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Preface

This is the  ourth edition o  Pha rma ceutics: The 
Design a nd Ma nufa cture of Medicines; the f rst  
edition was published in 1988, the second in 2002 
and the third in 2007. The pedigree o  the book is, 
however, actually much older. It  was originally 
known as Tutoria l Pha rma cy and was init ially 
edited by John Cooper and Colin G unn, and later 
by Sidney Carter. For this edition, Pro essor Aulton 
has been joined by Pro essor Kevin Taylor o  UCL 
School o  Pharmacy, London. Pro essor Taylor has 
been instrumental in identi ying new authors and 
contemporary subject matter  or this new edition.

The philosophy o  this  ourth edition remains 
unchanged, i.e. it  is intentionally designed and 
written  or newcomers to the design o  dosage 
 orms. Other expert texts can take you into much 
greater detail  or each o  the subject areas consid-
ered here, once you have mastered these basics. The 
subject matter o  the book remains, in essence, the 
same but the detail has changed signif cantly, because 
pharmaceutics itsel  has changed. Since the last 
edition there have been changes in the way that 
dosage  orms are designed and drugs are delivered. 
These developments are re ected in this new edition.

The involvement o  a wide range o  authors con-
tinues in this edition, each a recognized expert in 
the f eld on which they have written. Just as impor-
tantly, each author has experience o  imparting that 
in ormation to undergraduate pharmacy and phar-
maceutical science students, and to practitioners in 
the pharmaceutical and associated industries and 
those working in technical services within hospital 
pharmacy who are new to the subject. Many authors 
 rom the previous edition remain as they are still 
world leaders in their f eld. Others chapters have 
been written by a new generation o  experts. The 
new authorship re ects modern knowledge and 
thinking in pharmaceutics.

The structure and the content o  this edition have 
been altered to re ect  modern thinking and current 
university curricula worldwide. More importantly, 
every chapter has received detailed attention and 
has been revised and updated appropriately. Some 
o  the basic science remains virtually unchanged – 
and will always do so – but other areas, particularly 

biopharmaceutics and some areas o  drug delivery, 
have changed enormously in recent years.

Several completely new chapters have been 
included in this edition to ensure the comprehensive 
nature and currency o  this text. Part 5 o  the 
book outlines the wide range o  dosage  orms avail-
able  or administration by several routes. In previous 
editions, suspensions and emulsions as dosage  orms 
were considered together, as disperse systems, in 
one chapter. In this edition, these are now consid-
ered in separate chapters, each written by a new 
author. This has allowed each system to be described 
more  ully. The emulsions chapter now includes 
comprehensive consideration o  the  ormulation, 
manu acture and properties o  semisolid emulsions, 
namely creams. This Part  is augmented by the inclu-
sion o  new chapters that describe the particular 
requirements  or medicines administered parenter-
ally, i.e. by injection, and  or those administered to 
the eye.

When designing and manu acturing dosage  orms, 
it is essential that  ormulation scientists consider the 
properties o  the drug, the medicine and the needs o  
patients. Patients with specif c pharmaceutical needs 
include the elderly and young children; both, in par-
ticular, have di f culties swallowing solid dosage  orms. 
A chapter has been included outlining how medicines 
may be  ormulated specif cally  or these patient 
groups, and also how existing dosage  orms can be 
modif ed to improve their properties, thus making 
them more suitable  or the old and very young.

While most drugs comprise small synthetic mol-
ecules, there is resurgence o  interest in, and tighter 
regulatory control o , medicines o  plant origin. 
Also, biopharmaceutical products, including pro-
teins, peptides, antibodies, vaccines and gene thera-
pies are the subject  o  intensive research, and are 
becoming increasingly commercially available as 
medicines. Both these categories o  therapeutic 
agent present particular  ormulation and drug deliv-
ery challenges. New chapters on plant medicines 
and biopharmaceuticals have thus been added. Nan-
otechnology is increasingly employed to improve 
drug solubility and dissolution rates and to enhance 
bioavailability, particularly o  biopharmaceuticals 
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and cytotoxic drugs, and this forms the subject of 
another new chapter. Additionally, the section on 
product stability and the stability testing of medici-
nal products has been completely rewritten to 
include current protocols.

We wish you well in your studies if you are an 
undergraduate, or with your career if you are 

working in industry or the hospital service. We sin-
cerely hope that this book helps you with your 
understanding of pharmaceutics – the science of the 
design and manufacture of medicines.

 Mike Aulton
Kevin Taylor
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‘Welcome to ‘Ceutics’!’
One of the earliest impressions that many new 

pharmacy and pharmaceutical science students have 
of their chosen subject is the large number of long 
and sometimes unusual-sounding names that are 
used to describe the various subject  areas within 
pharmacy and the pharmaceutical sciences. The aim 
of this section is to explain to the reader what is 
meant by just one of them – ‘pharmaceutics’. This 
note describes how the term has been interpreted 
for the purpose of this book and how pharmaceutics 
 ts into the overall scheme of pharmaceutical 
science and the process of designing and manufac-
turing a new medicine. This note also leads the 
reader through the organization of this book and 
explains the reasons why an understanding of the 
material contained in its chapters is important in the 
design of modern drug delivery systems.

The word ‘pharmaceutics’ is used in pharmacy 
and the pharmaceutical sciences to encompass a 
wide range of subject  areas that  are all associated 
with the steps to which a drug is subjected towards 
the end of its development. It  encompasses the 
stages that follow on from the discovery or syn-
thesis of the drug, its isolation and puri cation, and 
testing for advantageous pharmacological effects and 
absence of serious toxicological problems. Put at its 
simplest  – pharmaceutics converts a drug into a 
medicine.

Just a comment here about the word ‘drug’. This 
is the pharmacologically active ingredient in a medi-
cine. ‘Drug’ is the correct word, but because 
the word has been somewhat hijacked as the 
common term for a substance of misuse, alternatives 
are frequently used, such as ‘medicinal agent’, 

‘pharmacological agent’, ‘active principle’, ‘active 
ingredient’, or increasingly ‘active pharmaceutical 
ingredient (API)’, etc. The book uses the simpler 
and still correct word, ‘drug’. Phrases like ‘active 
ingredient’ can suggest that  the other ingredients of 
a medicine have no function at all. This book will 
teach you loud and clear that this is not the case.

Pharmaceutics, and therefore this book, is 
concerned with the scienti c and technological 
aspects of the design and manufacture of dosage 
forms. Arguably, it  is the most diverse of all the 
subject  areas in the pharmaceutical sciences and it  
encompasses:
•  an understanding of the basic physical chemistry 

necessary for the effective design of dosage 
forms (physical pharmaceutics)

•  an understanding of relevant body systems and 
how drugs arrive there following administration 
(biopharmaceutics)

•  the design and formulation of medicines 
(dosage form design)

•  the manufacture of these medicines on a small 
(compounding), intermediate (pilot-scale) and 
large (pharmaceutical technology, 
manufacturing) scale

•  the avoidance and elimination of 
microorganisms in medicines (pharmaceutical 
microbiology, sterilization), and

•  product performance testing (dissolution 
testing, drug release, stability testing).

Medicines are drug-delivery systems. That is, they 
are a means of administering drugs to the 
body in a safe, ef cient, accurate, reproducible and 
convenient manner. The book discusses the overall 

What is  ‘pharmaceutic s ’?
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considerations that must be made so that the con-
version of a drug to a medicine can take place. It  
emphasizes the fact that medicines are very rarely 
drugs alone but require addit ives (termed excipi-
ents) to make them into dosage forms, and this in 
turn introduces the concept of formulation. The 
book explains that there are three major considera-
tions in the design of dosage forms:

1. the physicochemical properties of the drug 
itself

2. biopharmaceutical considerations, such as how 
the administration route of a dosage form 
affects the rate and extent of drug absorption 
into the body, and

3. therapeutic considerations of the disease state 
and patient to be treated, which in turn 
determine the most suitable type of dosage 
form, possible routes of administration and the 
most suitable duration of action and dose 
frequency for the drug in question.

The  rst  chapter provides an excellent introduction 
to the subject matter of the book as a whole and 
clearly justi es the need for the pharmacist  and 
formulation scientist  to understand the science con-
tained in this text. New readers are encouraged to 
read this chapter  rst , thoroughly and carefully, so 
that they can grasp the basics of the subject before 
proceeding onto the more detailed information that 
follows.

The book is then divided into various Parts that 
group together chapters into related subject  areas. 
Part 1 collects some of the more important physico-
chemical knowledge that is required to design and 
prepare dosage forms. The chapters have been 
designed to give the reader an insight into those 
scienti c and physicochemical principles that  are 
important to the formulation scientist . These chap-
ters are not intended as a substitute for a thorough 
understanding of physical chemistry and many spe-
ci c, more detailed, texts are available containing 
this information.

For many reasons, which are discussed in the 
book, the vast majority of dosage forms are admin-
istered via the mouth in the form of solid products, 
such as tablets and capsules. This means that one of 
the most important stages in drug administration is 
the dissolution of solid particles to form a solution 
in the gastrointestinal tract. The formulation scien-
tist  therefore needs knowledge of both liquid and 
solid materials, in particular the properties of drugs 
in solution and the factors in uencing their 

dissolution from solid particles. Once solutions are 
formed, the formulation scientist  must understand 
the properties of these solutions. The reader will see 
later in the book how drug release from the dosage 
form and absorption of the drug by the body are 
strongly dependent on the properties of the drug in 
solution, such as the degree of dissociation and 
speed of diffusion of the drug molecules.

The properties of surfaces and interfaces are 
described next. These are important to an under-
standing of adsorption onto solid surfaces, and are 
involved in the dissolution of solid particles and the 
study of disperse systems, such as colloids, suspen-
sions and emulsions. The scienti c background to the 
systems mentioned is also discussed. Knowledge of 
the  ow properties of liquids (whether solutions, sus-
pensions or emulsions) is useful in solving certain 
problems relating to the manufacture and perform-
ance of solutions and semi-solids as dosage forms in 
their own right. This Part ends with an explanation 
of the kinetics of many different processes. As the 
chapter explains, the mathematics of these 
processes has importance in a large number of areas 
of product design, manufacture, storage and drug 
delivery. Relevant processes include: dissolution 
processes, microbiological growth and destruction, 
biopharmaceutics (including drug absorption, distri-
bution, metabolism and excretion), preformulation, 
the rate of drug release from dosage forms, and the 
decomposition of medicinal compounds and 
products.

Part 2 collects together those aspects of pharma-
ceutics associated with powdered materials. By far 
the majority of drugs are solid (mainly crystalline) 
powders and, unfortunately, most of these have 
numerous adverse characteristics that must be over-
come during the design of medicines to enable their 
satisfactory manufacture and subsequent perform-
ance in dosage forms.

The book therefore explains the concept of the 
solid state and how the internal and surface proper-
t ies of solids are important and need to be character-
ized. This is followed by an explanation of the more 
macroscopic properties of powders that in uence 
their performance during the design and manufac-
ture of dosage forms – particle size and its measure-
ment, size reduction and separation of powders 
with the desired size characteristics from those of 
other sizes. There follows an explanation of the 
many problems associated with the mixing and 
 ow of powders. In large-scale tablet and capsule 
production, for example, powders must contain a 
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satisfactory mix of all the ingredients in order to 
achieve uniformity of dosage in every dosage unit, 
and fast  and uniform powder  ow in high-speed 
tableting and encapsulation machines. For conven-
ience, the mixing of liquids and semi-solids is also 
discussed here as the basic theory is the same.

Another extremely important area that must be 
understood before a satisfactory dosage form can be 
designed and manufactured is the microbiological 
aspects of medicines development and production. It  
is necessary to eliminate viable microorganisms from 
the product both before and during manufacture. 
Microbiology is a very wide-ranging subject. This 
book concentrates only on those aspects of microbi-
ology that are directly relevant to the design, produc-
tion and distribution of dosage forms. This mainly 
involves avoiding (asepsis) and eliminating (steriliza-
tion) the presence (contamination) of microorgan-
isms in medicines, and preventing the growth of any 
microorganism which might enter the product during 
storage and use of the medicine (preservation). Tech-
niques for testing that these intentions have been 
achieved are also described. The principles and prac-
tice of sterilization are also discussed. The relevant 
parts of pharmaceutical microbiology and steriliza-
tion are considered in Part 3 of this book.

It  is not possible to begin to design a satisfactory 
dosage form without knowledge and understanding 
of how drugs are absorbed into the body, the various 
routes that can be used for this purpose and the fate 
of the drugs once they enter the body and reach 
their site(s) of action. The terms ‘bioavailability’ and 
‘biopharmaceutics’ are de ned and explained in 
Part 4. The factors in uencing the bioavailability of 
a drug and methods of its assessment are described. 
This is followed by a consideration of the manner in 
which the frequency of drug administration and the 
rate at which drug is released from a dosage form 
affect its concentration in the blood plasma at any 
given time. This book concentrates on the prepara-
tion, administration, release and absorption of drugs 
but stops short  at the cellular level and leaves to 
other texts the detail of how drugs enter individual 
cells, how they act and how they are metabolized 
and eliminated.

Having gathered this understanding of the basics 
of pharmaceutics, the formulation scientist should 
now be equipped to begin a consideration of the 
design and manufacture of the most suitable dosage 
forms for the drug in question.

Super cially, the formulation and manufacture of 
dosage forms containing drugs may seem relatively 

straightforward. The chapters in Part 5 will demon-
strate that this is not the case. Formulation scientists 
are able to realize the full potential as a medicine of 
the active pharmaceutical ingredient, whether it  is 
a small synthetic molecule, a plant extract or a bio-
technology product. G ood formulation can enhance 
therapeutic ef cacy and/ or limit adverse effects. A 
couple of examples illustrate this:

a. Whilst  an immediate-release capsule of 
nifedipine has a dosing frequency of three 
times a day, formulation as a modi ed-release 
capsule permits once-daily dosing, with an 
improved drug plasma pro le and increased 
patient convenience and compliance.

b. A cream formulation of a sunscreen applied 
to the skin restricts the active component(s) 
to the skin surface, whilst  a gel formulation 
of estradiol, also applied to the skin surface, 
is formulated so as to ensure effective 
penetration of drug through the skin and into 
the systemic circulation.

The  rst  stage of designing and manufacturing a 
dosage form is known as preformulation. This, as the 
name implies, is a consideration of the steps that  
need to be performed before formulation proper can 
begin. Preformulation involves a full understanding 
of the physicochemical properties of drugs and 
other ingredients (excipients) in a dosage form and 
how they may interact. An early grasp of this knowl-
edge is of great use to the formulation scientist  as 
the data gathered in these early stages will in uence 
strongly the design of the future dosage form. 
Results of tests carried out at  this stage of develop-
ment can give a much clearer indication of the pos-
sible (and indeed impossible) dosage forms for a 
new drug candidate.

Following, consideration of preformulation, the 
remaining chapters of Part 5 cover the formulation, 
small and large scale manufacture, and the advan-
tages, disadvantages and characterization of the wide 
range of available dosage forms. The properties of 
these dosage forms can be modi ed dependent on 
the properties of the drug, excipients included, the 
route of drug administration and speci c patient 
needs. Early chapters consider liquid dosage forms, 
namely solutions (drug dispersed as molecules or 
ions), suspensions (drug dispersed as particles) and 
emulsions (one liquid phase dispersed in another, 
with drug present in either phase, dependent upon 
its relative solubility). Appropriate formulation of 
emulsions results in more structured semi-solid 



  What Is  ‘Pharmac e utic s ’?

4

creams, most frequently used for application to the 
skin. These dosage forms may be administered by a 
number of routes, and their formulation require-
ments will vary dependent on the route of 
administration.

Whilst  drugs in the solid state can be adminis-
tered as simple powders, they are more usually for-
mulated as solid dosage forms, namely tablets 
(currently the most commonly encountered solid 
dosage form) and capsules. Several chapters in this 
Part describe the various stages in the processing of 
a powder required to manufacture tablets: granula-
tion (formation of drug-excipient aggregates), 
drying, compaction and coating. Tablet formulation 
and manufacture requires inclusion of several excipi-
ents, including  llers, disintegrants, binders, glid-
ants, lubricants and antiadherents. The purposes of 
these are described, together with their impact on 
product quality and performance. The strategies to 
modify the release of drug from solid dosage forms 
include: production of monolithic matrix systems, 
the use of a rate-controlling membrane or osmotic 
pump systems. These are described in a separate 
chapter, as are other solid dosage forms: hard and 
soft gelatin capsules. For all dosage forms, drug must 
be released at an appropriate rate at  the appropriate 
site for drug action and/ or absorption to occur. This 
is particularly pertinent for solid peroral dosage 
forms, which must permit dissolution of drug at  an 
appropriate rate and at an appropriate site within 
the gastrointestinal tract. Bioavailability (i.e. the 
amount of drug that is absorbed into the blood-
stream) may be limited by the rate of drug dissolu-
tion, whilst  the pH range in the gastrointestinal tract 
(pH 1–8) may adversely affect the absorption of 
ionizable drugs. Consequently, dissolution testing 
is a key quality control test and is considered in 
detail here.

Solid dosage forms are administered predomi-
nantly (though not exclusively) by the oral route. 
Whilst the oral route is the most common way 
of administering drugs, many other routes for 
administration exist and these are each considered 
in detail. Such routes include parenteral adminis-
tration (injections, infusions, implants), pulmonary 
(aerosols), nasal (sprays, drops, semisolids, powders), 
topical and transdermal (semisolids, patches, liquids, 
powders, wound dressings), ungual (nail lacquers, 
liquids), ocular (drops, semisolids, injection, 
implants), rectal (suppositories, tablets, capsules, 
semisolids, liquids, foams) and vaginal (pessaries, 
semisolids, liquids, tampons). For each route, 

consideration is given to the nature of the 
administration site and the formulation require-
ments to localize drug action, or to control absorp-
tion, either to enhance systemic drug ef cacy or 
minimize systemic adverse effects. The dosage 
forms available for delivering drugs by each route 
are outlined and particular aspects regarding their 
formulation and manufacture are highlighted. The 
methods used to characterize and test these dosage 
forms, for formulation development and quality 
assurance purposes are also detailed.

The  nal chapters of Part  5 re ect special consid-
erations in dosage form design and manufacture 
that result  from the needs of speci c patient 
groups (in particular the elderly and young chil-
dren), drugs of natural (plant) origin (which may 
comprise extracts having many complex compo-
nents, potentially of variable composition) and biop-
harmaceutical products. Some of the latter products, 
for instance insulin, are long established, whilst 
others, such as nucleic acids for gene therapy, offer 
exciting therapeutic possibilit ies for the future. All 
are relatively large macromolecules and present par-
t icular formulation and drug delivery challenges. To 
meet some of these and indeed other challenges, 
pharmaceutical nanotechnology has become estab-
lished in recent years as a means of improving solu-
bility and dissolution rate, protecting drugs from 
hostile environments, minimizing adverse effects 
and delivering drugs to speci c therapeutic targets. 
The preparation and properties of various nanom-
edicines, including antibodies, polymer-drug conju-
gates, liposomes, nanoparticles and dendrimers are 
considered.

Before  nalizing the formulation and packaging of 
the dosage form, there must be a clear understand-
ing of the stability of the drug(s) and other additives 
in a pharmaceutical product with respect to the 
reasons why, and the rates at which, they may 
degrade during storage. Aspects of product stability, 
stability testing and the selection of appropriate 
packaging to minimize deterioration during storage 
are considered in Part 6. No product will be stable 
inde nitely, and so mechanisms (i.e. the fundamen-
tal chemistry) and kinetics of degradation must be 
understood so that a safe and realist ic shelf-life for 
every product can be determined.

The product pack and any possible interactions 
between it  and the drug or medicine it  contains are 
so vitally linked that the  nal pack should not be 
considered as an afterthought. Instead, packaging 
considerations should be uppermost in the minds of 



 W h a t  Is  ‘P h a rm a c e u tic s ’?  

5

formulators as soon as they receive the drug sub-
stance on which to work. The technology of packag-
ing and  lling of products is discussed.

The book considers  nally the possible routes of 
microbiological contamination of medicines and the 
ways in which this can be prevented or minimized. 
It  explains how the presence of preservatives in the 
medicine can minimize the consequences of such 
contamination.

At this point the product is considered to be 
of appropriate quality for patient use and, once 
approved by regulatory authorities, the pharmaceu-
tical technologist passes the product on to another 
aspect of pharmacy – the interface with the patient, 
i.e. dispensing and pharmacy practice. These disci-
plines are dealt  with in other texts.
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Princ iple s  of dos age  form 
de s ign

Drugs are rarely administered as pure chemical sub-
stances alone and are almost always given as 

formulated preparations or medicines. These can 
vary from relatively simple solutions to complex 
drug delivery systems through the use of appropriate 
additives or excipients in the formulations. The 
excipients provide varied and specialized pharma-
ceutical functions. It  is the formulation additives 
that , amongst other things, solubilize, suspend, 
thicken, preserve, emulsify, modify dissolution, 
improve the compactability and  avour drug sub-
stances to form various medicines or dosage forms.

The principal objective of dosage form design is 
to achieve a predictable therapeutic response to a 
drug included in a formulation which is capable of 
large-scale manufacture with reproducible product 
quality. To ensure product quality, numerous fea-
tures are required: chemical and physical stability, 
with suitable preservation against microbial contam-
ination if appropriate, uniformity of dose of drug, 
acceptability to users, including both prescriber and 
patient, as well as suitable packaging and labelling. 
Ideally, dosage forms should also be independent of 
patient-to-patient variation, although in practice, 
this feature remains dif cult  to achieve. However, 
recent developments are beginning to accommodate 
this requirement. These include drug delivery 
systems that rely on the speci c metabolic activity 
of individual patients and implants that  respond, for 
example, to externally applied sound or magnetic 
 elds to trigger a drug delivery function.

Peter York
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for eye and ear drops, enema and intravenous injec-
tion to be prepared. The analgesic paracetamol is 
also available in a range of dosage forms and strengths 
to meet the speci c needs of the user, including 
tablets, dispersible tablets, paediatric soluble tablets, 
paediatric oral solution, sugar-free oral solution, oral 
suspension, double-strength oral suspension and 
suppositories.

In addition, whilst many new drugs based on low 
molecular weight organic compounds continue to be 
discovered and transformed into medicinal prod-
ucts, the development of drugs from biotechnology 
is increasing and the importance of these therapeu-
tic agents is growing. Such active compounds are 
macromolecular and of relatively large molecular 
weight, and these include materials such as pep-
tides, proteins and viral components. These drug 
substances present different and complex challenges 
in their formulation and processing into medicines 
due to their alternative biological, chemical and 
structural properties. Nevertheless, the underlying 
principles of dosage form design remain applicable. 

Consideration should be given to differences in 
the bioavailability of drugs and their bio-fate in 
patients between apparently similar formulations 
and possible causative reasons. In recent years, 
increasing attention has therefore been directed 
towards eliminating variation in bioavailability char-
acteristics, particularly for medicinal products con-
taining an equivalent dose of a drug substance, as it  
is recognized that formulation factors can in uence 
their therapeutic performance. To optimize the bio-
availability of drug substances, it  is often necessary 
to carefully select the most appropriate chemical 
form of the drug. For example, such selection should 
address solubility requirements, drug particle size 
and physical form and consider appropriate addi-
tives and manufacturing aids coupled to selecting 
the most appropriate administration route(s) and 
dosage form(s). Additionally, suitable manufacturing 
processes, labelling and packaging are required.

There are numerous dosage forms into which a 
drug substance can be incorporated for the conven-
ient and ef cacious treatment of a disease. Dosage 
forms can be designed for administration by alterna-
tive delivery routes to maximize therapeutic 
response. Preparations can be taken orally or 
injected, as well as being applied to the skin or 
inhaled, and Table 1.1 lists the range of dosage forms 
which can be used to deliver drugs by the various 
administration routes. However, it  is necessary to 
relate the drug substance to the clinical indication 
being treated before the correct combination of drug 
and dosage form can be made, since each disease or 
illness often requires a speci c type of drug therapy. 
In addition, factors governing choice of administra-
tion route and the speci c requirements of that 
route which affect drug absorption need to be taken 
into account when designing dosage forms.

Many drugs are formulated into several dosage 
forms of varying strengths, each having selected 
pharmaceutical characteristics which are suitable for 
a speci c application. One such drug is the gluco-
corticoid prednisolone used in the suppression of 
in ammatory and allergic disorders. Through the 
use of different chemical forms and formulation 
additives, a range of effective anti-in ammatory 
preparations is available, including tablet , enteric-
coated tablet, injections, eye drops and enema. The 
extremely low aqueous solubility of the base pred-
nisolone and acetate salt  makes these forms useful 
in tablet and slowly absorbed intramuscular suspen-
sion injection forms, whilst the soluble sodium phos-
phate salt  enables a soluble tablet form and solutions 

Table 1.1 Dosage forms available for different 
administration routes

Administration 
route

Dosage forms

Oral Solutions, syrups, suspensions, 
emulsions, gels, powders, 
granules, capsules, tablets

Rectal Suppositories, ointments, creams, 
powders, solutions

Topical Ointments, creams, pastes, lotions, 
gels, solutions, topical aerosols, 
foams, transdermal patches

Parenteral Injections (solution, suspension, 
emulsion forms), implants, 
irrigation and dialysis solutions

Respiratory Aerosols (solution, suspension, 
emulsion, powder forms), 
inhalations, sprays, gases

Nasal Solutions, inhalations

Eye Solutions, ointments, creams

Ear Solutions, suspensions, ointments, 
creams
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some cases for the design of new drug molecules. 
Several specialized transport mechanisms are postu-
lated, including active and facilitated transport. 
Once absorbed, the drug can exert a therapeutic 
effect either locally or at a site of action remote 
from the site of administration. In the latter case, 
the drug has to be transported in body  uids (as 
shown in Fig. 1.1).

When the dosage form is designed to deliver 
drugs via the buccal, respiratory, rectal, intramuscu-
lar or subcutaneous routes, the drug passes directly 
into the circulation blood from absorbing tissues, 
whilst the intravenous route provides the most 
direct route of all. When delivered by the oral route, 
onset of drug action will be delayed because of 
required transit  t ime in the gastrointestinal tract 
prior to absorption, the absorption process and 
factors associated with hepatoenteric blood circula-
t ion. The physical form of the oral dosage form will 
also in uence absorption rate and onset of action, 
with solutions acting faster than suspensions, which 
in turn generally act faster than capsules and tablets. 
Dosage forms can thus be listed in order of time of 
onset of therapeutic effect (see Table 1.2). However, 
all drugs irrespective of their delivery route remain 
foreign substances to the human body and distribu-
tion, metabolic and elimination processes com-
mence immediately following drug absorption until 
the drug is eliminated from the body via the urine, 
faeces, saliva, skin or lungs in unchanged or metabo-
lized form.

At present, these therapeutic agents are principally 
formulated into parenteral and respiratory dosage 
forms although other routes of administration are 
being considered and researched. Delivery of these 
biotechnologically-based drug substances via these 
routes of administration imposes additional con-
straints upon the selection of appropriate formula-
tion excipients.

It  is therefore apparent that  before a drug sub-
stance can be successfully formulated into a dosage 
form, many factors must be considered. These can 
be broadly grouped into three categories:
1. biopharmaceutical considerations, including 

factors affecting the absorption of the drug 
substance from different administration routes

2. drug factors, such as the physical and chemical 
properties of the drug substance

3. therapeutic considerations, including 
consideration of the clinical indication to be 
treated and patient factors.

High-quality and ef cacious medicines will be for-
mulated and prepared only when all these factors 
are considered and related to each other. This is the 
underlying principle of dosage form design.

Biopharmac e utic al as pe c ts  of 
dos age  form de s ign

Biopharmaceutics can be regarded as the study of 
the relationship between the physical, chemical and 
biological sciences applied to drugs, dosage forms 
and drug action. Clearly, understanding the princi-
ples of this subject is important in dosage form 
design, particularly with regard to drug absorption, 
as well as drug distribution, metabolism and excre-
tion. In general, a drug substance must be in solution 
before it  can be absorbed via absorbing membranes 
and epithelia of the skin, gastrointestinal tract 
and lungs into body  uids. Drugs are absorbed 
in two general ways: by passive diffusion and by 
carrier mediated transport mechanisms. In passive 
diffusion, which is thought to control the absorption 
of many drugs, the process is driven by the concen-
tration gradient existing across the cellular barrier, 
with drug molecules passing from regions of high to 
low concentration. Lipid solubility and degree of 
ionization of the drug at the absorbing site in uence 
the rate of diffusion. Recent research into carrier 
mediated transport mechanisms has provided much 
information and knowledge, providing guidance in 

Table 1.2 Variation in time of onset of action for 
different dosage forms

Time of onset 
of action

Dosage forms

Seconds Intravenous injections

Minutes Intramuscular and subcutaneous 
injections, buccal tablets, aerosols, 
gases

Minutes to 
hours

Short-term depot injections, 
solutions, suspensions, powders, 
granules, capsules, tablets, 
modi ed-release tablets

Several hours Enteric-coated formulations

Days to weeks Depot injections, implants

Varies Topical preparations
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Routes  of drug adminis tration

The absorption pattern of drugs varies considerably 
between individual drug substances as well as 
between the different administration routes. Dosage 
forms are designed to provide the drug in a suitable 
form for absorption from each selected route of 
administration. The following discussion considers 
brie y the routes of drug administration and whilst 
dosage forms are mentioned, this is intended only 
as an introduction since they will be dealt with in 
greater detail later in this book.

Ora l route
The oral route is the most frequently used route for 
drug administration. Oral dosage forms are intended 
usually for systemic effects resulting from drug 
absorption through the various epithelia and mucosa 
of the gastrointestinal tract . A few drugs, however, 
are intended to dissolve in the mouth for rapid 

Fig . 1.1 •  Pathways a drug may take following the administration of a dosage form by different routes. 
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absorption or for local effect in the tract due to poor 
absorption by this route or low aqueous solubility. 
Compared with other routes, the oral route is the 
simplest, most convenient and safest means of drug 
administration. However, disadvantages include 
relatively slow onset of action, possibilit ies of irregu-
lar absorption and destruction of certain drugs by 
the enzymes and secretions of the gastrointestinal 
tract . For example, insulin-containing preparations 
are inactivated by the action of stomach  uids.

Whilst  drug absorption from the gastrointestinal 
tract  follows the general principles described later 
in this book, several speci c features should be 
emphasized. Changes in drug solubility can result 
from reactions with other materials present in the 
gastrointestinal tract, as for example the interfer-
ence of absorption of tetracyclines through the for-
mation of insoluble complexes with calcium, which 
can be available from foodstuffs or formulation addi-
tives. G astric emptying time is an important factor 
for effective drug absorption from the intestine. 
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shown in  lling semi-solid and microemulsion for-
mulations into hard gelatin capsules to provide 
rapidly dispersing dosage forms for poorly soluble 
drugs.

Suspensions, which contain  nely divided drugs 
suspended in a suitable vehicle, are a useful means 
of administering large amounts of drugs that would 
be inconvenient if taken in tablet or capsule form. 
They are also useful for patients who experience 
dif culty in swallowing tablets and capsules and for 
paediatric use. Whilst  dissolution of drugs is required 
prior to absorption, the  ne solid particles in a sus-
pension have a large surface area to present to the 
gastrointestinal  uids and this facilitates drug dis-
solution thus aiding absorption and thereby the 
onset of drug action. Not all oral suspensions, 
however, are formulated for systemic effects and 
several are designed for local effects in the gastroin-
testinal tract . On the other hand, solutions, includ-
ing formulations such as syrups and linctuses, are 
absorbed more rapidly than solid dosage forms or 
suspensions since drug dissolution is not required.

Rec ta l route
Drugs given rectally in solution, suppository or 
emulsion form are generally administered for local 
rather than systemic effects. Suppositories are solid 
forms intended for introduction into body cavit ies 
(usually rectal but also vaginal and urethral) where 
they melt , releasing the drug. The choice of supposi-
tory base or drug carrier can greatly in uence the 
degree and rate of drug release. This route of drug 
administration is also indicated for drugs inactivated 
by the gastrointestinal  uids when given orally or 
when the oral route is precluded, as for example 
when a patient is vomiting or unconscious. Drugs 
administered rectally enter the systemic circulation 
without passing through the liver, an advantage for 
drugs signi cantly inactivated by the liver following 
oral route absorption. Disadvantageously, the rectal 
route is inconvenient and drug absorption is often 
irregular and dif cult  to predict.

Pa rentera l route
A drug administered parenterally is one injected via 
a hollow needle into the body at various sites and to 
varying depths. The three main parenteral routes are 
subcutaneous, intramuscular and intravenous. Other 
routes, such as intracardiac and intrathecal, are used 
less frequently. The parenteral route is preferred 
when rapid absorption is essential, as in emergency 

Slow gastric emptying can be detrimental to drugs 
inactivated by the gastric juices and can delay 
absorption of drugs more effectively absorbed from 
the intestine. In addition, since environmental pH 
can in uence the ionization and lipid solubility of 
drugs, the pH change occurring along the gastroin-
testinal tract , from a pH as low as 1 in the stomach 
to approximately 7 or 8 in the large intestine, is 
important to both the degree and site of drug 
absorption. Since membranes are more permeable 
to unionized rather than ionized forms and since 
most drugs are weak acids or bases, it  can be shown 
that weak acids, being largely unionized, are well 
absorbed from the stomach. In the small intestine 
(pH from around 4 to 6.5), with its extremely large 
absorbing surface, both weak acids and weak bases 
are well absorbed.

The most popular oral dosage forms are tablets, 
capsules, suspensions, solutions and emulsions. 
Tablets are prepared by compaction and contain 
drugs and formulation additives which are included 
for speci c functions, such as disintegrants which 
promote tablet break-up into granules and powder 
particles in the gastrointestinal tract, facilitat ing 
drug dissolution and absorption. Tablets are often 
coated, either to provide a protective barrier 
to environmental factors for drug stability purposes 
or to mask unpleasant drug taste, as well as to 
protect  drugs from the acid conditions of the 
stomach (enteric coating). Increasing use is being 
made of modi ed-release tablet products such 
as fast-dissolving systems and controlled, delayed 
or sustained-release formulations. Bene ts of 
controlled-release tablet formulations, achieved for 
example by the use of polymeric-based tablet cores 
or coating membranes, include reduced frequency 
of drug-related side-effects and maintaining steady 
drug-plasma levels for extended periods; important 
when medications are delivered for chronic condi-
t ions or where constant levels are required to 
achieve optimal ef cacy, as in treating angina and 
hypertension.

Capsules are solid dosage forms containing drug 
and, usually, appropriate  ller(s), enclosed in a hard 
or soft shell composed primarily of gelatin or other 
suitable polymeric material. As with tablets, uni-
formity of dose can be readily achieved and various 
sizes, shapes and colours of shell are commercially 
available. The capsule shell readily ruptures and dis-
solves following oral administration and in most 
cases drugs are released from capsules faster than 
from tablets. Recently, increased interest has been 
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powder form at high velocity directly through the 
external layers of the skin.

Topica l route
Drugs are applied topically, that is to the skin, 
mainly for local action. Whilst this route can also be 
used for systemic drug delivery, percutaneous 
absorption is often poor and erratic, although several 
transdermal patches delivering drug for systemic 
distribution (e.g. fentanyl patches for severe pain 
management and nicotine patches for cessation of 
smoking) are available. Drugs applied to the skin for 
local effect include antiseptics, antifungals and anti-
in ammatory agents, as well as skin emollients for 
protective effects.

Pharmaceutical topical formulations – ointments, 
creams and pastes – are composed of drug in a suit-
able semi-solid base which is either hydrophobic or 
hydrophilic in character. The bases play an impor-
tant role in determining the drug release character 
from the formulation. Ointments are hydrophobic, 
oleaginous-based dosage forms, whereas creams are 
semi-solid emulsions. Pastes contain more solids 
than ointments and thus are stiffer in consistency. 
For topical application in liquid form other than 
solution, lotions, suspensions of solids in aqueous 
solution or emulsions are used.

Application of drugs to other topical surfaces 
such as the eye, ear and nose is common and oint-
ments, creams, suspensions and solutions are uti-
lized. Ophthalmic preparations are required, 
amongst other features, to be sterile. Nasal dosage 
forms include solutions or suspensions delivered by 
drops or  ne aerosol from a spray. Ear formulations 
in general are viscous to prolong contact with 
affected areas.

Res pira tory route
The lungs provide an excellent surface for absorp-
tion when the drug is delivered in gaseous, aerosol 
mist  or ultra ne solid particle form. For drug parti-
cles presented to the lungs as an aerosol, particle size 
largely determines the extent to which they pene-
trate the alveolar region, the zone of rapid absorp-
tion. Drug particles that are in the region 0.5–1 µm 
diameter reach the alveolar sacs. Particles smaller 
than this range are either exhaled or, if larger, depos-
ited upon larger bronchial airways. This delivery 
route is particularly useful for the direct  treatment 
of asthmatic problems, using both powder aerosols 
(e.g. salmeterol xinafoate) and pressurized metered 

situations or when patients are unconscious or 
unable to accept oral medication, and in cases when 
drugs are destroyed, inactivated or poorly absorbed 
following oral administration. In general, blood 
levels attained are more predictable than those 
achieved by oral dosage forms.

Injectable preparations are usually sterile solu-
tions or suspensions of drugs in water or other suit-
able physiologically acceptable vehicles. As referred 
to previously, drugs in solution are rapidly absorbed 
and thus suspension injections are slower acting than 
solution injections. In addition, since body  uids are 
aqueous, by using drugs suspended in oily vehicles, 
a preparation exhibiting slower absorption charac-
terist ics can be formulated to give a depot prepara-
tion, providing a reservoir of drug which is slowly 
released into the systemic circulation. Such prepara-
tions are administered by intramuscular injection 
deep into skeletal muscles (e.g. several penicillin-
containing injections). Alternatively, depot prepara-
tions can be achieved by subcutaneous implants or 
pellets, which are compacted or moulded discs of 
drug placed in loose subcutaneous tissue under the 
outer layers of the skin. Such systems include solid 
microspheres, biodegradable polymeric micro-
spheres (e.g. polylactide co-glycollic acid homo- and 
copolymers) containing proteins or peptides (e.g. 
human growth hormone and leuprolide). More gen-
erally, subcutaneous injections are aqueous solutions 
or suspensions which allow the drug to be placed in 
the immediate vicinity of blood capillaries. The drug 
then diffuses into the capillaries. Inclusion of vaso-
constrictors or vasodilators in subcutaneous injec-
tions will clearly in uence blood  ow through the 
capillaries, thereby modifying the capacity for 
absorption. This principle is often used in the admin-
istration of local anaesthetics with the vasoconstric-
tor adrenaline, which delays drug absorption. 
Conversely, improved drug absorption can result 
when vasodilators are included. Intravenous admin-
istration involves injection of sterile aqueous solu-
tions directly into a vein at an appropriate rate. 
Volumes delivered can range from a few millilitres, 
as in emergency treatment or for hypnotics, up to 
litre quantities, as in replacement  uid treatment or 
nutrient feeding.

G iven the generally negative patient acceptance 
of this important route of drug delivery, primarily 
associated with pain and inconvenience, recent 
developments to help with self-injection by patients 
have focused on ‘needle-free’ injection systems and 
devices which propel drug in aqueous solution or 
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dosage form content uniformity and stability are all 
dependent to varying degrees on particle size, size 
distribution and interactions of solid surfaces. In 
many cases, for both drugs and additives, particle 
size reduction is required to achieve the desired 
physicochemical characteristics.

It  is now generally recognized that poorly aqueous 
soluble drugs showing a dissolution rate-limiting 
step in the absorption process will be more readily 
bioavailable when administered in a  nely sub-
divided form with a larger surface than as a 
coarse material. Examples include griseofulvin, tol-
butamide, indomethacin and nifedipine. The  ne 
material, often of micrometre or submicrometre 
(nanometre) size, with large speci c surface, dis-
solves at faster rates which can lead to improved 
drug absorption by passive diffusion. With many of 
the new drugs being introduced exhibiting extremely 
low aqueous solubility, alternative formulation strat-
egies to enhance drug dissolution are being used, 
such as co-precipitates of drug and adjuvant parti-
cles, complexation with hydrophilic polymers or 
oligosaccharides, or the formation of co-crystals 
with hydrophilic templating compounds.

dose aerosols containing the drug in lique ed inert 
propellant (e.g. salbutamol sulphate inhaler). Impor-
tantly, this delivery route is being increasingly rec-
ognized as a useful means of administering the 
therapeutic agents emerging from biotechnology 
requiring systemic distribution and targeted deliv-
ery, such as peptides and proteins.

Drug fac tors  in dos age   
form de s ign

Each type of dosage form requires careful study of 
the physical and chemical properties of drug sub-
stances to achieve a stable, ef cacious product. 
These properties, such as dissolution, crystal size 
and polymorphic form, solid-state stability and 
drug-additive interaction, can have profound effects 
on the physiological availability and physical and 
chemical stability of the drug. By combining such 
information and knowledge with those from phar-
macological and biochemical studies, the most suit-
able drug form and additives can be selected for the 
formulation of chosen dosage forms.

Whilst comprehensive property evaluation will 
not be required for all types of formulations, those 
properties which are recognized as important in 
dosage form design and processing are listed in Table 
1.3. Also listed in Table 1.3 are the stresses to which 
the formulation might be exposed during processing 
and manipulation into dosage forms, as well as the 
procedures involved. Variations in physicochemical 
properties, occurring for example between batches 
of the same material or result ing from alternative 
treatment procedures, can modify formulation 
requirements as well as processing and dosage form 
performance. For instance, the  ne milling of poorly 
aqueous soluble drug substances can modify their 
wetting and dissolution characteristics, important 
properties during granulation and product perform-
ance respectively. Careful evaluation of these prop-
erties and understanding of the effects of these 
stresses upon these parameters are therefore impor-
tant in dosage form design and processing as well as 
product performance.

Particle s ize and surface area

Particle size reduction results in an increase in the 
speci c surface (i.e. surface area per unit weight) of 
powders. Drug dissolution rate, absorption rate, 

Table 1.3 Properties of drug substances important  
in dosage form design and potential stresses  
occurring during processes, with range of 
manufacturing procedures

Properties Processing 
stresses

Manufacturing 
procedures

Particle size, 
surface area

Pressure

Mechanical

Radiation

Exposure to 
liquids

Exposure to 
gases and 
liquid vapours

Temperature

Precipitation

Filtration

Emulsi cation

Milling

Mixing

Drying

Granulation

Compaction

Autoclaving

Crystallization

Handling

Storage

Transport

Particle surface 
chemistry

Solubility

Dissolution

Partition 
coef cient

Ionization constant

Crystal properties, 
polymorphism

Stability

Organoleptic

Molecular weight



C H A P T E R  1   

14

Dissolution

As mentioned above, for a drug to be absorbed it  
must  rst  be dissolved in the  uid at the site of 
absorption. For example, an orally administered 
drug in tablet form is not absorbed until drug parti-
cles are dissolved or solubilized by the  uids at some 
point along the gastrointestinal tract , depending on 
the pH-solubility pro le of the drug substance. Dis-
solution describes the process by which the drug 
particles dissolve.

During dissolution, the drug molecules in the 
surface layer dissolve, leading to a saturated solution 
around the particles to form the diffusion layer. 
Dissolved drug molecules then pass throughout 
the dissolving  uid to contact absorbing mucosa 
and are absorbed. Replenishment of diffusing 
drug molecules in the diffusion layer is achieved 
by further drug dissolution and the absorption 
process continues. If dissolution is fast or the drug 
remains in solution form, the rate of absorption is 
primarily dependent upon its ability to traverse the 
absorbing membrane. If, however, drug dissolution 
is slow due to its physicochemical properties or for-
mulation factors, then dissolution may be the rate-
limiting step in absorption and in uences drug 
bioavailability. The dissolution of a drug is described 
in a simpli ed manner by the Noyes–Whitney 
equation:

 d
d  S
m
t

 kA  C  C=  −(  )  

(1.1)

where d
d
m
t

 is the dissolution rate, k is the dissolution 

rate constant, A  is the surface area of dissolving solid, 
C S is the drug’s solubility and C  is the concentration 
of drug in the dissolution medium at t ime t. The 
equation reveals that dissolution rate can be raised 
by increasing the surface area (reducing particle size) 
of the drug, by increasing the solubility of the drug 
in the diffusion layer and by increasing k which in 
this equation incorporates the drug diffusion coef-
 cient and the diffusion layer thickness. During the 
early phases of dissolution, C S > C  and if the surface 
area, A, and experimental conditions are kept con-
stant then k can be determined for compacts con-
taining drug alone. The constant k is termed the 
intrinsic dissolution rate constant and is a character-
istic of each solid drug compound in a given solvent 
under  xed hydrodynamic conditions.

Rates of drug dissolution can be adversely 
affected, however, by unsuitable choice of formula-
tion additives, even though solids of appropriate 
particle size are used. Tableting lubricant powders, 
for example, can impart hydrophobicity to a formu-
lation and inhibit  drug dissolution. Fine powders can 
also increase air adsorption or static charge, leading 
to wetting or agglomeration problems. Micronizing 
drug powders can lead to changes in crystallinity and 
particle surface energy which cause reduced chemi-
cal stability. Drug particle size also in uences content 
uniformity in solid dosage forms, particularly for 
low-dose formulations. It  is important in such cases 
to have as many particles as possible per dose to 
minimize potency variation between dosage units. 
Other dosage forms are also affected by particle 
size, including suspensions (for controlling  ow 
properties and particle interactions), inhalation aer-
osols (for optimal penetration of drug particles to 
absorbing mucosa) and topical formulations (for 
freedom from grittiness).

Solubility

All drugs, regardless of their administration route, 
must exhibit  at  least  limited aqueous solubility 
for therapeutic ef cacy. Thus relatively insoluble 
compounds can exhibit erratic or incomplete absor-
ption, and it  might be appropriate to use a more 
soluble salt  or other chemical derivatives. Alter-
natively, micronizing, complexation or solid disper-
sion techniques might be employed. Solubility, and 
especially degree of saturation in the vehicle, can 
also be important in the absorption of drugs already 
in solution in liquid dosage forms, since precipita-
tion in the gastrointestinal tract can occur, modify-
ing bioavailability.

Solubilities of acidic or basic compounds are 
pH-dependent and can be altered by forming salts, 
with different salts exhibit ing different equilibrium 
solubilit ies. However, the solubility of a salt  of a 
strong acid is less affected by changes in pH than 
the solubility of a salt  of a weak acid. In the latter 
case, when pH is lower, the salt  hydrolyses to an 
extent dependent on pH and pKa, resulting in 
decreased solubility. Reduced solubility can also 
occur for slightly soluble salts of drugs through the 
common ion effect. If one of the ions involved is 
added as a different, more soluble salt , the solubility 
product can be exceeded and a portion of the drug 
precipitates.
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forms of drugs than to ionized species because of 
the greater lipid solubility of the unionized forms 
and the highly charged nature of the cell membrane 
which results in the binding or repelling of the 
ionized drug, thereby decreasing penetration.

The dominating factors that therefore in uence 
the absorption of weak acids and bases are the pH 
at the site of absorption and the lipid solubility of 
the unionized species. These factors, together with 
the Henderson–Hasselbalch equations for calculat-
ing the proportions of ionized and unionized species 
at a particular pH, constitute the pH-partition 
theory for drug absorption. However, these factors 
do not describe completely the process of absorp-
tion since certain compounds with low partition 
coef cients and/ or which are highly ionized over 
the entire physiological pH range show good bioa-
vailability and therefore other factors are clearly 
involved.

Crys tal properties : polymorphism

Practically all drug substances are handled in powder 
form at some stage during manufacture into dosage 
forms. However, for those substances composed of, 
or containing, powders or compacted powders in the 
 nished product, the crystal properties and solid-
state form of the drug must be carefully considered. 
It  is well recognized that drug substances can be 
amorphous (i.e. without regular molecular lattice 
arrangements), crystalline, anhydrous, at various 
degrees of hydration or solvated with other 
entrapped solvent molecules, as well as varying in 
crystal hardness, shape and size. In addition, many 
drug substances can exist in more than one form 
with different molecular packing arrangements in 
the crystal lattice. This property is termed polymor-
phism and different polymorphs may be prepared 
by manipulation of conditions of particle formation 
during crystallization such as solvent, temperature 
and rate of cooling. It  is known that only one form 
of a pure drug substance is stable at a given tem-
perature and pressure, with the other forms, termed 
metastable, converting at different rates to the 
stable crystalline form. The different polymorphs 
vary in physical properties such as dissolution and 
solid-state stability, as well as processing behaviour 
in terms of powder  ow and compaction during 
tableting in some cases.

These different crystalline forms can be of con-
siderable importance in relation to ease or dif culty 

Drugs with k values below 0.1 mg−1 cm−2 usually 
exhibit  dissolution rate-limiting absorption. Particu-
late dissolution can also be examined where an 
effort is made to control A, and formulation effects 
can be studied.

Dissolution rate data, when combined with solu-
bility, partit ion coef cient and pKa results, provide 
an insight into the potential in vivo absorption char-
acteristics of a drug. However, in vitro tests only 
have signi cance when they are related to in vivo 
results. Once such a relationship has been estab-
lished, in vitro dissolution tests can be used as a 
predictor of in vivo behaviour. The importance of 
dissolution testing has been widely recognized by 
of cial compendia, as well as drug regulatory author-
ities, with the inclusion of dissolution speci cations 
using standardized testing procedures for a range of 
preparations.

A guide for predicting the intestinal absorption of 
drugs for orally administered medicines based on 
the solubility, dissolution and permeability of drugs, 
the Biopharmaceutics Classi cation System (BCS) 
was established in 1995. This system has proved 
extremely useful in aiding the design of oral medi-
cines and has recently been extended to incorporate 
drug absorption and transport and the effects of 
metabolism.

Partition coef cient and pKa

As pointed out earlier, for relatively insoluble com-
pounds the dissolution rate is often the rate-
determining step in the overall absorption process. 
Alternatively, for soluble compounds the rate of per-
meation across biological membranes is the rate-
determining step. Whilst dissolution rate can be 
changed by modifying the physicochemical proper-
t ies of the drug and/ or altering the formulation com-
position, the permeation rate is dependent upon the 
size, relative aqueous and lipid solubility and ionic 
charge of drug molecules, factors which can be 
altered through molecular modi cations. The 
absorbing membrane acts as a lipophilic barrier to 
the passage of drugs which is related to the lipophilic 
nature of the drug molecule. The partition coef -
cient, for example between oil and water, is a 
measure of lipophilic character.

The majority of small molecular weight drugs are 
weak acids or bases and, depending on the pH, exist 
in an ionized or unionized form. Membranes of 
absorbing mucosa are more permeable to unionized 
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contributing to product stability and must be an 
integral part  of stability testing programmes. It  has 
been mentioned previously that one of the princi-
ples of dosage form design is to ensure that the 
chemical integrity of drug substances is maintained 
during the usable life of the product. At the same 
time, chemical changes involving additives and any 
physical modi cations to the product must be care-
fully monitored to optimize formulation stability.

In general, drug substances decompose as a result  
of the effects of heat, oxygen, light and moisture. 
For example, esters such as aspirin and procaine are 
susceptible to solvolytic breakdown, whilst oxida-
tive decomposition occurs for substances such as 
ascorbic acid. Drugs can be classi ed according to 
their sensit ivity to breakdown:
1. stable in all conditions (e.g. kaolin)
2. stable if handled correctly (e.g. aspirin)
3. only moderately stable even with special 

handling (e.g. vitamins)
4. very unstable (e.g. certain antibiotics in solution 

form).
Whilst the mechanisms of solid-state degradation 
are complex and often dif cult  to analyse, a full 
understanding is not a prerequisite in the design of 
a suitable formulation containing solids. For example, 
in cases where drug substances are sensitive to 
hydrolysis, steps such as minimum exposure to 
moisture during preparation, low moisture content 
speci cations in the  nal product and moisture-
resistant packaging can be used. For oxygen-sensitive 
drugs, antioxidants can be included in the formula-
tion and, as with light-sensitive materials, suitable 
packaging can reduce or eliminate the problem. For 
drugs administered in liquid form, the stability in 
solution as well as the effects of pH over the physi-
ological range of 1–8 should be understood. Buffers 
may be required to control the pH of the prepara-
tion to improve stability; where liquid dosage forms 
are sensitive to microbial attack, preservatives are 
required.

In these formulations, and indeed in all dosage 
forms incorporating additives, it  is also important to 
ensure that the components, which may include 
additional drug substances as in multivitamin prepa-
rations, do not produce chemical interactions them-
selves. Interactions between drug(s) and added 
excipients such as antioxidants, preservatives, sus-
pending agents, colourants, tablet  lubricants and 
packaging materials do occur and must be checked 
for during the design of formulations. Over recent 

of formulation and as regards stability and biologi-
cal activity. As might be expected, higher dissolu-
tion rates are obtained for metastable polymorphic 
forms; for example, the alternative polymorphic 
forms of rifaximin exhibit  different in vitro disso-
lution rates and bioavailability. In some cases, amor-
phous forms are more active than crystalline forms.

The polypeptide hormone insulin, widely used in 
the regulation of carbohydrate, fat  and protein 
metabolism, also demonstrates how differing degrees 
of activity can result from the use of different crys-
talline forms of the same agent. In the presence of 
acetate buffer, zinc combines with insulin to form 
an extremely insoluble complex of the protein-
aceous hormone. This complex is an amorphous 
precipitate or crystalline product depending on envi-
ronmental pH. The amorphous form, containing 
particles of no uniform shape and smaller than 2 µm, 
is absorbed following intramuscular or subcutaneous 
injection and has a short duration of action, whilst 
the crystalline product, consisting of 10–40 µm 
sized rhombohedral crystals, is more slowly absorbed 
and has a longer duration of action. Insulin prepara-
tions which are intermediate in duration of action 
are prepared by taking physical mixtures of these 
two products.

Polymorphic transitions can also occur during 
milling, granulating, drying and compacting opera-
tions (e.g. transitions during milling for digoxin and 
spironolactone). G ranulation can result in solvate 
formation or, during drying a solvent or water 
molecule(s) may be lost to form an anhydrous mate-
rial. Consequently, the formulator must be aware of 
these potential transformations which can result in 
undesirable modi ed product performance, even 
though routine chemical analyses may not reveal any 
changes. Reversion from metastable forms, if used, 
to the stable form may also occur during the lifetime 
of the product. In suspensions, this may be accom-
panied by changes in the consistency of the prepara-
tion which affects its shelf-life and stability. Such 
changes can often be prevented by additives, such 
as hydrocolloids and surface-active agents.

Stability

The chemical aspects of formulation generally 
centre on the chemical stability of the drug and its 
compatibility with the other formulation ingredi-
ents. In addition, it  should be emphasized that the 
packaging of the dosage form is an important factor 
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available. Sorbitol is recommended for diabetic 
preparations.

Colours are employed to standardize or improve 
an existing drug colour, to mask a colour change or 
complement a  avour. Whilst colours are obtained 
both from natural sources (e.g. carotenoids) or syn-
thesized (e.g. amaranth), the majority used are syn-
thetically produced. Dyes may be aqueous (e.g. 
amaranth) or oil soluble (e.g. Sudan IV) or insoluble 
in both (e.g. aluminium lakes). Lakes, which are 
generally calcium or aluminium complexes of water-
soluble dyes, are particularly useful in tablets and 
tablet  coatings because of greater stability to light 
than corresponding dyes, which also vary in their 
stability to pH and reducing agents. However, in 
recent years, the inclusion of colours in formulations 
has become extremely complex because of the 
banning of many traditionally used colours in many 
countries.

Other drug properties

At the same time as ensuring that dosage forms are 
chemically and physically stable and are therapeuti-
cally ef cacious, it  is also relevant to establish that 
the selected formulation is capable of ef cient and, 
in most cases, large-scale manufacture. In addition 
to those properties previously discussed such as par-
t icle size and crystal form, other characteristics such 
as hygroscopicity,  owability and compactability are 
particularly valuable when preparing solid dosage 
forms where the drugs constitute a large percentage 
of the formulation. Hygroscopic drugs can require 
low moisture manufacturing environments and need 
to avoid water during preparation. Poorly  owing 
formulations may require the addition of  ow agents 
(e.g. fumed silica). Studies of the compactability of 
drug substances are frequently undertaken using 
instrumented tablet machines in formulation labo-
ratories to examine the tableting potential of the 
material in order to foresee any potential problems 
during compaction, such as lamination or sticking, 
which may require modi cation of the formulation 
or processing conditions.

The rape utic  c ons ide rations  in 
dos age  form de s ign

The nature of the clinical indication, disease or 
illness for which the drug is intended is an important 

years, data from thermal analysis techniques, par-
t icularly microcalorimetry and differential scan-
ning calorimetry (DSC), when critically examined, 
have been found useful in rapid screening for pos-
sible drug-additive and drug-drug interactions. For 
example, DSC has revealed that the widely used 
tableting lubricant magnesium stearate interacts 
with aspirin and should be avoided in formulations 
containing this drug.

Organoleptic properties

Modern medicines require that pharmaceutical 
dosage forms are acceptable to the patient. Unfor-
tunately, many drug substances in use today are 
unpalatable and unattractive in their natural state 
and dosage forms containing such drugs, particularly 
oral preparations, may require the addition of 
approved  avours and/ or colours.

The use of  avours applies primarily to liquid 
dosage forms intended for oral administration. Avail-
able as concentrated extracts, solutions, adsorbed 
onto powders or microencapsulated,  avours are 
usually composed of mixtures of natural and syn-
thetic materials. The taste buds of the tongue 
respond quickly to bitter, sweet, salt  or acid ele-
ments of a  avour. Unpleasant taste can be over-
come by using water-insoluble derivatives of drugs 
which have lit t le or no taste. An example is the use 
of amitriptyline pamoate, although other factors, 
such as bioavailability, must remain unchanged. If an 
insoluble derivative is unavailable or cannot be used, 
a  avour or perfume can be used. However, unpleas-
ant drugs in capsules or prepared as coated particles 
or tablets may be easily swallowed, avoiding the 
taste buds.

Selection of  avour depends upon several factors 
but particularly on the taste of the drug substance. 
Certain  avours are more effective at masking 
various taste elements; for example, citrus  avours 
are frequently used to combat sour or acid-tasting 
drugs. Solubility and stability of the  avour in the 
vehicle are also important. In addition, the age of 
the intended patient should also be considered, 
since children for example prefer sweet tastes, as 
well as the psychological links between colours and 
 avours (e.g. yellow colour is associated with lemon 
 avour). Sweetening agents may also be required to 
mask bitter tastes. Sucrose continues to be used but 
alternatives, such as sodium saccharin which is 200–
700 times sweeter depending on concentration, are 
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properties and particle design and fabrication. 
Undoubtedly, these new technologies and others, as 
well as sophisticated formulations, will be required 
to deal with the advent of gene therapy and the 
need to deliver such labile macromolecules to spe-
ci c targets and cells in the body. Interest is also 
likely to be directed to individual patient require-
ments such as age, weight and physiological and 
metabolic factors, features which can in uence drug 
absorption and bioavailability, and the increasing 
application of diagnostic agents will play a key role 
in this area.

Other areas of innovation in formulation science 
responding to drug regulatory agency requirements 
in applications for marketing authorization of medi-
cines are emerging, such as the concepts of ‘compu-
tational pharmaceutics’. This topic incorporates i) 
the use of in-silico procedures to predict  drug sub-
stance properties, and ii) decision making and opti-
mization tools, such as experimental design, arti cial 
intelligence and neural computing. All of these can 
facilitate faster and rational design of formulations 
and manufacturing processes.

Summary

This chapter has demonstrated that the formulation 
of drugs into dosage forms requires the interpreta-
tion and application of a wide range of information 
and knowledge from several study areas. Whilst  
the physical and chemical properties of drugs and 
additives need to be understood, the factors in u-
encing drug absorption and the requirements of the 
disease to be treated also have to be taken into 
account when identifying potential delivery routes. 
The formulation and associated preparation of 
dosage forms demand the highest standards with 
careful examination, analysis and evaluation of wide-
ranging information by pharmaceutical scientists to 
achieve the objective of creating high-quality, safe 
and ef cacious dosage forms.
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KE Y P O IN TS

•  Dissolution rate and solubility are two separate 
properties   While a  chemical with a fas t 
dissolution rate often has  a high solubility (and 
vice versa), this  is  not always  the case  The 
differences  are explained in the chapter 

•  The process  of dissolution involves  a molecule, 
ion or atom of a  solid entering a liquid phase in 
which the solid is  immersed 

•  The rate of dissolution is  controlled either by the 
speed of removal of the molecule, ion or atom 
from the solid surface or by the rate of diffus ion 
of that moiety through a boundary layer that 
surrounds  the solid 

•  Various  factors  in uence the rate of diffus ion of 
a  solute through boundary layers   Some of 
these may be manipulated by the formulator 

•  It is  important for the formulator to be aware of 
the parameters  which affect the solubility of a  
solid in a liquid phase 

•  The dissolution rate and solubility of solids  in 
liquids , gases  in liquids  and liquids  in liquids  are 
each important to pharmaceutical science and 
these are discussed 

Introduc tion

Solutions are encountered frequently in pharmaceu-
tical development, either as a dosage form in their 
own right or as a clinical trials material. Additionally, 
almost all drugs function in solution in the body.

Part 1: Sc ie nti c  princ iple s  o f dos age  form de s ign

Michael E. Aulton
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The solution that is obtained under these conditions 
is said to be saturated. A solution with a concentra-
t ion less than that at equilibrium is said to be sub-
saturated. Solutions with a concentration greater 
than equilibrium can be obtained in certain condi-
t ions; these are known as supersaturated solutions.

Since the above de nitions are general ones, 
they may be applied to all types of solution involving 
any of the three states of matter (gas, liquid, solid) 
dissolved in any of the three states of matter, i.e. 
solid-in-liquid, liquid-in-solid, liquid-in-liquid, solid-
in-vapour, etc. However, when the two components 
forming a solution are either both gases or both 
liquids, then it  is more usual to talk in terms of 
miscibility rather than solubility. Other than the 
name, all principles are the same.

One point to emphasize at this stage is that the 
rate of solution (dissolution rate) and amount which 
can be dissolved (solubility) are not the same and 
are not necessarily related. In practice, high drug 
solubility is usually associated with a high dissolu-
tion rate, but there are exceptions; an example is 
the commonly used  lm-coating material hydroxy-
propyl methylcellulose (HPMC) which is very water 
soluble yet takes many hours to hydrate and 
dissolve.

Proc e s s  of dis s o lution

Dissolution mechanisms

The majority of drugs and excipients are crystalline 
solids. Liquid, semi-solid and amorphous solid drugs 
and excipients do exist  but these are in the minority. 
For now, we will restrict our discussion to dissolu-
tion of crystalline solids into liquid solvents. Also, 
to simplify the discussion, it  will be assumed that 
the drug is molecular in nature. The same discussion 
applies to ionic drugs. Again, to avoid undue repeti-
t ion in the explanations that follow, it  can be assumed 
that most solid crystalline materials, whether drugs 
or excipients, will dissolve in a similar manner.

The dissolution of a solid in a liquid may be regar-
ded as being composed of two consecutive stages.
1. First is an inter acial reaction that results in the 

liberation of solute molecules from the solid 
phase to the liquid phase. This involves a phase 
change so that molecules of solid become 
molecules of solute in the solvent in which the 
crystal is dissolving.

This chapter discusses the principles underlying 
the formation of solutions from solute and solvent 
and the factors that affect  the rate and extent of 
the dissolution process. This process will be dis-
cussed particularly in the context of a solid dissolv-
ing in a liquid as this is the situation most likely 
to be encountered in the formation of a drug 
solution, either during manufacturing or during drug 
delivery.

Further properties of solutions are discussed in 
Chapter 3 and 24. Because of the number of prin-
ciples and properties that need to be considered, the 
contents of each of these chapters should only be 
regarded as introductions to the various topics. The 
student is encouraged, therefore, to refer to the 
bibliography cited at the end of each chapter in 
order to augment the present contents. The text-
book written by Florence & Attwood (2011) is rec-
ommended particularly. It  uses a large number of 
pharmaceutical examples to aid in the understand-
ing of physicochemical principles.

De  nition of te rms

This chapter will begin by clarifying some of the key 
terms relevant to solutions.

Solution, solubility and dissolution

A solution may be de ned as a mixture of two or 
more components that form a single phase that is 
homogeneous down to the molecular level. The 
component that  determines the phase of the solu-
tion is termed the solvent; it  usually (but not neces-
sarily) constitutes the largest  proportion of the 
system. The other component(s) are termed 
solute(s)  and these are dispersed as molecules or 
ions throughout the solvent, i.e. they are said to be 
dissolved in the solvent.

The transfer of molecules or ions from a solid 
state into solution is known as dissolution. Funda-
mentally, this process is controlled by the relative 
af nity between the molecules of the solid sub-
stance and those of the solvent. The extent to which 
the dissolution proceeds under a given set of experi-
mental conditions is referred to as the solubility of 
the solute in the solvent. The solubility of a sub-
stance is the amount of it  that passes into solution 
when equilibrium is established between the solute 
in solution and the excess (undissolved) substance. 
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forces of attraction between the molecules of the 
solid.
Moving into the liquid. On leaving the solid 
surface, the drug molecule must become incorpo-
rated in the liquid phase, i.e. within the solvent. 
Liquids are thought to contain a small amount of 
so-called ‘free volume’. This can be considered to be 
in the form of ‘holes’ that, at  a given instant, are not 
occupied by the solvent molecules themselves (this 
point is discussed further in Chapter 3). Individual 
solute molecules are thought to occupy these ‘holes’, 
as shown in Figure 2.3.

The process of dissolution may be considered, 
therefore, to involve the relocation of solute mole-
cules from an environment where they are sur-
rounded by other identical molecules, with which 
they form intermolecular attractions, into a cavity 
in a liquid where they are surrounded by non-
identical molecules, with which they may interact 
to different degrees.

Diffus ion.through.the .boundary.layer
This step involves transport of the drug molecules 
away from the solid/ liquid interface into the bulk of 
the liquid phase under the in uence of diffusion or 
convection. Boundary layers are static or slow-
moving layers of liquid that surround all solid sur-
faces that are surrounded by liquid (discussed 
further later in this chapter and in Chapter 6). Mass 
transfer takes place more slowly (usually by diffu-
sion; Chapter 3) through these static or slow-moving 
layers that inhibit  the movement of solute molecules 
from the surface of the solid to the bulk of the solu-
tion. The solution in contact with the solid will be 
saturated (because it  is in direct contact with undis-
solved solid). During diffusion, the concentration of 
the solution in the boundary layers changes from 
being saturated (C S) at the crystal surface to being 
equal to that of the bulk of the solution (C) at its 
outermost limit, as shown in Figure 2.1.

2. After this, the solute molecules must migrate 
through the boundary layers surrounding the 
crystal to the bulk of solution.

These stages, and the associated solution concentra-
tion changes, are illustrated in Figure 2.1.

These two stages of dissolution are now discussed 
in turn.

Inte rfac ia l.reac tion
Lea ving the sur fa ce. Dissolution involves the 
replacement of crystal molecules by solvent mole-
cules. This is illustrated in Figure 2.2.

The process of the removal of drug molecules 
from a solid, and their replacement by solvent mol-
ecules, is determined by the relative af nity of the 
various molecules involved. The solvent/ solute 
forces of attraction must overcome the cohesive 

Fig . 2.1 •  Diagram of boundary layers and 
concentration change surrounding a dissolving particle. 

Concentra tion
of solute

Crys ta l  Solvent

CS

C

Boundary
layers

Fig . 2.2 •  Schematic representation of the replacement 
of crystal molecules with solvent molecules during 
dissolution. 

Fig . 2.3 •  The theory of cavity creation in the mechanism 
of dissolution. 
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where C  is the concentration of solute in solution at 
any point and at t ime t, and the constant k is the 
rate constant (s−1). The energy difference between 
the two concentration states provides the driving 
force for the diffusion.

In the present context, ΔC  is the difference in 
concentration of solution at the solid surface (C 1) 
and the bulk of the solution (C 2). At equilibrium, 
the solution in contact with the solid (C 1) will be 
saturated (concentration = C S) as discussed above. 
Thus ΔC  = C 1 − C 2 = C S − C .

If C 2 is less than saturated, the molecules will 
move from the solid to the bulk (as during dissolu-
tion). If the concentration of the bulk (C 2) is greater 
than this, the solution is referred to as supersatu-
rated and movement of solid molecules will be in 
the direction of bulk solution to surface (as occurs 
during crystallization).

An equation known as the Noyes–Whitney equa-
tion was developed to de ne the dissolution from a 
single spherical particle. This equation has found 
great usefulness in the estimation or prediction of 
the dissolution rate of pharmaceutical particles. The 
rate of mass transfer of solute molecules or ions 
through a static diffusion layer (dm/ dt) is directly 
proportional to the area available for molecular or 
ionic migration (A), the concentration difference 
(ΔC) across the boundary layer and is inversely pro-
portional to the thickness of the boundary layer (h).

This relationship is shown in Equation 2.3 and in 
a slightly modi ed form in Equation 2.4.

 d
d
m
t

k A  C
h

=  1  ∆  

(2.3)

 d
d
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t

k A  C  C
h

=  −1  (  )  

(2.4)

The constant k1 is known as the di  usion coe f cient. 
It  is commonly given the symbol D and has the units 
of m2/ s.

If the volume of the solvent is large, or solute is 
removed from the bulk of the dissolution medium 
by some process at  a faster rate than it  passes into 
solution, then C  remains close to zero and the term 
(C S – C ) in Equation 2.4 may be approximated to 
C S. In practice, if the volume of the dissolution 
medium is so large that C  is not allowed to exceed 
10% of the value of C S, then the same approxima-
tion may be made. In either of these circumstances 

Energy/work changes  during 
dissolution

In order for the process of dissolution to occur spon-
taneously at a constant pressure, the accompanying 
change in free energy or G ibbs free energy (ΔG ) 
must be negative. The free energy (G ) is a measure 
of the energy available to the system to perform 
work. Its value decreases during a spontaneously 
occurring process until an equilibrium position is 
reached when no more energy can be made availa-
ble, i.e. ΔG  = 0 at equilibrium.

In most cases heat is absorbed when dissolution 
occurs and the process is usually de ned as an endo-
thermic one. In some systems, where marked af n-
ity between solute and solvent occurs, the overall 
enthalpy change becomes negative so that  heat is 
evolved and the process is an exothermic one.

Dis s o lution rate s  of s o lids   
in liquids

Like any reaction that involves consecutive stages, 
the overall rate of dissolution will be dependent on 
which of these steps is the slowest (the rate-
determining or rate-limiting step). In dissolution, the 
interfacial step (as described above) is virtually 
instantaneous and so the rate of dissolution will 
most frequently be determined by the rate of the 
slower step of diffusion of dissolved solute through 
the static boundary layer of liquid that exists at  a 
solid/ liquid interface. On the rare occasions when 
the release of the molecule from the solid into solu-
tion is slow and the transport across the boundary 
layer to the bulk solution is faster, dissolution is said 
to be inter acially controlled.

The rate of diffusion will obey Fick’s Law of 
Diffusion. Fick’s Law states that the rate of change 
in concentration of dissolved material with time 
is directly proportional to the concentration differ-
ence between the two sides of the diffusion 
layer, i.e.:

 d
d
C
t

 C�∆  

(2.1)

or

 d
d
C
t

 k  C=  ∆  

(2.2)
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can be predicted by examination of the Noyes–
Whitney equation (Eqns 2.3 or 2.4). Most of the 
effects of these factors are included in the summary 
given in Table 2.1.

Clearly, increases in those factors on the top of 
the right-hand side of the Noyes–Whitney equation 
will increase the rate of diffusion (and therefore rate 
of dissolution) and increases in factors at the bottom 
of the equation will result in a decreased rate of 
dissolution. The opposite situation obviously applies 
regarding a reduction in these parameters. Each of 
these is discussed brie y below.

Surface .a rea .of.undis s olved .s olid .(A)
Size of solid  pa r ticles. The surface area of isodia-
metric particles is inversely proportional to their 
particle size. Much practical evidence exists to show 
that, in general, milling or other means of particle 
size reduction will increase the rate of dissolution of 
sparingly soluble drugs. An added complication is 
that particle size will change during the dissolution 
process, because large particles will become smaller 
and small particles will eventually disappear. This 
effect  is shown in Figure 2.4.

Compacted masses of solid may also disintegrate 
into smaller particles, thus increasing the surface 
area available for dissolution as the disintegration 

Table 2.1 Factors affecting in-vitro dissolution rates of solids in liquids

Term in Noyes–Whitney equation (Eqn 2.4) Affected by

A: surface area of undissolved solid
(Rate of dissolution increases proportionally with 
increasing A)

Size of solid particles (A increases with particle size reduction)
Dispersibility of powdered solid in dissolution medium
Porosity of solid particles

CS: saturated solubility of solid in dissolution medium
(Rate of dissolution increases proportionally with 
increasing difference between CS and C. Thus high 
CS speeds up dissolution rate)

Temperature
Nature of dissolution medium
Molecular structure of solute
Crystalline form of solid
Presence of other compounds

C: concentration of solute in solution at time t
(Rate of dissolution increases proportionally with 
increasing difference between CS and C. Thus low C 
speeds up dissolution rate)

Volume of dissolution medium (increased volume  
decreases C)
Any process that removes dissolved solute from the 
dissolution medium (hence decreasing C)

k: dissolution rate constant Diffusion coef cient D of solute in the dissolution medium
Viscosity of medium

h: thickness of boundary layer
(Rate of dissolution decreases proportionally with 
increasing boundary layer thickness)

Degree of agitation of dissolution medium (increased agitation 
decreases boundary layer thickness).

dissolution is said to occur under ‘sink’ conditions 
and Equation 2.4 may be simpli ed to:

 d
d

Sm
t

DAC
h

=  

(2.5)

Sink conditions may arise in vivo when a drug is 
absorbed into the body from its solution in the gas-
trointestinal  uids at a faster rate than it  dissolves 
in those  uids from a solid dosage form, such as a 
tablet. The phrase is illustrative of the solute mol-
ecules ‘disappearing down a sink’!

If solute is allowed to accumulate in the dissolu-
tion medium to such an extent that the above 
approximation is no longer valid, i.e. when C  > 
(C S/ 10), then ‘non-sink’ conditions are said to be in 
operation. When C  builds up to such an extent that 
it  equals C S, i.e. the dissolution medium is saturated 
with solute, it  is clear from Equation 2.4 that the 
overall rate of dissolution will be zero.

Factors  affecting the rate  
of dissolution

The various factors that affect the in vitro rate of 
diffusion-controlled dissolution of solids into liquids 
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Presence of other  compounds. The common-ion 
effect, complex formation and the presence of solu-
bilizing agents can affect the rate of dissolution.

Concentra tion.of.s olute .in.s olution..
a t. time .t.(C)
Volume of dissolution medium. If the volume of 
the dissolution medium is small, C can rapidly 
increase during dissolution and approach C S. If the 
volume is large, then C may be negligible with 
respect to C S and thus ‘sink’ conditions will operate. 
This can be controlled in vitro but must be taken 
into account in vivo as the volume of the stomach 
contents can vary greatly (hence the common 
instruction ‘To be taken with a glass of water’). Also, 
the volume of the  uid in the rectum and vagina is 
small (see Chapter 42) and so this consideration can 
be important in drug delivery from suppositories 
and pessaries.
Any process tha t removes dissolved solute from 
the dissolution medium. For example, adsorption 
on to an insoluble adsorbent, partitioning into a 
second liquid that is immiscible with the dissolution 
medium, removal of solute by dialysis or by continu-
ous replacement of solution by fresh dissolution 
medium can result  in a decrease in C and thus an 
increased rate of dissolution.

Dis s olution.ra te .cons tant.(k)
Thickness of the bounda r y la yer. This is affected 
by the degree of agitation, which in turn depends on 
the speed of stirring or shaking, shape, size and posi-
t ion of stirrer, volume of dissolution medium, shape 
and size of container, and viscosity of dissolution 
medium.
Diffusion coef cient of solute in the d issolu-
tion medium. The diffusion coef cient of solute in 
the dissolution medium is affected by the viscosity 
of the dissolution medium, and the molecular char-
acteristics and size of diffusing molecules.

It  should be borne in mind that pharmaceutical 
scientists are often concerned with the rate of dis-
solution of a drug from a formulated product such 
as a tablet or a capsule, as well as with the dissolu-
tion rates of pure solids. In practice, the rate of 
dissolution can have either zero-order,  rst-order, 
second-order or cube-root kinetics. These are dis-
cussed later in the book when relevant to particular 
dosage forms. Later chapters in this book can also 
be consulted for information on the in uence of 

process progresses. (This effect  is shown in Figure 
30.7 and explained further in the associated 
discussion.)
Dispersibility of powdered solid  in dissolution 
medium. If solid particles form cohered masses in 
the dissolution medium, then the surface area avail-
able for dissolution is reduced. This effect may be 
overcome by the addition of a wetting agent to 
improve the dispersion of the solid into primary 
powder particles.
Porosity of solid  pa r ticles. Pores in some materi-
als, particularly granulated ones, may be large enough 
to allow access of the dissolution medium and 
outward diffusion of dissolved solute molecules.

Solubility.of.s olid .in.d is s olution..
medium.(CS)
Tempera ture. Dissolution may be an exothermic 
or an endothermic process and so temperature 
changes will in uence the energy balance and thus 
the energy available to promote dissolution.
Na ture of d issolution medium. Factors such as 
solubility parameters, pH and presence of cosol-
vents will affect the rate of dissolution.
Molecula r  structure of solute. Factors such as 
the use of salts of either weakly acidic or weakly 
basic drugs, or esteri cation of neutral compounds, 
can in uence solubility and dissolution rate.
Cr ysta lline form of solid . The presence of poly-
morphs, hydrates, solvates or the amorphous form 
of the drug can all have an in uence on dissolution 
rate.

Fig . 2.4 •  The reduction in surface area and volume 
during the dissolution of a spherical particle. 
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dissolution changes considerably during the course 
of the determination because the dosage form 
usually disintegrates into many smaller particles and 
the size of these particles then decreases as dissolu-
tion proceeds and, generally, the area of dissolving 
surface is unknown at any particular time.

Measurement of dissolution rates  
of drugs  from dosage forms

Many methods have been described in the literature, 
particularly in relation to the determination of the 
rate of release of drugs into solution from tablet and 
capsule formulations, because such release may have 
an important effect on the therapeutic ef cacy of 
these dosage forms (Chapter 20). In-vitro dissolu-
tion tests for assessing the dissolution rates of drugs 
from solid unit dosage forms are discussed fully in 
Chapter 35. Reference should be made to other 
chapters in this book for information on the dissolu-
tion methods applied to other speci c dosage forms.

formulation factors on the rates of release of drugs 
into solution from various dosage forms.

Intrins ic dissolution rate

Since the rate of dissolution is dependent on so many 
factors, it  is advantageous to have a measure of the 
rate of dissolution which is independent of some of 
these – rate of agitation and area of solute available 
in particular. In the latter case, this will change 
greatly in a conventional tablet formulation as the 
tablet breaks up into granules and then into primary 
powder particles as it comes in contact with water.

A useful parameter is the intrinsic dissolution 
rate (IDR). IDR is the rate of mass transfer per area 
of dissolving surface and typically has the units of 
mg mm−2 s−1. IDR should be independent of bound-
ary layer thickness and volume of solvent (i.e. it  is 
assumed that sink conditions have been achieved). 
IDR is given by:

 IDR  S= k C1  
(2.6)

Thus, IDR measures the intrinsic properties of the 
drug only as a function of the dissolution media, e.g. 
its pH, ionic strength, presence of counter ions, etc., 
and is independent of many other factors.

Techniques .for.meas uring.IDR
Rotating and static disc methods are used. In these 
methods, the compound to be assessed for rate of 
dissolution is compacted into a non-disintegrating 
disc. This is mounted in a holder so that only one 
face of the disc is exposed to the dissolution medium 
(Fig. 2.5). The holder and disc are immersed in the 
dissolution medium and either held in a  xed posi-
tion in the static disc method or rotated at a given 
speed in the rotating disc method. Samples of dis-
solution medium are removed after known times, 
 ltered and assayed. Further information on this 
methodology can be found in Chapter 23.

This design of test  attempts to ensure that the 
surface area, from which dissolution can occur, 
remains constant. Under these conditions, the 
amount of substance dissolved per unit  t ime and 
unit surface area can be determined. This is the 
intrinsic dissolution rate and should be distinguished 
from the measurements obtained from other 
methods. In non-disc methods (Chapter 35) the 
surface area of the drug that is available for 

Fig . 2.5 •  Methods of measuring dissolution rates. 

a  b

c  d
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 concentration
in wv

weight of solute
volume of solution%  =  ×100  

(2.7)

Equivalent percentages based on weight (w) and 
volume (v) ratios (expressed as % v/ w, % v/ v and % 
w/ w) can also be used for solutions of liquids in 
liquids and solutions of gases in liquids.

It should be realized that if concentration is 
expressed in terms of weight of solute in a given 
volume of solution then changes in volume caused by 
temperature  uctuations will alter the concentration.

Parts
Pharmacopoeias give information on the approxi-
mate solubility of of cial substances in terms of the 
number of ‘parts’ of solute dissolved in a stated 
number of ‘parts’ of solution. Use of this method to 
describe the concentration of a solution of a solid in 
a liquid suggests that a certain number of parts by 
weight (g) of solid are contained in a given number 
of parts by volume (mL) of solution. In the case of 
solutions of liquids in liquids, parts by volume of 
solute in parts by volume of solution are intended, 
whereas with solutions of gases in liquids, parts by 
weight of gas in parts by weight of solution are 
inferred. The use of ‘parts’ in scienti c work, or 
indeed in practice, is not recommended as there is 
the chance for some degree of ambiguity.

Molarity
This is the number of moles of solute contained in 
1 dm3 (or more commonly expressed in pharmaceu-
tical science as 1 litre) of solution. Thus, solutions 
of equal molarity contain the same number of solute 
molecules in a given volume of solution. The unit  of 
molarity (M) is mol L−1 (equivalent to 103 mol m−3 
if converted to the strict SI unit).

Mola lity
This is the number of moles of solute divided by the 
mass of the solvent, i.e. its SI unit is mol kg−1. 
Although it  is less likely to be encountered in phar-
maceutical science than the other terms, it  does 
offer a more precise description of concentration 
because it  is unaffected by temperature.

Mole .frac tion
This is often used in theoretical considerations and 
is de ned as the number of moles of solute divided 

Solubility

The solution produced when equilibrium is estab-
lished between undissolved and dissolved solute in 
a dissolution process is termed a saturated solution. 
The amount of substance that  passes into solution 
in order to establish this equilibrium at constant 
temperature and so produce a saturated solution is 
known as the solubility of the substance. It  is pos-
sible to obtain supersaturated solutions but these are 
unstable and precipitation of the excess solute tends 
to occur readily and spontaneously.

Methods  of express ing solubility 
and concentration

Solubilities may be expressed by any of the variety 
of concentration terms explained below. In general, 
solubility is expressed in terms of the maximum 
mass or volume of solute that will dissolve in a given 
mass or volume of solvent at a particular tempera-
ture and at equilibrium.

Express ions  of concentration

Quantity.per.quantity
Concentrations are often expressed simply as the 
weight or volume of solute that is contained in a 
given weight or volume of the solution. The majority 
of solutions encountered in pharmaceutical practice 
consist of solids dissolved in liquids. Consequently, 
concentration is expressed most commonly by the 
weight of solute contained in a given volume of solu-
tion. Although the SI unit is kg m−3 the terms that  
are used in practice are based on more convenient 
or appropriate weights and volumes. For example, 
in the case of a solution with a concentration of 
1 kg m−3 the strength may be denoted by any one 
of the following concentration terms, depending on 
the circumstances:

1 g L−1, 0.1 g per 100 mL, 1 mg mL−1, 5 mg in 5 mL or 
1 µg µL−1.

Percentage
Pharmaceutical scientists have a preference for 
quoting concentrations in percentages. The con-
centration of a solution of a solid in a liquid is 
given by:
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a concentration of 1 N, is one that contains the 
equivalent weight of the solute, expressed in grams, 
in 1 litre of solution. It  was expected that this term 
would have disappeared following the introduction 
of SI units but it  is still encountered in some volu-
metric assay procedures.

Qualita tive .des crip tions .of.s olubility
Pharmacopoeias also express approximate solubili-
ties that correspond to descriptive terms such as 
‘freely soluble’ and ‘sparingly soluble’. The interre-
lationship between such terms and approximate 
solubility is shown in Table 2.2.

Predic tion.of.s olub ility
Probably the most sought after information about 
solutions in formulation problems is ‘what is the 
best solvent for a given solute?’. Theoretical predic-
tion of precise solubility is an involved and occasion-
ally unsuccessful operation but, from knowledge of 
the structure and properties of solute and solvent, 
an educated guess is possible. This guess is best 
expressed in subjective terms, such as ‘very soluble’ 
or ‘sparingly soluble’, as described above. Often 
(particularly in pre- or early formulation) this is all 
the information that the formulator requires. A 
more precise value can be obtained later in the 
development process.

Speculation on what is likely to be a good solvent 
is usually based on the ‘like dissolves like’ principle. 

by the total number of moles of solute and solvent, 
i.e.:

 mole fraction of solute ( )x  n
n  n1

1

1 2
=

+
 

(2.8)

where n1 and n2 are the numbers of moles of solute 
and solvent, respectively.

Milliequiva lents .and .normal.s olutions
The concentrations of solutes in body  uids and in 
solutions used as replacements for these  uids are 
usually expressed in terms of the number of milli-
moles (1 millimole = one-thousandth of a mole) in 
a litre of solution. In the case of electrolytes, 
however, these concentrations may still be expressed 
in terms of milliequivalents per litre. A milliequiva-
lent (mEq) of an ion is, in fact, one-thousandth of 
the gram equivalent of the ion, which is, in turn, the 
ionic weight expressed in grams divided by the 
valency of the ion. Alternatively:

 1 mEq ionic weight in mg
valency

=  

(2.9)

Knowledge of the concept of chemical equiva-
lents is also required in order to understand the use 
of ‘normality’ as a means of expressing the concen-
tration of solutions. A normal solution, i.e. one with 

Table 2.2 Descriptive solubility: USP and PhEur terms for describing solubility

Descriptive term Parts solvent to 1 part solute (approximate weight 
of solvent (g) necessary to dissolve 1 g of solute)

Solubility range 
(mg mL−1)

Very soluble Less than 1  ≥ 1000

Freely soluble 1–10 100–1000

Soluble 10–30 33–100

Sparingly soluble 30–100 10–33

Slightly soluble 100–1000 1–10

Very slightly soluble 1000–10 000 0.1–1

Practically insoluble* More than 10 000  ≤0.1

*This term is absent from the PhEur.
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approach, introduced by Hildebrand & Scott in 
1962, is based on the concept that the solvent power 
of a liquid is in uenced by its intermolecular cohe-
sive forces and that the strength of these forces can 
be expressed in terms of a solubility parameter. The 
init ial parameters, which are concerned with the 
behaviour of non-polar, non-interacting liquids, are 
referred to as Hildebrand solubility parameters. 
Whilst these provide good quantitative predictions 
of the behaviour of a small number of hydrocarbons, 
they only provide a broad qualitative description of 
the behaviours of most liquids, because of the in u-
ence of factors such as hydrogen bond formation and 
ionization. The concept has been extended, however, 
by the introduction of partial solubility parameters, 
e.g. Hansen parameters and interaction parameters. 
These have improved the quantitative treatment of 
systems in which polar effects and interactions 
occur.

Solubility parameters, in conjunction with the 
electrostatic properties of liquids, e.g. dielectric 
constant and dipole moment, have often been linked 
by empirical or semi-empirical relationships either 
to these parameters or to solvent properties. Studies 
on solubility parameters are reported in the pharma-
ceutical literature. The use of dielectric constants as 
indicators of solvent power has also received atten-
tion but deviations from the behaviour predicted by 
such methods may occur in practice.

Mixtures of liquids are often used as solvents. If 
the two liquids have similar chemical structures, e.g. 
benzene and toluene, then neither tends to associate 
in the presence of the other and the solvent proper-
t ies of a 50 : 50 mixture would be the mean of those 
of each pure liquid. If the liquids have dissimilar 
structures, e.g. water and propanol, then the mole-
cules of one of them tend to associate with each 
other and so form regions of high concentration 
within the mixture. The solvent properties of this 
type of system are not so simply related to its com-
position as in the previous case.

Solubility of solids  in liquids

Solutions of solids in liquids are the most common 
type of solution encountered in pharmaceutical 
practice. A pharmaceutical scientist  should there-
fore be aware of the general method of determining 
the solubility of a solid in a liquid and the various 
precautions that should be taken during such 
determinations.

That is, a solute dissolves best in a solvent with 
similar chemical properties. The concept tradition-
ally follows two rules:
1. Polar solutes dissolve in polar solvents.
2. Non-polar solutes dissolve in non-polar solvents.
Chemical groups that confer polarity to their parent 
molecules are known as polar groups. In the context 
of solubility, a polar molecule has a high dipole 
moment.

To rationalize the above rules, you can consider 
the forces of attraction between solute and solvent 
molecules. The following explains the basic physico-
chemical properties of solutions that lead to such 
observations.

Phys icochemica l.p red ic tion.of.s olubility
Similar types of intermolecular force may contrib-
ute to solute–solvent, solute–solute and solvent–
solvent interactions. The attractive forces exerted 
between polar molecules are much stronger, 
however, than those that exist between polar and 
non-polar molecules or between non-polar mole-
cules themselves. Consequently, a polar solute will 
dissolve to a greater extent in a polar solvent, where 
the strength of the solute/ solvent interaction will be 
comparable to that between solute molecules, than 
in a non-polar solvent, where the solute/ solvent 
interaction will be relatively weak. In addition, the 
forces of at traction between the molecules of a polar 
solvent will be too great to facilitate the separation 
of these molecules by the insertion of a non-polar 
solute between them, because the solute–solvent 
forces will again be relatively weak. Thus, solvents 
for non-polar solutes tend to be restricted to non-
polar liquids.

The above considerations thus follow the very 
general ‘like dissolves like’ principle, i.e. a polar sub-
stance will dissolve in a polar solvent and a non-polar 
substance will dissolve in a non-polar solvent. Such 
generalizations should be treated with caution, 
because the intermolecular forces involved in the 
process of dissolution are in uenced by factors that 
are not obvious from a consideration of the overall 
polarity of a molecule. For example, the possibility 
of intermolecular hydrogen bond formation between 
solute and solvent may be more signi cant than 
polarity.
Solubility pa ra meters. Attempts have been made 
to de ne a parameter that indicates the ability of a 
liquid to act as a solvent. The most satisfactory 
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is affected by the nature of the solute and the 
solvent and by the concentration of the solution.

Fac tors .a ffec ting.the .s olubility.of.s olids .
in.liquids
Knowledge of these factors, together with their 
practical applications, as discussed below, is an 
important aspect of a pharmaceutical scientist’s 
expertise. Additional information, which shows how 
some of these factors may be used to improve the 
solubility and bioavailability of drugs, is given in 
Chapters 24 and 20, respectively.
Tempera ture. The dissolution process is usually an 
endothermic one, i.e. heat is normally absorbed 
when dissolution occurs. In this type of system, 
supply of heat and a rise in temperature will lead to 
an increase in the solubility of a solid that has a 
positive heat of solution. Conversely, in the case of 
the less commonly occurring systems that exhibit  
exothermic dissolution, then an increase in tempera-
ture will result in a decrease in solubility.

Plots of solubility versus temperature, referred to 
as solubility curves, are often used to describe the 
effect  of temperature on a given system. Some 
examples are shown in Figure 2.6. Most of the 
curves are continuous. However, abrupt changes in 
slope may be observed with some systems if a 
change in the nature of the dissolving solid occurs 

Determina tion.of.the .s olub ility.of.a .s olid .
in.a .liquid
The following points should be observed in all solu-
bility determinations:
•  The solvent and solute must be as pure as 

possible. The presence of small amounts of 
many impurities may either increase or decrease 
the measured solubility. This is a particular 
problem with early preformulation samples 
which are often impure, and here special  
care must be taken (discussed further in 
Chapter 23).

•  A saturated solution must be obtained before 
any solution is removed for analysis and then all 
undissolved material removed prior to analysis.

•  The method of separating a sample of saturated 
solution from undissolved solute must be 
satisfactory.

•  The method of analysing the solution must be 
suf ciently accurate and reliable.

•  Temperature must be adequately controlled.
A saturated solution is obtained either by stirring 
excess powdered solute with solvent for several 
hours at the required temperature, until equilibrium 
has been attained, or by warming the solvent with 
an excess of the solute and allowing the mixture to 
cool to the required temperature. It  is essential that 
some undissolved solid should be present at the 
completion of the cooling stage in order to ensure 
that the solution is saturated and neither subsatu-
rated or supersaturated.

A sample of the saturated solution is obtained for 
analysis by separating out undissolved solid from the 
solution. Filtration is usually used, but precautions 
should be taken to ensure that:
•  it  is carried out at the temperature of the 

solubility determination in order to prevent any 
change in the equilibrium between dissolved 
and undissolved solute

•  loss of any volatile component does not occur
•  adsorption of sample material onto surfaces 

within the  lter is minimized.
Membrane  lters that can be used in conjunction 
with conventional syringes  t ted with suitable 
in-line adapters have proved to be successful.

The amount of solute contained in the sample of 
saturated solution may be determined by a variety 
of methods, e.g. gravimetric analysis, UV spectro-
photometry and chromatographic methods (particu-
larly HPLC). The selection of an appropriate method 

Fig . 2.6 •  Solubility curves for various substances in 
water. 
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Na ture of solvent: cosolvents. The importance 
of the nature of the solvent has already been dis-
cussed in terms of the statement ‘like dissolves like’ 
and in relation to solubility parameters. In addition, 
the point has been made that mixtures of solvents 
may be employed. Such mixtures are often used in 
pharmaceutical practice in order to obtain aqueous-
based systems that contain solutes in excess of their 
individual solubility in pure water. This is achieved 
by using cosolvents such as ethanol or propylene 
glycol, which are miscible with water and which act 
as better solvents for the solute in question.

For example, the aqueous solubility of metroni-
dazole is about 100 mg in 10 mL. The solubility of 
this drug can be increased markedly by the incorpo-
ration of one or more water-miscible cosolvents 
so that a solution containing 500 mg in 10 mL 
(and thus suitable for parenteral administration in 
the treatment of anaerobic infections) can be 
obtained.
Cr ysta l cha ra cter istics: polymorphism a nd 
solva tion. When the conditions under which crys-
tallization is allowed to occur are varied, some sub-
stances produce crystals in which the constituent 
molecules are aligned in different ways with respect 
to one another in the lattice structure. These differ-
ent crystalline forms of the same substance, which 
are known as polymorphs, consequently possess dif-
ferent lat tice energies and this difference is re ected 
by changes in other properties. For example, the 
polymorphic form with the lowest free energy will 
be the most stable and possess the highest melting 
point. Other less stable (or metastable) forms will 
tend to transform into the most stable one at rates 
that  depend on the energy differences between the 
metastable and stable forms.

Many drugs exhibit  polymorphism, e.g. steroid 
and sulfonamide polymorphs are common. Poly-
morphs are explained more fully in Chapters 8  
and 23, which also includes an explanation of why 
polymorphs may have different solubilit ies. Exam-
ples of the importance of polymorphism with 
respect to the bioavailability of drugs are given in 
Chapter 20.

The effect  of polymorphism on solubility is par-
ticularly important from a pharmaceutical point of 
view, because it  provides a means of increasing the 
solubility of a crystalline material, and hence its rate 
of dissolution, by using a metastable polymorph.

Although the more soluble polymorphs are 
metastable and will convert to the stable form, the 
rate of such conversion is often slow enough for the 

at  a speci c transition temperature. For example, 
sodium sulfate exists as the decahydrate 
Na2SO 4.10H 2O up to 32.5°C and its dissolution in 
water is an endothermic process. Its solubility there-
fore increases with a rise in temperature until 32.5 
°C is reached. Above this temperature the solid is 
converted into the anhydrous form (Na2SO 4) and 
the dissolution of this compound is exothermic. The 
solubility therefore exhibits a change from a posit ive 
to a negative slope as the temperature exceeds the 
transition value.

Molecula r  structure of solute. It  should be 
appreciated from the previous comments in this 
chapter on the prediction of solubility that the 
nature of the solute and the solvent will be of para-
mount importance in determining the solubility of 
a solid in a liquid. It  should also be realized that even 
a small change in the molecular structure of a com-
pound can have a marked effect  on its solubility in 
a given liquid. For example, the introduction of a 
hydrophilic hydroxyl group can produce a large 
improvement in water solubility as evidenced by the 
more than 100-fold difference in the solubility of 
phenol compared with benzene.

In addition, the conversion of a weak acid to its 
sodium salt  leads to a much greater degree of ionic 
dissociation of the compound when it  dissolves in 
water. The overall interaction between solute and 
solvent is increased markedly and the solubility con-
sequently rises. An example of this effect is pro-
vided by a comparison of the aqueous solubility of 
salicylic acid and that of its sodium salt , which are 
1 in 550 and 1 in 1, respectively.

The reduction in aqueous solubility of a parent 
drug by its esteri cation may also be cited as an 
example of the effects of changes in the chemical 
structure of the solute. Such a reduction in solubility 
may be bene cial to provide a suitable method for:

•  masking the taste of a parent drug. For 
example, chloramphenicol palmitate has been 
used in paediatric suspensions rather than the 
more soluble and very bitter tasting 
chloramphenicol base

•  protecting the parent drug from excessive 
degradation in the gut, e.g. erythromycin 
propionate is less soluble and consequently less 
readily degraded than erythromycin

•  increasing the ease of absorption of drugs from 
the gastrointestinal tract, e.g. erythromycin 
propionate is also more readily absorbed than 
erythromycin.
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where S is the solubility of small particles of radius 
r, So is the normal solubility (i.e. of a solid consisting 
of fairly large particles), γ is the interfacial energy, 
M  is the molecular weight of the solid, ρ is the 
density of the bulk solid, R is the gas constant and 
T is the thermodynamic temperature.

The increase in solubility with decrease in parti-
cle size ceases when the particles have a very small 
radius (less than about 1 µm), and any further 
decrease in size can cause a decrease in solubility. It  
has been postulated that this change arises from the 
presence of an electrical charge on the particles and 
that the effect of this charge becomes more impor-
tant as the particle size decreases. Such solubility 
changes are rarely a problem in conventional dosage 
forms and drug delivery but could be signi cant with 
nanotechnology products.
pH. If the pH of a solution of either a weakly acidic 
drug or a salt  of such a drug is reduced,then the 
proportion of unionized acid molecules in the solu-
tion increases. Precipitation may occur, therefore, 
because the solubility of the unionized species is less 
than that of the ionized form. Conversely, in the 
case of solutions of weakly basic drugs or their salts, 
precipitation is favoured by an increase in pH. Such 
precipitation is an example of one type of chemical 
incompatibility that may be encountered in the for-
mulation of liquid medicines.

This relationship between pH and solubility 
of ionized solutes is extremely important with 
respect to the ionization of weakly acidic and basic 
drugs as they pass through the gastrointestinal 
tract and can experience pH changes between about 
1 and 8. This will affect the degree of ionization of 
the drug molecules which in turn in uences their 
solubility and their ability to be absorbed. This 
aspect is discussed elsewhere in this book in some 
detail and the reader is referred in particular to 
Chapters 3 and 20.

The relationship between pH, pKa and solubility 
of weakly acidic or weakly basic drugs is given by a 
modi cation of the Henderson–Hasselbalch equa-
tion. To avoid repetition here, the reader is referred 
to the relevant section of Chapter 3.
Common ion effect. The equilibrium in a satu-
rated solution of a sparingly soluble salt  in contact 
with undissolved solid may be represented by:

metastable form to be regarded as being su f ciently 
stable from a pharmaceutical point of view. The 
degree of conversion should obviously be monitored 
during storage of the drug product to ensure that its 
ef cacy is not altered signi cantly. There are prod-
ucts on the market containing a more soluble, but 
less stable, polymorph of the drug, where the chosen 
polymorph is stable enough to survive the approved 
storage conditions and shelf-life.

Conversion to the less soluble and most stable 
polymorph may contribute to the growth of crystals 
in suspension formulations. Examples of the impor-
tance of polymorphism with respect to the occur-
rence of crystal growth in suspensions are given in 
Chapter 26.

The absence of a crystalline structure that is 
usually associated with an amorphous powder (dis-
cussed in Chapter 8) may also lead to an increase in 
the solubility of a drug when compared with that of 
its crystalline form.

In addition to the effect  of polymorphism, the 
lattice structures of crystalline materials may be 
altered by the incorporation of molecules of the 
solvent from which crystallization occurred (dis-
cussed in Chapter 8). The resultant solids are called 
solvates and the phenomenon is referred to correctly 
as solvation and sometimes incorrectly and confus-
ingly as pseudopolymorphism. The alteration in 
crystal structure that accompanies solvation will 
affect  the internal energetics of the solid so that the 
solubility of the solvated and unsolvated crystals will 
differ.

If water is the solvating molecule, i.e. a hydrate 
is formed, then the interaction between the sub-
stance and water that  occurs in the crystal phase 
reduces the amount of energy liberated when the 
solid hydrate dissolves in water. Consequently, 
hydrated crystals tend to exhibit  a lower aqueous 
solubility than their unhydrated forms. This decrease 
in solubility can lead to precipitation of drugs from 
solutions.

In contrast, the aqueous solubility of other, 
i.e. non-aqueous, solvates is often greater than those 
of the unsolvated forms. Examples of the effects 
of solvation and the attendant changes in solubili-
ties of drugs on their bioavailabilit ies are given in 
Chapter 20.
Pa r ticle size of the solid . The changes in interfa-
cial free energy that accompany the dissolution of 
particles of varying sizes cause the solubility of a 
substance to increase with decreasing particle size, 
as indicated by Equation 2.10.
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Effect of different electrolytes on the solubility 
product. The solubility of a sparingly soluble elec-
trolyte may be increased by the addition of a second 
electrolyte that does not possess ions common to 
the  rst , i.e. it  is a different electrolyte.
Effective concentra tion of ions. The activity 
of a particular ion is related to its effective concen-
tration. In general, this is a lower than the actual 
concentration because some ions produced by dis-
sociation of the electrolyte are strongly associated 
with other oppositely charged ions and do not con-
tribute so effectively to the properties of the system 
as completely unallocated ions.
Effect of non-electrolytes on the solubility of 
electrolytes. The solubility of electrolytes depends 
on the dissociation of dissolved molecules into ions. 
This dissociation is affected by the dielectric con-
stant of the solvent, which is a measure of the polar 
nature of the solvent. Liquids with a high dielectric 
constant (e.g. water) are able to reduce the attrac-
tive forces that operate between oppositely charged 
ions produced by dissociation of an electrolyte.

If a water-soluble non-electrolyte, such as alcohol, 
is added to an aqueous solution of a sparingly soluble 
electrolyte, the solubility of the latter is decreased 
because the alcohol lowers the dielectric constant of 
the solvent and ionic dissociation of the electrolyte 
becomes more dif cult .
Effect of electrolytes on the solubility of non-
electrolytes. Non-electrolytes do not dissociate 
into ions in aqueous solution, and in dilute solution 
the dissolved species therefore consists of single 
molecules. Their solubility in water depends on the 
formation of weak inter-molecular bonds (hydrogen 
bonds) between their molecules and those of water. 
The presence of a very soluble electrolyte, the ions 
of which have a marked af nity for water, will 
reduce the solubility of a non-electrolyte by com-
peting for the aqueous solvent and breaking the 
inter-molecular bonds between the non-electrolyte 
and water. This effect  is important in the precipita-
tion of proteins.
Complex forma tion. The apparent solubility of a 
solute in a particular liquid may be increased or 
decreased by the addit ion of a third substance which 
forms an intermolecular complex with the solute. 
The solubility of the complex will determine the 
apparent change in the solubility of the original 
solute.
Solubilizing a gents. These agents are capable of 
forming large aggregates or micelles in solution when 

 A  B
ions

AB
solid

+  −+  �
(  )  (  )  

(2.11)

From the Law of Mass Action:

 [  ][  [  ]A  B ]  AB+  − = K  
(2.12)

where the square brackets signify concentrations of 
the respective components and thus the equilibrium 
constant K for this reversible reaction is given by 
Equation 2.13:

 K =
+  −[  ][  ]

[  ]
A  B

AB
 

(2.13)

Since the concentration of a solid may be regarded 
as being constant then this may be writ ten as:

 ′  =  +  −KS  [A  B][  ]  
(2.14)

where ′Ks  is a constant known as the solubility 
product of compound AB.

If each molecule of the salt  contains more than 
one ion of each type, e.g. Ax

+  By
−, then in the de ni-

tion of the solubility product, the concentration of 
each ion is expressed to the appropriate power, i.e.:

 ′  =  +  −KS
 x  y[A  B] [  ]  

(2.15)

These equations for the solubility product are appli-
cable only to solutions of sparingly soluble salts.

The presence of additional A+ in the dissolution 
medium, i.e. where A+ is a common ion, would push 
the equilibrium shown in Equation 2.11 towards the 
left  in order to restore the equilibrium. Solid AB will 
be precipitated and the solubility of this compound 
is therefore decreased. This is known as the common 
ion e  ect. The addition of common B− ions would 
have the same effect. An example is the reduced 
solubility of a hydrochloride salt  of a drug in the 
stomach.

The precipitating effect of the presence of ions 
and other ingredients in the dissolution medium (as 
may be encountered in the gastrointestinal tract, for 
example) is often less apparent in practice than 
expected from the above discussion. The reasons for 
this are explained in the following sections:
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Solubility of liquids  in liquids

The components of an ideal solution are miscible in 
all proportions. Such complete miscibility is also 
observed in some real binary systems, e.g. ethanol 
and water, under normal conditions. However, if 
one of the components tends to self-associate 
because the attractions between its own molecules 
are greater than those between its molecules and 
those of the other component, i.e. if a positive devia-
tion from Raoult’s Law occurs, the miscibility of the 
components may be reduced (Raoult’s Law is dis-
cussed more fully in Chapter 3). The extent of the 
reduction in miscibility depends on the strength of 
the self-association and, therefore, on the degree of 
deviation from Raoult’s Law. Thus, partial miscibil-
ity may be observed in some systems whereas virtual 
immiscibility may be exhibited when the self-
association is very strong and the positive deviation 
from Raoult’s Law is large.

In those cases where partial miscibility occurs 
under normal conditions, the degree of miscibility 
is usually dependent on the temperature. This 
dependency is indicated by the phase rule, intro-
duced by J. Willard G ibbs, which is expressed quan-
titatively by Equation 2.17:

 F  C  P=  −  + 2  
(2.17)

where P and C  are the numbers of phases and com-
ponents in the system, respectively, and F is the 
number of degrees of freedom, i.e. the number of 
variable conditions such as temperature, pressure 
and composition, that must be stated in order to 
de ne completely the state of the system at 
equilibrium.

The overall effect of temperature variation on the 
degree of miscibility in these systems is usually 
described by means of phase diagrams, which are 
graphs of temperature versus composition at con-
stant pressure. For convenience of discussion of 
their phase diagrams, the partially miscible systems 
may be divided into the following types.

Sys tems .s howing.an.increas e .in.
mis c ib ility.with.ris e .in.tempera ture
A positive deviation from Raoult’s Law arises from 
a difference in the cohesive forces that exist between 
the molecules of each component in a liquid mixture. 
This difference becomes more marked as the 

their concentrations exceed certain values. In 
aqueous solution the centre of these aggregates 
resembles a separate organic phase and organic 
solutes may be taken up by the aggregates, thus 
producing an apparent increase in their solubility in 
water. This phenomenon is known as solubilization. 
A similar phenomenon occurs in organic solvents 
containing dissolved solubilizing agents because the 
centre of the aggregates in these systems constitutes 
a more polar region than the bulk of the organic 
solvent. If polar solutes are taken up into these 
regions, their apparent solubility in the organic sol-
vents is increased.

Solubility of gases  in liquids

The amount of gas that will dissolve in a liquid is 
determined by the nature of the two components 
and by temperature and pressure.

Provided that no reaction occurs between the gas 
and liquid then the effect of pressure is indicated 
by Henry’s Law which states that at constant tem-
perature, the solubility of a gas in a liquid is directly 
proportional to the pressure of the gas above the 
liquid. The law may be expressed by Equation 2.16:

 w  kp=  
(2.16)

where w is the mass of gas dissolved by unit volume 
of solvent at an equilibrium pressure p and k is a 
proportionality constant. Although Henry’s Law is 
most applicable at high temperatures and low pres-
sures, when solubility is low, it  provides a satisfac-
tory description of the behaviour of most systems at  
normal temperatures and reasonable pressures, 
unless solubility is very high or reaction occurs. 
Equation 2.16 also applies to the solubility of each 
gas in a solution of several gases in the same liquid 
provided that p represents the partial pressure of a 
particular gas.

The solubility of most gases in liquids decreases 
as the temperature rises. This provides a means of 
removing dissolved gases. For example, water for 
injections free from either carbon dioxide or air may 
be prepared by boiling water with minimum expo-
sure to air and prevention of access of air during 
cooling. The presence of electrolytes may also 
decrease the solubility of a gas in water by a ‘salting 
out’ process, which is caused by the marked attrac-
tion exerted between electrolyte and water.
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inde nite. Above a certain temperature, positive 
deviations from Raoult’s Law become important and 
miscibility starts to increase again with further rise 
in temperature. This behaviour produces a closed-
phase diagram as shown in Figure 2.8. This behav-
iour is shown by the nicotine–water system.

In some mixtures where an upper and lower CST 
are expected, these points are not, in fact, observed 
since a phase change by one of the components 
occurs before the relevant CST is reached. For 
example, the ether–water system should exhibit  a 
lower CST, but water freezes before the tempera-
ture is reached.

Effec ts .of.added.s ubs tances .on.c ritica l.
s olution.tempera tures
CST is an invariant point at constant pressure, but 
this temperature is very sensitive to impurities or 
added substances. The effects of additives are sum-
marized in Table 2.3.

Blending

The increase in miscibility of two liquids caused by 
the addition of a third substance is referred to as 
blending. The use of propylene glycol as a blending 
agent, which improves the miscibility of volatile oils 
and water, can be explained in terms of a ternary-
phase diagram. This diagram is a triangular plot which 
indicates the effects of changes in the relative 

temperature decreases and the positive deviation 
may then result  in a decrease in miscibility suf cient 
to cause the separation of the mixture into two 
phases. Each phase consists of a saturated solution 
of one component in the other liquid. Such mutually 
saturated solutions are known as conjugate 
solutions.

The equilibria that occur in mixtures of partially 
miscible liquids may be followed either by shaking 
the two liquids together at  constant temperature 
and analysing samples from each phase after equi-
librium has been attained, or by observing the tem-
perature at which known proportions of the two 
liquids, contained in sealed glass ampoules, become 
miscible (as indicated by the disappearance of 
turbidity).

Sys tems .s howing.a .decreas e .in.
mis c ib ility.with.ris e .in.tempera ture
A few mixtures, which probably involve compound 
formation, exhibit a lower critical solution tempera-
ture (CST), e.g. triethylamine plus water and par-
aldehyde plus water. The formation of a compound 
produces a negative deviation from Raoult’s Law, 
and miscibility therefore increases as the tempera-
ture falls, as shown in Figure 2.7.

Sys tems .s howing.upper.and .lower.
c ritica l.s olution.tempera tures
The decrease in miscibility with increase in tem-
perature in systems having a lower CST is not 

Fig . 2.7 •  Temperature–composition diagram for the 
triethylamine–water system exhibiting a decrease in 
miscibility with rise in temperature. 

Fig . 2.8 •  Temperature–composition diagram for the 
nicotine–water system exhibiting upper and lower critical 
solution temperatures. 
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In most other systems, however, deviation from 
ideal behaviour invalidates Equation 2.20. For 
example, if the solute exists as monomers in solvent 
A and as dimers in solvent B, the distribution coef-
 cient is given by Equation 2.21, in which the square 
root of the concentration of the dimeric form is 
used:

 K  C
C

=  A

B
 

(2.21)

If the dissociation into ions occurs in the aqueous 
layer, B, of a mixture of immiscible liquids, then the 
degree of dissociation (α ) should be taken into 
account, as indicated by Equation 2.22:

 K  C
C

=
−
A

B(  )1  α
 

(2.22)

The solvents in which the concentrations of the 
solute are expressed should be indicated when parti-
tion coef cients are quoted. For example, a partition 
coef cient of 2 for a solute distributed between 
oil and water may also be expressed as a partition 
coef cient between water and oil of 0.5. This can 
be represented as K Kwater

oil
oil
water and =  =2 0 5. . The 

abbreviation Kw
o  is often used for the former and this 

notation has become the most commonly used.

Solubility of solids  in solids

If two solids are either melted together and then 
cooled or dissolved in a suitable solvent that is then 
removed by evaporation, the solid that is redepos-
ited from the melt or the solution will either be a 
one-phase solid solution or a two-phase eutectic 
mixture.

proportions of the three components at constant 
temperature and pressure and it presents a good 
example of the interpretation and use of such phase 
diagrams.

Dis tribution of solutes  between 
immiscible liquids

Partition.coef c ients
When a substance, which is soluble in both compo-
nents of a mixture of immiscible liquids, is dissolved 
in such a mixture, when equilibrium is attained at  
constant temperature, it  is found that the solute is 
distributed between the two liquids in such a way 
that the ratio of the activities of the substance in 
each liquid is a constant. This is known as the Nernst  
Distribution Law and may be expressed by Equation 
2.18:

 
a
a

A

B
constant=  

(2.18)

where aA and aB are the activities of the solute in 
solvents A and B, respectively. When the solutions 
are dilute or when the solute behaves ideally, the 
activities may be replaced by concentrations (CA 
and CB):

 C
C

 KA

B
=  

(2.19)

The constant K is known as the distribution coe -
f cient or partition coe f cient. In the case of sparingly 
soluble substances, K is approximately equal to the 
ratio of the solubility (SA and SB) of the solute in 
each liquid. Thus:

 
S
S

 KA

B
=  

(2.20)

Table 2.3 The effects of additives on critical solution temperature (CST)

Type of CST Solubility of additive in each component Effect on CST Effect on miscibility

Upper Approx. equally soluble in both components Lowered Increased

Upper Readily soluble in one component but not in other Raised Decreased

Lower Approx. equally soluble in both components Raised Increased

Lower Readily soluble in one component but not in other Lowered Decreased
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In a solid solution, as in other types of solution, 
the molecules of one component (the solute) are 
dispersed molecularly throughout the other compo-
nent (the solvent). Complete miscibility of two 
solid components is only achieved if:
•  the molecular size of the solute is similar to 

that of the solvent so that a molecule of the 
former can be substituted for one of the latter 
in its crystal lattice structure, or

•  the solute molecules are much smaller than the 
solvent molecules so that the former can be 
accommodated in the spaces of the solvent 
lat tice structure.

These two types of solvent mechanism are referred 
to as substitution and interstitial effects, respec-
tively. Since these criteria are only satis ed in rela-
t ively few systems then it  is more common to 
observe partial miscibility of solids. Thus, dilute 
solutions of solids in solids may be encountered in 
systems of pharmaceutical interest; for example, 
when the solvent is a polymeric material with large 
spaces between its intertwined molecules that can 
accommodate solute molecules.

Unlike a solution, a simple eutectic consists of an 
intimate mixture of the two microcrystalline compo-
nents in a  xed composition. However, both solid 
solutions and eutectics provide a means of dispersing 
a relatively water-insoluble drug in a very  ne form, 
i.e. as molecules or microcrystalline particles, respec-
tively, throughout a water-soluble solid. When the 
latter carrier solid is dissolved away, the molecules or 
small crystals of insoluble drug may dissolve more 
rapidly than a conventional powder because the 
contact area between drug and water is increased. 
The rate of dissolution and, consequently, the bioa-
vailability of poorly soluble drugs may be improved, 
therefore, by the use of solid solutions or eutectics.

Summary

This chapter has shown that the process of dissolu-
tion is a change in phase of a molecule or ion. Most 
often this is from solid to liquid. Simple diffusional 
mechanisms and equations usually de ne the rate 
and extent of this process. The concept of solubility 
in a pharmaceutical context has also been discussed. 
The chapter that follows will describe the properties 
of the solution thus produced.
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KE Y P O IN TS

•  Once solutions  are formed, in the manner 
described in the previous  chapter, they have 
various  properties  that are important to 
pharmaceutical science 

•  There are various  types  of solution that need 
to be unders tood  This  includes  the differences  
between theoretical or ‘ideal’ solutions  and the 
‘real’ solutions  found in practice 

•  Of particular relevance to drug delivery via the 
gas trointes tinal tract, is  the degree of ionization 
of solutes  and the effect of pH on that 
ionization 

•  The concept of pH and pKa and their 
interrelationship, and the link between degree  
of ionization and solubility are key to an 
unders tanding of the delivery of drugs  to the 
gas trointes tinal tract  This  is  because the 
surrounding pH changes  during the passage  
of drug down the tract 

•  Other solution properties  of particular 
importance include: vapour pressure, osmotic 
pressure and diffus ibility 

Introduc tion

The aim o  this chapter is to provide in ormation on 
certain properties o  solutions that  relate to their 
applications in pharmaceutical science. This chapter 
deals mainly with the physicochemical properties o  
solutions that are important with respect to phar-
maceutical systems. These aspects are covered in 
su f cient detail to introduce the pharmaceutical sci-
entist  to these properties to allow an understanding 
o  their importance in dosage  orm design and drug 
delivery. Much is published elsewhere in  ar greater 
detail and any reader requiring this additional in or-
mation can trace some o  this by re erring to the 
bibliography at the end o  the chapter.

3  Propertie s  o   s olutions

Michael E. Aulton
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liquids, such structure is much less apparent than in 
solids.

Although both solids and liquids are condensed 
systems with cohering molecules, some o  the sur ace 
molecules in these systems will occasionally acquire 
su f cient energy to overcome the attractive  orces 
exerted by adjacent molecules. The molecules can 
there ore escape  rom the sur ace to  orm a vapour 
phase. I  temperature is maintained constant, equi-
librium will be established eventually between the 
vapour phase and the condensed phase. The pressure 
exerted by the vapour at this equilibrium is re erred 
to as the vapour pressure o  the substance.

All condensed systems have the inherent ability 
to give rise to a vapour pressure. However, the 
vapour pressures exerted by solids are usually much 
lower than those exerted by liquids, because the 
intermolecular  orces in solids are stronger than 
those in liquids. Thus, the escaping tendency  or 
sur ace molecules is higher in liquids. Consequently, 
sur ace loss o  vapour  rom liquids by the process o  
evaporation is more common than sur ace loss o  
vapour  rom solids by sublimation.

In the case o  a liquid solvent containing a dis-
solved solute, molecules o  both solvent and solute 
may show a tendency to escape  rom the sur ace and 
so contribute to the vapour pressure. The relative 
tendencies to escape will depend on the relative 
numbers o  the di  erent molecules in the sur ace o  
the solution, and on the relative strengths o  the 
attractive  orces between adjacent solvent molecules 
on the one hand and between solute and solvent 
molecules on the other hand. Because the intermo-
lecular  orces between solid solutes and liquid sol-
vents tend to be relatively strong, such solute 
molecules do not generally escape  rom the sur ace 
o  a solution nor contribute to the vapour pressure. 
In other words, the solute is generally non-volatile 
and the vapour pressure arises solely  rom the 
dynamic equilibrium that is set up between the rates 
o  evaporation and condensation o  solvent mole-
cules contained in the solution. In a mixture o  
miscible liquids, i.e. a liquid in liquid solution, the 
molecules o  both components are likely to evapo-
rate and contribute to the overall vapour pressure 
exerted by the solution.

Ideal solutions : Raoult’s  Law

The concept o  an ideal solution has been intro-
duced in order to provide a model system that can 

Type s  o   s o lution

Solutions may be classif ed based on the physical 
state (i.e. gas, liquid or solid) o  the solute(s) and 
solvent. Although a variety o  di  erent types can 
exist, solutions o  pharmaceutical interest virtually 
all possess liquid solvents. In addition, the solutes 
are predominantly solid substances. Consequently, 
most o  the in ormation in this chapter is relevant 
to solutions o  solids in liquids.

Vapour pressures  of solids , liquids  
and solutions

An understanding o  many o  the properties o  solu-
tions requires an appreciation o  the concept o  an 
ideal solution and its use as a re erence system, to 
which the behaviours o  real (non-ideal) solutions 
can be compared. This concept is itsel  based on a 
consideration o  vapour pressure. The present 
section serves as an introduction to the later discus-
sions on ideal and non-ideal solutions.

The kinetic theory o  matter indicates that the 
thermal motion o  molecules o  a substance in its 
gaseous state is more than adequate to overcome the 
attractive  orces that exist between the molecules. 
Thus, the molecules will undergo a completely 
random movement within the conf nes o  the con-
tainer. The situation is reversed, however, when the 
temperature is lowered su f ciently so that a con-
densed phase is  ormed. Here the thermal motions 
o  the molecules are now insu f cient to overcome 
completely the intermolecular attractive  orces and 
some degree o  order in the relative arrangement o  
molecules occurs. This condensed state may be 
either liquid or solid.

I  the intermolecular  orces are so strong that a 
high degree o  order is brought about, when the 
structure is hardly in uenced by thermal motions, 
then the substance is usually in the solid state.

In the liquid condensed state, the relative in u-
ences o  thermal motion and intermolecular at trac-
tive  orces are intermediate between those in the 
gaseous and solid states. Thus, the e  ects o  interac-
tions between the permanent and induced dipoles, 
i.e. the so-called van der Waals  orces o  attraction, 
lead to some degree o  coherence between the mol-
ecules o  liquids. Consequently, liquids occupy a 
def nite volume with a sur ace, unlike gases, 
and whilst there is evidence o  structure within 
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components, because it  is only in such systems that 
the condition o  equal intermolecular  orces between 
components (as assumed in the ideal model) is likely 
to be satisf ed. Consequently, Raoult’s Law is obeyed 
over an appreciable concentration range by relatively 
 ew systems in reality.

Mixtures o ,  or example, benzene + toluene, 
n-hexane + n-heptane, ethyl bromide + ethyl iodide 
and binary mixtures o   uorinated hydrocarbons are 
systems that exhibit  ideal behaviour. Note the 
chemical similarity o  the two components o  the 
mix in each example.

Real or non-ideal solutions

The majority o  real solutions do not exhibit  ideal 
behaviour because solute–solute, solute–solvent and 
solvent–solvent  orces o  interaction are unequal. 
These inequalities alter the e  ective concentration 
o  each component so that it  cannot be represented 
by a normal expression o  concentration, such as the 
mole  raction term x that  is used in Equations 3.2 
and 3.3. Consequently, deviations  rom Raoult’s 
Law are o ten exhibited by real solutions and the 
previous equations are not obeyed in such cases. 
These equations can be modif ed, however, by sub-
stituting each concentration term (x) by a measure 
o  the e  ective concentration; this is provided 
by the so-called activity (or thermodynamic activ-
ity), a. Thus, Equation 3.2 is converted into Equa-
tion 3.4:

 p  p a= o  
(3.4)

and the resulting equation is applicable to all systems 
whether they are ideal or non-ideal. It  should be 
noted that i  a solution exhibits ideal behaviour then 
a equals x, whereas a will not equal x i  deviations 
 rom such behaviour are apparent. The ratio o  activ-
ity divided by the mole  raction is termed the activ-
ity coe f cient ( ) and it  provides a measure o  the 
deviation  rom the ideal. Thus when a = x,   = 1.

I  the attractive  orces between solute and solvent 
molecules are weaker than those between the solute 
molecules themselves or between the solvent mol-
ecules themselves, then the components will have 
lit t le a f nity  or each other. The escaping tendency 
o  the sur ace molecules in such a system is increased 
when compared with an ideal solution. In other 
words, p1, p2 and there ore P are greater than 

be used as a standard to which real or non-ideal 
solutions can be compared. In the model, it  is 
assumed that the strengths o  all intermolecular 
 orces are identical. Thus solvent/ solvent, solute/
solvent and solute/ solute interactions are the same 
and are equal to the strength o  the intermolecular 
interactions in either the pure solvent or pure solute. 
Because o  this equality, the relative tendencies o  
solute and solvent molecules to escape  rom the 
sur ace o  the solution will be determined only by 
their relative numbers in the sur ace.

Since a solution is homogeneous by def nition, 
then the relative number o  these sur ace molecules 
will be the same as the relative number in the whole 
o  the solution. The latter can be expressed conven-
iently by the mole  ractions o  the components 
because,  or a binary solution (i.e. one with two 
components), x1 + x2 = 1, where x1 and x2 are the 
mole  ractions o  the solute and solvent, 
respectively.

The total vapour pressure (P) exerted by a binary 
solution is given by Equation 3.1:

 P  p  p=  +1  2  
(3.1)

where p1 and p2 are the partial vapour pressures 
exerted above the solution by the solute and solvent, 
respectively. Raoult’s Law states that the partial 
vapour pressure ( p) exerted by a volatile component 
in a solution at a given temperature is equal to the 
vapour pressure o  the pure component at the same 
temperature ( po) multiplied by its mole  raction in 
the solution (x), i.e.:

 p  p x= o  
(3.2)

Thus  rom Equations 3.1 and 3.2:

 P  p  p  p x  p x=  +  =  +1  2  1  1  2  2
o  o  

(3.3)

where p1
o and p2

o are the vapour pressures exerted by 
pure solute and pure solvent, respectively. I  the total 
vapour pressure o  the solution is described by Equa-
tion 3.3, then Raoult’s Law is obeyed by the system.

One o  the consequences o  the preceding 
comments is that an ideal solution may be def ned 
as one that obeys Raoult’s Law. In addition, ideal 
behaviour should be expected to be exhibited only 
by real systems composed o  chemically similar 
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Hydrogen ion concentration  
and pH

The dissociation o  water can be represented by 
Equation 3.5:

 H O  H  OH2  ↔  ++  −  
(3.5)

It  should be realized that this is a simplif ed repre-
sentation because the hydrogen and hydroxyl ions 
do not exist in a  ree state but combine with undis-
sociated water molecules to yield more complex 
ions such as H 3O + and H 7O 4

−.
In pure water the concentrations o  H + and OH − 

ions are equal and at 25 °C both have the values o  
1 x 10−7 mol L−1. The Lowry–Brönsted theory o  
acids and bases def nes an acid as a substance which 
donates a proton (or hydrogen ion) so it   ollows that 
the addition o  an acidic solute to water will result 
in a hydrogen ion concentration that exceeds that o  
pure water. Conversely, the addition o  a base, 
which is def ned as a substance that  accepts protons, 
will decrease the concentration o  hydrogen ions in 
solution. The hydrogen ion concentration range 
decreases  rom 1 mol L−1  or a strong acid down to 
1 × 10−14 mol L−1  or a strong base.

In order to avoid the  requent use o  inconvenient 
numbers that arise  rom this very wide range, the 
concept o  pH has been introduced as a more con-
venient measure o  hydrogen ion concentration. pH 
is def ned as the negative logarithm o  the hydrogen 
ion concentration [H +] as shown by Equation 3.6:

 pH  H= −  +log  [  ]10  
(3.6)

so that the pH o  a neutral solution like pure water 
is 7. This is because, as mentioned above, the con-
centration o  H + ions (and thus OH − ions) in pure 
water is 1 × 10−7 mol L−1. The pH o  acidic solutions 
is less than 7 and the pH o  alkaline solutions is 
greater than 7.

pH has several important implications in pharma-
ceutical practice. It  has an e  ect on:
•  the degree o  ionization o  drugs that are weak 

acids or bases
•  the solubility o  drugs that are weak acids or 

bases
•  the ease o  absorption o  drugs  rom the 

gastrointestinal tract into the blood. For 

expected  rom Raoult’s Law and the thermody-
namic activities o  the components are greater than 
their mole  ractions, i.e. a1 > x1 and a2 > x2. This 
type o  system is said to show a positive deviation 
 rom Raoult’s Law and the extent o  the deviation 
increases as the miscibility o  the components 
decreases. For example, a mixture o  alcohol and 
benzene shows a smaller deviation than the less mis-
cible mixture o  water + diethyl ether whilst the 
virtually immiscible mixture o  benzene + water 
exhibits a very large positive deviation.

Conversely, i  the solute and solvent molecules 
have a strong mutual a f nity (that sometimes may 
result  in the  ormation o  a complex or compound), 
then a negative deviation  rom Raoult’s Law 
occurs. Thus, p1, p2 and there ore P are lower than 
expected and a1 < x1 and a2 < x2. Examples o  systems 
that show this type o  behaviour include chloro orm 
+ acetone, pyridine + acetic acid and water + nitric 
acid.

Although most systems are non-ideal and deviate 
either positively or negatively  rom Raoult’s Law, 
such deviations are small when a solution is dilute. 
This is because the e  ect that a small amount o  
solute has on interactions between solvent molecules 
is minimal. Thus, dilute solutions tend to exhibit 
ideal behaviour and the activities o  their compo-
nents approximate to their mole  ractions, i.e. a1 
approximately equals x1 and a2 approximately equals 
x2. Conversely, large deviations may be observed 
when the concentration o  a solution is high.

Knowledge o  the consequences o  such marked 
deviations is particularly important in relation to the 
dist illation o  liquid mixtures. For example, the 
complete separation o  the components o  a mixture 
by  ractional distillation may not be achievable i  
large posit ive or negative deviations  rom Raoult’s 
Law give rise to the  ormation o  so-called azeo-
tropic mixtures with minimum and maximum 
boiling points, respectively.

Ionization o   s o lute s

Many solutes dissociate into ions i  the dielectric 
constant o  the solvent is high enough to cause su -
f cient separation o  the attractive  orces between 
the oppositely charged ions. Such solutes are termed 
electrolytes and their ionization (or dissociation) has 
several consequences that  are o ten important in 
pharmaceutical practice. Some o  these conse-
quences are indicated below.
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 K  I  I
Ua =

+  −[  ][  ]
[  ]  

(3.9)

For the case o  a weak acid this can be written ( rom 
Eqn 3.7) as:

 Ka
H  A

HA
=

+  −[  ][  ]
[  ]

 

(3.10)

Taking logarithms o  both sides o  Equation 3.10 
yields:

 log  log  [  ]  log  [  ]  log  [  ]10  10  10  10Ka  H  A  HA=  +  −+  −  
(3.11)

The signs in this equation may be reversed to give 
Equation 3.12:

 −  = −  −  ++  −log  log  [  ]  log  [  ]  log  [  ]10  10  10  10Ka  H  A  HA  
(3.12)

The symbol pKa is used to represent the negative 
logarithm o  the acid dissociation constant Ka in an 
analogous way that pH is used to represent the 
negative logarithm o  the hydrogen ion concentra-
tion (as Eqn 3.6). There ore:

 p  a  aK K= − log10  
(3.13)

Now Equation 3.12 may there ore be rewritten as 
Equation 3.14:

 p  pH  HA  AaK  =  +  −  −log  [  ]  log  [  ]10  10  
(3.14)

or

 p  pH  HA
AaK  =  + −log  [  ]

[  ]10  

(3.15)

or even

 pH  p  A
HAa=  +

−

K  log  [  ]
[  ]10  

(3.16)

Equations 3.15 and 3.16 are known as the 
Henderson–Hasselbalch equations  or a weak acid.

example, many (about 75%) drugs are weak 
bases or their salts. These drugs dissolve more 
rapidly in the low pH o  the acidic stomach. 
However, there will be lit t le or no absorption  
o  the drug there as it  will be too ionized. Drug 
absorption normally will have to wait until the 
more alkaline intestine where the ionization o  
the dissolved weak base is reduced

•  the stability o  many drugs
•  body tissues (both extremes o  pH are 

injurious).
These implications have great consequence during 
peroral drug delivery as the pH experienced by the 
drug could range  rom pH 1 to 8 at it  passes down 
the gastrointestinal tract . The interrelationship 
between degree o  ionization, solubility and pH is 
discussed below in this chapter. The biopharmaceu-
tical consequences are discussed in Chapter 20.

Dissociation (or ionization) 
cons tants ; pKa and pKb

Many drugs are either weak acids or weak bases. In 
solutions o  these drugs, equilibria exist between 
undissociated molecules and their ions. In a solution 
o  a weakly acidic drug HA, the equilibrium may be 
represented by Equation 3.7:

 HA  H  A↔  ++  −  
(3.7)

Similarly, the protonation o  a weakly basic drug B 
can be represented by Equation 3.8:

 B  H  BH+  ↔+  +  
(3.8)

In solutions o  most salts o  strong acids or strong 
bases in water, such equilibria are shi ted strongly 
to one side o  the equation because these com-
pounds are virtually completely ionized. In the case 
o  aqueous solutions o  weaker acids and bases, the 
degree o  ionization is much more variable and 
indeed, as will be seen, controllable.

The ionization constant (or dissociation constant) 
Ka o  a partially ionized weakly acid species can be 
obtained by applying the Law o  Mass Action to 
yield Equation 3.9 in which [I+] and [I−] represent 
the concentrations o  the dissociated ionized species 
and [U] is the concentration o  the unionized 
species.
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50% ionized. This is also predicted  rom the 
Henderson–Hasselbalch equation.

Equation 3.16 shows that when [A−] = [HA], log 
([A−]/ [HA]) will equal log 1 (i.e. zero) and thus 
pH = pKa. Put another way, when the pH o  the 
surrounding solution equals the pKa, then the con-
centration o  the ionized species [A−] will equal the 
concentration o  the unionized species [HA], i.e. the 
drug is 50% ionized. The Henderson–Hasselbalch 
equations also show that a drug is almost completely 
ionized or non-ionized (as appropriate) when two 
pH units away  rom its pKa.

Examination o  the equivalent line  or a weak 
base will indicate that it  is probably not a coinci-
dence that most drugs  or peroral delivery are weak 
bases. A weak base will be ionized and at  its most 
soluble in the acidic stomach and non-ionized and 
there ore will be more easily absorbed in the more 
alkaline small intestine. The choice o  the pKa  or a 
drug is thus o  paramount importance in peroral 
drug delivery.

Us e .of.the .Henders on–Has s e lba lch.
equations .to.ca lcula te .degree ..
of.ioniza tion.of.weakly.ac id ic .or..
bas ic .d rugs
Various analytical techniques, e.g. spectrophotomet-
ric and potentiometric methods, may be used to 
determine ionization constants, but the temperature 
at which the determination is per ormed should be 
specif ed because the values o  the constants vary 
with temperature.

Ionization constants o  both acidic and basic 
drugs are usually expressed in terms o  pKa. The 
equivalent acid dissociation constant (Ka)  or the 
protonation o  a weak base is given ( rom Eqn 3.8) 
by Equation 3.17. Note the equation appears to be 
inverted, but it  is written in terms o  Ka rather than 
Kb (the base dissociation constant):

 Ka +

H  B
[BH

=
+[  ][  ]

]
 

(3.17)

Taking negative logarithms yields Equation 3.18:

 −  = −  −  ++  +log  log  [  ]  log  [  ]  log  [  ]10  10  10  10Ka  H  B  BH  
(3.18)

or

 p  pH  BH
BaK  =  +

+

log  [  ]
[  ]10  

(3.19)

or

 pH  p  B
BHa=  + +K  log  [  ]

[  ]10  

(3.20)

Equations 3.19 and 3.20 are known as the 
Henderson–Hasselbalch equations  or a weak base.

Link.be tween.pH,.pKa,.degree .of.
ioniza tion.and .s olub ility.of.weakly.ac id ic .
or.bas ic .drugs
There is a direct link  or most polar ionic com-
pounds between the degree o  ionization and 
aqueous solubility. As has been shown above, in turn, 
the degree o  ionization is controlled by the pKa o  
the molecule and the pH o  its surrounding environ-
ment. This interrelationship is shown diagrammati-
cally in Figure 3.1.

Taking the weak acid line f rst, it  can be seen that 
at high pH the drug is  ully ionized and at its 
maximum solubility. Under low pH conditions the 
opposite is true. The shape o  the curve is def ned 
by the Henderson–Hasselbalch equation  or weak 
acids (Equation 3.15) that shows the link between 
pH, pKa and degree o  ionization  or a weakly acidic 
drug. It  can also be seen  rom Figure 3.1 that when 
the pH is equal to the pKa o  the drug, that  drug is 

Fig . 3.1 •  Change in degree of ionization and relative 
solubility of weakly acidic and weakly basic drugs as a 
function of pH. 
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parts o  the gastrointestinal tract and in the plasma. 
The  ollowing examples are there ore related to this 
type o  situation.

Buffer solutions  and buffer capacity

Bu  er solutions will maintain a constant pH even 
when small amounts o  acid or alkali are added to 
the solution. Bu  ers usually contain mixtures o  a 
weak acid and one o  its salts, although mixtures o  
a weak base and one o  its salts may be used. The 
latter su  er  rom the disadvantage that arises  rom 
the volatility o  many bases.

The action o  a bu  er solution can be appreciated 
by considering, as an example, a simple system such 
as a solution o  a mixture o  acetic acid and sodium 
acetate in water. The acetic acid, being a weak acid, 
will be conf ned virtually to its undissociated  orm 

The degree o  ionization o  a drug in a solution 
can be calculated  rom rearranged Henderson–
Hasselbalch equations  or weak acids and bases 
(Eqns 3.15 and 3.19, respectively) i  the pKa value 
o  the drug and the pH o  the solution are known. 
The resulting equations  or weak acids and weak 
bases are Equations 3.21 and 3.22, respectively:

 log  [  ]
[  ]10
HA
A

 p  pHa−  =  −K  

(3.21)

 log  [  ]
[  ]10

BH
B

 p  pHa

+

=  −K  

(3.22)

Such calculations are particularly use ul in deter-
mining the degree o  ionization o  drugs in various 

Box 3 1 

Worked examples
1  The pKa value of aspirin, which is  a  weak acid, is  

about 3 5  If the pH of the gas tric contents  is  2 0 
then from Equation 3 21:

 log  [  ] .  .  .10  3 5  2 0  1 5HA
[A ]

 p  pHa−  =  −  =  −  =K

so that the ratio of the concentration of unionized 
acetylsalicyclic acid to acetylsalicylate anion is  
given by:

 [  ]: [  ]  .  .  :HA  A  antilog− =  =1 5  31 6 1

2  The pH of plasma is  7 4 so that the ratio of 
unionized : ionized aspirin in this  medium is   
given by:

 log  [  ]
[  ]

 .  .  .10  3 5  7 4  3 9HA
A

 p  pHa−  =  −  =  −  = −K

and

 [  ]: [  ]  (  .  )  .  :HA  A  antilog−  −=  −  =  ×3 9  1 26  10  14

3  The pKa of the weakly acidic  drug sulphapyridine 
is  about 8 0 and if the pH of the intes tinal 
contents  is  5 0 then the ratio of unionized : ionized 
drug is  given by:

 log  [  ]
[  ]

 .  .  .10  8 0  5 0  3 0HA
A

 p  pHa−  =  −  =  −  =K

and

 [  ]: [  ]  .  :HA  A  antilog− =  =3 0  10  13

4  The pKa of the basic  drug amidopyrine is  5 0  In 
the s tomach, the ratio of ionized : unionized drug 
is  calculated from Equation 3 22 as  follows:

 log [  ]
[  ]

 .  .  .BH
B

 p  pHa

+

=  −  =  −  =K  5 0  2 0  3 0

and

 [  ]: [  ]  .  :BH  B  antilog+ =  =3 0  10  13

while in the intes tine, the ratio is  given by:

 log [  ]
[  ]

 .  .BH
B

 p  pHa

+

=  −  =  −  =K  5 0  5 0  0

and

 [  ]: [  ]  :BH  B  antilog+ =  =0  11
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Colligative  prope rtie s

When a non-volatile solute is dissolved in a solvent, 
certain properties o  the resultant solution are 
largely independent o  the nature o  the solute and 
are determined by the concentration o  solute par-
t icles. These properties are known as colligative 
properties. In the case o  a nonelectrolyte the solute 
particles will be molecules,but i  the solute is an 
electrolyte, then its degree o  dissociation will 
determine whether the particles will be ions only or 
a mixture o  ions and undissociated molecules.

The most important colligative property  rom a 
pharmaceutical aspect is re erred to as osmotic pres-
sure. However, since all colligative properties are 
related to each other by virtue o  their common 
dependency on the concentration o  the solute mol-
ecules, other colligative properties (which include 
lowering o  vapour pressure o  the solvent, elevation 
o  its boiling point and depression o  its  reezing 
point) are o  pharmaceutical interest. Observations 
o  these other properties o  er alternatives to 
osmotic pressure measurements as methods o  com-
paring the colligative properties o  di  erent 
solutions.

Osmotic pressure

The osmotic pressure o  a solution is the external 
pressure that  must be applied to the solution in 
order to prevent it  being diluted by the entry o  
solvent via a process that is known as osmosis. This 
is the spontaneous di  usion o  solvent  rom a solu-
tion o  low solute concentration (or a pure solvent) 
into a more concentrated one through a semi-
permeable membrane. Such a membrane separates 
the two solutions and is permeable only to solvent 
molecules (i.e. not solute ones).

Since the process occurs spontaneously at con-
stant temperature and pressure, the laws o  thermo-
dynamics indicate that  it  will be accompanied by a 
decrease in the  ree energy (G ) o  the system. This 
 ree energy may be regarded as the energy available 
 or the per ormance o  use ul work. When an equi-
librium posit ion is attained then there is no remain-
ing di  erence between the energies o  the states 
that are in equilibrium. The rate o  increase in  ree 
energy o  a solution caused by an increase in the 
number o  moles o  one component is termed the 
partial molar  ree energy ( G ) or chemical potential 
(µ) o  that component. For example, the chemical 

because its ionization will be suppressed by the pres-
ence o  common acetate ions produced by complete 
dissociation o  the sodium salt . The pH o  this solu-
tion can be described by Equation 3.23, which is 
Equation 3.16 in which [A−] is the concentration o  
acetate ions and [HA] is the concentration o  acetic 
acid in the bu  er solution:

 pH  p  A
HAa=  +

−

K  log [  ]
[  ]

 

(3.23)

It can be seen  rom Equation 3.23 that the pH will 
remain constant as long as the logarithm o  the ratio 
[acetate]/ [acetic acid] does not change. When a 
small amount o  an acid is added to the solution, it  
will convert some o  the salt  into acetic acid, but i  
the concentrations o  both acetate ion and acetic 
acid are reasonably large then the e  ect o  the 
change will be negligible and the pH will remain 
constant. Similarly, the addition o  a small amount 
o  base will convert some o  the acetic acid into its 
salt   orm but the pH will be virtually unaltered i  
the overall changes in concentrations o  the two 
species are relatively small.

I  large amounts o  acid or base are added to a 
bu  er, then changes in the ratio o  ionized to union-
ized species become appreciable and the pH will 
then alter. The ability o  a bu  er to withstand the 
e  ects o  acids and bases is an important property 
 rom a practical point o  view. This ability is 
expressed in terms o  bu  er capacity (β). It  can be 
def ned as being equal to the amount o  strong acid 
or strong base, expressed as moles o  H + or OH − ion, 
required to change the pH o  1 litre o  the bu  er 
by 1 pH unit. From the remarks above, it  should be 
clear that  bu  er capacity increases as the concentra-
t ions o  the bu  er components increase. In addition, 
the capacity is also a  ected by the ratio o  the con-
centrations o  weak acid and its salt , maximum 
capacity (βmax) being obtained when the ratio o  acid 
to salt  = 1, i.e. pH equals the pKa o  the acid.

The components o  various bu  er systems and 
the concentrations required to produce di  erent 
pHs are listed in several re erence books, such as the 
pharmacopoeias. When selecting a suitable bu  er, 
the pKa value o  the acid should be close to the 
required pH and the compatibility o  its compo-
nents with other ingredients in the system should 
be considered. The toxicity o  bu  er components 
must also be taken into account i  the solution is to 
be used  or medicinal purposes.
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 where observed colligative property
colligative property i = eexpected if

dissociation did not occur

Os mola lity.and .os molarity
The amount o  osmotically active particles in a solu-
tion is sometimes expressed in terms o  osmoles or 
milliosmoles. These osmotically active particles may 
be either molecules or ions. Osmole values depend 
on the number o  particles dissolved in a solution, 
regardless o  charge. For substances that  maintain 
their molecular structure when they dissolve (e.g. 
glucose), osmolarity and the molarity are essentially 
the same. For substances that dissociate when they 
dissolve, the osmolarity is the number o   ree parti-
cles times the molarity. Thus a 1 molar solution o  
pure NaCl solution would be 2 osmolar (1  or Na+ 
and 1  or Cl−).

The concentration o  a solution may there ore be 
expressed in terms o  its osmolarity or its osmolality. 
Osmolarity is the number o  osmoles per litre o  
solution and osmolality is the number o  osmoles per 
kilogram o  solvent.

Is oos motic .s olutions
I  two solutions are separated by a per ect semi-
permeable membrane, i.e. a membrane which is 
permeable only to solvent molecules, and no net 
movement o  solvent occurs across the membrane, 
then the solutions are said to be isoosmotic and have 
equal osmotic pressures.

Is otonic .s olutions
Biological membranes do not always  unction as 
per ect semi-permeable membranes and some solute 
molecules in addition to water are able to pass 
through them. I  two isoosmotic solutions remain in 
osmotic equilibrium when separated by a biological 
membrane, they may be described as being isotonic 
with respect to that particular membrane.

Adjustment o  isotonicity is particularly impor-
tant  or  ormulations intended  or parenteral routes 
o  administration (this is discussed in Chapter 36). 
Excessively hypotonic or hypertonic solutions can 
cause biological damage.

Di  us ion in s o lution

The components o  a solution, by def nition,  orm a 
homogeneous single phase. This homogeneity arises 

potential o  the solvent in a binary solution is given 
by Equation 3.24. The subscripts outside the bracket 
on the le t-hand side indicate that temperature, 
pressure and amount o  component 1 (the solute in 
this case) remain constant:

 
∂
∂

 
  

  
   =  =G

n
 G

T  P n2
2  2

1,  ,
µ  

(3.24)

Since (by def nit ion) only solvent molecules can pass 
through a semi-permeable membrane, the driving 
 orce  or osmosis arises  rom the inequality o  the 
chemical potentials o  the solvent on opposing sides 
o  the membrane. Thus the direction o  osmotic 
 ow is  rom the dilute solution (or pure solvent), 
where the chemical potential o  the solvent is 
highest because o  the higher concentration o  
solvent molecules, into the concentrated solution, 
where the concentration and consequently the 
chemical potential o  the solvent are reduced by the 
presence o  more solute. The chemical potential o  
the solvent in the more concentrated solution can 
be increased by  orcing its molecules closer together 
under the in uence o  an externally applied pres-
sure. Osmosis can be prevented by such means, 
hence the term osmotic pressure.

The relationship between osmotic pressure (π) 
and concentration o  a non-electrolyte is def ned 
 or dilute solutions, which may be assumed to 
exhibit ideal behaviour, by the van’t Ho   equation 
(Eqn 3.25):

 πV  n RT= 2  
(3.25)

where V  is the volume o  solution, n2 is the number 
o  moles o  solute, T is the absolute temperature 
and R is the gas constant. This equation, which is 
similar to the ideal gas equation, was derived empiri-
cally but it  does correspond to a theoretically derived 
equation i  approximations based on low solute con-
centrations are taken into account.

I  the solute is an electrolyte, Equation 3.25 must 
be modif ed to allow  or the e  ect o  ionic dissocia-
tion, because this will increase the number o  parti-
cles in the solution. This modif cation is achieved by 
insertion o  the van’t  Ho   correction  actor (i) to 
give:

 πV  in RT= 2  
(3.26)
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a substance in solution in various solvents arise 
mainly  rom changes in jump  requency (ϕ), which 
is determined, in turn, by the  ree volume or loose-
ness o  packing in the solvent.

When the size o  the solute molecules is not 
appreciably larger than that o  the solvent mole-
cules, then it  has been shown that the di  usion 
coe f cient o  the  ormer is related to its molecular 
weight (M ) by the relationship:

 DM 1  2/ = constant  
(3.28)

When the solute is much greater in size than the 
solvent, di  usion arises largely  rom transport  o  
solvent molecules in the opposite direction and the 
relationship becomes:

 DM 1  3/ = constant  
(3.29)

This latter equation  orms the basis o  the Stokes–
Einstein equation (Eqn 3.30)  or the di  usion o  
spherical particles that are larger than surrounding 
liquid molecules. Since the mass (m) o  a spherical 
particle is proportional to the cube o  its radius (r), 
i.e. r � m1/ 3, it   ollows  rom Equation 3.29 that 
Dm1/ 3 and consequently D and r are constants  or 
such a system. The Stokes–Einstein equation is 
usually written in the  orm:

 D  kT
r

=
6π  η

 

(3.30)

where k is the Boltzmann constant, T is the absolute 
temperature and η  is the viscosity o  the liquid. 
The appearance o  a viscosity term in this type o  
equation is not unexpected because the recipro-
cal o  viscosity, which is known as the  uidity o  
a liquid, is proportional to the  ree volume in a 
liquid. Thus, jump  requency (ϕ) and di  usion 
coe f cient (D) will increase as the viscosity o  a 
liquid decreases or as the number o  ‘holes’ in its 
structure increases.

The experimental determination o  di  usion 
coe f cients o  solutes in liquid solvents is not easy 
because the e  ects o  other  actors that may in u-
ence the movement o  solute in the system, e.g. 
temperature and density gradients, mechanical agi-
tation and vibration, must be eliminated.

 rom the process o  di  usion, which occurs sponta-
neously and is consequently accompanied by a 
decrease in the  ree energy (G ) o  the system. Di -
 usion may be def ned as the spontaneous trans er-
ence o  a component  rom a region in the system 
which has a high chemical potential into a region 
where its chemical potential is lower. Although such 
a gradient in chemical potential provides the driving 
 orce  or di  usion, the laws that describe this phe-
nomenon are usually expressed, more conveniently, 
in terms o  concentration gradients. An example is 
Fick’s First Law which is discussed in Chapter 2.

The most common explanation o  the mechanism 
o  di  usion in solution is based on the lattice theory 
o  the structure o  liquids. Lattice theories postulate 
that  liquids have crystalline or quasicrystalline struc-
tures. The concept o  a crystal type o  lattice is only 
intended to provide a convenient starting point and 
should not be interpreted as a suggestion that liquids 
possess rigid structures. The theories also postulate 
that  a reasonable proportion o  the volume occupied 
by the liquid is, at  any moment, empty, i.e. there 
are ‘holes’ in the liquid lattice network, which con-
stitute the so-called  ree volume o  the liquid.

Di  usion can there ore be regarded as the process 
by which solute molecules move  rom hole to hole 
within a liquid lattice. In order to achieve such 
movement, a solute molecule must acquire su f -
cient kinetic energy at the right time so that it  can 
break away  rom any bonds that tend to anchor it  
in one hole and then jump into an adjacent hole. I  
the average distance o  each jump is δ cm and the 
 requency with which the jumps occur is ϕ s−1 then 
the di  usion coe f cient (D) is given by:

 D =  −δ  φ2 2  1

6
 cm  s  

(3.27)

The di  usion coe f cient is assumed to have a 
constant value  or a particular system at a given 
temperature. This assumption is only strictly true at 
inf nite dilution and the value o  D may there ore 
exhibit  some concentration dependency. In a given 
solvent, the value o  D decreases as the size o  the 
di  using solute molecule increases. In water,  or 
example, D is o  the order o  2 × 10−5 cm2 s−1  or 
solutes with molecular weights o  approximately 50 
Da and it  decreases to about 1 × 10−6 cm2 s−1  or 
molecular weight o  a  ew thousand Da.

The value o  δ  or any given solute is reasonably 
constant. Di  erences in the di  usion coe f cient o  
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Summary

This chapter has outlined the key  undamental 
issues relating to the properties o  solutions. The 
issues discussed are o  relevance both to dosage 
 orms, which themselves comprise solutions, and to 
the  ate o  the drug molecule once in solution  ol-
lowing administration.
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KE Y P O IN TS

•  Solids  and liquids  have surfaces  that de ne the 
outer limits   The contact between any two 
materials  is  an interface, which can be between 
two solids , two liquids , a solid and a liquid, a  
solid and a vapour or a liquid and a vapour 

•  Inevitably for materials  to react and interact 
interfacial contact mus t be made 

•  The s tudy of surfaces  and their interfacial 
interactions  is  therefore important as  it de nes  
(at leas t the onset of) all interactions  and 
reactions  

•  The surfaces  of liquids  (liquid/vapour interfaces) 
are s tudied by use of surface tens ion 
measurements  and the magnitude of the surface 
tens ion is  related to the s trength of bonding 
pulling molecules  at the surface towards  the 
bulk  Hydrogen bonding (as  in water) is  s tronger 
than van der Waals  forces , so water has  a 
higher surface tens ion than an alkane 

•  The surfaces  of solids  can be s tudied by use of 
contact angle measurements  which de ne the 
extent to which a liquid wets  the solid  If there is  
no wetting, then there is  no interaction and a 
solid could not, for example, dissolve in the 
liquid  To aid drug dissolution in the gas tro-
intes tinal tract, good wetting is  des irable 

•  Adsorption is  de ned as  a higher concentration 
at the surface than in the bulk, and can be 
related to solid/liquid and solid/vapour sys tems  
through adsorption isotherms   Amongs t other 
uses , adsorption can be used to measure the 
surface area of a  powder 

•  Absorption is  the movement of one phase 
into another  Water often absorbs  into 
amorphous  solids , but adsorbs  onto  
crys talline solids  

Introduc tion

A surface is the outer boundary of a material. In 
reality, each surface is the boundary between two 

G raham Buckton
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will be with gas molecules from the vapour; 
these will be much weaker than those between the 
liquid molecules. As the molecule at the liquid 
surface has balanced forces pulling sideways, the 
imbalance is a net inward attraction in a line perpen-
dicular to the interface. Due to the net  inward force 
exerted on liquids, the liquid surface will tend to 
contract, and to form a sphere (the geometry with 
minimum surface area to volume ratio). The con-
tracted liquid surface is said to exist in a state of 
tension – known as surface tension. The value of 
surface tension for a liquid will be related to the 
strength of the pull between the liquid molecules. 
The interfacial interactions are a consequence of 
long range forces which are electrical in nature and 
consist of three types: dipole, induced dipole and 
dispersion forces.

Dipole forces are due to an imbalance of charge 
across the structure of a molecule. This situation is 
quite common, certainly most drugs are ionizable, 
and have such an asymmetric charge distribution, as 
do many macromolecules and proteins. Such mate-
rials are said to have permanent dipoles, and interac-
tive forces are due to attraction between the negative 
pole of one molecule when in reasonably close 
contact with the positive pole of another. Hydrogen 
bonding interactions are a speci c sort of this type 
of bonding, resulting from the fact that hydrogen 
consists of only one proton and one electron, making 
it  very strongly electronegative. When hydrogen 
bonds, its electron is ‘lost’, leaving an ‘exposed’ 
proton (i.e. one without any surrounding electrons). 
This unique situation causes a strong attraction 
between the proton and an electronegative region 
from another atom. The strength of the hydrogen 
bond results in drastically different properties of 
interaction, exempli ed by the fact that water has 
such a high surface tension, melting and boiling 
point (in comparison with non-hydrogen bonded 
materials).

A bond between carbon and oxygen would be 
expected to be dipolar, however, if the molecule of 
carbon dioxide is considered (O=C=O), it  can be 
seen that the molecule is in fact totally symmetrical, 
the dipole on each end of the linear molecule being 
in perfect balance with that on the other end. Even 
though these molecules do not carry a permanent 
dipole, if they are placed in the presence of a polar-
ized material, a dipole will be induced on the (nor-
mally symmetrical) molecule, such that interaction 
can occur (dipole – induced dipole, or Debye 
interactions).

phases: an interface, which can be solid/ liquid (SL), 
solid/ vapour (SV) or liquid/ vapour (LV); or a bound-
ary between two immiscible phases of the same 
state, i.e. liquid/ liquid or solid/ solid interfaces. 
There cannot be vapour/ vapour interfaces, as two 
vapours would mix, rather than form an interface.

Pharmaceutically we often think of materials in 
terms of their bulk properties, such as solubility, 
particle size, density and melting point. However, 
surface material properties often bear lit t le relation-
ship to bulk properties, for example materials can 
be readily wetted by a liquid but not dissolve in it , 
i.e. they could have water loving surfaces but not be 
soluble; an example of this is glass. As contact 
between materials occurs at interfaces, a knowledge 
of surface properties is necessary if interactions 
between two materials are to be understood (or 
predicted). Indeed every process, reaction, interac-
tion, whatever it  may be, either starts, or fails to 
start , due to the extent of interfacial contact.

Sur ac e  te ns ion

If we compare the forces acting on a molecule in 
the bulk of the liquid with one at the interface (see 
Fig. 4.1), in the bulk, the molecules are surrounded 
on all sides by other liquid molecules and will con-
sequently have no net force acting on them (all 
attractive forces generally being balanced). At 
the surface, however, each liquid molecule is sur-
rounded by other liquid molecules to the sides and 
below (essentially in a hemisphere below the mol-
ecule), whilst above the molecule the interactions 

Fig . 4.1 •  The balance of forces on molecules at the 
surface and in the bulk of a liquid. Molecules (depicted 
here as large circles) in the bulk of a liquid have 
neighbours on all s ides and a net balance of forces. 
Molecules at the surface have neighbours to each side, 
but no balance for the attraction of molecules from 
below, giving a net inward force into the body of the 
liquid – this is the basis  of surface tension. 
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standard reporting temperature, the surface tension 
of water is 72.6 mN m−1.

The addition of small quantities of impurit ies will 
alter the surface tension. In general, organic impuri-
t ies are found to lower the surface tension of water 
signi cantly. Take for example the addition of meth-
anol to water. The surface tension of methanol is 
22.7 mN m−1, but the surface tension of a 7.5% solu-
tion of methanol in water is 60.9 mN m−1 (Fig. 4.2). 
On the basis of a linear reduction in surface tension 
in proportion to the concentration of methanol 
added, the surface tension of this mixture would be 
expected to be about 68.9 mN m−1, thus the initial 
reduction in surface tension upon addition of an 
organic impurity is dramatic, and cannot be explained 
by the weighted mean of the surface tensions of the 
two liquids. Methanol has been used as the example 
here, as it  is one of the more polar organic liquids, 
containing just 1 carbon, attached to a polar hydroxyl 
group. However, it  is its hydrophobicity that causes 
the signi cant reduction in surface tension. The 
reason for the large effect on surface tension is that 
the water molecules have a greater attraction to each 
other than to methanol, consequently the methanol 
is concentrated at the water/ air interface, rather 
than in the bulk of the water. The methanol here is 
said to be surface active (surface active agents are 
discussed elsewhere in this book; in particular in 
Chapters 5 and 27). Water obtained directly from a 
tap can have a surface tension greater than 

London – van der Waals forces are termed disper-
sion forces. These are interactions between mole-
cules which do not have a charge imbalance, and 
which do not have the ability to have an induced 
dipole either. Essentially these are interactions 
between non-polar materials. These dispersion 
forces occur between all materials, and thus, even 
though the interaction forces are weak, they make 
a very signi cant contribution to the overall interac-
tion between two molecules. Dispersion forces can 
be understood in a simplistic fashion by considering 
the fact that the electrons which spin around two 
neighbouring non-polarized atoms will inevitably not 
remain equally spaced. This will result  in local 
imbalances in charge that lead to transient induced 
dipoles. These induced dipoles, and the forces which 
result  from them will be constantly changing, and 
obviously the magnitude of these interactions is 
small compared to the permanent and induced 
dipole situations described above. Dispersion forces 
are long range, in the order of 10 nm which is sig-
ni cantly longer than a bond length.

Measurement of surface tens ion

The surface tension of a liquid is the combined 
strength of polar and dispersion forces that are 
pulling on the molecules in the surface of the liquid. 
There are a number of methods by which surface 
tension can be measured, including the rise of a 
liquid in a capillary, but more usually the force expe-
rienced by the surface is measured using a microbal-
ance. To do this, an object either in the form of a 
thin plate (Wilhelmy plate) or ring (Du Nouy ring), 
is introduced to the surface and then pulled free, 
with the force at detachment being measured. For 
the Wilhelmy plate method, a plate (usually very 
clean glass or platinum) is positioned edge on in the 
surface whilst  suspended from a microbalance arm, 
the force is then measured as the plate is pulled out 
of the liquid. The surface tension is obtained by 
dividing the measured force at the point of detach-
ment by the perimeter of the plate.

Water is the liquid with the highest value for its 
surface tension of all commonly used liquids in the 
pharmaceutical  eld (although metals have much 
higher surface tensions than water, e.g. mercury 
with 380 mN m−1). Water is also of great pharma-
ceutical interest , being the vehicle used for the large 
majority of liquid formulations, and being the essen-
tial component of all biological  uids. At the 

Fig . 4.2 •  The surface tension of mixtures of methanol 
and water (• ) and sodium chloride and water (×). Based 
on data from Weast (1988). 
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Contact angle

The properties of solids raise many problems with 
respect to surface energy determination, not least 
the fact that it  is not possible to measure directly 
the forces exerted on the surface. The methods that 
are used for liquid surface tension measurement, 
such as immersing a Wilhelmy plate and measuring 
the force as it  is pulled from the liquid, cannot be 
used as the plate cannot gain access into the solid. 
This means that  surface properties of solids must be 
derived from techniques such as contact angle meas-
urement. The tendency for a liquid to spread is 
estimated from the magnitude of the contact  angle 
(θ), which is de ned as the angle formed between 
the tangent drawn to the liquid drop at the three 
phase interface and the solid surface, measured 
through the liquid (Fig. 4.3). The contact angle is a 
consequence of a balance of the three interfacial 
forces; γSV acting to aid spreading; γSL acting to 
prevent spreading and γLV which acts along the 
tangent to the drop. The interfacial forces are related 
to contact angle by Young’s equation:

 γ  θ  γ  γLV  SV  SLcos  =  −  
(4.1)

A low value for the contact angle indicates good 
wettability, with total spreading being described by 
an angle of 0 degrees. Conversely, a high contact 
angle indicates poor wettability, with an extreme 
being total non-wetting with a contact angle of 180 
degrees. The contact angle provides a numerical 
assessment of the tendency of a liquid to spread over 
a solid, and as such is a measure of wettability.

72.6 mN m−1, due to the presence of ionic impuri-
ties, such as sodium chloride, which are concen-
trated preferentially in the bulk of water rather than 
at the surface. Inorganic additives also strengthen 
the bonding within water, so the surface tension is 
increased in their presence.

Solid we ttability

The vast majority of pharmaceutically active com-
pounds exist in the solid state at standard tempera-
tures and pressures. Inevitably, the solid drug will 
come into contact with a liquid phase, either during 
processing, and/ or in the formulation, and also ulti-
mately during use in the body. Consequently, the 
solid/ liquid interface is of great importance. Here 
the term wettability is used to assess the extent to 
which a solid will come into contact with a liquid. 
Obviously a material which is potentially soluble, 
but which is not wetted by the liquid (i.e. the liquid 
does not spread over the solid) will have limited 
contact with the liquid and this will certainly reduce 
the rate at, and potentially the extent to, which the 
solid will dissolve. When formulating an active phar-
maceutical ingredient, it  is important that the 
powder ultimately becomes wetted by body  uids 
in order that  it  will dissolve.

As with liquid surfaces, there is a net imbalance 
of forces in the surface of a solid, and so solids will 
have a surface energy. The surface energy of a solid 
is a re ection of the ease of making new surface, and 
in simple terms can be considered to be the same as 
surface tension for a liquid. With liquids, the surface 
molecules are free to move, and consequently 
surface levelling is seen, resulting in a consistent 
surface tension/ energy over the entire surface. 
However, with solids the surface molecules are held 
much more rigidly, and are consequently less able to 
move. The shape of solids is dependent upon previ-
ous history (perhaps crystallisation or milling tech-
niques). These processes may yield rough surfaces 
with different regions of the same solid’s surface 
having different surface energies. Certainly different 
crystal faces and edges can all be expected to have 
a different surface nature due to the local orienta-
tion of the molecules presenting different functional 
groups at the surface of different faces of the crystal 
– some more and some less polar, and therefore 
some regions more water loving and other regions 
less so.

Fig . 4.3 •  A contact angle – the angle (θ ) between the 
tangent to the drop (drawn at the point where liquid, 
solid and vapour all co-exist), measured through the 
liquid to the solid surface. The angle is  a consequence 
of the interfacial energies of γLV (the surface tension of 
the liquid), and the interfacial tension between the solid 
and vapour (γSV), and the solid and liquid (γSL). 

γ S/V

γ L/V

γ S/Lθ
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As mentioned above, certain polymeric systems 
are readily formed into smooth  at plates for contact 
angle studies, however, most pharmaceutical materi-
als exist as powders, for which such a physical state 
is not readily achievable. A full understanding of 
powder surface energetics, and an ability to alter and 
control powder surface properties, would be a major 
advantage to the pharmaceutical scientist .

A drug crystal will consist of a number of differ-
ent faces which may each consist of different pro-
portions of the functional groups of the drug 
molecule; thus a contact angle for a powder will in 
fact be, at best, an average of the contact angles of 
the different faces, with contributions from crystal 
edges and defects. Also, impurit ies in the crystallis-
ing solvent can cause an adjustment of habit, and 
crystals of the same drug can exist in different poly-
morphic forms; such changes in molecular packing 
will potentially alter the surface properties. A  nal 
complication is that despite the fact that most phar-
maceutical powders have a very high degree of crys-
tallinity (and are called crystals), in reality sometimes 
they will have a small degree of amorphous content 
which is likely to be present at the surface. Thus, 
drug powders have heterogeneous surfaces of differ-
ent shapes and sizes, which can readily change their 
surface properties. It  is clear that all contact angle 
data for powders and the appropriate choice of 
methodology must be viewed in full knowledge of 
the inherent dif culties of the solid sample.

The most cited method of obtaining a contact 
angle for powders is to prepare a compact in order 
to produce a smooth surface, and then to place a 
drop on the surface in order to measure the contact 
angle that is formed. The  rst  major problem with 
compacted samples is that the very process of com-
paction will potentially change the surface energy of 
the sample. Compacts form by processes of britt le 
fracture and plastic deformation, thus new surfaces 
will be formed during compaction, which can mask 
subtle differences in the original surface nature. The 
alternative is to not compact the powder, for 
example st icking  ne powder to a piece of doubled 
sided adhesive tape. This presents a rough surface 
which gives rise to hysteresis and potentially also has 
a contribution from the surface property of the 
adhesive. There is no solution to these sample prep-
aration dif culties, so a compromise decision has to 
be made in order to proceed with measurements.

Alternatives to placing a drop on the surface 
of a material exist for powder contact angle 

If a contact angle were measured on an ideal 
(perfectly smooth, homogeneous and  at) surface, 
with a pure liquid, then there would be only one 
value for the contact angle. In reality there are many 
contact  angles that can be formed on a solid surface. 
The simplest analogy is water on glass. The contact 
angle of pure water on clean glass is zero, which 
provides the basis of surface tension experiments (as 
a  nite contact angle would prevent such measure-
ments). However, whenever raindrops are seen to 
form on a glass window, they do not spread, but 
rather form drops. The reason for this is that the 
window will not be clean and the liquid not pure. If 
raindrops fall on to a plate of glass which is horizon-
tal, each drop will have the same contact angle all 
around its circumference. This value is termed the 
equilibrium contact angle, θE. If the glass plate is 
displaced from the horizontal, the drops will run 
down the surface, forming a tear shape. The leading 
edge of this drop will always have a larger contact 
angle than the trailing edge. The angle formed at the 
leading edge is termed the advancing contact angle 
(θA) and the other angle is termed the receding 
contact angle (θR). The difference between θA and 
θR de nes the contact angle hysteresis. There are 
two possible reasons for contact angle hysteresis, 
surface roughness and contamination or variability 
of the composition of the surface, i.e. surface 
heterogeneity.

There are many different methods by which it  is 
possible to measure a contact angle formed by a 
liquid on a solid. The vast majority of studies deal 
with smooth  at  surfaces, such as polymer  lms, 
onto which it  is comparatively simple to position a 
drop of liquid. The approaches to determination of 
the angle for such systems include direct measure-
ment of the angle on a video image.

The Wilhelmy plate apparatus is described above 
as a method by which it  is possible to measure 
surface tension. To do so it  is necessary for the liquid 
to have a zero contact angle on the plate. Conversely, 
it  is possible to assess the contact angle (θ) between 
the solid plate and the liquid if the surface tension 
of the liquid (γLV) is known. The force detected by 
the balance (F) is:

 F  p=  γ  θLV cos  
(4.2)

where p is the perimeter of the plate, and from this 
the value of the contact angle can be determined.
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overdose, where charcoal of high surface area can be 
administered and the excess of drug in the patient’s 
gastrointestinal tract  can be adsorbed from solution 
onto the surface of the charcoal, which is then cleared 
from the patient. Kaolin is administered as a therapy 
in order to adsorb toxins in the stomach and so reduce 
gastrointestinal disturbances. A further example is 
analysis by HPLC – where molecules in solution are 
adsorbed onto a column to achieve separation. As a 
 nal example, the loss of active pharmaceutical ingre-
dient, or preservative, from a solution product to a 
container can be a damaging effect of adsorption 
from solution to a solid.

The quantity of solute which adsorbs will be 
related to its concentration in the liquid. The adsorp-
tion will proceed until equilibrium is reached 
between that  which has been adsorbed at the inter-
face and that which is in the bulk.

Many factors will affect adsorption from solution 
onto a solid, these include temperature, concentra-
tion, and the nature of the solute, solvent and solid. 
The effect of temperature is almost always that an 
increase in temperature will result  in a decrease in 
adsorption. This can be viewed as a consequence of 
giving the solute molecules more energy, and thus 
allowing them to escape the forces of adsorption, or 
simply viewed as the fact that  adsorption is almost 
always exothermic, and thus an increase in tempera-
ture will cause it  to decrease.

pH is important as many materials are ionizable, 
and the tendency to interact will vary greatly if they 
exist as polar ions, rather than a non-polar unionized 
material. In most pharmaceutical examples (chroma-
tographic separation being an obvious exception), 
adsorption will be from aqueous  uids, and for these 
adsorption will tend to be greatest when the solute is 
in its unionized form, i.e. at low pH for weak acids, 
at high pH for weak bases, and at the isoelectric points 
for amphoteric compounds (those which exhibit acid 
and basic regions), although at other pH values the 
solubility in water will be higher (due to greater ioni-
zation favouring the interaction with water) and there 
will still be some unionized molecules present, which 
will usually adsorb on surfaces in preference to main-
taining a disfavoured interaction with water.

The effect of solute solubility will in uence 
adsorption as the greater the af nity of the solute 
for the liquid, the lower the tendency to adsorb to 
a solid. Thus, adsorption from solution is approxi-
mately inversely related to solubility.

The nature of the solid (the adsorbent) will be 
very important, both in terms of its chemical 

measurement, including making the powder into a 
plate and adapting the Wilhelmy plate method, and 
also measuring the rate at which liquid penetrates 
into a packed bed of the powder. These methods 
and their limitations have been reviewed elsewhere 
(Buckton, 1995). The different methods by which 
contact angle is measured for powders gives rise to 
different results, so comparison of data should take 
this into account.

An alternative to contact angle measurement is 
to use inverse gas chromatography (IG C). Whilst 
IG C has been used for many years in other sectors, 
it  has only been used pharmaceutically to any great 
extent in recent years. Further discussion of IG C is 
presented below.

Ads orption at inte r ac e s

Adsorption is the presence of a greater concentration 
of a material at the surface than is present in the 
bulk. The material which is adsorbed is called the 
adsorbate, and that which does the adsorbing is the 
adsorbent. Adsorption can be due to physical 
bonding between adsorbent and adsorbate (phy-
sisorption) or chemical bonding (chemisorption). 
The differences between physisorption and chemi-
sorption are that physisorption is by weak bonds 
(such as hydrogen bonding, with energies up to 
40 kJ mol−1) whilst  chemisorption is due to strong 
bonding (greater than 80 kJ mol−1); physisorption is 
reversible, whilst  chemisorption seldom is; phy-
sisorption may progress beyond a single layer cover-
age of molecules on the surface (monolayer formation 
to multilayer formation), whilst  chemisorption can 
only proceed to monolayer coverage.

Solid/liquid interfaces

The usual pharmaceutical situation is to have a liquid 
(solvent), particles of a solid dispersed in that liquid 
and another component dissolved into the liquid 
(solute). This forms the basis of stabilising suspension 
formulations, where there may be water with sus-
pended active pharmaceutical ingredient and in order 
to help stabilize the suspension (keep the solid par-
ticles from joining together) there may be a surface 
active agent dissolved in the water. The surface active 
agent will adsorb on the surface of the powder par-
ticles and help to keep them separated from each 
other (steric stabilisation). It  is also possible to use 
this surface interaction in the treatment of drug 
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gas, at a constant temperature. For such a plot, the 
pressure of the gas can be varied from zero to the 
saturated vapour pressure of the gas at  that tempera-
ture (Po), and in each case the amount adsorbed can 
be determined (often by monitoring the change of 
weight of the sample). The concept of named 
adsorption isotherms (e.g. the Langmuir isotherm) 
is simply one of observing whether the experimental 
data  t  to one of the existing mathematical models. 
If the data can be  t ted, then there are several 
advantages:  rstly, it  becomes possible to de ne the 
adsorption process numerically, and thus exact com-
parisons can be made with similar data for other 
materials, and secondly, the models provide clues as 
to the nature of the adsorption process that  has 
occurred (e.g. indicating whether the process is 
monolayer or multilayer, etc.).

Langmuir (Type I) isotherm

The Langmuir isotherm (one which  ts the equation 
developed by Langmuir) is shown schematically in 
Figure 4.4. It  has a characterist ic shape of fairly 
rapid adsorption at low pressures of gas/ vapour, 
which reaches a plateau well below Po, after which 
any further increases in pressure do not cause an 
increase in adsorption. This is the idealized model 
for monolayer adsorption, in that init ially the surface 

composition and its physical form. The physical 
form is the easiest to deal with, as it  relates largely 
to available surface area. Materials such as carbon 
black (a very  nely divided form of carbon) have 
extremely large surface areas, and as such are excel-
lent adsorbents, both from solution (e.g. as an anti-
dote as mentioned above) and from the vapour state 
where it  has been used for gas masks. The chemical 
nature of the adsorbent solid is important, as it  can 
be a nonpolar hydrophobic surface, or a polar 
(charged) surface. Obviously, adsorption to a non-
polar surface will be predominantly by dispersion 
force interactions, whilst charged materials can also 
interact by ionic or hydrogen bonding processes.

Solid/vapour interfaces

When considering the solid/ vapour interface, it  is 
necessary to understand processes of adsorption and 
absorption. Adsorption has already been de ned as 
the presence of greater concentrations of a material 
at the surface than is present in the bulk. Pharma-
ceutically, absorption is usually considered as the 
passage of a molecule across a barrier membrane, 
and is the essential requirement for enteral drug 
delivery routes to the systemic circulation. However, 
absorption should be considered as the movement 
into something, for example a gas or vapour can pass 
into the structure of an amorphous material, such 
that the uptake onto/ into the solid is a sum of 
adsorption (to the surface) and absorption (into the 
bulk). If the uptake is thought to consist of both 
adsorption and absorption processes, it  is often 
referred to by the general term, sorption.

There are many processes at the solid/ vapour 
interface which are of pharmaceutical interest, but 
two of the most important are water vapour/ solid 
interactions, and surface area determination using 
nitrogen (or similar inert gas)/ solid interactions.

Solid/vapour ads orption 
is othe rms

As with adsorption at the solid/ liquid interface, 
the process can be due to chemisorption or phy-
sisorption. Most usually we will be concerned with 
physisorption.

Adsorption isotherms of vapours onto solids are 
representations of experimental data, usually plotted 
as amount adsorbed as a function of pressure of the 

Fig . 4.4 •  A schematic representation of a Langmuir 
isotherm. Weight increases as the partial pressure of the 
vapour (P/Po) is  increased until a monolayer of 
molecules has formed on the surface of the solid, after 
which there is  no further weight change as P/Po is 
increased further. The mass uptake (no scale shown on 
the  gure) will depend upon the available surface area of 
the sample. 
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isotherm shape for which it  is necessary to have a 
signi cant presence of vapour before the adsorption 
process becomes signi cant, but once the surface 
starts to be covered with adsorbate, then the favour-
able adsorbate-adsorbate interaction results in a dra-
matic increase in adsorption for limited further 
increases in vapour concentration.

Brunauer,.Emmett.and .Telle r.is otherm
The isotherm derived by Brunauer, Emmett  and 
Teller is eponymously known as the BET isotherm. 

is ‘clean’ and consists entirely of adsorption sites. 
Thus, a small amount of vapour allows rapid and 
extensive adsorption. Subsequently, more and more 
of the available adsorption sites become occupied, 
and thus further increases in pressure result in com-
paratively lit t le increase in the amount adsorbed. At 
a certain pressure, all the adsorption sites will be 
occupied, i.e. monolayer coverage has been achieved, 
after which adsorption stops, giving a plateau region 
in which further increases in pressure have no effect 
on the amount adsorbed.

The Langmuir isotherm can only occur in situa-
tions where the entire surface is covered with 
equally accessible, identical adsorption sites, and the 
presence of an adsorbed molecule on one site does 
not hinder (or encourage) adsorption to a neighbour-
ing site. For a system to follow a Langmuir isotherm, 
there must be a strong non-speci c interaction 
between the adsorbate and the adsorbent (such that 
adsorption is desirable over the entire surface), and 
there must be lit t le adsorbate – adsorbate interac-
tion (in terms of attraction or repulsion).

Type II isotherms

The Langmuir isotherm (Fig. 4.4) which describes 
adsorption of a monolayer only is often referred to 
as a Type I physical adsorption isotherm. There are 
other common shapes for adsorption isotherms, 
each of which can be taken to give an indication of 
the nature of the adsorption process. The schematic 
shapes of some other isotherms are shown in Figure 
4.5. Type II isotherms are thought to correspond to 
a process which initially follows the Langmuir type 
of isotherm, in that there is a build-up of a monol-
ayer, after this monolayer region, however, further 
increases in the vapour content result  in further, and 
extensive adsorption. This subsequent adsorption is 
multilayer coverage, and is a consequence of strong 
interactions between the molecules of the adsorb-
ate. These post-monolayer regions can be regarded 
as being analogous to condensation, and the iso-
therm rises as the pressure approaches Po.

Type III isotherms

Type III isotherms are typical of the situation where 
the interaction between adsorbate molecules is 
greater than that  between the adsorbate and adsorb-
ent molecules, i.e. the solid and the vapour have no 
great af nity for each other. This results in an 

Fig . 4.5 •  Type II and III isotherms. Type II shows 
weight gain as the partial pressure of the vapour (P/Po) 
(which would be relative humidity for water) is  increased, 
with rapid uptake at low P/Po, passing through 
monolayer to multilayer coverage. Type III shows little 
weight gain at low P/Po with mass gain accelerating at 
higher P/Po. 
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reasonably stop, as with each magni cation the 
length will increase by a factor proportional to that 
magni cation. This caution is included, as the 
surface area of most solids is determined in relation 
to a nitrogen molecule as a probe. There will be 
many indentations in solids which may not be readily 
accessed by nitrogen gas, so a different probe gas 
(different size of molecule, e.g. krypton gas) can 
access different regions of the solid surface and the 
calculated surface area will change.

Isotherm models, other than Langmuir and BET, 
exist which can also be used to understand powder 
– vapour interactions, but these will not be discussed 
here.

Inte rac tions  be twe e n powde rs  
and wate r vapour

The interaction between water and a product is a con-
sideration for almost every pharmaceutical product. 
Water may be important during formulation/
preparation (for example, affecting powder  ow, in 
wet granulation process, drying processes, ease of com-
paction, as a  lm coating solvent, aqueous liquid for-
mulations, etc.), during storage (where it may in uence 
chemical stability, physical transitions such as crystal-
lization, or microbial spoilage), and during use (where 
there is a need to contact aqueous body  uids).

It  is widely used as a standard method of determin-
ing surface area for solids. Just as the Langmuir 
isotherm  ts to the Type I physical isotherm, the 
BET isotherm  ts those situations which follow the 
Type II isotherm. The Type II isotherm is perhaps 
the most commonly encountered practically deter-
mined isotherm.

Interpretation of isotherm plots

With the Langmuir isotherm it  can be assumed that 
the plateau region corresponds to monolayer forma-
tion, thus the quantity of gas adsorbed at monolayer 
is known, and consequently, as the area of each 
molecule of gas is known, the surface area of the 
solid can be determined. With a Type II isotherm, 
the system passes through monolayer coverage, at a 
region on the isotherm, this is rather dif cult  to 
de ne with any certainty from the graphical iso-
therm, but can easily be obtained from the BET 
equation.

 (  )  (  (  ))  (  (  ))
((  )  (  ))(  )

P P  P P  V  cV
c  cV  P P

/  /  /  /
/  /

o  o  mon

mon  o

1  1
1

−  =
+  −  

(4.3)

where P is vapour pressure; Po is saturated vapour 
pressure (note P/ Po for water is the relative humid-
ity), V  is the volume of gas adsorbed, Vmon is the 
volume of gas adsorbed at monolayer coverage and 
c is a constant.

If (P/ Po)/ (1 - (P/ Po)) V  is plotted as a function of 
P/ Po, the slope will be (c-1)/ (cVmon) and intercept 
1/ (cVmon). From this it  is possible to calculate Vmon, 
is the volume of the adsorbed gas which covers a 
monolayer. If the volume of gas is known, the 
number of gas molecules can be calculated, and then 
if the area occupied by each gas molecule is known, 
then the surface area of the solid is obtained.

The measured surface area can vary depending 
upon the gas/ vapour used to determine the iso-
therm. The most commonly used gas for surface 
area determination is nitrogen. The concept of 
fractal geometries brings into question all de nitions 
of length, and consequently surface area. The stand-
ard typical illustration of fractals is shown in Figure 
4.6, in which it  can be seen that the length of an 
irregular, rough object can be altered enormously 
depending upon the resolution used in its measure-
ment. For example, it  is easy to consider the length 
of coastline on low magni cation, but it  becomes 
hard to know at what magni cation one should 

Fig . 4.6 •  Schematic image to show that the same 
region of a surface seems to have a bigger surface area 
as the accuracy of measurement is  increased. 
Expanding part of the line on the left, gives a rougher 
surface (middle), expanding part of the middle gives 
further features (right image). 
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in ection points, the  rst  of which is termed W m 
(the water content at  the point which is thought to 
be the onset of monolayer coverage) and the second 
W f (the water content regarded as free). At all 
humidities below that which corresponds to W m the 
water can be regarded as tightly bound. At all points 
above W f the water is considered to be liquid at 
room temperature and freezable.

The condensation of water into capillaries is a 
consequence of the small pore sizes reducing the 
relative pressure at which condensation is possible. 
It  can be estimated that the relative humidity at 
which water would condense would be 99% for 
pores of 100 nm, but only 50% for pores of 1.5 nm. 
It  follows that materials which have surfaces which 
consist of many thousands of large volume micropo-
res will adsorb huge quantities of water by capillary 
condensation. Materials such as silica gel have this 
type of structure, but it  is comparatively rare to  nd 
pharmaceuticals which have microporous surfaces.

Water absorption

It is incorrect to assume that most pharmaceuticals 
are fully crystalline, or that most water association 
with pharmaceuticals is by adsorption. It  has already 
been stated that pharmaceuticals can have amor-
phous regions, and that  even those which are 
regarded as crystalline can have amorphous surfaces. 
Amorphous surfaces result from physical treatment 
moving surface molecules, and there being no 

It  is clear from the above paragraph that interac-
tion with water is essential at certain stages, but 
undesirable in other situations. Consequently, an 
understanding of how, why, where, when and how 
much water will associate with a solid is an impor-
tant issue in the development of pharmaceutical 
products. Water may interact with surfaces by 
adsorption and condensation, with some solids by 
absorption, as well as by inclusion into crystal struc-
tures as hydrates.

Water adsorption

Water is able to adsorb to a wide range of different 
materials over a wide range of temperature and 
humidity. Most gasses that have been mentioned so 
far, such as nitrogen, are thought to adsorb uni-
formly across surfaces, whilst  water is thought to 
selectively bind to polar regions of a solid surface. 
Thus, the extent of adsorption of water to a solid 
surface is related to the degree of polarity of the 
solid itself.

It  has been reported (van Campen et al., 1983; 
Kontny et al., 1987) that the adsorption of water 
onto most crystalline solids is not able to cause the 
solids to dissolve. This is because only a few layers 
of water molecules form as a ‘multilayer’ on solids, 
and this is a very small volume for dissolution. Fur-
thermore, the structure of water adsorbed to the 
surface of a solid is different to the tetrahedral 
structure of bulk water, so the adsorbed material 
cannot be expected to have the same properties as 
a solvent as would be expected of bulk water. G iven 
the observation of Kontny et al. (1987), that water 
which is adsorbed to the surface is only a few mol-
ecules thick and is not acting as bulk liquid, the 
question must be asked as to why water can have 
such a huge in uence on the properties of materials, 
and on their physical and chemical stability. It  can 
easily be calculated that  the quantities of water 
which are said to be associated with solids are greatly 
in excess of that which can be accommodated in a 
few layers around their surface. Water can also inter-
act with powders by being condensed in capillaries 
(or at other regions), or can be absorbed in amor-
phous regions, which is water that has the properties 
of bulk water and the ability to cause instability and 
spoilage.

The water content can be divided into different 
regions by considering the shape of the isotherm. 
The standard Type II isotherm (Fig. 4.7) has two 

Fig . 4.7 •  Water adsorption isotherm, showing Wm as 
the point where monolayer coverage will have occurred 
and Wf above which the water is considered to be ‘free’ 
and to have the properties of bulk water. 
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regions within the molecules of the material. Water 
has a Tg of about −138 °C, and as such can ef ciently 
plasticize many amorphous materials.

The process of ampli cation has been explained 
by Ahlneck and Zogra  (1990) who regard absorp-
tion into amorphous regions as being the preferred 
form of interaction between powders and water 
vapour. It  is argued that the amorphous regions are 
energetic ‘hot spots’, such that water would rather 
absorb than adsorb to the general surface. If we 
accept this hypothesis, which does seem entirely 
reasonable, then there must be great  concern about 
materials which have a very small amorphous 
content and a small amount of associated water. It  
is quite usual for materials to contain 0.5% moisture, 
which sounds insigni cant, however, if the material 
is 0.5% amorphous then it  is likely that  0.5 % mois-
ture is in 0.5% of the solid, and is thus present in a 
50 : 50 ratio of water to solid. This would provide a 
region of enormous potential for physical transition, 
chemical reaction or microbial spoilage. The example 
does not have to be as extreme as this; it  has been 
calculated (Ahlneck and Zogra , 1990) that only 0.1 
% moisture content is needed in a sucrose sample 
which is 1 % amorphous in order to plasticize the 
Tg of the amorphous sucrose to below room 
temperature.

It  is clear then that the critical drastic conse-
quences of water/ solid interaction are much more 
likely to result as a consequence of ampli cation of 
water into the minor regions of amorphous surface 
material, than by surface adsorption. It  follows that  
materials can be expected to change their properties 
as a consequence of any process which can re-order 
surface molecules, such as milling, spray drying, etc.

It  is worth restating that the great increases in 
molecular mobility that accompany the transit ion 
from glass to rubber state will be suf cient to trigger 
physical changes and to initiate, or speed up, chemi-
cal degradation processes. This can occur in any 
amorphous material, which includes surface regions 
of ‘crystalline’ drugs and excipients.

The presence of high proportions of water in 
amorphous regions of solids is often enough to 
promote surface recrystallisation. The surface need 
not have dissolved in the true dissolution sense of 
the word, but may simply have been plasticized to 
give suf cient reduction in viscosity to allow molec-
ular realignment. It  is now a matter of some com-
mercial interest that surfaces will behave in totally 
different manners depending upon whether they are 
partially amorphous, or crystalline, this will relate to 

mechanism by which they can recrystallize rapidly. 
The amorphous regions can result  in chemical insta-
bility, and altered interactions between surfaces.

For amorphous materials, experimental evidence 
points to water uptake being due to absorption of 
water, as the quantity of water sorbed is related to 
the weight of materials present, and not the surface 
area (as would be the case for adsorption). It  is also 
common for sorption and desorption isotherms for 
amorphous materials to show considerable hystere-
sis, despite the absence of microporous structure 
(the other main cause of such effects).

The interpretation of isotherms for systems 
which are suspected to have undergone absorption 
must be undertaken with care. The value W m, for 
example, will still exist as a Type II isotherm will be 
a common occurrence; however, it  can no longer be 
expected to represent monolayer coverage. For 
amorphous materials the value of W m re ects the 
polarity of the solid, the higher the value, the more 
polar the solid. The second in ection point (W f) for 
amorphous materials is believed to be the point at 
which the water has so plasticized the solid that the 
glass transit ion temperature (Tg) of the amorphous 
mass has fallen, such that it  now equals the tem-
perature of the experiment.

The glass transition temperature of an amorphous 
material is the point at  which it  shows a change in 
properties. Below the Tg materials are brittle and are 
said to be in the glass (or glassy) state. For example, 
window glass has a Tg of about 1000 °C, and as such 
is britt le at  ambient conditions. Above the Tg a 
material becomes more rubbery. It  is often desirable 
to have materials of a rubbery nature at room tem-
perature, for example for the production of bottles 
which are less prone to shatter than glass. It  is pos-
sible to mix another material with the main compo-
nent, the minor component will  t  between the 
molecules of the  rst , and will allow greater molecu-
lar movement, thus lowering Tg. The additive is 
called a plasticizer. It  is possible to estimate the 
effect of a plasticizer by use of the following simple 
equation:

 1  12  1  1  2  2/  /  /g  g  gT  W  T  W  T=  +  
(4.4)

where W 1 is the weight fraction of material 1 (with 
Tg= Tg1), and W 2 is the weight fraction of material 
2 (with Tg= Tg2) and Tg12 is the Tg of the mixture. 
Thus, a plasticizer is a material which has a lower Tg 
than the material, and which can gain access to 
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such a range of relative humidities above their satu-
rated solution is due to the colligative action of their 
respective molecules reducing the activity of water. 
The relative humidity produced in the vapour space 
above saturated solutions of certain salts is reported 
in Table 4.1.

Inve rs e  phas e  gas  
c hromatography (IGC)

As mentioned above, there are practical issues with 
measuring the contact angle for powdered systems. 
An alternative is to study the interaction between 
the powder and a vapour. G as chromatography is a 
well-established analytical method. A column is 
packed with a powder and a test  sample is injected 
into a constant  ow of gas that is passing through 
the column, which is held at  constant temperature. 
A detector is positioned at the end of the column. 
The test  sample will be carried through the column 
by the carrier gas, however as it  interacts with the 
powder in the column, components of the test  
sample will be slowed to different extents based on 
the extent of interaction between them and the 
powder in the column. This achieves separation and 
good analysis. Inverse phase gas chromatography is 
where a known substance is injected and the test  
material is the powder packed into the column. For 
example, the known gas could be hexane vapour and 
the powder packed in the column is the material for 
which we wish to know the nature of its surface. It  

ease of use, stability on storage and ease of manu-
facture (see examples in Chapter 8).

Deliquescence

Certain saturated solutions of salts are known to 
produce an atmosphere of a certain relative humid-
ity above their surface. If any of these salts are 
stored in solid form at any humidity above the 
values that would be produced above their saturated 
solutions, then they will dissolve in the vapour. If 
they are stored below that critical humidity value 
then they will adsorb water vapour, but will not 
dissolve. Such materials which dissolve in water 
vapour are known as deliquescent.

A major characteristic of deliquescent materials 
is that they are very soluble, and have a large colliga-
tive effect on the solution formed, such that the 
vapour pressure of water is drastically reduced by 
the presence of the dissolved solute. The stage of 
events in deliquescence is that some water is 
adsorbed/ absorbed. At a critical humidity, a small 
amount of the highly soluble solid dissolves, this 
lowers the vapour pressure of water, leading to 
extensive condensation, and an auto-catalytic 
process develops (i.e. as more solid dissolves the 
vapour pressure lowers, which causes more conden-
sation to occur, which causes more solid to dissolve). 
The process will continue until all the material has 
dissolved, or until the relative humidity falls below 
that which is exhibited above the saturated solution 
of the salt . The reason that different salts produce 

Table 4.1 The relative humidity (%) that is produced in a sealed air space above certain saturated solutions at 
different temperatures (data from Wade, 1980)

Temperature (°C) 10 15 20 25 30 35 40

Salt

Potassium sulfate  98  97  97  97  96  96  96

Potassium chloride  88  87  86  85  84  83  82

Sodium chloride  76  76  76  75  75  75  75

Magnesium nitrate  57  56  55  53  52  50  49

Potassium carbonate  47  44  44  43  43  43  42

Magnesium chloride  34  34  33  33  33  32  32

Potassium acetate  24  23  23  22  22  21  20

Lithium chloride  13  13  12  12  12  12  11
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would be usual to inject vapours of a series of 
alkanes, say hexane, heptane, octane, nonane, and 
also to inject a number of polar vapours. From the 
retention times of the injected vapour it  is possible 
to understand the dispersive surface energy (from 
the retention of the alkanes) and the polar surface 
energy (form the retention of polar probes) of the 
test solid. This allows the surface nature of different 
solids to be compared without the need to compact 
the sample and measure a contact angle.
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KE Y P O IN TS

•  Disperse sys tems  comprise one component, 
the disperse phase, dispersed as  particles  or 
droplets  throughout another component, the 
continuous  phase  They may be colloidal 
dispers ions  (1 nm−1 µm), such as  sur actant 
micelles  or coarse dispers ions  e g  emuls ions , 
suspens ions  or aerosols  

•  Colloids  can be broadly class if ed as :
•  lyophobic  (solvent hating) (= hydrophobic  in 

aqueous  sys tems) or
•  lyophilic  (= hydrophilic  in aqueous  

sys tems) 
•  The phys ical s tability o  disperse sys tems  is  

determined by  orces  o  interaction between the 
particles  including electrical double layer 
interaction, van der Waals  attraction, solvation 
 orces  and s teric repuls ion aris ing  rom 
adsorbed polymeric material  The s tability o  
lyophobic sys tems  may be explained 
quantitatively by the DLVO theory 

•  Emuls ions  are usually dispers ions  o  oil in water 
or water in oil, s tabilized by an inter acial f lm  
o  sur actant or hydrophilic polymer around  
the dispersed droplets   They are intrins ically 
uns table sys tems  and i  droplet growth is  
unchecked the emuls ion will separate into two 
phases  (i e   crack) 

•  Suspens ions  may be s tabilized by controlling 
the  occulation o  the dispersed particles   
by the addition o  electrolytes  or ionic 
sur actants  

•  Aqueous  sur actant solutions   orm micelles  
when the concentration o  sur actant exceeds   
a  critical value, termed the critical micelle 
concentration, determined by the chemical 
s tructure o  the sur actant and the external 
conditions   Micellar solutions  are s table 
dispers ions  within the true colloidal s ize range  
Unlike other colloidal dispers ions  there is  a  
dynamic equilibrium between the micelles  and 
the  ree sur actant molecules  in solution; the 
micelles  continuous ly breakdown and re orm  
in solution  The interior core o  typical micelles  
has  properties  s imilar to that o  a  liquid 
hydrocarbon, and is  a  s ite o  solubilization o  
poorly soluble drugs  

David Attwood
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It is because of the subdivision of matter in col-
loidal systems that they have special properties. A 
common feature of these systems is a large surface-
to-volume ratio of the dispersed particles. As a con-
sequence, there is a tendency for the particles to 
associate in order to reduce their surface area. Emul-
sion droplets, for example, eventually coalesce to 
form a macrophase, so attaining a minimum surface 
area and hence an equilibrium state. This chapter 
will examine how the stability of colloidal disper-
sions can be understood by a consideration of the 
forces acting between the dispersed particles. 
Approaches to the formulation of emulsions, sus-
pensions and aerosols will be described and the 
instability of these coarse dispersions will be dis-
cussed using a theory of colloid stability. The asso-
ciation of surface-active agents into micelles and the 
applications of these colloidal dispersions in the 
solubilization of poorly water-soluble drugs will also 
be considered.

Collo ids

Preparation o  colloidal sys tems

Lyophilic .colloids
The af nity of lyophilic colloids for the dispersion 
medium leads to the spontaneous formation of col-
loidal dispersions. For example, acacia, tragacanth, 
methylcellulose and certain other cellulose deriva-
tives readily disperse in water. This simple method 
of dispersion is a general one for the formation of 
lyophilic colloids.

Introduc tion

A disperse system consists essentially of one com-
ponent, the disperse phase, dispersed as particles or 
droplets throughout another component, the con-
tinuous phase. By de nit ion, those dispersions in 
which the size of the dispersed particles is within 
the range 10−9 m (1 nm) to about 10−6 m (1 µm) are 
termed colloidal. However, the upper size limit is 
often extended to include emulsions and suspen-
sions which are very polydisperse systems in which 
the droplet  size frequently exceeds 1 µm, but which 
show many of the properties of colloidal systems. 
Some examples of colloidal systems of pharmaceuti-
cal interest are shown in Table 5.1. Many natural 
systems such as suspensions of microorganisms, 
blood and isolated cells in culture are also colloidal 
dispersions.

This chapter will examine the properties of both 
coarse dispersions, such as emulsions, suspensions 
and aerosols, and also  ne dispersions, such as micel-
lar systems, which fall within the de ned size range 
of true colloidal dispersions.

Colloids can be broadly classi ed as those that 
are lyophobic (solvent-hating) and those that are 
lyophilic (solvent-liking). The terms hydrophobic 
and hydrophilic are used when the solvent is water. 
Surfactant molecules tend to associate in water into 
aggregates called micelles and these constitute 
hydrophilic colloidal dispersions. Proteins and gums 
also form lyophilic colloidal systems because of a 
similar af nity between the dispersed particles and 
the continuous phase. On the other hand, disper-
sions of oil droplets in water or water droplets in oil 
are examples of lyophobic dispersions.

Table 5.1 Types of disperse systems

Dispersed phase Dispersion medium Name Examples

Liquid Gas Liquid aerosol Fogs, mists, aerosols

Solid Gas Solid aerosol Smoke, powder aerosols

Gas Liquid Foam Foam on surfactant solutions

Liquid Liquid Emulsion Milk, pharmaceutical emulsions

Solid Liquid Sol, suspension Silver iodide sol, aluminium hydroxide suspension

Gas Solid Solid foam Expanded polystyrene

Liquid Solid Solid emulsion Liquids dispersed in soft paraf n, opals, pearls

Solid Solid Solid suspension Pigmented plastics, colloidal gold in glass, ruby glass
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Lyophobic .colloids
The preparative methods for lyophobic colloids may 
be divided into those methods that  involve the 
breakdown of larger particles into particles of col-
loidal dimensions (dispersion methods) and those in 
which the colloidal particles are formed by aggrega-
tion of smaller particles such as molecules (conden-
sation methods).
D ispersion methods. The breakdown of coarse 
material may be carried out by the use of a colloid 
mill or ultrasonics.
Colloid mills. These mills cause the dispersion of 
coarse material by shearing in a narrow gap between 
a static cone (the stator) and a rapidly rotating cone 
(the rotor).
Ultrasonic treatment. The passage of ultrasonic waves 
through a dispersion medium produces alternating 
regions of cavitation and compression in the medium. 
The cavities collapse with great force and cause the 
breakdown of coarse particles dispersed in the liquid.

With both these methods the particles will tend 
to reunite unless a stabilizing agent such as a surface-
active agent is added.
Condensa tion methods. These involve the rapid 
production of supersaturated solutions of the col-
loidal material under conditions in which it  is depos-
ited in the dispersion medium as colloidal particles 
and not as a precipitate. The supersaturation is often 
obtained by means of a chemical reaction that 
results in the formation of the colloidal material. For 
example, colloidal silver iodide may be obtained by 
reacting together dilute solutions of silver nitrate 
and potassium iodide; colloidal sulphur is produced 
from sodium thiosulfate and hydrochloric acid solu-
tions; and ferric chloride boiled with excess of water 
produces colloidal hydrated ferric oxide.

A change of solvent may also cause the production 
of colloidal particles by condensation methods. If a 
saturated solution of sulphur in acetone is poured 
slowly into hot water, the acetone vaporizes, leaving 
a colloidal dispersion of sulphur. A similar dispersion 
may be obtained when a solution of a resin, such as 
benzoin in alcohol, is poured into water.

Purif cation o  colloidal sys tems

Dia lys is
Colloidal particles are not retained by conventional 
 lter papers but are too large to diffuse through the 

pores of membranes such as those made from regen-
erated cellulose products, e.g. collodion (cellulose 
nitrate evaporated from a solution in alcohol and 
ether) and cellophane. The smaller molecules in 
solution are able to pass through these membranes. 
Use is made of this difference in diffusibility to 
separate micromolecular impurities from colloidal 
dispersions. The process is known as dialysis. The 
process of dialysis may be hastened by st irring so as 
to maintain a high concentration gradient of diffus-
ible molecules across the membrane and by renew-
ing the outer liquid from time to time.
Ultra  ltra tion. By applying pressure (or suction), 
the solvent and small particles may be forced across 
a membrane whilst the larger colloidal particles are 
retained. The process is referred to as ultra ltration. 
It is possible to prepare membrane  lters with known 
pore size and use of these allows the particle size of 
a colloid to be determined. However, particle size 
and pore size cannot be properly correlated because 
the membrane permeability is affected by factors 
such as electrical repulsion, when both the mem-
brane and particle carry the same charge, and particle 
adsorption which can lead to blocking of the pores.
Electrodia lysis. An electric potential may be 
used to increase the rate of movement of ionic 
impurities through a dialysing membrane and so 
provide a more rapid means of puri cation. The 
concentration of charged colloidal particles at one 
side and at the base of the membrane is termed 
electrodecantation.

Properties  o  colloids

Size .and .s hape .of.colloida l.pa rtic les

Size distr ibution. Within the size range of colloidal 
dimensions speci ed above, there is often a wide 
distribution of sizes of the dispersed colloidal parti-
cles. The molecular weight or particle size is there-
fore an average value, the magnitude of which is 
dependent on the experimental technique used in its 
measurement. When determined by the measure-
ment of colligative properties such as osmotic pres-
sure, a number average value, M n, is obtained which, 
in a mixture containing n1, n2, n3, … moles of particle 
of mass M 1, M 2, M 3, … respectively, is de ned by:

 M  n M  n M  n M
n  n  n

n M
nn
i  i

i
=  +  +  +

+  +  +
 = ∑

∑
1  1  2  2  3  3

1  2  3

…
…

 

(5.1)
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Brownian motion, diffusion and osmosis. G ravity (or 
a centrifugal  eld) leads to sedimentation. Viscous 
 ow is the result of an externally applied force. 
Measurement of these properties enables molecular 
weights or particle size to be determined.
Brownia n motion. Colloidal particles are subject 
to random collisions with the molecules of the dis-
persion medium with the result  that each particle 
pursues an irregular and complicated zigzag path. 
If the particles (up to about 2 µm diameter) 
are observed under a microscope or the light 
scattered by colloidal particles is viewed using an 
ultramicroscope, an erratic motion is seen. This 
movement is referred to as Brownian motion after 
Robert Brown who  rst  reported his observation of 
this phenomenon with pollen grains suspended in 
water.
Diffusion. As a result of Brownian motion, col-
loidal particles spontaneously diffuse from a region 
of higher concentration to one of lower concentra-
tion. The rate of diffusion is expressed by Fick’s 
First Law. One form of this relationship is shown in 
Equation 5.3.

 d
d

d
d

m
t

 DA  C
x

= −  

(5.3)

where dm is the mass of substance diffusing in time 
dt across an area A under the in uence of a concen-
tration gradient dC / dx (the minus sign denotes that 
diffusion takes place in the direction of decreasing 
concentration). D is the diffusion coef cient and has 
the dimensions of area per unit t ime. The diffusion 
coef cient of a dispersed material is related to the 
frictional coef cient, f, of the particles by Einstein’s 
Law of Diffusion:

 Df  k  T= B  
(5.4)

where kB is the Boltzmann constant and T 
temperature.

Therefore, as the frictional coef cient is given by 
the Stokes equation:

 f  a= 6πη  
(5.5)

where η  is the viscosity of the medium and a the 
radius of the particle (assuming sphericity), then:

In the light-scattering method for the measurement 
of particle size, larger particles produce greater scat-
tering and the weight rather than the number of 
particles is important, giving a weight-average value, 
M w, de ned by:

 M  m M  m M  m M
m  m  m

n M
n Mw

i  i
2

i  i
=  +  +  +

+  +  +
 = ∑

∑
1  1  2  2  3  3

1  2  3

…
…

 

(5.2)

In Equation 5.2, m1, m2, and m3 … are the masses 
of each species, and m i is obtained by multiplying 
the mass of each species by the number of particles 
of that species; that is, m i = niM i. A consequence is 
that M w > M n, and only when the system is mono-
disperse will the two averages be identical. The ratio 
M w/ M n expresses the degree of polydispersity of the 
system.
Sha pe. Many colloidal systems, including emul-
sions, liquid aerosols and most dilute micellar solu-
tions, contain spherical particles. Small deviations 
from sphericity are often treated using ellipsoidal 
models. Ellipsoids of revolution are characterized 
by their axial ratio, which is the ratio of the half- 
axis a to the radius of revolution b (see Fig. 5.1). 
Where this ratio is greater than unity, the ellipsoid 
is said to be a prolate ellipsoid (rugby ball shaped), 
and when less than unity an oblate ellipsoid 
(discus-shaped).

High molecular weight polymers and naturally 
occurring macromolecules often form random coils 
in aqueous solution. Clay suspensions are examples 
of systems containing plate-like particles.

Kine tic .properties
In this section several properties of colloidal systems, 
which relate to the motion of particles with respect 
to the dispersion medium, will be considered. 
Thermal motion manifests itself in the form of 

Fig . 5.1 •  Model representation of ellipsoids of 
revolution. 

a

b

a

b
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 eld until sedimentation and diffusion tendencies 
balance one another, and an equilibrium distribution 
of particles throughout the sample is attained.
Sedimentation velocity. The velocity dx/ dt of a par-
t icle in a unit centrifugal force can be expressed in 
terms of the Svedberg coef cient s:

 s  dx  dt  x= (  )/  /ω 2  
(5.9)

Under the in uence of the centrifugal force, parti-
cles pass from position x1 at t ime t1 to position x2 at  
t ime t2. The differences in concentration with time 
can be measured using changes in refractive index 
and the application of the schlieren optical arrange-
ment, whereby photographs can be taken showing 
these concentrations as peaks. The expression giving 
molecular weight M  from this method is:

 M  RTs
D  v

RT  x  x
D  v  t  t

=
−

 =
−  −(  )  (  )(  )1  1

2  1

2  1
 2ρ  ρ  ω

ln  /
 

(5.10)

where v  is the partial speci c volume of the 
particle.
Sedimentation equilibrium. Equilibrium is estab-
lished when sedimentation and diffusional forces 
balance.

Combination of sedimentation and diffusion 
equations is made in the analysis giving:

 M  RT  C  C
x  x

=
−  −

2
1

2  1
2

2
2

1
2

ln
(  )(  )

/
ω  νρ

 

(5.11)

where C 1 and C 2 are the sedimentation equilibrium 
concentrations at distances x1 and x2 from the axis 
of rotation. A disadvantage of the sedimentation 
equilibrium method is the length of time required 
to attain equilibrium, often as long as several days. 
A modi cation of the method in which measure-
ments are made in the early stages of the approach 
to equilibrium signi cantly reduces the overall 
measurement time.
O smotic pressure. The determination of molecu-
lar weights of dissolved substances from colligative 
properties such as the depression of freezing point 
or the elevation of boiling point is a standard proce-
dure. However, of the available methods, only 
osmotic pressure has a practical value in the study 
of colloidal particles because of the magnitude of 

 
D  k T

a
RT

aN
=  =B

A6  6πη  πη  
(5.6)

N A is the Avogadro constant, R is the universal gas 
constant and kB = R/N A. The diffusion coef cient 
may be obtained by an experiment measuring the 
change in concentration, via refractive index gradi-
ents, when the solvent is carefully layered over the 
solution to form a sharp boundary and diffusion is 
allowed to proceed. A more commonly used method 
is that of dynamic light scattering which is based on 
the frequency shift  of laser light as it  is scattered by 
a moving particle, the so-called Doppler shift . The 
diffusion coef cient can be used to obtain the 
molecular weight of an approximately spherical par-
ticle, such as egg albumin and haemoglobin, by using 
Equation 5.5 in the form:

 D  RT
N

N
M

=
6

4
3

3

πη
π
νA

A  

(5.7)

where M  is the molecular weight and v  is the partial 
speci c volume of the colloidal material.
Sedimenta tion. Consider a spherical particle of 
radius a and density σ  falling in a liquid of density 
ρ and viscosity η . The velocity v of sedimentation is 
given by Stokes’ Law:

 v  a  g=  −2  92 (  )σ  ρ  η/  
(5.8)

where g is acceleration due to gravity.
If the particles are only subjected to the force of 

gravity then, due to Brownian motion, the lower size 
limit of particles obeying Equation 5.8 is about 
0.5 µm. A stronger force than gravity is therefore 
needed for colloidal particles to sediment and use is 
made of a high-speed centrifuge, usually termed an 
ultracentrifuge, which can produce a force of about 
106 g. In a centrifuge, g is replaced by ω2x, where ω 
is the angular velocity and x the distance of the 
particle from the centre of rotation.

The ultracentrifuge is used in two distinct ways 
in investigating colloidal material. In the sedimenta-
tion velocity method, a high centrifugal  eld is 
applied, up to about 4 × 105 g, and the movement 
of the particles, monitored by changes in concentra-
tion, is measured at speci ed time intervals. In the 
sedimentation equilibrium method, the colloidal 
material is subjected to a much lower centrifugal 
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correct for this effect or eliminate it , the results of 
osmotic pressure measurements on charged colloi-
dal particles such as proteins will be invalid.
Viscosity. Viscosity is an expression of the resist-
ance to  ow of a system under an applied stress. An 
equation of  ow applicable to colloidal dispersions 
of spherical particles was developed by Einstein:

 η  η  φ=  +o(  .  )1  2 5  
(5.13)

where η o is the viscosity of the dispersion medium 
and η  the viscosity of the dispersion when the 
volume fraction of colloidal particles present is ϕ.

A number of viscosity coef cients may be de ned 
with respect to Equation 5.13. These include rela-
tive viscosity:

 η  η  η  φrel  o/=  =  +1  2 5.  
(5.14)

and speci c viscosity:

 η  η  φ  η  φsp  rel  spor  /=  −  =  =1  2 5  2 5.  .  
(5.15)

Since volume fraction is directly related to concen-
tration, Equation 5.15 may be written as:

 ηsp / C  k=  
(5.16)

where C  is the concentration expressed as grams of 
colloidal particles per 100 mL of total dispersion 
and k is a constant. If η  is determined for a number 
of concentrations of macromolecular material in 
solution and η sp/ C  is plotted versus C  then the 
intercept obtained on extrapolation of the linear 
plot  to in nite dilution is known as the intrinsic 
viscosity [η ].

This constant may be used to calculate the molec-
ular weight of the macromolecular material by 
making use of the Mark–Houwink equation:

 [  ]η  = KM α  
(5.17)

where K and α  are constants characteristic of the 
particular polymer-solvent system. These constants 
are obtained initially by determining [η ] for a 
polymer fraction whose molecular weight has been 

the changes in the properties. For example, the 
depression of freezing point of a 1% w/ v solution of 
a macromolecule of molecular weight 70 000 Da is 
only 0.0026 K, far too small to be measured with 
suf cient accuracy by conventional methods and 
also very sensitive to the presence of low molecular 
weight impurities. In contrast, the osmotic pressure 
of this solution at 20 °C would be 350 N m−2 or 
about 35 mm of water. Not only does the osmotic 
pressure provide an effect that  is measurable, but 
also the effect of any low molecular weight material, 
which can pass through the membrane, is virtually 
eliminated.

However, the usefulness of osmotic pressure 
measurement is limited to a molecular weight range 
of about 104−106 Da; below 104 Da the membrane 
may be permeable to the molecules under consid-
eration and above 106 Da the osmotic pressure will 
be too small to permit accurate measurement.

If a solution and solvent are separated by a semi-
permeable membrane, the tendency to equalize 
chemical potentials (and hence concentrations) on 
either side of the membrane results in a net diffu-
sion of solvent across the membrane. The pressure 
necessary to balance this osmotic  ow is termed the 
osmotic pressure.

For a colloidal solution the osmotic pressure, Π, 
can be described by:

 Π / /C  RT  M  BC=  +  
(5.12)

where C  is the concentration of the solution, M  the 
molecular weight of the solute and B a constant 
depending on the degree of interaction between the 
solvent and solute molecules.

Thus a plot of Π/ C  versus C  is linear with the 
value of the intercept at C  → 0 giving RT/M  ena-
bling the molecular weight of the colloid to be cal-
culated. The molecular weight obtained from 
osmotic pressure measurements is a number-average 
value.

A potential source of error in the determination 
of molecular weight from osmotic pressure meas-
urements arises from the Donnan membrane effect. 
The diffusion of small ions through a membrane will 
be affected by the presence of a charged macromol-
ecule that is unable to penetrate the membrane 
because of its size. At equilibrium, the distribution 
of the diffusible ions is unequal, being greater on the 
side of the membrane containing the non-diffusible 
ions. Consequently, unless precautions are taken to 
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use in the determination of the molecular weight of 
colloidal particles by Debye who derived the follow-
ing relationship between turbidity and molecular 
weight:

 HC  M  BC/  /τ  =  +1  2  
(5.20)

C  is the concentration of the solute and B an interac-
tion constant allowing for non-ideality. H  is an 
optical constant for a particular system depending 
on the refractive index change with concentration 
and the wavelength of light used. A plot of HC / τ  
against concentration results in a straight line of 
slope 2B. The intercept on the HC / τ  axis is 1/ M , 
allowing the molecular weight to be calculated. The 
molecular weight derived by the light-scattering 
technique is a weight-average value.

Light-scattering measurements are particularly 
suitable for  nding the size of the micelles of 
surface-active agents and for the study of proteins 
and natural and synthetic polymers.

For spherical particles, the upper limit of the 
Debye equation is a particle diameter of approxi-
mately one-twentieth of the wavelength λ  of the 
incident light; that is, about 20–25 nm. The light-
scattering theory becomes more complex when one 
or more dimensions exceed λ / 20 because the parti-
cles can no longer be considered as point sources of 
scattered light. By measuring the light scattering 
from such particles as a function of both the scat-
tering angle θ and the concentration C , and extrapo-
lating the data to zero angle and zero concentration, 
it  is possible to obtain information on not only the 
molecular weight but also the particle shape.

Because the intensity of the scattered light is 
inversely proportional to the fourth power of the 
wavelength of the light used, blue light (λ  = 450 nm) 
is scattered much more than red light (λ  = 650 nm). 
With incident white light, a scattering material will 
therefore tend to be blue when viewed at right 
angles to the incident beam, which is why the sky 
appears to be blue, the scattering arising from dust 
particles in the atmosphere.
Ultra microscopy. Colloidal particles are too small 
to be seen with an optical microscope. Light scat-
tering is employed in the ultramicroscope  rst  
developed by Zsigmondy, in which a cell containing 
the colloid is viewed against a dark background at 
right angles to an intense beam of incident light. The 
particles, which exhibit  Brownian motion, appear as 
spots of light against the dark background. The 

determined by another method such as sedimenta-
tion, osmotic pressure or light scattering. The 
molecular weight of the unknown polymer fraction 
may then be calculated. This method is suitable for 
use with polymers, such as dextrans used as blood 
plasma substitutes.

Optica l.p roperties

Light sca tter ing. When a beam of light is passed 
through a colloidal sol (dispersion of very  ne par-
ticles), some of the light may be absorbed (when 
light of certain wavelengths is selectively absorbed, 
a colour is produced), some is scattered and the 
remainder is transmitted undisturbed through the 
sample. Due to the light scattered, the sol appears 
turbid; this is known as the Tyndall effect. The tur-
bidity of a sol is given by the expression:

 I I=  −
o exp  τ1  

(5.18)

where Io is the intensity of the incident beam, I that  
of the transmitted light beam, l the length of the 
sample and τ  the turbidity.

Light-scattering measurements are of great value 
for estimating particle size, shape and interactions, 
particularly of dissolved macromolecular materials, 
as the turbidity depends on the size (molecular 
weight) of the colloidal material involved. Measure-
ments are simple in principle but experimentally 
dif cult because of the need to keep the sample free 
from dust, the particles of which would scatter light 
strongly and introduce large errors.

As most colloids show very low turbidities, 
instead of measuring the transmitted light (which 
may differ only marginally from the incident beam), 
it  is more convenient and accurate to measure the 
scattered light, at an angle (usually 90°) relative to 
the incident beam. The turbidity can then be calcu-
lated from the intensity of the scattered light, pro-
vided the dimensions of the particle are small 
compared to the wavelength of the incident light, 
by the expression:

 τ  π= 16
3  90R  

(5.19)

R90 is known as the Rayleigh ratio after Lord Rayleigh 
who laid the foundations of the light-scattering 
theory. The light-scattering theory was modi ed for 
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the model system of polystyrene latex which fre-
quently has carboxylic acid groupings at the surface 
which ionize to give negatively charged particles. In 
a similar way, acidic drugs such as ibuprofen and 
nalidixic acid also acquire a negative charge.

Amino acids and proteins acquire their charge 
mainly through the ionization of carboxyl and amino 
groups to give –COO − and NH 3

+ ions. The ionization 
of these groups and so the net molecular charge 
depends on the pH of the system. At a pH below 
the pKa of the COO − group the protein will be 
positively charged because of the protonation of this 
group, –COO – → COOH, and the ionization of the 
amino group, –NH 2 → –NH 3

+, which has a much 
higher pKa. At higher pH, where the amino group is 
no longer ionized, the net  charge on the molecule is 
negative because of the ionization of the carboxyl 
group. At a certain de nite pH, speci c for each 
individual protein, the total number of positive 
charges will equal the total number of negative 
charges and the net charge will be zero. This pH is 
termed the isoelectric point of the protein and the 
protein exists as its zwitterion. This may be repre-
sented as follows:

R  NH2  COO− Alkaline solution
↓↑

R  NH3
+  COO− Isoelectric point

(zwitterion)
↓↑

R  NH3
+  COOH Acidic solution

A protein is least soluble (the colloidal sol is least 
stable) at  its isoelectric point and is readily desol-
vated by very water-soluble salts such as ammonium 
sulfate. Thus insulin may be precipitated from 
aqueous alcohol at pH 5.2.
Ion adsorption. A net surface charge can be 
acquired by the unequal adsorption of oppositely 
charged ions. Surfaces in water are more often nega-
tively charged than positively charged, because 
cations are generally more hydrated than anions. 
Consequently, the former have the greater tendency 
to reside in the bulk aqueous medium whereas the 
smaller, less hydrated and more polarizing anions 
have the greater tendency to reside at the particle 
surface. Surface-active agents are strongly adsorbed 
and have a pronounced in uence on the surface 
charge, imparting either a positive or negative charge 
depending on their ionic character.
The electr ica l double la yer. Consider a solid 
charged surface in contact with an aqueous solution 

ultramicroscope is used in the technique of micro-
electrophoresis for measuring particle charge.
Electron microscopy. The electron microscope, 
capable of giving actual pictures of the particles, is 
used to observe the size, shape and structure of col-
loidal particles. The success of the electron micro-
scope is due to its high resolving power, de ned in 
terms of d, the smallest distance by which two 
objects are separated yet remain distinguishable. 
The smaller the wavelength of the radiation used, 
the smaller is d and the greater the resolving power. 
An optical microscope, using visible light as its radia-
t ion source, gives a d of about 0.2 µm. The radiation 
source of the electron microscope is a beam of high-
energy electrons having wavelengths in the region of 
0.01 nm; d is thus about 0.5 nm. The electron 
beams are focused using electromagnets and the 
whole system is under a high vacuum of about 
10−3–10−5 Pa to give the electrons a free path. With 
wavelengths of the order indicated, the image cannot 
be viewed directly, so the image is displayed on a 
monitor or computer screen.

A major disadvantage of the electron microscope 
for viewing colloidal particles is that normally only 
dried samples can be examined. Consequently, it  
usually gives no information on solvation or con gu-
ration in solution and, moreover, the particles may 
be affected by sample preparation. A recent devel-
opment which overcomes these problems is environ-
mental scanning electron microscopy (ESEM) which 
allows the observation of material in the wet state.

Elec trica l.propertie s
Electr ica l properties of inter fa ces. Most surfaces 
acquire a surface electric charge when brought into 
contact with an aqueous medium, the principal 
charging mechanisms being as follows.
Ion dissolution. Ionic substances can acquire a 
surface charge by virtue of unequal dissolution of the 
oppositely charged ions of which they are composed. 
For example, the particles of silver iodide in a solu-
tion with excess [I−] will carry a negative charge, but 
the charge will be positive if excess [Ag+] is present. 
Since the concentrations of Ag+ and I− determine the 
electric potential at the particle surface, they are 
termed potential-determining ions. In a similar way, 
H+ and OH − are potential-determining ions for metal 
oxides and hydroxides of, for example, magnesium 
and aluminium hydroxides.
Ionization. Here the charge is controlled by the 
ionization of surface groupings; examples include 
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held at the surface by electrostatic attraction and the 
centre of these hydrated ions forms the Stern plane.

The potential changes linearly from ψo (the 
surface potential) to ψδ, (the Stern potential) in the 
Stern layer and decays exponentially from ψδ to 
zero in the diffuse double layer (Fig. 5.2b). A plane 
of shear is also indicated in Figure 5.2. In addition 
to ions in the Stern layer, a certain amount of solvent 
will be bound to the ions and the charged surface. 
This solvating layer is held to the surface, and the 
edge of the layer, termed the surface or plane of 
shear, represents the boundary of relative movement 
between the solid (and attached material) and the 
liquid. The potential at  the plane of shear is termed 
the zeta, ζ , or electrokinetic, potential and its mag-
nitude may be measured using microelectrophoresis 
or any other of the electrokinetic phenomena. The 
thickness of the solvating layer is ill-de ned and the 
zeta potential therefore represents a potential at an 
unknown distance from the particle surface; its 
value, however, is usually taken as being slightly less 
than that of the Stern potential.

In the discussion above, it was stated that the 
Stern plane existed at a hydrated ion radius from the 
particle surface; the hydrated ions are electrostati-
cally attracted to the particle surface. It is possible 
for ions/molecules to be more strongly adsorbed at 
the surface, termed speci c adsorption, than by 
simple electrostatic attraction. In fact, the speci cally 
adsorbed ion/molecule may be uncharged as is the 

containing positive and negative ions. The surface 
charge in uences the distribution of ions in the 
aqueous medium; ions of opposite charge to that of 
the surface, termed counter-ions, are attracted 
towards the surface, ions of like charge, termed co-
ions, are repelled away from the surface. However, 
the distribution of the ions will also be affected by 
thermal agitation which will tend to redisperse the 
ions in solution. The result  is the formation of an 
electrical double layer made up of the charged 
surface and a neutralizing excess of counter-ions 
over co-ions (the system must be electrically neutral) 
distributed in a diffuse manner in the aqueous 
medium.

The theory of the electric double layer deals with 
this distribution of ions and hence with the magni-
tude of the electric potentials which occur in the 
locality of the charged surface. For a fuller explana-
tion of what is a rather complicated mathematical 
approach, the reader is referred to a textbook of 
colloid science (e.g. Shaw 1992). A somewhat sim-
pli ed picture of what pertains from the theories of 
G ouy, Chapman and Stern follows.

The double layer is divided into two parts (see Fig. 
5.2a): the inner, which may include adsorbed ions, 
and the diffuse part where ions are distributed as 
in uenced by electrical forces and random thermal 
motion. The two parts of the double layer are sepa-
rated by a plane, the Stern plane, at about a hydrated 
ion radius from the surface; thus counter-ions may be 

Fig . 5.2 •  The electric double layer. (a) Schematic representation. (b) Changes in potential with distance from 
particle surface. 

a  b
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potential but electrophoresis is the easiest to use and 
has the greatest pharmaceutical application.
Electrophoresis. The movement of a charged parti-
cle (plus attached ions) relative to a stationary liquid 
under the in uence of an applied electric  eld is 
termed electrophoresis. When the movement of the 
particles is observed with a microscope, or the 
movement of light spots scattered by particles too 
small to be observed with the microscope is 
observed using an ultramicroscope, this constitutes 
microelectrophoresis.

A microscope equipped with an eyepiece grati-
cule is used and the speed of movement of the 
particle under the in uence of a known electric  eld 
is measured. This is the electrophoretic velocity, v, 
and the electrophoretic mobility, u, is given by:

 u  v  E= /  
(5.21)

where v is measured in m s−1, and E, the applied 
 eld strength, in V m−1, so that u has the dimensions 
of m2 s−1 V−1. Typically, a stable lyophobic colloidal 
particle may have an electrophoretic mobility of 
4 × 10−8 m2 s−1 V−1. The equation used for converting 
the electrophoretic mobility, u, into the zeta poten-
tial depends on the value of κa (κ is the Debye–
Hückel reciprocal length parameter described 
previously and a the particle radius). For values of 
κa > 100 (as is the case for particles of radius 1 µm 
dispersed in 10−3 mol dm−3 sodium chloride solu-
tion) the Smoluchowski equation can be used:

case with non-ionic surface-active agents. Surface-
active ions speci cally adsorb by the hydrophobic 
effect and can have a signi cant effect on the Stern 
potential, causing ψo and ψδ to have opposite signs, as 
in Figure 5.3a, or for ψδ to have the same sign as ψo 
but be greater in magnitude, as in Figure 5.3b.

Figure 5.2b shows an exponential decay of the 
potential to zero with distance from the Stern plane. 
The distance over which this occurs is 1/κ, referred 
to as the Debye–Hückel length parameter or the 
thickness of the electrical double layer. The param-
eter κ is dependent on the electrolyte concentration 
of the aqueous media. Increasing the electrolyte 
concentration increases the value of κ and conse-
quently decreases the value of 1/κ; that is, it  com-
presses the double layer. As ψδ stays constant this 
means that the zeta potential will be lowered.

As indicated earlier, the effect of speci cally 
adsorbed ions may be to lower the Stern potential 
and hence the zeta potential without compressing 
the double layer. Thus the zeta potential may be 
reduced by additives to the aqueous system in either 
(or both) of two different ways.
Electrokinetic phenomena . This is the general 
description applied to the phenomena that arise 
when attempts are made to shear off the mobile part 
of the electrical double layer from a charged surface. 
There are four such phenomena: namely, electro-
phoresis, sedimentation potential, streaming poten-
tial and electroosmosis. All of these electrokinetic 
phenomena may be used to measure the zeta 

Fig . 5.3 •  Changes in potential with distance from solid surface. (a) Reversal of charge sign of Stern potential ψδ, 
due to adsorption of surface-active or polyvalent counter-ion. (b) Increase in magnitude of Stern potential ψδ, due 
to adsorption of surface-active co-ions. 

a  b
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Aggregation is a general term signifying the col-
lection of particles into groups. Coagulation signi es 
that the particles are closely aggregated and dif cult  
to redisperse – a primary minimum phenomenon 
of the DLVO theory of colloid stability (see next 
section). In  occulation, the aggregates have an open 
structure in which the particles remain a small dis-
tance apart from one another. This may be a second-
ary minimum phenomenon (see the DLVO theory) 
or a consequence of bridging by a polymer or poly-
electrolyte, as explained later in this chapter.

As a preliminary to discussion on the stability of 
colloidal dispersions, a comparison of the general 
properties of lyophobic and lyophilic sols is given in 
Table 5.2.
Sta bility of lyophobic systems (DLVO  theor y). 
In considering the interaction between two colloidal 
particles, Derjaguin and Landau and, independently, 
Verwey and Overbeek in the 1940s produced a 
quantitative approach to the stability of hydropho-
bic sols. In what has come to be known as the DLVO  
theory of colloid stability, they assumed that the 
only interactions involved are electrical repulsion, 
VR, and van der Waals attraction, VA, and that these 
parameters are additive. Therefore the total poten-
tial energy of interaction VT (expressed schemati-
cally in the curve shown in Fig. 5.4) is given by:

 V V VT  A  R=  +  
(5.23)

Repulsive forces between particles. Repulsion bet-
ween particles arises due to the osmotic effect pro-
duced by the increase in the number of charged 
species on overlap of the diffuse parts of the electri-
cal double layer. No simple equations can be given 
for repulsive interactions; however, it  can be shown 
that the repulsive energy that exists between two 
spheres of equal but small surface potential is 
given by:

 V  a  HR  o=  −2  2πε  ψ  κexp[  ]  
(5.24)

where ε is the permittivity of the polar liquid, a the 
radius of the spherical particle of surface potential 
ψo, κ is the Debye–Hückel reciprocal length param-
eter and H  the distance between particles. An esti-
mation of the surface potential can be obtained from 
zeta potential measurements. As can be seen, the 
repulsion energy is an exponential function of the 

 u = εζ  η/  
(5.22)

where ε is the permittivity and η  the viscosity 
of the liquid used. For particles in water at 25 °C, 
ζ  = 12.85 × 10−5 u volts and, for the mobility given 
above, a zeta potential of 0.0514 volts or 51.4 
millivolts is obtained. For values of κa < 100, a more 
complex relationship which is a function of κa and 
the zeta potential is used.

The technique of microelectrophoresis  nds 
application in the measurement of zeta potentials, 
of model systems (like polystyrene latex disper-
sions) to test colloid stability theory, of coarse dis-
persions (like suspensions and emulsions) to assess 
their stability, and in identi cation of charge groups 
and other surface characteristics of water-insoluble 
drugs and cells such as blood and bacteria.

O ther electrokinetic phenomena The other elec-
trokinetic phenomena are as follows. Sedimentation 
potential, the reverse of electrophoresis, is the elec-
tric  eld created when particles sediment; streaming 
potential, the electric  eld created when liquid is 
made to  ow along a stationary charged surface, 
e.g. a glass tube or a packed powder bed; and elec-
troosmosis, the opposite of streaming potential, the 
movement of liquid relative to a stationary charged 
surface, e.g. a glass tube, by an applied electric  eld.

Phys ical s tability o   
colloidal sys tems

In colloidal dispersions, frequent encounters bet-
ween the particles occur due to Brownian move-
ment. Whether these collisions result  in permanent 
contact of the particles (coagulation), which leads 
eventually to the destruction of the colloidal system 
as the large aggregates formed sediment out, or tem-
porary contact ( occulation) or whether the parti-
cles rebound and remain freely dispersed (a stable 
colloidal system) depends on the forces of interac-
tion between the particles.

These forces can be divided into three groups: 
electrical forces of repulsion, forces of attraction 
and forces arising from solvation. An understanding 
of the  rst  two explains the stability of lyophobic 
systems, and all three forces must be considered in 
a discussion of the stability of lyophilic dispersions. 
Before considering the interaction of these forces, it  
is necessary to de ne the terms aggregation, coagu-
lation and  occulation as used in colloid science.
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Fig . 5.4 •  Schematic curve of total potential energy of interaction, VT, versus distance of separation, H, for two 
particles. VT = VR + VA. 

Table 5.2 Comparison of properties of lyophobic and lyophilic sols

Property Lyophobic Lyophilic

Effect of 
electrolytes

Very sensitive to added electrolyte, leading to 
aggregation in an irreversible manner. Depends on:
(a) type and valency of counter ion of electrolyte, 
e.g. with a negatively charged sol. La3+ > Ba2+ > Na+

(b) Concentration of electrolyte. At a particular 
concentration sol passes from disperse to aggregated 
state. For the electrolyte types in (a) the concentrations 
are about 10−4, 10−3, 10−1 mol dm−3 respectively.
These generalizations, (a) and (b), form what is 
known as the Schulze−Hardy rule

Dispersions are stable generally in the 
presence of electrolytes. May be salted out by 
high concentrations of very soluble 
electrolytes. Effect is due to desolvation of the 
lyophilic molecules and depends on the 
tendency of the electrolyte ions to become 
hydrated. Proteins more sensitive to 
electrolytes at their isoelectric points. 
Lyophilic colloids when salted out may appear 
as amorphous droplets known as a coacervate

Stability Controlled by charge on particles Controlled by charge and solvation of particles

Formation of 
dispersion

Dispersions usually of metals, inorganic crystals, 
etc., with a high interfacial surface-free energy due 
to large increase in surface area on formation. A 
positive ΔG of formation, dispersion will never form 
spontaneously and is thermodynamically unstable. 
Particles of sol remain dispersed due to electrical 
repulsion

Generally proteins, macromolecules, etc., 
which disperse spontaneously in a solvent. 
Interfacial free energy is low. There is a large 
increase in entropy when rigidly held chains 
of a polymer in the dry state unfold in 
solution. The free energy of formation is 
negative, a stable thermodynamic system

Viscosity Sols of low viscosity, particles unsolvated and 
usually symmetrical

Usually high. At suf ciently high concentration 
of disperse phase a gel may be formed. 
Particles solvated and usually asymmetric

distance between the particles and has a range of the 
order of the thickness of the double layer.
Attractive forces between particles. The energy of 
attraction, VA, arises from van der Waals universal 
forces of attraction, the so-called dispersion forces, 
the major contribution to which are the electromag-
netic attractions described by London. For an assem-
bly of molecules, dispersion forces are additive, 

summation leading to long-range attraction between 
colloidal particles. As a result  of the work of de Boer 
and Hamaker, it  can be shown that the attractive 
interaction between spheres of the same radius, a, 
can be approximated to:

 V  Aa  HA  /= −  12  
(5.25)
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length parameter. Addition of electrolyte com-
presses the double layer and reduces the zeta poten-
tial; this has the effect  of lowering the primary 
maximum and deepening the secondary minimum 
(Fig. 5.5). This lat ter means that there will be an 
increased tendency for particles to  occulate in the 
secondary minimum and this is the principle of the 
controlled  occulation approach to pharmaceutical 
suspension formulation described later. The primary 
maximum may also be lowered (and the secondary 
minimum deepened) by adding substances, such as 
ionic surface-active agents, which are speci cally 
adsorbed within the Stern layer. Here ψδ is reduced 
and hence the zeta potential; the double layer is 
usually not compressed.
Sta bility of lyophilic systems. Solutions of mac-
romolecules, lyophilic colloidal sols, are stabilized by 
a combination of electrical double layer interaction 
and solvation and both of these stabilizing factors 
must be suf ciently weakened before attraction pre-
dominates and the colloidal part icles coagulate. For 
example, gelatin has a suf ciently strong af nity for 
water to be soluble even at  its isoelectric pH where 
there is no double layer interaction.

Hydrophilic colloids are unaffected by the small 
amounts of added electrolyte which cause hydro-
phobic sols to coagulate. However, when the con-
centration of electrolyte is high, particularly with an 
electrolyte whose ions become strongly hydrated, 
the colloidal material loses its water of solvation to 
these ions and coagulates, i.e. a ‘salt ing out’ effect 
occurs.

Variation in the degree of solvation of different 
hydrophilic colloids affects the concentration of 
soluble electrolyte required to produce their coagu-
lation and precipitation. The components of a 

where A  is the Hamaker constant for the particular 
material derived from London dispersion forces. 
Equation 5.25 shows that the energy of attraction 
varies as the inverse of the distance between parti-
cles, H .
Total potential energy of interaction. Consideration 
of the curve of total potential energy of interaction 
VT versus distance between particles, H  (Fig. 5.4), 
shows that attraction predominates at small dis-
tances, hence the very deep primary minimum. The 
attraction at large interparticle distances, that pro-
duces the secondary minimum, arises because the 
fall-off in repulsive energy with distance is more 
rapid than that of attractive energy. At intermediate 
distances, double layer repulsion may predominate, 
giving a primary maximum in the curve. If this 
maximum is large compared with the thermal energy 
kBT of the particles, the colloidal system should be 
stable, i.e. the particles should stay dispersed. Oth-
erwise, the interacting particles will reach the energy 
depth of the primary minimum and irreversible 
aggregation, i.e. coagulation, occurs. If the secondary 
minimum is smaller than kBT the particles will not 
aggregate but will always repel one another, but if it  
is signi cantly larger than kBT a loose assemblage of 
particles will form which can be easily redispersed 
by shaking, i.e.  occulation occurs.

The depth of the secondary minimum depends 
on particle size, and particles may need to be of 
radius 1 µm or greater before the attractive force is 
suf ciently great for  occulation to occur.

The height of the primary maximum energy 
barrier to coagulation depends upon the magnitude 
of VR, which is dependent on ψo and hence the zeta 
potential. In addition, it  depends on electrolyte 
concentration via κ, the Debye–Hückel reciprocal 

Fig . 5.5 •  Schematic curves of total potential 
energy of interaction, VT, versus distance of 
separation, H, showing the effect of adding 
electrolyte at constant surface potential. 
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particles can be separated and dried and this tech-
nique forms the basis of one method of microencap-
sulation. A number of drugs including aspirin have 
been coated in this manner. The coating protects 
the drug from chemical attack and microcapsules 
may be given orally to prolong the action of the 
medicament.

Effect of addition of macromolecular material to 
lyophobic colloidal sols. When added in small 
amounts, many polyelectrolyte and polymer mole-
cules (lyophilic colloids) can adsorb simultaneously 
on to two particles and are long enough to bridge 
across the energy barrier between the particles. This 
can even occur with neutral polymers when the 
lyophobic particles have a high zeta potential (and 
would thus be considered a stable sol). A structured 
 oc results (Fig. 5.6a).

With polyelectrolytes, where the particles and 
polyelectrolyte have the same sign,  occulation can 
often occur when divalent and trivalent ions are 
added to the system (Fig. 5.6b). These complete the 
‘bridge’ and only very low concentrations of these 
ions are needed. Use is made of this property of 
small quantities of polyelectrolytes and polymers in 
removing colloidal material, resulting from sewage, 
in water puri cation.

On the other hand, if larger amounts of polymer 
are added, suf cient to cover the surface of the 
particles, then a lyophobic sol may be stabilized to 
coagulation by added electrolyte – the so-called 
steric stabilization or protective colloid effect.

mixture of hydrophilic colloids can therefore be 
separated by a process of fractional precipitation, 
which involves the ‘salting out’ of the various com-
ponents at different concentrations of electrolyte. 
This technique is used in the puri cation of 
antitoxins.

Lyophilic colloids can be considered to become 
lyophobic by the addition of solvents such as acetone 
and alcohol. The particles become desolvated and 
are then very sensitive to precipitation by added 
electrolyte.

Coacervation and microencapsulation. Coacerva-
tion is the separation of a colloid-rich layer from a 
lyophilic sol as the result of the addition of another 
substance. This layer, which is present in the form 
of an amorphous liquid, constitutes the coacervate. 
Simple coacervation may be brought about by a 
‘salt ing out’ effect on addition of electrolyte or addi-
tion of a non-solvent. Complex coacervation occurs 
when two oppositely charged lyophilic colloids are 
mixed, e.g. gelatin and acacia. G elatin at a pH below 
its isoelectric point is positively charged, acacia 
above about pH 3 is negatively charged; a combina-
tion of solutions at about pH 4 results in coacerva-
tion. Any large ions of opposite charge, for example 
cationic surface-active agents (positively charged) 
and dyes used for colouring aqueous mixtures (nega-
tively charged), may react in a similar way.

If the coacervate is formed in a stirred suspension 
of an insoluble solid, the macromolecular material 
will surround the solid particles. The coated 

Fig . 5.6 •  Diagram of  ocs formed by (a) polymer bridging and (b) polyelectrolyte bridging in the presence of 
divalent ions of opposite charge. 

a

b
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polymer-covered particles interact. Free energy ΔG , 
enthalpy ΔH  and entropy ΔS changes are related 
according to:

 ∆  ∆  ∆G  H  T  S=  −  
(5.27)

The Second Law of Thermodynamics implies that a 
posit ive value of ΔG  is necessary for dispersion sta-
bility, a negative value indicating that  the particles 
have aggregated.

A positive value of ΔG  can arise in a number 
of ways, for example when ΔH  and ΔS are both 
negative and TΔS > ΔH . Here the effect of the 
entropy change opposes aggregation and outweighs 
the enthalpy term; this is termed entropic stabiliza-
tion. Interpenetration and compression of the 
polymer chains decrease the entropy as these chains 
become more ordered. Such a process is not spon-
taneous: ‘work’ must be expended to interpenetrate 
and compress any polymer chains existing between 
the colloidal particles and this work is a re ection 
of the repulsive potential energy. The enthalpy of 
mixing of these polymer chains will also be negative. 
Stabilization by these effects occurs in non-aqueous 
dispersions.

Ster ic sta biliza tion (protective colloid  a ction). 
It  has long been known that non-ionic polymeric 
materials such as gums, non-ionic surface-active 
agents and methylcellulose adsorbed at  the particle 
surface can stabilize a lyophobic sol to coagulation 
even in the absence of a signi cant zeta potential. 
The approach of two particles with adsorbed 
polymer layers results in a steric interaction when 
the layers overlap, leading to repulsion. In general, 
the particles do not approach each other closer than 
about twice the thickness of the adsorbed layer and 
hence passage into the primary minimum is inhib-
ited. An additional term has thus to be included in 
the potential energy of interaction for what is called 
steric stabilization, VS:

 V V V VT  A  R  S=  +  +  
(5.26)

The effect  of VS on the potential energy against  
distance between particles is seen in Figure 5.7, 
showing that repulsion is generally seen at  all shorter 
distances provided that  the adsorbed polymeric 
material does not move from the particle surface.

Steric repulsion can be explained by reference to 
the free energy changes that take place when two 

Fig . 5.7 •  Schematic curves of the total potential energy of interaction versus distance for two particles, showing 
the effect of the steric stabilization term VS (a) in the absence of electrostatic repulsion, the solid line representing 
VT = VA + VS; (b) in the presence of electrostatic repulsion, the solid line representing VT = VR + VA + VS. 

a  b
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so formed being interpenetrated by a liquid. The 
particles link together to form an interlaced network, 
thus imparting rigidity to the structure; the continu-
ous phase is held within the meshes. Often only a 
small percentage of disperse phase is required to 
impart  rigidity; for example, 1% of agar in water 
produces a  rm gel. A gel rich in liquid may be called 
a jelly; if the liquid is removed and only the gel 
framework remains, this is termed a xerogel. Sheet 
gelatin, acacia tears and tragacanth  akes are all 
xerogels.

Types  o  gel

Gela tion.of.lyophobic .s ols
G els may be  occulated lyophobic sols where the 
gel can be looked upon as a continuous  occule (Fig. 
5.9a). Examples are aluminium hydroxide and mag-
nesium hydroxide gels.

Clays such as bentonite, aluminium magnesium 
silicate (Veegum) and to some extent kaolin form 
gels by  occulation in a special manner. They are 
hydrated aluminium (aluminium/ magnesium) sili-
cates whose crystal structure is such that they exist 
as  at plates. The  at part or ‘face’ of the particle 
carries a negative charge due to O − atoms and the 
edge of the plate carries a positive charge due to 
Al3+/ Mg2+ atoms. As a result of electrostatic attrac-
tion between the face and edge of different parti-
cles, a gel structure is built  up, forming what is 
usually known as a ‘card house  oc’ (Fig. 5.9b).

The forces holding the particles together in this 
type of gel are relatively weak – van der Waals forces 
in the secondary minimum  occulation of 

Again, a positive ΔG  occurs if both ΔH  and ΔS 
are positive and TΔS < ΔH . Here enthalpy aids sta-
bilization, entropy aids aggregation. Consequently, 
this effect is termed enthalpic stabilization and 
is common with aqueous dispersions, particularly 
where the stabilizing polymer has polyoxyethylene 
chains. Such chains are hydrated in aqueous solution 
due to H-bonding between water molecules and the 
‘ether oxygens’ of the ethylene oxide groups. The 
water molecules have thus become more structured 
and lost degrees of freedom. When interpenetration 
and compression of ethylene oxide chains occur, 
there is an increased probability of contact between 
ethylene oxide groups, result ing in some of the 
bound water molecules being released (see Fig. 5.8). 
The released water molecules have greater degrees 
of freedom than those in the bound state. For this 
to occur, they must be supplied with energy, obtained 
from heat absorption, i.e. there is a posit ive enthalpy 
change. Although there is a decrease in entropy in 
the interaction zone, as with entropic stabilization, 
this is overridden by the increase in the con gura-
tional entropy of the released water molecules.

Ge ls

The majority of gels are formed by aggregation of 
colloidal sol particles; the solid or semi-solid system 

Fig . 5.8 •  Enthalpic stabilization. (a) Particles with 
stabilizing polyoxyethylene chains and H-bonded water 
molecules. (b) Stabilizing chains overlap, water 
molecules released → + ΔH. 

a

b

Fig . 5.9 •  Gel structure. (a) Flocculated lyophobic sol, 
e.g. aluminium hydroxide. (b) ‘Card house’  oc of clays, 
e.g. bentonite. 

a  b
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body cavity or give form to surrounding tissues. 
They also  nd use in the fabrication of implants 
for the prolonged release of drugs, such as anti-
biotics, into the immediate environment of the 
implant.

Type II gels are held together by much weaker 
intermolecular bonds such as hydrogen bonds. 
These gels are heat reversible, a transition from 
the sol to gel occurring on either heating or 
cooling. Poly(vinyl alcohol) solutions, for example, 
gel on cooling below a certain temperature re-
ferred to as the gel point. Because of their gelling 
properties, poly(vinyl alcohol)s are used as jellies 
for application of drugs to the skin. On applica-
tion, the gel dries rapidly, leaving a plastic  lm 
with the drug in intimate contact  with the skin. 
Concentrated aqueous solutions of high molecu-
lar weight poly(oxyethylene)-poly(oxypropylene)-
poly(oxyethylene) block copolymers, commercially 
available as Pluronic™ or Synperonic™ surfactants, 
form gels on heating. These compounds are am-
phiphilic and many form micelles with a hydro-
phobic core comprising the poly(oxypropylene) 
blocks, surrounded by a shell of the hydrophilic 
poly(oxyethylene) chains. Unusually, water is a 
poorer solvent for these compounds at higher tem-
peratures and consequently warming a solution 
with a concentration above the critical micelle con-
centration leads to the formation of more micelles. 
If the solution is suf ciently concentrated gelation 
may occur as the micelles pack so closely as to 
prevent their movement (see Fig. 5.11). G elation 
is a reversible process, the gels returning to the sol 
state on cooling.

aluminium hydroxide, electrostatic attraction in the 
case of the clays. Because of this these gels show the 
phenomenon of thixotropy, a non-chemical isother-
mal gel-sol-gel transformation. If a thixotropic gel is 
sheared (for example, by simple shaking) these 
weak bonds are broken and a lyophobic sol is 
formed. On standing, the particles collide,  occula-
tion occurs and the gel is reformed. Flocculation in 
gels is the reason for their anomalous rheological 
properties (see Chapter 6). This phenomenon of 
thixotropy is employed in the formulation of phar-
maceutical suspensions, e.g. bentonite in calamine 
lotion, and in the paint industry.

Ge la tion.of.lyophilic .s ols
G els formed by lyophilic sols can be divided into 
two groups depending on the nature of the bonds 
between the chains of the network. G els of type I 
are irreversible systems with a three-dimensional 
network formed by covalent bonds between the 
macromolecules. Typical examples of this type of 
gel are the swollen networks that have been formed 
by the polymerization of monomers of water-soluble 
polymers in the presence of a cross-linking agent. 
For example, poly (2-hydroxyethylmethacrylate) 
[poly(HEMA)], crosslinked with ethylene 
glycol dimethacrylate [EG DMA], forms a three-
dimensional structure (Fig. 5.10), that  swells in 
water but cannot dissolve because the crosslinks are 
stable. Such polymers have been used in the fabrica-
tion of expanding implants that imbibe body  uids 
and swell to a predetermined volume. Implanted in 
the dehydrated state, these polymers swell to  ll a 

Fig . 5.10 •  Poly(HEMA): poly(2-hydroxyethyl 
methacrylate) crosslinked with ethylene glycol 
dimethacrylate (EGDMA). 
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Fig . 5.11 •  Poly(oxyethylene)-poly(oxypropylene)-
poly(oxyethylene) block copolymers. (a) Micelle 
formation. (b) Formation of a cubic gel phase by 
packing of micelles. 
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activity of these compounds. It  is a consequence of 
their adsorption at the solution–air interface, the 
means by which the hydrophobic region of the mol-
ecule ‘escapes’ from the hostile aqueous environ-
ment by protruding into the vapour phase above. 
Similarly, adsorption at the interface between water 
and an immiscible non-aqueous liquid occurs in such 
a way that the hydrophobic group is in solution 
in the non-aqueous phase, leaving the hydrophilic 
group in contact with the aqueous solution.

As discussed in Chapter 4, the molecules at the 
surface of a liquid are not completely surrounded by 
other like molecules as they are in the bulk of the 
liquid. As a result there is a net inward force of attrac-
tion exerted on a molecule at the surface from the 
molecules in the bulk solution, which results in a 
tendency for the surface to contract. The contraction 
of the surface is spontaneous; that is, it  is accompa-
nied by a decrease in free energy. The contracted 
surface thus represents a minimum free energy state 
and any attempt to expand the surface must involve 
an increase in the free energy. The surface tension is 
a measure of the contracting power of the surface. 
Surface-active molecules in aqueous solution orien-
tate themselves at the surface in such a way as to 
remove the hydrophobic group from the aqueous 
phase and hence achieve a minimum free energy 
state. As a result, some of the water molecules at the 
surface are replaced by non-polar groups. The attrac-
tive forces between these groups and the water mol-
ecules, or between the groups themselves, are less 
than those existing between water molecules. The 
contracting power of the surface is thus reduced and 
so therefore is the surface tension.

A similar imbalance of attractive forces exists at the 
interface between two immiscible liquids. The value 
of the interfacial tension is generally between those of 
the surface tensions of the two liquids involved except 
where there is interaction between them. Intrusion of 
surface-active molecules at the interface between two 
immiscible liquids leads to a reduction of interfacial 
tension, in some cases to such a low level that spon-
taneous emulsi cation of the two liquids occurs.

Micelle  ormation

The surface tension of a surfactant solution decreases 
progressively with increase of concentration as more 
surfactant molecules enter the surface or interfacial 
layer. However, at a certain concentration this layer 
becomes saturated and an alternative means of 

Surfac e -ac tive  age nts

Certain compounds, because of their chemical struc-
ture, have a tendency to accumulate at the boundary 
between two phases (see Chapter 4 for further infor-
mation on surfaces and interfaces). Such compounds 
are termed amphiphiles, surface-active agents or sur-
factants. The adsorption at the various interfaces 
between solids, liquids and gases results in changes in 
the nature of the interface which are of considerable 
importance in pharmacy. Thus, the lowering of the 
interfacial tension between oil and water phases facili-
tates emulsion formation, the adsorption of sur-
factants on insoluble particles enables these particles 
to be dispersed in the form of a suspension, their 
adsorption on solid surfaces enables these surfaces to 
be more readily wetted, and the incorporation of 
insoluble compounds within micelles of the surfactant 
can lead to the production of clear solutions.

Surface-active compounds are characterized by 
having two distinct regions in their chemical struc-
ture, one hydrophilic (water-liking) and the other 
hydrophobic (water-hating) regions. The existence of 
two such regions in a molecule is referred to as 
amphipathy and the molecules are consequently often 
referred to as amphipathic molecules. The hydropho-
bic portions are usually saturated or unsaturated 
hydrocarbon chains or, less commonly, heterocyclic or 
aromatic ring systems. The hydrophilic regions can be 
anionic, cationic or non-ionic. Surfactants are gener-
ally classi ed according to the nature of the hydrophilic 
group. Typical examples are given in Table 5.3.

Many water-soluble drugs have also been reported 
to be surface active, this surface activity being a 
consequence of the amphipathic nature of the drugs. 
The hydrophobic portions of the drug molecules are 
usually more complex than those of typical surface-
active agents, being composed of aromatic or hetero-
cyclic ring systems. Examples include tranquillizers 
such as chlorpromazine which are based on the large 
tricyclic phenothiazine ring system; antidepressant 
drugs such as imipramine which also possess tricy-
clic ring systems; and antihistamines such as diphen-
hydramine which are based on a diphenylmethane 
group. Further examples of surface-active drugs are 
given in Attwood & Florence (1983).

Sur ace activity

The dual structure of amphipathic molecules is the 
unique feature that is responsible for the surface 
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Table 5.3 Classi cation of surface-active agents

Anionic

OSO3
– Na+ SO3

– Na+

Alkyl sulfate Alkylbenzene sulfonate

Cationic

CH3

CH3

CH3  Br–N+
Cl–N

+

Alkyltrimethylammonium bromide Alkylpyridinium chloride

Zwitte rionic

CH3

CH3

N+ CH2COO–

N+ O–

O  O

O

O  O

O

O

P

Alkyl betaine Phosphatidylcholine (lecithin)

Nonionic

Alcohol ethoxylate Polyoxyethylene-polyoxypropylene-polyoxyethylene block 
copolymer

shielding the hydrophobic group of the surfactant 
from the aqueous environment occurs through the 
formation of aggregates (usually spherical) of col-
loidal dimensions, called micelles. The hydrophobic 
chains form the core of the micelle and are shielded 
from the aqueous environment by the surrounding 
shell composed of the hydrophilic groups that serve 
to maintain solubility in water.

The concentration at which micelles  rst form in 
solution is termed the critical micelle concentration 

or CMC. This onset of micelle formation can be 
detected by a variety of experimental techniques. 
When physical properties such as surface tension, 
conductivity, osmotic pressure, solubility and light-
scattering intensity are plotted as a function of con-
centration (see Fig. 5.12) a change of slope occurs at  
the CMC and such techniques can be used to measure 
its value. CMC decreases with increase of the length 
of the hydrophobic chain. With non-ionic surfactants, 
which are typically composed of a hydrocarbon chain 
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in water is accordingly resisted, the water molecules 
forming extra structured clusters around the non-
polar region. This increase in structure of the water 
molecules around the hydrophobic groups leads to a 
large negative entropy change. To counteract this, and 
achieve a state of minimum free energy, the hydro-
phobic groups tend to withdraw from the aqueous 
phase, either by orientating themselves at the inter-
face with the hydrocarbon chain away from the 
aqueous phase or by self-association into micelles.

This tendency for hydrophobic materials to be 
removed from water, due to the strong attraction of 
water molecules for each other and not for the 
hydrophobic solute, has been termed hydrophobic 
bonding. However, because there is, in fact, no actual 
bonding between the hydrophobic groups the phe-
nomenon is best described as the hydrophobic effect. 
When the non-polar groups approach each other until 
they are in contact, there will be a decrease in the 
total number of water molecules in contact with the 
non-polar groups. The formation of the hydrophobic 
bond in this way is thus equivalent to the partial 
removal of hydrocarbon from an aqueous environ-
ment and a consequent loss of the ice-like structuring 
which always surrounds the hydrophobic molecules. 
The increase in entropy and decrease in free energy 
which accompany the loss of structuring make the 
formation of the hydrophobic bond an energetically 
favourable process. An alternative explanation of the 
free energy decrease emphasizes the increase in inter-
nal freedom of the hydrocarbon chains which occurs 
when these chains are transferred from the aqueous 
environment, where their motion is restrained by the 
hydrogen-bonded water molecules, to the interior of 
the micelle. It has been suggested that the increased 
mobility of the hydrocarbon chains, and of course 
their mutual attraction, constitute the principal 
hydrophobic factor in micellization.

It should be emphasized that micelles are in 
dynamic equilibrium with monomer molecules in 
solution, continuously breaking down and reforming. 
It is this factor that distinguishes micelles from other 
colloidal particles and the reason why they are called 
association colloids. The concentration of surfactant 
monomers in equilibrium with the micelles stays 
approximately constant at the CMC value when the 
solution concentration is increased above the CMC, 
i.e. the added surfactant all goes to form micelles.

A typical micelle is a spherical or near-spherical 
structure composed of some 50–100 surfactant mol-
ecules. The radius of the micelle will be slightly less 
than that of the extended hydrocarbon chain 

and an oxyethylene chain (see Table 5.3), an increase 
of the hydrophilic oxyethylene chain length causes an 
increase of the CMC. Addition of electrolytes to 
ionic surfactants decreases the CMC and increases 
the micellar size. The effect is simply explained in 
terms of a reduction in the magnitude of the forces 
of repulsion between the charged head groups in the 
micelle, allowing the micelles to grow and also reduc-
ing the work required for their formation.

The primary reason for micelle formation is the 
attainment of a state of minimum free energy. The 
free energy change, ΔG , of a system is dependent on 
changes in both the entropy, S, and enthalpy, H , which 
are related by the expression ΔG  = ΔH  −TΔS (as 
previously discussed – see Eqn 5.27). For a micellar 
system at normal temperatures, the entropy term is 
by far the most important in determining the free 
energy changes (TΔS constitutes approximately 90–
95% of the ΔG  value). The explanation most generally 
accepted for the entropy change is concerned with 
the structure of water. Water possesses a relatively 
high degree of structure due to hydrogen bonding 
between adjacent molecules. If an ionic or strongly 
polar solute is added to water, it will disrupt this 
structure but the solute molecules can form hydrogen 
bonds with the water molecules that more than com-
pensate for the disruption or distortion of the bonds 
existing in pure water. Ionic and polar materials thus 
tend to be easily soluble in water. No such compensa-
tion occurs with non-polar groups and their solution 

Fig . 5.12 •  Solution properties of an ionic surfactant 
as a function of concentration, c. A Osmotic 
pressure (against c); B solubility of a water-insoluble 
solubilizate (against c); C intensity of light scattered by 
the solution (against c); D surface tension (against log c); 
E molar conductivity (against c ). 

M

a

g

n

i

t

u

d

e

 

o

f

 

p

r

o

p

e

r

t

y

A

B

D

C

E
0 c, log c or √c



 P A R T  O N E  Sc ienti c  Princ iple s  o f Dos age  Form Des ign

8 2

the solution and is greatly compressed in the pres-
ence of electrolyte. Non-ionic micelles have a hydro-
phobic core surrounded by a shell of oxyethylene 
chains which is often termed the palisade layer (Fig. 
5.13b). As well as the water molecules that are 
hydrogen bonded to the oxyethylene chains, this 
layer is also capable of mechanically entrapping a 
considerable number of water molecules. Micelles 
of non-ionic surfactants tend, as a consequence, to 
be highly hydrated. The outer surface of the palisade 
layer forms the shear surface; that is, the hydrating 
molecules form part of the kinetic micelle.

Solubilization

As outlined previously, the interior core of a micelle 
can be considered as having the properties of a liquid 
hydrocarbon and is thus capable of dissolving mate-
rials that are soluble in such liquids. This process, 
whereby water-insoluble or partly soluble substances 
are brought into aqueous solution by incorporation 
into micelles, is termed solubilization. The site of 
solubilization within the micelle is closely related to 
the chemical nature of the solubilizate. It  is gener-
ally accepted that non-polar solubilizates (aliphatic 
hydrocarbons, for example) are dissolved in the 
hydrocarbon core (Fig. 5.14a). Water-insoluble 

(approximately 2.5 nm) with the interior core of the 
micelle having the properties of a liquid hydrocar-
bon. For ionic micelles, about 70–80% of the 
counter-ions will be attracted close to the micelle, 
thus reducing the overall charge. The compact layer 
around the core of an ionic micelle which contains 
the head groups and the bound counter-ions is called 
the Stern layer (see Fig. 5.13a). The outer surface 
of the Stern layer is the shear surface of the micelle. 
The core and the Stern layer together constitute 
what is termed the ‘kinetic micelle’. Surrounding 
the Stern layer is a diffuse layer called the Gouy–
Chapman electrical double layer that contains the 
remaining counter-ions required to neutralize the 
charge on the kinetic micelle. The thickness of the 
double layer is dependent on the ionic strength of 

Fig . 5.13 •  Schematic representation of (a) partial 
cross-section of an anionic micelle and (b) a non-ionic 
micelle. 
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iodine by sublimation from iodophor solutions is 
signi cantly less than from simple iodine solutions. 
There is also evidence of an ability of the iodophor 
solution to penetrate hair follicles of the skin, so 
enhancing the activity.

The low solubility of steroids in water presents a 
problem in their formulation for ophthalmic use. 
Because such formulations are required to be opti-
cally clear, it  is not possible to use oily solutions or 
suspensions and there are many examples of the use 
of non-ionic surfactants as a means of producing 
clear solutions which are stable to sterilization. In 
most formulations, solubilization has been effected 
using polysorbates or polyoxyethylene sorbitan 
esters of fatty acids.

The polysorbate non-ionics have also been 
employed in the preparation of aqueous injections 
of the water-insoluble vitamins A, D, E and K.

Whilst solubilization is an excellent means of pro-
ducing an aqueous solution of a water-insoluble 
drug, it  should be realized that  it  may well have 
effects on the drug’s activity and absorption charac-
teristics. As a generalization, it  may be said that low 
concentrations of surface-active agents increase 
absorption, possibly due to enhanced contact of the 
drug with the absorbing membrane, whilst concen-
trations above the CMC either produce no addi-
tional effect or cause decreased absorption. In the 
latter case the drug may be held within the micelles 
so that the concentration available for absorption is 
reduced. For a wider appreciation of this topic, the 
review by Attwood & Florence (1983) can be 
consulted.

Solubiliza tion.and .drug.s tab ility
Solubilization has been shown to have a modifying 
effect on the rate of hydrolysis of drugs. Non-polar 
compounds solubilized deep in the hydrocarbon 
core of a micelle are likely to be better protected 
against attack by hydrolysing species than more 
polar compounds located closer to the micellar 
surface. For example, the alkaline hydrolysis of ben-
zocaine and homatropine in the presence of several 
non-ionic surfactants is retarded, the less polar ben-
zocaine showing a greater increase in stability 
compared to homatropine because of its deeper 
penetration into the micelle. An important factor in 
considering the breakdown of a drug located close 
to the micellar surface is the ionic nature of the 
surface-active agent. For base-catalysed hydrolysis, 
anionic micelles should give an enhanced protection 

compounds containing polar groups are orientated 
with the polar group at the surface of the ionic 
micelle amongst the micellar charged head groups, 
and the hydrophobic group buried inside the hydro-
carbon core of the micelle (Fig. 5.14b). Slightly 
polar solubilizates without a distinct amphiphilic 
structure partition between the micelle surface and 
core (Fig. 5.14c). Solubilization in non-ionic polyox-
yethylated surfactants can also occur in the polyox-
yethylene shell (palisade layer) which surrounds the 
core (Fig. 5.14d); thus p-hydroxy benzoic acid is 
solubilized entirely within this region hydrogen 
bonded to the ethylene oxide groups, whilst esters 
such as the parabens are located at the shell core 
junction.

The maximum amount of solubilizate that can be 
incorporated into a given system at a  xed concen-
tration is termed the maximum additive concentra-
tion (MAC). The simplest method of determining 
the MAC is to prepare a series of vials containing 
surfactant solution of known concentration. Increas-
ing concentrations of solubilizate are added and the 
vials are then sealed and agitated until equilibrium 
conditions are established. The maximum concen-
tration of solubilizate forming a clear solution can be 
determined by visual inspection or from turbidity 
measurements on the solutions. Solubility data are 
expressed as a solubility versus concentration curve 
or as phase diagrams. The latter are preferable since 
a three-component phase diagram completely 
describes the effect of varying all three components 
of the system: namely, the solubilizate, the solubi-
lizer and the solvent.

Pharmaceutica l.applica tions ..
of.s olubiliza tion
A wide range of insoluble drugs has been formulated 
using the principle of solubilization, some of which 
will be considered here.

Phenolic compounds such as cresol, chlorocresol, 
chloroxylenol and thymol are frequently solubilized 
with a soap to form clear solutions which are widely 
used for disinfection. Pharmacopoeial solutions of 
chloroxylenol, for example, contain 5% v/ v chlo-
roxylenol with terpineol in an alcoholic soap 
solution.

Non-ionic surfactants can be used to solubilize 
iodine; such iodine-surfactant systems (referred to 
as iodophors) are more stable than iodine–iodide 
systems. They are preferable in instrument steriliza-
t ion since corrosion problems are reduced. Loss of 
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hence absorption. Aqueous suspensions may also be 
used for parenteral and ophthalmic use and provide 
a suitable form for the application of dermatological 
materials to the skin. Suspensions are used similarly 
in veterinary practice and a closely allied  eld is that 
of pest control. Pesticides are frequently presented 
as suspensions for use as fungicides, insecticides, 
ascaricides and herbicides.

An acceptable suspension possesses certain desir-
able qualities amongst which are the following: the 
suspended material should not settle too rapidly; the 
particles which do settle to the bottom of the con-
tainer must not form a hard mass but should be 
readily dispersed into a uniform mixture when the 
container is shaken; and the suspension must not be 
too viscous to pour freely from the ori ce of the 
bottle or to  ow through a syringe needle.

Physical stability of a pharmaceutical suspension 
may be de ned as the condition in which the parti-
cles do not aggregate and in which they remain 
uniformly distributed throughout the dispersion. 
Since this ideal situation is seldom realized, it  is 
appropriate to add that if the particles do settle they 
should be easily resuspended by a moderate amount 
of agitation.

The major difference between a pharmaceutical 
suspension and a colloidal dispersion is one of size 
of dispersed particles, with the relatively large par-
t icles of a suspension liable to sedimentation due to 
gravitational forces. Apart from this, suspensions 
show most of the properties of colloidal systems. 
The reader is referred to Chapter 26 for an account 
of the formulation of suspensions.

Controlled . occula tion
A suspension in which all the particles remain dis-
crete would, in terms of the DLVO theory, be con-
sidered to be stable. However, with pharmaceutical 
suspensions, in which the solid particles are very 
much coarser, such a system would sediment because 
of the size of the particles. The electrical repulsive 
forces between the particles allow the particles to 
slip past one another to form a close packed arrange-
ment at the bottom of the container, with the small 
particles  lling the voids between the larger ones. 
The supernatant liquid may remain cloudy after sedi-
mentation due to the presence of colloidal particles 
that will remain dispersed. Those particles lower-
most in the sediment are gradually pressed together 
by the weight of the ones above. The repulsive barrier 
is thus overcome, allowing the particles to pack 

due to repulsion of the attacking OH − group. For 
cationic micelles there should be the converse 
effect. Whilst  this pattern has been found, enhanced 
protection by cationic micelles also occurs, suggest-
ing that in these cases the positively charged polar 
head groups hold the OH − groups and thus block 
their penetration into the micelle.

Protection from oxidative degradation has also 
been found with solubilized systems.

As indicated earlier, drugs may be surface active. 
Such drugs form micelles and this self-association 
has been found in some cases to increase the drug’s 
stability. Thus micellar solutions of penicillin G  have 
been reported to be 2.5 times more stable than 
monomeric solutions under conditions of constant 
pH and ionic strength.

Detergency

Detergency is a complex process whereby sur-
factants are used for the removal of foreign matter 
from solid surfaces, be it  removal of dirt  from 
clothes or cleansing of body surfaces. The process 
includes many of the actions characteristic of spe-
ci c surfactants. Thus, the surfactant must have 
good wetting characteristics so that the detergent 
can come into intimate contact with the surface to 
be cleaned. The detergent must have the ability to 
remove the dirt  into the bulk of the liquid; the dirt/
water and solid/ water interfacial tensions are 
lowered and thus the work of adhesion between the 
dirt  and solid is reduced, so that the dirt  particle 
may be easily detached. Once removed, the sur-
factant can be adsorbed at the particle surface, cre-
ating charge and hydration barriers which prevent 
deposition. If the dirt  is oily it  may be emulsi ed or 
solubilized.

Coars e  dis pe rs e  s ys te ms

Suspens ions

A pharmaceutical suspension is a coarse dispersion 
in which insoluble particles, generally greater than 
1 µm in diameter, are dispersed in a liquid medium, 
usually aqueous.

An aqueous suspension is a useful formulation 
system for administering an insoluble or poorly 
soluble drug. The large surface area of dispersed 
drug ensures a high availability for dissolution and 
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The ratio F gives a measure of the aggregated-
de occulated state of a suspension and may usefully 
be plotted, together with the measured zeta poten-
tial, against concentration of additive, enabling an 
assessment of the state of the dispersion to be made 
in terms of the DLVO theory. The appearance of the 
supernatant liquid should be noted and the redis-
persibility of the suspensions evaluated.

It  should be pointed out that in using the control-
led  occulation approach to suspension formulation, 
it  is important to work at a constant, or narrow, pH 
range because the magnitude of the charge on the 
drug particle can vary greatly with pH.

Other additives such as  avouring agents may also 
affect  particle charge.

Ste ric .s tab iliza tion.of.s us pens ions
As described earlier in this chapter, colloidal parti-
cles may be stabilized against coagulation in the 
absence of a charge on the particles by the use of 
non-ionic polymeric material – the concept of steric 
stabilization or protective colloid action. This 
concept may be applied to pharmaceutical suspen-
sions where naturally occurring gums such as traga-
canth and synthetic materials like non-ionic 
surfactants and cellulose polymers may be used to 
produce satisfactory suspensions. These materials 
may increase the viscosity of the aqueous vehicle 
and thus slow the rate of sedimentation of the par-
t icles, but they will also form adsorbed layers around 
the particles so that the approach of their surfaces 
and aggregation to the coagulated state is 
hindered.

Repulsive forces arise as the adsorbed layers 
interpenetrate and, as explained above, these have 
an enthalpic component due to release of water of 
solvation from the polymer chains and an entropic 
component due to movement restriction. As a 
result , the particles will not usually approach one 
another closer than twice the thickness of the 
adsorbed layer.

However, as indicated above in the discussion on 
controlled  occulation, from a pharmaceutical point 
of view an easily dispersed aggregated system is 
desirable. To produce this state, a balance between 
attractive and repulsive forces is required. This is 
not achieved by all polymeric materials, and the 
equivalent of de occulated and caked systems may 
be produced. The balance of forces appears to 
depend on both the thickness and the concentration 
of the polymer in the adsorbed layer. These 

closely together. Physical bonding leading to ‘cake’ 
or ‘clay’ formation may then occur due to the forma-
tion of bridges between the particles resulting from 
crystal growth and hydration effects, forces greater 
than agitation usually being required to disperse the 
sediment. Coagulation in the primary minimum, 
result ing from a reduction in the zeta potential to a 
point where attractive forces predominate, thus pro-
duces coarse compact masses with a ‘curdled’ 
appearance, which may not be readily dispersed.

On the other hand, particles  occulated in the 
secondary minimum form a loosely bonded struc-
ture, called a  occulate or  oc. A suspension consist-
ing of particles in this state is said to be  occulated. 
Although sedimentation of  occulated suspensions is 
fairly rapid, a loosely packed, high-volume sediment 
is obtained in which the  ocs retain their structure 
and the particles are easily resuspended. The super-
natant liquid is clear because the colloidal particles 
are trapped within the  ocs and sediment with them. 
Secondary minimum  occulation is therefore a desir-
able state for a pharmaceutical suspension.

Particles greater than 1 µm radius should, unless 
highly charged, show a suf ciently deep secondary 
minimum for  occulation to occur because the 
attractive force between particles, VA, depends on 
particle size. Other contributing factors to second-
ary minimum  occulation are shape (asymmetric 
particles, especially those that are elongated, being 
more satisfactory than spherical ones) and concen-
tration. The rate of  occulation depends on the 
number of particles present, so that  the greater the 
number of particles, the more collisions there will 
be and  occulation is more likely to occur. However, 
it  may be necessary, as with highly charged particles, 
to control the depth of the secondary minimum to 
induce a satisfactory  occulation state. This can be 
achieved by addition of electrolytes or ionic surface-
active agents which reduce the zeta potential and 
hence VR, result ing in the displacement of the whole 
of the DLVO plot to give a satisfactory secondary 
minimum, as indicated in Figure 5.5. The produc-
tion of a satisfactory secondary minimum leading to 
 oc formation in this manner is termed controlled 
 occulation.

A convenient parameter for assessing a suspen-
sion is the sedimentation volume ratio, F, which is 
de ned as the ratio of the  nal sett led volume Vu to 
the original volume Vo:

 F  V  V=  u  o/  
(5.28)
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may only be achieved by reducing the magnitude of 
γLV and γSL by the use of a wetting agent. The wetting 
agents are surfactants that not only reduce γLV but 
also adsorb on to the surface of the powder, thus 
reducing γSL. Both of these effects reduce the contact 
angle and improve the dispersibility of the powder.

Problems may arise because of the build-up of an 
adhering layer of suspension particles on the walls 
of the container just above the liquid line that occurs 
as the walls are repeatedly wetted by the suspen-
sion. This layer subsequently dries to form a hard, 
thick crust. Surfactants reduce this adsorption by 
coating both the container and particle surfaces such 
that they repel, reducing adsorption.

Rheologica l.p roperties .of.s us pens ions
Flocculated suspensions tend to exhibit  plastic or 
pseudoplastic  ow, depending on concentration, 
while concentrated de occulated dispersions tend 
to be dilatant (Chapter 6). This means that the 
apparent viscosity of  occulated suspensions is rela-
tively high when the applied shearing stress is low, 
but it  decreases as the applied stress increases and 
the attractive forces producing the  occulation are 
overcome. Conversely, the apparent viscosity of a 
concentrated de occulated suspension is low at low 
shearing stress, but increases as the applied stress 
increases. This effect is due to the electrical repul-
sion that occurs when the charged particles are 
forced close together (see the DLVO plot of poten-
tial energy of interaction between particles; Fig. 
5.4), causing the particles to rebound, creating voids 
into which the liquid  ows, leaving other parts of 
the dispersion dry. In addition to the rheological 
problems associated with particle charge, the sedi-
mentation behaviour is also of course in uenced by 
the rheological properties of the liquid continuous 
phase.

Emuls ions

An emulsion is a system consisting of two immisci-
ble liquid phases, one of which is dispersed through-
out the other in the form of  ne droplets. A third 
component, the emulsifying agent, is necessary to 
stabilize the emulsion.

The phase that is present as  ne droplets is called 
the disperse phase and the phase in which the drop-
lets are suspended is the continuous phase. Most 
emulsions will have droplets with diameters of 

parameters determine the Hamaker constant and 
hence the attractive force, which must be large 
enough to cause aggregation of the particles compa-
rable to  occulation. The steric repulsive force, 
which depends on the concentration and degree of 
solvation of the polymer chains, must be of suf -
cient magnitude to prevent close approach of the 
uncoated particles, but low enough so that the 
attractive force is dominant, leading to aggregation 
at about twice the adsorbed layer thickness. It  has 
been found, for example, that adsorbed layers of 
certain polyoxyethylene-polyoxypropylene block 
copolymers will product satisfactory  occulated 
systems, whilst many nonyl phenyl ethoxylates will 
not. With both types of surfactant, the molecular 
moieties producing steric repulsion are hydrated 
ethylene oxide chains, but the concentration of 
these in the adsorbed layers varies, giving the results 
indicated above.

Wetting.prob lems
One of the problems encountered in dispersing solid 
materials in water is that the powder may not be 
readily wetted (explained in Chapter 4). This may 
be due to entrapped air or to the fact that the solid 
surface is hydrophobic. The wettability of a powder 
may be described in terms of the contact  angle, θ, 
which the powder makes with the surface of the 
liquid. This is described by:

 γ  θ  γ  γLV  SV  SLcos  =  −  
(as 4.1)

or

 γ  γ  γ  θSV  SL  LV=  +  cos

or

 cosθ  γ  γ
γ

=  −SV  SL

LV
 

(5.29)

where γSV, γSL and γLV are the respective interfacial 
tensions.

For a liquid to completely wet a powder, there 
should be a decrease in the surface free energy as a 
result  of the immersion process. Once the particle 
is submerged in the liquid, the process of spreading 
wetting becomes important. In most cases where 
water is involved, the reduction of contact  angle 
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amphiphile, usually a medium chain length alcohol, 
in the formulation. The second amphiphile is 
referred to as the cosurfactant.

Although microemulsions have many advantages 
over coarse emulsions, particularly their transpar-
ency and stability, they require much larger amounts 
of surfactant for their formulation which restricts 
the choice of acceptable components.

Theory.of.emuls ion.s tab iliza tion
Inter fa cia l  lms. When two immiscible liquids, 
e.g. liquid paraf n and water, are shaken together a 
temporary emulsion will be formed. The subdivision 
of one of the phases into small globules results in a 
large increase in surface area and hence interfacial 
free energy of the system. The system is thus ther-
modynamically unstable which results, in the  rst  
place, in the dispersed phase being in the form of 
spherical droplets (the shape of minimum surface 
area for a given volume) and, secondly, in coales-
cence of these droplets, causing phase separation, 
the state of minimum surface free energy.

The adsorption of a surface-active agent at the 
globule interface will lower the o/ w interfacial 
tension, the process of emulsi cation will be made 
easier and the stability may be enhanced. However, 
if a surface-active agent such as sodium dodecyl 
sulfate is used, the emulsion, on standing for a short 
while, will still separate out into its constituent 
phases. On the other hand, substances like acacia, 
which are only slightly surface active, produce stable 
emulsions. Acacia forms a strong viscous interfacial 
 lm around the globules and it  is thought that the 
characteristics of the interfacial  lm are most impor-
tant in considering the stability of emulsions.

Pioneering work on emulsion stability by Schul-
man & Cockbain showed that a mixture of an oil-
soluble alcohol such as cholesterol and a surface-active 
agent such as sodium cetyl (hexadecyl) sulfate was 
able to form a stable complex condensed  lm at  the 
oil/ water interface. This  lm was of high viscosity, 
suf ciently  exible to permit distortion of the drop-
lets, resisted rupture and gave an interfacial tension 
lower than that produced by either component 
alone. The emulsion produced was stable, the charge 
arising from the sodium cetyl sulfate contributing to 
the stability as described for lyophobic colloidal dis-
persions. For complex formation at the interface, 
the correct ‘shape’ of molecule is necessary. Thus 
Schulman & Cockbain found that sodium cetyl 
sulfate stabilized an emulsion of liquid paraf n when 

0.1–100 µm and are inherently unstable systems; 
smaller globules exhibit  colloidal behaviour and have 
the stability of a hydrophobic colloidal dispersion.

Pharmaceutical emulsions usually consist of 
water and an oil. Two main types of emulsion can 
exist, oil-in-water (o/ w) and water-in-oil (w/ o), 
depending upon whether the continuous phase is 
aqueous or oily. More complicated emulsion systems 
may exist; for example, an oil droplet enclosing a 
water droplet may be suspended in water to form a 
water-in-oil-in-water emulsion (w/ o/ w). Such 
systems, and their o/ w/ o counterparts, are termed 
multiple emulsions and are of interest as delayed-
action drug delivery vehicles.

The pharmaceutical applications of emulsions as 
a dosage forms are discussed in Chapter 27. Tradi-
t ionally, emulsions have been used to render oily 
substances such as castor oil in a more palatable 
form. It  is possible to formulate together oil-soluble 
and water-soluble medicaments in emulsions, and 
drugs may be more easily absorbed owing to the 
 nely divided condition of emulsi ed substances.

A large number of bases used for topical prepara-
tions are emulsions, water miscible being o/ w type 
and greasy bases being w/ o. The administration of 
oils and fats by intravenous infusion, as part of a 
total parenteral nutrition programme, has been 
made possible by the use of suitable non-toxic emul-
sifying agents like lecithin. Here, the control of par-
t icle size of emulsion droplets is of paramount 
importance in the prevention of the formation of 
emboli.

Microemuls ions
Unlike the coarse emulsions described above, micro-
emulsions are homogeneous, transparent systems 
that are thermodynamically stable. Moreover, they 
form spontaneously when the components are 
mixed in the appropriate ratios. They can be disper-
sions of oil in water or water in oil but the droplet 
size is very much smaller, 5–140 nm, than in coarse 
emulsions. They are essentially swollen micellar 
systems, but obviously the dist inction between a 
micelle containing solubilized oil and an oil droplet 
surrounded by an interfacial layer largely composed 
of surfactant is dif cult  to assess.

An essential requirement for their formation and 
stability is the attainment of a very low interfacial 
tension. It  is generally not possible to achieve the 
required lowering of interfacial tension with a single 
surfactant and it  is necessary to include a second 
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substances have chemical groups which ionize, e.g. 
acacia consists of salts of arabic acid, proteins contain 
both amino and carboxylic acid groupings, thus pro-
viding electrostatic repulsion as an additional barrier 
to coalescence. Most cellulose derivatives are not 
charged. However, there is evidence from studies on 
solid suspensions that these substances sterically sta-
bilize and it  would appear probable that there will 
be a similar effect with emulsions.
Solid  pa r ticles in emulsion sta biliza tion. Emul-
sions may be stabilized by  nely divided solid parti-
cles if they are preferentially wetted by one phase 
and possess suf cient adhesion for one another so 
that they form a  lm around the dispersed 
droplets.

Solid particles will remain at  the interface as long 
as a stable contact angle, θ, is formed by the liquid/
liquid interface and the solid surface. The particles 
must also be of suf ciently low mass for gravita-
tional forces not to affect the equilibrium. If the 
solid is preferentially wetted by one of the phases, 
then more particles can be accommodated at the 
interface if the interface is convex towards that 
phase. In other words, the liquid whose contact 
angle (measured through the liquid) is less than 90° 
will form the continuous phase (see Fig. 5.15). Alu-
minium and magnesium hydroxides and clays such 
as bentonite are preferentially wetted by water and 
thus stabilize o/ w emulsions, e.g. liquid paraf n 
and magnesium hydroxide emulsion. Carbon black 
and talc are more readily wetted by oils and stabilize 
w/ o emulsions.

Emuls ion.type
When an oil, water and an emulsifying agent are 
shaken together, what decides whether an o/ w or 
w/o emulsion will be produced? A number of simul-
taneous processes have to be considered, for 

elaidyl alcohol (the trans isomer) was the oil-soluble 
component but not when the cis isomer, oleyl 
alcohol, was used.

In practice, the oil-soluble and water-soluble 
components are dissolved in the appropriate phases 
and on mixing the two phases, the complex is 
formed at the interface. Alternatively, an emulsify-
ing wax may be used consisting of a blend of the 
two components. The wax is dispersed in the oil 
phase and the aqueous phase added at the same 
temperature. Examples of such mixtures are given 
in Table 5.4.

This principle is also applied with the non-ionic 
emulsifying agents. For example, mixtures of sorb-
itan monooleate and polyoxyethylene sorbitan esters 
(e.g. polysorbate 80) have good emulsifying proper-
ties. Non-ionic surfactants are widely used in the 
production of stable emulsions and have the advan-
tage over ionic surfactants of being less toxic and 
less sensitive to electrolytes and pH variation. These 
emulsifying agents are not charged and there is no 
electrical repulsive force contributing to stability. It  
is likely, however, that these substances, and the 
cetomacrogol emulsifying wax included in Table 5.4, 
sterically stabilize the emulsions as discussed under 
suspensions.
Hydrophilic colloids a s emulsion sta bilizers. A 
number of hydrophilic colloids are used as emulsify-
ing agents in pharmaceutical science. These include 
proteins (gelatin, casein) and polysaccharides 
(acacia, cellulose derivatives and alginates). These 
materials, which generally exhibit  lit t le surface 
activity, adsorb at  the oil/ water interface and form 
multilayers. Such multilayers have viscoelastic prop-
erties, resist rupture and presumably form mechani-
cal barriers to coalescence. However, some of these 

Table 5.4 Emulsifying waxes

Product Oil-soluble 
component

Water-soluble 
component

Emulsifying 
wax (anionic)

Cetostearyl 
alcohol

Sodium lauryl 
(dodecyl) sulfate

Cetrimide 
emulsifying 
wax (cationic)

Cetostearyl 
alcohol

Cetrimide (hexadecyl 
trimethyl ammonium 
bromide)

Cetomacrogol 
emulsifying 
wax (non-ionic)

Cetostearyl 
alcohol

Cetomacrogol 
(polyoxyethylene 
monohexadecyl ether)

Fig . 5.15 •  Emulsion stabilization using solid particles. 
(a) Preferential wetting of solid by water, leading to an 
o/w emulsion. (b) Preferential wetting of solid by oil, 
leading to a w/o emulsion. 

q
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sorbitan esters favour w/ o emulsions whilst  o/ w 
emulsions are produced by the more hydrophilic 
polyoxyethylene sorbitan esters.

By reason of the stabilizing mechanism involved, 
polar groups are far better barriers to coalescence 
than their non-polar counterparts. It  is thus possible 
to see why o/ w emulsions can be made with greater 
than 50% disperse phase and w/ o emulsions are 
limited in this respect and invert (change type) if 
the amount of water present is signi cant.
Hydrophile—lipophile ba la nce. The fact that a 
more hydrophilic interfacial barrier favours o/ w 
emulsions whilst  a more non-polar barrier favours 
w/ o emulsions is employed in the hydrophile–
lipophile balance (HLB) system for assessing sur-
factants and emulsifying agents, which was 
introduced by G rif n. Here an HLB number is 
assigned to an emulsifying agent that is characteristic 
of its relative polarity. Although originally conceived 
for non-ionic emulsifying agents with polyoxyethyl-
ene hydrophilic groups, it  has since been applied 
with varying success to other surfactant groups, both 
ionic and non-ionic.

By means of this number system, an HLB range 
of optimum ef ciency for each class of surfactant is 
established, as seen in Figure 5.16. This approach is 
empirical but it  does allow comparison between dif-
ferent chemical types of emulsifying agent.

There are several formulae for calculating HLB 
values of non-ionic surfactants. We can estimate 
values for polysorbates (Tweens) and sorbitan esters 
(Spans) from:

example, droplet formation, aggregation and coales-
cence of droplets, and interfacial  lm formation. On 
shaking together oil and water, both phases initially 
form droplets. The phase that persists in droplet 
form for the longer time should become the disperse 
phase and it  should be surrounded by the continuous 
phase formed from the more rapidly coalescing 
droplets. The phase volumes and interfacial tensions 
will determine the relative number of droplets pro-
duced and hence the probability of collision, i.e. the 
greater the number of droplets, the higher the 
chance of collision, so that the phase present in 
greater amount should  nally become the continu-
ous phase. However, emulsions containing well over 
50% of disperse phase are common.

A more important consideration is the interfacial 
 lm produced by the adsorption of emulsi er at the 
o/ w interface. Such  lms signi cantly alter the rates 
of coalescence by acting as physical and chemical 
barriers to coalescence. As indicated in the previous 
section, the barrier at the surface of an oil droplet 
may arise because of electrically charged groups pro-
ducing repulsion between approaching droplets, or 
because of the steric repulsion, enthalpic in origin, 
from hydrated polymer chains. The greater the 
number of charged molecules present, or the greater 
the number of hydrated polymer chains at the inter-
face, the greater will be the tendency to reduce oil 
droplet coalescence. On the other hand, the inter-
facial barrier for approaching water droplets arises 
primarily because of the non-polar or hydrocarbon 
portion of the interfacial  lm. The longer the hydro-
carbon chain length and the greater the number of 
molecules present per unit area of  lm, the greater 
is the tendency for water droplets to be prevented 
from coalescing. Thus, it  may be said generally that 
it  is the dominance of the polar or non-polar char-
acteristics of the emulsifying agent which plays a 
major part  in the type of emulsion produced.

It  would appear, then, that  the type of emulsion 
formed, depending as it  does on the polar/ non-polar 
characteristics of the emulsifying agent, is a function 
of the relative solubility of the emulsifying agent, 
the phase in which it  is more soluble being the con-
tinuous phase. This is a statement of what is termed 
the Bancroft rule, an empirical observation.

The foregoing helps to explain why charged 
surface-active agents such as sodium and potassium 
oleates which are highly ionized and possess strong 
polar groups favour o/w emulsions, whereas calcium 
and magnesium soaps which are lit t le dissociated 
tend to produce w/ o emulsions. Similarly, non-ionic 

Fig . 5.16 •  HLB scale showing classi cation of 
surfactant function. 
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alcohol fatty acid esters such as glyceryl monostear-
ate may be obtained from the saponi cation value, 
S, of the ester and the acid number, A , of the fatty 
acid using:

 HLB  /=  −(  )20 1  S  A  
(5.33)

In addition, it  has been suggested that certain emul-
sifying agents of a given HLB value appear to work 
best with a particular oil phase and this has given 
rise to the concept of a required HLB value for any 
oil or combination of oils. However, this does not 
necessarily mean that every surfactant having the 
required HLB value will produce a good emulsion; 
speci c surfactants may interact with the oil, with 
another component of the emulsion or even with 
each other.

For reasons mentioned earlier, mixtures of 
surface-active agents give more stable emulsions 
than when used singly. The HLB of a mixture of 
surfactants, consisting of fraction x of A and (1 − x) 
of B, is assumed to be an algebraic mean of the two 
HLB numbers:

 HLB  HLB  HLBmixt  A  B=  +  −x x(  )1  
(5.34)

It has been found that, at the optimum HLB for a 
particular emulsion, the mean particle size of the 
emulsion is at a minimum and this factor contributes 
to the stability of the emulsion system. The use of 
HLB values in the formulation of emulsions is dis-
cussed in Chapter 27.
Pha se viscosity. The emulsi cation process and 
the type of emulsion formed are in uenced to some 
extent by the viscosity of the two phases. Viscosity 
can be expected to affect interfacial  lm formation 
because the migration of molecules of emulsifying 
agent to the oil/ water interface is diffusion control-
led. Droplet movement prior to coalescence is also 
affected by the viscosity of the medium in which 
the droplets are dispersed.

Stab ility.of.emuls ions
A stable emulsion may be de ned as a system in 
which the globules retain their init ial character and 
remain uniformly distributed throughout the con-
tinuous phase. The function of the emulsifying agent 
is to form an interfacial  lm around the dispersed 
droplets; the physical nature of this barrier controls 

Table 5.5 Group contributions to HLB values

Group Contribution

SO4Na  +38.7

COOK  +21.1

COONa  +19.1

SO3Na  +11.0

N (tertiary amine)  +9.4

Ester (sorbitan ring)  +6.8

Ester (free)  +2.4

COOH  +2.1

OH (free)  +1.9

–O– (ether)  +1.3

OH (sorbitan)  +0.5

CH, CH2 etc 0

OCH2CH2  +0.33

OCH(CH3)CH2  −0.15

(alkyl)  −0.475

CF2, CF3  −0.870

 HLB  /=  +(  )E  P  5  
(5.30)

where E is the percentage by weight of oxyethylene 
chains and P is the percentage by weight of polyhy-
dric alcohol groups (glycerol or sorbitol) in the mol-
ecule. If the surfactant contains only polyoxyethylene 
as the hydrophilic group then we can use a simpler 
form of the equation:

 HLB  /= E  5  
(5.31)

Alternatively, we can calculate HLB values directly 
from the chemical formula using empirically deter-
mined group numbers. The formula is then:

 
HLB  hydrophilic group numbers

lipophilic group numbers
=  +
−  (  )
7  Σ
Σ

(  )
 

(5.32)

G roup numbers of some commonly occurring groups 
are given in Table 5.5. Finally, the HLB of polyhydric 



 Dis p e rs e  s ys te m s  C H A P T E R  5

9 1

was stated there that stable emulsions containing 
more than 50% of disperse phase are common, 
attempts to incorporate excessive amounts of dis-
perse phase may cause cracking of the emulsion or 
phase inversion (conversion of an o/ w emulsion to 
w/ o or vice versa). It  can be shown that uniform 
spheres arranged in the closest  packing will occupy 
74% of the total volume irrespective of their size. 
Thus Ostwald suggested that an emulsion which 
resembles such an arrangement of spheres would 
have a maximum disperse phase concentration of 
the same order. Although it  is possible to obtain 
more concentrated emulsions than this, because of 
the non-uniformity of size of the globules and the 
possibility of deformation of shape of the globules, 
there is a tendency for emulsions containing more 
than about 70% disperse phase to crack or invert.

Further, any additive that alters the HLB of an 
emulsifying agent may alter the emulsion type; thus 
addition of a magnesium salt  to an emulsion stabi-
lized with sodium oleate will cause the emulsion to 
crack or invert.

The addition of an electrolyte to anionic and cati-
onic surfactants may suppress their ionization due 
to the common ion effect  and thus a w/ o emulsion 
may result even though normally an o/ w emulsion 
would be produced. For example, pharmacopoeial 
White Liniment is formed from turpentine oil, 
ammonium oleate, ammonium chloride and water. 
With ammonium oleate as emulsifying agent, an o/ w 
emulsion would be expected but the suppression of 
ionization of the ammonium oleate by the ammo-
nium chloride (the common ion effect), and a rela-
tively large volume of turpentine oil, produce a w/ o 
emulsion.

Emulsions stabilized with non-ionic emulsifying 
agents such as the polysorbates may invert on 
heating. This is due to the breaking of the H-bonds 
responsible for the hydrophilic characteristics of the 
polysorbate; its HLB value is thus altered and the 
emulsion inverts.
Crea ming. Many emulsions cream on standing. 
The disperse phase, according to its density relative 
to that of the continuous phase, rises to the top or 
sinks to the bottom of the emulsion, forming a layer 
of more concentrated emulsion. The commonest 
example is milk, an o/ w emulsion, with cream rising 
to the top of the emulsion.

As mentioned earlier,  occulation may occur as 
well as creaming but not necessarily so. Droplets of 
the creamed layer do not coalesce, as may be found 
by gentle shaking which redistributes the droplets 

whether or not the droplets will coalesce as they 
approach one another. If the  lm is electrically 
charged, then repulsive forces will contribute to 
stability.

Separation of an emulsion into its constituent 
phases is termed cracking or breaking. It  follows 
that any agent that  will destroy the interfacial  lm 
will crack the emulsion. Some of the factors that 
cause an emulsion to crack are:
•  the addition of a chemical that  is incompatible 

with the emulsifying agent, thus destroying its 
emulsifying ability. Examples include surface-
active agents of opposite ionic charge, e.g. the 
addition of cetrimide (cationic) to an emulsion 
stabilized with sodium oleate (anionic); addition 
of large ions of opposite charge, e.g. neomycin 
sulfate (cationic) to aqueous cream (anionic); 
addition of electrolytes such as calcium and 
magnesium salts to an emulsion stabilized with 
anionic surface-active agents

•  bacterial growth – protein materials and 
non-ionic surface-active agents are excellent 
media for bacterial growth

•  temperature change – protein emulsifying 
agents may be denatured and the solubility 
characteristics of non-ionic emulsifying agents 
change with a rise in temperature; heating 
above 70 °C destroys most emulsions. Freezing 
will also crack an emulsion; this may be because 
the ice formed disrupts the interfacial  lm 
around the droplets.

Other ways in which an emulsion may show instabil-
ity are as follows.
Floccula tion. Even though a satisfactory interfa-
cial  lm is present around the oil droplets, second-
ary minimum  occulation, as described earlier in 
this chapter under the discussion on the DLVO 
theory of colloid stability, is likely to occur with 
most pharmaceutical emulsions. The globules do not 
coalesce and may be redispersed by shaking. 
However, due to the closeness of approach of drop-
lets in the  occule, if any weaknesses in the interfa-
cial  lms occur then coalescence may follow. 
Flocculation should not be confused with creaming 
(see below). The former is due to the interaction of 
attractive and repulsive forces and the latter due to 
density differences in the two phases. Both may 
occur.
Pha se inversion. As indicated under the section on 
emulsion type, phase volume ratio is a contributory 
factor to the type of emulsion formed. Although it  
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assessing emulsion stability is to follow the globule 
size distribution with time. An emulsion approach-
ing the unstable state is characterized by the appear-
ance of large globules as a result of the coalescence 
of others.

Foams

A foam is a coarse dispersion of a gas in a liquid 
which is present as thin  lms or lamellae of colloidal 
dimensions between the gas bubbles.

Foams  nd application in pharmacy as aqueous 
and non-aqueous spray preparations for topical, 
rectal and vaginal medication and for burn dressings. 
Equally important, however, is the destruction of 
foams and the use of antifoaming agents. These are 
of importance in manufacturing processes, prevent-
ing foam in, for example, liquid preparations. In 
addition, foam inhibitors, such as the silicones, are 
used in the treatment of  atulence, for the elimina-
tion of gas, air or foam from the gastrointestinal 
tract  prior to radiography and for the relief of 
abdominal distension and dyspepsia.

Due to their high interfacial area (and surface 
free energy), all foams are unstable in the thermo-
dynamic sense. Their stability depends on two major 
factors: the tendency for the liquid  lms to drain 
and become thinner, and their tendency to rupture 
due to random disturbances such as vibration, heat 
and diffusion of gas from small bubbles to large 
bubbles. G as diffuses from the small bubbles to the 
large because the pressure in the former is greater. 
This is a phenomenon of curved interfaces, the pres-
sure difference, Δp being a function of the interfacial 
tension, γ, and the radius, r, of the droplet according 
to Δp = 2γ/ r.

Pure liquids do not foam. Transient or unstable 
foams are obtained with solutes such as short chain 
acids and alcohols which are mildly surface active. 
However, persistent foams are formed by solutions 
of surfactants. The  lm in such foams consists of 
two monolayers of adsorbed surface-active mole-
cules separated by an aqueous core. The surfactants 
stabilize the  lm by means of electrical double layer 
repulsion or steric stabilization as described for col-
loidal dispersions.

Foams are often troublesome and knowledge of 
the action of substances that cause their destruction 
is useful. There are two types of antifoaming agent:
•  foam breakers such as ether and n-octanol. 

These substances are highly surface active and 

throughout the continuous phase. Although not so 
serious an instability factor as cracking, creaming is 
undesirable from a pharmaceutical point of view 
because a creamed emulsion is inelegant in appear-
ance, provides the possibility of inaccurate dosage 
and increases the likelihood of coalescence since the 
globules are close together in the cream.

Those factors which in uence the rate of cream-
ing are similar to those involved in the sedimenta-
tion rate of suspension particles and are indicated 
by Stokes’ Law (Eqn 5.8) as follows:

 v  a  g=  −2
9

2 (  )σ  ρ
η

 

(as 5.8)
where v is the velocity of creaming, a the globule 
radius, σ  and ρ the densities of disperse phase and 
dispersion medium respectively, and η  the viscosity 
of the dispersion medium. A consideration of this 
equation shows that the rate of creaming will be 
decreased by:
•  a reduction in the globule size
•  a decrease in the density difference between 

the two phases, and
•  an increase in the viscosity of the continuous 

phase.
A decrease of creaming rate may therefore be 
achieved by homogenizing the emulsion to reduce 
the globule size and increasing the viscosity of the 
continuous phase, η  by the use of thickening agents 
such as tragacanth or methylcellulose. It  is seldom 
possible to satisfactorily adjust the densit ies of the 
two phases.
Assessment of emulsion sta bility. Approximate 
assessments of the relative stabilit ies of a series of 
emulsions may be obtained from estimations of the 
degree of separation of the disperse phase as a dis-
tinct  layer, or from the degree of creaming. Whilst 
separation of the emulsion into two layers, i.e. 
cracking, indicates gross instability, a stable emulsion 
may cream, creaming being simply due to density 
differences and easily reversed by shaking. Some 
coalescence may, however, take place due to the 
close proximity of the globules in the cream; similar 
problems occur with  occulation.

However, instability in an emulsion results from 
any process which causes a progressive increase in 
particle size and a broadening of the particle size 
distribution, so that eventually the dispersed parti-
cles become so large that they separate out as free 
liquid. Accordingly, a more precise method for 
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vapour. The supersaturation eventually leads to the 
formation of nuclei, which grow into particles of col-
loidal dimensions. The preparation of aerosols by 
dispersion methods is of greater interest in pharmacy 
and may be achieved by the use of pressurized con-
tainers with, for example, lique ed gases used as pro-
pellants. If a solution or suspension of active 
ingredients is contained in the liquid propellant or in 
a mixture of this liquid and an additional solvent, 
then when the valve on the container is opened the 
vapour pressure of the propellant forces the mixture 
out of the container. The large expansion of the pro-
pellant at room temperature and atmospheric pres-
sure produces a dispersion of the active ingredients 
in air. Although the particles in such dispersions are 
often larger than those in colloidal systems, these 
dispersions are still generally referred to as aerosols.

Applica tion.of.aeros ols .in.pharmacy
The use of aerosols as a dosage form is particu-
larly important in the administration of drugs via 
the respiratory system. In addition to local effects, 
systemic effects may be obtained if the drug is 
absorbed into the blood stream from the lungs. 
Topical preparations (Chapter 39) are also well 
suited for presentation as aerosols. Therapeutic 
aerosols for inhalation are discussed in more detail 
in Chapter 37.
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are thought to act by lowering the surface 
tension over small regions of the liquid  lm. 
These regions are rapidly pulled out by 
surrounding regions of higher tension, small 
areas of  lm are therefore thinned out and left  
without the properties to resist  rupture

•  foam inhibitors, such as polyamides and 
silicones. It  is thought that these are adsorbed 
at the air/ water interface in preference to the 
foaming agent, but they do not have the 
requisite ability to form a stable foam. They 
have a low interfacial tension in the pure state 
and may be effective by virtue of rapid 
adsorption.

Aerosols

Aerosols are colloidal dispersions of liquids or solids 
in gases. In general, mists and fogs possess liquid 
disperse phases whilst smoke is a dispersion of solid 
particles in gases. However, no sharp distinction can 
be made between the two kinds because liquid is 
often associated with the solid particles. A mist 
consists of  ne droplets of liquid that may or may 
not contain dissolved or suspended material. If the 
concentration of droplets becomes high it  may be 
called a fog.

While all the disperse systems mentioned above 
are less stable than colloids that have a liquid as 
dispersion medium, they have many properties in 
common with the latter and can be investigated in 
the same way. Particle size is usually within the col-
loidal range but if larger than 1 µm, the life of an 
aerosol is short  because the particles settle out too 
quickly.

Prepara tion.of.ae ros ols
In common with other colloidal dispersions, aerosols 
may be prepared by either dispersion or condensation 
methods. The latter involve the initial production of 
supersaturated vapour of the material that is to be 
dispersed. This may be achieved by supercooling the 
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•  Measurement o  the rheological properties  o  a  
material mus t be carried out with an ins trument 
which is  capable o  producing meaning ul 
results  

•  The f ow conditions  within even a s imple 
f uid can a  ect processes  such as  heat and 
mass  trans  er and the rate o  dissolution o  a  
dosage  orm 

•  A knowledge o  the types  o  non-Newtonian 
behaviour is  o ten essential in the des ign o  
manu acturing processes  or drug delivery 
sys tems  

•  Non-Newtonian materials  are more properly 
cons idered as  being viscoelas tic  in that they 
exhibit both liquid and solid characteris tics  
s imultaneous ly, the controlling parameter  
being time 

Vis c os ity, rhe ology and  
the   ow o    uids

The viscosity o  a f uid may be described simply as 
its resistance to f ow or movement. Thus water, 
which is easier to stir than syrup, is said to have the 
lower viscosity. The reciprocal o  viscosity is  uidity. 
Rheology (a term invented by Bingham and  ormally 
adopted in 1929) may be de ned as the study o  the 
f ow and de ormation properties o  matter.

Historically the importance o  rheology in phar-
macy was merely as a means o  characterizing and 
classi ying f uids and semi-solids. For example, all 
pharmacopoeias have included a viscosity standard 
to control substances such as liquid para  n. 
However, the increased reliance on in vitro testing 

6  Rheology

Christopher Marriott

KE Y P O IN TS

•  The quality o  an excipient or a dosage  orm 
can be monitored by measurement o  the 
appropriate viscos ity coe  cient based on 
Newton’s  Law 

•  The viscos ity o  a  f uid will be modi ed by 
dissolved macromolecules , the nature o  which 
in dilute solution can, in turn, be determined by 
s imple viscometry: at higher concentrations   
the rheological properties  will no longer be 
Newtonian 
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which obey this relationship are re erred to as 
N ewtonian f uids and those which do not are known 
as non-N ewtonian.

The phenomenon o  viscosity is best understood 
by a consideration o  a hypothetical cube o  f uid 
made up o  in nitely thin layers (laminae) which are 
able to slide over one another like playing cards in a 
pack or deck (Fig. 6.1a). When a tangential  orce is 
applied to the uppermost layer, it  is assumed that 
each subsequent layer will move at progressively 
decreasing velocity and that the bottom layer will 
be stationary (Fig. 6.1b). A velocity gradient will 
there ore exist and this will be equal to the velocity 
o  the upper layer in m s−1 divided by the height o  
the cube in metres. The resultant gradient, which is 
e  ectively the rate o  f ow but is usually re erred to 
as the rate o  shear, γ, will have units o  reciprocal 
seconds (s−1). The applied stress, known as the shear 
stress, σ , is derived by dividing the applied  orce by 
the area o  the upper layer and will thus have units 
o  N m−2.

As Newton’s Law can be expressed as:

 σ  ηγ=  
(6.1)

then

 η  σ
γ

=  

(6.2)

o  dosage  orms as a means o  evaluating their suit-
ability  or the grant o  a marketing authorization and 
the increased use o  polymers in  ormulations and 
the construction o  devices has given added impor-
tance to measurement o  f ow properties. Further-
more, advances in the methods o  evaluation o  the 
viscoelastic properties o  semi-solid materials has 
increased not only the amount and quality o  the 
in ormation that can be gathered but has also accel-
erated the time taken  or its acquisition.

A proper understanding o  the rheological proper-
ties o  pharmaceutical materials is essential to the 
preparation, development, evaluation and per orm-
ance o  pharmaceutical dosage  orms. This chapter 
describes rheological behaviour and techniques o  
measurement and will  orm a basis  or the applied 
studies described in later chapters.

Ne wtonian  uids

Viscos ity coe  cients   or  
Newtonian f uids

Dynamic  vis cos ity
The de nition o  viscosity was put on a quantitative 
basis by Newton. He was the  rst  to realize that the 
rate o  f ow (γ) was directly related to the applied 
stress (σ): the constant o  proportionality is the 
coe f cient o  dynamic viscosity (η ), more usually 
re erred to simply as the viscosity. Simple f uids 

Fig . 6.1 •  Representation o  the e  ect o  shearing a ‘block’ o  fuid. 

a  b
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which together with the centiStoke (cS) may still 
be  ound in the literature.

Rela tive  and  s pec i c  vis cos ities
The viscosity ratio or relative viscosity (η r) o  a solu-
tion is the ratio o  the viscosity o  the solution to 
the viscosity o  its solvent (η o):

 η  η
ηr

o
=  

(6.4)

and the specif c viscosity (η sp) is given by:

 η  ηsp  r=  −1  
(6.5)

In these calculations the solvent can be o  any 
nature, although in pharmaceutical products it  is 
most usually water.

For a colloidal dispersion, the equation derived 
by Einstein may be used.

 η  η  φ=  +o(  .  )1  2 5  
(6.6)

where ϕ is the volume  raction o  the colloidal phase 
(the volume o  the dispersed phase divided by the 
total volume o  the dispersion). The Einstein equa-
tion may be rewritten as:

 
η
η

 φ
o

=  +1  2 5.  

(6.7)

when  rom Equation 6.4 it  can be seen that as the 
le t-hand side o  Equation 6.7 is equal to the relative 
viscosity it  can be rewritten as:

 
η
η

η  η
η

 φ
o

o

o
−  =  − =1  2 5.  

(6.8)

where the le t-hand side equals the speci c viscos-
ity. Equation 6.8 can be rearranged to produce:

 
η
φ
sp = 2 5.  

(6.9)

and η  will have units o  N m−2s. Thus, by re erence 
to Equation 6.1, it  can be seen that a Newtonian 
f uid o  viscosity 1 N m−2s would produce a velocity 
o  1 m s−1  or a cube o  1 m dimensions with an 
applied  orce o  1 N. Because the derived unit  o  
 orce per unit  area in the SI system is the pascal 
(Pa), viscosity should be re erred to in Pa s or mPa s 
(the dynamic viscosity o  water is approximately 
1 mPa s). The centipoise (cP) and poise 
(1 P = 1 dyn cm−2s) were units o  viscosity in the 
now redundant cgs system. These are no longer o  -
cial and there ore are not recommended but are still 
relatively commonly used.

The values o  the viscosity o  water and some 
examples o  other f uids o  pharmaceutical interest 
are given in Table 6.1. Since viscosity is inversely 
related to temperature, in this case the values given 
are those measured at 20 °C.

Kinematic  vis cos ity
The dynamic viscosity is not the only coe  cient 
that can be used to characterize a f uid. The kine-
matic viscosity (ν) is also used and may be de ned 
as the dynamic viscosity divided by the density o  
the f uid (ρ):

 ν  η
ρ

=  

(6.3)

and the SI units will be m2 s−1 or, more use ully, 
mm2 s−1. The cgs unit was the Stoke (S = 10−4 m2 s-1) 

Table 6.1 Viscosities o  some f uids o   
pharmaceutical interest

Fluid Dynamic viscosity 
at 20 °C (mPa s)

Chloroform  0.58

Water 1.002

Ethanol 1.20

Fractionated coconut oil 30.0

Glyceryl trinitrate 36.0

Propylene glycol 58.1

Soya bean oil 69.3

Rape oil 163

Glycerol 1490
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to the ordinate will yield the constant k1 which is 
re erred to as the limiting viscosity number or the 
intrinsic viscosity, [η].

The limiting viscosity number may be used to 
determine the approximate molecular mass (M ) o  
polymers using the Mark–Houwink equation:

 [  ]η  = KM α  
(6.12)

where K and α  are constants that must be obtained 
at  a given temperature  or the speci c polymer–
solvent system using other techniques such as 
osmometry or light scattering. However, once these 
constants have been determined, then viscosity 
measurements provide a quick and precise method 
o  molecular mass determination o  pharmaceutical 
polymers such as dextrans, which are used as plasma 
extenders. Also, the values o  the two constants 
provide an indication o  the shape o  the molecule 
in solution: spherical molecules yield values o  
α  = 0, whereas extended rods have values greater 
than 1.0. A randomly coiled molecule will yield an 
intermediate value (≈0.5).

The speci c viscosity may be used in the  ollow-
ing equation to determine the volume o  a molecule 
in solution:

 ηsp  = 2 5.  C N V
M

 

(6.13)

where C  is concentration, N  is Avogadro’s number, 
V  is the hydrodynamic volume o  each molecule and 
M  is the molecular mass. However, it  does su  er 
 rom the obvious disadvantage that the assumption 
is made that all polymeric molecules  orm spheres 
in solution.

Huggins ’ cons tant
Finally, the constant k2 in Equation 6.11 is re erred 
to as Huggins’ constant and is equal to the slope 
o  the plot  shown in Figure 6.2. Its value gives an 
indication o  the interaction between the polymer 
molecule and the solvent, such that a positive slope 
is produced  or a polymer that  interacts weakly with 
the solvent, and the slope becomes less positive 
as the interaction increases. A change in the value 
o  Huggins’ constant can be used to evaluate 
the interaction o  drug molecules in solution with 
polymers.

and as the volume  raction will be directly 
related to concentration, C , Equation 6.9 can be 
rewritten as:

 ηsp

C
 k=  

(6.10)

where k is a constant.
When the dispersed phase is a high molecular 

mass polymer then a colloidal solution will result  
and, provided moderate concentrations are used, 
Equation 6.10 can be expressed as a power series:

 ηsp

C
 k  k C  k C=  +  +1  2  3

 2  

(6.11)

Intrins ic  vis cos ity
I  η sp/C, the viscosity number or reduced viscosity, 
is determined at a range o  polymer concentrations 
(g dL−1) and plotted as a  unction o  concentration 
(Fig. 6.2), a linear relationship should be obtained. 
The intercept produced on extrapolation o  the line 

Fig . 6.2 •  Plot o  concentration (g dL−1) against reduced 
viscosity (η sp/C), which by extrapolation gives the limiting 
viscosity number or intrinsic viscosity ([η ]). 
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in 1883 by Reynolds who used an apparatus (Fig. 
6.4) which consisted o  a horizontal, straight glass 
tube through which the f uid f owed under the inf u-
ence o  a  orce provided by a constant head o  water. 
At the centre o  the inlet o  the tube, a  ne stream 
o  dye was introduced. At low f ow rates the dye 
 ormed a coherent thread which remained undis-
turbed in the centre o  the tube and grew very lit t le 
in thickness along the length. This type o  f ow is 
described as streamlined or laminar  ow, and the 
liquid is considered to f ow as a series o  concentric 
cylinders in a manner analogous to an extending 
telescope.

I  the speed o  the f uid is increased, a critical 
velocity is reached at which the thread begins to 
waver and then to break up, although no mixing 
occurs. This is known as transitional  ow. When the 
velocity is increased to higher values the dye instan-
taneously mixes with the f uid in the tube, as all 

Boundary layers

From Figure 6.1 it  can be seen that the rate o  f ow 
o  a f uid over an even sur ace will be dependent 
upon the distance  rom that sur ace. The velocity, 
which will be almost zero at  the sur ace, increases 
with increasing distance  rom the sur ace until the 
bulk o  the f uid is reached and the velocity becomes 
constant. The region over which di  erences in 
velocity are observed is re erred to as the boundary 
layer which arises because the intermolecular  orces 
between the liquid molecules and those o  the 
sur ace result  in a reduction o  movement o  the 
layer adjacent to the wall to zero. Its depth is 
dependent upon the viscosity o  the f uid and the 
rate o  f ow in the bulk f uid. High viscosity and a 
low f ow rate would result  in a thick boundary layer, 
which will become thinner as either the viscosity 
 alls or the f ow rate is increased. The boundary layer 
represents an important barrier to heat and mass 
trans er.

In the case o  a capillary tube then the two 
boundary layers meet at the centre o  the tube, such 
that the velocity distribution is parabolic (Fig. 6.3). 
With an increase in either the diameter o  the tube 
or the f uid velocity, the proximity o  the two bound-
ary layers is reduced and the velocity pro le becomes 
f attened at the centre (Fig. 6.3).

Laminar, trans itional and  
turbulent f ow

The conditions under which a f uid f ows through a 
pipe,  or example, can markedly a  ect the character 
o  the f ow. The type o  f ow that  occurs can be best 
understood by re erence to experiments conducted 

Fig . 6.3 •  Velocity distributions across a circular 
cross-section pipe. 

Fig . 6.4 •  Reynolds’ apparatus. 
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will act as a barrier to such trans er which can only 
occur by molecular di  usion.

Determination o  the f ow 
properties  o  s imple f uids

A wide range o  instruments exists that can be used 
to determine the f ow properties o  Newtonian 
f uids. However, only some o  these are capable o  
providing data that can be used to calculate viscosi-
t ies in  undamental units. The design o  many 
instruments precludes the calculation o  absolute 
viscosities as they are capable o  providing data only 
in terms o  empirical units.

Not all the available types o  instrument used to 
measure viscosity will be described in this Chapter 
but it  will be limited to simple instruments speci ed 
in various o  cial pharmacopoeias.

Capilla ry vis cometers
A capillary viscometer can be used to determine 
viscosity provided that the f uid is Newtonian and 
the f ow is streamlined. The rate o  f ow o  the f uid 
through the capillary is measured under the inf u-
ence o  gravity or an externally applied pressure.
O stwa ld  U-tube viscometer. Such instruments are 
described in pharmacopoeias and are the subject o  
a speci cation o  the International Organization  or 
Standardization (ISO). A range o  capillary bores is 
available and an appropriate one should be selected 
so that a f ow time  or the f uid o  approximately 
200 seconds is obtained; the wider-bore viscometers 
are thus  or use with f uids o  higher viscosity. For 
f uids where there is a viscosity speci cation in a 
pharmacopeia, the size o  instrument that must be 
used in the determination o  their viscosity is stated.

The viscometer is shown in Figure 6.5 and liquid 
is introduced through arm V up to mark G  using a 
pipette long enough to prevent wetting the sides o  
the tube. The viscometer is then clamped vertically 
in a constant-temperature water bath and allowed 
to reach the required temperature. The level o  the 
liquid is adjusted and is then blown or sucked into 
tube W until the meniscus is just above mark E. The 
t ime  or the meniscus to  all between marks E 
and F is then recorded. Determinations should be 
repeated until three readings all within 0.5 seconds 
are obtained. Care should be taken not to introduce 
air bubbles and that the capillary does not become 
partially occluded with small particles.

order is lost and irregular motions are imposed on 
the overall movement o  the f uid: such f ow is 
described as turbulent  ow. In this type o  f ow, the 
movement o  molecules is totally haphazard, 
although the average movement will be in the direc-
tion o  f ow.

Reynolds’ experiments indicated that the f ow 
conditions were a  ected by  our  actors, namely, 
the diameter o  the pipe and the viscosity, density 
and velocity o  the f uid. Furthermore, it  was shown 
that these  actors could be combined to give the 
 ollowing equation:

 Re  ud= ρ
η

 

(6.14)

where ρ is the density, u is the velocity, η  is the 
dynamic viscosity o  the f uid and d is the diameter 
o  the circular cross-section o  the pipe. Re is known 
as Reynolds’ number and, provided compatible units 
are used, it  will be dimensionless.

Values o  Reynolds’ number in a circular cross-
section pipe have been determined that  can be asso-
ciated with a particular type o  f ow. I  it  is below 
2000, then streamlined (i.e. to streamlined) f ow 
will occur, but i  it  is above 4000, then f ow will be 
turbulent. In between these two values the nature 
o  the f ow will depend upon the sur ace over which 
the f uid is f owing. For example, i  the sur ace is 
smooth then streamlined f ow may not be disturbed 
and may exist at values o  Reynolds’ number above 
2000. However, i  the sur ace is rough or the channel 
tortuous then f ow may well be turbulent at values 
below 4000, and even as low as 2000. Consequently, 
although it  is tempting to state that values o  Rey-
nolds’ number between 2000 and 4000 are indica-
tive o  transit ional f ow, such a statement would only 
be correct  or a speci c set o  conditions. This also 
explains why it  is di  cult  to demonstrate transi-
tional f ow practically.

Nevertheless, Reynolds’ number is still an impor-
tant parameter and can be used to predict the type 
o  f ow that will occur in a particular situation. The 
reason why it  is important to know the type o  f ow 
which is occurring is that whereas with streamlined 
f ow there is no component at right angles to the 
direction o  f ow, so that f uid cannot move across 
the tube, this component is strong  or turbulent f ow 
and interchange across the tube is rapid. Thus in the 
latter case,  or example, mass will be rapidly trans-
ported, whereas in streamlined f ow the f uid layers 
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temperature. Tube Z is closed and f uid is drawn into 
bulb C by the application o  suction through tube 
W until the meniscus is just  above the mark E. Tube 
W is then closed and tube Z opened so that liquid 
can drain away  rom the bottom o  the capillary. 
Tube W is then opened and the time the f uid takes 
to  all between marks E and F is recorded. I  at  any 
time during the determination the end o  the ven-
tilating tube Z becomes blocked by the liquid, the 
experiment must be repeated. The same criteria  or 
reproducibility o  t imings described with the U-tube 
viscometer must be applied.

Because the volume o  f uid introduced into the 
instrument can vary between the limits described 
above, this means that measurements can be made 
at a range o  temperatures without the need to 
adjust the volume.

Calcula tion of vis cos ity from  
capilla ry vis cometers
Poiseuille’s Law states that  or a liquid f owing 
through a capillary tube:

 η  π=  r  tP
LV

4

8
 

(6.16)

The maximum shear rate, γm, is given by:

 γ  ρ
ηm

c=  gr
2

 

(6.15)

where ρ is the density o  the f uid, g the acceleration 
due to gravity, rc the radius o  the capillary and η  
the absolute viscosity. Consequently,  or a f uid o  
viscosity 1 mPa s, the maximum shear rate is approx-
imately 2 × 103 s−1 i  the capillary has a diameter o  
0.64 mm, but it  will be o  the order o  102 s−1  or a 
f uid with a viscosity o  1490 mPa s i  the capillary 
has a diameter o  2.74 mm.
Suspended-level viscometer. This instrument is a 
modi cation o  the U-tube viscometer which avoids 
the need to  ll the instrument with a precise volume 
o  f uid. It  also addresses the  act that the pressure 
head in the U-tube viscometer is continually chang-
ing as the two menisci approach one another. This 
instrument is also described in pharmacopoeias and 
is shown in Figure 6.6.

A volume o  liquid which will at least  ll bulb C 
is introduced via tube V. The only upper limit on the 
volume used is that  it  should not be so large as to 
block the ventilating tube Z. The viscometer is 
clamped vertically in a constant-temperature 
water bath and allowed to attain the required 

Fig . 6.5 •  A U-tube viscometer. 

Capilla ry

F

G

E

WV

Fig . 6.6 •  A suspended-level viscometer. 
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This equation justi es the continued use o  the 
kinematic viscosity as it  means that liquids o  known 
viscosity but o  di  ering density  rom the test f uid 
can be used as the standard. A series o  oils o  given 
viscosity are available commercially and are recom-
mended  or the calibration o  viscometers i  water 
cannot be used.

Fa lling-s phere  vis cometer
This viscometer is based upon Stokes’ Law (see 
Chapter 5). When a body  alls through a viscous 
medium, it  experiences a resistance or viscous drag 
which opposes the downward motion. Conse-
quently, i  a body  alls through a liquid under the 
inf uence o  gravity, an initial acceleration period is 
 ollowed by motion at a uni orm terminal velocity 
when the gravitational  orce is balanced by the 
viscous drag. Equation 6.23 will then apply to this 
terminal velocity when a sphere o  density ρs and 
diameter d  alls through a liquid o  viscosity η  and 
density ρ1. The terminal velocity is u and g is the 
acceleration due to gravity:

 3
6

3πη  π ρ  ρdu  d  g=  −(  )s  l  

(6.23)

The viscous drag is given by the le t-hand side o  the 
equation, whereas the right-hand side represents 
the  orce responsible  or the downward motion o  
the sphere under the inf uence o  gravity. Equation 
6.23 may be used to calculate viscosity by rearrange-
ment to give:

 η  ρ  ρ=  −d  g
u

2

18
(  )s  l  

(6.24)

Equation 6.3 gives the relationship between η  and 
the kinematic viscosity, such that Equation 6.24 may 
be rewritten as:

 v  d  g
u

=  −2

18
(  )ρ  ρ
ρ

s  l

l
 

(6.25)

In the derivation o  these equations it  is assumed 
that the sphere  alls through a f uid o  in nite 
dimensions. However,  or practical purposes the 
f uid must be contained in a vessel o   nite dimen-
sions and it  is there ore necessary to include a 

where r is the radius o  the capillary, t is the time 
o  f ow, P is the pressure di  erence across the ends 
o  the tube, L is the length o  the capillary and V  is 
the volume o  liquid. As the radius and length o  the 
capillary as well as the volume f owing are constants 
 or a given viscometer, then:

 η  = KtP  
(6.17)

where K is equal to π r
LV

4

8
.

The pressure di  erence, P, depends upon the 
density, ρ, o  the liquid, the acceleration due to 
gravity, g, and the di  erence in heights o  the two 
menisci in the two arms o  the viscometer. Because 
the value o  g and the level o  the liquids are con-
stant, these can be included in a constant and Equa-
tion 6.17 can be written  or the viscosities o  an 
unknown and a standard liquid:

 η1 1 1=  ′K t r  
(6.18)

 η2 2 2=  ′K t r  
(6.19)

Thus, when the f ow times  or two liquids are com-
pared using the same viscometer, division o  Equa-
tion 6.18 by Equation 6.19 gives:

 
η
η

ρ
ρ

1

2

1  1

2  2
=  ′

′
K t
K t

 

(6.20)

and re erence to Equation 6.4 shows that Equation 
6.20 will yield the viscosity ratio.

However, as Equation 6.3 indicates that the kin-
ematic viscosity is equal to the dynamic viscosity 
divided by the density, then Equation 6.20 may be 
rewritten as:

 
v
v

t
t

1

2

1

2
=  

(6.21)

For a given viscometer a standard f uid such as water 
can be used  or the purposes o  calibration. Then, 
Equation 6.21 may be rewritten as:

 v  ct=  
(6.22)

where c is the viscometer constant.
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passage o  the sphere is monitored by a method that 
avoids parallax, and the time it  takes to  all between 
the etched marks A and B is recorded. It  is usual to 
take the average o  three readings, all o  which must 
be within 0.5%, as the  all t ime, t, to calculate the 
viscosity. I  the same sphere and  all tube are used 
then Equation 6.25 reduces to:

 v  Kt=  − 
  

  
  

ρ
ρ

s

l
1  

(6.27)

where K is a constant that may be determined by 
the use o  a liquid o  known kinematic viscosity.

A number o  pharmacopoeias speci y the use o  
a viscometer o  this type; it  is sometimes re erred 
to as a  alling-ball viscometer. Like capillary viscom-
eters, it  should only be used with Newtonian f uids.

Non-Ne wtonian  uids

The characteristics described in the previous sec-
tions apply only to f uids that obey Newton’s Law 
(Eqn 6.1) and which are consequently re erred to as 
Newtonian. However, most pharmaceutical f uids 
do not obey this law as the viscosity o  many f uids 
varies with the rate o  shear. The reason  or these 
deviations is that  they are not simple f uids such as 
water and syrup, but may be disperse or colloidal 
systems, including emulsions, suspensions and gels. 
These materials are known as non-Newtonian and 
with the increasing use o  sophisticated polymer-
based delivery systems, more examples o  such 
behaviour are  ound in pharmaceutical science.

Types  o  non-Newtonian behaviour

More than one type o  deviation  rom Newton’s 
law can be recognized, and the type o  deviation 
that occurs can be used to classi y the particular 
material.

I  a Newtonian f uid is subjected to an increasing 
rate o  shear, γ, and the corresponding shear stress, 
σ , recorded then a plot o  γ against σ  will produce 
the linear relationship shown in Figure 6.8a. Such a 
plot is usually re erred to as a f ow curve or rheo-
gram. The slope o  this plot  will give the viscosity 
o  the f uid and its reciprocal the f uidity. Equation 
6.1 indicates that this line will pass through the 
origin.

correction  actor to account  or the end and wall 
e  ects. The correction normally used is due to 
Faxen and may be given as:

 F  d
D

d
D

d
D

=  −  +  −1  2 104  2 09  0 95
3

3

5

5.  .  .  

(6.26)

where D is the diameter o  the measuring tube and 
d is the diameter o  the sphere. The last term in 
Equation 6.26 accounts  or the end e  ect and may 
be ignored as long as only the middle third o  the 
depth is used  or measuring the velocity o  the 
sphere. In  act , the middle hal  o  the tube can be 
used i  D is at least 10 times d, and the second and 
third terms, which account  or the wall e  ects, can 
be replaced by 2.1 d/D.

The apparatus used to determine u is shown in 
Figure 6.7. The liquid is placed in the  all tube which 
is clamped vertically in a constant-temperature 
bath. Su  cient time must be allowed  or tempera-
ture equilibration to occur and  or any air bubbles 
to rise to the sur ace. A steel sphere which has been 
cleaned and brought to the temperature o  the 
experiment is introduced into the  all tube through 
a narrow guide tube, the end o  which must be 
below the sur ace o  the f uid under test . The 

Fig . 6.7 •  A  alling-sphere viscometer. 
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the extrapolation o  the linear portion o  the line 
shown in Figure 6.8b. This extrapolation will also 
give the Bingham or apparent yield value; the slope 
is the plastic viscosity.

Plastic f ow is exhibited by concentrated suspen-
sions, particularly i  the continuous phase is o  high 
viscosity or i  the particles are f occulated.

Ps eudoplas tic   ow
The rheogram shown in Figure 6.8c arises at the 
origin and, as no yield value exists, the material will 
f ow as soon as a shear stress is applied; the slope o  
the curve gradually decreases with increasing rate o  
shear. The viscosity is derived  rom the slope and 
there ore decreases as the shear rate is increased. 
Materials exhibit ing this behaviour are said to be 
pseudoplastic, and no single value o  viscosity can be 
considered as characteristic. The viscosity, which 
can only be calculated  rom the slope o  a tangent 
drawn to the curve at  a speci c point, is known as 
the apparent viscosity. It  is only o  any use i  quoted 
in conjunction with the shear rate at which the 
determination was made. However, it  would need 

P las tic  (or Bingham)  ow
Figure 6.8b indicates an example o  plastic  ow or 
Bingham  ow, when the rheogram does not pass 
through the origin but intersects with the shear 
stress axis at a point usually re erred to as the yield 
value, σ y. This implies that a plastic material does 
not f ow until such a value o  shear stress has been 
exceeded, and at lower stresses the substance 
behaves as a solid (elastic) material. Plastic materials 
are o ten re erred to as Bingham bodies in honour 
o  the worker who carried out many o  the original 
studies on them. The equation he derived may be 
given as:

 σ  σ  η  γ=  +y  p  
(6.28)

where η p is the plastic viscosity and σ y the Bingham 
yield stress or Bingham value (Fig. 6.8b). The equa-
tion implies that the rheogram is a straight line inter-
secting the shear stress axis at the yield value σ y. In 
practice, f ow will begin to occur at  a lower shear 
stress than σ y and the f ow curve gradually approaches 

Fig . 6.8 •  Flow curves or rheograms representing the behaviour o  various materials . (a) Newtonian, (b) plastic, 
(c ) pseudoplastic and (d) dilatant. 

a  b

c  d
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established between the shearing  orce and the 
molecular re-entanglement brought about by 
Brownian motion.

Dila tant  ow
The opposite type o  f ow to pseudoplasticity is 
depicted by the curve in Figure 6.8d, in that the 
viscosity increases with increase in shear rate. As 
such materials increase in volume during shearing, 
they are re erred to as dilatant and exhibit  shear 
thickening. An equation similar to that  or pseudo-
plastic f ow (Eqn 6.29) may be used to describe 
dilatant behaviour, but the value o  the exponent n 
will be greater than 1 and will increase as dilatancy 
increases.

This type o  behaviour is less common than 
plastic or pseudoplastic f ow, but may be exhibited 
by dispersions containing a high concentration 
(≈ 50%) o  small, def occulated particles. Under 
conditions o  zero shear, the particles are closely 
packed and the interparticulate voids are at a 
minimum (Fig. 6.9), which the vehicle is su  cient 
to  ll and at low shear rates such as those created 
during pouring this is still the case. As the shear rate 
is increased the particles become displaced  rom 
their uni orm distribution and the clumps that are 
produced result  in the creation o  larger voids, into 
which the vehicle drains, so that the resistance to 
f ow is increased and viscosity rises. The e  ect is 
progressive with increase in shear rate until eventu-
ally the material may appear paste-like as f ow 
ceases. Fortunately, the behaviour is reversible and 
removal o  the shear stress results in the 
re-establishment o  the f uid nature.

Dilatancy can be a problem during the processing 
o  dispersions and the granulation o  tablet masses 
when high-speed mills and blenders are employed. 
I  the material being processed becomes dilatant in 
nature then the resultant solidi cation could over-
load and damage the motor. Changing the batch or 

several apparent viscosities to be determined in 
order to characterize a pseudoplastic material so 
perhaps the most satis actory representation is by 
means o  the entire f ow curve. However, it  is  re-
quently noted that at higher shear stresses the f ow 
curve tends towards linearity, indicating that a 
minimum viscosity has been attained. When this is 
the case, such a viscosity can be a use ul means o  
classi cation.

There is no completely satis actory quantitative 
explanation o  pseudoplastic f ow; probably the 
most widely used is the Power Law, which is 
given as:

 σ  η  γn =  ′  
(6.29)

where η ′ is a viscosity coe  cient and the exponent, 
n, an index o  pseudoplasticity. When n = 1, then η ′ 
becomes the dynamic viscosity (η ) and Equation 
6.29 the same as Equation 6.1, but as a material 
becomes more pseudoplastic then the value o  n will 
 all. In order to obtain the values o  the constants in 
Equation 6.29, log σ  must be plotted against log γ, 
 rom which the slope will produce n and the inter-
cept η ′. The Equation may only apply over a limited 
range (approximately one decade) o  shear rates, 
and so it  may not be applicable  or all pharmaceuti-
cal materials and other models may have to be con-
sidered in order to  t  the data. For example, the 
model known as Herschel–Bulkley can be given as:

 σ  σ  γ=  +  −y
 nK  1  

(6.30)

where K is a viscosity coe  cient. This can be o  use 
 or f ow curves that are curvilinear and which inter-
sect with the stress axis.

The materials that exhibit  this type o  f ow 
include aqueous dispersions o  natural and chemi-
cally modi ed hydrocolloids, such as tragacanth, 
methylcellulose and carmellose, and synthetic poly-
mers such as polyvinylpyrrolidone and polyacrylic 
acid. The presence o  long, high molecular weight 
molecules in solution results in their entanglement 
with the association o  immobilized solvent. Under 
the inf uence o  shear, the molecules tend to become 
disentangled and align themselves in the direction 
o  f ow. They thus o  er less resistance to f ow and 
this, together with the release o  some o  the 
entrapped water, accounts  or the lower viscosity. 
At any particular shear rate, equilibrium will be 

Fig . 6.9 •  Representation o  the cause o  dilatant 
behaviour. 
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The term that is used to describe such behaviour 
is thixotropy, which means ‘to change by touch’. 
Although the term should only strictly be applied to 
an isothermal sol-gel trans ormation, it  has become 
common to describe any material that exhibits a 
reversible t ime-dependent decrease in apparent vis-
cosity as thixotropic. Such systems are usually com-
posed o  asymmetric particles or macromolecules 
that are capable o  interacting by numerous second-
ary bonds to produce a loose three-dimensional 
structure, so that the material is gel-like when 
unsheared. The energy imparted during shearing dis-
rupts these bonds, so that the f owing elements 
become aligned and the viscosity  alls, as a gel-sol 
trans ormation has occurred. When the shear stress 
is eventually removed, the structure will tend to 
re orm, although the process is not immediate but 
will increase with time as the molecules return to 
the original state under the inf uence o  Brownian 
motion. Furthermore, the time taken  or recovery, 
which can vary  rom minutes to days depending 
upon the system, will be directly related to the 
length o  t ime the material was subjected to 
the shear stress, as this will a  ect  the degree o  
breakdown.

In some cases the structure that has been 
destroyed is never recovered, no matter how long 
the system is le t  unsheared. Repeat determinations 
o  the f ow curve will then produce only the down 
curve which was obtained in the experiment that 
resulted in the destruction. It  is suggested that such 
behaviour be re erred to as ‘shear destruction’ rather 
than thixotropy which, as will be appreciated  rom 
the above, is a misnomer in this case.

An example o  such behaviour is the gels 
produced by high molecular weight polysaccha-
rides, which are stabilized by large numbers o  sec-
ondary bonds. Such systems undergo extensive 

supplier o  the ingredient used could lead to process-
ing problems that can only be avoided by rheological 
evaluation o  the dispersions prior to their introduc-
tion in the production process.

Time-dependent behaviour

In the description o  the di  erent types o  non-
Newtonian behaviour it  was implied that although 
the viscosity o  a f uid might vary with shear rate, it  
was independent o  the length o  t ime that  the shear 
rate was applied, and also that replicate determina-
tions at the same shear rate would always produce 
the same viscosity. This must be considered as the 
ideal situation, as most non-Newtonian materials are 
colloidal in nature and the f owing elements, whether 
they are particles or macromolecules, may not adapt 
immediately to the new shearing conditions.

There ore, when such a material is subjected to 
a particular shear rate, the shear stress and conse-
quently the viscosity will decrease with time. Fur-
thermore, once the shear stress has been removed, 
even i  the breakdown in structure is reversible, it  
may not return to its original condition (rheological 
ground state) instantly. The common  eature o  all 
these materials is that  i  they are subjected to a 
gradually increasing shear rate, which in turn is 
decreased to zero, the down curve o  the rheogram 
will be displaced with regard to the up curve and a 
hysteresis loop will be included (Fig. 6.10). In the 
case o  plastic and pseudoplastic materials, the down 
curve will be displaced to the right o  the up curve 
(Fig. 6.10), whereas  or dilatant substances the 
reverse will be true (Fig. 6.11). The presence o  the 
hysteresis loop indicates that a breakdown in struc-
ture has occurred, and the area within the loop may 
be used as an index o  the degree o  breakdown.

Fig . 6.11 •  Rheogram produced by a thixotropic dilatant 
material. 
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Fig . 6.10 •  Rheogram produced by a thixotropic 
pseudoplastic material. 
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Figure 6.12 shows rheograms that represent the  our 
di  erent types o  f ow behaviour, all o  which inter-
sect at point A, which is equivalent to a shear rate 
o  100 s−1. There ore, i  a measurement was made 
at this one shear rate, all  our materials would be 
shown to have the same viscosity (σ /γ = 0.01 Pa s) 
although they each exhibit  di  erent characteristics. 
Single-point determinations are probably an extreme 
example but are used here to emphasize the impor-
tance o  properly designed experiments.

Rota tiona l vis cometers
These instruments rely on the viscous drag exerted 
on a body when it  is rotated in the f uid to determine 
its viscosity. They should really be re erred to as 
rheometers since nowadays they are suitable  or use 
with both Newtonian and non-Newtonian materials. 
Their major advantage is that wide ranges o  shear 
rate can be achieved and i  a programme o  shear 
rates can be selected automatically, then a f ow 
curve or rheogram  or a material may be obtained 
directly. A number o  commercial instruments 
are available which vary  rom those that can be 
used as simple on-line devices to sophisticated 

Fig . 6.12 •  Explanation o  the e  ect o  s ingle-point 
viscosity determination and the resultant errors. 
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1.5reorganization during shearing such that the three-
dimensional structure is reduced to a two-
dimensional one; the gel-like nature o  the original 
is then never recovered.

The occurrence o  such complex behaviour 
creates problems in the quanti cation o  the viscos-
ity o  these materials because not only will the 
apparent viscosity change with shear rate, but there 
will also be two viscosit ies that can be calculated  or 
any given shear rate (i.e.  rom the up curve and the 
down curve). It  is usual to attempt to calculate one 
viscosity  or the up curve and another  or the down 
curve but this requires each o  the curves to achieve 
linearity over some o  its length, otherwise a de ned 
shear rate must be used; only the  ormer situation 
is truly satis actory. Each o  the lines used to derive 
the viscosity may be extrapolated to the shear stress 
axis to give an associated yield value. However, only 
the one derived  rom the up curve has any signi -
cance, as that  derived  rom the down curve will 
relate to the broken-down system.

Consequently, the most use ul index o  thixo-
tropy can be obtained by integration o  the area 
contained within the loop. This will not, o  course, 
take into account the shape o  the up and down 
curves, and so two materials may produce loops o  
similar area but with completely di  erent shapes, 
representing totally di  erent types o  f ow behav-
iour. In order to prevent con usion, it  is best to 
adopt a method whereby an estimate o  area is 
accompanied by yield value(s). This is particularly 
important when complex up curves exhibiting 
bulges are obtained, although it  is now acknowl-
edged that  when these have been reported in the 
literature, they might well have been a consequence 
o  the design o  the instrument, rather than provid-
ing in ormation on the three-dimensional structure 
o  the material. The evidence  or this is based on 
the f ow curves produced using more modern instru-
ments, which do not exhibit  the same, i  any, bulges.

Determination o  the f ow 
properties  o  non-Newtonian f uids

With such a wide variety o  rheological behaviour, it  
is extremely important to carry out measurements 
that will produce meaning ul results. It  is crucial 
there ore not to use a determination o  viscosity 
at one shear rate which, although per ectly accept-
able  or a Newtonian f uid, would produce results 
which are useless  or any comparative purposes. 
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where r1 and r2 are the radii o  the inner and 
outer cylinders respectively, h is the height o  the 
inner cylinder, and ω is the angular velocity o  the 
outer cylinder.
Cone-pla te. The cone-plate geometry comprises a 
f at  circular plate with a wide-angle cone placed 
centrally above it  (Fig. 6.14). The tip o  the cone 
just touches the plate and the sample is loaded into 
the included gap. When the plate is rotated the cone 
will be caused to rotate against a torsion wire in the 
same way as the inner cylinder described above. 
Provided the gap angle is small (less than 1°), the 
viscosity will be given by:

 η  ω
π  α

=  3
2  3

T
r

 

(6.33)

where ω is the angular velocity o  the plate, T is the 
torque, r is the radius o  the cone and α  is the angle 
between the cone and the plate.
Pa ra llel pla te. This only di  ers  rom cone-plate in 
that  the cone is replaced by a f at plate which is 
similar to the opposing part o  the geometry (Fig. 
6.15). The viscosity is given by:

 η
π  ω

=  2
4

hT
r

 

(6.34)

multi- unction machines. However, all share a 
common  eature in that  various measuring geometries 
can be used; o ten these have been concentric cyl-
inder (or couette) and cone-plate, although parallel-
plate is becoming more widely used.
Concentr ic cylinder. In this geometry there are 
two coaxial cylinders o  di  erent diameters, the 
outer  orming the cup containing the f uid in which 
the inner cylinder or bob is positioned centrally (Fig. 
6.13). In older types o  instrument the outer cylin-
der is rotated and the viscous drag exerted by 
the f uid is transmitted to the inner cylinder as a 
torque inducing its rotation which can be measured 
by a transducer or a  ne torsion wire. The stress on 
this inner cylinder (when,  or example, it  is sus-
pended on a torsion wire) is indicated by the angular 
def ection, θ, once equilibrium (i.e. steady f ow) 
has been attained. The torque, T, can then be cal-
culated  rom:

 C  Tθ  =  
(6.31)

where C  is the torsional constant o  the wire. The 
viscosity is then given by:

 
η

π  ω
=

− 
  

  
  

1  1

4
1
2

2
2r  r

h
 

(6.32)

Fig . 6.14 •  Cone-plate geometry. 

Fig . 6.15 •  Parallel plate geometry. Fig . 6.13 •  Concentric cylinder geometry. 
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has obviated the need to include a gearbox although 
these are still incorporated in some instruments as 
a means o  extending the range o  shear rates that  
can be applied.

The absolute viscosity could not be determined 
with these early instruments, but the use o  a cali-
brated torsion wire and a de ned measuring geom-
etry (such as concentric cylinder or cone-plate) 
made this possible. Perhaps the most signi cant 
improvements which have been made to the tech-
nology are the replacement o  the torsion wire with 
more sophisticated torque measurement devices, 
sometimes re erred to as dynamometers. Their 
introduction meant that  the cup in Figure 6.16 
could be  xed and only the upper part o  the geom-
etry needed to be driven by the motor via a coiled 
spring (Fig. 6.17): the degree o  f exure o  the spring 
is, like the torsion wire that  it  replaced, inversely 
related to the resistance to f ow (i.e. viscosity) o  
the f uid. Although this modi cation enabled the 
viscosity to be read directly o   a scale and instru-
ments to be automated, the spring had to have a low 
elastic modulus and the weight o  the measuring 
geometry which it  supported created inertia which 
had to be overcome once the motor was started. 
This resulted in a lag period be ore the bob began 
to rotate,  ollowed by a rapid acceleration which, in 
turn, produced an overshoot. This type o  behaviour 
was very apparent with the Ferranti-Shirley viscom-
eter which was widely used with pharmaceutical 
semi-solids in the 1960s and 1970s. The instrument 

where in this case r is the diameter o  the plates and 
h the gap between them.

Rheometers
From Equation 6.2 it  can be seen that the viscosity 
o  a f uid can be calculated by dividing the shear 
stress by the shear rate. However, in order to do this 
it  is essential to have an instrument that is capable 
o  imposing either a constant shear rate and measur-
ing the resultant shear stress or a constant shear 
stress when measurement o  the induced shear rate 
is required. The  rst  type o  instrument is re erred 
to as controlled-rate (or strain) whereas the latter is 
known as controlled-stress. As is the case with most 
scienti c measurements, the history o  the develop-
ment o  the instrumentation can be instructive in 
understanding the way in which they work. The 
MacMichael controlled-rate (or controlled-strain) 
viscometer, which was patented in 1918, had a cup 
which contained the f uid under test and could be 
rotated at just  one speed. A 5 mm thick disk sus-
pended on a torsion wire was immersed in the f uid 
in the cup (Fig. 6.16). The viscous drag exerted by 
the f uid caused the disk to rotate, which in turn 
produced a def ection in the torsion wire to an equi-
librium position which was inversely related to the 
viscosity. An early modi cation was to couple a 
gearbox to the synchronous electric motor so that a 
series o  speeds (rates o  shear) could be employed. 
The change  rom a synchronous,  rst , to a direct 
current motor and then a step (or stepper) motor 

Fig . 6.16 •  A diagrammatic representation o  a 
controlled-rate rheometer. 

Fig  6.17 •  A diagrammatic representation o  a 
controlled rate rheometer with a coiled spring torque 
measuring device. 
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experiments were known as creep tests and once the 
technology became available a similar enhancement 
in their application occurred as it  did with controlled-
rate instruments. In this instance, the most signi -
cant improvements were the use o  air bearings to 
provide both lateral and axial support, the use o  
optical encoders to measure radial displacement and 
the addition o  drag-cup motors to produce the 
torque. The latter not only allowed the smooth 
control o  torque but also had very low inertia so 
that  low stresses could be applied.

The design o  instruments with the capacity to 
operate as controlled-strain or controlled-stress has 
now advanced such that both types o  test  can be 
conducted with the same instrument. A generalised 
representation o  the instruments is shown in Figure 
6.19. The bearing supports the changeable measur-
ing geometry and may be enclosed in a unit which 
also houses the motor and the displacement sensor. 
When used in the controlled-stress mode, the 
current to the motor generates a torque which 
rotates the measuring geometry against the resist-
ance o  the sample. The resultant displacement is 
measured by the sensor so that the speed can be 
calculated. The di  erence when operated in 
controlled-strain mode is that there is  eedback to 
the motor  rom the sensor so that instead o  provid-
ing a predetermined stress, the torque necessary to 
maintain a given strain is measured. In both cases, 

was highly automated  or its t ime and produced a 
plot o  a f ow curve in real t ime on an X-Y recorder. 
However, the inertial overshoot was apparent as 
bulges in the f ow curves that  were obtained but, 
un ortunately, these arte acts were taken by some 
workers to represent rheological characteristics o  
the material. Advances in electronics meant that  the 
spring could be replaced by a sti  er torsion strip or 
bar which is only def ected by a  ew degrees. The 
concomitant improvements in micro-processors 
enabled instrumental control and data collection to 
be integrated so that not only did measurements 
become automatic but also data processing was vir-
tually instantaneous.

The  rst  controlled-stress viscometer was des-
cribed by Stormer in 1909 and was based on a cup 
and bob geometry where the outer cup was station-
ary and the inner one was immersed in the liquid 
under test. The inner cylinder was rotated at a con-
stant stress produced by a weight attached to a 
length o  thread which was wrapped around a hori-
zontal pulley on the sha t  o  the cylinder and then 
passed over a vertical pulley so that it   ell under the 
inf uence o  gravity (Fig. 6.18). The rate o  rotation 
was measured with the aid o  a stopwatch and an 
eagle-eyed operator. The most common way o  using 
the instrument was to determine the weight that 
produced a predetermined rate o  rotation: although 
this was use ul  or comparative purposes, it  did not 
allow the calculation o  absolute viscosities. Almost 
60 years elapsed be ore workers attempted to adapt 
this instrument to operate at very low stresses and 
measure displacement over long t imes. Such 

Fig .6.19 •  A schematic diagram o  a rheometer that can 
operate in a variety o  modes. 
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Fig . 6.18 •  A diagrammatic representation o  a 
controlled-stress rheometer. 

Bob

Pulley

Thread

Pulley

Cup

Weight



 P A R T  O N E  Sc ientif c  Princ iple s  o   Dos age  Form Des ign

110

displacement  rom the starting position (F–G ) and 
this will be related to the amount o  energy lost 
during viscous f ow. For the higher-concentration 
gel, all the energy will be recovered, so that only the 
regions D–E and E–F are observed.

This signi cance o  t ime can be observed  rom 
the point X on the time axis. Although both systems 
are viscoelastic, and, indeed, are produced by di  er-
ent concentrations o  the same biopolymer, in Figure 
6.20a the sample is f owing like a high-viscosity 
f uid, whereas in Figure 6.20b it  is behaving like a 
solid.

Creep  tes ting
Both the experimental curves shown in Figure 6.20 
are examples o  a phenomenon known as creep. I  
the measured strain is divided by the stress – which, 
it  should be remembered, is constant – then a com-
pliance will be derived. As compliance is the recip-
rocal o  elasticity, it  will have the units m2 N−1 or 
Pa−1. The resultant curve, which will have the same 
shape as the original strain curve, then becomes 
known as a creep compliance curve. I  the applied 
stress is below a certain limit (known as the linear 
viscoelastic limit), it  will be directly related to the 
strain and the creep compliance curve will have the 
same shape and magnitude regardless o  the stress 
used to obtain it . This curve there ore represents a 

since the rate o  shear and shear rate are available 
the viscosity can be calculated. Also both instrumen-
tal designs can be used  or dynamic testing using 
 orced oscillation, and thus characterize viscoelastic 
properties. As in many aspects o  modern li e, the 
developments in computing hardware and so tware 
have contributed signi cantly to advances in the 
design and use o  rheometers.

Viscoelas ticity

In the experiments described  or rotational viscom-
eters, two observations are o ten made with phar-
maceutical materials:
1. With cone-plate geometry, the sample appears 

to ‘roll up’ at high shear rates and is ejected 
 rom the gap.

2. With concentric cylinder geometry, the sample 
will climb up the spindle o  the rotating inner 
cylinder (Weissenberg e  ect).

The cause o  both these phenomena is the same; 
that is, the liquids are not exhibiting purely viscous 
behaviour but are viscoelastic. Such materials display 
solid and liquid properties simultaneously, and the 
 actor that  governs the actual behaviour is t ime. 
A whole spectrum o  viscoelastic behaviour exists, 
 or materials that  are predominantly either liquid or 
solid. Under a constant stress, all these materials 
will dissipate some o  the energy in viscous f ow and 
store the remainder, which will be recovered when 
the stress is removed. The type o  response can be 
seen in Figure 6.20a, where a small, constant stress 
has been applied to a 2% gelatin gel and the resultant 
change in shape (strain) is measured.

In the region A–B an initial elastic jump is 
observed,  ollowed by a curved region B–C when the 
material is attempting to f ow as a viscous f uid but 
is being retarded by its solid characteristics. At 
longer times, equilibrium is established, so that  or 
a system like this, which is ostensibly liquid, viscous 
f ow will eventually predominate and the curve will 
become linear (C–D). I  the concentration o  gelatin 
in the gel had been increased to 30% then the result-
ant material would be more solid-like and no f ow 
would be observed at longer times so that the curve 
would level out as shown in Figure 6.20b. In the case 
o  the liquid system, when the stress is removed 
only the stored energy will be recovered, and this is 
represented by an initial elastic recoil (D–E, Fig. 
6.20a) equivalent to the region A–B and a retarded 
response E–F equivalent to B–C. There will be a 

Fig . 6.20 •  Creep (or compliance) curves  or (a) an 
uncrosslinked system and (b) a crosslinked system. 
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Thus, a viscosity can be calculated  or the single 
dashpot (Fig. 6.21)  rom the reciprocal o  the slope 
o  the linear part  o  the creep compliance curve. 
This viscosity will be several orders o  magnitude 
greater than that obtained by the conventional rota-
t ional techniques. It  may be considered to be that 
o  the rheological ground state (η 0) as the creep test 
is non-destructive and should produce the same vis-
cosity however many times it  is repeated on the 
same sample. This is in direct contrast to continuous 
shear measurements, which destroy the structure 
being measured and with which it  is seldom possible 
to obtain the same result in subsequent experiments 
on the same sample. The compliance (J0) o  the 
spring can be measured directly  rom the height o  
region A–B (Fig. 6.20a) and the reciprocal o  this 
value will yield the elasticity, E0. It  is o ten the case 
that  this value, together with η 0, provides an ade-
quate characterization o  the material.

However, the remaining portion o  the curve can 
be used to derive the viscosity and elasticity o  the 
elements o  the Voigt unit. The ratio o  the viscosity 
to the elasticity is known as the retardation time, τ , 
and is a measure o  the time taken  or the unit to 
de orm to 1/ e o  its total de ormation. Conse-
quently, more rigid materials will have longer retar-
dation times and the more complex the material, 
the greater the number o  Voigt units that are neces-
sary to describe the creep curve.

It  is also possible to use a mathematical expres-
sion to describe the creep compliance curve:

 J t  J  J  e  ti
 t

i

n
i(  )  (  )/=  −  −  +

=
∑o  o/1

1

τ η  
(6.35)

where J(t) is the compliance at t ime t, and Ji and τ i 
are the compliance and retardation time, respec-
tively, o  the ‘ith’ Voigt unit. Both the model and 
the mathematical approach interpret the curve in 
terms o  a line spectrum. It  is also possible to 
produce a continuous spectrum in terms o  the dis-
tribution o  retardation t imes.

What is essentially the reverse o  the creep com-
pliance test is the stress relaxation test, where the 
sample is subjected to a predetermined strain and 
the stress required to maintain that  strain is meas-
ured as a  unction o  t ime. In this instance, a spring 
and dashpot in series (known as a Maxwell unit) can 
be used to describe the behaviour. Initially the 
spring will extend instantaneously, and will then 
contract more slowly as the piston f ows in the 
dashpot. Eventually the spring will be completely 

 undamental property o  the material, and derived 
parameters are characteristic and independent o  
the experimental method. For example, although it  
is common to use either cone-plate or concentric 
cylinders with viscoelastic pharmaceuticals, almost 
any measuring geometry can be used provided the 
shape o  the sample can be de ned and maintained 
throughout the experiment.

It  is common to analyse the creep compliance 
curve in terms o  a mechanical model, an example 
o  which is shown in Figure 6.21. This  gure also 
indicates the regions on the curve shown in Figure 
6.20a to which the components o  the model relate. 
Thus, the instantaneous jump can be described by a 
per ectly elastic spring and the region o  viscous f ow 
by a piston  t ted into a cylinder containing an ideal 
Newtonian f uid (this arrangement is re erred to as 
a dashpot). In order to describe the behaviour in the 
intermediate region, it  is necessary to combine both 
these elements in parallel, such that the movement 
o  the spring is retarded by the f uid in the dashpot; 
this combination is known as a Voigt unit. It  is 
implied that the elements o  the model do not move 
until the preceding one has become  ully extended. 
Although it  is not  easible to associate the elements 
o  the model with the molecular arrangement o  the 
material, it  is possible to ascribe a viscosity to the 
f uids in each cylinder and elasticity (or compliance) 
to each spring.

Fig . 6.21 •  Mechanical model representation o  a creep 
compliance curve. 
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This can be related to viscosity, η ′, by:

 ′ =  ′′η
ω

G  

(6.38)

where ω is the  requency o  oscillation in rad (s−1). 
From Equations 6.36 and 6.37 it  can be seen that:

 ′′
′
 =G

G
 tanδ  

(6.39)

and tan δ is known as the loss tangent. Thus, a per-
 ectly elastic material would produce a phase lag o  
0°, whereas  or a per ect f uid it would be 90°.

Finally, the concepts o  liquid-like and solid-like 
behaviour can be explained by the dimensionless 
Deborah number (De), which  nds expression as:

 De
T

= τ  

(6.40)

where τ  is a characteristic time o  the material and 
T is a characterist ic time o  the de ormation process. 
For a per ectly elastic material (solid), τ  will be 
in nite, whereas  or a Newtonian f uid it  will be 
zero. With any material, high Deborah numbers can 
be produced either by high values o  τ  or by small 
values o  T. The latter will occur in situations where 
high rates o  strain are experienced,  or example 

relaxed but the dashpot will be displaced, and in this 
case the ratio o  viscosity to elasticity is re erred to 
as the relaxation time.

Dynamic  tes ting
Both creep and relaxation experiments are consid-
ered to be static tests. Viscoelastic materials can also 
be evaluated by means o  dynamic experiments, 
whereby the sample is exposed to a  orced sinusoi-
dal oscillation and the transmitted stress measured. 
Once again, i  the linear viscoelastic limit  is not 
exceeded then the stress will also vary sinusoidally 
(Fig. 6.22). However, because o  the nature o  the 
material, energy will be lost so that the amplitude 
o  the stress wave will be less than that  o  the strain 
wave behind which it  will also lag. I  the amplitude 
ratio and the phase lag can be measured, then the 
elasticity, re erred to as the storage modulus, G ′, is 
given by:

 ′ =  
  

  
  

G  σ
γ

 δcos  

(6.36)

where σ is the stress, γ is the strain and δ is the phase 
lag. A  urther modulus, G″, known as the loss 
modulus, is given by:

 ′′ =  
  

  
  

G  σ
γ

 δsin  

(6.37)

Fig . 6.22 •  Sine waves showing the stress wave lagging behind the strain wave during dynamic testing. 
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the shel -li e in order to ensure that  the product is 
physically stable; this is important because the rate 
o  release o  the drug and the concentration at the 
site o  action is related to the apparent viscosity. 
Since these products are packaged in f exible tubes 
then rheological measurements will also indicate 
whether the product can be readily removed  rom 
the container (see also Chapter 39).

Knowledge o  the f ow properties o  a product 
such as a gel  or topical application can be used to 
predict patient acceptability, since humans can 
detect small changes in viscosity during activities 
such as rubbing an ointment on the skin, shaking 
ketchup  rom a bottle or squeezing toothpaste  rom 
a tube. Since the ability o  the body to act as a rheom-
eter involves the unconscious coordination o  a 
number o  senses, the term psychorheology has been 
adopted by workers in this  eld. All three situations 
provide examples o  the advantages o  designing a 
 ormulation which has a yield stress and exhibits 
plastic or pseudoplastic behaviour so that  the patient 
only has to apply the appropriate shear rate.

Transdermal delivery systems (o ten re erred to 
as patches) are used to deliver drug across the skin 
at a rate which means that they can be le t  on the 
skin  or periods o  up to a week. The drug can either 
be incorporated in a reservoir or dissolved in the 
layer o  adhesive which holds the device on the skin 
(Chapter 39). The rheological properties o  the 
adhesive can there ore be used to predict and control 
not only the adhesion but also the rate o  absorption 
o  the drug. The latter can be used to estimate the 
length o  t ime that device needs to be applied to 
the skin.

When a dosage  orm is intended to be adminis-
tered perorally, so that the active ingredient can be 
absorbed  rom the gastrointestinal tract, then the 
gastrointestinal transit  t ime plays a major role in the 
extent and amount o  drug which appears in the 
blood stream. The  rst  phase o  gastrointestinal 
transit  is gastric emptying, which is in part dictated 
by the rise in viscosity o  stomach contents in the 
presence o   ood. The consequential increase in 
gastric residence time and  all in the dissolution rate 
o  the active ingredient can lead to a reduction in 
the rate, but not necessarily the extent, o  absorp-
tion. Such e  ects can be exploited by the pharma-
ceutical  ormulator,  or example, by including a 
gel- orming polymer in the  ormulation, since this 
can simulate in vivo the e  ect exerted by  ood. 
However, its use as a means o  prolonging the dura-
tion o  action o  an orally administered medicine 

slapping water with the hand. Also, even solid mate-
rials would f ow i  a high enough stress was applied 
 or a su  ciently long time.

The  applic ation o   rhe ology in 
pharmac e utic al  ormulation

The components used to make a  ormulation may 
not only a  ect the physical and release characteris-
t ics o  the product but may also guide it  to the site 
o  absorption. In some cases it  may be possible to 
exploit  the properties o  the excipients such that the 
dosage  orm is retained at  a speci c location in the 
body. This approach is o ten necessary  or locally 
acting products which are used to treat  or prevent 
diseases o ,  or example, the eye and the skin. To 
treat conditions in the eye an aqueous solution o  
the drug is delivered to the precorneal area by means 
o  a dropper. I  the solution is Newtonian and o  low 
viscosity, then it  will be rapidly cleared  orm the eye 
as a result o  ref ex tear production and blinking. 
The resultant short residence time means that an 
e  ective concentration will only be attained  or 
brie  periods  ollowing dosing so that treatment is 
pulsatile. However, i  a water-soluble polymer 
is added to the  ormulation, such that the viscosity 
is within the range o  15–30 mPa s, then the resi-
dence time increases as does the bioavailability. 
Addition o  excipients that make the product pseu-
doplastic will  acilitate blinking and this may improve 
acceptance and compliance by the patient. I  the 
product can be made viscoelastic then solutions o  
higher consistency may be tolerated. This can be 
achieved in the eye i  a polymeric solution is designed 
to be Newtonian when it  is instilled, but then under-
goes a sol-gel transition in situ in reaction to the 
change in environment such as temperature, pH or 
ion content. Polyvinyl alcohol, cellulose ethers and 
esters and sodium alginate are all examples o  poly-
mers which have been used as viscolysers in eye 
drops. Polyacrylic acid and cellulose acetate phtha-
late have been claimed to produce reactive systems. 
The  ormulation o  eye drops and the importance o  
viscosity in  ormulation o  ocular delivery systems 
are discussed  urther in Chapter 41.

The ointments and creams which are applied to 
the skin to deliver a drug which has a local action, 
such as a corticosteroid or anti-in ective agent, are 
usually semi-solids. Their rheological properties 
need to be assessed a ter manu acture and during 
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needs to be thoroughly understood particularly in 
relation to the e  ect o  the presence and nature o  
 ood, since any bene t  could be lost by,  or example, 
administration o  the dosage  orm  ollowing a high-
 at meal. Many solid sustained-release dosage  orms 
depend upon the inclusion o  high molecular weight 
polymers  or their mode o  action, and the viscosity 
o  a particular polymer both in dilute solution and 
as a swollen gel is used to aid the selection o  the 
most suitable candidate.

A  nal example o  the application o  rheology in 
the design and use o  dosage  orms is the administra-
tion o  medicines by intramuscular injection. These 
are  ormulated as either aqueous or lipophilic (oily) 
solutions or suspensions. Following injection, the 
active ingredient is absorbed more quickly  rom an 
aqueous  ormulation than its lipophilic counterpart . 
The incorporation o  the active ingredient as a sus-
pension in either type o  base o  ers a  urther oppor-
tunity o  slowing the rate o  release. The inf uence 
that the nature o  the solvent has on the rate o  
drug release is in part due to its compatibility with 
the t issue but its viscosity is also o  importance. 
Although it  may be possible to extend the dosing 
interval by  urther increasing the viscosity o  the oil, 
it  has to be borne in mind that the product needs 
to be able to be drawn into a syringe via a needle, 
the diameter o  which must not be so large as to 
alarm or discom ort the patient. Furthermore, 
adding other excipients such as polymers to the 
 ormulation or even just altering the particle size o  
the suspended particles can induce marked altera-
tions in the rheological properties such that the 
injection may become plastic, pseudoplastic or dila-
tant. I  it  does become plastic, then provided that 
the yield value is not too high it  may be possible to 
pass through a syringe needle by application o  a 

 orce which it  is reasonable to achieve with a syringe. 
Quite obviously this will not be the case i  the sus-
pension becomes dilatant since as the applied  orce 
is increased the product will become more solid. 
O ten the ideal  ormulation is one which is pseudo-
plastic because as the  orce is increased so the appar-
ent viscosity will  all making it  easier  or the injection 
to f ow through the needle. Ideally the product 
should also be truly thixotropic since once it  has 
been injected into the muscle then the reduction in 
shear rate will mean that the bolus will gel and thus 
 orm a depot  rom which release o  the drug may 
be expected to be delayed. The use o  appropriate 
rheological techniques in the development o  such 
products can be bene cial not only to predict their 
per ormance in vivo but also to monitor changes in 
characteristics on storage. This is especially true  or 
suspension  ormulations, since  ne particles have a 
notorious and, sometimes, malevolent capacity  or 
increasing in size on storage and i  because o  this a 
pseudoplastic product becomes dilatant, then it  will 
be impossible to administer it  to the patient.
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KE Y P O IN TS

•  Kinetics  is  the s tudy o  the rate at which 
processes  occur 

•  The changes  may be chemical (decompos ition 
o  a  drug, radiochemical decay) or phys ical 
(trans  er across  a boundary such as  the 
intes tinal lining or the skin) 

•  Kinetic s tudies  are use ul in providing 
in ormation that:
•  gives  an ins ight into the mechanisms  o  the 

changes  involved and
•  allows  prediction o  the degree o  change 

that will occur a ter a given time has   
elapsed 

•  The rate o  a  f rs t-order process  is  determined 
by one concentration term 

•  Firs t-order processes  are by  ar the mos t 
important processes  in pharmaceutical science  
Many drug decompos itions  during s torage and 
the passage o  drugs   rom one body 
compartment to another, e  g  lumen o  the 
intes tine into blood,  ollow f rs t-order kinetics  

•  The rate o  second-order processes  depends  on 
the product o  two concentration terms  

•  In a zero-order reaction, the rate o  process  
(decompos ition, dissolution, drug release) is  
independent o  the concentration o  the 
reactants , i e   the rate is  cons tant  A cons tant 
rate o  drug release  rom a dosage  orm is  
highly des irable 

•  Generally, increas ing temperature increases  the 
rate o  reaction, and an o ten quoted rough 
guide is  that a  10 °C rise doubles  the rate 

W. John Pugh
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(stoichiometrical) equation describing the reaction. 
For example, in the following two-step reaction:

N O NO O  is a slow unimolecular reaction2 5 2
1

2 22→  + ,

and

1
2 2

1
2 2 2O O O is a fast  bimolecular reaction+  → , .

Orde r

This is the number of concentration terms that 
determine the rate. In a unimolecular process a mol-
ecule will react if it  has suf ciently high energy. The 
number of high-energy molecules depends on how 
many molecules are present, i.e. on their concentra-
tion in solution (or pressure in a gas). In a bimolecu-
lar process, two molecules must collide to react and 
the likelihood of collision depends on the concentra-
tions of each species. The Law of Mass Action states 
that the rate depends on the product of concentra-
tions of the reactants.

Thus in the  rst  step of the example reaction:

 N  O  NO  O2  5  2
 1

2  22=  +

the rate of reaction = k1[N2O 5]. Here k1 is the rate 
constant. The square brackets here, and throughout 
this chapter, mean ‘concentration of the entity 
within the brackets’. In this case there is only one 
concentration term and the reaction is known as f rst 
order.

In the second step:

 1
2  2

 1
2  2  2O  O  O+  =

the rate of reaction = k k2  O  O  O[  ][  ]  [  ]1
2  2

 1
2  2  2

 1
2  2

 2= , 
where k2 is the reaction rate constant. Thus there 
are two concentration terms and the reaction is 
known as second order.

Each of these is discussed in more detail below.

Firs t-order processes

The rate is determined by one concentration term. 
These are by far the most important processes in 
pharmaceutical science. Many drug decompositions 
during storage and the passage of drugs from one 
body compartment to another, e.g. lumen of the 

•  Better descriptions  o  the in uence o  
temperature are given by the Arrhenius  theory 

•  Hal -li e , t1/2 is  the time taken  or the 
concentration (o , say, a drug in solution  
or in the body) to reduce by a hal  

Introduc tion

Kinetics is the study of the rate at which processes 
occur. The changes may be chemical (e.g. decompo-
sition of a drug, radiochemical decay) or physical 
(e.g. transfer across a boundary such as the intestinal 
lining or the skin). Kinetic studies are useful in pro-
viding information that:
•  gives an insight into the mechanisms of the 

changes involved and
•  allows prediction of the degree of change that 

will occur after a given time has elapsed.
In general, the theories and laws of chemical kinetics 
are well founded and provide a sound basis for the 
application of such studies to pharmaceutical prob-
lems that involve chemical and physical reactions.

The kinetics of processes have importance in a 
large number of areas of product design, manufac-
ture, storage and drug delivery. These include: dis-
solution processes (Chapter 2), microbiological 
growth and destruction (Part  3), biopharmaceutics, 
including drug absorption, distribution, metabolism 
and excretion (Part 4), preformulation (Chapter 
23), the rate of drug release from dosage forms (Part  
5), and the decomposit ion of medicinal compounds 
and products (Part 6).

Homoge ne ous  and 
he te roge ne ous  re ac tions

Homogeneous reactions occur in a single phase, i.e. 
true solutions or gases, and proceed uniformly 
throughout the whole of the system. Heterogeneous 
reactions involve more than one phase and are often 
con ned to the phase boundary, their rates being 
dependent on the supply of fresh reactants to this 
boundary. Examples are decomposition of drugs in 
suspensions and enzyme-catalysed reactions.

Mole c ularity

Molecularity is the number of molecules involved in 
forming the product. This follows from the balanced 
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to concentration, c, by Beer’s Law, i.e. c = αA , where 
α  is a proportionality constant.

Substitution into Equation 7.5 gives:

 ln  lnα  αA  kt=  −Ao  
(7.7)

hence

 ln  lnA  A  kt=  −o  
(7.8)

Thus the gradient is unchanged from Equation 7.7.

intestine into blood, follow  rst-order kinetics. The 
rate of reaction is most simply de ned as the con-
centration change divided by the corresponding 
t ime change.

 d
d

c
t

 kc= −  

(7.1)

The negative sign is used because concentration falls 
as time increases. This makes the rate constant, k, 
positive.

The differential equation above describes in -
nitely small changes. For real changes, these small 
changes are summed (integrated) usually from the 
start of the process (time = 0, concentration = co) 
to the concentration, c, remaining at any other time, 
t, as follows.

 
d d

t

oc
c

 k  t
c

co

∫  ∫= −  

(7.2)

 [ln  ]  [  ]c  k tc
c

t
oo = −  

(7.3)

 ln  lnc  c  k  to −  = −  −(  )0  
(7.4)

 ln  lnc  c  kt=  −o  
(7.5)

 Thus a plot of ln c against t is a straight line 
with intercept ln c0 and gradient −k (Fig. 7.1).

The units of k are given by rearranging Equation 
7.1, i.e.:

 d
d
c

c  t
 k= −  

(7.6)

Thus the rate constant has the dimensions of time−1 
and typical units of s−1.

Note that  because k contains no concentration 
term, it  is not necessary to convert experimental 
data to concentration values in order to estimate it . 
Any convenient property of the system which is 
directly proportional to concentration can be used, 
such as UV absorbance, conductivity, pressure and 
radioactivity. For example, absorbance (A) is related 

Box 7 1 

Worked example
Consider the  ollowing example  A radio-labelled 
cardiac s timulant is  adminis tered by intravenous  
injection  Blood samples  have the  ollowing 
radioactivity counts  per second (cps) 

t (min) 0 30 60 90 120 150
cps 59 7 24 3 9 87 4 01 1 63 0 67
ln cps 4 09 3 19 2 29 1 39 0 49  −0 41

From Figure 7 1, it can be seen that the rate 
cons tant  or absorption  rom the blood is  0 03 min−1 

Fig . 7.1 •  First-order process, data plotted from Box 7.1. 
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Pseudo f rs t-order processes

Consider the hydrolysis of ethyl acetate:

 CH  COOEt  H  O  CH  COOH  EtOH3  2  3+  →  +
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Thus the positive gradient of a plot of 1/ c against t 
gives the rate constant, k (Fig. 7.2).

Units of k from Equation 7.9 are:

 d
d
c

c  t
 k2  = −  

(7.13)

i.e. conc−1 t ime−1 and typical units are L mole−1 s−1 
or similar.

Strictly, the reaction is second order and the rate of 
reaction is expressed as follows. Again the square 
brackets used here and elsewhere in this chapter 
imply ‘concentration of ’.

 Rate  CH  COOEt][H  O]= k[  3  2

However, in a dilute aqueous solution of ethyl 
acetate, [H 2O] is very large compared to 
[CH 3COOEt] and hardly alters during the course of 
the reaction. [H 2O] can be taken as a constant and 
incorporated into the second-order rate constant, 
now k ′, where k ′ = k[H 2O]:

 Rate  CH  COOEt]=  ′k [  3

Thus, the reaction is, in effect,  rst  order with a rate 
constant k ′. This applies to many drug decomposi-
tions by hydrolysis in aqueous solution.

Second-order processes

The rate depends on the product of two concentra-
tion terms. In the simplest case they refer to the 
same species. For example:

 2  2  2HI  H  I→  +

Here the reaction is not simply a matter of a HI 
molecule falling apart, but relies on the collision of 
two HI molecules. The rate of reaction for this 
example is given from the Law of Mass Action by:

 Rate  HI  HI  [HI]=  =k k[  ][  ]  2

For a second-order process:

 d
d

c
t

 kc= −  2  

(7.9)

 c  c  k  t
c

c

t

o
−∫  ∫= −2

0

d  d  
(7.10)

 [  ]  [  ]−  = −−c  k tc
c

t
oo1  

(7.11)

 1  1
c  c

 kt=  +
o

 

(7.12)

Box 7 2 

Worked example
Consider the  ollowing decompos ition data 

t (days) 0 30 60 90 120 150
c (mmole L−1) 100 2 17 1 10 0 74 0 56 0 44
1/c (L mmole−1) 0 01 0 46 0 91 1 35 1 79 2 38

From Figure 7 2, it can be seen that the rate 
cons tant is  0 015 L mmole−1 day−1 

Fig . 7.2 •  Second-order process, data plotted from Box 
7.2. 
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If the reaction is between two different species, 
A and B, it  is unlikely that their starting concentra-
tions will be equal. Let their initial concentrations 
be ao and bo (where ao > bo), falling to a and b at  
t ime t. Since equal numbers of molecules of A and 
B are lost  in the decomposition, the rate can be 
de ned as da/ dt (or db/ dt). Thus:

 d  / da  t  kab= −  
(7.14)
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Rearrangement of the integrated equations for t 
(Eqns 7.5, 7.14 and 7.20) gives the relationships in 
the  rst  line below and substituting c = co/ 2 at t1/ 2 
gives those in the second line.

 
Zero order  First  order  Second order

t  c  c  k  c  c  k  c
   

/ / / /o o=  −  −( ) ln( ) (1 11/ /
/ / /

o

o o

c  k
t  c  k  k  c k

)
./1 2 2 0 693 1=

Note that for  rst-order reactions, the half-life, t1/ 2, 
is independent of concentration.

Summary o  parameters

Table 7.1 summarizes the parameters for zero-order, 
 rst-order and second-order processes.

Box 7 3 

Worked example
The concentration o  s teroid remaining in a 
transdermal patch is  as   ollows:

t (h) 0 30 60 90 120 150
Amount (µg) 20 16 4 12 8 9 2 5 6 2

Note: s trictly speaking, ‘amount’ is  not the same as  
‘concentration’ but in this  case concentration can be 
cons idered to be µg patch−1 

From Figure 7 3, it can be seen that the rate 
cons tant is  0 12 µg h−1 (patch−1) 

Integration by partial fractions gives:

 
ln(  )  ln  )  (  )a b  a  b  k  a  b  t/  (  /o  o  o  o=  +  −

 

(7.15)

Thus a plot of ln(a/b) against  t is a straight line with 
gradient k(ao − bo).

Zero-order processes

In a zero-order reaction, the rate of process (decom-
position, dissolution, drug release) is independent of 
the concentration of the reactants, i.e. the rate is 
constant. A constant rate of drug release from a 
dosage form is highly desirable. Zero-order kinetics 
often apply to processes occurring at phase bounda-
ries, where the concentration at the surface remains 
constant either because reaction sites are saturated 
(enzyme kinetics, drug receptor interaction) or it  is 
replenished constantly by diffusion of fresh material 
from within the bulk of one phase. This diffusion 
criterion applies to hydrolysis of drugs in suspen-
sions and delivery from controlled-release dosage 
forms such as transdermal patches.

 d
d

c
t

 k= −  

(7.16)

 c  c  k  t
c

co

d  d
t

o

∫  ∫= −  
(7.17)

 [  ]  [  ]c  k tc
c

t
o = −  0  

(7.18)

 c  c  k  to −  = −  −(  )0  
(7.19)

 
c  c  kto=  −

 

(7.20)

Thus, a plot of c against t is a straight line with gradi-
ent − k (Fig. 7.3). Units of k from Equation 7.16 are 
concentration−1 t ime−1 with typical units of mole 
L−1 s−1 or similar.

Hal -li e , t1/2

This is the time taken for the concentration (of, say, 
a drug in solution or in the body) to reduce by a half.

Fig. 7.3 •  Zero-order process, data plotted from Box 7.3. 
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De te rmination of orde r  
and rate  c ons tant from 
e xpe rime ntal data

This can be achieved in two ways:
•  substituting the data into the integrated 

equations and observing which plot is a  
straight line

•   nding t1/ 2 values at  different stages of the 
reaction and noting if and how they vary with 
‘starting’ concentration.

Data plotting method

The data of Box 7.4 are plotted in Figure 7.4. The 
plot of c against t (Fig. 7.4a) is obviously not linear 
so the reaction is not zero order. A plot of 1/c against 
t ime (Fig. 7.4b) is also not linear so the reaction is 
not second order.

However, a plot of ln c against t (Fig. 7.4c) is 
linear so the reaction is  rst  order. From the graph, 

Box 7 5 

Worked example
The ‘c o’ values  are obtained by interpolation o  the 
concentration versus  time plot o  the data in Box 7 4 

‘co’ 10 8 6 4 2
t at ‘c o’ 0 5 11 18 32
t at ‘c o’/2 12 18 24 32 45
t1/2 12 13 13 14 13

Within experimental error t1/2 seems independent 
o  ‘co’, sugges ting that the reaction is  f rs t order  
To conf rm this  it is  necessary to check whether t1/2 
values  correspond to zero- or second-order kinetics  

I  the reaction was  zero order, then co/2t1/2 would 
be a cons tant value (k)  Similarly,  or a second-order 
reaction, k = 1/cot1/2 would be cons tant  Calculating 
these gives :

‘co’ 10 8 6 4 2
‘co’/2t1/2 0 42 0 31 0 23 0 14 0 08
1/‘co’t1/2 0 008 0 009 0 013 0 018 0 038

Thus , neither set o  values  is  cons tant, conf rming 
that the reaction is  neither zero- or second-order 

The f rs t-order rate cons tant is   ound  rom the 
mean t1/2 value o  13 h, i e   k = 0 693/t1/2 = 0 053 h−1 

Table 7.1 Summary of parameters

Zero order First 
order

Second 
order (a  = b )

Linear 
equation

c = co − kt ln c = ln co 
− kt

1/c = 1/co + kt

Intercept  co ln co 1/co

Gradient  −k  −k  k

Units of 
k

conc time−1 time−1 conc−1 time−1

e.g. mole L−1 s−1 s−1 L mole−1 s−1

Half-life 
(t1/2)

co/2k 0.693/k 1/cok

Box 7 4 

Worked example
The  ollowing data apply to decompos ition o  a  drug 

t (h) 0 10 20 30 40 50 60
c  (mg L−1) 10 6 2 3 6 2 2 1 3 0 8 0 6
ln c 2 30 1 83 1 28 0 79 0 26  −0 22  −0 51
1/c 0 10 0 161 0 278 0 455 0 769 1 250 1 667

the gradient (i.e. −k) = −0.048 h−1 and the  rst-order 
rate constant = 0.048 h−1.

Hal -li e  method

This involves the selection of a set of convenient 
‘initial’ concentrations and then determining the 
times taken to fall to half these values.

Comple x re ac tions

The theories so far have assumed that a single reac-
tion pathway is involved and that the product does 
not, in turn, affect the kinetics. Neither of these 
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Series  (consecutive) reactions

 k  ki  2

A  B  C→  →

If k1 » k2 then a build-up of B occurs. The second 
(slower) step is then the ‘rate-determining’ step of 
the reaction, and the overall order is approximately 
that  of the rate-determining step. Thus the 
reaction:

 2  42  5  2  2N  O  NO  O→  +

is composed of two consecutive reactions as dis-
cussed previously:

 N  O  NO  O  slow  first order22  5  2
 1

22→  +  −(  )

 1
2  2

 1
2  2  2O  O  O  fast  second order+  →  −(  )

assumptions may be true and the overall order, being 
the result of several reactions, may not be zero,  rst  
or second order but have a fractional value.

There are three basic types of complex 
behaviour.

Parallel (s ide) reactions

Here reactants A form a mixture of products:

 k  ki  2

B  A  C←  →

Usually only one of the products is desirable, the 
others are byproducts.

 (Yield of B/ Yield of C) /= k  ki 2

Fig . 7.4 •  (a) Plot of concentration against time. (b) Plot of 1/concentration against time. (c ) Plot of ln 
(concentration) against time. Data plotted from Example 7.4. 
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poses to reform E and S, (k2[ES]), or to form P, 
(k3[ES]). Thus:

 d
d
[  ] [  ][  ]  [  ]  [  ]ES

t
 k  E  S  k  ES  k  ES=  −  −1  2  3  

(7.22)

 d
d
[  ] [  ][  ]  (  )[  ]ES

t
 k  E  S  k  k  ES=  −  +1  2  3  

(7.23)

In practice [ES] is small as the complex decom-
poses rapidly. Changes in [ES] soon become negligi-
ble compared to other concentration changes in 
the system. Then [ES] is almost a constant, i.e. 
d[ES]/ dt = zero, and the system is said to be at a 
‘steady state’.

Thus at the steady state:

 d
d
[  ] [  ][  ]  (  )[  ]ES

t
 zero  k  E  S  k  k  ES=  =  −  +1  2  3  

(7.24)

and rearrangement gives:

 [  ]  [  ][  ]
(  )

ES  k  E  S
k  k

=
+

1

2  3
 

(7.25)

Writing (k2 + k3)/ k1 as K gives:

 [  ]  [  ][  ]ES  E  S
K

=  or  

(7.26)

 [  ]  [  ]
[  ]

ES  E
K  S

=
/

 

(7.27)

To proceed further, we need to know [ES], i.e. the 
concentration of the unstable intermediate. In prac-
tice we only know the total concentration of enzyme 
that we put into the mixture, [Eo]. Since this now 
exists in free and complexed forms then:

 [  ]  [  ]  [  ]E  E  ESo  =  +  
(7.28)

Substituting [E] = [Eo] − [ES] in Equation 7.27 and 
then writing J = K/ [S] gives:

 [  ]  [  ]  [  ]
[  ]

[  ]  [  ]ES  E  ES
K  S

E
J

ES
J

=  − =  −o  o

/
 

(7.29)

The overall reaction is  rst  order, de ned by the 
slower  rst  step.

Revers ible reactions

Here the product can reform into the reactants:

 A  B  Ck
k

1
1−

←  →   +

Here there are two reactions occurring 
simultaneously:
•   rst-order decomposition of A, with a rate 

constant of k1

•  second-order formation of A from B and C. 
The rate constant of the reverse reaction is 
often written as k–1, i.e. with subscript −1. This 
can cause confusion. The negative sign merely 
implies that it  refers to the reverse of a reaction 
numbered 1 (A →B + C). It  does not mean 
that if k1 is 0.5 h−1 then the rate constant for 
the reverse reaction is −0.5 h−1.

Michaelis–Menten equation

These three basic reaction types can be combined 
in different ways. One important combination 
describes processes that occur at  interfaces. These 
appear repeatedly in the life sciences, e.g. enzyme–
substrate, transmitter–receptor and drug–receptor 
binding. The kinetics are described by the Michaelis–
Menten equation. This assumes that the enzyme, 
E, and substrate, S, form an unstable complex, 
ES, which can either reform S or form a new 
product, P.

 E  S  ES  P  Ek
k

k+  ←  →    →  +1
2

1  

(7.21)

The overall reaction rate is the rate at which P is 
formed. This is  rst  order depending on [ES], i.e. 
the concentration of ES. Thus dP/ dt = k3[ES] (note 
that there is no negative sign because P increases as 
t increases).

Unfortunately, we normally have no way of 
measuring [ES]. However, the rate at  which [ES] 
changes is the rate at which it  forms from E and S, 
(k1[E][S]), minus the rates at which it  decom-
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 [  ]  [  ]  [  ]ES  ES
J

E
J

+  =  o  

(7.30)

 [  ]  [  ]ES
J

E
J

1  1+ 
  

  
   =  o  

(7.31)

 [  ]  [  ]ES  J
J

E
J

+ 
  

  
   =1  o  

(7.32)

 [  ]  [  ]
(  )

[  ]
((  [  ]  )

ES  E
J

E
K  S

=
+

 =
+

o  o

/1  1
 

(7.33)

The overall rate of reaction, V , is given by the 
Michaelis–Menten equation:

 V  P
t

 k  ES=  =d
d  3[  ]  

(7.34)

 
V  k  E

K
S

=
+

3

1

[  ]

[  ]

o

 

(7.35)

Thus the rate, V , is not constant but declines from 
its initial value, Vo, as [S] falls, i.e. as the substrate 
is used up. Vo is found from the initial gradient of 
the plot of [P] against t (Fig. 7.5).

If these Vo values are found for a range of sub-
strate concentrations [S], and the enzyme concen-
tration [Eo] is maintained constant, the familiar 
plateau curve results (Fig. 7.6). The plateau shape 
arises from the mathematical properties of the 
Michaelis–Menten equation.

 V  k  E
K

 So
o=  3[  ][  ]  

(7.36)

 V  k  Eo  o=  3[  ]  
(7.37)

k3 and [Eo] are constants so this process is zero order. 
k3[Eo] is the maximum rate, Vmax, for a given enzyme 
concentration.

Viewed simply, the enzyme reactive sites are 
saturated by substrate molecules. This plateau curve 

Fig . 7.5 •  Estimation of initial velocity of enzyme–
catalysed reaction. 
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Vmax = k3 [E 0]

Initia l gradient = k 3 [E0]/K

is very common and often signi es a process occur-
ring at a saturatable interphase, a heterogeneous 
process.

Equation 7.35 is often inverted to give a linear 
relationship between 1/ V  and 1/ [S].

 
1  1  1

V  k E
K

k E  So  3  o  3  o
=  +   

  
  

  [  ]
 

(7.38)

 
1  1  1

V  V
K

V  So
=  +   

  
  

  max  max  [  ]
 

(7.39)

Vmax, K and k3 are found from the gradient and 
intercept of this Lineweaver–Burke plot (Fig. 7.7). 
Workers in the  eld of enzyme inhibition or 
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The original proposit ion was that if two molecules 
collided they would react. The collision number, Z, 
can be calculated from the kinetic theory of gases, 
and it  was found that the number of molecules 
reacting per second, µ, was much smaller than Z. 
The theory was modi ed to propose that the collid-
ing molecules must have suf cient energy to form 
an unstable intermediate, which breaks down to 
form the product.

The fraction of molecules with at least this 
activation energy, E, was calculated by Boltzmann as 
e−E/RT so that:

 µ =  −Z  E RTe  /  
(7.41)

This equation adequately describes simple reactions 
like the decomposition of HI, but for even slightly 
more complex reactions such as:

 N(CH  )  CH  I  N(CH  ) I3  3  3  3  4+  =

µ is thousands of times smaller than Ze−E/RT. This is 
because the nitrogen atom is shielded by a mass of 
C and H atoms, so that only very few collisions 
occur between the nitrogen and the carbon of the 
approaching CH 3I. Thus an orientation factor, P, 
often with a very small value, must also be included.

 µ =  −PZ  E RTe  /  
(7.42)

The rate constant k is proportional to µ. So, writing k 
as α µ (where α  is the proportionality constant) gives:

 k  PZ  E RT=  −α  e  /  
(7.43)

Over a small temperature range, the change in Z 
with T is negligible compared to that in the e−E/RT 
term, so that αPZ is a constant, A. A  is called the 
‘frequency factor’ since it  is related to the frequency 
of correctly aligned collisions.

 k  Ae  E  RT=  − /  
(7.44)

This is the Arrhenius equation, which may also be 
written as:

 ln  lnk  A  E
R  T

=  −   
  

  
  

1
 

(7.45)

 

Fig . 7.7 •  Lineweaver–Burke plot of data in Figure 7.6. 
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drug–receptor interaction often estimate K from the 
intercept on the abscissa (x-axis) of the plot. This is 
the value of 1/ [S] where 1/ Vo = zero. Substitution 
into Equation 7.11 gives:

 1/  1/[  ]S  K= −  
(7.40)

Thus from Figure 7.7, it  can be seen that Vmax = 15.1 
mmole L−1s−1 and K = 5.7. The way in which these 
parameters are altered by inhibitors enables us to 
say whether the inhibition is reversible/ irreversible 
and competitive/ non-competitive. York (1992) pro-
vides further details.

Effe c t of te mpe rature  on 
re ac tion rate

G enerally, increasing temperature increases the rate 
of reaction, and an often quoted rough guide is that 
a 10 °C rise doubles the rate constant. Better descrip-
tions are given by the Arrhenius theory and the more 
rigorous transition state theory (see, for example, 
Martin 1993).

Arrhenius  theory

This can be developed from simple basic ideas and 
leads to an equation that is formally identical with 
the transition state theory.

Consider the simple bimolecular reaction:

 2  2  2HI  H  I→  +
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Fig . 7.8 •  Variation of ln k with 1/T (Arrhenius plot). Data 
plotted from Box 7.6. 
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Worked example
From the  ollowing data, es timate the rate cons tant at 
25 °C 

Te mp (°C)  k (day−1)  T (K)  1/T  ln k
70 0 0196 343 2 92 × 10−3 −3 93
60 0 0082 333 3 00 × 10−3 −4 80
50 0 0028 323 3 10 × 10−3 −5 88
40 0 0011 313 3 20 × 10−3 −6 81
25 298 3 36 × 10−3

A plot o  ln k agains t 1/T is  a  good s traight line (Fig  
7 8) 

Reading ln k o   the graph at 1/T = 3 36 × 10−3 
(corresponding to 25 °C) is  −8 5, giving k25 = 2 03 × 10−4 
day−1 

Regress ion analys is  (see,  or example, Bolton 1984) 
gives  the equation  or the bes t s traight line as  ln  
k = 26 4 − 10408 1/T; correlation coe f cient, r, o  0 999  
Hence k25 = 1 98 × 10−4 day−1 

The 95%  conf dence interval is  (1 35–2 95) × 10−4 
day−1, showing that even good-quality experimental 
data yield disappointingly imprecise results  on 
extrapolation 

The decompos ition is  f rs t order and so obeys  the 
equation:

 ln  lnc  c  kto=  −  
(7.47)

At the shel -li e , i e   with a limit o  90%  o  s tated 
active remaining, t10% , c  = 0 9c o, thus :

 t  c  c
k

o  o
10  4

0 9  1 11
1 98  10%

ln (  .  )  ln  .
.

=  =
×  −

/

Thus , t10%  = 527 days  (95%  conf dence interval = 
354–773 days) 

or in log10 form:

 log  log
.

k  A  E
R  T

=  −   
  

  
  2 303

1
 

(7.46)

so that a plot of ln k (or log k) against (1/ T) is a 
straight line, enabling calculation of E and A  from 
the gradient and intercept. (Remember that T must 

be in K, not °C.) The same equation holds for zero- 
and  rst-order reactions. Here the molecule will 
react if it  has energy ≥ E.

The collision and orientation factors are inappli-
cable and A  is now the proportionality constant α . 
However, it  is still termed the  requency  actor.

Re erences

Bolton, S. (1984) Pharmaceutical Statistics. Marcel Dekker, 
New York.

Martin, A. (1993) Physical Pharmacy, 4th edn. Lea and 
Febiger, Philadelphia.

York, J.L. (1992) Enzymes: classi cation, kinetics and 
control. In: Devlin, T.M. (ed.) Textbook o  Biochemistry, 
3rd edn. John Wiley, New York.

Bibliography

Saunders, L., Fleming, R. (1971) Mathematics and Statistics 
 or Use in the Biological and Pharmaceutical Sciences, 
2nd edn. Pharmaceutical Press, London.

Singh, U.K., Orella, C.J. (2010) Reaction kinetics and 
characterization. In: am Ende, D.J. (ed.) Chemical 
Engineering in the Pharmaceutical Industry: R&D to 
Manu acture. John Wiley & Sons (in conjunction with 
AIChE), New Jersey, USA.



© 2013, Elsevier Ltd

C H AP TE R  C O N TE N TS

Solid  s ta te                               126

Crys ta lliza tion                           127

Polymorphis m                           128

Polymorphism and bioavailability         129
Hydra tes  and  s olva tes                     130

Amorphous  s ta te                         131

Crys ta l hab it                            134

Surface  na ture  of partic les                 135

Dry powder inhalers                    135
Sur ace energy                       136
Vapour sorption                      136

References                              137

Bib liography                            137

KE Y P O IN TS

•  The three s tates  o  material are solid, liquid and 
gas  (vapour) 

•  Solids  may exis t in crys tal  orm which means  
that there is  repeating ordered packing o  the 
molecules  over a long range  They have a 
def ned melting point 

•  Amorphous  solids  (also known as  supercooled 
liquids) do not have long range packing order  
They have no melting point, but have a glass  
trans ition temperature 

•  Many materials  can pack into more than one 
crys tal  orm and the di  erent  orms  are called 
polymorphs  

•  Polymorphs  will convert to the s table  orm over 
time  They can have di  erent properties , 
including dissolution rate, which can lead to 
changes  in bioavailability  or poorly soluble 
drugs   This  can have major consequences   or 
patients   Regulatory authorities  require control 
o  polymorphs  primarily  or this  reason 

•  Many materials  can include other materials  in 
their crys tal s tructure, resulting in hydrates , 
solvates  and co-crys tals   These too can have 
di  erent phys ico-chemical properties , requiring 
control to ensure cons is tent pharmaceutical 
per ormance 

Solid s tate

The three states o  matter are solid, liquid and gas 
(or vapour). In a sealed container, vapours will 
di  use to occupy the total space, liquids will  ow 
to f ll part  o  the container completely, whereas 
solids will retain their original shape unless a com-
pressive  orce is applied to them. From this simple 
consideration it  becomes clear that solids are unique. 
Importantly their physical  orm (the packing o  the 
molecules and the size and shape o  the particles) 
can have an in uence on the way the material will 
behave. At normal room temperature and pressure, 

8  Solid-s tate  propertie s
Part 2: Partic le  s c ie nc e  and powde r te c hnology

G raham Buckton
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as a ‘hockey stick’ style image, which is representing 
a planar structure with a  unctional group pointing 
up at the end. This is not a real molecule – it  has 
been drawn to provide an easy representation o  a 
possible crystal packing arrangement. A characteris-
t ic property o  a crystal is that it  has a melting point. 
The melting point is the temperature at which the 
crystal lattice breaks down, due to the molecules 
having gained su f cient energy  rom the heating 
process to overcome the attractive  orces that hold 
the crystal together. It   ollows that crystals with 
weak  orces holding the molecules together (such as 
para f ns, which only have London van der Waals 
interactions) have low melting points, whereas crys-
tals with strong lattices (i.e. those held together with 
strong attractive  orces) have high melting points.

Crystals are produced by inducing a change  rom 
the liquid to the solid state. There are two options: 
one is to cool a molten sample to below the melting 
point. Pharmaceutical examples o  crystallizing 
through cooling include the  ormation o  supposito-
ries, creams and semi-solid matrix oral dosage  orms 
(although these will not always yield crystalline 
material). The other method o  crystallization is to 
have a solution o  the material and to change the 
system so that the solid is  ormed. At a given tem-
perature and pressure, any solute (where the solute 
is the material that has been dissolved and the liquid 
is the solvent) has a certain maximum amount that 
can be dissolved in any liquid (called a saturated 
solution). I  crystals are to be  ormed  rom a solu-
tion, it  is necessary to have more solute present than 
can be dissolved, which is known as a supersaturated 
solution. As crystals  orm  rom a supersaturated 
solution, the systems will progress until there are 
solid particles in equilibrium with a saturated solu-
tion. In order to make a solid precipitate out o  
solution one can:

•  remove the liquid by evaporation, thus making 
the concentration o  solute rise in the remaining 
solvent (this is the way sea salt  is prepared)

•  cool the solution, as most materials become less 
soluble as the temperature is decreased

•  add another liquid which will mix with the 
solution, but in which the solute has a low 
solubility. This second liquid is o ten called an 
antisolvent.

Many drugs are crystallized by adding water as an 
anti-solvent to a solution o  the drug in an organic 
liquid. For example, i  a drug is almost insoluble in 
water but  reely soluble in ethanol, the drug could 

the majority o  drugs and excipients exist as solids, 
thus the study o  solid-state properties is o  enor-
mous pharmaceutical importance.

Solid particles are made up o  molecules that are 
held in close proximity to each other by intermo-
lecular  orces. The strength o  interaction between 
two molecules is due to the individual atoms within 
the molecular structure. For example, hydrogen 
bonds occur due to an electrostatic attraction involv-
ing one hydrogen atom and one electronegative 
atom, such as oxygen. For molecules which cannot 
hydrogen bond, attraction is due to van der Waals 
 orces. The term van der Waals forces is generally 
taken to include dipole-dipole (Keesom), dipole-
induced dipole (Debye) and induced dipole-induced 
dipole (London)  orces. In this context a dipole is 
where the molecule has a small imbalance o  charge 
 rom one end to the other, making it  behave like a 
small bar magnet. When the molecules pack together 
to  orm a solid, these dipoles align and give attrac-
tion between the positive pole o  one and the nega-
tive pole on the next. Induced dipoles are where the 
 ree molecule does not have an imbalance o  charge, 
but an imbalance is caused by bringing a second 
molecule into close proximity with the f rst .

Crys tallization

Materials in the solid state can be crystalline or 
amorphous (or a combination o  both). Crystalline 
materials are those in which the molecules are packed 
in a def ned order, and this same order repeats over 
and over again throughout the particle. In Figure 
8.1a, an ordered packing o  a molecule 
is shown; here the shape o  the molecule is shown 

Fig . 8.1 •  A representation of two polymorphic forms 
of a crystal consisting of a molecule shown as a ‘hockey 
stick’ shape. 

a

b
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horizontally), whereas (b) does not seem to have an 
obvious weak line to allow easy breakage. This could 
mean that the milling and compaction (tableting) 
properties o  the two  orms will di  er. In summary, a 
change in the packing arrangement o  the same mol-
ecule, giving two di  erent crystal  orms, could result 
in signif cant changes in the properties o  the solid.

Many organic molecules, including drugs and 
excipients, exhibit polymorphism. O ten this is o  a 
 orm called monotropic polymorphism, which means 
that only one polymorphic  orm is stable and any 
other polymorph that is  ormed will eventually 
convert to the stable  orm. However, some materials 
exhibit enantropic polymorphism, which means that 
under di  erent conditions (temperature and pres-
sure) the material can reversibly trans orm between 
alternative stable  orms; this type o  behaviour will 
not be considered  urther here. Considering mono-
tropic polymorphism, the true stable  orm has the 
highest melting point and all other  orms are 
described as metastable. This means that the other 
 orms exist  or a period o  t ime, and thus appear 
stable, but given a chance they will convert to the 
true stable  orm. Di  erent metastable  orms can 
exist  or very short t imes or many months be ore 
they convert  to the stable  orm, depending upon the 
conditions under which they are stored.

In general, there will be a correlation between the 
melting point o  the di  erent polymorphs and the 
rate o  dissolution, because the one with the lowest 
melting point will most easily give up molecules to 
dissolve, whereas the most stable  orm (highest 
melting point) will not give up molecules to the 
solvent so readily.

 
High melting point  strong lattice

hard to remove a molecul
   

    
=
=  ee

low dissolution rate=   

 
Low melting point  weak lattice

easy to remove a molecule
h

   
    

=
=
=  iigh dissolution rate 

It  is relatively easy to understand that changes in 
polymorphic  orm can cause changes in the rate at 
which a drug will dissolve. However, it  is less easy 
to understand why this can lead to a change in the 
apparent solubility. Nonetheless, it  is true that when 
a metastable polymorphic  orm is dissolved, it  can 
give a greater amount o  material in solution 
than the saturated solubility. In other words, metast-
able  orms can dissolve to give supersaturated solu-
tions. These supersaturated solutions will eventually 

be crystallized by adding water to a near-saturated 
solution o  the drug in ethanol.

The processes by which a crystal  orms are called 
nucleation and growth. Nucleation is the  ormation 
o  a small mass onto which a crystal can grow. G rowth 
is the addition o  more solute molecules onto the 
nucleation site. In order to achieve nucleation and 
growth, it  is necessary to have a supersaturated solu-
tion. As mentioned above, a supersaturated solution 
is one where the amount o  solute dissolved in the 
liquid is greater than the true solubility. Supersatu-
rated solutions are not thermodynamically stable, so 
in these circumstances the system will adjust in order 
to move back to the true solubility, and to do this, 
the excess solute will precipitate. However, in some 
circumstances the process o  nucleation can be slow. 
Many students will at some stage have had a super-
saturated solution which has not crystallized but on 
simply scratching the side o  the beaker with a glass 
rod, crystallization was induced. The scratching 
action produces a small amount o  rough sur ace that 
acts as a nucleation site and causes the supersaturated 
solute to precipitate rapidly.

Polymorphis m

I  the crystallization conditions are changed in any 
way, it  is possible that the molecules may start  to 
 orm crystals with a di  erent packing pattern to that 
which occurred when the original conditions were 
used. The change in conditions could be a di  erent 
solvent, a change in the stirring, or di  erent impuri-
ties being present. In Figure 8.1b, an alternative 
packing arrangement is shown to that which occurred 
 or the same molecule in Figure 8.1a. As both the 
packing arrangements in Figure 8.1 are repeating 
ordered systems, they are both crystals; these would 
be called polymorphic forms.

By looking at the packing arrangements in Figure 
8.1, it can be seen that the molecules in (a) are more 
spaced out than those in (b), which means that the 
two crystal  orms would have di  erent densities (i.e. 
the same mass o  material would occupy di  erent 
volumes). It looks as though it would be easier to 
physically pull a molecule o   structure (a) than (b), 
as the molecules in (b) are more interwoven into the 
structure. I  this were the case, then (a) would have 
a lower melting point than (b), and (a) may dissolve 
more easily. Also i  an attempt were made to mill the 
two crystals, it looks like (a) would break easily, as 
there are natural break lines (either vertically or 
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return to the equilibrium solubility, due to the stable 
crystal  orm precipitating  rom solution, but that 
process may not be instantaneous. In  act, the super-
saturated solution can o ten exist long enough to 
cause an increase in bioavailability o  a poorly soluble 
drug. In Figure 8.2 the solubility o  two di  erent 
polymorphs o  sulphamethoxydiazine is shown. It  
can be seen that Form II, a metastable  orm, has a 
higher solubility than Form III, a stable  orm, and 
that this lasts throughout the 90-minute experi-
ment. However, i  crystals o  Form III are added to 
the solution o  Form II then the solubility reverts 
rapidly to that o  Form III, because the excess solute 
in the supersaturated solution will have seed crystals 
o  Form III on which to precipitate.

Polymorphism and bioavailability

Many drugs are hydrophobic and have very limited 
solubility in water. For drugs o  this type, the rate 
at which they dissolve will be slow (slow dissolution 
rate), due to their limited aqueous solubility, and 

Fig . 8.2 •  The solubility time relationship for 
sulphamethoxydiazine. Ope n c irc le s : solubility 
of polymorphic Form III, which rises to the drug’s 
equilibrium solubility and plateaux. Fille d c irc le s : 
solubility of polymorphic form II, which dissolves to twice 
the extent of Form III and then shows a gradual decline  
with time, as the stable form crystallizes from solution. 
Triangle s : the effect of adding crystals  of Form III to the 
solution of Form II at the peak of solubility. It can be 
seen that the amount dissolved falls  rapidly from the 
supersaturated level to the true equilibrium solubility 
because the added crystals of Form III act as nucleation 
sites. Reproduced from Ebian et al 1973, with 
permission.

Form II
(metas table )

Form III
(s table )

Fig . 8.3 •  Comparison of mean blood serum levels after 
administration of chloramphenicol palmitate suspensions 
using varying ratios of the stable (α ) and the metastable 
(β) polymorphs. M = 100% α  polymorph, N = 25 : 75 
β:α , O = 50 : 50 β:α , P = 75 : 25 β:α , L = 100% 
β-polymorph. Reproduced from Aguiar et al 1976, with 
permission.

this can result in only a small percentage o  the 
administered drug actually being available to the 
patient (low bioavailability). A classic example o  
the importance o  polymorphism in bioavailability is 
that  o  chloramphenicol palmitate suspensions. In 
Figure 8.3 the blood serum level is plotted as a  unc-
tion o  t ime a ter dosing. It  can be seen that the 
stable α -polymorph produces low serum levels, 
whereas the metastable β-polymorph yields much 
higher serum levels when the same dose is 
administered.

For drugs that are  reely soluble in water the bio-
availability is not likely to be limited by the dissolu-
tion, so it  would be surprising  or polymorphism to 
in uence bioavailability in this way. However,  or 
drugs with low aqueous solubility, the polymorphic 
 orm must be well controlled in order to ensure that 
the bioavailability is the same each t ime the product 
is made, and throughout the shel -li e o  the product. 
It  would be risky to deliberately make a product 
using anything other than the stable  orm o  a drug, 
as other polymorphic  orms could convert to the 
stable  orm during the shel -li e o  the product, 
which could result  in a reduction in bioavailability 
and thus therapeutic e  ect o  certain products. This 
strategy is occasionally  ollowed i  the most-soluble 
metastable  orm is ‘stable enough’ to survive the 
agreed shel -li e o  the product with insignif cant 
change. The impact o  polymorphism on drug dis-
solution and bioavailability is discussed  urther in 
Chapter 20.
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researchers have tried to experiment with di  erent 
polymorphic  orms o  paracetamol in order to f nd 
one that is more compressible.

Hydrate s  and s o lvate s

It  is possible  or materials to crystallize and in so 
doing to trap individual molecules o  the solvent 
within the lattice. I  the solvent used is water, the 
material will be described as a hydrate. This entrap-
ment is o ten in an exact molar ratio with the crys-
tallizing material;  or example, a monohydrate will 
have one molecule o  water  or each molecule o  the 
crystallizing material. It  is possible to have di  erent 
levels o  hydrate;  or example, some drugs can exist 
as a monohydrate, dihydrate and trihydrate (respec-
tively one, two and three molecules o  water to each 
molecule o  drug). Morris (1999) notes that about 
11% (over 16 000 compounds) o  all structures 
recorded on the Cambridge Structural Database 
exist as hydrates. O  the classes o  hydrate materials 
that were similar to drugs, about 50% were mono-
hydrates, over 20% were dihydrates, 8% were 
trihydrates and 8% were hemihydrates (1 water 
molecule:2 host); other hydrate levels (up to 10 
water:1 host) became progressively less common.

I  solvents other than water are present in a 
crystal lattice, the material is called a solvate. For 
example, i  ethanol is present it  would be an eth-
anolate. In general, it  is undesirable to use solvates 
 or pharmaceuticals as the presence o  retained 
organic material would be regarded as an unneces-
sary impurity in the product, unless it  was seen to 
possess advantageous properties and be sa e  or 
pharmaceutical use. I  the organic solvent were toxic 
in any way it  would obviously be inappropriate  or 
pharmaceuticals. For this reason discussion will be 
limited to hydrates.

Hydrates o ten have very di  erent properties 
 rom the anhydrous  orm, in the same way as two 
di  erent polymorphs have di  erent properties  rom 
each other. For this reason, the di  erence between 
hydrates and anhydrous  orms is sometimes 
described inelegantly as pseudopolymorphism. With 
polymorphism, the stable  orm will have the highest 
melting point and the slowest dissolution rate (see 
above). However, with hydrates it  is possible  or the 
hydrate  orm to have either a  aster or slower dis-
solution rate than the anhydrous  orm. The most 
usual situation is  or the anhydrous  orm to have a 
 aster dissolution rate than the hydrate; an example 

In conclusion, the stable polymorphic  orm will 
have the slowest dissolution rate, so there may be 
occasions when it  would be desirable to speed the 
dissolution by using a metastable  orm. However, 
the risk associated with using the metastable  orm 
is that it  will convert back to the stable  orm during 
the product li e, and give a consequent change in 
properties.

As polymorphism can have such serious conse-
quences  or bioavailability o  drugs with low aqueous 
solubility, it  is essential that manu acturers check  or 
the existence o  polymorphism and ensure that they 
use the same appropriate polymorphic  orm every 
t ime they make a product. New drugs are there ore 
screened to see how many polymorphs (and solvates 
and hydrates – see below) exist, and then to identi y 
which one is the most stable. The screening process 
requires many crystallizations  rom numerous di  er-
ent solvent systems, with variations in method and 
conditions, in order to try to induce di  erent poly-
morphs to  orm. The products are then checked with 
spectroscopy (e.g. Raman) and X-ray di  raction to 
see i  they have di  erent internal packing (see also 
Chapter 23). Sadly, there are examples o  products 
being taken to market with what was believed to be 
the stable  orm, only  or the stable  orm to be pro-
duced at a later stage. In these circumstances, the 
stable  orm may have been inhibited  rom being 
 ormed by a certain impurity, which may have been 
lost due to an alteration in the method o  chemical 
synthesis o  the drug, so the stable  orm suddenly 
was produced. Having produced the stable  orm, 
i  the drug is poorly soluble it  would be probable 
that the bioavailability would reduce. Also, having 
made the stable  orm, it  is o ten then very hard to 
stabilize the metastable  orm again. This can result 
in products having to be recalled  rom the market 
and re ormulated and retested clinically. The  act 
that major pharmaceutical companies, all o  whom 
take the study o  physical  orm very seriously, have 
seen the stable  orm arrive a ter product launch 
shows that it  is di f cult to be sure that  you are 
working with the most stable  orm o  the drug.

As was mentioned above, many properties other 
than rate o  solution can change when a material is 
in a di  erent polymorphic  orm. For example, para-
cetamol is a high-dose drug with poor compression 
properties, which can make it  di f cult  to  orm into 
tablets. This is because there is an upper limit  on 
the size o  tablet that can be swallowed easily, so  or 
high-dose drugs the amount o  compressible excipi-
ent that can be added is modest. Consequently, 
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ordered  ashion, it  is said to be amorphous. Amor-
phous solids have very di  erent properties  rom the 
crystal  orm o  the same material. For example, 
crystals have a melting point (the break-up o  the 
crystal lattice), whereas the amorphous  orm does 
not (as it  does not have a crystal lattice to break!).

Polymeric materials (or other large molecular 
weight species) have molecules that are so large and 
 exible that it  is not possible  or them to align per-
 ectly to  orm crystals. For these materials it  will be 
usual to have ordered regions within the structure 
surrounded by disorder, so they are described as 
semi-crystalline. For materials such as these, it  will 
not be possible to produce a completely crystalline 
sample; however, the degree o  crystallinity can vary 
depending upon processing conditions. This can 
a  ect the properties o  the material and thus how 
it   unctions in pharmaceutical products.

For low molecular weight materials, the amor-
phous  orm may be produced i  the solidif cation 
process was too  ast  or the molecules to have a 
chance to align in the correct way to  orm a crystal 
(this could happen,  or example, when a solution is 
spray-dried). Alternatively, a crystal may be  ormed 
but then may be broken. This could happen i  a 
crystal were exposed to energy, such as milling. A 
simple analogy is that a crystal is like a brick wall, 
which has ordered long-range packing. I  the wall is 
hit  hard, perhaps as during demolition, the bricks 

o  this is shown in Figure 8.4  or theophylline. In 
this situation, water could hydrogen bond between 
two drug molecules and tie the lattice together; this 
would give a much stronger, more stable latt ice and 
thus a slower dissolution rate. It  can be seen  rom 
Figure 8.4 that the anhydrous theophylline rises to 
a high concentration in solution and then  alls again 
until the amount dissolved is the same as that 
recorded  or the hydrate. The reason  or this is that 
the hydrate has come to the true equilibrium solu-
bility, whereas the anhydrous  orm had initially 
 ormed a supersaturated solution (as has been 
described  or metastable polymorphic  orms above).

Although anhydrous  orms are usually more 
rapidly soluble than the hydrate, there are examples 
o  the opposite being true. In such circumstances 
one could think o  water as a wedge pushing two 
molecules apart  and preventing the optimum inter-
action between the molecules in the lattice. Here 
water would be weakening the lat tice and would 
result  in a more rapid dissolution rate. An example 
o  the hydrate  orm speeding up dissolution is shown 
in Figure 8.5  or erythromycin.

Amorphous  s tate

When a material is in the solid state but the mole-
cules are not packed in a repeating long-range 

Fig . 8.4 •  The dissolution of theophylline monohydrate 
rising to an equilibrium solubility, compared with that for 
theophylline anhydrous which forms a supersaturated 
solution with a peak over twice that of the dissolving 
hydrate, before crystallizing to form the true equilibrium 
solubility. Reproduced from Shefter & Higuchi 1963, 
with permission.

Fig . 8.5 •  The dissolution behaviour for erythromycin as 
the anhydrate, monohydrate and dihydrate, showing a 
progressively faster dissolution rate as the level of 
hydrate is increased. Reproduced from Allen et al 1978, 
with permission.
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at the sur ace o  another material. In Figure 8.6, the 
way in which water can access amorphous regions is 
shown. Figure 8.7 shows the amount o  water that 
is adsorbed to a crystalline material (Fig. 8.7a) in 
comparison with that absorbed into an amorphous 
 orm o  the same material (Fig. 8.7b). It  can be seen 
that the amount absorbed is many times greater than 
that adsorbed. This large di  erence in water content 
at any selected relative humidity is important in 
many materials. For example, it  is possible that 
certain drugs can degrade by hydrolysis when amor-
phous but remain stable when crystalline. The 
extent o  hydrolysis o  an antibiotic which had 
been processed to yield di  erent levels o  crystal-
line : amorphous  orms is shown in Table 8.1; the 

Fig . 8.6 •  The disruption of a crystal (represented 
as a brick wall) giving the possibility for water vapour 
absorption in the amorphous region. 

Crys ta lline  region

Amorphous  region

Water molecule
Drug molecule

Fig . 8.7 •  (a) A water sorption isotherm for crystalline 
lactose monohydrate; the quantity of water adsorbed  
to the crystal surface is  small. (b) A water sorption 
isotherm for amorphous lactose, showing a rise to 
around 11% water content due to absorption, followed 
by water loss as the sample crystallizes and the 
absorbed water is expelled. 

a

b

will separate (Fig. 8.6). Unlike the brick wall, 
however, a disrupted crystal will be thermodynami-
cally unstable and will revert back to the crystal 
 orm. This conversion may be rapid or very slow 
and, as with polymorphism, its pharmaceutical sig-
nif cance will depend on how long the partially 
amorphous  orm survives.

Amorphous  orms have a characteristic tempera-
ture at  which there is a major change in properties. 
This is called the glass transition temperature (Tg). 
I  the sample is stored below the Tg, the amorphous 
 orm will be britt le, described as being in the glassy 
state. I  the sample is above its Tg, it  becomes 
rubbery. The Tg, although not well understood, is a 
point at which the molecules in the glass exhibit  a 
major change in mobility. The lack o  mobility when 
the sample is glassy allows the amorphous  orm to 
exist   or a longer time, whereas when Tg is below 
the storage temperature, the increased molecular 
mobility allows rapid conversion to the crystalline 
 orm.

The glass transition temperature o  an amorphous 
material can be lowered by adding a small molecule, 
called a plasticizer, that  f ts between the glassy mol-
ecules, giving them greater mobility. Water has a 
good plasticizing e  ect  on many materials, so the 
glass transition temperature will usually reduce 
when in the presence o  water vapour.

Most amorphous materials are able to absorb 
large quantities o  water vapour. Absorption is a 
process whereby one molecule passes into the bulk 
o  another material and should not be con used with 
adsorption, which is where something concentrates 
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possible that  very complex materials can be  ormed 
that contain di  erent metastable states. For 
example, in Figure 8.3 the plasma levels o  two 
polymorphs o  chloramphenicol palmitate were 
shown; i  the β-polymorph were milled it  is possible 
that  it  may also become partially amorphous, which 
could make the plasma level even higher than when 
the crystalline  orm was used. However, milling the 
β-polymorph could also provide the necessary 
energy to convert it  to the stable α -polymorph, 
which would reduce the e  ective plasma level. 
Equally, milling could disrupt the α -polymorph 
giving a partially amorphous  orm that may have a 
higher bioavailability than the crystal. In other 
words, the e  ect o  processing on the physical  orm 
can be very complicated, and o ten unpredictable. 

Fig . 8.8 •  The amorphous content induced in crystalline 
lactose as a consequence of milling in an air-jet mill at 
different air pressures. Redrawn from Briggner et al 
1994, with permission.

Fig . 8.9 •  The amorphous content of a model drug 
substance following milling in a ball mill and a micronizer 
Redrawn from Ahmed et al 1996, with permission.

Table 8.1 The chemical stability of cephalothin sodium 
related to the amorphous content of the sample

Sample % 
amorphous

% stable drug 
after storage at 
31% RH 50 °C

Crystalline  0  100

Freeze-dried  12  100

Freeze-dried  46  85

Spray-dried  53  44

(Data derived from Pikal et al 1978.)

extent o  degradation is greater when the amor-
phous content is increased. This concept is also dis-
cussed in Chapter 4 o  this book.

In Figure 8.7 it  can be seen that the amorphous 
 orm absorbs a very large amount o  water until 50% 
RH, a ter which there is a weight loss. The reason 
 or the loss is that the sample has crystallized. Crys-
tallization occurs because the absorbed water has 
plasticized the sample to such an extent that the Tg 
has dropped below room temperature and allowed 
su f cient molecular mobility that the molecules are 
able to align and crystallize. The water is lost during 
this process as absorption can only occur in the 
amorphous  orm, so it  cannot endure into the crys-
talline state. However, some water is retained in this 
example (Fig. 8.7a, b), because lactose is able to 
 orm a monohydrate. The amount o  water required 
to  orm a monohydrate with lactose is 5% w/ w 
(calculated  rom the molecular weight o  lactose and 
water), which is much less than the 11% that was 
present in the amorphous  orm (Fig. 8.7b).

In Figure 8.8 the amorphous content o  lactose is 
seen to increase in proportion to the length o  t ime 
it  was le t  in an air-jet mill (micronizer). In Figure 
8.9 it  can be seen that a drug substance became 
partially amorphous when treated in a simple ball 
mill, and extensively amorphous when micronized. 
Although the example in Figure 8.9 is an extreme 
behaviour, it  is not unusual  or highly processed 
materials to become partially amorphous. Although 
milling does not necessarily make all materials par-
tially amorphous, the chance o  seeing disruption to 
the crystalline lattice will increase with the amount 
o  energy used in the milling.

The  act that processing can make crystalline 
materials partially amorphous means that it  is 
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same crystal  orm were growing  rom a non-polar 
solvent, then the opposite would be true.

Obviously the external shape can alter the prop-
erties o  drugs and excipients. For example, the 
dissolution rate o  a drug can change i  the sur ace 
area to volume ratio is altered. An extreme di  er-
ence would be between a long needle and a sphere 
(Fig. 8. 11). A sphere o  20 µm radius has approxi-
mately the same volume (mass) as a needle o  
335 × 10 × 10 µm; however, the sur ace area o  the 
needle is 2.7 t imes greater than that o  the sphere. 
As dissolution rate is directly proportional to sur ace 
area, the needle would dissolve much  aster than the 
sphere. Crystals do not grow to make spheres, 
although through milling, crystals can develop 
rounded geometries, the closest to a sphere would 

It  is possible to produce a physical  orm that is 
partially amorphous and partially crystalline. The 
crystalline component could then be stable or 
metastable. Inevitably, with time ( or low molecular 
weight species) the sample will revert to only 
contain the stable crystalline  orm, with no amor-
phous content and none o  the metastable 
polymorph(s), but as this does not necessarily 
happen instantly, the physical  orm and its complex-
ity are o  great  importance.

Crys tal habit

All the discussion above has related to the internal 
packing o  molecules. It  has been shown that they 
may have no long-range order (amorphous) or di -
 erent repeating packing arrangements (polymor-
phic crystals) or have solvent molecules included in 
the crystal (solvates and hydrates). Each o  these 
changes in internal packing o  a solid will give rise 
to changes in properties. However, it  is also possible 
to change the external shape o  a crystal. The exter-
nal shape is called the crystal habit and this is a 
consequence o  the rate at which di  erent  aces 
grow. Changes in internal packing usually (but not 
always) give an easily distinguishable change in 
habit. However,  or the same crystal packing, it  is 
possible to change the external appearance by 
changes in the crystallization conditions.

With any crystalline material, the largest  ace is 
always the slowest growing. The reason  or this is 
shown in Figure 8.10, where it  can be seen that i  
drug is deposited on two  aces o  the hexagonal 
crystal habit, then the f rst consequence is that the 
 ace where drug is deposited actually becomes a 
smaller part o  the crystal, whereas the other  aces 
get larger. Eventually, the  astest  growing  aces will 
no longer exist  (Fig. 8.10). The growth on di  erent 
 aces will depend on the relative a f nit ies o  the 
solute  or the solvent and the growing  aces o  the 
crystal. Every molecule is made up o  di  erent  unc-
tional groups – some are relatively polar (such as 
carboxylic acid groups) whereas others are non-polar 
(such as a methyl group). Depending on the packing 
geometry o  the molecules into the latt ice, some 
crystal  aces may have more exposed polar groups 
and others may be relatively non-polar. I  the crystal 
were growing  rom an aqueous solution, drug would 
deposit on the  aces that make the crystal more 
polar (i.e. the non-polar  aces would grow, making 
the more polar  aces dominate). I , however, the 

Fig . 8.10 •  Demonstration of how growth onto faces 1 
and 4 of a hexagonal crystal form result in the formation 
of a diamond. 

Fig . 8.11 •  The relative surface areas of a sphere, cube 
and needle that have similar volumes of material. 

Sphere:
radius  20 µm
volume  33,515 µm3

surface  a rea  5,027 µm2

Needle :
length 335 µm, width
and thickness  10 µm
volume  33,500 µm3

surface  a rea  13,600 µm2

Cube:
length, width and
thickness  32.2 µm
volume  33,386 µm3

surface  a rea  6,221 µm2
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The hypothesis relating to the use o  f ne carrier 
particles to enhance the delivery o  micronized drug 
 rom large carrier particles is not proved beyond 
doubt. It  remains possible that interactions between 
the f ne carrier and f ne drug may be the reason  or 
the enhanced delivery.

It  should o  course be noted that the diagrams in 
Figure 8.12 simpli y the real situation greatly. In 
Figure 8.13 a real lactose particle is shown along 
with added micronized particles. It  can be seen that 
the large lactose particle (lactose particles are o ten 
described as ‘tomahawk’ shaped) has rough ridges 
on its sur ace and there are some very f ne particles 
aligned to some extent in the rough areas. It  is also 
clear that many f ne particles are not on the sur ace 
o  the lactose and that  some f ne particles are on 
smooth regions o  the lactose.

For products such as these (discussed more  ully 
in Chapter 37), it  is becomingly increasingly impor-
tant to f rst  measure the sur ace nature o  samples 
and then to control the  orm in order to achieve the 
desired delivery o  drug. The shape o  the carrier is 
an important consideration  or the design o  this 
type o  product. A  urther concern is the sur ace 
energy as this can in uence the way in which the 
drug and carrier are attached to each other.

Fig . 8.12 •  A hypothesis that surface roughness may 
relate to drug release from carrier particles in dry 
powder inhalers. (a) drug trapped in the rough regions 
of the carrier particle giving low inhaled dose.  
(b) Micronized drug can be readily removed from a 
smooth carrier particle. (c ) Micronized drug may be 
removed readily (resulting in a high inhaled dose) if the 
carrier is  rst treated with micronized carrier particles, in 
order to  ll the rough voids. 

a

b

c

Drug particle

Rough carrie r pa rticle

Smooth ca rrie r pa rticle

Micronized carrie r particle

be a cube, which would still have under hal  the 
sur ace area o  the needle shown in Figure 8.11.

As well as changes in dissolution rate, di  erent 
crystal habits can cause changes in powder  ow 
(which is important as,  or example, the die o  a 
tableting machine is f lled by volume and requires 
good powder  ow in order to guarantee content 
uni ormity o  the product) and sedimentation and 
caking o  suspensions.

It  is technically possible to engineer changes in 
crystal habit, by deliberately manipulating the rate 
o  growth o  di  erent  aces o  the crystal. This is 
done by intentionally adding a small amount o  
impurity to the solution. The impurity must pre er-
entially interact with one  ace o  the growing crystal, 
and in so doing it  will stop growth on that  ace, so 
the remaining  ace(s) grow more rapidly. The impu-
rity would either be a very similar molecule to that 
o  the crystallizing material, so that part o  the mol-
ecule is included in the lattice but the remainder 
o  the molecule blocks  urther layers  rom 
attaching, or it  may be a sur actant that adsorbs to 
one growing  ace.

Surfac e  nature  of partic le s

Dry powder inhalers

Dry powder inhalers (Chapter 37) o ten have a 
micronized drug, which has to be small enough to 
be inhaled, mixed with a larger carrier particle which 
is o ten lactose. The carrier particle is there to make 
the powder suitable  or handling and dosing, as 
micronized particles have poor  ow properties. The 
shape and sur ace properties o  the drug and/ or 
carrier particles can be critical parameters in con-
trolling the dose o  drug that is delivered. It  may be 
necessary to adjust the sur ace roughness o  carrier 
particles. Figure 8.12a is a cartoon o  a rough carrier 
particle; this would hold the micronized drug too 
strongly, essentially trapped within the rough regions 
o  the carrier, so the inhaled dose would be very low. 
In Figure 8.12b, a smooth particle o  the same drug 
is seen. Here the drug will easily be displaced  rom 
the carrier during inhalation but it  may not stay 
mixed with the carrier during f lling o  the inhaler 
and dosing. In Figure 8.12c, a rough carrier particle 
has f rst  been mixed with micronized carrier and 
then with micronized drug. Using this approach, the 
drug is  ree to detach, as the micronized carrier is 
trapped in all the crevices on the carrier sur ace.



 P A R T  T W O  Partic le  Sc ie nc e  and Powde r Te chnology

13 6

energies. Thus,  or the same drug, it  is possible that 
changes in habit and/ or polymorphic  orm and/ or 
the presence o  a solvate or hydrate would change 
the sur ace energy. For amorphous  orms, the mol-
ecules at  the sur ace have greater  reedom to move 
and reorientate than do molecules in crystal sur-
 aces, so the amorphous  orm could have changes in 
sur ace energy with time (and with physical state in 
relation to Tg).

The conventional way o  determining the sur ace 
energy o  a solid is to place a drop o  liquid onto the 
solid sur ace and measure the contact angle as dis-
cussed in Chapter 4. Per ect wetting o  a solid by a 
liquid will result  in a contact  angle o  0 degrees.

For smooth solid sur aces, contact angles are an 
ideal way o  assessing sur ace energy. However, 
powders present problems as it  is not possible to 
place a drop o  liquid on the sur ace. Consequently 
a compromise will always be required when measur-
ing a contact angle  or powdered systems. An 
example o  such a compromise would be to make a 
compact o  the powder in order to produce a smooth 
 at sur ace. However, the disadvantage o  this is 
that the process o  compaction may well change the 
sur ace energy o  the powder.

A pre erred option by which to assess the sur ace 
energy o  powders would be vapour sorption.

Vapour sorption

Adsorption, absorption and deliquescence are also 
discussed in Chapter 4. When a powder is exposed 
to a vapour, or gas, the interaction will take one o  
the  ollowing  orms:

•  adsorption o  the vapour to the powder sur ace
•  absorption into the bulk
•  deliquescence
•  hydrate/ solvate  ormation.

Absorption into the bulk can occur i  the sample is 
amorphous, whereas the interaction will be limited 
to adsorption i  the powder is crystalline. The extent 
and energetics o  interaction between vapours and 
powder sur aces allow the sur ace energy to be cal-
culated. The other processes listed are deliques-
cence, which is where the powder dissolves in the 
vapour, and hydrate  ormation which has been dis-
cussed in Chapter 4.

It  is possible there ore to use adsorption and/ or 
absorption behaviour as a method by which the 
powder sur ace energy can be determined. There 

Sur ace energy

Sur aces and sur ace energy are discussed in Chapter 
4, a summary o  those aspects relevant to the solid 
state are presented here. Molecules at the sur ace 
o  a material have a net  inward  orce exerted on 
them  rom the molecules in the bulk; this is the 
basis o  sur ace energy. Sur ace energy is important 
as every interaction (except the mixing o  two 
gasses) starts by an initial contact between two sur-
 aces. I  this sur ace interaction is  avoured then the 
process will probably proceed, whereas i  it  is not 
 avoured then the process will be limited. A good 
example o  the role o  sur ace energy is the wetting 
o  a powder by a liquid; here the powder cannot 
dissolve until the liquid makes good contact with it . 
A practical example is instant co  ee, where some 
brands are hard to wet and dissolve whereas others 
dissolve easily. Changes in the wetting o  powders 
can a  ect the processes o  wet granulation, suspen-
sion  ormation, f lm coating and drug dissolution.

The measurement and understanding o  sur ace 
energy  or solid powders is complex. Even on the 
same crystal  orm, it  would be expected that every 
crystal  ace, edge and de ect could experience 
di  erent  orces pulling  rom the bulk and thus 
could have a di  erent sur ace energy. It  would be 
reasonable to assume that di  erent physical  orms 
o  the same drug could have quite di  erent sur ace 

Fig . 8.13 •  An electron micrograph showing a large 
lactose carrier particle with added  ne lactose, some of 
which is seen to be at rough spots on the large carrier, 
but also there is  a lot of non-adsorbed  ne lactose 
content. This shows that Figure 8.12 is  an enormous 
simpli cation of the real system. 
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are three basic approaches to this: gravimetric 
(measuring weight change), calorimetric (measuring 
heat change) and chromatographic (measuring 
retention to a solid using analysis such as  ame ioni-
zation o  the eluted carrier  rom a column). Each o  
these techniques has  ound application in studies o  
batch-to-batch variability o  materials. An example 
o  a critical case could be that a certain drug shows 
extensive variability in respirable dose  rom a dry 
powder inhaler. Assuming that the size distribution 
was acceptable in all cases, it  would be necessary to 
understand why some batches yielded unacceptable 
doses. These vapour sorption techniques could then 
be used to assess the sur ace energy and then def ne 
values that would be acceptable in order to get good 
drug dosing, and equally to def ne batches o  drug 
that will give unacceptable products.

G ravimetric methods use sensitive microbalances 
as a means o  determining the extent o  vapour sorp-
tion to a powder sur ace. The calorimetric approaches 
measure the enthalpy change associated with 
vapour/ powder interaction, which gives clear in or-
mation on the nature o  the powder sur ace. By use 
o  the principles o  gas chromatography it  is possible 
to pack the powder,  or which the sur ace energy is 
required, into a column and then to inject di  erent 
vapours into the column with a carrier gas. Obvi-
ously, the time taken  or the vapour to come out o  
the other end o  the column is a measure o  how 
 avourable was the interaction between the powder 
and the vapour. Inverse gas chromatography, as this 
is called, is described in Chapter 4.
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KE Y P O IN TS

•  The s ize o  particulate solids  and liquid droplets  
is  a  key  actor in achieving optimum  ormulation 
and manu acture o  pharmaceutical products .

•  Equivalent sphere diameters  are used by 
pharmaceutical scientis ts  as  a means  o  
describing the s ize o  irregularly shaped 
particles .

•  In general, the method used to determine 
particle s ize determines  the type o  equivalent 
sphere diameter measured.

•  A population o  particles  may be monodispersed, 
though pharmaceutical sys tems  are more usually 
polydispersed.

•  A range o  methods  exis t  or measuring particle 
s izes , in the range  rom a  ew nanometres  to 
thousands  o  micrometres .

•  The mos t commonly used s ize analys is  methods  
encountered within Pharmaceutics  are 
described here, including: s ieve analys is , 
microscopy, sedimentation techniques , the 
electrical sens ing zone method, laser di  raction 
and photon correlation spectroscopy.

Introduc tion

The size o  particulate solids is important in achiev-
ing optimum  ormulation and production o  e f ca-
cious medicines. Figure 9.1 shows an outline o  the 
li etime o  a drug. During stages 1 and 2, when a 
drug is synthesized and  ormulated, the particle size 
o  the drug and other powders in the  ormulation is 
determined, and this in uences the physical per-
 ormance o  the medicine and the subsequent phar-
macological e  ects o  the drug.

9  Partic le  s ize  analys is

John N. Stani orth Kevin M. G . Taylor
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particle size on bioavailability is discussed more  ully 
in Chapter 20.

It  is clear  rom the li etime o  a drug outlined 
above that the knowledge and control o  particle size 
are o  importance  or both the production o  medi-
cines containing particulate solids and the e f cacy 
o  such medicines  ollowing administration.

The pharmaceutical scientist  may not necessarily 
need to know the precise size o  particles intended 
 or a particular purpose, rather a size range may be 
specif ed, and consequently powders are  requently 
graded based on the size o  the particles o  which 
they are comprised. For instance:
•  coarse powder: majority o  particles > 350 µm
•  medium f ne powder: 100–350 µm
•  f ne powder: 50–100 µm
•  very f ne powder: 10–50 µm
•  micronized powder: < 10 µm (majority < 5 µm).
Pharmacopoeial def nitions o  grades o  powders, 
and the methods employed to separate particles, by 
size, are discussed in detail in Chapter 10.

Whilst this chapter re ers to ‘particle size’ and 
‘particle size analysis’ and the above discussion 
relates to solid particles, it  should be noted that 
many o  the concepts discussed in this chapter apply 
equally to pharmaceutical systems where it  is neces-
sary to determine the size o  a dispersed liquid, 
rather than solid phase,  or instance in emulsions 
and aerosol sprays.

Partic le  s ize

Dimens ions

Describing the size o  irregularly shaped particles, as 
usually encountered in pharmaceutical systems, is a 
challenge. To adequately describe such a particle 
would require measurement o  no  ewer than three 
dimensions. Frequently, though, it  is advantageous 
to have a single number to describe the size o  par-
t icles. For instance, when milling powders  or inclu-
sion in a pharmaceutical  ormulation, production 
and quality assurance sta   will want to know i  the 
mean size is approximately the same, larger or 
smaller than  or previous milling procedures o  the 
same material. To overcome the problem o  describ-
ing a three-dimensional particle with a single number, 
we employ the concept o  the equivalent sphere. 
Using this approach, a particle is considered to 

Particle size in uences the production o  many 
 ormulated medicines (stage 3, Fig. 9.1) as discussed 
in later chapters o  this book. For instance, both 
tablets and capsules are manu actured using equip-
ment that controls the mass o  drug (and other solid 
excipients) by volumetric f lling. There ore, any 
inter erence with the uni ormity o  f ll volumes may 
alter the mass o  drug incorporated into the tablet 
or capsule and hence adversely a  ect  the content 
uni ormity o  the medicine. Powders with di  erent 
particle sizes have di  erent  ow and packing prop-
erties, which alter the volumes o  powder during 
each encapsulation or tablet compression event. In 
order to avoid such problems, the particle sizes o  
drugs and other powders may be def ned during 
 ormulation so that problems during production are 
avoided.

Following administration o  the medicine (stage 
4, Fig. 9.1), the dosage  orm should release the drug 
into solution at  the optimum rate. This depends on 
several  actors, one o  which will be the particle size 
o  drug, which is inversely related to particle size as 
described by the Noyes and Whitney equation, out-
lined in detail in Chapter 2. Thus, reducing the size 
o  particles will generally increase the rate o  dis-
solution, which can have a direct impact on bioavail-
ability and subsequent drug handling by the body 
(stages 5 and 6). For example, the drug griseo ulvin 
has a low solubility by oral administration, but is 
rapidly distributed  ollowing absorption; reducing 
the particle size increases the rate o  dissolution and 
consequently the amount o  drug absorbed. 
However, a reduction in particle size to improve 
dissolution rate and hence bioavailability is not 
always benef cial. For example, reducing the particle 
size o  nitro urantoin increases its dissolution rate, 
and may consequently produce adverse side-e  ects 
because o  its more rapid absorption. The e  ect o  

Fig . 9.1 •  Schematic representation of the lifetime of 
a drug. 
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both the orientation and the shape o  the particles. 
These are statistical diameters which are averaged 
over many di  erent orientations to produce a mean 
value  or each particle diameter. Feret’s diameter is 
determined  rom the mean distance between two 
parallel tangents to the projected outline o  the par-
ticle. Martin’s diameter is the mean chord length o  
the projected particle perimeter, which can be con-
sidered as the boundary separating equal particle 
areas (A and B in Fig. 9.3).

It  is also possible to determine the equivalent 
sphere diameters o  particles based on other  actors 
such as volume, sur ace, sieve aperture, sedimenta-
tion characteristics, etc. Some o  the more com-
monly used equivalent sphere diameters are def ned 
in Table 9.1; there are others. In general, the method 
used to determine particle size dictates the type o  
equivalent diameter that is measured. This is 
explained  or each particle size analysis method 
described later in this chapter. Inter-conversion o  
the various equivalent particle sizes may be carried 
out and this can be done mathematically or auto-
matically as part o  the size analysis.

Particle s ize dis tribution

A particle population which consists o  spheres or 
equivalent spheres o  the same diameter is said to 
be monodispersed or monosized, and its characteris-
t ics can be described by a single diameter or equiva-
lent sphere diameter.

However, it  is unusual  or particles to be com-
pletely monodispersed and such a sample will rarely, 
i  ever, be encountered in a pharmaceutical system. 
Most powders contain particles with a range o  di -
 erent equivalent diameters, i.e. they are polydis-
persed or heterodispersed. In order to be able to 
def ne a size distribution or compare the character-
istics o  two or more powders consisting o  particles 
with many di  erent diameters, the size distribution 
can be broken down into di  erent size ranges, which 
can be presented in the  orm o  a histogram plotted 
 rom data such as those in Table 9.2.

Such a histogram presents an interpretation 
o  the particle size distribution and enables the 
percentage o  particles having a given equivalent 
diameter to be determined. A histogram allows 
di  erent particle size distributions to be compared. 
For example, the histogram in Figure 9.4a is a 
representation o  particles that  are normally dis-
tributed symmetrically about a central value. 

approximate to a sphere: some property o  the par-
ticle is measured and related to a sphere, the diam-
eter o  which can be quoted. Because the 
measurement is then based on a hypothetical sphere, 
which represents only an approximation to the true 
size and shape o  the particle, the dimension is 
re erred to as the equivalent sphere diameter or 
equivalent diameter o  the particle.

Equivalent sphere diameters

It is possible to generate more than one sphere 
which is equivalent to a given irregular particle 
shape. Figure 9.2 shows the two-dimensional projec-
tion o  a particle with two di  erent diameters con-
structed about it .

The projected area diameter is based on a circle 
o  equivalent area to that  o  the projected image o  
a particle; the perimeter diameter is based on a circle 
having the same perimeter as the particle. Unless 
the particles are unsymmetrical in three dimensions 
then these two diameters will be independent o  
particle orientation.

This is not true  or Feret’s and Martin’s diameters 
(Fig. 9.3), the values o  which are dependent on 

Fig . 9.2 •  Different equivalent diameters constructed 
around the same particle. 
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Fig . 9.3 •  In uence of particle orientation on statistical 
diameters. The change in Feret’s  diameter is  shown by 
the distances, dF; Martin’s diameter dM corresponds to 
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Table 9.1 Equivalent diameters o  irregular particles

Equivalent diameter Symbol Def nition Equation

Drag diameter (or 
 rictional drag 
diameter)

dd Diameter o  a sphere having the same resistance to 
motion in a f uid as the particle in a f uid o  the same 
density (ρ  ) and same viscosity (η ), and moving at the 
same velocity (v) (dd approximates to ds when the 
particle Reynolds number (Rep) is small and particle 
motion is streamlined. i.e. Rep < 0.2)

F  C A f vD  D=  ρ
2

2

where CD A = f(dd)
(i.e. FD = 3πddηv)

Feret’s diameter  dF The mean value o  the distance between pairs o  
parallel tangents to the projected outline o  the 
particle. This can be considered as the boundary 
separating equal particle areas (see text and Fig. 9.3)

None

Free- alling diameter  d Diameter o  a sphere having the same density and 
same  ree- alling speed as the particle in a f uid o  
the same density and viscosity

None

Hydrodynamic 
diameter

dh Diameter calculated  rom the di  usion coe  cient 
according to the Stokes-Einstein equation (see text)

 D  T
d

=  ×  −
−1 38  10

3

12
2  1.

πη
 m s

Martin’s diameter  dM The mean chord length o  the projected outline o  the 
particle (see text and Fig. 9.3)

None

Projected area 
diameter

da Diameter o  a circle having the same area (A) as the 
projected area o  the particle resting in a stable 
position (see text and Fig. 9.2)

A  da= π
4

2

Perimeter diameter  dp Diameter o  a circle having the same perimeter as the 
projected outline o  the particle (see text and Fig. 9.2)

None

Sieve diameter  dA The width o  the minimum square aperture through 
which the particle will pass (see text and Fig. 9.7)

None

Stokes diameter  dSt The  ree- alling diameter (d , see above) o  a particle 
in the laminar f ow region (Rep < 0.2)

Under these conditions

d  d
d

v
st

d

2
3

=

Sur ace diameter  ds Diameter o  a sphere having the same external 
sur ace area (S) as the particle

 S  d= π  s
2

Sur ace volume 
diameter

dsv Diameter o  a sphere having the same external 
sur ace area to volume ratio as the particle

 d  d
d

v

s
sv =

3

2

Volume diameter  dv Diameter o  a sphere having the same volume (V) as 
the particle

 V  d= π
6

3
v

Fig . 9.4 •  Frequency distribution curves corresponding to (a) a normal distribution, (b) a positively skewed 
distribution and (c ) a bimodal distribution. 
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Table 9.2 Frequency and cumulative  requency distribution data  or a nominal particle size analysis procedure

Range o  
equivalent 
diameters o  
particles 
measured 
(known as the 
size  raction) 
(µm)

Mean 
diameter 
o  each 
size 
 raction 
(µm)

Number o  
particles in 
each size 
 raction 
( requency)

Percent 
particles in 
each size 
 raction (% 
 requency)

Number o  
particles in 
the sample 
smaller 
than the 
mean 
diameter o  
each size 
 raction

Cumulative 
percent 
 requency 
smaller 
than the 
mean 
diameter o  
each size 
 raction 
(cum. % 
undersize)

Number o  
particles 
in the 
sample 
larger 
than the 
mean 
diameter 
o  each 
size 
 raction

Cumulative 
percent 
 requency 
larger than 
the mean 
diameter 
o  each 
size 
 raction 
(cum. % 
oversize)

<9.9 – 0 0.0 0 0 2200 100.0

10–29.9 20 100 4.5 50 2.3 2150 97.7

30–49.9 40 200 9.1 200 9.1 2000 90.9

50–69.9 60 400 18.2 500 227 1700 77.3

70–89.9 80 800 36.4 1100 50.0 1100 50.0

90–109.9 100 400 18.2 1700 77.3 500 22.7

110–129.9 120 200 9.1 2000 90.9 200 9.1

130–149.9 140 100 4.5 2150 97.9 50 2.3

150> 0 0.0 2200 100.0 0 0.0

The peak  requency value, known as the mode, 
separates the normal curve into two identical 
halves, because the size distribution is  ully sym-
metrical, i.e. the data in Table 9.2 are normally 
distributed.

Not all particle populations are characterized by 
symmetrical, or normal, size distributions and the 
 requency distributions o  such populations are said 
to be skewed. The size distribution shown in Figure 
9.4b contains a large proportion o  f ne particles. A 
 requency curve such as this, with an elongated tail 
towards higher size ranges is said to be positively 
skewed; the reverse case exhibits negative skewness. 
These skewed distributions can sometimes be nor-
malized by replotting the equivalent particle diam-
eters using a logarithmic scale, and are thus usually 
re erred to as log�normal distributions.

In some size distributions more than one mode 
occurs: Figure 9.4c shows a bimodal  requency 
distribution  or a powder which has been subjected 
to milling. Some o  the coarser particles  rom 
the unmilled population remain unbroken and 
produce a mode towards the highest particle size, 

whereas the  ractured (size reduced) particles have 
a new mode which appears lower down the size 
range.

An alternative to the histogram representation o  
particle size distribution is obtained by sequentially 
adding the percent  requency values, as shown in 
Table 9.2, to produce a cumulative percent  re-
quency distribution. I  the addition sequence begins 
with the coarsest particles, the values obtained will 
be cumulative percent frequency undersize (or more 
commonly cumulative percent undersize); the reverse 
case produces a cumulative percent oversize.

It  is possible to compare two or more particle 
populations using the cumulative distribution repre-
sentation. Figure 9.5 shows two cumulative percent 
 requency distributions. For example, the size 
distribution in Figure 9.5a shows that this powder 
has a larger range or spread o  diameters than 
the powder represented in Figure 9.5b. The median 
particle diameter corresponds to the point that 
separates the cumulative  requency curve into 
two equal halves, above and below which 50% o  
the particles lie (point a in Fig. 9.5). Just as the 
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o  a normal distribution. ‘Thick’-tailed, ‘sharp’ 
peaked curves are described as leptokurtic, whereas 
‘thin’-tailed, ‘blunt’ peaked curves are platykurtic 
and the normal distribution is mesokurtic.

The coe f cient o  kurtosis, k (Eqn 9.2), has a 
value o  0  or a normal curve, a negative value  or 
curves showing platykurtosis and positive values  or 
leptokurtic size distributions:

 k  N  d  x
d  x

=  −
−

 −Σ
Σ

(  )
(  )

4

2  2  3
(  )

 

(9.2)

where d is any particle diameter, x is mean particle 
diameter and N  is number o  particles. Again, a large 
number o  data points is required to provide an 
accurate analysis.

Mean particle s izes

As established above, it  is impossible  or any single 
number to  ully describe the size distribution o  
particles in a real pharmaceutical system. However, 
 or the sake o  simplicity, pharmaceutical scientists 
wish to employ a single number to represent the 
mean size o  a powder sample. The mean o  the 
particle population, the median (Fig. 9.5) and the 
mode (Fig. 9.4) are all measures o  central tendency. 
They provide a single value near the middle o  the 
size distribution that attempts to represent a central 
particle diameter. Whereas the mode and median 
diameters can be obtained  or an incomplete particle 
size distribution, the mean diameter can only 
be determined when the size distribution is 
complete and the upper and lower size limits are 
known. It  is possible to def ne the ‘mean’ particle 
size in several ways.

Arithmetic .means
Arithmetic means are obtained by summating a par-
t icular parameter  or all the individual particles in a 
sample and dividing the value achieved by the total 
number o  particles. Means can be related to the 
diameter, sur ace area, volume or mass o  a particle. 
In the equations below, x is the mean particle size 
and the subscripts L, S, V  and M  indicate mean size 
based on length (diameter), sur ace area, volume 
and mass, respectively. ΣdL is the sum o  the diam-
eters o  all the particles, etc., and ΣdN is the total 
number o  particles in the sample.

median divides a symmetrical cumulative size distri-
bution curve into two equal halves, so the lower 
and upper quartile points at 25% and 75% divide 
the upper and lower ranges o  a symmetrical curve 
into equal parts (points b and c, respectively, in 
Fig. 9.5).

Sta tis tica l.methods .to.s ummarize .s ize .
d is tribution.da ta
Although it  is possible to describe particle size dis-
tributions qualitatively, it  is always more satis actory 
to compare particle size data quantitatively. This is 
made possible by summarizing the distributions 
using statistical methods.

In order to quanti y the degree o  skewness o  a 
particle population, the interquartile coef cient of 
skewness (IQ CS)  can be determined as  ollows:

 IQCS =  −(  )−  −(  )
−(  ) +  −(  )

c  a  a  b
c  a  a  b

 

(9.1)

where a is the median diameter and b and c are the 
lower and upper quartile points (see Fig. 9.5).

The IQCS can take any value between −1 and +1. 
I  the IQCS is zero then the size distribution is 
practically symmetrical between the quartile points. 
To avoid ambiguity in interpreting values  or IQCS, 
a large number o  size intervals is required.

To quanti y the degree o  symmetry o  a particle 
size distribution, a property known as kurtosis can 
be determined. The symmetry o  a distribution is 
based on a comparison o  the height or thickness o  
the tails and the ‘sharpness’ o  the peaks with those 

Fig . 9.5 •  Cumulative frequency distribution curves. 
Point a corresponds to the median diameter; b is  the 
lower quartile point and c is  the upper quartile point. 
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Inf uence o  particle shape

The techniques discussed above  or representing 
particle size distribution are all based on the assump-
tion that particles can be adequately represented by 
an equivalent circle or sphere. Whilst this is o ten 
the case, in some pharmaceutically relevant cases, 
particles deviate markedly  rom circularity and 
sphericity, and the use o  a single equivalent diam-
eter measurement may be inappropriate. For 
example, a powder consisting o  monosized f brous 
particles would appear to have a wide size distribu-
tion according to statistical diameter measurements. 
However, the use o  an equivalent diameter based 
on projected area would also be misleading. Under 
such circumstances it  may be desirable to return to 
the concept o  characterizing a particle using more 
than one dimension. Thus, the breadth o  the f bre 
could be obtained using a projected circle inscribed 
within the f bre (d i) and the f bre length could be 
measured using a projected circle circumscribed 
around the f bre dc (Fig. 9.6).

The ratio o  inscribed circle to circumscribed 
circle diameters can also be used as a simple shape 
factor to provide in ormation about the circularity 
o  a particle. The ratio d i/ dc will be 1  or a circle and 
diminish as the particle becomes more acicular.

Such comparisons o  equivalent sphere diameters 
determined by di  erent methods o  er considerable 
scope  or both particle size and particle shape analy-
sis. For example, measurement o  particle size to 
obtain a projected area diameter, da, and an equiva-
lent volume diameter, dv, provides in ormation con-
cerning the sur ace area : volume ratio or bulkiness 
o  a group o  particles, which can also be use ul in 
interpreting particle size data.

 x  d
dL = Σ
Σ

L

N
 

(9.3)

 x  d
dS =  Σ
Σ

S

N

 

(9.4)

 x  d
dV  =  Σ
Σ

V

N

3  

(9.5)

 x  d
dM

M

N
= Σ
Σ

 

(9.6)

Such means are strictly re erred to as number mean 
or number average particle sizes as they are based 
on the number o  particles. Equivalent sets o  equa-
tions exist based on,  or example, the mass o  indi-
vidual particles, giving mass mean or mass average 
particle size. In this case the two types o  mean will 
di  er as numerous small part icles contribute lit t le 
to the mass (mass being related to radius3). Conse-
quently, number average particle sizes are smaller 
than the equivalent mass average sizes.

Geometric .means
As explained above, not all powder samples show an 
arithmetic distribution o  particle sizes; some (par-
ticularly a ter milling)  ollow a log-normal distribu-
tion. In a log-normal distribution the  requency, f, 
o  the occurrence o  any given particle o  equivalent 
diameter d is given by:

 f  N  d  xg=  �  −  −(  ) 

 
 

  

 
 

Σ
2  2

2

2π ln
 exp

 ln  ln
lnσ  σg

N

g
 

(9.7)

where xgN is the number geometric mean diameter 
and σ g is the geometric standard deviation.

Inte rconvers ion.of.mean.s izes
For powders exhibiting a log-normal distribution o  
particle size, a series o  relationships, sometimes 
known as the Hatch–Choate equations, links the 
di  erent mean diameters o  a size distribution. 
There are numerous combinations o  these and the 
interested reader is re erred to Allen (1997)  or 
 urther details.

Fig . 9.6 •  A simple shape factor is  shown which can be 
used to quantify circularity. The ratio of two different 
diameters (di/dc) is  unity for a circle and is  reduced for 
acicular particles. 
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powders are usually def ned as having a maximum 
diameter o  1000 µm, this could be considered 
to be the upper limit . In practice, sieves can be 
obtained  or size analysis over a range  rom 5 to 
125 000 µm. These ranges are shown diagrammati-
cally in Figure 9.8.

Sample .prepara tion.and ..
ana lys is .conditions
Sieve analysis is usually carried out using dry 
powders, although  or powders in liquid suspension 
or which agglomerate during dry sieving, a process 
o  wet sieving can be used.

Princ ip les .of.meas urement
Sieve analysis utilizes a woven, punched or electro-
 ormed mesh, o ten in brass or stainless steel, with 
known aperture diameters which  orms a physical 
barrier to particles. Most sieve analyses use a series, 
stack or ‘nest’ o  sieves, which has the smallest mesh 
above a collector tray  ollowed by meshes that 
become progressively coarser towards the top o  the 
stack o  sieves. A sieve stack usually comprises 6–8 
sieves with an aperture progression based on a 2  
or 2 2  change in diameter between adjacent sieves. 
Powder is loaded on to the coarsest sieve at  the top 
o  the assembled stack and the nest  is subjected to 
mechanical vibration. A ter a suitable t ime the par-
t icles are considered to be retained on the sieve 
mesh with an aperture corresponding to the sieve 
diameter. Sieving is rarely complete as some parti-
cles can take a long time to orientate themselves 
over the sieve apertures and pass through. Thus 
sieving times should not be arbitrary, and it  is recom-
mended that sieving be continued until less than 
0.2% o  material passes a given sieve aperture in any 
5-minute interval.

Alte rna tive .techniques
Another  orm o  sieve analysis, called air-jet sieving, 
uses individual sieves rather than a complete nest o  

Partic le  s ize  analys is  me thods

In order to obtain equivalent sphere diameters with 
which to characterize the particle size o  a powder, 
it  is necessary to carry out a size analysis using one 
or more di  erent methods. Particle size analysis 
methods can be divided into di  erent categories 
based on several di  erent criteria: size range o  
analysis; wet or dry methods; manual or automatic 
methods or speed o  analysis. Note that the special-
ist  area o  sizing aerosolized particles using cascade 
impactor techniques is described in Chapter 37. 
Particle size instrumentation is developing quickly, 
but a summary o  the principles o  these di  erent 
methods is presented below, based on the salient 
 eatures o  each technique.

Sieve methods

Equiva lent.d iamete r
Sieve diameter, dA, as def ned in Table 9.1 and 
shown diagrammatically in Figure 9.7  or di  erent-
shaped particles.

Range .of.ana lys is
The International Standards Organization (ISO) 
sets a lowest sieve diameter o  45 µm and, as 

Fig . 9.7 •  Sieve diameter dA for various shaped 
particles. x is  the size of the sieve aperture. 
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Fig . 9.8 •  Size range of analysis  using sieves. 
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f lm o  gold a  ew nanometres in thickness. Speci-
mens  or transmission electron microscopy are o ten 
set in resin, sectioned by microtome and supported 
on a metal grid be ore metallic coating.

Princ ip les .of.meas urement
Size analysis by light microscopy is carried out on 
two-dimensional images o  particles which are gen-
erally assumed to be randomly oriented in three 
dimensions. In many cases, this assumption is valid, 
although  or dendrites, f bres or  akes it  is very 
improbable that  the particles will orient with their 
minimum dimensions in the plane o  measurement. 
Under such conditions, size analysis is carried out 
accepting that they are viewed in their most stable 
orientation. This will lead to an overestimation o  
size, as the largest dimensions o  the particle will be 
observed as the smallest  dimension will most o ten 
orientate vertically.

The two-dimensional images are analysed accord-
ing to the desired equivalent diameter. Using a con-
ventional light microscope, particle size analysis can 
be carried out using a projection screen with screen 
distances related to particle dimensions by a previ-
ously derived calibration  actor using a graticule. A 
graticule can also be used which has a series o  
opaque and transparent circles o  di  erent diame-
ters, usually in a 2  progression. Particles are com-
pared with the two sets o  circles and are sized 
according to the circle that corresponds most closely 
to the equivalent particle diameter being measured. 
The f eld o  view is divided into segments to  acilitate 
measurement o  di  erent numbers o  particles.

Alte rna tive .techniques
Alternatives to light microscopy include scanning 
electron microscopy (SEM) and transmission 

sieves. Starting with the f nest-aperture sieve and 
progressively removing the undersize particle  rac-
tion by sequentially increasing the apertures o  each 
sieve, particles are encouraged to pass through each 
aperture under the in uence o  a partial vacuum 
applied below the sieve mesh. A reverse air-jet cir-
culates beneath the sieve mesh, blowing oversize 
particles away  rom the mesh to prevent blocking. 
Air-jet sieving is o ten more e f cient and reproduc-
ible than using mechanically vibrated sieve analysis, 
although with f ner particles, agglomeration can 
become a problem.

Automatic .methods
Sieve analysis is still largely a non-automated process, 
although an automated wet sieving technique has 
been described.

Microscope methods

Equiva lent.d iameters
Projected area diameter, da; perimeter diameter, dp; 
Feret’s diameter, dF and Martin’s diameter, dM (all 
def ned in Table 9.1).

Range .of.ana lys is
This is shown diagrammatically in Figure 9.9.

Sample .prepara tion.and ..
ana lys is .conditions
Specimens prepared  or light microscopy must be 
adequately dispersed on a microscope slide to avoid 
analysis o  agglomerated particles. Specimens  or 
scanning electron microscopy are prepared by f xing 
to aluminium stubs be ore sputter coating with a 

Fig . 9.9 •  Size range of analysis  using microscopy. 
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scale  rom which the equivalent diameter can be 
read directly. Alternatively, a complete size distribu-
tion can be obtained more quickly by subjecting the 
prisms to a sequentially increased and decreased 
shear distance between two preset levels corre-
sponding to a known size range. All particles whose 
images separate and overlap sequentially under a 
given shear range are considered to  all in this size 
range, and are counted by operating a switch which 
activates the appropriate counter memory. Particles 
whose images do not overlap in either shear sequence 
are undersize and particles whose images do not 
separate in either shear mode are oversize and will 
be counted in a higher size range.

Fully automated image analysis has the advantage 
o  being more objective and very much  aster, and 
also enables a much wider variety o  size and shape 
parameters to be processed. Image acquisition is 
usually achieved by digital imaging, with a CCD 
sensor placed in the optical path o  the microscope 
to generate high resolution images. This allows 
both image analysis and image processing to be 
carried out.

Sedimentation methods

Equiva lent.d iamete rs
(Frictional) drag diameter, dd, and Stokes diameter, 
dSt (Table 9.1).

electron microscopy (TEM). SEM is particularly 
appropriate when a 3-dimensional particle image is 
required; in addition, the very much greater depth 
o  f eld o  an SEM compared to a light microscope 
may also be benef cial. Both SEM and TEM analysis 
allow the lower particle sizing limit to be 
greatly extended over that possible with a light 
microscope.

Automatic .methods
Semi-automatic methods o  microscope analysis use 
some  orm o  precalibrated variable distance to split  
particles into di  erent size ranges. One technique, 
called a particle comparator, utilizes a variable-
diameter light spot projected on to a photomicro-
graph or electron photomicrograph o  a particle 
under analysis. The variable iris controlling the light 
spot diameter is linked electronically to a series o  
counter memories, each corresponding to a di  erent 
size range (Fig. 9.10). Alteration o  the iris diameter 
causes the particle count to be directed into the 
appropriate counter memory  ollowing activation o  
a switch by the operator.

A second technique uses a double-prism arrange-
ment mounted in place o  the light microscope eye-
piece. The image  rom the prisms is usually displayed 
on a video monitor. The double-prism arrangement 
allows light to pass through to the monitor unal-
tered, where the usual single particle image is pro-
duced. When the prisms are sheared against one 
another, a double image o  each particle is produced 
and the separation o  the split  images corresponds 
to the degree o  shear between the prisms (Fig. 
9.11). Particle size analysis can be carried out by 
shearing the prisms until the two images o  a single 
particle make touching contact. The prism-shearing 
mechanism is linked to a precalibrated micrometer 

Fig  9.10 •  Particle comparator. 
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The amount o  powder can be determined by weight 
 ollowing drying or centri uging; alternatively, chem-
ical analysis o  the particles can be carried out.

The largest size present in each sample is then 
calculated  rom Stokes’ equation. Stokes’ Law is an 
expression o  the drag  actor in a  uid and is linked 
to the  ow conditions characterized by a Reynolds 
number. Drag is one o  three  orces acting on a 
particle sedimenting in a gravitational f eld. A drag 
 orce, Fd, acts upwards, as does a buoyancy  orce, 
Fb; a third  orce is gravity, Fg, which acts as the 
driving  orce o  sedimentation. At the constant ter-
minal velocity, which is rapidly achieved by sedi-
menting particles, the drag  orce becomes 
synonymous with particle motion. Thus  or a sphere 
o  diameter d and density ρs,  alling in a  uid o  
density ρ  , the equation o  motion is:

 F  F  dd  s  f  g=  −(  )  �π ρ  ρ
6

3  

(9.8)

According to Stokes:

 F  d  vstd  h=  � �3π  η  
(9.9)

where vSt is the Stokes terminal velocity, i.e. sedi-
mentation rate. That is:

 v
 F d

st
s  f  g=

 −(  )ρ  ρ
η

2

18
 

(9.10)

Range .of.ana lys is
This is shown diagrammatically in Figure 9.12.

Sample .prepara tion.and ..
ana lys is .conditions
Particle size distributions can be determined by 
examining the powder as it  sediments. In cases 
where the powder is not uni ormly dispersed in a 
 uid, it  can be introduced as a thin layer on the 
sur ace o  the liquid. I  the powder is hydrophobic 
it  may be necessary to add a dispersing agent to aid 
wetting. In cases where the powder is soluble in 
water, it  will be necessary to use non-aqueous liquids 
or carry out the analysis in a gas.

Princ ip les .of.meas urement
Techniques o  size analysis by sedimentation can be 
divided into two main categories according to the 
method o  measurement used. One type is based on 
the measurement o  particles in a retention zone; a 
second type uses a non-retention measurement 
zone.

An example o  a non-retention zone measure-
ment method is known as the pipette method. In 
this method, known volumes o  suspension are 
drawn o   and the concentration di  erences are 
measured with respect to time.

One o  the most popular o  the pipette methods 
was that  developed by Andreasen and Lundberg and 
is commonly called the Andreasen pipette (Fig. 
9.13). The Andreasen f xed-position pipette consists 
o  a graduated cylinder which can hold approxi-
mately 500 mL o  suspension  uid. A pipette is 
located centrally in the cylinder and is held in posi-
tion by a ground-glass stopper so that its t ip coin-
cides with the zero level. A three-way tap allows 
 uid to be drawn into a 10 mL reservoir, which can 
then be emptied into a beaker or centri uge tube. 

Fig  9.12 •  Size range of analysis  using sedimentation 
methods. 
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in the same position in the centri ugal f eld and 
hence move with the same velocity.

Automatic .methods
In general, gravity sedimentation methods tend to 
be less automated than those using centri ugal 
 orces. However, an adaptation o  a retention 
zone gravity sedimentation method is known as 
a micromerograph and measures sedimentation 
o  particles in a gas rather than a  uid. The advan-
tages o  this method are that sizing is carried out 
relatively rapidly and the analysis is virtually 
automatic.

Electrical sens ing zone method 
(Coulter Counter®)

Equiva lent.d iamete r
Volume diameter, dv (Table 9.1).

Range .of.ana lys is
This is shown diagrammatically in Figure 9.14.

Sample .prepara tion.and ..
ana lys is .conditions
Powder samples are dispersed in an electrolyte to 
 orm a very dilute suspension, which is usually sub-
jected to ultrasonic agitation  or a period to break 
up any particle aggregates. A dispersant may also be 
added to aid particle deaggregation.

Princ ip les .of.meas urement
The particle suspension is drawn through an 
aperture/ orif ce (Fig. 9.15) accurately drilled 
through a sapphire crystal set into the wall o  a 
hollow glass tube. Electrodes, which are situated on 
either side o  the aperture and surrounded by an 

as vSt = h/t where h is sedimentation height or dis-
tance and t is sedimentation time. By rearrange-
ment, Stokes’ equation is obtained:

 d  h
F tst

s  f  g
=

−(  )
18η

ρ  ρ  

(9.11)

Stokes’ equation  or determining particle diameters 
is based on the  ollowing assumptions:
•  near-spherical particles
•  motion equivalent to that in a  uid o  inf nite 

length
•  terminal velocity conditions
•  low settling velocity so that  inertia is negligible
•  large particle size relative to  uid molecular 

size, so that di  usion is negligible
•  no particle aggregation
•  laminar  ow conditions, characterized by 

particle Reynolds numbers (Rep = ρsvStdst/η ) o  
less than approximately 0.2.

The second type o  sedimentation size analysis, 
using retention zone methods, also uses Stokes’ Law 
to quanti y particle size. One o  the most common 
retention zone methods uses a sedimentation 
balance. In this method the amount o  sedimented 
particles  alling on to a balance pan suspended in the 
 uid is recorded. The continual increase in weight 
o  sediment is recorded with respect to t ime.

Alte rna tive .techniques
One o  the limitations o  gravitational sedimentation 
is that below a diameter o  approximately 5 µm, 
particle settling becomes prolonged and is subject to 
inter erence  rom convection, di  usion and Brown-
ian motion. These e  ects can be minimized by 
increasing the driving  orce o  sedimentation by 
replacing gravitational  orces with a larger centri u-
gal  orce. Once again, sedimentation can be moni-
tored by retention or non-retention methods, 
although the Stokes’ equation requires modif cation 
because particles are subjected to di  erent  orces 
according to their distance  rom the axis o  rotation. 
To minimize the e  ect o  distance on the sediment-
ing  orce, a two-layer  uid system can be used. A 
small quantity o  concentrated suspension is intro-
duced on to the sur ace o  a bulk sedimentation 
liquid known as spin  uid. Using this technique o  
disc centri ugation, all particles o  the same size are 

Fig  9.14 •  Size range of analysis using electrical sensing 
zone method. 
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resistance is converted into a voltage pulse which is 
amplif ed and processed electronically. Pulses  alling 
within precalibrated limits or thresholds are used to 
split  the particle size distribution into many di  er-
ent size ranges. In order to carry out size analysis 
over a wide diameter range, it  will be necessary to 
change the orif ce diameter (and hence tube) used, 
to prevent coarser particles blocking a small-diameter 
orif ce. Conversely, f ner particles in a large-diameter 
orif ce will cause too small a relative change in 
volume to be accurately quantif ed. Dispersions 
must be su f ciently dilute to avoid the occurrence 
o  coincidence, whereby more than one particle may 
be present in the orif ce at any one t ime. This may 
result  in a loss o  count (i.e. two particles counted 
as one) and inaccurate measurement as the equiva-
lent sphere diameter is based on the volume o  two 
particles, rather than one.

Alte rna tive .techniques
Since the electrical sensing zone method principle 
was f rst described, there have been some modif ca-
tions to the basic method, such as the use o  alterna-
tive orif ce designs and hydrodynamic  ocusing, but 

electrolyte solution, monitor the change in electrical 
signal that occurs when a particle momentarily 
occupies the orif ce and displaces its own volume 
o  electrolyte. The volume o  suspension drawn 
through the orif ce is determined by the suction 
potential created by mercury rebalancing in a 
convoluted U-tube (Fig. 9.16). The volume o  elec-
trolyte  uid which is displaced in the orif ce by the 
presence o  a particle causes a change in electrical 
resistance between the electrodes that is propor-
tional to the volume o  the particle. The change in 

Fig  9.16 •  Diagram of electrical sensing zone apparatus. 
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electrical current, which is digitized and processed 
into size distribution data, based on the principles 
o  Fraunho er di  raction or Mie theory.

Fraunhofe r.d iffrac tion.and .Mie .theory
For particles that are much larger than the wave-
length o  light, any interaction with particles causes 
light to be scattered in a  orward direction with only 
a small change in angle. This phenomenon is known 
as Fraunho er di  raction and produces light inten-
sity patterns that  occur at regular angular intervals, 
with the angle o  scatter inversely proportional to 
the particle diameter producing it . The composite 
di  raction pattern produced by di  erent diameter 
particles may be considered to be the sum o  all the 
individual patterns produced by each particle in the 
size distribution, at low to medium particle 
concentrations.

As the size o  particles approaches the dimension 
o  the wavelength o  the light, some light is still 
scattered in the  orward direction, according to Mie 
scatter theory, but there is also some side scatter at 
di  erent wavelengths and polarizations. Use o  the 
Mie theory requires consideration o  the optical 

in general the particle sizing technique remains the 
same.

Another type o  stream sensing analyser utilizes 
the attenuation o  a light beam by particles drawn 
through the sensing zone. Some instruments o  this 
type use the change in re ectance, whereas others use 
the change in transmittance o  light. It is also possible 
to use ultrasonic waves generated and monitored by 
a piezoelectric crystal at the base o  a  ow-through 
tube containing particles in  uid suspension.

Laser di  raction (low angle laser 
light scattering)

Equiva lent.d iamete rs
Projected area diameter, da, and,  ollowing computa-
tion, volume diameter, dv (both def ned in Table 9.1).

Range .of.ana lys is
This is shown diagrammatically in Figure 9.17.

Sample .prepara tion.and ..
ana lys is .conditions
Depending on the type o  measurement to be 
carried out and the instrument used, particles can 
be presented dispersed in either liquid or air.

P rinc ip les .of.meas urement
Moncohromatic light  rom a helium-neon laser is 
incident on the sample o  particles and di  raction 
occurs. The scattered light is  ocused by a lens 
directly on to a photodetector, comprising a series 
o  detectors (Fig. 9.18). The light  ux signals occur-
ring on the photodetector are converted into 

Fig  9.17 •  Size range of analysis using laser light-
scattering methods: laser diffraction and photon 
correlation spectroscopy. 

Photon corre la tion
spectroscopy

Laser diffraction

Particle  diameter (µm)

0.001  0.01  0.1  1  10  100  1000

Fig . 9.18 •  Schematic diagram of 
laser diffraction particle sizer. 
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is unaltered. Because the suspended small particles 
are always in a state o  motion, they undergo di  u-
sion. Di  usion is governed by the mean  ree path o  
a molecule or particle, which is the average distance 
o  travel be ore diversion by collision with another 
molecule. PCS analyses the constantly changing pat-
terns o  laser light scattered or di  racted by parti-
cles undergoing Brownian motion, and monitors the 
rate o  change o  scattered light during di  usion. In 
most instruments, monochromatic light  rom a 
helium-neon laser is  ocused onto the measurement 
zone, containing particles dispersed in a liquid 
medium (Fig 9.19). Light is scattered at  all angles, 
and is o ten detected using a detector placed at an 
angle o  90°. The detection and spatial resolution o  
the  uctuations in the intensity o  the scattered 
light, is converted via a digital correlator into size 
distribution data.

Brownian di  usion causes a three-dimensional 
random movement o  particles, where the mean dis-
tance travelled, x , does not increase linearly with 
time, t, but according to the  ollowing relationship:

 x  Dt=  
(9.12)

where D is the di  usion coe f cient.
A basic property o  molecular kinetics is that each 

particle or macromolecule has the same average 
thermal or kinetic energy, E, regardless o  mass, size 
or shape:

properties o  the dispersed particles and the disper-
sion medium, i.e. knowledge o  their respective 
re ractive indices is required  or calculation o  par-
ticle size distributions.

Alte rna tive .techniques
There is a wide variety o  di  erent instruments 
based on laser Doppler anemometry or velocimetry 
and di  raction measurements.

Automatic .methods
Most o  the instruments based on laser di  raction 
produce a  ull particle size analysis automatically, 
with data are presented in graphical and tabular 
 orm.

Photon correlation spectroscopy 
(dynamic light scattering)

Equiva lent.d iameters
Hydrodynamic diameter, dh, def ned in Table 9.1.

Range .of.ana lys is
This is shown diagrammatically in Figure 9.17.

Sample .prepara tion.and ..
ana lys is .conditions
Particles are presented in liquid suspension.

Princ ip les .of.meas urement
In photon correlation spectroscopy (PCS), also 
called dynamic light scattering (DLS) and quasi-
elastic light scattering (QELS), the intensity o  scat-
tered light at a given angle is measured as a  unction 
o  t ime  or a population o  particles. The rate o  
change o  the scattered light intensity is a  unction 
o  the movement o  the particles by Brownian 
motion. Brownian motion is the random movement 
o  a small particle or macromolecule caused by col-
lisions with the smaller molecules o  the suspending 
 uid. It  is independent o  external variations, except 
the viscosity o  the suspending  uid and its tempera-
ture, and as it  randomizes particle orientations, any 
e  ects o  part icle shape are minimized. Brownian 
motion is independent o  the suspending medium 
and although increasing the viscosity does slow 
down the motion, the amplitude o  the movements 

Fig . 9.19 •  Schematic diagram of photon correlation 
spectroscopy particle sizer. 
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 D  kT
dh

=  ×10
3

7

πη
 

(9.21)

or

 D  T
d

=  ×  −
−1 38  10

3

12
2  1.

πη  h
m  s  

(9.22)

Equation 9.22, known as the Stokes–Einstein equa-
tion is the basis  or calculation o  particle diameters 
using PCS. This calculation assumes that particles 
are spherical, and a very low particle concentration 
is required. The technique determines the hydrody-
namic diameter. As colloidal particles in a liquid 
dispersion have an adsorbed layer o  ions/ molecules 
 rom the dispersion medium that moves with the 
particles, hydrodynamic diameter is larger than the 
physical size o  the particle (Merkus, 2009). Most 
instruments also yield a polydispersity index, deter-
mined by cumulant analysis as described in the 
International Standard on dynamic light scattering. 
The polydispersity index gives in ormation regarding 
the width o  the size distribution, with values ranging 
between 0 and 1.

Alte rna tive .techniques
The instruments vary according to their ability to 
characterize di  erent particle size ranges, produce 
complete size distributions, measure dispersions o  
both solid and liquid particles, and determine molec-
ular weights, di  usion coe f cients, zeta potential or 
electrophoretic mobility.

Automatic .methods
Most o  the instruments based on laser light scatter-
ing produce a  ull particle size analysis automatically, 
with data presented in graphical and tabular  orms.

Se le c tion of a partic le  s ize  
analys is  me thod

The selection o  a particle size analysis method may 
be constrained by the instruments available in a 
laboratory, but wherever possible, the limitations on 
the choice o  method should be governed by the 
properties o  the sample being investigated and the 

 E  kT=  
(9.13)

where k is Boltzmann’s constant and T is absolute 
temperature (Kelvin).

Thus at T = 0 K, molecules possess zero kinetic 
energy and there ore do not move. E can also be 
equated with the driving  orce, F, o  particle motion:

 F  E
x

=  

(9.14)

At equilibrium:

 F F= d  
(9.15)

where Fd is the drag  orce resisting particle motion. 
According to Stokes’ theory, discussed above 
(Eqn 9.9):

 F  d  vd  h  st=  � �3π  η  
(9.16)

where dh is the hydrodynamic diameter, vst the 
Stokes velocity o  the particle and η  the  uid viscos-
ity, i.e.:

 E  Fx  d  v=  =  � �3π  ηh  st  
(9.17)

but

 x  Dt2 =  
(9.18)

and

 v  x  tst  /=  
(9.19)

substituting,

 E  d  D=  � �3π  ηh  
(9.20)

since E = kt (Eqn 9.13)
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type o  size in ormation required. For example, size 
analysis over a very wide range o  particle diameters 
may preclude the use o  a gravitational sedimenta-
tion method; alternatively, size analysis o  aerosol 
particles would not be carried out using an electric 
sensing zone method. As a general guide, it  is o ten 
most appropriate to determine the particle size dis-
tribution o  a powder in an environment that  most 
closely resembles the conditions in which the 
powder will be processed or handled. There are 
many di  erent  actors in uencing the selection o  
an analysis method: these are summarized in Table 
9.3 and these should be considered together with 
in ormation  rom a preliminary microscopy analysis 
and any other known physical properties o  the 
powder, such as solubility, density, cohesiveness, in 
addition to analysis requirements such as speed o  
measurement, particle size data processing or the 
physical separation o  di  erent particle size powders 
 or subsequent processing.
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KE Y P O IN TS

•  The particle s ize of solid drugs  and excipients  
has  a s igni cant effect on many of their 
properties , including rate of dissolution and 
powder  ow characteris tics  

•  During raw material manufacture, the solid 
produced is  often of a larger s ize than that 
required pharmaceutically and thus  s ize 
reduction is  a  key process  prior to incorporation 
into a  nished product 

•  Solid particles  possess  a range of mechanical 
properties  and consequently a number of 
different mechanisms  of s ize reduction exis t, 
dependent upon these properties  for the 
material in ques tion  In turn, this  in uences   
the des ign of the commercial equipment for 
ef cient s ize reduction 

•  The method of s ize reduction not only 
affects  mean particle s ize but also the 
dis tribution of the s izes  of the powdered 
material  Methods  of determining and 
representing mean s ize and s ize dis tribution  
are discussed 

•  The correct choice of the mos t ef cient 
commercial s ize reduction machinery will 
depend upon knowledge of these properties  
and mechanisms  

•  It is  often necessary to separate out from a 
widely dis tributed range of s izes , the s ingle  
s ize, or narrow range of s izes , that is  bes t suited 
for the application in hand  This  required s ize 
will depend on the subsequent usage of the 
material  For example, a  drug used in a dry 
powder inhalation formulation will need to be  
of a very different s ize than that required in an 
oral solid dosage form 

10  Partic le  s ize  reduction and s ize  
s eparation

Michael E. Aulton John N. Staniforth
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circular discontinuity L = 2r and the stress multi-
plier σK will have a value of 3.

In the case of a thin disc-shaped crack, shown in 
cross-section in Figure 10.1, the crack is considered 
to have occurred at molecular level between atomic 
surfaces separated by a distance of 2 × 10−10 m for 
a crack 3 µm long, which gives a stress multiplier of 
approximately 245. The stress concentration dimin-
ishes towards the mean stress according to the dis-
tance from the crack tip (Fig. 10.1). Once a crack 
is initiated, the crack tip propagates at a velocity 
approaching 40% of the speed of sound in the solid. 
This crack propagation is so rapid that excess energy 
from strain relaxation is dissipated through the 
material and concentrates at other discontinuities, 
where new cracks are propagated. Thus a cascade 
effect occurs and almost instantaneous brittle frac-
ture occurs.

Not all materials exhibit  this type of britt le 
behaviour and some can resist fracture at much 
larger stresses. This occurs because these tougher 
materials can undergo plastic  ow, which allows 
strain energy relaxation without crack propagation. 
When plastic  ow occurs, atoms or molecules slip 
over one another and this process of deformation 
requires energy. Brittle materials can also exhibit  
plastic  ow and Irwin and Orowan suggested a mod-
i cation of G rif ths’ crack theory to take this into 
account. This relationship has a fracture stress, σ , 
which varies inversely with the square root of crack 
length, L:

 σ  =  E
L
p  

(10.2)

•  Many different commercial s ize separation 
methodologies and apparatus exist – their designs  
are dependent on the  nal required particle size 
and the size of the commercial batch  These 
methodologies include: sedimentation, s ieving 
elutriation and cyclone methods 

•  As  with s ize reduction, the pharmaceutical 
scientis t mus t unders tand the parameters  for 
the selection of the bes t method for the material 
in ques tion 

Introduc tion to  s ize  re duc tion

The signi cance of particle size in drug delivery has 
been discussed in Chapter 9 and some of the reasons 
for carrying out a size reduction operation have already 
been noted. In addition, the function of size reduction 
(also called comminution) may be to aid ef cient 
processing of solid particles by facilitating powder 
mixing or the production of suspensions. There are 
also some special functions of size reduction, such as 
exposing cells in plant tissue prior to extraction of the 
active principles or reducing the bulk volume of a 
material to improve transportation ef ciency.

In ue nc e  of mate rial 
prope rtie s  on s ize  re duc tion

Crack propagation and toughness

Size reduction or comminution is carried out by a 
process of crack propagation, whereby localized 
stresses produce strains in the particles that are large 
enough to cause bond rupture and thus propagate 
the crack. In general, cracks are propagated through 
regions of a material that  possess the most  aws or 
discontinuities. Crack propagation is related to the 
strain energy in speci c regions according to G rif-
 th’s theory. The stress in a material is concentrated 
at the tip of a crack and the stress multiplier can be 
calculated from an equation developed by Inglis:

 σ K =  +   
  

  
  1  2

2
L
r

 

(10.1)

where σK is the multiplier of the mean stress in a 
material around a crack, L is the length of the crack 
and r is the radius of curvature of the t ip of the 
crack. For a simple geometric structure such as a 

Fig . 10.1 •  Stress concentrations at the edges of a 
disc-shaped crack; r is  the radius of curvature of the 
crack tip; L is  the crack length. 
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of material, which resists comminution at ambient 
or elevated temperatures, can be more easily size 
reduced when temperatures are lowered below the 
glass transition point of the material. At these lower 
temperatures the material undergoes a transition 
from plastic to britt le behaviour and crack propaga-
tion is facilitated.

Other factors that in uence the process of size 
reduction include the moisture content of the mate-
rial. In general, a material with a moisture content 
below 5% is suitable for dry grinding and one with 
greater than 50% will generally require wet grinding 
to be carried out.

Energy requirements  of s ize 
reduction process

Only a very small amount of the energy put into a 
comminution operation actually effects size reduc-
tion. This has been estimated to be as lit t le as 2% 
of the total energy consumption, the remainder 
being lost  in many ways, including:
•  elastic deformation of particles
•  plastic deformation of particles without 

fracture
•  deformation to initiate cracks that  cause 

fracture
•  deformation of metal machine parts
•  interparticulate friction
•  particle–machine wall friction
•  heat
•  sound
•  vibration.
A number of hypotheses and theories have been 
proposed in an attempt to relate energy input to the 
degree of size reduction produced.

Rittinger’s hypothesis relates the energy, E, used 
in a size reduction process to the new surface area 
produced, Sn, or:

 E  S  S=  −κ R  n  i(  )  
(10.3)

where Si is the initial surface area and κR is Rit-
tinger’s constant, expressing energy per unit area.

Kick’s theory states that the energy used in 
deforming or fracturing a set of particles of equiva-
lent shape is proportional to the ratio of the change 
in size, or:

where Ep is the energy required to form unit area of 
double surface.

It  can therefore be seen that the ease of com-
minution depends on the britt leness or plasticity of 
the material because of their relationship with crack 
init iation and crack propagation.

Surface hardness

In addition to the toughness of the material described 
above, size reduction may also be in uenced by the 
hardness of the material. Hardness can be described 
empirically by its position in a scale devised by a 
G erman mineralogist called Mohs. Mohs’ scale is a 
table of minerals; at the top of the table is diamond, 
with Mohs hardness >7, and this has a surface that  
is so hard that it  can scratch anything below it . At 
the bottom of the table is talc, with Mohs hardness 
<3, and this is soft enough to be scratched by any-
thing above it .

A quantitative measurement of surface hardness 
was devised by Brinell. This involves placing a hard 
spherical indenter (e.g. hardened steel or sapphire) 
in contact with the test surface and applying a 
known constant load to the sphere. The indenter 
will penetrate into the surface until and when the 
sphere is removed, the permanent deformation of 
the sample is measured. From this, the hardness of 
the material can be calculated. Hardness has the 
dimensions of stress (force applied to the indenter 
divided by the area of test material that will support 
the load, example units are MPa). A similar Vickers 
hardness test employs a square-pyramidal diamond 
as the indenter tip.

Such determinations of hardness are useful as a 
guide to the ease with which size reduction can be 
carried out because, while it  appears to be a surface 
assessment, the test actually quanti es the deforma-
tion characteristics of the bulk solid. In general, 
harder materials are more dif cult  to comminute 
and can lead to abrasive wear of metal mill parts, 
which can then result  in product contamination. 
Conversely, materials with a large elastic compo-
nent, such as rubber, are extremely soft yet dif cult 
to size reduce.

Materials such as rubber that are soft under 
ambient conditions, waxy substances such as stearic 
acid that soften when heated, and ‘sticky’ materials 
such as gums are capable of absorbing large amounts 
of energy through elastic and plastic deformation 
without crack initiation and propagation. This type 
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In ue nc e  of s ize  re duc tion on 
s ize  dis tribution

In Chapter 9, several different size distributions 
were discussed and some were based on either a 
normal or a log-normal distribution of particle sizes. 
During a size reduction process the particles of feed 
material will be broken down and particles in differ-
ent size ranges undergo different amounts of break-
age. This uneven milling leads to a change in the size 
distribution, which is superimposed on the general 
movement of the normal or log-normal curve 
towards smaller particle diameters. Changes in size 
distributions that occur as milling proceeds have 
been demonstrated experimentally and this showed 
that an init ial normal particle size distribution was 
transformed through a size-reduced bimodal popu-
lation into a much  ner powder with a positively 
skewed, leptokurtic particle population (Fig. 10.2) 
as milling continued. The initial, approximately 
normal, size distribution was transformed into a 
size-reduced bimodal population through differ-
ences in the fracture behaviour of coarse and  ne 
particles (Fig. 10.3). If milling is continued a 

 E  d
d

=κ K
i

n
log  

(10.4)

where κK is Kick’s constant of energy per unit mass, 
d i is the initial particle diameter and dn the new 
particle diameter.

Bond’s theory states that the energy used in crack 
propagation is proportional to the new crack length 
produced, which is often related to the change in 
particle dimensions according to the following 
equation:

 E
d  d

=  − 
  

  
  2  1  1κ B

n  i
 

(10.5)

Here κB is known as Bond’s work index and repre-
sents the variation in material properties and size 
reduction methods, with dimensions of energy per 
unit mass.

Walker proposed a generalized differential form 
of the energy–size relationship that can be shown to 
link the theories of Rittinger and Kick, and in some 
cases that of Bond:

 ∂  ∂E  d
d

= −κ W n
 

(10.6)

where κW is Walker’s constant and d is a size func-
tion that can be characterized by an integrated 
mean size or by a weight function, n is an exponent. 
When n = 1 for particles de ned by a weight func-
tion, integration of Walker’s equation corresponds 
to a Kick-type theory, when n = 2 a Rittinger-type 
solution results and when n = 1.5 Bond’s theory is 
given.

When designing a milling process for a given par-
ticle, the most appropriate energy relationship will 
be required in order to calculate energy consump-
tions. It  has been considered that the most appropri-
ate values for n are 1 for particles larger than 1 µm 
where Kick-type behaviour occurs, and 2 for 
Rittinger-type milling of smaller particles of less 
than 1 µm. The third value of n = 1.5 is the average 
of these two extremes and indicates a possible 
solution where neither Kick’s nor Rittinger’s theory 
is appropriate. Other workers have found that n 
cannot be assumed to be constant, but varies with 
particle size.

Fig . 10.2 •  Changes in particle size distributions with 
increased milling time. 
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Fig . 10.3 •  Transformation of approximate normal 
particle size distribution into  ner bimodal population 
following milling. 
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Cutte r mill
A cutter mill (Fig. 10.6) consists of a series of knives 
attached to a horizontal rotor which act against a 
series of stationary knives attached to the mill casing. 
During milling, size reduction occurs by fracture of 
particles between the two sets of knives, which have 
a clearance of a few millimetres. A screen is  t ted in 
the base of the mill casing and acts to retain material 
in the mill until a suf cient degree of size reduction 
has been effected, thus it  is self-classifying.

The shear rates present in cutter mills are useful 
in producing a coarse degree of size reduction of 
dried granulations prior to tableting.

Compress ion methods

Size  reduc tion range
These are indicated in Figure 10.7.

Runner mills
Size reduction by compression can be carried out on 
a small laboratory scale during development using a 
mortar and pestle.

unimodal population reappears, as the energy input 
is not great enough to cause further fracture of the 
 nest  particle fraction (Fig. 10.4).

The lower particle size limit of a milling operation 
is dependent on the energy input and on material 
properties. With particle diameters below approxi-
mately 5 µm, interactive cohesive forces between 
the particles generally predominate over comminu-
tion stresses as the comminution forces are distrib-
uted over increasing surface areas. This eventually 
results in particle agglomeration as opposed to par-
ticle fracture and size reduction ceases. In some 
cases particle agglomeration occurs to such a 
degree that subsequent milling actually causes size 
enlargement.

Size  re duc tion me thods

There are many different types of size reduction 
techniques and the apparatus available for size 
reduction of pharmaceutical powders continues to 
develop. This chapter illustrates the principles asso-
ciated with techniques that are classi ed according 
to the milling process employed to subdivide the 
powder particles. The chapter does not catalogue all 
exist ing milling equipment but instead illustrates the 
various principles involved – examples of each type 
are given below. The approximate size reduction 
range achievable with each technique is illustrated, 
although it  should be remembered that the extent 
of size reduction is always related to milling time.

Cutting methods

Size  reduc tion range
This is indicated in Figure 10.5.

Fig . 10.4 •  Transformation of a  ne bimodal particle 
population into a  ner unimodal distribution following 
prolonged milling. 
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Fig . 10.5 •  Size reduction range for cutting methods. 
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around the mill by the hammers and approach the 
mesh tangentially. For this reason, square, rectangu-
lar or herringbone slots are often used. Depending 
on the purpose of the operation, the hammers may 
be square-faced, tapered to a cutting edge or have a 
stepped form.

Vibra tion mill
An alternative to hammer milling which produces 
size reduction is vibration milling (Fig. 10.10). 
Vibration mills are  lled to approximately 80% total 
volume with porcelain or stainless steel balls. During 
milling the whole body of the mill is vibrated and 
size reduction occurs by repeated impact. Commi-
nuted particles fall through a screen at the base of 
the mill. The ef ciency of vibratory milling is greater 
than that for conventional ball milling described 
below.

Fig . 10.8 •  Size reduction range for impact methods. 
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Fig . 10.9 •  Hammer mill. 
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Fig . 10.10 •  Vibration mill. 
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Fig . 10.7 •  Size reduction range for compression 
methods. 
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Rolle r mill
A form of compression mill uses two cylindrical 
rollers mounted horizontally and rotated about their 
long axes. In roller mills, one of the rollers is driven 
directly while the second is rotated by friction as 
material is drawn through the gap between the rollers.

Impact methods

Size  reduc tion range
This is shown in Figure 10.8.

Hammer mill
Size reduction by impact can be carried out using a 
hammer mill (Fig. 10.9). Hammer mills consist of a 
series of four or more hammers, hinged on a central 
shaft which is enclosed within a rigid metal case. 
During milling the hammers swing out radially from 
the rotating central shaft. The angular velocity of the 
hammers produces a strain rate up to 80 s−1, which 
is so high that most particles undergo brittle frac-
ture. As size reduction continues, the inertia of par-
t icles hitting the hammers reduces markedly (as 
particle mass is reduced) and subsequent fracture is 
less probable, so that hammer mills tend to produce 
powders with narrow size distributions. Particles are 
retained within the mill by a screen that allows only 
adequately comminuted particles to pass through. 
Particles passing through a given mesh can be much 
 ner than the mesh apertures, as particles are carried 
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cylinder contains balls that occupy 30–50% of the 
total volume, the ball size being dependent on feed 
and mill size. Mills may contain balls with many 
different diameters as this helps to improve the 
process, as the large balls tend to break down the 
coarse feed materials and the smaller balls help to 
form the  ne product by reducing void spaces 
between balls.

The amount of material in a mill is of consider-
able importance: too much feed produces a cushion-
ing effect and too lit t le causes loss of ef ciency and 
abrasive wear of the mill parts.

The factor of greatest importance in the opera-
tion of the ball mill is the speed of rotation. At low 
angular velocit ies (Fig. 10.13a) the balls move with 
the drum until the force due to gravity exceeds the 
frictional force of the bed on the drum, and the balls 
then slide back en masse to the base of the drum. 
This sequence is repeated, producing very lit t le rela-
tive movement of the balls so that size reduction is 
minimal. At high angular velocities (Fig. 10.13b), 
the balls are thrown out to the mill wall, where they 
remain due to centrifugal force and no size reduc-
tion occurs. At about two-thirds of the critical 
angular velocity where centrifuging occurs (Fig. 
10.13c), a cascading action is produced. Balls are 
lifted on the rising side of the drum until their 

Attrition methods

Size  reduc tion range
This is indicated in Figure 10.11.

Rolle r mill
Roller mills use the principle of attrition to produce 
size reduction of solids in suspensions, pastes or 
ointments. Two or three porcelain or metal rollers 
are mounted horizontally with an adjustable gap, 
which can be as small as 20 µm. The rollers rotate 
at different speeds so that the material is sheared as 
it  passes through the gap and is transferred from the 
slower to the faster roller, from which it  is removed 
by means of a scraper.

Combined impact and  
attrition methods

Size  reduc tion range
This is indicated in Figure 10.12.

Ball mill
A ball mill is an example of a comminution method 
which produces size reduction by both impact and 
attrit ion of particles. Ball mills consist of a hollow 
cylinder mounted such that it  can be rotated on 
its horizontal longitudinal axis (Fig. 10.13). The 

Fig . 10.11 •  Size reduction range for attrition methods. 
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Fig . 10.12 •  Size reduction range for combined impact 
and attrition methods. 
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Fig . 10.13 •  Ball mill in operation, showing correct cascade action (c ). 
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substantial size reduction by impact and some 
attrit ion.

A particle size classi er is incorporated in the 
design so that particles are retained in the toroid 
until suf ciently  ne and are then entrained in the 
air stream that exhausts from the mill

P in mill
In addition to ball mills and  uid energy mills, there 
are other methods of comminution that act  by pro-
ducing particle impact and attrit ion. These include 
pin mills in which two discs with closely spaced pins 
rotate against one another at  high speeds (Fig. 
10.15). Particle size reduction occurs by impaction 
with the pins and by attrition between pins as the 
particles travel outwards under the in uence of cen-
trifugal force.

Se le c tion of partic le  s ize  
re duc tion me thod

Different mills can produce differing end product 
from the same start ing material. For example, par-
t icle shape may vary according to whether size 
reduction occurs as a result  of impact or attrit ion. 
In addition, the proportion of  ne particles in the 
product may vary, so that other properties of the 
powder will be altered.

The subsequent usage of a powder usually con-
trols the degree of size reduction needed but in 
some cases the precise particle size required is not 
crit ical. In these circumstances, since the cost of size 
reduction increases as particle size decreases, it  is 
economically undesirable to mill particles to a  ner 
degree than is necessary. Once the particle size 
required has been established, the selection of mills 
capable of producing that size may be modi ed 
from knowledge of the particle properties, such as 

dynamic angle of repose is exceeded. At this point, 
they fall or roll back to the base of the drum in a 
cascade across the diameter of the mill. By this 
means, the most ef cient size reduction occurs by 
impact of the particles with the balls and by attri-
tion. The optimum rate of rotation is dependent on 
mill diameter but is usually of the order of 0.5 revo-
lutions per second.

Fluid  energy mill
Fluid energy milling is another form of size reduc-
tion method that acts by particle impaction and 
attrit ion. A form of  uid energy or jet mill or micro-
nizer is shown in Figure 10.14. Both circular designs 
and oval-path designs (as shown in Fig. 10.14) are 
available. This circular design is now the most 
common. This consists of a hollow toroid which has 
a diameter of 20–200 mm. A  uid, usually air, is 
injected as a high-pressure jet  through nozzles at  the 
bottom of the loop. The high velocity of the air gives 
rise to zones of turbulence into which solid particles 
are fed. The high kinetic energy of the air causes the 
particles to impact with other particles and with the 
sides of the mill with suf cient momentum for frac-
ture to occur. Turbulence ensures that the level of 
particle–particle collisions is high enough to produce 

Fig . 10.14 •  Fluid energy mill. 
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the size characterist ics of a powder, whereas the 
latter is an integral part of a production process and 
results in a product powder of a given particle size 
range that  is available for separate handling or sub-
sequent processing. Thus, a particle size analysis 
method such as microscopy would be of no use as a 
size separation method. However sieving can be 
used for both purposes.

Size separation ef ciency

The ef ciency with which a powder can be sepa-
rated into different particle size ranges is related to 
the particle and  uid properties and the separation 
method used. Separation e f ciency is determined as 
a function of the effectiveness of a given process in 
separating particles into oversize and undersize 
fractions.

In a continuous size separation process, the pro-
duction of oversize and undersize powder streams 
from a single feed stream can be represented by the 
following equation:

    F  o  u=  +  
(10.7)

hardness, toughness, etc. The in uences of various 
process and material variables on selection of a size 
reduction method are summarized in Table 10.1.

Introduc tion to  s ize  s e paration

Objectives  of s ize separation

The signi cance of particle size and the principles 
involved in differentiating a powder into fractions of 
known particle size and in reducing particle dimen-
sions have been considered in Chapter 9. Methods 
for achieving the required size range on a manufac-
turing scale has been discussed above. Here the 
methods by which size separation can be achieved 
are discussed.

Solid separation is a process by which powder 
particles are removed from gases or liquids, and has 
two main aims:
1. to recover valuable products or by-products
2. to prevent environmental pollution.
An important difference exists between the proce-
dures known as size analysis and size separation. 
The former is designed to provide information on 

Table 10.1 Selection of size reduction mills according to particle properties and product size required

Mohs’ ‘hardness’ Tough Sticky Abrasive Friable

(a) Fine powder product (< 50 µm)

1–3 (so t) Ball, vibration (under liquid 
nitrogen)

Ball, vibration Ball, vibration, pin, f uid 
energy

3–5 (intermediate) Ball, vibration Ball, vibration, f uid energy
5–10 (hard) Ball, vibration, f uid energy Ball, vibration, f uid 

energy

(b) Coarse powder product (50–1000 µm)

1–3 (so t) Ball, vibration, roller, pin, 
hammer, cutter (all 
under liquid nitrogen)

Ball, pin Ball, roller, pin, hammer, 
vibration

3–5 (intermediate) Ball, roller, pin, hammer, 
vibration, cutter

Ball, roller, pin, vibration, 
hammer

5–10 (hard) Ball, vibration Ball, vibration, roller

(c) Very coarse product (> 1000 µm)

1–3 (so t) Cutter Roller, hammer Roller, hammer
3–5 (intermediate) Roller, hammer Roller, hammer
5–10 (hard) Roller Roller
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different ways, for example by taking the percent-
age values from a grade ef ciency curve at the 25% 
and 75% levels (L25 and L75, respectively):

 S  L
L25  75

25

75
/  =  

(10.11)

or at other percentile points, for example at the 10% 
and 90% levels:

 S  L
L10  90

10

90
/  =  

(10.12)

where  F,  o and  u are functions of the mass  ow 
rates of the feed material, oversize product and 
undersize product streams, respectively. If the sepa-
ration process is 100% ef cient, then all oversize 
material will end up in the oversize product stream 
and all undersize material will end up in the under-
size product stream. Invariably, industrial particle 
separation processes produce an incomplete separa-
tion, so that some undersize material is retained in 
the oversize stream and some oversize material may 
 nd its way into the undersize stream.

Considering the oversize material, a given powder 
feed stream will contain a certain proportion of true 
oversize material, δF; the outgoing oversize product 
stream will contain a fraction, δo, of true oversize 
particles, and the undersize product stream will 
contain a fraction, δu, of true oversize material (Fig. 
10.16). The ef ciency of the separation of oversize 
material can be determined by considering the rela-
t ionship between mass  ow rates of feed and 
product streams and the fractional contributions of 
true size grade in the streams. For example, the 
ef ciency Eo of a size separation process for oversize 
material in the oversize stream is given by:

 E  f
fo
o  o

F  F
=  δ
δ

 

(10.8)

and the separation ef ciency for undersize material 
in the undersize stream is given by:

 E  f
fu
u  o

F  F
=  −(  )

−(  )
1
1
δ
δ

 

(10.9)

The total ef ciency, Et, for the whole size separation 
process is given by:

 E E Et  u  o=  �  
(10.10)

Separation ef ciency determination can be 
applied to each stage of a complete size classi cation 
and is often referred to as grade e f ciency. In some 
cases, knowledge of grade ef ciency is insuf cient, 
for example where a precise particle size cut is 
required. A sharpness index can be used to quantify 
the sharpness of cut-off in a given size range. A 
sharpness index, S, can be determined in several 

Fig . 10.16 •  Size separation ef ciency determination. 
(a) Separation operation. (b) Size distributions of feed, 
oversize and undersize material to obtain values for do, 
df and du. 
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high intensity to the sieve and causes the particles 
to spin, thereby continuously changing their orienta-
tion and increasing their potential to pass through a 
given sieve aperture. The output ef ciency of gyra-
tory sieves is usually greater than that of oscillation 
or vibration methods.

Agitation methods can be made continuous by 
inclination of the sieve and the use of separate 
outlets for the undersize and oversize powder 
streams.
Brushing methods. A brush is used to reorientate 
particles on the surface of a sieve and prevent aper-
tures becoming blocked. A single brush can be 
rotated about the midpoint of a circular sieve or, for 
large-scale processing, a horizontal cylindrical sieve 
is employed with a spiral brush rotating about its 
longitudinal axis. It  is important, however, that 
the brush does not force the particles through the 
sieve by distorting either the particles or the sieve 
mesh.
Centr ifuga l methods. In this type of equipment, 
particles are thrown outwards on to a vertical cylin-
drical sieve under the action of a high-speed rotor 
inside the cylinder. The current of air created by the 
rotor movement also assists the sieving process, 
especially where very  ne powders are being 
processed.

Wet sieving can also be used to effect size separa-
tion and is generally more ef cient than dry sieving 
methods.

Standards  for powders  bas ed   
on s ieving
Standards for the size of powders used pharmaceuti-
cally are sometimes provided in pharmacopoeias. 
These may indicate how the degree of coarseness or 
 neness of a powder is differentiated and expressed 
by reference to the nominal mesh aperture size of 
the sieves used. G rades of powder are speci ed and 
de ned in general terms by most pharmacopoeias. 
An example is shown in Table 10.2.

It  should be noted that the term ‘sieve number’ 
has been used as a method of quantifying particle 
size in pharmacopoeias and is still favoured in some 
parts of the world. However, various monographs 
use the term differently and in order to avoid confu-
sion it  is strongly recommended to always refer to 
particle sizes according to the appropriate equivalent 
diameters expressed in millimetres, micrometres or 
nanometres, as appropriate.

Size  s e paration me thods

Some of the types of size separation equipment are 
discussed brie y below. These have been chosen to 
illustrate the basic principles of size separation. The 
actual equipment in use in pharmaceutical process-
ing continues to develop, yet remains based on the 
principles illustrated.

Size separation by s ieving

Separa tion ranges
These are shown in Figure 10.17.

Princ ip les  of opera tion
The principles of sieving in order to achieve particle 
size analysis are described in Chapter 9. There are 
some differences in the methods used to achieve 
size separation rather than size analysis. The use of 
sieving in size separation usually requires processing 
of larger volumes of powder than are commonly 
found in size analysis operations. For this reason, the 
sieves used for size separation are often larger in area 
and of more robust construction than those used for 
size analysis.

There are several techniques for encouraging par-
t icles to separate into their appropriate size fractions 
ef ciently. In dry sieving processes these are based 
on mechanical disturbances of the powder bed and 
include the following.
Agita tion methods. Size separation is achieved 
by electrically induced oscillation, mechanically 
induced vibration of the sieve meshes or by gyration 
in which sieves are  tted to a  exible mounting 
which is connected to an out-of-balance  ywheel. In 
the latter case, the eccentric rotation of the  ywheel 
imparts a rotary movement of small amplitude and 

Fig . 10.17 •  Separation range for sieving. 
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solid particles in a liquid, which is usually water. 
After predetermined times, particles less than a 
given diameter can be recovered from a  xed 
distance below the surface of the liquid. Size frac-
tions can be collected continuously using a pump 
mechanism.

Alternatively, a single separation can be carried 
out simply by removing the upper layer of suspen-
sion  uid after the desired time. Disadvantages of 
these simple methods are that  they are batch proc-
esses and discrete particle fractions cannot be 
collected.

Size separation by elutriation

Separa tion ranges
These are shown in Figure 10.19.

Princ ip les  of opera tion
In sedimentation methods the  uid is stationary and 
the separation of particles of various sizes depends 
solely on particle velocity. Therefore, the division of 
particles into size fractions depends on the time of 
sedimentation.

Elutriation is a technique in which the  uid  ows 
in an opposite direction to the sedimentation move-
ment, so that in gravitational elutriators particles 
move vertically downwards while the  uid travels 
vertically upwards. If the upward velocity of the 
 uid is less than the sett ling velocity of the particle, 
sedimentation still occurs and the particles move 
slowly downwards against the  ow of  uid. Con-
versely, if the upward  uid velocity is greater than 
the settling velocity of the particle, the particle 
moves upwards with the  uid  ow. Therefore, in the 
case of elutriation, particles can be divided into 

Size separation by sedimentation

Separa tion ranges
These are shown in Figure 10.18.

Princ ip les  of opera tion
The principles of particle sizing using sedimentation 
methods are described in Chapter 9. Size separation 
by sedimentation utilizes the differences in settling 
velocities of particles with different diameters, and 
these can be related according to Stokes’ equations 
(see Eqns 9.9, 9.10 and 9.11).

One of the simplest forms of sedimentation clas-
si cation uses a chamber containing a suspension of 

Fig . 10.18 •  Separation range for sedimentation 
techniques. 
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Fig . 10.19 •  Separation range for elutriation methods. 
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Table 10.2 Example of powder grades as speci ed  
in pharmacopoeias

Description 
of grade of 
powder

Coarsest sieve 
diameter (µm)

Sieve diameter 
through which 
no more than 
40% of powder 
must pass (µm)

Coarse 1700 355

Moderately 
coarse

710 250

Moderately  ne 355 180

Fine 180 –

Very  ne 125 –

Some pharmacopoeias de ne another size fraction, known as ultrafne 
powder, in which the maximum diameter of at least 90% of the 
particles must be no greater than 5 µm and none of the particles 
should have diameters greater than 50 µm.
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soluble particles into different size ranges. There are 
several types of air elutriator, which differ according 
to the air ow patterns used. An example of an 
upward air ow elutriator is shown in Figure 10.21. 
Particles are held on a supporting mesh through 
which air is drawn. Classi cation occurs within a 
very short distance of the mesh and any particles 
remaining entrained in the air stream are accelerated 
to a collecting chamber by passage through a conical 
section of tube. Further separation of any  ne par-
ticles st ill entrained in the air  ow may be carried 
out subsequently using different air velocities.

Size separation by cyclone

Separa tion range
This is shown in Figure 10.22.

Princ ip les  of opera tion
Probably the most common type of cyclone used to 
separate particles from  uid streams is the reverse-
 ow cyclone (Fig. 10.23). In this system, particles 
in air or liquid suspension are often introduced tan-
gentially into the cylindrical upper section of the 
cyclone, where the relatively high  uid velocity pro-
duces a vortex that throws solid particles out on to 
the walls of the cyclone. The particles are forced 
down the conical section of the cyclone under the 

different size fractions depending on the velocity of 
the  uid.

Elutriation and sedimentation methods are com-
pared diagrammatically in Figure 10.20, where the 
arrows are vectors; that is, they show the direction 
and magnitude of particle movement. This  gure 
may indicate that if particles are suspended in a  uid 
moving up a column, there will be a clear cut into 
two fractions of particle size. In practice this does 
not occur, as there is a distribution of velocities 
across the tube in which a  uid is  owing – the 
highest velocity is found in the centre of the tube 
and the lowest velocity at  the tube walls. Therefore, 
the size of particles that will be separated depends 
on their position in the tube: the largest particles in 
the centre, the smallest  towards the outside. In 
practice, particles may rise with the  uid in the 
centre of the apparatus and then move outwards to 
the tube wall, where the velocity is lower and they 
then fall. A separation into two size fraction occurs, 
but the size cut is not clearly de ned. Assessing the 
sharpness of size cuts is discussed above.

Separation of powders into several size fractions 
can be achieved by using a number of elutriators 
connected in series. The suspension is fed into the 
bottom of the narrowest column, over owing from 
the top into the bottom of the next widest column 
and so on. Because the mass  ow remains the same, 
as the column diameter increases the  uid velocity 
decreases and therefore particles of decreasing size 
will be separated.

Adaptations of this technique in which the liquid 
is replaced by air are available. Air is used as the 
counter ow  uid in place of water for elutriation of 

Fig . 10.20 •  Comparison of (a) sedimentation and 
(b) elutriation. 
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Fig . 10.21 •  Upward air ow elutriator. 
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Fig . 10.22 •  Separation ranges for cyclone methods. 
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general cases, the most ef cient method should be 
selected based on particle properties. Of these, size 
is particularly important, as each separation method 
is most ef cient over a particular size range, as indi-
cated in the foregoing text.

Particles that have just undergone size reduction 
will already be in suspension in a  uid, whether air 
or water, and can be separated quickly by elutriation 
or cyclone separation methods, so that oversize 
material can be returned to the mill.

Alternatively, many powders used pharmaceuti-
cally are soluble in water and size separation may 
have to be restricted to air classi cation methods.
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in uence of the  uid  ow – gravity interactions are 
a relatively insigni cant mechanism in this process. 
At the tip of the conical section, the vortex of  uid 
is above the critical velocity at which it  can escape 
through the narrow outlet and forms an inner vortex 
which travels back up the cyclone and out through 
a central outlet or vortex  nder. Coarser particles 
separate from the  uid stream and fall out of the 
cyclone through the dust outlet, whereas  ner par-
t icles remain entrained in the  uid stream and leave 
the cyclone through the vortex  nder. In some cases, 
the outer vortex is allowed to enter a collector con-
nected to the base of the cyclone, but the coarser 
particles st ill appear to separate from the  uid 
stream and remain in the collector. A series of 
cyclones having different  ow rates or different 
dimensions could be used to separate a powder into 
different particle size ranges.

Se le c tion of a s ize   
s e paration proc e s s

Selection of a speci c size separation method may 
be limited by pharmacopoeial requirements, but for 

Fig . 10.23 •  Reverse- ow cyclone separation. 
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KE Y P O IN TS

•  A mixing operation is  involved at some s tage in 
the production o  practically every 
pharmaceutical preparation 

•  Mixing operations  aim to evenly dis tribute the 
components  o  the mix so that a drug product 
possess ing the required quality attributes  is  
manu actured 

•  Each dosage unit produced  rom a 
pharmaceutical mixture should have an active 
subs tance content within an acceptably narrow 
range around the label claim 

•  There will always  be some variation in 
compos ition o  samples  taken  rom a powder 
mix  An unders tanding o  the mechanisms  by 
which mixing occurs  and care ul selection o  
powder properties , dosage  orm s ize and mixing 
procedures  during  ormulation and process ing  
is  necessary to minimize this  variation to 
acceptable levels  

•  The  actors  which in uence powder segregation 
should be appreciated so that a  mix o  the 
required quality can be produced and the 
occurrence o  segregation minimized during 
subsequent handling and production processes  

•  The choice o  mixer and how it is  operated 
should be based on the phys ical characteris tics  
o  the materials  that are to be mixed and the 
required properties  o  the mixed product 

Mixing princ iple s

Importance o  mixing

There are very few pharmaceutical products that 
contain only one component. In the vast majority of 
cases, several ingredients are needed to ensure that  
the dosage form functions as required. If, for 
example, a pharmaceutical company wishes to 

11  Mixing

Andrew M. Twitchell
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potent drug in a powder mix, the degree of mixing 
must be of a high order to ensure a consistent dose. 
Similarly, when dispersing two immiscible liquids or 
dispersing a solid in a liquid, a well-mixed product 
is required to ensure product quality/ stability. In the 
case of mixing lubricants with granules during tablet 
production, however, there is a danger of ‘overmix-
ing’ and the subsequent production of a weak tablet 
with an increased disintegration time (discussed in 
Chapter 30).

Types  o  mixtures

Mixtures may be categorized into three types that 
differ fundamentally in their behaviour.

Pos itive  mixtures
Positive mixtures are formed from materials such as 
gases or miscible liquids which mix spontaneously 
and irreversibly by diffusion and tend to approach a 
perfect mix. There is no input of energy required 
with positive mixtures if the time available for 
mixing is unlimited, although input of energy will 
shorten the time required to obtain the desired 
degree of mixing. In general, materials which mix 
by positive mixing do not present any problems 
during product manufacture.

Negative  mixtures
With negative mixtures, the components will tend 
to separate out. If this occurs quickly, then energy 
must be continuously input to keep the components 
adequately dispersed, e.g. with a suspension formu-
lation where there is a dispersion of solids in a liquid 
of low viscosity. With other negative mixtures, the 
components tend to separate very slowly, e.g. emul-
sions, creams and viscous suspensions. Negative 
mixtures are generally more dif cult  to form and to 
maintain and require a higher degree of mixing ef -
ciency than do positive mixtures.

Neutra l mixtures
Neutral mixtures are said to be static in behaviour, 
i.e. the components have no tendency to mix spon-
taneously or segregate spontaneously once work has 
been input to mix them. Examples of this type of 
mixture include mixed powders, pastes and oint-
ments. Neutral mixes are capable of demixing, but 
this requires energy input (as discussed in relation 
to powder segregation later in this chapter).

produce a tablet dosage form containing a drug 
which is active at a dose of 1 mg, other components 
(e.g. a diluent, binder, disintegrant and lubricant) 
will be needed both to enable the product to be 
manufactured and for it  to be handled by the patient.

Whenever a product contains more than one 
component, a mixing or blending stage will be 
required in the manufacturing process. This may be 
to ensure an even distribution of the active 
component(s), an even appearance or that the 
dosage form releases the drug at the correct site and 
at the desired rate. The unit  operation of mixing is 
therefore involved at some stage in the production 
of practically every pharmaceutical preparation and 
control of mixing processes is of critical importance 
in assuring the quality of pharmaceutical products. 
The importance of mixing is illustrated below by the 
list  of products which invariably utilize mixing pro-
cesses of some kind:
•  tablets, capsules, sachets and dry powder 

inhalers – mixtures of solid particles
•  linctuses – mixtures of miscible liquids
•  emulsions and creams – mixtures of immiscible 

liquids
•  pastes and suspensions – dispersions of solid 

particles.
Mixing and its control are also important in unit 
operations such as granulation, drying and coating.

This chapter considers the objectives of the 
mixing operation, how mixing occurs, and the ways 
in which a satisfactory mix can be produced and 
maintained.

Def nition and objectives  o  mixing

Mixing may be de ned as a unit operation that aims 
to treat two or more components, initially in an 
unmixed or partially mixed state, so that  each unit 
(particle, molecule, etc.) of the components lies as 
nearly as possible in contact with a unit of each of 
the other components.

If this is achieved, it  produces a theoretical ‘ideal’ 
situation, i.e. a perfect mix. As will be shown, 
however, this situation is not normally practicable, 
is actually unnecessary and, indeed, is sometimes 
undesirable.

How closely it  is attempted to approach the 
‘ideal’ situation depends on the product being manu-
factured and the objective of the mixing operation. 
For example, when mixing a small amount of a 
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three dimensions then behind and in front of each 
coloured particle would be a white particle and vice 
versa. Powder mixing, however, is a ‘chance’ process 
and while the situation shown in Figure 11.1b could 
arise, the odds against it  are so great that  for practi-
cal purposes it  can be considered impossible. For 
example, if there are only 200 particles present, the 
chance of a perfect  mix occurring is approximately 
1 in 1060 and is similar to the chance of the situation 
in Figure 11.1a occurring after prolonged mixing. In 
practice, the best type of mix likely to be obtained 
will have the components under consideration dis-
tributed as indicated in Figure 11.1c. This is referred 
to as a random mix which can be de ned as a mix 
where the probability of selecting a particular type 
of particle is the same at  all positions in the mix and 
is equal to the proportion of such particles in the 
total mix.

If any two adjacent particles are selected from 
the random mix shown:
•  the chance of picking two coloured particles 

= 1 in 4 (25%)
•  the chance of picking two white particles 

= 1 in 4 (25%)
•  and the chance of picking one of each 

= 2 in 4 (50%).
If any two adjacent particles are selected from the 
perfect mix shown in Figure 11.1b, there will always 
be one coloured and one white particle.

Thus if the samples taken from a random mix 
contain only two particles, then in 25% of cases the 

It  should be noted that the type of mixture can 
change during processing. For example, if the viscos-
ity increases suf ciently, a mixture may change from 
a negative to a neutral mixture. Similarly, if the 
particle size, degree of wetting or liquid surface 
tension changes, the mixture type may also change.

The mixing process

To discuss the principles of the mixing process, a 
situation will be considered where there are equal 
quantities of two powdered components of the same 
size, shape and density that  are required to be 
mixed, the only difference between them being 
their colour. This situation will not, of course, occur 
practically but it  will serve to simplify the discussion 
of the mixing process and allow some important 
considerations to be illustrated with the help of 
statistical analysis.

If the components are represented by coloured 
cubes, then a two-dimensional representation of the 
initial unmixed or completely segregated state can 
be shown as in Figure 11.1a.

From the de nition of mixing, the ideal situation 
or perfect mix in this case would be produced when 
each particle lies adjacent to a particle of the other 
component (i.e. each particle lies as closely as pos-
sible in contact with a particle of the other compo-
nent). This is shown in Figure 11.1b where it  can be 
seen that the components are as evenly distributed 
as possible. If this mix was viewed in 

Fig . 11.1 •  Different states of powder mixing. (a) Complete segregation. (b) An ideal or ‘perfect’ mix. 
(c ) A random mix. 

a  b  c



 M ixin g  C H A P T E R  1 1

173

density decrease. This number should be suf cient 
to ensure an acceptably small deviation from the 
required dose in the dosage forms.

Another important factor to consider when car-
rying out a mixing process is the proportion of the 
active component in the dosage form/ scale of scru-
tiny. This is illustrated in Figure 11.2 and in Table 
11.1, the latter also demonstrating the importance 
of the number of particles in the scale of scrutiny.

Figure 11.2 shows a random mix containing only 
10% coloured particles (active ingredient). If the 
blocks of 25 particles are examined, it  can be seen 
that the number of coloured particles varies from 0 
to 8 or 0% to 32%. Thus, the number of coloured 
particles as a percentage of the theoretical content 
varies from 0% to 320%. This is considerably greater 
than the range of 48 to 152% when the proportion 
of coloured particles was 0.5 or 50% (Fig. 11.1c).

Table 11.1 shows how the content of a minor 
(potent) active constituent (present in a proportion 
of one part in a thousand, i.e. 0.1%) typically varies 
with the number of particles in the scale of scrutiny, 
when sampling a random mix. In the example 
shown, when there are 1000 particles in the scale of 
scrutiny, three samples contain no active constituent 
and two have twice the amount that  should be 
present. With 10 000 particles in the scale of scru-
tiny, the deviation is reduced but samples may still 
deviate from the theoretical content of 10 particles 
by ± 50%. Even with 100 000 particles, deviation 
from theoretical content may be > ± 15% which is 
generally unacceptable for a pharmaceutical mixture. 
The dif culty in mixing potent substances can be 

sample will contain no white particles and in 25% it 
will contain no coloured particles. It  may help in this 
and subsequent discussions to imagine the coloured 
particles as being the active drug and the white 
particles the inert excipient.

It  can be seen that, in practice, the components 
will not be perfectly evenly distributed, i.e. there 
will not be full mixing. But if an overall view is 
taken, the components can be described as being 
mixed since in the total sample (Fig. 11.1c) the 
amount of each component is approximately similar 
(48.8% coloured and 51.2% white). If, however, 
Figure 11.1c is considered as 16 different blocks of 
25 particles, then it  can be seen that the number of 
coloured particles in the blocks varies from six to 19 
(24% to 76% of the total number of particles in each 
block). Careful examination of Figure 11.1c shows 
that as the number of particles in the sample 
increases, then the closer will be the proportion of 
each component to that which would occur with a 
perfect mix. This is a very important consideration 
in powder mixing and is discussed in more detail in 
the following sections.

Scale o  scrutiny

Often a mixing process produces a large ‘bulk’ of 
mixture that is subsequently subdivided into indi-
vidual dose units (e.g. a tablet, capsule or 5 mL 
spoonful) and it  is important that each dosage unit 
contains the correct amount/ concentration of active 
component(s). It  is the weight/ volume of the dosage 
unit which dictates how closely the mix must be 
examined/ analysed to ensure it  contains the correct  
dose/ concentration. This weight/ volume is known 
as the scale of scrutiny and is the amount of material 
within which the quality of mixing is important. For 
example, if the unit weight of a tablet is 200 mg 
then a 200 mg sample from the mix should be ana-
lysed to see if mixing is adequate; the scale of scru-
tiny therefore = 200 mg. If a larger sample size than 
the scale of scrutiny is analysed this may mask 
important micro-nonuniformities such as those 
caused by agglomerates and may lead to the accep-
tance of an inadequate mix. Conversely, analysing 
too small a sample size may lead to the rejection of 
an acceptable mix.

The number of particles contained in the scale of 
scrutiny will depend on the sample weight, particle 
size and particle density, and will increase as the 
sample weight increases and the particle size and 

Fig . 11.2 •  Particle distribution in a representative 
random mix containing 10% active ingredient. 
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be very small with miscible liquids even if they are 
randomly mixed. Diffusion effects in miscible 
liquids arising from the existence of concentration 
gradients in an unmixed system mean that they tend 
to approach a perfect mix.

Mathematical treatment o   
the mixing process

It should be appreciated that there will always be 
some variation in the composition of samples taken 
from a pharmaceutical mix or a random mix. The 
aim during formulation and processing is to mini-
mize this variation to acceptable levels by selecting 
an appropriate scale of scrutiny, particle size and 
mixing procedure (the latter involving the correct 
choice of mixer, rotation speed, etc.). The following 
section uses a simpli ed statistical approach to illus-
trate some of the factors that in uence dose varia-
tion within a batch of a dosage form and demonstrates 
the dif culties encountered with drugs that are 
active in low doses (potent drugs).

Consider the situation where samples are taken 
from a random mix in which the particles are all of 
the same size, shape and density. The variation in 
the proportion of a component in samples taken 
from the random mix can be calculated from Equa-
tion 11.1:

 SD =  −(  )p  p
n

1  

(11.1)

where SD is the standard deviation in the propor-
tion of the component in the samples (content 
standard deviation), p is the proportion of the com-
ponent in the total mix and n is the total number of 
particles in the sample.

Equation 11.1 shows that as the number of par-
t icles present in the sample increases, the content 
standard deviation decreases (i.e. there is less varia-
t ion in sample content), as illustrated previously by 
the data in Figure 11.2 and Table 11.1. The situation 
with respect to the effect of the proportion of the 
active component in the sample is not as clear from 
Equation 11.1. As p is decreased, the value of 
content standard deviation decreases, and this may 
lead to the incorrect conclusion that  it  is bene cial 
to have a low proportion of the active component. 
A more useful parameter to determine is the per-
centage coef cient of variation (% CV), which 

appreciated if it  is realized that there may only be 
approximately 75 000 particles of diameter 150 µm 
in a tablet weighing 200 mg.

The information in Figure 11.1, Figure 11.2 and 
Table 11.1 leads to two important conclusions:
1. The lower the proportion of active component 

present in the mixture, the more dif cult  it  is 
to achieve an acceptably low deviation in active 
content.

2. The more particles there are present in a unit 
dose/ scale of scrutiny, the lower the likely 
deviation in content.

One way of reducing the deviation, therefore, would 
be to increase the number of particles in the unit  
dose by decreasing the particle size. This may, 
however, lead to particle agglomeration due to the 
increased cohesion and adhesion that occurs with 
smaller particles, which in turn may reduce the ease 
of mixing.

It  should be noted that with liquid solutions, even 
very small samples are likely to contain many million 
‘particles’. Deviation in content is therefore likely to 

Table 11.1 Number of particles of a minor active 
constituent present in samples taken from a 1 : 1000 
random powder mix with different numbers of particles 
in the scale of scrutiny

Sample 
number

Number of particles in scale  
of scrutiny

1000  10  000  100  000

1  1  7  108

2  0  10  91

3  1  15  116

4  2  8  105

5  0  13  84

6  1  10  93

7  1  6  113

8  2  5  92

9  0  12  104

10  1  13  90

The  gures in the table are the numbers of particles of the minor 
constituent in the samples.
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Ideally for a pharmaceutical product the active 
component should not deviate by more than ± 5% 
of the mean or speci ed content, i.e. the acceptable 

Box 11 2 

Worked example
I  a product contains  an active component which 
makes  up hal  o  the weight o  the dosage  orm  
(p  = 0 5) and it is  required that 99 7%  o  samples  
contain within ± 5%  o  p , then the number o  particles  
required in the product can be es timated as  
described below 

As  99 7%  o  samples  will be within ± 3 SD and ± 
5%  o  p  then Equation 11 2 can be used to calculate 
the s tandard deviation required:

 3 100×  =  ×SD  acceptable deviation/p (% )  
(11.2)

In this  case, 3 × SD = 0 5 × 0 05

 0 5  0 05
3

1.  .× =  −(  )p  p
n

so
 6 94  10  0 5  1  0 55.  .  .×  =  −(  )− /n

and there ore n = 3600 
The above calculation indicates  that 3600 particles  

are required in each sample or dosage  orm in order 
to be 99 7%  sure that the content is  within ± 5%  o  
the theoretical amount  I , however, the product 
contains  a potent drug where p  = 1 × 10−3, the 
number o  particles  needed to meet the same criteria 
can be es timated to be 3 6 × 106 

Box 11 1 

Worked example
Consider the s ituation where n = 100 000 and p  = 0 5  
Us ing Equation 11 1, it can be calculated that the: 

SD and  CV=  ×  =  ×(  ) ×
=

−  −1 58 10 1 58 10 0 5 100

0 32

3 3. % . .

. %

Thus  on average, the content will deviate  rom mean 
content by 0 32%  which is  an acceptably low value 
 or a pharmaceutical product 

I , however, p  is  reduced to 0 001 and n remains  at 
100 000 there is  a  reduction in SD to 9 99 × 10−5 but 
the 

%  .  .  %CV =  ×(  ) ×  =−9 99  10  0 001  100  105

Thus  in this  latter case, the content will deviate  rom 
theoretical content on average by 10%  which would 
be unacceptable  or a pharmaceutical product 

indicates the average deviation as a percentage of the 
mean amount of active component in the samples. 
Thus, % CV = (content standard deviation/ mean 
content) × 100. The value of % CV will increase as 
p decreases, as illustrated in Box 11.1.

It  might be considered that the variation in 
content could be reduced by increasing the unit dose 
size (increasing the scale of scrutiny), as this would 
increase the number of particles in each unit dose. 
The dose of a drug will, however, be  xed and any 
increase in the unit dose size will cause a reduction 
in the proportion of the active component in the 
unit dose. The consequence of increasing the unit  
dose size depends on the initial proportion of the 
active component. If p is relatively high init ially, 
increasing the unit  dose size causes the %CV in 
content to increase. If p is small, increasing the unit 
dose size has lit t le effect. Inserting appropriate 
values into Equation 11.1 can substantiate this.

In a true random mix the content of samples 
taken from the mix will follow a normal distribu-
tion. With a normal distribution, 68.3% of samples 
will be within ± 1 SD of the overall proportion of 
the component (p), 95.5% will be within ± 2 SD of 
p and 99.7% of samples will be within ± 3 SD of p. 
For example, if p = 0.5 and the standard deviation 
in content = 0.02, then for 99.7% of samples the 
proportion of the component will be between 0.44 
and 0.56. In other words, if 1000 samples were 
analysed, 997 samples would contain between 44% 
and 56% of drug (mean = 50%).

deviation = p × (5/ 100) or p × 0.05. Note: this is not 
the same as a standard deviation of 5%.

Es timation of the  partic le  s ize  required  
when formula ting a  dos age  form
Using the preceding information, it  is possible to 
estimate the particle size required so that a formula-
tion may meet a desired speci cation.

The worked example in Box 11.3 indicates that 
in order to meet the product speci cation, the par-
t icle size of the components needs to be of the order 
of 26 µm. There would therefore be practical dif-
 culties in making this product, as particles of this 
size tend to become very cohesive,  ow poorly (see 
Chapter 12) and are dif cult  to mix.

In order to appreciate the effect of changing the 
scale of scrutiny, it  is suggested that the reader 
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•  assess the ef ciency of a mixer
•  determine the mixing time required for a 

particular process.
One evaluation method involves the generation of a 
mixing index that compares the content standard 
deviation of samples taken from a mix under inves-
tigation (SACT) with the content standard deviation 
of samples from a fully random mix (SR). Compari-
son with a random mix is made since this is theoreti-
cally likely to be the best mix that is practically 
achievable. The simplest form of a mixing index (M ) 
can be calculated as:

 M  S
S

=  R

ACT
 

(11.3)

At the start  of the mixing process the value of SACT 
will be high so that M  will be low. As mixing pro-
ceeds, SACT will tend to decrease as the mix 
approaches a random mix (see Fig. 11.3). If the mix 
becomes random, SACT = SR and M  = 1. There is 
typically an exponential decrease in SACT as the 
mixing time or number of mixer rotations increases, 
although the shape of the curve will depend on the 
powder properties and mixer design and utilization. 
Other more complicated equations for calculating 
the mixing index have been used but they all tend 
to rely on similar principles to those described.

In order to evaluate a mixing process in this way, 
there are two basic requirements. First, a suf cient 
number of samples which are representative of the 

Fig . 11.3 •  The reduction in content standard deviation 
as a random mix is approached. SACT represents the 
content standard deviation of samples taken from the 
mix and SR the standard deviation expected from a 
random mix. 
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Box 11 3 

Worked example
Imagine it is  necessary to produce a tablet weighing 
50 mg which contains  50 µg o  a  potent s teroid, and 
that the product specif cation requires  99 7%  o  
tablets  to contain between 47 5 µg and 52 5 µg o  the 
s teroid  I  the mean particle dens ity o  the 
components  is  1 5 g/cm3 (1500 kg/m3), what particle 
s ize should the s teroid and excipients  be?

As  there is  50 µg o  the s teroid in a 50 mg tablet, 
the proportion o  active component (p) = 1 × 10−3  The 
specif cation allows  the content to vary by ± 2 5 µg, 
and so the %  deviation allowed = (2 5/50) × 100 = 
5%   Under these circumstances , the calculations  
described in the previous  section show that, providing 
a random mix is  achieved, the number o  particles  
required in the tablet = 3 6 × 106  The 50 mg tablet 
mus t there ore contain at leas t 3 6 × 106 particles  and 
each particle mus t weigh less  than: 

50  3 6  10  1 39  10  1 39  106  5  11.  .  .×  =  ×  =  ×−  −mg  mg  kg.
Since the dens ity o  a particle = particle mass /

particle volume, the volume o  each particle mus t be 
less  than 

1 39  10  1500  9 27  1011  3 15.  .×  =  ×−  −m  m3

The volume o  a particle (assuming it is  spherical) = 
4 π r3/3 and so:

r3  159 27  10  3  4must be  /  m3<  ×  ×−.  π

i.e.  m  and m3r r3  15  52 21  10  1 30  10<  ×  <  ×−  −.  .

and there ore d <26 µm.

calculates in a similar manner what particle size 
would be required if the tablet weight was increased 
to 250 mg. It  should be remembered that the tablet 
weight or scale of scrutiny will affect both the 
number of particles present and the proportion of 
active component.

In summary, the above calculations illustrate the 
dif culty in mixing potent (low-dose) substances 
and the importance of both the number of particles 
in the scale of scrutiny and proportion of the active 
component.

Eva lua tion of the  degree  of mixing
Manufacturers require some means of monitoring a 
mixing process for a variety of reasons. These could 
be to:
•  indicate the degree/ extent of mixing
•  follow a mixing process
•  indicate when suf cient mixing has occurred
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Convective mixing arises when there is the trans-
fer of relatively large groups of particles from one 
part of the powder bed to another, e.g. as might 
occur when a mixer blade or paddle moves through 
the mix. This type of mixing contributes mainly to 
the macroscopic mixing of powder mixtures and 
tends to produce a large degree of mixing fairly 
quickly (as evidenced by a rapid drop in SACT). 
Mixing does not, however, occur within the group 
of particles moving together as a unit  and thus in 
order to achieve a random mix, an extended mixing 
time is required.

Shear mixing occurs when a ‘layer’ of material 
 ows over another ‘layer’ resulting in the layers 
moving at  different speeds and therefore mixing at 
the layer interface. This might occur when the 
removal of a mass by convective mixing creates an 
unstable shear/ slip plane which causes the powder 
bed to collapse or in high-shear or tumbling mixers 
where the action of the mixer induces velocity gra-
dients within the powder bed and hence ‘shearing’ 
of one layer over another.

In order to achieve a true random mix, movement 
of individual particles is required. This occurs with 
diffusive mixing. When a powder bed is forced to 
move or  ow, it  will ‘dilate’, i.e. the volume occu-
pied by the bed will increase. This arises because the 
powder particles become less tightly packed and 
there is an increase in the air spaces or voids between 
them. Under these circumstances there is the 
potential for the powder particles to pass through 
the void spaces created either under gravitational 
forces (e.g in a tumbling mixer) or by forced move-
ment (e.g in a  uidized bed). Mixing of individual 
particles in this way is referred to as diffusive mixing.

All three mixing mechanisms are likely to occur 
in a mixing operation. Which mechanism predomi-
nates and the extent to which each occurs will 
depend on the mixer type, mixing process condi-
tions (mixer load, speed, etc.), particle characteris-
tics and  owability of the components of the powder.

Liquids
The three main mechanisms by which liquids are 
mixed are bulk transport, turbulent mixing and 
molecular diffusion.

Bulk transport is analogous to the convective 
mixing of powders and involves the movement of a 
relatively large amount of material from one posit ion 
in the mix to another, e.g. due to a mixer paddle. It  
too tends to produce a large degree of mixing fairly 

mix as a whole must be analysed. A minimum of 10 
samples is usually analysed, these being removed 
from different depths into the mixer and from the 
middle and sides. Areas where blending may poten-
tially be poor should also be included in the sam-
pling. Samples are often taken with a ‘sampling 
thief ’ which is a device that can be inserted into the 
mix and samples withdrawn with minimum disrup-
tion to the powder bed. Venables & Wells (2001) 
have discussed some of the problems associated 
with removing representative samples and analysing 
powder blends. Second, a suitable analytical tech-
nique must be available so that the value of SACT is 
a true re ection of the variation in content in the 
samples and not due to variation arising from the 
method of analysis.

When mixing formulations where the proportion 
of active component is high, it  is possible to achieve 
an acceptably low variation in content without 
obtaining a random mix. Thus it  may be possible to 
stop the mixing process before a random mix is 
achieved and therefore reduce manufacturing costs.

The quality of a mixture may be assessed by its 
ability to meet prede ned speci cation limits. These 
could include assay limits for individual samples 
taken from the mix (e.g. 90 – 110% of the target 
content) and for the variation in content of these 
samples (e.g. % CV ≤ 3%).

An alternative method for monitoring and con-
trolling powder blending is to ultilize near-infrared 
(NIR) analysis. As most pharmaceutical active ingre-
dients and excipients absorb NIR radiation, this 
technique has the potential advantage of providing 
homogeneity information on all of the mixture com-
ponents. NIR spectroscopic methods may also be 
used non-invasively which can eliminate the prob-
lems associated with the use of a sampling thief. 
Other potential advantages include the speed and 
non-destructive nature of the analysis. The reader is 
referred to texts by Ciurczak and Drennen (2002) 
and Bakeev (2010) for further information.

Me c hanis ms  of mixing   
and de mixing

Powders
In order that  powders may be mixed, the powder 
particles need to move relative to each other. There 
are three main mechanisms by which powder mixing 
occurs, namely convection, shear and diffusion.
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tend to behave differently when forced to move and 
hence tend to separate. Particles exhibiting similar 
properties tend to congregate together, giving regions 
in the powder bed which have a higher concentra-
tion of a particular component. Segregation is more 
likely to occur, or may occur to a greater extent, if 
the powder bed is subjected to vibration and when 
the particles have greater  owability.

Partic le  s ize  e ffec ts
Differences in the particle sizes of components of a 
formulation are the main cause of segregation in 
powder mixes in practice. Smaller particles tend to 
fall through the voids between larger particles and 
thus move to the bottom of the mass. This is known 
as percolation segregation. It  may occur in static 
powder beds if the percolating particles are small 
enough to fall into the void spaces between larger 
particles, but occurs to a greater extent as the bed 
‘dilates’ on being disturbed. Domestically, percola-
tion segregation is often observed in cereal packets 
or jars of coffee where the smaller ‘particles’ con-
gregate towards the bottom of the container.

Percolation can occur whenever a powder bed 
containing particles of different size is disturbed in 
such a way that particle rearrangement occurs, e.g. 
during vibration, st irring or pouring.

During mixing, larger particles will tend to have 
greater kinetic energy imparted to them (owing to 
their larger mass) and therefore move greater dis-
tances than smaller particles before they come to 
rest. This may result  in separation of particles of 
different size; an effect referred to as trajectory 
segregation. This effect, along with percolation seg-
regation, accounts for the occurrence of the larger 
particles at the edge of a powder heap when it  is 
poured from a container.

During mixing, or when a material is discharged 
from a container, very small particles (‘dust’) in a 
mix may tend to be ‘blown’ upwards by turbulent 
air currents as the mass tumbles, and remain sus-
pended in the air. When the mixer is stopped or 
material discharge is complete, these particles will 
sediment and subsequently form a layer on top of 
the coarser particles. This is called eluthation segre-
gation and is also referred to as dusting out or  uidi-
zation segregation.

Partic le  dens ity e ffec ts
If components are of different density, the more 
dense particles will have a tendency to move 

quickly, but leaves the liquid within the moving 
material unmixed.

Turbulent mixing arises from the haphazard 
movement of molecules when forced to move in a 
turbulent manner. The constant changes in speed 
and direction of movement mean that induced tur-
bulence is a highly effective mechanism for mixing. 
Within a turbulent  uid there are, however, small 
groups of molecules moving together as a unit, 
referred to as eddies. These eddies tend to reduce 
in size and eventually break up, being replaced by 
new eddies. Turbulent mixing alone may therefore 
leave small unmixed areas within the eddies and in 
areas near the container surface which will exhibit  
streamlined  ow (see Chapter 6). Mixing of indi-
vidual molecules in these regions will occur by the 
third mechanism, which is molecular diffusion (anal-
ogous to diffusive mixing in powders). This will 
occur with miscible  uids wherever a concentration 
gradient exists and will eventually produce a well-
mixed product, although considerable time may 
be required if this is the only mixing mechanism. 
In most mixers all three mechanisms will occur, 
bulk transport and turbulence arising from the 
movement of a stirrer or mixer paddle set  at a suit-
able speed.

Powder segregation (demixing)

Segregation is the opposite effect  to mixing, i.e. 
components tend to separate out. This is very 
important in the preparation of pharmaceutical 
products because if it  occurs, an already formed 
random mix may change to a non-random mix, or a 
random mix may never be achieved. Care must be 
taken to avoid segregation occurring during handling 
after powders have been satisfactorily mixed, e.g. 
during transfer to  lling machines or in the hopper 
of a tablet/ capsule/ sachet  lling machine. Segrega-
tion will cause an increase in content variation in 
samples taken from the mix, i.e. it  will result in a 
reduction in the quality of the mix and may cause a 
batch to fail a uniformity of content or uniformity 
of dosage units test. If segregation of granules occurs 
in the hopper of a  lling machine, an unacceptable 
variation in weight may result.

Segregation arises because powder mixes encoun-
tered in practice are not composed of monosized 
spherical particles but contain particles that differ 
in size, shape, density and surface properties. These 
variations in particle properties mean that they will 
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to rectify the situation. These include the 
following:
•  selection of particular size fractions (e.g. by 

sieving to remove  nes or lumps) to achieve 
drug and excipients of the same narrow particle 
size range

•  milling of components (size reduction) to either 
reduce the particle size range (this may need to 
be followed by a sieving stage to remove  nes) 
or to ensure all particles are below 
approximately 30 µm at which size segregation 
does not tend to cause serious problems (but 
may give rise to aggregation)

•  controlled crystallization during production of 
the drug/ excipients to give components of a 
particular crystal shape or size range

•  selection of excipients which have a density 
similar to the active component(s); there is 
usually a range of excipients which will produce 
a product of the required properties

•  granulation of the powder mix (size 
enlargement) so that large numbers of different 
particles are evenly distributed in each 
segregating ‘unit’/ granule (see Fig. 28.1)

•  reducing the extent to which the powder mass 
is subjected to vibration or movement after 
mixing (e.g. avoid the use of pneumatic transfer 
systems)

downwards, even if their particle sizes are similar. 
Trajectory segregation may also occur with particles 
of the same size but different densities due to their 
difference in mass. The effect of density on percola-
tion segregation may be potentiated if the denser 
particles are also smaller. Often materials used in 
pharmaceutical formulations have similar densities 
and density effects are not generally too important. 
An exception to this is in  uidized beds, where 
density differences often have a greater adverse 
effect on the quality of the mix than particle size 
differences.

Partic le  s hape  e ffec ts
Spherical particles exhibit  the greatest  owability 
and therefore are more easily mixed, but they also 
segregate more easily than non-spherical particles. 
Irregular or needle-shaped particles may become 
interlocked, decreasing the tendency to segregate 
once mixing has occurred. Non-spherical particles 
will also have a greater surface area to weight ratio 
(speci c surface area), which will tend to decrease 
segregation by increasing any cohesive effects 
(greater contact  surface area) but will increase the 
likelihood of ‘dusting out’.

It  should be remembered that the particle size 
distribution and particle shape may change during 
processing (due to attrit ion, aggregation, etc.) and 
therefore the tendency to segregate may also change.

Non-segregating mixes will improve with contin-
ued increases in mixing time, as shown in Figure 
11.3. This may not, however, occur for segregating 
mixes, where there is often an optimum mixing 
time. This arises since the factors causing segrega-
tion generally require a longer time to take effect 
than the t ime needed to produce a reasonable degree 
of mixing. During the initial stages of the process, 
the rate of mixing is greater than the rate of demix-
ing. After a period of t ime, however, the rate of 
demixing may predominate until eventually an equi-
librium situation will be reached where the two 
effects are balanced. This is illustrated in Figure 
11.4 which demonstrates that, if factors exist which 
may cause segregation, then a random mix will not 
be achieved and there may be both an optimum 
mixing time and a time range over which an accept-
able mix can be produced.

Approaches  to minimize  s egrega tion
If segregation is a problem with a formulation there 
are a number of approaches that may be attempted 

Fig . 11.4 •  Possible effect of extended mixing time on 
the content standard deviation of samples taken from a 
mix prone to segregation. SACT represents the content 
standard deviation of samples taken from the mix, SE 
the estimated acceptable standard deviation and SR the 
standard deviation expected from a random mix. 
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Ordered mixing has been shown to be important 
in direct-compression tablet formulations (Chapter 
30) in preventing segregation of drug from direct 
compression bases.

Dry powder inhaler formulations also utilize 
ordered mixing to deliver drugs to the lungs (Chapter 
37). In this case, the drug needs to be in a micro-
nized form in order to reach its site of action. By 
adsorbing the drug onto larger carrier particles 
(usually lactose), it  is possible to manufacture a 
product which will provide an even dosage on each 
inhalation.

Segrega tion in ordered  mixes
Although ordered mixes can reduce or prevent seg-
regation, it  may still occur if:
•  the carrier particles vary in size – different-

sized particles will have different surface area to 
weight ratios and will contain different amounts 
of adsorbed material per unit mass. If the 
different-sized carrier particles separate (e.g. by 
percolation segregation), drug-rich areas where 
the smaller carrier particles congregate may 
result . This is referred to as ordered unit 
segregation

•  there is competition for the active sites on 
the carrier particle – if another component 
competes for sites on the carrier it  may displace 
the original adsorbed material which may then 
segregate due to its small size. This is known  
as displacement segregation and has been shown 
to occur under certain circumstances with the 
addition of the lubricant magnesium stearate to 
tablet formulations

•  there are insuf cient carrier particles – each 
carrier particle can only accommodate a certain 
amount of adsorbed material on its surface.  
If there is any excess small-sized material that  
is not adsorbed on to the carrier particles,  
this may quickly separate. This is referred  
to as saturation segregation and may limit the 
proportion of the active component that can be 
used in the formulation.

With an ordered mix, particles may be dislodged if 
the mix is subjected to excessive vibration. The 
extent to which this occurs depends on the forces 
of attraction between the components and therefore 
on how tightly the adsorbed particles are attached 
to the surface. The orientation of the particles is also 
important, particles protruding out from the surface 

•  using  lling machine hoppers designed so that 
powder residence time is minimized

•  using equipment where several operations can 
be carried out without transferring the mix, e.g. 
a  uidized-bed drier or high-speed mixer/
granulator for mixing and granulating

•  production of an ‘ordered’ mix. This technique 
is also referred to as adhesive or interactive 
mixing and is described in more detail below.

Ordered mixing

It would be expected that a mix composed of very 
small and much larger particles would segregate 
because of the size differences. Sometimes, however, 
if one powder is suf ciently small (micronized) it  
may become adsorbed onto ‘active sites’ on the 
surface of a larger ‘carrier’ particle and exhibit a 
great resistance to being dislodged. This has the 
effect of minimizing segregation while maintaining 
good  ow properties. It  was  rst  noticed by Travers 
& White (1971) during the mixing of micronized 
sodium bicarbonate with sucrose crystals when the 
mixture was found to exhibit  minimal segregation. 
The phenomenon is referred to as ordered mixing, 
as the particles are not independent of each other 
and there is a degree of order to the mix. If a carrier 
particle is removed then some of the adsorbed 
smaller particles will automatically be removed with 
it . Ordered mixing has also been used in the produc-
tion of dry antibiotic formulations to which water is 
added before use to form a liquid or syrup product. 
In these cases the antibiotic in  ne powder form is 
blended with, and adsorbed onto the surface of, 
larger sucrose or sorbitol particles (Nikolakakis & 
Newton 1989).

Ordered mixing probably occurs to a certain 
extent in every pharmaceutical powder mix due to 
interactions and cohesive/ adhesive forces between 
constituents. It  is most likely to occur when smaller 
particles exist , as these have a high speci c surface 
area and thus the attractive forces holding the par-
ticles to the adsorption site are more likely to be 
greater than the gravitational forces trying to sepa-
rate the components.

Pharmaceutical powder mixes are therefore likely 
to be partly ordered and partly random, the extent 
of each depending on the component properties. 
With an ordered mix, it may be possible to achieve a 
degree of mixing which is superior to that of a random 
mix which may be bene cial for potent drugs.
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whether problems could occur if the mixing time is 
extended.

When particles rub past each other as they move 
within the mixer, static charges will be produced. 
These tend to result in ‘clumping’ and a reduction 
in diffusive mixing and cause material to adhere to 
machine or container surfaces. To avoid this, mixers 
should be suitably earthed to dissipate the static 
charge and the process should be carried out at a 
relative humidity greater (although not excessively) 
than approximately 40%.

Powder-mixing equipment

Tumbling mixers /b lenders
Tumbling mixers are commonly used for mixing/
blending granules or free- owing powders. There 
are many different designs of tumbling mixer, e.g. 
double-cone, twin-shell, cube, Y-cone and drum 
mixers, some of which are shown diagrammatically 
in Figure 11.5. It  is now common to use intermedi-
ate bulk containers (IBCs) as both the mixer bowl 
and to either feed the hopper of a tablet or a capsule 
machine, or act as the hopper itself. The shape of 

being more likely to be dislodged than those lying 
parallel to the surface.

Mixing of powde rs

Practical cons iderations

When mixing formulations in which there is a rela-
t ively low proportion of active ingredient(s), a more 
even distribution may be obtained by sequentially 
building up the amount of material in the mixer. 
This may be achieved by initially mixing the active 
component(s) with an approximately equal volume 
of diluent(s). Further amounts of diluents, equal to 
the amount of material in the mixer, can then be 
added and mixed, the process being continued until 
all material has been added. It  may be more appro-
priate to preblend the active component with a 
diluent in a smaller mixer prior to transferring it  to 
the main mixer in cases where the amount of active 
ingredient is very low.

Care must be taken to ensure that the volume of 
powder in the mixer is appropriate, as both over- 
and under lling may signi cantly reduce mixing ef -
ciency. In the case of over lling, for example, 
suf cient bed dilation may not take place for dif-
fusive mixing to occur to the required extent or the 
material may not be able to  ow in a way that 
enables shear mixing to occur satisfactorily. Under-
 lling may mean the powder bed does not move in 
the required manner in the mixer or that  an increased 
number of mixing operations may be needed for a 
batch of material.

The mixer used should produce the mixing 
mechanisms appropriate for the formulation. For 
example, diffusive mixing is generally preferable 
if potent drugs are to be mixed, and high shear is 
needed to break up aggregates of cohered material 
and ensure mixing at a particulate level. The impact 
or attrit ion forces generated if too-high shear forces 
are used may, however, damage fragile material and 
thus produce  nes. The mixer design should be such 
that it  is dust t ight, can be easily cleaned and the 
product can be fully discharged. These features 
reduce the risk of cross-contamination between 
batches and protect the operator from the product.

In order to determine the appropriate mixing 
t ime, the process should be checked by removing 
and analysing representative samples after differ-
ent mixing intervals. This may also indicate if 
segregation is occurring within the mixer and Fig . 11.5 •  Different designs of tumbling mixers. 

Rota ting cube

Double  cone Oblique  cone

Twin she ll (V) mixer
with agita tor bar

Y-cone  mixer
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litt le shear mixing. Addition of ‘prongs’, baf es or 
rotating bars will also cause convective mixing (e.g. 
the V-mixer with agitator bar in Fig. 11.5).

Tumbling mixers are available to mix from 
approximately 50 g, e.g. for laboratory-scale devel-
opment work, to over 100 kg at a production scale. 
The material typically occupies about a half to two-
thirds of the mixer volume. The rate at which the 
product is mixed will depend on the mixer geometry 
and rotation speed since they in uence the move-
ment of the material in the mixer.

Tumbling mixers are good for free- owing 
powders/ granules but are less effective for cohesive/
poorly  owing powders because the shear forces 
generated are usually insuf cient to break up any 
aggregates. Care also needs to be taken if there are 
signi cant differences in particle size present since 
segregation is likely to occur. A common use of 
tumbling mixers is in the blending of lubricants, 
glidants or external disintegrants with granules prior 
to tableting.

Tumbling mixers can also be used to produce 
ordered mixes, although the process is often slow 
because of the cohesiveness of the adsorbing 
particles.

The Turbula shaker-mixer (WAB, Switzerland) is 
a more sophisticated form of tumbling mixer which 
utilizes inversional motion in addition to the rota-
tional and translational motion of traditional tum-
bling mixers. This leads to more ef cient mixing and 
makes it  less likely that  material of different size and 
density will segregate.

High-s peed  mixer-granula tors
In pharmaceutical product manufacture it  is often 
preferable to use one piece of equipment to carry 
out more than one function. An example of this is 
the use of a mixer-granulator (one design of which 
is shown diagrammatically in Fig. 11.8). As the name 
suggests, it  can both mix and granulate a product, 
thus removing the need to transfer the product 
between pieces of equipment and thereby reducing 
the opportunity for segregation to occur. The cen-
trally mounted impeller blade at the bottom of 
mixer rotates at  high speed, throwing the material 
towards the mixer bowl wall by centrifugal force. 
The material is then forced upwards before drop-
ping back down towards the centre of the mixer. 
The participate movement within the bowl tends to 
mix the components quickly owing to high shear 
forces (arising from the high velocity) and the 

an IBC used for this purpose is illustrated in 
Figure 11.6.

Mixing containers are generally mounted so that 
they can be rotated about an axis. When operated at 
the correct speed, the tumbling action indicated in 
Figure 11.7 is achieved. Shear mixing will occur as a 
velocity gradient is produced, the top layer moving 
with the greatest  velocity and the velocity decreasing 
as the distance from the surface increases. When the 
bed tumbles it  dilates, allowing particles to move 
downwards under gravitational force, and so diffu-
sive mixing occurs. Most mixing will occur towards 
the surface of the bed where the velocity gradients 
are highest and the bed is most dilated. Too high a 
rotation speed will cause the material to be held on 
the mixer walls by centrifugal force and too low a 
speed will generate insuf cient bed expansion and 

Fig . 11.6 •  Typical intermediate bulk container. 

Fig . 11.7 •  Movement of the powder bed in a tumbling 
mixer. 

Mixing
zones

Circula tion
pa th



 M ixin g  C H A P T E R  1 1

18 3

emptying. The bowl is raised up to the mixing blade 
for the mixing process. The mixing blade is set off 
centre and is carried on a rotating arm. It  therefore 
travels round the circumference of the mixing bowl 
while simultaneously rotating around its own axis 
(Fig. 11.11). This is therefore a double rotation 
similar to that of a spinning planet around the 
sun – hence the name – and is designed so that  the 
blade covers all the volume of the mixer.

Scale-up o  powder mixing

The extent of mixing achieved at a small laboratory 
scale during development work may not necessarily 
be mirrored when the same formulation is mixed at 
a full production scale, even if the same mixer 
design is used for both. Often, mixing ef ciency and 
the extent of mixing are improved on scale-up owing 
to increased shear forces. This is likely to be bene -
cial in most cases, although when blending 

Fig . 11.8 •  Diagrammatic representation of a high-
speed mixer-granulator. 

Fig . 11.9 •  Ribbon agitator powder mixer. 

Fig . 11.10 •  Planetary mixer for powders and 
semi-solids. 

expansion in bed volume which allows diffusive 
mixing. Once mixed, granulating agent can be added 
and granules formed in situ using a slower impeller 
speed and the action of the side-mounted chopper 
blade. Further details of granule production using 
this method can be found in Chapter 28.

Because of the high-speed movement within a 
mixer-granulator, care needs to be taken if the mate-
rial being mixed fractures easily. This, and the prob-
lems associated with overmixing of lubricants, 
means that this type of mixer is not normally used 
for blending lubricants.

Fluid ized-bed  mixers
The main use of  uidized-bed equipment is in the 
drying of granules (Chapter 29) or the coating 
of multiparticulates (Chapter 32). Fluidized-bed 
equipment can, however, be used to mix powders 
prior to granulation in the same bowl. This is dis-
cussed in Chapter 28.

Agita tor mixers
This type of mixer depends on the motion of a blade 
or paddle through the product, and hence the main 
mixing mechanism is convection. Examples include 
the ribbon mixer and the planetary mixer.

In the ribbon mixer (Fig. 11.9), mixing is achieved 
by the rotation of helical blades in a hemispherical 
trough. ‘Dead spots’ are dif cult  to eliminate in this 
type of mixer and the shearing action caused by the 
movement of the blades may be insuf cient to break 
up drug aggregates. The mixer does, however, mix 
poorly  owing material and is less likely to cause 
segregation than a tumbling mixer.

A drawing of an industrial planetary mixer is 
shown in Figure 11.10. Similar designs are used for 
both powder and semi-solid mixing. The mixing 
bowl is shown in the lowered position for  lling and 
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likely to settle rapidly when mixing is discontinued. 
Viscous liquids are more dif cult  to stir and mix but 
they reduce the sedimentation rate of suspended 
particles (discussed further in Chapter 26).

Mixers   or miscible liquids   
and suspens ions

Prope lle r mixers
A common arrangement for medium-scale  uid 
mixing is a propeller-type stirrer which is often used 
clamped to the edge of a vessel. A propeller has 
angled blades, which cause the circulation of the 
 uid in both an axial and radial direction. An off-
centre mounting discourages the formation of a 
vortex, which may form when the stirrer is mounted 
centrally. A vortex forms when the centrifugal force 
imparted to the liquid by the propeller blades causes 
it  to back up round the sides of the vessel and form 
a depression around the shaft . As the speed of rota-
tion is increased, air may be sucked into the  uid 
due to the formation of a vortex; this can cause 
frothing and possible oxidation (Fig. 11.12a). 
Another method of suppressing a vortex is to  t  
vertical baf es into the vessel. These divert the 
rotating  uid from its circular path into the centre 
of the vessel where the vortex would otherwise 
form (Fig. 11.12b).

The ratio of the diameter of a propeller stirrer to 
the diameter of the vessel is commonly 1 : 10 to 
1 : 20 and it  typically operates at speeds of 1–20 

lubricants care is needed to avoid overlubrication 
which may, for example, lead to soft tablets and 
delayed disintegration and dissolution.

Problems associated with a de ciency of some of 
the components of a formulation, which have been 
encountered at a production scale but not in devel-
opment work, have been traced to adsorption of a 
minor constituent (e.g. a drug or colourant) onto the 
mixer wall or mixing blade.

Drug particle characteristics may also change 
when the drug is manufactured on a large scale. This 
in turn may affect the movement of the particles 
in the mixer and the interaction with other com-
ponents and hence the tendency to mix and 
segregate.

The optimum mixing time and conditions should 
therefore be established and validated at a produc-
tion scale so that the appropriate degree of mixing 
is obtained without segregation, overlubrication or 
damage to component particles. Minimum and 
maximum mixing times which give a satisfactory 
product should be determined, if appropriate, so 
that the ‘robustness’ of the mixing process is 
established.

Mixing of mis c ible  liquids   
and s us pe ns ions

Mobile liquids with a low viscosity are easily mixed 
with each other. Similarly, solid particles are readily 
suspended in mobile liquids though the particles are 

Fig . 11.11 •  Top view of a planetary mixer, showing 
path of paddle. 
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(b) baf ed tank. 

Flow
patte rn

Vertica l
baffle

Vortex

Unbaffled tank  Baffled tank
a  b



 M ixin g  C H A P T E R  1 1

18 5

generation of droplets of the dispersed phase which 
are small enough to produce stable dispersions 
(water-in-oil or oil-in-water). Turbine mixers of this 
type (homogenizers) are therefore often  t ted to 
vessels used for the large-scale production of emul-
sions and creams.

Turbine-type mixes will not cope with liquids of 
very high viscosity since the material will not be 
drawn into the mixer head. These liquids are best 
treated as semi-solids and handled in the same 
equipment as used for such materials (see below).

In-line  mixers
As an alternative to mixing  uids in batches in 
vessels, mobile miscible components may be fed 
through an ‘inline’ mixer designed to create turbu-
lence in a  owing  uid stream. In this case, a con-
tinuous mixing process is possible.

Mixing of s e mi-s o lids

The problems that  arise during the mixing of semi-
solids (ointments and pastes) stem from the fact 
that , unlike liquids, semi-solids will not  ow easily. 
Material that  nds its way to a ‘dead spot’ will 
remain there. For this reason, suitable mixers must 
have rotating elements with narrow clearances 
between themselves and the mixing vessel wall, and 
they must produce a high degree of shear mixing 
since diffusion mixing cannot occur.

Mixers   or semi-solids

Plane ta ry mixers
This type of mixer is commonly found in the domes-
tic kitchen (e.g. Kenwood type mixers) and larger 
machines which operate on the same principle are 
used in the pharmaceutical industry (shown in Fig. 
11.10). When used for the mixing of semi-solids, 
they are designed so that there is only a small clear-
ance between the vessel and the paddle in order to 
ensure suf cient shear. However, ‘scraping down’ of 
the bowl is usually necessary several t imes during a 
run to mix the contents well, since some materials 
are forced to the top of the bowl.

Double planetary mixers that move material by 
rotating two identical blades (either rectangular or 
helical) on their own axes as they orbit  on a common 
axis are often used for mixing highly viscous 

revolutions/ second. The propeller stirrer depends 
for its action on a satisfactory axial and radial  ow 
pattern which will not occur if the  uid is too 
viscous. There must be a fast  ow of  uid towards 
the propeller which can only occur if the  uid is 
mobile.

Turb ine  mixers
A turbine mixer may be used for more viscous  uids 
and a typical construction is shown in Figure 11.13. 
The impeller has four  at blades surrounded by 
perforated inner and outer diffuser rings. The rotat-
ing impeller draws the liquid into the mixer ‘head’ 
and forces the liquid through the perforations with 
considerable radial velocity, suf cient to overcome 
the viscous drag of the bulk of the  uid. One draw-
back is the absence of an axial component, but a 
different head with the perforations pointing 
upwards can be  t ted if this is desired. As the liquid 
is forced through the small ori ces of the diffuser 
rings at high velocity, large shear forces are pro-
duced. When mixing immiscible liquids, if the ori-
 ces are suf ciently small and velocity suf ciently 
high, the shear forces produced enable the 

Fig . 11.13 •  Turbine mixer. 
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is usually subjected to the further action of a roller 
mill or colloid mill so as to ‘rub out’ these particles 
by the intense shear generated by rollers or cones 
set with a very small clearance between them.
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semi-solid materials. As the blades continuously 
advance along the periphery of the mixer vessel, 
they remove material from the walls and transport 
it  towards the interior.

Sigma b lade  mixers
This robust mixer will deal with stiff pastes and 
ointments and depends for its action on the close 
intermeshing of the two blades which resemble the 
G reek letter Σ in shape – hence the name. The 
clearance between the blades and the mixing trough 
is kept small by the design shown in Figure 11.14.

Further trea tment of s emis olid  
d is pers ions
It is very dif cult , using primary mixers, to com-
pletely disperse powder particles in a semi-solid 
base so that they are invisible to the eye. The mix 

Fig . 11.14 •  Sigma blade mixer. 
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•  These dif culties  are caused by the adhes ive 
and cohes ive characteris tics  of the powder  
These are surface properties  and thus  their 
magnitude is  greatly in uenced by particle and 
surface characteris tics , such as  particle s ize, 
roughness , surface free energy, shape, etc 

•  A thorough knowledge of powder  ow can 
ass is t in the des ign of ef cient equipment for 
powder handling 

•  It is  important that, even in the early s tages  of 
formulation development, the pharmaceutical 
scientis t is  aware of how the intended 
formulation will perform, for example, on a 
high-speed tabletting machine 

•  Because of the importance of powder  ow, 
many laboratory tes ts  have been developed to 
help predict how a material (or more often a mix 
of materials ) will perform during manufacture  
Hausner ratio and Carr’s  Index have proved to 
be particularly useful in this  context 

•  It is  an important aspect in formulation des ign 
for the pharmaceutical scientis t to make every 
effort to improve the  ow of the powders  in  
a  particular product, rather than jus t accepting  
the material supplied in order to minimize 
production problems   The scientis t can help  
to set the speci cation of s ize, shape, s ize 
dis tribution, etc , or make formulation changes , 
e  g  by adding  ow activators  or glidants  

Introduc tion

Powders are generally considered to be composed of 
solid particles of the same or different chemical 
compositions having equivalent diameters less than 
1000 µm. G ranules are groups of particles formed 

Michael E. Aulton

KE Y P O IN TS

•  The  ow of powders  and granules  (a very 
common pharmaceutical operation) is  much 
more dif cult than that of liquids   The  ow is  
often variable and unpredictable 
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Cohesion occurs between like surfaces, such as the 
same component particles in a bulk solid, whereas 
adhesion occurs between two different objects, for 
example between two different particles, or between 
a particle and, say, a hopper wall.

Adhesive and cohesive forces acting between par-
t icles in a powder bed are composed mainly from 
short-range non-speci c van der Waals forces which 
increase as particle size decreases and vary with 
changes in relative humidity. Other attractive forces 
contributing to interparticulate adhesion and cohe-
sion may be produced by surface tensional forces 
between adsorbed liquid layers at the particle sur-
faces and by electrostatic forces arising from contact  
or frictional charging. These may have short dura-
tion but increase adhesion and cohesion through 
improving interparticulate contacts and hence 
increasing the quantity of van der Waals interactions. 
Cohesion provides a useful method of characterizing 
the drag or frictional forces acting within a powder 
bed to prevent powder  ow.

Angle of repose

Angle of repose is a simple measure of powder  ow 
but it  is based on scienti c principles. An object, 
such as a particle, will begin to slide when the angle 
of inclination is large enough to overcome frictional 
forces. Conversely, an object in motion will stop 
sliding when the angle of inclination is below that 
required to overcome adhesion/ cohesion. This 
balance of forces causes a powder poured from a 
container on to a horizontal surface to form a heap. 
Initially the particles stack until the approach angle 
for subsequent particles joining the stack is large 
enough to overcome friction. They then slip and roll 
over each other until the gravitational forces balance 
the interparticulate forces. The sides of the heap 
formed in this way make an angle with the horizon-
tal which is called the angle of repose and is a char-
acteristic of the internal friction or cohesion of the 
particles.

The value of the angle of repose will be high if a 
powder is cohesive and low if a powder is non-
cohesive. If the powder is very cohesive, the heap 
may be characterized by more than one angle of 
repose. Initially, the interparticulate cohesion causes 
a very steep cone to form but, on the addition of 
further powder, this tall stack may suddenly col-
lapse, causing air to be entrained between particles 
and partially  uidizing the bed, thus making it  more 

into granules and individual larger particles which 
may have overall dimensions greater than 1000 µm 
(Chapter 28). As far as powder  ow is concerned, 
these will be discussed together and the word 
‘powder’ is used here to describe either system.

The largest pharmaceutical use of powders is to 
produce tablets and capsules. Together with mixing 
and compaction properties, the  owability of a 
powder is of critical importance in the production 
of pharmaceutical dosage forms. Some of the reasons 
for producing free- owing pharmaceutical powders 
include:
•  uniform  ow from bulk storage containers or 

hoppers into the feed mechanisms of tableting 
or capsule- lling equipment, allowing uniform 
particle packing and a constant volume-to-mass 
ratio in order to maintain tablet  weight 
uniformity

•  reproducible  lling of tablet dies and capsule 
dosators to improve weight uniformity and 
allow tablets to be produced with more 
consistent physicomechanical properties

•  uneven powder  ow can result in excess 
entrapped air within powders, which in some 
high-speed tableting conditions may promote 
capping or lamination

•  uneven powder  ow can result from excess  ne 
particles in a powder, which increases particle–
die-wall friction, causing lubrication problems, 
and increased dust contamination risks during 
powder transfer.

There are many industrial processes that require 
powders to be moved from one location to another 
and this is achieved by many different methods, 
such as gravity feeding, mechanically assisted 
feeding, pneumatic transfer,  uidization in gases and 
liquids and hydraulic transfer. In each of these 
examples, powders are required to  ow and, as with 
other operations described earlier, the ef ciency 
with which they do so is dependent on both process 
design and particle properties.

Partic le  prope rtie s

Adhes ion and cohes ion

The presence of molecular forces produces a ten-
dency for solid particles to stick to themselves and 
to other surfaces. Adhesion and cohesion can be 
considered as two aspects of the same phenomenon. 
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with very high surface-to-mass ratios are more 
adhesive/ cohesive than coarser particles which are 
in uenced more by gravitational forces. Particles 
larger than 250 µm are usually relatively free  owing 
but as the size falls below 100 µm, powders become 
more adhesive/ cohesive and  ow problems are likely 
to occur. Powders having a particle size less than 
10 µm are usually extremely adhesive/ cohesive and 
resist   ow under gravity. An important exception to 
this reduction in  owability is when the very small 
particles become adhered/ cohered to larger ones 
and the  owability of the powder as a whole then 
become controlled by the larger particles. This phe-
nomenon is important in the concept of ordered 
mixing (Chapter 11) and formulation of dry powder 
inhalers (Chapter 37).

Pa rtic le .s hape
Powders with similar particle sizes but dissimilar 
shapes can have markedly different  ow properties 
owing to differences in interparticulate contact 
areas. For example, a group of spheres has minimum 
interparticulate contact and generally optimal  ow 
properties, whereas a group of particle  akes or 
dendritic particles has a very high surface-to-volume 
ratio and poorer  ow properties. Irregular shaped 
particles may experience mechanical interlocking in 
addition to adhesional and cohesional forces.

Pa rtic le .dens ity.(true .dens ity)
Because powders normally  ow under the in uence 
of gravity, higher density particles are generally less 
adhesive/ cohesive than less dense particles of the 
same size and shape.

Packing geometry

A set of particles can be  lled into a volume of space 
to produce a powder bed which is in static equilib-
rium owing to the interaction of gravitational and 
adhesive/ cohesive forces. By slight vibration of the 
bed, particles can be mobilized so that if the vibra-
tion is stopped, the bed is once more in static equi-
librium but occupies a different spatial volume than 
before. The change in bulk volume has been pro-
duced by rearrangement of the packing geometry of 
the particles. In general, such geometric rearrange-
ments result  in a transit ion from loosely packed 
particles to more t ightly packed ones, so that the 

mobile. The result ing heap has two angles of repose: 
a large angle remaining from the initial heap and a 
shallower angle formed by the powder  ooding from 
the initial heap (Fig. 12.1).

Particle properties  and bulk  ow

In the discussion concerning adhesion/ cohesion it  is 
clear that an equilibrium exists between forces 
responsible for promoting powder  ow and those 
preventing powder  ow, i.e. at  equilibrium:

 Σ  Σf f( ) ( )driving forces drag forces=  
(12.1)

that is:

Σf( , ,gravitational force  particle mass  angle of
inclination of powder bed  static head of powder
mechanical force

, ,
)…  = ΣΣf( ,

, ,
adhesive forces

cohesive forces  other surface forces
mmechanical interlocking…)

 

(12.2)

Some of these forces are modi ed or controlled by 
external factors related to particle properties, such 
as size, shape and density.

Partic le .s ize .e   ec ts
Because adhesion and cohesion are phenomena that 
occur at  surfaces, particle size will in uence the 
 owability of a powder. In general,  ne particles 

Fig . 12.1 •  Cohesive powder poured in a heap and 
showing different angles of repose: θm maximum angle 
formed by cohesive particles θs shallowest angle formed 
by collapse of cohesive particle heap, resulting in 
 ooding. In some cases, a third angle. θi is  identi able 
as an intermediate slope produced by cohesive particles 
stacking on  ooded powder. 
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bulk density true density
i e  bulk density true density

α
. .  = k

 

(12.4)

or:

 k = bulk density
true density

 

(12.5)

The constant of proportionality, k, is known as the 
packing fraction or fractional solids content. For 
example, the packing fraction for dense, randomly 
packed spheres is approximately 0.65, whereas the 
packing fraction for a set of dense, randomly packed 
discs is 0.83. Also:

 1−  =k  e  
(12.6)

where e is the fractional voidage of the powder bed, 
which is usually expressed as a percentage and 
termed the bed porosity. Another way of expressing 
fractional voidage is to use the ratio of particle 
volume Vp to bulk powder volume VB, i.e.:

 e  V
V

=  −1  p

B
 

(12.7)

A simple ratio of void volume Vv to particle volume 
Vp represents the voids ratio:

 
V
V

e
e

v

p
=

−(  )1
 

(12.8)

which provides information about the stability of 
the powder mass.

For powders having comparable true densities, an 
increase in bulk density causes a decrease in poros-
ity. This increases the number of interparticulate 
contacts and contact areas and causes an increase in 
adhesion/ cohesion. For very coarse particles, this 
may still be insuf cient to overcome the gravita-
tional in uence on particles. Conversely, a decrease 
in bulk density may be associated with a reduction 
in particle size and produce a loose-packed powder 
bed which, although porous, is unlikely to  ow 
because of the inherent adhesiveness/ cohesiveness 
of the  ne particles.

equilibrium balance moves from left  to right in 
Equations 12.1 and 12.2 and adhesion/ cohesion 
increases. This also means that more tightly packed 
powders require a higher driving force to produce 
powder  ow than more loosely packed particles of 
the same powder.

Charac te riza tion.o .packing.geometry.by.
poros ity.and .bulk.dens ity
A set of monosized spherical particles can be 
arranged in many different geometric con gurations. 
At one extreme, when the spheres form a cubic 
arrangement, the particles are most loosely packed 
and have a porosity of 48% (Fig. 12.2a). At the other 
extreme, when the spheres form a rhombohedral 
arrangement, they are most densely packed and 
have a porosity of only 26% (Fig. 12.2b). The poros-
ity used to characterize packing geometry is linked 
to the bulk density of the powder. Bulk density, ρB, 
is a characteristic of a powder rather than individual 
particles and is given by the mass, M , of powder 
occupying a known volume, V , according to the 
relationship:

 ρB  kgm=  −M
V

3  

(12.3)

The bulk density of a powder is always less than the 
true density of its component particles because the 
powder contains intraparticular pores or interpar-
ticulate air- lled voids. Thus whereas a powder can 
only possess a single true density, it  can have many 
different bulk densities, depending on the way in 
which the particles are packed and the bed porosity. 
However, a high bulk density value does not neces-
sarily imply a close-packed low-porosity bed, as bulk 
density is directly proportional to true density.

Fig . 12.2 •  Different geometric packings of spherical 
particles, (a) Cubic packing. (b) Rhombohedral packing. 

a  b



 P o w d e r f o w  C H A P T E R  1 2

19 1

Proc e s s  c onditions :  
hoppe r de s ign

Flow through an ori ce

There are many examples of this type of  ow to be 
found in the manufacture of pharmaceutical solid 
dosage forms, for example when granules or powders 
 ow through the opening in a hopper or bin used to 
feed powder to tableting machines, capsule- lling 
machines or sachet- lling machines. Because of the 
importance of such  ow in producing unit doses 
containing the same or very similar powder masses, 
and the importance of  ow behaviour in other indus-
tries, the behaviour of particles being fed through 
ori ces has been extensively studied. This has led to 
the design of hopper now used in most industrial 
pharmaceutical powder applications.

A hopper or bin can be modelled as a tall cylindri-
cal container having a closed ori ce in the base and 
initially full of a free- owing powder which has a 
horizontal upper surface (Fig. 12.5a). When the 
ori ce at the base of the container is opened, 
 ow patterns develop as the powder discharges 
(Fig. 12.5a–f ).

The observed sequence is as follows:
1. On opening the ori ce, there is no 

instantaneous movement at the surface but 
particles just above the ori ce fall freely 
through it  (Fig. 12.5b).

2. A depression forms at the upper surface and 
spreads outwards to the sides of the hopper 
(Fig. 12.5c, d).

3. Provided that the container is tall and not too 
narrow, the  ow pattern illustrated in Figure 
12.5e and shown schematically in Figure 12.6  
is rapidly established. Particles in zone A move 
rapidly over the slower moving particles in zone 
B, whereas those in zone E remain stationary. 
The particles in zone A feed into zone C, where 
they move quickly downwards and out through 
the ori ce. The more slowly moving particles in 
zone B do not enter zone C.

4. Both powder streams in zones B and C 
converge to a ‘tongue’ just  above the ori ce, 
where the movement is most rapid and the 
particle packing is least dense. In a zone just 
above the ori ce, the particles are in free  ight.

Important practical consequences of this  ow 
pattern are that if a square-bottomed hopper or bin 

In powders where the particle shape or cohesive-
ness promotes arch or bridge formation, two equi-
librium states could have similar porosities but 
widely different packing geometries. In such condi-
tions, interparticulate pore size distributions can be 
useful for comparing packing geometry.

For example, Figure 12.3a shows a group of par-
ticles in which arching has occurred and Figure 
12.3b shows a similar group of particles in which 
arch formation is absent. The total porosity of the 
two systems can be seen to be similar but the pore 
size distributions (Fig. 12.4) reveal that the powder 
in which arch formation has occurred is generally 
more tightly packed than that in which arching is 
absent.

The measurement of packing geometry by an 
assessment of percentage compressibility and 
changes in bulk density have proved to be useful 
indirect methods to estimate powder  ow in an 
industrial manufacturing process (see later in this 
chapter).

Fig . 12.3 •  Two equidimensional powders having the 
same porosity but different packing geometries. 

a  b

Fig . 12.4 •  (a) Interparticulate pore size distribution 
corresponding to close-packed bed containing a 
powder arch. (b) Interparticulate pore size distribution 
corresponding to loosely packed bed. 
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are designed to have a conical lower section, in 
effect  eliminating zone E in Figure 12.6.

Fac tors .a   ec ting.f ow.ra tes ..
through.ori ces
The  ow patterns described above, together with 
powder  ow rates through ori ces, are dependent 
on many different factors, some of which are parti-
cle related and some process related. Particle-related 
effects, notably particle size, are discussed above. 
Process-related effects include the following.
O rif ce d ia meter. The rate of powder  ow through 
an ori ce is proportional to a function of ori ce 
diameter, DO. Flow rate is directly proportional to 
DO

A, where A  is a constant with a value of approxi-
mately 2.6. Provided that  the height of the powder 
bed, called the head of powder, remains considerably 
greater than the ori ce diameter,  ow rate is virtu-
ally independent of powder head. This situation is 
unlike that relating to liquid  ow through an ori ce, 
where the  ow rate falls off continuously as the head 
diminishes. The constant rate of  ow for powders is 

is repeatedly re lled and partially emptied, the par-
ticles in a zone towards the base and sides of the 
container (Fig. 12.5f ) will not be discharged and 
may eventually degrade. Alternatively, this static 
zone may provide a segregation potential for previ-
ously homogeneous powders. Thus process hoppers 

Fig . 12.5 •  Development of  ow through an ori ce. The horizontal lines are formed by indicator particles to show 
the course of the discharge. 

a  b  c

d  e  f

Fig . 12.6 •  Fully developed  ow of a free- owing 
powder through an ori ce. 
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the same substance, respectively) can, in practice, 
be determined by studying the adhesion/ cohesion 
characteristics of a bed of powder. This avoids 
delicate and dif cult  experimentation to determine 
the attractive forces between, say, two individual 
particles.

Shear.s trength

Shea r  stress. This can be de ned as the stress 
(force per unit area) necessary to shear a powder 
bed under conditions of zero normal load. Using this 
criterion, the shear strength of a powder can be 
determined from the resistance to  ow caused by 
adhesion, cohesion or friction and can be measured 
using a shear cell.

The shear cell (Fig. 12.7) is a relatively simple 
piece of apparatus which is designed to measure 
shear stress, τ , at  different values of normal stress, 
σ . There are several types of shear cell which use 
different methods of applying the stresses and meas-
uring the shear strengths. The most common being 
based on the original Jenike principle. In order to 
carry out a shear stress determination, powder is 
packed into the two halves of the cell and a normal 
stress is applied to the lid of the assembled cell. A 
shearing stress across the two halves of the cell is 
applied and the shear stress is determined by divid-
ing the shear force by the cross-sectional area of the 
powder bed. The measured shear stress will increase 
as the normal stress is increased. Shear cell experi-
ments are rather time-consuming and require a well-
trained operator.

In order to calculate the cohesion in a powder 
bed using the shear cell method, the shear stress is 
plotted against normal stress and extrapolated back 
to zero normal stress, as the shear stress at  zero 
normal stress is, by de nition, equal to the cohesion 
of the powder. The higher the intercept the greater 
are the adhesive/ cohesive forces. For a completely 
non-cohesive powder, the extrapolated shear stress 

a useful property as it  means that if a bulk powder 
is  lled into dies, sachets, capsules or other enclo-
sures, they will receive equal weights if  lled for 
equal times.

Hopper width, height of powder in the hopper 
and hopper wall angle also in uence the rate of 
discharge of powder or granules from a hopper.

Charac te rization o    
powde r f ow

When examining the  ow properties of a powder, it  
is useful to be able to quantify the type of behaviour 
in terms of speed and (possibly more importantly) 
uniformity of  ow. Many different methods are 
available, either directly, using dynamic or kinetic 
methods, or indirectly, generally by measurements 
carried out on static beds. These tests attempt to 
correlate the various measures of powder  ow to 
manufacturing properties. A wide range of equip-
ment is available to cater for the wide range of 
powder types and particle sizes encountered in 
pharmaceutical applications.

The apparatus and techniques described below 
are illustrative of the principles on which most 
equipment is based. It  is well established that no 
single, simple test will truly characterize the  ow 
properties during large-scale manufacture but, with 
careful control, the tests can give a good estimate. 
This is particularly useful in the early stages of pre-
formulation, formulation and scale up.

In general, methods of measuring powder  ow 
must be practical, useful, reproducible and sensitive, 
and must yield meaningful results. An appropriate 
strategy is to use multiple standardized test methods 
to characterize the various aspects of powder  ow 
that need to be understood by the pharmaceutical 
scientist. Pharmacopoeias are making an effort to 
standardize the tests used to assess powder  ow and 
current tests that have an indicated preference 
are i) angle of repose, ii) compressibility index and 
Hausner ratio, iii)  ow rate through an ori ce and iv) 
shear cell. Each of these is described in the text below.

Indirect methods

Meas urement.o .cohes ive /adhes ive .
p ropertie s
Adhesive or cohesive forces (acting between parti-
cles of different substances or between particles of 

Fig . 12.7 •  Diagrammatic representation of Jenike shear 
cell. 
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self-consistent. It  is also possible that different 
angles of repose could be obtained for the same 
powder, owing to differences in the way the samples 
were handled prior to measurement. For these 
reasons, angles of repose tend to be variable and are 
not always representative of  ow under speci c 
conditions.

It  is particularly dif cult  to determine this angle 
with very poor  owing material (see discussion of 
Fig. 12.1). In order to overcome this problem, it  is 
suggested that determinations of angles of repose be 
carried out using different concentrations of a very 
adhesive/ cohesive powder and a non-adhesive/ cohe-
sive powder. The angles of repose are plotted against  
mixture concentration and extrapolated to 100% of 
the more adhesive/ cohesive powder content so as to 
obtain the appropriate angle of repose that would 
be unobtainable in practice (Fig. 12.9).

As a general guide, powders with angles of repose 
greater than 45° have unsatisfactory  ow properties, 
whereas minimum angles close to 25° will have 
excellent  ow properties. A more detailed corre-
lation was suggested by Carr. This is shown in 
Table 12.2.

Determinations  based  
on bulk dens ity

Bulk.dens ity.meas urements
The bulk density of a powder is dependent on par-
ticle packing and changes as the powder consoli-
dates. A consolidated powder is likely to have a 
greater arch strength than a less consolidated one 
and may therefore be more resistant to powder  ow. 
The ease with which a powder consolidates can be 

Fig . 12.8 •  Measurement of tensile strength of a 
powder bed using tilting table method. 
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Fig . 12.9 •  Determination of angle of repose for very 
cohesive powders. 
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will pass through the origin, equivalent to zero shear 
stress.

Tens ile .s trength
The tensile strength of a powder bed is also a 
characteristic of the internal friction, adhesion or 
cohesion of the particles. In tensile strength deter-
minations, the powder bed is caused to fail in tension 
by split t ing, rather than failing in shear by sliding, as 
is the case with shear stress determinations. The 
powder is packed into a split  plate, one half of which 
is  xed and the other half free to move (Fig. 12.8). 
The table is then tilted towards the vertical until the 
angle is reached at which the powder cohesion is 
overcome and the mobile half-plate breaks away 
from the static half-plate. The tensile strength, σ t, 
of the powder can then be determined from Equa-
tion 12.8:

 σ  θ
t  =

 Mg
A
sin  

(12.9)

where M  is the mass of the mobile half-plate plus 
powder, θ the angle of the tilted table to the hori-
zontal at the point of failure and A  is the cross-
sectional area of the powder bed.

The tensile strength values of different powders 
have been found to correlate reasonably well with 
another measurement of powder  owability – angle 
of repose.

Angle .o .repos e
Angles of repose have been used as indirect methods 
of quantifying powder  owability, because of their 
relationship with interparticulate cohesion. There 
are many different methods of determining angles 
of repose and some of these are shown in Table 12.1. 
The different methods may produce different 
values for the same powder, although these may be 
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used as an indirect method of quantifying powder 
 ow.

Figure 12.10 shows a mechanical tapping device 
or jolting volumeter which can be used to follow the 
change in packing volume that occurs when void 
space diminishes and consolidation occurs. The 
powder contained in the measuring cylinder is 
mechanically tapped by means of a constant velocity 
rotating cam. The volume decreases from its original 
state (Vo) to a  nal state (V f). Init ial bulk density 
ρBmin (also known as  uff or poured bulk density) 
and a  nal bulk density ρBmax (also known as equilib-
rium, tapped or consolidated bulk density when 
it  has attained its most stable, i.e. unchanging, 

Table 12.1 Methods o  measuring angle o  repose

Apparatus  ApparatusMethod

Fixed height cone  a

a

a

b

b

b

Ledge

Crater

Drained angle of
repose

Drained angle of
repose

Platform Drained angle of
repose

MethodAngle defined

Angle of repose

Fixed base cone Angle of repose

Tilting table Angle of repose

Rotating cylinder Dynamic angle of
repose

Angle defined

arrangement) are calculated from the mass (m) and 
bulk volume of the powder (Eqns 12.10 and 12.11).

 ρB  o/min = m  V  
(12.10)

 ρB  f/max = m  V  
(12.11)

In recent years, the popularity and perceived 
usefulness of  owability tests based on bulk density 
has increased. The two most useful and best char-
acterized are Hausner ratio and compressibility 
index.
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He showed that powders with low interparticu-
late friction, such as coarse spheres, had ratios of 
less than 1.2, whereas more cohesive, less free-
 owing powders such as  akes have Hausner ratios 
greater than 1.5.

Carr’s .index.(Compres s ib ility.index)
Another indirect method of measuring powder  ow 
from bulk densit ies was developed by Carr. The 
percentage compressibility of a powder (Carr’s 
Index) is a direct measure of the potential powder 
arch or bridge strength and stability and is calculated 
according to Equation 12.13:

 %  max  min

max
 compressibility  B  B

B
=  − ×ρ  ρ

ρ
 100  

(12.13)

Table 12.3 shows the generalized relationship 
between descriptions of powder  ow and percent 
compressibility according to Carr. The table also 
includes the equivalent Hausner ratios.

Critica l.ori ce .d iameter
Critical ori ce diameter is a measure of powder 
cohesion and arch strength. In order to carry out 
measurements of critical ori ce diameter, powder is 
 lled into a shallow tray to a uniform depth with 
near-uniform packing. The base of the tray is perfo-
rated with a graduated series of holes, which are 

Haus ner.ra tio
Hausner found that the ratio ρBmax/ρBmin (or the ratio 
Vo/ V f, which is quantitat ively identical) was related 
to interparticulate friction. Because of this, he was 
able to demonstrate that the following ratio was 
predictive of powder  ow.

 Hausner ratio  Tapped density
Poured density

B

B
=  (  )

(  )
 ×ρ

ρ
max

min
1000  

(12.12)

Table 12.3 Relationship between powder f owability, % 
compressibility and Hausner ratio

Compressibility 
index (%)
(Carr’s index)

Type o  f ow Hausner ratio

1–10 Excellent 1.00–1.11

11–15 Good 1.12–1.18

16–20 Fair 1.19–1.25

21–25 Passable 1.26–1.34

26–31 Poor 1.35–1.45

32–37 Very poor 1.46–1.59

>38 Very, very poor  >1.60

Table 12.2 Angle o  repose as an indication o   
powder f ow properties (based on Carr)

Angle o  repose 
(degrees)

Type o  f ow

25–30 Excellent

31–35 Good

36–40 Fair (f ow aid not needed)

41–45 Passable (may hang up, f ow aid 
might be needed)

46–55 Poor (agitation or vibration needed)

56–65 Very poor

Over 66 Very, very poor

Fig . 12.10 •  Mechanical tapping device (jolting 
volumeter). 

Cam

To motor

Initia l leve l of powder   Vo
Fina l leve l of powder    Vf
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Recording  owmeters allow mass  ow rates to be 
determined and also provide a means of quantifying 
uniformity of  ow.

Improve me nt o    
powde r f owability

Alteration of particle s ize and  
s ize dis tribution

Because coarse (largest) particles are generally 
less cohesive than  ne (smaller) particles and an 
optimum size for free  ow exists, there is a distinct 
processing disadvantage in using a  ner grade of 
powder than is necessary.

The size distribution can also be altered to 
improve  owability by removing a proportion of the 
 ne particle fraction or by increasing the proportion 
of coarser particles, such as may be achieved through 
granulation.

Alteration of particle shape  
or texture

In general, for a given particle size, more spherical 
particles have better  ow properties than more irreg-
ular particles. The process of spray-drying can be used 
to produce near-spherical excipients, for example 
spray-dried lactose. Under certain circumstances, 
drug particles that are normally acicular (needle-
shaped) can be made more spherical by spray-drying 
or by temperature-cycling crystallization.

The surface texture of particles may also in u-
ence powder  owability, as particles with very rough 
surfaces will have a greater tendency to interlock 
than smooth-surfaced particles. The shape and 
texture of particles can also be altered by control 
of production methods, such as crystallization 
conditions.

Alteration of surface forces

Reduction of electrostatic charges can improve 
powder  owability and this can be achieved by alter-
ing process conditions to reduce frictional contacts. 
For example, where powder is poured down chutes 
or conveyed along pipes pneumatically, the speed 

blocked either by resting the tray on a plane 
surface or by the presence of a simple shutter. The 
critical ori ce diameter is the size of the smallest 
hole through which powder discharges when the 
tray is lifted or the shutter removed. Sometimes 
repetition of the experiment produces a range of 
values for crit ical ori ce diameter; in these cases 
maximum and minimum values are sometimes 
quoted.

An alternative critical ori ce method for deter-
mining powder  owability uses a cylinder with a 
series of interchangeable base plate discs having dif-
ferent diameter ori ces. Flow rate through a par-
ticular ori ce size can be used as a simple standard 
to specify materials for use in  lling given capsule 
sizes, sachets or producing particular tablet sizes at 
a speci ed rate.

Direct measurements  of  ow

Hopper.f ow.ra te
A simple direct method of determining powder 
 owability is to measure the rate at which powder 
discharges from a hopper. A simple shutter is placed 
over the hopper outlet and the hopper is  lled with 
powder. The shutter is then removed and the time 
taken for the powder to discharge completely is 
recorded. By dividing the discharged powder mass 
by this time, a mass  ow rate is obtained which can 
be used for quantitative comparison of different 
powders.

Hopper or discharge tube outlets should be 
selected to provide a good model for a particular 
 ow application. For example, if a powder discharges 
well from a hopper into a tablet machine feed frame 
but does not  ow reproducibly into the tablet die, 
then it  is likely that more useful information will be 
generated by selecting experimental conditions to 
model those occurring in  ow from the feeder to 
the die, rather than those in  ow from the hopper 
to the feeder.

Recording.f owmete r
A recording  owmeter is essentially similar to the 
method described above except that powder is 
allowed to discharge from a hopper or container 
onto a balance. The digital signal from the balance 
records the increase in powder mass with t ime. 
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measures are required. One method of encouraging 
powder  ow where arching or bridging has occurred 
within a hopper is to add to the  ow-inducing 
stresses by vibrating the hopper mechanically. Both 
the amplitude and the frequency of vibration can be 
altered to produce the desired effect . This may 
vary from a single cycle or shock, produced by a 
compressed-air device or hammer, to continuous 
high frequencies produced, for example, by out- 
of-balance electric motors mounted on a hopper 
frame.

Us e .o .  orce . eeders
The  ow of powders that discharge irregularly or 
 ood out of hoppers can be improved by  tt ing 
vibrating baf es at the base of the conical section 
within a hopper.

The out owing stream from a hopper can be 
encouraged to move towards its required location 
using a slightly sloping moving belt  or, in the case of 
some tableting machines, the use of mechanical 
force feeders. Force feeders are usually made up of 
a single or two counter-rotating paddles at the base 
of the hopper just  above the die table in place of a 
feed frame. The paddles act  by preventing powder 
arching over dies and thereby improve die  lling, 
especially at  high turret speeds.

Summary

In most pharmaceutical technology operations, it  is 
dif cult to alter one process without adversely in u-
encing another. In the case of alterations made in 
order to improve powder  ow, relative particle 
motion will be promoted but this could lead to 
demixing or segregation. In extreme cases, improv-
ing powder  ow to improve weight uniformity 
may reduce content uniformity through increased 
segregation.
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and length of transportation should be minimized. 
Electrostatic charges in powder containers can be 
prevented or discharged by ef cient earth 
connections.

The moisture content of particles is also of 
importance to powder  owability, as adsorbed 
surface moisture  lms tend to increase bulk density 
and reduce porosity. In cases where moisture content 
is excessive, powders should be dried and, if hygro-
scopic, stored and processed under low-humidity 
conditions.

Formulation additives :  
 ow activators

Flow activators are commonly referred to pharma-
ceutically as ‘glidants’, although some also have 
lubricant or antiadherent properties. Flow activators 
improve the  owability of powders by reducing 
adhesion and cohesion.

A  ow activator with an exceptionally high spe-
ci c surface area is colloidal silicon dioxide, which 
may act by reducing the bulk density of tightly 
packed powders. Colloidal silicon dioxide also 
improves  owability of formulations, even those 
containing other glidants, although if used exces-
sively it  can cause  ooding.

Where powder  owability is impaired through 
increased moisture content, a small proportion of 
very  ne magnesium oxide may be used as a  ow 
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In cases where the powder arch strength within a 
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KE Y P O IN TS

•  Microorganisms  have the capacity to cause 
disease and to contaminate and spoil 
pharmaceutical products , but they can also be 
used to produce materials  such as  antibiotics  
and s teroids  for use in medicine 

•  Viruses  are not cellular s tructures  but are 
packages  of protein and nucleic acid  They have 
no independent exis tence and are obligate 
intracellular paras ites  

•  Bacteria are prokaryotic cells  and the main 
focus  of interes t in pharmaceutical microbiology  
They are found everywhere in the environment 
and are broadly divided into Gram-pos itive and 
Gram-negative cells  based upon their cell wall 
s tructure 

•  Fungi are eukaryotic cells  and as  such resemble 
mammalian cells  in their general s tructure  They 
are primarily saprophytes  but a small number of 
species  are capable of caus ing disease  Many 
fungi are capable of producing materials  which 
are of use indus trially 

Introduc tion

Microorganisms are ubiquitous in nature and are 
vital components in the cycle of life. The majority 
are free-living organisms growing on dead or decay-
ing matter whose prime function is the turnover of 

13  Fundamentals  of microbiology
Part 3: Pharmac e utic al mic robio logy and s te rilization

G eoffrey W. Hanlon
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smallest known virus) and yet causes a disease in 
potatoes. Prions are small, self-replicating proteins 
devoid of any nucleic acid. The prion associated 
with Creutzfeld–Jakob disease in humans, scrapie in 
sheep and bovine spongiform encephalitis in catt le 
has only 250 amino acids and is highly resistant to 
inactivation by normal sterilization procedures.

Viruses are more complex than viroids or prions, 
possessing both protein and nucleic acid. Despite 
being among the most dangerous infectious agents 
known, they are still not regarded as living. Table 
13.2 shows the major groups of viruses infecting 
humans.

Virus e s

Viruses are obligate intracellular parasites with no 
intrinsic metabolic activity, being devoid of ribos-
omes and energy-producing enzyme systems. They 
are thus incapable of leading an independent exist-
ence and cannot be cultivated on cell-free media, no 
matter how nutrit ious. The size of human viruses 
ranges from the largest poxviruses, measuring about 
300 nm, to the picornaviruses, such as the poliovirus 
which is approximately 20 nm. When one considers 
that  a bacterial coccus measures 1000 nm in diam-
eter, it  can be appreciated that only the very largest 
virus particles may be seen under the light micro-
scope, and electron microscopy is required for visu-
alizing the majority. It  will also be apparent that few 
of these viruses are large enough to be retained on 
the 200 nm (0.2 µm) membrane  lters used to 
sterilize thermolabile liquids.

Viruses consist of a core of nucleic acid (either 
DNA as in vaccinia virus or RNA as in poliovirus) 
surrounded by a protein shell or capsid. Most DNA 
viruses have linear, double-stranded DNA but in the 
case of the parvovirus it  is single stranded. The 
majority of RNA-containing viruses contain one 
molecule of single-stranded RNA, although in reo-
viruses it  is double stranded. The protein capsid 
comprises 50–90% of the weight of the virus and, 
as nucleic acid can only synthesize approximately 
10% its own weight of protein, the capsid must be 
made up of a number of identical protein molecules. 
These individual protein units are called capsomeres 
and are not in themselves symmetrical but are 
arranged around the nucleic acid core in character-
istic symmetrical patterns. Additionally, many of the 
larger viruses possess a lipoprotein envelope sur-
rounding the capsid arising from the membranes 

organic materials in the environment. Pharmaceuti-
cal microbiology, however, is concerned with the 
relatively small group of biological agents that  cause 
human disease, spoil prepared medicines or can be 
used to produce compounds of medical interest.

In order to understand microorganisms more 
fully, living organisms of similar characteristics have 
been grouped together into taxonomic units. The 
most fundamental division is between prokaryotic 
and eukaryotic cells, which differ in a number 
of respects (Table 13.1) but particularly in the 
arrangement of their nuclear material. Eukaryotic 
cells contain chromosomes, which are separate from 
the cytoplasm and contained within a limiting 
nuclear membrane, i.e. they possess a true nucleus. 
Prokaryotic cells do not possess a true nucleus and 
their nuclear material is free within the cytoplasm, 
although it  may be aggregated into discrete areas 
called nuclear bodies. Prokaryotic organisms make 
up the lower forms of life and include Eubacteria 
and Archaeobacteria. Eukaryotic cell types embrace 
all the higher forms of life, of which only the fungi 
will be dealt with in this chapter.

One characteristic shared by all microorganisms 
is the fact that they are small; however, it  is a philo-
sophical argument whether all infectious agents can 
be regarded as living. Some are lit t le more than 
simple chemical entities incapable of any free-living 
existence. Viroids, for example, are small circular, 
single-stranded RNA molecules not complexed with 
protein. One particularly well-studied viroid has 
only 359 nucleotides (one-10th the size of the 

Table 13.1 Differences between prokaryotic and 
eukaryotic organisms

Structure Prokaryotes Eukaryotes

Cell wall 
structure

Usually contains 
peptidoglycan

Peptidoglycan 
absent

Nuclear 
membrane

Absent  Present. Possess 
a true nucleus

Nucleolus  Absent  Present

Number of 
chromosomes

One  More than one

Mitochondria  Absent  Present

Mesosomes  Present  Absent

Ribosomes  70S  80S
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Table 13.2 The major groups of viruses that infect humans

Family Capsid Nucleic acid Envelope Example

Adenovindae  Icosahedral  dsDNA  No  Human adenovirus

Arenaviridae  Helical  ssRNA  Yes  Lassa fever virus

Flaviviridae  Icosahedral  ssRNA  Yes  Yellow fever virus
Hepatitis C virus

Hepadnaviridae  Icosahedral  dsDNA  No  Hepatitis B virus

Herpesviridae  Icosahedral  dsDNA  Yes  Herpes simplex virus
Cytomegalovirus
Varicella zoster virus

Orthomyxoviridae  Helical  ssRNA  Yes  In uenza virus

Papoviridae  Icosahedral  dsDNA  No  Papillomavirus

Paramyxoviridae  Helical  ssRNA  Yes  Respiratory syncytial virus
Measles virus
Mumps virus

Picornaviridae  Icosahedral  ssRNA  No  Rhinovirus
Poliovirus
Coxsackie virus

Poxviridae  Complex  dsDNA  Yes  Molluscum contagiosum
Vaccinia virus
Variola virus

Reoviridae  Icosahedral  dsRNA  No  Rotavirus
Colorado tick fever virus

Retroviridae  Icosahedral  ssRNA  Yes  HIV

Rhabdoviridae  Helical  ssRNA  Yes  Rabies virus

Togaviridae  Icosahedral  ssRNA  Yes  Rubella virus

within the host cell. In many instances the mem-
branes are virus modi ed to produce projections 
outwards from the envelope, such as haemaggluti-
nins or neuraminidase. The enveloped viruses are 
often called ether sensitive, as ether and other 
organic solvents may dissolve the membrane.

The arrangement of the capsomeres can be of a 
number of types.
•  helical – the classic example is tobacco mosaic 

virus (TMV), which resembles a hollow tube 
with capsomeres arranged in a helix around the 
central nucleic acid core

•  icosahedral – these often resemble spheres on 
cursory examination but when studied more 
closely, they are seen to be made up of 
icosahedra that have 20 triangular faces,  

each containing an identical number of 
capsomeres. Examples include the poliovirus 
and adenovirus

•  complex – the poxviruses and bacterial viruses 
(bacteriophages) make up a group whose 
members have a geometry that is individual and 
complex.

Reproduction of viruses

Because viruses have no intrinsic metabolic capabil-
ity, they require the functioning of the host cell 
machinery in order to manufacture and assemble 
new virus particles. It  is this intimate association 
between the virus and its host that makes 
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cell metabolic activity and direct the activities of the 
cell towards the synthesis of proteins necessary for 
the assembly of new virus particles.

As s embly.of.new.virions
Again, there are differences in the detail of how 
the viruses are assembled within the host cell, but 
construction of new virions occurs at this stage 
and up to 100 new virus particles may be produced 
per cell.

Re leas e .of.virus .p rogeny
The newly formed virus particles may be liberated 
from the cell as a burst, in which case the host cell 
ruptures and dies. Infection with in uenza virus 
results in a lytic response. Alternatively, the virions 
may be released gradually from the cell by budding 
of the host cell plasma membrane. These are often 
called ‘persistent’ infection; an example being 
hepatitis B.

Latent infections

In some instances a virus may enter a cell but not 
go through the replicative cycle outlined above and 
the host cell may be unharmed. The genome of the 
virus is conserved and may become integrated into 
the host cell genome where it  may be replicated 
along with the host DNA during cell division. At 
some later stage the latent virus may become reac-
tivated and progress through a lytic phase, causing 
cell damage/death and the release of new virions. 
Examples of this type of infection are those which 
occur with the herpes simplex viruses associated 
with cold sores, genital herpes and also chickenpox 
where the dormant virus may reactivate to give shin-
gles later in life.

Oncogenic viruses

Oncogenic viruses have the capacity to transform 
the host cell into a cancer cell. In some cases this 
may lead to relatively harmless, benign growths, 
such as warts caused by papovavirus, but in other 
cases more severe, malignant tumours may arise. 
Cellular transformation may result from viral activa-
tion or mutation of normal host genes, called pro-
tooncogenes, or the insertion of viral oncogenes.

the treatment of viral infections so complex. Any 
chemotherapeutic approach which damages the 
virus will almost inevitably cause injury to the host 
cells and hence lead to side-effects. An understand-
ing of the life cycle of the virus is vital in determin-
ing suitable target sites for antiviral chemotherapy. 
The replication of viruses within host cells can be 
broken down into a number of stages.

Ads orption.to.hos t.ce ll
The  rst  step in the infection process involves virus 
adsorption on to the host cell. This usually occurs 
via an interaction between protein or glycoprotein 
moieties on the virus surface with speci c receptors 
on the host cell outer membrane. Different cells 
possess receptors for different viruses. For example, 
the human immunode ciency virus (HIV) possesses 
two proteins involved in adsorption to T lym-
phocytes and these are known as gp41 and gp120. 
There are receptors on the lymphocyte surface to 
which HIV will bind. The main receptor is CD4 to 
which the gp120 protein attaches. Other receptors 
are CXCR4 or CCR5 to which the gp41 protein 
binds. Both attachments are necessary for infection 
and lead to conformational changes in the HIV enve-
lope proteins, resulting in membrane fusion.

Pene tra tion
Enveloped viruses fuse the viral membrane with the 
host  cell membrane and release the nucleocapsid 
directly into the cytoplasm. Naked virions generally 
penetrate the cell by phagocytosis. Bacteriophages 
are viruses which speci cally attack bacteria and 
these inject their DNA into the host cell while the 
rest of the virus remains on the outside.

Uncoa ting
In this stage the capsid is removed as a result of 
attack by cellular proteases and this releases the 
nucleic acid into the cytoplasm. These  rst  three 
stages are similar for both DNA and RNA viruses.

Nucle ic .ac id .and .prote in.s ynthes is
The detailed mechanisms by which DNA- and 
RNA-containing viruses replicate inside the cell are 
outside the scope of this chapter and the reader is 
referred to the bibliography for further information. 
After nucleic acid replication, early viral proteins are 
produced, the function of which is to switch off host 
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Eubac te ria

Eubacteria constitute the major group of prokary-
otic cells that  have pharmaceutical and clinical 
signi cance. They include a diverse range of micro-
organisms, from the primitive parasitic rickettsias 
that share some of the characteristics of viruses, 
through the more typical free-living bacteria to the 
branching,  lamentous actinomycetes, which at   rst  
sight resemble fungi rather than bacteria.

Atypical bacteria

Ricke tts iae
The family Rickettsiaceae includes three clinically 
important genera, Rickettsia, Coxiella and Bar-
tonella. Although these are prokaryotic cells, they 
differ from most other bacteria both in their struc-
ture and in the fact that the majority of species lead 
an obligate intracellular existence. This means that, 
with a few exceptions, they cannot be grown on 
cell-free media, although unlike many viruses they 
do possess some independent enzymes. They have 
a pleomorphic appearance, ranging from coccoid 
through to rod-shaped cells; multiplication is by 
binary  ssion. Their cell wall composition bears 
similarities to that of G ram-negative bacteria (see 
later in this chapter) and in general they stain this 
way. The genus Rickettsia has a number of species 
that give rise to human diseases, in particular epi-
demic typhus (R. prowazekii), murine typhus (R. 
typhi) and spotted fevers (various species). These 
are characterized by transmission via insect vectors, 
particularly mites, t icks,  eas and lice.

The mode of transmission by these vectors varies 
depending upon the insect concerned. In the case of 
lice and  eas, the microorganisms multiply within 
the insect and get into the faeces. These insects then 
colonize humans and transmit the microorganism 
when the faeces or the insect itself is crushed onto 
the skin. No bite is necessary and the faeces may 
also be inhaled. Mites and t icks pick up the micro-
organism when they take a blood meal from an 
infected animal. They then pass on the infection to 
humans when they accidentally bite us.

Coxiella burnetii is the only species in the genus 
Coxiella and this gives rise to a disease called Q 
fever. Although the source of the disease is infected 
animals, usually no insect vector is involved and the 
most common route of transmission is by inhalation 

Bacteriophages

Bacteriophages (phages) are viruses that  attack bac-
teria but not animal cells. It  is generally accepted 
that the interaction between phage and bacterium 
is highly speci c, and there is probably at  least one 
phage for each species of bacterium. In many cases 
the infection of a bacterial cell by a phage results 
in lysis of the bacterium; such phages are termed 
virulent. Some phages, however, can infect a bacte-
rium without causing lysis. In this case the phage 
DNA becomes incorporated within the bacterial 
genome. The phage DNA can then be replicated 
along with the bacterial cell DNA; this is then 
termed a prophage. Bacterial cells carrying a 
prophage are called lysogenic and phages capable of 
inducing lysogeny are called temperate. Occasion-
ally some of the prophage genes may be expressed 
and this will confer on the bacterial cell the ability 
to produce new proteins. The ability to produce 
additional proteins as a result of prophage DNA is 
termed lysogenic conversion.

The discovery of bacteriophages in the early 20th 
century is attributed to two workers, Frederick 
Twort and Felix d’Herelle. In 1896 Ernest Hankin 
had made an observation that the waters of the 
G anges River possessed antibacterial properties 
which may have led to a reduction in cases of dys-
entery and cholera in the areas surrounding the river. 
Twort and d’Herelle independently came to the con-
clusion that this effect must be due to a virus. Twort 
did not carry on with his research but d’Herelle 
quickly established the potential of bacteriophages 
in antibacterial therapy 10 years before the advent 
of antibiotics. It  was the discovery of penicillin by 
Alexander Fleming in 1928 that led to the demise 
of bacteriophage therapy but interest  is now increas-
ing again due to the emergence of antibiotic-resistant 
strains of bacteria.

Arc hae obac te ria

Archaeobacteria are a fascinating group of prokaryo-
tic microorganisms that are frequently found living 
in hostile environments. They differ in a number of 
respects from Eubacteria, particularly in the compo-
sition of their cell walls. They comprise methane 
producers, sulfate reducers, halophiles and extreme 
thermophiles. However, they are of lit t le signi -
cance from a pharmaceutical or clinical standpoint 
and so will not be considered further.



 Fu n d a m e n ta ls  o f m ic ro b io lo g y C H A P T E R  1 3

2 0 5

characteristic ‘fried egg’ appearance. They contain a 
number of genera, of which the most important 
from a clinical point of view are Mycoplasma and 
Ureaplasma. M. pneumoniae is a major cause of 
respiratory tract infections in children and young 
adults, whereas U. urealyticum has been implicated 
in non-speci c genital infections. Despite being 
resistant to the β-lactam antibiotics, these infections 
can be effectively treated using either tetracyclines 
or erythromycin.

Ac tinomyce tes
Many of the macroscopic features of the actinomyc-
etes are those that are more commonly found among 
the  lamentous fungi but they are indeed prokaryo-
tic cells. They are a diverse group of G ram-posit ive 
bacteria morphologically dist inguishable from other 
bacteria because they have a tendency to produce 
branching  laments and reproductive spores. N ocar-
dia contain a number of species that have been 
shown to be pathogenic to humans, but they occur 
principally in tropical climates. Reproduction in this 
genus is by fragmentation of the hyphal strands into 
individual cells, each of which can form a new myc-
elium. The genus Streptomyces contains no human 
pathogens but most species are saprophytic bacteria 
found in the soil. They are aerobic microorganisms 
producing a non-fragmenting, branching mycelium 
that may bear spores. The reason for their pharma-
ceutical importance is their ability to produce a wide 
range of therapeutically useful antibiotics, including 
streptomycin, chloramphenicol, oxytetracycline, 
erythromycin and neomycin.

Typical bacteria

Shape ,.s ize .and .aggrega tion
Bacteria occur in a variety of shapes and sizes, deter-
mined not only by the nature of the organisms them-
selves but also by the way in which they are grown 
(Fig. 13.1). In general, bacterial dimensions lie in 
the range 0.75–5 µm. The most common shapes are 
the sphere (coccus) and the rod (bacillus).

Some bacteria grow in the form of rods with a 
dist inct curvature, e.g. vibrios are rod-shaped cells 
with a single curve resembling a comma, whereas a 
spirillum possesses a partial rigid spiral; spirochaetes 
are longer and thinner, exhibit a number of turns 
and are also more  exible. Rod-shaped cells occa-
sionally grow in the form of chains but this is 

of infected dust. Bartonella quintana is the causative 
agent of trench fever which, as the name suggests, 
occurs typically under conditions of war and depri-
vation. Each of the infections described here can be 
treated with doxycycline, although the duration of 
therapy may vary depending upon the nature of the 
disease and its severity.

Chlamydiae
These are obligate intracellular parasitic bacteria 
that possess some independent enzymes but lack the 
ability to generate ATP. Two cellular forms are iden-
ti ed: a small (0.3 µm) highly infectious elementary 
body which, after infection, enlarges to give rise to 
the replicative form called the initial or reticulate 
body (0.8–1.2 µm). These divide by binary  ssion 
within membrane-bound vesicles in the cytoplasm 
of infected cells. Insect vectors are not required for 
the transmission of infection. Chlamydiae lack pep-
tidoglycan in their cell walls and have weak G ram-
negative characterist ics.

Chlamydia trachomatis is the most important 
member of the group, being responsible for the 
disease trachoma, characterized by in ammation of 
the eyelids, which can lead to scarring of the cornea. 
This is the most common cause of infectious blind-
ness worldwide. It  is estimated that 400 million 
people are infected, with at  least 6 million totally 
blind. The same species is also recognized as one 
of the major causes of sexually transmitted disease. 
C. psittaci and C. pneumoniae are responsible for 
respiratory tract infections. Chlamydial infections 
are responsive to treatment by tetracyclines, either 
topical or systemic as appropriate.

Mycoplas mas
The mycoplasmas are a group of very small (0.3–
0.8 µm) prokaryotic microorganisms that are capable 
of growing on cell-free media but which lack cell 
walls. The cells are surrounded by a double-layered 
plasma membrane that contains substantial amounts 
of phospholipids and sterols. This structure has no 
rigidity owing to the absence of peptidoglycan, and 
so the cells are susceptible to osmotic lysis. The lack 
of peptidoglycan is also the reason for these bacteria 
being resistant to the effects of cell wall-acting anti-
biotics such as the penicillins, and also the enzyme 
lysozyme. Members of this group are pleomorphic, 
varying in shape from coccoid to  lamentous. Most 
are facultative anaerobes capable of growth at 35 °C, 
and on solid media produce colonies with a 
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groups of eight are sarcina. If a chain of cells is pro-
duced resembling a string of beads this is termed a 
streptococcus, whereas an irregular cluster similar in 
appearance to a bunch of grapes is called a staphy-
lococcus. In many cases this is suf ciently charac-
teristic to give rise to the name of the bacterial 
genus, e.g. Staphylococcus aureus, Streptococcus 
pneumoniae.

Anatomy
Figure 13.2 is a diagrammatic representation of a 
typical bacterial cell. The various components are 
described below.
Ca psule. Many bacteria produce extracellular 
polysaccharides, which may take the form of either 
a discrete capsule  rmly adhered to the cell or a 
more diffuse layer of slime. Not all bacteria produce 
a capsule and even those that can will only do so 
under certain circumstances. Many encapsulated 
pathogens, when  rst  isolated, give rise to colonies 
on agar which are smooth (S) but subculturing leads 
to the formation of rough colonies (R). This S to R 
transition is due to loss in capsule production. Rei-
noculation of the R cells into an animal results in the 
resumption of capsule formation, indicating that  the 
capacity has not been lost irrevocably.

The function of the capsule is generally regarded 
as protective, as encapsulated cells are more resist-
ant to disinfectants, desiccation and phagocytic 
attack. In some organisms, however, it  serves as an 
adhesive mechanism; for example, Streptococcus 

dependent upon growth conditions rather than 
being a characteristic of the species.

Cocci, however, show considerable variation in 
aggregation, which is characteristic of the species. 
The plane of cell division and the strength of adhe-
sion of the cells determine the extent to which 
they aggregate after division. Cocci growing in pairs 
are called diplococci, those in four are tetrads and 

Fig . 13.1 •  Morphology of different bacterial genera. 

Fig . 13.2 •  Diagrammatic representation of a typical 
bacterial cell. 
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the site of action of a number of antibiotics, such as 
penicillin, bacitracin, vancomycin and cycloserine. 
The enzyme lysozyme is also capable of hydrolysing 
the β–1–4 linkages between N -acetylmuramic acid 
and N -acelylglucosamine.

Figure 13.4 shows simpli ed diagrams of a 
G ram-positive and a G ram-negative cell wall. The 
G ram-positive cell wall is much simpler in layout, 
containing peptidoglycan interspersed with teichoic 
acid polymers. These latter are highly antigenic but 
do not provide structural support. Functions attrib-
uted to teichoic acids include the regulation of 
enzyme activity in cell wall synthesis, sequestration 
of essential cations, cellular adhesion and mediation 

mutans is an inhabitant of the mouth that metabo-
lizes sucrose to produce a polysaccharide capsule 
enabling the cell to adhere  rmly to the teeth. This 
is the init ial step in the formation of dental plaque, 
which is a complex array of microorganisms and 
organic matrix that adheres to the teeth and ult i-
mately leads to decay. The substitution of sucrose 
by glucose prevents capsule formation and hence 
eliminates plaque.

A similar picture emerges with Staph. epider-
midis. This bacterium forms part  of the normal 
micro ora of the skin and was originally thought of 
as non-pathogenic. With the increased usage of ind-
welling medical devices coagulase-negative staphy-
lococci, in particular Staph. epidermidis, have 
emerged as the major cause of device-related infec-
tions. The normal microbial  ora has developed the 
ability to produce extracellular polysaccharide, 
which enables the cells to form resistant bio lms 
attached to the devices. These bio lms are very dif-
 cult to eradicate and have profound resistance to 
antibiotics and disinfectants. It  is now apparent that  
the dominant mode of growth for aquatic bacteria 
is not planktonic (free swimming) but sessile, i.e. 
attached to surfaces and covered with protective 
extracellular polysaccharide or glycocalyx.

Cell wa ll. Bacteria can be divided into two broad 
groups by the use of the G ram-staining procedure 
(see later in this chapter for details), which re ects 
differences in cell wall structure. The classi cation 
is based upon the ability of the cells to retain the 
dye methyl violet after washing with a decolourizing 
agent such as absolute alcohol. G ram-posit ive cells 
retain the stain whereas G ram-negative cells do not. 
As a very rough guide, the majority of small rod-
shaped cells are G ram negative. Most large rods, 
such as the Bacillaceae, lactobacilli and actinomyc-
etes, are G ram positive. Similarly, most cocci are 
G ram positive, although there are notable excep-
tions, such as the Neisseriaceae.

Bacteria are unique in that they possess peptidog-
lycan in their cell walls. This is a complex molecule 
with repeating units of N -acetylmuramic acid and 
N -acetylglucosamine (Fig. 13.3). This extremely 
long molecule is wound around the cell and 
crosslinked by polypeptide bridges to form a struc-
ture of great rigidity. The degree and nature of 
crosslinking vary between bacterial species. 
Crosslinking imparts to the cell its characteristic 
shape and has principally a protective function. Pep-
tidoglycan (also called murein or mucopeptide) is 

Fig . 13.3 •  Peptidoglycan. 
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times as long as the cell itself and so exists within 
the cytoplasm in a considerably compacted state. It  
is condensed into discrete areas called chromatin 
bodies that are not surrounded by a nuclear mem-
brane. Rapidly dividing cells may contain more than 
one area of nuclear material but these are copies of 
the same chromosome, not different chromosomes, 
and arise because DNA replication proceeds ahead 
of cell division.

In addition to the main chromosome, cells may 
contain extra pieces of circular double-stranded 
DNA which are called plasmids. These can encode 
a variety of products which are not necessary for the 
normal functioning of the cell but confer some sort  
of selective advantage. For example, the plasmids 
may contain genes conferring antibiotic resistance or 
the ability to synthesize toxins or virulence factors. 
Plasmids replicate autonomously (i.e. independent 
of the main chromosome) and in some cases are able 
to be transferred from one cell to another (maybe 
of a different species).

Mesosomes. These are irregular invaginations of 
the cytoplasmic membrane which are quite promi-
nent in G ram-positive bacteria but less so in G ram-
negative bacteria. It  has been proposed that they 
have a variety of functions, including cross-wall syn-
thesis during cell division and furnishing an attach-
ment site for nuclear material, facilitating the 
separation of segregating chromosomes during cell 
division. They have also been implicated in enzyme 
secretions and may act as a site for cell respiration. 
However, it  has also been suggested that they are 
simply artefacts which arise as a result of prepara-
tion for electron microscopy.

Ribosomes. The cytoplasm of bacteria is densely 
populated with ribosomes, which are complexes of 
RNA and protein in discrete particles 20 nm in 
diameter. They are the sites of protein synthesis 
within the cell and the numbers present re ect the 
degree of metabolic activity of the cell. They are 
frequently found organized in clusters called polyri-
bosomes or polysomes. Prokaryotic ribosomes have 
a sedimentation coef cient of 70S, compared to 80S 
ribosomes of eukaryotic cells. This distinction aids 
the selective toxicity of a number of antibiotics. The 
70S ribosome is made up of RNA and protein and 
can dissociate into one 30S and one 50S subunit.

Inclusion gra nules. Certain bacteria tend to accu-
mulate reserves of materials after active growth 
has ceased, and these become incorporated within 

of the in ammatory response in disease. In general, 
proteins are not found in G ram-posit ive cell walls. 
G ram-negative cell walls are more complex, com-
prising a much thinner layer of peptidoglycan sur-
rounded by an outer bilayered membrane. This 
outer membrane acts as a diffusional barrier and is 
the main reason why many G ram-negative cells are 
much less susceptible to antimicrobial agents than 
are G ram-positive cells.

The lipopolysaccharide component of the outer 
membrane can be shed from the wall upon cell 
death. It  is a highly heat-resistant molecule known 
as endotoxin, which has a number of toxic effects 
on the human body, including fever, shock and even 
death. For this reason it  is important that  solutions 
for injection or infusion are not just sterile but are 
also free from endotoxins.

Cytopla smic membra ne. The cytoplasmic mem-
branes of most bacteria are very similar and are 
composed of protein, lipids, phospholipids and a 
small amount of carbohydrate. The components are 
arranged into a bilayer structure with a hydrophobic 
interior and a hydrophilic exterior. The cytoplasmic 
membrane has a variety of functions.
•  It  serves as an osmotic barrier.
•  It  is selectively permeable and is the site of 

carrier-mediated transport.
•  It  is the site of ATP generation and cytochrome 

activity.
•  It  is the site of cell wall synthesis.
•  It  provides a site for chromosome attachment.
The cytoplasmic membrane has very lit t le tensile 
strength and the internal hydrostatic pressure of up 
to 20 bar forces it   rmly against the inside of the 
cell wall. Treatment of bacterial cells with lysozyme 
may remove the cell wall and, as long as the condi-
tions are isotonic, the resulting cell will survive. 
These cells are called protoplasts and, as the cyto-
plasmic membrane is now the limiting structure, the 
cell assumes a spherical shape. Protoplasts of G ram-
negative bacteria are dif cult to obtain because the 
layer of lipopolysaccharide protects the peptidogly-
can from attack. In these cases mixtures of EDTA 
and lysozyme are used and the resulting cells, which 
still retain fragments of cell envelope, are termed 
spheroplasts.

Nuclea r ma ter ia l. The genetic information neces-
sary for the functioning of the cell is contained 
within a single circular molecule of double-stranded 
DNA. When unfolded, this would be about 1000 
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foods and pharmaceutical products. Heating at 
80 °C for 10 minutes would kill most vegetative 
bacteria, whereas some spores will resist boiling for 
several hours. The sterilization procedures now rou-
tinely used for pharmaceutical products are thus 
designed speci cally with reference to the destruc-
tion of the bacterial spore.

The mechanism of this extreme heat resistance 
was a perplexing issue for many years. At one time 
it  was thought to be due to the presence of a unique 
spore component, dipicolinic acid (DPA). This 
compound is found only in bacterial spores where 
it  is associated in a complex with calcium ions. 
The isolation of heat-resistant DPA-less mutants, 
however, led to the demise of this theory. Spores 
do not have a water content appreciably different 
from that of vegetative cells, but the distribution 
within the different compartments is unequal 
and this is thought to generate the heat resistance. 
The central core of the spore houses the genetic 
information necessary for growth after germina-
tion and this becomes dehydrated by expansion 
of the cortex against the rigid outer protein coats. 
Water is thus squeezed out of the central core. 
Osmotic pressure differences also help to maintain 
this water imbalance. Endospores are also highly 
unusual because of their ability to remain dormant 
and ametabolic for prolonged periods of time. 
Bacterial spores have been isolated from lake sedi-
ments where they were deposited 1000 years previ-
ously and there have even been claims of spores 
revived from geological specimens up to 40 million 
years old.

The sequence of events involved in sporulation is 
illustrated in Figure 13.5. It  is a continuous process, 
although for convenience it  may be divided into 
six stages. The complete process takes about 8 
hours, although this may vary depending on the 
species and the conditions used. Occurring simul-
taneously with the morphological changes is a 
number of biochemical events that have been 
shown to be associated with speci c stages and 
occur in an exact sequence. One important bio-
chemical event is the production of antibiotics. 
Peptides possessing antimicrobial activity have 
been isolated from the majority of Bacillus species 
and many of these have found pharmaceutical 
applications. Examples of antibiotics include baci-
tracin, polymyxin and gramicidin. Similarly, the pro-
teases produced by Bacillus species during 
sporulation are used extensively in a wide variety 
of industries.

the cytoplasm in the form of granules. The most 
common are glycogen granules, volutin granules 
(containing polymetaphosphate) and lipid granules 
(containing poly β-hydroxybutyric acid). Other 
granules, such as sulphur and iron, may also be found 
in the more primitive bacteria.
Fla gella . A  agellum is made up of protein called 
 agellin and it  operates by forming a rigid helix 
that turns rapidly like a propeller. This can propel a 
motile cell up to 200 times its own length in 1 
second. Under the microscope bacteria can be seen 
to exhibit  two kinds of motion: swimming and tum-
bling. When tumbling, the cell stays in one position 
and spins on its own axis but when swimming, it  
moves in a straight line. Movement towards or away 
from a chemical st imulus is referred to as chemo-
taxis. The  agellum arises from the cytoplasmic 
membrane and is composed of a basal body, hook 
and  lament. The number and arrangement of  ag-
ella depend upon the organism and vary from a 
single  agellum (monotrichous) to a complete cov-
ering (peritrichous).
Pili a nd f mbria e. These terms are often used 
interchangeably but in reality these structures are 
functionally distinct from each other. Fimbriae are 
smaller than  agella and are not involved in motility. 
They are found all over the surface of certain bac-
teria (mainly G ram-negative cells) and are believed 
to be associated with adhesiveness and pathogenic-
ity. They are also antigenic. Pili (of which there are 
different types) are larger and of a different struc-
ture to  mbriae and are involved in the transfer of 
genetic information from one cell to another. This 
is of major importance in the transfer of drug resist-
ance between cell populations.
Endospores. Under conditions of speci c nutrient 
deprivation some genera of bacteria, in particular 
Bacillus and Clostridium, undergo a differentiation 
process at  the end of logarithmic growth and change 
from an actively metabolizing vegetative form to a 
resting spore form. The process of sporulation is not 
a reproductive mechanism, as found in certain actin-
omycetes and  lamentous fungi, but serves to enable 
the organism to survive periods of hardship. A single 
vegetative cell differentiates into a single spore. Sub-
sequent encounter with favourable conditions 
results in germination of the spore and the resump-
tion of vegetative activit ies.

Endospores are very much more resistant to heat, 
disinfectants, desiccation and radiation than are veg-
etative cells, making them dif cult  to eradicate from 



 P A R T  T H R E E  Pharmac e utic al Mic robio logy and Ste rilization

2 10

a much more useful process as different organisms 
or even different parts of the same cell can be 
stained distinctive colours.

To prepare a  lm ready for staining, the glass 
microscope slide must be carefully cleaned to 
remove all traces of grease and dust. If the culture 
of bacteria is in liquid form then a loopful of suspen-
sion is transferred directly to the slide. Bacteria 
from solid surfaces require suspension with a small 
drop of water on the slide to give a faintly turbid 
 lm. A common fault with inexperienced workers 
is to make the  lm too thick. The  lms must then 
be allowed to dry in air. When thoroughly dry the 
 lm is  xed by passing the back of the slide through 
a small Bunsen  ame until the area is just too hot to 
touch on the palm of the hand. The bacteria are 
killed by this procedure and are also stuck on to the 
slide. Fixing also makes the bacteria more permeable 
to the stain and inhibits lysis. Chemical  xation is 
commonly carried out using formalin or methyl 
alcohol; this causes less damage to the specimen but 
tends to be used principally for blood  lms and 
tissue sections.

Diffe rentia l.s ta ins
A large number of differential stains have been 
developed and the reader is referred to the 

Microscopy and s taining  
of bacteria

Bacterial cells contain about 80% water by weight 
and this accounts for their very low refractility, i.e. 
they are transparent when viewed under ordinary 
transmitted light. Consequently, in order to visualize 
bacteria under the microscope, the cells must be 
killed and stained with some compound that scat-
ters the light or, if live preparations are required, 
special adaptations must be made to the micro-
scope. Such adaptations are found in phase-contrast, 
dark-ground and differential-interference contrast 
microscopy.

The microscopic examination of  xed and stained 
preparations is a routine procedure in most labora-
tories, but it  must be appreciated that not only are 
the cells dead, but they may also have been altered 
morphologically by the often quite drastic staining 
process. The majority of stains used routinely are 
basic dyes, i.e. the chromophore has a positive 
charge and this readily combines with the abundant 
negative charges present both in the cytoplasm in 
the form of nucleic acids and on the cell surface. 
These dyes remain  rmly adhered even after washing 
with water. This type of staining is called simple 
staining and all bacteria and other biological material 
are stained the same colour. Differential staining is 

Fig . 13.5 •  Morphological and biochemical changes during spore formation. 
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technique has found wide application in microbiol-
ogy. As with the staining procedures described 
above, this technique can only be applied to dead 
cells. The three following techniques have been 
developed for the examination of living organisms.

Dark-ground.micros copy
The usual function of the microscope condenser 
is to concentrate as much light as possible through 
the specimen and into the objective lens. The dark-
ground condenser performs the opposite task, pro-
ducing a hollow cone of light that  comes to a focus 
on the specimen. The rays of light in the cone are 
at an oblique angle, such that after passing across the 
specimen they continue without meeting the front 
lens of the objective, result ing in a dark background. 
Any objects present at  the point of focus scatter the 
light, which then enters the objective to show up as 
a bright image against the dark background.

Specimen preparation is critical, as very dilute 
bacterial suspensions are required, preferably with 
all the objects in the same plane of focus. Air bubbles 
must be absent from both the  lm and the immer-
sion oil, if used. Dust and grease also scatter light 
and destroy the uniformly black background required 
for this technique. With this technique it  is not pos-
sible to see any real detail but it  is useful to study 
motility.

Phas e-contras t.mic ros copy
This technique allows us to see transparent objects 
well contrasted from the background in clear detail 
and is the most widely used image enhancement 
method in microbiology. In essence, an annulus of 
light is produced by the condenser of the microscope 
and focused on the back focal plane of the objective 
where a phase plate, comprising a glass disc contain-
ing an annular depression, is situated. The direct rays 
of the light source annulus pass through the annular 
groove and any diffracted rays pass through the 
remainder of the disc. Passage of the diffracted light 
through this thicker glass layer results in retardation 
of the light. This alters its phase relationship to the 
direct rays and increases contrast.

Diffe rentia l-inte rfe rence ..
contras t.micros copy
This method uses polarized light and has other appli-
cations outside the scope of this chapter, such as 

bibliography for more details. Only a few of those 
available will be discussed here.
G ra m’s sta in. By far the most important in terms 
of use and application is the G ram stain, developed 
by Christian G ram in 1884 and subsequently modi-
 ed. The  xed  lm of bacteria is  ooded initially 
with a solution of methyl violet. This is followed by 
a solution of G ram’s iodine, which is an iodine–
potassium iodide complex acting as a mordant, 
 xing the dye  rmly in certain bacteria and allowing 
easy removal in others. Decolourization is effected 
with either alcohol or acetone or mixtures of the 
two. After treatment some bacteria retain the stain 
and appear a dark purple colour and these are called 
G ram posit ive. Others do not retain the stain and 
appear colourless (G ram negative). The colourless 
cells may be stained with a counterstain of contrast-
ing colour, such as 0.5% safranin, which is red.

This method, although extremely useful, must be 
used with caution as the G ram reaction may vary 
with the age of the cells and the technique of the 
operator. For this reason, known G ram-positive and 
G ram-negative controls should be stained alongside 
the specimen of interest.
Ziehl–Neelsen’s a cid- a st sta in. The bacterium 
responsible for the disease tuberculosis (Mycobacte-
rium tuberculosis) contains within its cell wall a high 
proportion of lipids, fatty acids and alcohols, which 
render it  resistant to normal staining procedures. 
The inclusion of phenol in the dye solution, together 
with the application of heat, enables the dye (basic 
fuchsin) to penetrate the cell and, once attached, to 
resist vigorous decolourization by strong acids, e.g. 
20% sulphuric acid. These organisms are therefore 
called acid fast. Any unstained material can be coun-
terstained with a contrasting colour, e.g. methylene 
blue.

Fluores cence .micros copy
Certain materials, when irradiated by short-wave 
illuminations, e.g. UV light, become excited and 
emit visible light of a longer wavelength. This phe-
nomenon is termed  uorescence and will persist 
only for as long as the material is irradiated. A 
number of dyes have been shown to  uoresce 
and are useful in that they tend to be speci c to 
various tissues, which can then be demonstrated 
by UV irradiation and subsequent  uorescence of 
the attached  uorochrome. Coupling antibodies to 
the  uorochromes can enhance speci city, and this 
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fresh medium is inoculated with a small number of 
bacterial cells, the number remains static for a short 
t ime while the cells undergo a period of metabolic 
adjustment. This period is called the lag phase (Fig. 
13.6) and its length depends on the degree of read-
justment necessary. Once the cells are adapted to 
the environment, they begin to divide in the manner 
described above, and this division occurs at regular 
intervals. The numbers of bacteria during this period 
increase in an exponential fashion, i.e. 2, 4, 8, 16, 
32, 64, 128, etc., and this is therefore termed the 
exponential or logarithmic phase. When cell numbers 
are plotted on a log scale against t ime a straight line 
results for this phase.

During exponential growth (Fig. 13.6) the 
medium undergoes continuous change, as nutrients 
are consumed and metabolic waste products 
excreted. The fact that  the cells continue to divide 
exponentially during this period is a tribute to their 
physiological adaptability. Eventually, the medium 
becomes so changed, due to either substrate exhaus-
tion or excessive concentrations of toxic products, 
that it  is unable to support further growth. At this 
stage cell division slows and eventually stops, leading 
to the stationary phase. During this period some 
cells lyse and die whereas others sporadically divide, 
but the cell numbers remain more or less constant. 
G radually all the cells lyse and the culture enters 
the phase of decline.

It  should be appreciated that this sequence of 
events is not a characteristic of the cell but a conse-
quence of the interaction of the organisms with the 
nutrients in a closed environment. It  does not neces-
sarily re ect the way in which the organism would 
behave in vivo.

detecting surface irregularit ies in opaque specimens. 
It  offers some advantages over phase-contrast micro-
scopy, notably the elimination of haloes around the 
object edges, and enables extremely detailed obser-
vation of specimens. It  does, however, tend to be 
more dif cult  to set up.

Elec tron.micros copy
The highest magni cation available using a light 
microscope is about 1500 times. This limitation is 
imposed not by the design of the microscope itself, 
as much higher magni cations are possible, but by 
the wavelength of light. An object can only be seen 
if it  causes a ray of light to de ect. If a particle is 
very small indeed then no de ection is produced and 
the object is not seen. Visible light has a wavelength 
between 0.3 and 0.8 µm and objects less than 
0.3 µm will not be clearly resolved, i.e. even if the 
magni cation were increased no more detail would 
be seen. In order to increase the resolution it  is 
necessary to use light of a shorter wavelength, such 
as UV light. This has been done and resulted in some 
useful applications but generally, for the purposes of 
increased de nition, electrons are now used and 
they can be thought of as behaving like very short 
wavelength light. Transmission electron microscopy 
requires the preparation of ultrathin (50–60 nm) 
sections of material mounted on grids for support. 
Because of the severe conditions applied to the 
specimen during preparation, and the likelihood of 
artefacts, care must be taken in the interpretation 
of information from electron micrographs.

Growth and reproduction  
of bacteria

The growth and multiplication of bacteria can be 
examined in terms of individual cells or populations 
of cells. During the cell division cycle a bacterium 
assimilates nutrients from the surrounding medium 
and increases in size. When a predetermined size has 
been reached the DNA duplicates itself and a cross-
wall will be produced, dividing the large cell into 
two daughter cells, each containing a copy of the 
parent chromosome. The daughter cells part and the 
process is known as binary  ssion. In a closed envi-
ronment, such as a culture in a test tube, the rate at 
which cell division occurs varies according to the 
conditions, and this manifests itself in characteristic 
changes in the population concentration. When 

Fig . 13.6 •  Phases of bacterial growth. 
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complementary strand is produced and the free 
ends are joined. For a short t ime afterwards this cell 
has the ability to form a sex pilus itself and so trans-
fer the R factor further.

This is by no means an exhaustive discussion 
of genetic exchange in bacteria and the reader 
is referred to the bibliography for further 
information.

Bac te ria l.nutrition
Bacteria require certain elements in fairly large 
quantit ies for growth and metabolism, including 
carbon, hydrogen, oxygen and nitrogen. Sulphur 
and phosphorus are also required but not in such 
large amounts. Only low concentrations of iron, 
calcium, potassium, sodium, magnesium and man-
ganese are needed. Some elements, such as cobalt, 
zinc and copper, are required only in trace amounts 
and an actual requirement may be dif cult  to 
demonstrate.

The metabolic capabilit ies of bacteria differ con-
siderably and this is re ected in the form in which 
nutrients may be assimilated. Bacteria can be classi-
 ed according to their requirements for carbon and 
energy.
Lithotrophs  (synonym:  a utotrophs). These 
utilize carbon dioxide as their main source of carbon. 
Energy is derived from different sources within this 
group:
•  chemolithotrophs (chemosynthetic autotrophs) 

obtain their energy from the oxidation of 
inorganic compounds

•  photolithotrophs (photosynthetic autotrophs) 
obtain their energy from sunlight.

O rga notrophs (synonym: heterotrophs). Orga-
notrophs utilize organic carbon sources and can simi-
larly be divided into:
•  chemoorganotrophs, which obtain their energy 

from oxidation or fermentation of organic 
compounds

•  photoorganotrophs, which utilize light energy.

Oxygen.requirements
As mentioned above, all bacteria require elemental 
oxygen in order to build up the complex materials 
necessary for growth and metabolism, but many 
organisms also require free oxygen as the  nal elec-
tron acceptor in the breakdown of carbon and energy 
sources. These organisms are called aerobes. If the 

Genetic .exchange
In addition to mutations, bacteria can alter their 
genetic make-up by transferring information from 
one cell to another, either as fragments of DNA or 
in the form of small extrachromosomal elements 
(plasmids). Transfer can be achieved in three ways: 
by transformation, transduction or conjugation.

Tra ns orma tion. When bacteria die they lyse 
and release cell fragments, including DNA, into 
the environment. Several bacterial genera (Bacillus, 
Haemophilus, Streptococcus, etc.) are able to take up 
these DNA fragments and incorporate them into 
their own chromosome, thereby inheriting the char-
acteristics carried on that fragment. Cells able to 
participate in transformation are called competent. 
The development of competence has been shown in 
some cases to occur synchronously in a culture 
under the action of speci c inducing proteins.

Tra nsduction. Some bacteriophages infect a bac-
terial cell and incorporate their nucleic acid into the 
host cell chromosome, with the result that  the viral 
genes are replicated along with the bacterial DNA. 
In many instances this is a dormant lysogenic state 
for the phage but sometimes it  is triggered into 
action and lysis of the cell occurs with liberation of 
phage particles. These new phage particles may have 
bacterial DNA incorporated into the viral genome 
and this will infect any new host cell. On entering 
a new lysogenic state, the new host cell will replicate 
the viral nucleic acid in addition to that portion 
received from the previous host. Bacteria in which 
this has been shown to occur include Mycobacte-
rium, Salmonella, Shigella and Staphylococcus.

Conjuga tion. G ram-negative bacteria such as Sal-
monella, Shigella and Escherichia coli have been 
shown to transfer genetic material conferring anti-
biotic resistance by cellular contact. This process is 
called conjugation and is controlled by an R-factor 
plasmid, which is a small circular strand of duplex 
DNA replicating independently from the bacterial 
chromosome. R factor comprises a region containing 
resistance transfer genes that control the formation 
of sex pili, together with a variety of genes that code 
for the resistance to drugs. Conjugation is init iated 
when the resistance transfer genes st imulate the 
production of a sex pilus and random motion brings 
about contact with a recipient cell. One strand of 
the replicating R factor is nicked and passes through 
the sex pilus into the recipient cell. Upon receipt 
of this single strand of plasmid DNA, the 
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exceptions, such as the acidophilic organism lacto-
bacillus, a contaminant of milk products, which 
grows best at pHs between 5.4 and 6.6. Yeasts and 
moulds prefer acid conditions with an optimum pH 
range of 4–6. The difference in pH optima between 
fungi and bacteria is used as a basis for the design 
of media permitting the growth of one group of 
organisms at the expense of others. Sabouraud 
medium, for example, has a pH of 5.6 and is a fungal 
medium, whereas nutrient broth, which is used rou-
tinely to cult ivate bacteria, has a pH of 7.4. The 
adverse effect of extremes of pH has for many years 
been used as a means of preserving foods against 
microbial attack, for example by pickling in acidic 
vinegar.
O smotic  pressure. Bacteria tend to be more 
resistant to extremes of osmotic pressure than other 
cells owing to the presence of a very rigid cell wall. 
The concentration of intracellular solutes gives rise 
to an osmotic pressure equivalent to between 5 and 
20 bar, and most bacteria will thrive in a medium 
containing around 0.75% w/ v sodium chloride. Sta-
phylococci have the ability to survive higher than 
normal salt  concentrations. This has enabled the 
formulation of selective media, such as mannitol salt  
agar containing 7.5% w/ v sodium chloride, which 
will support the growth of staphylococci but restrict  
other bacteria. Halophilic organisms can grow at 
much higher osmotic pressures but these are all 
saprophytic and are non-pathogenic to humans. 
High osmotic pressures generated by either sodium 
chloride or sucrose have for a long time been used 
as preservatives. Syrup BP contains 66.7% w/ w 
sucrose and is of suf cient osmotic pressure to resist  
microbial attack. This is used as a basis for many oral 
pharmaceutical preparations.

Handling and s torage of 
microorganisms

Because microorganisms have such a diversity of 
nutritional requirements there has arisen a bewilder-
ing array of media for the cultivation of bacteria, 
yeasts and moulds. Media are produced either as 
liquids or solidi ed with agar. Agar is an extract  of 
seaweed, which at concentrations of between 1% 
and 2% sets to form a  rm gel below 45 °C. Unlike 
gelatin, bacteria cannot use agar as a nutrient and so 
even after growth the gel remains  rm. Liquid media 
are stored routinely in test tubes or  asks, depend-
ing upon the volume, both secured with either 

organism will only grow in the presence of air it  is 
called a strict aerobe, but most organisms can either 
grow in its presence or its absence and are called 
facultative anaerobes. A strict anaerobe cannot grow 
and may even be killed in the presence of oxygen, 
because some other compound replaces oxygen as 
the  nal electron acceptor in these organisms. A 
fourth group of microaerophilic organisms has also 
been recognized which grow best in only trace 
amounts of free oxygen and usually prefer an 
increased carbon dioxide concentration.

In uence .of.environmenta l.fac tors .on.
the .growth.of.bac te ria
The rate of growth and metabolic activity of bacteria 
is the sum of a multitude of enzyme reactions. It  
follows that  those environmental factors that 
in uence enzyme activity will also affect  growth 
rate. Such factors include temperature, pH and 
osmolarity.
Tempera ture. Bacteria can survive wide limits of 
temperature but each organism will exhibit  
minimum, optimum and maximum growth tem-
peratures and on this basis fall into three broad 
groups:
•  psychrophiles – grow best below 20 °C but have 

a minimum about 0 °C and a maximum of 
30 °C. These organisms are responsible for 
low-temperature spoilage

•  mesophiles – exhibit  a minimum growth 
temperature of 5–10 °C and a maximum  
of 45–50 °C. Within this group two populations 
can be identi ed: saprophytic mesophiles,  
with an optimum temperature of 20–30 °C,  
and parasitic mesophiles with an optimum 
temperature of 37 °C. The vast majority  
of pathogenic organisms are in this lat ter  
group

•  thermophiles – can grow at temperatures up to 
70–90 °C but have an optimum of 50–55 °C and 
a minimum of 25–40 °C.

Organisms kept below their minimum growth tem-
perature will not divide but can remain viable. As a 
result, very low temperatures (–70 °C) are used to 
preserve cultures of organisms for many years. Tem-
peratures in excess of the maximum growth tem-
perature have a much more injurious effect and this 
is considered in more detail in Chapter 16.
pH. Most bacteria grow best at around neutrality, 
in the pH range 6.8–7.6. There are, however, 
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indicated in Figure 13.7. The loop is then resteri-
lized (or replaced if plastic) and without reinoculat-
ing is streaked over the surface again, ensuring a 
small area of overlap with the previous streak line. 
The procedure is repeated as necessary. The pattern 
of streaking (other examples are shown in Fig. 13.7) 
is dictated largely by the concentration of the origi-
nal bacterial suspension. The object of the exercise 
is to dilute the culture such that, after incubation, 
single colonies will arise in the later streak lines 
where the cells were suf ciently separated. All 
plates are incubated in an inverted position to 
prevent condensation from the lid falling on the 
surface of the medium and spreading the colonies.

Inocula tion.of.s lopes
A wire needle may be used to transfer single colo-
nies from agar surfaces to the surface of slopes for 
maintenance purposes. The needle is similar to the 
loop except that the wire is single and straight, not 
terminating in a closed end. This is  amed and 
cooled as before and a portion of a single colony 
picked off the agar surface. The needle is then 
drawn upwards along the surface of the slant. Before 
incubation, the screw cap of the bottle should be 
loosened slightly to prevent oxygen starvation during 
growth. Some slopes are prepared with a shallower 
slope and a deeper butt to allow the needle to 
be stabbed into the agar when testing for gas 
production.

loose- tt ing caps or plugs of sterile cotton wool. 
Small amounts of solid media are stored in Petri 
dishes or slopes (also known as slants), whereas 
larger volumes may be incorporated in Roux bottles 
or Carrell  asks.

Bacteria may only be maintained on agar in Petri 
dishes for a short t ime (days) before the medium 
dries out. For longer storage periods the surface of 
an agar slope is inoculated and after growth the 
culture may be stored at 4 °C for several weeks. If 
even longer storage periods are required then the 
cultures may be stored at  low temperatures (–70 °C), 
usually in the presence of a cryoprotectant such as 
glycerol. Alternatively they may be freeze-dried 
(lyophilized) before being stored at  4 °C. Some veg-
etative cells can survive lyophilization and may 
retain their viability for many years.

When a single cell is placed on the surface of an 
over-dried agar plate, it  becomes immobilized but 
can st ill draw nutrients from the substrate, and con-
sequently grows and divides. Eventually the numbers 
of bacterial cells are high enough to become visible 
and a colony is formed. Each of the cells in that 
colony is a descendant from the initial single cell or 
group of cells, and so the colony is assumed to be a 
pure culture with each cell having identical charac-
terist ics. The formation of single colonies is one of 
the primary aims of surface inoculation of solid 
media and allows the isolation of pure cultures from 
specimens containing mixed  ora.

Inocula tion.of.agar.s urfaces .by.s treaking
The agar surface must be smooth. The surface 
should also be without moisture as this could cause 
the bacteria to become motile and the colonies to 
merge together. To dry the surface of the agar, the 
plates are placed in an incubator or drying cabinet 
for a short while. Inoculating loops can be made of 
either platinum or nichrome wire twisted along its 
length to form a loop 2–3 mm in diameter at the 
end. Nichrome wire is cheaper than platinum but 
has similar thermal properties. The wire is held in a 
handle with an insulated grip and the entire length 
of the wire is heated in a Bunsen  ame to red heat 
to sterilize it . The  rst  few centimetres of the holder 
are also  amed before the loop is set aside in a rack 
to cool. Alternatively, disposable pre-sterilized 
plastic loops are now frequently used.

The loop is used to remove a small portion 
of liquid from a bacterial suspension and this is 
then drawn across the agar surface from A to B, as 

Fig . 13.7 •  Typical streaking methods for obtaining 
isolated colonies. 
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Cultivation of anaerobes

Anaerobic microbiology is a much-neglected subject 
owing principally to the practical dif culties involved 
in growing organisms in the absence of air. However, 
with the increasing implication of anaerobes in 
certain disease states and improved cultivation 
systems, the number of workers in this  eld is 
growing.

The most common liquid medium for cultivation 
of anaerobes is thioglycollate medium. In addition 
to sodium thioglycollate, the medium contains 
methylene blue as a redox indicator, and it  permits 
the growth of aerobes, anaerobes and microaer-
ophilic organisms. When in test tubes, the medium 
may be used after sterilization until not more than 
one-third of the liquid is oxidized, as indicated by 
the colour of the methylene blue indicator. Boiling 
and cooling of the medium just prior to inoculation 
are recommended for maximum performance. In 
some cases the presence of methylene blue poses 
toxicity problems and under these circumstances 
the indicator may be removed.

Anaerobic jars have improved considerably in 
recent years, making the cultivation of even strict 
anaerobes now relatively simple. The most common 
consist of a clear polycarbonate jar and are designed 
to be used with disposable oxygen absorbants and 
CO 2 generators such as the AnaeroG en sachet. Once 
opened, the sachet will rapidly absorb atmospheric 
oxygen from the jar and simultaneously generate 
carbon dioxide. It  is important therefore to open the 
sachet, place within the jar and seal the lid of the 
jar within one minute. The oxygen level will be 
reduced to below 1% within 30 minutes and the  nal 
carbon dioxide level will be between 9 and 11%. 
Carbon dioxide is produced to allow the growth of 
many fastidious anaerobes, which fail to grow in its 
absence. The absence of oxygen can be demonstrated 
by the action of a redox indicator, which in the case 
of methylene blue will be colourless.

Counting bacteria

Estimates of bacterial numbers in a suspension can 
be evaluated from a number of standpoints, each 
equally valid, depending upon the circumstances 
and the information required. In some cases it  may 
be necessary to know the total amount of biomass 
produced within a culture, irrespective of whether 
the cells are actively metabolizing. In other instances 

Trans fe rence .of.liquids
G raduated pipettes and Pasteur pipettes may be 
used for this purpose, the latter being short  glass 
tubes one end of which is drawn into a  ne capillary. 
Both types should be plugged with sterile cotton 
wool and  lled via pipette  llers of appropriate 
capacity. Mouth pipetting should never be permit-
ted. Automatic pipettes have generally replaced 
glass graduated pipettes in most areas of science 
for the measurement of small volumes of liquid. 
Provided they are properly maintained and cali-
brated, they have the advantage of being easy to use 
and reliable in performance.

Releas e .of.infec tious .aeros ols
During all of these manipulations two considerations 
must be borne in mind. First, the culture must be 
transferred with the minimum risk of contamination 
from outside sources. To this end all pipettes, tubes, 
media, etc., are sterilized and the manipulations 
carried out under aseptic conditions. Second, the 
safety of the operator is paramount. During opera-
tions with microorganisms, it  must be assumed that 
all organisms are capable of causing disease and that 
any route of infection is possible.

Most infections acquired in laboratories cannot 
be traced to a speci c incident but arise from the 
inadvertent release of infectious aerosols. Two types 
of aerosols may be produced. The  rst kind pro-
duces large droplets (>5 µm), containing many 
organisms, which settle locally and contaminate sur-
faces in the vicinity of the operator. These may initi-
ate infections if personnel touch the surfaces and 
subsequently transfer the organisms to eyes, nose or 
mouth. The second type of aerosol contains droplets 
less than 5 µm in size, which dry instantly to form 
droplet nuclei that remain suspended in the air for 
considerable periods. This allows them to be carried 
on air currents to situations far removed from the 
site of initiation. These particles are so small that 
they are not trapped by the usual  lter mechanisms 
in the nasal passages and may be inhaled, giving rise 
to infections of the lungs.

The aerosols described above may be produced 
by a variety of means, such as heating wire loops, 
placing hot loops into liquid cultures, splashing 
during pipett ing, rattling loops and pipettes inside 
test tubes, opening screw-capped tubes and 
ampoules, etc. All microbiologists should have an 
awareness of the dangers of aerosol production and 
learn the correct techniques to minimize them.
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surrounds the platform; the liquid must  ll the 
whole space between the coverslip and the plat-
form. This slide is examined using phase-contrast or 
dark-ground microscopy and, if necessary, the 
culture is diluted to give 2–10 bacteria per small 
square. A minimum of 300 bacterial cells should be 
counted to give statistically signi cant results.

only an assessment of living bacteria may be required. 
Bacterial counts can be divided into total counts and 
viable counts.

Tota l.counts
These counts estimate the total number of bacteria 
present within a culture, both dead and living 
cells. A variety of methods is available for the deter-
mination of total counts and the one chosen will 
depend largely upon the characteristics of the cells 
being studied, i.e. whether they aggregate together.
Microscope methods. Microscope methods employ 
a haemocytometer counting chamber (Fig. 13.8), 
which has a platform engraved with a grid of 
small squares each 0.0025 mm2 in area. The plat-
form is depressed 0.1 mm and a glass coverslip is 
placed over the platform, enclosing a space of 
known dimensions. The volume above each square 
is 0.00025 mm3. For motile bacteria the culture is 
 xed by adding two to three drops of 40% formal-
dehyde solution per 10 mL of culture to prevent the 
bacteria from moving across the  eld of view. A drop 
of the suspension is then applied to the platform at  
the edge of the coverslip. The liquid is drawn into 
the space by capillary action. It  is important to 
ensure that liquid does not enter a trench that 

Fig . 13.8 •  Counting chamber for microscope method 
estimation of cell numbers. 
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Example calculation of  
haematocytometer method
Assume the mean cell count per small square is  6 

The volume above each small square mm
cm

=  ×
=  ×

−

−
2 5 10
2 5 10

4 3

7 3
.
. ..

As  the volume above each square contains  6 cells  
then there are:

6
2 5  10

 2 4  107
7cells /mL cells /mL

.
 .  .

×
 =  ×−

Spectroscopic  methods. These methods are 
simple to use and very rapid but require careful 
calibration if meaningful results are to be obtained. 
Either opacity or light scattering may be used but 
both methods may only be used for dilute, homoge-
neous suspensions as at higher concentrations the 
cells obscure each other in the light path and the 
relationship between optical density and concentra-
tion is not linear. Simple colorimeters and neph-
elometers can be used but more accurate results are 
obtained using a spectrophotometer.
Electronic  methods. A variety of automated 
methods is available for bacterial cell counting, 
including electronic particle counting, microcalor-
imetry, changes in impedance or conductivity, and 
radiometric and infrared systems for monitoring 
CO 2 production.
O ther methods. If an organism is prone to exces-
sive clumping, or if a measure of biomass is needed 
rather than numbers, then estimates may be made 
by performing dry weight or total nitrogen determi-
nations. For dry weight determinations, a sample of 
suspension is centrifuged and the pellet washed free 
of culture medium by further centrifugation in 
water. The pellet  is collected and dried to a constant 
weight in a desiccator. Total nitrogen measures the 
total quantity of nitrogenous material within a cell 
population. A known volume of suspension is 
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order to ensure that  countable numbers of colonies 
(30–300) are obtained per plate.

The viable count is calculated from the average 
colony count per plate, knowing the dilution and the 
volume pipetted onto the agar.

Pour pla tes. A series of dilutions of original culture 
is prepared as before, ensuring that at least one is in 
the range 30–300 organisms/ mL. One-millilitre 
quantities are placed into empty sterile Petri dishes. 
Molten agar, cooled to 45°C, is poured on to the 
suspension and mixed by gentle swirling. After 
setting, the plates are inverted and incubated. 
Because the colonies are embedded within the agar 
they do not exhibit  the characteristic morphology 
seen with surface colonies. In general, they assume 
a lens shape and are usually smaller. Because the 
oxygen tension below the surface is reduced this 
method is not suitable for strict aerobes. Calculations 
are similar to that given above, except that  no cor-
rection is necessary for volume placed upon the plate.

Membra ne f ltra tion. This method is particularly 
useful when the level of contamination is very low, 
such as in water supplies. A known volume of sample 
is passed through a membrane  lter, typically made 

centrifuged and washed as before and the pellet 
digested using sulphuric acid in the presence of a 
CuSO 4-K2SO 4-selenium catalyst . This produces 
ammonia, which is removed using boric acid and 
estimated either by titration or colorimetrically.

Viable .counts
These are counts to determine the number of bac-
teria in a suspension that are capable of division. In 
all these methods, the assumption is made that a 
colony arises from a single cell, although clearly this 
is often not the case, as cells frequently clump or 
grow as aggregates, e.g. Staphylococcus aureus. For 
this reason viable counts are usually expressed as 
colony-forming units (cfu) per mL rather than cells 
per mL.
Sprea d pla tes. A known volume, usually no more 
than 0.2 mL, of a suitably diluted culture is pipetted 
on to an over-dried agar plate and distributed evenly 
over the surface using a sterile spreader made of 
glass or plastic. All the liquid must be allowed to 
soak in before the plates are inverted. A series of 
10-fold dilutions should be made in a suitable sterile 
diluent and replicates plated out at  each dilution in 

Box 13 2 

Example calculation of a serial dilution scheme
Stock bacterial suspens ion, 1 mL added to 99 mL of 
s terile  diluent – call dilution A. At this  point the s tock 
suspens ion has  therefore been diluted by a factor of 
100 (102) 

1 mL of dilution A added to 99 mL of s terile  diluent 
– call dilution B  (dilution B has  been diluted by a 
factor of 104) 

1 mL of dilution B added to 9 mL of s terile  diluent 
– call dilution C (dilution C has  been diluted by a 
factor of 105) 

1 mL of dilution C added to 9 mL of s terile  diluent 
– call dilution D (dilution D has  been diluted by a 
factor of 106) 

1 mL of dilution D added to 9 mL of s terile  diluent 
– call dilution E (dilution E has  been diluted by a 
factor of 107) 

0 2 mL of each dilution plated in triplicate 
Mean colony counts  for each dilution after incubation  
at 37 °C are as  follows:
Dilution A too many to count
Dilution B too many to count
Dilution C 400 colonies
Dilution D 45 colonies
Dilution E 5 colonies  

The result for dilution C is  unreliable, as  the count is  too 
high  If the colony count exceeds  300, errors  arise 
because the colonies  become very small and some may 
be missed  This  is  why the colony count for dilution C 
does  not exactly correspond to 10× that found for 
dilution D  Similarly, the count for dilution E is  unreliable 
because at counts  below about 30 small variations  
introduce high percentage errors  

The result from dilution D is  therefore taken for 
calculation, as  the colony count lies  between  
30 and 300 

45 colonies  in 0 2 mL, therefore
= 45 × 5 colonies  per mL
= 225 cfu/mL in dilution D 

This  was  diluted by a factor of 106 (100 × 100 × 10 × 
10) and so the count in the s tock suspens ion was   
225 × 106 = 2 25 × 108 cfu/mL 
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A selective enrichment broth is initially inocu-
lated with the mixed population of cells and this 
inhibits the growth of the majority of the back-
ground population. At the same time the growth of 
the organism of interest is encouraged. After incuba-
tion in these media the cultures are streaked out 
on to solid selective media, which frequently contain 
indicators to further differentiate species on the 
basis of fermentation of speci c sugars.

Class i cation and identi cation

Taxonomy is the ordering of living organisms into 
groups on the basis of their similarities. In this way 
we can construct a hierarchy of interrelationships 
such that species with similar characteristics are 
grouped within the same genus, genera which have 
similarities are grouped within the same family, 
families grouped into orders, orders into classes and 
classes into divisions. The classi cation of bacteria 
does pose a problem because a species is de ned as 
a group of closely related organisms that reproduce 
sexually to produce fertile offspring. Of course, bac-
teria do not reproduce sexually and so a bacterial 
species is simply de ned as a population of cells with 
similar characteristics.

Nomencla ture
The total number of different bacterial species on 
the planet can only be speculated and probably runs 
into tens of millions, however, the number of known, 
named species is just over 6,000. It  is therefore 
extremely important to be sure there is no confusion 
when describing any one particular bacterial species. 
Although we are familiar with the use of trivial names 
in ornithology and botany (we understand what we 
mean when we describe a sparrow or a daffodil), 
such an approach could have disastrous consequences 
in clinical microbiology. For this reason, we use the 
binomial system of nomenclature developed by 
Carolus Linnaeus in the 18th century. In this system 
every bacterium is given two names, the  rst  being 
the genus name and the second the species name. 
By convention, the name is italicized or underlined, 
and the genus name always begins with a capital 
letter whereas the species name begins in lower case.

Identi ca tion
The organization of bacteria into groups of related 
microorganisms is based upon the similarity of their 

of cellulose acetate/ nitrate, of suf cient pore size to 
retain bacteria (0.2–0.45 µm). The  ltrate is dis-
carded and the membrane placed bacteria upper-
most on the surface of an over-dried agar plate, 
avoiding trapped air between membrane and surface. 
Upon incubation the bacteria draw nutrients through 
the membrane and form countable colonies.
ATP  determina tion. There are sometimes 
instances when viable counts are required for 
clumped cultures or for bacteria adhered to sur-
faces, for example in bio lms. Conventional plate 
count techniques are not appropriate here and ATP 
determinations can be used. The method assumes 
that viable bacteria contain a relatively constant 
level of ATP, but this falls to zero when the cells die. 
ATP is extracted from the cells using a strong acid 
such as trichloroacetic acid, and the extract is then 
neutralized by dilution with buffer. The ATP assay 
is based upon the quantitative measurement of a 
stable level of light produced as a result  of an enzyme 
reaction catalysed by  re y luciferase.

ATP  luciferin  O  oxyluciferin  AMP
PPi  CO  li

luciferase+  +    →    +
+  +  +

2

2  gght

The amount of ATP is calculated by reference to 
light output from known ATP concentrations and 
the number of bacterial cells is calculated by refer-
ence to a previously constructed calibration plot.

Isolation of pure bacterial cultures

Mixed bacterial cultures from pathological speci-
mens or other biological materials are isolated  rst  
on solid media to give single colonies. The resultant 
pure cultures can then be subjected to identi cation 
procedures. The techniques used for isolation 
depend upon the proportion of the species of inter-
est compared to the background contamination. 
Direct inoculation can only be used when an organ-
ism is found as a pure culture in nature. Examples 
include bacterial infections of normally sterile  uids 
such as blood or cerebrospinal  uid.

Streaking is the most common method employed. 
If the proportions of bacteria in the mixed culture 
are roughly equal then streaking on an ordinary 
nutrient medium should yield single colonies of all 
microbial types. More usually, the organism of inter-
est is present only as a very small fraction of the 
total microbial population, necessitating the use of 
selective media.
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smaller units. G elatin is a protein that can be added 
to liquid media to produce a stiff gel similar to agar. 
Unlike agar, which cannot be utilized by bacteria, 
those organisms producing proteases will destroy the 
gel structure and liquefy the medium. A medium 
made of nutrient broth solidi ed with gelatin is nor-
mally incorporated in boiling tubes or small bott les 
and inoculated by means of a stab wire. After incuba-
tion, it  is important to refrigerate the gelatin prior to 
examination; otherwise false posit ives may be pro-
duced. Proteases can also be detected using milk agar, 
which is opaque. Protease producers form colonies 
with clear haloes around them where the enzyme has 
diffused into the medium and digested the casein.

Oxidase is produced by N eisseria and Pseu-
domonas and can be detected using 1% tetrameth-
ylparaphenylene diamine. The enzyme catalyses the 
transport of electrons between electron donors in 
the bacteria and the redox dye. A positive reaction 
is indicated by a deep purple colour in the reduced 
dye. The test is carried out by placing the reagent 
directly on to an isolated colony on an agar surface. 
Alternatively, a  lter paper strip impregnated with 
the dye is moistened with water and, using a plati-
num loop, a bacterial colony spread across the 
surface. If positive, a purple colour will appear 
within 10 seconds. Note that the use of iron loops 
may give false-positive reactions.

The indole test distinguishes those bacteria capable 
of decomposing the amino acid tryptophan to indole. 
Any indole produced can be tested by a colorimetric 
reaction with p-dimethylaminobenzaldehyde. After 
incubation in peptone water, 0.5 mL Kovacs reagent 
is placed on the surface of the culture, shaken, and 
a positive reaction is indicated by a red colour. Organ-
isms giving positive indole reactions include E. coli 
and Proteus vulgaris.

Catalase is responsible for the breakdown of 
hydrogen peroxide into oxygen and water. The test 
may be performed by adding 1 mL of 10-vol hydro-
gen peroxide directly to the surface of colonies 
growing on an agar slope. A vigorous frothing of the 
surface liquid indicates the presence of catalase. Sta-
phylococcus and Micrococcus are catalase positive, 
whereas Streptococcus is catalase negative.

Urease production enables certain bacteria to 
break down urea to ammonia and carbon dioxide:

 NH  CO  NH  H  O  NH  COUrease
2  2  2  3  22−  −  +    →   +

This test is readily carried out by growing the bac-
teria on a medium containing urea and an acid–base 

chromosomal DNA. Although this provides a very 
accurate indicator of genetic relatedness it is far too 
cumbersome a tool to use for the identi cation of an 
unknown bacterium isolated from a sample. In this 
instance, a series of rapid and simple tests is required 
that probe the phenotypic characteristics of the 
microorganism. The tests are conducted in a logical 
series of steps, the results from each test providing 
information for the next stage of the investigation. 
An example of such a procedure is given below:

Morphology: microscope investigations 
using a wet mount to deter-
mine cell size, shape, forma-
tion of spores, aggregation, 
motility, etc.

Staining reactions: G ram stain, acid-fast stain, 
spore stain

Cultural reactions: appearance on solid media 
(colony formation, shape, 
size, colour, texture, smell, 
pigments, etc.); aerobic/
anaerobic growth, tempera-
ture requirements, pH 
requirements

Biochemical 
reactions:

enzymatic activities are probed 
to distinguish between 
closely related bacteria. This 
can be performed in tradi-
tional mode or using kits.

Biochemica l tests. These are designed to examine 
the enzymatic capabilities of the organism. As there 
is a large number of biochemical tests that can be 
performed, the preliminary steps help to narrow 
down the range to those that  will be most discrimi-
natory. G iven below are a few examples of com-
monly used biochemical tests.

Sugar fermentation is very frequently used and 
examines the ability of the organism to ferment a 
range of sugars. A number of tubes of peptone water 
are prepared, each containing a different sugar. An 
acid–base indicator is incorporated into the medium 
that also contains a Durham tube (a small inverted 
tube  lled with medium) capable of collecting any 
gas produced during fermentation. After inoculation 
and incubation, the tubes are examined for acid 
production (as indicated by a change in the colour 
of the indicator) and gas production (as seen by a 
bubble of gas collected in the inverted Durham tube).

Proteases are produced by a number of bacteria, 
e.g. Bacillus species and Pseudomonas, and they 
are responsible for the breakdown of protein into 
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containing dehydrated substrates in a number of 
wells. Culture is added to the wells, dissolving the 
substrate and allowing the fermentation of carbohy-
drates or the presence of enzymes similar to those 
just described to be demonstrated. In some cases 
incubation times of 2 hours are suf cient for accurate 
identi cation. Kits are available with different rea-
gents, permitting the identi cation of Enterobacte-
riaceae, Streptococcaceae, Staphylococci, anaerobes, 
yeasts and moulds. Accurate identi cation is made 
by reference to a table of results.

MALDI-TOF (matrix-assisted laser desorption/
ionization – time of  ight) mass spectroscopy is used 
increasingly. Here a bacterial sample is transferred 
to the MALDI target plate and overlaid with matrix 
solution. The sample is loaded into the mass spec-
trometer and a pro le acquired. This pro le is a 
unique  ngerprint of the microorganism and is com-
pared to the library of electronic MS spectra held 
within the software database. Although the equip-
ment cost is high, this procedure is ideal for those 
laboratories that have a high throughput of microbial 
samples that require rapid processing.

The tests described so far will enable differentia-
tion of an unknown bacterium to species level. 
However, it  is apparent that  not all isolates of the 
same species behave in an identical manner. For 
example, E. coli isolated from the intestines of a 
healthy person is relatively harmless compared to 
the well-publicized E. coli O157.H7, which causes 
intense food poisoning and haemolytic uraemic syn-
drome. On occasions it  is therefore necessary to 
distinguish further between isolates from the same 
species. This can be performed using, among other 
things, serological tests and phage typing.

Serologica l tests. Bacteria have antigens associ-
ated with their cell envelopes (O-antigens), with 
their  agella (H-antigens) and with their capsules 
(K-antigens). When injected into an animal, anti-
bodies will be produced directed speci cally towards 
those antigens and able to react with them. Speci c 
antisera are prepared by immunizing an animal 
with a killed or attenuated bacterial suspension 
and taking blood samples. Serum containing the 
antibodies can then be separated. If a sample of 
bacterial suspension is placed on a glass slide and 
mixed with a small amount of speci c antiserum, 
then the bacteria will be seen to clump when exam-
ined under the microscope. The test can be made 
more quantitative by using the tube dilution tech-
nique, where a given amount of antigen is mixed 

indicator. After incubation the production of 
ammonia will be shown by the alkaline reaction of 
the indicator. Examples of urease-negative bacteria 
include E. coli and Enterococcus faecalis.

Simmons citrate agar was developed to test for 
the presence of organisms that could utilize citrate 
as the sole source of carbon and energy and ammonia 
as the main source of nitrogen. It  is used to differ-
entiate members of the Enterobacteriaceae. The 
medium, containing bromothymol blue as indicator, 
is surface inoculated on slopes and citrate utilization 
demonstrated by an alkaline reaction and a change 
in the indicator colour from a dull green to a bright 
blue. E. coli, Shigella, Edwardsiella and Yersinia do 
not utilize citrate, whereas Serratia, Enterobacter, 
Klebsiella and Proteus do and so give a positive result .

The methyl red test is used to distinguish organ-
isms that, during metabolism of glucose, produce 
and maintain a high level of acidity from those that 
init ially produce acid but restore neutral conditions 
with further metabolism. The organism is grown on 
glucose phosphate medium and, after incubation, a 
few drops of methyl red are added and the colour 
immediately recorded. A red colour indicates acid 
production (posit ive), whereas a yellow colour indi-
cates alkali (negative).

Some organisms can convert carbohydrates to 
acetyl methyl carbinol (CH 3-CO-CHOH-CH 3). 
This may be oxidized to diacetyl (CH 3-CO-CO-
CH 3), which will react with guanidine residues in 
the medium under alkaline conditions to produce a 
colour. This is the basis of the Voges Proskauer test, 
which is usually carried out at the same time as the 
methyl red test. The organism is again grown in 
glucose phosphate medium and, after incubation, 
40% KOH is added together with 5% α -naphthol in 
ethanol. After mixing, a positive reaction is indi-
cated by a pink colour in 2–5 minutes, gradually 
becoming darker red up to 30 minutes. Organisms 
giving positive Voges Proskauer reactions usually 
give negative methyl red reactions, as the production 
of acetylmethyl carbinol is accompanied by low acid 
production. Klebsiella species typically give a posi-
t ive Voges Proskauer reaction.

Ra pid identif ca tion systems. With the increasing 
demand for quick and accurate identi cation of bac-
teria, a number of micromethods have been devel-
oped combining a variety of biochemical tests selected 
for their rapidity of reading and high discrimination. 
The API bacterial identi cation system is an example 
of such a micromethod and comprises a plastic tray 
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Cryptococcus neoformans is the only signi cant path-
ogen and this gives rise to a respiratory tract disease 
called cryptococcosis, which in most cases is rela-
tively mild. However, the microorganism may dis-
seminate, leading to multiorgan disease, including 
meningitis. Cryptococcosis is of particular signi -
cance in immune-compromised patients. If left  
untreated, 80% of patients with disseminated cryp-
tococcosis will die within 1 year.

Yeas t-like .fungi
These organisms normally behave like typical 
budding yeasts but under certain circumstances the 
buds do not separate and become elongated. The 
resulting structure resembles a  lament and is called 
a pseudomycelium. It  differs from a true mycelium 
in that  there are no interconnecting pores between 
the cellular compartments comprising the hyphae.

The most important member of this group is 
Candida albicans, which is usually resident in the 
mouth, intestines and vagina. Under normal condi-
tions Candida does not cause problems but if the 
environmental balance is disturbed then problems 
can arise. These include vaginal thrush (vaginitis) 
and oral thrush. Overgrowth of Candida albicans 
within the gut can lead to symptoms of inexplicable 
fatigue and malaise that is dif cult  to diagnose. Pre-
disposing factors may include poor diet, diabetes, 
alcoholism and long-term treatment with steroids.

Dimorphic .fungi
These grow as yeasts or as  laments depending upon 
the cultural conditions. At 22 °C, either in the soil or 
in culture media,  lamentous mycelial forms and 
reproductive spores are produced, whereas at 37 °C 
in the body, the microorganisms assume a yeast-like 
appearance. Histoplasma capsulatum is an important 
pathogen that gives rise to respiratory illness. The 
infectious form is the spore that is borne on the wind 
and is inhaled. It  has been postulated that a single 
spore can elicit  an infection. On entering the body, 
the spores germinate to give rise to the yeast form. 
Primary infections are often mild but progressive dis-
seminated histoplasmosis is a very severe disease that 
can affect many organs of the body.

Filamentous .fungi
This group comprises those multicellular moulds 
that grow in the form of long, slender  laments 
2–10 µm in diameter called hyphae. The branching 

with a series of dilutions of speci c antisera. The 
highest dilution at which agglutination occurs is 
called the agglutination titre.
Pha ge typing. Many bacteria are susceptible to 
lytic bacteriophages whose action is very speci c. 
Identi cation may be based on the susceptibility of 
a culture to a set of such type-speci c lytic bacteri-
ophages. This method enables very detailed identi-
 cation of the organisms to be made, e.g. one 
serotype of Salmonella typhi has been further sub-
divided into 80 phage types using this technique.

Fungi

Fungus is a general term used to describe all yeasts 
and moulds, whereas a mould is a  lamentous fungus 
exhibiting a mycelial form of growth. The study of 
fungi is called mycology. Yeasts and moulds are eukary-
otic microorganisms possessing organized demonstra-
ble nuclei enclosed within an outer membrane, a 
nucleolus and chromatin strands that become organ-
ized into chromosomes during cell division. Fungal cell 
walls are composed predominantly of polysaccharide. 
In most cases this is chitin mixed with cellulose, glucan 
and mannan. Proteins and glycoproteins are also 
present but peptidoglycan is absent. The polysaccha-
ride polymers are crosslinked to provide a structure of 
considerable strength which gives the cell osmotic sta-
bility. The fungal membrane contains sterols such as 
ergosterol and zymosterol not found in mammalian 
cells, and this provides a useful target for antifungal 
antibiotics. The role of fungi in nature is predominantly 
a scavenging one and in this respect they are vital for 
the decomposition and recycling of organic materials. 
Of the more than 100 000 species of known fungi, 
fewer than 100 are human pathogens and most of 
these are facultative and not obligate parasites.

Fungal morphology

The fungi can be divided into  ve broad groups on 
the basis of their morphology.

Yeas ts
These are spherical or ovoid unicellular bodies 
2–4 µm in diameter which typically reproduce by 
budding. In liquid cultures and on agar they behave 
very much like bacteria. Examples include Saccha-
romyces cerevisiae, strains of which are used in 
baking and in the production of beers and wines. 
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propagation. The hyphal tips break up into compo-
nent segments (called arthroconidia or arthrospores), 
each of which can disperse on the wind to other 
environments and fresh food substrates.

The formation of specialized spore-bearing struc-
tures containing reproductive spores is the most 
common method of asexual reproduction (Fig. 
13.9). The spores can be borne in a sporangium, 
supported on a sporangio-phore. A limiting mem-
brane surrounds the sporangium and the spores con-
tained within it  are called sporangiospores. The 
spores are released when the sporangium ruptures. 
This type of reproduction is found in the lower fungi 
possessing non-septate hyphae (e.g. Mucor and Rhiz-
opus). Separate spores produced at the tips of spe-
cialized conidiophores are called conidiospores. A 
diverse range of structures is found in nature and 
Figure 13.9 illustrates some of the different types 
of asexual spores found in fungi.

Sexual.reproduc tion
Sexual reproduction involves the union of two com-
patible nuclei and allows variation of the species. 
Mycology is made much more complex because 
individual fungi are given different names depending 
upon whether they are in the sexual or the asexual 
stage. Not all fungi have been observed to carry 
out sexual reproduction. Some species produce 
distinguishable male and female sex organs on the 
same mycelium and are therefore hermaphroditic, 
i.e. a single colony can reproduce sexually by itself. 
Others produce mycelia which are either male or 
female (called dioecious) and can therefore only 
reproduce when two dissimilar organisms come 
together.

Fungal class i cation

The pharmaceutically important fungi can be found 
within four main taxonomic classes.

Zygomycetes
These are terrestrial saprophytes possessing non-
septate hyphae and are sometimes referred to as the 
lower fungi. Apart from their hyphae, they can be 
distinguished from other  lamentous fungi by the 
presence of sporangia. Examples are Mucor and 
Rhizopus, which are important in the manufacture 
of organic acids and the biotransformation of ster-
oids. They are also common spoilage organisms.

hyphae, which constitute the vegetative or somatic 
structure of the mould, intertwine and gradually 
spread over the entire surface of the available sub-
strate, extracting nutrients and forming a dense mat 
or mycelium. The hyphae may be non-septate 
(coenocytic) or septate, but in each case the nutri-
ents and cellular components are freely diffusible 
along the length of the  lament. This is facilitated 
by the presence of pores within the septa.

Mus hrooms .and.toads tools
This group is characterized by the production of 
large reproductive fruit ing bodies of complex struc-
ture. They also possess elaborate propagation mech-
anisms. Some of these fungi are edible and are used 
in cooking but others, such as Amanita phalloides 
(death cap), produce potent mycotoxins that may 
result  in death if eaten.

Reproduction of fungi

In the somatic portion of most fungi the nuclei are 
very small and the mechanism of nuclear division is 
uncertain. Under the correct environmental condi-
t ions the organisms will switch from the somatic or 
vegetative growth phase to a reproductive form, so 
that the fungus may propagate the species by pro-
ducing new mycelia on fresh food substrates. Two 
types of reproduction are found: asexual and sexual.

As exual.reproduction
Asexual reproduction is in general more important 
for the propagation of the species. Mechanisms 
include binary  ssion, budding, hyphal fragmenta-
tion and spore formation. Each progeny is an exact 
replica of the parent and no species variation can 
occur. Some yeasts (e.g. Schizosaccharomyces rouxii) 
reproduce by binary  ssion in the same way as bac-
teria. The parent cell enlarges, its nucleus divides 
and, when a cross-wall is produced across the cell, 
two identical daughter cells form.

Budding occurs in the majority of yeasts and is the 
production of a small outgrowth or bud from the 
parent cell. As the bud increases in size, the nucleus 
divides and one of the pair migrates into the bud. The 
bud eventually breaks off from the parent to form a 
new individual. A scar is left behind on the parent 
cell and each parent can produce up to 24 buds.

Fungi growing in a  lamentous form may employ 
hyphal fragmentation as a means of asexual 
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Deuteromycetes contain most of the human patho-
gens, such as Blastomyces and Coccidioides, and 
some of the dermatophyte fungi.

Bas id iomyce tes
This is the most advanced group, containing the 
mushrooms and toadstools. Sexual reproduction is 
by basidiospores. The group also includes the rusts 
(cereal parasites) and smuts.

Bibliography

Collins, C.H., Lyne, P.M., G range, J.M., Falkinham, J. 
(2004) Microbiological Methods, 8th edn. Hodder 
Arnold, London.

Denyer, S.P. Hodges, N.A., G orman, S.P. (2004) Hugo and 
Russell’s Pharmaceutical Microbiology, 7th edn. 
Blackwell Publishing, Oxford.

Fraise, A., Lambert , P.A., Maillard, J.Y. (2004) Hugo, Russell 
and Ayliffe’s Principles and Practice of Disinfection, 
Preservation and Sterilization, 4th edn. Blackwell 
Science, Oxford.

G illespie, S.H., Bamford, K. (2007) Medical Microbiology 
and Infection at a Glance, 3rd edn. Blackwell, Oxford.

Russell, A.D., Chopra, I. (1996) Understanding 
Antibacterial Action and Resistance, 2nd edn. Ellis 
Horwood, London.

Stryer, L., Berg, J., Tymoczko, J. (2006) Biochemistry, 7th 
edn. Freeman, New York.

As comycetes
Ascomycetes possess septate hyphae and the sexual 
or perfect stage is characterized by the presence of 
a saclike reproductive structure called an ascus. This 
typically contains eight ascospores. The asexual or 
imperfect  stage involves conidiospores. An example 
is Claviceps purpurea, which is a parasite of rye and 
is important as a source of ergot alkaloids used to 
control haemorrhage and in treating migraine. A 
subclass of the Ascomycetes is the Hemiascomyc-
etes. This includes the yeasts such as Saccharomyces 
and Cryptococcus, together with Torulopsis and 
Candida.

Deuteromycetes
Sometimes called the Fungi Imperfecti, this group 
includes those fungi in which the sexual stage of 
reproduction has not been observed. Penicillium and 
Aspergillus are Ascomycetes but classi ed among 
the Deuteromycetes as the perfect stage is appar-
ently absent. Penicillium chrysogenum is important 
in the production of the antibiotic penicillin, whereas 
Aspergillus species have found widespread industrial 
usage owing to their extensive enzymic capabilities. 
Some Aspergillus species also produce mycotoxins 
and can cause serious infections in humans. The 

Fig . 13.9 •  Spore-bearing structures of selected fungi. 
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•  The minimum inhibitory concentration (MIC) is  
a  commonly used measure of the sens itivity of  
a  particular microorganism to an antimicrobial 
chemical  The concentration of an antibiotic at 
an infection s ite  in the body must exceed the 
MIC for the infecting organism 

•  Preservative ef cacy (challenge) tes ts  are used 
to assess  the adequacy with which a 
manufactured medicine is  protected agains t 
microbial spoilage  

•  Chemical assays  of the preservative present in 
the medicine cannot accurately predict product 
vulnerability to microbial spoilage because the 
activity of preservatives  is  in uenced by their 
interactions  with other components  of the 
formulation 

•  Pharmaceutical products  may be either 
s terile  or non-s terile    Sterile products   
contain no living microorganisms  at all,  
whereas  the microbiological quality of  
non-s terile  products  is  controlled by 
pharmacopoeial s tandards  that specify the 
maximum permitted concentrations  in different 
product types   Some hazardous  organisms  are 
speci cally excluded from selected product 
categories  

•  Sterility tes ts  cannot be relied upon to detect 
the low levels  of microorganisms  that might 
survive an inadequate s terilization process , so 
rigorous  control of the manufacturing process  is  
a  major factor in assurance of s terility 

Introduc tion

The purpose o  this chapter is to bring together 
those microbiological methods and procedures 
that  are relevant to the design and production o  

Norman A. Hodges

KE Y P O IN TS

•  Two of the major aspects  of microbiology 
relevant to pharmacy are the measurement  
of activity of antimicrobial chemicals  and the 
control of the microbiological quality of 
manufactured medicines  

•  In order to obtain reliable and reproducible 
results  in the measurement of antimicrobial 
activity it is  necessary rigorous ly to control 
factors  associated with both the tes t organism 
and the conditions  of the tes t itself 

•  Antibiotics  can be assayed by conventional 
chemical methods  or by biological (agar-
diffus ion) methods   High performance liquid 
chromatography (HPLC) is  usually the  
method of choice, but it cannot be used  
in all s ituations  
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Factors  to be controlled  
in the measurement  
of antimicrobial activity

Origin.of.the .tes t.organis m
Although two cultures may bear the same generic 
and specif c name, i.e. they may both be called 
Escherichia coli, this does not mean that they are 
identical. Certainly, they would normally be similar 
in many respects, e.g. morphology (appearance), 
cultural requirements and biochemical characteris-
tics, but they may exhibit  slight variations in some 
o  these properties; such variants are described as 
strains o  E. coli. A variety o  strains o  a single 
species may normally be obtained  rom a culture 
collection, e.g. the National Collection o  Industrial 
and Marine Bacteria or the National Collection o  
Type Cultures. Di  erent strains may also occur in 
hospital pathology laboratories by isolation  rom 
swabs taken  rom in ected patients or by isolation 
 rom contaminated  ood, cosmetic or pharmaceuti-
cal products, and  rom many other sources. Strains 
obtained in these ways are likely to exhibit  variations 
in resistance to antimicrobial chemicals. Strains 
 rom human or animal in ections are  requently 
more resistant to antimicrobial chemicals, particu-
larly antibiotics, than those  rom other sources. 
Similarly, strains derived  rom contaminated medi-
cines may be more resistant to preservative chemi-
cals than those obtained  rom culture collections. 
There ore, in order to achieve results that are repro-
ducible by a variety o  laboratories, it  is necessary to 
speci y the strain o  the organism used  or the 
determination.

It  is becoming increasingly common, too,  or o f -
cial testing methods to limit the number o  t imes 
the culture collection specimen may be re-grown in 
 resh medium (called the number o  subcultures 
or passages) be ore it  must be replaced. This is 
because the characteristics o  the organism (includ-
ing its resistance to antimicrobial chemicals) may 
progressively change as a result  o  mutation and 
natural selection through the many generations that 
might arise during months or years o  laboratory 
cultivation.

Compos ition.and .pH.of..
the .culture .medium
There are several methods o  assessing antimicrobial 
activity which all have in common the measurement 

medicines and medical devices. These are methods 
used (a) to determine the potency or activity o  
antimicrobial chemicals, e.g. antibiotics, preserva-
tives and disin ectants, and (b) as part o  the micro-
biological quality control o  manu actured sterile 
and non-sterile products. The chapter describes the 
experimental procedures that are unique or particu-
larly relevant to pharmacy, rather than those that are 
common to microbiology as a whole. In the latter 
category,  or example, are procedures used to iden-
ti y and enumerate microorganisms. These, together 
with staining and microscopical techniques, are 
described in Chapter 13.

Several o  the methods and tests discussed here 
are the subject o  monographs or appendices in 
pharmacopoeias or they are described in national 
and international standards or other recognized re -
erence works. It  is not the intention to reproduce 
these o f cial testing procedures in detail but rather 
to explain the principles o  the tests, to draw atten-
tion to di f cult or important aspects, and to indicate 
the advantages, problems or shortcomings o  the 
various methods.

Me as ure me nt of  
antimic robial ac tivity

In most o  the methods used to assess the activity 
o  antimicrobial chemicals, an inoculum o  the test 
organism is added to a solution o  the chemical 
under test, samples are removed over a period 
o  t ime, the chemical is inactivated and the propor-
tion o  surviving cells determined. Alternatively, 
culture medium is present together with the chemi-
cal and the degree o  inhibition o  growth o  the test 
organism is measured. In each case it  is necessary 
to standardize and control such  actors as the con-
centration o  the test organism, its origin, i.e. the 
species and strain employed, together with the 
culture medium in which it  was grown, the phase o  
growth  rom which the cells were taken, and the 
temperature and time o  incubation o  the cells a ter 
exposure to the chemical. Because such considera-
tions are common to several o  the procedures 
described here, e.g. antibiotic assays, preservative 
e f cacy (challenge) tests and determinations o  
minimum inhibitory concentration (MIC), it  is 
appropriate that they should be considered f rst, 
both to emphasize their importance and to avoid 
repetition.
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the temperature o  exposure (which is permitted by 
pharmacopoeial preservative e f cacy tests) may lead 
to a markedly di  erent rate o  kill o  the organism 
in question.

The period o  t ime  or which the test organism 
is exposed to the antimicrobial chemical may in u-
ence the recorded result because it  is possible  or 
the organism to adapt and become resistant to the 
presence o  the chemical. In preservative e f cacy 
tests, the exposure period is normally 28 days, which 
is su f cient time  or any cells that are not killed 
during the f rst 24–48 hours to recover and start to 
reproduce, so that the f nal bacterial concentration 
may be much higher than that at the start . This is 
illustrated in Figure 14.1, which shows the e  ect o  
the quaternary ammonium preservative benzetho-
nium chloride on Pseudomonas aeruginosa. The con-
centration o  bacteria was reduced to approximately 
0.01% o  the initial value during the f rst 6 hours, 
but the bacteria that survived this early period recov-
ered to the original level within 2 days. There is the 
potential  or a similar phenomenon to arise in other 
situations, e.g. in minimum inhibitory concentration 
(MIC) determinations o  bacteriostatic agents (those 
that  do not kill but merely inhibit  the growth o  the 
test organism), although it  is not common in MICs 
because the exposure (incubation) time is much 
shorter than that in preservative testing.

The e  ect  o  some antibiotics may be in uenced 
by the redox conditions during their period o  contact 
with the test organism. Aminoglycosides,  or 

o  inhibition o  growth o  a test  organism when the 
antimicrobial chemical is added to the culture 
medium. In such cases the composition and pH o  
the medium may in uence the result. The medium 
may contain substances that antagonize the action 
o  the test compound, e.g. high concentrations o  
thymidine or para-aminobenzoic acid will inter ere 
with sul onamide activity.

The antimicrobial activities o  several groups o  
chemical are in uenced by the ease with which they 
cross the cell membrane and inter ere with the 
metabolism o  the cell. This, in turn, is in uenced 
by the lipid solubility o  the substance, because the 
membrane contains a high proportion o  lipid and 
tends to permit the passage o  lipid-soluble sub-
stances. Many antimicrobial chemicals are weak 
acids or weak bases, which are more lipid soluble in 
the unionized  orm. The pH o  the environment 
there ore a  ects their degree o  ionization, hence 
their lipid solubility and so, ultimately, their antimi-
crobial e  ect. Benzoic acid,  or example, is a pre-
servative used in several oral mixtures which has a 
much greater activity in liquids bu  ered to an acid 
pH value than those which are neutral or alkaline. 
Conversely, the aminoglycoside antibiotics, e.g. 
streptomycin, neomycin and gentamicin, which are 
weak bases, are more active at  slightly alkaline pH 
values, although this is more a consequence o  the 
transport systems by which the molecules enter the 
bacterial cell working better at alkaline pH than o  
enhanced lipid solubility. The presence o  organic 
matter, e.g. blood, pus or serum, is likely to have a 
marked protective e  ect on the test organism and 
so antimicrobial chemicals may appear less active in 
the presence o  such material. The activity o  several 
antibiotics, notably tetracyclines and aminoglyco-
sides, is reduced by the presence o  high concentra-
t ions o  di- or trivalent cations in the medium.

Expos ure .and .incubation.conditions
The temperature, duration and redox conditions o  
exposure to the antimicrobial chemical (or incuba-
tion o  survivors a ter exposure) may all have a sig-
nif cant e  ect on its measured activity. Increasing 
the temperature o  exposure o  the test organism to 
the chemical increases the antimicrobial activity by 
a  actor which is quantif ed by the temperature coe -
f cient (Q 10 value: the number o  t imes increase in 
activity  or a 10 °C rise in temperature). Phenols and 
alcohols,  or example, may respectively exhibit Q 10 
values o  3–5 and > 10, and so a variation o  5 °C in 

Fig . 14.1 •  The survival and recovery of Pseudomonas 
aeruginosa exposed to benzethonium chloride during a 
preservative ef cacy test. 
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against actively growing cells than slowly growing or 
dormant ones, e.g. bacterial spores.

Antibiotic assays

Methods o  assaying antibiotics may be broadly 
divided into three groups:
•  conventional chemical assays, e.g. t itrations, 

spectrophotometry and high-per ormance liquid 
chromatography (HPLC)

•  enzyme-based and immunoassays, where the 
antibiotic is, respectively, the substrate  or a 
specif c enzyme or the antigen with which a 
specif c antibody combines

•  biological assays in which biological activity, 
in this case bacterial growth inhibition, o  the 
‘test’ solution is compared with that o  a 
re erence standard.

Biological methods o  er the advantage that the 
parameter being measured in the assay (growth inhi-
bition) is the property  or which the drug is used, 
and so inactive impurities or degradation products 
will not inter ere and lead to an inaccurate result. 
Biological methods also o  er other advantages 
(Table 14.1) but they have several signif cant limita-
tions and non-biological methods are now generally 
pre erred.

Enzyme-based and immunoassay kits are used in 
hospitals, notably  or therapeutic monitoring o  
toxic antibiotics (e.g. aminoglycosides and vancomy-
cin), whereas HPLC tends to be pre erred in the 
pharmaceutical industry, particularly  or quality 
assurance applications. Biological assays are most 
likely to be used when the alternatives are inappro-
priate, especially when the active antibiotic cannot 
readily be separated  rom inactive impurities, deg-
radation products or inter ering substances, or it  
cannot easily be assayed by HPLC without derivati-
zation to enhance ultraviolet absorption (e.g. 
aminoglycosides). These situations may arise:
•  when the antibiotic is present in a solution 

containing a wide variety o  complex  
substances that  would inter ere with a chemical 
assay, e.g.  ermentation broth, serum, or  
urine

•  when the antibiotic is present together with 
signif cant concentrations o  its breakdown 
products, e.g. during stability studies as part o  
product development

example, are  ar less active, and metronidazole is  ar 
more active, under conditions o  low oxygen availa-
bility. Such e  ects may even be seen during agar 
di  usion antibiotic assays, in which the antibiotic 
di  uses  rom a well into an agar gel inoculated with 
the test organism; the diameter o  the zone o  growth 
inhibition that surrounds a well f lled with neomycin 
solution,  or example, may be signif cantly greater at 
the sur ace o  the agar (where there is abundant 
oxygen) than at  its base, where the oxygen concentra-
tion is limited by its poor di  usion through the gel.

Inoculum.concentra tion.and .
phys iologica l.s ta te
It is perhaps not surprising that the concentration o  
the inoculum can markedly a  ect  antimicrobial 
action, with high inoculum levels tending to result in 
reduced activity. There are two main reasons  or this. 
First, there is the phenomenon o  drug adsorption on 
to the cell sur ace or absorption into the interior o  
the cell. I  the number o  drug molecules in the test 
tube is f xed yet the number o  cells present is 
increased, this obviously results in  ewer molecules 
available per cell and consequently the possibility o  
a diminished e  ect. In addition to this there is the 
second, more specialized case, again concerning 
antibiotics, where it  is  requently observed that 
certain species o  bacteria can synthesize antibiotic-
inactivating enzymes, the most common o  which are 
the various types o  β-lactamases (those destroying 
penicillin, cephalosporin and related antibiotics). 
Thus a high inoculum means a high carryover o  
enzyme with the inoculum cells, or at least  a greater 
potential synthetic capacity.

Perhaps less predictable than the inoculum con-
centration e  ect is the possibility o  the inoculum 
history in uencing the result. There is a substantial 
amount o  evidence to show that the manner in 
which the inoculum o  the test organism has been 
grown and prepared can signif cantly in uence its 
susceptibility to toxic chemicals. Features such as 
the nature o  the culture medium, e.g. nutrient 
broth or a def ned glucose-salts medium, the metal 
ion composition o  the medium and hence o  
the cells themselves, and the physiological state o  
the cells, i.e. ‘young’ actively growing cells  rom the 
logarithmic growth phase or ‘old’ non-dividing cells 
 rom the stationary phase, all have the potential to 
in uence the observed experimental values. G ener-
ally, antimicrobial chemicals are more e  ective 
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Agar.d iffus ion.as s ays
In this technique, the agar medium in a Petri dish 
or a larger assay plate is inoculated with the test 
organism, wells are created by removing circular 
plugs o  agar, and these wells are f lled with a solu-
tion o  the chemical under test (Fig. 14.2).

The chemical di  uses through the gel  rom A 
towards B and the concentration  alls steadily in that 
direction. The concentration in the region A to X is 
su f ciently high to prevent growth, i.e. it  is an inhib-
itory concentration. Between X and B the concen-
tration is sub-inhibitory and growth occurs. The 
concentration at  X at the time the zone edge is 
 ormed is known as the critical inhibitory 

•  when it  has been extracted  rom a  ormulated 
medicine,  or example a cream or linctus, when 
excipients might cause inter erence

•  where the commercially available product is a 
mixture o  isomers that have inherently 
di  erent antimicrobial activities, which cannot 
easily be distinguished chemically and which 
may di  er in proportion  rom batch to batch 
(e.g. neomycin and gentamicin).

Biological antibiotic assays, or bioassays as they are 
 requently known, may be o  two main types: agar 
di  usion and turbidimetric. The European Pharma-
copoeia (PhEur) (2011) describes experimental 
details  or both methods, e.g. test microorganisms, 
solvents, bu  ers, culture media and incubation con-
ditions. In each case, a re erence material o  known 
activity must be available. When antibiotics were in 
their in ancy,  ew could be produced in the pure 
state  ree  rom contaminating material, and specif c 
chemical assays were rarely available. Thus the 
potency or activity o  re erence standards was 
expressed in terms o  (international) units o  activ-
ity. There are  ew antibiotics  or which dosage is still 
normally expressed in units: nystatin and polymyxin 
are two o  the remaining examples. More com-
monly, potencies are recorded in terms o  µg mL−1 
o  solution or µg antibiotic mg−1 o  salt , with dosages 
expressed in mg. Antibiotic assay results are usually 
in the  orm o  a potency ratio o  the activity o  the 
unknown or test solution divided by that o  the 
standard.

Table 14.1 Relative merits of alternative antibiotic assay methods

Assay method Advantages Disadvantages

Biological 
methods

Inactive impurities or degradation 
properties do not interfere

Slow, usually requiring overnight incubation

Easily scaled up for multiple samples Relatively labour-intensive
Do not require expensive equipment Relatively inaccurate and imprecise, particularly with 

inexperienced operators

Non-biological 
methods

Usually rapid, accurate and precise.
May be more sensitive than biological 

assays

May require expensive equipment (e.g. HPLC) or expensive 
reagents or assay kits (enzyme and immunological methods)

Enzyme and immunological methods are 
usually assay kits, which give reliable 
results with inexperienced operators

HPLC can only assay samples sequentially, so unusually large 
sample numbers may cause problems

Fig . 14.2 •  Assessment of antimicrobial activity by agar 
diffusion. 
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rather than somewhat less reliable values  or six or 
seven concentrations. There is no reason why an 
assay should not be based upon a two- or three-point 
line, provided that those points are reliable and that  
preliminary experiments have shown that the 
plotted relationship over the concentration range in 
question is linear.

It  is not common to conduct antibiotic assays in 
Petri dishes because too  ew zones may be accom-
modated on a standard-sized dish to permit the 
replication necessary to obtain the required accuracy 
and precision. Antibiotic assays, when per ormed 
on a large scale, are more o ten conducted using 
large assay plates 300 mm or more square (Fig. 
14.4). The wells are created in a square design and 
the number that may be accommodated will depend 
upon the anticipated zone diameters: 36 or 64 
wells are common (6 × 6 or 8 × 8, respectively). The 
antibiotic standard material may be used in solution 
at three known concentrations ( requently re erred 
to as ‘doses’) and the antibiotic solution o  unknown 
concentration treated likewise; alternatively, each 
may be employed at  two concentrations. A randomi-
zation pattern known as a Latin square is used to 
ensure that there is a suitable distribution o  the 
solutions over the plate, thereby minimizing any 
errors due to uneven agar thickness.

In the case o  an assay based upon standard solu-
tions used at two concentrations, the potency ratio 
may be calculated directly  rom the graph (as shown 
in Fig. 14.5) or by using the  ormula below:

 Log LDR  (UH  UL)  (SH  SL)
(SH  SL)  (UH  UL)

X  =  ×  +  −  +
−  +  −

 

(14.1)

where X is the potency ratio, LDR is the logarithm 
o  the dose ratio (i.e. ratio o  concentrations o  stand-
ard solutions), UH, UL, SH and SL are the mean 
zone diameters  or the unknown and standard high 
and low doses. The derivation o  this is described in 
detail by Wardlaw (1999), who deals extensively with 
the subject o  antibiotic assays. The tests  or accept-
able limits o  parallelism between the line joining the 
standards and that joining the test points, together 
with conf dence limits applicable to the calculated 
potency ratios, are described in the current PhEur.

In calculating the potency ratio directly  rom 
Figure 14.5, the zone diameters  or the standard and 
unknown high concentrations are plotted at the same 
abscissa values, and those  or the low concentrations 
similarly. Two zone diameters are considered which 

concentration (CIC). A ter incubation, the gel 
between A and X is clear and that between X and 
B is opaque as a result  o  microbial growth which, 
with the common test organisms, is usually pro use. 
A zone o  inhibition is there ore created, the diam-
eter o  which will increase as the concentration o  
chemical in the well increases.

A graph may be constructed which relates zone 
diameter to the logarithm o  the concentration o  
the solution in the well (Fig. 14.3). It  is normally 
 ound to be linear over a small concentration range 
but the square o  the diameter must be plotted to 
achieve linearity over a wide range. A plot such as 
that in Figure 14.3 may, quite correctly, be used to 
calculate the concentration o  a test solution o  anti-
biotic. In practice, however, it  is  ound to be more 
convenient to obtain reliable mean zone diameters 
 or the standard at just two or three concentrations, 

Fig . 14.4 •  Antibiotic agar diffusion assay conducted 
using a 6 x 6 assay design in a 300 mm square assay 
plate. 

Fig . 14.3 •  Calibration plots for agar diffusion assays. 
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changes at the zone edge are available, and may be 
linked to a personal computer which rapidly calcu-
lates the result  together with the appropriate statis-
t ical analyses. The size o  the zone is determined by 
the relative rates o  di  usion o  the drug molecule 
and growth o  the test  organism. I  the assay plates 
are le t  at room temperature  or 1–4 hours prior to 
incubation, growth is retarded whereas di  usion 
proceeds. This may result  in larger zones and 
improved precision.

The zone diameter is a  ected by most o  the 
 actors previously stated to in uence antimicrobial 
activity and, in addition, gel strength and the pres-
ence o  other solutes in the antibiotic solution, e.g. 
bu  er salts. I  the antibiotic has been extracted 
 rom a  ormulated medicine, e.g. cream, lotion or 
mixture, excipients may be simultaneously removed 
and in uence the di  usion o  the antibiotic in the 
gel; sugars are known to have this e  ect. Because 
antibiotic assays involve a comparison o  two solu-
tions that are similarly a  ected by changes in experi-
mental conditions, day-to-day variations in,  or 
example, inoculum concentration will not have a 
great e  ect on the accuracy o  the potency ratio 
obtained. However, the precision may be a  ected. 
The volume o  liquid in the well is o  minimal 
importance; it  is usually o  the order o  0.1 mL and 
is delivered by semi-automatic pipette. As an alter-
native to wells, the antibiotic may be introduced on 
to the agar using absorbent paper discs, metal cylin-
ders or ‘f sh spine’ beads (beads having a hole drilled 
in them which contains the liquid).

For many antibiotics, the test organism is a Bacillus 
species and the inoculum is in the  orm o  a spore 
suspension, which is easy to prepare, standardize and 
store. Alternatively,  rozen inocula  rom liquid nitrogen 
may be used as a means o  improving reproducibility.

Care ul storage and preparation o  the re erence 
standards are essential. The re erence antibiotic is 
usually stored at low temperature in a  reeze-dried 
condition.

Turbid imetric .as s ays
In this case, antibiotic standards at several concen-
trations are incorporated into liquid media and the 
extent o  growth inhibition o  the test organism is 
measured turbidimetrically using a nephelometer or 
spectrophotometer. The unknown or test antibiotic 
preparation is run simultaneously, again at  several 
concentrations, and the degree o  growth inhibition 
compared. Such assays are less commonly used than 

are as widely separated on the ordinate as possible 
while still being covered by the standard and the test  
lines. The ratio o  the concentrations required to 
achieve the selected diameter is thus an estimate o  
the potency ratio. The mean o  the two estimates 
taken at the extremes o  the range o  common zone 
diameters should be identical to the value by calcula-
tion  rom the  ormula. Thus, in Figure 14.5, at a zone 
diameter o  23.75 mm the f rst estimate o  potency 
ratio is 0.557 (antilog o  0.445 divided by antilog o  
0.699); the second is 0.507 (antilog o  zero divided 
by the antilog o  0.295). The mean value o  0.53 
indicates the unknown solution to have approxi-
mately hal  the activity o  the standard.

Pra ctica l a spects of the conduct of a ga r  diffu-
sion a ssa ys. The agar may be sur ace inoculated 
or inoculated throughout while in the molten state 
prior to pouring. In the latter case zones may arise 
which are di  erent in diameter at the agar sur ace 
than at the base o  the Petri dish; this may compli-
cate the recording o  zone diameters. Zones which 
are not per ectly circular may be disregarded, 
although it  may be appropriate to record the mean 
o  the long and short axes. Such zones may result 
 rom non-circular wells, careless f lling or uneven 
drying o  the agar gel owing to a poorly f tting plate 
cover. The zones may be read directly with callipers 
or, more conveniently, a ter enlargement by projec-
tion onto a screen. Automatic zone readers incorpo-
rating a series o  photocells that detect opacity 

Fig . 14.5 •  Four-point agar diffusion assay for 
bacitracin. 
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media become darker brown on prolonged heating, 
and so samples  rom the same batch may di  er in 
colour i  the sterilizing time is not strictly controlled.

Minimum inhibitory concentration 
determinations  (MICs)

The MIC is the lowest concentration o  an antimi-
crobial chemical  ound to inhibit  the growth o  a 
particular test  organism. It  is there ore a  undamen-
tal measure o  the intrinsic antimicrobial activity 
(potency) o  a chemical, which may be an antiseptic, 
disin ectant, preservative or antibiotic. MIC deter-
minations are applied to chemicals in the pure state, 
i.e. they are particularly relevant to raw materials 
rather than to the f nal  ormulated medicines; the 
latter are usually subject to preservative e f cacy 
(challenge) tests to assess their antimicrobial activ-
ity. MIC values are usually expressed in terms o  µg 
mL−1 or, less commonly, as in the case o  some anti-
biotics, units mL−1. It  is important to recognize that 
the test organism is not necessarily killed at the 
MIC. Whether or not the cells die or merely cease 
growing depends upon the mode o  action o  the 
antimicrobial agent in question. MIC values are 
commonly used to indicate the sensitivity o  a par-
ticular organism to an antibiotic, so  or the antibiotic 
to be e  ective in treating an in ection its concentra-
tion at the in ection site must com ortably exceed 
the MIC  or the organism in question.

An MIC is an absolute value which is not based 
upon a comparison with a standard/ re erence prepa-
ration, as in the case o  antibiotic assays and certain 
disin ectant tests. For this reason, inadequate control 
o  experimental conditions is particularly likely to 
have an adverse e  ect on results. Discrepancies in 
MIC values measured in di  erent laboratories are 
o ten attributable to slight variations in such condi-
tions, and care must be taken to standardize all the 
 actors previously stated to in uence the result . It  
is important also to state the experimental details 
concerning an MIC determination. A statement 
such as ‘the MIC  or phenol against  E. coli is 0.1% 
w/ v’ is not, by itsel , very use ul. It  has  ar more 
value i  the strain o  E. coli, the inoculum concentra-
tion, the culture medium, etc. are also stated.

MIC.tes t.methods
The most common way to conduct MIC determina-
tions is to incorporate the antimicrobial chemical at  
a range o  concentrations into a liquid medium, the 

agar di  usion methods because their precision is 
rather in erior but they do have the advantage o  
speed: the result may be available a ter an incuba-
tion period as short as 3–4 hours. They are also more 
sensitive than di  usion assays and consequently may 
be applied to low-activity preparations.

The shape and slope o  the dose–response plot  
 or a turbidimetric assay may be more variable than 
that  or agar di  usion, and non-linear plots are 
common. Typical dose–response plots are shown in 
Hewitt & Vincent (1989). The plotted points are 
usually the mean turbidity values obtained  rom rep-
licate tubes and the assay may be conducted using 
a Latin square arrangement o  tubes incubated in a 
shaker, which is necessary to ensure adequate aera-
tion and uni orm growth throughout the tube.

Pra ctica l a spects of the conduct of turbidimetric 
a ssa ys. Incubation time is critical in two respects. 
First, it is necessary to ensure that the culture in each 
o  the many tubes in the incubator has exactly the 
same incubation period, because errors o  a  ew 
minutes become signif cant in a total o  only 3–4 
hours’ incubation. Care must there ore be taken to 
ensure that the tubes are inoculated in a precise 
order, and that growth is stopped in the same order 
by the addition o   ormalin, heating or other means.

The incubation period must be appropriate to the 
inoculum level so that the cultures do not achieve 
maximal growth. At the concentrations used  or 
such assays, the antibiotics usually reduce growth 
rate but do not limit  total growth. There ore, i  the 
incubation period is su f ciently long, all the cultures 
may achieve the same cell density regardless o  the 
antibiotic concentration.

There are certain other limitations to the use o  
turbidimetric assays. Because it  is the ‘cloudiness’ o  
the culture that is measured, standard and test solu-
tions in which the organisms are suspended should, 
ideally, be clear be ore inoculation. Cloudy or hazy 
solutions which may result   rom the extraction o  
the antibiotic  rom a cream,  or example, can only 
be determined a ter similarly compensating the 
standards or otherwise eliminating the error. Test 
organisms that produce pigments during the course 
o  the incubation period should be avoided; so too 
should those that normally clump in suspension.

The rate o  growth o  the test organism may vary 
signif cantly  rom one batch o  medium to another. 
Thus it is important to ensure that all the tubes in the 
assay contain medium  rom the same batch, and were 
prepared and sterilized at the same time. Many liquid 
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0.2, 0.3, 0.4, … rather than 0.1, 0.2, 0.4, 0.8, … µg 
mL−1. The potential problem with this approach is 
that  there may be merely a gradation in growth 
inhibition, rather than a sharp point o  demarcation 
with obvious growth in one tube in the series and 
no growth in the next.

All the solutions used must be sterilized; it must 
not be assumed that the test chemical is sel -
sterilizing. Most disin ectants, antiseptic and pre-
servative chemicals are bactericidal but they are 
unlikely to kill bacterial spores. Also, several antibiot-
ics act by inhibiting growth and so would not neces-
sarily kill vegetative cells with which they might be 
contaminated. I  the experiment is conducted in 
tubes, all the tube contents must be mixed be ore 
inoculation as well as a ter, otherwise there is the 
possibility o  the inoculum cells being killed by an 
artif cially high concentration o  the test chemical 
towards the top o  the tube. I  there is any risk o  
precipitation o  the test chemical or the medium 
components during incubation, a turbidity compari-
son must be available  or each concentration (same 
tube contents without inoculum); alternatively, in the 
case o  bactericidal chemicals, the liquid in each tube 
may be subcultured into pure medium to see whether 
the inoculum has survived. Each o  the tubes in the 
series may be prepared in duplicate or triplicate i  it  
is considered desirable. This is the case where the 
incremental change in concentration is small.

Dis tinc tion.be tween.MICs .conduc ted .in.
agar.and .the .as s es s ment.of.s ens itivity.
us ing.agar.d iffus ion.methods
It is important to understand that when MICs are 
determined in Petri dishes the antimicrobial chemi-
cal is dissolved in the agar and is uni ormly distrib-
uted through the gel when the test organism is 
inoculated into the sur ace. This is a  undamental 
di  erence  rom the test procedure used  or antibi-
otic bioassays where the antibiotic diffuses through 
the agar to create a growth inhibition zone. When 
MICs are conducted in agar there is no di  usion and 
no zones o  growth inhibition; the result merely 
depends on the presence or absence o  growth o  
the test organism.

I  the agar di  usion method were used to measure 
the size o  the inhibition zones  rom a series o  solu-
tions o  progressively decreasing concentration, it  
would obviously be possible to identi y the concen-
tration that just  ails to produce an inhibition zone. 
This is sometimes incorrectly described as the MIC 

containers o  which are then inoculated, incubated 
and examined  or growth.

Test tubes may be used, but microtitre plates 
(small rectangular plastic trays with, usually, 96 
wells each holding approximately 0.1 mL liquid) 
and other miniaturized systems are common. It  is 
also possible to incorporate the chemical into molten 
agar, which is then poured into Petri dishes and 
allowed to set. An advantage o  using a microtitre 
plate or series o  Petri dishes is that several organ-
isms can be tested at  the same time using a multipoint 
inoculator; there is also a greater chance o  detecting 
contaminating organisms (as uncharacteristic colo-
nies) on the agar sur ace than in liquid media. 
Usually the presence or absence o  growth is easier 
to dist inguish on the sur ace o  agar than in liquid 
media. In tubes showing only  aint turbidity, it  is 
o ten di f cult to decide whether growth has 
occurred or not. Regardless o  the method used, the 
principle is the same and the MIC is the lowest 
concentration at which growth is inhibited.

In addition to the other experimental details that 
should be described in order to make the measured 
result  meaning ul, it  is necessary to speci y the 
increment by which the concentration o  test chem-
ical changes  rom one container to the next. The 
operator could,  or example, change the concentra-
t ion 10- old  rom one tube to the next in the rare 
circumstance where even the likely order o  magni-
tude o  the MIC is not known. Far more commonly, 
however, the concentration changes by a  actor o  2, 
and this is almost invariably the case when antibiotic 
MIC values are determined; thus, re erence is made 
to ‘doubling dilutions’ o  the antibiotic. I ,  or 
example, an MIC were to be measured using test 
tubes, an aqueous solution o  the chemical would 
normally be mixed with an equal volume o  double-
strength growth medium in the f rst tube in the 
series, then hal  the contents o  the f rst tube added 
to an equal volume o  single-strength medium in the 
second, and so on. In this case hal  the contents o  
the last tube in the series would have to be discarded 
prior to inoculation in order to maintain the same 
volume in each tube. Control tubes may be included 
to demonstrate (a) that the inoculum culture was 
viable and that the medium was suitable  or its 
growth (a tube containing medium and inoculum 
but no test chemical) and (b) that the operator was 
not contaminating the tubes with other organisms 
during preparation (a tube with no test chemical or 
added inoculum). It  is possible to use an arithmetic 
series o  concentrations o  test chemical, e.g. 0.1, 
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adequately protected against  microbial spoilage; 
they are normally used only during product develop-
ment and are not part o  the routine quality control 
applied to batches o  manu actured medicines. Pre-
servative e f cacy tests (rather than chemical assays 
o  preservatives) are used to assess vulnerability to 
spoilage because it  is not normally possible to predict 
how the activity o  a preservative chemical will be 
in uenced by the active ingredients, the excipients 
and the container itsel .

Certain products may contain no added preserva-
tive, either because the active ingredients have su -
f cient antimicrobial activity themselves or because 
they already contain high concentrations o  sugar or 
salts which restrict the growth o  microorganisms. 
However, such products are rare; multidose injec-
tions or eye drops, the majority o  oral mixtures, 
linctuses and similar preparations, together with 
creams and lotions, all contain preservatives. They 
are not normally required in anhydrous products, 
e.g. ointments, or in single-dose injections.

Again, it  must not be assumed that products con-
taining antimicrobial agents as the active ingredients 
are sel -sterilizing, It  is quite possible  or an antibi-
otic cream,  or example, to be active against certain 
bacteria yet  ail to restrict  the growth o  contami-
nating yeasts or moulds.

The basic principle o  a preservative test is to 
inoculate separate containers o  the product with 

value  or the chemical in question; such a procedure, 
however, gives the critical inhibitory concentration 
(CIC), not the MIC. CIC values usually exceed MIC 
values by a  actor o  2–4. Not only is this misconcep-
tion about agar di  usion methods giving MIC values 
commonly  ound in the pharmaceutical and chemical 
literature but misinterpretations o  agar di  usion 
data are, un ortunately, also common. The diameter 
o  a growth inhibition zone depends upon several 
 actors. Whilst the sensitivity o  the test organism, 
its concentration and that o  the chemical are para-
mount, the incubation conditions, the physicochemi-
cal composition o  the gelled culture medium and 
the properties o  the di  using molecule are also 
important. It  is tempting to take the simplistic view 
that i  two chemicals are used at the same concentra-
tion and one produces a larger zone o  growth inhibi-
tion than the other, that is a direct re ection o  their 
intrinsic antimicrobial activities. Un ortunately, that 
is o ten not the case because it   ails to take into 
account both the di  usion coe f cients o  the di  er-
ent molecules and their concentration exponents 
(Chapter 15). To di  use well in agar, a molecule 
should be small, water soluble and o  a charge that 
does not interact with the components o  the gel. 
There are several very e  ective antimicrobial chemi-
cals that  either do not di  use well in agar or possess 
a high concentration exponent, both o  which prop-
erties would predispose to small zones. I  these 
agents were to be assessed purely on the basis o  
inhibition zone diameter they would be incorrectly 
dismissed as virtually inactive. Parabens and phenols 
are prime examples. Even saturated solutions o  
parabens in water can  ail to give inhibition zones by 
agar di  usion (Fig. 14.6) but they are, nevertheless, 
amongst the most e  ective and widely used antimi-
crobial preservatives. Likewise phenols, with their 
high concentration exponents, only give small inhibi-
tion zones and this has led to misleading comparisons; 
manuka honey,  or example, has been claimed to 
possess antibacterial activity equivalent to 10% 
phenol on the basis that the inhibition zone diameters 
are similar. This  undamental limitation o  agar di -
 usion as a method o  assessing antimicrobial potency 
is all too  requently overlooked.

Preservative ef cacy tes ts   
(PETs  or challenge tes ts )

These are tests applied to the  ormulated medicine 
in its f nal container to determine whether it  is 

Fig . 14.6 •  Zones of growth inhibition resulting from 
preservative chemicals. The disc at the top was soaked 
in a saturated solution of parabens but failed to produce 
an inhibition zone because parabens have a high 
concentration exponent. 
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but this too may pose problems because organisms 
may rapidly lose their preservative resistance unless 
routinely grown on media supplemented with the 
preservative in question.

The inoculum concentration o  105–106 microor-
ganisms mL−1 or g−1 o  the preparation under test 
has been criticized as being unrealist ic because it  is 
much higher than that which would be acceptable 
in a  reshly manu actured product. It  is adopted, 
however, in order  or the 1000- old  all in microbial 
concentration that would be required  rom an e  ec-
t ive parenteral or ophthalmic preservative to be 
easily measured. The test organisms are added sepa-
rately to di  erent containers rather than as a mixed 
inoculum.

Inac tiva tion.of.p res e rva tive
It is quite possible  or su f cient o  the preservative 
to be contained in, and carried over with, the sample 
removed  rom the container to prevent or retard 
growth o  colonies on the Petri dishes. I  the inocu-
lum level o  the test organism initially is about 106 
cells mL−1 or g−1 o  product, the problem o  carryo-
ver may not arise because a dilution  actor o  103 or 
104 would be required to achieve a countable 
number o  colonies on a plate; at this dilution most 
preservatives would no longer be active. When a 
high proportion o  the cells in the product has died, 
however, lit t le or no such dilution is required, so 
preservative carryover is a real problem which may 
artif cially depress the count even more. To avoid 
this, preservative inhibitors or antagonists may be 
used. There are several o  these; common examples 
being glycine  or aldehydes, thioglycollate or cysteine 
 or heavy metals, and mixtures o  lecithin and 
polysorbate-80 with or without Lubrol W  or qua-
ternary ammonium compounds, chlorhexidine and 
parabens. The use o  these and other inactivators has 
been tabulated by G ilmore et al (2011).

An alternative method o  removing residual pre-
servative is to pass the sample o  inoculated product 
through a bacteria-proo  membrane so that  surviving 
organisms are retained and washed on the sur ace o  
the membrane and the preservative is thus physi-
cally separated  rom them. A ter washing, the mem-
brane is trans erred to the sur ace o  a suitable agar 
medium and colonies o  microorganisms develop on 
it  in the normal way. It  is necessary to incorporate 
controls (validate the method) to demonstrate both 
that the inactivator really works and that it  is not, 
itsel , toxic. The  ormer usually involves mixing the 

known concentrations o  a variety o  test organisms, 
then remove samples  rom each container over a 
period o  t ime and determine the proportion o  the 
inoculum that has survived. When f rst introduced 
into national pharmacopoeias, preservative e f cacy 
tests di  ered to some extent in experimental detail 
and di  ered markedly in the required per ormance 
criteria  or preservatives to be used in di  erent 
product categories. In the late 1990s moves towards 
international harmonization o  preservative testing 
procedures in the European, United States and 
Japanese pharmacopoeias (PhEur, USP and JP, 
respectively) meant that many (but not all) o  the 
discrepancies in experimental detail were elimi-
nated. The di  erences in per ormance criteria 
remain, however, with the PhEur generally requiring 
a greater degree o  microbial inactivation  or the 
preservative to be considered satis actory than the 
USP and JP which, in this respect, are very similar.

The PhEur (2011) recommends the routine use 
o   our test organisms, each at a f nal concentration 
o  105–106 cells mL−1 or g−1 in the product. Counts 
are per ormed on samples removed at Oh, 6h, 24h, 
48h, 7 days, 14 days and 28 days. Various aspects o  
the test are considered in more detail below.

Choice .of.tes t.organis ms .and..
inoculum.concentra tion
The test organisms used are the bacteria Staphylococ-
cus aureus, Pseudomonas aeruginosa and E. coli 
(which is used  or testing all product types in the 
USP test but  or oral products only in the PhEur 
test), together with the yeasts/ moulds Candida albi-
cans and Aspergillus brasiliensis (plus the osmophilic 
Zygosaccharomyces rouxii in the PhEur test  or oral 
syrups). The current PhEur recommends that the 
designated organisms be supplemented, where 
appropriate, by other strains or species that may 
represent likely contaminants to the preparation. A 
similar recommendation was contained in earlier ver-
sions o  the USP preservative test but this has been 
deleted  rom the current test (2010).

One problem with adding other organisms (such 
as those isolated  rom the manu acturing environ-
ment) is that they are not universally available and 
so a particular product could be tested at di  erent 
manu acturing sites o  the same company and pass 
in one location yet  ail in another simply because the 
organisms used locally were not the same. The pos-
sibility o  using resistant strains isolated  rom previ-
ous batches o  spoilt  product has been advocated, 
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B criteria must be satisf ed in justif ed cases where 
the A criteria cannot be attained,  or example 
because o  an increased risk o  adverse reactions. 
The baseline used as the re erence point to assess 
the extent o  killing is the concentration o  micro-
organisms expected to arise in the product a ter 
addition and mixing o  the inoculum, as calculated 
 rom a viable count per ormed on the concentrated 
inoculum suspension prior to its addition to the 
product. The viable count o  the time-zero samples 
removed  rom the inoculated product is not the 
baseline.

Dis infectant evaluation

A variety o  tests have been described over many 
years  or the assessment o  disin ectant activity. 
Those developed during the early part o  the 20th 
century, e.g. the Rideal–Walker and Chick–Martin 
tests, were primarily intended  or testing phenolic 
disin ectants against pathogenic organisms such as 
Salmonella typhi. Such phenol coe f cient tests are 
now outmoded because S. typhi is no longer endemic 
in Britain and phenolics are no longer preeminent; 
indeed, they now represent a minor  raction o  the 
total biocides used  or  oor disin ection in aseptic 
dispensing areas in British hospital pharmacies 
(Murtough et al 2000).

inactivator with the concentrations o  preservative 
likely to be carried over, then inoculating and dem-
onstrating no viability loss. Details o  these valida-
tion procedures are described more  ully in chapter 
<1227> o  the USP (2010).

One  urther control is a viable count o  the inocu-
lum per ormed by dilution in peptone water to 
check the actual number o  cells introduced into the 
product. This is necessary because even a ‘zero time 
sample’ o  the product will contain cells that  have 
been exposed to the preservative  or a short  period 
as it  usually takes 15–45 seconds or more to mix the 
inoculum with the product and then remove the 
sample. Some o  the cells may be killed even in such 
a short t ime and so a viable count o  the inoculum 
culture will re ect this.

Inte rpre ta tion.of.res ults
The extent o  microbial killing required at the various 
sampling times  or a preservative to be considered 
acceptable  or use in parenteral or ophthalmic prod-
ucts is greater than that required  or a preservative to 
be used in topical products, which in turn exceeds 
that  or an oral product preservative (Table 14.2).

In the case o  the f rst two product categories, 
the PhEur specif es two alternative per ormance cri-
teria, designated A and B. The A criteria express the 
recommended e f cacy to be achieved, whereas the 

Table 14.2 Log reductions required in viable counts of microorganisms used in EP (2011) preservative ef cacy tests

Product type Microorganism Criteria 6 h 24 h 48 h 7 d 14 d 28 d

Parenteral and ophthalmic Bacteria A 2 3 NR
Pseudomonas aeruginosa B 1 3 NI
Staphylococcus aureus
Escherichia coli*
Fungi A 2 NI
Aspergillus niger B 1 NI
Candida albicans

Topical Bacteria A 2 3 NI
B 3 NI

Fungi A 2 NI
B 1 NI

Oral Bacteria 3 NI
Fungi 1 NI

NR. no recovery;
NI. no increase (see text).

*In oral products only
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consideration. Thus, yeast , albumin or other 
material is added in known concentration to the 
disin ectant/ microorganism mixture.

2. Regardless o  the method by which the 
antimicrobial activity is assessed (see below), it  
is a  undamental principle o  disin ectant 
testing, just as it  is with preservative e f cacy 
tests, that the antimicrobial activity o  the 
disin ectant must be halted (also re erred to as 
neutralized, inactivated or quenched) in the 
sample when it  is removed  rom the 
disin ectant/ organism mixture. Clearly, 
meaning ul results cannot be obtained i  it  is 
impossible to distinguish what  raction o  the 
microbial killing occurred during the timed 
period o  exposure to the disin ectant  rom that 
arising due to carryover o  disin ectant into the 
incubation step that  ollows exposure. 
Verif cation that  the disin ectant inactivation 
method is e  ective and that any chemical 
neutralizers used are, themselves, non-toxic to 
the test organisms is an integral part o  the test .

3. It  is in viability assessment that there is a 
 undamental di  erence o  approach between 
recently developed tests (exemplif ed by BS  
EN 1276) and many o  the tests that originated 
be ore the 1980s. The simplest method o  
viability assessment, which was employed in  
the Rideal–Walker and Kelsey–Sykes tests,  
 or example, is to trans er the sample  rom  
the disin ectant/ microorganism mixture to a 
known volume o  neutralizing broth, incubate 
and examine  or growth (mani est as turbidity). 
This procedure contains the inherent de ect 
that any growth in the tubes o  broth may 
result   rom the trans er o  very  ew surviving 
cells, or  rom many. Thus, it  is possible  or  
the disin ectant to kill a high proportion o   
the inoculum within a short period yet  ail to 
kill a small  raction o  the cells, possibly 
mutants, which have atypically high resistance. 
In this case, there is the risk that  the 
disin ectant may be dismissed as insu f ciently 
active despite the  act  that it  achieved a rapid 
and extensive initial kill. For this reason it  has 
become common  or disin ectant and 
preservative e f cacy tests to be very similar in 
design, in that both employ viable counting 
methods to assess microorganism survival but 
the  ormer utilize a sampling period o  minutes 
or hours, whereas the latter use a 28-day 
period.

In the second hal  o  the 20th century several 
other testing procedures were described  or use in 
the UK which reduced the sampling or other prob-
lems associated with the early phenol coe f cient 
tests; these included the Berry and Bean method, 
the British Standard 3286 test  or quaternary ammo-
nium compounds and the Kelsey–Sykes test. Other 
countries adopted procedures that  were similar in 
concept but which di  ered in experimental detail; 
these and other tests used in the UK, Europe and 
the USA are described by Reybrouck (2004). At 
present there is no internationally applicable and 
o f cially recommended disin ectant testing proce-
dure; although good uni ormity exists in Europe as 
a result o  the establishment by the European Com-
mittee  or Standardization in 1990 o  Technical 
Committee (TC) 216 that has a responsibility  or 
chemical disin ectants and antiseptics. The Euro-
pean Standard BS EN 1276 (1997) was the f rst 
result  o  the work o  TC 216; this deals with assess-
ment o  bactericidal activity o  disin ectants on bac-
teria in aqueous suspension. Other procedures 
applicable to more specialized situations, e.g. disin-
 ection o  solid sur aces, are described in various 
European Standards and have been reviewed by 
Hanlon (2010).

A con using variety o  methods  or describing and 
categorizing test procedures is in use. Thus, some 
schemes classi y tests according to the organisms to 
be killed (bactericidal,  ungicidal, virucidal, etc.) but 
classif cation based upon test design is more 
common,  or example:
•  suspension tests
•  capacity tests which measure the extent to 

which the disin ectant can withstand repeated 
additions o  test organisms

•  carrier tests, where the organism is loaded or 
dried on to a carrier

•  in-use tests, which are intended to simulate 
actual conditions o  use as closely as possible.

Most suspension tests o  disin ectants have in 
common the addition o  a def ned concentration o  
test organism to the disin ectant solution at a speci-
f ed temperature,  ollowed by assessment o  viabil-
ity in samples removed a ter suitable time periods. 
However, there are  our aspects o  disin ectant 
testing that merit  special note.
1. Because disin ectants are normally used in 

circumstances where there is a signif cant 
amount o  organic ‘dirt’ present, modern testing 
procedures invariably attempt to take this into 
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(Table 14.3). Similar specif cations arise in the US 
and other pharmacopoeias.

The required microbiological quality o  the man-
u actured medicine cannot be achieved by the appli-
cation o  an antimicrobial process (heating, radiation, 
etc.) as the f nal production step  or two reasons: 
f rst, an approach that uses poor-quality raw materi-
als and manu acturing procedures and then attempts 
to ‘clean up’ the product at the end is not acceptable 
to the licensing authorities; and second, some prod-
ucts would not withstand such antimicrobial treat-
ment, e.g. heating an emulsion may cause cracking 
or creaming. Thus, the most reliable approach to 
ensure that  the manu actured medicine complies 
with the pharmacopoeial specif cation is to ensure 
that the raw materials are o  good quality and that 
the manu acturing procedures con orm to the stand-
ards laid down in the latest  edition o  Rules and 
Guidance for Pharmaceutical M anufacturers and 
Distributors.

Implicit  in these standards is the principle that 
the extent o  product contamination originating 
 rom the manu acturing environment and produc-
tion personnel should be subject  to regular monitor-
ing and control.

Environmenta l.monitoring
Environmental monitoring is normally taken to 
mean regular monitoring o  the levels o  microbial 
contamination o  the atmosphere, o  solid sur aces 
and, less  requently, o  the personnel in the 

4. When viable counting is used to assess the 
survival o  test organisms, the adoption o  
disin ection per ormance criteria based upon a 
required reduction in the number o  surviving 
organisms is a logical strategy, just as it  is in 
preservative testing. Thus, the so-called 5–5–5 
testing principle has  ound much  avour. Here, 
f ve test organisms are (separately) exposed  
 or 5 minutes to the disin ectant, which is 
considered satis actory i  a 5-log reduction in 
viable numbers (a 105  all in viable cells mL−1) 
is recorded in each case. This principle is 
adopted in the BS EN 1276, although only  
 our bacterial strains are recommended  or 
routine use; there is, however, the option  
to supplement the standard organisms with 
others more relevant to the intended use o  the 
disin ectant in question.

Mic robio logic al quality of 
pharmac e utic al mate rials

Non-s terile  products

Non-sterile pharmaceutical products obviously 
di  er  rom sterile products in that they are permit-
ted to contain some viable microorganisms, but the 
PhEur (2011) specif es the maximum concentra-
tions acceptable in di  erent types o  product and 
the species o  organism that are not permitted at all 

Table 14.3 European Pharmacopoeia (2011) speci cations for the microbiological quality of major categories of 
pharmaceutical products*

Route of administration Total Aerobic Microbial 
Count (cfu/g or cfu/mL)

Total Yeast and Mould 
Count (cfu/g or cfu/mL)

Speci ed microorganisms 
(must be absent in 1 g or 1 mL)

Non-aqueous oral products 103 102 E. coli

Aqueous oral products 102 101 E. coli

Rectal products 103 102

Products for use in the 
mouth, nose, ears and skin

102 101 Staphylococcus aureus
Pseudomonas aeruginosa

Vaginal products 102 101 Staphylococcus aureus
Pseudomonas aeruginosa
Candida albicans

*Speci cations also exist for transdermal patches, inhalations and certain oral products of animal, vegetable or mineral origin.
Note cfu is a colony-forming unit (de ned in Chapter 13).



 P h a rm a c e u tic a l a p p lic a tio n s  o f m ic ro b io lo g ic a l te c h n iq u e s  C H A P T E R  1 4

2 3 9

which are simply specially designed Petri dishes 
slightly overf lled with molten agar which, on sett ing, 
present a convex sur ace that  projects above the rim 
o  the plate. When the plate is inverted on to the 
sur ace to be sampled, microorganisms are trans-
 erred directly on to the agar (Fig. 14.7).

Sampling o  manu acturing personnel usually 
consists o  sampling clothing,  ace masks or, more 
commonly, gloves. ‘Finger dabs’ is the phrase used 
to describe the process whereby an operator rolls 
the gloved sur ace o  each f nger over a suitable solid 
medium in a manner similar to that in which f nger-
prints are taken. Operator sampling by any means 
other than f nger dabs is rare, particularly outside 
aseptic manu acturing areas.

Counting.of.microorganis ms .in.
pharmaceutica l.products
Most pharmaceutical raw materials are contami-
nated with microorganisms. The levels o  contami-
nation are o ten a re ection o  the source o  the raw 
material in question, with ‘natural’ products derived 

production areas. Water used to clean  oors, benches 
and equipment (as distinct  rom water incorporated 
in the product) may be considered as part o  envi-
ronmental monitoring but will not be considered 
here as the procedures  or counting microorganisms 
in water are described below.

Atmospheric monitoring is most commonly 
undertaken by means o  settle plates, which are 
simply Petri dishes containing media suitable  or the 
growth o  bacteria and/ or yeasts and moulds, e.g. 
tryptone soya agar, which are exposed to the atmos-
phere  or periods o , typically, 1–4 hours. Microor-
ganisms in the air may exist as single cells, e.g. 
mould spores, but more commonly they are attached 
to dust particles, so that  any organisms in the latter 
category ( or which the culture medium is suitable) 
will grow into visible colonies during incubation 
a ter dust particles have settled on the agar sur ace. 
The colony counts recorded on the plates are obvi-
ously in uenced by:

•  the duration o  exposure
•  the degree o  air turbulence, which determines 

the volume o  air passing over the plate
•  the intrinsic level o  atmospheric contamination 

(microorganisms per litre o  air), which in turn 
is o ten a re ection o  the number and activity 
level o  the operating personnel because skin 
scales shed by the operators are usually the 
most potent source o  atmospheric 
contaminants.

The disadvantage o  sett le plates is that it  is not 
possible to relate colony counts directly to air 
volume. This limitation is overcome in active sam-
pling methods, whereby a known volume o  air is 
drawn over, or caused to impact upon, the agar 
sur ace. These methods and the equipment available 
 or active sampling have been reviewed by Johnson 
(2003).

Sur ace and equipment sampling is most  re-
quently undertaken by swabbing or the use o  
contact plates (also known as RODAC – replicate 
organism detection and counting – plates). Swab-
bing a known area o  bench,  oor or equipment with 
a culture medium-soaked swab is convenient  or 
irregular sur aces. The organisms on the swab may 
be counted a ter they have been dispersed by agita-
tion into a f xed volume o  suspending medium but 
it is not easy to quanti y either the proportion o  
total organisms removed  rom the swabbed sur ace 
or the proportion dispersed in the diluent. This 
second limitation is overcome using contact plates, 

Fig . 14.7 •  A selection of contact (RODAC) plates used 
for sampling the following surfaces (from the top left 
clockwise): laminar  ow cabinet: book cover; computer 
keyboard; tap handle: reagent bottle. 



 P A R T  T H R E E  Pharmac e utic al Mic robio logy and Ste rilization

2 4 0

bu  ered salt  solution is  requently used and a low 
concentration o  a sur actant may be incorporated 
to promote wetting, e.g. polysorbate 80 (0.01–
0.05%). Suspension in distilled water alone carries 
the risk o  osmotic damage to sensitive cells, with a 
consequently low count;  or this reason it  is best 
avoided. Having obtained the suspension, there are 
two options available depending upon the nature 
and concentration o  the suspended material.

The f rst  is to remove a sample o  the continu-
ously mixed suspension, dilute i  necessary, and 
plate in or on a suitable medium using a pour- or 
spread-plate method. I  the concentration o  sus-
pended material is low it  may still be possible to see 
clearly the developing colonies. High concentrations 
may obscure the colonies and make counting impos-
sible. The alternative is to dislodge the microbial 
cells  rom the solid to which they are attached, 
allow the solid to sediment out and then sample the 
supernatant. Methods o  removal include vigorous 
manual shaking, use o  a vortex mixer or equipment 
designed  or the purpose, e.g. the Colworth ‘stom-
acher’ in which the aqueous suspension is placed in 
a sealed sterile bag which is repeatedly agitated by 
reciprocating paddles. The use o  ultrasonics to dis-
lodge the cells carries the risk o  damage to or lysis 
o  the cells themselves.

Assuming the suspended material has no antimi-
crobial activity, plating the ‘whole suspension’ is 

 rom vegetable or animal sources, or mined minerals 
such as kaolin and talc, being more heavily contami-
nated than synthetic materials whose microbial 
burden has been reduced by heat, extremes o  pH 
or organic solvents during the course o  manu ac-
ture. Determining the bioburden in these materials 
is o ten straight orward, utilizing without modif ca-
tion the viable counting procedures described in 
Chapter 13. Occasionally the physical nature o  the 
raw material makes this di f cult  or impossible, and 
this is o ten  ound to be the case with the f nished 
manu actured medicine, where problems o  dispers-
ibility, sedimentation or viscosity cause complica-
tions. As a consequence, modif cations to the 
standard viable counting procedures are necessary to 
reduce errors. Some o  modif cations and the cir-
cumstances that necessitate them are considered 
below.

Ver y low concentra tions of microorga nisms in 
a queous solutions. The reliability o  calculated 
viable cell concentrations becomes much reduced 
when they are based upon colony counts much 
lower than about 10–15 per Petri dish. Using a 
sur ace-spread method, it  is rarely possible to place 
more than about 0.5 mL o  liquid on to the agar 
sur ace in a standard Petri dish because it  will not 
easily soak in. By a pour-plate method, 1 mL or 
more may be used but a point is reached where the 
volume o  sample signif cantly dilutes the agar and 
nutrients. Thus, using a conventional plating tech-
nique, the lowest concentration conveniently detect-
able is o  the order o  10–50 cells mL−1. When the 
cell concentration is below this value it  is necessary 
to pass a known quantity o  the liquid – 10–100 mL 
or more – through a f lter membrane having a pore 
size su f ciently small to retain bacteria. The mem-
brane is then placed with the organisms uppermost 
on to the agar sur ace in a Petri dish, which is incu-
bated without inversion. As a result  o  di  usion o  
nutrients through the membrane, colonies grow on 
the sur ace in the normal way (Fig. 14.8). Di  usion 
may be assisted by the inclusion o  a medium-soaked 
pad between the membrane and the agar. It  is 
important to ensure that  all the membrane is in 
contact with the pad or agar, otherwise elevated 
areas may become dry and no colonies will appear 
upon them.

Insoluble solids. It  is necessary to suspend an 
insoluble solid in a medium that will permit uni orm 
dispersion and adequate wetting o  the suspended 
material. Nutrient broth, peptone water or a 

Fig . 14.8 •  Membrane  lter counting: colonies of the 
red pigmented bacterium Serratia marcescens growing 
on the surface of a cellulose nitrate  lter membrane on 
agar in a Petri dish. 
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not  orm colonies because the di  usion o  nutrients 
through the oil would be inadequate. These creams 
are best diluted, dispersed in an aqueous medium 
and membrane f ltered or converted to an oil-in-
water type, and then counted by normal plating 
methods.

Dilution and emulsif cation o  the cream in 
broth containing Lubrol W, polysorbate 80 or Triton 
X 100 is probably the best procedure, although the 
addition o  approximately 0.1 g o  the w/ o emulsion 
sample to 25 g o  isopropyl myristate  ollowed by 
membrane f ltration may be satis actory.

De tec tion.of.s pec i c ..
hazardous .organis ms
In addition to placing limits on the maximum con-
centration o  microorganisms that is acceptable in 
di  erent materials, pharmacopoeias usually speci y 
certain organisms that must not be present at all. In 
practice, this means that detection methods which 
are described in the pharmacopoeia must be applied 
to a known weight o  material (typically 1–10 g), 
and the sample passes the test i , on the culture 
plates, no organisms arise that con orm to the stand-
ard textbook descriptions o  those to be excluded. 
Typically, the pharmacopoeial methods involve pre-
liminary stages using selective liquid culture media; 
these are designed to increase the concentration o  
the organism that is the subject o  the test (‘target’ 
organism) and so render it  more readily detectable. 
Commercially available identif cation kits or specif c 
supplementary biochemical tests may also be used 
to conf rm the identity o  any isolates having the 
typical appearance o  the target organisms. The 
PhEur used to recommend appropriate supplemen-
tary tests but these have been removed  rom the 
current edition, not because o  a lack o  reliability 
but because identif cation kits have become more 
common.

Both the PhEur (2011) and the USP (2010) 
describe detection tests  or Staphylococcus aureus, 
Pseudomonas aeruginosa, Escherichia coli, salmonel-
lae and Candida albicans. In addition, the PhEur 
describes a test  or clostridia, but this is unlikely 
to be applied to any material other than mined 
minerals, e.g. talc and bentonite. The f ve organisms 
common to both pharmacopoeias are the subject 
o  these tests primarily because o  their potential 
to cause in ections. However, they may also repre-
sent common contaminants o  the products to 
which the tests are applied, or their presence may 

probably the easiest  and most reliable method. The 
alternative strategy o  sampling the supernatant 
involves the assumption that all the cells have been 
removed  rom the solid but this would have to be 
conf rmed by control (validation) experiments in 
which a known quantity o  similar organisms was 
artif cially dried on to sterile samples o  the mate-
rial. The second method also relies upon the 
solid sedimenting su f ciently rapidly  or it  to be 
separated  rom the bacteria in aqueous suspension 
above. I  all or part o  the sample has a particle size 
similar to that o  bacteria, yeasts or mould spores, 
i.e. approximately 1–5 µm, then a separation cannot 
easily be achieved.

O ils a nd hydrophobic ointments. These materi-
als are usually not heavily contaminated because 
they are anhydrous and microorganisms will not 
multiply without water. Thus the microorganisms 
contained in oily products have usually arisen by 
contamination  rom the atmosphere, equipment 
used  or manu acture and  rom storage vessels. To 
per orm a viable count the oil sample must be emul-
sif ed or solubilized without the aid o  excessive heat 
or any other agent that might kill the cells.

An oil-in-water emulsion must be produced using 
a suitable sur actant; non-ionic emulsif ers generally 
have lit t le antimicrobial activity. The proportion o  
sur actant to use must be determined experimen-
tally and validation experiments conducted to 
conf rm that the sur actant is not, itsel , toxic to the 
species that typically arise as contaminants o  the 
sample in question; Millar (2000) has described 
the use o  up to 5 g o  polysorbate 80 added to a 
10 g sample. Such an emulsion may be diluted in 
water or bu  ered salts solution i  necessary, and 
aliquots placed on or in the agar medium in the usual 
way. Alternatively, the oil may be dissolved in a 
sterile, non-toxic solvent and passed through a 
membrane f lter. Isopropyl myristate,  or example, 
is recommended in pharmacopoeial sterility testing 
procedures as a solvent  or anhydrous materials but 
it  may kill a signif cant  raction o  the cells o  some 
sensitive species, even during an exposure period o  
only a  ew minutes.

Crea ms a nd lotions. Oil-in-water emulsions do 
not usually represent a problem because they are 
miscible with water and thus are easily diluted. 
Water-in-oil creams, however, are not miscible and 
cannot be plated directly because bacteria may 
remain trapped in a water droplet suspended in a 
layer o  oil on the agar sur ace. Such bacteria may 
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Microbiologica l.as s ays .of..
B-group .vitamins
Just as HPLC has become the  avoured method o  
antibiotic assay, so too has it  become the method o  
choice  or assaying B-group vitamins. Turbidimetric 
assays are still occasionally used, however,  or 
example when insurmountable problems arise in 
resolving the many peaks that might arise on an 
HPLC chromatogram  rom a multivitamin product 
(which may contain 10 or more active ingredients 
plus excipients, all o  which may cause assay 
inter erence).

Microbiological assays o  B-group vitamins 
employ similar techniques to turbidimetric assays o  
antibiotics (see earlier in this chapter). A culture 
medium is used which is suitable  or the assay organ-
ism, except  or the omission o  the vitamin in ques-
tion. The extent o  bacterial growth in the medium 
is thus directly proportional to the amount o  re er-
ence standard or test vitamin added. It  is important 
to select an assay organism that has an absolute 
requirement  or the substance in question and is 

be indicative o  the quality o  the raw material or 
f nished manu actured product. E. coli,  or example, 
is a natural inhabitant o  mammalian intestines and 
so its presence in a material such as gelatin (which 
originates in the slaughterhouse) would indicate 
unacceptable quality. The most likely source o  
Staphylococcus aureus in a manu actured medicine 
is the production personnel, so that i  this origin 
were conf rmed it  would indicate the need  or 
higher manu acturing standards. In general, the tests 
are applied to pharmaceutical raw materials o  
‘natural’ origin, e.g. carbohydrates, cellulose deriva-
tives, gums and vegetable drugs. In addition, there 
is a requirement that products  or use in the mouth, 
nose, ears or on the skin should be  ree o  both 
Pseudomonas aeruginosa and Staphylococcus aureus 
and vaginal products should also be  ree  rom 
Candida albicans. Table 14.4 summarizes the PhEur 
(2011) testing schemes  or the f ve principal organ-
isms o  interest. These schemes are described in 
more detail elsewhere, together with photographs 
o  the typical appearance o  the organisms in ques-
tion (Hodges 2000).

Table 14.4 Procedures recommended in tests for speci ed microorganisms

Organism A: Liquid enrichment medium
B: Solid (agar) medium
recommended in EP 2011

Appearance of colonies on 
solid (agar) medium

Typical supplementary 
tests**

E. coli A: MacConkey’s broth
B: MacConkey’s agar

Pink colonies with precipitate of 
bile due to acid production

Indole production at 44 °C

Salmonella A: Rappaport Vassiliadis 
Salmonella enrichment broth
B: XLD agar

Red colonies, sometimes with 
black centres

Pseudomonas 
aeruginosa

A: Casein soyabean digest broth*
B: Cetrimide agar

Colonies usually displaying a 
green or blue pigment

Positive oxidase test

Staphylococcus 
aureus

A: Casein soyabean digest broth
B: Mannitol salt agar

Yellow colonies, possibly 
surrounded by a yellow zone in 
otherwise orange agar

Positive coagulase test

Clostridia A: Reinforced clostridial medium
B: Columbia agar (incubated 
anaerobically)

White colonies Rod-shaped cells with 
negative catalase reaction

Candida albicans A: Sabouraud dextrose broth
B: Sabouraud dextrose agar

Large, raised, white or 
off-white colonies

*More commonly known as tryptone soya broth

**Not part of PhEur 2011 procedures
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more stringent limits  or acceptable levels  
o  microorganisms than those applicable during 
the manu acture o  non-sterile products

•  comprehensive validation procedures when 
sterilization processes are designed, together 
with regular in-process monitoring when  
those processes are in operation  or product 
manu acture. Initial validation seeks to 
demonstrate that adequate sterilizing conditions 
are achieved throughout the load, and entails 
extensive testing with thermocouples, radiation 
dosimeters and biological indicators (see below) 
as appropriate.

The pharmacopoeias and regulatory authorities 
require a sterility assurance level  or terminally steri-
lized products o  10−6 or better. This means that the 
probability o  non-sterility in an item selected at 
random  rom a batch should be no more than 1 in 
1 million. This sterility assurance level (SAL) may 
be demonstrated in the case o  some terminally 
sterilized products simply by re erence to data 
derived  rom bioburdens, environmental monitoring 
and in-process monitoring o  the sterilization proce-
dure itsel . In this case the sterility test may be 
unnecessary and omitted; the term ‘parametric 
release’ is used to describe the release o  products 
 or sale or use under these circumstances, although 
it  should be emphasized that  manu acturers must 
seek approval  or parametric release  rom regulatory 
authorit ies; the decision is not made by the manu-
 acturers themselves.

Ste riliza tion.monitoring
Sterilization processes may be monitored physically, 
chemically or biologically (Denyer et  al 2011). Phys-
ical methods are exemplif ed by thermocouples, 
which are routinely incorporated at  di  erent loca-
tions within an autoclave load, whereas chemical 
indicators usually exhibit  a colour change a ter expo-
sure to a heat sterilization process. Biological indica-
tors consist o  preparations o  spores o  the Bacillus 
species that exhibits the greatest degree o  resist-
ance to the sterilizing agent in question. The princi-
ple o  their use is simply that i  such spores are 
exposed to the sterilization process and  ail to 
survive, it  can be assumed that all other common 
organisms will also have been killed and the process 
is sa e. Spores o  Bacillus stearothermophilus (strictly 
speaking now Geobacillus stearothermophilus, 
although this name is still not in common use in the 
pharmaceutical literature) are used to monitor 

unable to obtain it  by metabolism o  other medium 
components; species o  Lactobacillus are o ten used 
 or this purpose. ‘Carryover’ o  the vitamin with the 
inoculum culture must be avoided because this 
results in some growth even when none o  the test 
material has been added. G rowth may be deter-
mined turbidimetrically or by acid production  rom 
sugars.

Sterile  products

Sterile products must, by def nit ion, be  ree o  
viable microorganisms and it  is important to under-
stand that this is an absolute requirement. Thus, the 
presence o  one single surviving microbial cell is su -
f cient to render the product non-sterile. There is 
not a level o  survivors which is so small as to be 
regarded as negligible and there ore acceptable.

The principal component o  microbiological 
quality assurance which has traditionally been 
applied to sterile products is, o  course, the test  or 
sterility itsel . In essence, this is quite simple: a 
sample o  the material to be tested is added to 
culture medium which is incubated and then exam-
ined  or signs o  microbial growth. I  growth occurs, 
the assumption is made that the contamination 
arose  rom the sample, which consequently  ails the 
test. However, the limitations o  this simplistic 
approach became more widely recognized in the 
second hal  o  the 20th century, and there was an 
increasing awareness o  the  act that contaminated 
products could pass the test and sterile ones appar-
ently  ail it  (because o  contamination introduced 
during the testing procedure itsel ). For these 
reasons the sterility test alone could no longer be 
relied upon to provide an assurance o  sterility, and 
that assurance is now derived  rom a strict adher-
ence to high quality-standards throughout the man-
u acturing process. These encompass:

•  the adoption o  the highest possible 
specif cations  or the microbiological quality  
o  the raw materials. The rationale here is that 
sterilization processes are more likely to be 
e  ective when the levels o  microorganisms to 
be killed or removed (bioburdens) are as low  
as possible to begin with. Procedures used to 
determine bioburdens are described in Chapter 
13 and earlier in this chapter

•  the rigorous application o  environmental 
monitoring procedures (as described above) 
during the course o  manu acture, with  
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that the item in question is really contaminated, in 
which case the manu acturing procedures are seri-
ously inadequate, or that the item is in  act sterile 
but the testing procedure is at  ault. Either way, it  
is not possible to dismiss a  ailure lightly.

Sterility tests may be conducted in clean rooms 
or laminar  ow cabinets which provide a grade A 
atmosphere as def ned by the Rules and Guidance 
for Pharmaceutical Manufacturers and Distributors. 
However, it  is becoming increasingly common  or 
testing to be undertaken in an isolator that  physi-
cally separates the operator  rom the test materials 
and so reduces the incidence o   alse-posit ive test  
results due to extraneous contamination introduced 
during the test itsel . Such isolators are similar in 
principle to a glove box, and typically consist o  a 
cabinet (supported on legs or a  rame) that is su -
f ciently large  or the operator, who is covered by a 
transparent hood o  moulded  exible plastic  orming 
the cabinet base, to sit  or stand within it .

A sterility test may be conducted in two ways. 
The direct  inoculation method involves the removal 
o  samples  rom the product under test and their 
trans er to a range o  culture media that might be 
expected to support the growth o  contaminating 
organisms. A ter incubation the media are examined 
 or evidence o  growth which, i  present, is taken to 
indicate that  the product may not be sterile. It  is 
not certain that the product is contaminated because 
the organisms responsible  or the growth may have 
arisen  rom the operator or have been already 
present in the media to which the samples were 
trans erred, i.e. the media used  or the test were not 
themselves sterile. Thus, in conducting a sterility 
test it  is necessary to include controls that indicate 
the likelihood o  the contaminants arising  rom 
these sources; these are discussed below. The size 
and number o  the samples to be taken are described 
in the PhEur (2011).

Again it  is necessary to inactivate any antimicro-
bial substances contained in the sample. These may 
be the active drug, e.g. an antibiotic, or a preserva-
tive in an eye drop or multidose injection. Suitable 
inactivators may be added to the liquid test media 
to neutralize any antimicrobial substances, but in 
the case o  antibiotics particularly, no such specif c 
inactivators are available (with the exception o  
β-lactamases which hydrolyze penicillins and cepha-
losporins). This problem may be overcome using a 
membrane f ltration technique. This alternative 
method o  conducting sterility tests is obviously only 
applicable to aqueous or oily solutions that will pass 

autoclaves and gaseous hydrogen peroxide or per-
acetic acid sterilization processes, whereas Bacillus 
atrophaeus is the organism normally employed  or 
dry heat, ethylene oxide and low-temperature 
steam- ormaldehyde methods; Bacillus pumilus is 
used in radiation sterilization procedures.

Such biological indicators are regularly employed 
 or validation o  a sterilization process which is 
under development  or a new product, or when a 
new autoclave is being commissioned; they are not 
normally used  or routine monitoring during product 
manu acture. Spores possess the advantage that 
they are relatively easy to produce, puri y and dry 
on to an inert carrier, which is  requently an absorb-
ent paper strip or disc, or a plastic or metal support. 
Spore resistance to the sterilizing agent must be 
care ully controlled and so rigorous standardization 
o  production processes  ollowed by observance o  
correct storage conditions and expiry dates are 
essential.

Tes ts .for.s te rility
It is su f cient here to repeat that the test is really 
one  or demonstrating the absence o  gross contami-
nation with readily grown microorganisms, and is 
not capable o  a  ording a guarantee o  sterility in 
any sample that passes.

The experimental details o  these procedures are 
described in the PhEur (2011). This section is there-
 ore restricted to an account o  the major  eatures 
o  the test and a more detailed consideration o  
those practical aspects that are important or 
problematical.

It  is obviously important that materials to be 
tested  or sterility are not subject to contamination 
 rom the operator or the environment during the 
course o  the test. For this reason it  is essential that 
sterility tests are conducted in adequate laboratory 
 acilit ies by competent and experienced personnel. 
Clearly, the consequences o  recording an incorrect 
sterility result  may be very severe. I  a material 
which was really sterile were to  ail the test it  would 
need to be resterilized or, more probably, discarded. 
This would have signif cant cost implications. I , on 
the other hand, a contaminated batch were to pass 
a test  or sterility and be released  or use this would 
obviously represent a signif cant health hazard. For 
these reasons sterility testing procedures have 
improved signif cantly in recent years and  ailures 
are now viewed very seriously by the regulatory 
authorities. I  a product does  ail, it  means either 
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packaging, a ter the sterilization process itsel  and 
then going undetected in the sterility test.

The second control, termed the method suitabil-
ity test , is intended to demonstrate that any pre-
servative or antimicrobial substance has been 
e  ectively neutralized. This requires the addition o  
test organisms to containers o  the various media as 
be ore but, in addit ion, samples o  the material 
under test  must also be added to give the same 
concentrations as those arising in the test itsel . For 
the sterility test as a whole to be valid, growth must 
occur in each o  the containers in these controls.

It  is necessary also to incubate several tubes o  
the various media just as they are received by the 
operator. I  the tubes are not opened but show signs 
o  growth a ter incubation this is a clear indication 
that  the medium is itsel  contaminated. This should 
be an extremely rare occurrence but, in view o  the 
small additional cost or e  ort , the inclusion o  such 
a control is worthwhile.

A control to check the likelihood o  contamina-
tion being introduced during the test should be 
included in the programme o  regular monitoring o  
test   acilit ies. The PhEur 2011 recommends the use 
o  ‘negative controls’, which may be employed to 
check the adequacy o   acilit ies and operator tech-
nique. These items, identical to the sample to be 
tested, are manipulated in exactly the same way 
as the test samples. I , a ter incubation, there are 
signs o  microbial growth in the media containing 
these negative controls, the conclusion is drawn that 
the contamination arose during the testing process 
itsel .

Some items present particular di f culties in steril-
ity testing because o  their shape or size, e.g. surgical 
dressings and medical devices. These problems are 
most conveniently overcome simply by testing the 
whole sample rather than attempting to withdraw a 
portion o  it . So,  or example, large clear plastic bags 
which have been radiation sterilized may be used to 
hold the entire medical device or complete roll or 
pack o  dressings, which would then be totally 
immersed in culture medium. This method would 
only be valid i  the culture medium gained access to 
the entire sample; otherwise the possibility exists, 
 or example, o  aerobic bacterial spores trapped 
within it   ailing to grow owing to insu f cient di  u-
sion o  oxygen. This approach has the advantage o  
imposing a more rigorous test  because a much larger 
sample is used. In the case o  dressings, it  may also 
reduce the risk o  operator-induced contamination 
compared to the alternative approach, which would 

through a membrane having a pore size su f ciently 
small to retain bacteria. The membrane, and hence 
the bacteria retained on it , is washed with isotonic 
salts solution, which should remove any last traces 
o  antimicrobial substances. It  is then placed in a 
suitable liquid culture medium. This method is cer-
tainly to be pre erred to direct inoculation because 
there is a greater chance o  e  ective neutralization 
o  antimicrobial substances.

Solids may be dissolved in an appropriate solvent. 
This is almost invariably water because most other 
common solvents have antimicrobial activity. I  no 
suitable solvent can be  ound the broth dilution 
method is the only one available. I  there is no 
specif c inactivator available  or antimicrobial sub-
stances that may be present in the solid then their 
dilution to an ine  ective concentration by use o  a 
large volume o  medium is the only course 
remaining.

The controls associated with a sterility test are 
particularly important because incomplete control 
o  the test  may lead to erroneous results. Failure to 
neutralize a preservative completely may lead to 
contaminants in the batch going undetected and 
subsequently initiating an in ection when the 
product is introduced into the body.

The PhEur (2011) recommends that  our con-
trols are incorporated. The so-called growth promo-
tion test simply involves the addition o  low inocula 
(not more than 100 cells or spores per container) o  
suitable test organisms into the media used in the 
test to show that they do support the growth o  the 
common contaminants  or which they are intended. 
Staphylococcus aureus, Bacillus subtilis and Pseu-
domonas aeruginosa are the three aerobic bacteria 
used, Clostridium sporogenes the anaerobic bacte-
rium and Candida albicans and Aspergillus brasil-
iensis the  ungi. Organisms having particular 
nutrit ional requirements, such as blood, milk or 
serum, are not included, so they, in addition to the 
more obvious omissions such as viruses, cannot be 
detected in a routine sterility test  because suitable 
cultural conditions are not provided. On the other 
hand, it  is impossible to design an all-purpose 
medium, and sterilization processes that kill the 
spore- orming bacteria and other common contami-
nants are likely also to eradicate the more  astidious 
pathogens such as streptococci and Haemophilus 
species, which would be more readily detected on 
blood-containing media. This argument does not, 
however, cover the possibility o  such pathogens 
entering the product, perhaps via de ective seals or 
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require the withdrawal o  representative samples  or 
testing  rom di  erent areas o  the roll or pack.

The f nal aspect o  the test which is worthy o  
comment is the interpretation o  results. I  there is 
evidence that  any o  the test samples are contami-
nated, the batch  ails the test . I , however, there is 
convincing evidence that the test was invalid because 
the testing  acility, procedure or media were inad-
equate, a single retest is permitted; this contrasts 
with earlier pharmacopoeial protocols, which under 
certain circumstances permitted two retests.

Endotoxin.and .pyrogen.tes ting
This is an aspect o  microbial contamination o  med-
icines which is not normally considered part o  
microbiology but is discussed here because pyrogens 
are normally the products o  microbial growth. A 
pyrogen is a material which when injected into a 
patient will cause a rise in body temperature 
(pyrexia). The lipopolysaccharides that comprise a 
major part o  the cell wall o  G ram-negative bacteria 
are called endotoxins, and it  is these that are the 
most commonly encountered pyrogens (although 
any other substance that causes a rise in body tem-
perature may be classif ed under the same heading). 
Bacterial cells may be pyrogenic even when they are 
dead and when they are  ragmented, and so a solu-
tion or material that passes a test  or sterility will 
not necessarily pass a pyrogen test. It   ollows  rom 
this that the more heavily contaminated with bac-
teria an aqueous injection becomes during manu ac-
ture, the more pyrogenic it  is likely to be at the end 
o  the process.

Two main procedures are used  or the detection 
o  pyrogens. The traditional method requires the 
administration o  the sample to laboratory rabbits, 
whose body temperature is monitored  or a period 
o  t ime therea ter. The alternative procedure, which 
is now by  ar the most common, is to use the 
Limulus Amoebocyte Lysate Test (LAL), in which 
the pyrogen-containing sample causes gel  ormation 
in the lysis product o  amoebocyte cells o  the giant 
horseshoe crab Limulus polyphemus. A detailed 
account o  endotoxin testing is outside the scope o  
this chapter but the review by Baines (2000) pro-
vides a comprehensive account o  the practicalities 
o  the method.
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KE Y P O IN TS

•  Although microorganisms  are increas ingly being 
used in a biotechnology role to manufacture 
medicines , it is  s till the case that the major 
pharmaceutical interes t is  in killing them, or  
at leas t controlling their growth  Consequently,  
a  pharmacis t or pharmaceutical scientis t  
needs  an unders tanding of the methods  
available to kill and remove living organisms  
from medicines  

•  Microorganisms  exposed to s team – the mos t 
commonly used method of product s terilization 
– normally die according to  rs t-order kinetics   
Parameters  such as  the D value and Z value 
describe, respectively, the microbial death rate 
at a given temperature, and the effect of 
temperature change on that death rate 

•  Steam causes  microbial death by hydrolys is  
of nucleic acids  and proteins ; it is  a far more 
effective s terilizing agent than dry heat at the 
same temperature, which kills  cells  by oxidation 
of macromolecules  

•  Bacterial spores  are much more res is tant to 
heat than vegetative bacteria, fungi or viruses  

•  The measured heat res is tance of a 
microorganism may be in uenced subs tantially 
by the age of the cells , and by the pH, redox 
potential, water activity and chemical 
compos ition of the media in which they were 
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Kine tic s  of c e ll inac tivation

The death o  a population o  cells exposed to heat 
or radiation is o ten  ound to  ollow or approximate 
to f rst-order kinetics. In this sense, it  is similar to 
bacterial growth during the logarithmic phase o  the 
cycle, the graphs representing these processes being 
similar but o  opposite slope. Assuming f rst-order 
kinetics (the exceptions will be considered later), an 
initial population o  N o cells per mL will, a ter a 
time t minutes, be reduced to N t cells per mL, 
according to the  ollowing equations in which k is 
the inactivation rate constant:

 N Nt  o
 kte=  −  

(15.1)

 ln  lnt  oN  N  kt=  −  
(15.2)

 log  log
.10  10 2 303

N  N  kt
t  o=  −  

(15.3)

Thus, the data in Table 15.1 may be used to produce 
a plot o  logarithm o  cell concentration against 
exposure time (Fig. 15.1), where the intercept is log 
N o and the slope is −k/ 2.303. This may be plotted 
with the logarithm o  the percentage o  survivors as 
the ordinate; thus the largest  numerical value on this 
axis is 2.0 (100%). An important  eature o  Figure 
15.1 is the  act that  there is no lower endpoint to 

grown and tes ted, so all of these factors  need 
to be carefully controlled when heat res is tance 
is  measured 

•  There is  no such thing as  an ideal biocide and 
each class  of compound has  its  advantages  and 
disadvantages   Knowledge of their s tructure and 
phys icochemical properties  is  required in order 
to make informed judgements  on the 
appropriate use of these agents  

•  Biocides  may be used as  dis infectants , 
antiseptics  or preservatives  depending upon 
their activity and toxicity pro le   These roles  are 
quite  different from each other and so it is  
important to unders tand what is  required of the 
biocide in a  formulation 

•  Biocides  will interact with excipients  within a 
formulation and also with the packaging 
components  of the product  The choice of 
biocide for inclus ion in a product mus t therefore 
form part of the original formulation process  and 
not jus t be an add-on at the end 

Introduc tion

The subject o  this chapter is o  importance because 
pharmaceutical scientists have a responsibility  or:
•  the production o  medicines which have as their 

prime  unction the destruction o  
microorganisms, e.g. antiseptic liquids and 
antibiotic  ormulations

•  the production o  sterile medicaments having 
no living microorganisms, e.g. injections and eye 
drops

•  the production o  a wide range o  medicines 
which must be e  ectively protected against 
microbial spoilage.

Thus, the major pharmaceutical interest  in microor-
ganisms is that o  killing them, or at least preventing 
their growth. Consequently it  is necessary to have 
both an understanding o  the physical processes, e.g. 
heating and irradiation that are used to kill microor-
ganisms and a knowledge o  the more diverse subject 
o  antimicrobial chemicals.

This background knowledge must include an 
understanding o  the kinetics o  cell inactivation, 
the calculation o  parameters by which microbial 
destruction and growth inhibition are measured, and 
an appreciation o  the  actors that in uence the 
e f ciency o  the physical and chemical processes 
used. These aspects, together with a synopsis o  the 
major groups o  antimicrobial chemicals, are the 
subject o  this chapter.

Table 15.1 Death of B. megaterium spores in pH 7.0 
buffer at 95 °C

Time 
(minutes)

Viable cell 
concentration 
mL−1

Percent 
survivors

Log10% 
survivors

0 2.50 × 106 100 2.000

5 5.20 × 105 20.8 1.318

10 1.23 × 105 4.92 0.692

15 1.95 × 104 0.78  −0.108

20 4.60 × 103 0.18  −0.745

25 1.21 × 103 0.048  −1.319

30 1.68 × 102 0.0067  −2.174
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at which it  was measured, e.g. D121 or D134. It  is 
quite possible to indicate the rate o  destruction by 
the inactivation rate constant calculated  rom the 
slope o  the line but the signif cance o  this value 
cannot be as readily appreciated during conversation 
as that  o  a D value, and so the  ormer is rarely used.

Z values

When designing steam sterilization processes, it  is 
necessary to know both the D value, which is a 
measure o  the e  ectiveness o  heat at any given 
temperature, and the extent to which a particular 
increase in temperature will reduce the D value, i.e. 
it  is necessary to have a measure o  the e  ect o  
temperature change on death rate. One such 
measure is the Z value, which is def ned as the 
number o  degrees o  temperature change required 
to achieve a 10- old change in D value, e.g. i  the D 
value  or Bacillus stearothermophilus1 spores at  
110 °C is 20 minutes and they have a Z value o  9 °C, 
this means that at 119°C the D value would be 2.0 
minutes and at  128 °C the D value would be 0.20 
minutes. The relationship between D and Z values 
is shown in Figure 15.2. The Z value is one o  several 
parameters that relate change in temperature to 
change in death rate, and is probably the most com-
monly used and readily understood.

The activation energy obtained  rom an Arrhenius 
plot  (see Chapter 7) or a temperature coe f cient, a 
Q 10 value (change in rate  or a 10 °C change in tem-
perature, Chapter 14), do the same but are rarely 
used.

Alternative survivor plots

It was stated earlier that bacterial death o ten 
approximates to f rst-order kinetics, although excep-
tions do arise; some o  the more common are illus-
trated in Figure 15.3. The plot  labelled A is that 
con orming to f rst-order kinetics, which has already 
been described. A shoulder on the curve, as in case 
B, is not uncommon and various explanations have 
been o  ered. Cell aggregation or clumping may be 
responsible  or such a shoulder, because it  would be 
necessary to apply su f cient heat to kill all the cells 

Fig . 15.1 •  Heat inactivation of B. megaterium spores at 
95 °C. 
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the ordinate scale – it  continues indef nitely. I  the 
init ial population was 1000 cells mL−1 the logarith-
mic value would be 3.0; at 100 cells mL−1 the value 
would be 2.0; at 10 cells mL−1 1.0, and at 1 cell mL−1 
zero. The next incremental point on the logarithmic 
scale would be −1, which corresponds to 0.1 cells 
mL−1. It  is clearly nonsense to talk o  a  raction o  a 
viable cell per mL but this value corresponds to one 
whole cell in 10 mL o  liquid. The next point , −2.0, 
corresponds to one cell in 100 mL, and so on. Steril-
ity is the complete absence o  li e, i.e. zero cells 
mL−1, which has a log value o  −∞. Guaranteed ste-
rility would there ore require an inf nite exposure 
t ime.

D value, or decimal reduction time

It is characteristic o  f rst-order kinetics that the 
same percentage change in concentration occurs in 
successive time intervals. Thus in Figure 15.1 it  can 
be seen that the viable population  alls to 10% o  its 
init ial value a ter 7.5 minutes; in the next 7.5-
minute period the population again  alls to 10% o  
its value at the start  o  that period. This t ime period 
 or a 90% reduction in count is related to the slope 
o  the line and is one o  the more use ul parameters 
by which the death rate may be indicated. It  is 
known as the decimal reduction time, or D value, 
and usually has a subscript showing the temperature 

1Bacillus stearothermophilus has been renamed Geobacillus 
stearothermophilus, but because the pharmacopoeias and other 
pharmaceutical literature still use the old name, this will be 
employed in this chapter.
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Tailing o  survivor curves, as in plot C, is o ten 
observed i  the initial cell concentration is high. This 
has been attributed to the presence o  mutants that 
are exceptionally resistant to the lethal agent. I  the 
proportion o  mutants was 1 in 106 cells and the 
initial concentration only 105 cells mL−1 the mutant 
would not be detected, but an initial population o  
109 cells mL−1 would permit easy detection i  the 
inactivation plot were continued down to low levels 
o  survivors. Again there are alternative explanations, 
one o  the most common being that the cells dying 
during the early exposure period release chemicals 
which help to protect  those that  are still alive.

A sharp break in the line, as in D, usually indi-
cates that there are two distinct populations o  cells 
present which have markedly di  erent resistances. 
Contamination o  a cell suspension or culture is a 
possible explanation, or it  may be that  a mutant has 
arisen naturally and the cultural conditions are such 
that  it  has a selective advantage and its numbers 
have increased until it  is a substantial proportion o  
the population.

Plot E is uncommon and is usually only seen as a 
result  o  ‘heat activation’ o  bacterial spores. This is 
a situation in which a signif cant proportion o  a 
population o  spores (usually a thermophile) remains 
dormant and  ails to germinate and produce colonies 
under ‘normal’ conditions. I  the suspension receives 
a heat stimulus or shock which is insu f cient to kill 
the spores, some or all o  those that would otherwise 
remain dormant become activated, germinate and 
thus produce a rise in the colony count.

First-order kinetics are less commonly observed 
when microorganisms are being killed by chemicals 
than when heat or radiation are the lethal agents. 
This is because the chemical must interact  with a 
target molecule within the cell, and the concentra-
t ion o  both the chemical and the intracellular target 
might in uence death rate; this results in second-
order kinetics. In practice, however, the antimicro-
bial chemical is o ten present in such a high 
concentration that the proportion o  it  that  is ‘used 
up’ by interaction with the cell is negligible; this 
means its concentration is e  ectively constant and 
pseudo f rst-order kinetics result .

Antimic robial e ffe c ts  of mois t 
and dry he at

Moist heat (steam) and dry heat (hot air) both have 
the potential to kill microorganisms but their 

in the clump, not merely the most sensitive, be ore 
a  all is observed in the number o  colonies appearing 
on the agar. Under normal circumstances one single 
colony could arise both  rom one cell alone or, say, 
 rom 100 cells aggregated together. In the latter 
case, i  su f cient heat was applied to kill the 99 
most sensitive cells in the clump, the colony count 
would be unaltered. Clumping is not the only expla-
nation, because substantial shoulders may arise using 
suspensions where the vast majority o  cells exist 
individually.

Fig . 15.3 •  Alternative survivor plots  for cells  exposed to 
lethal agents. 
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Fig . 15.2 •  Relationship between logarithm of D value 
and exposure temperature for heated B. megaterium 
spores. Individual D values (minutes) are shown in 
parentheses. 
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a designated temperature is perhaps the most con-
venient way o  comparing resistance but this is only 
suitable  or f rst-order kinetics. Alternative methods 
o  comparison include the t ime to achieve a particu-
lar percentage kill or the t ime required to achieve 
no survivors; the latter is, o  course, dependent upon 
the initial population level.

The most heat-resistant in ectious agents (as dis-
t inct  rom microbial cells) are prions, which are 
proteins rather than living cells and are the cause 
o  spongi orm encephalopathies, e.g. Creutz eldt–
Jakob disease (CJD) and bovine spongi orm enceph-
alopathy (BSE or ‘mad cow disease’). Prion proteins 
are so resistant to heat inactivation that an autoclave 
cycle o  134–138 °C  or 18 minutes has been 
recommended  or the decontamination o  prion-
contaminated materials, and the e f cacy o  even this 
extreme heat treatment has been questioned. The 
World Health Organization recommends that  prion-
contaminated surgical instruments are autoclaved at 
121 °C  or one hour in the presence o  1M sodium 
hydroxide.

Bacterial endospores are invariably  ound to be 
the most heat-resistant cell type, and those o  certain 
species may survive boiling water  or many hours. 
The term ‘endospore’ re ers to the spores produced 
by Bacillus and Clostridium species and is not to be 
con used with the spores produced by other bacte-
ria, such as actinomycetes, which do not develop 
within the vegetative cell. The majority o  Bacillus 
and Clostridium species normally  orm spores which 
survive in water  or 15–30 minutes at 80 °C without 
signif cant damage or loss o  viability. Because 
endospores are more resistant than other cells, they 
have been the subject o  a considerable amount o  
research in the  ood and pharmaceutical industries 
and much o  the earlier work has been reviewed by 
Russell (1999).

Mould spores and those o  yeasts and actinomyc-
etes usually exhibit a degree o  moist heat resistance 
intermediate between endospores and vegetative 
cell  orms; D-values o  the order o  30 minutes at 
50 °C would be typical o  such organisms, although 
some species may be substantially more resistant. 
Bacterial and yeast vegetative cells and mould 
mycelia all vary signif cantly in heat resistance: 
mycobacteria, which possess a high proportion o  
lipid in their cell wall, tend to be more resistant than 
others. Protozoa and algae are, by comparison, 
susceptible to heat and when in the vegetative 
(uncysted) state they, like mammalian cells, rapidly 
die at temperatures much in excess o  40 °C. 

e f ciencies and their mechanisms o  action di  er. 
In autoclaves, dry saturated steam, i.e. 100% water 
vapour with no liquid water present, is used at 
temperatures between 121 and 135 °C, at  which it  
rapidly kills microorganisms. An advantage o  using 
steam is that it  possesses a large latent heat o  vapor-
ization, which it  trans ers to any object upon which 
it  condenses. It  is essential to use dry saturated 
steam i  maximal autoclaving e f ciency is to be 
achieved. I  the steam is wet, i.e. contains liquid 
water, penetration o  vapour-phase steam into dress-
ings may be retarded. I  the steam is superheated, 
i.e. its temperature has been raised while the pres-
sure remains constant, or the pressure  ell while the 
temperature remains constant, it  contains less mois-
ture and latent heat than dry saturated steam at the 
same temperature. In this case the e  ect is similar 
to using a steam–air mixture at that  temperature. 
The process by which steam kills cells is hydrolysis 
o  essential proteins (enzymes) and nucleic acids. In 
contrast, dry heat causes cell death by oxidative 
processes, although again it  is the proteins and 
nucleic acids that are the vulnerable targets. Dry 
heat is much less e  ective at killing microorganisms 
than steam at the same temperature. Exposures o  
not less than 2 hours at 160 °C (or an equivalent 
temperature/ time combination) are recommended 
in the PhEur  or sterilization by dry heat methods. 
The state o  hydration o  a cell is thus an important 
 actor determining its resistance to heat.

Res is tance of microorganisms  to 
mois t and dry heat

Numerous  actors in uence the observed heat 
resistance o  microbial cells and it  is di f cult  to 
make comparisons between populations unless these 
 actors are controlled. Not surprisingly, marked di -
 erences in resistance exist between di  erent genera, 
species and strains, and between the spore and veg-
etative cell  orms o  the same organism. The resist-
ance may be in uenced, sometimes extensively, by: 
the age o  the cell, i.e. lag, exponential or stationary 
phase; its chemical composition, which in turn is 
in uenced by the medium in which the cell is grown; 
and by the composition and pH o  the  uid in which 
the cell is heated. It  is di f cult  to obtain strictly 
comparable heat resistance data  or grossly dissimi-
lar organisms, but the values quoted in Table 15.2 
indicate the relative order o  heat resistance o  the 
various microbial groups. Tabulation o  D values at 
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cells, most o  which may be expected to die a ter a 
 ew minutes heating at 100 °C or less.

Valid comparisons o  dry heat resistance among 
dissimilar organisms are even less common than 
those  or aqueous environments because there is the 
additional problem o  distinguishing the e  ects o  
drying  rom those o  heat . For many cells, desicca-
tion is itsel  a potentially lethal process, even at 
room temperature, so that  experiments in which the 
moisture content o  the cells is uncontrolled may 
produce results that are misleading or di f cult  to 
interpret. This is particularly so when the cells are 
heated under conditions where their moisture 
content is changing and they become progressively 
drier during the experiment.

Factors  affecting heat res is tance 
and its  measurement

The major  actors a  ecting heat resistance are listed 
in the previous section and will be considered in 

In ormation on the heat resistance o  viruses is 
limited but the available data suggest that they may 
vary signif cantly between types. The majority o  
viruses are no more heat resistant than vegetative 
bacteria, but hepatitis viruses, particularly hepatitis 
B, is less susceptible and exposures o  80 °C  or 10 
minutes or more are required  or e  ective 
decontamination.

Resistance to dry heat by di  erent groups o  
in ectious agents and microorganisms usually  ollows 
a pattern similar to that  in aqueous environments. 
Again, prions head the ‘league table’ by exhibiting 
extreme heat resistance and endospores are substan-
tially more resilient than other cell types, with those 
o  B. stearothermophilus and B. subtilis usually more 
resistant than other species. Exposures o  2 hours at  
160 °C are required by the European Pharmacopoeia 
(2004) to achieve an acceptable level o  sterility 
assurance  or materials sterilized by dry heat.

Cells o  pneumococci have been reported to 
survive dry heat at 110 °C  or 30 minutes but this 
represents exceptional resistance  or vegetative 

Table 15.2 A ‘league table’ of heat resistances of different microorganisms and infectious agents

Organism or agent Heat resistance (values are for fully hydrated organisms unless otherwise stated)

Prions The most heat-resistant infectious agent. May survive steam sterilization at 134–138 °C for 
1 hour

Bacterial spores (endospores) Little or no inactivation at <80 °C. Some species survive boiling for several hours

Fungal spores Ascospores of Byssochlamys species may survive 88 °C for 60 minutes but most fungal 
spores are less resistant

Actinomycete spores Spores of Nocardia sebivorans reported to survive for 10 minutes at 90 °C but the majority 
of species are less resistant

Mycobacterium tuberculosis May survive for 30 minutes at 100 °C in the dry state but when hydrated is killed by 
pasteurization (63 °C for 30 minutes or 72 °C for 15 seconds)

Yeasts Ascospores and vegetative cells show little difference in resistance. Survival for 20 minutes 
at 60 °C is typical

Most non-sporing bacteria of 
pharmaceutical or medical 
importance

D60 of 1–5 minutes is typical of staphylococci and many Gram-negative enteric organisms.
Enterococci may be more resistant, and pneumococci may survive for 30 minutes at 110 °C 

when dry

Fungi and actinomycetes Vegetative mycelia exhibit similar resistance to that of non-sporing bacteria described above

Viruses Rarely survive for >30 minutes at 55–60 °C except perhaps in blood or tissues, but 
papovaviruses and hepatitis viruses are more resistant

Protozoa and algae Most are no more resistant than mammalian cells and survive only a few hours at 40–45 °C.
However, cysts of Acanthamoeba species are more resistant
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may remain unchanged but the vegetative cell count 
 alls as a result o  the action o  lytic enzymes pro-
duced by the cells themselves. Among the common 
mesophilic Bacillus species, spore  ormation is 
largely complete 6–10 hours a ter the end o  expo-
nential growth under optimal cultural conditions. 
The degree o  heat resistance and the concentration 
o  spores would not be expected to rise much a ter 
this time. Conducting heat resistance studies on a 
mixture o  spores and vegetative cells is undesirable 
because the likely result is a rapid initial  all in count 
due to killing o  the vegetative cells, and a subse-
quent slower rate due to death o  spores. I  neces-
sary, the vegetative cells can usually be removed by 
addition o  the enzymes lysozyme and trypsin.

The degree o  heat resistance shown by vegeta-
tive cells may also be in uenced by the stage o  
growth  rom which the cells were taken. It  is nor-
mally  ound that stationary-phase cells are more 
heat resistant than those taken  rom the logarithmic 
phase o  growth, although several exceptions have 
been reported.

Culture .conditions
The conditions under which the cells are grown is 
another  actor that can markedly a  ect heat resist-
ance. Insu f cient attention has been paid to this 
potential source o  variation in a substantial part o  
the research conducted. Not in requently, insu f -
cient details o  the cult ivation procedures are 
described in the scientif c reports, or materials o  
variable composition, e.g. tap water or soil extracts, 
were used in media without regard to the possible 
di  erences that might have arisen between succes-
sive batches or populations o  cells.

Factors such as growth temperature, medium pH 
and bu  ering capacity, oxygen availability and con-
centrations o  culture medium components may all 
a  ect resistance.

Thermophilic organisms are generally more heat 
resistant than mesophils, which in turn tend to be 
more resistant than psychrophils. I  a ‘league table’ 
o  spore heat resistance were to be constructed, it  
is probable that B. stearothermophilus, B. coagulans 
and Cl. thermosaccharolyticum would head the list; 
all three have growth optima o  50–60 °C. Variable 
results have arisen when single species have been 
grown at a variety o  temperatures. Escherichia coli 
and Streptococcus faecalis have both been the subject 
o  con icting reports on the in uence o  growth 
temperature on heat resistance, whereas spores o  

some detail here. The subject has been extensively 
studied and again, many o  the experimental data 
and consequently many o  the examples quoted in 
this section come  rom the f eld o  spore research.

The measurement o  heat resistance in  ully 
hydrated cells, i.e. those suspended in aqueous solu-
tions or exposed to dry saturated steam, does not 
normally represent a problem when conducted at 
temperatures less than 100 °C, but errors may occa-
sionally arise when spore heat resistance is measured 
at higher temperatures. In these circumstances, it  is 
necessary to heat suspensions sealed in glass 
ampoules immersed in glycerol or oil baths or to 
expose the spores to steam in a modif ed autoclave. 
Monitoring and control o  heat-up and cool-down 
times become important, and  ailure to pay ade-
quate attention to these aspects may lead to appar-
ent di  erences in resistance, which may be due 
simply to  actors such as variations in the thickness 
o  glass in two batches o  ampoules.

Spec ies .and .s tra in.d iffe rences
Variations in heat resistance between the species 
within a genus are very common, although it  is di -
f cult to identi y  rom the published reports the 
precise magnitude o  these di  erences because di -
 erent species may require di  erent growth media 
and incubation conditions which, together with 
other  actors, might in uence the results. For 
example, one report described a 700- old variation 
in spore heat resistance within 13 Bacillus species, 
but to produce the spore crops  or testing, the 
authors necessarily had to use eight culture media, 
three incubation temperatures and six procedures 
 or cleaning the spores. Di  erences between strains 
o  a single species are, not surprisingly, more limited; 
D90 values ranging  rom 4.5 to 120 minutes have 
been reported  or f ve strains o  Clostridium perfrin-
gens spores.

Ce ll.form
Whether or not the heated cells exist  in the vegeta-
t ive or the spore  orm may in some cases be related 
to the age o  the culture or the cell population being 
heated. In cultures o  Bacillus and Clostridium 
species, the proportion o  spores usually increases as 
the incubation period is extended and the culture 
ages. This may be due to more and more o  the 
vegetative cells producing spores, in which case the 
spore count increases. Alternatively, the spore count 
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and dry heat, respectively; an exposure period o  2.5 
hours at 121 °C (moist  heat) was required to elimi-
nate survivors within the crystals. It  is to minimize 
the risk o  such situations arising that the Rules and 
Guidance for Pharmaceutical Manufacturers and 
Distributors places such emphasis on hygiene and 
cleanliness in the manu acture o  medicines.

The solute concentrations normally encountered 
in dilute bu  er solutions used as suspending media 
 or heat resistance experiments cause no signif cant 
reduction in the vapour pressure o  the solution 
relative to that o  pure water, i.e. they do not reduce 
the water activity, Aw, o  the solution (which has a 
value o  1.0  or water). I  high solute concentrations 
are used, or the cells are heated in a ‘semi-dry’ state, 
the Aw is signif cantly lower and the resistance is 
increased, e.g. a 1000- old increase in D value has 
been reported  or B. megaterium spores when the 
water activity was reduced  rom 1.0 to between 0.2 
and 0.4.

Recovery.of.hea t-trea ted .ce lls
The recovery conditions available to cells a ter expo-
sure to heat may in uence the proportion o  cells 
that produce colonies. A heat-damaged cell may 
require an incubation time longer than normal to 
achieve a colony o  any given size, and the optimum 
incubation temperature may be several degrees 
lower. The composit ion o  the medium may also 
a  ect the colony count, with nutritionally rich 
media giving a greater percentage survival than a 
‘standard’ medium, whereas lit t le or no di  erence 
can be detected between the two when unheated 
cells are used. Adsorbents such as charcoal and 
starch have been  ound to have benef cial e  ects in 
this context.

Ionizing  radiations

Ionizing radiations can be divided into electromag-
netic and particulate (corpuscular) types and are o  
su f cient energy to cause ejection o  an electron 
 rom an atom or molecule in their path. Electromag-
netic radiations include γ-rays and X-rays, whereas 
particulate radiation includes α  and β particles, posi-
trons and neutrons.

Particulate radiation

The nuclear disintegration o  radioactive elements 
results in the production o  charged particles. 

B. cereus produced at temperatures between 20 and 
41 °C showed maximal resistance at 30 °C.

The e  ects o  medium pH, bu  ering capacity, 
oxygen availability and the concentrations o  culture 
medium components are o ten complex and inter-
related. An unsuitable pH, inadequate bu  er or 
insu f cient aeration may all limit the extent o  
growth, with the result  that the cells that do grow 
each have available to them a higher concentration 
o  nutrients than would be the case i  a higher cell 
density had been achieved. The levels o  intracel-
lular storage materials and metal ions may there ore 
di  er and so in uence resistance to heat and other 
lethal agents. Cells existing in, or recently isolated 
 rom, their ‘natural’ environment, e.g. water, soil, 
dust or pharmaceutical raw materials, have o ten 
been reported to have a greater heat resistance than 
their progeny that have been repeatedly subcultured 
in the laboratory and then tested under similar 
conditions.

pH.and.compos ition.of..
hea ting.mens truum
It is  requently  ound that cells survive heating more 
readily when they are at neutrality (or their optimum 
pH  or growth i  this di  ers  rom neutrality). The 
combination o  heat and an un avourable pH may 
be additive or even synergistic in killing e  ects; thus 
B. stearothermophilus spores survive better at 110 °C 
in dilute pH 7.0 phosphate bu  er than at 85 °C in 
pH 4.0 acetate bu  er. Di  erences in heat resistance 
may also result  merely  rom the presence o  the 
bu  er, regardless o  the pH it  con ers. Usually an 
apparent increase in resistance occurs when cells are 
heated in bu  er rather than in water alone. A similar 
increase is o ten  ound to occur on the addition o  
other dissolved or suspended solids, part icularly 
those o  a colloidal or proteinaceous nature, e.g. 
milk, nutrient broth and serum.

Because dissolved solids can have such a marked 
e  ect on heat resistance, great  care must be taken 
in attempting to use experimental data  rom simple 
solutions to predict the likely heat treatment 
required to kill the same cells in a complex  ormu-
lated medicine or  ood material. An extreme case o  
protection o  cells  rom a lethal agent is the occlu-
sion o  cells within crystals. When spores o  B. sub-
tilis var. niger were occluded within crystals o  
calcium carbonate, their resistances to inactivation 
were approximately 900 t imes and nine times higher 
than  or unoccluded spores when subjected to steam 
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Effect of ionizing radiations   
on materials

Ionizing radiations are absorbed by materials in a 
variety o  ways, depending upon the energy o  the 
incident photons:
1. Photoelectric effect: low-energy radiation 

(<0.1 MeV) is absorbed by the atom o  the 
material, resulting in the ejection or excitation 
o  an electron.

2. Compton effect: incident photons o  medium 
energy ‘collide’ with atoms and a portion o  the 
energy is absorbed with the ejection o  an 
electron. The remaining energy carries on 
impacting with  urther atoms and emitting 
 urther electrons until all the energy is 
scattered.

3. Pair production: radiations o  very high energy 
are converted on impact into negatively charged 
electrons and positively charged particles called 
positrons. The positron has an extremely short 
li e and quickly annihilates itsel  by colliding 
with an orbital electron.

The ionization caused by the primary radiation 
results in the  ormation o   ree radicals, excited 
atoms, etc., along a discrete track through the mate-
rial. However, i  secondary electrons contain su f -
cient energy they may cause excitation and ionization 
o  adjacent atoms, thereby e  ectively widening the 
track. Accelerated electrons used in electron beam 
sterilizers are essentially equivalent to the secondary 
electrons arising  rom γ irradiation – they cause 
direct  ionization o  molecules within materials. 
Temperature rise during irradiation is very small and 
even high-energy radiation resulting in pair produc-
tion is only accompanied by an increase o  approxi-
mately 2 °C, but nevertheless, the chemical changes 
that  occur in irradiated materials are very wide-
spread. O  particular signif cance here are the del-
eterious changes that may occur in packaging 
materials at normal dosage levels. Such e  ects may 
include changes in tensile strength, colour, odour 
and gas  ormation o  polymers. Materials most 
a  ected include acetal, FEP, PTFE and PVA. Total 
absorbed energy determines the extent o  physical 
and chemical reactions that occur, and so damage is 
cumulative. For sterilization purposes, exposure 
t imes can be long but the process is predictable and 
delivers a reproducible level o  lethality.

The lethal e  ect o  irradiation on microorganisms 
can occur in two ways:

α  particles are heavy and positively charged, being 
equivalent to the nuclei o  helium atoms. They 
travel relatively slowly in air and although they cause 
a great deal o  ionization along their paths, they have 
very lit t le penetrating power, their range being just  
a  ew centimetres in air. α  particles cannot penetrate 
skin but may cause damage when emitted by radio-
nuclides inserted into the body. β part icles are nega-
tively charged and have the same mass as an electron. 
In air the penetrating power o  these particles is a 
 ew metres but they will be stopped by a thin sheet 
o  aluminium. β part icles resulting  rom radioactive 
decay are there ore not su f ciently penetrative  or 
use in sterilization processes, but the production o  
accelerated electrons  rom man-made machines 
(cathode rays) results in particles o  great energy 
with enhanced penetrating power.

Electromagnetic radiation

γ radiation results when the nucleus still has too 
much energy even a ter the emission o  α  or β par-
t icles. This energy is dissipated in the  orm o  very 
short wavelength radiation which, as it  has no mass 
or charge, travels with the speed o  light, penetrat-
ing even sheets o  lead. Although travelling in a wave 
 orm, γ radiation behaves as i  composed o  discrete 
packets o  energy called quanta (photons). A 60Co 
source emits γ-rays with photons o  1.17 and 1.33 
MeV and the source has a hal -li e o  5.2 years. 
X-rays are generated when a heavy metal target is 
bombarded with  ast electrons. They have similar 
properties to γ-rays despite originating  rom a shi t  
in electron energy rather than  rom the nucleus.

Units .of.rad ioac tivity
The unit o  activity is the becquerel (Bq), which is 
equal to one nuclear trans ormation per second. This 
replaces the term curie (Ci); 3.7 × 1010 becquerels 
= 1 curie. The unit o  absorbed dose according to 
the SI system is the gray (G y), which is equal to one 
joule per kilogram. However, the old term ‘rad’ is 
still used occasionally and is equivalent to 100 ergs 
per gram o  irradiated material.

 1 100gray  rads=

The energy o  radiation is measured in electron volts 
(eV) or millions o  electron volts (MeV). An elec-
tron volt is the energy acquired by an electron  alling 
through a potential di  erence o  1 volt.
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radiodurans can withstand a radiation dose up to 
5 000 G y compared to E. coli which is killed by 800 
G y. For comparison, a dose o  5 G y is lethal to 
humans. Fortunately, this microorganism does not 
have any clinical signif cance. It  is worth noting that 
microbial products such as endotoxins will not be 
inactivated by normal doses o  ionizing radiations. 
Consequently it  is important to ensure that initial 
bioburden levels are low.

Oxygen has already been mentioned as having a 
signif cant in uence on the antimicrobial e  ects o  
radiation, as increased levels o  hydroperoxyl radi-
cals lead to marked increases in kill. Vegetative cells 
such as E. coli and Pseudomonas aeruginosa are 3–4 
times more sensitive in the presence o  oxygen than 
in its absence. The presence o  moisture will also 
in uence sensitivity with dehydration causing an 
increase in resistance owing to an indirect e  ect on 
the  ormation and mobility o   ree radicals. Freezing 
increases radiation resistance due to the reduction 
o  mobility o   ree radicals in the menstruum, pre-
venting them  rom di  using to sites o  action at the 
cell membrane. Above the  reezing point there is 
very lit t le e  ect o  temperature.

A variety o  organic materials provide a protective 
environment  or microorganisms, and comparison o  
radiation resistance is greatly complicated by di  er-
ent complexities o  the media used. Sulphydryl 
groups, such as may be  ound in amino acids and 
proteins, have a protective e  ect on microorganisms 
owing to their interaction with  ree radicals. In con-
trast, compounds that combine with –SH groups, 
such as halogenated acetates, tend to increase sen-
sitivity. Some naturally occurring materials, particu-
larly  oods, may have a pro ound protective e  ect 
on contaminant bacteria. This is o  concern to the 
 ood-processing industry.

Ultravio le t radiation

Although UV radiation covers a range o  wave-
lengths  rom approximately 15 to 330 nm, its range 
o  maximum bactericidal activity is much narrower 
(220–280 nm), with an optimum o  about 265 nm. 
Whereas ionizing radiations cause electrons to be 
ejected  rom atoms in their path, UV radiation does 
not possess su f cient energy  or this and merely 
causes the electrons to become excited. It  has much 
less penetrating power than ionizing radiations and 
tends to be used  or the destruction o  microorgan-
isms in air, water and on sur aces.

1. Direct effect. In this case the ionizing radiation 
is directly responsible  or the damage by 
causing a direct hit  on a sensitive target 
molecule. It  is generally accepted that cellular 
DNA is the principal target  or inactivation,  
and that the ability to survive irradiation is 
attributable to the organism’s ability to repair 
damaged DNA rather than to any intrinsic 
resistance o  the structure. Further damage  
may be caused by  ree radicals produced within 
the cell but not directly associated with DNA. 
These radicals can di  use to a sensit ive site and 
react with it , causing damage.

2. Indirect effect. The passage o  ionizing radiation 
through water causes ionization along and 
immediately next to the track and the 
 ormation o   ree radicals and peroxides. These 
peroxides and  ree radicals are highly reactive 
and destructive and are responsible  or both the 
killing capability and the ability to modi y the 
properties o  polymers.

Some o  the possible reactions are as  ollows:

 radiation

 H  O  H  O  e2  2→  ++  −

 H O  OH  H2
 +  +→  +i

 e  H  O  OH  H−  −+  →  +2  i

 2  2H  Hi→

 2 OH  H Oi  →  2  2

The presence o  oxygen has a signif cant e  ect on 
the destructive properties o  ionizing radiation 
owing to the  ormation o  hydroperoxyl radicals.

 H  O  HOi  i+  →2  2

Peroxides and  ree radicals can act as both oxidizing 
and reducing agents according to the conditions.

Factors  affecting the radiation 
res is tance of microorganisms

Across the spectrum o  microorganisms, viruses are 
the  orms most resistant to the e  ects o  radiation, 
 ollowed by bacterial endospores, then G ram-
posit ive cells and f nally G ram-negative cells. Resist-
ance to radiation is genetically determined and a 
particularly resistant bacterium called Deinococcus 
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antimicrobial properties and a  ew o  the major ones 
will be dealt with here.

Ethylene oxide

CH2  CH2

O

Ethylene oxide is a gas at room temperature (with a 
boiling point at 10.7 °C) that  readily permeates a 
variety o  materials (plastics, cardboard, cloth, etc.) 
but not crystals. Its odour is reported as being rather 
pleasant, although the levels at  which it  is detected in 
the atmosphere (700 ppm) greatly exceed the 5 ppm 
maximum sa ety limit  or humans. Toxicity problems 
include burns and blistering i  the material comes 
into contact with the skin, whereas inhalation results 
in lachrymation, headache, dizziness and vomiting. 
G reat care must be taken to ensure the removal o  
residual ethylene oxide  rom treated products (e.g. 
rubber gloves) to avoid the risk o  skin reactions. 
Explosive mixtures are  ormed when ethylene oxide 
is mixed with air at any concentration above 3% and 
this is especially dangerous i  the gas mixture is con-
f ned. The addition o  carbon dioxide or  uorinated 
hydrocarbons will eliminate this risk, and  or sterili-
zation purposes gas mixtures o  10% ethylene 
oxide/ 90% carbon dioxide are typically used.

Ethylene oxide is extremely e  ective at killing 
microorganisms and its activity is related to its 
action as an alkylating agent. Reactive hydrogen 
atoms on hydroxyl, carboxyl, sulphydryl and amino 
groups can all be replaced with hydroxyethyl groups, 
thereby inter ering with a wide range o  metabolic 
activities. Ethylene oxide inactivates the complete 
spectrum o  microorganisms, including endospores 
and viruses. The di  erence in resistance between 
endospore- orming bacteria and vegetative cells is 
only o  the order o  5–10 times, compared to several 
thousand- old di  erences with other physical and 
chemical processes. In addition, no microorganism 
o  genetically determined high resistance has been 
 ound. Spores o  B. subtilis var. niger are among the 
most resistant to the e  ect  o  ethylene oxide. The 
moist  heat-resistant spore  ormer B. stearother-
mophilus and spores o  Clostridium sporogenes are 
no more resistant than a number o  vegetative organ-
isms, such as Staph. aureus and Micrococcus luteus. 
Fungal spores exhibit  the same order o  resistance 
as vegetative cells.

The bactericidal e  ect  o  UV light is due to the 
 ormation o  linkages between adjacent pyrimidine 
bases in the DNA molecule to  orm dimers. These 
are usually thymine dimers, although other types 
have been identif ed. The presence o  thymine 
dimers alters the structural integrity o  the DNA 
chain, thereby hindering chromosome replication. 
Certain cells can repair damaged DNA in a variety 
o  ways, enhancing their radiation resistance.

Exposure o  UV-damaged cells to visible light 
(photoreactivation) enables a light-dependent pho-
toreactivating enzyme to split  the thymine dimers 
into monomers. A second mechanism is not light 
dependent and is called dark recovery. In this case, 
the thymine dimers are removed by a specif c endo-
nuclease enzyme that nicks the damaged DNA 
strand either side o  the dimer. DNA polymerase 
then replaces the missing nucleotides and the ends 
are joined by a ligase enzyme.

Factors  affecting res is tance  
to UV light

As already mentioned, UV light has very lit t le pen-
etrating power and anything that acts as a shield 
around the cells will a  ord a degree o  protection. 
The  ormation o  aggregates o  cells will result  in 
those cells at the centre o  the aggregate surviving 
an otherwise lethal dose o  radiation. Similarly, 
microorganisms suspended in water withstand con-
siderably higher doses o  radiation than in the dry 
state owing to lack o  penetration o  the radiation. 
Suspension o  bacteria in broth containing organic 
matter such as proteins increases the resistance o  
the cells still  urther. The stage o  growth o  the 
culture will a  ect the sensitivity o  the cells, with 
maximum sensitivity being shown during the loga-
rithmic phase.

Other  actors shown to in uence radiation resist-
ance include pH, temperature and humidity, 
although the e  ect o  the last parameter is still 
somewhat con used.

Gas e s

The use o  gases as antimicrobial agents has 
been documented  or centuries, although it  is only 
recently that their mechanisms o  action and  actors 
a  ecting activity have been elucidated. A wide 
variety o  gaseous agents has been used  or their 
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ethylene oxide (concentrations o  3–10 mg L−1 are 
e  ective) but it  has weak penetrating power and is 
really only a sur ace bactericide. It  is also more 
readily inactivated by organic matter. Adsorbed gas 
is very di f cult  to remove and long airing t imes are 
required. Its mechanism o  action is thought to 
involve the production o  intramolecular crosslinks 
between proteins, together with interactions with 
RNA and DNA. It  acts as a mutagenic agent and an 
alkylating agent, reacting with carbonyl, thiol and 
hydroxyl groups. In order to be e  ective, the gas 
must dissolve in a f lm o  moisture surrounding the 
bacteria. For this reason, relative humidities in the 
order o  75% are required. Formaldehyde used in 
conjunction with low-temperature steam is a very 
e  ective sterilization medium.

Peracetic  acid

The toxic nature o  ethylene oxide and  ormalde-
hyde has prompted the search  or  urther gaseous 
sterilants. Peracetic acid has been widely used as an 
aqueous solution but its use in the gaseous phase is 
more limited. It  is a liquid at room temperature, 
requiring heat treatment to vaporize. Although it  is 
highly active against bacteria (including mycobacte-
ria and endospores),  ungi and viruses, it  is rather 
unstable and is damaging to certain materials such 
as metals and rubber.

Hydrogen peroxide

Hydrogen peroxide is similar to peracetic acid in 
that it  is a solution at  room temperature and must 
be heated to generate the gaseous phase. The main 
attraction o  hydrogen peroxide as an antimicrobial 
agent is the  act that its decomposition products are 
oxygen and water. Most work on the antimicrobial 
properties o  hydrogen peroxide has been carried 
out on aqueous solutions where it  has been shown 
to have a good range o  activity, including against 
bacterial spores. The biocidal e f cacy o  the vapour 
phase is less than that in solution and is in uenced 
by environmental conditions.

Chlorine dioxide

Chlorine dioxide is a gas at  room temperature but 
is primarily used in aqueous solution where it  has 

Fac tors .a ffec ting.the .ac tivity..
of.e thylene .oxide
The bactericidal activity o  ethylene oxide is propor-
tional to the partial pressure o  gas in the reaction 
chamber, t ime o  exposure, temperature o  treat-
ment and level and type o  contamination. At room 
temperature, the time taken to reduce the initial 
concentration o  cells by 90% can be very slow. For 
this reason elevated temperatures o  50–60 °C are 
recommended and these result  in greatly increased 
rates o  kill. Concentrations o  ethylene oxide 
between 500 and 1000 mg L−1 are usually employed. 
Relative humidity has a most pronounced e  ect, as 
at very high humidities ethylene oxide may be 
hydrolysed to the much less active ethylene glycol. 
This is borne out by the observation that the gas is 
10 times more active at  30% RH than at 97% RH. 
The optimum value  or activity appears to be 
between 28% and 33% RH. Below 28% RH the 
alkylating action o  ethylene oxide is inhibited due 
to lack o  water. The degree o  dehydration o  cells 
greatly in uences activity and it  may not be possible 
to rehydrate very dry organisms simply by exposure 
to increased RH. The RH value chosen in practice 
is usually between 40% and 70%.

Microorganisms may be protected  rom the 
action o  ethylene oxide by occlusion within crystal-
line material or when coated with organic matter or 
salts. B. subtilis var. niger spores dried  rom salt-
water solutions are much more resistant to the gas 
than are suspensions dried  rom distilled water.

Biological indicators used to test the e f cacy o  
ethylene oxide treatment employ spores o  B. sub-
tilis dried on to suitable carriers, such as pieces o  
aluminium  oil.

Formaldehyde

Formaldehyde (H.CHO) in its pure  orm is a gas at  
room temperature, with a boiling point o  −19 °C 
but readily polymerizes at temperatures below 80 °C 
to  orm a white solid. The vapour, which is extremely 
irritating to the eyes, nose and throat, can be gener-
ated either  rom solid polymers such as para ormal-
dehyde or  rom a solution o  37%  ormaldehyde in 
water ( ormalin). Formalin usually contains about 
10% methanol to prevent polymerization.

As with ethylene oxide,  ormaldehyde is a very 
reactive molecule and there is only a small di  erential 
in resistance between bacterial spores and vegetative 
cells. Its bactericidal powers are superior to those o  
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Antimic robial e ffe c ts  of 
c he mic al age nts

Chemical agents have been used since very early 
t imes to combat such e  ects o  microbial proli era-
t ion as spoilage o   oods and materials, in ection o  
wounds and decay o  bodies. Thus, long be ore the 
role o  microorganisms in disease and decay was 
recognized, salt  and sugar were used in  ood preser-
vation, a variety o  oils and resins were applied to 
wounds and employed  or embalming, and sulphur 
was burned to  umigate sick rooms.

The classic research work o  Pasteur, which 
established microorganisms as causative agents o  
disease and spoilage, paved the way  or the develop-
ment and rational use o  chemical agents in their 
control. There are di  erent def nitions to describe 
the antimicrobial use o  chemical agents in di  erent 
settings. Those agents used to destroy microorgan-
isms on inanimate objects are described as disinfect-
ants, while those used to treat living tissues, as in 
wound irrigation, cleansing o  burns or eye washes, 
are called antiseptics. The term preservative 
describes those antimicrobial agents used to protect 
medicines, pharmaceutical  ormulations, cosmetics, 
 oods and general materials against microbial spoil-
age. Other def nitions have been introduced to give 
more precise limits o  meaning, namely, bactericide 
and fungicide  or chemical agents that kill bacteria 
and  ungi, respectively, and bacteriostat and fungi-
stat  or those that prevent the growth o  a bacterial 
or  ungal population. The validity o  drawing a rigid 
demarcation line between those compounds that kill 
and those that inhibit  growth without killing is 
doubt ul. In many instances concentration and time 
o  contact  are the crit ical  actors. Biocide is a general 
term  or antimicrobial chemicals but it  excludes 
antibiotics and other agents used  or systemic treat-
ment o  in ections.

The mechanisms by which biocides exert their 
e  ects have been intensively investigated and the 
principal sites o  their at tack upon microbial cells 
identif ed. These are the cell wall, the cytoplasmic 
membrane and the cytoplasm. Chemical agents may 
weaken the cell wall, thereby allowing the extrusion 
o  cell contents, distortion o  cell shape, f lament 
 ormation or complete lysis. The cytoplasmic mem-
brane, controlling as it  does permeability and being 
a site o  vital enzyme activity, is vulnerable to a wide 
range o  substances that inter ere with reactive 
groups or can disrupt its phospholipid layers. 

good broad-spectrum activity. I  it  is to be employed 
in the gaseous phase then it  must be generated at 
the point o  use, and in this  orm it  is highly e  ec-
t ive and relatively sa e.

Propylene oxide

Propylene oxide is a liquid (boiling point = 34 °C) at 
room temperature which requires heating to volatil-
ize. It  is in ammable between 2.1% and 21.5% by 
volume in air but this can be reduced by mixing with 
CO 2. Its mechanism o  action is similar to that o  
ethylene oxide and involves the esterif cation o  
carbonyl, hydroxyl, amino and sulphydryl groups 
present on protein molecules. It  is, however, less 
e  ective than ethylene oxide in terms o  its antimi-
crobial activity and its ability to penetrate materials. 
Whereas ethylene oxide breaks down to give ethyl-
ene glycol or ethylene chlorohydrin, both o  which 
are toxic, propylene oxide breaks down to propylene 
glycol, which is much less so.

Methyl bromide

Methyl bromide boils at 3.46 °C and so is a gas 
at room temperature. It  is used as a disin ectant and 
a  umigant at concentrations o  3.5 mg L−1 with a 
relative humidity between 30% and 60%. It  has 
in erior antimicrobial properties compared to the 
previous compounds but has good penetrating 
power.

Gas  plasmas

A plasma is  ormed by applying energy to a gas 
or vapour under vacuum. Natural examples are 
lightning and sunlight but plasmas can also be gener-
ated under low energy such as in  uorescent strip 
lights. Within a plasma, positive and negative ions, 
electrons and neutral molecules collide to produce 
 ree radicals. The destructive power o  these entities 
has already been described and so plasmas can be 
used as biocidal agents in a variety o  applications. 
This type o  system can be produced at tempera-
tures below 50 °C using vapours generated  rom 
hydrogen peroxide or peracetic acid. Dusseau et al 
(2004) have produced a use ul review o  the appli-
cations o  gas plasmas in the sterilization o  medical 
devices.
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Chemical and electrical gradients exist across the 
cell membrane and these represent a proton-motive 
 orce which drives such essential processes as oxida-
tive phosphorylation, adenosine triphosphate (ATP) 
synthesis and active transport; several agents act by 
reducing the proton-motive  orce. The cytoplasm, 
which is the site o  genetic control and protein syn-
thesis, presents a target  or those chemical agents 
that disrupt ribosomes, react with nucleic acids or 
generally coagulate protoplasm.

Principal factors  affecting activity

The  actors most easily quantif ed are temperature 
and concentration. In general, an increase in tem-
perature increases the rate o  kill  or a given concen-
tration o  agent and inoculum size. The commonly 
used nomenclature is Q 10 (temperature coe f cient), 
which is the change in activity o  the agent per 10 °C 
rise in temperature (e.g. Q 10 phenol = 4).

The e  ect o  change in concentration o  a chemi-
cal agent upon the rate o  kill can be expressed as:

 η  =  −
−

log  log
log  log

t  t
C  C

2  1

1  2
 

(15.4)

where C 1 and C 2 represent the concentrations o  
agent required to kill a standard inoculum in times 
t1 and t2. The concentration exponent η  represents 
the slope o  the line when log death time (t) is 
plotted against log concentration (C).

When values o  η  are greater than 1, changes o  
concentration will have a pronounced e  ect . Thus, 
in the case o  phenol, when η  = 6, halving the con-
centration will decrease its activity by a  actor o  26 
(i.e. 64- old), whereas  or a mercurial compound, 
η  = 1, the same dilution would only reduce activity 
two old (21). Further details and tabulations o  both 
temperature coe f cients and concentration expo-
nents may be  ound in Denyer & Wallhaeusser 
(1990).

Range of chemical agents

The broad categories o  antibacterial chemical com-
pounds have remained surprisingly constant over 
the years, with phenolics and hypochlorites com-
prising the major disin ectants and quaternary 
ammonium compounds widely used as antiseptics. 
The compounds capable o  use as preservatives in 

preparations  or oral, parenteral or ophthalmic 
administration are obviously strictly limited by tox-
icity requirements. As concerns over toxicity have 
intensif ed, the range o  available preservatives has 
diminished: mercury-containing compounds,  or 
example, are now very lit t le used  or the preserva-
tion o  parenteral and ophthalmic products. The 
high cost o  research and testing coupled with the 
poor prospects  or an adequate f nancial return mili-
tate against the introduction o  new agents. For this 
reason there is a tendency towards the use o  exist-
ing preservatives in combination, with a view to 
achieving one or more o  the  ollowing benef ts: 
synergy, a broader antimicrobial spectrum or reduced 
human toxicity result ing  rom the use o  lower con-
centrations. The subjects o  preservative toxicity 
and their potentiation and synergy are reviewed by 
Denyer & Wallhaeusser (1990), and Moore & Payne 
(2004) have described in detail characteristics o  the 
commonly used biocides. Table 15.3 summarizes 
the properties and uses o  the major groups o  
biocides.

Phenolics
A limited selection o  phenolic compounds is shown 
in Figure 15.4.

Various distillation  ractions o  coal tar yield phe-
nolic compounds, including cresols, xylenols and 
phenol itsel , all o  which are toxic and caustic to 
skin and t issues. Disin ectant  ormulations tradi-
t ionally described as ‘black  uids’ and ‘white  uids’ 
are prepared  rom higher-boiling coal tar  ractions. 
The  ormer make use o  soaps to solubilize the tar 
 ractions in the  orm o  stable homogeneous solu-
tions, whereas the latter are emulsions o  the tar 
products and unstable on dilution.

Remarkable success has been achieved in modi y-
ing the phenol molecule by the introduction o  chlo-
rine and methyl groups, as in chlorocresol and 
chloroxylenol. This has the dual e  ect o  eliminating 
toxic and corrosive properties while at the same 
time enhancing and prolonging antimicrobial activ-
ity. Thus, chlorocresol is used as a bactericide in 
injections and to preserve oil-in-water creams, 
whereas chloroxylenol is employed as a household 
and hospital antiseptic. Phenol may itsel  be ren-
dered less caustic by dilution to 1% w/ v or less  or 
lotions and gargles, or by dissolving in glycerol  or 
use as ear drops. Bisphenols, such as hexachlo-
rophane and triclosan (Irgasan), share the low solu-
bility and enhanced activity o  the other phenol 
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benzyl alcohol in injections, Bronopol (2-bromo-2-
nitropropane-1,3-diol) in shampoos and other toilet-
ries. Phenoxyethanol, which has good activity against 
Ps. aeruginosa, has been used as an antiseptic. In 
general the alcohols act  by disrupting the bacterial 
cytoplasmic membrane and can also inter ere with 
the  unctioning o  specif c enzyme systems con-
tained within the membrane.

Formaldehyde and glutaraldehyde are both pow-
er ul disin ectants, denaturing protein and destroy-
ing vegetative cells and spores. Formaldehyde is 
used in sterilization procedures both as a gas and as 
a solution in ethanol. G lutaraldehyde solutions are 
also used to sterilize surgical instruments.

The organic acids, sorbic and benzoic and their 
esters, because o  their low toxicity, are well estab-
lished as preservatives  or  ood products and medi-
cines (see Chapter 50). The exact mode o  action 
o  these agents on microorganisms is still uncertain 
but they have been shown to in uence the pH gradi-
ent across the cell membrane. At higher concentra-
t ions, the parabens (esters o  parahydroxybenzoic 
acid) induce leakage o  intracellular constituents.

Quate rnary.ammonium.compounds
The chemical  ormula  or quaternary ammonium 
compounds is shown in Figure 15.5.

These cationic sur ace-active compounds are, as 
their name implies, derivatives o  an ammonium 

derivatives described but have a substantive e  ect 
which makes them particularly use ul as skin anti-
septics. Formulated as creams, cleansing lotions 
or soaps, they have proved valuable in reducing 
postoperative in ections and cross-in ection. Again 
toxicity concerns have emerged. Consequently, hex-
achlorophane,  or example, is restricted in the UK 
both in respect o  the concentrations that may be 
employed and the type o  product in which it  may 
be used.

Phenols are generally active against vegetative 
bacteria and  ungi, are readily inactivated by dilution 
and organic matter and are most e  ective in acid 
conditions. Depending on concentration, phenols 
may cause cell lysis at low concentrations or 
general coagulation o  cell contents at higher 
concentrations.

Alcohols ,.a ldehydes ,.ac ids .and .es te rs
Ethanol has long been used, usually as ‘surgical 
spirit’  or rapid cleansing o  preoperative areas o  
skin be ore injection. It  is most e  ective at concen-
trations o  60–70%. It  is rapidly lethal to bacterial 
vegetative cells and  ungi but has no activity against  
bacterial endospores and lit t le e  ect on viruses. The 
e  ect o  aromatic substitution is to produce a range 
o  compounds which are less volatile and less rapidly 
active and f nd general use as preservatives, e.g. phe-
nylethanol  or eye drops and contact  lens solutions, 

Fig . 15.4 •  Chemical structures of a range of phenols. 
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undergo lysis. G ram-negative bacteria are less sus-
ceptible and, to widen the spectrum to include 
these, mixtures o  quaternary ammonium com-
pounds with other antimicrobial agents such as phe-
noxyethanol or chlorhexidine are used.

Biguanides .and .amid ines
Chlorhexidine (Fig. 15.6) is a widely used biocide 
which has activity against G ram-positive and G ram-
negative bacteria, but lit t le activity against endospores 
or viruses. It  is widely used in general surgery, both 
alone and in combination with cetrimide, and can 
also be used as a preservative in eye drops. Polyhex-
amethylene biguanide (PHMB) is a polymeric bigua-
nide used widely in the  ood, brewing and dairy 
industries. It  has also  ound application as a disin-
 ectant in contact lens cleaning solutions. The bigua-
nides act on the cytoplasmic membrane, causing 
leakage o  intracellular constituents.

The aromatic diamidines, propamidine and dibromo-
propamidine, are non-toxic antiseptics mainly active 
against G ram-positive bacteria and  ungi. However, 
resistance to these agents can develop quickly during 
use.

Ha logens .and .the ir.compounds
Chlorine gas is a power ul disin ectant used in the 
municipal treatment o  drinking water and in swim-
ming baths. Solutions o  chlorine in water may be 
made power ul enough  or use as general household 
bleach, and disin ectant and dilute solutions are 
used  or domestic hygiene. The high chemical reac-
tivity o  chlorine renders it  lethal to bacteria,  ungi 
and viruses, and to some extent spores. This activity 
is optimal at acid pH levels around 5.0. Unionized 
hypochlorous acid (HOC1) is an extremely potent 
and widely used bactericidal agent that acts as a 
non-selective oxidant, reacting readily with a variety 
o  cellular targets. Salt solutions subjected to elec-
trolysis in an electrochemical cell yield a mixture o  
biocidal species o  which the predominant one is 
hypochlorous acid. This system is available com-
mercially  or use in endoscope washers.

halide in which the hydrogen atoms are substituted 
by at  least one lipophilic group, a long-chain alkyl or 
aryl-alkyl radical containing C8–C18 carbon atoms. In 
marked contrast to phenol and the cresols, these 
compounds are mild in use and active at such high 
dilutions as to be virtually nontoxic. Their sur ace-
active properties make them power ul cleansing 
agents, a use ul adjunct to their common use as skin 
antiseptics and preservatives in contact lens cleans-
ing and soaking solutions. They are also sa e  or 
 ormulating into eye drops and injections, and are 
widely used in gynaecology and general surgery. 
Active as cations, ambient pH is important, as is 
inter erence caused by anions. Thus, alkaline condi-
t ions promote activity and it  is important that  all 
traces o  soap, which is anion active, are removed 
 rom the skin prior to treatment with a quaternary 
ammonium compound. Foreign organic matter and 
grease also cause inactivation.

One e  ect o  the detergent properties o  these 
compounds is to inter ere with cell permeability 
such that susceptible bacteria (mainly G ram- 
positive cells) leak their contents and eventually 

Fig . 15.5 •  Chemical structure of cetrimide and 
benzalkonium chloride. 

Fig . 15.6 •  Chemical structure of chlorhexidine. 



 P A R T  T H R E E  Pharmac e utic al Mic robio logy and Ste rilization

2 6 4

toxicity o  mercury has rendered its use obsolete 
apart  rom in organic combination. The organic com-
pounds that still have a limited use in pharmacy are 
phenylmercuric nitrate (and acetate) as a bacteri-
cide in eye drops and injections, and thiomersal 
(sodium ethylmercurithiosalicylate) as a preserva-
tive in biological products and certain eye drops.

Silver, in the  orm o  the nitrate, has been used 
to treat  in ections o  the eyes, as have silver protein 
solutions. Aluminium  oil has been used as a wound 
covering in the treatment o  burns and venous 
ulcers. It  has been shown to adsorb microorganisms 
and inhibit  their growth.

The .acrid ines
This group o  compounds inter eres specif cally with 
nucleic acid  unction and has some ideal antiseptic 
properties. Thus, aminacrine hydrochloride is non-
toxic, non-irritant, non-staining and active against 
G ram-positive and G ram-negative bacteria even in 
the presence o  serum.
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Two tradit ional chlorine-containing pharmaceuti-
cal  ormulations, which are used much less  re-
quently now, are Eusol (Edinburgh University 
solution o  lime, also known as Chlorinated Lime 
and Boric Acid Solution BPC 1973) and Dakin’s 
Solution (Surgical Chlorinated Soda Solution BPC 
1973), both o  which are designed to provide slow 
release o  chlorine.

An alternative method o  obtaining more pro-
longed release o  chlorine is by the use o  organic 
chlorine compounds such as Chloramine T (sodium 
p-toluene-sulphonchloramide) and Halazone BPC 
1973 (p-sulphondichloramide benzoic acid). These 
are used in pharmaceutical products much less  re-
quently now but have retained some application in 
the disin ection o  water such as in whirlpool spas 
and in f sh  arms.

Iodine, which, like chlorine, is a highly reactive 
element, denatures cell proteins and essential 
enzymes by its power ul oxidative e  ects. Tradition-
ally it  has been used in alcoholic solutions such as 
Tincture o  Iodine (BP 1973) or complexed with 
potassium iodide to  orm an aqueous solution 
(Lugol’s Iodine BP 1973). The latter product, 
although highly e  ective as a bactericide, probably 
 ell out o   avour because o  the tendency to stain 
both the clothes and skin.

The staining and irritant properties o  iodine have 
resulted in the development o  iodophores, mix-
tures o  iodine with sur ace-active agents, which 
hold the iodine in micellar combination  rom which 
it  is released slowly. Such a preparation is Betadine 
(polyvinylpyrrolidone-iodine  ormulated as 10% 
povidone iodine), used as a non-staining, non-irritant 
antiseptic.

Meta ls
Many metallic ions are toxic to essential enzyme 
systems, particularly those utilizing thiol (-SH) 
groups, but those used medically are restricted 
to mercury, silver and aluminium. The extreme 
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•  Pharmacopoeias  usually recommend  ve 
processes  for the s terilization of s terile  dosage 
forms: s team (under pressure), dry heat, 
gaseous  (ethylene oxide) ionizing radiation  
and  ltration 

•  The use of s terilization parameters  allows  the 
calculation of the ef cacy of a given s terilization 
regimen for a  given load/products  and enables  
comparison of ef cacy between processes  

•  High-level dis infection is  used for the 
‘s terilization’ of certain medical devices  

•  A number of new technologies , notably high-
pressure and gas  plasma s terilization might offer 
appropriate alternatives  to common s terilization 
processes  

Introduc tion

Previous chapters in this Part of the book have 
described the types and properties of microorgan-
isms (Chapter 13) and the action of heat and chemi-
cal agents upon them (Chapter 15). This chapter 
will build on those fundamentals and describe the 
principles underlying the different methodologies 
available to achieve sterility. These will be described 
both for pharmaceutical preparations and also for 
medical products and devices. This chapter will also 
describe the criteria used to measure sterility. The 
practicalit ies associated with the processes of steri-
lization are described in Chapter 17.

By de nition, a sterile preparation is described as 
the absolute absence of viable microbial contami-
nants. In practice, this de nition is not achievable as 
a preparation cannot be guaranteed to be sterile. 
This remark is discussed further in Chapter 17.

Susannah E. Walsh Jean-Yves Maillard

KE Y P O IN TS

•  A number of dosage forms , medical products  
and devices  need to be free of microorganisms  

•  Failure to achieve s terility and the lack of 
validation or documentation of a s terilization 
process  has  led to patient deaths  
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microorganisms induce spoilage of the product 
(i.e. chemical and physical degradation) that  might 
be identi ed before the preparation is used. The 
product (or batch of product) is then removed from 
use and destroyed. In the worst case scenario, where 
microbial survival cannot be identi ed through del-
eterious effects to the product, infection (some-
times fatal) might result from the use of the 
contaminated preparation. There have been many 
reports in the literature of such incidents over the 
years. For example, in the Devonport incident (in 
1971–1972) the death of  ve patients (from acute 
endotoxic shock) was traced to dextrose 5% infusion 
bottles sterilized with a faulty autoclave. In 1996, in 
Romaira (Brazil), 35 newborn infants died of sepsis 
attributed to locally produced intravenous solutions 
(Editorial 1998). In 2005, a contaminated heparin 
intravenous  ush was responsible for infecting 
several patients in different states in the USA (Edi-
torial 2005). In these cases, inappropriate quality 
control procedures were implicated. These inci-
dents emphasize that not only must an appropriate 
sterilization regimen be used but appropriate moni-
toring and control must be performed. This requires 
an understanding of the principles of sterilizing pro-
cesses and their control and validation.

Ste rilization parame te rs

The inactivation kinetics of a pure culture of micro-
organisms exposed to a physical or chemical sterili-
zation process is generally described by an exponential 
relationship between the number of organisms sur-
viving and the extent of treatment (ISO 2000), 
although variations from this are likely (Chapter 15 
gives more details). Survivor curves have been used 
to generate inactivation data for speci c sterilization 
processes using speci c biological indicators (see 
Chapter 17). These data are important for calculat-
ing a number of sterilization parameters which help 
to establish a sterilizing regimen adapted to a spe-
ci c preparation or product.

D value and Z value

One of the important concepts in sterilization is the 
D value (Fig. 16.1). This parameter is calculated as 
the time taken to achieve a one log (90%) reduction 
in the number of microorganisms. Another impor-
tant concept is the Z value, which calculates the 

Certain pharmaceutical preparations, medical 
devices and items for which usage involves contact 
with broken skin, mucosal surfaces or internal 
organs, injection to the blood stream and other 
sterile parts of the body, are required to be sterile. 
These are frequently referred to in pharmacopoeias 
as sterile products or sterile dosage forms. Micro-
biological materials, such as soiled dressings and 
other contaminated items, also need to be sterilized 
before disposal or reuse.

Sterilization is the process by which a product is 
rendered sterile, i.e. the destruction or removal of 
microorganisms. The majority of the processes rec-
ommended by pharmacopoeias (i.e. steam under 
pressure, dry heat, gaseous and ionizing radiation) 
are terminal sterilization processes for which the 
preparation is sterilized in its  nal container or pack-
aging. For other multiple component preparations 
that cannot be sterilized with such methodologies, 
 ltration sterilization can be used. Finally, high-level 
disinfection is used for the ‘sterilization’ of medical 
devices.

Ne e d for s te rility

As mentioned in the introduction, certain pharma-
ceutical preparations, medical products and devices 
are required to be sterile (further information is 
given in Chapter 17, Table 17.1). Brie y, these 
include:
•  injections – intravenous infusions, total 

parenteral nutrition (TPN)  uids, small-volume 
injections and small-volume oily injections

•  non-injectable sterile  uids – non-injectable 
water, urological irrigation solutions, peritoneal 
dialysis and haemodialysis solutions, inhaler 
solutions

•  ophthalmic preparations – eye drops, lotions 
and ointments and some contact lens solutions

•  dressings
•  implants
•  absorbable haemostats
•  surgical ligatures and sutures (absorbable and 

non-absorbable)
•  instruments and equipment – syringes, metal 

instruments, respirator parts, medical devices 
– endoscopes.

Failure to achieve sterility can result in serious 
consequences. In the best case scenario, surviving 
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sterilization processes. A reference value (Fo) of 
Geobacillus stearothermophilus (formerly Bacillus 
stearothermophilus) spores at  121 °C is often used 
with a Z value of 10 °C. The total Fo of a process 
includes the heating up and cooling down phases of 
the sterilization cycle.

For dry heat sterilization the F value concept has 
some limited application. The FH value is used and 
corresponds to the lethality of a dry heat process 
in terms of the equivalent number of minutes expo-
sure at 170 °C. A Z value of 20 °C is used for the 
calculation.

Princ iple s  of s te rilization 
proc e s s e s

Five main types of sterilization processes are 
usually recommended for pharmaceutical products 
(British Pharmacopoeia 2012). Among these, steam 
sterilization (sometimes referred to as steam under 
pressure sterilization or high-temperature steam 
sterilization) still represents the gold standard. 
Novel sterilization processes are being developed 
and have already been applied in the food industry. 
These are mentioned in the ‘New Technologies’ 
section later in this chapter.

Heat s terilization

Heat has been employed as a purifying agent since 
early historical t imes, and is now used worldwide 
in sterilization. Boiling is not a form of sterilization 
as higher temperatures are needed to ensure the 
destruction of all microorganisms.

Microorganisms vary in their response to heat. 
Species of bacterial spores are thought to be some 
of the most heat-resistant forms of life and can 
survive temperatures above 100 °C. Non-sporulating 
bacteria are destroyed at lower temperatures (50–
60 °C) and vegetative forms of yeasts and moulds 
have a similar response. Cysts of amoeba (e.g. Acan-
thamoeba polyphaga) are less sensitive than their 
vegetative cells which are inactivated at 55–60 °C. 
It  is generally thought that  viruses are less resistant 
than bacterial spores (McDonnell 2007). The agents 
responsible for spongiform encephalopathies, the 
prions, are worth mentioning due to their infectious 
nature and high resistance to heat (current thermal 
sterilization procedures are not effective in inacti-
vating prions; see Chapter 15).

increase in temperature for steam (under pressure) 
or dry heat, or dose for radiation sterilization, 
required to produce a one log (90%) reduction in D 
value for a particular microorganism. This parameter 
is used to compare the heat (or dose) resistance of 
different biological indicators following alterations 
in temperature or radiation. Chapter 15 provides 
more information on both these parameters.

Inactivation factor and mos t 
probable effective dose

The inactivation factor is the total reduction in the 
number of viable microorganisms brought about by 
a de ned sterilization process. This parameter can 
be calculated from the D value but only if the 
destruction curve follows the linear logarithmic 
model. To overcome problems caused by variations 
from this model, a most probable effective dose 
value can be used. This is the dose needed to a 
chieve n decimal reductions in the number of 
microorganisms.

F value

The F value is a measure of total lethality of a heat 
sterilization process for a given microorganism and 
is used to compare the lethality of different heat 

Fig . 16.1 •  Calculation of D value. Note that the D value 
remains the same although calculated with different 
surviving fractions. 
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produced it  but holds much more latent heat. This 
latent heat is available for transfer (without a 
decrease in temperature) when it  condenses on to a 
cooler surface. This rapid transfer of latent heat is 
responsible for the rapid rise in temperature (to the 
sterilization temperature) of any items it  touches 
(Chapter 15 provides more information). The con-
densed water also aids the process by hydrating 
microorganisms and making them more sensitive. 
The condensation of steam contracts it  to a very 
small volume that creates a pressure decrease into 
which more steam is drawn to re-establish the pres-
sure. This aids the penetration of steam into porous 
items such as dressings. Wet saturated steam is less 
effective than dry saturated steam as not as much 
condensation is produced and the latent heat avail-
able is less (Fig. 16.2). It  can also saturate loads with 
free water and interfere with steam penetration. 
Superheated steam is another potential problem 
that must be limited (Chapter 15). Although it  is 
hotter than dry saturated steam, superheated steam 
is less ef cient at releasing its heat to cooler objects, 
as it  is only as ef cient as hot air at the same 
temperature.

Despite the widespread use of heat steriliza-
tion, the exact mechanisms and target sites involved 
are still uncertain. It  is likely that several mecha-
nisms and targets are implicated and those pro-
posed include damage to the outer membrane 
(G ram-negative bacteria), cytoplasmic membrane, 
RNA breakdown and coagulation, damage to DNA 
and denaturation of proteins, probably as a result of 
an oxidation process. For hydrated cells (steam ster-
ilization), it  is likely that the chemical lethal reac-
tions occur more rapidly with the presence of water. 
The denaturation and coagulation of key enzymes 
and structural proteins probably result from a hydro-
lytic reaction.

The thermal death of bacterial cells and spores is 
usually thought to have a  rst-order reaction kinetic. 
Although some controversy over this does exist, the 
use of an exponential inactivation model for the 
kinetics of spores is unlikely to be underestimating 
the heat required (Joslyn 2001; McDonnell 2007). 
One way to express the order of death as a  rst-
order reaction is:

 N Nt
 kte=  −

0  
(16.1)

This relationship is discussed further in Chapter 15.
Heat sterilization processes usually occurs in 

three phases:
•  the heating up phase, where the temperature 

within the chamber of the sterilizer is brought 
to the appropriate level

•  the holding phase – when the optimal 
temperature is reached, the holding time is 
maintained for the required length (e.g. 15 
minutes at 121 °C)

•  the cooling down phase, where the chamber 
temperature is brought down before the 
preparation/ product can be removed safely 
from the autoclave.

Princ ip les .of.s team.s te riliza tion
Steam sterilization relies on a combination of steam, 
temperature and pressure. Steam is used to deliver 
heat to the product to be sterilized. There are dif-
ferent types of steam but only steam at the phase 
boundary has the appropriate characteristics for 
maximum effectiveness (Fig. 16. 2). Steam at the 
phase boundary between itself and its condensate 
has the same temperature as the boiling water that 

Fig . 16.2 •  Saturated steam phase diagram for moist 
heat sterilization. 
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In the pharmaceutical industry, another type of 
combination treatment involves low-temperature 
steam formaldehyde (LTSF). The steam is below 
atmospheric pressure (70–80 °C) and formaldehyde 
gas provides the sporicidal effect. Formaldehyde has 
been used to sterilize medical devices but care must 
be taken with its use as it  is acutely toxic to humans 
and is also mutagenic and possibly carcinogenic 
(Sharp 2000). Some caution should be attached 
to the sterility assurance level (see Chapter 17) 
of the process, as it  has been suggested that revival 
of spores after LTSF treatment is possible (McDon-
nell 2007). Finally, the processing of thermolabile 
medical equipment such as endoscopes is conducted 
in automated washer disinfectors (Fig. 16.3). These 
make use of high-level disinfectants and slightly 
raised temperature. This is further discussed in the 
‘High-level disinfection’ section below.

Alte rna tive .means .for.hea t..
de live ry.and .control
Systems for the delivery of heat via direct applica-
tion of  ame, heating using alternating electric cur-
rents and microwave energy have been developed 
and adopted in some parts of the world. The use 
of infrared radiation allows a rapid elevation in 
temperature. Advances in packaging have improved 
heat penetration and made it  more uniform. 
These include  exible pouches, polypropylene rigid 

Princ ip les .of.dry.hea t.s te riliza tion
Sterilization using dry heat is less ef cient than 
moist heat but is the preferred method for items 
that are thermostable but moisture sensitive or 
impermeable to steam (Sharp 2000). This includes 
some metal devices, glassware, oils/ oily injections 
and some powders (see Chapter 17, Table 17.1). In 
addition, temperatures greater than 220 °C are used 
for depyrogenation of glassware (in this case the 
process needs to demonstrate a three log reduction 
in heat-resistant endotoxin). The main advantage of 
dry heat over steam sterilization is its ability to 
penetrate items and kill microorganisms via oxida-
tion. The process is generally slower and holding 
t imes for dry heat are much longer than those 
needed for steam sterilization (Table 16.1).

Combina tion.trea tments
The amount of heat required for sterilization can be 
reduced by using a combination treatment of heat 
plus a reduced pH (below 4.5) or low water poten-
tial (Aw). Although some spores may survive the 
initial treatment, they then germinate and die, 
reducing the numbers of organisms present as time 
passes (a process called autosterilization). This tech-
nique has been used in the food industry with 
meat-based canned foods to avoid high-temperature 
sterilization. In addition, the combination of heat 
and hydrostatic pressure is thought to be synergistic. 
This is further discussed in the ‘Ultrahigh pressure’ 
section below.

Table 16.1 Time temperature combinations used for 
moist and dry heat sterilization

Process Minimum 
temperature (°C)

Minimum holding 
period (minutes)

Steam 
sterilization 
(autoclaving)

115 30
121 15
126 10
134 3

Dry heat 140 180
150 150
160 120
170 60
180 30

Fig . 16.3 •  Endoscope washer from Steris  Corporation. 
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solution. Water condensation on surfaces that are 
being sterilized can reduce local concentrations of 
hydrogen peroxide and hence its activity; decompo-
sition by catalytic activity and absorption by cellu-
losic materials (e.g. paper) can also reduce its 
effectiveness. The combination of hydrogen perox-
ide with cold plasma, cupric or ferric ions, ozone or 
UV has been shown to enhance activity (Dusseau 
et  al 2004).

Ozone has been demonstrated to be an effec-
tive sterilant, but the complex control of humidity 
required and corrosion problems have limited its 
applications and it  is not routinely used. Ozone as a 
disinfectant for water currently shows more promise 
and commercial systems are available for several 
applications.

Chlorine dioxide is a broad-spectrum biocide 
with a sporicidal activity and it  is mainly used for 
the high-level disinfection of medical devices. Its 
applications are limited due to its effect on materials 
such as uncoated aluminium foil, uncoated copper, 
polycarbonate and polyurethane (McDonnell 2007).

Peracetic acid exists as a liquid at room tempera-
ture and is used for high-level disinfection (dis-
cussed below). Vaporized peracetic acid can be used 
for the sterilization of surfaces and devices, although 
a long contact time is required. Peracetic acid can 
cause corrosion of certain metals and rubbers and 
has low penetrating power.

Vaporized oxidizing agents are often used in com-
bination or with plasma. Formulations also contain 
excipients that  reduce their negative impact, such 
as smell and corrosiveness.

Radiation s terilization

There are two main types of radiation: electromag-
netic and particulate.
•  electromagnetic radiation – γ-rays, X-rays, 

ultraviolet (UV), infrared (IR), microwave 
energy and visible light

•  particulate radiation – α -rays, β-rays (high-
speed electrons), neutrons and protons.

Of these, only γ-rays and high-speed electron beams 
are used for sterilization of pharmaceutical prod-
ucts, since other forms of radiation have not been 
shown to be effective as sterilants and/ or are not 
suitable (McDonnell 2007). Both γ- and β-rays are 
forms of ionizing radiation (Chapter 15 provides 
more information on mode of action and resistance). 
One advantage of irradiation is that it  does not cause 

containers, thermoformed containers, t in-free steel 
and foil-plastic combinations.

Gaseous  s terilization

When sterilization by heat is not possible, one alter-
native is to use a sterilizing gas. Not many gases are 
used in the pharmaceutical industry for sterilization 
and it  is important to note that some of these gases 
are also used for disinfection (as either a liquid or 
a gas) under different conditions. Pharmacopoeias 
usually recommend the use of ethylene oxide for 
gaseous sterilization of pharmaceutical preparations, 
although other chemicals are available, such as for-
maldehyde, hydrogen peroxide, chlorine dioxide, 
peracetic acid and ozone. The chemical biocides 
are generally separated, according to their mode of 
action, into alkylating and oxidizing agents.

Alkyla ting.gas es
Some alkylating gases can permeate through many 
polymeric materials and are therefore not limited to 
just surface applications.

Ethylene oxide is widely used in pharmaceutical 
manufacturing but less so in hospitals. It  occurs in 
gaseous form at room temperature (boiling point 
10.7 °C) and penetrates narrow spaces well. Ethyl-
ene oxide has been shown to possess bactericidal, 
fungicidal, virucidal, sporicidal and protozocidal 
properties (Dusseau et al 2004).

The use of (LTSF) sterilization has been men-
tioned already. Formaldehyde is a surface sterilant 
only and cannot be used to sterilize occluded areas. 
Penetration into porous materials can be inhibited 
by the formation of polymers that  crosslink, pre-
venting further sterilant access (Chapter 15 pro-
vides more information).

Oxid izing.gas es
Oxidizing gases are relatively unstable and their 
decomposition can lead to microenvironments 
within the load that are not exposed to the full 
concentration of the agent.

Hydrogen peroxide gas has been shown to be 
effective against spores at  a range of temperatures. 
Its action is greatest when used at  near-saturation 
levels on clean dry surfaces and it  does not leave 
a toxic residue (McDonnell 2007). The vapour is 
usually obtained via evaporation of a heated stock 
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biological products and air and other gases for supply 
to aseptic areas (Denyer & Hodges 2004).

There are two main types of  ltration 
mechanisms:
•  sieving, which makes use of synthetic 

membrane  lters. This is an absolute 
mechanism since it  ensures the exclusion  
of all particles above a de ned size

•  adsorption and trapping, which make use of 
depth  lters. Depth  lters have a high dirt-
handling capacity and are often used as 
pre lters.

G enerally, only membrane  lters are thought to be 
suitable for the removal of microorganisms. The 
types used for pharmaceutical applications are 
usually made from cellulose esters or other poly-
mers and are highly uniform with regular spaces or 
holes. When a liquid passes through the  lter, all 
particles and microorganisms larger than the holes 
are retained. Membrane  lters have the advantage 
of removing particles and microorganisms ef ciently 
while retaining very lit t le of the product in their 
holder or housing. However, they can become 
blocked quickly if the liquid being sterilized contains 
a lot of particles and smaller particles can become 
trapped in the holes, causing a pressure differential 
(Levy 2001). Because of this, pre lters are often 
used.

High-level dis infection

The term ‘high-level’ disinfection is often employed 
with chemical biocides that have demonstrated spo-
ricidal activity. They are sometimes described as 
‘sterilants’ or ‘chemosterilants’. High-level disinfect-
ants are usually considered to be highly reactive 
against macromolecules and are generally divided 
into two main groups of highly reactive biocides: 
alkylating and oxidizing agents (Table 16.2). Among 
the former, the aldehydes, notably formaldehyde 
(gas), glutaraldehyde and ortho-phthalaldehyde (OPA) 
are the most important. Oxidizing agents are com-
posed of a wider family, such as peroxygen com-
pounds (e.g. peracetic acid and hydrogen peroxide) 
chlorine dioxide and superoxidized water (McDon-
nell 2007). Peracetic acid has also been used for the 
cold sterilization of some pharmaceutical prepara-
tions such as emulsions, hydrogels, ointments and 
powders.

Oxidizing agents have been shown to react exten-
sively with macromolecules such as amino acids, 

a signi cant rise in temperature and hence has been 
called ‘cold’ sterilization. The main target site for 
radiation is DNA but damage to other vital compo-
nents such as RNA, enzymes and cell membranes is 
also involved. Single-strand or double-strand DNA 
breaks will inhibit DNA synthesis or cause errors in 
protein synthesis. Damage to the sugars and bases 
may also occur (McDonnell 2007).

Ionizing radiation can be used to sterilize items 
that cannot be sterilized with heat (see Chapter 17, 
Table 17.1). This is not a process that is normally 
carried out in a standard pharmaceutical manufac-
turing facility; instead specialized plants are used 
(Sharp 2000).

D values are used in radiation sterilization (see 
Fig. 16.1) and can be calculated from the formula:

 D  N  N=  −radiation dose/(log  log  )0  
(16.2)

where N 0 and N  represent a one log difference in 
numbers.

As with heat sterilization, the dose–response 
curve to radiation can vary (shoulders and tailing off 
can occur) but in general the exponential model 
holds. The initial lag that causes a shoulder is thought 
to result from multiple targets being hit  before 
death or from DNA repair taking place (see Chapter 
17).

Despite having been shown to have activity 
against bacterial spores, viruses and vegetative cells, 
UV radiation is not used for sterilization of pharma-
ceutical products because of its low penetrative 
power and absorption by glass and plastics. It  is used 
for disinfection of surfaces, including isolators and 
safety cabinets, and can be used as part of the treat-
ment for drinking water (Lambert 2004).

Filtration s terilization

Thermolabile solutions can be sterilized by  ltra-
t ion through  lters that  remove bacteria. Filtration 
sterilization is the complete removal of microor-
ganisms within a speci c size range from liquids 
or gases. It  is a non-terminal sterilization process, 
and strict aseptic techniques need to be observed. 
Because of their small size, viruses are not removed 
by sterilization  ltrat ion and therefore, where pos-
sible, terminal sterilization processes should be pre-
ferred. Items that might be  lter sterilized include 
heat-sensitive injections and ophthalmic solutions, 
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Ne w te c hnologie s

Although only  ve sterilization procedures are 
usually recommended in pharmacopoeias, there has 
been an interest in developing alternative method-
ologies to palliate the disadvantages of exist ing ones 
(see Chapter 17). Most of the progress has been 
made in the food area. These technologies include 
ultrahigh pressure, high-intensity light pulse, ultra-
sonication and gas plasma, the last being the most 
promising for the sterilization of medical devices 
and products. The principles of these new steriliza-
tion processes, although they are not used for 
pharmaceutical preparations, are worth mentioning 
brie y.

Ultrahigh pressure

The principle of using high pressure is that vegeta-
tive microorganisms are inactivated at pressures 
above 100 MPa and bacterial spores at pressures 
above 1200 MPa. The use of high pressure process-
ing for food preservation has been combined with 
the chemical effect of the preservative system, such 
as a low pH in certain foodstuff (e.g. jams, fruit  
juices, etc.). The low pH ensures the prevention of 
outgrowth of bacterial spores. The advantage of this 
process is that the quality and taste of products tend 
not to be affected by such a system. Indeed, high 
pressure tends to preferably denature macromole-
cules rather than low molecular weight  avour and 
odour compounds (Yordanov & Angelova 2010). 
The microbial cell offers multiple pressure-sensitive 
target sites (e.g. enzymes, membranes, genomic 
material, etc.), although bacterial spores are more 
resilient to high pressures. The combination of high 
pressure with elevated temperature has been shown 
to be synergistic, although the process varies depend-
ing upon the combination and the type of spores.

The use of high pressure for the sterilization of 
pharmaceutical products has been considered and 
might offer an appropriate alternative to existing 
sterilization processes. High pressure is an innocu-
ous process that can be performed at a relatively low 
temperature. Another advantage of using high 
pressure is the rapid control of thermal processes. 
Indeed, the application of pressure raises the tem-
perature but conversely the temperature decreases 
as the pressure is reduced. Hence, rapid tempera-
ture changes following a rapid change in pressure can 
help in controlling a thermal process and reduce 

peptides and proteins, lipids, notably through a reac-
tion with sulphydryl (-SH) groups, sulphur bonds 
(S-S), fatty acids double-bonds (Finnegan et al 
2010), however the mechanisms by which they 
bring lethality to the bacterial cell has not been 
solved, although there is evidence that the primary 
target site for oxidising agents used at a high (in use) 
concentration is the bacterial nucleic acid. Oxidising 
agents also lead to the formation of peroxyl radicals 
(fatty acid; lipids), hydroxyl radicals and other reac-
tive species, although the role of these species in the 
lethality of these agents at  a high concentration is 
subject to debate.

Alkylating agents have been shown to react with 
macromolecules through a reaction with amino, car-
boxyl, thiol, hydroxyl, imino groups and amide 
substituents. Their interactions with proteins and 
enzymes and their cross-linking ability are thought 
to be responsible for their mechanisms of bacteri-
cidal action. The lipophilicity of OPA is thought to 
be responsible for a better penetration of the alde-
hyde through the cell wall and for an increase in 
activity compared with glutaraldehyde (Fraud et  al 
2003).

On occasion, the use of chemical biocides has 
been combined with a physical process, such as 
temperature (e.g. LTSF as discussed earlier in this 
chapter). For the disinfection of medical devices 
such as endoscopes, high-level disinfectants are 
often used in automated washer disinfectors, which 
are designed for speci c devices and ensure automa-
tion of the process, although a pre-cleaning stage is 
often necessary before disinfection takes place.

Table 16.2 Sterilization and high-level disinfection 
using chemical biocides

Chemical agents Usage

Hydrogen peroxide Gas plasma sterilization (endoscopes)

Peracetic acid Endoscopes, pharmaceutical 
preparations

Chlorine dioxide Gas-phase chlorine dioxide 
sterilization (medical equipment)

Glutaraldehyde
Ortho-phthalaldehyde 
Formaldehyde

High-level disinfection (endoscopes)
High-level disinfection (endoscopes)
Gaseous sterilization (LTSF)*

Ethylene oxide Liquid and gaseous sterilization

*LTSF: low-temperature steam formaldehyde
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(e.g. hydrogen peroxide). This process creates 
a mixture of charged nuclei, free electrons and 
other reactive species such as free radicals that can 
then damage cellular components (e.g. membrane, 
nucleic acid), a mechanism of action similar to that 
of oxidizing agents. Plasma is generally considered 
as the ‘fourth’ state of matter. This dry sterilization 
process is effective against vegetative microorgan-
isms and also bacterial spores and has the advantage 
of being non-thermal (Moreau et  al 2008). The use 
of gas plasma offers an appropriate alternative to 
traditional sterilization processes and  nds many 
applications for the sterilization of medical devices, 
but also in drug delivery with the treatment of bio-
materials (Cheruthazhekatt et al 2010; Fig. 16.4).

Summary

Sterilization is an essential process for the manu-
facture of sterile dosage forms, and reprocessing 
medical devices and products. There are several 
processes that can be used to achieve appropriate 

heat-induced damage to a product (Heinz & Knorr 
2001). However, detailed studies with pharmaceuti-
cal preparations and detailed process validation are 
needed for high pressure to be used for the steriliza-
t ion of sterile dosage forms (van Doorne 2008).

High-intens ity light pulse

The application of intense light, such as a high-
intensity laser, has been known to inactivate micro-
organisms. This principle already has applications in 
the food industry and also in the medical area, 
notably in dentistry. Such processes have been 
shown to inactivate vegetative microorganisms 
and bacterial spores. In the food industry, broad-
spectrum light with pulse durations from 10−6 to 
10−1 seconds and with energy densities ranging from 
0.1 to 50 J/ cm2 is used. In dentistry, high-intensity 
light pulse (i.e. laser) has been combined with the 
use of antimicrobial dyes (e.g. toluidine blue) to 
achieve a better inactivation of microorganisms in 
the treatment of root canal, and such a combination 
is also referred to as antimicrobial photodynamic 
treatment (Soukos & G oodson 2011).

For pharmaceutical preparations, a potential 
application is the terminal sterilization of clear solu-
tions such as water, saline, dextrose and ophthalmic 
products. The type of container is of prime impor-
tance since it  must not hinder the transmission of 
light.

Ultrasonication

The use of sonication to inactivate microorganisms 
was  rst  reported more than 30 years ago. The prin-
ciple is based on cavitation through the material 
exposed, resulting in the formation and collapse of 
small bubbles. The ensuing shock waves associated 
with high temperatures and pressures can be suf -
ciently intense to disrupt the microbial cell; however, 
spores are highly resistant. A synergistic effect has 
been reported by combining ultrasound and heat to 
a certain extent (O’Donnell et  al 2010). Interest-
ingly, such a combination has been reported to 
reduce the heat resistance of microorganisms.

Gas  plasma

G as plasma is generated with the application of a 
strong magnetic  eld to a gaseous phase compound 

Fig . 16.4 •  Gas plasma sterilizer from Advanced 
Sterilization Products. 
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sterilization for a given preparation or product/
device. Each of these processes presents advant-
ages and disadvantages, although steam sterilization 
remains the reference standard. The advances in 
non-thermal sterilization and the coming new tech-
nologies, although mainly applied to the food indus-
try to date, offer potentially valuable alternatives. 
The demonstration of sporicidal activity of a new 
technology, as well as its control and reproducibility, 
remains essential.

Common to all these processes is the need for 
the user to understand the technology, its activity 
and limitations, to follow the appropriate guidelines 
but also, importantly, to ensure the validation of the 
process. Failure to provide the appropriate docu-
mentation and to control a sterilization process 
adequately might result in failure of the process, 
with potentially fatal consequences.

It  is important to note at this point that although 
terminal sterilization ensures the destruction of 
possible microbial contaminants, it  needs to be oper-
ated alongside good manufacturing practice. There-
fore, suitable measures must be taken to ensure the 
microbiological quality of pharmaceutical prepara-
tions during manufacture but also during packaging, 
storage and distribution. These important aspects 
are discussed in more depth in Chapter 17.
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•  Pharmacopoeias  usually recognize  our terminal 
s terilization processes : s team (under pressure), 
dry heat, gaseous  (ethylene oxide) and ionizing 
radiation s terilization, and non-terminal 
s terilization by f ltration 

•  The choice in s terilization processes  re ects  the 
great divers ity o  pharmaceutical preparations , 
medical products  and devices  that are required 
to be s terile  

•  A s terilization process  is  in ormed by a number 
o  specif c s tandard documents  and guidelines , 
is  tightly controlled and mus t be documented 
and validated 

•  A clear unders tanding o  the methodology, o  
the product to be s terilized (including its  
packaging), the validation process  and the 
overall documentation required is  necessary  
to carry out a  success  ul s terilization 

Ste rile  produc ts

Sterilization is an essential part  o  the processing o  
pharmaceutical dosage  orms that are required to be 
sterile. By def nition, a sterile product is completely 
 ree o  viable microorganisms. In addition to the 
pharmaceutical products that require to be sterile, 
a number o  medical devices that  come into contact 
with sterile parts o  the body or are reused in 
patients also need to be  ree o  microorganisms 
(Table 17.1). The diversity o  the items to be steri-
lized in terms o  properties (e.g. heat sensitive or 
not), bulk, content, and the number o  items to 
be sterilized per load requires the use o  distinct 
sterilization processes. The British Pharmacopoeia 
(2013a), as an example, describes the use o  f ve 

Jean-Yves Maillard Susannah E. Walsh

KE Y P O IN TS

•  Sterilization is  essential to produce s terile  
dosage  orms  
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Table 17.1 Examples of sterile preparations and devices

Preparation/product/item Typical volume Typical container Sterilization process

Injections

Intravenous infusion, e.g. blood 
products

0.5 L Plastic, glass Steam 
Filtration (e.g. addition of additives)

Total parenteral nutrition (TPN)  >3 L Plastic, glass Steam
Filtration (e.g. addition of vitamins)

Small volume injections, e.g. insulin, 
vaccines

1–50 mL Plastic glass Steama

Filtration

Small-volume oily injections Glass Dry heat

Non-injectable sterile  uids

Non-injectable water, e.g. surgery, 
irrigation

0.5–1 L Plastic (polyethylene 
or polypropylene)

Steam

Urological irrigation solution  >3 L Plastic (rigid) Steam
Filtration

Peritoneal dialysis and haemodialysis 
solutions

2.5 L Plastic Steam

Inhaler solutions Diluted in WFIa Plastic (polyethylene 
nebules)

Steam
Filtration

Ophthalmic preparations

Eye drops 0.3–0.5 mL Plastic, glass Steamb

Filtration

Eye lotions  >0.1 L Plastic, glass Steam

Eye ointments - Plastic, aluminium Dry heat
Filtration

Contact lens solutions Small Plastic Chemical disinfection

Dressings

Chlorhexidine gauze dressing Different
wrappingc

Steamd

Polyurethane foam dressing Dry heat

Elastic adhesive dressing Ethylene oxide

Plastic wound dressings Ionizing radiation
Other effective method

Implants

Small, sterile 
cylinders of drug

Dry heat
Chemical (0.02% phenyl mercuric nitrate 
(PMN). 12 h 75 °C)

Continued
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Preparation/product/item Typical volume Typical container Sterilization process

Absorbable haemostats

Oxidized cellulose, human  brin foam Dry heat

Surgical ligatures and sutures

Sterilized surgical catgut  γ-radiation

Chemical (96% ethanol + 0.002% PMN 
+ formaldehyde in ethanol 24 h prior 
use; naphthalene or toluene at 160 °C 
for 2 h)

Non-absorbable type  γ-radiation
Steam

Instruments and equipment

Syringes Glass, plastic Dry heat
Steam
γ-radiation
Ethylene oxide

Metal instruments Steam

Rubber gloves  γ-radiation
Ethylene oxide

Respirator parts Steam

Fragile heat-sensitive devices Chemical disinfection

aWater  or injection. bDepends upon the preparations (thermostable or thermolabile). cDressings must be appropriately wrapped (aseptic handling)  or 
their specifc usage. dSterilization process depends upon the stability o  the dressing constituents (e.g. dressings containing waxes cannot be 
sterilized by moist heat) and the nature o  their components.

Table 17.1 Examples of sterile preparations and devices—cont’d

main sterilization processes to accommodate the 
range o  products to be sterilized: steam, dry heat, 
gaseous, ionizing radiation and f ltration sterilization. 
The f rst  our methods are usually used to process 
products in their f nal containers (terminal steriliza-
t ion). Regardless o  the sterilization methodology 
used, it  is important that the process itsel  is  ully 
validated. A number o  guidelines and European/
international standard documents  or specif c 
product-sterilization method combinations exist and 
are  ollowed by manu acturers and end users. Failure 
to control and/ or document adequately a steriliza-
t ion process can lead to serious incidents. This 
chapter aims to provide a brie  overview o  the 
recommended sterilization processes, their control 
and validation.

De te rmination of  
s te rilization protoc ols

There are various technologies available to achieve 
sterility o  pharmaceutical preparations and medical 
devices (Table 17.2). G enerally, sterilization o  the 
product in its f nal container (terminal sterilization) 
is pre erred. This in ers that the container must not 
impinge on the optimum sterilization to be delivered 
and that the container and closure maintain the 
sterility o  the product throughout its shel -li e. The 
selected sterilization process must be suitable  or 
its purpose, i.e. the sterilization o  a given pro-
duct, device and preparation, which means that the 
product and its container have to be rendered sterile 
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Table 17.2 Sterilization technologies (for pharmaceutical preparations and medical devices)

Type Principle Examples

Terminal sterilization

Physical Heat Steam
Dry heat

Radiation  γ-radiation
Accelerated electron
(particle radiation)

Chemical Gaseous Ethylene oxide
Low-temperature steam formaldehyde (LTSF)
Gas plasma

Liquid Glutaraldehyde, ortho-phthalaldehyde, formaldehyde, peracetic acid, 
hydrogen peroxide

Non-terminal sterilization

Filtration Aseptic procedure

Box 17 1 

Key points to achieve good  
manufacturing practice
•  Qualif ed personnel with appropriate training
•  Adequate premises
•  Suitable production equipment, des igned  or easy 

cleaning and s terilization
•  Adequate precautions  to minimize the bioburden 

prior to s terilization (s tarting materials , etc )
•  Validated procedures   or all critical production 

s teps
•  Environmental monitoring and in-process  tes ting 

procedures  

and must not be damaged by the process or post 
process.

The choice o  an appropriate sterilization process 
depends on a number o   actors (Table 17.3) related 
to the product to be sterilized, such as type and com-
position o  product and also the quantity to be steri-
lized. Additionally, the composition and the packaging 
o  the product are signif cant  actors that rule out 
some sterilization processes. For example, a heat-labile 
preparation would not be sterilized by heat and a small 
oily injection would not be sterilized by steam steriliza-
tion ( urther examples are given in Table 17.1). For 
specif c types o  products such as dressings, although 
moist heat sterilization is generally the method o  
choice, only certain types o  autoclave, such as vacuum 
and pressure-pulsing autoclaves are appropriate.

For any given preparation or product, it is di f cult 
to predict the microbial bioburden prior to steri-
lization. It is assumed that the bioburden o  pharma-
ceutical preparations will be minimal as the 
manu acturing process should adhere to good manu-
 acturing practice (G MP) (Box 17.1). However, a 
sterilization process should be able to deal with a 
worst case scenario. This is usually exemplif ed by the 
use o  biological indicators (see the ‘Process indica-
tors’ section later in this chapter) such as bacterial 
spores, which are considered as the most resistant 
in ectious agents (with the exception o  prions, the 
agents responsible  or spongi orm encephalopathies). 
This is usually the situation  or o f cial sterilization 
methods. Pharmacopoeial recommendations as well 

as guideline documents are derived  rom data gener-
ated  rom the use o  bacterial spores (biological indi-
cators)  or a given sterilization process.

When a  ully validated sterilization process has 
been conducted, the release o  a batch o  product can 
be based on process data during sterilization rather 
than the results  rom sterility testing. Any change in 
the sterilization procedure (e.g. product load, type o  
containers) requires re-validation to take place.

Re-sterilization o  products/ devices can cause 
their degradation (e.g. repeated irradiation or auto-
claving) or may even cause them to become toxic 
(e.g. with ethylene oxide; Richards 2004). There-
 ore any proposed re-sterilization must be care ully 
investigated.
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Table 17.3 Selection of a sterilization process

Type of product/preparation

Pharmaceutical preparations Volume Large, small injection
Composition Water, oil, powder

Medical devices Size Small, large, complex devices (e.g. endoscopes, respirator parts
Composition Plastic, glass, metal, porous (e.g. dressing)

Possible damage to the preparation/product

Heat (heat-sensitive preparations)
Radiation (water)
Corrosiveness (oxidizing agents)

Possible damage to the product/container

Water ballasting
Moisture
Glass breaking (upon cooling)
Change in composition (irradiation)
Corrosiveness

Other considerations

Toxicity/safety Gas sterilization (ethylene oxide, formaldehyde)
Liquid sterilants: aldehydes
Radiation sterilization: radioactive source

Level of bioburden Expected heavy contamination
Surgical instruments

Sterilization regimen Local sterilization (portable autoclave)
Large quantity of items to be sterilized
Need for quarantine (desorption of toxic chemicals)

Cost of sterilization process Equipment e.g. autoclave, electron accelerator
Facility, e.g. irradiation plant
Running cost: gas, 60Co
Training of end users

Validation Ease of validation; producing appropriate documentation
Cost of audit
Cost of validation

Re c omme nde d 
pharmac opoe ial s te rilization 
proc e s s e s

Five main sterilization processes which possess di -
 erent characteristics are usually recommended by 
pharmacopoeias:
•  steam (under pressure) sterilization (terminal)
•  dry heat sterilization (terminal)

•  ionizing radiation sterilization (terminal)
•  gaseous (ethylene oxide) sterilization (terminal)
•  sterilization by f ltration (non-terminal).
Although the use o  other sterilization methodolo-
gies is not necessarily precluded, appropriate valida-
tion documentations  or each product need to be 
provided. More in ormation can be  ound in Chap-
ters 15 and 16, or by consulting the relevant phar-
macopoeia. At the t ime o  writing, examples o  
these include the European Pharmacopoeia (2011), 



 P A R T  T H R E E  Pharmac e utic al Mic robio logy and Ste rilization

2 8 0

Table 17.4 Typical terminal sterilization cycles

Sterilization 
process

Temp.
°C

Pressure
psig (kPa)

Holding Holding 
time/dose

Conc. Parametric 
release

Desorption

Heat
Moist heat 121 15 (103) 15 min - yes no

134 30 (207) 3 min - yes no

Dry heat 160 -  >2 h - yes no

Radiation

γ-radiation Room - 25 kGya - yes no

Particle radiation Room - 25 kGy - no no

Gaseous Temp.
(°C)

Relative 
humidity 
(%)

Holding time Conc. Parametric 
release

Desorption

Ethylene oxideb 40–50 40–80 30 min—10 h 400–1000 mg/L no yesc

LTSFd 70–80e 75–100 90 min 6–50 mg/L no yes

aStandard dose. Time necessary to achieve this dose depends upon the source. For γ-ray irradiation, the process can take up to 20 h, whereas  or 
high-energy electron (particle radiation) only  ew minutes may be required. bVacuum cycle; pretreatment o  the load: preheating and humidifcation o  
the load. Pressurized cycle: always higher than atmospheric pressure; allows shorter contact time. cDesorption could take up to 15 days; maximum 
threshold o  ethylene oxide residues and evaluation documented in ISO 10993–7 (1996). dLow temperature steam  ormaldehyde; values can di  er 
slightly depending upon the literature. eLower temperature o  55–56 °C can be used depending upon the thermotolerance o  the preparation.

Table 17.5 Examples of temperature and pressure 
combinations used for steam sterilization. Steam 
pressures are expressed in kPa and pounds per  
square inch gauge (psig), the latter still  nding 
continuing usage

Temperature °C Steam pressure

kPa psig

115 69 10

121 103 15

126 138 20

134 207 30

the United States Pharmacopeia (2012) and the 
British Pharmacopoeia (2013a) but it  is always 
important to consult the most up-to-date texts and 
guidelines.

Steam (under pressure) s terilization

Steam sterilization is the most reliable, versatile and 
universally used  orm o  sterilization and relies on 
the combination o  steam, temperature and pres-
sure. The typical cycle consists o  a holding t ime o  
15 minutes at a temperature o  121 °C under 15 psi 
(103 kPa) gauge pressure (Table 17.4). The aim is 
to deliver steam at the phase boundary (dry satu-
rated steam; see Chapter 16, Fig. 16.2) to all areas 
o  the load. This is achieved using steam and pres-
sure (Table 17.5).

Steam under pressure is commonly used unless 
prohibited by lack o  load penetration or heat and/or 
moisture damage. Steam can only kill microorganisms 
i  it makes direct contact, so it is very important to 
avoid air pockets in the sterilizer during a sterilization 
process. In addition, air can reduce the partial pres-
sure o  the steam so that the temperature reached on 

sur aces will be less than that expected with the 
pressure used. Hence, removal o  air is an essential 
part o  the process to ensure e  ective sterilization. 
To remove the air present when an autoclave is 
loaded, autoclaves are equipped with air removal/
displacement systems (e.g. vacuum and displacement 
autoclaves, etc.). For porous loads, gravity displace-
ment systems (downward-displacement autoclaves) 
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discoloration o  packaging, corrosion caused by iron 
and chlorides).

Steam under pressure is generated in autoclaves 
which can vary greatly in size and shape  rom port-
able bench-top units to industrial production  acili-
t ies (Fig. 17.1). A cross-section through an autoclave 
is shown in Figure 17.2.

Steam sterilization applications are in ormed/
regulated by a number o  European and interna-
tional guidelines and standards providing in orma-
tion on sterilizer design and installation, quality o  
steam, requirement  or pressure, development and 
validation and routine control, etc.

Dry heat s terilization

The most common dry heat sterilization method 
uses hot air ovens (Fig. 17.3). Other procedures, 

Fig . 17.1 •  Examples of autoclaves. (a) Square section, (b) Swiftlock, (c ) Swiftlock Compact autoclaves 
(photographs provided by Astell). 

a  b

c

are not adequate and vacuum and pressure-pulsing 
autoclaves are the method o  choice (McDonnell 
2007). Non-condensable gases must also be removed 
and monitored; these are atmospheric gases like 
nitrogen and oxygen that  orm part o  the initial 
atmosphere o  the sterilizer. Other  actors that a  ect 
the e f cacy o  steam sterilization are water content 
and steam purity. The optimal sterilization is obtained 
with saturated steam (as discussed in Chapter 16). 
Supersaturated steam (i.e. wetter steam) is associ-
ated with condensation and poor penetration. Super-
heated steam (i.e. drier steam) behaves like dry heat 
and is less e f cient. Steam purity is determined by 
the quality o  the water, which can be a  ected by a 
number o  contaminants (e.g. pyrogens, amines, toxic 
metals, iron, chlorides, etc.) that can render the 
sterile product unsa e (e.g. toxicity caused by pyro-
genic reactions, metallic poisoning) or damaged (e.g. 
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convection currents (gravity convection type). 
Mechanical convection hot air ovens are equipped 
with a  an to assist air circulation and increase heat 
trans er by convection (Joslyn 2001). Dry heat steri-
lization is less expensive than steam sterilization and 
is e  ective  or the depyrogenation o  containers/
packaging (e.g. glassware). Overloading should be 
avoided, wrappings and other barriers minimized and 
the load positioned to allow optimal air circulation. 
Other problems include long heating up times (e.g. 
with large loads o  instruments) and the charring or 
baking o  organic matter onto items. Dry heat steri-
lization cycles are generally longer than  or moist 
heat sterilization, typically 2 hours at 160 °C (see 
Table 17.4). The process is thermostatically control-
led and monitored using thermocouples.

Dry heat sterilization cannot be used  or a number 
o  products such as rubber, plastics and other ther-
molabile items, or  or aqueous solutions.

Integrated lethality in  
s terilization practice

All heat sterilization processes must include heating 
up and cooling down time periods. These prolonged 
time periods at a raised temperature may increase 

such as sterilizing tunnels utilizing high-temperature 
f ltered laminar air  ow or in rared irradiation to 
achieve rapid heat trans er, are also available. Hot air 
ovens are usually heated electrically and o ten have 
heaters under a per orated bottom plate to provide 

Fig . 17.2 •  Diagrammatic representation of the features of a large steam sterilizer (for simplicity, the control valves 
have been omitted). A, Mains pressure gauge; B, separator; C, reducing valve; D, steam supply to jacket; E, s team 
supply to chambers; F, air  lter; G, jacket pressure gauge; H, chamber pressure gauge; I, jacket air vent; J , vacuum 
pump; K, jacket discharge channel (detail not shown); L, chamber discharge channel; M, thermometer pocket;  
N, direct-reading thermometer; O, recording thermometer; P, s trainer; Q, check valve; R, balanced-pressure 
thermostatic trap; S, bypass; T, vapour escape line; U, water seal; V, air-break. 

Fig . 17.3 •  Hot air oven. A, Asbestos gasket; B, outer 
case containing glass- bre insulation, and heaters in 
chamber wall; C, false wall; D, fan; E, perforated shelf; 
F, regulator; G, vents. 
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2000). The ethylene oxide sterilization cycle is 
complex since many  actors need to be controlled 
over a long period o  t ime (see Table 17.4). The 
control o  the temperature, concentration and rela-
t ive humidity is critical. In addition, ethylene oxide 
is very  ammable and can  orm explosive mixtures 
in air. It  is there ore combined with an inert gas 
carrier (e.g. carbon dioxide, nitrogen or chloro uor-
ocarbon). Ethylene oxide is also toxic, mutagenic 
and a possible human carcinogen. It  is nevertheless 
a popular sterilization process, mainly because o  the 
low temperature used during sterilization, but also 
because o  the amount o  in ormation acquired on 
ethylene oxide sterilization processes over the years. 
The sterilization procedure is usually carried out in 
a purpose-built , gas-tight stainless steel chamber 
which can withstand high pressures and vacuum 
(Sharp 2000). However, systems utilizing a slight 
negative pressure rather than drawing a  ull vacuum 
are available (Fig. 17.4) and these are suitable  or 
smaller, vacuum-sensitive loads.

Packaging should be permeable to air, water vapour 
and ethylene oxide. The sterilized products need to 
be quarantined post process to allow the removal o  
gas. The European Pharmacopoeia and other interna-
tional standards set limits  or ethylene oxide residue 
levels (e.g. a maximum o  10 ppm  or plastic syringes).

Low-temperature steam  ormaldehyde (LTSF, 
discussed in Chapter 16), although not included in 

the degradation o  the product. Integrated lethality 
attempts to examine the e  ects o  heat on the inac-
tivation process during these time periods.

For steam sterilization, the Fo concept (‘re erence 
unit o  lethality’) is used. This takes into account the 
heating up and cooling down stages o  the cycle and 
is expressed as the equivalent time in minutes at a 
temperature o  121 °C delivered by the process to 
the product in its f nal container with re erence to 
microorganisms possessing a Z value o  10. Its calcula-
tion is complex and  urther in ormation can be  ound 
in the relevant pharmacopoeias. In practice, compu-
ter programs can be used to calculate the combined 
e  ect o  whole processes, allowing a reduction in the 
total process time. It is important that the appropri-
ate sterility assurance level is consistently achieved 
and the routine use o  biological indicators is recom-
mended, although  ollowing process validation, para-
metric release might be pre erred.

Gaseous  s terilization

The gaseous sterilization method recommended by 
pharmacopoeias mainly employs ethylene oxide. It  
is usually used on a commercial scale  or the steri-
lization o  catheters, in usion giving sets, syringes, 
prostheses and some plastic containers and thermo-
labile powders (i  humidity is not a problem; Sharp 

Fig . 17.4 •  Examples of ethylene oxide sterilizers utilizing slight negative pressure rather than the conventional 
vacuum system. These are suitable for smaller loads, e.g. hospital reprocessing loads, research and development 
work, short production runs and low-volume production. (Courtesy of Andersen Caledonia)
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(Lambert  2004). The design o  an accelerator can 
be customized to applications by including di  erent 
energy and power requirements. The beam source 
is shielded with concrete and products are conveyed 
through the exposure area and irradiated. Another 
advantage is that shorter exposure times are required 
than those needed  or γ irradiation. High-energy 
beams with energies o  5–10 MeV are used  or steri-
lization, the accelerating f eld being generated using 
radio requency or microwave energy. Once it  has 
been accelerated to the required energy, the beam 
o  electrons is managed by magnetic f elds which can 
alter its size, shape or direction (McDonnell 2007).

Radiation can a  ect a number o  materials (e.g. 
polyethylene, silicone rubber, polypropylene, Te on) 
and aqueous solutions (e.g. through the process o  
water radiolysis), and its packaging (discussed  urther 
in the ‘Limitation o  sterilization methods’ section 
later in this chapter). Although radiation is consid-
ered as a ‘cold’ process, intense radiation can cause 
an increase in temperature and as such possible over-
heating needs to be considered  or a specif c load.

Validation o  radiation sterilization involves the 
use o  Bacillus pumilus as a biological indicator 
and dosimetric analysis (discussed later in this 
chapter). The routine monitoring involves measure-
ments to ensure that all products are receiving the 
required dose. The radiation sterilization procedure 
is highly regulated and there are a number o  Euro-
pean and international standards and guidelines 
available with in ormation on requirements  or the 
development, validation and routine control o  the 
process (e.g. EN552, ISO 11137-1) and the dose 
required  or sterilization (e.g. ISO 11137-2).

Filtration

Filtration is employed  or non-terminal sterilization 
and has to be used under strict aseptic conditions. 
It  is used  or those preparations that cannot be 
sterilized by a terminal process or to which an 
agent (e.g. additive, heparin, vitamin, etc.) is added 
post-sterilization. Filtration is used to sterilize 
aqueous liquid, oils and organic solutions, and also 
air and other gases. Membrane f ltration is an abso-
lute process which ensures the exclusion o  all par-
ticles above a def ned size. Although many materials 
have been used to make f lters, only a  ew are suit-
able  or sterilization o  pharmaceutical products.

Depth and sur ace f lters are suitable  or pref ltra-
t ion o  pharmaceutical products as they can retain 

this chapter’s list  o  recommended methods, is 
used  or the sterilization o  certain preparations. As 
with ethylene oxide, its sterilization cycle is rather 
complex, since several parameters have to be con-
trolled (see Table 17.4).

Radiation s terilization

There are two types o  radiation unit. The becquerel 
(Bq) measures the activity o  a source o  radiation 
(physical radiation). One Bq equates to a source that 
has one nuclear disintegration per second. The gray 
(G y) measures the e  ect o  radiation on living tissue. 
One G y is equal to the trans er o  1 J o  energy to 
1 kg o  living tissue. The gray has replaced the rad 
that quantif ed radiation absorbed dose. Electron volt 
measures the energy o  radiation and is usually 
expressed as millions o  electron volts (MeV).

The source o  γ-rays  or sterilization is usually 
cobalt 60. Caesium 137 can also be used but has less 
penetrating power. Cobalt 60 decays with the emis-
sion o  two high-energy γ-rays (1.17 and 1.33 MeV) 
and a lower energy (0.318 MeV) β particle. G amma 
radiation is highly penetrative, causes negligible 
heating o  the sterilized product at normal doses and 
induces no radioactivity in the f nal product.

Irradiation o  product can be carried out in batches 
but is more commonly a continuous process using a 
conveyor system. The products pass through the irra-
diation chamber and are irradiated  rom one or two 
sides. The source is shielded with concrete to protect  
the operators and the environment. The intensity o  
radiation decreases as it penetrates. For example, 
100 mm o  a product with a density o  1 g/cm3 would 
reduce the cobalt 60 intensity by 50%. A cobalt 60 
source o  1–4 × 1016 Bq is used  or industrial irradiation 
and this provides a radiation dose in excess o  25 kGy. 
In most o  Europe, 25 kGy is the standard dose (e.g. 
European Pharmacopoeia 2011) but in Scandinavia 
doses o  up to 45 kGy are recommended (Lambert 
2004). When not in use, the radioactive source is sub-
merged in water  or shielding and cooling.

Particle radiation sterilization utilizes β particles 
that are accelerated to a high energy level by applica-
tion o  high-voltage potentials (no radioactivity 
required). Their low energy means that beams  rom 
particle accelerators are less penetrating than γ-rays, 
with only 10 mm o  a 1 g/ cm3 material being pen-
etrated per million electron volts (MeV). However, 
an important advantage o  particle radiation is that 
the source can be turned o   and is directional 
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The main disadvantages o  high-level disin ection 
are exposure toxicity to the end users, damage to 
materials and potential emerging microbial resistance; 
all high-level disin ectants are toxic at the concentra-
tion used. For example there have been many reports 
o  exposure toxicity to glutaralde hyde  ollowing 
endoscope reprocessing and this has resulted in aban-
doning the use o  the dialdehyde in many countries. 
Damage to the materials  ollow ing reprocessing can 
take the  orm o  corrosion to metallic sur aces and 
increased rigidity o  plastics. Problems associated with 
inappropriate high-level disin ection regimens, which 
resulted in microbial contamination have been 
described since the 1990s. It has been suggested that 
as many as 270,000 in ections are transmitted by 
endoscopes per year (Lewis 1999). These events are 
quite distinct  rom the recent reports that microorgan-
isms are becoming resistant to the in use concentration 
o  these high-level disin ectants (Maillard 2010).

Statis tic al c ons ide rations  of 
s te rility te s ting  and s te rility 
as s uranc e  le ve l

The strict def nition o  sterility is the complete 
absence o  viable microorganisms. In other words, 
a ter a success ul sterilization process, the number 
o  microbial survivors should be zero. This is an 
absolute def nition which cannot be guaranteed 
especially  rom a microbial point o  view. To ensure 
the absence o  viable microorganisms, one has to 
ensure all viable microorganisms can be detected 
and cultured. When one looks at  microbial inactiva-
tion  ollowing,  or example, exposure to heat or 
radiation, the inactivation usually  ollows f rst-order 
kinetics (see Chapters 15 and 16), although in prac-
tice microorganisms are inactivated at di  erent 
rates producing a deviation  rom linear inactivation. 
Thus, assuring the complete elimination o  microbial 
contaminants and thus sterility o  the product 
cannot be guaranteed mathematically or practically.

Instead o  def ning sterility in a strict microbio-
logical sense, it  is more appropriate to consider the 
likelihood o  a preparation being  ree o  microorgan-
isms. This is best expressed as the probability o  a 
product containing a surviving microorganism a ter 
a given sterilization process. Survival depends upon 
the number and the type o  microorganisms, soiling 
and the environmental conditions within sterilizing 
equipment. The concept o  a sterility assurance level 

large amounts o  particles. Depth f lters can be 
made o  f brous, granular or sintered material that 
is bonded into a maze o  channels that  trap particles 
throughout their depth. Sur ace f lters are made o  
multiple layers o  a substance such as glass or poly-
meric microf bres. Any particles that are larger 
than the spaces between the f bres are retained 
and smaller particles may be trapped in the matrix 
(McDonnell 2007). A membrane f lter downstream 
is needed to retain any f bres shed  rom these f lters 
as well as small particles and microorganisms.

To sterilize a product, it  is o ten necessary to 
combine several types o  f ltration (e.g. depth, sur ace 
and membrane f lters) to achieve the removal o  
microorganisms. Depth and sur ace f ltration are used 
to remove the majority o  particles by acting as pre-
f lters. The f nal f ltration step is accom plished using 
a membrane f lter. This combined approach removes 
particles and microorganisms without the membrane 
f lter blocking up rapidly with large particles.

High-le ve l dis infe c tion

In addition to the processes described above, high-
level disin ectants (chemical biocides) have to be 
mentioned, since they are used  or the chemosteri-
lization o  medical devices, particularly high-risk 
items that come into contact  with sterile parts o  
the body, such as surgical instruments, intrauterine 
devices, endoscopes (which are used  or a wide 
range o  diagnostic and therapeutic procedures) (see 
Table 17.1).

Like the gaseous biocides, the activity o  high-
level liquid disin ectants depends upon a number o  
 actors (Maillard 2005). Consequently, the training 
o  the end user is o  prime importance. G uidelines 
are o ten available  rom pro essional societies regard-
ing the use o  chemical biocides and specif c devices; 
 or example, the sterilization procedure and risk 
assessment  or gastroscopes is published by the 
British Society o  G astroenterology (2008).

To ensure the e f cacy o  high-level disin ection, 
knowledge o  the  actors a  ecting e f cacy, educa-
tion o  end users and compliance with manu ac-
turer’s instructions is essential (Maillard 2005). The 
main advantage o  using high-level disin ection is the 
low temperature used in processing medical devices. 
However, high-level disin ection might not give the 
same level o  sterility assurance, and where possible, 
physical processing (e.g. steam sterilization) should 
be the method o  choice.
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portion o  a batch, it  is only possible to say that no 
contaminating microorganisms have been  ound in 
the sample examined in the conditions o  the test  
(British Pharmacopoeia 2013b). Thus the measure-
ment o  sterility relies on statistical probability. In 
other words, it  is impossible to prove sterility since 
sampling may  ail to select non-sterile containers 
and culture techniques have limited sensitivity. In 
addition, not all types o  microorganisms that might 
be present can be detected by conventional methods 
as not all microorganisms are a  ected by a steriliza-
tion process in the same way. It  is possible that  
some may not be killed or removed. For example, a 
f lter pore size o  0.22 µm is usually used  or f ltra-
t ion sterilization which means that  smaller microor-
ganisms such as viruses are allowed through.

Detailed sampling and testing procedures are 
given in pharmacopoeias and  urther details can be 
 ound in Chapter 14. For terminally sterilized prod-
ucts, biologically based and automatically docu-
mented physical proo s that show correct  treatment 
during sterilization are o  greater assurance than 
the sterility test . This method o  assuring sterility 
is termed parametric release and is def ned as the 
release o  a sterile product based on process compli-
ance to physical specif cations. Parametric release is 
acceptable  or all terminal sterilization processes 
recommended by the European Pharmacopoeia.

Validation of a  
s te rilization proc e s s

The British Pharmacopoeia (2013a) states:

The sterility o  a product cannot be guaranteed by 
testing; it  has to be assured by the application o  a 
suitably validated production process. It  is essential 
that  the e  ect  o  the chosen sterilization procedure  
on the product (including its f nal container or package) 
is investigated to ensure e  ectiveness and the integrity 
o  the product and that the procedure is validated 
be ore being applied in practice.

Clearly this statement points out that testing  or 
sterility is not enough and a suitable production 
process should be appropriately validated. Any 
changes in the sterilization procedure (i.e. change 
in sterilization process, product packaging or load) 
require revalidation. For pharmaceutical prepara-
tions, good manu acturing practices (G MP) have to 
be observed  or the entire manu acturing process, 
not just the sterilization procedure.

(SAL) or microbial sa ety index provides a numeri-
cal value to the probability o  survival o  a single 
microorganism. The SAL is there ore the degree o  
assurance  or a sterilizing process to render a popula-
tion o  products sterile. For pharmaceutical prepara-
tions a SAL o  < 10–6 is required. This equates to 
not more than one viable microorganism per million 
items/ units processed. Practically, the lethality o  a 
sterilization process and in particular the number o  
log cycles required need to be calculated.

The inactivation  actor (IF) which measures the 
reduction in the number o  microorganisms (o  a 
known D value; see Chapters 15 and 16) brought 
about by a def ned sterilization process can be cal-
culated as  ollows:

 IF  t/ D= 10  
(17.1)

where t is the contact time ( or heat or gaseous 
process) or radiation dose ( or ionizing radiation) 
and D is the D value appropriate to the process 
employed. For example, i  we consider steam steri-
lization,  or an initial bioburden o  104 spores o  
Geobacillus stearothermophilus, an IF o  1010 will be 
required to achieve a SAL o  10–6. G. stearother-
mophilus has a D value o  1.5  or steam sterilization. 
Thus according to Equation 17.1, a 15-minute steri-
lization process (i.e. holding time) at  121 °C will be 
required to achieve an IF o  1010 (i.e. 1015/ 1.5). The 
process will there ore reduce the level o  microor-
ganisms by 10 log cycles.

Calculation o  IF is based on obtaining an inacti-
vation kinetic that  ollows a f rst-order kinetic. In 
reality, this is not always the case. In the  ood indus-
try, the calculation o  the most probable e  ective 
dose (MPED) is pre erred as it  is independent o  
the slope o  the survivor curve  or the process. 
However, to establish a MPED that will achieve the 
required reduction in a number o  microorganisms, 
complex calculations are required.

Te s t for s te rility of the  produc t

Sterility testing assesses whether a sterilized phar-
maceutical or medical product is  ree  rom micro-
organisms by incubating all or part o  the product 
with a nutrient medium. Testing  or sterility is a 
destructive process. For an item to be shown not 
to contain organisms, un ortunately it  has to be 
destroyed. Due to the destructive nature o  the test 
and the probabilities involved in sampling only a 
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sterilization regimens and is usually not used rou-
tinely except when sterilization conditions are not 
well def ned (e.g. gaseous sterilization) or with non-
standard methods. The use o  biological indicators 
(discussed below) requires a good knowledge o  
the inactivation kinetics (e.g. D value)  or a given 
process. Per ormance qualif cation data must be 
reevaluated  ollowing a change to the preparation or 
product and its packaging, the loading pattern or the 
sterilization cycle.

Process  indicators

For all methods o  sterilization it  is essential that  the 
equipment used works correctly. Routine tests are 
carried out to demonstrate that  all parts o  the 
sterilizer have been correctly installed (installation 
qualif cation) and that they operate properly, with 
sterilizing conditions reaching every part  o  the load 
(operation qualif cation; McDonnell 2007). The test 
methods used vary according to the sterilization 
method and may involve the use o  physical indica-
tors, chemical indicators and biological indicators.

Physical indicators measure parameters such as heat 
distribution (i.e. temperature) by thermocouples, 
pressure variation by gauges or transducers, gas con-
centration, steam purity, relative humidity by hygrom-
eters or direct calorimetry, delivered dose and time 
exposure. Sensors must be maintained and calibrated 
regularly. They are usually the f rst indicator o  a 
problem with a sterilization process and i  documented 
correctly can be su f cient to meet the requirements 
 or parametric release (Berube et al 2001).

Chemical indicators vary depending on the steri-
lization method but essentially they all change in 
physical or chemical nature in response to one 
or more parameters. There are several types o  
chemical indicators (Fig. 17.5); temperature-specif c 
indicators just  show whether a specif c temperature 
has been reached (single variable indicators) whereas 
multiparameter/multivariable indicators can measure 
more than one variable at a time,  or example heat 
and t ime or gas concentration and time or time, 
steam and temperature.

Process indicators demonstrate that an indicator 
has gone through a process but they do not guaran-
tee that sterilization was satis actory. A common 
example is autoclave tape (single end-point indi-
cator), which re ects the conditions inside the 
chamber environment but is not able to demonstrate 
that  an item has been sterilized. Another example 

The process o  validation requires that the appro-
priate documentation is obtained to show that a 
process is consistently complying with predeter-
mined specif cations. International organizations 
such as the International Standards Organization 
(www.iso.org) and the Food and Drug Administra-
tion in the USA (www. da.gov) provide detailed 
documentation  or the validation o  sterilization o  
healthcare products or medical devices with various 
processes (e.g. steam, radiation and gaseous). For 
the validation o  sterilization processes, two types o  
data are required: commissioning data and per orm-
ance qualif cation data (Box 17.2). Commissioning 
data re er mainly to the installat ion and characteris-
tics o  the equipment and the per ormance data 
ensure that the equipment will produce the required 
sterility assurance level. The per ormance qualif ca-
tion data can be divided into physical and biological 
per ormance data (Box 17.2).

Obtaining biological per ormance data is required 
 or the validation and revalidation o  the steriliza-
t ion process o  new preparations, new loads and new 

Box 17 2 

Information required for the validation of  
a sterilization process
Commis s ioning da ta
•  Evidence that the equipment has  been ins talled in 

accordance with specif cations
•  Equipment is  sa e to use
•  Equipment  unctions  within predetermined limits  

Performance  quali ca tion da ta
•  Evidence that equipment will produce a product 

with an acceptable assurance o  s terility
•  Phys ical per ormance qualif cation – evidence that 

the specif ed s terilization conditions  have been 
met throughout the s terilization cycle
•  tes ts  per ormed depend upon the s terilization 

process
•  data should be generated  rom the wors t region 

in s terilizer
•  data generated should also show no detrimental 

e  ect on the product and its  packaging
•  Biological per ormance qualif cation – evidence 

that the specif ed s terilizing conditions  deliver the 
required microbiological lethality to the 
preparation/product
•  makes  use o  biological indicators
•  data not required i  the process  is  well def ned 

(e g  use o  F value) 
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mode o  sterilization (Berube et al 2001; see Fig. 
17.5). The carriers used are usually made o  f lter 
paper, a glass slide, stainless steel or a plastic tube. 
Some new versions incorporate ampoules containing 
a growth medium. The carrier is covered to prevent 
deterioration or contamination while st ill allowing 
entry o  the sterilizing agent (British Pharmacopoeia 
2011b). Di  erent organisms are used  or di  erent 
processes (Table 17.6) but biological indicators 
usually consist o  bacterial spores (<106). A ter 
exposure to the sterilization process, the indicators 
are removed aseptically and incubated in suitable 
media to detect the presence o  surviving microor-
ganisms. I  no growth occurs, the sterilization 
process is said to have had su f cient lethality 
(Berube et al 2001).

is Temptubes®, which are glass tubes containing 
chemical with a specif c melting point indicated by 
a colour change. More specif c indicators, such as 
the ‘Bowie Dick tests’, are used to monitor air 
removal  rom autoclaves. They must be used in the 
f rst cycle o  the day as an equipment  unction test 
(McDonnell 2007). The standardized test pack is 
placed in the centre o  porous load sterilizers and i  
the process is correct (i.e. air removal is appropri-
ate), uni orm colour change occurs across the test 
package (Fig. 17.6).

A common example o  multivariable indicators 
is sterilization control tubes (e.g. Browne’s tubes), 
which produce a colour change when the appropri-
ate temperature and exposure time have been 
achieved. O ther chemical indicators are quant ita-
tive and indicate a combination o  critical variables 
within a process. This is the case with dosimeters 
(e.g. Perspex®, which gradually change colour upon 
exposure to radiation sterilization. It  should be 
noted that the per ormance o  chemical indicators 
can be altered by storage conditions be ore and a ter 
use and by the method o  use.

Biological indicators consist o  a carrier or pack-
age containing a standardized preparation o  def ned 
microorganisms o  a known resistance to a specif c 

Fig . 17.5 •  Examples of chemical and biological indicators. (a) Multiparameter (time, steam and temperature) 
indicators, (b) Sterilization control tubes, (c ) Geobacillus stearothermophilius/Bacillus stearothermophilis  biological 
indicators. 

a

b

c

Fig . 17.6 •  Bowie Dick test pack used to monitor air 
removal from steam sterilizers, uniform colour change 
indicates suf cient steam penetration. 

Unexposed  Fa il  Pass
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tests and di  usion rate tests. The bubble point test 
is the oldest and one o  the most widely used non-
destructive tests. It  measures the pressure (bubble 
point pressure) needed to pass gas through the 
largest pore o  a wetted f lter. In practice, the pres-
sure required to produce a steady stream o  gas 
bubbles through a wetted f lter is o ten used as the 
bubble point. The basis o  the test relies on the holes 
through the f lter resembling uni orm capillaries 
passing  rom one side to another. I  these capillaries 
become wet then they will retain liquid via sur ace 
tension and the  orce needed to expel the liquid 
using a gas is proportional to the diameter o  the 
capillaries (pore diameter). The main limitations o  
this technique are that it  is reliant on operator judge-
ment and on the holes in the f lter being per ect 
uni orm capillaries (Denyer & Hodges 2004).

Di  usion rate tests are especially use ul  or large 
area f lters. They measure the rate o   ow o  a gas 
as it  di  uses through the water in a wetted f lter. 
The pressure required to cause migration o  the gas 
through the liquid in the pores can be compared to 
data specif ed by the f lter’s manu acturer to estab-
lish i  the f lter has de ects (Levy 2001).

Limitations  o f  
s te rilization me thods

Sterilization processes can involve some extreme 
conditions such as high temperatures, pressure, 
vacuum and pressure pulsing, or the use o  toxic 
substances, that  can damage the products and/ or 
its packaging. The alteration o  a pharmaceutical 
preparation might lead to a reduced therapeutic e f -
cacy or patient acceptability, and damage to the 
container might lead to the post-sterilization con-
tamination o  the product. There needs to be a 
balance between acceptable sterility assurance and 
acceptable damage to the product and container. 
Knowledge o  the preparations and packaging design 
and the choice and understanding o  the sterilization 
technologies help in making the appropriate selec-
tion to achieve maximum kill while decreasing the 
risk o  product and packaging deterioration.

Nevertheless, each sterilization technology is 
associated with its own limitations (Table 17.7). 
Limitations associated with established and recom-
mended procedures are usually linked to the nature 
o  the process (e.g. heat, irradiation), whereas 
newer technologies tend to su  er  rom a lack o  
reproducibility.

Tes ting f ltration e f cacy

Compared to other sterilization methods, the poten-
tial risk o   ailure is higher  or f ltration sterilization. 
This means that it may be advisable to add an extra 
pref ltration stage using a bacteria-retentive f lter. 
Conf dence in the f lters used is o  prime importance 
during f ltration sterilization. Each batch o  f lters is 
tested to ensure that they meet the specif ca tions 
 or release o  particulate materials, mechani cal 
strength, chemical characteristics (e.g. oxidizable 
materials and leaching o  materials) and f ltration per-
 ormance. The methods  or testing f ltration per orm-
ance involve either a challenge test (which is 
destructive so cannot be carried out on every f lter in 
a batch) or an integrity test (Denyer & Hodges 2004).

The microbial challenge test is used to demon-
strate that a f lter is capable o  retaining microorgan-
isms. This is normally carried out using a suspension 
o  at least 107 c u (colony- orming units; see Chapter 
14) o  Brevundimonas diminuta per cm2 o  active 
f lter sur ace. Brevundimonas diminuta is a small 
(0.2–0.9 µm) G ram-negative short rod that  is a 
natural choice  or this test due to its size and because 
it  was originally isolated  rom contaminated f ltered 
solutions (Levy 2001). A ter f ltration o  a bacterial 
suspension prepared in tryptone soya broth, the f l-
trate is collected and incubated at 32 °C.

Integrity tests are used to veri y the integrity o  
an assembled sterilizing f lter be ore use and con-
f rmed integrity a ter use. The tests used must be 
appropriate to the f lter type and the stage o  testing 
and may include bubble point tests, pressure hold 

Table 17.6 Organisms used as biological indicators  
for sterilization

Sterilization 
process

Spores used as a biological indicator

Dry heat  Bacillus subtilis var. niger ATCC 9372.
NCIMB 8058 or CIP 77.18

Moist heat  Geobacillus stearothermophilius ATCC 
7953.

NCTC 10007. NCIMB 8157 or CIP 52.81

Ethylene oxide  Bacillus subtilis var. niger ATCC 9372.
NCIMB 8058 or CIP 77.18

Radiation  Bacillus pumilus ATCC 27.142. NCTC 
10327.

NCIMB 10692 or CIP 77.25



Table 17.7 Limitations of sterilization processes

Sterilization processes Limitations

Heat sterilization

Steam Heat; damage to preparation
Vapour; damage to the container (wetting of  nal product, risk of contamination 

post sterilization)
Pressure: air ballasting: damage to the container

Dry heat Heat: damage to preparation
Potentially longer exposure time needed

Gaseous sterilization

Ethylene oxide High toxicity: risk to the operator
Decontamination required post process
Explosive: risk to the operator
Slow processa

Many factors to control

Formaldehyde High toxicity: risk to the operator
Damage to some materials (e.g. cellulose-made materials)
Decontamination required post process
Slow processa

Many factors to control

Radiation sterilization

γ-radiation Risk to the operator
Water radiolysis: damage to the product
Discolouration of some glasses and plastics (including PVC), destructive process 

may continue after sterilization  nished
Liberation of gases (e.g. hydrogen chloride from PVC)
Hardness and brittleness properties of metals may change
Butyl and chlorinated rubber are degraded
Changes in potency can occur
High costs

Particle radiation  β-radiation: risk to the operator
Water radiolysis: damage to the product
Poor penetration of electrons exacerbated by density of product
Signi cant product heating may take place at high doses
High costs

Chemosterilants

Glutaraldehyde and ortho-phthaladehyde Toxicity: risk to the operator
Activity: reports of microbial resistance

Peracetic acid Corrosiveness: damage to the product/device
Activity: reports of microbial resistance

Filtration sterilization

Not ef cient for small particles (viruses, prions)
Requires strict aseptic techniques
Integrity of membrane  lter
Growth of microbial contaminants in depth  lter
Shedding of materials from depth  lter

aRelative to moist heat sterilization.
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Summary

The achievement o  sterility is a complex process 
that requires proper documentation. Sterility in 
the microbiological sense cannot be guaranteed. 
There ore the sterility o  a product has to be assured 
by the application o  an appropriate validation 
process. It  is important that the sterilization 
methodology is compatible with the preparation or 
product, including its f nal container or packaging, 
and combines e  ectiveness and the absence o  det-
rimental e  ects. Although not described in detail in 
this chapter, the choice o  the container/ packaging 
must allow the optimum sterilization to be applied 
and assure that sterility is maintained post process. 
Sterilization occurs at the end o  manu acturing but 
it  does not replace or permit a relaxation o  the 
principles o  good manu acturing practice. In par-
t icular, the microbiological quality o  ingredients 
 or pharmaceutical preparations and the removal o  
bioburden must be monitored. Monitoring the criti-
cal parameters o  the sterilization process will ensure 
that the predetermined conditions (during valida-
tion) are met. The lack o  validation, or  ailure 
to  ollow a validated process, carries the risk o  
a non-sterile product, deterioration and possible 
in ection.

Where possible, terminal sterilization is the 
method o  choice. Processes that  are  ully validated 
allow the parametric release o  the preparation/
product and hence their rapid commercialization, 
since sterility testing, and the delay it  incurs, might 
not be necessary.
A clear understanding o  the methodology, the 
product to be sterilized (including its packaging), 
the validation process and the overall documenta-
tion required is there ore necessary to carry out a 
success ul sterilization.
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What is  biopharmac e utic s ?

Biopharmaceutics can be de ned as the study of 
how the physicochemical properties of drugs, dosage 
forms and routes of administration affect the rate 
and extent of drug absorption.

The relationship between the drug, its dosage 
form and the route by which it  is administered 
governs how much of the drug enters the systemic 
circulation and at what rate. For a drug to be effec-
tive, enough of it  needs to reach its site(s) of action 
and stay there long enough to be able to exert its 
pharmacological effect. This is determined by the 
route of administration, the form in which the 
drug is administered and the rate at  which it  is 
delivered.

Background

Apart from the intravenous route, where a drug is 
introduced directly into the blood stream, all other 
routes of administration, where the site of action is 
remote from the site of administration, involve the 
absorption of the drug into the blood. Once the drug 
reaches the blood it  partit ions between the plasma 
and the red blood cells, the erythrocytes. Drug in 
plasma partit ions between the plasma proteins 
(mainly albumin) and the plasma water. It  is the free 
or unbound drug in plasma water, and not the drug 
bound to the proteins, that passes out of the plasma 
through the capillary endothelium and to tissues and 
hence the site(s) of action.

18  Introduction to biopharmaceutic s
Part 4: Biopharmac e utic al princ iple s  of drug  de live ry

Marianne Ashford

KE Y P O IN TS

•  Biopharmaceutics  is  the s tudy of how the 
phys icochemical properties  of the drug, the 
dosage form and the route of adminis tration 
affect the rate and extent of drug absorption 

•  A dynamic equilibrium exis ts  between the 
concentration of the drug in blood plasma  
and the drug at the s ite  of action 

•  Pharmacokinetics  is  the s tudy and 
characterization of the time course of drug 
absorption, dis tribution, metabolism and 
elimination (ADME) and it is  determined by 
measuring a plasma pro le 

•  Pharmacodynamics  is  the s tudy of the 
biochemical and phys iological effects  of  
the drug on the body 

•  Bioavailability is  the percentage of an 
adminis tered dose of a  drug that reaches  the 
sys temic circulation intact, it is  therefore the 
ratio of the drug in the sys temic circulation to 
that following an intravenous  dose of the drug 

•  The therapeutic window is  the range of drug 
concentrations  between the minimum  
effective concentration and the maximum  
safe concentration 
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cleaved or biochemically transformed, in which 
case it  is said to have been metabolized. The study 
and characterization of the time course of drug 
absorption, distribution, metabolism and elimination 
(ADME) is termed pharmacokinetics. In contrast, 
pharmacodynamics is the study of the biochemical 
and physiological effects of the drug on the body. 
The majority of drugs either mimic normal physio-
logical or biochemical processes or inhibit pathologi-
cal processes. More simply; pharmacokinetics has 
also been de ned as what the body does to the drug; 
whilst  in contrast pharmacodynamics may be de ned 
as what the drug does to the body. Pharmacokinetics 
can be used in the clinical setting to enhance the safe 
and effective therapeutic management of individual 
patients and increasingly pharmacodynamic markers 
are used to assess the success of therapy.

Figure 18.1 illustrates some of the factors that 
can in uence the concentration of the drug in the 
blood plasma and also at its site(s) of action. Biop-
harmaceutics is concerned with the  rst  stage – 
getting the drug from its route of administration into 
the blood stream or systemic circulation.

Conc e pt of bioavailability

If a drug is given intravenously, it  is administered 
directly into the blood and therefore we can be sure 

A dynamic equilibrium exists between the con-
centration of the drug in the blood plasma and the 
drug at its site(s) of action. This is what is termed 
distribution, the degree of which will depend largely 
on the physicochemical properties of the drug, in 
particular its lipophilicity. As it  is frequently dif cult  
to access the drug at its site(s) of action, its concen-
tration in the plasma is often taken as a surrogate 
for the concentration at its site(s) of action. Even 
though the unbound drug in the plasma would give 
a better estimate of the concentration of the drug 
at  its site(s) of action, this requires much more 
complex and sensitive assays than a measurement of 
the total concentration of the drug (i.e. the sum of 
the bound and unbound drug) within the blood 
plasma. Thus it  is this total drug concentration 
within the plasma that is usually measured for clini-
cal purposes. Therefore, plasma protein binding is a 
crit ical parameter to consider when investigating the 
therapeutic effect of a drug molecule.

The concentration of the drug in blood plasma 
depends on numerous factors. These include the 
amount of an administered dose that is absorbed and 
reaches the systemic circulation; the extent of dis-
tribution of the drug between the systemic circula-
tion and other tissues and  uids (which is usually a 
rapid and reversible process) and the rate of elimina-
tion of the drug from the body. The drug can 
either be eliminated unchanged, or be enzymatically 

Fig . 18.1 •  Schematic representation of drug absorption, distribution and elimination. 



 P A R T  F O U R  Biopharmac eutic al Princ iple s  of Drug De live ry

2 9 4

into the gastrointestinal  uids, its permeation 
through and stability in the gastrointestinal barrier 
or its stability in the hepatic portal circulation 
will in uence the bioavailability exhibited by that 
drug from the dosage form in which it  was 
administered.

Conc e pt of biopharmac e utic s

Many factors have been found to in uence the rate 
and extent of absorption, and hence the time course 
of a drug in the plasma, and therefore at its site(s) 
of action. These include the foods eaten by the 
patient, the effect of the disease state on drug 
absorption, the age of the patient, the site(s) of 
absorption of the administered drug, the coadmin-
istration of other drugs, the physical and chemical 
properties of the administered drug, the type of 
dosage form, the composition and method of manu-
facture of the dosage form, the size of the dose and 
the frequency of administration.

Thus, a given drug may exhibit  differences in its 
bioavailability if it  is administered:
•  in the same type of dosage form by different 

routes of administration, e.g. an aqueous 
solution of a given drug administered by the 
oral and intramuscular routes

•  by the same routes of administration but 
different types of dosage form, e.g. a tablet, a 
hard gelatin capsule and an aqueous suspension 
administered by the peroral route

•  in the same type of dosage form by the 
same route of administration but with  
different formulations of the dosage form,  
e.g. different formulations of an oral aqueous 
suspension.

Variability in the bioavailability exhibited by a given 
drug from different formulations of the same type 
of dosage form, or from different types of dosage 
forms, or by different routes of administration, can 
cause the plasma concentration of the drug to be 
too high, and therefore cause side-effects, or too 
low, and therefore the drug will be ineffective. 
Figure 18.2 shows the plasma concentration- 
time curve following a single oral dose of a drug, 
indicating the parameters associated with a thera-
peutic effect. The therapeutic window is the drug 
concentrations which are above the minimum effec-
tive concentration and below the maximum safe 
concentration.

that all of the drug reaches the systemic circulation. 
The drug is therefore said to be 100% bioavailable. 
However, if a drug is given by another route there 
is no guarantee that the whole dose will reach the 
systemic circulation intact. The amount of an admin-
istered dose of the drug that does reach the systemic 
circulation in the unchanged form is known as 
the bioavailable dose. The percentage of an admin-
istered dose of a particular drug that reaches 
the systemic circulation intact  is known as the 
bioavailability.

Bioavailability is de ned in the FDA’s regulations 
as ‘the rate and extent to which the active ingredient 
or active moiety is absorbed from a drug product 
and becomes available at the site of action’. Absolute 
bioavailability compares the bioavailability of the 
unchanged drug in the systemic circulation follow-
ing a non-intravenous dose, e.g. oral, rectal, transder-
mal, sub-lingual, intramuscular, subcutaneous, with 
the bioavailability of the same drug following intra-
venous administration. The bioavailability exhibited 
by a drug is thus very important in determining 
whether a therapeutically effective concentration 
will be achieved at the site(s) of action.

In de ning bioavailability in these terms, it  is 
assumed that the administered drug is the therapeu-
tically active form. This de nition would not be 
valid in the case of prodrugs, whose therapeutic 
action normally depends on their being converted 
into a therapeutically active form prior to, or on 
reaching the systemic circulation. It  should also be 
noted that, in the context of bioavailability, the term 
‘systemic circulation’ refers primarily to venous 
blood (excluding the hepatic portal vein, which 
carries blood from the gastrointestinal tract to the 
liver in the absorption phase) and the arterial blood, 
which carries the blood to the tissues.

Therefore, for a drug which is administered orally 
to be 100% bioavailable, the entire dose must move 
from the dosage form to the systemic circulation. 
The drug must therefore:
•  be completely released from the dosage form
•  be fully dissolved in the gastrointestinal  uids
•  be stable in solution in the gastrointestinal  uids
•  pass through the gastrointestinal barrier into the 

mesenteric circulation without being 
metabolized

•  pass through the liver into the systemic 
circulation unchanged.

Anything which adversely affects either the release 
of the drug from the dosage form, its dissolution 
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Summary

The following chapters (Chapters 19 and 20) deal 
in more detail with the physiological factors, dosage 
form factors and intrinsic properties of drugs that 
in uence the rate and extent of absorption for oral 
drugs. Chapter 21 looks at means of assessing the 
biopharmaceutical properties of compounds.

A thorough understanding of the biopharmaceu-
tical properties of a candidate drug is important 
both in the discovery setting, where potential 
drug candidates are being considered, and in the 
development setting, where it  is important to 
anticipate formulation and manufacturing problems. 
The in uence of variability and bioequivalence 
issues on clinical results must be studied to provide 
assurance to the regulatory authorities as to the 
robustness and quality of the drug substance and 
drug product.
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Poor biopharmaceutical properties may result  in:
•  poor and variable bioavailability
•  dif culties in toxicological evaluation
•  dif culties with bioequivalence of formulations
•  multiple daily dosing
•  the requirement for a non-conventional delivery 

system
•  long and costly development t imes
•  high cost of goods.

Fig . 18.2 •  A typical blood plasma concentration-time 
curve obtained following the oral administration of a 
single dose of a drug in a tablet showing the therapeutic 
window of the drug. 
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KE Y P O IN TS

•  The gas trointes tinal tract is  complex and many 
phys iological factors  affect absorption of drugs  
as  they trans it through the tract 

•  Phys iological factors  affecting absorption 
include the trans it of dosage forms  through the 
gas trointes tinal tract, environmental factors , 
such as  the pH, enzymes  and food within the 
gas trointes tinal tract and disease s tates  of the 
gas trointes tinal tract 

•  Barriers  to drug absorption include 
environmental factors , such as  pH and 
enzymes , the mucus  and uns tirred water layer, 
the gas trointes tinal membrane and pre-sys temic 
metabolism 

•  Drugs  are absorbed through the gas trointes tinal 
membrane via either transcellular, paraceullular 
or active transport processes  

Introduc tion

The  actors that inf uence the rate and extent o  
absorption depend upon the route o  administration. 
As stated in Chapter 18, the intravenous route 
o  ers direct access to the systemic circulation and 
the total dose administered via this route is available 
in the plasma  or distribution into other body tissues 
and the site(s) o  action o  the drug. Other routes 
will require an absorption step be ore the drug 
reaches the systemic circulation. Factors a  ecting 
this absorption will depend on the physiology o  the 
administration site(s) and the membrane barriers 
present at  those site(s) that the drug needs to cross 
in order to reach the systemic circulation. A summary 
o  some o  the properties o  each route o  adminis-
tration is given in Chapter 1.

19  Gas trointes tinal trac t – phys iology 
and drug abs orption

Marianne Ash ord
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can be seen  rom this that  the rate and extent o  
appearance o  intact drug in the systemic circulation 
depend on a succession o  kinetic processes.

The slowest step in this series, which is the rate-
limiting step, controls the overall rate and extent o  
appearance o  intact  drug in the systemic circula-
t ion. The rate-limiting step will vary  rom drug to 
drug. For a drug which has a very poor aqueous solu-
bility, the rate at which it  dissolves in the gastroin-
testinal f uids is o ten the slowest step and the 
bioavailability o  that  drug is said to be dissolution-
rate limited. In contrast,  or a drug that has a high 
aqueous solubility, its dissolution will be rapid and 
the rate at which the drug crosses the gastrointesti-
nal membrane may be the rate-limiting step termed 
permeability limited.

Other potential rate-limiting steps include the 
rate o  drug release  rom the dosage  orm (this can 
be by design, in the case o  controlled-release dosage 
 orms), the rate at which the stomach empties the 
drug into the small intestine, the rate at which the 
drug is metabolized by enzymes in the intestinal 
mucosal cells during its passage through them into 
the mesenteric blood vessels, and the rate o  

The gastrointestinal tract is discussed in detail in 
this chapter and a detailed description o  the physi-
ology o  some o  the other more important routes 
o  administration is given in the relevant chapters o  
Part 5 o  this book. The oral route o  delivery is by 
 ar the most popular, with over 80% o  medicines 
being given by mouth, mainly because it  is natural 
and convenient  or the patient and because it  is 
relatively easy to manu acture oral dosage  orms. 
Oral dosage  orms do not need to be sterilized, 
are compact, and can be produced cheaply in large 
quantities by automated machines. This chapter and 
the next will there ore be con ned to discussing 
the biopharmaceutical  actors (that is, physiological, 
dosage  orm and drug  actors) that inf uence oral 
drug absorption.

Phys io logic al  ac tors  
inf ue nc ing  oral drug  
abs orption

The gastrointestinal tract is complex. Figure 19.1 
outlines some o  the main structures involved in and 
key physiological parameters that a  ect oral drug 
absorption. In order to gain an insight into the 
numerous  actors that can potentially inf uence the 
rate and extent o  drug absorption into the syste-
mic circulation, a schematic illustration o  the steps 
involved in the release and absorption o  a drug  rom 
a tablet dosage  orm is presented in Figure 19.2. It  

Fig . 19.1 •  The gastrointestinal tract. 
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layer o  connective tissue known as the lamina 
propria and the epithelium.

The majority o  the gastrointestinal epithelium is 
covered by a layer o  mucus. This is a viscoelastic 
translucent aqueous gel that is secreted throughout 
the gastrointestinal tract, acting as a protective 
layer and a mechanical barrier. Mucus is a constantly 
changing mix o  many secretions and ex oliated epi-
thelial cells. It  has a large water component (~ 95%). 
Its other primary components, which are responsi-
ble  or its physical and  unctional properties, are 
large glycoproteins called mucins. Mucins consist o  
a protein backbone approximately 800 amino acids 
long and oligosaccharide side chains that are typi-
cally up to 18 residues in length.

The mucous layer ranges in thickness  rom 5 µm 
to 500 µm along the length o  the gastrointestinal 
tract , with average values o  around 80 µm. The 
layer is thought to be continuous in the stomach and 
duodenum but may not be so in the rest o  the small 
and large intestines.

Mucus is constantly being removed  rom the 
luminal sur ace o  the gastrointestinal tract through 
abrasion and acidic and/ or enzymatic breakdown, 
and it  is continually replaced  rom beneath. Turno-
ver time has been estimated at 4–5 hours but this 
may well be an underestimate and is liable to vary 
along the length o  the tract.

Oesophagus

The mouth is the point o  entry  or most drugs 
(so-called peroral – via the mouth – administration). 
At this point contact with the oral mucosa is usually 
brie . Linking the oral cavity to the stomach is the 
oesophagus. The oesophagus is composed o  a thick 
muscular layer approximately 250 mm long and 
20 mm in diameter. It  joins the stomach at the 
gastrooesophageal junction, or cardiac ori ce, as it  is 
sometimes known.

The oesophagus, apart  rom the lowest 20 mm 
which is similar to the gastric mucosa, contains a 
well-di  erentiated squamous epithelium o  non-
proli erative cells. Epithelial cell  unction is mainly 
protective: simple mucous glands secrete mucus 
into the narrow lumen to lubricate  ood and protect 
the lower part o  the oesophagus  rom gastric acid. 
The pH o  the oesophageal lumen is usually between 
5 and 6.

Materials are moved down the oesophagus by 
the act o  swallowing. A ter swallowing, a single 

metabolism o  drug during its initial passage through 
the liver, o ten termed the ‘ rst-pass’ effect.

Phys io logy o   the  
gas tro inte s tinal trac t

The gastrointestinal tract is a muscular tube, approx-
imately 6 m in length with varying diameters. It  
stretches  rom the mouth to the anus and consists 
o   our main anatomical areas; the oesophagus, the 
stomach, the small intestine and the large intestine 
or colon. The luminal sur ace o  the tube is not 
smooth but very rough, thereby increasing the 
sur ace area  or absorption.

The wall o  the gastrointestinal tract is essentially 
similar in structure along its length, consisting o  
 our principal histological layers (Fig. 19.3):
1. The serosa is an outer layer o  epithelium with 

supporting connective t issues which are 
continuous with the peritoneum.

2. The muscularis externa, which contains three 
layers o  smooth muscle t issue, a thinner outer 
layer, which is longitudinal in orientation, and 
two inner layers, whose  bres are oriented in a 
circular pattern. Contractions o  these muscles 
provide the  orces  or movement o  
gastrointestinal contents and physical 
breakdown o   ood.

3. The submucosa, which is a connective tissue 
layer containing some secretory tissue and which 
is richly supplied with blood and lymphatic 
vessels. A network o  nerve cells, known as the 
submucous plexus, is also located in this layer.

4. The mucosa, which is essentially composed o  
three layers: the muscularis mucosa, which can 
alter the local con ormation o  the mucosa, a 

Fig . 19.3 •  Cross-section through the gastrointestinal 
tract. 
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•  the hormone gastrin, which itsel  is a potent 
stimulator o  gastric acid production and 
pepsinogen and is released by the G -cells in the 
stomach. The release o  gastrin is stimulated by 
peptides, amino acids and distension o  the 
stomach and causes increased gastric motility

•  pepsins, which are secreted by the chie  cells in 
the  orm o  its precursor pepsinogen. Pepsins 
are peptidases which break down proteins to 
peptides at low pH. Above pH 5, pepsin is 
denatured

•  mucus, which is secreted by the sur ace 
mucosal cells and lines the gastric mucosa. In 
the stomach, the mucus protects the gastric 
mucosa  rom autodigestion by the pepsin-acid 
combination.

Contrary to popular belie , very lit t le drug absorp-
tion occurs in the stomach owing to its small sur ace 
area compared to the small intestine. The rate o  
gastric emptying can be a controlling  actor in the 
onset o  drug absorption  rom the major absorptive 
site, the small intestine. G astric emptying will be 
discussed under gastrointestinal transit  later in this 
chapter.

Small intes tine

The small intestine is the longest (4–5 m) and most 
convoluted part  o  the gastrointestinal tract , extend-
ing  rom the pyloric sphincter o  the stomach to the 
ileocaecal junction where it  joins the large intestine. 
It  is approximately 25 to 30 mm in diameter. Its 
main  unctions are:

peristalt ic wave o  contraction, its amplitude linked 
to the size o  the material being swallowed, passes 
down the length o  the oesophagus at the rate o  
20–60 mm per second, speeding up as it  progresses. 
When swallowing is repeated in quick succession, 
the subsequent swallows interrupt the initial peri-
staltic wave and only the  nal wave proceeds down 
the length o  the oesophagus to the gastrointestinal 
junction, carrying material within the lumen with it . 
Secondary peristaltic waves occur involuntarily in 
response to any distension o  the oesophagus and 
serve to move sticky lumps o  material or ref uxed 
material to the stomach. In the upright position, 
the transit  o  materials through the oesophagus is 
assisted by gravity. The oesophageal transit  o  dosage 
 orms is extremely rapid, usually o  the order o  
10–14 seconds.

Stomach

The next part o  the gastrointestinal tract to be 
encountered by both  ood and pharmaceuticals is 
the stomach. The two major  unctions o  the 
stomach are:
•  to act as a temporary reservoir  or ingested  ood 

and to deliver it  to the duodenum at a 
controlled rate

•  to reduce ingested solids to a uni orm creamy 
consistency, known as chyme, by the action o  
acid and enzymatic digestion. This enables 
better contact o  the ingested material with the 
mucous membrane o  the intestines and thereby 
 acilitates absorption.

Another, perhaps less obvious,  unction o  the 
stomach is its protective role in reducing the risk o  
noxious agents reaching the intestine.

The stomach is the most dilated part  o  the gas-
trointestinal tract and is situated between the lower 
end o  the oesophagus and the small intestine. 
Its opening to the duodenum is controlled by the 
pyloric sphincter. The stomach can be divided into 
 our anatomical regions (Fig. 19.4); the  undus, the 
body, the antrum and the pylorus.

The stomach has a capacity o  approximately 
1.5 L, although under  asting conditions it  usually 
contains no more than 50 mL o  f uid, which are 
mostly gastric secretions. These include:
•  hydrochloric acid secreted by the parietal cells, 

which maintains the pH o  the stomach 
between 1 and 3.5 in the  asted state

Fig . 19.4 •  The anatomy of the stomach. 
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•  Microvilli – 600–1000 o  these brush-like 
structures (~ 1 µm in length and 0.1 µm in 
width) cover each villus, providing the largest 
increase in sur ace area. These are covered by a 
 brous substance known as glycocalyx.

The luminal pH o  the small intestine increases to 
between 6 and 7.5. Sources o  secretions that 
produce these pH values in the small intestine are:
•  Brunner’s glands – these are located in the 

duodenum and are responsible  or the secretion 
o  bicarbonate, which neutralizes the acid 
emptied  rom the stomach.

•  Intestinal cells – these are present throughout 
the small intestine and secrete mucus and 
enzymes. The enzymes, hydrolases and 
proteases, continue the digestive process.

•  Pancreatic secretions – the pancreas is a large 
gland that secretes about 1–2 L o  pancreatic 
juice per day into the small intestine via a duct. 
The components o  pancreatic juice are sodium 
bicarbonate and enzymes. The enzymes consist 
o  proteases, principally trypsin, chymotrypsin 
and carboxypeptidases, which are secreted as 
inactive precursors or zymogens and are 
converted to their active  orms in the lumen by 
the enzyme enterokinase. Lipase and amylase 
are both secreted in their active  orms. The 
bicarbonate component is largely regulated by 
the pH o  chyme delivered into the small 
intestine  rom the stomach.

•  digestion – the process o  enzymatic digestion, 
which began in the stomach, is completed in 
the small intestine

•  absorption – the small intestine is the region 
where most nutrients and other materials are 
absorbed.

The small intestine is divided into the duodenum, 
which is 200–300 mm in length, the jejunum, which 
is approximately 2 m in length, and the ileum, 
which is approximately 3 m in length.

The wall o  the small intestine has a rich network 
o  both blood and lymphatic vessels. The gastroin-
testinal circulation is the largest systemic regional 
vasculature and nearly a third o  the cardiac output 
f ows through the gastrointestinal viscera. The blood 
vessels o  the small intestine receive blood  rom the 
superior mesenteric artery via branched arterioles. 
The blood leaving the small intestine f ows into the 
hepatic portal vein that carries it  via the liver to the 
systemic circulation. Drugs that are metabolized by 
the liver are degraded be ore they reach the sys-
temic circulation; this is termed hepatic presystemic 
clearance or  rst-pass metabolism.

The wall o  the small intestine also contains lacte-
als, which contain lymph and are part o  the lym-
phatic system. The lymphatic system is important 
in the absorption o   ats  rom the gastrointestinal 
tract. In the ileum there are areas o  aggregated 
lymphoid tissue close to the epithelial sur ace which 
are known as Peyer’s patches (named a ter the 17th 
century Swiss anatomist Johann Peyer). These cells 
play a key role in the immune response as they 
transport macromolecules and are involved in 
antigen uptake.

The sur ace area o  the small intestine is increased 
enormously, by about 600 t imes that o  a simple 
cylinder, to approximately 200 m2 in an adult, by 
several adaptations which make the small intestine 
such a good absorption site:

•  Folds of Kerckring – these are submucosal  olds 
which extend circularly most o  the way around 
the intestine and are particularly well developed 
in the duodenum and jejunum. They are several 
millimetres in depth.

•  Villi – these have been described as  nger-like 
projections into the lumen (approximately 
0.5–1.5 mm in length and 0.1 mm in diameter). 
They are well supplied with blood vessels. Each 
villus contains an arteriole, a venule and a 
blind-ending lymphatic vessel (lacteal). The 
structure o  a villus is shown in Figure 19.5.

Fig . 19.5 •  Structure of a villus. 
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The colon is permanently colonized by an extensive 
number (about 1012 per gram o  contents) and 
variety o  bacteria. This large bacterial mass is 
capable o  several metabolic reactions, including 
hydrolysis o   atty acid esters and the reduction o  
inactive conjugated drugs to their active  orm. The 
bacteria rely upon undigested polysaccharides in 
the diet and the carbohydrate components o  
secretions such as mucus  or their carbon and 
energy sources. They degrade the polysaccharides to 
produce short-chain  atty acids (acetic, proprionic 
and butyric acids), which lower the luminal pH, and 
the gases hydrogen, carbon dioxide and methane. 
Thus, the pH o  the caecum is around 6–6.5. This 
increases to around 7–7.5 towards the distal parts 
o  the colon.

Recently there has been much interest  in the 
exploitation o  the enzymes produced by these bac-
teria with respect to targeted drug delivery to this 
region o  the gastrointestinal tract.

Trans it o   pharmac e utic als  in 
the  gas tro inte s tinal trac t

As the oral route is the one by which the majority 
o  pharmaceuticals are administered, it  is important 
to know how these materials behave during their 
passage through the gastrointestinal tract . It  is 
known that the small intestine is the major site o  
drug absorption, and thus the time a drug is present 
in this part o  the gastrointestinal tract  is extremely 
important. I  sustained- or controlled-release drug 

•  Bile – bile is secreted by hepatocytes in the 
liver into bile canaliculi, concentrated in the 
gallbladder and hepatic biliary system by the 
removal o  sodium ions, chloride and water, and 
delivered to the duodenum. Bile is a complex 
aqueous mixture o  organic solutes (bile acids, 
phospholipids, particularly lecithin, cholesterol 
and bilirubin) and inorganic compounds (such 
as the plasma electrolytes sodium and 
potassium). Bile pigments, the most important 
o  which is bilirubin, are excreted in the  aeces 
but the bile acids are re-absorbed by an active 
process in the terminal ileum. They are 
returned to the liver via the hepatic portal vein 
and, as they have a high hepatic clearance, are 
resecreted in the bile. This process is known as 
enterohepatic recirculation. The main  unctions 
o  the bile are promoting the e  cient 
absorption o  dietary  at, such as  atty acids and 
cholesterol, by aiding its emulsi cation and 
micellar solubilization, and the provision o  
excretory pathways  or degradation products.

Colon

The colon is the  nal major part o  the gastrointes-
t inal tract. It  stretches  rom the ileocaecal junction 
to the anus and makes up approximately the last  
1.5 m o  the 6 m o  the gastrointestinal tract. It  is 
composed o  the caecum (~ 85 mm in length), the 
ascending colon (~ 200 mm), the hepatic f exure, 
the transverse colon (usually greater than 450 mm), 
the splenic f exure, the descending colon (~ 300 mm), 
the sigmoid colon (~ 400 mm) and the rectum, as 
shown in Figure 19.6. The ascending and descending 
colons are relatively  xed, as they are attached via the 
f exures and the caecum. The transverse and sigmoid 
colons are much more f exible.

The colon, unlike the small intestine, has no spe-
cialized villi. However, the microvilli o  the absorp-
tive epithelial cells, the presence o  crypts and the 
irregularly  olded mucosae serve to increase the 
sur ace area o  the colon by 10–15 times that o  a 
simple cylinder. The sur ace area nevertheless remains 
approximately l/30th that o  the small intestine.

The main  unctions o  the colon are:
•  the absorption o  sodium ions, chloride ions and 

water  rom the lumen in exchange  or 
bicarbonate and potassium ions. Thus the colon 
has a signi cant homeostatic role in the body

•  the storage and compaction o   aeces.

Fig . 19.6 •  The anatomy of the colon. 
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The cycle repeats itsel  every 2 hours until a meal 
is ingested and the  ed state or motility is initiated. 
In this state, two distinct patterns o  activity have 
been observed. The proximal stomach relaxes to 
receive  ood and gradual contractions o  this region 
move the contents distally. Peristalsis – contractions 
o  the distal stomach – serves to mix and break 
down  ood particles and move them towards the 
pyloric sphincter. The pyloric sphincter allows 
liquids and small  ood particles to empty while other 
material is retropulsed into the antrum o  the 
stomach and is caught up by the next peristaltic 
wave  or  urther size reduction be ore emptying.

Thus, in the  ed state, liquids, pellets and disin-
tegrated tablets will tend to empty with  ood, yet 
large sustained-or controlled-release dosage  orms 
can be retained in the stomach  or long periods o  
t ime. In the  asted state, the stomach is less dis-
criminatory between dosage  orm types, with emp-
tying appearing to be an exponential process and 
being related to the point in the MMC at which the 
 ormulation is ingested.

Many  actors inf uence gastric emptying, as well 
as the type o  dosage  orm and the presence o   ood. 
These include posture, the composition o  the  ood 
and the e  ect o  drugs and disease state. In general, 
 ood, particularly  atty  oods, delays gastric empty-
ing and hence the absorption o  drugs. There ore, 
a drug is likely to reach the small intestine most 
rapidly i  it  is administered with water to a patient 
whose stomach is empty.

Small intes tinal trans it

There are two main types o  intestinal movement 
– propulsive and mixing. The propulsive movements 
primarily determine the intestinal transit  rate and 
hence the residence time o  the drug or dosage  orm 
in the small intestine. As this is the main site o  
absorption in the gastrointestinal tract  or most 
drugs, the small intestinal transit  t ime (that is, 
the time o  transit  between the stomach and the 
caecum) is an important  actor with respect to drug 
bioavailability.

Small intestinal transit  is normally considered to 
be between 3 to 4 hours although both  aster and 
slower transit  have been measured. In contrast to 
the stomach, the small intestine does not discrimi-
nate between solids and liquids, and hence between 
dosage  orms, or between the  ed and the  asted 
state.

delivery systems are being designed, it  is important 
to consider  actors that  will a  ect their behaviour 
and, in particular, their transit  t imes through certain 
regions o  the gastrointestinal tract.

In general, most dosage  orms, when taken in an 
upright position, transit  through the oesophagus 
quickly, usually in less than 15 seconds. Transit  
through the oesophagus is dependent upon both the 
dosage  orm and posture.

Tablets/ capsules taken in the supine (lying down) 
posit ion, especially i  taken without water, are liable 
to lodge in the oesophagus. Adhesion to the oesopha-
geal wall can occur as a result  o  partial dehydration 
at the site o  contact and the  ormation o  a gel 
between the  ormulation and the oesophagus. The 
chances o  adhesion will depend on the shape, size 
and type o   ormulation. Transit  o  liquids,  or 
example, has always been observed to be rapid, and 
in general  aster than that o  solids. A delay in reach-
ing the stomach may well delay a drug’s onset o  
action or cause damage or irritation to the oesopha-
geal wall, e.g. potassium chloride tablets.

Gas tric  emptying

The time a dosage  orm takes to traverse the stomach 
is usually termed the gastric residence time, gastric 
emptying time or gastric emptying rate.

G astric emptying o  pharmaceuticals is highly 
variable and is dependent on the dosage  orm and 
the  ed/  asted state o  the stomach. Normal gastric 
residence times usually range between 5 minutes 
and 2 hours, although much longer times (over 12 
hours) have been recorded, particularly  or large 
single dosage units.

In the  asted state, the electrical activity in the 
stomach – the interdigestive myoelectric cycle or 
migrating myoelectric complex (MMC), as it  is 
known – governs its activity and hence the transit  
o  dosage  orms. It  is characterized by a repeating 
cycle o   our phases. Phase I is a relatively inactive 
period o  40–60 minutes with only rare contractions 
occurring. Increasing numbers o  contractions occur 
in phase II, which has a similar duration to phase I. 
Phase III is characterized by power ul peristaltic 
contractions which open the pylorus at  the base 
and clear the stomach o  any residual material. This 
is sometimes called the housekeeper wave. Phase 
IV is a short transitional period between the 
power ul activity o  phase III and the inactivity o  
phase I.
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are brought about by contraction o  the circular 
muscle and predominate, whereas the propulsive 
contractions, which are due to contractions o  
the longitudinal muscle, occur only 3–4 times 
daily in normal individuals.

Colonic transit  is thus characterized by short bursts 
o  activity  ollowed by long periods o  stasis. Move-
ment is mainly aboral, i.e. towards the anus. Motility 
and transit  is highly inf uenced by de aecation 
t ime; both  requency o  de aecation and likelihood 
o  being included in a de aecation event. Colonic 
transit  can vary  rom anything between 2 and 48 
hours. In most individuals, total transit  t imes 
(i.e. mouth to anus) are between 12 and 36 hours 
however they can range  rom several hours to several 
days.

Barrie rs  to  drug abs orption

Figure 19.7 shows some o  the barriers to absorption 
that  a drug may encounter once it  is released  rom 
its dosage  orm and has dissolved into the gastroin-
testinal f uids. The drug needs to remain in solution, 
not become bound to  ood or other material within 
the gastrointestinal tract and not precipitate. It  
needs to be chemically stable in order to withstand 
the pH o  the gastrointestinal tract and it  must be 
resistant to enzymatic degradation in the lumen. 

Small intestinal residence time is particularly 
important  or:
•  dosage  orms that  release their drug slowly (e.g. 

controlled-, sustained- or prolonged-release 
systems) as they pass along the length o  the 
gastrointestinal tract

•  enteric-coated dosage  orms which release drug 
only when they reach the small intestine

•  drugs that dissolve slowly in intestinal f uids
•  drugs that are absorbed by intestinal carrier-

mediated transport systems
drugs that  are not absorbed well in the colon.

Colonic trans it

The colonic transit  o  pharmaceuticals is prolonged 
and variable, and depends on the type o  dosage 
 orm, diet, eating pattern, de aecation pattern and 
 requency and disease state.

Contractile activity in the colon can be divided 
into two main types:
•  propulsive contractions or mass movements that 

are associated with the aboral (away  rom the 
mouth) movement o  contents

•  segmental or haustral contractions that serve to 
mix the luminal contents and result  in only 
small aboral movements. Segmental contractions 

Fig . 19.7 •  Barriers to absorption. 

Lumen  Uns tirred
water layer

Gas trointes tina l
membrane

Presys temic
metabolism

Chemica l degrada tion

Enzymatic degrada tion

Complexa tion

Adsorption

Complexa tion
to mucus

Water and
mucus

diffus ion

Gut wall,
liver

metabolism

Efflux

Paracellula r

Transce llular

Passage  of drug



 P A R T  F O U R  Biopharmac eutic al Princ iple s  o   Drug De live ry

3 0 4

o  dissolution or its absorption characteristics. 
Chemical degradation due to pH-dependent hydrol-
ysis can occur in the gastrointestinal tract. The result  
o  this instability is incomplete bioavailability, as 
only a  raction o  the administered dose reaches 
the systemic circulation in the  orm o  intact drug. 
The extent o  degradation o  penicillin G  (ben-
zylpenicillin), the  rst  o  the penicillins, a ter oral 
administration, depends on its residence time in 
the stomach and the gastric pH. This gastric insta-
bility has tended to preclude its oral use. The anti-
biotic erythromycin and proton pump inhibi tors 
(e.g. omeprazole) degrade rapidly at acidic pH 
values and there ore have to be  ormulated as 
enteric-coated dosage  orms to ensure good bioavail-
ability (Chapter 20). The e  ects o  pH on the drug 
dissolution and absorption processes are also dis-
cussed in Chapter 20.

Luminal.enzymes
The primary enzyme  ound in gastric juice is pepsin. 
Lipases, amylases and proteases are secreted  rom 
the pancreas into the small intestine in response to 
ingestion o   ood. These enzymes are responsible  or 
most nutrient digestion. Pepsins and the proteases 
are responsible  or the degradation o  protein and 
peptide drugs in the lumen. Other drugs that resem-
ble nutrients, such as nucleotides and  atty acids, 
may also be susceptible to enzymatic degradation. 
The lipases may also a  ect  the release o  drugs 
 rom  at/ oil-containing dosage  orms. Drugs that are 
esters can also be susceptible to hydrolysis in the 
lumen.

The drug then needs to di  use across the mucous 
layer without binding to it , across the unstirred 
water layer and subsequently across the gastro-
intestinal membrane, its main cellular barrier. 
A ter passing through this cellular barrier, the drug 
encounters the liver and all its metabolizing enzymes 
be ore it  reaches the systemic circulation. Any o  
these barriers can prevent some or all o  the drug 
reaching the systemic circulation and can there ore 
have a detrimental e  ect on its bioavailability.

Environment within the lumen

The environment within the lumen o  the gastroin-
testinal tract has a major e  ect on the rate and 
extent o  drug absorption.

Gas trointes tina l.pH
The pH o  f uids varies considerably along the length 
o  the gastrointestinal tract. G astric f uid is highly 
acidic, normally exhibiting a pH within the range 
1–3.5 in healthy people in the  asted state. Follow-
ing the ingestion o  a meal, the gastric juice is bu  -
ered to a less acidic pH that is dependent on meal 
composition. Typical gastric pH values  ollowing a 
meal are in the range 3–7. Depending on the size 
o  the meal, the gastric pH returns to the lower 
 asted-state values within 2–3 hours. Thus, only a 
dosage  orm ingested with or soon a ter a meal will 
encounter these higher pH values. This may be an 
important consideration in terms o  the chemical 
stabi lity o  a drug or in achieving drug dissolution or 
absorption.

Intestinal pH values are higher than gastric pH 
values owing to the neutralization o  the gastric acid 
with bicarbonate ions secreted by the pancreas 
into the small intestine. There is a gradual rise in 
pH along the length o  the small intestine  rom 
the duodenum to the ileum. Table 19.1 summarizes 
some o  the literature values recorded  or small 
intestinal pH in the  ed and  asted states. The pH 
drops again in the colon as the bacterial enzymes, 
which are localized in the colonic region, break 
down undigested carbohydrates into short-chain 
 atty acids; this lowers the pH in the colon to 
around 6.5.

The gastrointestinal pH may inf uence the absorp-
tion o  drugs in a variety o  ways. I  the drug is 
a weak electrolyte, pH may inf uence the drug’s 
chemical stability in the lumen, its rate and extent 

Table 19.1 pH in the small intestine in healthy humans 
in the fasted and fed states

Location Fasted state pH Fed state pH

Mid-distal duodenum  4.9  5.2
6.1  5.4
6.3  5.1
6.4

Jejunum  4.4–6.5  5.2–6.0
6.6  6.2

Ileum  6.5  6.8–7.8
6.8–8.0  6.8–8.0
7.4  7.5

Data from Gray & Dressman (1996)
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Stimula tion o  ga strointestina l secretions. G as-
trointestinal secretions (e.g. pepsin) produced in 
response to  ood may result in the degradation o  
drugs that are susceptible to enzymatic metabolism 
and hence in a reduction in their bioavailability. The 
ingestion o   ood, particularly  ats, stimulates the 
secretion o  bile. Bile salts are sur ace-active agents 
and can increase the dissolution o  poorly soluble 
drugs, thereby enhancing their absorption. However, 
bile salts have been shown to  orm insoluble and 
hence non-absorbable complexes with some drugs 
such as neomycin, kanamycin and nystatin.
Competition between  ood components a nd 
drugs  or  specia lized a bsorption mecha nisms.  
In the case o  those drugs that  have a chemical 
structure similar to nutrients required by the body 
 or which specialized absorption mechanisms exist, 
there is a possibility o  competitive inhibition o  
drug absorption.
Increa sed viscosity o  ga strointestina l con-
tents. The presence o   ood in the gastrointestinal 
tract provides a viscous environment which may 
result  in a reduction in the rate o  drug dissolution. 
In addition, the rate o  di  usion o  a drug in solution 
 rom the lumen to the absorbing membrane lining 
the gastrointestinal tract may be reduced by an 
increase in viscosity. Both o  these e  ects tend to 
decrease the bioavailability o  a drug.
Food-induced cha nges in presystemic meta bo-
lism. Certain  oods may increase the bioavailability 
o  drugs that are susceptible to presystemic intesti-
nal metabolism by interacting with the metabolic 
process. G rape ruit  juice,  or example, is capable o  
inhibiting the intestinal cytochrome P450 (CYP3A 
 amily) and thus, when taken with drugs that are 
susceptible to CYP3A metabolism, is likely to result 
in their increased bioavailability. Clinically relevant 
interactions exist between grape ruit  juice and the 
antihistamine ter enadine, the immunosuppressant 
ciclosporin, the protease inhibitor saquinavir and the 
calcium channel blocker verapamil.
Food-induced cha nges in blood f ow. Blood f ow 
to the gastrointestinal tract and liver increases 
shortly a ter a meal, thereby increasing the rate at 
which drugs are presented to the liver. The metabo-
lism o  some drugs (e.g. propranolol) is sensitive to 
their rate o  presentation to the liver; the  aster 
the rate o  presentation, the larger the  raction o  
drug that escapes  rst-pass metabolism. This is 
because the enzyme systems responsible  or their 
metabolism become saturated by the increased rate 

Bacteria, which are mainly localized within the 
colonic region o  the gastrointestinal tract, secrete 
enzymes that are capable o  a range o  reactions. 
These enzymes have been utilized when designing 
drugs or dosage  orms to target the colon. Sul asala-
zine,  or example, is a prodrug o  5-aminosalicylic 
acid linked via an azo bond to sul apyridine. The 
sul apyridine moiety makes the drug too large and 
hydrophilic to be absorbed in the upper gastrointes-
t inal tract, and thus permits its transport intact to 
the colonic region. Here the bacterial enzymes 
reduce the azo bond in the molecule and release 
the active drug, 5-aminosalycylic acid,  or local 
action in colonic diseases such as inf ammatory 
bowel disease.

Inf uence .o .  ood .in.the ..
gas trointes tina l.trac t
The presence o   ood in the gastrointestinal tract can 
inf uence the rate and extent o  absorption, either 
directly or indirectly via a range o  mechanisms.
Complexa tion o  drugs with components in the 
d iet. Drugs are capable o  binding to components 
within the diet. In general this only becomes an issue 
(with respect to bioavailability) where an irreversi-
ble or an insoluble complex is  ormed. In such cases 
the  raction o  the administered dose that  becomes 
complexed is unavailable  or absorption. Tetracy-
cline,  or example,  orms non-absorbable complexes 
with calcium and iron, and thus patients are advised 
not to take products containing calcium or iron, such 
as milk, iron preparations or indigestion remedies, 
at the same time o  day as the tetracycline. However, 
i  the complex  ormed is water soluble and readily 
dissociates to liberate the ‘ ree’ drug then there may 
be lit t le e  ect on drug absorption.
Altera tion o  pH. In general,  ood tends to increase 
stomach pH by acting as a bu  er. This is liable to 
decrease the rate o  dissolution and subsequent 
absorption o  a weakly basic drug and increase that 
o  a weakly acidic one.
Altera tion o  ga str ic emptying. As already men-
tioned, some  oods, particularly those containing a 
high proportion o   at , and some drugs tend to 
reduce gastric emptying and thus delay the onset o  
action o  certain drugs. Food slows the rate o  
absorption, due to delayed gastric emptying, o  the 
antiretroviral nucleoside analogues lamivudine and 
zidovudine; however this is not considered to be 
clinically signi cant.
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states o  the colon such as Crohn’s disease and ulcer-
ative colit is.

Mucus  and the uns tirred  
water layer

Be ore drugs can permeate across the epithelial 
sur ace the mucous layer and unstirred water layer 
need to be crossed. The mucus layer, whose thick-
ness and turnover rates can vary along the length o  
the gastrointestinal tract, can hinder drug di  usion. 
The unstirred water layer or aqueous boundary layer 
is a more or less stagnant layer o  water, mucus 
and glycocalyx adjacent to the intestinal wall. It  is 
thought to be created by incomplete mixing o  the 
luminal contents near the intestinal mucosal sur ace. 
This layer, which is around 30–100 µm in thickness, 
can provide a di  usion barrier to drugs. Some drugs 
are also capable o  complexing with mucus, thereby 
reducing their availability  or absorption.

Gas trointes tinal membrane

Struc ture .o .the .membrane
The gastrointestinal membrane separates the lumen 
o  the stomach and intestines  rom the systemic 
circulation. It  is the main cellular barrier to the 
absorption o  drugs  rom the gastrointestinal tract. 
The membrane is complex in nature, being com-
posed o  lipids, proteins, lipoproteins and polysac-
charides. It  has a bilayer structure, as shown in 
Figure 19.8. The barrier has the characteristics o  a 
semipermeable membrane, allowing the rapid transit  
o  some materials and impeding or preventing the 

o  presentation o  the drug to the site o  biotrans-
 ormation. For this reason, the e  ects o   ood serve 
to increase the bioavailability o  some drugs that are 
susceptible to  rst-pass metabolism.

It is evident that  ood can inf uence the absorp-
tion o  many drugs  rom the gastrointestinal tract 
by a variety o  mechanisms. Drug- ood interactions 
are o ten classi ed into  ve categories: those that 
cause reduced, delayed, increased or accelerated 
absorption, and those on which  ood has no e  ect. 
The reader is re erred to reviews by Custodio 
et  al (2008), Davit & Conner (2008) and Fleisher 
et  al (2010)  or more detailed in ormation on the 
e  ect o   ood on the rate and extent o  drug 
absorption.

Dis eas e .s ta te .and ..
phys iologica l.d is orders
Disease states and physiological disorders associated 
with the gastrointestinal tract  are likely to inf uence 
the absorption and hence the bioavailability o  orally 
administered drugs. Local diseases can cause altera-
tions in gastric pH that can a  ect  the stability, dis-
solution and/ or absorption o  the drug. G astric 
surgery can cause drugs to exhibit  di  erences in 
bioavailability  rom that in normal individuals. For 
example, partial or total gastrectomy results in drugs 
reaching the duodenum more rapidly than in normal 
individuals and signi cant changes in f uid composi-
tion and volumes can signi cantly a  ect  drug bioa-
vailability. AIDS patients o ten have over-secretion 
o  gastrin and thus low pH, which can adversely 
a  ect the dissolution and hence bioavailability o  
weakly basic drugs such as the anti- ungal ketocona-
zole. Lower pH values are o ten seen in disease 

Fig . 19.8 •  Structure of the membrane. 
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Trans ce llula r
Passive diffusion 
This is the pre erred route o  transport  or relatively 
small lipophilic molecules and thus many drugs. In 
this process, drug molecules pass across the lipoidal 
membrane via passive di  usion  rom a region o  high 
concentration in the lumen to a region o  lower 
concentration in the blood. This lower concentra-
t ion is maintained primarily by blood f ow. The rate 
o  transport is determined by the physicochemical 
properties o  the drug, the nature o  the membrane 
and the concentration gradient o  the drug across 
the membrane. The process initially involves the 
partit ioning o  the drug between the aqueous f uids 
within the gastrointestinal tract and the lipoidal-like 
membrane o  the lining o  the epithelium. The drug 
in solution in the membrane then di  uses across the 
epithelial cell/ cells within the gastrointestinal barrier 
to blood in the capillary network in the lamina 
propria. Upon reaching the blood, the drug will be 
rapidly distributed, so maintaining a much lower 
concentration than that at the absorption site. I  the 
cell membranes and f uid regions making up the 
gastrointestinal-blood barrier can be considered as a 
single membrane, then the stages involved in gas-
trointestinal absorption could be represented by the 
model shown in Figure 19.10.

Passive di  usion o  drugs across the gastrointes-
t inal-blood barrier can o ten be described mathe-
matically by Fick’s First Law o  Di  usion (see 
Chapter 2). When considered in the context o  bio-
availability, this indicates that  the rate o  di  usion 
across a membrane (dC/dt)  is proportional to the 
di  erence in concentration on each side o  that 

passage o  others. It  is permeable to amino acids, 
sugars,  atty acids and other nutrients and is imper-
meable to plasma proteins. The membrane can be 
viewed as a semipermeable lipoidal sieve, which 
allows the passage o  lipid-soluble molecules across 
it  and the passage o  water and small hydrophilic 
molecules through its numerous aqueous pores. In 
addition, there are a number o  transporter proteins 
or carrier molecules that  exist  in the membrane and 
which, with the help o  energy, transport materials 
back and  orth across it .

Mechanis ms .o .trans port.acros s . .
the .membrane
There are two main mechanisms o  drug trans-
port  across the gastrointestinal epithelium: trans-
cellular (i.e. across the cells) and paracellular (i.e. 
between the cells). The transcellular pathway is 
 urther divided into simple passive di  usion, carrier-
mediated transport (active transport  and  acilitated 
di  usion) and endocytosis. These pathways are 
illustrated in Figure 19.9.

Fig . 19.9 •  Mechanisms of permeability (absorptive). 
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Fig . 19.10 •  Diagrammatic representation of absorption via passive diffusion. 
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metabolism and excretion. In addition, the drug may 
bind to plasma proteins in the blood which will 
 urther lower the concentration o   ree (i.e. di  us-
ible) drug in the blood. Consequently, the blood acts 
as a ‘sink’  or absorbed drug and ensures that the 
concentration o  drug in the blood at the site o  
absorption is low in relation to that in the gastroin-
testinal f uids at the site o  absorption, i.e. Cg » C b. 
The ‘sink’ conditions provided by the systemic cir-
culation ensure that a large concentration gradient 
is maintained across the gastrointestinal membrane 
during the absorption process.

The passive absorption process is driven solely by 
the concentration gradient o  the di  usible species 
o  the drug that exists across the gastrointestinal-
blood barrier. Thus Equations 19.1 and 19.2 can be 
combined and written as:

 d  / d  gC  t  DAC
h

=  

(19.3)

and because  or a given membrane D, A  and h can 
be regarded as constants, Equation 19.3 becomes:

 d  / d  gC  t  kC=  
(19.4)

Equation 19.4 is an expression  or a  rst-order 
kinetic process (discussed in Chapter 7) and indi-
cates that  the rate o  passive absorption will be 
proportional to the concentration o  absorbable 
drug in solution in the gastrointestinal f uids at the 
site o  absorption and there ore that the gastrointes-
tinal absorption o  most drugs  ollows  rst-order 
kinetics.

It  has been assumed in this description that the drug 
exists solely in one single absorbable species. Many 
drugs, however, are weak electrolytes that  exist in 
aqueous solution as two species, namely the union-
ized species and the ionized species. Because it  is 
the unionized  orm o  a weak electrolyte drug that 
exhibits greater lipid solubility compared to 
the corresponding ionized  orm, the gastrointes-
tinal membrane is more permeable to the unionized 
species. Thus, the rate o  passive absorption o  a 
weak electrolyte is related to the  raction o  total 
drug that exists in the unionized  orm in solution in 
the gastrointestinal f uids at the site o  absorption. 
This  raction is determined by the dissociation con-
stant o  the drug (i.e. its pKa value) and by the pH 
o  the aqueous environment, in accordance with the 

membrane. There ore, the rate o  appearance o  
drug in the blood at  the absorption site is given by:

 d  / d  g  bC  t  k  C  C=  −(  )  
(19.1)

where dC/dt is the rate o  appearance o  drug in the 
blood at the site o  absorption, k is the proportional-
ity constant, C g is the concentration o  drug in solu-
tion in the gastrointestinal f uid at  the absorption 
site and C b is the concentration o  drug in the blood 
at the site o  absorption.

The proportionality constant k incorporates the 
di  usion coe  cient o  the drug in the gastrointes-
t inal membrane (D), and the thickness (h) and 
sur ace area o  the membrane (A).

 k  DA
h

=  

(19.2)

These equations indicate that the rate o  gastroin-
testinal absorption o  a drug by passive di  usion 
depends on the sur ace area o  the membrane that 
is available  or drug absorption. Thus the small intes-
tine, primarily the duodenum, is the major site o  
drug absorption, owing principally to the presence 
o  villi and microvilli which provide such a large 
sur ace area  or absorption (discussed earlier in this 
chapter).

Equation 19.1 also indicates that the rate o  drug 
absorption depends on a large concentration gradi-
ent o  drug exist ing across the gastrointestinal mem-
brane. This concentration gradient is inf uenced by 
the apparent partition coe  cients exhibited by the 
drug with respect to the gastrointestinal membrane-
f uid inter ace and the gastrointestinal membrane-
blood inter ace. It  is important that the drug has 
su  cient a  nity (solubility)  or the membrane 
phase so that it  can partit ion readily into the gas-
trointestinal membrane. In addition, a ter di  using 
across the membrane, the drug should exhibit su -
 cient solubility in the blood such that  it  can parti-
tion readily out o  the membrane phase into the 
blood.

On entering the blood in the capillary network in 
the lamina propria, the drug will be carried away 
 rom the site o  absorption by the rapidly circulating 
gastrointestinal blood supply. It  will then become 
diluted by distribution into a large volume o  blood 
(i.e. the systemic circulation), by distribution into 
body t issues and other f uids, and by subsequent 
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Active transport is a process whereby materials can 
be transported against a concentration gradient across 
a cell membrane, i.e. transport can occur  rom a 
region o  lower concentration to one o  higher con-
centration. There ore, active transport is an energy-
consuming process. The energy arises either  rom the 
hydrolysis o  ATP or  rom the transmembranous 
sodium gradient and/or electrical potential.

There are a large number o  carrier-mediated 
active transport systems or membrane transporters 
in the small intestine. These can be present either 
on the apical (brush border) or on the basolateral 
membrane. They include the peptide transporters, 
the nucleoside transporters, the sugar transporters, 
the bile acid transporters, the amino acid transport-
ers, the organic anion transporters and the vitamin 
transporters.

Many nutrients, such as amino acids, sugars, elec-
trolytes (e.g. sodium, potassium, calcium, iron, chlo-
ride, bicarbonate), vitamins (thiamine (B1), nicotinic 
acid, ribof avin (B2), pyroxidine (B6) and cobalamin 
(B12)) and bile salts, are actively transported. Each 
carrier system is generally concentrated in a speci c 
segment o  the gastrointestinal tract. The substance 
that is transported by that carrier will thus be 
absorbed pre erentially in the location o  highest 
carrier density. For example, the bile acid transport-
ers are only  ound in the lower part o  the small 
intestine, the ileum. Each carrier/ transporter has its 
own substrate speci city with respect to the chemi-
cal structure o  the substance that it  will transport. 
Some carriers/ transporters have broader speci city 
than others. Thus i  a drug structurally resembles a 
natural substance which is actively transported then 
the drug is also likely to be transported by the same 
carrier mechanism.

Henderson-Hasselbalch equations  or weak acids 
and bases (discussed in Chapter 3). The gastroin-
testinal absorption o  a weak electrolyte drug is 
enhanced when the pH at the site o  absorption 
 avours the  ormation o  a large  raction o  the 
drug in aqueous solution that is unionized. This 
 orms the basis o  the pH-partit ion hypothesis (see 
Chapter 20).

Carrier-mediated transport 
As already stated, the majority o  drugs are absorbed 
across cells (i.e. transcellularly) via passive di  usion. 
However, certain compounds and many nutrients 
are absorbed transcellularly by a carrier-mediated 
transport mechanism o  which there are two main 
types: active transport and facilitated diffusion or 
facilitated transport.

Active transport 
In contrast  to passive di  usion, active transport  
involves the active participation by the apical cell 
membrane o  the columnar absorption cells. A 
carrier or membrane transporter is responsible  or 
binding a drug and transporting it  across the mem-
brane by a process illustrated in Figure 19.11.

Carrier-mediated absorption is o ten explained 
by assuming a shuttling process across the epithelial 
membrane. The drug molecule or ion  orms a 
complex with the carrier/ transporter in the sur ace 
o  the apical cell membrane o  a columnar absorp-
tion cell. The drug-carrier complex then moves 
across the membrane and liberates the drug on the 
other side o  the membrane. The carrier (now  ree) 
returns to its initial position in the sur ace o  the cell 
membrane adjacent to the gastrointestinal tract to 
await the arrival o  another drug molecule or ion.

Fig . 19.11 •  Diagrammatic representation of active transport of a drug across a cell membrane. 
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carrier-mediated and passive transport processes. 
The contribution o  the carrier-mediated process to 
the overall absorption rate decreases with concen-
tration, and at a su  ciently high concentration is 
negligible.

In summary, active transport mechanisms:
•  must have a carrier molecule
•  must have a source o  energy
•  can be inhibited by metabolic inhibitors such as 

dinitrophenol
•  show temperature dependence
•  can be competitively inhibited by substrate 

analogues.

Active transport  also plays an important role in 
the intestinal, renal and biliary excretion o  many 
drugs.

Facilitated diffusion or transport 
This carrier-mediated process di  ers  rom active 
transport in that it  cannot transport a substance 
against a concentration gradient o  that substance. 
There ore,  acilitated di  usion does not require an 
energy input but does require a concentration gradi-
ent  or its driving  orce like passive di  usion. When 
substances are transported by  acilitated di  usion, 
they are transported down the concentration gradi-
ent but at a much  aster rate than would be antici-
pated based on the molecular size and polarity o  
the molecule. The process, like active transport, can 
be saturated and is subject to inhibition by competi-
tive inhibitors. In terms o  drug absorption,  acili-
tated di  usion seems to play a very minor role.

Endocytosis  
Endocytosis is the process by which the plasma 
membrane o  the cell invaginates and the invagina-
tions become pinched o  ,  orming small intracel-
lular membrane-bound vesicles that enclose a 
volume o  material. Thus, material can be trans-
ported into the cell. A ter invagination, the material 
is o ten trans erred to other vesicles or lysosomes 
and digested. Some material will escape digestion 
and migrate to the basolateral sur ace o  the cell 
where it  is exocytosed. This uptake process is energy 
dependent. Endocytosis can be  urther subdivided 
into  our main processes: f uid-phase endocytosis or 
pinocytosis; receptor-mediated endocytosis; phago-
cytosis; and transcytosis. Endocytosis is thought to 
be the primary mechanism o  transport o  macro-
molecules. The process and pathways o  endocytosis 
are complex.

Many peptide-like drugs, such as the penicillins, 
cephalosporins, angiotensin-converting enzyme (ACE) 
inhibitors and renin inhibitors, rely on the peptide 
transporters  or their e  cient absorption. Nucleo-
sides and their analogues  or antiviral and anticancer 
drugs depend on the nucleoside transporters  or 
their uptake. L-dopa (levodopa) and α -methyldopa 
are transported by the carrier-mediated process  or 
amino acids. L-dopa has a much  aster permeability 
rate than methyldopa, which has been attributed to 
the lower a  nity o  methyldopa  or the amino acid 
carrier.

Unlike passive absorption, where the rate o  
absorption is directly proportional to the concentra-
tion o  the absorbable species o  the drug at the 
absorption site, active transport proceeds at a rate 
that is proportional to the drug concentration only 
at low concentrations. At higher concentrations, the 
carrier mechanism becomes saturated and  urther 
increases in drug concentration will not increase the 
rate o  absorption, i.e. the rate o  absorption remains 
constant. Absorption rate-concentration relation-
ships  or active and passive processes are compared 
in Figure 19.12.

Competition between two similar substances  or 
the same trans er mechanism, and the inhibition 
o  absorption o  one or both compounds, are other 
characteristics o  carrier-mediated transport. Inhibi-
tion o  absorption may also be observed with 
agents that inter ere with cell metabolism. Some 
substances may be absorbed by simultaneous 

Fig . 19.12 •  Relationship between rate of absorption 
and concentration at the absorption site for active and 
passive processes. 
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The intercellular spaces occupy only about 0.01% 
o  the total sur ace area o  the epithelium. The 
t ightness o  these junctions can vary considerably 
between di  erent epithelia in the body. In general, 
absorptive epithelia, such as that o  the small intes-
t ine, tend to be leakier than other epithelia. The 
paracellular pathway decreases in importance down 
the length o  the gastrointestinal tract and as the 
number and size o  pores between the epithelial 
cells decrease.

The paracellular route o  absorption is important 
 or the transport o  ions such as calcium and  or the 
transport  o  sugars, amino acids and peptides at 
concentrations above the capacity o  their carriers. 
Small hydrophilic charged drugs that do not distrib-
ute into cell membranes cross the gastrointestinal 
epithelium via the paracellular pathway. The 
molecular weight cut-o    or the paracellular route 
is usually considered to be 200 Da, although some 
larger drugs have been shown to be absorbed via this 
route.

The paracellular pathway can be divided into con-
vective (‘solvent drag’) and di  usive components. 
The convective component is the rate at which the 
compound is carried across the epithelium via the 
water f ux.
In celiac disease there is an increase in intestinal 
permeability due to a ‘loosening’ o  the tight junc-
tions. An approach to improving the absorption o  
poorly permeable drugs is aimed at making the 
intestine more ‘leaky’ by opening up the tight 
junctions.

E f ux.o .drugs . rom.the .intes tine .
E f ux proteins or transporters that expel speci c 
drugs back into the lumen o  the gastrointestinal 
tract a ter they have been absorbed, can play a key 
role on the bioavailability o  drugs. One o  the 
key counter-transport  proteins is P-glycoprotein. 
P-glycoprotein is expressed at  high levels on the 
apical sur ace o  columnar cells (brush border mem-
brane) in the jejunum. It  is also present on the 
sur ace o  many other epithelia and endothelia in 
the body, and on the sur ace o  tumour cells. 
P-glycoprotein expression tends to be signi cantly 
higher in the small intestine than colon. 
P-glycoproteins were discovered because o  their 
ability to cause multidrug resistance in tumour cells 
by preventing the intracellular accumulation o  
many cytotoxic cancer drugs by pumping the drugs 
back out o  the tumours. Certain drugs with wide 

Pinocytosis  
Fluid-phase endocytosis or pino cytosis is the engul -
ment o  small droplets o  extracellular f uid by 
membrane vesicles. The cell will internalize material 
regardless o  its metabolic importance to that cell. 
The e  ciency o  this process is low. The  at-soluble 
vitamins A, D, E and K are absorbed via 
pinocytosis.

Receptor-mediated endocytosis  
Many cells within the body have receptors on their 
cell sur aces that are capable o  binding with suitable 
ligands to  orm ligand-receptor complexes. These 
complexes cluster on the cell sur ace and then 
invaginate and break o    rom the membrane to 
 orm coated vesicles. The binding process between 
the ligand and the receptor on the cell sur ace is 
thought to trigger a con ormational change in the 
membrane to allow this process to occur. Once 
within the cytoplasm o  the cell, the coated vesicles 
rapidly lose their coat and the resulting uncoated 
vesicles will promptly deliver their contents to early 
endosomes. Within the endosomes, the ligands 
usually dissociate  rom their receptors, many o  
which are then recycled to the plasma membrane. 
The dissociated ligands and solutes are next deliv-
ered to prelysosomes and  nally to lysosomes, the 
end-stage o  the endocytic pathway. Lysosomes are 
spherical or oval cell organelles surrounded by a 
single membrane. They contain digestive enzymes 
which break down bacteria and large molecules, 
such as proteins, polysaccharides and nucleic acids, 
which have entered the cell via endocytosis.

Phagocytosis  
Phagocytosis can be de ned as the engul ment by 
the cell membrane o  particles larger than 500 nm. 
This process is important  or the absorption o  polio 
and other vaccines  rom the gastrointestinal tract.

Transcytosis  
Transcytosis is the process by which the material 
internalized by the membrane domain is transported 
through the cell and secreted on the opposite side.

Parace llula r.pa thway.
The paracellular pathway di  ers  rom all the other 
absorption pathways as it  is the transport o  materi-
als in the aqueous pores between the cells rather 
than across them. The cells are joined together via 
closely  t t ing tight junctions on their apical side. 



 P A R T  F O U R  Biopharmac eutic al Princ iple s  o   Drug De live ry

3 12

o  substrate at a time. There are both passive and 
active uniporters  or example the glucose and nucle-
oside transporters which are driven by an electro-
chemical gradient and P-glycoproteins, the breast  
cancer resistance protein (BRRP), the multidrug 
resistance protein proteins (MRPs) and sodium, 
potassium and ATPase which are driven by ATP. In 
contrast , symporters and antiporters are active 
transporters which can move more than one type o  
substrate at once, usually a drug molecule and a 
metal ion. Symporters (or cotransporters) transport 
ions and substrates simultaneously in the same 
direction while antiporters (or counter transporters) 
simultaneously transport ions in one direction and 
substrates in the opposite direction. As the driving 
 orce  or symporters and antitransporters are voltage 
or ion gradients (usually sodium), they are also 
called ion-couple solute transporters, however as the 
driving  orce  or these transporters is voltage (H +) 
or sodium they can also be known as secondary 
active transporters. A number o  substrates can 
usually bind to a transporter and thus di  erent 
drugs can compete  or the same transporter. Thus, 
the transporter can be inhibited; competitively, 
non-competitively or uncompetit ively. Competitive 
inhibition occurs when both the substrate and inhib-
itor compete  or the same binding site. Non-
competit ive inhibition occurs when the inhibitor 
does not bind to the transporter active site but an 
allosteric site which lowers the a  nity o  the trans-
porter  or the substrate due to changing the con or-
mation o  the transporter. Uncompetit ive binding 
occurs when the inhibitor binds to the intermediate 
o  the substrate-transporter complex to terminate 
the translocation step.

In summary, drugs can be absorbed via passive 
di  usion and carrier mediated pathways. A drug can 
cross the intestinal epithelium via one pathway or a 
combination o  pathways. The relative contribution 
o  these pathways depends on the drug’s location 
within the gastrointestinal tract, the  ormulation 
and the physicochemical properties o  the drug 
which are discussed in Chapter 20. Table 19.2 sum-
marizes the main mechanisms o  drug transport 
across the gastrointestinal epithelia  or a number o  
commonly used drugs.

Presys temic metabolism

As well as having the ability to cross the gastrointes-
tinal membrane by one o  the routes described, 

structural diversity (Table 19.2) are susceptible to 
e f ux  rom the intestine via P-glycoprotein. Such 
e f ux may have a detrimental e  ect on drug bioa-
vailability. These countertransport e f ux proteins 
pump drugs out o  cells in a similar way to which 
nutrients, and drugs are actively absorbed across the 
gastrointestinal membrane. This process there ore 
requires energy, can work against a concentration 
gradient, can be competit ively inhibited by struc-
tural analogues or by inhibitors o  cell metabolism, 
and is a saturable process.

Trans porte rs .in.the .gas trointes tina l.trac t.
As discussed earlier in this chapter there are a 
number o  transporters in the gastro-intestinal tract. 
These can be classi ed as either e f ux or uptake (or 
inf ux) transporters depending on the direction o  
the transport. Both these transporters can be also 
classi ed as unitransporters, symporters and anti-
porters. Uniporters bind and transport only one type 

Table 19.2 Examples of transport mechanisms of 
commonly used drugs across the gastrointestinal 
absorptive epithelia

Route Examples Therapeutic class 

Transcellular 
passive di  usion

Propranalol
Testosterone
Ketopro en

β-blocker
Steroid
Non-steroidal 

anti-inf ammatory
Oestradiol
Naproxen

Sex hormone
Non-steroidal 

anti-inf ammatory

Paracellular  Cimetidine
Loperamide
Atenolol
Mannitol

H2 antagonist
Antidiarrhoeal
β-blocker
Sugar used as 

paracellular marker
Tiludronate  Bisphosphonate

Carrier mediated  Ce alexin
Captopril
Levodopa
Foscarnet

Antibacterial
ACE inhibitor
Dopaminergic
Antiviral

Transcellular 
di  usion subject 
to P-glycoprotein 
e f ux

Ciclosporin
Ni edipine
Verapamil

Immunosuppressant
Calcium channel blocker 

Calcium channel 
blocker

Paclitaxel
Digoxin

Anticancer
Cardiac glycoside
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First-pass metabolism can be avoided by drug 
administration to the mouth (buccal or sublingual; 
see Chapter 30) or to the rectum (see Chapter 42). 
The arrangement o  the blood vessels in these 
regions means that  absorbed drug does not pass 
through the liver  rst , prior to entering the systemic 
circulation.

Summary

There are many physiological  actors that inf uence 
the rate and extent o  drug absorption; these are 
init ially dependent on the route o  administration. 
For the oral route, the physiological and environ-
mental  actors o  the gastrointestinal tract, the gas-
trointestinal membrane and presystemic metabolism 
can all inf uence drug bioavailability.
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drugs also need to be resistant to degradation/
metabolism during this passage. All drugs that are 
absorbed  rom the stomach, small intestine and 
upper colon pass into the hepatic portal system and 
are presented to the liver be ore reaching the sys-
temic circulation. There ore, i  the drug is going to 
be available to the systemic circulation, it  must also 
be resistant to metabolism by the liver. Hence, an 
oral dose o  drug could be completely absorbed but 
incompletely available to the systemic circulation 
because o   rst-pass or presystemic metabolism by 
the gut wall and/ or liver.

Gut.wall.metabolis m
The gut walls contain a number o  metabolizing 
enzymes that can degrade drugs be ore they reach 
the systemic circulation. For example, the major 
cytochrome P450 enzyme CYP3A, present in the 
liver and responsible  or the hepatic metabolism o  
many drugs, is present in the intestinal mucosa and 
intestinal metabolism may be important  or sub-
strates o  this enzyme. This e  ect can also be known 
as  rst-pass metabolism by the intestine. CYP levels 
tend to be higher in the intestine than in the colon.

Hepatic .metabolis m
The liver is the primary site o  drug metabolism and 
thus acts as a  nal barrier  or oral absorption. The 
 rst  pass o  absorbed drug through the liver may 
result  in extensive metabolism o  the drug, and a 
signi cant portion may never reach the systemic 
circulation, resulting in a low bioavailability o  those 
drugs which are rapidly metabolized by the liver. 
The bioavailability o  a susceptible drug may be 
reduced to such an extent as to render the gastroin-
testinal route o  administration ine  ective, or to 
necessitate an oral dose which is many times larger 
than the intravenous dose, e.g. propranolol. Although 
propranolol is well absorbed, only about 30% o  an 
oral dose is available to the systemic circulation 
owing to the  rst-pass e  ect. The bioavailability o  
sustained-release propranolol is even less as the drug 
is presented via the hepatic portal vein more slowly 
than  rom an immediate-release dosage  orm, and 
the liver is there ore capable o  extracting and 
metabolizing a larger portion. Other drugs which are 
susceptible to a large  rst-pass e  ect are the choles-
terol lowering agent, atorvastatin, the anaesthetic 
lidocaine (lignocaine), the tricyclic antidepressant 
imipramines and diazepam and the analgesics pen-
tazocine and morphine.
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Introduc tion

As discussed in Chapter 19, the rate and extent o  
drug absorption are inf uenced by the physiological 
 actors associated with the structure and  unction o  
the gastrointestinal tract. This chapter discusses the 
physicochemical properties o  the drug and dosage 
 orm  actors that inf uence bioavailability. For a drug 
to be absorbed, it  needs to be in solution and to be 
able to pass across the membrane. In the case o  
orally administered drugs, this is the gastrointestinal 
epithelium. The physicochemical properties o  the 
drug that will inf uence its passage into solution and 
trans er across membranes include its dissolution 
rate, pKa, lipid solubility, chemical stability and 
complexation potential.

Phys ic oc he mic al  ac tors  
inf ue nc ing  bioavailability

Dissolution and solubility

Solid drugs need to dissolve be ore they can be 
absorbed. The dissolution o  drugs can be described 
by the Noyes–Whitney equation (Eqn 20.1). This 
equation,  rst  proposed in 1897, describes the rate 
o  di  usion o  solute through boundary layers sur-
rounding a dissolving spherical particle. When the 
dissolution process is di  usion controlled and 
involves no chemical reaction then this also equates 
to the rate o  dissolution:

20 Bioavailability – phys icochemical and 
dos age   orm  ac tors

Marianne Ash ord

KE Y P O IN TS

•  There are a number o   actors  inf uencing the 
bioavailability o  a  drug; these include properties  
o  the drug itsel  and properties  o  the dosage 
 orm in which the drug is  adminis tered 

•  Important drug properties  are solubility and 
dissolution rate and these can be inf uenced  
by the pH and environment in which a drug 
dissolves  and the sur ace area o  the drug 

•  Lipid solubility and the drug dissociation a  ect 
drug absorption 

•  Drugs  need to dissolve be ore they are 
absorbed 

•  The type o  dosage  orm and choice o  
excipients  within the dosage  orm a  ect the 
dissolution and hence bioavailability o  a drug 
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 d  / d  sm  t  DA C  C
h

=  −(  )  

(20.1)

where dm/dt is the rate o  dissolution o  the drug 
particles, D is the di  usion coe  cient o  the drug 
in solution in the gastrointestinal f uids, A  is the 
e  ective sur ace area o  the drug particles in contact 
with the gastrointestinal f uids, h is the thickness o  
the di  usion layer around each drug particle, C s 
is the saturation solubility o  the drug in solution in 
the di  usion layer and C  is the concentration o  the 
drug in the gastrointestinal f uids.

More detail regarding Noyes–Whitney equation 
and its limitations in describing the dissolution o  
drug particles are outlined in Chapter 2. Despite 

Table 20.1 Physicochemical and physiological factors affecting drug dissolution in the gastrointestinal tract 
(adapted from Dressman et al 1998)

Factor Physicochemical parameter Physiological parameter

Effective surface area of drug Particle size, wettability Surfactants in gastric juice and bile. pH, buffer capacity, 
bile, food components

Solubility in diffusion layer Hydrophilicity, crystal structure

Amount of drug already dissolved Solubilization Permeability, transit

Diffusivity of drug Molecular size Viscosity of luminal contents

Boundary layer thickness Motility patterns and  ow rate

Volume of solvent available Gastrointestinal secretions, co-administered  uids

Fig . 20.1 •  Schematic representation o  the dissolution o  a drug particle in the gastrointestinal fuids. 

these limitations, the equation serves to illustrate 
and explain how various physicochemical and physi-
ological  actors can inf uence the rate o  dissolution 
in the gastrointestinal tract. These are summarized 
in Table 20.1 and are discussed in more detail in the 
next section.

Figure 20.1 illustrates the dissolution o  a spheri-
cal drug particle in the gastrointestinal f uids.

Phys iologica l. ac tors .a   ec ting..
the .d is s olution.ra te .o .d rugs
The environment o  the gastrointestinal tract  can 
a  ect the parameters o  the Noyes–Whitney equa-
tion (Eqn 20.1) and hence the dissolution rate o  a 
drug. For instance, the di  usion coe  cient, D, o  
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Sur  a ce a rea  a nd pa r ticle size. According to 
Equation 20.1, an increase in the total sur ace area 
o  drug in contact  with the gastrointestinal f uids 
will cause an increase in dissolution rate. Provided 
that each particle o  drug is intimately wetted by 
the gastrointestinal f uids, the e  ective sur ace area 
exhibited by the drug will be inversely related to the 
particle size o  the drug. Hence the smaller the 
particle size, the greater the e  ective sur ace area 
exhibited by a given mass o  drug and the higher the 
dissolution rate. Particle size reduction is thus likely 
to result  in increased bioavailability, provided that 
the absorption o  the drug is dissolution rate limited.

One o  the classic examples o  particle size e  ects 
on the bioavailability o  poorly soluble compounds 
is that o  griseo ulvin, where a reduction o  particle 
size  rom about 10 µm (speci c sur ace area = 
0.4 m2 g−1) to 2.7 µm (speci c sur ace area = 
1.5 m2 g−1) was shown to produce approximately 
double the amount o  drug absorbed in humans. 
Many poorly soluble, slowly dissolving drugs are rou-
tinely presented in micronized  orm to increase 
their sur ace area.

Examples o  drugs where a reduction in particle 
size has been shown to improve the rate and extent 
o  oral absorption and hence bioavailability are 
shown in Table 20.2. Such improvements in bioavail-
ability can result in an increased incidence o  side-
e  ects; thus  or certain drugs it  is important that 
the particle size is well controlled, and many phar-
macopoeias state a requirement  or particle size.

For some drugs, particularly those that are hydro-
phobic in nature, micronization and other dry parti-
cle size reduction techniques can result in aggregation 
o  the material. This will cause a consequent reduc-
tion in the e  ective sur ace area o  the drug exposed 
to the gastrointestinal f uids and hence a reduction 
in its dissolution rate and bioavailability. Aspirin, 
phenacetin and phenobarbital are all prone to aggre-
gation during particle size reduction. One approach 
that may overcome this problem is to micronize or 
mill the drug with a wetting agent or hydrophilic 
carrier. To overcome aggregation and to achieve par-
ticle sizes in the nano-size region, wet milling in the 
presence o  stabilizers has been used. The relative 
bioavailability o  danazol has been increased 400% 
by administering particles in the nanometre rather 
than the micrometre size range.

There are now several specialized drug delivery 
companies who can produce solid dosage  orms with 
the drug stabilized in the nano-size range to a  ord 
greater bioavailaility. Examples o  commercialized 

the drug in the gastrointestinal f uids may be 
decreased by the presence o  substances that 
increase the viscosity o  the f uids. Hence the pres-
ence o   ood in the gastrointestinal tract may cause 
a decrease in drug dissolution rate by reducing the 
rate o  di  usion o  the drug molecules away  rom 
the di  usion layer surrounding each undissolved 
drug particle. Sur actants in gastric juice and bile 
salts will a  ect both the wettability o  the drug, and 
hence its e  ective sur ace area, A, exposed to gas-
trointestinal f uids, and the solubility o  the drug in 
the gastrointestinal f uids via micellization. The 
thickness o  the di  usion layer, h, will be inf uenced 
by the degree o  agitation experienced by each drug 
particle in the gastrointestinal tract. Hence, an 
increase in gastric and/ or intestinal motility may 
increase the dissolution rate o  a sparingly soluble 
drug by decreasing the thickness o  the di  usion 
layer around each drug particle.

The concentration o  drug in solution in the bulk 
o  the gastrointestinal f uids, C , will be inf uenced 
by such  actors as the rate o  removal o  dissolved 
drug by absorption through the gastrointestinal-
blood barrier and by the volume o  f uid available 
 or dissolution, which in turn will be dependent on 
the location o  the drug in the gastrointestinal tract 
and the timing with respect to meal intake. In the 
stomach, the volume o  f uid will be inf uenced by 
the intake o  f uid in the diet. According to the 
Noyes–Whitney equation, a low value o  C  will 
 avour more rapid dissolution o  the drug by virtue 
o  increasing the value o  the term (C s − C ). In the 
case o  drugs whose absorption is dissolution-rate 
limited, the value o  C  is normally kept very low by 
absorption o  the drug. Hence dissolution occurs 
under sink conditions; that is, under conditions such 
that the value o  (C s − C) approximates to C s. Thus 
 or the dissolution o  a drug in the gastrointestinal 
tract  under sink conditions, the Noyes–Whitney 
equation can be expressed as:

 d  / d  sm  t  DAC
h

=  

(20.2)

Drug. ac tors .a   ec ting.d is s olution.ra te
Drug  actors that can inf uence the dissolution rate 
are the particle size, the wettability, the solubility 
and the  orm o  the drug (whether a salt  or a  ree 
 orm).
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the wetting and solvent penetration o  the particles 
and by minimizing aggregation o  suspended parti-
cles, thereby maintaining a large e  ective sur ace 
area. Wettability e  ects are highly drug speci c; 
however wetting agents are routinely added to many 
 ormulations.

I  an increase in the e  ective sur ace area o  a 
drug does not increase its absorption rate, it  is likely 
that  the dissolution process is not rate limiting. For 
drugs such as penicillin G  and erythromycin, which 
are unstable in gastric f uids, their chemical degrada-
tion will be minimized i  they remain in the solid 
state. Thus, particle size reduction would not only 
serve to increase their dissolution rate but would 
simultaneously increase chemical degradation and 
there ore reduce the amount o  intact  drug available 
 or absorption.

Solubility in the di  usion la yer, Cs. The dissolu-
tion rate o  a drug under sink conditions, according 
to the Noyes–Whitney equation (Eqn 20.2), is 
directly proportional to its intrinsic solubility in the 
di  usion layer surrounding each dissolving drug par-
ticle, C s. The aqueous solubility o  a drug is depend-
ent on the interactions between molecules within the 
crystal lattice, intermolecular interactions with the 
solution in which it is dissolving, and the entropy 
changes associated with  usion and dissolution. In the 
case o  drugs that are weak electrolytes, their aqueous 
solubility is dependent on pH (as discussed in Chapter 
2). Hence in the case o  an orally administered solid 
dosage  orm containing a weak electrolyte drug, the 
dissolution rate o  the drug will be inf uenced by its 
solubility and the pH in the di  usion layer surround-
ing each dissolving drug particle. The pH in the di -
 usion layer – the microclimate pH –  or a weak 
electrolyte will be a  ected by the pKa and solubility 
o  the dissolving drug and the pKa and solubility o  
the bu  ers in the bulk gastrointestinal f uids. Thus 
di  erences in dissolution rate will be expected in 
di  erent regions o  the gastrointestinal tract.

The solubility o  weakly acidic drugs increases 
with pH and so as a drug moves down the gastroin-
testinal tract  rom the stomach to the intestine, its 
solubility will increase. Conversely, the solubility o  
weak bases decreases with increasing pH, i.e. as the 
drug moves down the gastrointestinal tract. It  is 
important there ore  or poorly soluble weak bases 
to dissolve rapidly in the stomach, as the rate o  
dissolution in the small intestine will be much 
slower. The anti ungal drug ketoconazole, a weak 
base, is particularly sensit ive to gastric pH. Dosing 

products are the immunosuppressant Rapamune®, 
the anti-emetic Emend® and the lipid regulating 
agent TriCor® containing  eno brate. Megace® ES 
is an oral nano-suspension o  megestrol acetate  or 
the treatment o  appetite loss, severe malnutrition, 
or unexplained signi cant weight loss in AIDS 
patients. It  is a re ormulation o  the oral suspension 
using Nanocrystal® technology to improve the dis-
solution rate, absorption rate and bioavailability o  
the original  ormulation. The  ormulation is less 
viscous and allows a quarter o  the volume to be 
dosed, thus aiding patient swallowing and 
compliance.

As well as milling with wetting agents, the e  ec-
tive sur ace area o  hydrophobic drugs can be 
increased by the addition o  a wetting agent to the 
 ormulation. The presence o  polysorbate 80 in a 
 ne suspension o  phenacetin (particle size less than 
75 µm) greatly improved the rate and extent o  
absorption o  the phenacetin in human volunteers 
compared to the same-size suspension without a 
wetting agent. Polysorbate 80 helps by increasing 

Table 20.2 Examples of drugs where a reduction in 
particle size has led to improvements in bioavailability

Drug Therapeutic class

Digoxin Cardiac glycoside

Nitrofurantoin Antifungal

Medroxyprogesterone Hormone acetate

Danazol Steroid

Tolbutamide Antidiabetic

Aspirin Analgesic

Sulfadiazine Antibacterial

Naproxen Non-steroidal anti-in ammatory

Ibuprofen Non-steroidal anti-in ammatory

Phenacetin Analgesic

Griseofulvin Antifungal

Feno brate Lipid regulating agent

Megestrol acetate Apetite loss

Aprepitant Anti-emetic

Rapamycin Immunosuppressant

Lapinovir/ritonavir HIV protease inhibitors
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more rapidly in gastric and intestinal f uids than do 
the  ree bases (e.g. chlorpromazine). The presence 
o  strongly acidic anions (e.g. Cl− ions) in the di  u-
sion layer around each drug particle ensures that  the 
pH in that layer is lower than the bulk pH in either 
the gastric or the intestinal f uid. This lower pH will 
increase the solubility o  the drug in the di  usion 
layer.

The oral administration o  a salt   orm o  a weakly 
basic drug in a solid oral dosage  orm generally 
ensures that dissolution occurs in the gastric f uid 
be ore the drug passes into the small intestine where 
pH conditions are un avourable. Thus the drug 
should be delivered to the major absorption site, 
the small intestine, in solution. I  absorption is 
 ast enough, precipitation o  the dissolved drug is 
unlikely to signi cantly a  ect bioavailability. It  is 
important to be aware that  hydrochloride salts may 
experience a common ion e  ect owing to the pres-
ence o  chloride ions in the stomach (also discussed 
in Chapter 2). The in vitro dissolution o  a sul ate 
salt  o  an HIV protease inhibitor analogue is signi -
cantly greater in hydrochloric acid than that o  
the hydrochloride salt . The bioavailability o  the 
sul ate salt  is more than three times greater than 
that o  the hydrochloride salt . These observations 
are attributed to the common ion e  ect o  the 
hydrochloride.

The sodium salts o  acidic drugs and the hydro-
chloride salts o  basic drugs are by  ar the most 
common. However, many other salt   orms are 
increasingly being employed (there is  urther in or-
mation in Chapter 23). Some salts have a lower 
solubility and dissolution rate than the  ree  orm, 
 or example aluminium salts o  weak acids and pal-
moate salts o  weak bases. In these cases, insoluble 
 lms o  either aluminium hydroxide or palmoic acid 
are  ound to coat the dissolving solids when the salts 
are exposed to a basic or an acidic environment, 
respectively. In general, poorly soluble salts delay 
absorption and may there ore be used to sustain the 
release o  the drug. A poorly soluble salt   orm is 
generally employed  or suspension dosage  orms.

Although salt   orms are o ten selected to improve 
bioavailability, other  actors such as chemical stabil-
ity, hygroscopicity, manu acturability and crystallin-
ity will all be considered during salt  selection and 
may preclude the choice o  a particular salt . The 
sodium salt  o  aspirin, sodium acetylsalicylate, is 
much more prone to hydrolysis than is aspirin, ace-
tylsalicylic acid, itsel . One way to overcome chemi-
cal instabilities or other undesirable  eatures o  salts 

ketoconazole 2 hours a ter the administration o  the 
H 2 blocker cimetidine, which reduces gastric acid 
secretion, results in a signi cantly reduced rate and 
extent o  absorption Similarly, in the case o  the 
antiplatelet  drug dipyrimidole, pretreatment with 
the H 2 blocker  amotidine reduces the peak plasma 
concentration by a  actor o  up to 10.
Sa lts. The solubility o  a weakly acidic drug in 
gastric f uid (pH 1–3.5) will be relatively low 
however it  will be much greater in the higher pH o  
the intestine. The sodium salt  o  a weak acid will 
dissociate as shown:

 DX  D  X�  +  
(20.3)

where D is the drug and X is the counter ion. The 
concentrations o  the drug multiplied by the counter 
ion concentration at  any pH will give the solubility 
product Ksp, i.e.:

 Ksp  D  X= [  ][  ]  
(20.4)

The pH solubility pro le o  a weak acid in the 
presence o  counterions depends on the solubility 
product o  the ionized drug and its counter-ions and 
is depicted  or both a weak acid and a weak base.

Many examples can be  ound o  the e  ects o  
salts improving the rate and extent o  absorption. 
The dissolution rate o  the oral hypoglycaemic drug, 
tolbutamide sodium in 0.1 M HC1 is 5000 times 
 aster than that o  the  ree acid. Oral administration 
o  a non-disintegrating disc o  the more rapidly dis-
solving sodium salt  o  tolbutamide produces a very 
rapid decrease in blood sugar level (a consequence 
o  the rapid rate o  drug absorption),  ollowed by a 
rapid recovery. In contrast, a non-disintegrating disc 
o  the tolbutamide  ree acid produces a much slower 
rate o  decrease o  blood sugar (a consequence o  
the slower rate o  drug absorption) that  is main-
tained over a longer period o  t ime. The barbiturates 
are o ten administered in the  orm o  sodium salts 
to achieve a rapid onset o  sedation and provide 
more predictable e  ects.

The non-steroidal anti-inf ammatory drug 
naproxen was originally marketed as the  ree acid 
 or the treatment o  rheumatoid and osteoarthritis. 
However, the sodium salt  (naproxen sodium) is 
absorbed  aster, due to  aster dissolution o  the 
dosage  rom, and hence is more e  ective, and thus 
has now largely replaced the  ree  orm. Conversely, 
strongly acidic salt   orms o  weakly basic drugs,  or 
example chlorpromazine hydrochloride, dissolve 
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Amorphous solids 
In addition to di  erent polymorphic crystalline 
 orms, a drug may exist in an amorphous  orm 
(see Chapter 8). Because the amorphous  orm 
usually dissolves more rapidly than the correspond-
ing crystalline  orm(s), the possibility exists that 
there will be signi cant di  erences in the bioavail-
abilit ies exhibited by the amorphous and crystalline 
 orms o  drugs that show dissolution rate-limited 
bioavailability.

A classic example o  the inf uence o  amorphous 
versus crystalline  orms o  a drug on its gastrointes-
t inal bioavailability is provided by the antibiotic 
novobiocin. The more soluble and rapidly dissolving 
amorphous  orm o  novobiocin was readily absorbed 
 ollowing oral administration o  an aqueous suspen-
sion. However, the less soluble and slower dissolving 
crystalline  orm was not absorbed to any signi cant 
extent. The crystalline  orm was thus therapeuti-
cally ine  ective. A  urther important observation 
was made in the case o  aqueous suspensions o  
novobiocin. The amorphous  orm slowly converts to 
the more thermodynamically stable crystalline  orm, 
with an accompanying loss o  therapeutic e  ective-
ness. Thus, unless adequate precautions are taken to 
ensure the stability o  the less stable, more thera-
peutically e  ective amorphous  orm o  a drug in a 
dosage  orm, then unacceptable variations in thera-
peutic e  ectiveness may occur.

Several delivery technologies  or poorly soluble 
drugs rely on stabilizing the drug in its amorphous 
 orm to increase its dissolution and bioavailability. 
An example o  this is Kaletra® which is a combina-
tion tablet o  the protease inhibitors lopinavir and 
ritinovir used  or HIV in ection, in combination 
with other antiretroviral drugs. These drugs are sta-
bilized in their amorphous  orm by a polymer, 
copovidone,  ollowing melt extrusion o  the drug 
with the polymer. The tablets provide a signi cant 
improvement in bioavailability and variability such 
that  two medium sized tablets are equivalent to 
three large capsules o  the old  ormulation.

Solvates 
Another variation in the crystalline  orm o  a drug 
can occur i  the drug is able to associate with solvent 
molecules to produce crystalline  orms known as 
solvates (discussed  urther in Chapter 8). When 
water is the solvent, the solvate  ormed is called a 
hydrate. G enerally, the greater the solvation o  the 
crystal, the lower is the solubility and dissolution 

is to  orm the salt  in situ or to add basic/ acidic 
excipients to the  ormulation o  a weakly acidic or 
weakly basic drug. The presence o  the basic excipi-
ents in the  ormulation o  acidic drugs ensures that 
a relatively basic di  usion layer is  ormed around 
each dissolving particle. The inclusion o  the basic 
ingredients aluminium dihydroxyaminoacetate and 
magnesium carbonate in aspirin tablets was  ound to 
increase their dissolution rate and bioavailability.

Crys ta l.  orm
Polymorphism 
Many drugs can exist in more than one crystalline 
 orm. This property is re erred to as polymorphism 
and each crystalline  orm is known as a polymorph 
(discussed  urther in Chapter 8). As discussed in 
Chapters 2 and 8, a metastable polymorph usually 
exhibits a greater dissolution rate than the corre-
sponding stable polymorph. Consequently, the 
metastable polymorphic  orm o  a poorly soluble 
drug may exhibit an increased bioavailability com-
pared to the stable polymorphic  orm.

A classic example o  the inf uence o  polymor-
phism on drug bioavailability is provided by chlo-
ramphenicol palmitate. This drug exists in three 
crystalline  orms designated A, B and C. At normal 
temperature and pressure, A is the stable poly-
morph, B is the metastable polymorph and C is the 
unstable polymorph. Polymorph C is too unstable to 
be included in a dosage  orm but polymorph B, the 
metastable  orm, is su  ciently stable. The plasma 
pro les o  chloramphenicol  rom orally adminis-
tered suspensions containing varying proportions 
o  the polymorphic  orms A and B were investi-
gated. The extent o  absorption o  chloramphenicol 
increases as the proportion o  the polymorphic  orm 
B o  chloramphenicol palmitate is increased in each 
suspension. This was attributed to the more rapid 
in vivo rate o  dissolution o  the metastable poly-
morphic  orm, B, o  chloramphenicol palmitate. 
Following dissolution, chloramphenicol palmitate is 
hydrolysed to give  ree chloramphenicol in solution, 
which is then absorbed. The stable polymorphic 
 orm A o  chloramphenicol palmitate dissolves 
so slowly and consequently is hydrolysed so slowly 
to chloramphenicol in vivo that this polymorph 
is virtually ine  ective. The importance o  poly-
morphism to the gastrointestinal bioavailability o  
chloramphenicol palmitate is ref ected by a limit 
being placed on the content o  the inactive polymor-
phic  orm A, in chloramphenicol palmitate mixture.
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and polyethylene glycol 4000. Complexation 
between drugs and excipients probably occurs quite 
o ten in liquid dosage  orms and may be bene cial 
to the physical stability o  the dosage  orm.

Complexation is sometimes used to increase drug 
solubility, particularly o  poorly water-soluble drugs. 
One class o  complexing agents that is increasingly 
being employed is the cyclodextrin  amily (see 
Chapter 24). Cyclodextrins are enzymatically 
modi ed starches composed o  glucopyranose units 
which  orm a ring o  either six (α -cyclodextrin), 
seven (β-cyclodextrin) or eight (γ-cyclodextrin) 
units. The outer sur ace o  the ring is hydrophilic 
and the inner cavity is hydrophobic. Lipophilic 
molecules can  t  into the ring to  orm soluble 
inclusion complexes. The ring o  β-cyclodextrin is 
the correct size  or the majority o  drug molecules, 
and normally one drug molecule will associate with 
one cyclodextrin molecule to  orm reversible com-
plexes, although other stoichiometries are possible. 
For example, the anti ungal miconazole shows poor 
oral bioavailability owing to its poor solubility, but 
in the presence o  cyclodextrin, the solubility and 
dissolution rate o  miconazole are signi cantly 
enhanced (by up to 55– and 255– old, respectively). 
This enhancement o  dissolution rate resulted in a 
more than doubling o  the oral bioavailability in a 
study in rats. There are numerous examples in the 
literature o  drugs whose solubility, and hence bio-
availability, have been increased by the use o  cyclo-
dextrins: they include piroxicam, itraconazole, 
indometacin, pilocarpine, naproxen, hydrocortisone, 
diazepam and digitoxin. The  rst  product on the UK 
market containing a cyclodextrin includes the poorly 
soluble anti ungal itraconazole, which has been  or-
mulated as a liquid dosage  orm with the more 
soluble derivative o  β-cyclodextrin, hydroxypropyl-
β-cyclodextrin.

Micella r  solubiliza tion. Micellar solubilization 
can also increase the solubility o  drugs in the gas-
trointestinal tract. The ability o  bile salts to solubi-
lize drugs depends mainly on the lipophilicity o  
the drug. Further in ormation on solubilization and 
complex  ormation can be  ound in Chapter 5 and 
in Florence & Attwood (2011).

Adsorption. The concurrent administration o  
drugs and medicines containing solid adsorbents 
(e.g. antidiarrhoeal mixtures) may result  in the 
adsorbents inter ering with the absorption o  drugs 
 rom the gastrointestinal tract. The adsorption o  a 
drug onto solid adsorbents such as kaolin or charcoal 

rate in a solvent identical to the solvation molecules. 
As the solvated and non-solvated  orms usually 
exhibit di  erences in dissolution rates, they may 
also exhibit di  erences in bioavailability, particularly 
in the case o  poorly soluble drugs that exhibit  dis-
solution rate-limited bioavailability.

An example is that o  the antibiotic ampicillin. 
The  aster dissolving anhydrous  orm o  ampicillin 
is absorbed to a greater extent  rom both hard 
gelatin capsules and an aqueous suspension than is 
the slower dissolving trihydrate  orm. The anhy-
drous  orm o  the hydrochloride salt  o  a protease 
inhibitor, an analogue o  indinavir, has a much  aster 
dissolution rate than the hydrated  orm in water. 
This is ref ected in a signi cantly greater rate and 
extent o  absorption and a more than doubling o  
the bioavailability o  the anhydrous  orm.

Fac tors .a   ec ting.the .concentra tion..
o .d rug.in.s olution.in.the ..
gas trointes tina l.f uids
The rate and extent o  absorption o  a drug depend 
on the e  ective concentration o  that  drug, i.e. 
the concentration o  drug in solution in the gastroin-
testinal f uids, which is in an absorbable  orm. 
Complexation, micellar solubilization, adsorption 
and chemical stability are the principal physico-
chemical properties that can inf uence the e  ective 
drug concentration in the gastrointestinal f uids.
Complexa tion. Complexation o  a drug may occur 
within the dosage  orm and/ or in the gastrointestinal 
f uids, and can be bene cial or detrimental to 
absorption.

Mucin which is present in gastrointestinal f uids 
 orms complexes with some drugs. The antibiotic 
streptomycin binds to mucin, thereby reducing the 
available concentration o  the drug  or absorption. 
It  is thought that this may contribute to its poor 
bioavailability. Another example o  complexation is 
that between drugs and dietary components, as in 
the case o  the tetracyclines, which is discussed in 
Chapter 19.

The bioavailability o  some drugs can be reduced 
by the presence o  some excipients within its 
dosage  orm. The presence o  calcium (e.g.  rom the 
diluent dicalcium phosphate) in the dosage  orm 
o  tetracycline reduces its bioavailability via the 
 ormation o  a poorly soluble complex. Other exam-
ples o  complexes that reduce drug bioavailability 
are those between amphetamine and sodium car-
boxymethylcellulose, and between phenobarbital 
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f uid but once in the small intestine, liberate the 
parent drug to be absorbed. For instance, erythro-
mycin stearate, a ter passing through the stomach 
undissolved, dissolves and dissociates in the intesti-
nal f uid, yielding the  ree base erythromycin that is 
absorbed.

The proton pump inhibitors omeprazole and 
esomeprazole are acid labile and are there ore  or-
mulated in a multi-unit gastro-resistant coated pel-
leted system. Instability in gastrointestinal f uids is 
one o  the reasons why many peptide-like drugs are 
poorly absorbed when delivered via the oral route.

Poorly.s olub le .d rugs
Poorly water-soluble drugs present a problem in 
terms o  obtaining the satis actory dissolution within 
the gastrointestinal tract that is necessary  or good 
bioavailability. It  is not only existing drugs that  cause 
problems but it  is the challenge o  medicinal chem-
ists to ensure that  new drugs are not only active 
pharmacologically but also have su  cient solubility 
to ensure  ast enough dissolution at the site o  
administration, o ten the gastrointestinal tract. This 
is a particular problem  or certain classes o  drugs, 
such as the HIV protease inhibitors, many antiin ec-
tive drugs and anticancer drugs where the targets 
are very lipophilic and thus designing potency 
and water solubility are challenging. Medicinal 
chemists are using approaches such as introducing 
ionizable groups, reducing melting points, changing 
polymorphs or introducing prodrugs to improve 
solubility.

Pharmaceutical scientists, as alluded to in earlier 
parts o  this chapter, are also applying a wide range 
o   ormulation approaches to improve the dissolution 
rate o  poorly soluble drugs. These include  ormulat-
ing in the nano-size range,  ormulating in a solid solu-
tion or dispersion or sel -emulsi ying drug delivery 
system, stabilizing the drug in the amorphous  orm 
or  ormulating with cyclodextrins. Many drug deliv-
ery companies thrive on technologies designed to 
improve the delivery o  poorly soluble drugs.

Drug absorption

Once the drug has success ully passed into solution, 
it  is available  or absorption. In Chapter 19, many 
physiological  actors were described that inf uence 
drug absorption. Absorption, and hence the bioavail-
ability o  a drug once in solution, is also inf uenced 
by many drug  actors, in particular the pKa and 

may reduce its rate and/ or extent o  absorption 
owing to a decrease in the e  ective concentration 
o  the drug in solution available  or absorption. A 
consequence o  the reduced concentration o   ree 
drug in solution at the site o  absorption will be a 
reduction in the rate o  drug absorption. Whether 
there is also a reduction in extent o  absorption will 
depend on whether the drug-adsorbent interaction 
is readily reversible. I  the absorbed drug is not 
readily released  rom the solid adsorbent in order to 
replace the  ree drug that has been absorbed  rom 
the gastrointestinal tract , there will also be a reduc-
tion in the extent o  absorption  rom the gastroin-
testinal tract.

An example o  a drug-adsorbent interaction that 
gives reduced extent o  absorption is promazine-
charcoal. The adsorbent properties o  charcoal have 
been exploited as an antidote to orally administered 
drug overdoses.

Care also needs to be taken when insoluble excip-
ients are included in dosage  orms to ensure that the 
drug will not adsorb to them. Talc, which can be 
included in tablets as a glidant, is claimed to inter-
 ere with the absorption o  cyanocobalamin by 
virtue o  its ability to adsorb this vitamin.

Chemica l sta bility o  the drug in the ga stroin-
testina l f uids. I  the drug is unstable in the gas-
trointestinal f uids, the amount o  drug that  is 
available  or absorption will be reduced as will its 
bioavailability. Instability in gastrointestinal f uids is 
usually caused by acidic or enzymatic hydrolysis. 
When a drug is unstable in gastric f uid, its extent 
o  degradation will be minimized (and hence its 
bioavailability improved) i  it  remains in the solid 
state in gastric f uid and dissolves only in intestinal 
f uid.

The concept o  delaying the dissolution o  a drug 
until it  reaches the small intestine has been employed 
to improve the bioavailability o  erythromycin in the 
gastrointestinal tract . G astro-resistant coating o  
tablets containing the  ree base erythromycin has 
been used to protect the drug  rom gastric f uid. The 
gastro-resistant coating resists gastric f uid but dis-
rupts or dissolves at the less acid pH range o  the 
small intestine (discussed later in this chapter and 
in Chapters 31 and 32). An alternative method o  
protecting a susceptible drug  rom gastric f uid, 
which has been employed  or erythromycin, is the 
administration o  chemical derivatives o  the parent 
drug. These derivatives, or prodrugs, exhibit  limited 
solubility (and hence minimal dissolution) in gastric 
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are the respective concentrations o  the unionized 
and ionized  orms o  the weakly acidic drug, which 
are in equilibrium and in solution in the gastrointes-
tinal f uid. pH re ers to the pH o  the environment 
o  the ionized and unionized species, i.e. the gas-
trointestinal f uids.

For a weakly basic drug possessing a single ioniz-
able group (e.g. chlorpromazine, erythromycin, 
morphine), the analogous equation is:

 log[  ]
[  ]

BH
B

 p  pHa

+

=  −K  

(20.6)

This is a slightly rearranged  orm o  Equation 3.19 
where [BH +] and [B] are the respective concentra-
tions o  the ionized and unionized  orms o  the weak 
basic drug, which are in equilibrium and in solution 
in the gastrointestinal f uids.

There ore, according to these equations, a weakly 
acidic drug, pKa 3.0, will be predominantly (98.4%) 
unionized in gastric f uid at pH 1.2 and almost 
totally (99.98%) ionized in intestinal f uid at pH 
6.8, whereas a weakly basic drug, pKa 5, will be 
almost entirely (99.98%) ionized at gastric pH o  1.2 
and predominantly (98.4%) unionized at intestinal 
pH o  6.8. This means that, according to the 
pH-partition hypothesis, a weakly acidic drug is 
more likely to be absorbed  rom the stomach where 
it  is unionized and a weakly basic drug  rom the 
intestine where it  is predominantly unionized. 
However, in practice, very lit t le absorption occurs 
in the stomach and many other  actors need to be 
taken into consideration.
Limita tions o  the pH-pa r tition hypothesis. The 
extent to which a drug exists in its unionized  orm 
is not the only  actor determining the rate and 
extent o  absorption o  a drug molecule  rom the 
gastrointestinal tract . Despite their high degree o  
ionization, weak acids are still quite well absorbed 
 rom the small intestine. In  act, the rate o  intesti-
nal absorption o  a weak acid is o ten higher than its 
rate o  absorption in the stomach, even though the 
drug is unionized in the stomach. The signi cantly 
larger sur ace area that is available  or absorption in 
the small intestine more than compensates  or the 
high degree o  ionization o  weakly acidic drugs at  
intestinal pH values. In addition, a longer small 
intestinal residence time and a microclimate pH 
(that exists at the sur ace o  the intestinal mucosa 
and is lower than that o  the luminal pH o  the small 

hence charge, lipid solubility, molecular weight, the 
number o  hydrogen bonds in the molecule and its 
chemical stability.

Drug.d is s oc ia tion.and .lip id .s olubility
The dissociation constant and lipid solubility o  a 
drug and the pH at the absorption site o ten inf u-
ence the absorption characteristics o  a drug through-
out the gastrointestinal tract . The interrelationship 
between the degree o  ionization o  a weak electro-
lyte drug (which is determined by its dissociation 
constant and the pH at the absorption site) and the 
extent o  absorption is embodied in the pH-partition 
hypothesis o  drug absorption,  rst  proposed by 
Overton in 1899. Although it  is an oversimpli ca-
tion o  the complex process o  absorption, the pH- 
partit ion hypothesis st ill provides a use ul  ramework 
 or understanding the transcellular passive route o  
absorption, which is that  avoured by the majority 
o  drugs.
pH-pa r tition hypothesis o  drug a bsorption. 
According to the pH-partition hypothesis, the gas-
trointestinal epithelium acts as a lipid barrier to 
drugs which are absorbed by passive di  usion, and 
those that are lipid soluble will pass across the 
barrier. As most drugs are weak electrolytes, the 
unionized  orm o  weakly acidic or basic drugs (i.e. 
the lipid-soluble  orm) will pass across the gastroin-
testinal epithelium, whereas it  is impermeable to 
the ionized (i.e. poorly lipid-soluble)  orm o  such 
drugs. Consequently, according to the pH-partition 
hypothesis, the absorption o  a weak electrolyte will 
be determined chief y by the extent to which the 
drug exists in its unionized  orm at  the site o  
absorption.

The extent to which a weakly acidic or basic drug 
ionizes in solution in the gastrointestinal f uid 
may be calculated using the appropriate  orm o  a 
Henderson-Hasselbalch equation (discussed  urther 
in Chapter 3). For a weakly acidic drug having a 
single ionizable group (e.g. aspirin, phenobarbital, 
ascorbic acid (vitamin C) ), the equation takes the 
 orm o :

 log [  ]
[  ]

A
HA

 pH  p  a

−

=  − K  

(20.5)

This is a slightly rearranged  orm o  Equation 3.16 
where pKa is the negative logarithm o  the acid dis-
sociation constant o  the drug, and [HA] and [A−] 
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partition coe  cient and is a measure o  its lipophilic-
ity. The value o  the partit ion coe  cient P is deter-
mined by measuring the drug partitioning between 
water and a suitable non-water miscible solvent at 
constant temperature. As this ratio normally spans 
several orders o  magnitude it  is usually expressed 
as the logarithm, log P. The solvent that is usually 
selected to mimic the biological membrane, because 
o  its many similar properties, is octanol.

Partition 
coefficient

concentration of drug in organic pha= sse
concentration in aqueous phase 

 

(20.7)

The e  ective partit ion coe  cient, taking into 
account the degree o  ionization o  the drug, is 
known as the distribution coe  cient and again 
is normally expressed as the logarithm (log D); it  is 
given by the  ollowing equations  or acids and bases:
For acids:

 D =
+  −

[  ]
[  ]  [  ]

HA
HA  A

org

aq  aq
 

(20.8)

 log  log  [  (  )]D  P  K=  −  +  −1  antilog  pH  p  a  
(20.9)

For bases:

 D =
+  +

[  ]
[  ]  [  ]

B
B  BH

org

aq  aq
 

(20.10)

 log  log  [  (  )]D  P  K=  −  +  −1  antilog  p  pHa  
(20.11)

The lipophilicity o  a drug is critical in the drug 
discovery process. Polar molecules, i.e. those that 
are poorly lipid soluble (log P < 0) and relatively 
large, such as gentamicin, ce triaxone, heparin and 
streptokinase, are poorly absorbed a ter oral admin-
istration and there ore have to be given by injection. 
Smaller molecules that are poorly lipid soluble and 
hydrophilic in nature, such as the β-blocker atenolol, 
can be absorbed via the paracellular route. Lipid-
soluble drugs with  avourable partition coe  cients 
(i.e. log P > 0) are usually absorbed a ter oral admin-
istration. Drugs which are very lipid soluble (log P > 3) 
tend to be well absorbed but are also more likely to 

intestine) are thought to aid the absorption o  weak 
acids  rom the small intestine.

The mucosal unstirred layer is another recognized 
component o  the gastrointestinal barrier to 
drug absorption that is not accounted  or in the 
pH-partition hypothesis. During absorption, drug 
molecules must di  use across this layer and then on 
through the lipid layer. Di  usion across this layer is 
liable to be a signi cant component o  the total 
absorption process  or those drugs that cross the 
lipid layer very quickly. Di  usion across this layer 
will also depend on the molecular weight o  the 
drug.

A physiological  actor that causes deviations  rom 
the pH-partition hypothesis is convective f ow or 
solvent drag. The movement o  water molecules into 
and out o  the gastrointestinal tract will a  ect the 
rate o  passage o  small water-soluble molecules 
across the gastrointestinal barrier. Water movement 
occurs because o  di  erences in osmotic pressure 
between blood and the luminal contents and because 
o  di  erences in hydrostatic pressure between the 
lumen and the perivascular tissue. The absorption o  
water-soluble drugs will be increased i  water f ows 
 rom the lumen to the blood, provided that the drug 
and water are using the same route o  absorption. 
This will have greatest  e  ect in the jejunum, where 
water movement is at its greatest. Water f ow also 
a  ects the absorption o  lipid-soluble drugs. It  is 
thought that this is because the drug becomes more 
concentrated as water f ows out o  the intestine, 
thereby  avouring a greater drug concentration gra-
dient and increased absorption.

Lipid  solubility. A number o  drugs are poorly 
absorbed  rom the gastrointestinal tract despite the 
 act that their unionized  orms predominate. For 
example, the barbiturates: barbitone and thiopen-
tone have similar dissociation constants – pKa o  7.8 
and 7.6 respectively – and there ore similar degrees 
o  ionization at intestinal pH. However, thiopentone 
is absorbed much better than barbitone. The reason 
 or this di  erence is that the absorption o  drugs is 
also a  ected by the lipid solubility o  the drug. 
Thiopentone, being more lipid soluble than barbi-
tone, exhibits a greater a  nity  or the gastrointesti-
nal membrane and is thus  ar better absorbed.

An indication o  the lipid solubility o  a drug, and 
there ore whether that drug is liable to be trans-
ported across membranes, is given by its ability to 
partit ion between a lipid-like solvent and water or 
an aqueous bu  er. This is known as the drug’s 
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drugs with molecular weights above 700 Da being 
well absorbed.

Too many hydrogen bonds within a molecule are 
detrimental to its absorption. In general, no more 
than  ve hydrogen bond donors and no more than 
10 hydrogen bond acceptors (the sum o  nitrogen 
and oxygen atoms in the molecule is o ten taken as 
a rough measure o  hydrogen bond acceptors) should 
be present i  the molecule is to be well absorbed. 
The large number o  hydrogen bonds within pep-
tides is one o  the reasons why peptide drugs are 
poorly absorbed.

Summary

There are many properties o  the drug itsel  that will 
inf uence its passage into solution in the gastrointes-
tinal tract and across the gastrointestinal membrane, 
and hence its overall rate and extent o  absorption.

Dos age   orm  ac tors  
inf ue nc ing  bioavailability

Introduction

The rate and/ or extent o  absorption o  a drug  rom 
the gastrointestinal tract have been shown to be 
inf uenced by many physiological  actors and by 
many physicochemical properties associated with 
the drug itsel . The bioavailability o  a drug can also 
be inf uenced by  actors associated with the  ormu-
lation and production o  the dosage  orm. Increas-
ingly, many dosage  orms are being designed to 
a  ect the release and absorption o  drugs,  or 
example controlled-release systems (see Chapter 
31) and delivery systems  or poorly soluble drugs. 
This section summarizes how the type o  dosage 
 orm and the excipients used in conventional oral 
dosage  orms can a  ect the rate and extent o  drug 
absorption.

Inf uence o  the type  
o  dosage  orm

The type o  dosage  orm and its method o  prepara-
tion or manu acture can inf uence bioavailability; 
that is whether a particular drug administered in the 
 orm o  a solution, a suspension or solid dosage  orm 
can inf uence its rate and/ or extent o  absorption 

be susceptible to metabolism and biliary clearance. 
Although there is no general rule that can be applied 
to all drug molecules, within a homologous series, 
such as the barbiturates or β-blockers, drug absorp-
tion usually increases as the lipophilicity rises.

Sometimes, i  the structure o  a compound 
cannot be modi ed to yield lipid solubility while 
maintaining pharmacological activity, medicinal 
chemists may investigate the possibility o  making 
lipid soluble prodrugs to improve absorption. A 
prodrug is a chemical modi cation,  requently an 
ester o  an exist ing drug, which converts back to 
the parent compound as a result o  metabolism by 
the body. A prodrug itsel  has no pharmacological 
activity. Examples o  prodrugs which have been 
success ully used to improve the lipid solubility and 
hence absorption o  their parent drugs are shown 
in Table 20.3.
Molecula r  size a nd hydrogen bonding. Two 
other drug properties that are important in perme-
ability are the number o  hydrogen bonds within the 
molecule and the molecular size.

For paracellular absorption, the molecular weight 
should ideally be less than 200 Da; however, there 
are examples where larger molecules (up to molecu-
lar weights o  400 Da) have been absorbed via this 
route. Shape is also an important  actor  or paracel-
lular absorption.

In general,  or transcellular passive di  usion, a 
molecular weight o  less than 500 Da is pre erable. 
Drugs with molecular weights above this are 
absorbed less e  ciently. There are  ew examples o  

Table 20.3 Prodrugs with improved lipid solubility  
and oral absorption

Prodrug Active drug Ester

Pivampicillin Ampicillin Pivaloyloxymethyl

Bacampicillin Ampicillin Carbonate

Indanylcarbenicillin Carbenicillin Indanyl

Cefuroxime axetil Cefuroxime Acetylethyl

Enalapril Enalaprilat Ester of 1-carboxylic 
acid

Ibuterol Terbutaline Dibutyl

Valaciclovir Aciclovir L-valyl (amino acid)

Fosamprenavir Amprenavir Phosphate
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presents the drug in the most readily available 
 orm  or absorption. However, dilution o  an 
aqueous solution o  a poorly water-soluble drug 
whose aqueous solubility had been increased by  or-
mulation techniques such as cosolvency, complex 
 ormation or solubilization can result in precipitation 
o  the drug in the gastric f uids. Similarly, exposure 
o  an aqueous solution o  a salt  o  a weak acidic 
compound to gastric pH can also result in precipita-
t ion o  the  ree acid  orm o  the drug. In most cases 
the extremely  ne nature o  the resulting precipitate 
permits a more rapid rate o  dissolution than i  the 
drug had been administered in other types o  oral 
dosage  orms, such as an aqueous suspension, hard 
gelatin capsule or tablet. However,  or some drugs 
this precipitation can have a major e  ect on bioav-
ailability. For example, the same dose o  an experi-
mental drug was given to dogs in three di  erent 
solution  ormulations: a polyethylene glycol solution 
and two di  erent concentrations o  hydroxypropyl-
β-cyclodextrin. Bioavailabilit ies o  19%, 57% and 
89% were obtained  or polyethylene glycol, the 
lower concentration and the higher concentration 
o  hydroxypropyl-β-cyclodextrin, respectively. The 
di  erence in bioavailability o  the three solutions 
was attributed to the di  erence in precipitation 
rates o  the candidate drug  rom the three solutions 
on dilution. The experimental drug was observed to 
precipitate most quickly  rom the polyethylene 
glycol solution, and slowest  rom the most concen-
trated hydroxypropyl-β-cyclodextrin solution.

 rom the gastrointestinal tract. The type o  oral 
dosage  orm will inf uence the number o  possible 
intervening steps between administration and the 
appearance o  dissolved drug in the gastrointestinal 
f uids, i.e. it  will inf uence the release o  drug into 
solution in the gastrointestinal f uids (Fig. 20.2).

In general, drugs must be in solution in the gas-
trointestinal f uids be ore absorption can occur. 
Thus the greater the number o  intervening steps, 
the greater will be the number o  potential obstacles 
to absorption and the greater will be the likelihood 
o  that type o  dosage  orm reducing the bioavaila-
bility exhibited by the drug. Hence the bioavailabil-
ity o  a given drug tends to decrease in the  ollowing 
order o  types o  dosage  orm: aqueous solutions > 
aqueous suspensions > solid dosage  orms (e.g. hard 
gelatin capsules or tablets). Although this ranking 
is not universal, it  does provide a use ul guideline. 
In general, solutions and suspensions are the most 
suitable  or administering drugs intended to be 
rapidly absorbed. However, it  should be noted that  
other  actors (e.g. stability, patient acceptability, 
etc.) can also inf uence the type o  dosage  orm in 
which a drug is administered via the gastrointestinal 
route.

Aqueous .s olutions
For drugs that are water soluble and chemically 
stable in aqueous solution,  ormulation as a solution 
normally eliminates the in vivo dissolution step and 

Fig . 20.2 •  Schematic outline o  the infuence o  the dosage  orm on the appearance o  drug in solution in the 
gastrointestinal tract. 
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•  the crystal  orm o  the drug
•  any resulting complexation, i.e. the  ormation 

o  a non-absorbable complex between the drug 
and an excipient such as the suspending agent

•  the inclusion o  a sur actant as a wetting, 
f occulating or def occulating agent

•  the viscosity o  the suspension.
In ormation concerning the potential inf uence o  
the above  actors on drug bioavailability is given in 
earlier sections o  this chapter. Further in ormation 
concerning the  ormulation and uses o  suspensions 
as dosage  orms is given in Chapter 26.

Liquid- lled .caps ules
Liquids can be  lled into capsules made  rom so t  
or hard gelatin or hydroxypropylmethylcellulose 
(HPMC). Both types combine the convenience o  
a unit dosage  orm with the potentially rapid 
drug absorption associated with aqueous solutions 
and suspensions. Drugs encapsulated in liquid- lled 
capsules  or peroral administration are dissolved or 
dispersed in non-toxic, non-aqueous vehicles. Some-
times the vehicles have thermal properties such that 
they can be  lled into capsules while hot but are 
solids at room temperature.

The release o  the contents o  capsules is a  ected 
by dissolution and breaking o  the shell. Following 
release, a water-miscible vehicle disperses and/or 
dissolves readily in the gastrointestinal f uids, liber-
ating the drug (depending on its aqueous solubility) 
as either a solution or a  ne suspension, which is 
conducive to rapid absorption. In the case o  cap-
sules containing drugs in solution or suspension in 
water-immiscible vehicles, release o  the contents 
will almost certainly be  ollowed by dispersion in 
the gastrointestinal f uids. Dispersion is  acilitated 
by emulsi ers included in the vehicle, and also by 
bile. Once dispersed, the drug may end up as an 
emulsion, a solution, a  ne suspension or a nano/
microemulsion.

Well- ormulated liquid- lled capsules are 
designed to improve the absorption o  poorly soluble 
drugs and will ensure that no precipitation o  drug 
occurs  rom the nano-or microemulsion  ormed in 
the gastrointestinal f uids. I  the lipophilic vehicle is 
a digestible oil and the drug is highly soluble in the 
oil, it  is possible that the drug will remain in solution 
in the dispersed oil phase and be absorbed (along 
with the oil) by  at  absorption processes. For a drug 
that is less lipophilic or is dissolved in a non-digestible 

Factors associated with the  ormulation o  
aqueous solutions that can inf uence drug bioavail-
ability include:
•  the chemical stability exhibited by the drug in 

aqueous solution and the gastrointestinal f uids
•  complexation, i.e. the  ormation o  a chemical 

complex between the drug and an excipient. 
The  ormation o  such a complex can increase 
the aqueous solubility o  the drug which can aid 
bioavailability or increase the viscosity o  the 
dosage  orm, which could have a detrimental 
e  ect on bioavailability

•  solubilization, i.e. the incorporation o  the drug 
into micelles in order to increase its aqueous 
solubility

•  the viscosity o  a solution dosage  orm, 
particularly i  a viscosity-enhancing agent has 
been included.

In ormation concerning the potential inf uence o  
each o  the above  actors was given earlier in this 
chapter. Further details concerning the  ormulation 
and uses o  oral solution dosage  orms are given in 
Chapter 24.

Aqueous .s us pens ions
An aqueous suspension is a use ul dosage  orm  or 
administering an insoluble or poorly water-soluble 
drug. Usually the absorption o  a drug  rom this type 
o  dosage  orm is dissolution rate limited. The oral 
administration o  an aqueous suspension results in a 
large total sur ace area o  dispersed drug being 
immediately presented to the gastrointestinal f uids. 
This  acilitates dissolution and hence absorption o  
the drug. In contrast to powder- lled hard gelatin 
capsule and tablet  dosage  orms, dissolution o  all 
drug particles commences immediately on dilution 
o  the suspension in the gastrointestinal f uids. A 
drug contained in a tablet or hard gelatin capsule 
may ultimately achieve the same state o  dispersion 
in the gastrointestinal f uids but only a ter a delay. 
Thus a well- ormulated,  nely subdivided aqueous 
suspension is regarded as being an e  cient oral drug 
delivery system, second only to a non-precipitating 
solution-type dosage  orm.

Factors associated with the  ormulation o  
aqueous suspension dosage  orms that can inf uence 
the bioavailabilit ies o  drugs  rom the gastrointesti-
nal tract include:
•  the particle size and e  ective sur ace area o  

the dispersed drug
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•  the solubility o  the drug in the vehicle (and 
gastrointestinal f uids)

•  the particle size o  the drug (i  suspended in 
the vehicle)

•  the nature o  the vehicle, i.e. hydrophilic or 
lipophilic (and whether a lipophilic vehicle is  
a digestible or a non-digestible oil)

•  the inclusion o  a sur actant as a wetting/
emulsi ying agent in a lipophilic vehicle or as 
the vehicle itsel 

•  the inclusion o  a suspending agent (viscosity-
enhancing agent) in the vehicle

•  the complexation, i.e.  ormation, o  a non-
absorbable complex between the drug and any 
excipient.

More in ormation on liquid- lled hard capsules and 
so t  capsules can be  ound in Chapters 33 and 34, 
respectively.

Powder- lled .caps ules
G enerally the bioavailability o  a drug  rom a well-
 ormulated powder- lled hard gelatin or HPMC 
capsule dosage  orm will be similar to that   rom the 
same drug in a well  ormulated compacted tablet . 
Provided the capsule shell dissolves rapidly in the 
gastrointestinal f uids and the encapsulated mass 
disperses rapidly and e  ciently, a relatively large 
e  ective sur ace area o  drug will be exposed to the 
gastrointestinal f uids, thereby  acilitat ing dissolu-
tion. However, it  is incorrect  to assume that a drug 
 ormulated as a hard gelatin capsule is in a  nely 
divided  orm surrounded by a water-soluble shell 
and that no bioavailability problems can occur. The 
overall rate o  dissolution o  drugs  rom capsules 
appears to be a complex  unction o  the rates o  
di  erent processes – such as the dissolution rate o  
the capsule shell, the rate o  penetration o  the 
gastrointestinal f uids into the encapsulated mass, 
the rate at which the mass deaggregates (i.e. dis-
perses) in the gastrointestinal f uids and the rate o  
dissolution o  the dispersed drug particles.

The inclusion o  excipients (e.g. diluents, lubri-
cants and sur actants) in a capsule  ormulation can 
have a signi cant e  ect on the rate o  dissolution o  
drugs, particularly those that are poorly soluble and 
hydrophobic. Figure 20.3 shows that a hydrophilic 
diluent (e.g. sorbitol, lactose) o ten serves to increase 
the rate o  penetration o  the aqueous gastrointesti-
nal f uids into the contents o  the capsule and to aid 
the dispersion and subsequent dissolution o  the 

oil, absorption probably occurs  ollowing partition-
ing o  the drug  rom the oily vehicle into the aqueous 
gastrointestinal f uids. In this case the rate o  drug 
absorption appears to depend on the rate at which 
drug partit ions  rom the dispersed oil phase. The 
increase in inter acial area o  contact  resulting  rom 
dispersion o  the oily vehicle in the gastrointestinal 
f uids will  acilitate partitioning o  the drug across 
the oil/ aqueous inter ace. For drugs suspended in an 
oily vehicle, release may involve dissolution in the 
vehicle, di  usion to the oil/ aqueous inter ace and 
partit ion across the inter ace.

Many poorly water-soluble drugs have been  ound 
to exhibit  greater bioavailabilit ies  rom liquid- lled 
capsule  ormulations. The cardiac glycoside digoxin, 
when  ormulated as a solution in a mixture o  
polyethylene glycol, ethanol and propylene glycol 
in a so t  gelatin capsule, has been shown to be 
absorbed  aster than  rom the standard commercial 
tablets.

More recently,  ar more complex capsule  ormu-
lations have been investigated to improve the 
absorption o  poorly soluble drugs. Ciclosporin is a 
large hydrophobic drug with poor permeability and 
solubility in gastrointestinal f uids. It  showed low 
and variable oral bioavailability  rom its original 
liquid- lled so t  gelatin capsule  ormulation (Sandi-
inmun) and was particularly sensitive to the 
presence o   at  in diet and bile acids. In its 
newer  ormulation (Sandiinmun Neoral), which is a 
complex mixture o  hydrophilic and lipophilic 
phases, sur actants, cosur actants and a cosolvent, it  
 orms a non-precipitating microemulsion on dilution 
with gastrointestinal f uids. It  has a signi cantly 
improved bioavailability with reduced variability 
that is independent o  the presence o   ood.

Many protease inhibitors (antiviral drugs) are 
peptidomimetic in nature. They have high molecular 
weights and low aqueous solubility, are susceptible 
to degradation in the lumen and extensive hepatic 
metabolism, and consequently have poor bioavaila-
bility. Saquinavir has been re ormulated  rom a 
powder- lled hard gelatin capsule (Invirase) to a 
complex so t  gelatin capsule  ormulation (For-
tovase). The latter shows a signi cant improvement 
in bioavailability (3–4 times greater) over the 
standard hard gelatin capsule  ormulation and, as a 
consequence, a signi cantly greater viral load 
reduction

Factors associated with the  ormulation o  liquid-
 lled capsules that can inf uence the bioavailabilities 
o  drugs  rom this type o  dosage  orm include:
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been included to  acilitate liquid penetration into 
the mass.

In summary,  ormulation  actors that can inf u-
ence the bioavailabilit ies o  drugs  rom capsules 
include:
•  the sur ace area and particle size o  the 

drug (particularly the e  ective sur ace area 
exhibited by the drug in the gastrointestinal 
f uids)

•  the use o  the salt   orm o  a drug in pre erence 
to the parent weak acid or base

•  the crystal  orm o  the drug
•  the chemical stability o  the drug (in the dosage 

 orm and in gastrointestinal f uids)
•  the nature and quantity o  the diluent, lubricant 

and wetting agent

drug in these f uids. However, the diluent should 
exhibit no tendency to adsorb or complex with the 
drug as either can impair absorption  rom the gas-
trointestinal tract.

Both the  ormulation and the type and process 
conditions o  the capsule- lling process can a  ect 
the packing density and liquid permeability into the 
capsule contents. In general, an increase in packing 
density (i.e. a decrease in porosity) o  the encapsu-
lated mass will result  in a decrease in liquid perme-
ability into the capsule mass and dissolution rate, 
particularly i  the drug is hydrophobic or i  a 
hydrophilic drug is mixed with a hydrophobic lubri-
cant such as magnesium stearate. I  the encapsu-
lated mass is t ightly packed and the drug is 
hydrophobic in nature, then a decrease in dissolu-
tion rate would be expected unless a sur actant had 

Fig . 20.3 •  Diagrammatic representation o  how a hydrophilic diluent can increase the rate o  dissolution o  a poorly 
soluble, hydrophobic drug  rom a hard gelatin capsule. 
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However, simply because a tablet disintegrates 
rapidly, does not necessarily guarantee that the liber-
ated primary drug particles will dissolve in the gas-
trointestinal f uids and that  the rate and extent o  
absorption are adequate. In the case o  poorly water-
soluble drugs, the rate-controlling step is usually the 
overall rate o  dissolution o  the liberated drug par-
t icles in the gastrointestinal f uids. The overall dis-
solution rate and bioavailability o  a poorly soluble 
drug  rom an uncoated conventional tablet is inf u-
enced by many  actors associated with the  ormula-
tion and manu acture o  this type o  dosage  orm. 
These include:
•  the physicochemical properties o  the liberated 

drug particles in the gastrointestinal f uids, e.g. 
wettability, e  ective sur ace area, crystal  orm, 
chemical stability

•  the nature and quantity o  the diluent, 
binder, disintegrant, lubricant and any  
wetting agent

•  drug-excipient interactions (e.g. complexation)
•  the size o  the granules and their method o  

manu acture
•  the compaction pressure and speed o  

compaction used in tableting
•  the conditions o  storage and age o  the tablet.
Because drug absorption and hence bioavailability 
are dependent upon the drug being in the dissolved 
state, suitable dissolution characteristics can be an 
important property o  a satis actory tablet , particu-
larly i  it  contains a poorly soluble drug. On this 
basis, speci c in vitro dissolution test conditions and 
dissolution limits are included in many pharmaco-
poeias  or tablets (and capsules)  or certain drugs. 
That a particular drug product meets the require-
ments o  a compendial dissolution standard provides 
a greater assurance that the drug will be released 
satis actorily  rom the  ormulated dosage  orm in 
vivo and be absorbed adequately (also discussed in 
Chapters 21 and 35).

More in ormation on drug release  rom tablets 
can be  ound in Chapter 30.
Coa ted ta blets. Tablet  coatings may be used 
simply  or aesthetic reasons, to improve the appear-
ance o  a tablet or to add a company identity, to 
mask an unpleasant taste or odour, to protect an 
ingredient  rom decomposition during storage or to 
protect  health workers  rom the drug. Currently, 
the most common type o  tablet coat is that 
created with a polymer  lm. However, several older 
preparations, such as tablets containing vitamins, 

•  drug-excipient interactions (e.g. adsorption, 
complexation)

•  the type and conditions o  the  lling process
•  the packing density o  the capsule contents
•  the composition and properties o  the capsule 

shell (including gastro-resistant capsules)
•  interactions between the capsule shell and its 

contents.
More in ormation on powder- lled hard capsules 
can be  ound in Chapter 33.

Tab le ts
Uncoa ted ta blets. Tablets are the most widely 
used dosage  orm. When a drug is  ormulated as a 
compacted tablet there is an enormous reduction in 
the e  ective sur ace area o  the drug, owing to the 
compaction processes involved in tablet making. 
These processes necessitate the addition o  excipi-
ents, which serve to return the sur ace area o  the 
drug back to its original precompacted state. Bioa-
vailability problems can arise i  a  ne, well-dispersed 
suspension o  drug particles in the gastrointestinal 
f uids is not generated  ollowing the administration 
o  a tablet. Because the e  ective sur ace area o  a 
poorly soluble drug is an important  actor inf uenc-
ing its dissolution rate, it  is especially important that 
tablets containing such drugs should disintegrate 
rapidly and completely in the gastrointestinal f uids 
i  rapid release, dissolution and absorption are 
required. The overall rate o  tablet disintegration is 
inf uenced by several interdependent  actors, which 
include the concentration and type o  drug, diluent, 
binder, disintegrant, lubricant and wetting agent, as 
well as the compaction pressure (discussed in 
Chapter 30).

The dissolution o  a poorly soluble drug  rom an 
intact  tablet is usually extremely limited because o  
the relatively small e  ective sur ace area o  drug 
exposed to the gastrointestinal f uids. Disintegration 
o  the tablet into granules causes a relatively large 
increase in e  ective sur ace area o  drug and the 
dissolution rate may be likened to that o  a coarse, 
aggregated suspension. Further disintegration into 
small, primary drug particles produces a  urther 
large increase in e  ective sur ace area and dissolu-
tion rate. The dissolution rate is probably compara-
ble to that o  a  ne, well-dispersed suspension. 
Disintegration o  a tablet into primary particles is 
thus important, as it  ensures that  a large e  ective 
sur ace area o  a drug is generated in order to  acili-
tate dissolution and subsequent absorption.
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G a stro-resista nt ta blets. The use o  barrier coat-
ing to control the site o  release o  an orally admin-
istered drug is well illustrated by gastro-resistant 
tablets ( ormerly known as enteric-coated tablets). 
A gastro-resistant coat is designed to resist the low 
pH o  gastric f uids but to disrupt or dissolve when 
the tablet  enters the higher pH o  the duodenum. 
Polymers such as cellulose acetate phthalate, 
hydroxypropyl methylcellulose phthalate, some 
copolymers o  methacrylic acid and their esters and 
polyvinyl acetate phthalate can be used as gastro-
resistant coatings. These materials do not dissolve 
over the gastric pH range but dissolve rapidly at the 
less acidic pH (about 5) associated with the small 
intestine. G astro-resistant coatings should pre era-
bly begin to dissolve at pH 5 in order to ensure the 
availability o  drugs which are absorbed primarily in 
the proximal region o  the small intestine. G astro-
resistant coating thus provides a means o  delaying 
the release o  a drug until the dosage  orm reaches 
the small intestine. Such delayed release provides a 
means o  protecting drugs which would otherwise 
be destroyed i  released into gastric f uid. Hence, 
gastro-resistant coating serves to improve the oral 
bioavailability exhibited by such drugs  rom uncoated 
conventional tablets. G astro-resistant coating also 
protects the stomach against drugs which can 
produce nausea or mucosal irritation (e.g. aspirin, 
ibupro en) i  released at this site.

In addition to the protection o  ered by gastro-
resistant coating, the delayed release o  drug 
also results in a signi cant delay in the onset o  
the therapeutic response o  a drug. The onset o  the 
therapeutic response is largely dependent on the 
residence time o  the gastro-resistant tablet in 
the stomach. G astric emptying o  such tablets is an 
all-or-nothing process, i.e. the tablet is either in the 
stomach or in the duodenum. Consequently, drug is 
either not being released or is being released. The 
residence time o  an intact  gastro-resistant tablet in 
the stomach can vary  rom about 5 minutes to 
several hours (discussed  urther in Chapter 19). 
Hence there is considerable intra- and intersubject 
variation in the onset o  therapeutic action exhibited 
by drugs administered as gastro-resistant tablets.

The  ormulation o  a gastro-resistant product 
in the  orm o  small individually coated granules 
or pellets (multiparticulates) contained in a rapidly 
dissolving capsule or a rapidly disintegrating 
tablet  largely eliminates the dependency o  this 
type o  dosage  orm on the all-or-nothing gastric 
emptying process associated with intact  (monolith) 

ibupro en and conjugated oestrogens, still have sugar 
coats.

The presence o  a coating presents a physical 
barrier between the tablet core and the gastrointes-
t inal f uids. Coated tablets there ore not only possess 
all the potential bioavailability problems associated 
with uncoated conventional tablets but are subject 
to the additional potential problem o  being sur-
rounded by a physical barrier. In the case o  a coated 
tablet which is intended to disintegrate/ dissolve and 
release drug rapidly into solution in the gastrointes-
t inal f uids, the coating must dissolve or disrupt 
be ore these processes can begin. The physicochemi-
cal nature and thickness o  the coating can thus inf u-
ence how quickly a drug is released  rom a tablet .

In the process o  sugar coating, the tablet core is 
usually sealed with a thin continuous  lm o  a poorly 
water-soluble polymer such as shellac or cellulose 
acetate phthalate. This sealing coat serves to 
protect  the tablet core and its contents  rom the 
aqueous f uids used in the subsequent steps o  the 
sugar-coating process. The presence o  this water-
impermeable sealing coat can potentially retard drug 
release  rom sugar-coated tablets. In view o  this 
potential problem, annealing agents such as polyeth-
ylene glycols or calcium carbonate, which do not 
substantially reduce the water impermeability o  the 
sealing coat during sugar coating but which dissolve 
readily in gastric f uid, may be added to the sealer 
coat in order to reduce the barrier e  ect and to aid 
rapid drug release.

The  lm coating o  a tablet core by a thin  lm o  
a water-soluble polymer, such as hydroxypropyl 
methycellulose, should have no signi cant e  ect on 
the rate o  disintegration o  the tablet  core and 
subsequent drug dissolution, provided that the  lm 
coat dissolves rapidly and independently o  the pH 
o  the gastrointestinal f uids. However, i  hydropho-
bic water-insoluble  lm-coating materials, such as 
ethylcellulose or certain acrylic resins, are used 
(Chapter 32), the resulting  lm coat acts as a barrier 
which delays and/ or reduces the rate o  drug release. 
Thus, these types o   lm-coating materials  orm bar-
riers which can have a signi cant inf uence on drug 
absorption. Although the  ormation o  such barriers 
would be disadvantageous in the case o   lm-coated 
tablets intended to provide rapid rates o  drug 
absorption, the concept o  barrier coating has been 
used (along with other techniques) to obtain more 
precise control over drug release than is possible 
with conventional uncoated tablets (see Chapters 31 
and 32).
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though the quantity o  drug in each capsule  ormula-
tion was identical. The experimental data  rom this 
study are shown in Figure 33.6. It  was later shown 
that the excipient calcium sul ate dihydrate had 
been responsible  or decreasing the gastrointestinal 
absorption o  phenytoin, possibly because part o  
the administered dose o  drug  ormed a poorly 
absorbable calcium phenytoin complex. Hence, 
although the size o  dose and  requency o  adminis-
tration o  the sodium phenytoin capsules containing 
calcium sul ate dihydrate gave therapeutic blood 
levels o  phenytoin in epileptic patients, the e  -
ciency o  absorption o  phenytoin had been lowered 
by the incorporation o  this excipient in the hard 
gelatin capsules. Hence, when the calcium sul ate 
dihydrate was replaced by lactose, without any 
alteration in the quantity o  drug in each capsule, or 
in the  requency o  administration, an increased bio-
availability o  phenytoin was achieved. In many 
patients, the higher plasma levels exceeded the 
maximum sa e concentration  or phenytoin and pro-
duced toxic side-e  ects.

Sur  a cta nts. Sur actants are o ten used in dosage 
 orms as emulsi ying agents, solubilizing agents, sus-
pension stabilizers or wetting agents. However, sur-
 actants in general cannot be assumed to be ‘inert’ 
excipients as they have been shown to be capable o  
increasing, decreasing or exerting no e  ect on the 
trans er o  drugs across biological membranes.

Sur actant monomers can potentially disrupt the 
integrity and  unction o  a biological membrane. 
Such an e  ect would tend to enhance drug penetra-
t ion and hence absorption across the gastrointestinal 
barrier, but may also result  in toxic side-e  ects. 
Inhibition o  absorption may occur as a consequence 
o  a drug being incorporated into sur actant micelles. 
I  such sur actant micelles are not absorbed, which 
appears usually to be the case, then solubilization o  
a drug may result  in a reduction o  the concentration 
o  ‘ ree’ drug in solution in the gastrointestinal f uids 
that is available  or absorption. Inhibition o  drug 
absorption in the presence o  micellar concentra-
t ions o  sur actant would be expected to occur in 
the case o  drugs that are normally soluble in the 
gastrointestinal f uids, i.e. in the absence o  sur-
 actant. Conversely, in the case o  poorly soluble 
drugs whose absorption is dissolution rate limited, 
the increase in saturation solubility o  the drug 
by solubilization in sur actant micelles could result 
in more rapid rates o  dissolution and hence 
absorption.

gastro-resistant tablets. Provided the coated gran-
ules or pellets are su  ciently small (around 1 mm 
diameter), they will be able to empty  rom the 
stomach with liquids. Hence gastro-resistant gran-
ules and pellets exhibit  a gradual but continual 
release  rom the stomach into the duodenum. This 
type o  release also avoids the complete dose o  drug 
being released into the duodenum, as occurs with a 
gastro-resistant tablet. The intestinal mucosa is thus 
not exposed locally to a potentially toxic concentra-
t ion o  drug.

Further in ormation on coated tablets and multi-
particulates is given in Chapter 32.

Inf uence .o .exc ip ients . or.conventiona l.
dos age . orms
Drugs are almost never administered alone but 
rather in dosage  orms that  generally consist  o  a 
drug (or drugs) together with a varying number o  
other substances (excipients). Excipients are added 
to the  ormulation in order to  acilitate the prepara-
tion, patient acceptability and  unctioning o  the 
dosage  orm as a drug delivery system. Excipients 
include disintegrating agents, diluents, lubricants, 
suspending agents, emulsi ying agents, f avouring 
agents, colouring agents, chemical stabilizers, etc. 
Although historically excipients were considered to 
be inert in that they themselves should exert  no 
therapeutic or biological action or modi y the bio-
logical action o  the drug present in the dosage  orm, 
they are now regarded as having the ability to inf u-
ence the rate and/ or extent o  absorption o  the 
drug. For instance, the potential inf uence o  excipi-
ents on drug bioavailability has already been 
illustrated by the  ormation o  poorly soluble, non-
absorbable drug-excipient complexes between tetra-
cyclines and dicalcium phosphate, amphetamine 
and sodium carboxymethylcellulose, and phenobar-
bital and polyethylene glycol 4000.
Diluents. An important example o  the inf uence 
that  excipients employed as diluents can have on 
drug bioavailability is provided by the observed 
increase in the incidence o  phenytoin intoxication 
which occurred in epileptic patients in Australia as 
a consequence o  the diluent in sodium phenytoin 
capsules being changed. Many epileptic patients 
who had been previously stabilized with sodium 
phenytoin capsules containing calcium sul ate dihy-
drate as the diluent developed clinical  eatures o  
phenytoin overdosage when given sodium phenytoin 
capsules containing lactose as the diluent, even 
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when magnesium stearate is included in tablets. 
Alternatively, they can be overcome by the simulta-
neous addition o  a wetting agent (i.e. a water-
soluble sur actant) and the use o  a hydrophilic 
diluent (e.g. stearic acid) or minimized by decreas-
ing the magnesium stearate content o  the 
 ormulation.

Disintegra nts. Disintegrants are required to break 
up capsules, tablets and granules into primary 
powder particles in order to increase the sur ace 
area o  the drug exposed to the gastrointestinal 
f uids. A tablet that  ails to disintegrate or disinte-
grates slowly may result  in incomplete absorption or 
a delay in the onset o  action o  the drug. The com-
paction  orce used in tablet manu acture can a  ect 
disintegration. In general, the higher the  orce, the 
slower the disintegration t ime. Even small changes 
in  ormulation may result in signi cant e  ects on 
dissolution and bioavailability. A classic example is 
that o  tolbutamide where two  ormulations, the 
commercial product and the same  ormulation but 
containing hal  the amount o  disintegrant, were 
administered to healthy volunteers. Both tablets dis-
integrated in vitro within 10 minutes, meeting phar-
macopoeial speci cations, but the commercial tablet 
had a signi cantly greater bioavailability and hypogly-
caemic response.

Viscosity-enha ncing a gents. Viscosity-enhancing 
agents are o ten employed in the  ormulation o  
liquid dosage  orms  or oral use in order to control 
such properties as palatability, ease o  pouring and, 
in the case o  suspensions, the rate o  sedimentation 
o  the dispersed particles. Viscosity-enhancing 
agents are o ten hydrophilic polymers.

There are a number o  mechanisms by which a 
viscosity-enhancing agent may produce a change 
in the gastrointestinal absorption o  a drug. Complex 
 ormation between a drug and a hydrophilic polymer 
could reduce the concentration o  drug in solution 
that is available  or absorption. The administra-
tion o  viscous solutions or suspensions may produce 
an increase in viscosity o  the gastrointestinal 
contents. In turn, this could lead to a decrease in 
dissolution rate and/ or a decrease in the rate o  
movement o  drug molecules to the absorbing 
membrane.

Normally, a decrease in the rate o  dissolution 
would not be applicable to solution dosage  orms 
unless dilution o  the administered solution in the 
gastrointestinal f uids caused precipitation o  the 
drug.

The release o  poorly soluble drugs  rom tablets 
and capsules may be increased by the inclusion o  
sur actants in their  ormulations. The ability o  a 
sur actant to reduce the solid/ liquid inter acial 
tension will permit the gastrointestinal f uids to wet 
the solid more e  ectively and thus enable it  to come 
into more intimate contact with the solid dosage 
 orms. This wetting e  ect  may thus aid the penetra-
tion o  gastrointestinal f uids into the mass o  capsule 
contents that o ten remains when the hard gelatin 
shell has dissolved, and/ or reduce the tendency o  
poorly soluble drug particles to aggregate in the gas-
trointestinal f uids. In each case the resulting increase 
in the total e  ective sur ace area o  drug in contact 
with the gastrointestinal f uids would tend to 
increase the dissolution and absorption rates o  the 
drug. It  is interesting to note that the enhanced 
gastrointestinal absorption o  phenacetin in humans 
resulting  rom the addition o  polysorbate 80 to an 
aqueous suspension o  this drug was attributed to 
the sur actant preventing aggregation and thus 
increasing the e  ective sur ace area and dissolution 
rate o  the drug particles in the gastrointestinal 
f uids.

The possible mechanisms by which sur actants 
can inf uence drug absorption are varied and it  is 
likely that only rarely will a single mechanism 
operate in isolation. In most cases, the overall e  ect 
on drug absorption will probably involve a number 
o  di  erent actions o  the sur actant (some o  which 
will produce opposing e  ects on drug absorption) 
and the observed e  ect on drug absorption will 
depend on which o  the di  erent actions is the over-
riding one. The ability o  a sur actant to inf uence 
drug absorption will also depend on the physico-
chemical characteristics and concentration o  the 
sur actant, the nature o  the drug and the type o  
biological membrane involved.

Lubrica nts. Both tablets and capsules require 
lubricants in their  ormulation to reduce  riction 
between the powder and metal sur aces during their 
manu acture. Lubricants are o ten hydrophobic in 
nature. Magnesium stearate is commonly included 
as a lubricant during tablet compaction and capsule-
 lling operations. Its hydrophobic nature o ten 
retards liquid penetration into capsule ingredients 
so that a ter the shell has dissolved in the gastroin-
testinal f uids, a capsule-shaped plug o ten remains, 
especially when the contents have been machine-
 lled as a consolidated plug (see Chapter 33). 
Similar reductions in dissolution rate are observed 
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through dosage  orm changes than others; this will 
depend on the biopharmaceutical properties o  the 
drug, which  orm the basis o  the next chapter 
(Chapter 21).
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In the case o  suspensions containing drugs with 
bioavailabilities that  are dissolution rate dependent, 
an increase in viscosity could also lead to a decrease 
in the rate o  dissolution o  the drug in the gastroin-
testinal tract .

Summary

As well as physiological and drug  actors, the dosage 
 orm can play a major role in inf uencing the rate 
and extent o  absorption. O ten this is by design. 
However, even with conventional dosage  orms, it  is 
important to consider whether changing the dosage 
 orm or excipients will a  ect the bioavailability 
o  the drug. Some drugs will be more susceptible 
to changes in rate and extent o  absorption 
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•  Various  techniques  ranging from in s ilico, to in 
vitro, to in vivo in animals  and humans  can be 
used to calculate or measure the permeability  
of drugs   Bioavailability can be measured by 
comparing the area under the curve from a 
plasma drug concentration versus  time pro le  
from a route of adminis tration and comparing it 
to the area under the curve from the same dose 
of the drug adminis tered intravenous ly 

•  The Biopharmaceutics  Class i cation Sys tem 
(BCS) class i es  drugs  into four classes  
according to their dose, their aqueous  solubility 
over the gas trointes tinal pH range and their 
permeability across  the gas trointes tinal mucosa 

Introduc tion

Biopharmaceutics is concerned with  actors that  
inf uence the rate and extent o  drug absorption. As 
discussed in Chapters 19 and 20, the  actors that 
a  ect the release o  a drug  rom its dosage  orm, its 
dissolution into physiological f uids, its stability 
within those f uids, its permeability across the rel-
evant biological membranes and its presystemic 
metabolism will all inf uence its rate and extent o  
absorption (Fig. 21.1). Once the drug is absorbed 
into the systemic circulation, its distribution within 
the body tissues (including to its site o  action), its 
metabolism and elimination are described by the 
pharmacokinetics o  the compound (discussed in 
Chapter 18). This in turn inf uences the length and 
magnitude o  the therapeutic e  ect or the response 
o  the compound, i.e. its pharmacodynamics.

21  As s es s ment of biopharmaceutical 
propertie s

Marianne Ash ord

KE Y P O IN TS

•  Measurable properties  used to unders tand the 
biopharmaceutics  of a product are the 
dissolution of drug from its  dosage form, its  
s tability in phys iological  uids , its  permeability 
and metabolism by gas trointes tinal enzymes  
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Methods o  measuring the dissolution rate o  
both a drug itsel  (intrinsic dissolution rate) and o  
various dosage  orms are discussed in Chapters 2 
and 35, and in the relevant chapters o  Part 5.

The aim o  dissolution testing is to  nd an in vitro 
characteristic o  a potential  ormulation that ref ects 
its in vivo per ormance. When designing a dissolu-
tion test to assess drug release  rom a biopharma-
ceutical perspective, it  is important to mimic as 
closely as possible the conditions o  the gastrointes-
t inal tract. Clinical scientists increasingly want to 
rely on dissolution tests to establish in vitro/ in vivo 
correlations between the release o  drug  rom the 
dosage  orm and its absorption. I  this can be suc-
cess ully achieved, it  is possible that the dissolution 
test could replace some o  the in vivo studies that 
need to be per ormed during product development 
and registration. Such correlations should have the 
bene ts o  reducing the use o  animals to evaluate 
 ormulations and the size and number o  costly clini-
cal studies to assess bioavailability as well as being 
used to allow  ormulation, process and site o  manu-
 acture changes.

An in-vitro/ in-vivo correlation may only be pos-
sible  or those drugs where dissolution is the rate-
limiting step in the absorption process. Determining 
 ull dissolution pro les o  such drugs in a number o  
di  erent physiologically representative media will 
aid the understanding o  the  actors a  ecting the 
rate and extent o  dissolution. The pro les can also 
be used to generate an in vitro/ in vivo correlation. 
To achieve this, at least three batches that di  er in 
their in vivo as well as their in vitro behaviour should 
be available. The di  erences in the in vivo pro les 
need to be mirrored by the  ormulations in vitro. 
Normally, the in vitro test  conditions can be modi-
 ed to correspond with the in vivo data to achieve 
a correlation. Very o ten, a well-designed in vitro 
dissolution test is  ound to be more sensitive and 
discriminating than an in vivo test. From a quality 
assurance perspective, a more discriminating disso-
lution method is pre erred because the test will 
indicate possible changes in the product be ore the 
in vivo per ormance is a  ected.

In-vitro dissolution testing o  solid dosage  orms 
is discussed  ully in Chapter 35. The reader is 

The key biopharmaceutical properties that can be 
quanti ed and there ore give an insight into the 
absorption o  a drug are its:
•  release  rom its dosage  orm into solution at the 

absorption site
•  stability in physiological f uids
•  permeability
•  susceptibility to presystemic clearance.
As most drugs are delivered via the mouth, these 
properties will be discussed with respect to the 
peroral route. The bioavailability o  a compound is 
an overall measure o  its availability in the systemic 
circulation and so the assessment o  bioavailability 
will also be discussed. Other methods o  assessing 
the per ormance o  dosage  orms in vivo will 
also be brief y mentioned. The Biopharmaceutics 
Classi cation System (BCS), which classi es drugs 
according to dose and two o  their key biopharma-
ceutical properties, solubility and permeability, is 
outlined.

Me as ure me nt of ke y 
biopharmac e utic al prope rtie s

Release of drug from its  dosage 
form into solution

As discussed in Chapter 20 and Part 5 o  this book, 
a dosage  orm is normally  ormulated to aid and/ or 
control the release o  drug  rom it . For example,  or 
an immediate-release tablet, the tablet needs to dis-
integrate to yield the primary drug particles. Further, 
a suspension should not be so viscous that it  impedes 
the di  usion o  dissolving drug away  rom the solid 
particles.

The solubility o  a drug across the gastrointestinal 
pH range will be one o  the  rst  indicators as to 
whether dissolution is liable to be rate limiting in 
the absorption process. Knowledge o  the solubility 
across the gastrointestinal pH range can be deter-
mined by measuring the equilibrium solubility in 
suitable bu  ers or by using an acid or a base t itration 
method.

Fig . 21.1 •  Key biopharmaceutical properties affecting drug absorption. 
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enormously, particularly between the  ed and the 
 asted states. Consequently, it  is di  cult  to choose 
a representative volume and degree o  agitation 
 or an in vitro test. G uidance given to industry on 
the dissolution testing o  immediate-release solid 
oral dosage  orms suggests volumes o  500, 900 or 
1000 mL and gentle agitation conditions. Regulatory 
authorities will expect justi cation o  a dissolution 
test to ensure that  it  will discriminate between a 
good and a poor  ormulation, and thus see it  as a 
critical quality test in submissions o  applications  or 
Marketing Authorizations.

Stability in phys iological  uids

The stability o  drugs in physiological f uids (in the 
case o  orally administered drugs, the gastrointesti-
nal f uids) depends on two  actors:
•  the chemical stability o  the drug across the 

gastrointestinal pH range, i.e. the drug’s pH 
stability pro le between pH 1 and pH 8, and

•  its susceptibility to enzymatic breakdown by 
the gastrointestinal f uids.

Means o  assessing the chemical stability o  a drug 
are discussed in Chapters 48 and 49. The stability 
o  a drug in gastrointestinal f uids can be assessed by 
simulated gastric and intestinal media or by obtain-
ing gastrointestinal f uids  rom humans or animals. 
The latter provides a harsher assessment o  gastroin-
testinal stability but is more akin to the in vivo 
setting. In general, the drug is incubated with either 
real or simulated f uid at 37 °C  or a period o  3 
hours and the drug content analysed. A loss o  more 
than 5% o  drug indicates potential instability. Many 
o  the permeability methods described below can be 
used to identi y whether gastrointestinal stability is 
an issue  or a particular drug.

For drugs that will still be in the gastrointestinal 
lumen when they reach the colonic region, resist-
ance to the bacterial enzymes present in this part o  
the intestine needs to be considered. The bacterial 
enzymes are capable o  a whole host  o  reactions. 
There may be a signi cant portion o  a poorly soluble 
drug still in the gastrointestinal tract by the time it  
reaches the colon. I  the drug is absorbed along the 
length o  the gastrointestinal tract, and is susceptible 
to degradation or metabolism by the bacterial 
enzymes within the tract, the drug’s absorption and 
hence its bioavailability is liable to be reduced. Simi-
larly,  or sustained- or controlled-release products 
that are designed to release their drug along the 

re erred there  or consideration o  the apparatus 
available and suitable dissolution media to simulate 
as closely as possible gastric and intestinal f uids. 
This application o  dissolution testing is discussed 
 urther here in the context o  the assessment o  
biopharmaceutical properties.

A dilute hydrochloric acid-based solution at  pH 
1.2 can simulate gastric f uid quite closely (but obvi-
ously not exactly) and phosphate-bu  ered solution 
at pH 6.8 can mimic intestinal f uid. However, dis-
solution media more closely representing physiologi-
cal conditions may well provide more relevant 
conditions. A range o  dissolution media that  are 
widely accepted to mimic physiological parameters 
in gastric and intestinal f uids in the  ed and  asted 
states are available. Each o  these media takes into 
account not only the pH o  the f uids in the di  erent 
states but their ionic composition, sur ace tension, 
bu  er capacity and bile and lecithin contents. 
Details o  simulated gastric and intestinal f uids  or 
both the  ed and  asted state are given in Tables 35.2 
and 35.3.

The conditions within the stomach in the  ed state 
are highly dependent on the composition o  the meal 
eaten and are there ore di  cult  to simulate. In trying 
to produce an in vitro/ in vivo correlation, it  has been 
suggested that a more appropriate way o  simulating 
the  ed-state gastric f uids is to homogenize the meal 
to be used in clinical studies and then dilute it  with 
water. Long-li e milk has also been used to simulate 
gastric conditions in the  ed state.

It  has been proposed that the duration o  the 
dissolution test should depend on the site o  absorp-
tion o  the drug and its t iming o  administration. 
Thus, in designing a dissolution test , some knowl-
edge or prediction o  the permeability properties o  
the drug is bene cial. I ,  or example, the drug is 
absorbed  rom the upper intestine and is likely to 
be dosed in the  asted state, the most appropriate 
dissolution conditions may be a short test (~ 5–30 
minutes) in a medium simulating gastric f uid in the 
 asted state. Alternatively, i  it  is advised that  a drug 
should be administered with  ood and the drug is 
known to be well absorbed throughout the length o  
the gastrointestinal tract, a  ar longer dissolution test 
may be more appropriate. This could perhaps be 
several hours in duration with a range o  media such 
as, initially, simulated gastric f uid to mimic the  ed 
state,  ollowed by simulated intestinal f uid to mimic 
both  ed and  asted states.

The volumes o  f uid within, and the degree o  
agitation o , the stomach and intestines vary 
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Table 21.1 Some of the models available for predicting or measuring drug absorption

Model type Model Description

Computational/ 
In silico

clog P Commercial so tware that calculates n-octanol/ water partition coe f cient 
based on  ragment analysis, known as the Leo-Hansch method

mlog P Method o  calculating log P, known as the Moriguchi method (see text)

Physicochemical Partition coe f cient Measure o  lipophilicity o  drug, usually measured between n-octanol and 
aqueous bu  er via a shake- ask method

Immobilized artif cial 
membrane

Measures partition into more sophisticated lipidic phase on an HPLC 
column

Cell culture Caco-2 monolayer Measures transport across monolayers o  di  erentiated human colon 
adenocarcinoma cells

HT-29 Measures transport across polarized cell monolayer with mucin-producing 
cells

Excised tissues Cells Measures uptake into cell suspensions, e.g. erythrocytes
Freshly isolated cells Measures uptake into enterocytes; however; the cells are di f cult to 

prepare and are short-lived
Membrane vesicles Measures uptake into brush border membrane vesicles prepared  rom 

intestinal scrapings or isolated enterocytes
Everted sacs Measures uptake into intestinal segments/sacs
Everted intestinal rings Studies the kinetics o  uptake into the intestinal mucosa
Isolated sheets Measures the transport across sheets o  intestine

In situ studies In situ per usion Measures drug disappearance  rom either closed or open loop per usate 
o  segments o  intestine o  anaesthetized animals

Vascularly per used intestine Measures drug disappearance  rom per usate and its appearance in blood

In vivo studies Intestinal loop Measures drug disappearance  rom per usate o  loop o  intestine in 
awake animal

Human data Loc-I-Gut Measures drug disappearance  rom per usate o  human intestine
High- requency capsule Non-invasive method; measures drug in systemic circulation
InteliSite capsule Non-invasive method; measures drug in systemic circulation
Bioavailability Deconvolution o  pharmacokinetic data

length o  the gastrointestinal tract, the potential o  
degradation or metabolism by bacterial enzymes 
should be assessed. I  a drug is metabolized to a 
metabolite which can be absorbed, the potential 
toxicity o  this metabolite should be considered.

Permeability

There is a wealth o  techniques available  or either 
estimating or measuring the rate o  permeation 
across membranes that are used to gain an assess-
ment o  oral absorption in humans. These range 
 rom computational (in silico) predictions to both 
physicochemical and biological methods. The bio-
logical methods can be  urther subdivided into in 
vitro, in situ and in vivo methods. In general, the 

more complex the technique, the more in ormation 
that  can be gained and the more accurate is the 
assessment o  oral absorption in humans. The range 
o  techniques is summarized in Table 21.1. Some o  
the more widely used ones are discussed below.

Partition coef cients

One o  the  rst  properties o  a molecule that 
should be predicted or measured is its partition 
coe f cient between oil and a water phase (log P). 
This gives a measure o  the lipophilicity o  a mole-
cule, which can be used to predict how well it  will 
be able to cross a biological membrane. It  is a very 
use ul parameter  or many reasons relating to  or-
mulation design and drug absorption and is discussed 
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calculated and measured values. Log P can be esti-
mated by breaking down the molecule into  rag-
ments and calculating the contribution o  each 
 ragment to overall lipophilicity (o ten called the 
clog P). Another way o  estimating log P is the 
Moriguchi method, which uses 13 parameters 
 or hydrophobic and hydrophilic atoms, proximity 
e  ects, unsaturated bonds, intramolecular bonds, 
ring structures, amphoteric properties and several 
speci c  unctionalities to obtain a value  or the par-
tit ion coe  cient. This is o ten called the mlog P. The 
advantages o  these methods are in drug discovery, 
where an estimate o  the lipophilicity o  many mol-
ecules can be obtained be ore they are actually 
synthesized.

Another, more sophisticated physicochemical 
means o  estimating how well a drug will partit ion 
into a lipophilic phase is by investigating how well 
the molecule can be retained on a high-per ormance 
liquid chromatography (HPLC) column. HPLC 
columns can be simply coated with n-octanol to 
mimic n-octanol-aqueous partition or, more elabo-
rately, designed to mimic biological membranes. For 
example the immobilized arti cial membrane (IAM) 
technique provides a measure o  how well a solute 
(i.e. the drug) in the aqueous phase will partit ion 
into biological membranes (i.e. be retained on the 
column). G ood correlations between these methods 
and biological in vitro methods o  estimating trans-
cellular passive drug absorption have been obtained.

Cell.culture .techniques
Cell culture techniques  or measuring the intestinal 
absorption o  molecules have been increasingly used 
over recent decades and are now a well-accepted 
model  or absorption. The cell line that is most 
widely used is Caco-2.

Caco-2 cells are a human colon carcinoma cell 
line that was  rst-proposed and characterized as a 
model  or oral drug absorption by Hidalgo. In 
culture, Caco-2 cells spontaneously di  erentiate to 
 orm a monolayer o  polarized enterocytes. These 
enterocytes resemble those in the small intestine, in 
that they possess microvilli and many o  the trans-
porter systems present in the small intestine,  or 
example those  or sugars, amino acids, peptides 
and the P-glycoprotein e f ux transporter. Adjacent 
Caco-2 cells adhere through tight junctions. 
However, the tightness o  these junctions is more 
like those o  the colon than those o  the leakier small 
intestine.

elsewhere in Chapters 2, 20 and 23. As discussed in 
Chapter 20, n-octanol is most commonly chosen as 
the solvent  or the oil phase as it  has similar proper-
ties to biological membranes although other oil 
phases have been used (as considered in Chapter 
23). One o  the most common ways o  measuring 
partit ion coe  cients is to use the shake f ask method 
(Fig. 21.2). It  relies on the equilibrium distribution 
o  a drug between oil and an aqueous phase. Prior 
to the experiment the aqueous phase should be satu-
rated with the oil phase and vice versa. The experi-
ment should be carried out at constant temperature. 
The drug should be added to the aqueous phase and 
the oil phase which, in the case o  n-octanol, as it  is 
less dense than water, will sit  on top o  the water. 
The system is mixed and then le t  to reach equilib-
rium (usually at least 24 hours). The two phases are 
separated and the concentration o  drug is measured 
in each phase and a partit ion coe  cient calculated. 
This technique is discussed  urther in the context 
o  pre ormulation in Chapter 23.

I  the aqueous phase is at a particular pH, the 
distribution coe  cient at that pH is measured 
(log D); this then accounts  or the ionization o  the 
molecule at that pH. In the case o  a weakly acidic 
or a weakly basic drug, the log D measured at  an 
intestinal pH (e.g. 6.8) is liable to give a better 
prediction o  the drug’s ability to cross the lipid 
gastrointestinal membrane than its partit ion coe  -
cient, log P, which does not take the degree o  ioni-
zation into account.

As discussed in Chapter 20, within a homologous 
series, increasing lipophilicity (log P or log D) tends 
to result in greater absorption. A molecule is unlikely 
to cross a membrane (i.e. be absorbed via the tran-
scellular passive route) i  it  has a log P less than 0.

Instead o  determining log P experimentally, com-
putational methods can be used to estimate it . There 
are a number o  so tware packages available to do 
this. There is a reasonably good correlation between 

Fig . 21.2 •  Diagram of the shake- ask method for 
determining partition coef cient. 
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monolayer in an hour then the integrity o  the mon-
olayer has been maintained. Another way to check 
the integrity o  the mono-layer is by measuring the 
transepithelial resistance (TER).

To use the Caco-2 cells as an absorption model, 
a calibration curve needs to be generated. This is 
done  or compounds  or which the absorption in 
humans is known. Figure 21.4 shows the general 
shape o  the curve o   raction absorbed in humans 
versus the apparent permeability coe  cient in 
Caco-2 cells. As cells are biological systems, small 
changes in their source, method o  culture and the 
way in which the transport experiment is per ormed 
will a  ect the apparent permeability o  a drug, such 
that  this curve can shi t  signi cantly to the right or 
le t , or alter in its gradient. There ore, when carry-
ing out Caco-2 experiments, it  is important always 
to standardize the procedure within a particular 
laboratory and ensure that  this procedure is regu-
larly calibrated with a set o  standard compounds.

Caco-2 monolayers can also be used to elucidate 
the mechanism o  permeability. I  the apparent 

There are many variations on growing and carry-
ing out transport  experiments with Caco-2 monol-
ayers. In general, the cells are grown on porous 
supports, usually  or a period o  15–21 days in 
typical cell culture medium, Dulbecco’s Modi ed 
Eagle Medium supplemented with 20%  oetal 
bovine serum, 1% non-essential amino acids and 
2 mM L-glutamine. The cells are grown at 37 °C in 
10% carbon dioxide at a relative humidity o  95%. 
The culture medium is replaced at least twice each 
week. Transport  experiments are carried out by 
replacing the culture medium with bu  ers, usually 
Hank’s Balanced Salt Solution adjusted to pH 6.5 
on the apical sur ace and Hank’s Balanced Salt  Solu-
tion adjusted to pH 7.4 on the basolateral sur ace 
(Fig. 21.3).

A ter a short  incubation period, usually about 30 
minutes, when the cells are maintained at 37°C in 
a shaking water bath, the bu  ers are replaced with 
 resh bu  ers and a dilute solution o  drug is intro-
duced to the apical chamber. At regular intervals, 
the concentration o  the drug in the basolateral 
chamber is determined. The apparent permeability 
coe  cient across cells can be calculated as  ollows:

 P  Q  t  C  Aapp  d  / d=  (  /  )1  0  
(21.1)

where Papp is the apparent permeability coe  cient 
(cm/ s), dQ/dt is the rate o  drug transport (µg s−1), 
C 0 is the initial donor concentration (mg/ mL) and 
A  is the sur ace area o  the monolayer (cm2).

To check that the monolayer has maintained its 
integrity throughout the transport process, a marker 
 or paracellular absorption, such as mannitol, which 
is o ten radiolabelled  or ease o  assay, is added to 
the apical sur ace. I  less than 2% o  this crosses the 

Fig . 21.3 •  Diagram of a Caco-2 cell culture system for determining apparent permeability. 
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Caco-2 cells are very use ul tools  or understand-
ing the mechanism o  drug absorption and have  ur-
thered signi cantly our knowledge o  the absorption 
o  a variety o  drugs. Other advantages o  Caco-2 
cells are that they are a non-animal model, require 
only small amounts o  compound  or transport 
studies, can be used as a rapid screening tool to assess 
the permeability o  large numbers o  compounds in 
the discovery setting and can be used to evaluate the 
potential toxicity o  compounds to cells. The main 
disadvantages o  Caco-2 monolayers as an absorption 
model are that, because o  the tightness o  the mon-
olayer, they are more akin to the paracellular perme-
ability o  the colon rather than that o  the small 
intestine and that they lack a mucus layer.

Further in ormation on the use o  Caco-2 mon-
olayers as an absorption model can be obtained  rom 
Artusson et al (1996) and Yang and Yu (2009).

Tis s ue .techniques
A range o  t issue techniques have been used as 
absorption models (Table 21.1). Two o  the more 
popular ones are the use o  isolated sheets o  intes-
tinal mucosa and o  everted intestinal rings. These 
are discussed in more detail below.

Isolated sheets o  intestinal mucosa are prepared 
by cutting the intestine into strips. The musculature 
is then removed and the sheet mounted and clamped 
in a di  usion chamber or an Ussing chamber  lled 
with appropriate biological bu  ers (Fig. 21.5). The 

permeability coe  cient is  ound to increase linearly 
with increasing concentration o  drug (i.e. the trans-
port is not saturated), is the same whether the drug 
transport is measured  rom the apical to basolateral 
or the basolateral to apical direction, and is inde-
pendent o  pH, it  can be concluded that the trans-
port is a passive and not an active process. I  the 
transport in the basolateral to apical direction is 
signi cantly greater than that in the apical to 
basolateral direction then it  is likely that  the drug 
is actively e f uxed  rom the cells by a counter-
membrane transporter, such as P-glycoprotein. I  the 
transport o  the drug is also inhibited by the pres-
ence o  compounds that are known inhibitors o  
P-glycoprotein this gives a  urther indication that the 
drug is susceptible to P-glycoprotein e f ux.

To help elucidate whether other membrane trans-
porters are involved in the absorption o  a particular 
drug,  urther competitive inhibition studies can be 
carried out with known inhibitors o  the particular 
transporter. For example, the dipeptide glycosyl-
sarcosine can be used to probe whether the dipep-
tide transporter is involved in the absorption o  a 
particular drug.

To evaluate whether a compound is absorbed via 
the paracellular or the transcellular pathway, the 
tight junctions can be arti cially opened with com-
pounds such as EDTA, which chelates calcium. 
Calcium is involved in keeping the junctions together. 
I  the apparent permeability o  a compound is not 
a  ected by the opening o  these junctions, which 
can be assessed by using a paracellular marker such 
as mannitol, one can assume the drug transport is 
via a transcellular pathway.

I  the disappearance o  drug on the apical side 
o  the membrane is not mirrored by its appearance 
on the basolateral side, and/ or the mass balance at 
the end o  the transport experiment does not 
account  or 100% o  the drug, there may be a 
problem with binding to the membrane porous 
support. This will need investigation, or the drug 
may have a stability issue. The drug could be sus-
ceptible to enzymes secreted by the cells and/ or to 
degradation by hydrolytic enzymes as it  passes 
through the cells, or it  may be susceptible to metab-
olism by cytochrome P450 within the cell. Thus the 
Caco-2 cells are not only capable o  evaluating 
the permeability o  drugs but also have value in 
investigating whether two o  the other potential bar-
riers to absorption, namely stability and presystemic 
metabolism, are likely to a  ect the overall rate and 
extent o  absorption. Fig . 21.5 •  Diagram of a diffusion chamber. 
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the viability o  the tissue  or the duration o  the 
experiment. As the drug is taken up into the ring, 
the tissue needs to be digested and the drug extracted 
 rom it  be ore it  is assayed. This results in lengthy 
sample preparation and complicates the assay pro-
cedure. In addition, as this is an uptake method, no 
polarity o  absorption can be assessed.

Both these absorption models can be calibrated 
with a standard set  o  compounds similar to the 
Caco-2 model. A similarly shaped curve  or the per-
centage o  drug absorbed in humans versus apparent 
permeability or uptake (mole per weight o  t issue) 
 or the isolated sheet and everted ring methods, 
respectively, is obtained.

Per us ion.s tudies
Many variations o  intestinal per usion methods 
have been used as absorption models over the years. 
In general, because o  its relative ease o  use and 
similarity to the permeability o  the human intes-
t ine, the rat model is pre erred. In situ intestinal 
per usion models have the advantage that  the whole 
animal is used, with the nerve, lymphatic and blood 
supplies intact. There ore there should be no 
problem with tissue viability and all the transport 
mechanisms present in a live animal should be 
 unctional.

The animal is anaesthetized and the intestine 
exposed. In the open loop method a dilute solution 
o  drug is pumped slowly through the intestine and 
the di  erence in drug concentration between the 
inlet and outlet  concentrations is measured (Fig. 
21.6). An absorption rate constant or e  ective per-
meability coe  cient across the intestine can be cal-
culated as  ollows:

 P  Q  C  C  rleff  i  /=  −ln(  )0  2π  
(21.2)

where Pe   is the e  ective permeability coe  cient 
(cm/ s), Q  is the f ow rate in mL s−1, C i is the initial 
drug concentration, C 0 is the  nal drug concentra-
tion, r is the radius o  the intestinal loop (cm), and, 
l is the length o  intestinal loop (cm).

In the closed loop method a dilute solution o  
drug is added to a section o  the intestine and the 
intestine closed. The intestine is then excised and 
drug content analysed immediately and a ter an 
appropriate t ime or time intervals, depending on the 
expected rate o  absorption. Again, assuming a  rst-
order rate process and hence an exponential loss o  

transepithelial resistance is measured across the 
t issue to check its integrity. The system is main-
tained at 37 °C and stirred so that the thickness o  
the unstirred water layer is controlled and oxygen 
provided to the tissue. The drug is added to the 
donor chamber and the amount accumulating in the 
receiver chamber is measured as a  unction o  t ime. 
The permeability across the tissue can then be 
calculated.

Similar to cell monolayers, the two sides o  the 
t issue can be sampled independently and thus f uxes 
 rom mucosal to serosal and  rom serosal to mucosal 
sides can be measured. Any pH dependence o  
transport can be determined by altering the pH o  
the bu  ers in the donor and/ or receiver chambers. 
This system can also there ore be used to probe 
active transport.

One advantage o  this technique over cell culture 
techniques is that permeability across di  erent 
regions o  the intestine can be assessed. It  is 
particularly help ul to be able to compare permea-
bilities across intestinal and colonic tissue, especially 
when assessing whether a drug is suitable  or a 
controlled-release delivery system. In addition, di -
 erent animal tissues that permit an assessment o  
permeability in di  erent preclinical models can be 
used. The rat intestine is usually pre erred  or 
absorption studies as its permeability correlates well 
with that o  human intestine. Human tissue and cell 
monolayers have also been used in this system.

Everted intestinal rings use whole intestinal seg-
ments rather than just sheets. The musculature is 
there ore intact. Intestinal segments are excised, 
again usually  rom rats. The segment is then tied at 
one end and care ully everted by placing it  over a 
glass rod. It  is cut into small sections or rings and 
these rings incubated in stirred oxygenated drug-
containing bu  er at 37 °C. A ter a set period o  
t ime, drug uptake is quenched by quickly rinsing the 
ring with ice-cold bu  er and care ully drying it . The 
ring is then assayed  or drug content and the amount 
o  drug taken up per gram o  wet tissue over a spe-
ci c period o  t ime is calculated (mol g−1 t ime−1). 
The advantage o  using intestinal rings is that the 
test is relatively simple and quick to per orm. A 
large number o  rings can be prepared  rom each 
segment o  intestine, which allows each animal to 
act as its own control. In addit ion, the conditions o  
the experiment can be manipulated and so provide 
an insight into the mechanisms o  absorption.

The disadvantages o  this system are that it  is 
biological and that care must be taken to maintain 
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lumen, drug absorption can be evaluated  rom both 
its disappearance  rom the lumen and its appearance 
in the portal vein. Using this method, both the rate 
and extent o  absorption can be estimated, as well 
as carrier-mediated transport processes. Collection 
o  the lymph allows the contribution o  lymphatic 
absorption  or very lipophilic compounds to be 
assessed. One o  the other advantages o  this system 
is the ability to determine whether any intestinal 
metabolism occurs be ore or a ter absorption.

A  urther extension o  this model is to  ollow the 
passage o  drugs  rom the intestine through the 
liver, and several adaptations o  rat intestinal-liver 
per usion systems have been investigated. Such a 
combined system gives the added advantage o  
assessing the  rst-pass or presystemic metabolism 
through the liver, and determining the relative 
importance o  the intestine and liver in presystemic 
metabolism.

The disadvantage o  these per usion systems is 
that as they become more complex, a larger number 
o  animals are required to establish suitable per-
 usion conditions and the reproducibility o  the 
technique. However, in general, as the complexity 
increases so does the amount o  in ormation 
obtained.

As s es s ment.o .pe rmeability.in.humans
Intestina l per fusion studies. Until relatively 
recently, the most common way to evaluate the 
absorption o  drugs in humans was by per orming 
bioavailability studies and deconvoluting the data 
available to calculate an absorption rate constant. 
This rate constant, however, is dependent on the 
release o  the drug  rom the dosage  orm and is 
a  ected by intestinal transit  and presystemic metab-
olism. There ore, very o ten it  does not ref ect the 
true intrinsic intestinal permeability o  a drug.

Extensive studies have been carried out using a 
regional per usion technique which has a  orded a 
greater insight into human permeability (Loc-I-
G ut). The Loc-I-G ut is a multichannel tube system 
with a proximal and a distal balloon (Fig. 21.7). 
These balloons are 100 mm apart  and allow a 
segment o  intestine 100 mm long to be isolated and 
per used. Once the proximal balloon passes the liga-
ment o  Treitz, both balloons are  lled with air, 
thereby preventing mixing o  the luminal contents 
in the segment o  interest  with other luminal con-
tents. A non-absorbable marker is used in the per-
 usion solution to check that the balloons work to 

drug  rom the intestine, an absorption rate constant 
and e  ective permeability can be calculated. Like 
the intestinal ring method, the closed loop in situ 
per usion model requires a lengthy digestion, extrac-
tion and assay procedure to analyse the drug remain-
ing in the intestinal loop.

There is a lot o  f uid moving in and out o  the 
intestine and so the drug concentrations in both 
these in situ per usion methods need to be corrected 
 or f uid f ux. This is normally done by gravimetric 
means or by using a non-absorbable marker to assess 
the e  ect o  f uid f ux on the drug concentration. 
As with other absorption models, correlations have 
been made with standard compounds where the 
 raction absorbed in humans is known (see Fig. 
21.4). In these models the ‘absorption rate’ is cal-
culated by measuring the disappearance o  the drug 
 rom the lumen and not its accumulation in the 
plasma. It  is there ore important to check that the 
drug is not degraded in the lumen or intestinal wall 
as drug that has disappeared will be erroneously 
assumed to have been absorbed.

More sophisticated techniques are those involv-
ing vascular per usion. In these techniques, either a 
pair o  mesenteric vessels supplying an intestinal 
segment or the superior mesenteric artery and portal 
vein per using almost the entire intestine are can-
nulated. The intestinal lumen and sometimes the 
lymph duct are also cannulated  or the collection o  
luminal f uid and lymph, respectively. This model, 
although complicated, is very versatile as drug can 
be administered into the luminal or the vascular 
per usate. When administered to the intestinal 

Fig . 21.6 •  Diagram of an in situ rat perfusion. 
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release the drug; this is a simpler system and can 
contain a large volume o  drug. More sophisticated 
systems with cameras incorporated into capsules, 
such as the M2A capsule, are being developed to 
visualize the gastrointestinal tract. These can be 
used to help design better products.

Presys temic metabolism

Presystemic metabolism is the metabolism that 
occurs be ore the drug reaches the systemic circula-
t ion. There ore,  or an orally administered drug, this 
includes the metabolism that occurs in the gut wall 
and the liver. As discussed above, per usion models 
that  involve both the intestines and the liver allow 
an evaluation o  the presystemic metabolism in both 
organs. In other models it  is sometimes possible to 
design mass balance experiments that will assess 
whether presystemic intestinal metabolism is likely 
to occur.

Intestinal cell  ractions, such as brush border 
membrane preparations that contain an abundance 
o  hydrolytic enzymes, and homogenized prepara-
tions o  segments o  rat intestine can also be used 
to determine intestinal presystemic metabolism. 
Drugs are incubated with either brush border mem-
brane preparations or gut wall homogenate at 37 °C 
and the drug content analysed.

Various liver preparations,  or example subcellu-
lar  ractions such as microsomes, isolated hepato-
cytes and liver slices, are used to determine hepatic 
metabolism in vitro. These are classi ed as phase I 
metabolism, which mainly involves oxidation but 
can be reduction or hydrolysis, and phase II metabo-
lism, which  ollows phase I and involves conjugation 
reactions. Microsomes are prepared by high-speed 
centri ugation o  liver homogenates (100 000 g) and 
are composed mainly o   ragments o  the endoplas-
mic reticulum. They lack cystolic enzymes and 
co actors and are there ore only suitable to evaluate 
some o  the metabolic processes (phase I metabo-
lism) o  which the liver is capable. Hepatocytes 
must be  reshly and care ully prepared  rom livers 
and are only viable  or a  ew hours. It  is there ore 
di  cult  to obtain human hepatocytes. Hepatocytes 
are very use ul  or hepatic metabolism studies as it  
is possible to evaluate most o  the metabolic reac-
tions, i.e. both phase I and II metabolism. Whole 
liver slices again have the ability to evaluate both 
phase I and II metabolism. As liver slices are tissue 
slices rather than cell suspensions, and because they 

occlude the region o  interest. A tungsten weight is 
placed in  ront o  the distal balloon to  acilitate its 
passage down the gastrointestinal tract.

Drug absorption is calculated  rom the rate o  
disappearance o  the drug  rom the per used 
segment. This technique has a  orded greater control 
in human intestinal per usions, primarily because it  
isolates the luminal contents o  interest, and has 
greatly  acilitated the study o  permeability mecha-
nisms and the metabolism o  drugs and nutrients in 
the human intestine.
Non-inva sive a pproa ches. There is concern that  
the invasive nature o  per usion techniques can 
a  ect the  unction o  the gastrointestinal tract, in 
particular the f uid content, owing to the intubation 
process altering the absorption and secretion balance. 
To overcome this problem, several engineering-
based approaches have been developed to evaluate 
drug absorption in the gastrointestinal tract. These 
include the InteliSite® and the Enterion®capsules 
and the MAARS® capsule.

The InteliSite capsule is a radio requency-
activated, non-disintegrating delivery device. Either 
a liquid or a powder  ormulation can be  lled into 
the capsule, the transit  o  which is  ollowed by 
γ-scintigraphy (see later in this chapter). Once the 
capsule reaches its desired release site, it  is exter-
nally activated to open a series o  windows to the 
drug reservoir within the capsule. The Enterion 
capsule is similar in that  it  contains a drug reservoir 
and uses γ-scinitigraphy to locate the capsule in the 
gastrointestinal tract . However, its payload is 
released via an electromagnetic  eld triggering the 
actuation o  a spring resulting in the instantaneous 
release o  the  ormulation as a bolus. For both these 
systems, blood samples need to be taken to quanti y 
drug absorption. The MAARS® system is a magnetic 
active agent release system and thus relies on a 
magnetic impulse to disassemble the capsule and 

Fig . 21.7 •  Diagram of the Loc-I-Gut. 
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At zero time, when the drug is  rst  administered, 
the concentration o  drug in the plasma will be zero. 
As the tablet passes into the stomach and/ or intes-
tine it  disintegrates, the drug dissolves and absorp-
tion occurs. Initially, the concentration o  drug in 
the plasma rises as the rate o  absorption exceeds 
the rate at which the drug is being removed by 
distribution and elimination. Concentrations con-
tinue to rise until a maximum (or peak) is attained. 
This represents the highest concentration o  drug 
achieved  ollowing the administration o  a single 
dose, o ten termed the Cmax (or C pmax in the speci c 
case o  maximum plasma concentration). It  is 
reached when the rate o  appearance o  drug in the 
plasma is equal to its rate o  removal by distribution 
and elimination.

The ascending portion o  the plasma 
concentration-time curve is sometimes called the 
absorption phase. Here the rate o  absorption out-
weighs the rate o  removal o  drug by distribution 
and elimination. Drug absorption does not usually 
stop abruptly at the time o  peak concentration but 
may continue  or some time into the descending 
portion o  the curve. The early descending portion 
o  the curve can thus ref ect the net result  o  drug 
absorption, distribution, metabolism and elimina-
tion. In this phase, the rate o  drug removal  rom 
the blood exceeds the absorption rate and there ore 
the concentration o  the drug in the plasma declines.

Eventually drug absorption ceases when the bio-
available dose has been absorbed, and the concentra-
tion o  drug in the plasma is now controlled only by 
its rate o  elimination by metabolism and/ or excre-
tion. This is sometimes called the elimination phase 

do not require enzymatic treatment in their prepara-
tion, they may give a higher degree o  in vivo correla-
tion than hepatocytes or microsomes.

As s e s s me nt of bioavailability

The measurement o  bioavailability gives the net 
result  o  the e  ect o  the release o  drug into solu-
tion in the physiological f uids at the site o  absorp-
tion, its stability in those physiological f uids, its 
permeability and its presystemic metabolism on the 
rate and extent o  drug absorption by  ollowing the 
concentration-time pro le o  drug in a suitable phys-
iological f uid. The concentration-time pro le also 
gives in ormation on other pharmacokinetic param-
eters, such as the distribution and elimination o  the 
drug. The most commonly used method o  assessing 
the bioavailability o  a drug involves the construction 
o  a blood plasma concentration-time curve, but 
urine drug concentrations can also be used and are 
discussed below.

Plasma concentration-time curves

When a single dose o  a drug is administered orally 
to a patient, serial blood samples are withdrawn and 
the plasma assayed  or drug concentration at speci c 
time points a ter administration. This enables a 
plasma concentration-time curve to be constructed. 
Figure 21.8 shows a typical plasma concentration-
time curve  ollowing the oral administration o  a 
tablet.

Fig . 21.8 •  A typical blood plasma concentration-time curve obtained following the peroral administration of a single 
dose of a drug in a tablet. 
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concentration  ollowing administration o  the dosage 
 orm.
Dura tion. The duration o  the therapeutic e  ect 
o  the drug is the period during which the concen-
tration o  drug in the plasma exceeds the minimum 
e  ective plasma concentration.
Pea k concentra tion. The peak concentration rep-
resents the highest concentration o  the drug 
achieved in the plasma, o ten re erred to as the C max.
Time to pea k concentra tion. This is the period 
o  t ime required to achieve the peak plasma concen-
tration o  drug a ter the administration o  a single 
dose. This parameter is related to the rate o  absorp-
tion o  the drug and can be used to assess that rate. 
It  is o ten re erred to as the Tmax.
Area  under  the pla sma  concentra tion-time 
curve. This is related to the total amount o  drug 
absorbed into the systemic circulation  ollowing the 
administration o  a single dose, and is o ten known 
as the AUC.

Us e .o .p las ma.concentra tion-time.
curves .in.b ioava ilab ility.s tudies
In order to illustrate the use ulness o  plasma 
concentration-time curves in bioavailability studies 
in the assessment o  the rate and extent o  absorp-
tion, the administration o  single equal doses o  
three di  erent  ormulations, A, B and C o  the same 
drug to the same healthy individual by the same 
route o  administration on three separate occasions 
can be considered. The assumption is made that 
su  cient time is allowed to elapse between the 
administration o  each  ormulation such that the 
systemic circulation contained no residual concen-
tration o  drug and no residual e  ects  rom any 
previous administrations. It  is also assumed that the 
kinetics and pattern o  distribution o  the drug, its 
binding phenomena, the kinetics o  elimination 
and the experimental conditions under which each 
plasma concentration-time pro le is obtained are 
the same on each occasion. The plasma concentration-
time pro les  or the three  ormulations are shown 
in Figure 21.10. The di  erences between the three 
curves are attributed solely to di  erences in the rate 
and/ or extent o  absorption o  the drug  rom each 
 ormulation.

The three plasma pro les in Figure 21.10 show 
that each o  the three  ormulations (A, B and C) o  
the same dose o  the same drug results in di  erent 
peak plasma concentrations. The area under the 

o  the curve. It  should be appreciated, however, that 
elimination o  a drug begins as soon as it  appears in 
the plasma.

Several parameters based on the plasma 
concentration-time curve that are important in bio-
availability studies are shown in Figure 21.9, and are 
discussed below.
Minimum effective (or  thera peutic) pla sma  
concentra tion. It  is generally assumed that some 
minimum concentration o  drug in the plasma must 
be reached be ore the desired therapeutic or phar-
macological e  ect is achieved. This is called the 
minimum e  ective (or minimum therapeutic) plasma 
concentration. Its value not only varies  rom drug to 
drug but also  rom individual to individual and with 
the type and severity o  the disease state. In Figure 
21.9 the minimum e  ective concentration is indi-
cated by the lower line.
Ma ximum sa fe concentra tion. The concentra-
t ion o  drug in the plasma above which side-e  ects 
or toxic e  ects occur is known as the maximum sa e 
concentration.
Thera peutic ra nge or  window. A range o  plasma 
drug concentrations is also assumed to exist over 
which the desired response is obtained, yet toxic 
e  ects are avoided. This range is called the thera-
peutic range or therapeutic window. The intention in 
clinical practice is to maintain plasma drug concen-
trations within this range.
O nset. The onset may be de ned as the time 
required to achieve the minimum e  ective plasma 

Fig . 21.9 •  Relationship between the plasma 
concentration-time curve obtained following a single 
extravascular dose of a drug and parameters associated 
with the therapeutic or pharmacological response. 
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drug  rom di  erent  ormulations can result in a 
patient being either over-, under- or correctly 
medicated.

It  is important to realize that the study o  bio-
availability based on drug concentration measure-
ments in the plasma (or urine or saliva) is complicated 
by the  act that such concentration-time curves are 
a  ected by  actors other than the biopharmaceutical 
 actors o  the drug product itsel . Factors such as:
•  body weight
•  sex and age o  the test subjects
•  disease states
•  genetic di  erences in drug metabolism
•  excretion and distribution
•   ood and water intake
•  concomitant administration o  other drugs
•  stress
•  time o  administration o  the drug.
are some o  the variables that can complicate the 
interpretation o  bioavailability studies. As  ar as 
possible, studies should be designed to control these 
 actors.

Although plots such as those in Figure 21.10 can 
be used to compare the relative bioavailability o  a 
given drug  rom di  erent  ormulations, they cannot 
be used indiscriminately to compare di  erent drugs. 
It is quite usual  or di  erent drugs to exhibit  di  er-
ent rates o  absorption, metabolism, excretion and 
distribution, di  erent distribution patterns and di -
 erences in their plasma binding phenomena. All o  
these will inf uence the plasma concentration-time 
curve. There ore, it  would be extremely di  cult  
to attribute di  erences in the concentration-time 
curves obtained  or di  erent drugs presented in 
di  erent  ormulations to di  erences in their 
bioavailabilities.

Cumulative urinary drug  
excretion curves

Measurement o  the concentration o  intact drug 
and/ or its metabolite(s) in the urine can also be used 
to assess bioavailability.

When a suitable speci c assay method is not 
available  or the intact drug in the urine or the spe-
ci c assay method available  or the parent drug is 
not su  ciently sensitive, it  may be necessary to 
assay the principal metabolite or intact  drug plus its 
metabolite(s) in the urine to obtain an index o  

curves  or  ormulations A and B are similar indicat-
ing that  the drug is absorbed to a similar extent  rom 
these two  ormulations. However, the absorption 
rate is di  erent with the drug being absorbed  aster 
 rom  ormulation A than  rom  ormulation B. This 
means that   ormulation A shows a  ast onset o  
therapeutic action but as its peak plasma concentra-
tion exceeds the maximum sa e concentration, it  is 
likely that  this  ormulation will result  in toxic side-
e  ects. Formulation B, which has a slower rate o  
absorption than A, shows a slower therapeutic onset 
than A, but its peak plasma concentration lies within 
the therapeutic range. In addition, the duration o  
action o  the therapeutic e  ect obtained with  or-
mulation B is longer than that obtained with A. 
Hence  ormulation B appears to be superior to  or-
mulation A  rom a clinical viewpoint, in that its peak 
plasma concentration lies within the therapeutic 
range o  the drug and the duration o  the therapeutic 
e  ect is longer.

Formulation C gives a much smaller area under 
the plasma concentration-time curve, indicating that 
a lower proportion o  the dose has been absorbed. 
This, together with the slower rate o  absorption 
 rom  ormulation C (the time o  peak concentration 
is longer than  or  ormulations A and B), results in 
the peak plasma concentration not reaching the 
minimum e  ective concentration. Thus  ormulation 
C does not produce a therapeutic e  ect and conse-
quently is clinically ine  ective as a single dose.

This simple hypothetical example illustrates how 
di  erences in bioavailability exhibited by a given 

Fig . 21.10 •  Plasma concentration-time curves for three 
different formulations of the same drug administered in 
equal single doses by the same extravascular route. 
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the urinary excretion curve is related to the rate o  
absorption o  the drug into the blood. The total 
amount o  intact  drug (and/ or its metabolite(s) ) 
excreted in the urine at  point Z corresponds to the 
t ime at which the plasma concentration o  intact 
drug is zero and essentially all the drug has been 
eliminated  rom the body. The total amount o  drug 
excreted at  point Z may be quite di  erent  rom the 
total amount o  drug administered (i.e. the dose) 
either because o  incomplete absorption or because 
o  the drug being eliminated by processes other than 
urinary excretion.

Us e .o .urinary.drug.excre tion.curves ..
in.b ioava ilab ility.s tud ies
In order to illustrate how cumulative urinary excre-
tion curves can be used to compare the bioavailabili-
t ies o  a given drug  rom di  erent  ormulations, let 
us consider the urinary excretion data obtained  ol-
lowing the administration o  single equal doses o  
the three di  erent  ormulations A, B and C o  the 
same drug to the same healthy individual by the 
same extravascular route on three di  erent occa-
sions. Assume that these give the same plasma 
concentration-time curves as shown in Figure 21.10. 
The corresponding cumulative urinary excretion 
curves are shown in Figure 21.12.

The cumulative urinary excretion curves show 
that the rate at which drug appeared in the urine 

bioavailability. Measurements involving metabolite 
levels in the urine are only valid when the drug in 
question is not subject to metabolism prior to reach-
ing the systemic circulation. I  an orally adminis-
tered drug is subject to intestinal metabolism or 
 rst-pass liver metabolism, then measurement o  
the principal metabolite or o  intact drug plus 
metabolites in the urine would give an overestimate 
o  the systemic availability o  that drug. It  should be 
remembered that the de nition o  bioavailability is 
in terms o  the extent and the rate at which intact 
drug appears in the systemic circulation a ter the 
administration o  a known dose.

The assessment o  bioavailability by urinary excre-
tion is based on the assumption that the appearance 
o  the drug and/ or its metabolites in the urine is a 
 unction o  the rate and extent o  absorption. This 
assumption is only valid when a drug and/ or its 
metabolites are extensively excreted in the urine, 
and where the rate o  urinary excretion is propor-
t ional to the concentration o  the intact  drug in the 
blood plasma. This proportionality does not hold i :

•  the drug and/ or its metabolites are excreted by 
an active transport process into the distal 
kidney tubule

•  the intact drug and/ or its metabolites are 
weakly acidic or weakly basic (i.e. their rate  
o  excretion is dependent on urine pH)

•  the excretion rate depends on the rate o  urine 
f ow.

The important parameters in urinary excretion 
studies are the cumulative amount o  intact  drug 
and/ or metabolites excreted and the rate at which 
this excretion takes place. A cumulative urinary 
excretion curve is obtained by collecting urine 
samples (resulting  rom the total emptying o  the 
bladder) at known intervals a ter a single dose o  the 
drug has been administered. Urine samples must be 
collected until all drug and/ or its metabolites have 
been excreted (this is indicated by the cumulative 
urinary excretion curve becoming parallel to the 
abscissa) i  a comparison o  the extent o  absorption 
o  a given drug  rom di  erent  ormulations or dosage 
 orms is to be made. A typical cumulative urinary 
excretion curve and the corresponding plasma 
concentration-time curve obtained  ollowing the 
administration o  a single dose o  a given drug by the 
oral route to a subject is shown in Figure 21.11.

The initial segments (X-Y) o  the curves ref ect 
the absorption phase (i.e. where absorption is the 
dominant process) and the slope o  this segment o  

Fig . 21.11 •  Corresponding plots  showing the plasma 
concentration-time curve (upper curve) and the 
cumulative urinary excretion curve (lower curve) obtained 
following the administration of a single dose of a drug 
by the peroral route. 
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Consideration o  the cumulative urinary excre-
tion curve  or C shows that this  ormulation not only 
results in a slower rate o  appearance o  intact drug 
in the urine but also that  the total amount o  drug 
eventually excreted is much less than  rom the other 
two  ormulations. This is con rmed by the plasma 
concentration-time curve shown in Figure 21.10  or 
 ormulation C.

Absolute and relative bioavailability

Abs olute .b ioava ilab ility
The absolute bioavailability o  a given drug  rom a 
dosage  orm is the  raction (or percentage) o  the 
administered dose which is absorbed intact into the 
systemic circulation. Absolute bioavailability may be 
calculated by comparing the total amount o  intact 
drug that reaches the systemic circulation a ter the 
administration o  a known dose o  the dosage  orm 
via a route o  administration, with the total amount 
that reaches the systemic circulation a ter the 
administration o  an equivalent dose o  the drug in 
the  orm o  an intravenous bolus injection. An intra-
venous bolus injection is used as a re erence to 
compare the systemic availability o  the drug admin-
istered via di  erent routes. This is because when a 
drug is delivered intravenously, the entire adminis-
tered dose is introduced directly into the systemic 
circulation, i.e. it  has no absorption barrier to 
cross, and is there ore considered to be totally 
bioavailable.

The absolute bioavailability o  a given drug using 
plasma data may be calculated by comparing the 
total areas under the plasma concentration-time 
curves obtained  ollowing the administration o  
equivalent doses o  the drug via any route o  admin-
istration and that  ollowing delivery via the intra-
venous route in the same subject on di  erent 
occasions. Typical plasma concentration-time curves 
obtained by administering equivalent doses o  the 
same drug by the intravenous route (bolus injection) 
and the gastrointestinal route are shown in Figure 
21.13.

For equivalent doses o  administered drug:

 absolute bioavailability  AUC
AUC

T  abs

T  iv
= (  )

(  )
 

(21.3)

where (AUCT)abs is the total area under the 
plasma concentration-time curve  ollowing the 

(i.e. the slope o  the initial segment o  each urinary 
excretion curve)  rom each  ormulation decreases 
in the order A > B > C. Because the slope o  the 
initial segment o  the urinary excretion curve is 
related to the rate o  drug absorption, the cumula-
tive urinary excretion curves indicate that  the rates 
o  absorption o  drug  rom the three  ormulations 
decrease in the order A > B > C. The corresponding 
plasma concentration-time curves in Figure 21.10 
shows that this is the case, i.e. peak concentration 
times (which are inversely related to the rate o  
drug absorption)  or the three  ormulations increase 
in the order A > B > C. Although Figure 21.12 shows 
that the rate o  appearance o  drug in the urine  rom 
 ormulation A is  aster than  rom B, the total amount 
o  drug eventually excreted  rom these two  ormula-
tions is the same, i.e. the cumulative urinary excre-
tion curves  or  ormulations A and B eventually 
meet and merge. As the total amount o  intact drug 
excreted is assumed to be related to the total 
amount absorbed, the cumulative urinary excretion 
curves  or  ormulations A and B indicate that the 
extent o  drug absorption  rom these two  ormula-
tions is the same. This is con rmed by the plasma 
concentration-time curves  or  ormulations A and B 
in Figure 21.10 that  exhibit  similar areas under their 
curves.

Thus, both the plasma concentration-time curves 
and the corresponding cumulative urinary excretion 
curves  or  ormulations A and B show that the 
extent o  absorption  rom these  ormulations is 
equal, despite the drug being released at di  erent 
rates  rom the respective  ormulations.

Fig . 21.12 •  Cumulative urinary excretion curves 
corresponding to the plasma concentration-time curves 
shown in Fig. 21.10 for three different formulations of 
the same drug administered in equal single doses by 
the same extravascular route. 
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(bolus injection) on di  erent occasions to the same 
subject.

For equivalent doses o  administered drug:

 absolute bioavailability  u  abs

u  iv
= (  )

(  )
X
X

 

(21.5)

where (Xu)abs and (Xu)iv are the total cumulative 
amounts o  unchanged drug ult imately excreted in 
the urine  ollowing administration o  equivalent 
single doses o  drug via an absorption site and as an 
intravenous bolus injection, respectively.

I  di  erent doses o  drug are administered:

 absolute bioavailability  u  abs  abs

u  iv  iv
= (  )  /

(  )  /
X  D
X  D

 

(21.6)

The absolute bioavailability o  a given drug  rom a 
particular type o  dosage  orm may be expressed as 
a  raction or, more commonly, as a percentage.

Measurements o  absolute bioavailability obtained 
by administering a given drug in the  orm o  a 
simple aqueous solution (that does not precipitate 
on contact with, or on dilution by, gastrointestinal 
f uids) by both the oral and the intravenous routes 
provide an insight into the e  ects that  actors associ-
ated with the oral route may have on bioavailability, 
e.g. presystemic metabolism by the intestine or 
liver, the  ormation o  complexes between the drug 
and endogenous substances (e.g. mucin) at the site 
o  absorption and drug stability in the gastrointesti-
nal f uids.

It  should be noted that the value calculated  or 
the absolute bioavailability will only be valid  or the 
drug being examined i  the kinetics o  elimination 
and distribution are independent o  the route and 
t ime o  administration and the size o  dose admin-
istered (i  di  erent doses are administered by the 
intravenous route and absorption site). I  this is not 
the case, one cannot assume that the observed di -
 erences in the total areas under the plasma 
concentration-time curves or in the total cumulative 
amounts o  unchanged drug ultimately excreted 
in the urine are due entirely to di  erences in 
bioavailability.

Re la tive .b ioava ilab ility
In the case o  drugs that  cannot be administered 
by intravenous bolus injection, the relative (or 

administration o  a single dose via an absorption site 
and (AUCT)iv is the total area under the plasma 
concentration-time curve  ollowing administration 
by rapid intravenous injection.

I  di  erent doses o  the drug are administered by 
both routes, a correction  or the sizes o  the doses 
can be made as  ollows:

 absolute bioavailability  AUC
AUC

T  abs  abs

T  iv  iv
= (  )  /

(  )  /
D
D

 

(21.4)

where Dabs is the size o  the single dose o  drug 
administered via the absorption site and D iv is the 
size o  the dose o  the drug administered as an 
intravenous bolus injection. Sometimes it  is neces-
sary to use di  erent dosages o  drugs via di  erent 
routes. O ten the dose administered intravenously 
is lower to avoid toxic side-e  ects and  or ease o  
 ormulation. Care should be taken when using di -
 erent dosages to calculate bioavailability data as 
sometimes the pharmacokinetics o  a drug are non-
linear and di  erent doses will then lead to an incor-
rect  gure  or the absolute bioavailability i  calculated 
using a simple ratio, as in Equation 21.4.

Absolute bioavailability using urinary excretion 
data may be determined by comparing the total 
cumulative amounts o  unchanged drug ultimately 
excreted in the urine  ollowing administration o  the 
drug via an absorption site and the intravenous route 

Fig . 21.13 •  Typical plasma concentration-time curves 
obtained by administering equivalent doses of the same 
drug by intravenous bolus injection and by the peroral 
route. 



 P A R T  F O U R  Biopharmac eutic al Princ iple s  of Drug De live ry

3 5 0

the urine  ollowing the administration o  single 
doses o  the test  dosage  orm and the standard 
dosage  orm, respectively. I  di  erent doses o  the 
test and standard dosage  orms are administered on 
separate occasions, the total amounts o  unchanged 
drug ultimately excreted in the urine per unit dose 
o  drug must be used in this equation.

It  should be noted that measurements o  relative 
and absolute bioavailability based on urinary excre-
tion data may also be made in terms o  either the 
total amounts o  principal drug metabolite or o  
unchanged drug plus its metabolites ultimately 
excreted in the urine. However, the assessment o  
relative and absolute bioavailability in terms o  
urinary excretion data is based on the assumption 
that the total amount o  unchanged drug (and/ or its 
metabolites) ultimately excreted in the urine is a 
ref ection o  the total amount o  intact drug entering 
the systemic circulation (as discussed in the earlier 
section on cumulative urinary excretion curves).

Relative bioavailability measurements are o ten 
used to determine the e  ects o  dosage  orm di  er-
ences on the systemic bioavailability o  a given drug. 
Numerous dosage  orm  actors can inf uence the 
bioavailability o  a drug. These include the type o  
dosage  orm (e.g. tablet, solution, suspension, hard 
gelatin capsule), di  erences in the  ormulation o  a 
particular type o  dosage  orm, and manu acturing 
variables employed in the production o  a particular 
type o  dosage  orm. A more detailed account o  the 
inf uence o  these  actors on bioavailability is given 
in Chapter 20.

Bioequivalence

An extension o  the concept o  relative bioavailabil-
ity, which essentially involves comparing the total 
amounts o  a particular drug that are absorbed intact 
into the systemic circulation  rom a test and a rec-
ognized standard dosage  orm, is that o  determining 
whether test and standard dosage  orms containing 
equal doses o  the same drug are equivalent or 
not in terms o  their systemic availabilities (i.e. 
rates and extents o  absorption). This is called 
bioequivalence.

Two or more chemically equivalent products, 
i.e. products containing equal doses o  the same 
therapeutically active ingredient(s) are said to be 
bioequivalent i  they do not di  er signif cantly in 
their bioavailability characteristics when adminis-
tered in the same dose under similar experimental 

comparative) bioavailability is determined rather 
than the absolute bioavailability. In this case, the 
bioavailability o  a given drug  rom a ‘test’ dosage 
 orm is compared to that o  the same drug adminis-
tered in a ‘standard’ dosage  orm. The latter is either 
an orally administered solution ( rom which the 
drug is known to be well absorbed) or an established 
commercial preparation o  proven clinical e  ective-
ness. Hence relative bioavailability is a measure o  
the  raction (or percentage) o  a given drug that is 
absorbed intact into the systemic circulation  rom a 
dosage  orm relative to a recognized (i.e. clinically 
proven) standard dosage  orm o  that drug.

The relative bioavailability o  a given drug admin-
istered at  equal doses o  a test dosage  orm and a 
recognized standard dosage  orm, respectively, by 
the same route o  administration to the same subject 
on di  erent occasions may be calculated  rom the 
corresponding plasma concentration-time curves as 
 ollows:

 relative bioavailability  AUC
AUC

T  test

T  standard
=  (  )

(  )
 

(21.7)

where (AUCT)test and (AUCT)standard are the total 
areas under the plasma concentration-time curves 
 ollowing the administration o  a single dose o  the 
test dosage  orm and o  the standard dosage  orm, 
respectively.

When di  erent doses o  the test and standard 
dosage  orms are administered, a correction  or the 
size o  dose is made as  ollows:

 relative bioavailability  AUC
AUC

T  test  test

T  standard  st
=  (  )  /

(  )  /
D
D  aandard

 

(21.8)

where D test and Dstandard are the sizes o  the single 
doses o  the test and standard dosage  orms, 
respectively.

Like absolute bioavailability, relative bioavailabil-
ity may be expressed as a  raction or as a percentage. 
Urinary excretion data may also be used to measure 
relative bioavailability as  ollows:

 relative bioavailability  u  test

u  standard
=  (  )

(  )
X

X
 

(21.9)

where (Xu)test and (Xu)standard are the total cumulative 
amounts o  unchanged drug ultimately excreted in 
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21.14) may still be considered satis actory  rom a 
therapeutic point o  view, although they are not 
strictly bioequivalent.

In the case o  the hypothetical example shown in 
Figure 21.14, provided that the observed di  erence 
in the rates o  absorption (as assessed by the times 
o  peak plasma concentration), and hence in the 
t imes o  onset,  or  ormulations X and Y is not 
considered to be therapeutically signi cant, both 
 ormulations may be considered to be therapeuti-
cally satis actory. However, i  the drug in question 
was a hypnotic, in which case the time o  onset  or 
the therapeutic response is important, then the 
observed di  erence in the rates o  absorption would 
become more important and the two  ormulations 
may be considered to be non-equivalent.

I  the times o  peak plasma concentration  or 
 ormulations X and Y were 0.5 and 1.0 hour, respec-
tively, it  is likely that  both  ormulations would 
still be deemed to be therapeutically satis actory 
despite a 100% di  erence in their t imes o  peak 
plasma concentration. However, i  the times o  
peak plasma concentration  or  ormulations X and 
Y were 2 and 4 hours, respectively, these  ormula-
tions might no longer be regarded as being thera-
peutically equivalent even though the percentage 
di  erence in their peak plasma concentration was 
the same.

It is di  cult  to quote a universally acceptable 
percentage di  erence that can be tolerated be ore 
two chemically equivalent drug products are 

conditions. Hence, in those cases where bioavailabil-
ity is assessed in terms o  plasma concentration-time 
curves, two or more drug products may be consid-
ered bioequivalent i  there is no signi cant di  er-
ence between any o  the  ollowing parameters: 
maximum plasma concentration (Cmax), t ime to 
peak height concentration (Tmax) and area under the 
plasma concentration-time curve (AUC).

In conducting a bioequivalence study, it  is usual 
 or one o  the chemically equivalent drug products 
under test to be a clinically proven, therapeutically 
e  ective product that serves as a standard against  
which the other ‘test’ products may be compared. 
I  a test product and the standard product are  ound 
to be bioequivalent then it  is reasonable to expect 
that the test product will also be therapeutically 
e  ective, i.e. the test and the re erence products are 
therapeutically equivalent. Bioequivalence studies 
are there ore important in determining whether 
chemically equivalent drug products manu actured 
by di  erent companies are therapeutically equiva-
lent, i.e. each will produce identical therapeutic 
responses in patients.

I  two drug products are absolutely bioequiva-
lent, their plasma concentration-time and/ or 
cumulative urinary excretion curves would be 
superimposable. In such a case there would be no 
problem in concluding that these products were 
bioequivalent. Nor would there be a problem in 
concluding bioinequivalence i  the parameters asso-
ciated with the plasma concentration-time and/ or 
cumulative urinary excretion pro les  or the test 
di  ered  rom the standard product by,  or instance, 
50%. However, a problem arises in deciding whether 
the test and standard drug products are bioequiva-
lent when such products show relatively small di -
 erences in their plasma concentration-time curves 
and/ or cumulative urinary excretion curves.

The problem is, how much o  a di  erence can be 
allowed between two chemically equivalent drug 
products still to permit them to be considered 
bioequivalent? Should this be 10%, 20%, 30% or 
more? The magnitude o  the di  erence that could 
be permitted will depend on the signi cance o  such 
a di  erence on the sa ety and therapeutic e  cacy 
o  the particular drug. This will depend on such 
 actors as the toxicity, the therapeutic range and the 
therapeutic use o  the drug. In the case o  a drug 
with a wide therapeutic range, the toxic e  ects o  
which occur only at relatively high plasma concen-
trations, chemically equivalent products giving quite 
di  erent plasma concentration-time curves (Fig. 

Fig . 21.14 •  Plasma concentration-time curves for two 
chemically equivalent drug products administered in 
equal single doses by the same extravascular route. 
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deemed to be bioinequivalent, a value o  20%  or 
the tolerated di  erence can be regarded as a general 
criterion  or determining bioequivalence. Thus, i  
all the major parameters in either the plasma 
concentration-time or cumulative urinary excretion 
curves  or two or more chemically equivalent drug 
products di  er  rom each other by less than 20%, 
these products could be judged to be bioequivalent. 
However, i  any one or more o  these parameters 
di  er by more than 20% then there might be a 
problem with the bioequivalence o  the test 
product(s) with respect to the standard product. 
However, recently some regulatory authorities have 
been adopting more stringent requirements  or 
bioequivalence, involving statistical models and con-
siderations o  average, population and individual 
pharmacokinetics.

regarded as being bioinequivalent and/ or therapeuti-
cally inequivalent. In the case o  drug products con-
taining a drug which exhibits a narrow range between 
its minimum e  ective plasma concentration and its 
maximum sa e plasma concentration (e.g. digoxin), 
the concept o  bioequivalence is  undamentally 
important, as in such cases small di  erences in 
the plasma concentration-time curves o  chemically 
equivalent drug products may result in patients 
being over-medicated (i.e. exhibiting toxic responses) 
or under-medicated (i.e. experiencing therapeutic 
 ailure). These two therapeutically unsatis actory 
conditions are illustrated in Figure 21.15a and b, 
respectively.

Despite the problems o  putting a value on the 
magnitude o  the di  erence that can be tolerated 
be ore two chemically equivalent drug products are 

Fig . 21.15 •  Plasma concentration-time curves for chemically equivalent drug products administered in equal single 
doses by the same extravascular route, showing potential consequences of bioinequivalence for a drug having a 
narrow therapeutic range, i.e. (a) over-medication and (b) under-medication. 

a

b
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Biopharmac e utic s  
Clas s i c ation Sys te m

As a result  o  the plethora and variability o  biop-
harmaceutical properties o  existing and potential 
drugs, an attempt has been made to classi y drugs 
into a small number o  categories. A scienti c basis 
 or a Biopharmaceutics Classi cation System (BCS) 
has been proposed that classi es drugs into  our 
classes according to their dose, their aqueous solu-
bility across the gastrointestinal pH range and their 
permeability across the gastrointestinal mucosa.

The scheme was originally proposed  or the iden-
ti cation o  immediate-release solid oral products 
 or which in vivo bioequivalence tests may not be 
necessary. It  is also use ul to classi y drugs and 
predict  bioavailability issues that may arise during 
the various stages o  the development process and is 
now utilized widely by many regulatory authorities.

The  our classes are de ned in terms o  high 
and low aqueous solubility and high and low 
permeability:
•  Class I – high solubility/ high permeability
•  Class II – low solubility/ high permeability
•  Class III – high solubility/ low permeability
•  Class IV – low solubility/ low permeability.
A drug is considered to be highly soluble where the 
highest dose strength is soluble in 250 mL or less o  
aqueous media over the pH range 1–8. The volume 
is derived  rom the minimum volume anticipated in 
the stomach when a dosage  orm is taken in the 
 asted state with a glass o  water. I  the volume o  
aqueous media needed to dissolve the drug in pH 
conditions ranging  rom 1 to 8 is greater than 250 mL 
then the drug is considered to have low solubility. 
The classi cation there ore takes into account the 
dose o  the drug as well as its solubility.

A drug is considered to be highly permeable when 
the extent o  absorption in humans is expected to 
be greater than 90% o  the administered dose. Per-
meability can be assessed using one o  the methods 
discussed earlier in this chapter that has been cali-
brated with known standard compounds or by phar-
macokinetic studies.
Cla ss I drugs. Class I drugs will dissolve rapidly 
when presented in immediate-release dosage  orms, 
and are also rapidly transported across the gut wall. 
There ore (unless they  orm insoluble complexes, 
are unstable in gastric f uids or undergo presystemic 
clearance) it  is expected that such drugs will be 

A  urther crucial  actor in establishing bioequiva-
lence, or in determining the inf uence that the type 
o  dosage  orm, route o  administration, etc., have 
on the bioavailability o  a given drug, is the proper 
design, control and interpretation o  such experi-
mental studies.

As s e s s me nt of s ite   
o f re le as e  in vivo

There are many bene ts o  being able to assess the 
 ate o  a dosage  orm in vivo and the site and release 
pattern o  the drug. Particularly  or drugs that show 
poor oral bioavailability, or in the design and devel-
opment o  controlled- or sustained-release delivery 
systems, the ability to  ollow the transit  o  the 
dosage  orm and the release o  drug  rom it  is advan-
tageous. The technique o  gamma-scintigraphy is 
now used extensively and enables a greater knowl-
edge and understanding to be gained o  the transit  
and  ate o  pharmaceuticals in the gastrointestinal 
tract.

G amma (γ)-scintigraphy is a versatile, non-
invasive and ethically acceptable technique that  is 
capable o  obtaining in ormation both quantitatively 
and continuously. The technique involves the radi-
olabelling o  a dosage  orm with a γ-emitt ing isotope 
o  appropriate hal -li e and activity. Technetium-
99m is o ten the isotope o  choice  or pharmaceuti-
cal studies because o  its short hal -li e (6 hours). 
The radiolabelled dosage  orm is administered to a 
subject who is positioned in  ront o  a γ-camera. 
γ-Radiation emitted  rom the isotope is  ocused by 
a collimator and detected by a scintillation crystal 
and its associated circuitry. The signals are assem-
bled by computer so tware to  orm a two-dimensional 
image o  the dosage  orm in the gastrointestinal 
tract. The anatomy o  the gastrointestinal tract can 
be clearly seen  rom liquid dosage  orms, and the 
site o  disintegration o  solid dosage  orms identi-
 ed. The release o  the radiolabel  rom the dosage 
 orm can be measured by  ollowing the intensity o  
the radiation. By co-administration o  a radiolabelled 
marker and a drug in the same dosage  orm, and 
simultaneous imaging and the taking o  blood 
samples, the absorption site and release rate o  a 
drug can be determined ( or example with the 
InteliSite capsule described earlier in this chapter). 
When used in this way, the technique is o ten 
re erred to as pharmacoscintigraphy.
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that are intended  or oral administration. Methods 
o  measuring and interpreting bioavailability data are 
also described. The concepts o  bioequivalence and 
the Biopharmaceutics Classi cation System o  drugs 
are introduced.

It  is imperative that the biopharmaceutical prop-
erties o  drugs are  ully understood, both in the 
selection o  candidate drugs during the discovery 
process and in the design and development o  e  ca-
cious immediate- and controlled-release dosage 
 orms.
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rapidly absorbed and thus show good bioavailability. 
Examples o  class I drugs are the β-blockers pro-
pranolol and metoprolol.
Cla ss II drugs. In contrast,  or drugs in class II, 
the dissolution rate is liable to be the rate-limiting 
step in oral absorption. For class II drugs it  should 
there ore be possible to generate a strong correlation 
between in vitro dissolution and in vivo absorption 
(discussed earlier in this chapter). Examples o  class 
II drugs are the non-steroidal anti-inf ammatory 
drug ketopro en and the antiepileptic carbamazepine. 
This class o  drug should be amenable to  ormulation 
approaches to improve the dissolution rate and 
hence oral bioavailability.
Cla ss III drugs. Class III drugs are those that dis-
solve rapidly but which are poorly permeable. 
Examples are the H 2-antagonist ranitidine and the 
β-blocker atenolol. It  is important that  dosage  orms 
containing class III drugs release them rapidly in 
order to maximize the amount o  t ime these drugs, 
which are slow to permeate the gastrointestinal epi-
thelium, are in contact with it .
Cla ss IV drugs. Class IV drugs are those that are 
classed as poorly soluble and poorly permeable. 
These drugs are liable to have poor oral bioavailability, 
or the oral absorption may be so low that they cannot 
be given by the oral route. The diuretics hydrochlo-
rothiazide and  urosemide are examples o  class IV 
drugs. Forming prodrugs o  class IV compounds, the 
use o  novel drug delivery technologies or  nding an 
alternative route o  delivery are approaches that have 
to be adopted to signi cantly improve their absorp-
tion into the systemic circulation.

Summary

This chapter discusses a range o  approaches to 
assessing the biopharmaceutical properties o  drugs 
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KE Y P O IN TS

•  Pharmacokinetics  provides  a mathematical 
bas is  to assess  the time course of drugs  in the 
body  It enables  the following processes  to be 
quanti ed: Absorption, Dis tribution, Metabolism 
and Excretion (ADME) 

•  The behaviour of drugs  in the body can be 
characterized to show one, two or multiple 
compartment modelling  One compartment 
pharmacokinetic modelling can be used to 
interpret drug levels , providing the sampling  
is  pos t-dis tribution 

•  Most drugs  show linear pharmacokinetic 
processes , where the rate of elimination is  
proportional to the plasma concentration 

•  Non-linear drug handling is  used to describe 
phenytoin, high dose salicylates  and alcohol 
pharmacokinetics  

•  The plasma-concentration time pro le for 
a  dosage form is  in uenced by the route of 
adminis tration and type of formulation 

•  The time to reach s teady s tate plasma levels  is  
independent of the route of adminis tration or 
dosage formulation, but is  determined by the 
drug’s  half-life 

•  At s teady s tate, the plasma concentration 
 uctuates  between a maximum and minimum 
level within a dosage interval  Changing  
the dose and dos ing interval will impact on  
the extent of the  uctuations  as  well as  the  
total concentration of drug in the body 

John H. Collett  Soraya Dhillon
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amoxicillin may be prescribed as one 250 mg capsule 
three times a day. The design of the regimen, i.e. 
formulation, route of administration, dose size and 
the dosage frequency are important factors which 
in uence what plasma concentration is achieved and 
maintained in the body over the prescribed course 
of drug treatment. Other factors to consider are: 
patient choice and lifestyle, including the route of 
administration (the oral route is often preferred by 
patients), the dosing interval (once, twice or three 
times a day) needs to be suitable for a patient’s work 
pattern and the dosage form must be appropriate, 
for instance a liquid may be preferable to a capsule 
for young and elderly patients.

Rates  of ADME processes

To describe the processes of ADME, there is a 
need to consider the rates of the various processes. 
In zero-order reactions, the reaction proceeds at 
a constant rate and is independent of the concen�
tration of a substance present in the body. An 
example is the elimination of alcohol. Drugs exhibit�
ing this type of elimination will show accumula�
tion of plasma levels of the drug, and hence 
non�linear pharmacokinetics. In  rst-order reac-
tions, the reaction proceeds at a rate which is 
dependent on the concentration of a drug in the 
body. Most ADME processes follow  rst�order 
kinetics (Chapter 7).

The majority of drugs used clinically at therapeu�
tic dosages will show  rst�order rate processes, e.g. 
the rate of elimination of most drugs will be  rst  
order. However, some drugs show non�linear rates 
of elimination, for instance phenytoin and high dose 
salicylates. First�order rate processes do not result 
in accumulation, i.e. as the amount of drug admin�
istered increases, the body is able to eliminate the 
drug accordingly. Hence, if the dose is doubled, 
the steady�state plasma concentration is doubled. 
Whether a drug shows  rst� or zero�order elimina�
tion is determined by its Michaelis Constant (Km). 
This parameter is the plasma concentration at which 
the elimination of the drug proceeds at half the 
maximum metabolic capacity (Vm). If normal thera�
peutic plasma levels of the drug exceed the drug’s 
Michaelis Constant, then the drug will show non�
linear drug handling. For most drugs, the Michaelis 
Constant is much higher than the levels achieved 
through normal therapeutic use.

•  Loading doses  are required for drugs  that have 
a long half-life and where an immediate clinical 
effect is  required at a  target drug concentration  
Loading doses  are dependent on the drug’s  
volume of dis tribution 

Dos age  re gime ns : in ue nc e  on 
the  plas ma c onc e ntration-time  
prof le  o   a drug in the  body

The design of a dosage regimen determines the 
therapeutic bene t  for patients. The principles of 
clinical pharmacokinetics are applied to design a 
dosage regimen for a patient that ensures the appro�
priate formulation of drug is chosen for an appropri�
ate route of administration. On the basis of the 
patient’s drug handling parameters, which require 
an understanding of absorption, distribution, metab�
olism and excretion, the dosage regimen for the 
medicine in a particular patient, can be optimized. 
The pharmacist needs to ensure the appropriate 
regimen is prescribed to achieve optimal ef cacy 
and minimal toxicity.

Clinical pharmacokinetics provides a basic under�
standing of the principles required to design a dosage 
regimen. Pharmacokinetics provides a mathematical 
basis to assess the time course of drugs and their 
concentrations in the body. It  enables the following 
processes to be quanti ed:
•  absorption
•  distribution
•  metabolism
•  excretion.
It is these four pharmacokinetic processes, often 
referred to as ADME, that determine the drug con�
centration in the body following administration of a 
medicine (see also Chapter 18).

The in uence that physiological factors, physico�
chemical properties of a drug and dosage form 
factors can have in determining whether a therapeu�
tically effective concentration of a drug is achieved 
in the plasma following oral administration of a 
single dose of drug has been discussed previously in 
Chapters 19 and 20.

Whilst a single dose of certain drugs, e.g. single�
dose hypnotics, analgesics and antiemetics, may be 
used in some clinical situations, most medicines are 
given as a multiple dosage regimen. For example, for 
the treatment of a respiratory tract infection, 
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be in an absorbable form, in solution in the gastroin�
testinal  uids at  the site(s) of absorption, i.e. the 
effective concentration, C e, of drug at t ime, t.
Hence:

 rate of drug input at time et  Cα  
(22.1)

and

 rate of drug input at time a et  k C= −  
(22.2)

where ka is the apparent absorption rate constant.
The negative sign in Equation 22.2 indicates that 

the effective concentration of drug at the absorption 
site(s) decreases with time. The apparent absorption 
rate constant gives the proportion (or fraction) of 
drug which enters the body compartment per unit 
t ime. Unlike the rate of drug input into the body 
compartment, the apparent absorption rate con�
stant, ka, is independent of the effective concentra�
tion of drug at the absorption site(s). The rate of 
drug input will decrease gradually with time as the 
effective drug concentration at the site of absorption 
decreases (assumes  rst�order absorption). Other 
processes, such as chemical degradation and move�
ment of drug away from the absorption site(s), will 
also contribute to the gradual decrease in the drug 
concentration with time at the absorption site.

In the case of a one�compartment open model, 
the rate of drug output or elimination is a  rst�order 
process. Consequently, the magnitude of this param�
eter at any given time is dependent on the concen�
tration of drug in the body compartment at that 
t ime. Immediately following administration of the 
 rst  dose of an oral dosage form, the rate of drug 
output from the body, i.e. elimination, will be low 
since a limited amount of drug has been absorbed 
into the body compartment. However, as absorption 
proceeds, initially at a higher rate than the rate of 
drug output, the net concentration of drug in the 
body will increase with time. As the rate of drug 
output from the body compartment increases whilst 
the rate of drug input into the body compartment 

One -c ompartme nt ope n mode l 
o   drug dis pos ition in the  body

To understand how the design of a dosage regimen 
can in uence the time course of a drug in the body, 
as measured by its plasma concentration�time 
pro le, it  is important to consider the complex phar�
macokinetic processes of: drug input (i.e. adminis�
tration); output (i.e. elimination/ metabolism) and 
distribution within the body. This can be described 
using the one�compartment open model of drug dis�
position, shown in Figure 22.1.

Pharmacokinetic models are hypothetical con�
structs, which describe the fate of a drug in a bio�
logical system following its administration. The 
purpose of modeling is to characterize the ADME 
pro le for a drug to indicate how the drug is handled 
by the patient and to characterize basic parameters. 
These basic parameters describe the fate of the drug 
following administration and are used to optimize 
a dosage regimen. In a one-compartment model, 
the drug is considered to be distributed instantly 
throughout the whole body following its release and 
absorption from the dosage form. Thus, the body 
behaves as a single compartment in which absorbed 
drug is distributed so rapidly that a concentration 
equilibrium exists at any given time between the 
plasma, other body  uids and the tissues into which 
the drug has become distributed.

Rate of drug input versus  rate  
of drug output

In a one�compartment open model, the overall 
kinetic processes of drug input and drug output are 
described by  rst�order kinetics. Following adminis�
tration of an oral dosage form, the process of drug 
input into the body compartment involves drug 
release from the dosage form and passage of drug 
(absorption) across the cellular membranes, in this 
case the gastrointestinal barrier. The rate of drug 
input (absorption) at any given time is proportional 
to the concentration of drug, which is assumed to 

Fig . 22.1 •  One-compartment open model of drug disposition for an orally administered drug. 
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metabolism, is also likely to result  in higher plasma 
and body concentrations of drug than expected, and 
the possibility of the patient exhibiting toxicity. The 
adjustment of dosage regimens in cases of patients 
having severe renal impairment is considered later.

Elimination rate cons tant and 
biological half-life  of a  drug

In the case of a one�compartment open model, the 
rate of elimination or output of a drug from the 
body compartment follows  rst�order kinetics and 
is related to the concentration of drug, C t, remaining 
in the body compartment at t ime t, by the following 
equation:

 rate of elimination at time e tt  k C= −  
(22.3)

where ke is the apparent elimination rate constant. 
The negative sign in Equation 22.3 indicates 
that elimination is removing drug from the body 
compartment.

The apparent elimination rate constant of a 
drug gives the proportion, or fraction, of that drug 
which is eliminated from the body per unit t ime. 
Its units are in terms of time−1. The apparent 
elimination constant of a given drug thus provides a 

is decreasing with time, there will be a point at  
which the rate of drug input is equal to the rate of 
drug output, such that the net concentration of drug 
in the body compartment will reach a peak value 
(Cmax) and then begin to fall with t ime. At this stage, 
the rate of drug output exceeds the rate of drug 
input.

These changes in the rates of drug input and 
output, relative to each other, with t ime are respon�
sible for the characteristic shape of the concentration�
time course of a drug in the body shown in Figure 
22.2 following oral administration of a single dose 
of a drug.

The shape of the curve is determined by the 
relationship between the rate of absorption and the 
rate of elimination. The greater the rate of drug 
input relative to the rate of drug output from the 
body compartment over the net absorption phase, 
the higher will be the peak concentration achieved 
in the body or plasma following oral administration 
of a single dose of drug. This explains why increases 
in dose size and formulation changes in dosage 
forms, which produce increases in the effective con�
centration of drug at the absorption site(s), result in 
higher peak plasma and body concentrations being 
obtained for a given drug. It  should also be noted 
that any unexpected decrease in the rate of drug 
output relative to the rate of drug input, which may 
occur as the result  of renal impairment or poor drug 

Fig . 22.2 •  Plasma concentration-time course of a drug in the body following oral administration of a single dose of 
drug which confers one-compartment open model characteristics on the body. 



 Do s a g e  re g im e n s  C H A P T E R  2 2

3 5 9

An appreciation of the relationship between the 
percentage of drug eliminated from the body and 
the number of biological half�lives elapsed is useful 
when considering how much drug is eliminated from 
the body over the time interval between successive 
doses in a multiple dosage regimen. An understand�
ing of this relationship can assist in determining an 
appropriate dosage interval. The biological half�life 
of a drug will show variation from drug�to�drug. 
Biological half�lives for a number of drugs are given 
in Table 22.2.

There can also be signi cant interpatient variabil�
ity in uenced by desease state and lifestyle. For 
example, the drug theophylline has a half� life of 8.6 

quantitative index of the persistence of that drug in 
the body.

For example the fraction of drug remaining after 
t ime t is calculated from:

 C  Ct
 kte=  −

0  
(22.4)

where C0 is the starting concentration. e−kt is the 
fraction of drug remaining and the fraction elimi�
nated is given by:

 1−  −e  kt  
(22.5)

Application of these equations is shown in Box 22.1.
An alternative parameter used is the biological or 

elimination half�life of the drug, t1/ 2. The biological 
half�life of a given drug is the t ime required for the 
body to eliminate 50% of the drug which it  con�
tained. Thus, the larger the biological half�life exhib�
ited by a drug, the slower will be its elimination 
from the body or plasma.

For a drug whose elimination follows  rst�order 
kinetics, the value of its biological half�life is inde�
pendent of the concentration of drug remaining in 
the body or plasma. Hence, if a single dose of a drug 
having a biological half�life of 4 hours was adminis�
tered orally, then after the peak plasma concentra�
tion had been reached, the plasma concentration of 
drug would fall by 50% every 4 hours until the entire 
drug had been eliminated or a further dose was 
administered. The relationship between the numbers 
of half�lives elapsed and the percentage of drug 
eliminated from the body following administration 
of a single dose is given in Table 22.1.

Box 22 1 

Calculation of the fraction of drug 
eliminated from and remaining in the body 
with time
A patient has  an elimination rate cons tant of 0 08 hr−1  
If the patient has  a s tarting plasma concentration of 
drug, C0, of 16 mg/L, then at 4 hours  the fraction 
remaining in the body (C t) is  equal to C0  e−kt  Thus :

Ct = 16 e−0 08x4

C t = 11 6 mg/L, i e   72 6%  of the drug is  remaining
and the fraction of drug eliminated is :
1 – e−kt = 27 4%

Table 22.1 Relationship between the amount of drug 
eliminated and the number of half-lives elapsed

Number of 
half-lives elapsed

Percentage of 
drug eliminated

0.5  29.3

1.0  50.0

2.0  75.0

3.0  87.5

3.3  90.0

4.0  94.0

4.3  95.0

5.0  97.0

6.0  98.4

6.6  99.0

7.0  99.2

Table 22.2 The biological half-life ranges for digoxin, 
theophylline, lithium and gentamicin in adult patients 
with uncompromised drug handling

Drug Biological half-life (hours)

Digoxin  36–51

Theophylline  6–8

Lithium  15–30

Gentamicin  2–3
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If the time interval between each orally adminis�
tered dose is longer than the time required for com�
plete elimination of the previous dose, then the 
plasma concentration time pro le of a drug will 
exhibit a series of isolated single dose pro les as 
shown in Figure 22.3.

Consideration of the plasma concentration�time 
pro le shown in Figure 22.3 in relation to the 
minimum effective and maximum safe plasma con�
centrations for the drug reveals that this particular 
dosage regimen is unsatisfactory. The therapeutic 
range expresses the range of concentrations between 
which the drug will show clinical ef cacy and 
minimal toxicity. In this case, the plasma concentra�
tion only lies within the therapeutic range of the 
drug for a relatively short period of time following 
the administration of each dose and the patient 
remains under medicated for relatively long periods 
of time. If the dosing time interval is reduced such 
that it  is now shorter than the time required for 
complete elimination of the previous dose, then the 
resulting plasma concentration�time curve exhibits 
the characteristic pro le shown in Figure 22.4.

Figure 22.4 shows that at the start  of this multiple 
dosage regimen, the maximum and minimum plasma 
concentrations of drug observed during each dosing 
time interval tend to increase with successive doses. 
This increase is a consequence of the time interval 
between successive doses being less than that 
required for complete elimination of the previous 
absorbed dose. Consequently, the total amount of 

hours in healthy patients, yet in patients with heart  
failure or liver impairment it  can be prolonged to 16 
hours. For the same drug a patient who smokes will 
show a much shorter half�life, around 5 hours. For 
drugs such as lithium, gentamicin or digoxin the 
half�life varies with age and renal function.

In the case of a drug whose elimination follows 
 rst�order kinetics, the biological half�life of the 
drug, t1/ 2, is related to the apparent elimination rate 
constant, ke, of that drug according to the following 
equation:

 t
k1  2

0 693
/

.=
e

 

(22.6)

This equation indicates that the biological half�
life of a drug will be in uenced by any factor that  
in uences the apparent elimination rate constant of 
the drug. This explains why factors such as genetic 
differences between individuals, age and certain dis�
eases can affect the biological half�life exhibited 
by a given drug. The biological half�life of a drug is 
an important factor that in uences the plasma 
concentration�time curve obtained following oral 
administration of a multiple dosage regimen.

Concentration-time curve of a  drug 
in the body following the oral 
adminis tration of equal doses   
of a  drug at  xed time intervals

In discussing how the design of multiple oral dosage 
regimens can in uence the concentration�time 
course of a drug in the body, the following assump�
tions have been made.
•  The drug shows the characteristics of a one�

compartment open model.
•  The values of the apparent absorption rate and 

apparent elimination rate constants for a given 
drug do not change during the period for which 
the dosage regimen is administered to a patient.

•  The fraction of each administered dose which is 
absorbed by the body compartment remains 
constant for a given drug.

•  The aim of the dosage regimen is to maintain a 
concentration of drug at the appropriate site(s) 
of action which is both clinically ef cacious and 
safe for the desired duration of drug treatment.

Fig . 22.3 •  Plasma concentration-time curve following 
oral administration of equal doses of a drug at time 
intervals that allow complete elimination of the previous 
dose (MSC = maximum safe concentration of the drug 
in plasma; MEC = minimum effective concentration of 
the drug in plasma). 
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Figure 22.5 shows that the amount of drug in the 
body, as measured by the plasma concentration of 
drug,  uctuates between maximum and minimum 
values, which remain more or less constant from 
dose to dose. At steady state, the average concentra�
tion of drug in the plasma, Caverage

ss , over successive 
dosing time intervals remains constant.

For a drug administered repeatedly in equal doses 
and at equal time intervals, the time required for 
the average plasma concentration to attain the cor�
responding steady�state value is a function only of 
the biological half�life of the drug and is independ�
ent of both the size of the dose administered and 
the length of the dosing time interval. The time 
required for the average plasma concentration to 
reach 95% of the steady�state value corresponding 
to the particular multiple dosage regimen is 4.3 
t imes the biological half�life of the drug. The cor�
responding  gure for 99% is 6.6 times. Therefore, 
depending on the magnitude of the biological half�
life of the drug being administered, the time taken 
to attain steady�state plasma concentrations may 
range from a few hours to several days.

If we assume a patient is receiving a 100 mg dose 
of a drug and half the total amount is eliminated 
between doses, Table 22.3 shows the time required 
to reach a steady�state concentration in the body.

In practice, steady state is assumed to be reached 
after 4 to 5 half�lives. From a clinical viewpoint, the 
t ime required to reach steady state is important 
since for a properly designed multiple dosage 
regimen, the attainment of steady state corresponds 
to the achievement and maintenance of maximal 
clinical effectiveness of the drug in the patient.

It  should be noted that for some drugs, such as 
phenytoin, whose elimination is not described by 

the drug remaining in the body compartment at any 
t ime after a dose is equal to the sum of that remaining 
from all the previous doses. The accumulation of 
drug in the body and plasma with successively admin�
istered doses does not continue inde nitely. Provid�
ing drug elimination follows  rst�order kinetics, the 
rate of drug elimination will increase as the average 
concentration of drug in the body (and plasma) rises. 
If the amount of drug supplied to the body compart�
ment per unit dosing time interval remains constant, 
then a situation is eventually reached when the 
overall rate of elimination of drug from the body over 
the dosing time interval, becomes equal to the overall 
rate at which drug is being absorbed to the body 
compartment over the dosing t ime interval. The 
overall rate of elimination has effectively caught up 
with the overall rate of administration of drug to the 
body compartment over each dosing time interval. 
This is due to the elimination rate increasing as the 
residual concentration of drug in the plasma rises 
(since elimination is  rst  order here).

When the overall rate of drug supply equals the 
overall rate of drug output from the body compart�
ment, a steady state is reached with respect to the 
average concentration of drug remaining in the body 
over each dosing time interval. At steady state, the 
amount of drug eliminated from the body over each 
dosing time interval is equal to the amount of drug 
that was absorbed into the body compartment fol�
lowing administration of the previous dose.

Fig . 22.4 •  Plasma concentration-time curve following 
oral administration of equal doses, D, of a drug every 4 
hours (MSC = maximum safe concentration of the drug 
in plasma; MEC = minimum effective concentration of 
the drug in plasma). 

Fig . 22.5 •  Fluctuation of drug concentration in the 
plasma at s teady state resulting from multiple oral 
administration of equal doses, D, of drug at a  xed time 
interval, t. Cmax

ss , Cmin
ss  and Caverage

ss  represent the maximum, 
minimum and average plasma concentrations of drug, 
respectively, achieved at s teady state. 
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repetitive administration of oral doses at equal t ime 
intervals. As the size of the administered dose 
is increased, the higher are the corresponding 
maximum, minimum and average plasma drug 
levels, Cmax

ss , Cmin
ss  and Caverage

ss  respectively, achieved 
at steady state. An important factor to consider is 
the impact of the dose on the  uctuations in the 
plasma levels, i.e. they should be within the thera�
peutic range. The larger the size of dose adminis�
tered, the larger the  uctuation between Cmax

ss  and 
Cmin

ss  during each dosing time interval. Large  uctua�
tions between Cmax

ss  and Cmin
ss  may lead to toxicity 

if the maximum safe concentration is exceeded, or 
therapeutic failure if the minimum effective con�
centration is not achieved. This will impact clinically 
for drugs such as digoxin which have a narrow thera�
peutic range. Figure 22.6 also illustrates that the 
time required to attain steady�state plasma concen�
trations of a drug is independent of the size of the 
administered dose.

Time inte rva l be tween s ucces s ive   
equa l dos es
Figure 22.7 illustrates the effects of a constant dose 
administered at various dosing intervals. It  is impor�
tant to consider the relationship between the dosage 

Fig . 22.6 •  The effect of dose size on the plasma 
concentration-time curve obtained following oral 
administration of equal doses of a given drug at  xed 
intervals of time equal to the biological half-life of the 
drug. Curve A: each dose = 250 mg. Curve B: each 
dose = 100 mg. Curve C: each dose = 40 mg. 

Table 22.3 Relationship between dose, half-life and the 
amount of drug present in the body at steady state

Dose 
(mg)

Amount in 
the body (mg)

Amount 
eliminated (mg)

Number of 
half-lives

100  100  50  1

100  150  75  2

100  175  87.5  3

100  187.5  93.75  4

100  197.5  98.75  5

100  198.75  99.37  6

100  199.37*  99.68  7

*To continue at this rate of dosage the amount of drug in the body will 
remain effectively constant.

 rst�order kinetics, the oral administration of equal 
doses at  xed intervals of time may not result in the 
attainment of steady�state plasma levels of the drug. 
With repeated dosing, the average concentration of 
drug in the body and plasma tends to continue to 
accumulate, rather than reaching a plateau.

Important  ac tors  in ue nc ing  
s te ady-s tate  plas ma 
c onc e ntrations  o   a drug

Dose s ize and frequency  
of adminis tration

The regimen must consider the plasma concentra�
tion pro le at steady state and in particular the 
 uctuations in the Cmax

ss  and Cmin
ss . A word here about 

symbols used for drug concentrations. In the case of 
drug levels measured at steady�state, the superscript  
ss is often added to the C (i.e. C ss). In the speci c 
case of concentrations of drug in blood plasma, an 
additional subscript p may be included in the symbol 
(e.g. C pt, C pmax, C pmin, etc).

Only two factors can be adjusted for a given drug, 
namely the size of the dose and the dosage interval. 
These are discussed below:

Size  of dos e
Figure 22.6 shows the effects of changing dose size 
on the concentration of drug in the plasma following 
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•  The magnitude of the  uctuations between the 
maximum and minimum steady�state amounts 
of drug in the body is determined by the size  
of dose administered or, more accurately, by the 
amount of drug absorbed following each dose 
administered.

•  The magnitude of the  uctuations between the 
maximum and minimum steady�state plasma 
concentrations of a drug is an important 
consideration for any drug which has a narrow 
therapeutic range. The administration of smaller 
doses at more frequent intervals is a means of 
reducing the steady�state  uctuations without 
altering the average steady�state plasma 
concentration of the drug. For example, a 
500 mg dose of drug given every 12 hours will 
provide the same Caverage

ss  value as a 250 mg dose 
of the same drug given four times a day, whilst 
the Cmax

ss  and Cmin
ss   uctuation for the latter dose 

regimen will be decreased by a half.
•  The average maximum and minimum amounts 

of drug achieved in the body at steady state are 
in uenced by either the dose size, the dosage 
time interval in relation to the biological half�life 
of the drug, or both. The greater the dose size 
and the smaller the dosage time interval relative 
to the biological half�life of the drug, the greater 
are the average, maximum and minimum 
steady�state amounts of drug in the body.

•  For a given drug, the time taken to achieve 
steady state is independent of dose size and the 
dosage time interval.

•  The maximum safe and minimum effective 
plasma drug concentrations (therapeutic range) 
are represented by the horizontal dashed lines 
in Figures 22.6 and 22.7. It  is evident that the 
proper selection of dose size and dosage time 
interval is important with respect to achieving 
and maintaining steady�state plasma 
concentrations which lie within the therapeutic 
range of the particular drug being administered.

The characteristics of the drug concentration�time 
pro le is determined by the selection of the dose 
size and the dosage time interval, which is crucial in 
ensuring that a multiple dosage regimen provides 
steady�state concentrations of drug in the body 
which are both clinically ef cacious and safe, i.e. 
within the therapeutic range for that drug. Patient 
choice and social factors are also important to con�
sider. For instance, most patients would prefer to 
take medication once or twice daily. Consequently, 

interval and the half�life of the drug. If the dosage 
interval is less than the half�life, Figure 22.7 shows 
that multiple administration results in higher steady�
state plasma drug concentrations being obtained. 
The higher steady�state concentration is a conse�
quence of the extent of elimination of the drug from 
the body over a dosing t ime interval equal to 0.5 t1/ 2 
being smaller than that which is eliminated when 
the dosing t ime interval is t1/ 2.

Figure 22.7 also shows the impact of the dosage 
interval if it  is greater than the half�life of the drug, 
which results in lower steady�state plasma drug con�
centrations being obtained. This decrease is a con�
sequence of a greater proportion of the drug being 
eliminated over a dosing time interval equal to 2t1/ 2 
as compared to that which is eliminated when the 
dosing time interval is equal to t1/ 2. The pro le also 
shows greater  uctuation in Cmax

ss  and Cmin
ss .

Summary of the  e ffec ts  of dos e  s ize  and  
frequency of adminis tra tion
Consideration of the effects of administered dose 
size and the dosage time interval on the amount of 
a given drug in the body, as measured by the 
plasma concentration of drug, following multiple 
oral administration of equal doses of the drug has 
revealed the following relationships:

Fig . 22.7 •  The effect of changing the dosing time 
interval, t, on the plasma concentration-time curve 
obtained following multiple oral administration of  
equal size doses of a given drug. Curve A: dosing  
time interval = 3 hours (0.5t1/2). Curve B: dosing 
time interval = 6 hours (t1/2). Curve C: dosing time 
interval = 12 hours (2t1/2). 
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Box 22 2 

Calculation of dosage regimen to achieve a 
desired steady-slate plasma concentration
An antibiotic is  to be adminis tered repeatedly to  
a  female patient weighing 50 kg  The antibiotic is  
available in the form of capsules  each containing 
250 mg of the drug  The fraction of the drug which is  
absorbed following oral adminis tration of one 250 mg 
capsule is  0 9  The antibiotic has  a biological half-life 
of 3 hours , and the patient has  an apparent volume of 
dis tribution of 0 2 litre kg−1 of body weight 

To es timate the dosage time interval required for a 
multiple dosage regimen to achieve a therapeutic 
average s teady-s tate plasma concentration of 16 mg 
L−1, the following approach can be used;

Use Equation 22 9:

 C  FDt
Vaverage

ss

d
=  1  21 44/  .

τ

where the average s teady-s tate plasma concentration 
of drug, Caverage

ss , = 16 mg L−1; the fraction of each 
adminis tered dose absorbed, F, = 0 9; the s ize of 
adminis tered dose, D, = 250 mg; the biological 
half-life of the drug, t1/2, = 3 hours  and the apparent 
volume of dis tribution, Vd, = 0 2 litre kg−1 of patient’s  
body weight 

For a patient weighing 50 kg, the value of:

 Vd  litres=  ×  =0 2  50  10.

To calculate the dosage time interval, τ , requires  
subs titution of the above values  into Eqn 22 9  This  
gives :

 16  0 9  250  3  1 44
10

=  ×  ×  ×
×

.  .
τ

which gives

 

τ  =  ×  ×  ×
×

=

=

0 9  250  3  1 44
16  10

927
160
6

.  .

hours

hours

Thus , one 250 mg capsule should be adminis tered 
every 6 hours  in order to achieve the required 
average s teady-s tate plasma concentration 

patient adherence to the prescribed regimen needs 
to be considered as well as the pharmacokinetic 
characteristics of the drug formulation.

Mathematical relationships which predict the 
values of the various steady�state parameters 
achieved in the body following repeated administra�
tion of doses at constant t ime intervals have been 
used to assist the design of clinically acceptable mul�
tiple dosage regimens. A useful equation for predict�
ing the average amount of drug achieved in the body 
at steady state, Daverage

ss , following multiple oral 
administration of equal doses, D, at  a  xed time 
interval, τ , is given by:

 D  FDt
average
ss =  1  21 44/  .

τ
 

(22.7)

where F is the fraction of drug absorbed following 
administration of a dose, D, of drug (thus F × D is 
the bioavailable dose of drug) and t1/ 2 is the biologi-
cal half�life of the drug. The average amount of a 
given drug in the body at steady state, Daverage

ss , is 
related to the corresponding average plasma concen�
tration of the drug by the factor known as the appar-
ent volume of distribution of the drug, i.e.:

 D  V Caverage
ss

d  average
ss=  

(22.8)

where Vd is the apparent volume of distribution of 
the drug and Caverage

ss  is the average steady�state 
plasma concentration of the drug. Equation 22.7 can 
be rewrit ten in terms of the average steady�state 
plasma concentration of the drug as follows:

 C  FDt
Vaverage

ss

d
=  1  21 44/  .

τ
 

(22.9)

If the value of the average body amount or the 
average plasma concentration of a given drug at 
steady state which gives a satisfactory therapeutic 
response in a patient is known, then Equation 22.7 
or Equation 22.9 can be used to estimate, respec�
tively, either the size of dose which should be 
administered at  a preselected dosage time interval 
or the dosage time interval that  a preselected dose 
should be administered repeatedly. To illustrate a 
dosage regimen calculation, based on the average 
steady�slate plasma concentration of a drug, a 
worked example is shown in Box 22.2.
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required to achieve a particular drug concentration. 
Population data, i.e. basic pharmacokinetic param�
eters, can be found in standard reference sources or 
original pharmacokinetic studies. It  is important to 
identify the correct population data for the type of 
patient. Interested readers are referred to the texts 
listed in the Bibliography for further information 
and examples of the use of such parameters.

In uence of changes  in the 
apparent elimination rate  
cons tant of a drug: patients   
with renal impairment

Whilst the loading dose, maintenance dose and 
dosage time interval may be varied in order to design 
a clinically ef cacious multiple dosage regimen, one 
factor cannot normally be adjusted. That factor is 
the apparent elimination rate constant exhibited 
by the particular drug being administered. However, 
the elimination rate constant of a given drug does 
vary from patient to patient and is in uenced by 
whether the patient has normal or impaired renal 
function.

Mathematical equations which predict the 
maximum or minimum steady�state plasma concen�
trations of a drug achieved in the body following 
repeated administration of equal doses at a  xed 
interval of time are also available for drugs whose 
t ime course in the body is described by the one�
compartment open pharmacokinetic model.

Concept of ‘loading doses’

The time required for a given drug to reach 95% of 
the average steady�state plasma concentration is 
approximately 4.5 biological half�lives. Hence for a 
drug with a long half�life of 24 hours, it  would take 
more than 4 days for the average drug concentration 
in the plasma to reach 95% of its steady�state value. 
For some drugs it  is important to achieve plasma 
levels within the therapeutic range quickly for clini�
cal ef cacy, and it  would be unacceptable to wait 4 
days to achieve therapeutic levels. To reduce the 
t ime required for the onset of the full therapeutic 
effect of a drug, a large single dose of the drug may 
be administered initially in order to achieve a peak 
plasma concentration which lies within the thera�
peutic range of the drug and is approximately equal 
to the value of Cmax

ss  required. This initial dose is 
known as the loading dose. Thereafter, smaller, 
equal doses are administered at suitable  xed time 
intervals to maintain the plasma concentrations of 
drug at the required maximum, minimum and 
average steady�state levels which provide the patient 
with the full therapeutic bene t  of the drug.

Figure 22.8 shows how rapidly therapeutic 
steady�state plasma concentrations of drug are 
achieved when the dosage regimen consists of an 
init ial loading dose followed by maintenance doses 
compared to a ‘simple’ multiple dosage regimen of 
equal sized doses administered at the same dosage 
intervals.

Population data and bas ic 
pharmacokinetic parameters

To apply the principles of pharmacokinetics in prac�
tice, population data may be employed. Population 
data are mean pharmacokinetic parameters, such 
as apparent volume of distribution, which can be 
used to calculate predicted drug concentrations fol�
lowing a given dosage, or to calculate the dosage 
regimen, including loading and maintenance doses, 

Fig . 22.8 •  Diagrammatic representation of how the 
initial administration of a loading dose followed by equal 
maintenance doses at  xed time intervals ensures rapid 
attainment of steady-state plasma levels for a drug 
having a long biological half-life of 24 hours. Curve A 
represents the plasma concentration-time curve 
obtained following oral administration of a loading dose 
of 500 mg, followed by a maintenance dose of 250 mg 
every 24 hours. Curve B represents the plasma 
concentration-time curve obtained following oral 
administration of a 250 mg dose every 24 hours. 
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overall rate of drug supply will result in increased 
steady�state amounts in the body. This effect may, 
in turn, lead to side�effects and toxicity if the 
increased steady�state levels of drug exceed the 
maximum safe concentration of the drug.

In order to illustrate this concept, consider that 
curves A and B in Figure 22.9 correspond to the 
plasma concentration�time curves obtained for a 
given drug in patients having normal renal function 
and severe renal impairment, respectively, and that 
the upper and lower dashed lines represent the 
maximum safe and minimum effective plasma con�
centrations, respectively. It  is evident that adminis�
tration of a drug according to a multiple dosage 
regimen which produces therapeutic steady�state 
plasma levels of drug in patients with normal renal 
function will result  in plasma drug concentrations 
which exceed the maximum safe plasma concen�
tration of the drug in patients with severe renal 
impairment. Hence adjustment of multiple dosage 
regimens in terms of dose size, frequency of admin�
istration or both is necessary if patients having 
renal disease are to avoid the possibility of 
over-medication.

Summary

This chapter has explained the inter�relationship 
between the rate at  which drug enters the body and 
the rate at which it  leaves. It  also discusses how, in 
turn, this balance in uences the concentration of 
drug in the blood plasma at any given time. It  is 
clearly important for pharmacists and pharmaceuti�
cal scientists to understand these concepts in order 
to  nd ways of maintaining therapeutic drug levels 
appropriate to a particular disease state. This can be 
achieved by the careful design of the appropriate 
drug delivery system. The design and formulation of 
modi ed�release drug delivery systems is discussed 
fully in Chapter 31.
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Figure 22.9 indicates the effects produced by 
changes in the apparent elimination rate constant on 
the plasma concentration�time curve obtained fol�
lowing multiple oral administration. Any reduction 
in the apparent elimination rate constant of a drug 
will produce a proportional increase in the biological 
half�life exhibited by that  drug. This reduction, in 
turn, will result in a greater degree of accumulation 
of the drug in the body following multiple adminis�
trations before steady�state drug levels are achieved. 
The greater degree of drug accumulation is a conse�
quence of a smaller proportion of the drug being 
eliminated from the body over each  xed dosage 
time interval when the biological half�life of the 
drug is increased.

Patients who develop severe renal impairment 
normally exhibit smaller apparent elimination rate 
constants and consequently longer biological half�
lives for drugs which are eliminated substantially by 
renal excretion, than do patients with normal renal 
function. For instance, the average apparent elimina�
tion rate constant for digoxin may be reduced from 
0.021 h−1 in patients with normal renal function to 
0.007 h−1 in severe renal impairment. The average 
steady�state amount of drug in the body is only 
achieved and maintained when the overall rate of 
drug supply equals the overall rate of elimination of 
drug from the body over successive dosing time 
intervals. Any reduction in the overall rate of elimi�
nation of a drug as a result of renal disease without 
a corresponding compensatory reduction in the 

Fig . 22.9 •  The effect of changing the biological half-life 
of a given drug on the plasma concentration-time curve 
exhibited by the drug following oral administration of  
one 250 mg dose every 6 hours. Curve A: biological 
half-life of drug = 6 hours. Curve B: biological half-life 
of drug =12 hours. 
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KE Y P O IN TS

•  Preformulation is  the s tage in drug and 
dosage form development before formulation 
proper 

•  Preformulation aims  to optimize the process  
of turning a drug candidate into a drug product 

•  During preformulation, the phys icochemical 
properties  of drug candidates  are determined 

•  The data generated at this  s tage allow decis ions  
to be made on the likely ease of formulation  
of each drug candidate, indicate the mos t 
appropriate dosage form and highlight any 
potential is sues  with processability 

•  Solubility is  the  rs t parameter to be measured  
An aqueous  solubility greater than 10 mg mL−1 
is  optimal  The effects  of low solubility may be 
mitigated by preparing a salt form or through 
us ing a novel formulation 

Part 5: Dos age  form de s ign and manufac ture

Simon G ais ord
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molecular structure and experimentation. At this 
stage o  the development, the new drug candidate 
is o ten somewhat impure and in very short supply. 
Normal  ormulation studies have to be modif ed to 
deal with this scenario.

Physicochemical properties can be split  into 
those that are intrinsic to the molecule and those 
that are derived  rom bulk behaviour (e.g. o  the 
powder or crystals). Intrinsic properties are inherent 
to the molecule and so can only be altered by chemi-
cal modif cation, while derived properties are the 
result  o  intermolecular interactions and so can be 
a  ected by solid-state  orm, physical shape and 
environment among other  actors.

Determination o  these properties  or a new 
chemical entity is termed preformulation (literally 
the stage that must be undertaken be ore 
 ormulation-proper can begin).

As s ay de ve lopme nt

No relevant physicochemical property can be meas-
ured without an assay and so development o  a suit-
able assay is the f rst step o  pre ormulation. The 
f rst assay procedures should require minimal 
amounts o  sample (since as lit t le as 50 mg may 
actually exist  o  each compound). Ideally, experi-
ments should allow determination o  multiple 
parameters. For instance, a saturated solution pre-
pared to determine aqueous solubility may subse-
quently be re-used to determine a partit ion 
coe f cient.

Note that at  this stage the determination o  
approximate values is acceptable in order to make a 
‘go/ no go’ decision in respect o  a particular drug 
candidate, and so assays do not need to be as 
rigorously validated as they do later in  ormulation 
development. Table 23.1 lists a range o  properties 
to be measured during pre ormulation, in chrono-
logical order, and the assays that may be used to 
quanti y them. These properties are a  unction o  
molecular structure. Once known,  urther macro-
scopic (or bulk) properties o  the drug candidate can 
be measured, Table 23.2. These properties result  
 rom intermolecular interactions. Note also that 
determination o  chemical structure does not appear, 
as it  is assumed the chemists preparing the candi-
date molecules would provide this in ormation. 
Note also that solubility will be dependent upon 
physical  orm (polymorph, pseudo-polymorph or 
amorphous).

•  The melting point and enthalpy of fus ion are 
characteris tic of polymorphic form and allow 
calculation of ideal solubility 

•  Possess ion of a pKa value indicates  an 
ionizable group in the molecule  This  means   
that its  aqueous  solubility will change with 
surrounding pH, and that salt formation is  
poss ible 

•  Salts  enhance solubility by changing pH on 
dissolution  Salt formation ideally requires  a 
difference of 3 pKa units  between the free drug 
and the acid or base  Salts  can also be used to 
enable isolation of the active, or to enhance 
s tability or processability 

•  Partition coef cients  are determined between 
water and an organic phase (often n-octanol)  
Partition coef cients  are usually quoted as   
a  log P value  Lipophilic  compounds  have a 
pos itive log P value, hydrophilic  compounds  
a negative log P value 

•  Particle shape affects   ow  Flow is  
assessed us ing a measure of compress ibility 
(Carr’s  index or Hausner ratio) and angle  
of repose 

•  Compaction requires  good compress ion and 
cohes ion properties  

The  c onc e pt of pre formulation

Formulation is the process o  developing a drug can-
didate into a drug product. Initially, there may be a 
number o  potential drug candidate molecules, each 
with a unique set o  physicochemical properties and 
each showing activity towards a particular biological 
target. Ultimately, only one (at  best) will be devel-
oped into a drug product. The decision to select  a 
success ul drug candidate to be developed does not 
depend on pharmacological e f cacy alone. In prac-
tice, the physicochemical properties o  the molecule 
a  ect how a material will process pharmaceutically, 
its stability, its interaction with excipients, how it  
will trans er to solution and, ultimately, will deter-
mine its bioavailability. It   ollows that characterizing 
the physicochemical properties o  drug candidates 
early in the development process will provide the 
 undamental knowledge base upon which candidate 
selection, and ultimately dosage  orm design, can be 
made, reducing development time and costs.

It  is an obvious point – but crucial to the task 
ahead – that usually nothing will be known about 
the physicochemical properties o  a new drug can-
didate and these  acts must be ascertained by a 
combination o  scientif c consideration o  the 
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The  ull characterization o  a drug candidate (in 
the context o  pre ormulation) should be possible 
with just ultraviolet (UV) spectroscopy, high-
per ormance liquid chromatography (HPLC), di -
 erential scanning calorimetry (DSC), dynamic 
vapour sorption (DVS) and X-ray powder di  rac-
t ion (XRPD). This explains the popularity o  these 
techniques in pharmaceutical development. Thin-
layer chromatography (TLC) and thermogravimet-
ric analysis (TGA) provide use ul supporting data, 
but neither is essential during the early stages.

Solubility

Aqueous solubility is a critical attribute. No drug 
will reach its ultimate therapeutic target without 
f rst  being in solution. Consequently, it  is the f rst 
physicochemical parameter to be determined. It  has 
been estimated that, historically, up to 40% o  drug 
candidates have been abandoned because o  poor 
aqueous solubility, and between 35–40% o  com-
pounds currently in development have an aqueous 
solubility below 5 mg mL−1 at  pH 7. The USP and 
PhEur provide def nit ions o  solubility based on 
concentration (see Chapter 2 and in particular, 
Table 2.2).

Early determination o  solubility gives a good 
indicator as to the ease o   ormulation o  a drug 
candidate. Initial  ormulations, used  or obtaining 
toxicity and bioavailability data in animal models, 
will need to be liquids  or oral gavage or intravenous 
delivery, and a solubility above 1 mg mL−1 is usually 
acceptable. For the f nal product, assuming oral 
delivery in a solid  orm, solubility o  the molecule 
above 10 mg mL−1 is pre erable. I  the solubility o  
the drug candidate is less than 1 mg mL−1 then salt  
 ormation, i  possible, is indicated. Where solubility 
cannot be manipulated through salt   ormation, then 
a novel dosage  orm will be required.

Dissolution is a phase transition and in order to 
progress, solid-solid bonds must be broken (e  ec-
tively, the solid melts), while solvent-solvent bonds 
must be broken and replaced by solute-solvent 
bonds (the drug molecules become solvated) 
(Chapter 2). With excess solid present, a position o  
equilibrium will be established between the solid 
and dissolved drug.

The concentration o  drug dissolved at this point 
is known as the equilibrium solubility (usually 
re erred to simply as solubility) and the solution is 
saturated. I  the drug has an ionizable group then 

Table 23.1 Molecular properties and the assays  
used to determine them

Property Assay Requirement 
of sample

Solubility*
Aqueous
Non-aqueous

UV  Chromophore

pKa  UV
Potentiometric 

titration

Acid or basic 
group

P  Pw
o / log  UV

TLC
HPLC

Chromophore

Hygroscopicity  DVS
TGA

No particular 
requirement

Stability
Hydrolysis
Photolysis
Oxidation

HPLC, plus 
suitable 
storage 
conditions

No particular 
requirement

*Solubility will depend on physical form

Table 23.2 Macroscopic (bulk) properties and  
the techniques used to determine them

Derived property Technique

Melting point  DSC or melting 
point apparatus

Enthalpy of fusion (and so ideal 
solubility)

DSC

Physical forms (polymorphs, 
pseudo-polymorphs or amorphous)

DSC, XRPD, 
microscopy

Particle shape
Size distribution
Morphology
Rugosity
Habit

Microscopy
Particle sizing
BET (surface 

area)

Density
Bulk
Tapped
True

Tapping 
densitometer

Flow  Angle of repose

Compressibility  Carr’s index
Hausner ratio

Excipient compatibility  HPLC, DSC
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and dissolved drug will change. Both o  these e  ects 
can be explored  urther through the concept o  ideal 
solubility.

Ideal solubility

In the special case where the energy o  the solute-
solvent bond is equal to the energy o  the solvent-
solvent bond, then solute-solvent bonds may  orm 
with no change in intermolecular energy (i.e. ΔH mix 
= 0) and dissolution is said to be ideal. Ideal dissolu-
tion (although unlikely in reality) leads to ideal solu-
bility and is an interesting theoretical position 
because it  can be described in thermodynamic terms 
that allow calculation o  the dependence o  solubil-
ity with temperature.

From Equation 23.1, i  ΔH mix = 0 then ΔH   is 
equal to ΔH sol. Incidentally, since ΔH   must be posi-
t ive (i.e. endothermic) ΔH sol must also be positive 
 or ideal dissolution. For a process to occur sponta-
neously the G ibbs  ree energy (ΔG ) must be nega-
tive. The  amiliar thermodynamic relationship  or 
dissolution is:

 ∆  ∆  ∆G  H  T  Ssol  sol  sol=  −  
(23.4)

where T is temperature. ΔG sol is most likely to be 
negative when ΔH sol is negative but, as noted above, 
ΔH sol is  requently positive  or dissolution. This 
means that  or dissolution to occur spontaneously, 
the driving  orce must be an increase in entropy.

Equation 23.3 shows that solubility has the 
attributes o  an equilibrium constant. This being so, 
it  is possible to apply the van’t Ho   equation (Eqn 
23.9), yielding:

 dln
d

fx
T

H
RT

2
2= ∆  

(23.5)

Making the assumption that ΔH   is independent o  
temperature, then integrating Equation 23.5  rom 
Tm to T results in:

 ln  f  f

m
x  H

RT
H

RT2 = − +∆  ∆
 

(23.6)

where Tm is the melting temperature o  the pure 
drug and T is the experimental temperature.

the equilibrium solubility o  the unionized  orm is 
called the intrinsic solubility (So). This is important, 
because ionizable drugs will dissociate to a greater 
or lesser extent, in uenced by solution pH, and this 
will a  ect the observed solubility.

From a thermodynamic perspective, the energy 
input required to break the solid-solid bonds must 
equal the enthalpy o   usion (ΔH  ) required to melt  
the solid (since the same bonds are broken). Unlike 
melting, however, in the case o  dissolution there 
is an additional enthalpy change because solvent-
solvent bonds are broken and solute-solvent bonds 
are  ormed (shown diagrammatically in Fig.2.2). 
The energy involved in this process is known as the 
enthalpy o  mixing (ΔH mix). The net enthalpy o  
dissolution (ΔH sol) is thus the sum o  the enthalpy 
o   usion and the enthalpy o  mixing:

 ∆  ∆  ∆H H Hsol  f  mix=  +  
(23.1)

Knowledge o  this relationship between solubility 
and bond energy can be used during pre ormulation 
to make predictions o  solubility  rom thermal 
energy changes (e.g. during melting and other phase 
changes).

Thus, dissolution in the presence o  a solid results 
in an equilibrium between the solid and the dis-
solved state. The equilibrium constant (Ksol)  or the 
overall process o  dissolution can be represented as:

 K  a
asol

aq

s
=  

(23.2)

where a denotes the activity o  the drug in solution 
aaq and in the solid phase as. Since the activity o  a 
solid is def ned as unity and in dilute solution activ-
ity approximates to concentration (solubility in this 
case) then:

 K  S  xsol  o=  =  2  
(23.3)

where So is again the intrinsic solubility and x2 
denotes the saturated concentration o  drug in mole 
 raction units (x1 being the mole  raction o  the 
solvent).

It  is possible to see  rom Equation 23.1 that the 
crystal lattice energy might a  ect solubility. There 
will also be an e  ect o  temperature on solubility, 
since the position o  the equilibrium between solid 
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Equation 23.6 is very use ul in pre ormulation, 
since it  allows prediction o  ideal solubility at 
a particular temperature i  the melting tempera-
ture and enthalpy o   usion o  the pure drug are 
known. This is why determination o  melting 
point and enthalpy o   usion are the next physico-
chemical parameters to be determined during 
pre ormulation.

Determination of melting point and 
enthalpy of fus ion us ing differential 
scanning calorimetry

The energy changes discussed above can be meas-
ured by di  erential scanning calorimetry (DSC). In 
DSC, the power required to heat a sample in accord-
ance with a user-def ned temperature program is 
recorded, relative to an inert re erence. The heating 
rate (β ) can be linear or modulated by a mathemati-
cal  unction. When the sample melts, energy will be 
absorbed during the phase change and an endother-
mic peak will be seen, Figure 23.1. The enthalpy o  
 usion is equal to the area under the melting endo-
therm while the melting temperature may be deter-
mined either as an extrapolated onset (To) or the 
peak maximum (Tm).

Fig . 23.1 •  A typical DSC thermal curve for the melting 
of a solid. DSC data can be plotted with endothermic/
exothermic peaks up or down, because the data are the 
difference between sample and reference or reference 
and sample, depending on the instrument manufacturer. 
Note the direction indicated on the y-axis. 
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Worked example
The melting temperature of aspirin is  137 °C and its  
enthalpy of fus ion at the melting temperature is  
29 80 kJ  mol−1  What is  the ideal solubility of aspirin 
at 25 °C?

Applying Equation 23 6:

 ln

mole fr

x

x

2

2

29800
8 314  298

29800
8 314  410

 3 286

0 037

=  −
×

 +
×

 = −

=
.  .

 .

.  (  aaction)

Invariably, real solutions do not show ideal behav-
iour because the assumptions made earlier that 
ΔH mix = 0 and that ΔH   is independent o  tempera-
ture are not always valid. A negative (exothermic) 
enthalpy o  mixing increases solubility, while a posi-
t ive (endothermic) enthalpy o  mixing reduces solu-
bility. Table 23.3 lists the experimentally measured 
solubilit ies  or aspirin and paracetamol in a range o  
solvents. Note that solubility in water is by  ar the 

Table 23.3 Ideal (calculated) solubility for aspirin  
(at 25 °C, assuming melting point: 137.23 °C,  
ΔHf 29.8 kJ mol−1) and paracetamol (at 30 °C, 
assuming melting point: 170 °C, ΔHf 27.6 kJ mol−1) 
compared with experimentally determined solubilities  
in a range of solvents

Aspirin Paracetamol

Solvent  Solubility 
(mole 
fraction)

Solvent  Solubility 
(mole 
fraction)

Ideal 
(calculated)

0.037  Ideal 
(calculated)

0.031

THF  0.036  Diethylamine  0.389

Methanol  0.025  Methanol  0.073

Ethanol  0.023  THF  0.069

Acetone  0.018  Ethanol  0.066

Chloroform  0.015  1-propanol  0.051

1-propanol  0.011  Acetone  0.041

Acetonitrile  0.006  Acetonitrile  0.009

Water  0.00045  Water  0.002
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lowest o  any o  the solvents shown, while solubili-
ties in tetrahydro uran (THF) and methanol 
approach ideality in the case o  aspirin, and exceed 
ideality in the case o  paracetamol.

The reason that so many solvents, and water in 
particular, display such non-ideal behaviour is 
because o  signif cant intermolecular bonding result-
ing  rom their chemical structure and properties. 
The three primary chemical properties are the dipole 
moment, dielectric constant and capacity  or  orming 
hydrogen bonds.

A molecule has a dipole when there is a localized 
net positive charge in one part o  the molecule and 
a localized net negative charge in another. Such mol-
ecules are said to be polar. Water is an example o  
a polar molecule. Drugs that have dipoles or dipolar 
character are generally more soluble in polar 
solvents.

Dielectric properties are related to the capacity 
o  a molecule to store a charge and are quantif ed 
by a dielectric constant. Polar solvents may induce 
a dipole in a dissolved solute, which will increase 
solubility. The dielectric constants o  a number o  
commonly used pharmaceutical solvents are given in 
Table 23.4. It  can be seen that water has a high 
dielectric constant (78.5) relative to that o  metha-
nol (31.5) even though both are considered to be 
polar solvents.

Hydrogen bonding occurs when electronegative 
atoms (such as oxygen) come into close proximity 
with hydrogen atoms; electrons are pulled towards 

Fig . 23.2 •  A schematic plot showing the change in 
solubility with temperature for drugs with endothermic 
and exothermic heats  of solution. 
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∆Hsol nega tive  (exothermic)

∆Hsol pos itive  (endothermic)

the electronegative atom creating a reasonably 
strong  orce o  interaction. A drug that has a  unc-
tional group capable o  hydrogen bonding with water 
(such as –OH, –NH or –SH) should have increased 
aqueous solubility.

Solubility as  a function  
of temperature

Equation 23.6 indicates that the heat o   usion 
should be determinable by experimentally mea-
suring the solubility o  a drug at a number o 

temperatures (since a plot o  ln x2 versus 1
T

 should 

be linear and have a slope o  − ∆H
R

 ). Since ΔH  

must be posit ive, Equation 23.6 suggests that the 
solubility o  a drug should increase with an increase 
in temperature. G enerally, this agrees with everyday 
experience, but there are some drugs  or which solu-
bility decreases with increasing temperature. This is 
because an assumption was made in deriving Equa-
tion 23.6, namely that ΔH   was equal to ΔH sol. 
However, as noted above and as demonstrated by 
the data in Table 23.3, ΔH mix is  requently not zero. 
In cases where ΔH sol is negative (i.e. the heat o  
solution is exothermic), solubility will decrease with 
increasing temperature. These e  ects are shown in 
Figure 23.2.

Examples o  data  rom three drug molecules 
plotted this way are given in Figure 23.3. While such 

Table 23.4 Dielectric constants of some common 
pharmaceutical solvents at 25 °C

Solvent Dielectric constant  
(no units, dimensionless)

Water  78.5

Glycerin  40.1

Methanol  31.5

Ethanol  24.3

Acetone  19.1

Benzyl alcohol  13.1

Phenol  9.7

Ether  4.3

Ethyl acetate  3.0
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Formulating any drug in a (solid) metastable  orm 
thus involves an element o  risk; the risk being that 
the stable  orm will appear during storage or post-
dissolution. In either case solubility will be reduced 
with, potentially, a consequential reduction in 
bioavailability.

Measurement of intrins ic solubility

Initially, during pre ormulation, solubility should be 
determined in 0.1 M HCl, 0.1 M NaOH and water. 
These ‘unsophisticated’ choices are determined by 
the scarcity o  material at this stage. Saturated solu-
tions can be prepared by adding an excess o  solid 
to a small volume o  solvent, agitating with time and 
then f ltering.

Ultraviolet (UV) spectroscopy is the f rst choice 
assay,  or reasons o   amiliarity, cost, the small 
volume o  solution needed and the  act that the 
majority o  drugs contain at least  one  unctional 
group that absorbs in the UV region (190–390 nm). 
Table 23.5 lists the UV absorbance maxima  or a 
series o  common  unctional groups (called 
chromophores).

Excitation o  the solute with the appropriate 
wavelength o  light will reduce the amount o  light 
passing through the solution. I  the original light 
intensity is I0 and the amount o  light passing through 
the sample (the transmitted light) is I, then the 

plots are  requently  ound to be linear, they are 
usually plotted over a very narrow temperature 
range and the heat o   usion so calculated is rarely 
ideal, although it  can be considered to be an approxi-
mate heat o  solution.

Solubility and phys ical form

I  molecules in the solid state are able to align in 
di  erent patterns (the phenomenon o  polymor-
phism, Chapter 8), then it  is highly likely that the 
strength o  the intermolecular bonds, and hence 
crystal lattice energy, will vary. Two polymorphs o  
the same drug will thus have di  erent melting tem-
peratures and heats o   usion. Usually the stable 
polymorph has the highest melting point and great-
est heat o   usion and so,  rom Equation 23.6, the 
lowest solubility. Any metastable  orms will, by def -
nition, have lower melting points, lower enthalpies 
o   usion and so greater solubilities. The amorphous 
 orm, by virtue o  not possessing a melting point, 
will have the greatest solubility. It  is there ore clear 
that the solid-state structure o  a new drug candi-
date should be determined during pre ormulation.

As discussed above, solubility is def ned as the 
equilibrium between dissolved solute and the solid 
 orm. Thus, i  a saturated solution is prepared by 
dissolving a metastable  orm and the excess solid is 
removed by f ltration, the solution will be supersatu-
rated with respect to the stable  orm. Ultimately, 
the stable  orm will precipitate as the system 
re-establishes a position o  equilibrium (Fig. 23.4). 

Fig . 23.3 •  A plot of ln x2 versus 1
T

  for three drugs in 

water. Solubility data from Mota et al, 2009.
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Fig . 23.4 •  Concentration versus time pro le for the 
dissolution of a metastable (ms) form of a drug. The 
system is  in equilibrium until excess drug is  removed by 
 ltration, after which the solution is  supersaturated with 
respect to the stable (s) form. Subsequently the stable 
form precipitates and a new position of equilibrium is  
reached. 
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amount o  light absorbed will be a  unction o  the 
concentration o  the solute (C) and the depth o  
the solution through which the light is passing (the 
path length, l). This relationship is usually expressed 
as the Beer-Lambert equation:

 Absorbance =  =log I
I

 Cl
0
ε  

(23.7)

where ε is a constant o  proportionality called the 
‘molar extinction coe f cient’.

Higher values o  ε mean greater UV absorbance by 
the solute. Values o  ε  or a range o   unctional groups 
are given in Table 23.5; it  can be seen that  groups 
containing large numbers o  delocalized electrons, 
such as those containing benzene rings, have much 
greater ε values that  groups containing simple carbon-
carbon double bonds. The absorbance o  a chromo-
phore can be a  ected by the presence o  an adjacent 
 unctional group i  that group has unshared electrons 
(an auxochrome) . A list  o  common auxochromes and 
their e  ects on the molar extinction coe f cients o  
their parent benzene ring is given in Table 23.6.

Measurements o  UV absorbance (thus solution 
concentration) should be recorded until the concen-
tration remains constant and at a maximum. Care 

Table 23.5 UV absorbance maxima for a range of 
common functional groups

Chromophore  λmax (nm) Molar extinction (ε)

Benzene  184  46700

Naphthalene  220  112000

Anthracene  252  199000

Pyridine  174  80000

Quinoline  227  37000

Ethlyene  190  8000

Acetylide  175–180  6000

Ketone  195  1000

Nitroso  302  100

Amino  195  2800

Thiol  195  1400

Halide  208  300

(Wells, 1988)

Table 23.6 The effect of auxochromes on the UV 
absorbance of the parent compound C6H5-R

Substituent  λmax (nm) Molar extinction (ε)

–H  203.5  7400

–CH3  206.5  7000

–Cl  209.5  7400

–OH  210.5  6200

–OCH3  217  6400

–CN  224  13000

–COO− 224  8700

–CO2H  230  11600

–NH2  230  8600

–NHCOCH3  238  10500

–COCH3  245.5  9800

–NO2  268.5  7800

(Wells, 1988)

should be taken to ensure that the drug does not 
degrade during testing, i  hydrolysis or photolysis are 
potential reaction pathways, and also that the tem-
perature does not  uctuate. I  the measured solu-
bilities are the same in the three solvents then the 
drug does not have an ionizable group. I  solubility 
is highest in acid then the molecule is a (weak) base 
and i  solubility is highest in alkali the molecule is a 
(weak) acid.

Solubility should be measured at a (small) number 
o  temperatures:

4 °C The reduced temperature minimizes the 
rate o  hydrolysis (i  applicable). Here, 
the density o  water is at its greatest 
and thus presents the greatest chal-
lenge to solubility

25 °C Standard room temperature

37 °C Body temperature and so an indication o  
solubility in vivo.

Note that possession o  solubility data as a  unction 
o  temperature allows (approximate) determination 
o  the heat o   usion  rom Equation 23.6.

I  the aim o  the pre ormulation screen is to 
understand solubility in vivo, then solubility in bio-
relevant media should be determined. Assuming oral 



 P h a rm a c e u tic a l p re fo rm u la t io n  C H A P T E R  2 3

3 75

appear as shown in Figure 23.6. From the origin to 
point A both components dissolve. At point A the 
f rst  compound has reached its solubility. The line 
AB represents the continued dissolution o  the 
second compound. At point B the second compound 
reaches its solubility and the gradient o  the line BC 
is zero. The solubility o  the f rst  compound (S1) can 
be determined by extrapolation o  line AB to the 
y-axis. The solubility o  the second compound (S2) 
is the di  erence between the solubility at BC (= S1 
+ S2) and the y-intercept o  the extrapolated line 
AB. The same principles apply i   urther impurities 
are present.

An alternative experiment is to prepare  our solu-
tions o  the drug candidate with di  erent phase-
ratios o  drug to solvent (say 3, 6, 12 and 24 mg o  
drug in 3 mL), measure the solubility o  each and 
then extrapolate the data to a theoretical phase-ratio 
o  zero (Fig. 23.7). I  the drug is pure then solubility 
should be independent o  phase-ratio. I  the impu-
rity acts to increase solubility ( or instance, by sel -
association, complexation or solubilization), then 
the gradient o  the plotted line will be positive, 
whereas i  the impurity acts to suppress solubility 
(usually by the common ion e  ect) then the gradi-
ent o  the line will be negative. The point at zero 
phase ratio in Figure 23.7 implies that  the impurity 
concentration is zero and thus the true solubility can 
be estimated.

The purity o  a sample may also be checked with 
DSC, since the presence o  an impurity (even minor 
amounts) will lower and broaden the melting point 

delivery, typical media would include simulated 
gastric  uid (SG F),  ed simulated intestinal  uid 
(FeSSIF) and/ or  asted simulated intestinal  uid 
(FaSSIF). The use o  these  uids is discussed  urther 
in Chapters 21 and 35 and details o  their composi-
t ion is given in Tables 35.2 and 35.3. Bio-relevant 
media tend to have higher ionic strengths and hence 
the risk o  salting out via the common ion e  ect (see 
below) is greater.

Effec t of impurities  on intrins ic  s olub ility
One potential consideration at this stage is the poly-
morphic  orm o  the drug, which may initially be 
present in a metastable  orm. It  is a good idea to use 
di  erential scanning calorimetry (DSC) or X-ray 
powder di  raction (XRPD) to determine the poly-
morphic  orm o  the excess solid, f ltered  rom the 
solubility experiments, to ensure there has been no 
 orm change to a stable polymorph, or that  a hydrate 
has not  ormed (since both  orms typically have 
lower solubilit ies).

Another issue  or consideration at this stage is the 
chemical purity o  the sample. I  the drug is pure, 
then its phase-solubility diagram should appear as in 
Figure 23.5. Initially, all drug added to the solvent 
dissolves and the gradient o  the line should be unity. 
When saturation is achieved, addition o   urther 
drug does not result in an increase in concentration 
and the gradient becomes zero. However, new drug 
candidate material is rarely pure. When a single 
impurity is present, the phase-solubility diagram will 

Fig . 23.5 •  Phase-solubility diagram for a pure 
compound. 
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particular temperature must there ore give a smaller 
heat (q). The  raction o  material melted at any 
temperature (FT) is then:

 F  q
QT =  

(23.8)

Changes in FT values as a  unction o  tempera-
ture are easily measured. The van’t Ho   equation 

(Eqn 23.9) predicts that  a plot o  
1
FT

versus 

temperature should be a straight line o  slope 
−RT  x

H
m
2

2

∆
,  rom which the mole  raction o  the 

impurity (x2) can be calculated.

 T  T  RT  x
H  F

=  −m
m

T

2
2  1

∆
 .  

(23.9)

Mole c ular dis s oc iation

Approximately two-thirds o  marketed drugs ionize 
between pH 2 and 12 (analysis o  the 1999 World 
Drug Index by Manallack, 2007). Understanding 
acid and base behaviour is thus extremely impor-
tant, not only because o  the number o  ionizable 
drugs available, but also because the solubility o  an 
acidic or basic drug will be pH-dependent (and 
because possession o  an ionizable group opens the 
possibility o  solubility manipulation via salt   orma-
tion). Determining the pKa o  a drug is the next step 
in pre ormulation characterization. This is particu-
larly important with drugs intended  or peroral 
administration as they will experience a range o  pH 
environments, and it  is important to know how their 
degree o  ionization may change during passage 
along the gastrointestinal tract.

The principles o  acid-base equilibria are dis-
cussed in Chapter 3, where the Henderson-
Hasselbalch equations (Eqns 3.15 and 3.19) were 
derived  or acid and base species.

The Henderson-Hasselbalch equations allow cal-
culation o  the extent o  ionization o  a drug as a 
 unction o  pH, i  the pKa is known. When the pH 
is signif cantly below the pKa (by at least 2 pH 
units), a weakly acidic drug will be completely 
unionized and when the pH is signif cantly above the 
pKa (by at least 2 pH units) a weakly acidic drug 

o  a material. Qualitatively, i  the melting endo-
therm recorded using DSC is very broad, then the 
sample is likely to be impure (see Fig. 23.8).

I  the melting point and heat o   usion o  the pure 
drug are known, then the purity o  an impure sample 
can be quantif ed by analysis o  DSC data. Analysis 
requires determination o  the  raction o  sample 
melted as a  unction o  temperature. This is easily 
achieved by recognizing that integration o  the peak 
area o  melting gives the total heat o  melting (Q ). 
Partial integration o  the melting endotherm to any 

Fig . 23.8 •  DSC thermal traces for benzoic acid of 
varying purity. 
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predicts an inf nite increase in solubility when pH 
>> pKa. In practice this is not attained, primarily 
because real systems exhibit  non-ideal behaviour. 
Nevertheless, Equation 23.14 is a use ul approxima-
tion over narrow, but use ul, pH ranges.

A similar derivation can be made  or weak bases 
 ollowing the same logic, resulting in:

 S  S  Kt  o  aantilog p  pH=  +  −[  ]1  (  )  
(23.15)

Equation 23.15 implies that,  or weak bases, total 
solubility will be equal to the intrinsic solubility at 
pH values above pKa and will increase signif cantly 
at pH values below pKa.

Measurement of pKa

Modern automated instrumentation is available that 
can determine pKa values with very small (typically 
10–20 mg) amounts o  drug. This is extremely 
use ul in the context o  pre ormulation where mate-
rial is scarce. Usually this instrumentation is based 
upon a potentiometric pH titration. The drug is dis-
solved in water,  orming either a weakly acidic or 
weakly basic solution. Acid or base (as appropriate) 
is t itrated and the solution pH recorded. A plot o  
volume o  t itrant solution added versus pH allows 
graphical determination o  the pKa, since when 
pH = pKa the compound is 50% ionized. This 
method has the signif cant advantage o  not requir-
ing an assay.

Alternative methods  or determining pKa include 
conductivity, potentiometry and spectroscopy. 
However, i  the intrinsic solubility has been deter-
mined, measurement o  solubility at a pH where the 
compound is partially ionized will allow calculation 
o  pKa  rom the Henderson-Hasselbalch equations.

Partitioning

No solute has complete a f nity  or either a 
hydrophilic or a lipophilic phase. In the context o  
pre ormulation, it  is important to know early in the 
development stage how a molecule (or charged ion) 
will distribute between aqueous and  atty environ-
ments (e.g. between gut contents and lipid biological 
bilayers in the surrounding cell walls). When a solute 
is added to a mixture o  two (immiscible) solvents 
it  will usually dissolve in both to some extent and a 

will be  ully ionized (and vice versa  or a basic drug) 
(see Fig. 3.1).

The degree o  ionization will a  ect solubility 
because ionized species are more  reely soluble 
in water. Taking the acid-species Henderson-
Hasselbalch equation as an example (i.e. Eqn 3.15), 
since [A−] represents the saturated concentration o  
ionized drug (Si) and [HA] represents the saturated 
concentration o  unionized drug (i.e. the intrinsic 
solubility, So) then the equation may be re-writ ten 
as:

 p  pH  o

i
K  S

Sa =  + log  

(23.10)

At any given pH, the observed total solubility (St) 
must be the sum o  the solubilit ies o  unionized and 
ionized  ractions, i.e.:

 S S St  o  i=  +   
(23.11)

Note that in this chapter, the alternative symbol S 
(with appropriate subscript) is used  or the specif c 
concentration o  solution that corresponding to the 
saturated concentration or ‘solubility. This is equally 
acceptable and is presented here, and later in the 
discussion o  intrinsic dissolution rate, as an alterna-
tive to annotation used elsewhere. This annotation 
is particularly use ul when discussing various types 
o  solubility, as here.

Rearranging Equation 23.11 gives:

 S S Si  t  o=  −  
(23.12)

Substituting in Equation 23.10 gives:

 p  pHa
o

t  o
K  S

S  S
=  +

−
log  

(23.13)

Or, in antilog  orm:

 S  S  Kt  o  aantilog pH  p=  +  −[  ]1  (  )  
(23.14)

Equation 23.14 allows calculation o  the total solu-
bility o  an acidic drug as a  unction o  pH. Total 
solubility will be equal to the intrinsic solubility at 
pH values below pKa and will increase signif cantly 
at pH values above pKa. In theory, Equation 23.14 
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coe f cient  or the partitioning o  a solute between 
water (w) and n-octanol (o) can be written as:

 P  C
Cw

o  o

w
=  

(23.18)

Alternatively, the  ollowing could be def ned:

 P  C
Co

w  w

o
=  

(23.19)

By convention Pw
o is the standard term.

When a drug is lipophilic (i.e. it  has a high a f nity 
 or the octanol phase) the value o  Pw

o  will be greater 
than 1 and when the drug is hydrophilic the value 
o  Pw

o will be less than 1. Since hydrophilic drugs 
will give very small Pw

o  values,  log Pw
o values are 

o ten quoted (abbreviated to log P), in which case 
hydrophilic drugs will have a negative value and 
lipophilic drugs a positive value.

Note that since only unionized solute can parti-
t ion (ionized species are too polar to dissolve in 
organic phases), the partition coe f cient applies 
only i  (a) the drug cannot ionize or (b) the pH o  
the aqueous phase is such that the drug is com-
pletely unionized. I  the drug has partially ionized in 
the aqueous phase and partitioning is measured 
experimentally, then the parameter measured is the 
distribution coe f cient, D:

 D  C
C  Cw

o  o

w,ionized  w,unionized
=

+
 

(23.20)

The partit ion coe f cient and the distribution coe -
f cient are related by the  raction o  solute unionized 
( funionized):

 D  f  Pw
o

unionized  w
o=  

(23.21)

Note also that partit ion coe f cients may be def ned 
between any organic phase and water. n-Octanol is 
the most common choice, but it  is by no means 
either the best choice, nor the only choice  or the 
‘oil’ phase, especially i  partit ion coe f cients are 
determined using chromatographic methods. 
However, much data exists  or n-octanol/ water 
systems and its use continues.

posit ion o  equilibrium will be established between 
the concentrations (C) in the two solvents. In other 
words, the ratio o  the concentrations will be con-
stant and is given by:

 P  C
C2

1  1

2
=  

(23.16)

where P is the partition coef cient and the super-
script and subscript indicate the solvent phase. Note 
that it  would be equally possible to def ne:

 P  C
C1

2  2

1
=  

(23.17)

In a physiological environment, drugs partit ion  rom 
an aqueous phase to numerous and complex 
lipophilic phases (typically various cell membranes, 
see also Chapter 21). It  would be di f cult  to develop 
an analytical method that allowed measurement o  
actual partitioning between such complex phases 
and so a simple solvent model, commonly using 
n-octanol, is usually used instead. n-Octanol is taken 
to mimic the short-chain hydrocarbons that make 
up many biological lipid bilayers. A partition 

Box 23 2 

Worked example
What is  the pKa of chlordiazepoxide given the 
following solubility data?  S o = 2 mg mL−1, S t a t 
pH 4 = 14 6 mg mL−1 and S t a t pH 6 = 2 13 mg mL−1 

For a weak acid,

 p  pHa
t  o

o
K  S  S

S
=  +  −log

At pH 4:

 p  aK  =  +  − =4  14 6  2
2

 4 799log  . .

At pH 6:

 p  aK  =  +  − =6  2 13  2
2

 4 813log  . .

The literature value is  4 8 



 P h a rm a c e u tic a l p re fo rm u la t io n  C H A P T E R  2 3

3 79

 or partition coe f cient needs to be corrected to 
account  or the di  erent volumes. For example, 
assuming a 1 : 9 n-octanol:water ratio, Equation 
23.18 becomes:

 P  C
Cw

o  o

w
= 10

 

(23.23)

There are some drawbacks to the shake- ask 
method. One is that the volumes o  solution are 
reasonably large and another is that su f cient t ime 
must be allowed to ensure equilibrium partit ioning 
is attained.

The use o  n-octanol tends to re ect absorption 
 rom the gastrointestinal tract , which is why it  is the 
de ault  option; but n-octanol may not be the best 
organic phase. Hexane or heptane can be used as 
alternatives, although they will give di  erent parti-
tion coe f cient values  rom n-octanol and are also 
considered to be less representative o  biological 
membranes because they cannot  orm any hydrogen 
bonds with the solute. Where the aim o  the experi-
ment is to di  erentiate partit ioning between mem-
bers o  a homologous series the organic phase can 
be varied in order to maximize discrimination. 
n-Butanol tends to result in similar partit ion values 
 or a homologous series o  solutes, while heptane 
tends to exaggerate di  erences in solute lipophilic-
ity. Solvents that are more polar than n-octanol are 
termed hypo-discriminating and those that are less 

Determination of log P

Log P values can be determined experimentally or 
can be calculated  rom the chemical structure o  the 
drug candidate using group additivity  unctions. For 
the latter approach there are numerous computer 
models and simulation methods available; selection 
will reduce to personal choice and  amiliarity and so 
these models will not be considered here. Rather, 
this text will  ocus on experimental determination. 
It  is clear, however, that there is much value to be 
gained by comparing calculated and experimentally 
determined log P values. The value o  the calculation 
approach is greatest  when selecting a lead candidate 
 rom a compound library when it  would simply be 
neither possible, nor practicable to measure the par-
t it ioning behaviour o  the many thousands o  com-
pounds available.

Shake- as k method
Assuming that a UV assay is available, the shake-
 ask method is a quick, simple and near universally 
applicable way o  determining the partit ion coe f -
cient (see also Fig. 21.2). Prior to measurement, the 
solvents to be used should be mixed with each other 
and allowed to reach equilibrium. This is because 
each solvent has a small but signif cant solubility in 
the other (n-octanol in water is 4.5 × 10−3 M; water 
in n-octanol is 2.6 M).

The drug is dissolved in the aqueous phase to a 
known concentration. Equal volumes o  aqueous 
drug solution and n-octanol are then mixed in a 
separating  unnel. The mixture is shaken vigorously 
 or a period o  t ime (usually 30 minutes, to maxi-
mize the sur ace area o  the two solvents in contact 
with each other) while the drug partitions. The 
phases are allowed to separate (5 minutes) and then 
the concentration o  drug remaining in the aqueous 
phase is determined, Figure 23.9. By di  erence, the 
concentration o  drug in the n-octanol phase is 
known:

 C  C  Cn -octanol  water initial  water  final=  −,  ,  
(23.22)

When the partition coe f cient heavily  avours dis-
tribution to the n-octanol phase, then a smaller 
volume o  n-octanol can be used, since this will 
increase the concentration in the aqueous phase at  
equilibrium, reducing the error in the analytical 
determination o  the concentration. The calculation 

Fig . 23.9 •  The shake  ask method for determination of 
partition coef cient. 
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comparing progression o  a solute relative to pro-
gression o  the solvent  ront (the ratio o  the two 
being the resolution  actor, R  ). The resolution  actor 
achieved  or each drug is converted to a TLC reten-
tion  actor (Rm), which is proportional to log P.

 R
Rm

f
=  − 

  
  

  log  1 1  

(23.24)

The stationary phase can be n-octanol but is more 
commonly silica impregnated with silicone oil. The 
mobile phase can in principle be water (or aqueous 
bu  er), but unless the solute is reasonably 
hydrophilic, good resolution tends not to be achieved 
with water alone and reasonably lipophilic com-
pounds tend not to move  rom the ‘starting line’ at 
all (i.e. R   = 0). Co-solvents (typically acetone, ace-
tonitrile or methanol) can be added to the mobile 
phase to increase the migration o  highly lipophilic 
compounds. The nearer the compound migrates to 
the solvent  ront, the higher the resolution  actor 
(the maximum value attainable being 1). The value 
o  R   can in principle vary between 0 and 

polar than n-octanol are termed hyper-discriminating. 
Hyper-discriminating solvents re ect more closely 
transport across the blood-brain barrier, while hypo-
discriminating solvents give values consistent with 
buccal absorption. The discriminating powers o  a 
range o  common solvents, relative to n-octanol, are 
shown in Figure 23.10.

Chromatographic  methods
Separation o  analytes by liquid chromatographic 
methods relies on interaction between the analytes 
(dissolved in a mobile phase) and a stationary (solid) 
phase. In normal-phase chromatography, the station-
ary phase is polar and the mobile phase is non-polar, 
and in reverse-phase chromatography the stationary 
phase is non-polar and the mobile phase is polar. It  
 ollows that liquid chromatography may be used 
with single analytes to measure partit ioning behav-
iour, since the extent o  interaction must depend 
upon the relative lipophilicity or hydrophilicity o  
the analyte. Typically, reverse-phase chromatogra-
phy is used  or partit ioning experiments.

Reverse-phase thin-layer chromatography (TLC) 
allows measurement o  partition coe f cients by 

Fig . 23.10 •  Discriminating power of various partitioning solvents. Redrawn from Wells , 1988.
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not increase in viscosity as the solid dissolves, this is 
appropriate  or D and h but A  must always change 
as the solid dissolves (see Fig. 2.4). Also, i  a tablet 
disintegrates,  or instance, then A would increase 
rapidly at the start  o  dissolution be ore decreasing 
to zero, and there will be a concomitant e  ect on 
the dissolution rate.

I  the sample is constructed such that A  remains 
constant throughout dissolution, and sink conditions 
are maintained so that (St − C) � St (see above), then 
the measured rate is called the intrinsic dissolution 
rate (IDR) (see also Chapter 2 and Eqn 2.6):

 IDR  t= KS  
(23.25)

Wells (1988) suggests a method  or measuring the 
IDR o  a compound. A compact o  the drug (300 mg) 
is prepared by compression (to 10 tonnes load) in 
an in rared punch and die set (13 mm diameter, 
corresponding to a sur ace area on the  at  ace o  
1.33 cm2). The metal sur aces o  the punch and die 
should be pre-lubricated with a solution o  stearic 
acid in chloro orm (5% w/ v). The compact is 
adhered to the holder o  the rotating basket appa-
ratus using low-melting para f n wax. The compact 
is repeatedly dipped into the wax so that all sides 
are coated except the lower  at  ace ( rom which 
any residual wax should be removed with a scalpel 
blade). Dissolution is recorded while the disc is 
rotated (100 rpm) 20 mm  rom the bottom o  a 
 at-bottomed dissolution vessel containing dissolu-
tion medium (1 L at 37 °C). The gradient o  the 
dissolution line divided by the sur ace area o  the 
compact gives the IDR.

IDR as  a function of pH

Measurement o  IDR as a  unction o  either pH or 
ionic strength can give a good insight into the mech-
anism o  drug release and the improvement in per-
 ormance o  salt   orms, since,  or weak acids, 
substitution o  Equation 23.14 into Equation 23.25 
yields:

 IDR  antilog pH  po  a=  +  −(  )[  ]K S  K(  )1  
(23.26)

And  or weak bases substitution o  Equation 23.15 
into Equation 23.25 yields:

 IDR  antilog p  pHo  a=  +  −(  )[  ]K S  K(  )1  
(23.27)

1 (corresponding to Rm values  rom +∞ to −∞, 
respectively) although in practice the measurable 
range is about 0.03 to 0.97, corresponding to Rm 
values o  1.5 to −1.5, respectively.

Addition o  a co-solvent can be used to modulate 
the value o  R   obtained and the relationship is 
usually linear. This being so, it  is possible to extrapo-
late to zero co-solvent and so calculate Rm in water.

Reverse-phase HPLC is an alternative, and widely 
used, technique  or measurement o  partition coe -
f cients. The stationary phase comprises a non-polar 
compound (typically a C18 hydrocarbon) chemically 
bound to an inert , solid support medium (such as 
silica). It  is possible to use water saturated with 
n-octanol as the mobile phase, and a stationary phase 
covered in n-octanol, but the eluting power is not 
strong,  or the same reason noted above  or TLC, 
and so to measure an acceptable range o  partition 
coe f cients it  is necessary to change the volume 
ratio o  mobile to stationary phase.

Because the hydrocarbon is bound to a solid sub-
strate it  cannot behave as a true liquid phase and so 
conceptually it  is not clear whether the interaction 
between the solute and the stationary phase consti-
tutes sur ace adsorption or true phase partitioning. 
While C18 hydrocarbons have been  ound to provide 
a better correlation to log P values, indicating that  
their greater reach  rom the solid sur ace o  the 
support matrix means they behave more like a liquid 
phase, true partit ioning is unlikely to occur.

Dis s o lution rate

Knowledge o  solubility per se does not in orm dis-
solution rate, since solubility is a position o  equilib-
rium and not the speed at which it  is attained. Thus, 
high aqueous solubility does not necessarily mean 
that a compound will exhibit  satis actory absorp-
tion. Absorption can be assumed to be unimpeded 
i  a drug candidate has an intrinsic dissolution rate 
(IDR – see below) greater than 1 mg cm−2 min−1.

Intrins ic dissolution rate

One assumption in the use o  the Noyes and Whitney 
equation (described in Chapter 2, Eqns 2.3 and 2.4) 
is that the parameters o  di  usion coe f cient (D), 
the sur ace area o  dissolving solid (A) and the thick-
ness o  the stationary solvent layer surrounding the 
dissolving solid (h) remain constant. Assuming a 
constant stirring speed and that the solution does 



 P A R T  F I V E  Dos age  Form Des ign and Manufac ture

3 8 2

In either case, the measured IDR will clearly be 
a  ected either by the pH o  the medium or the 
microenvironment surrounding the solid sur ace 
created by the dissolving salt . The e  ect o  pH on 
IDR is easily established by selection o  the dissolu-
tion media. Standard media (0.1M HCl, phosphate 
bu  ers, etc.) can be used or, in order to get a more 
realistic insight into dissolution in vivo, simulated 
gastrointestinal  uids (as discussed earlier) can also 
be employed.

I  the drug is an acid or base, then the sel -
bu  ering e  ect as dissolution occurs should not be 
ignored. In particular, the saturated concentration o  
solute in the di  usion layer o ten means that the 
pH in the medium immediately surrounding the 
dissolving solid di  ers signif cantly  rom that o  
the bulk solvent and will lead to deviations  rom 
the ideal behaviour predicted by Equations 23.26 
and 23.27. A schematic representation o  the bu  -
ering e  ect o  salicylic acid is shown diagrammati-
cally in Figure 23.11.

IDR and the common ion effect

The common ion e  ect (discussed in Chapter 2) 
should not be ignored, especially  or hydrochloride 

Fig . 23.11 •  pH across the diffusion layer as a function 
of dissolution medium for salicylic acid. Redrawn from 
Serajuddin and Jarowski, 1985.
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salts, as the chloride ion is o ten present in reason-
ably high concentrations in body  uids (0.1 M in 
gastric  uid and 0.13 M in intestinal  uid). For this 
reason,  ed and  asted simulated intestinal  uids 
should contain 0.1 and 0.2 M Cl− respectively.

Hence, when the concentration o  Cl− in solution 
is high, the solubility advantage o  choosing a hydro-
chloride salt  is diminished. Li et al (2005) demon-
strated the e  ect o  chloride concentration on the 
IDR o  haloperidol salts and showed that dissolution 
o  the hydrochloride salt  was slower than that o  a 
either the phosphate or mesylate salt .

Salt s e le c tion

I  a drug candidate has poor aqueous solubility or is 
di f cult to isolate or puri y, but is a weak acid or 
base, then conversion to a salt   orm may be benef -
cial. A number o  physicochemical properties may 
change upon  ormation o  a salt  (Table 23.7). Any 
such changes may be benef cial or detrimental and 
so a decision must be made early during pre ormula-
tion as to which salt   orm (i  any) is to be taken into 

Table 23.7 Possible advantages and disadvantages of 
salt formation

Advantages Disadvantages

Enhanced solubility  Decreased percentage of 
active

Increased dissolution rate  Increased hygroscopicity

Higher melting point  Decreased chemical stability

Lower hygroscopicity  Increased number of 
polymorphs

Improved photostability  Reduced dissolution in 
gastric media

Better taste  No change in solubility in 
buffers

Higher bioavailability  Corrosiveness

Better processability  Possible disproportionation

Easier synthesis or 
puri cation

Additional manufacturing 
step

Potential for controlled 
release

Increased toxicity



 P h a rm a c e u tic a l p re fo rm u la t io n  C H A P T E R  2 3

3 8 3

In this instance, the salt   ormed will precipitate once 
it  is present at a concentration beyond its solubility. 
However, most drug candidates are either weak 
acids or bases, in which case their character is usually 
based on the Brønsted-Lowry def nition: an acidic 
compound is a proton donor and a basic compound 
is a proton acceptor. The removal o  a proton  rom 
an acid produces a conjugate base (A−) and addition 
o  a proton to an acceptor produces a conjugate acid 
(BH +).

 HA  H  A  +  −+  
(23.29)

 B  H  BH+  +  +  
(23.30)

Note that the Brønsted-Lowry def nit ion requires 
acidic species to have an ionizable proton but does 
not require basic compounds to possess a hydroxide 
group; simply that they can accept a proton (thus 
the theory does not consider KOH and the like to 
be a base but a salt  containing the basic OH − moiety). 
In the case o  a weak base (B) reacting with a strong 
acid, the conjugate acid and conjugate base may then 
 orm a salt :

 B  HCl  BH  Cl  BH  Cl+  ++  −  +  −    
(23.31)

When a salt  dissolves in water it  will dissociate. 
Assuming dissolution o  a basic salt  then the species 
in solution is the conjugate acid. The conjugate acid 
can donate its proton to water, re orming the  ree 
base:

 BH  H  O  B  H  O+  ++  +2  3  
(23.32)

All o  the reasons  or the change in solubility o  salts 
are encompassed in Equation 23.32. A basic salt  
contains the conjugate acid o  the drug. Upon dis-
solution, the conjugate acid donates its proton to 
water and the  ree base is  ormed. The solute is thus 
the  ree base, but the pH o  the solution in which 
it  is dissolved has reduced because o  the donated 
proton. Recall that the solubility o  weak bases 
increases as the pH o  solution reduces. Thus, dis-
solution o  a basic salt  increases solubility because 
there is a concomitant reduction in pH o  the 
solution.

development. This decision will not depend on solu-
bility alone. The prevalence o  salt   orms o  drugs in 
practice (estimated at around 50%) suggests that the 
benef ts o ten outweigh the drawbacks. Salt selec-
tion should pre erably be made be ore commence-
ment o  toxicity testing, because o  the associated 
cost and potential t ime delay in development o  
switching to a di  erent salt   orm. Each is treated by 
regulatory authorities as a new entity.

Salt formation

A salt  is  ormed when an acid reacts with a base, 
result ing in an ionic species held together by ionic 
bonds. In principle, any weak acid or base can  orm 
a salt , although in practice i  the pKa o  the base is 
very low, the salt   ormed is unlikely to be stable at 
physiological pHs. Stephenson et al (2011) note 
that  no marketed salt  exists  or a drug with a pKa 
below 4.6. They suggested that  5 is a general value 
below which salt   ormation is unlikely to be e  ec-
tive. Because salts usually dissociate rapidly upon 
dissolution into water, they are considered electro-
lytes. Sometimes a drug sounds  rom its name that 
it  is a salt , but it  may in  act be a single entity bound 
via covalent bonds, in which case electrolytic behav-
iour does not apply (e.g.  uticasone propionate).

Acids and bases can be classif ed as strong through 
to extremely weak, based on their pKa (Table 23.8). 
When strong acids react with strong bases the reac-
tion tends to completion, as both species will be 
 ully ionized, and this is known as neutralization. For 
example:

 HCl  NaOH  NaCl  H  O+  →  +  2  
(23.28)

Table 23.8 Descriptions of acid and base strength

Description pKa

Acid Base

Very strong  < 0  > 14

Strong  0–4.5  9.5–14

Weak  4.5–9.5  4.5–9.5

Very weak  9.5–14  0–4.5

Extremely weak  > 14  < 0
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and since A− is a conjugate base then:

 pH  p  p  Aa  w=  +  +  −1
2

(  log[  ])K K  

(23.39)

where pKw re ects the ionization potential o  water 
(and is equal to 14 at  25 °C).

The pH o  a solution o  a dissolved acid is given 
by:

 pH  p  acida=  −1
2

(  log[  ])K  

(23.33)

and, because the acid species is BH +, then:

 pH  p  BHa=  −  +1
2

(  log[  ])K  

(23.34)
Box 23 4 

Worked example
What is  the pH of a 0 1 M solution of diclofenac 
sodium (pKa 4 0)?

From Equation 23 39:

 pH =  +  +  =1
2

 4 0  14  0 1  8 5(  .  log[  .  ])  .

Box 23 3 

Worked example
What is  the pH of a 0 2 M solution of ergotamine 
tartrate (pKa 6 25)?

 pH =  −  (  ) =1
2

 6 25  0 2  3 48[(  .  )  log  .  .

From Equation 23 34

A similar situation occurs  or the reaction o  a weak 
acid with a strong base:

 HA  NaOH  NaA  H  O+  +  2  
(23.35)

Upon dissolution o  an acidic salt  the conjugate base 
is  ormed:

 NaA  Na  A  +  −+  
(23.36)

The conjugate base can then accept a proton  rom 
water, re- orming the  ree acid and increasing the 
pH o  the solution:

 A  H  O  AH  OH−  −+  +2    
(23.37)

The solute is thus the  ree acid, but the pH o  the 
solution in which it  is dissolved has increased because 
o  the generated hydroxide ion. Recall again that the 
solubility o  weak acids increases as the pH o  solu-
tion increases.

The pH o  a solution o  base is given by:

 pH  p  p  basea  w=  +  +1
2

(  log[  ])K K  

(23.38)

Several consequences arise  rom this discussion. 
One is that salt   ormation might not best be achieved 
in aqueous solution, since dissolution o  a salt  in 
water generally results in  ormation o  the  ree acid 
or base. For this reason, salts are o ten  ormed in 
organic solvents. Secondly, the increase in solubility 
o  a salt  over the corresponding  ree acid or base is 
a result only o  the change in pH upon dissolution. 
The intrinsic solubility of the free acid or base does 
not change. Thus, i  salts are dissolved in bu  ered 
solvents there will be no di  erence in the solubility 
prof le o  the salt  relative to the corresponding  ree 
acid or base, because the bu  er will act to neutralize 
any change in pH.

Selection of a  salt-forming acid  
or base

For salt   ormation to occur there must be a su f cient 
di  erence in pKa between the acid and base (the 
reactivity potential). For the trans er o  a proton 
 rom an acid to a weak base, the pKa o  the acid 
must be less than that o  the weak base and vice 
versa. As a general rule, a di  erence in pKa (ΔpKa) 
o  3 is indicated (although salt   ormation can some-
times occur with smaller di  erences;  or instance, 
Wells (1988) notes that doxylamine succinate  orms 
even though ΔpKa is 0.2). The reason  or this pKa 
di  erence is to ensure both species are ionized in 
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salts are also widely understood and  orm physiolog-
ically common ions and so are acceptable  rom a 
regulatory perspective. However, they do have some 
disadvantages, including the  act  that the drop in pH 
upon dissolution may be signif cant (which is not 
good  or parenteral  ormulations). There are also 
risks o  corrosion o  manu acturing plant and equip-
ment, instability during storage (especially i  the salt  
is hygroscopic) and reduced dissolution and solubil-
ity in physiological  uids because o  the common ion 
e  ect.

Stahl (2011) organizes salt- ormers into three 
categories, which may be used as a guide to 
selection.

First class salt- ormers are those that  orm physi-
ologically ubiquitous ions or which occur as 

solution, thus increasing the chance o  interaction. 
I  ΔpKa lies between 3 and zero then knowledge o  
ΔpKa per se is not predictive o  whether salt   orma-
tion will occur and i  ΔpKa is less than zero then 
co-crystal  ormation is the more likely outcome.

Thus, selection o  a salt- orming entity starts with 
knowledge o  the pKa o  the entity and the pKa o  
the drug. The pKa values o  some o  the most 
common salt   orming acids and bases in water are 
given in Tables 23.9 and 23.10.

The top ten anions and cations by  requency  or 
drugs in the 2006 USP are shown in Table 23.11. 
For basic drugs, the hydrochloride salt  is the most 
common  orm. In part this is because the pKa o  
hydrochloric acid is so low it  is very likely that it  
will  orm a salt  with a weak base. Hydrochloride 

Table 23.9 Values of pKa for selected pharmaceutical acids

Acid Anion pKa Example

Hydrobromic  Hydrobromide  <−6.0  Galantamine

Hydrochloric  Hydrochloride  −6.0  Clindamycin

Sulphuric  Sulphate  −3.0, 1.92  Salbutamol

p-Toluenesulphonic  Tosylate  −1.34  Sorafenib

Methanesulphonic  Mesylate  −1.2  Benztropine

Naphthalene-2-sulphonic  Napsylate  0.17  Levopropoxyphene

Benzenesulphonic  Besylate  0.7  Amlodipine

Oxalic  Oxalate  1.27, 4.27  Escitalopram

Maleic  Maleate  1.92  Fluvoxamine

Phosphoric  Phosphate  1.96, 7.12, 12.32  Fludarabine

Pamoic  Pamoate  2.51, 3.1  Amitriptyline

Tartaric  Tartrate  3.02, 4.36  Metoprolol

Fumaric  Fumarate  3.03, 4.38  Formoterol

Citric  Citrate  3.13, 4,76, 6.40  Sildena l

Hippuric  Hippurate  3.55  Methenamine

Benzoic  Benzoate  4.19  Emamectin

Succinic  Succinate  4.21, 5.64  Metoprolol

Acetic  Acetate  4.76  Megestrol

Carbonic  Carbonate  6.46, 10.3  Lithium

(Stahl and Wermuth, 2011).
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toxicological or tolerability issues (such as the sul-
phonic acids, e.g. mesilates).

Third class salt   ormers are those that  are used in 
special circumstances to solve a particular problem. 
They are not naturally occurring, nor are they in 
common use.

Table 23.10 Values of pKa for selected pharmaceutical bases

Base Cation pKa Example

Potassium Hydroxide  Potassium  ~14  Benzylpenicillin

Sodium hydroxide  Sodium  ~14  Diclofenac

Zinc hydroxide  Zinc  ~14  Bacitracine

Calcium hydroxide  Calcium  12.6, 11.57  Fenoprofen

Magnesium hydroxide  Magnesium  11.4  Menbutone

Choline  Choline  >11  Theophylline

Lysine  Lysine  10.79, 9.18, 2.16  Ibuprofen

Benzathine  Benzathine  9.99, 9.39  Ampicillin

Piperazine  Piperazine  9.82, 5.58  Naproxen

Meglumine  Meglumine  9.5  Flunixin

Ammonia  Ammonium  9.27  Glycyrrhizinic acid

Tromethamine  Trometamol  8.02  Lodoxamide

Aluminium hydroxide  Aluminium  >7

(Stahl and Wermuth, 2011).

Table 23.11 Frequency of pharmaceutical anions and cations of drugs in USP 29-NF24

Anion Frequency (%) Cation Frequency (%)

Hydrochloride  39.96  Sodium  62.79

Sulphate  10.58  Potassium  11.05

Acetate  6.70  Calcium  8.72

Phosphate  4.97  Aluminium  4.65

Chloride  4.54  Benzathine  2.33

Maleate  3.67  Meglumine  2.33

Citrate  3.02  Zinc  2.33
Mesilate  2.59  Magnesium  1.74

Succinate  2.38  Tromethamine  1.74

Nitrate  2.38  Lysine  1.16

metabolites in biochemical pathways. These include 
hydrochloride and sodium salts and, as such, they 
are considered to be unrestricted in their use.

Second class salt   ormers are those that are not 
naturally occurring but which have  ound common 
application and have not shown signif cant 
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Solubility of salts

It is not a simple matter to predict the solubility o  
a salt . In particular the common ion e  ect cannot 
be ignored, especially when dissolution and solubil-
ity in biological media are considered. There are 
many empirical approaches in the literature  or esti-
mating solubility o  salts, but most require knowl-
edge o  the melting point o  the salt , a value most 
reliably determined by preparing the salt  and melting 
it  (in which case, the salt  is available  or solubility 
determination by experiment). This section will 
thus consider the underlying principle o  solubility 
pH-dependence, based on ionic equilibria and 
assumes that solubility would be determined experi-
mentally using the actual salt .

Solubility of bas ic  s a lts
Dealing with a basic salt  f rst, at high pH the solubil-
ity will be equal to that o  the unionized (or  ree) 
base (i.e. at its lowest) and at low pH the solubility 

An additional  actor to consider is that  the salt  
 ormed should exist as a crystalline solid, to enable 
ease o  isolation and purif cation. Amorphous salts 
are highly likely to cause problems in development 
and use and so should be avoided.

Salt screening

Once potential salt   ormers are selected they must 
be combined with the  ree drug in order to see 
which pre erentially  orm salts. Since the potential 
number o  permutations and combinations o  salt  
 ormers and solvents is large, a convenient method 
 or salt  screening at the pre ormulation stage is to 
use a micro-plate well approach. A small amount o  
drug (~ 0.5 mg) in solvent is dispensed into each 
well o  a 96-well plate. To each well is added a solu-
tion o  potential counter-ion. It  is possible to con-
struct the experiment in the well plates so that the 
e  ect o  solvent is examined in the x direction and 
the e  ect o  counter-ion is examined in the y direc-
tion. Solvents should be selected care ully. Com-
monly used solvents are listed in Table 23.12.

A ter an appropriate length o  t ime, the presence 
in each well o  salt  crystals is checked with an optical 
device ( or instance a microscope or a nephelom-
eter). I  no crystals are seen, then the plate can be 
stored at a lower temperature. I  the reduction in 
temperature does not cause precipitation, then as a 
last at tempt the temperature can be increased to 
evaporate the solvent (although care must be taken 
in this case during subsequent analysis because the 
isolate may contain a simple mixture o  drug and 
salt   ormer, rather than the salt  itsel ).

Once a potential salt  has been identif ed prepara-
tion can be undertaken with slightly larger sample 
masses (10–50 mg). XRPD may be used to get a 
preliminary idea o  polymorphic  orm, while melting 
points may be determined with a melting point 
apparatus, hot-stage microscopy (HSM) or DSC. 
Examination with HSM, i  operated under cross-
polarized f lters, allows visual conf rmation o  
melting and any other changes in physical  orm 
during heating, while analysis with DSC provides 
the heat o   usion in addition to the melting tem-
perature (and so allows calculation o  ideal solubil-
ity). Additional analyses with TGA and DVS 
will provide in ormation on water content and 
hygroscopicity (see below). All o  these experiments 
can be per ormed i  around 50 mg o  salt  is 
available.

Table 23.12 Properties of some common solvents used 
for salt screening

Solvent Boiling 
point (°C)

Dielectric 
constant (ε)

N,N 
dimethylformamide

153  37

Acetic acid  118  6.2

Water  100  78.4

1-Propanol  97  20.3

2-Propanol  83  19.9

Acetonitrile  82  37.5

2-Butanone  80  18.5

Ethanol  78  24.6

Ethyl acetate  77  6.0

n-Hexane  69  1.9

Isopropyl ether  68  3.9

Methanol  65  32.2

Acetone  57  20.7

Methylene chloride  40  8.9

Diethyl ether  35  4.3
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The  importance  of pHmax

At pH max, which in principle is a single point on the 
solubility prof le, both the  ree acid/ base and the salt  
co-exist in the solid phase. For a basic salt  (see Fig. 
23.12), i  the pH o  a saturated solution containing 
excess solid  ree base is lowered below pH max then 
the solid will convert  to the salt  (although the pH 
will not drop below pH max until enough acid has 
been added to convert all the  ree base to salt). 
Conversely, i  the pH o  a saturated solution con-
taining excess solid salt  is raised above pH max then 
the solid phase will convert to the  ree base. The 
opposite holds true  or an acidic salt .

It  should be apparent that pH max is an important 
parameter and its value will change depending upon 
the solubility o  the salt   orm made. In particular:
•  increasing pKa by 1 unit (making the base 

stronger) will increase pH max by 1 unit
•  increasing the solubility o  the  ree-base by an 

order o  magnitude will increase pH max by 1 
unit

•  increasing the solubility o  the salt  by an order 
o  magnitude will decrease pH max by 1 unit.

I  a small amount o  [H +] is added to the system at 
pH max then  ree-base is converted to salt . Conversely, 
i  alkali is added salt  is converted to  ree-base. As 
the system is e  ectively acting as a bu  er, the pH 
(and consequently the solubility) will not change 
until su f cient acid or alkali has been added to 
convert one solid phase completely to the other.

A similar analysis can be per ormed  or an acidic 
salt . The value o  pH max can have a critical in uence 
on the dissolution rate o  salts, because the pH o  
the dissolution medium can cause conversion o  a 
salt  back to the  ree acid or base  orm.

Dissolution of salts

Salts have the potential to increase dissolution rate 
because the saturated concentration in the boundary 
layer is much higher than that o  the  ree acid or 
base

For acidic and basic drugs, solubility is pH- 
dependent. Accordingly, the Noyes-Whitney model 
predicts that dissolution rate must there ore also be 
pH-dependent, with the solubility o  the solute at the 
pH and ionic strength o  the dissolution medium 
being the rate-controlling parameter. From the same 
argument, when the pH o  the dissolution medium is 
around that o  pHmax the dissolution rates o  the  ree 

will be that  o  the ionized base (i.e. at  its highest). 
There will be a region between these extremes 
where the solubility will vary with pH, as shown in 
Figure 3.1. The standard interpretation o  a solubil-
ity prof le o  this  orm is based on the model o  
Kramer and Flynn (1972), who assumed that the 
overall prof le is the sum o  two solubility prof les 
(Fig. 23.12). In region 1, the dissolved solute is in 
equilibrium with solid salt , and in region 2 the dis-
solved solute is in equilibrium with solid  ree base. 
The point at which the two solubility prof les inter-
sect is termed pH max.

Data suggest that a basic salt  will be most soluble 
in low pH media (such as gastric  uid) but will 
become increasingly insoluble as pH increases (as it  
would in intestinal  uids).

Solubility of ac id ic  s a lts
A similar series o  considerations can be made  or 
salts o  weak acids. In this case, the  ree acid is the 
solid phase in equilibrium with the saturated solu-
tion below pH max and the salt  is the solid phase in 
equilibrium with the saturated solution above pH max.

An acidic salt  will be least soluble in low pH 
media but will become increasingly soluble as pH 
increases. Thus, i  an acidic salt  is administered 
orally its solubility will naturally increase as it 
progresses along the gastrointestinal tract . Indeed a 
drug candidate’s solubility in gastric  uid may be so 
low that it  will naturally dissolve only lower in the 
gastrointestinal tract, which may be a  ormulation 
advantage.

Fig . 23.12 •  Solubility pro le for a basic salt as a 
function of pH (pKa 6.7). 

S

o

l

u

b

i

l

i

t

y

 

(

m

g

 

m

L

–

1

)

pH

pHmax

Region 1:
Solid form is  sa lt

Region 2:
Solid form is  free  base

0

1

2

3

4

5

6

1 2 3 4 5 6 7 8



 P h a rm a c e u tic a l p re fo rm u la t io n  C H A P T E R  2 3

3 8 9

physicochemical properties. Typically, wet powders 
will become more cohesive and  owability is 
reduced. Water also acts to mediate many solid-state 
reactions, so an increase in water content can o ten 
increase the rate o  chemical degradation o  the 
active or interaction with any excipients. I  the sub-
stance is amorphous, then absorption o  water 
causes plasticization o  the matrix (e  ectively the 
molecular mobility o  the molecules is increased) 
and then major structural change. I  the amorphous 
matrix is a  reeze-dried powder, then absorption o  
water o ten causes structural collapse. At the 
extreme, absorption o  water will cause amorphous 
materials to crystallize.

Salts, in particular, usually have a greater propen-
sity to absorb water than the corresponding  ree acid 
or base, so the stability o  salt   orms with respect to 
environmental humidity must be assured. Some 
salts ( or instance potassium hydroxide or magne-
sium chloride) are so hygroscopic they will dissolve 
in the water they absorb,  orming solutions. This 
process is called deliquescence. In any event, i  water 
absorption is likely to cause a detrimental change in 
physicochemical properties, then appropriate steps 
must be taken to protect  the drug candidate or drug 
product. Typically, this would involve selection o  
suitable packaging and advising correct storage by 
the patient.

From an analytical perspective, water uptake is 
usually determined through a change in mass 
(although chemical approaches, such as the Karl-
Fischer t itration, can also be used). Thermogravi-
metric analysis (TGA) measures mass as a  unction 
o  temperature, whilst  dynamic vapour sorption 
(DVS) measures mass as a  unction o  humidity at 

acid or base and its salt should be the same (because 
their solubilities are roughly equal at this point). There 
are, however, numerous examples where this is not 
the case,  or instance doxycycline hydrochloride and 
doxycycline; sodium salicylate and salicylic acid; and 
haloperidol mesylate and haloperidol.

These di  erences suggest  that  the pH o  the solu-
tion into which the solid is dissolving (i.e. the 
boundary layer) is materially di  erent  rom that o  
the bulk solvent (and so the solubility o  the dissolv-
ing species is di  erent  rom that expected in the 
bulk solvent). The di  erence in pH between the 
boundary layer and bulk solvent arises because the 
boundary layer is a saturated solution and because 
dissolution o  acids, bases or salts will result in a 
change in pH; when saturated, the pH change is 
maximised. Nelson (1957) f rst noted this correla-
tion during a study o  the dissolution o  various 
theophylline salts; salts with higher di  usion layer 
pH had greater in vitro dissolution rates and, impor-
tantly,  aster in vivo absorption.

The pH o  the boundary layer at the sur ace is 
termed the pH microenvironment (pH menv) and is 
equal to the pH o  a saturated solution o  the dis-
solving solid in water. The Noyes-Whitney equation 
still governs the dissolution rate, but the solubility 
value is not that o  the solute in the dissolution 
medium but that in a medium o  pH menv. As the 
distance  rom the sur ace o  the dissolving solid 
increases, the pH approaches that o  the bulk 
medium (shown earlier in Fig. 23.11).

Effect of salts  on partitioning

Ionized species do not partition into organic solvents 
or non-polar environments. Thus, while solubility 
may be enhanced by  ormation o  a salt , there is a 
considerable risk that partitioning will decrease 
(example data  or partit ioning o  the sodium salt  o  
ibupro en are given in Table 23.13). There is thus a 
compromise to be reached between increasing solu-
bility while maintaining bioavailability and it  may 
well be the case that on this basis, the most soluble 
salt  is not taken  orward  or development.

Hygros c opic ity

Hygroscopicity re ers to the tendency o  a substance 
to attract water  rom its immediate environment, 
either by absorption or adsorption. An increase in 
water content usually results in a change in 

Table 23.13 Log P and solubility data for ibuprofen 
sodium salt

pH Solubility (mg mL−1) log P % Unionization

4  0.028  n/d  73.81

5  0.156  3.28  21.98

6  1.0  2.42  2.74

7  340.51  0.92  0.28

8  299.04  0.63  0.03

(Sarveiya et al, 2004)
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Polymorphism screening

Polymorph screening at the pre ormulation stage is 
per ormed in much the same manner as described 
earlier  or salt  screening. Basic screening is achieved 
by crystallizing the drug candidate  rom a number 
o  solvent or solvent mixtures o  varying polarity. A 
small amount o  drug (around 0.5 mg) is added into 
each well o  a 96-well plate. To each well is added 
a small volume o  each solvent or solvent mixture. 
A ter an appropriate length o  t ime, the presence in 
each well o  crystals is checked with an optical 
device ( or instance a microscope or a nephelom-
eter), using the strategies described previously  or 
salt  screening to  acilitate crystallization.

X-ray powder di  raction (XRPD) provides struc-
tural data to identi y and di  erentiate polymorphs. 
Figure 23.13 shows the powder di  ractograms  or 
two polymorphs o  sul apyridine; it  is immediately 
apparent that each has a unique set o  intensity 
peaks and so the  orms are qualitatively di  erent. 
The 2θ angles  or each peak provide a ‘f ngerprint’ 
 or each  orm, while the intensit ies o  each peak can 
be used as the basis  or a quantitative assay  or each 
 orm.

Di  erential scanning calorimetry (DSC) data di -
 erentiate polymorphs on the basis o  their melting 
points and heats o   usion, thus providing thermo-
dynamic in ormation. This means DSC can identi y 
which polymorph is stable and which are metasta-
ble. In addition, the heat o   usion can be used to 
calculate ideal solubility. Assuming there is only one 
polymorph present in a sample, and that it  is the 
stable  orm, heating the sample in the DSC should 

a constant temperature. TGA thus allows determi-
nation o  water content after exposure o  a sample 
to humidity, while DVS records the change in weight 
o  a sample during exposure to humidity.

Phys ic al form

The solid-state is probably the most important state 
when considering development o  a drug candidate 
into a drug product (discussed  urther in Chapter 
8). Many solid-state (or physical)  orms may be 
available and each will have di  erent physicochemi-
cal properties (including solubility, dissolution rate, 
sur ace energy, crystal habit, strength,  owability 
and compressibility). In addition, physical  orms are 
patentable, so knowing all o  the available  orms o  
a drug candidate is essential both in terms o  opti-
mizing f nal product per ormance but also in ensur-
ing market exclusivity.

Polymorphism

When a compound can crystallize to more than one 
unit cell (i.e. the molecules in the unit cells are 
arranged in di  erent patterns) it  is said to be poly-
morphic (Chapter 8). The  orm with the highest  
melting temperature (and by def nit ion the lowest 
volume) is called the stable polymorphic  orm and 
all other  orms are metastable. Di  erent polymorphs 
have di  erent physicochemical properties, so it  is 
important to select  the best   orm  or development. 
A def ning characteristic o  the stable  orm is that it  
is the only  orm that can be considered to be at a 
thermodynamic position o  equilibrium (which 
means that over t ime all metastable  orms will 
eventually convert to the stable  orm). It  is tempt-
ing there ore to consider  ormulating only the 
stable polymorph o  a drug, since this ensures there 
can be no change in polymorph upon storage. The 
stable  orm might, however, have the worst process-
ability ( or instance, the stable  orm I o  paraceta-
mol has poor compressibility, while the metastable 
 orm II has good compressibility), or lowest bioavail-
ability ( or instance, the presence o  the B or C 
 orms o  chloramphenicol palmitate dramatically 
reduces bioavailability). Selection o  polymorphic 
 orm is not necessarily straight orward although i  
the stable polymorph shows acceptable bioavailabil-
ity then it  is o  course the best option  or 
development.

Fig . 23.13 •  XRPD diffractograms for two polymorphs 
of sulfapyridine. 
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is very power ul and allows rapid assignment o  
polymorphic  orms.

Amorphous  materials

Several  actors can make it  di f cult  or molecules 
to orient themselves, in large numbers, into repeat-
ing arrays. One is i  the molecular weight o  the 
compound is very high ( or example, i  the active is 
a derivatized polymer or a biological material). 
Another  actor is i  the solid phase is  ormed very 
rapidly (say by quench-cooling or precipitation), 
wherein the molecules don’t have su f cient time to 
align. It  is also possible to disrupt a pre-existing 
crystal structure with application o  a localized  orce 
( or example, by milling). In any o  these cases, the 
solid phase so produced cannot be characterized by 
a repeating unit cell arrangement and the matrix is 
termed amorphous (see also Chapter 8).

Because amorphous materials have no latt ice 
energy and are essentially unstable (over time they 
will convert to a crystalline  orm) they usually have 
appreciably higher solubilities and  aster dissolution 
rates than their crystalline equivalents, and so 
o  er an alternative to salt  selection as a strategy 
to improve the bioavailability o  poorly soluble 
compounds.

Conf rmation that a material is amorphous can 
be achieved with XRPD. In this case, no specif c 
peaks as a  unction o  di  raction angle should be 
seen; rather, a broad di  raction pattern, known as a 
‘halo’, is the def ning characteristic, as shown in 
Figure 23.15.

result in a thermal curve showing only an endother-
mic melt, like that shown earlier in Figure 23.1. I  
the sample put into the DSC init ially is a metastable 
 orm, then an alternate thermal curve is likely, 
Figure 23.14 (top curve). Here three events are 
seen; an endotherm  ollowed by an exotherm  ol-
lowed by an endotherm. To what phase transitions 
can these events be assigned? The low temperature 
endotherm is easily assigned to melting o  the 
metastable  orm. At a temperature immediately 
a ter the endotherm the sample is thus molten; but 
because the  orm that melted was metastable, and 
so at  least  one higher melting point  orm is available, 
the liquid is supercooled. With time, the liquid will 
crystallize to the next thermodynamically available 
solid  orm (in this case the stable polymorph). Crys-
tallization is (usually) exothermic and so accounts 
 or the exotherm on the DSC thermal curve. Finally, 
the stable  orm melts; the higher temperature endo-
therm. This pattern o  transitions (endotherm-
exotherm-endotherm) is a characteristic indicator o  
the presence o  a metastable polymorph (indeed, i  
more than one metastable  orm is available, then an 
additional endotherm-exotherm sequence will be 
seen  or each one). I  the sample is cooled to room 
temperature and then reheated, o ten only the 
melting o  the stable  orm in seen (Fig. 23.14, 
bottom curve). The combination o  XRPD and DSC 

Fig . 23.14 •  Schematic representation of the DSC 
thermal curves for a meta-stable polymorph on its   rst 
(top) and second (bottom) heating runs. 
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While poor powder  ow will not hinder develop-
ment o  a dosage  orm it  may prove a major chal-
lenge  or commercial manu acture and so early 
assessment o  powder  ow allows time to ameliorate 
any problems. Assessing powder  ow is easy when 
large volumes o  material are available, but during 
pre ormulation methods must be used that require 
only small volumes o  powder. The two most rele-
vant methods o  assessment at  the pre ormulation 
stage involve the measurement o  the angle o  repose 
and measurement o  bulk density. These measure-
ments and their use in powder  ow prediction are 
discussed in Chapter 12. The parameters o  angle o  
repose (Table 12.1 and Table 12.2), Carr’s index 
(Eqn 12.14, Table 12.3) and Hausner ratio (Eqn 
12.13, Table 12.3) (the latter two are both calcu-
lated  rom measurements o  bulk density) have 
proved to be the most use ul in predicting bulk 
properties when only a small amount o  test material 
is available (illustrated in Fig. 23.17).

Compac tion prope rtie s

Compaction is a result o  the compression and cohe-
sion properties o  a drug (Chapter 30). These 

Powde r prope rtie s

Manu acturing processes  requently involve the 
movement, blending, manipulation and compression 
o  powders and so will be a  ected by powder prop-
erties. Powder properties that are a  ected by size 
and shape can be manipulated without changing 
physical  orm by changing crystal habit.

Particle s ize and shape

Particle shape is most easily determined by visual 
inspection with a microscope (some typical particle 
shapes are shown in Fig. 23.16). Usually a light 
microscope will su f ce, unless the material is a 
spray-dried or micronized powder, in which case 
scanning electron microscopy (SEM) might be a 
better option. I  the particles are not spherical but 
are irregularly shaped, it  is di f cult to def ne exactly 
which dimension should be used to def ne the par-
ticle size. Several semi-empirical measures have 
been proposed, e.g. Feret’s diameter and Martin’s 
diameter (see Chapter 9, Fig. 9.3 and associated 
text).

Powder  ow

Powders must have good  ow properties in order to 
f ll tablet  presses or capsule f lling machines and to 
ensure blend uni ormity when mixed with excipi-
ents. This is discussed in Chapter 12.

Fig . 23.17 •  Relationship between Carr’s index and 
angle of repose, and their correlation to powder  ow 
characteristics. 

35 

30 

25 

20 

15 

10 

5 

0 

C

a

r

r

’

s

 

i

n

d

e

x

 

(

%

)

 

Angle  of repose  (degrees) 

0 10 20 30 40 50 60

Exce llent
flow 

G
ood to very good flow 

Fa ir flow
 

P
assable  flow

 

P
oor flow

 

Very poor flow
(flooding)

Fig . 23.16 •  Some typical powder shapes. 

Rugos ity

Spherica l smooth  Spherica l rough  Spherica l irregula r

Rounded  Angular  Elonga ted irregula r

Acicula r  Angular  Dendritic

G

e

o

m

e

t

r

i

c

 

s

h

a

p

e



 P h a rm a c e u tic a l p re fo rm u la t io n  C H A P T E R  2 3

3 9 3

Summary

Pre ormulation studies have a signif cant part to play 
in anticipating  ormulation problems and identi ying 
logical development paths  or both liquid and solid 
dosage  orms. The need  or adequate drug solubility 
cannot be overemphasized. The availability o  good 
solubility data should allow the selection o  the most 
appropriate salt   or development. DSC and XRPD 
data will def ne physical  orm and indicate relative 
stability.

By comparing the physicochemical properties o  
each drug candidate within a therapeutic group, the 
pre ormulation scientist  can assist  the synthetic 
chemist  to identi y the optimum molecule, provide 
the biologist with suitable vehicles to elicit  pharma-
cological response and advise the bulk chemist about 
the selection and production o  the best  salt  with 
appropriate particle size and morphology  or subse-
quent processing.
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KE Y P O IN TS

•  All the components  in a solution are dispersed 
as  molecules  or ions  

•  Pharmaceutical solutions  contain the drug 
dissolved in a solvent sys tem  The latter can  
be aqueous  or oily  Water is  the mos t common 
solvent 

•  As  the drug is  already dissolved, it is  
immediately available for action or absorption 

•  Solutions  are given by many routes   The 
requirements  of solutions  are related to their 
route of adminis tration 

•  Solutions  have many advantages , for example, 
oral solutions  are easy to swallow 

•  Solutions  also have some disadvantages , for 
example, they are bulky and less  s table than 
solid dosage forms  

•  A variety of excipients  are included in solutions  

Introduc tion

This chapter concentrates on solution dosage  orms 
and it  is recommended that it  be read in conjunction 
with Chapters 2 and 3 where the science o   orma-
tion o  solutions and their properties are discussed.

A solution, as def ned in Chapter 2, is a 
homogeneous, molecular, mixture o  two or more 
components. The simplest solution consists o  two 
components, a solute dissolved in a solvent. The 
solute and the solvent could be in the solid, liquid 
or gaseous states o  matter. Most commonly, phar-
maceutical solutions are preparations in which the 
solid solutes, i.e. drug and excipients, are dissolved 
in a liquid solvent system. Water is the most common 
solvent, although organic solvents are used in com-
bination with water or on their own. All the com-
ponents o  a solution are dispersed as molecules or 
ions, and the solution is optically clear. Solutions can 
be prepared by simple mixing o  the solutes with 
the solvent system. In industry, solutions are pre-
pared in large mixing vessels which are thermostati-
cally controlled should a specif c temperature be 
desired.

Sudaxshina Murdan
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cooled, can be used to prepare oral or external solu-
tions that are not intended to be sterile.

On its own, water does not dissolve many drug 
compounds to a su f cient degree to enable the 
preparation o  a pharmaceutical solution. Other 
water-miscible liquids with greater drug solubility 
may there ore be added to water to enhance drug 
solubility. These liquids are called co-solvents. Com-
monly used examples include glycerol, propylene 
glycol, ethanol and poly(ethylene glycol). Co-solvents 
are generally less innocuous than water and the con-
centration used in an aqueous solution is limited 
primarily by their toxicity, by drug solubility in the 
 ormulation and f nally cost. The mechanism o  
action o  co-solvents is discussed in greater detail 
below.

Non-aqueous .s olvents
Non-aqueous solvent systems are used when the 
drug is insu f ciently soluble or stable in aqueous 
systems, or when a solution is intended  or specif c 
properties, such as sustained drug absorption. Non-
aqueous solutions are however limited to certain 
delivery routes, such as intramuscular and topical, 
due to their unpalatibility, toxicity, irritancy or 
immiscibility with physiological  uids. Although 
there is a huge number o  organic liquids in which 
drugs can dissolve, the majority are toxic, and only 
a  ew are used in pharmaceutical solutions. Exam-
ples o  commonly used organic liquids are shown in 
Table 24.2. These liquids are used as co-solvents 
with water, as co-solvents with other organic liquids, 
or on their own.

The drug

The drug could be a small molecule like aspirin, or 
a large biotherapeutic molecule, such as insulin or 
an antibody. As def ned in Chapter 2, the drug is 
present as molecules or ions throughout the solvent. 
It  is usual to ensure that  the drug concentration in 
a pharmaceutical solution is well below its saturation 
solubility in order to avoid the possibility o  drug 
precipitating out o  the solvent as a result  o  subse-
quent temperature changes during storage and use.

The excipients

Excipients – substances other than the drug or 
prodrug which are included in pharmaceutical 

The solvent sys tem

Aqueous .s olvents
The majority o  pharmaceutical solutions are water-
based. Water is the most commonly used solvent 
due to its many advantages, such as its lack o  toxic-
ity and low cost. Di  erent types o  ‘water’ have 
been def ned in the pharmacopoeias, related to its 
purity. Those def ned in the British Pharmacopoeia 
are given as representative examples in Table 24.1. 
Other pharmacopoeias, such as the United States 
Pharmacopoeia, have additional types, such as 
‘Bacteriostactic Water  or Injection’.

Tap (drinking) water is not normally used  or the 
manu acture o  pharmaceutical solutions or  or 
extemporaneous compounding, as it  contains dis-
solved substances which could inter ere with the 
 ormulation,  or example, reduce drug solubility and 
stability. Tap water is there ore purif ed,  or example, 
by distillation, ion exchange or reverse osmosis to 
produce Purif ed Water. The latter is used  or 
the preparation o  non-parenteral solutions. For 
parenteral solutions, tap water is  urther purif ed in 
order to remove pyrogens (water-soluble,  ever-
producing compounds) thereby producing Water for 
Injections. In certain instances,  or example, in 
extemporaneous dispensing, drinking tap (potable) 
water,  reshly drawn  rom a mains supply, boiled and 

Table 24.1 Di  erent types o  water, as def ned by the 
British Pharmacopoeia

Type o  water Use

Puri ed Water Used for the preparation of 
medicines that do not have to 
be sterile and apyrogenic.

Highly Puri ed 
Water

Used for the preparation of 
medicines where water of 
high biological quality is 
needed, except where Water 
for Injections is required.

Water for 
Injections

Used for medicines for 
parenteral administration.

Must be pyrogen-free.

Sterilized Water 
for Injections

Used for medicines for 
parenteral administration.

Water has been sterilized by 
heat and is suitably packaged.
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di  erent routes; they are o ten there ore classif ed 
by the intended route (e.g. oral, otic (ear), paren-
teral). Solutions are also classif ed by the nature o  
the  ormulation, or by the traditional name which 
relates to the solvent system used, such as syrups, 
elixirs, spirits and tinctures. The latter terms 
are described in Table 24.3. While all pharmaceuti-
cal solutions must be stable, and acceptable to 
patients, other requirements o  solutions adminis-
tered by the di  erent routes vary. For example, 
parenteral and ocular solutions must be sterile, 
oral solutions must be palatable, solutions which 
come into contact with body  uids must be isotonic 
and at  physiological pH, especially i  large volumes 
are used. Multidose products o ten contain preserv-
atives to ensure that the growth o  any microorgan-
isms that are accidentally introduced during product 
use is inhibited. The requirements o  the di  erent 
types o  pharmaceutical solutions are detailed in 
Table 24.4. These requirements are achieved by the 
inclusion o  a number o  excipients, as detailed in 
Table 24.5.

solutions – are used  or a number o  reasons, such 
as to enhance product stability, bioavailability or 
patient acceptability, aid product manu acture and/
or identif cation. Each excipient has a clear role in 
the product, thus, the nature o  an excipient used 
depends on the requirements o  the pharmaceutical 
product. The excipient must be non-toxic, nonsen-
sit izing, nonirritating, as well as compatible with all 
the other components o  the  ormulation. The route 
o  administration is important; many excipients 
are acceptable by certain, but not all, routes. For 
example, the preservative benzalkonium chloride is 
used in oral, but not nebulizer, solutions, as it  causes 
bronchoconstriction. Like the drug, excipients could 
be small (e.g. sucrose) or large (e.g. hydroxypropyl 
methylcellulose) molecules.

Pharmac e utic al s o lutions

Solutions are one o  the oldest  pharmaceutical 
 ormulations. They are administered by many 

Table 24.2 Examples o  non-aqueous solvents used in pharmaceutical solutions

Solvent Use

Alcohols, including polyhydric 
ones (i.e. those containing 
more than one hydroxyl group 
per molecule)

Ethanol is the most common organic solvent used in pharmaceutical solutions. It is 
often used as a co-solvent in oral, topical and parenteral solutions.

Propylene glycol (CH3CH(OH)CH2OH) contains 2 hydroxyl groups per molecule. It is 
often used as a co-solvent in oral, topical, parenteral and otic solutions.

Glycerol contains 3 hydroxyl groups per molecule. It is widely used as a solvent or 
co-solvent with water, in oral and parenteral solutions.

Low molecular weight polyethylene glycols (PEGs) with the general formula 
HOCH2(CH2CH2O)nCH2OH. These are used as solvents or co-solvents with water or 
ethanol. Used in parenteral solutions.

Fixed vegetable oils Fixed oils are expressed from the seeds, fruit or pit/stone/kernel of various plants. 
They are non-volatile oils and are mainly triglycerides of fatty acids. Examples 
include olive oil, corn oil, sesame oil, arachis oil, almond oil, poppyseed oil, soya 
oil, cottonseed oil, castor oil.

Historically, they have been used for intramuscular administration. They are used to a 
lesser extent now due to their irritancy and the possibility of allergic reactions to 
certain oils. They are being replaced by synthetic alternatives such as ethyl oleate.

Esters, such as ethyl oleate, 
benzyl benzoate, ethyl 
ethanoate

These are used as a vehicle in certain intramuscular injections.

Dimethyl sulfoxide Used as a carrier for idoxuridine for topical application to the skin.

Glycofurol Used as a co-solvent in parenteral solutions for intramuscular or intravenous injection.

Ethyl ether Used as a co-solvent with ethanol in collodions.
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Table 24.3 Traditional terms  or di  erent pharmaceutical solutions

Traditional term Description

Aromatic Waters Saturated aqueous solutions of volatile oils or other aromatic or volatile substances.

Elixirs Many oral solutions that contain alcohol as a cosolvent have traditionally been designated 
as elixirs. However, many other oral solutions containing signi cant amounts of alcohol 
are not designated as elixirs.

Spirits Alcoholic or hydro-alcoholic solutions of volatile substances. Some spirits are used as 
 avouring agents, others are medicinal.

Syrups Oral aqueous solutions containing high concentrations of sucrose or other sugars. ‘Syrup 
BP’ is a solution of sucrose (66.7%) in puri ed water; it promotes dental decay and is 
unsuitable for diabetic patients. ‘Sugar-free’ syrups are obtained by replacing sucrose 
with hydrogenated glucose, mannitol, sorbitol, xylitol, etc.

Tinctures Alcoholic or hydro-alcoholic solutions prepared from vegetable materials or  
chemical substances. Due to the variability in the vegetable materials, drug 
concentration can vary.

Table 24.4 Requirements o  pharmaceutical solutions, with respect to their route o  administration

Route o  administration Requirements o  the solution

Oral
Oral solutions are swallowed, in which case, 

the drug may exert a local effect on the 
gastrointestinal tract or be absorbed into 
the blood and exert a systemic action.

Liquid oral solutions are aqueous formulations. To be acceptable to patients, 
these must be palatable. Flavouring, colouring and sweetening agents are 
therefore added to enhance their appearance and taste.

Solution pH is usually 7.0, although a range of pH 2–9 can be tolerated.
For convenience, the dose is usually in multiples of 5 mL, and the patient 

is given a 5 mL spoon with the solution. When smaller volumes are 
required, oral syringes are used.

Viscosity should be appropriate for palatability and pourability. Solutions 
have a higher viscosity than water.

Oral Cavity
Mouthwashes and gargles are used to treat 

local infection and in ammation in the oral 
cavity. Gingival solutions are applied to the 
gingivae. These are not intended to be 
swallowed and the drug exerts a local 
effect in the mouth.

Solutions are aqueous formulations. They must be palatable and 
acceptable to patients. Flavouring, colouring and sweetening agents 
are often added. As far as possible, the pH should be around neutral.

Topical Skin/Nail/Hair
Solutions are applied to the skin for local 

and/or systemic effect.
The vehicle may be aqueous or non-aqueous, and different types of 

formulations are available.
An application frequently contains parasiticides.

Solutions are also applied to the nail or hair 
for local effect.

A lotion is aqueous-based, and is intended for application without friction.
A liniment is an alcoholic or oily solution (or emulsion) designed to be 

rubbed into the skin.
Paints and tinctures are concentrated aqueous or alcoholic antimicrobial 

solutions.

Table continued overpage
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Table 24.4 Requirements o  pharmaceutical solutions, with respect to their route o  administration—cont’d

Route o  administration Requirements o  the solution

Topical Skin/Nail/Hair (continued)

Solutions are also applied to the nail or hair 
for local effect (continued).

A collodion is a solution of a polymer, usually Pyroxylin, in a volatile 
organic solvent system (a mixture of ethanol and ether). Following 
application to the skin, the solvents evaporate, leaving a polymeric  lm 
on the skin.

Nail solutions are applied to the nail to treat nail diseases.
All preparations must be acceptable to the patient. Formulations which 

are easy to transfer from the container and will spread easily and 
smoothly are preferred.

Formulation must adhere to site of application, without being tacky or 
dif cult to remove.

Otic (ear, aural)
Solutions are instilled in the outer ear to exert 

a local effect. They are used to remove ear 
wax or to deliver anti-infective, anti-
in ammatory and analgesic drugs.

May be aqueous or non-aqueous solutions. Water, glycerol, propylene 
glycol and oils may be used as solvents. Non-aqueous vehicles are 
predominantly used when ear wax removal is desired as ear wax can 
solubilize in them.

As the residence time in the ear is higher for viscous solutions, the 
viscosity of aqueous solutions is increased by the use of polymers. 
Propylene glycol and glycerol solutions are naturally viscous and these 
enhance residence time.

Solutions do not need to be isotonic as they are external preparations.

Ocular
Eye drops are used to treat local disorders of 

the eye, e.g. infection. Ocular solutions 
may also be used to treat intraocular 
disorders, such as glaucoma.

Eye lotions are solutions for rinsing or bathing 
the eye, or for impregnating eye dressings.

Most ocular solutions are aqueous.
They must be manufactured sterile as the product is to come in contact 

with tissues that are very sensitive to contamination. Once opened, a 
multidose ocular product should remain free from viable 
microorganisms during its period of use and must contain antimicrobial 
preservatives.

Ideally the solution pH should be close to physiological pH of tears (pH 
7.4) or slightly more alkaline to reduce pH-induced lacrimation, 
irritation and discomfort. Physiological pH may not however be the 
optimum pH for drug solubility, absorption and stability, or for the 
function of other components of the solution; thus ocular solutions do 
not always have a pH of about 7.4. Luckily, the eye can tolerate 
solutions with pH as low as 3.5 and as high as 9.

Ideally, ocular solutions must be isotonic with the tears to minimize 
irritation and discomfort. Some deviation from isotonicity can be 
tolerated without marked discomfort when small volumes of solutions 
are administered, as the latter are rapidly diluted with tears. When 
large volumes are used, for example, to wash the eyes, the solution 
must be approximately isotonic.

Most products have a viscosity of 15–25 mPa s (for comparison, the 
viscosity of water is given as 1 mPa s). An increase in viscosity 
prolongs the solution’s residence in the eye.

Table continued overpage
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Table 24.4 Requirements o  pharmaceutical solutions, with respect to their route o  administration—cont’d

Route o  administration Requirements o  the solution

Nasal
Nose drops, nasal sprays, used for local, e.g. 

decongestant effect, or for systemic drug 
delivery.

Nasal solutions are aqueous formulations.
Solution pH is in the normal pH range of nasal  uids (pH 5.5 to 6.5).
Solutions are usually isotonic to nasal  uids.
Solution viscosity is similar to that of nasal mucus (which is higher than 

that of water).
Flavouring or sweetening agents are sometimes used to mask taste, as a 

small proportion of nasal solution may be swallowed following nasal 
administration.

Multidose solutions require preservatives.

Pulmonary
Inhaled solutions are administered by 

pressurized metered-dose inhalers (pMDIs) 
or by nebulizers for local or systemic 
effect.

Solutions of drug and excipients dissolved in lique ed propellants, such 
as tri uoromono uoroethane, are used in pMDIs.

Solutions used in nebulizers are aqueous formulations. As relatively large 
volumes may be administered by nebulizers, the solutions must be 
isotonic and have a pH not lower than 3 and not higher than 8.5.

Multidose preparations containing preservatives are available, although 
generally, sterile, single unit doses without a preservative are used.

Rectal
Solution enemas are usually administered for 

local or systemic drug action.
Enemas can be aqueous or oily solutions.
Micro-enemas have a volume of 1 to 20 mL, while macro-enemas have 

volumes of 50 mL or more.
Macro-enemas should be warmed to body temperature before 

administration.

Vaginal
Vaginal solutions are administered for local 

effect, for irrigation or for diagnostic 
purposes.

Vaginal solutions are aqueous.
Excipients to adjust pH may be included.

Parenteral
‘Parenteral’ refers to the injectable routes of 

administration. Drugs are most commonly 
injected into the veins (intravenous), 
muscles (intramuscular) and into 
(intradermal) and under (subcutaneous) the 
skin, although they can also be injected 
into arteries, joints, joint  uid areas, spinal 
column, spinal  uid and the heart.

Parenteral solutions must be sterile and pyrogen-free.
Preservatives, such as benzyl alcohol, are included under certain 

conditions such as in multidose products.
Intravenous – the solution must be aqueous, as oil droplets can occlude 

the pulmonary microcirculation.
Intramuscular and subcutaneous – The solution can be aqueous or 

non-aqueous.
Ideally, a parenteral aqueous solution should have a pH close to 

physiological pH (which is 7.4), to avoid pain, phlebitis and tissue 
necrosis. A pH of 7.4 may not however be the optimum pH for drug 
solubility and product stability, and since a reasonably wide pH range 
can be tolerated, the pH of most licensed parenteral solutions is 
between 3 and 9. A wide pH range is tolerated as the administered 
solution is diluted upon administration, most notably with the 
intravenous route.

Parenteral solutions must be isotonic when large volumes are 
administered by intravenous infusion. When smaller volumes are used, 
a wider range of tonicity can be tolerated as dilution with body  uids 
occurs.
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•  solutions provide dose uni ormity, and 
specif c volumes o  the liquid solutions that   
can be measured accurately; this allows a  
range o  di  erent doses to be easily 
administered

•  oral solutions are easily swallowed and 
are benef cial  or patients  or whom  
swallowing may be di f cult, e.g. children and 
older people

•  solutions are easier to manu acture compared to 
other dosage  orms.

Disadvantages  of solutions

The disadvantages o  solutions compared with other 
dosage  orms include:

Advantages  of pharmaceutical 
solutions

Solutions have several advantages, and  or many 
drugs, a solution is the only available dosage  orm. 
Advantages o  solutions include:
•  the drug is already dissolved in the solvent 

system, hence drug action can be rapid, 
allowing their use in emergencies, e.g. the use 
o  adrenaline solution, as an injection,  or the 
treatment o  anaphylaxis

•  when drug absorption is required prior to drug 
action,  or example,  ollowing oral 
administration, the drug in a solution is already 
in a molecular  orm and thus, available  or 
absorption

Table 24.5 Excipients used in pharmaceutical solutions

Excipients Examples o  excipients

Co-solvents Ethanol, glycerol, propylene glycol.
The concentration of ethanol should be limited as it exerts a pharmacological action 

following oral administration.

Flavouring Agents Used to mask the taste of drugs, many of which have a very unpleasant taste. Synthetic 
or naturally occurring  avourings such as vanilla, raspberry, orange oil, lemon oil are 
used for oral solutions.

Menthol is used in both oral and nasal solutions.
Certain  avours appeal to certain patient populations and certain parts of the world; this 

must be borne in mind by the formulator. For example, fruit and bubble gum  avours 
are acceptable to children, whilst mint  avour is not.

Colouring Agents A colouring agent should correlate with the  avouring agent, e.g. green with mint, red 
with cherry  avour. Like  avours, colour preference varies between cultures.

Sweeteners Sucrose, sorbitol, mannitol, saccharin sodium, xylitol, high fructose corn syrup are used 
to improve the palatability of oral solutions.

Sweetened, but sugar-free, preparations containing aspartame are suitable for diabetic 
patients and are not cariogenic.

Antimicrobial Preservatives Used to preserve multidose preparations.
Examples include benzalkonium chloride, benzyl alcohol, chlorobutanol, thimerosal, 

combinations of parabens (methyl, propyl, butyl).

Antioxidants Sodium metabisulphite, sodium sulphite, sodium bisulfate ascorbic acid, used to stabilize 
solutions.

Chelating Agents Disodium edentate, used to increase solution stability.

pH Adjusters Acids, e.g. citric acid, buffers
Alkali, e.g. sodium hydroxide, buffers.

Isotonicity Adjusters Sodium chloride, potassium chloride, mannitol, dextrose, glycerol.

Viscosity Enhancers Hypromellose, hydroxyethylcellulose, polyvinyl alcohol, povidone, dextran, carbomer 940.
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excluded, by purging the solution with nitrogen and 
creating a nitrogen headspace within the container. 
To inhibit microbial growth during use, preservatives 
are used in multidose products. All the excipients 
used within a solution must be o  suitable quality, 
non-toxic, compatible with the drug and with one 
another, and active at the solution pH. In addition, 
the excipient must remain in the solution through-
out the shel -li e o  the product. That is, the con-
centration o  excipient must not decrease, which 
could happen,  or example, i  the excipient degraded 
or adsorbed onto the container walls.

Further detailed in ormation about product sta-
bility can be  ound in Chapters 48, 49 and 50.

Enhanc e me nt of drug s o lubility

As mentioned above, water is the most commonly 
used vehicle in pharmaceutical solutions. Many 
drugs are water soluble, solubility being def ned as 
the concentration o  the drug in a solution when 
equilibrium exists between dissolved and undis-
solved drug. As described in Chapter 2, drug solubil-
ity in water depends on a number o   actors such as 
the drug’s molecular structure, crystal structure, 
particle size, pKa and the pH o  the medium (i  the 
drug is a weak acid/ base or a salt).

Un ortunately, many drugs are not su f ciently 
soluble in water and aqueous drug solubility must 
be increased by the inclusion o  other solvents/
chemicals. The nature o  the solubility enhancer 
depends on the drug molecule and the route o  
administration, as well as the intended patient popu-
lation. Certain enhancers may be sa ely adminis-
tered via the oral route, but not parenterally due to 
their greater toxicity when administered parenter-
ally. Others, e.g. ethanol, while widely used in medi-
cines, should be avoided where possible in paediatric 
 ormulations. Di  erent approaches to enhancing 
drug solubility in solutions are described below.

pH adjus tment

Most exist ing drugs are either weak acids or weak 
bases. In solution, an equilibrium exists between the 
undissociated drug molecules and their ions. The 
equilibrium may be represented as:

 Weak acid HA H A:  ↔  ++  −  
(24.1)

•  many drugs are inherently unstable, and 
instability is increased when a drug is present  
in solution, i.e. as molecules. The solution 
 ormulation is there ore not  easible  or certain 
drugs. For other drugs, stability can be 
enhanced by optimizing the  ormulation (see 
below)

•  many drugs are poorly soluble in water. Their 
 ormulation as a solution is challenging (see 
below)

•  liquids are bulky and less easy  or the patient 
to carry,  or example, the daily dose, compared 
to solid dosage  orms. Liquids are also more 
expensive to transport , which increases the 
medicine’s cost. The packaging o  
pharmaceutical solutions requires materials o  
higher quality (see Chapter 47).

Solution s tability

A pharmaceutical solution must be stable  or the 
duration o  its shel -li e (period o  storage and use). 
That is, it  must retain the same physical, chemical, 
microbiological, therapeutic and toxicological prop-
erties that it  possessed at the time o  its manu ac-
ture. The product’s physical properties (e.g. colour, 
clarity, viscosity, odour, taste) and e f cacy must not 
change, and there should be no signif cant increase 
in toxicity. The product should remain sterile or 
resistant to microbial growth, and the drug’s chemi-
cal nature and potency must not change.

However, many drug molecules undergo 
chemical reactions, such as, hydrolysis, oxidation, 
decarboxylation, epimerization, dehydration, with 
hydrolysis, oxidation and reduction being the most 
common. Chemical reactions occur more readily at 
high temperature, at certain pHs, in the presence o  
UV light and o  substances which can act  as a cata-
lyst, and in solutions, where the drug is present as 
molecules. The result ing loss o  drug molecules can 
reduce the e f cacy o  the  ormulation and increase 
the latter’s toxicity i  the products o  the chemical 
changes are toxic. Pharmaceutical solutions are 
there ore  ormulated at  the pH  avouring drug sta-
bility, and o ten include excipients to enhance 
product stability. To reduce photo-oxidation, solu-
tions are packaged in containers that do not allow 
light transmission. To reduce oxidation, antioxidants 
and/ or metal chelators (as heavy metal ions catalyse 
oxidation) are used. Alternatively, oxygen can be 
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such drugs in water, the latter’s polarity should be 
lowered. This can be achieved by adding a third 
component such as a water-miscible organic liquid 
with a low polarity. Such a liquid, when used in this 
context, is called a co-solvent.

Most water-miscible organic liquids are however 
toxic, and only a  ew are used as cosolvents in phar-
maceutical solutions. Examples include glycerol, 
propylene glycol, ethanol and the low molecular 
weight poly(ethylene glycol)s. The solubility o  non-
polar drugs in water can be increased by several 
orders o  magnitude using co-solvents. Typically, a 
linear increase in co-solvent  raction results in loga-
rithmic increases in drug solubility. The concentra-
t ion o  the co-solvent is however limited by its 
physiological acceptability. The co-solvent must be 
non-toxic at the concentrations used, and by the 
route o  administration.

Complexation with cyclodextrins

Cyclodextrins (CDs) are non-reducing cyclic glucose-
based oligosaccharides, comprising a variable number 
o  D-glucose residues linked by α-(1,4) glycosidic 
linkages. The three most important CDs are alpha, 
beta and gamma cyclodextrins which consist o  6, 7 
and 8 D-glucopyranosyl units, respectively, arranged 
in a ring. Three-dimensionally, CDs can be visualized 
as a hollow truncated cone (Fig. 24.1). The cavity in 
the cone has di  erent diameters dependent on the 
number o  glucose units in the ring; α-CD has a cavity 
diameter o  about 0.55 nm, β-CD about 0.70 nm and 
γ-CD about 0.90 nm, with cavity volumes o  0.10, 
0.14 and 0.20 mL/g, respectively. The side rim depth 
is the same  or all three (about 0.8 nm).

The interior cavity o  cyclodextrins is apolar, 
while their exterior is hydrophilic. The representa-
t ion in Figure 24.1 needs care ul interpretation as 
the –OH groups shown are actually attached to the 
top and bottom rims o  the structure and not to 
either the inside or outside walls. The hydrophobic 
nature o  the inside sur ace arises  rom the location 
o  the –O– and C–H bonds o  the glucose molecules 
being orientated there.

The hydrophilic exterior results in CDs being 
soluble in water. Concurrently, the less polar interior 
can accommodate non-polar drug molecules via 
non-covalent interactions, thereby allowing the non-
polar drug to be ‘hidden’, enabling it  to be molecu-
larly dispersed in water. Thus, drug inclusion within 
CDs e  ectively increases their aqueous solubility. 

 Weak base B H BH:  +  ↔+  +  
(24.2)

Depending on circumstances (discussed in Chapter 
3) these equilibria will shi t  towards either the 
undissociated or dissociated  orms.

Since ions are more soluble in water than neutral 
molecules, changing the pH o  the medium to 
increase ionization o  the drug is a common tech-
nique  or increasing drug solubility in an aqueous 
medium. Weakly acidic drugs are ionized when the 
pH o  the solvent is increased. Conversely, lowering 
pH  avours ionization o  weakly basic drugs. The 
pH required to achieve drug ionization can be cal-
culated using the Henderson-Hasselbalch equations 
(see Chapter 3), and the pH can be adjusted using 
acids or alkali, or using bu  ers such as citrate, 
acetate, phosphate and carbonate bu  ers. Extremes 
o  pH should be avoided however, so that the 
solution is physiologically acceptable; the pH ranges 
tolerated via the di  erent routes are shown in Table 
24.4.

In addition, the chosen pH should not adversely 
a  ect the stability o  the drug and excipients. As 
mentioned above, the rate o  chemical reactions 
which lead to degradation can be pH-dependent. 
The pH  or optimal drug solubility may not be the 
same as that  or optimal stability. pH can also be 
important  or the optimal  unctioning o  excipients. 
For example, the ionization, and subsequently the 
activity o  a preservative may be in uenced by the 
pH o  the medium. Bioavailability o  the drug should 
also not be compromised by a change in pH, union-
ized drug molecules being absorbed to a greater 
extent through biological membranes than their 
ionized counterparts. The pH o  a pharmaceutical 
solution is thus a compromise between drug solubil-
ity, stability and bioavailability, the  unction o  excip-
ients, and physiological acceptability o  the product.

Co-solvents

Co-solvents are o ten used to increase the water 
solubility o  drugs which do not contain ionizable 
group(s) and whose solubility can thus not be 
increased by pH adjustment. The principle ‘like dis-
solves like’ was mentioned in Chapter 2. That is, 
polar drugs generally dissolve in polar solvents and 
non-polar drugs generally dissolve in non-polar sol-
vents. Thus, non-polar drugs are poorly soluble in 
water – a polar solvent. To increase the solubility o  
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have two distinct regions in their chemical structure. 
One region is hydrophilic and the other hydropho-
bic. Because o  this, such molecules tend to accu-
mulate at  the boundary between two phases, such 
as water-air or water-oil inter aces. They reduce the 
sur ace tension o  liquids, and sel -assemble to  orm 
micelles once the critical micellar concentration 
(CMC) is reached. Poorly water-soluble drugs can 
be solubilized in micelles to enhance their aqueous 
solubility. The location o  the solubilisate (the drug 
which is solubilized within the micelles) depends on 
its nature: non-polar solubilisates being located 
within the micelles’ hydrophobic interior cores, 
solubilisates containing polar groups are oriented 
with the polar group at the micellar sur ace, while 
slightly polar solubilisate partit ion between the 

Each cyclodextrin molecule can  orm complexes 
with one or more drug molecules. Drug-CD com-
plexes can also sel -associate, and the water-soluble 
structures  ormed can  urther solubilize the drug 
through non-inclusion complexation.

Upon administration,  or example orally, o  a 
solution containing a drug-CD complex, the drug 
can be released  rom the CD molecule and the  ree 
drug can then be absorbed through the gastrointes-
tinal tract.

Surfactants  and micelles

As described in Chapter 5, sur actants (sur ace-
active agents) and amphiphiles are molecules which 

Fig . 24.1 •  The structure of a cyclodextrin molecule. The sketch shows both the chemical structure and the 
three-dimensional physical structure. The inside surface of the structure is  hydrophobic while the exterior is 
hydrophilic. 
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concentration in a pharmaceutical solution. For 
example, pH adjustment and co-solvents are o ten 
used in combination.
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micelle sur ace and the core. Solubilisates may also 
be  ound in the palisade layer o  non-ionic sur actant 
micelles. The maximum amount o  solubilisate 
which can be incorporated into a given system at a 
f xed concentration is known as the maximum addi-
t ive concentration (MAC).

The aqueous solubility o  a wide range o  drugs 
has been increased by sur actants, especially  or oral 
and parenteral administrations. For example, solubi-
lization o  steroids with polysorbates has allowed 
their  ormulation in aqueous ophthalmic prepara-
tions, while solubilization o  the water-insoluble 
vitamins A, D, E and K has enabled the preparation 
o  aqueous injections. The sur actant chosen  or a 
particular drug must solubilize the drug and be com-
patible with it , and all the other components o  the 
solution. For example, the sur actant should not 
adversely in uence the drug’s stability. The sur-
 actant must also be non-toxic at  the concentration 
used  or the particular route o  administration.

The di  erent means o  enhancing drug solubility 
are o ten used in combination, as one approach is 
o ten insu f cient to achieve the target drug 
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KE Y P O IN TS

•  Clarif cation processes  are widely employed in 
the pharmaceutical indus try in the preparation o  
drug subs tances  and drug products  

•  Clarif cation can be achieved us ing either 
f ltration or centri ugation techniques  

•  The main pharmaceutical uses  o  clarif cation 
are to remove unwanted solid particles   rom 
 uids  or to separate a required solid  rom a 
 uid 

•  Straining/s ieving and impingement are the main 
mechanisms  by which f ltration occurs  

•  The rate at which a f ltration process  occurs  
depends  on the properties  o  the product being 
f ltered and the des ign and operation o  the 
f ltration equipment 

•  Darcy’s  equation combines  the  actors  
respons ible  or determining the f ltration rate 
and shows how these  actors  may be 
manipulated to control the rate o  f ltration 

•  Filters  used  or liquid products  may be class if ed 
as  either gravity f lters  (e g  s imple laboratory 
f lters ), vacuum f lters  (e g  the rotary vacuum 
f lter) or pressure f lters  (e g  cartridge f lters ) 

•  Centri ugal  orce can be utilized to enhance the 
separate o  solids   rom liquids  (e g  per orated-
basket centri uges) 

Introduc tion

Clari cation is a term used to describe processes 
that involve the removal or separation o  a solid 
 rom a f uid, or a f uid  rom another f uid. The term 
‘f uid’ encompasses both liquids and gases. Clari ca-
tion can be achieved using either  ltration or cen-
tri ugation techniques, both o  which are described 
in this chapter.

In pharmaceutical processing there are two main 
reasons  or such processes:
•  to remove unwanted solid particles  rom either 

a liquid product or  rom air
•  to collect the solid as the product itsel  (e.g. 

 ollowing crystallization).

25  Clari cation

Andrew M. Twitchell
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Chapters 28 and 29),  lm-coating machinery 
(Chapter 32) and bottle-cleaning equipment, so that 
product appearance and quality are maintained. The 
use o  suitable  lters also enables the particulate 
contamination o  air in manu acturing areas to be at 
an appropriate level  or the product being manu ac-
tured;  or example, air  ree  rom microorganisms 
can be supplied to areas where sterile products are 
being manu actured.

It  is also o ten necessary to remove particulate 
matter generated during a manu acturing operation 
 rom the process air in order to prevent the material 
being vented to the atmosphere. Examples o  this 
include  ltering o  exhaust air  rom f uidized-bed 
and coating processes.

Fluid / uid . ltra tion
Flavouring oils are sometimes added to liquid prepa-
rations in the  orm o  a spirit , i.e. dissolved in alcohol. 
When these spirits are added to aqueous-based  or-
mulations some o  the oil may come out o  solution, 
giving the product a degree o  turbidity. Removal o  
the oil droplets by passing them through an appropri-
ate  lter (a liquid/ liquid  ltration process) is used to 
produce the desired product appearance.

Compressed air is used in a number o  pharma-
ceutical processes, e.g.  lm-coating spray guns 
(Chapter 32), bottle-cleaning equipment and f uid 
energy mills (Chapter 10). Be ore use, the com-
pressed air needs to be  ltered to ensure that any 
entrained oil or water droplets are removed. This is 
an example o  a f uid/ gas  ltration process.

Mechanisms  o  f ltration

The mechanisms by which material may be retained 
by a  lter medium (i.e. the sur ace on or in which 
material is deposited) are discussed below.

Stra ining/s ieving
I  the pores in the  lter medium through which the 
f uid is f owing are smaller than the material that  is 
required to be removed, the material will be retained. 
Filtration occurs on the sur ace o  the  lter in this 
case, and there ore the  lter can be very thin (typi-
cally around 100 µm). Filter media o  this type are 
re erred to as membrane  lters. Because  ltration 
occurs on the sur ace there is a tendency  or them 
to become blocked unless the  lter is care ully 
designed (see later). Filters employing the straining 

Filtration

Types  o  f ltration

Solid / uid . ltra tion
Solid/ f uid  ltration can be de ned as the separation 
o  an insoluble solid  rom a f uid by means o  a 
porous medium that retains the solid but allows the 
f uid to pass. It  is the most common type o   ltration 
encountered during the manu acture o  pharmaceu-
tical products. Solid/ f uid  ltration may be  urther 
subdivided into two types, namely solid/ liquid  ltra-
t ion and solid/ gas  ltration.
Solid/ liquid   ltra tion. There are numerous 
applications o  solid/ liquid  ltration in pharmaceuti-
cal processing, some o  which are listed below:
•  improvement o  the appearance o  solutions, 

mouthwashes, etc., to give them a ‘sparkle’  
or ‘brightness’; this is o ten re erred to as 
‘clari ying’ a product

•  removal o  potential irritants, e.g.  rom eye 
drop preparations or solutions applied to 
mucous membranes

•  production o  water o  appropriate quality  or 
pharmaceutical production

•  recovery o  desired solid material  rom a 
suspension or slurry, e.g. to obtain a drug or 
excipient a ter a crystallization process

•  certain operations, such as the extraction o  
vegetable drugs with a solvent, may yield a 
turbid product with a small quantity o   ne 
suspended colloidal matter. This can be 
removed by  ltration

•  sterilization o  liquid or semi-solid products 
where processes involving heat (such as 
autoclaving) are not appropriate

•  detection o  microorganisms present in liquids. 
This can be achieved by analysing a suitable 
 lter on which the bacteria are retained. This 
method can also be used to assess the e  ciency 
o  preservatives.

Solid/ ga s  ltra tion. There are two main applica-
tions o  solid/ gas  ltration in pharmaceutical 
processing. One o  particular importance in manu-
 acturing is the removal o  suspended solid material 
 rom air in order to supply air o  the required stand-
ard  or either processing equipment or manu actur-
ing areas. This includes the provision o  air  or 
equipment such as f uidized-bed processors (see 
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them on the  lter medium (as occurs during the 
impingement mechanism).

Air can be  reed  rom dust particles in an elec-
trostatic precipitator by passing the air between 
highly charged sur aces, which attract the dust 
particles.

Auto ltra tion
Auto ltration is the term used to describe the situ-
ation when  ltered material (termed the  lter cake) 
acts as its own  lter medium. This mechanism is 
used by the meta lter which is covered later in this 
chapter.

Factors  a  ecting the rate  
o  f ltration

The  ltration process chosen must remove the 
required ‘contaminants’ or product but must also do 
so at an acceptably  ast rate to ensure that the manu-
 acturing process can be carried out economically. 
The laboratory Buchner  unnel and f ask (Fig. 25.2) 
is a convenient  lter that  can be used to illustrate 
the  actors that inf uence the rate at  which a product 
can be  ltered. This  lter is used  or solid/ liquid 
 ltration processes but the same basic principles are 
valid whatever  ltration process is being evaluated.

mechanism are used where the contaminant level is 
low or small volumes need to be  ltered. Examples 
o  the use o  membrane  lters include the removal 
o  bacteria and  bres  rom parenteral preparations.

Impingement
As a f owing f uid approaches and passes an object, 
 or example a  lter  bre, the f uid f ow pattern is 
disturbed, as shown in Figure 25.1. Suspended 
solids may, however, have su  cient momentum so 
that they do not  ollow the f uid path but impinge 
on the  lter  bre and are retained, owing to attrac-
tive  orces between the particle and the  bre. Where 
the pores between  lter  bres are larger than the 
material being removed, some particles may  ollow 
the f uid streamlines and miss the  bre, this being 
more likely i  the particles are small (owing to their 
lower momentum) and as the distance  rom the 
centre o  the  bre towards which they approach 
increases. To ensure the removal o  all unwanted 
material,  lter media using the impingement mecha-
nism must be su  ciently thick so that material not 
trapped by the  rst   bre in its path is removed by 
a subsequent one. These types o   lter are there ore 
re erred to as depth  lters. The f uid should f ow 
through the  lter medium in a streamlined manner 
to ensure the  lter works e  ectively, as turbulent 
f ow may carry the particles past the  bres. Depth 
 lters are the main type o   lter used  or removing 
material  rom gases.

Attrac tive .forces
Electrostatic and other sur ace  orces may exert su -
 cient hold on the particles to attract and retain 

Fig . 25.1 •  Filtration by impingement. Fig . 25.2 •  Buchner funnel and vacuum  ask. 
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represent the permeability o  the cake, it  can be 
shown that K is given by:

 K  e
e  S

=
−(  )

2

2  25 1
 

(25.2)

where e is the porosity o  the cake and S is the 
sur ace area o  the particles comprising the cake. I  
the solid material is one that  orms an impermeable 
cake, the  ltration rate may be improved by adding 
a  lter aid (discussed later), which aids the  orma-
tion o  open porous cakes.

Methods .us ed .to.increas e . ltra tion.ra te
Darcy’s equation can be used to determine ways in 
which the  ltration rate can be increased or control-
led in practice. These are now discussed.
Increa se the a rea  a va ila ble for   ltra tion. The 
total volume o   ltrate f owing through the  lter 
will be directly proportional to the area o  the  lter, 
and hence the rate o   ltration can be increased by 
using either larger  lters or a number o  small units 
in parallel. Both o  these approaches will also dis-
tribute the cake over a larger area and thus decrease 
the value o  L, thereby  urther increasing the  ltra-
tion rate.
Increa se the pressure difference a cross the 
 lter  ca ke. The simplest  lters, e.g. a laboratory 
 lter  unnel, use the gravitational  orce o  the liquid 
‘head’ to provide the driving  orce  or  ltration. 
O ten this driving  orce is too low  or an acceptably 
 ast  ltration rate and there is a requirement to 
increase it . I  a vacuum is ‘pulled’ on the  ar side o  
the  lter medium (see Fig. 25.1) then the pressure 
di  erence can be increased up to atmospheric pres-
sure, i.e. approximately 100 kPa or 1 bar. In prac-
tice, however, it  will be less, as liquids will boil in 
the collecting vessel i  the pressure is reduced to too 
low a value. Despite the limited pressure di  erence 
generated, vacuum  ltration is used in the laboratory 
where there are sa ety advantages in using glassware, 
because i  the glassware is damaged it  will implode 
rather than explode. One important industrial  lter, 
the rotary vacuum  lter, also utilizes a vacuum; this 
is described later in this chapter.

With industrial-scale liquid  ltration, commonly 
used means o  obtaining a high-pressure di  erence 
are either pumping the material to be  ltered 
into the  lter using a suitable pump, or using a 

The rate o   ltration (volume o   ltered material 
(V , m3) obtained in unit t ime (t, s) ) depends on the 
 ollowing  actors:
•  the area available  or  ltration (A , m2), which in 

this case is the cross-sectional area o  the  unnel
•  the pressure di  erence (ΔP, Pa) across the  lter 

bed ( lter medium and any cake  ormed). With 
the Buchner  unnel apparatus, this di  erence is 
due to the ‘head’ o  un ltered suspension and 
there ore it  decreases as  ltration proceeds and 
the level drops. Note that it  is the pressure 
di  erence across the  ltration medium that is 
important, and this can be increased by drawing 
a vacuum in the collection f ask. The di  erence 
between atmospheric pressure and the lower 
pressure in the f ask is added to the pressure 
due to the un ltered product to give the total 
pressure di  erence

•  the viscosity o  the f uid passing through 
the  lter, i.e. the  ltrate (µ, Pa s). A viscous 
f uid will  lter more slowly than a mobile  
one owing to the greater resistance to 
movement o  ered by more viscous f uids  
(see Chapter 6)

•  the thickness o  the  lter medium and any 
deposited cake (L, m). The cake will increase in 
thickness as  ltration proceeds so i  this is not 
removed, the rate o   ltration will  all.

Darcy’s .equa tion
The above  actors are combined in the Darcy 
equation:

 
V
t

KA  P
L

=  ∆
µ

 

(25.1)

In this equation the driving  orce  or this particular 
‘rate process’ is the pressure di  erence across the 
 lter, and the resistance to the process is a  unction 
o  the properties o  the  lter bed, its thickness and 
the viscosity o  the  ltrate. The contribution to 
resistance to  ltration  rom the  lter medium is 
usually small compared to that o  the  lter cake, and 
can o ten be neglected in calculations.

The proportionality constant K (m2) expresses 
the permeability o  the  lter medium and cake and 
will increase as the porosity o  the bed increases. It  
is clearly desirable that  K should be large in order 
to maximize the  ltration rate. I  K is taken to 



 P A R T  F I V E  Dos age  Form De s ign and Manufac ture

4 10

process slows to an unacceptable rate, or may 
almost stop. In these situations it  may be necessary 
to remove the cake periodically or to maintain it  at  
a constant thickness, as occurs  or example with the 
rotary drum  lter. As previously mentioned, the 
cake thickness can be kept lower by using a larger 
 lter area.
Increa se the permea bility of the ca ke. One 
way o  increasing the permeability o  the cake is to 
include  lter aids. A  lter aid is a material that , 
when included in the  ormulation to be  ltered, 
 orms a cake o  a more open, porous nature and thus 
increases the K value in Darcy’s equation. In addi-
tion, it  may reduce the compressibility o  the cake 
and/ or prevent the  ltered material blocking the 
 lter medium. Filter aids that  are used include dia-
tomite (a  orm o  diatomaceous earth) and perlite 
(a type o  naturally occurring volcanic glass) which 
has been used in the  ltration o ,  or example, peni-
cillin and streptomycin. The use o   lter aids is 
obviously not appropriate i  the  ltered material is 
the intended end product.

Filtration e quipme nt

The  ltration equipment described in this chapter 
is that  used  or  ltering liquids. Equipment  or  lter-
ing gases (mainly air) is also available.

Equipment selection

Ideally the equipment chosen should allow a  ast 
 ltration rate to minimize production costs, be 
cheap to buy and use, be easily cleaned and resistant 
to corrosion, and be capable o   ltering large volumes 
o  product be ore the  lter needs stripping down  or 
cleaning or replacing.

There are a number o  product-related  actors 
that should be considered when selecting a  lter  or 
a particular process. These include:
•  the chemical nature o  the product. Interactions 

with the  lter medium may lead to leaching o  
the  lter components, degradation or swelling 
o  the  lter medium or adsorption o  
components o  the  ltered product on to the 
 lter. All o  these may inf uence the e  ciency 
o  the  ltration process or the quality o  the 
 ltered product

•  the volume to be  ltered and the  ltration rate 
required. These dictate the size and type o  

pressurized vessel to drive the liquid through the 
 lter. Most industrial  lters have a positive-pressure 
 eed, the pressure used being limited only by the 
pump capacity and the ability o  the  lter to with-
stand the high-pressure stress. Pressures up to 
1.5 MPa (15 bar) are commonly used.

Although increasing the ΔP value in the absence 
o  any other changes will cause a proportional 
increase in  ltration rate, care needs to be taken to 
ensure that a phenomenon known as cake compres-
sion does not occur. Too high an applied pressure 
may cause the particles making up the cake to 
de orm and there ore decrease the voidage (bed 
porosity). It  can be seen  rom Equation 25.2 that 
small decreases in the value o  the porosity (e) lead 
to large decreases in cake permeability (K), and 
there ore in the  ltration rate. The e  ect  o  decreas-
ing K greatly outweighs any increase in  ltration rate 
arising  rom a thinner cake. There is also a danger 
o  ‘blinding’ the  lter medium at high pressures by 
 orcing particles into it . This is most likely in the 
early stages be ore a continuous layer o  cake has 
 ormed. As a general rule,  ltration should start  at  
moderate pressure, which can be increased as  ltra-
tion proceeds and the cake thickness builds up.

Decrea se the  ltra te viscosity. The f ow 
through a  lter cake can be considered as the total 
f ow through a large number o  capillaries  ormed 
by the voids between the particles o  the cake. The 
rate o  f ow through each capillary is governed by 
Poiseuille’s Law, which is a mathematical relation-
ship that includes viscosity as a  actor contributing 
to the resistance to f ow. To increase the  ltration 
rate, the viscosity o  the  ltrate can be reduced in 
most cases by heating the  ormulation to be  ltered. 
Many industrial  lters, e.g. the meta lter, can be 
 t ted with a steam jacket which can control tem-
perature and hence viscosity. Care needs to be taken 
with this approach, however, when  ltering  ormu-
lations containing volatile components, or i  compo-
nents are thermolabile. In such cases, dilution o  the 
 ormulation with water may be an alternative means 
o  reducing the viscosity providing that the increase 
in  ltration rate exceeds the e  ect o  increasing the 
total volume to be  ltered.

Decrea se the thickness of the  lter  
ca ke. Darcy’s equation (Eqn 25.1) shows that the 
 ltration rate  alls o   as the cake increases in thick-
ness. This e  ect is commonly observed when  lter-
ing in the laboratory using  lter paper in a  unnel. 
In some cases, i  the cake is allowed to build up the 
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 lter slurries containing a high proportion o  solids. 
The rotary vacuum  lter is continuous in operation 
and has a system  or removing the cake so that it  
can be run  or long periods handling concentrated 
slurries. A rotary drum  lter is shown in Figure 25.3. 
It  can be visualized as two concentric cylinders with 
the annular space between them divided into a 
number o  septa by radial partitions. The outer cyl-
inder is per orated and covered with a  lter cloth. 
Each septum has a radial connection to a compli-
cated rotating valve whose  unction is to per orm 
the sequence o  operations listed in Table 25.1.

The cylinder rotates slowly in the slurry, which is 
kept agitated, and a vacuum applied to the segments 
draws  ltrate into the septa, depositing cake on the 
 lter cloth. When the deposited cake leaves the 
slurry bath, vacuum is maintained to draw air 
through the cake, thus aiding liquid removal. This is 
 ollowed by washing and then  urther drainage in 
the drying zone. The cake is removed by the scraper 
blade aided by compressed air  orced into the septa. 
It  is the  unction o  the rotary valve to direct  these 
services into each septum when required.

Rotary  lters can be up to 2 m in diameter and 
3.5 m in length, with a  ltration area o  around 
20 m2. The drum rotates slowly, typically between 
10 and 60 revolutions per hour. Cake compression 
rollers are o ten  t ted to improve the e  ciency o  
washing and draining i  the cake on the drum 
becomes cracked. Di  cult  solids, which tend to 
block the  lter cloth, necessitate a preliminary 

equipment and the amount o  t ime needed  or 
the  ltration process

•  the operating pressure needed. This is 
important in governing the  ltration rate (Eqn 
25.1) and inf uences whether a vacuum  lter 
(where the pressure di  erence is limited to 
approximately 100 kPa) is appropriate. High 
operating pressures require that the equipment 
is o  su  cient strength and that appropriate 
sa e operating procedures are adopted

•  the amount o  material to be removed. This will 
inf uence the choice o   lter, as a large ‘load’ 
may necessitate the use o  pre lters or may 
require a  lter where the cake can be 
continuously removed

•  the degree o   ltration required. This will 
dictate the pore size o  membrane  lters or the 
 lter grade to be used. I  sterility is required 
then the equipment should itsel  be capable o  
being sterilized and care must be taken to 
ensure that contamination does not occur a ter 
the product has passed the  lter

•  the product viscosity and  ltration temperature. 
A high product viscosity may require elevated 
pressures to be used. The incoming  ormulation 
can be heated or steam-heated jackets can be 
 t ted to the equipment. Care should be taken 
to ensure the equipment seals, etc., can operate 
at elevated temperatures.

Indus trial f ltration equipment

Filters  or liquid products may be classi ed by the 
method used to drive the  ltrate through the  lter 
medium. Filters can be organized into three classes, 
namely gravity, vacuum and pressure  lters.

Gravity. lte rs
Filters that rely solely on gravity generate only low 
operating pressures and there ore use on a large 
scale is limited. G ravity  lters are, however, simple 
and cheap, and are  requently used in laboratory 
 ltrat ion where volumes are small and a low  ltra-
t ion rate is relatively unimportant.

Vacuum. lte rs
The rota r y va cuum  lter. In large-scale  ltra-
t ion, continuous operation is o ten desirable and this 
may be di  cult  to achieve when it  is necessary to 

Fig . 25.3 •  Rotary drum  lter. 
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expensive. In addit ion to the  lter itsel , 
ancillary equipment such as vacuum pumps, 
vacuum receivers and traps, slurry pumps and 
agitators are required.

•  The cake tends to crack because o  the air 
drawn through by the vacuum system, so that 
washing and drying are not e  cient.

•  Being a vacuum  lter, the pressure di  erence 
is limited to 100 kPa (1 bar). Yet some  
hot  ltrates may boil due to the reduced 
pressure.

•  The rotary  lter is suitable only  or 
straight orward slurries, being less satis actory i  
the solids  orm an impermeable cake or will not 
separate cleanly  rom the cloth.

Small rotary vacuum  lter units with a drum approx-
imately 120 mm long and 75 mm diameter are also 
available. These are simpler in construction than the 
larger industrial-type units as they do not have a 
cake-washing  acility. They have disposable  lter 
drums and can  lter batches  rom around 100 to 
700 litres at  a rate o  1–2 litres/ minute.

The rotary  lter is most suitable  or continuous 
operation on large quantities o  slurry, especially i  
the slurry contains considerable amounts o  solids, 
that is, in the range 15–30%.

Examples o  pharmaceutical applications include 
the collection o  calcium carbonate, magnesium car-
bonate and starch, and the separation o  the mycelia 
 rom the  ermentation liquor in the manu acture o  
antibiotics.

P res s ure . lte rs
Pressure  lters  eed the product to the  lter at a 
pressure greater than that which would arise  rom 

precoat o  a  lter aid to be deposited on the cloth 
prior to  ltration o  the slurry. During the actual 
 ltration, the scraper kni e is set to move slowly 
inwards, removing the blocked outer layer o  the 
 lter aid and exposing  resh sur ace.

I  removal o  the cake presents problems, a string 
discharge  lter may be employed. This is use ul  or 
 ltration o  the  ermentation liquor in the manu ac-
ture o  antibiotics, when a  elt-like cake o  mould 
mycelia must be removed. The  lter cloth in this 
case has a number o  bands passing round the drum 
and over two additional small rollers, as shown in 
Figure 25.4. In operation, the bands li t  the cake o   
the  lter medium. The cake is broken by the sharp 
bend over the rollers and collected, and the bands 
return to the drum.

The advantages o  the industrial rotary vacuum 
 lter can be summarized as  ollows:
•  It  is automatic and continuous in operation, so 

that labour costs are low.
•  The  lter has a large capacity.
•  Variation o  the speed o  rotation enables the 

cake thickness to be controlled, and  or solids 
that  orm an impenetrable cake the thickness 
may be limited to less than 5 mm. On the 
other hand, i  the solids are coarse and  orm a 
porous cake, the thickness may be 100 mm or 
more.

Disadvantages o  the rotary vacuum  lter include 
the  ollowing:
•  The rotary  lter is a complex piece o  

equipment with many moving parts and is very 

Fig . 25.4 •  String discharge rotary drum  lter. 

Table 25.1 Rotary vacuum f lter operation

Zone Position Service Connected to

Pick-up Slurry trough Vacuum Filtrate receiver

Drainage – Vacuum Filtrate receiver

Washing Wash sprays Vacuum Wash water 
receiver

Drying – Vacuum Wash water 
receiver

Cake removal Scraper knife Compressed 
air

Filter cake 
conveyor

In some cases,  or example when the solid is the required product, the 
same receiver may be used  or f ltrate and  or wash water.
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•  As there is no  lter medium as such, the 
running costs are low and it  is very economical.

•  The meta lter can be made  rom materials 
(such as stainless steel) that can provide 
excellent resistance to corrosion and avoid 
contamination o  the product.

•  By selecting a suitable grade o  material to  orm 
the  lter bed, it  is possible to remove very  ne 
particles. In  act, it  is possible to sterilize a 
liquid using this  lter.

The small sur ace area o  the meta lter restricts the 
amount o  solid that  can be collected. This, together 
with the ability to separate very  ne particles, means 
that the meta lter is used almost exclusively  or 
clari ying liquids where the contaminant level is low. 
Furthermore, the strength o  the meta lter permits 
the use o  high pressures (up to 1.5 MPa, 15 bar), 
making the method suitable  or viscous liquids.

Speci c examples o  pharmaceutical uses include 
the clari cation o  syrups, injection solutions and 
intermediates such as insulin liquors.
Ca r tr idge  lters. Cartridge  lters are now com-
monly used in the preparation o  pharmaceutical 
products, as they possess a very large  ltration area 
in a small unit and are easy and relatively cheap to 
operate. In simple  orm, they consist o  a cylindrical 
cartridge containing highly pleated material (e.g. 
PTFE or nylon) or ‘string-wound’ material (i.e. 
wound like a ball o  string). This cartridge then  ts 
in a metal supporting cylinder and the product is 
pumped under pressure into one end o  the cylinder 
surrounding the  lter cartridge. The  ltrate is  orced 
through the  lter cartridge  rom the periphery to 
the inner hollow core,  rom where it  exits through 
the other end o  the support cylinder. The  lter 
cartridges are o ten disposable and are good  or 
applications where there is a low contaminant level, 
e.g. during the  ltration o  liquid products as they 
are  lled into bottles.
Cross- ow micro ltra tion. It  is possible to 
 orm membrane  lters within ‘hollow  bres’. The 
membrane, which may consist o  polysulphone, 
acrylonitrile or polyamide, is laid down within a 
 bre which  orms a rigid porous outer support 
(Fig. 25.6). The lumen o  each  bre is small, typi-
cally 1–2 µm. However, a large number o   bres can 
be contained in a surrounding shell to  orm a car-
tridge which may have an e  ective  ltration area o  
over 2 m2.

In use, the liquid to be treated is pumped through 
the cartridge in a circulatory system, so that  it  passes 

gravity alone. This is the most common type o   lter 
used in the processing o  pharmaceutical products.
The meta  lter. In its simplest  orm, the meta l-
ter consists o  a grooved drainage rod on which is 
packed a series o  metal rings. These rings, usually 
made o  stainless steel, are about 15 mm inside 
diameter, 22 mm outside diameter and 0.8 mm in 
thickness, with a number o  semicircular projections 
on one sur ace (Fig. 25.5). The height o  the projec-
tions and the shape o  the section o  the ring are 
such that when the rings are packed together and 
t ightened on the drainage rod, channels are  ormed 
that taper  rom about 250 µm down to 25 µm. One 
or more o  these packs is mounted in a vessel and 
the  lter operated by pumping in the slurry under 
pressure.

In this  orm the meta lter can be used  or sepa-
rating coarse particles but  or  ner particles, a bed 
o  a suitable material (such as a  lter aid) is  rst  
built  up over the rings by recirculating a  lter aid 
suspension. The pack o  rings, there ore, serves 
essentially as a base on which the true  lter medium 
is supported.

The advantages o  the meta lter can be summa-
rized as  ollows:
•  It  possesses considerable strength and high 

pressures can be used with no danger o  
bursting the  lter medium.

Fig . 25.5 •  Meta lter. Construction of the  lter element. 
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Principles  o  centri ugation

I  a particle (mass = m, kg) spins in a centri uge 
(radius r, m) at a velocity (v, m s−1) then the cen-
tri ugal  orce (F, N) acting on the particle equals 
mv2/ r. The same particle experiences gravitational 
 orce (G , N) equal to m × g (where g = the gravita-
t ional constant).

The centri ugal e  ect (C) is the ratio o  these 
two  orces, so C  = F/G , i.e. C  indicates how many 
times greater F is than G . There ore, C  = v2/g r. I  
the rotational velocity is taken to be π d n, where n 
is rotation speed (s−1) and d is the diameter o  rota-
tion (m), then C  = 2.01 d n2.

To increase the centri ugal e  ect , it  is more e  -
cient to increase the centri uge speed than use a 
larger diameter at  the same speed. Larger centri uges 
generate greater pressures on the centri uge wall  or 
the same value o  C , so are more costly to make.

Indus trial centri uges

Two main types o  centri uge are used to achieve 
separation on an industrial scale: those using per o-
rated baskets, which per orm a  ltration-type opera-
tion (like a spin-dryer), and those with a solid-walled 
vessel, where particles sediment towards the wall 
under the inf uence o  the centri ugal  orce.

Perfora ted-bas ke t.centrifuges .
(centrifuga l.  lte rs )
A diagram o  a per orated-basket centri uge is shown 
in Figure 25.7. It  consists o  a stainless steel per o-
rated basket (typically 1–2 m in diameter) lined 
with a  lter cloth. The basket rotates at  a speed 
which is typically <25 s−1, higher speeds tending to 

through many times. The  ltrate, which in this tech-
nique is o ten called the ‘permeate’, f ows radially 
through the membrane and porous support. The 
great advantage o  this mode o  operation is that the 
high f uid velocity and turbulence minimize blocking 
o  the membranes. Fresh liquid enters the system 
 rom a reservoir as  ltration proceeds. Because the 
f uid f ow is across the sur ace, rather than at right 
angles, this technique is known as cross-f ow 
micro ltration.

The method has been used  or  ractionation o  
biological products by  rst  using a  lter o  pore size 
su  cient to let through all the molecules equal to 
or smaller in size than those required, and then 
passing the permeate through a second  lter that 
will retain the required molecules while passing 
smaller unwanted molecules. Blood plasma can be 
processed to remove alcohol and water and prepare 
concentrated puri ed albumin using this method. 
The process has also been used  or the recovery o  
antibiotics  rom  ermentation media.

Ce ntrifugation

Centri ugal  orce can be used either to provide the 
driving  orce (ΔP)  or the  ltration process (re er to 
Darcy’s equation above, Eqn 25.1) or to replace the 
gravitational  orce in sedimentation processes (re er 
to Stokes’ Law, Chapter 5 and Chapter 6). Centri-
 uges are o ten used in the laboratory to separate 
solid material  rom a liquid, the solid typically 
 orming a ‘plug’ at the bottom o  the test tube at 
the end o  the process.

Fig . 25.6 •  Cross- ow micro ltration through an 
individual  bre. 

Fig . 25.7 •  Centrifugal dewatering  lter. 
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•  the removal o  very small particles
•  the removal o  solids that are compressible or 

‘slimy’ and which easily block  lter media
•  the separation o  blood plasma  rom whole 

blood (a C  o  approximately 3000 is required)
•  the separation o  di  erent particle size  ractions
•  examining the stability o  emulsions.
These centri uges are compact, have a high separat-
ing e  ciency and are good  or separating ‘di  cult’ 
solids. However, they have a limited capacity and 
are complicated to construct in order to achieve the 
required speed and minimize vibration.
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stress the basket excessively. The product enters 
centrally and is thrown outwards by centri ugal 
 orce and held against the  lter cloth. The  ltrate is 
 orced through the cloth and removed via the liquid 
outlet; the solid material is retained on the cloth. 
The cake can be washed, i  required, by spraying 
water into the centri uge.

The centri ugal  lter has been used  or separating 
crystalline materials  rom the preparation liquor, 
e.g. in the preparation o  drug crystals, and  or 
removing precipitated proteins  rom,  or example, 
insulin. It  has the advantages o  being compact and 
e  cient, a 1 m diameter centri uge being able to 
process about 200 kg in 10 minutes. It  can also 
handle concentrated slurries which might block 
other  lters. The spinning action gives a product 
with a low moisture content (typically around 2% 
w/ w) which saves energy during subsequent drying.

The centri uge described above is operated batch-
wise, but continuous centri uges are available  or 
large-scale work. These have a means  or automatic 
discharge o  the cake  rom a basket, which rotates 
around a horizontal axis in contrast to the vertical 
axis. Most o  the energy required to run a centri uge 
is used to bring it  up to the operating speed and lit t le 
more is needed to maintain that speed. Continuous 
centri uges are there ore cheaper to run but the 
init ial cost is considerably higher.

Tubular-bowl.centrifuges ..
(centrifuga l.s edimente rs )
These consist o  a cylindrical ‘bowl’, typically around 
100 mm in diameter and 1 m long, that rotates at a 
high speed, 300–1000 s−1. The product enters at  the 
bottom and centri ugal  orce causes solids to be 
deposited on the wall as it  passes up the bowl, the 
clear liquid overf owing  rom the top (Fig. 25.8). 
This type o  centri uge can also be adapted to sepa-
rate immiscible liquids. The inlet  rate needs to 
be controlled so that there is su  cient time  or 
sedimentation to occur be ore the product leaves 
the bowl.

The uses o  centri ugal sedimenters include:
•  liquid/ liquid separation, e.g. during antibiotic 

manu acture and puri cation o  oils  rom 
natural sources (e.g.  sh oils)

Fig . 25.8 •  Tubular-bowl centrifuge. 
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KE Y P O IN TS

•  Suspens ions  are dispers ions  of solid materials , 
generally the drug, in a liquid medium 

•  All normal cons iderations  that apply to 
pharmaceutical products , such as  chemical 
s tability and dose integrity, apply equally to 
pharmaceutical suspens ions , but with the added 
issues  of particulate behaviour 

•  Formulators  mus t have a working unders tanding 
of the electrical double layer and the DLVO 
theory of particulate behaviour in a suspens ion 

•  Many formulation excipients  have the potential 
to affect the particulate interaction and 
sedimentation behaviour  Therefore, the 
formulation needs  to be cons idered holis tically 
and the effects  of individual additives  s tudied 

Introduc tion

Suspensions are probably one of the most challeng-
ing pharmaceutical formulations that students and 
formulators are likely to encounter. Many of the 
issues relating to solution formulation development 
apply equally to suspension formulations, but there 
are several additional considerations relating to the 
solid component of the system and the interface 
between the solid and the liquid components. The 
intention of this chapter is to present these issues 
and discuss them in context, so that the reader will 
have a fundamental understanding of the science 
behind suspension formulation as well as the more 
patient-focused aspects.

26  Sus pens ions

Susan A. Barker
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vehicle and remain so even after prolonged periods 
of t ime. Here, every dose from the suspension will 
contain the same amount of drug and will give the 
same clinical effect  to the patient; such reproduci-
bility is absolutely vital for all formulations, but is 
dif cult  to achieve with suspensions.

Solid partic le –liquid ve hic le  
inte rac tions

Solid particle–liquid vehicle interactions determine 
the behaviour of suspensions and hence it  is vital to 
have a working knowledge of them. Water is by far 
the most common vehicle used for pharmaceutical 
suspensions, due to its lack of toxicity, hence it  is 
the interaction between water and the particles 
which is important. The behaviour of an individual 
particle will be discussed  rst , then the interactions 
between multiple particles. These issues are dis-
cussed in Chapter 5 in the context of dispersed 
systems in general and Chapter 4 discusses solid–
liquid interfaces. The emphasis in this chapter is on 
pharmaceutical suspensions and the importance of 
particle charge and particle-particle interactions in 
successful suspension formulation.

The ‘electrical double layer’ theory

A solid material will not dissolve in a liquid vehicle 
unless it has some chemical similarity. Thus, drugs 
which are hydrophobic will not dissolve very well in 
water. Many modern drugs show very low aqueous 
solubility, because they are designed to  t into hydro-
phobic biological receptors, so although they may be 
very ef cient once at their site(s) of action, they 
present a real challenge to the formulator, and many 
may be developed as suspension formulations.

An apparently odd characteristic of such hydro-
phobic drugs is that once dispersed as solid particles 
in an aqueous environment, they will acquire a 
charge. This is counter-intuitive, as hydrophobic 
materials will generally repel water; if they could 
ionize, they would be expected to show a reasonable 
degree of aqueous solubility and would not remain 
as solid particles within the aqueous dispersion. 
However, the charge produced is not as a result of 
ionization of the drug, rather it  is due to the ioniza-
tion of water:
 H  O  H  OH2  ↔  ++  –  

(26.1)

The most important consideration in suspension 
formulation development is the interaction between 
the solid particles and the liquid vehicle, so this 
aspect will be considered in detail  rst  in this 
chapter. Secondly, other considerations relating to 
the solid component will be discussed and  nally 
aesthetic, patient-focused and practical matters will 
be reviewed.

De  nition of a s us pe ns ion

It is appropriate here to review the de nition of a 
solution before going on to consider the de nition of 
a suspension. Solutions are discussed in detail in 
Chapters 2 and 3. They can be formed from various 
combinations of phases. However, in pharmacy, the 
word ‘solution’, without further description, is gen-
erally understood to refer to a liquid system. A solu-
tion is a one-phase system where at equilibrium all 
the ingredients are dispersed evenly at a molecular 
level. Solutions are therefore optically clear as there 
are no solid particles remaining to disperse the light. 
In the context of a pharmaceutical formulation, the 
drug (solute) is added as a solid to the vehicle 
(solvent, most commonly water) and dissolves com-
pletely to give the formulation (a solution). Other 
formulation components, such as preservatives, 
buffers,  avours, etc., are added as required.

A pharmaceutical suspension is also a liquid 
system. However, in this case, the solid material 
(usually the drug) does not dissolve in the vehicle 
to any appreciable extent, but remains as solid par-
t icles which are distributed throughout the vehicle. 
Technically, the term suspension describes a disper-
sion of a solid material (the dispersed phase) in a 
liquid (the continuous phase) without reference to 
the particle size of the solid material. However, the 
particle size of the solid material can affect both its 
physical and chemical behaviour, so a distinction is 
usually made between a colloid or colloidal suspen-
sion with a particle size range of up to about 1 µm 
(see Chapter 5), and a ‘coarse dispersion’ with larger 
particles. Unfortunately, pharmaceutical suspen-
sions fall across the borderline between colloidal and 
coarse dispersions, with solid particles generally in 
the range of 0.1 to 10 µm. Suspensions are not opti-
cally clear and will appear cloudy unless the size of 
the particles is within the colloidal range.

In the ideal suspension, the particles of the solid 
material are mono-dispersed spheres and are evenly 
suspended in three dimensions throughout the 
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is denoted the ‘diffuse layer’. The two layers,  xed 
and diffuse, are also known as the Stern and Gouy-
Chapman layers, respectively.

The rigidity with which the charges are held to 
the particle affects the intensity of charge at any 
point between the charged surface and the bulk 
external liquid. Throughout the  xed layer, there is 
a linear decrease of overall charge from the particle 
surface (high) to the edge of the  xed layer (lower). 
From this point until the edge of the diffuse layer, 
i.e. the beginning of the bulk liquid, there is an 
exponential decrease of charge. This phenomenon is 
discussed in Chapter 5.

Factors  affecting the electrical 
double layer

The addition of formulation excipients can change 
the behaviour of a solid particle in a suspension, by 
affecting either the  xed layer or the diffuse layer, 
or both. Materials which can ionize, for example 
sodium chloride, will increase the amount of mobile 
charges available in the system. At low to medium 
concentrations, for example 0.01 M, such charges 
are generally located only within the diffuse layer, 
as shown in Figure 26.2a, and therefore will not 
affect the surface potential ψ0 or the Stern potential 
ψδ (see Chapter 5 for explanations). The increase in 

The liberated protons will then be solvated by intact 
water molecules to form hydronium ions (H 3O +) 
and larger structures with more water molecules. 
One result  of this is that  they are generally less 
mobile than the hydroxide ions (OH −) produced 
from the initial ionization reaction shown in Equa-
tion 26.1. Some of the hydroxide ions will then 
collect on solid surfaces within the aqueous disper-
sion and give rise to an apparent negative charge on 
these surfaces. Overall, within the system, electrical 
neutrality must be maintained, so there will be a 
gradation of charge from a high negative charge on 
the surface of the particle down to no charge (overall 
neutrality) in the bulk vehicle. This gradation of 
charge occurs in two stages, giving rise to two ‘layers’ 
of charge surrounding the particle, hence the term 
electrical double layer.

Figure 26.1 illustrates a single solid particle in 
water, showing a negatively charged surface arising 
from the OH − ions. The innermost layer or ‘halo’ 
around the particle has a predominance of positively-
charged ions. The outer layer or halo also has a 
predominance of positively-charged ions, but to a 
lesser extent than the inner layer. Finally the bulk 
vehicle has no overall net  charge. Charges in the 
inner layer are held tightly to the particle and this 
is therefore known as the f xed layer, whereas 
charges within the outer layer are more mobile and 
can move away from the solid surface and hence this 

Fig . 26.1 •  The electrical double layer: a single solid particle in a liquid medium. 
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Surfactants added into the system at concen-
trations below their critical micelle concentra-
t ion (cmc) will localize on the surface of the 
particles, as shown in Figure 26.2c. At concentra-
t ions above the cmc, surfactant micelles will be 
formed, with a central hydrophobic core into which 
the hydrophobic drug may dissolve (Chapters 5 and 
24). To avoid this, it  is necessary to ensure that the 
surfactant concentration remains below the cmc. 
The addition of the surfactant to the surface of the 
particle will change the particulate charge, certainly 
in its magnitude but possibly also in its sign. The 
effects will be dependent on the chemistry of the 
surfactant itself, i.e. whether it  is cationic, anionic 
or non-ionic. Such charge modi cation will affect 
the  xed layer directly, rather than the diffuse layer, 
and a variation in the surface charge will naturally 
lead to an alteration of the Stern potential. As 
described above, this will then have a secondary 
effect on the zeta potential, as the charge decay 
across the diffuse layer will start  from a different 
value. Ionic surfactants can also release ionic com-
ponents into the medium (e.g. Na+ ions from sodium 
lauryl sulphate), which will then have their own 
direct  effects on the diffuse layer. The overall effect 
of addition of surfactants will need to be considered 
on a case-by-case basis, based on their chemistry.

The DLVO theory

Pharmaceutical suspensions are not composed of a 
single particle of drug suspended in a liquid medium, 
but rather of multiple particles; this leads to multiple 

the number of individual charges within the diffuse 
layer will result  in easier neutralization of the 
remaining charge from the particle (ψδ) and hence 
will lead to a thinning of the diffuse layer. Mathe-
matically, this is because the distance over which ψδ 
becomes ψδ/ e, i.e. 1/κ (the ‘Debye-Hückel length’, 
Chapter 5), is smaller. It  should be evident from the 
above discussion, that  an increased concentration of 
the additional charges would be expected to lead to 
a greater reduction of 1/κ. In fact, the relationship 
is a square root one, in that 1/κ is inversely propor-
t ional to the square root of the ionic strength of 
the medium. This is the same as saying that κ 
(the ‘Debye-Hückel length parameter’, Chapter 5) 
is directly proportional to the square root of the 
ionic strength of the medium. Care must be taken, 
therefore, to consider the chemistry of dissolved 
ionic materials: the ionic strength of a calcium chlo-
ride (CaCl2) solution is higher than that of a sodium 
chloride (NaCl) solution of the same molar con-
centration. The effects of these two solutions on 
the electrical double layer will consequently be 
different.

Higher concentrations of ionic materials, for 
example 0.1 M, will not just result in a greater 
effect on the diffuse layer, but some of the charges 
will migrate through into the  xed layer and become 
adsorbed onto the surface of the particle itself, 
shown in Figure 26.2b. In this case, the charge on 
the particle surface will decrease, which will have 
the automatic effect of lowering the Stern potential 
and a secondary effect  of reducing the zeta poten-
tial, as the charge reduction across the diffuse layer 
will begin at a different value.

Fig . 26.2 •  The location o  added materials  in the electrical double layer o  a single solid particle in a liquid medium. 
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VA and VR can be found in Chapter 5. It  is important 
to note that the VA and VR curves shown in Figure 
26.3 are not mirror images of each other.

The easiest way to consider what happens when 
two particles interact is to remember that the VT 
line gives the overall energy of interaction and that 
this will change depending on the distance between 
the two particles. There are three important zones, 
or values of VT, in the DLVO diagram: the primary 
minimum, the secondary minimum and the primary 
maximum, and the behaviour of the suspension will 
be dependent on which zone the particles are in. It  
must also be remembered that  all particles will have 
some thermal energy and will show some move-
ment, whether caused by Brownian motion, the 
effects of gravity or by external agitation.

The .primary.minimum
The ‘primary minimum’ zone is described as a 
‘minimum’ because the total energy is calculated to 
be below zero (remember that repulsive energy is 
described as positive and attractive energy as nega-
tive). It  is described as ‘primary’ because it  is the 
largest  negative deviation from zero. Particles in the 
primary minimum zone show a higher energy of 
attraction than repulsion and are therefore likely to 
move closer together. Imagine two particles are just 
far enough apart that the energy of attraction bal-
ances out the energy of repulsion, so that the overall 
energy of interaction is zero. Any movement of the 
particles which brings them closer together will 
result  in an overall mathematical decrease in VT, i.e. 
VT is now attractive and the particles will continue 
to move closer together. As they do so, the strength 
of the overall attractive forces increases, moving the 
particles st ill closer together, resulting in a further 
increase in the attractive forces, and so on. The 
kinetic energy that the particles have (= kT, where 
k is the Boltzmann constant and T the temperature 
in Kelvin) is not high enough to overcome the attrac-
tive energy, VT and therefore the particles will even-
tually aggregate irreversibly. Particles will init ially 
show ‘ occulation’, whereby the individual particles 
are loosely attracted to each other, but still act inde-
pendently; subsequently they will demonstrate 
‘coagulation’ where particles will collide and form 
larger particles. Such behaviour is undesirable for 
pharmaceutical suspensions as it  will have serious 
negative effects on the reproducibility of dosing 
from the system. These changes are illustrated in 
panel A of Figure 26.4.

particulate interactions. These interactions can, to 
some extent, be thought of as the interactions of the 
diffuse layers around individual particles and hence 
the electrical double layer provides the basis for 
understanding inter-particulate interactions. The 
DLVO theory describes these interactions.

The DLVO theory (Chapter 5 provides more 
detail) is concerned with predicting the stability of 
lyophobic (‘solvent-hating’) colloids and is relevant 
here because of the particle size of pharmaceutical 
suspensions. Essentially, it  calculates the energies of 
attraction and repulsion between similar particles 
and predicts the overall energy of interaction. From 
this, deductions can be made as to the likely behav-
iour of the suspension, e.g. whether particles 
coalesce and settle, or remain evenly dispersed 
throughout the medium. This is arguably the most 
important question in pharmaceutical suspension 
formulation development, as a fundamental speci -
cation for such a formulation is dose reproducibility, 
which is most easily achieved from a system which 
remains well dispersed under all conditions.

To calculate the total energy of interaction, VT, 
between two particles, the values of VA and VR are 
summed, as shown in Equation 26.2. VR is the 
energy of electrical repulsion and by convention this 
carries a positive sign. VA is the energy of Van der 
Waals attractions and by convention is given a nega-
tive sign.

 V V VT  A  R=  +  
(26.2)

Figure 26.3 shows the values of VA, VR and VT for 
two similar particles suspended in a medium and 
interacting. Further detailed relationships involving 

Fig . 26.3 •  The energy o  interaction between two 
similar particles, as described by the DLVO theory. 
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together. In this case, VT will initially decrease but 
remain repulsive, so the particles will st ill exist as 
independent entities. However, the magnitude of 
the difference between VT and the particles’ kinetic 
energy is now greater and therefore they are likely 
to move even closer together. At some point, the 
particles will be suf ciently close so that the overall 
energy of interaction becomes negative, i.e. it  is now 
predominantly attractive, and the particles enter the 
primary minimum zone with the consequences 
described above. In summary, therefore, formulating 
pharmaceutical suspensions so that the particles are 
in the primary maximum zone can be considered to 
be risky.

The .s econdary.minimum
Panel C of Figure 26.4, shows the behaviour within 
the secondary minimum zone. As its name suggests, 
the ‘secondary minimum’ gives rise to an overall 
attractive energy of interaction between particles, 
but of a lower magnitude than that seen in the 
primary minimum. The particles here show an 
overall limited attraction to each other and behave 
as ‘ occules’, loose aggregates of individual particles. 
Depending on the kinetic energy of the particles, 
their behaviour will vary slightly. If the kinetic 
energy is less than the VT, then the particles will 

The .primary.maximum
The naming of the ‘primary maximum’ zone 
follows the same conventions as for the primary 
minimum. The primary maximum zone is described 
as a ‘maximum’ because the total energy is calcu-
lated to be above zero (using the convention of 
repulsive energy being posit ive and attractive energy 
being negative). It  is described as ‘primary’ because 
it  is the largest positive deviation from zero. Parti-
cles in the primary maximum zone show a higher 
energy of repulsion than attraction and are therefore 
likely to remain separate or ‘de occulated’. This is 
illustrated in panel B of Figure 26.4. At  rst  sight, 
this would appear to be a good formulation strategy 
for pharmaceutical suspensions, as if the particles 
can be forced into the primary maximum zone then 
they should remain independent and hence dosing 
would be expected to be reproducible. This is true 
when the kinetic energy of the particles is less than 
VT and they are, if anything, more likely to move 
away from each other, which will have the effect of 
decreasing the magnitude of VT but maintaining an 
overall repulsive effect. However, if the kinetic 
energy of the particles is high enough, for example 
if the temperature is increased, then this can over-
come the energy barrier imposed by VT with the 
result  that the particles can then move closer 

Fig . 26.4 •  Flocculation and defocculation consequences o  the DLVO theory  or pharmaceutical suspensions. 
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medium may be altered, which will then change the 
Hamaker constant, most pharmaceutical suspen-
sions, certainly those intended for oral drug delivery, 
are aqueous. Hence, the two components in the 
suspension which contribute to the Hamaker con-
stant (the drug and water) are  xed, and this factor 
is, in effect, non-modi able.
ε, the permittivity of the medium (Eqn 5.24). The 
permittivity of the medium is related to its polarity, 
so therefore varying the medium will have a direct 
effect  on the repulsive energy between particles in 
the system. Water is the most common medium for 
pharmaceutical suspensions and addition of dissolved 
solids, such as electrolytes, to water will have a rela-
tively minor effect on its permittivity, compared to 
the effect of changing from water to, for example, oil. 
Overall, therefore, for the purposes of pharmaceuti-
cal suspensions, the permitt ivity can be considered to 
be that  of water and will have limited variability.
H, dista nce between pa r ticles (Eqns 5.24 a nd 
5.25). The distance between particles can be con-
sidered to be both a cause and effect  of the balance 
between the attractive and repulsive energies of the 
system, as discussed in the previous section: parti-
cles very far apart  will have very limited interaction 
and particles located close to each other will be 
attracted or repelled depending on exactly how far 
apart they are, and may move in response to the 
dominant VT. Inter-particulate distance is dif cult  
to control directly. It  will be partly dependent on 
the mobility of the particles, i.e. their kinetic energy, 
which itself is dependent on the ambient tempera-
ture. The range of temperatures to which a pharma-
ceutical product is exposed is quite small, from 
fridge temperature (circa 5 °C) to 40 °C during 
product testing, so reducing the temperature to 
reduce mobility is not really a viable option. The 
inter-particulate distance is also dependent on the 
concentration of particles within the system, a 
higher concentration making it  more likely that the 
particles will be physically located close to each 
other.
4. ψo, the sur fa ce potentia l (Eqn 5.24). The 
physicochemical nature of the particles is  xed, as 
the formulator must work with the drug that is 
required, therefore the fundamental surface poten-
tial of the particles in an aqueous medium will also 
be  xed. However, it  is easy to modify the surface 
potential of the particles by adsorbing materials at 
their surface; such materials most commonly being 
surfactants below their cmc.

move closer together under the in uence of the VT, 
but will not collide and coalesce as the VT is still 
relatively weak. As the particles move further 
together, the attractive forces will reach their highest 
point (although not as strong as in the primary 
minimum zone) then decrease and overall VT 
becomes weakly repulsive, which will have the 
effect  of forcing the particles apart. At this stage, VT 
once again dominates over the kinetic energy and 
the particles will be attracted weakly to each other. 
In essence, the particles are maintained in their  oc-
culated state, that is they still exist as individual 
particles, but are loosely grouped together in  oc-
cules. If, however, the kinetic energy of the particles 
is greater than the VT, then the particles will be able 
to move further apart . As they do this, the overall 
VT will become less attractive and ultimately will 
become, to all practical purposes, zero. In this case, 
the particles will behave independently, will not 
 occulate and will not coalesce. In either case 
(kinetic energy greater to or less than VT), coales-
cence and coagulation of particles is minimal, and 
hence this is usually the desired strategy for devel-
oping pharmaceutical suspensions.

Controlling.particula te .behaviour. .
in.s us pens ions
From the discussion above, it  can be seen that the 
behaviour of particles in suspension is complex, even 
when only two individual interacting particles are 
considered; the behaviour ultimately being depend-
ent on the relative contribution of the repulsive and 
attractive energies at  any separation distance. Exam-
ining the equations that govern these two aspects 
(Eqns 5.24 and 5.25, respectively, repeated here for 
convenience) can give some clues as to which factors 
can be manipulated during suspension formulation 
to alter the behaviour of the particles and which 
factors cannot be altered.
 

V  a  HR  o=  −2  2πε  ψ  κexp[  ]
 

(5.24)
 

V  Aa  HA  /= −  12
 

(5.25)

A, the Ha ma ker  consta nt (Eqn 5.25). This factor 
is constant for each combination of particle and 
medium. As the particulate material within a phar-
maceutical suspension is the drug, then the formula-
tor has no opportunity to change the physicochemical 
nature of the particles. Although theoretically the 
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barrier to escaping the secondary minimum is now 
higher and the particles will require a larger value of 
kinetic energy to do so. Hence, more particles will 
be kept within this separation range. As described 
previously, the secondary minimum is generally con-
sidered to be desirable for pharmaceutical suspen-
sions, as the particles will remain as loose  occules 
rather than becoming aggregated, and so it  follows 
that  addition of low to medium concentrations of 
ionic materials will be bene cial for pharmaceutical 
suspension formulations. However, the height of the 
energy barrier at the primary minimum will also be 
decreased, so if the particles have a high enough 
kinetic energy, for example from exposure to high 
temperatures or by vigorous shaking, then they 
could overcome this repulsive force and move closer 
together,  nally entering the primary minimum and 
coalescing.

If the concentration of the ionic material is suf-
 ciently high, then some of the counter-ion charges 
will penetrate to the particle surface and reduce the 
overall surface charge ψo and hence the Stern poten-
tial, ψδ, i.e. the charge at the edge of the  xed layer. 
Taken together with a high concentration of the 
added counter-ion charges in the diffuse layer, which 
will reduce the Debye-Hückel length, 1/κ, very 
quickly, this will have the effect  of reducing VT 
to such an extent that the VA will dominate in the 
VT calculation at all separation distances. Hence, 
the particles remain attracted to each other at all 
length scales and are more likely to aggregate and 
coalesce.

Adding surfactants to the suspension formulation 
at a level below their cmc will result in their adsorp-
tion on the particle surface. This will alter the 
surface charge (ψo), thereby changing the value of 
VR with a consequent effect  on VT. However, the 
size and magnitude of this effect will be dependent 
on the chemical characteristics of the surfactant and 
addition of surfactant may result in an increased or 
decreased chance of  occulation.

Partic le  move me nt in 
s us pe ns ions

There will always be some particle motion in a sus-
pension formulation: very small particles will exhibit  
Brownian motion (Chapter 5), gravity will have the 
effect of causing the particles to sediment and the 
suspension may be shaken by the patient or during 

5. κ, the Debye-Hückel reciproca l length pa ra -
meter  (Eqn 5.24). The Debye-Hückel reciprocal 
length parameter is related to the distance over 
which the charge on the particle is reduced. It  is 
dependent on the ionic strength of medium and can 
therefore be controlled easily by the addition of 
ionizable materials, such as sodium chloride.
6. a , the ra dius of pa r ticle (Eqns 5.24 a nd 
5.25). The radius of the particle (assuming spheric-
ity) appears in both equations and so will affect  
both the attractive and repulsive energies. It  can be 
relatively easily controlled by milling or microniza-
tion of larger particles to achieve a desired small 
particle size, or by crystal engineering techniques, 
intended to produce small particles directly from a 
solution. Assuming all other parameters in the two 
equations remain constant, variation in the particle 
size will have the same magnitude of effect on both 
VA and VR, and thereby VT. For example, doubling 
the particle size will double all three calculated 
values, and halving the particle size will halve them. 
In all cases, the sign of the VT, i.e. whether overall 
repulsive or attractive, will remain constant. Chang-
ing the particle size will have an effect, therefore, 
on the magnitudes of both the primary minimum 
and primary maximum and, depending on the rela-
t ive extent of the kinetic energy compared to VT and 
the inter-particulate distance, may lead to increased 
or lowered stability, following the arguments pre-
sented above.

Effec ts .of.add itives
As indicated in the above section, the addition of 
ionic or surfactant materials to a suspension formu-
lation is likely to have an effect on the particulate 
behaviour, by changing the relative values of VA 
and VR. The effects can be rationalized by con-
sidering the electrical double layer on individual 
particles and how this affects the interaction 
between particles. Addition of low to medium 
concentrations of ionizable materials will result in 
higher concentrations of the positively charged ion 
in the diffuse layer surrounding a particle (remem-
ber that the particle will carry a negative charge in 
the absence of any absorbed material on its surface), 
which will allow charge neutralization to occur over 
a shorter range, i.e. the diffuse layer becomes 
thinner.

The practical signi cance of this is that the sec-
ondary minimum will be deeper, i.e. it  will have a 
larger magnitude. This in turn means that the energy 



 P A R T  F I V E  Dos age  Form Des ign and Manufac ture

4 2 4

gravity, and is observed for particles with radii of 
approximately 0.5 µm and greater. The vast major-
ity of pharmaceutical suspensions will contain par-
ticles in this size range, so sedimentation is a 
signi cant cause of particle motion. Sedimentation 
is described by Stokes’ sedimentation equation 
(Eqn. 26.3), with the sedimentation velocity, v, pre-
dicting the speed of settling expected under particu-
lar conditions; higher values of v suggest greater 
likelihood of sedimentation. Here, the Stokes 
equation has been given in two equivalent forms, 
de ned by the particle radius and diameter:

 v  a  g  d  g=  − =  −2
9  18

2  2(  )  (  )ρ  ρ
η
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(26.3)

where v is the sedimentation velocity, a and d are 
the particle radius and diameter respectively (the 
particle is assumed to be spherical), g is the accelera-
tion due to gravity, ρ and ρ0 are the densities of the 
particles and the medium respectively, and η  is the 
viscosity of the medium.

In the context of suspension formulation, Equa-
tion 26.3 shows that reducing the particle size will 
reduce the sedimentation rate, and conversely 
increasing the particle size will result  in increased 
settling. Both  occulated and de occulated systems 
will show sedimentation. Due to their relative sizes, 
 occulated systems will settle quickly whereas 
de occulated systems will settle more slowly. 
Increasing the viscosity of the medium will reduce 
sedimentation, as will reducing the difference in 
density between the medium and the particle.

Controlling particulate movement  
in suspens ions

Diffusion and sedimentation of particles within the 
suspension formulation will have opposite, but not 
equal, effects; sedimentation leading to increased 
proximity of particles and diffusion leading to 
greater dispersion of particles within the system. 
Particulate movement is almost inevitable in a liquid 
suspension system, with the overall result of a vari-
ation in the separation distance between particles, 
which has a direct consequence on the energies of 
interaction between particles and hence their  oc-
culation behaviour. Increasing the separation dis-
tance will initially move particles away from the 
primary maximum zone into the secondary minimum 

transportation. This motion can therefore affect the 
inter-particulate distance and by consequence the 
values of VA, VT and VR (above), potentially affecting 
the  occulation status of the suspension. When con-
sidering the effects of movement, it  must be remem-
bered that  de occulated systems behave as individual 
small particles, whilst  occulated systems behave as 
individual large particles with a porous structure. 
Flocculated and de occulated systems will show dif-
ferent particulate behaviour as a result .

Diffus ion

Brownian motion (Chapter 5) is the irregular move-
ment of particles through the medium and is shown 
by particles up to approximately 1 to 2 µm radius. 
The result  of Brownian motion is diffusion of the 
particles throughout the medium, from an area of 
high concentration to one of low concentration. Dif-
fusion (Chapter 3) will therefore result  in an 
improved, more homogeneous distribution of the 
particles throughout the system. It  can be described 
by the Stokes-Einstein diffusion equation (Eqn 
3.30). From Equation 3.30, it  can be seen that 
reducing the particle size will increase the diffusion 
constant and, conversely, increasing the particle size 
will reduce it . There is an effective size range above 
which diffusion will be negligible, and for particles 
of radius greater than approximately 1 to 2 µm, dif-
fusion can be ignored. As pharmaceutical suspen-
sions may contain particles in the sub-micrometre 
range, diffusion may be an important contributor 
to particle movement. However, it  is most likely to 
be observed with de occulated systems, as these 
behave as independent particles, and less likely to 
be seen with  occulated systems. The latter behave 
as larger particles due to their agglomerated status, 
and they are therefore likely to be of a size above 
the effective cut-off for diffusional movement. Dif-
fusion can be reduced by increasing the viscosity of 
the medium, with a value of 5 mPa s effectively 
reducing diffusion to zero. For comparison, water at 
20 °C has a viscosity of 1 mPa s and a 2% w/ v solu-
tion of low molecular weight hydroxypropyl meth-
ylcellulose (HPMC) has a viscosity of 5 mPa s at 
20 °C.

Sedimentation

Sedimentation (also discussed in Chapters 5 and 6) 
is the downward movement of particles under 
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the faster the sedimentation rate. Reducing the par-
t icle density by changing crystallization methods is 
possible, but this will result  in an increased particle 
size (if the total number of particles remains con-
stant) or an increased number of particles (if the 
particle size remains constant); both of these leading 
to a change in the DLVO characteristics and  oc-
culation behaviour of the system. So, although 
manipulation of the density of the particles seems 
an easy way of reducing the sedimentation rate, it  
has potential serious disadvantages. Diffusion is 
unaffected by particulate density.
3. ρo, the density of the medium. Reducing the 
density difference between the particles and the 
medium will lead to a reduction in sedimentation 
rate, which is bene cial for pharmaceutical suspen-
sions. This is most easily achieved by increasing the 
density of the medium. Although most pharmaceu-
tical suspensions are based on water, addition of 
materials such as dextrose or some polymers will 
raise the density of the product suf ciently to 
reduce the observed sedimentation. It  is best if 
these materials are non-ionic, as ionic materials will 
lead to a change in the  occulation behaviour of the 
particles, via movement of the counter-ion into the 
diffuse layers surrounding the particles.
4. η, the viscosity of the medium. Raising the 
viscosity of the medium will reduce diffusion of the 
particles, with a value of 5 mPa s effectively decreas-
ing the diffusion to zero. An increased viscosity will 
also reduce the particulate sedimentation rate. 
Overall, an increased viscosity is bene cial for phar-
maceutical suspensions. The viscosity of water is 
very low (1 mPa s at 20 °C), but it  can be easily 
modi ed via additives such as polymers, for example 
hydroxypropyl methylcellulose or sodium car-
boxymethylcellulose. In the latter case, however, 
effects on the electrical double layer around the 
particles and hence  occulation behaviour are likely 
to be seen due to the mobile Na+ ion.
5. T, tempera ture (in Kelvin). Increasing the 
temperature will lead to an increase in the diffusion 
constant and hence greater particle mobility. 
Although not expressed explicitly in Equation 26.3, 
the viscosity of a given substance will change with 
temperature, affecting both diffusion and sedimen-
tation. In reality, however, the range of temperatures 
to which a suspension is exposed (or should be 
exposed) is limited but uncontrolled outside the 
place of manufacture, and temperature should not 
be used as a tool with which to control particulate 

zone, changing the nature of the system from a 
de occulated to a  occulated one. Further outward 
movement will take the particles out of the second-
ary minimum zone and into an area of very lit t le 
interaction, again changing the nature of the suspen-
sion, this t ime from a  occulated to an effectively 
de occulated system. Decreasing the separation 
distance between particles will initially move 
them from the secondary minimum zone, showing 
 occulated behaviour, to the primary maximum 
zone, showing de occulated behaviour. Further 
inward movement will result  in the particles enter-
ing the primary minimum zone, leading to irrevers-
ible coagulation. It  must be remembered that gravity 
works only in one direction (downwards) and that  
the base of the container is immobile, so ultimately 
the  rst  settling particle or  occule will reach a point 
at which its travel stops and it  rests on the inside 
bottom surface of the container. The second and 
subsequent sedimenting particles or  occules will 
then approach the  rst ,  xed one, from above. The 
combination of gravitational force on the sediment-
ing particles or  occules and mechanical forces 
exerted by the mass of the sedimenting particles or 
 occules on those below will overcome VR, moving 
the particles into the primary minimum zone and 
irreversible coagulation.

Controlling the movement of particles within the 
suspension formulation is extremely important to 
maintain the desired  occulation status. Examina-
tion of Equations 3.30 and 26.3 that control diffu-
sion and sedimentation respectively, will allow 
assessment of which factors can be manipulated and 
the likely results of such manipulation.

1. a , the ra dius of the pa r ticle. Manipulation of 
particle size is relatively easily accomplished 
mechanically or via manipulation of crystallization 
techniques. Reducing particle size will increase dif-
fusion and reduce sedimentation, with a larger effect 
on the sedimentation rate. Particle size reduction 
would generally be regarded as bene cial because of 
these effects. However, particle size is a key param-
eter governing particulate interactions as described 
by the DLVO theory and so manipulation of particle 
size will have a direct effect on VT and  occulation 
behaviour. Particle size will also have an effect on 
the dissolution behaviour of the drug, which is dis-
cussed below.

2. ρ, the density of the pa r ticle. Particles are 
generally denser than the medium in which they are 
dispersed, and the greater the density difference, 
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where F is the sedimentation volume. Vo is the init ial 
volume of suspension before sett ling and V f  is the 
 nal volume of sediment.

The sedimentation patterns of  occulated and 
de occulated systems are different. In a  occulated 
system, the particles are arranged in loose aggregates 
or  occules, which behave as large, porous individual 
particles. These  occules will begin to sediment 
quickly, generally within a period of minutes, leaving 
a clear supernatant, and sedimentation will reach a 
maximum within a few hours or days. The sediment 
formed is loose and  uffy and can be easily redis-
persed by shaking, as both the individual  occule 
and the bulk sediment formed has the solvent 
medium incorporated into it . A high volume of sedi-
ment is observed, with calculated values of the sedi-
mentation volume ratio, F, being up to 0.6. Figure 
26.6 illustrates this, showing the init ial condition, an 
‘intermediate’ condition after a short period of time 
and the ‘ nal’ condition after a prolonged period.

De occulated systems show a different pattern 
of sedimentation. As the particles behave independ-
ently, they will sediment slowly, re ecting their 
small size. Sedimentation takes some time, meas-
ured in days and weeks rather than minutes. In the 
init ial stages of sedimentation, a small amount of 
compact sediment is observed at the base of the 
cylinder, with no, or limited clear supernatant being 
observed. Subsequently, the volume of sediment 
and the volume of clear supernatant both increase. 
The sediment formed is dense and compacted, 
described as being ‘caked’. Redispersion of the caked 
sediment is dif cult, as lit t le, if any, of the solvent 
medium can penetrate into it . A low  nal volume of 
sediment is observed, with calculated values of the 
sedimentation volume ratio, F, being as low as 0.1. 
Figure 26.7 illustrates this, showing the initial condi-
tion, an ‘intermediate’ condition after a short period 
of time (although longer than for  occulated 

behaviour. Repeated cyclical variations in tempera-
ture will lead to Ostwald ripening, a deleterious 
effect, which will be discussed later.

Measuring particle movement

It is not straightforward to measure diffusion in a 
suspension formulation, but bulk sedimentation is 
very easy to observe. A known volume of the sus-
pension with the solid particles dispersed as opti-
mally as possible is placed in a graduated cylinder 
and left to stand, allowing sedimentation to occur. 
At certain t ime intervals, the volume of sediment is 
measured and the sedimentation volume ratio, F, 
calculated, as shown in Equation 26.4; the value of 
F is in the range of 0 to 1. Figure 26.5 illustrates this 
diagrammatically. The speed and extent of sedimen-
tation can be observed visually and used to assess 
the behaviour of the formulation.

 F  V
V

=  f

o
 

(26.4)

Fig . 26.5 •  Calculation o  the sedimentation volume 
ratio  or a suspension. Blue colouration indicates a 
suspension, no colouration indicates an optically clear 
medium. 
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Fig . 26.6 •  The sedimentation behaviour o  a focculated suspension. Pale blue colouration indicates the initial 
suspension, dark blue the resulting sediment, and no colouration indicates an optically clear medium. 
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Dis pe rs ibility is s ue s  – s urfac e  
we tting

This chapter has focussed on the interactions of 
particles with the suspending medium, but with an 
implicit  assumption that  there is a suitable initial 
dispersion of the particles in the medium. It  is vital 
that  this initial dispersion is homogeneous at the 
single particle level to ensure that reproducible 
dosing is possible. However, pharmaceutical suspen-
sions, by their very nature, involve the interaction 
of a non-dissolving hydrophobic solid with water 
and homogeneous individual particulate dispersion 
is not, in most cases, simple. A measurable surface 
tension will exist  at the interface between the water 
and the solid, and the solid will not be easily wetted 
by the water; wettability being de ned as the ability 
of a liquid to spread across a solid surface (discussed 
in Chapter 4). In order to reduce this surface tension 
and obtain a more energetically favourable situation, 
the solid particles are liable to clump together. In 
this way, the total particulate surface area in contact 
with the water is reduced; hence the total surface 
tension is reduced. The natural consequence is that 
the product is inhomogeneous, inelegant and repro-
ducible dosing is not possible. A reduction in the 
surface tension between the particles and water is 
usually necessary to improve the wettability of the 
solvent over the solid, which will then promote even 
movement of the solvent across the particle surface 
and good dispersal of the particles throughout the 
medium. This is usually produced by the addition 
of a surfactant, below its cmc, to the medium.

Whether or not a given solid is likely to present 
dispersion problems can be assessed by examination 
of the contact angle made between the solid and a 
liquid when both are exposed to air. A compact of 
the solid is made and a drop of the liquid placed on 

systems) and the ‘ nal’ condition after a prolonged 
period.

What is  the des ired sedimentation 
pattern?

The question then arises as to which sedimentation 
pattern is best for a pharmaceutical suspension. Two 
factors need to be considered: speed of sedimenta-
tion and reversibility. A slow sedimentation rate 
would be optimal, suggesting that a de occulated 
system is more desirable; however, reversibility is 
key to ensuring that dosing from the suspension is 
reproducible, and so a  occulated system would be 
better in this respect. Overall, as in many formula-
tion challenges, a balance between opposing factors 
must be struck. Formulators may choose to develop 
a de occulated system with no or minimal sedimen-
tation, which will require greater viscosity and 
density adjustments to maintain the initial disper-
sion of particles. If the suspension is too viscous, 
then it  may be dif cult  to pour from the container 
or to judge a dose accurately. A greater potential 
problem, though, is that, should changes to the par-
t iculate dispersion pattern occur, for example as a 
result  of prolonged exposure to high temperatures, 
the particles may enter the primary minimum zone 
and irreversibly coagulate, resulting in catastrophic 
failure of the product. Alternatively, formulators 
may choose to develop a  occulated system with 
controlled slow sedimentation. This will require less 
viscosity and density adjustments than for a de oc-
culated system and will allow easy redispersion of 
particles upon shaking. However, patients and 
healthcare providers will need to be educated as to 
the vital importance of shaking the product before 
dispensing a dose and some people may  nd the 
separated product unexpected or unsightly.

Fig . 26.7 •  The sedimentation behaviour o  a defocculated suspension. Pale blue colouration indicates the initial 
suspension, dark blue the resulting sediment, and no colouration indicates an optically clear medium. 
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Os twald ripe ning

Even though the vast majority of the drug will be in 
the particulate state in a pharmaceutical suspension, 
there will always be a small amount in solution, 
dependent on its solubility. The equilibrium solubil-
ity of a solid in a liquid will change with tempera-
ture: raising the temperature will lead to an increase 
in the solubility, with a lowering of temperature 
resulting in a decrease in solubility. An unfortunate 
result  of this temperature effect is O stwald ripen-
ing, whereby small particles in suspension seem to 
disappear and large particles grow after repeated 
temperature changes in both directions. This can be 
explained as follows. There will always be a range 
of particle sizes in the suspension, although this 
range should be as narrow as possible to maintain 
consistency, and the product will ideally be formu-
lated to be stored at room temperature (approxi-
mately 25 °C). If the suspension is exposed to a 
higher temperature, e.g. by placing in direct sunlight 
or during transportation, then the equilibrium solu-
bility of the drug in the dispersing medium will 
increase. Dissolution proceeds from the surface of 
the particles, so even though the instantaneous 
removal of an individual drug molecule from a small 
particle into solution will be the same as that from 
a large particle, there are fewer molecules on the 
surface of a small particle and hence the particle 
surface of a smaller particle appears to recede more 
quickly than that of a larger particle. The net result  
is that all particles are slightly smaller and there is 
more drug in solution. If the suspension is then 
placed in lower temperature conditions, e.g. by 
storage in a refrigerator with a temperature circa 
5 °C (usual range 2 to 8 °C), the equilibrium solubil-
ity of the drug will decrease to below the concentra-
tion now in solution (i.e. immediately after exposure 
to the higher temperatures) and the system is now 
super-saturated, which is energetically unfavoured. 
Some of the ‘excess’ drug will now precipitate out 
and will do so preferentially onto the larger parti-
cles, with their greater surface area, analogous to 
crystallization by seeding. At equilibrium of this 
stage, the smaller particles may have grown slightly, 
but the larger particles will have grown more. 
Overall, therefore, after one hot and cold cycle, the 
particle size distribution has changed in that the 
smaller particles are smaller and the larger particles 
are larger. Repeated temperature cycling aggravates 
this situation, with the result  that the smaller 

its surface. The angle that the drop makes on the 
surface is then measured, as described in Chapter 4.

G enerally, contact angle measurement should be 
used as a guide only, with values less than 90° indicat-
ing reasonable wetting would be expected and values 
greater than 90° suggesting that problems are likely 
to be observed during dispersion. Over-interpretation 
of very similar values of contact angle should be 
avoided. Wettability can be improved by the use of 
a surfactant below its cmc; comparison of the contact 
angles in the presence and absence of the surfactant 
aiding the assessment of its effectiveness.

Dis s o lution is s ue s

Drugs are formulated as suspensions for oral deliv-
ery because they show limited aqueous solubility 
related to their target dose, and hence an aqueous 
solution formulation is not feasible. However, in 
order for the drug to be absorbed orally, it  must be 
dissolved within the gastrointestinal tract and so 
dissolution behaviour must be considered. The 
Noyes-Whitney equation (Eqn 2.3) governs the rate 
of dissolution of solid materials into a liquid medium. 
The Noyes-Whitney equation, dissolution and solu-
bility are discussed in greater detail in Chapter 2.

It  is clear from the Noyes-Whitney equation that 
increasing the surface area, whilst  keeping the total 
quantity of drug the same, will increase the dissolu-
tion rate of the drug. This in turn is likely to promote 
oral bioavailability, as typically poorly water-soluble 
drugs show dissolution rate-limited absorption. 
Surface area is related to particle size by:

 A =  =4  2  2π  πa  d  
(26.5)

where A is the surface area of the particles, and a and 
d are the particle radius and diameter, respectively.

Reducing the particle size of the drug will there-
fore result in increased dissolution once a pharmaceu-
tical suspension is taken orally by the patient. 
However, there are a number of cautions to be borne 
in mind at this point. Changing the particle size will 
affect the inter-particulate interactions, as discussed 
above, and may alter the  occulation behaviour of 
suspensions. As the bioavailability is likely to be 
dependent on particle size, close control over the 
particle size and size distribution is required, in order 
to maintain batch-to-batch uniformity and promote 
a consistent therapeutic response after ingestion.



 Su s p e n s io n s  C H A P T E R  2 6

4 2 9

be unsuitable, as the suspended particles would gen-
erally be too large to pass through the 0.22 µm 
 lters commonly used for microbial sterilization. 
Similarly, autoclaving is unlikely to be suitable as the 
high temperatures involved would affect the solubil-
ity of the drug and the physical structure of the 
suspension. Hence, aseptic preparation would have 
to be used to manufacture sterile suspensions. In 
oral dosing, organoleptic considerations apply, neces-
sitat ing the use of colours and  avours, which are 
not relevant to the formulation of suspensions 
intended for topical application.

Solubility

The choice of developing a solution or a suspension 
formulation is ultimately made based on the aqueous 
solubility of the drug. The dose of the drug required 
will be decided by the clinical pro le of the drug 
and therefore cannot be varied. Similarly, the dosing 
volume is largely  xed: an oral product would have 
a dosing volume of 5 mL and an eye-drop formula-
tion a dosing volume of 10 µL. Once the equilibrium 
solubility of the drug in water is known, then simple 
calculation will establish whether a solution is likely 
to be possible or not. However, the situation is 
slightly more complex. A drug in a solution formula-
tion must be mono-molecularly dispersed in the 
vehicle at manufacture, and remain so throughout 
the shelf-life of the product. A solution formulation, 
therefore, should not be produced near its solubility 
limit , as variations downwards in temperature, e.g. 
by refrigerated storage, will decrease the equilib-
rium solubility and potentially lead to precipitation. 
A general recommendation for solution formulations 
is to use the equilibrium solubility at 5 °C for solu-
bility calculations and apply a safety factor, so that 

particles dissolve completely and larger particles 
grow; the whole process being known as O stwald 
ripening. This is summarized in Figure 26.8. A cor-
responding phenomenon occurs with droplets in 
emulsion (Chapter 27).

Ostwald ripening is a problem for pharmaceutical 
suspensions, as the particle size and size distribution 
will change as a result. Consequent effects on the 
DLVO behaviour of the particles will alter the  oc-
culation pro le of the suspension and hence the 
sedimentation behaviour. The dissolution pro le fol-
lowing oral administration will also change, leading 
to potential bioavailability issues and variability in 
clinical effect. As the temperature cycling is likely 
to happen outside the manufacturer’s control, for 
example in the patient’s home, it  is dif cult  to 
control, and variable effects between batches or 
between containers from the same batch are to be 
expected. The formulator needs to be aware of this 
and one relatively easy way of minimizing this is to 
ensure that the solubility pro le of the drug in water 
is ‘ at’, i.e. over the temperature range that the 
product is likely to experience, the solubility changes 
only marginally.

Ge ne ral s us pe ns ion 
formulation c ons ide rations

Pharmaceutically, suspensions are used in a wide 
range of applications, although oral dosing is the 
most common. The different routes of administra-
t ion will present their own speci c challenges. For 
example, a suspension prepared for nebulized inha-
lation therapy would need to be sterile, as would a 
suspension intended for ocular delivery. In both 
these cases, sterilization by terminal  ltration would 

Fig . 26.8 •  A schematic representation o  Ostwald ripening in suspensions. 
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the potential effect of the excipient on the DLVO 
interaction of drug particles needs to be quanti ed 
and the formulation amended as necessary.

Flavours ,.s weeteners .and .colours
Products intended for oral dosing to children will 
generally require a colorant, sweetener and  avour 
to make them palatable (see Chapter 43). Although 
the intensity of taste of a drug molecule will be less 
in a suspension formulation than in a solution for-
mulation, it  still needs to be considered. The topic 
of taste masking is outside the scope of this chapter, 
but as a general rule, children prefer sweet and 
fruity tastes, although bitter tastes (most drugs are 
bitter) are best masked by another bitter taste such 
as grapefruit . The effects of  avours and colours on 
the physical behaviour of the suspension are likely 
to be limited, due to the low concentrations used, 
especially for colours. Traditionally, sugar (sucrose) 
has been used to sweeten oral formulations, but 
nowadays the use of sugar is severely restricted, due 
to concerns over dental caries and potential interfer-
ence with diabetic glucose control. Several sweeten-
ers are available, all of which are much sweeter than 
sugar, and hence are used in much lower concentra-
tions. All of the common sweeteners are ionizable: 
saccharin is commonly used as the sodium salt  and 
acesulfame is provided as the potassium salt , hence 
the effect of the mobile ions on the electrical double 
layer needs to be considered. Another consideration 
applies to aspartame: its degradation products 
include phenylalanine, so it  should not be ingested 
by patients with the condition phenylketonuria, 
hence it  may be reasonable to avoid its use, depend-
ing on the patient population to be treated.

Antimicrob ia l.p res erva tives
Any time water is present in a multi-dose or non-
sterile formulation, an antimicrobial preservative is 
required to prevent microbial contamination. A range 
of potential preservatives is available, including 
sorbic acid, benzoic acid, parabens, chloroform, 
sucrose and benzalkonium chloride (see Chapter 50). 
Sucrose has a preservative action at concentrations 
greater than or equal to 67% w/ v. It  is unlikely to be 
used in commercial products due to its cariogenic 
potential but may be encountered in extemporane-
ous products, albeit  more likely in solution formula-
tions. Sucrose will not interfere with the DLVO 
behaviour of the system as it  does not ionize, so 
will not be localized in the diffuse layer, and 

the maximum concentration of the formulation is 
signi cantly less than the equilibrium solubility and 
the chances of precipitation are minimized.

If the solubility calculations indicate that a sus-
pension formulation is required, then the solubility 
pro le of the drug as a function of temperature needs 
to be established. A fundamental requirement for 
suspension formulations is that the drug is suspended 
in the medium initially and remains so throughout its 
shelf-life. However, as discussed in previous sections, 
the drug needs to remain in the same dispersion state, 
i.e. degree of  occulation, throughout the shelf-life 
of the product, not merely remaining in suspension. 
Ostwald ripening must be avoided due to its potential 
deleterious consequences on product stability and 
clinical effect. An ideal solubility pro le is  at, that 
is there is minimal change in the equilibrium solubil-
ity of the drug with temperature. Usually, the lower 
the aqueous solubility, the greater the chance of a  at 
pro le being obtained. If the drug has some aqueous 
solubility, but not suf cient for a straight-forward 
solution to be developed, then the solubility of the 
drug may need to be suppressed, so as to maintain 
the suspended nature of the drug. Solubility suppres-
sion may be achieved by the addition of an anti-
solvent. These materials act in the opposite manner 
to co-solvents, in that they reduce the aqueous solu-
bility of the drug rather than enhance it, but they may 
be chemically the same as co-solvents, e.g. ethanol or 
polyethylene glycol. Variation of the pH of the 
medium may be appropriate if the drug is ionizable. 
G enerally, pH manipulation is used to increase the 
solubility of drugs by forming the ionic species and 
allowing greater interaction with water, but the oppo-
site intention can be used to  nd the pH of minimum 
solubility and use that for suspension formulation, 
assuming of course that the pH is acceptable for the 
intended route of administration. A weak acid will 
show low solubility in low pH conditions, whereas 
conversely a weak base will show low solubility in 
high pH conditions. A pro-drug such as an ester is 
also likely to show lower aqueous solubility than its 
counterpart ‘real’ drug, so is a potential formulation 
option. However, changes in the chemical structure 
of the drug will necessitate further expensive safety 
studies on the pro-drug as well as the actual drug.

Formulation excipients

A range of formulation excipients may need to be 
added to the suspension formulation. In each case, 
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the pH of an aqueous system within very narrow 
limits. Buffers may be used in suspension formula-
tions if a particular pH is required due to the route 
of administration, or if the solubility of the drug is 
suppressed by formulating at a particular pH, as 
discussed above. Due to its ionic nature, a buffer 
system will contribute charges to the formulation, 
which will affect the  occulation behaviour of the 
suspension by virtue of their being associated with 
the diffuse layer surrounding the particle. The use 
of a buffer may also affect the ionization state of 
other components, such as preservatives, with sub-
sequent effects on their ef cacy and the concentra-
t ion required.

Chemica l.s tab ilizers
A range of chemical stabilizers may be used to 
improve the chemical stability of the drug. These 
include antioxidants, such as ascorbic acid, used at 
concentrations of approximately 0.2% w/ v (about 
10 mM), and sodium metabisul te, used at levels of 
about 0.1% w/ v (approximately 5 mM), and chela-
tors such as ethylene diamine tetra-acetic acid 
(EDTA), commonly used as the disodium salt . As 
discussed above, if the additive ionizes to any appre-
ciable extent, then it  will potentially affect the sta-
bility of the product by interference with the diffuse 
layer.

Dens ity.and .vis cos ity..
modi e rs /s us pending.agents
Increasing the density of the suspension formulation 
may help to reduce the sedimentation rate of the 
dispersed particles. This may be achieved by the 
addition of a sugar such as dextrose or sucrose, 
which would not be expected to change the  occula-
t ion behaviour other than by retarding sedimenta-
tion. Sugars in low concentration provide an energy 
source for microbial contamination (at much higher 
concentrations, sugar solutions are hypertonic, 
leading to lysis of bacterial cells, and so are self-
preserving), so adequate antimicrobial preservation 
would be required. Additionally, most medicines are 
formulated, if at all possible, as sugar-free products, 
so this would not necessarily be a recommended 
formulation strategy.

Viscosity modi ers are also known as suspending 
agents as they will reduce the sedimentation of the 
particles and keep them suspended for longer. The 
viscosity of the system can be easily adjusted by 
the additional of polymeric materials or inorganic 

will not adsorb onto the particle surface. It  will, 
however, affect  the density and viscosity of the 
system, and so will have an effect on the sedimenta-
tion pro le of the suspension. Chloroform, likewise, 
is unlikely to be found in commercial products but 
is still included in several British Pharmacopoeial 
suspension and solution formulations. Benzalkonium 
chloride is typically used in aqueous eyedrop formu-
lations at concentrations of about 0.01% w/ w 
(approximately 0.3 mM). It  is a cationic surfactant 
and will dissociate in aqueous solutions to produce 
Cl− ions and a long chain ionized surfactant moiety. 
Hence, it  is likely to affect both the surface potential 
of the solid drug by deposition of the benzalkonium 
part of the molecule and the diffuse layer surround-
ing the solid particle by production of mobile Cl− 
anions. Benzalkonium chloride is not a ‘pure’ product, 
in that a range of molecules with varying hydrocarbon 
chain lengths will exist in each batch of ‘benzalko-
nium chloride’ (see Fig. 15.5), and thus inter-batch 
variation in its effect on the  occulation behaviour 
of the suspension may be expected. Sorbic acid 
and benzoic acid are both weak acids used in oral 
formulations at  approximately 0.2% w/ v (about 
15 mM). They are most effective as preservatives in 
the unionized state, in which state they will not 
interfere with the  occulation behaviour of the drug. 
However, they both show mid-range pKa values of 
4.8 (sorbic acid) and 4.2 (benzoic acid), so will be 
partially ionized in the pH conditions likely to be 
encountered in oral formulations. Some effect of 
charged moieties arising from this ionization is likely 
to be seen in the diffuse layer and hence this will 
directly affect the  occulation behaviour of the sus-
pension. Sorbic acid is commonly used as the potas-
sium salt  and benzoic acid as the sodium salt . In this 
case, dissolution of the salt  form into the aqueous 
vehicle will release the K+ or Na+ ions, which will 
directly affect the diffuse layer and hence  occula-
t ion. Parabens is a family of molecules based on 
para-hydroxybenzoic acid, with alkyl group esteri -
cation at the acid group. These are commonly used 
at a preservative concentration of approximately 
0.2% w/ v (about 10 mM). Parabens will not ionize 
at the pH conditions to be expected in a pharma-
ceutical product, so is unlikely to interfere with the 
 occulation behaviour of the particles.

Buffe rs
A buffer is de ned as a mixture of a weak acid or 
base and one of its salts and is designed to maintain 
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around the particles and affect their  occulation 
behaviour, so care should be taken with this 
excipient.

Alginic acid, a polymer derived from seaweed, 
can also be used to enhance the viscosity of the 
medium and reduce sedimentation. It  consists of 
residues of β-D -mannuronic acid, and α -L-guluronic 
acid joined via a (1→4) link; macroscopically, the 
polymer consists of linear blocks of one or other 
of the two individual components, with a third type 
of block showing an alternating structure of the 
two residue types. This structural variety is a 
consequence of its natural origin, different sources 
producing alginic acid with different blocking 
arrangements, and gives rise to varying properties 
once in solution. Alginic acid is easily ionized and is 
commonly used as the sodium salt , so in this case, 
it  will have a direct effect on  occulation behaviour. 
In the presence of divalent cations, such as calcium 
(Ca2+), alginic acid will behave as a chelator, with 
one Ca2+ ion being bound to two ionized acid resi-
dues (–COOH), giving rise to an ‘egg box’ structure 
for the polymer and an increase in viscosity in the 
solution. In terms of suspension formulation, there-
fore, addition of alginic acid, either as the intact acid 
or as the sodium salt , will extract Ca2+ ions from the 
surroundings if they are present in the formulation. 
The effects of this will be both to change the  oc-
culation behaviour of the particles and to increase 
the viscosity of the system.

Traditionally, clays and gums were used to thicken 
suspensions and to retard sedimentation. Clays are 
water-insoluble inorganic materials that , when dis-
persed in water, will absorb water into their struc-
ture rather than dissolve. A clay suspension shows 
some rheological structuring and will retard the sedi-
mentation of other materials suspended with it , 
such as the drug in pharmaceutical suspensions. 
Ultimately, the clay will itself sediment as it  is in 
suspension rather than in solution, as are the poly-
mers discussed above. An example of a clay is ben-
tonite, used in the British Pharmacopoeia (BP) 
formula for Calamine Lotion BP. ‘G um arabic’ is 
derived from the sap of Acacia trees and chemically 
is composed of a complex mixture of saccharides 
and glycoproteins. Once dissolved in water, gum 
arabic forms a reasonably viscous solution which can 
be used to retard sedimentation of suspended mate-
rials. Depending on the source, for example pre-
cisely which species of Acacia tree, the chemical 
composition will be different and hence the sus-
pending capabilit ies will be variable. Tragacanth, 

materials such as clays. The target viscosity for each 
preparation needs to be de ned so as to maintain 
the particles in their suspended state for as long as 
possible, i.e. to retard sedimentation. However, this 
must be balanced against the ease of use of the 
product; whilst  a very viscous suspension will show 
litt le, if any, sedimentation, it  is unlikely to be 
patient-friendly. The product must be pourable 
from a bottle onto a spoon for oral use or dispensa-
ble through a nozzle if it  is intended for ocular or 
nasal use.

Cellulosic materials are commonly used as viscos-
ity enhancers in suspension formulations. Cellulose 
itself is a linear polymer of D -glucose, with indi-
vidual glucose units being linked via β(1→4) glyco-
sidic bonds; the number of repeating units may run 
into the thousands. Cellulose ethers are more often 
used and these are obtained from native cellulose by 
chemical treatment with an appropriate reagent, 
replacing the hydrogen on the hydroxyl group of the 
glucose residue with an appropriate alkyl, hydroxy-
alkyl or carboxyalkyl group. There are three hydroxyl 
groups on each glucose residue in the cellulose 
chain, and the extent of conversion is measured by 
the degree of substitution. This can take values of 
anything up to 3, with non-integer numbers (e.g. 
1.5) re ecting the fact that there will be an element 
of inhomogeneity along the cellulose backbone after 
reaction. Methyl (–CH 3) group substitution gives 
methylcellulose (MC), which is water-soluble, but 
ethyl (–CH 2CH 3) group substitution produces 
ethylcellulose, which is water-insoluble. Substitu-
tion with a 2-hydroxypropyl (–CH 2CH(OH)CH 3) 
group produces hydroxypropylcellulose (HPC) and 
mixed substitution of methyl and 2-hydroxypropyl 
groups results in hydroxypropyl methylcellulose 
(HPMC). Carboxymethylcellulose (CMC) is pre-
pared from cellulose by the addition of carboxyme-
thyl groups (–CH 2COOH) to the glucose residues. 
It  is often used as its sodium salt , denoted sodium 
carboxymethylcellulose (NaCMC). All  ve cellu-
losic polymers mentioned (MC, HPC, HPMC, 
CMC and NaCMC) are water-soluble and are avail-
able in a range of molecular weights and degrees of 
substitution, which leads to a range of solution vis-
cosit ies being easily obtainable by manipulation of 
the chemical properties and concentrations of the 
polymers used. G enerally speaking, the polymers 
will not interfere with the  occulation behaviour of 
the particles. However, the ionic nature of NaCMC 
will directly lead to the production of Na+ ions in 
solution, which will migrate into the diffuse layer 
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deposit onto the surface of the particle, such as 
surfactants, will affect the surface potential, ψ0, 
leading to a secondary effect on the thickness of the 
diffuse layer by changing the Stern potential, ψδ. 
Materials which ionize in solution, such as preserva-
tives and buffers, will lead to mobile charges being 
taken into the diffuse layer, result ing in a thinning 
of the diffuse layer and, generally, increased  oc-
culation behaviour.

Excipients are added to pharmaceutical suspen-
sion formulations for various good scienti c reasons, 
such as buffering, antimicrobial preservation, viscos-
ity modi cation, etc, as discussed above. However, 
their combined effects on the particulate behaviour 
must be understood and quanti ed. The last excipi-
ent to be added to the suspension formulation is the 
 occulation modi er, its function being to adjust the 
 occulation status of the particles to that  which is 
intended. The quantity of  occulation modi er 
required must be determined last, once the levels 
and effects of all other functional excipients have 
been resolved. It  is no good, for example, de ning 
the level of the  occulation modi er to give perfect 
 occulation behaviour and then adding a buffer to 
the system, which will release mobile ions into the 
diffuse layer and change the  occulation status. 
Flocculation modi ers are ionic materials which 
ionize once in solution in the suspension medium. 
Typically, sodium chloride (NaCl) is used. The effect 
of the  occulation modi er on the  occulation 
behaviour of the particles is dependent on the ionic 
strength in solution and therefore a multivalent salt 
(e.g. calcium chloride, CaCl2) will have a greater 
effect than a monovalent salt  (e.g. NaCl).

Colloid .s tab ilize rs
A colloid stabilizer is a material which will prevent 
or retard the coalescence of particles suspended in 
a medium and, as such, will encompass any material 
acting on the particle surface or in the diffuse layer. 
However, the term is usually understood to mean 
surfactants which are deposited on the particle 
surface, which are discussed above.

Stability c ons ide rations  for 
s us pe ns ions

G eneral chemical stability considerations apply to 
suspensions as much as to any other formulation. 
The drug must remain chemically stable over the 

sometimes known as gum tragacanth is another 
complex polysaccharide mixture, derived from the 
sap of plants of the Astragalus genus. As with 
gum arabic, it  is used to increase the viscosity of 
the suspending medium and to retard sedimentation 
of the drug particles. Clays and gums are natural 
materials and are subject to much greater batch to 
batch variation than synthetic or semi-synthetic 
materials, and so have fallen out of favour as phar-
maceutical excipients, where close control and pre-
dictability of physical and/ or chemical behaviour is 
a pre-requisite.

Wetting.agents
Wetting agents are used to improve the  ow of the 
liquid vehicle across the particle surface, which in 
turn improves the homogeneity of distribution of 
the drug particles throughout the formulation. They 
do this by reducing the interfacial tension between 
the solid particle and liquid medium, as discussed 
earlier. Wetting agents are typically surfactants 
below their crit ical micelle concentration (cmc). 
Above the cmc, micelles are formed with a hydro-
phobic core and the hydrophobic drug will begin to 
dissolve into this region, thus affecting the structure 
of the system. Hence, the level of the surfactant is 
kept below the cmc. Surfactants will localize on the 
surface of the particle, affecting the surface charge, 
ψ0. The overall effect will be determined by the 
chemical nature of the surfactant and may be an 
increase or a decrease in the magnitude of the 
charge, but keeping the same sign (i.e. negative) or 
may even result  in a change of sign (i.e. the particle 
effectively becomes positively charged). Each of 
these changes will have a direct  effect  on the Stern 
potential, ψδ and an indirect effect on the thickness 
of the diffuse layer, resulting in alteration of the 
 occulation behaviour of the system. Additionally, 
ionic surfactants such as sodium lauryl sulphate will 
release mobile ions when dissolved and will have a 
separate effect on the diffuse layer.

Floccula tion.modi e rs
In previous sections, the necessity of understanding 
particulate behaviour in suspension was stressed. 
The electrical double layer surrounding individual 
particles will have a signi cant effect on the DLVO 
behaviour of interacting particles (Chapter 5), 
leading to  occulation or de occulation depending 
on the relative extent of the attractive and repulsive 
energies at any separation distance. Materials which 
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powdered drug is mixed with the carrier vehicle. If 
this is not performed adequately, then the particles 
are liable to cake. Poor initial dispersion will also 
lead to swift coagulation and sedimentation. Sus-
pensions are bulky for manufacturers to produce. 
They require large quantities of pharmaceutical-
grade water, necessitating in most cases a water 
processing plant to produce the water (on a dispen-
sary scale, pre-packaged Puri ed Water BP would be 
used). Packaging of the suspension into containers 
will require a st irred hopper to minimize sett ling 
during the packaging process and the effect of shear 
at the dispensing nozzle on the suspension will need 
to be considered. A consideration with all products 
is cost. The drug is usually the most expensive item 
in the formulation, particularly for an investigative 
drug not yet licensed, and this will be no different 
for suspensions.

Summary

Suspensions are one of the most challenging phar-
maceutical formulations that students and formula-
tors are likely to meet. Successful suspension 
development is dependent on a basic understanding 
of the interactions between particles in the suspen-
sion and between particles and other formulation 
ingredients.
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intended shelf-life of the product (and allowing 
some time as a ‘margin of error’ afterwards) and 
speci cations will be in place for the maximum 
permitted levels of speci ed degradation products 
(these will be determined for each drug indep-
endently, based on safety considerations). If the 
chemical degradation pathway of the drug is deter-
mined, then the appropriate chemical preservative(s) 
can be added to the suspension. Similarly, the effect 
of temperature on the chemical stability of the drug 
needs to be established, to assess whether any tem-
perature restrictions are necessary during storage or 
transport.

However, physical stability is equally important 
for suspension formulations. Sedimentation should 
ideally be kept to a minimum as discussed previ-
ously, and where sedimentation is permitted or 
unavoidable, easy redispersion of the sediment is 
necessary. The patient or carer should be able to 
redisperse the sediment by inversion and gentle 
shaking of the bottle only; the bott le should carry 
an appropriate instruction. The redispersion pattern 
should be established, testing at suitable time inter-
vals and under various storage conditions, and used 
as a measure during shelf-life determinations. Visual 
assessment of sediment redispersion on shaking is 
useful, but can only provide a general indication of 
whether there is a problem or not. A more quantita-
tive approach is taken by assessing the particle size 
distribution and drug content of representative 
samples taken from the top, middle and bottom of 
the container. Ideally, these should be consistent 
across depth and over time, meeting the pre-set 
product speci cations.

Manufac turing  c ons ide rations

Suspensions are more challenging to prepare than 
solution formulations. On both a dispensary and 
factory scales, the most important part of the 
process is the init ial dispersion stage, whereby the 
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KE Y P O IN TS

•  Emuls ions  are dispers ions  of at leas t two 
immiscible (or partially miscible) liquids   Oil-in-
water emuls ions  (o/w) contain oil droplets  
dispersed in water, and water-in-oil emuls ions  
(w/o) contain water droplets  dispersed in oil 

•  Although emuls ions  may be formulated for 
virtually all the major routes  of adminis tration, 
mos t commercial products  are for the 
intravenous  route (o/w) or the topical route of 
adminis tration (o/w and w/o) 

•  Structured and semisolid emuls ions  for 
dermatological use (lotions  and creams) are  
the larges t class  of emuls ions  used medically  

•  Sterile  intravenous  o/w emuls ions  are used in 
parenteral nutrition as  a source of calories  and 
essential fatty acids , and as  carriers  for drugs  of 
limited aqueous  solubility including diazepam, 
propofol and vitamin K 
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s tability of o/w creams are dominated by the 
swelling properties  of an α -crys talline gel 
network phase formed when the mixed 
emuls i er, in excess  of that required to form  
an interfacial  lm at the oil/ water interface, 
interacts  with continuous  phase water  The  
gel networks  immobilize droplets  within their 
s tructure, thus  preventing  occulation and 
coalescence 

•  Aqueous  creams are composed of four 
phases : dispersed oil phase s tabilized by a 
mixed monomolecular  lm, α -crys talline gel 
phase composed of bilayers  of surfactant and 
alcohol separated by layers  of interlamellar  xed 
water, α -crys talline hydrates  that show limited 
swelling in water, and bulk free continuous  
phase water 

Introduc tion

An emulsion is a dispersion o  two immiscible (or 
partially miscible) liquids, one o  which is distrib-
uted uni ormly in the  orm o  f ne droplets 
(the dispersed phase) throughout the other (the 
continuous phase). The immiscible liquids are by 
convention described as ‘oil’ and ‘water’, as invari-
ably one liquid is non-polar (e.g. an oil, wax or lipid) 
and the other is polar (e.g. water or aqueous solu-
tion). For simplicity and consistency, the terms ‘oil’ 
and ‘water’ are used in this context throughout this 
chapter.

Oil-in-water emulsions (o/ w) contain oil droplets 
dispersed in water, and water-in-oil emulsions (w/ o) 
contain water droplets dispersed in oil (Fig. 27.1). 
Multiple emulsions can also be  ormed  rom oil and 
water by the re-emulsif cation o  an exist ing emul-
sion to  orm two disperse phases. For example, mul-
tiple emulsions can be described as oil-in-water-in-oil 
(o/ w/ o). These are o/ w emulsions which are  urther 

•  Emuls ions  are thermodynamically uns table 
and will attempt to return to separate oil and 
water phases  (i e   crack) by the processes   
of coalescence or Os twald ripening (partially 
miscible oils ) unless  kinetically s tabilized by the 
addition of emuls i ers  

•  The choice of oil and emuls i er in 
pharmaceutical emuls ions  is  severely limited  
by toxicity and/or irritancy  Synthetic ionic  
or non-ionic surfactants  are used at low 
concentration in dermatological emuls ions , 
whereas  parenteral o/w emuls ions  contain 
mainly vegetable oils  s tabilized by lecithin 

•  Emuls i ers  impart kinetic s tability to dilute 
emuls ions  by the formation of an interfacial  
 lm at the oil/water interface which increases  
droplet-droplet repuls ion by the introduction  
of electros tatic (ionic emuls i ers ) or hydration 
repuls ive forces  (non-ionic emuls i ers )  The 
interfacial  lm also provides  a mechanical 
barrier to prevent coalescence if droplets  
collide 

•  Mixtures  of emuls i ers  generally provide more 
s table emuls ions  than individual emuls i ers  as  
they form more rigid, close packed interfacial 
 lms  

•  Mixtures  of non-ionic surfactants  may be 
selected on the bas is  of the HLB sys tem Each 
oil has  a required HLB  Blends  of surfactants   
of high and low HLB calculated to give the 
required HLB are tes ted to  nd which blend 
forms  the mos t s table emuls ion  Stable 
emuls ions  will be many degrees  below their 
phase invers ion temperatures  

•  Many emuls ions  contain mixed emuls i ers  in 
excess  of that required to form an interfacial 
 lm  The excess  emuls i er interacts  with water 
either at the oil droplet interface or in the bulk 
continuous  phase to form speci c  lamellar liquid 
crys talline phases  (lecithin) or crys talline gel 
network phases  (emuls ifying wax) 

•  The gel network theory of emuls ion s tability 
es tablished that the semisolid s tructure, and 

Fig . 27.1 •  Schematic representations of (a) an oil-in-water emulsion and (b) a water-in-oil emulsion. The shaded 
area represents the oil. 
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disrupt the bulk liquids and  orm f ne droplets 
thereby increasing the  ree energy o  the system. 
The second process, which involves the coalescence 
o  droplets, occurs spontaneously to reduce the 
inter acial area and minimize the  ree energy. I  agi-
tation ceases altogether, coalescence will continue 
until complete phase separation is obtained, the 
state o  minimum  ree energy.

Droplet diameters vary enormously in pharma-
ceutical emulsions, but typically cover the range 
0.1 µm (100 nm) to 25 µm. The visual appearance 
o  an emulsion re ects the in uence o  droplet size 
on light scattering, and varies  rom transparent or 
translucent  or emulsions composed o  small nano-
sized droplets (less than approximately 200 nm) to 
milky white and opaque  or emulsions containing 
larger droplets.

Since emulsions are thermodynamically unstable, 
they will revert back to separate oil and water con-
tinuous phases unless kinetically stabilized by the 
addition o  emulsi ying agents (see sections below 
on ‘Emulsi ying agents (emulsif ers)’ and ‘Emulsion 
stability’).

Pa rtia lly.mis c ib le .liquids .
It  should be noted, that when oil and water phases 
are partially miscible, droplet growth with eventual 
phase separation may occur by Ostwald ripening 
(see later) rather than coalescence. Ostwald ripen-
ing is an irreversible process which involves the 
growth o  large droplets at the expense o  smaller 
ones; it  is considered later in this chapter in the 
section on ‘Emulsion stability’. Ostwald ripening 
does not require any contact between droplets and 
is an important mechanism o  instability in sub-
micrometre pharmaceutical emulsions.

dispersed in an oil continuum. Conversely water-in-
oil-in-water (w/ o/ w) type multiple emulsions can be 
prepared by  urther emulsif cation o  a w/ o emul-
sion in water (Fig. 27.2).

Emuls ion formation

When two immiscible liquids are placed together in 
a container, they will  orm distinct layers with a 
minimum area o  contact (inter acial area) between 
the two liquids. In this state, the sur ace  ree energy, 
G , is at a minimum. On mixing or mechanical agita-
t ion (i.e. input o  energy) both liquids will  orm 
droplets o  various sizes, thereby increasing the 
inter acial area between the liquids with a corre-
sponding increase in the sur ace  ree energy o  the 
system. Emulsions are there ore thermodynamically 
unstable.

The increase in sur ace  ree energy ΔG , brought 
about by the  ormation o  droplets and the corre-
sponding increase in sur ace area ΔA  is given in Eqn 
27.1 in which γ is the sur ace (or inter acial) tension.

 ∆  ∆G  A= γ  
(27.1)

In order to reduce this sur ace  ree energy, the drop-
lets assume a spherical shape; this gives a minimum 
sur ace area per unit  volume. On contact droplets 
will coalesce (merge and re-combine) in an attempt 
to reduce the total inter acial area (and thus total 
sur ace energy, as indicated by Eqn 27.1).

Thus, emulsif cation can be considered to be the 
result  o  two competing processes that occur simul-
taneously. The f rst process requires energy input to 

Fig . 27.2 •  Schematic representations of a multiple w/o/w emulsion and a o/w/o emulsion. The shaded area 
represents the oil. 
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control) include, a higher drug payload, lower toxic-
ity, less pain on injection and protection o  labile 
drugs by the oily environment.

Emulsions incorporating contrast agents (iodized 
oils, bromized per uorocarbon oils) are used in diag-
nostic imaging including X-ray examinations o  body 
organs, computed tomography and magnetic reso-
nance imaging.

Water-in-oil emulsions administered by the sub-
cutaneous or intramuscular routes can be used to 
prolong the delivery o  water-soluble antigens and 
thus provide a longer lasting immunity. The antigen 
or drug must f rst di  use  rom the aqueous droplets 
through the oily external phase be ore it  reaches the 
tissues. Such emulsions are sometimes di f cult to 
inject because o  the high viscosity o  the oily con-
tinuous phase. Multiple w/ o/ w emulsions, which are 
less viscous, have also been investigated  or the pro-
longed release o  drugs and vaccines incorporated in 
the innermost aqueous phase (see Chapter 36).

Dermatological emulsions are the largest class o  
emulsions used in pharmacy, and range in consist-
ency  rom structured  uids (lotions, liniments) to 
semisolids (creams). Both oil-in-water and water-in-
oil emulsions are extensively used as vehicles to 
deliver drugs to the skin, and  or their therapeutic 
properties. Patient acceptance o  such  ormulations 
is based on sensory attributes such as appearance, 
texture and ‘skin  eel’. Water-in-oil emulsions tend 
to be greasy, and although this conveys a greater 
 eeling o  richness, w/ o emulsions do not mix well 
with aqueous wound exudates and are also some-
times di f cult to wash o   the skin. They do however 
hydrate the skin by occlusion, an important  actor 
in drug permeation. In contrast o/ w lotions and 
creams readily mix with tissue exudates and are 
more easily removed by washing.

Dermatological emulsions (Chapter 39)  acilitate 
drug permeation into and through the skin by occlu-
sion, by the incorporation o  penetration enhancing 
components and/ or by evaporation on the skin 
sur ace. As most o/ w creams are applied and rubbed 
onto the skin as a thin f lm, the drug delivery 
system is not the bulk emulsion, but rather a 
dynamic evaporating f lm in which the dissolution 
and partitioning environment alters as the relative 
concentrations o  the volatile ingredients change. 
Rapid evaporation may temporarily supersaturate 
the f lm increasing thermodynamic activity and drug 
permeation.

Whilst  dermatological emulsions and creams are 
two-phase systems, single-phase systems, including 

Emuls ions  in pharmac y

Emulsions can be  ormulated  or virtually all the 
major routes o  administration, although most com-
mercial products are developed  or the oral, par-
enteral and topical routes. Oral and intravenous 
emulsions are almost exclusively o  the o/ w type, 
whereas dermatological emulsions, and emulsions 
 or subcutaneous or intramuscular injection may also 
be  ormulated as w/ o emulsions.

Medicinal o/ w emulsions  or oral administration 
have a long tradition o  use to deliver medicinal oils 
 or the local treatment o  constipation (e.g. mineral 
oil, castor oil) and as oral  ood supplements (e.g. f sh 
liver oils and vegetable oils) in a more palatable and 
acceptable  orm. The unpleasant taste o  the oil is 
masked by the aqueous phase and any odour is sup-
pressed when it  is administered as the internal phase 
o  an o/ w emulsion.

Oil-in-water emulsions containing vegetable oils 
are also used  or the oral delivery o  drugs and vita-
mins o  low aqueous solubility. Intestinal absorption 
is generally enhanced when an oily solution o  drug 
is presented in the  orm o  small sub-micrometre oil 
droplets, because o  the larger inter acial area avail-
able  or contact at the absorption site. Absorption is 
also generally  aster and more complete than  rom 
suspension or tablet  orms, because the drug in oral 
emulsions is already solubilized in the oil, thus elimi-
nating the dissolution step prior to absorption.

Oral drug delivery using emulsions can be unpre-
dictable because emulsions may become unstable in 
the low pH environment o  the stomach. Emulsion 
concentrates, described as sel -emulsi ying drug 
delivery systems (SEDDS), are available commer-
cially to minimize instability. SEDDS are composed 
o  drug, oil(s), sur actants and sometimes co-solvents. 
They are not themselves emulsions, but  orm an 
emulsion on mild agitation in the aqueous environ-
ment o  the stomach.

Sterile intravenous lipid o/ w emulsions are used 
clinically as a source o  calories and essential  atty 
acids  or debilitated patients. Such emulsions (e.g 
Intralipid®) are also used as intravenous drug carri-
ers  or drugs o  limited water solubility; marketed 
products are available  or drugs such as diazepam 
(Diamuls®), propo ol (Diprovan®), vitamin K 
(Phytonadione®) and docetaxol (Aventrix®). The 
advantages o  such intravenous emulsions over solu-
tion  ormulations (in which the drug is solubilized 
by various co-solvents, and/ or sur actants and/ or pH 
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nanoemulsion is a more serious error that is becom-
ing increasingly common in the pharmaceutical lit-
erature, causing con usion and inaccurate reporting. 
Although both microemulsions and nanoemulsions 
are clear and transparent, they are structurally quite 
di  erent. Nanoemulsions are thermodynamically 
unstable dispersions o  oil and water that contain 
individual small droplets. In contrast, so-called 
microemulsions are not emulsions. They are thermo-
dynamically stable, single-phase systems that  orm 
spontaneously and have a number o  di  erent 
microstructures depending on the nature and con-
centration o  the components (see also Chapter 5).

P roperties .o .nanoemuls ions
Nanoemulsions are relatively stable physically, as the 
droplets do not collide as  requently as in ordinary 
emulsions and their small droplet sizes enable them 
to penetrate deep into the tissues through f ne capil-
laries. Thus, such emulsions are being investigated 
extensively as drug carriers and  or their ability to 
target specif c sites in the body including the liver 
and the brain. The sur ace properties o  emulsions 
can be modif ed by controlling the charged nature 
o  the inter acial f lm or by incorporating homing 
devices into the f lm to target specif c tissues and 
organs a ter injection.

Negatively charged droplets are cleared more 
rapidly  rom the blood than neutral or positively 
charged ones. Lipid emulsions modif ed with apo-E 
specif cally target the paranchymal cells o  the liver 
and cationic emulsions complexed with plasmid 
DNA show promise in gene delivery.

Positively charged (cationic) nanoemulsions have 
also been shown to improve skin permeation o  
poorly soluble anti ungal drugs and ceramides due 
to their interaction with the negatively charged skin 
epithelia cells. Water-in-oil nanoemulsion  ormula-
tions are under investigation in cancer chemother-
apy  or prolonging drug release a ter intramuscular 
or intratumoral injection, and as a means o  enhanc-
ing the transport o  anticancer agents via the lym-
phatic system.

Emuls ion theory related to 
pharmaceutical emuls ions   
and creams

The classical theories o  emulsif cation  or simple 
two-phase oil and water model emulsions based on 

ointments and gels, are also available  or topical 
application. These are described in Chapter 39.

Development of pharmaceutical 
emuls ions

Although emulsions have many distinct  advantages 
over other dosage  orms, o ten improving bioavail-
ability and reducing side e  ects, there are relatively 
 ew commercial oral or parenteral emulsions avail-
able. This comparative lack o  usage is due to the 
 undamental problems o  maintaining emulsion sta-
bility. Unstable emulsions are unsightly, give unpre-
dictable drug-release prof les and may be toxic,  or 
example droplet size increases in parenteral emul-
sions may cause thrombosis  ollowing injection. 
However, there is currently a large increase in 
research into all aspects o  emulsions, although as 
yet  there are  ew new products. This resurgence o  
interest , which is mainly  ocused on lipid emulsions 
 or local or intravenous delivery, combines nano-
science with the drive  or cell-selective drug target-
ing and delivery.

Nanoemuls ions

Nomencla ture .re la ting.to.nanoemuls ions
It is necessary to spend a lit t le time here considering 
the nomenclature o  nanoemulsions as un ortunately 
there is some con usion in the literature and def ni-
t ions may change.
Conventiona l emulsions (ma croemulsions) 
a nd na noemulsions. According to the convention 
 or nanoscale materials, nanoemulsions are def ned 
in the wider literature as clear or transluscent emul-
sions containing droplet sizes typically below 
~ 200 nm (0.2 µm). In the pharmaceutical litera-
ture however, con usion arises because the term 
nanoemulsion is sometimes used to include milky 
white emulsions containing droplets o  up to 500 nm 
(0.5 µm) in diameter. In this chapter, milky white 
emulsions containing sub-microscopical droplets o  
less than a micrometre will be called colloidal, sub-
micron (sub-micrometre) or ultraf ne emulsions, 
whilst the term nanoemulsion will be reserved here 
 or transparent emulsions containing droplet diam-
eters less than ~ 200 nm.
Microemulsions a nd na noemulsions. The inter-
changeable use o  the terms microemulsion and 
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the emulsion is spread onto the skin. Turpentine oil, 
benzyl benzoate and various silicone oils are exam-
ples o  other externally applied oils that are  ormu-
lated as emulsions.

In oral emulsions, the most widely used medici-
nal oils are castor oil and liquid para f n, which are 
non-biodegradable and provide a local laxative e  ect 
in the gastrointestinal tract, f sh liver oils (e.g. cod 
or halibut) that  are high in vitamins A and D or 
various f xed oils o  vegetable origin (e.g. arachis oil) 
as nutritional supplements. Vegetable oils are also 
used as drug carriers as they are readily absorbed in 
the gastrointestinal tract . The oil phase is rarely 
inert, as it  may in uence bioavailability by its in u-
ence on gastric emptying time.

The choice o  oil is severely limited in emulsions 
 or parenteral administration, as many are inherently 
toxic. Although purif ed mineral oil is used in some 
water-in-oil depot preparations  or intramuscular 
injection, where its potential toxicity (e.g. abscess 
 ormation at  the injection site) is balanced against 
e f cacy, it  is too toxic to be incorporated into intra-
venous emulsions. A range o  purif ed vegetable oils 
have been used, almost exclusively over many years 
in lipid emulsions  or parenteral nutrition and as 
intravenous carriers  or drugs o  limited aqueous 
solubility.

The purif ed vegetable oils used in parenteral 
products comprise mixtures o  long-chain triglycer-
ides (LCTs) containing C12-C18 saturated and unsatu-
rated  atty acid moieties, mainly oleic, linoleic, 
palmitic and stearic acids. Although a large number 
o  vegetable oils have been investigated as possible 
stable, non-toxic oils  or use in lipid emulsions, most 
commercial products contain soya bean or sa  ower 
oils because o  their high content o  the essential 
 atty acid, linoleic acid. Medium chain triglycerides 
(MCTs) which contain shorter  atty acid moieties 
(~ C6-C10) are obtained by the re-esterif cation o  
 ractionated coconut oil  atty acids (mainly capric 
and caprylic) with glycerol. These provide a more 
rapidly available source o  energy, as well as enhanc-
ing the solubilizing capacity  or lipid soluble drugs, 
including ciclosporin.

Mixtures containing both long and medium chain 
triglycerides have been adopted in some commercial 
preparations (see Table 27.1). Structured triglycer-
ides,  ormed by modi ying the oil enzymatically to 
produce 1,3-specif c triglycerides with a mixture o  
long chain and medium chain  atty acids within the 
same molecule are under investigation as possible 
alternatives to physical mixtures o  LCTs and MCTs.

droplet interactions and inter acial f lms are consid-
ered in Chapter 5. However commercial pharma-
ceutical emulsions (even dilute mobile  uids  or 
intravenous administration) are rarely such simple 
oil and water systems. They are more o ten complex 
multiphase emulsions containing additional phases 
(e.g. liquid crystalline) to oil and water. A unif ed 
theory o  emulsif cation cannot be applied quantita-
tively to such multiphase emulsions, which range in 
consistency  rom mobile or structured  uids to so t  
or sti   semisolids.

Formulation of e muls ions

When  ormulating a pharmaceutical emulsion, the 
choice o  oil, emulsif er and emulsion type (o/ w, w/ o 
or multiple emulsion) will depend on the route o  
administration and its ultimate clinical use. The  or-
mulator must optimize processing conditions as 
these control droplet  size distributions and rheology, 
which in turn in uence emulsion stability and thera-
peutic response. The potential toxicity o  all the 
excipients, their cost and possible chemical incom-
patibilit ies in the f nal  ormulation must also be 
identif ed. It  is sometimes di f cult  to isolate these 
e  ects in practical emulsions as each is dependent 
on, and in uenced by, the other. Thus ingredient 
selection is made o ten by trial and error and is 
dependent on the experience o  the  ormulator.

Selection of the oil phase

The oil used in the preparation o  pharmaceutical 
emulsions may be the medicament itsel  or it  may 
 unction as a carrier  or a lipid-soluble drug. The 
selection o  the oil phase will depend on many 
 actors including the desired physical properties o  
the emulsion, the miscibility o  the oil and aqueous 
phases, the solubility o  the drug (i  present) in the 
oil and the desired consistency o  the f nal emulsion. 
Some oils, in particular unsaturated oils o  vegetable 
origin, are liable to auto-oxidation and become 
rancid, and so antioxidants or preservatives must be 
incorporated into the emulsion to inhibit  this deg-
radation process.

For externally applied emulsions, oils based on 
hydrocarbons are widely used. Liquid para f n, 
either alone or combined with so t  or hard para f n, 
is used in numerous dermatological lotions and 
creams, both as a vehicle  or the drug, and  or the 
occlusive and sensory characteristics imparted when 
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o  contamination may be  rom the water used, the 
raw materials (especially i  these are natural prod-
ucts), the manu acturing and packaging equipment, or 
introduced by the patient during use. Such contami-
nation, which may constitute a health hazard, can also 
a  ect the physicochemical properties o  the  ormula-
tion, causing colour, odour or pH changes and even 
phase separation. Water-in-oil emulsions are less sus-
ceptible to such contamination because the aqueous 
phase is essentially enclosed and protected by the oil.

An ideal preservative should exhibit  a wide spec-
trum o  activity against bacteria, yeasts and moulds; 
it  should be  ree  rom toxic, irritant or sensitizing 
activity (Chapter 50). Large-volume injectable  at 
emulsions do not contain preservatives and steriliza-
tion is achieved by autoclaving without a preserva-
tive. Phenoxyethanol, benzoic acid, and the 
parabenzoates are used as preservatives in oral and 
topical emulsions. The preservative will partition 
between the oil and aqueous phases, with the oil 
phase acting as a reservoir. Aqueous pH is an addi-
tional  actor to be considered, as a su f cient con-
centration o  the unionized  orm must be present to 
ensure proper preservation. Compatibility problems 
can occur between emulsif ers and preservatives,  or 
example polyoxyethylene non-ionic sur actants 
emulsif ers and phenolic preservatives, not only 
destroying their microbial activity but also the emul-
sif cation properties o  the sur actant.

Antioxidants .and .humectants
Antioxida nts are added to some emulsions to 
prevent oxidative deterioration o  the oil, emulsif er 
or the drug itsel  during storage. Such deterioration 
imparts an unpleasant, rancid odour and taste. Some 
oils are supplied containing suitable antioxidants. 
Antioxidants commonly used in pharmacy include 

Emulsif ed per uorochemicals are also consid-
ered acceptable  or intravenous use provided that 
they are excreted relatively quickly. A major problem 
in the  ormulation o  the early per uorocarbon 
emulsions as blood substitutes was that the oils that  
 ormed the most stable emulsions were not cleared 
rapidly  rom the body.

Selection of the emuls ifying  
agent (emuls i er)

Emulsif ers are used to control emulsion stability 
during a shel -li e that can vary  rom days  or extem-
poraneously prepared emulsions, to months or years 
 or commercial preparations. In practice, combina-
tions o  emulsif ers rather than single agents are 
generally used. The choice o  emulsif er depends on 
the type o  emulsion to be prepared, emulsif er toxic-
ity (or irritancy i  applied to the skin) and potential 
cost and availability. The f nal clinical use o  the 
emulsion is also an important consideration, as emul-
sif ers control the in-vivo  ate o  emulsions by their 
in uence on droplet size distribution, and the charge 
and sur ace properties o  the individual droplets.

The  unctionality and types o  emulsi ying agent 
are o  such importance to the properties o  the 
emulsion that emulsif ers are considered in a sepa-
rate major section below headed ‘Emulsi ying agents 
(emulsif ers)’.

Other excipients

Pres erva tives
The aqueous continuous phase o  an oil-in-water 
emulsion can produce ideal conditions  or the growth 
o  bacteria, moulds and  ungi. The potential sources 

Table 27.1 Selected commercial lipid emulsions  or parenteral nutrition

Trade name Oil phase (%) Emulsif er (%) Other components (%)

Intralipid® (Fresenius Kabi) Soya (10, 20 and 30) Purif ed egg phospholipids 
(1.2)

Glycerol (2.2), phosphate 
(1.5 mmol)

Omegaven® (Fresenius Kabi) Ref ned f sh oils (10) Egg phosphatides (1.2) Glycerol (2.5)

ClinOleic 20%® (Baxter) Purif ed olive and soya (20) Egg phosphatides (1.2) Glycerol (2.25)

Lipo undin *MCT/LCT® (Braun) Soya and MCT 1 : 1 (10 and 20) Egg lecithin (0.75 and 1.2) Glycerol (2.5)

*MCT = medium chain triglyceride; LCT = long chain triglyceride
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reduces the thermodynamic tendency  or coales-
cence, inter acial tension reduction is not a major 
 actor in maintaining long-term stability.

Inter acial f lms do not have the dominant role in 
maintaining stability in many practical emulsions in 
which the external phase is thickened by the emulsi-
f er, i.e. in which the emulsif er signif cantly increases 
the viscosity o  the continuous phase. In these, the 
structured continuous phase  orms a rheological 
barrier which prevents the movement and hence the 
close approach o  droplets. Emulsif ers that thicken 
the external phase but do not  orm an inter acial 
f lm are variously described as auxiliary emulsi ers, 
co-emulsi ers or viscosity enhancers. Many pharma-
ceutically important mixed emulsif ers, including 
lecithin and the emulsi ying waxes,  orm inter acial 
f lms at low concentration and also structure the 
external phase at  higher concentrations by the  or-
mation o  addit ional lamellar liquid crystalline (with 
lecithins) or crystalline gel network phases (with 
emulsi ying waxes).

Emuls ion type

The type o  emulsion that  orms (whether o/ w or 
w/o or multiple emulsion) and droplet size distribu-
tion depend on a number o  interrelated  actors, 
including the method o  preparation (energy input), 
the relative volumes o  the oil and water phases and 
the chemical nature o  the emulsi ying agent. When 
oil and water are mixed vigorously in the absence o  
an emulsif er, droplets o  both liquids are produced 
initially, with the more rapidly coalescing droplets 
 orming the continuous phase. G enerally this is 
the liquid present in the greater amount because the 
greater number o  droplets  ormed increases the 
probability o  droplet  collision and subsequent coa-
lescence. With the inclusion o  an emulsif er, the 
type o  emulsion that  orms is no longer a  unction 
o  phase volume alone, but also depends on the rela-
tive solubility o  the emulsif er in the oil and water 
phases. In general, the phase in which the emulsi y-
ing agent is more soluble (or in the case o  solids, 
more easily wetted by) will  orm the continuous 
phase. Thus, hydrophilic sur actants and polymers 
promote o/ w emulsions and lipophilic emulsif ers 
(with low HLB, see ‘Emulsif er selection’ section 
below) promote w/ o systems.

Theoretically, the disperse phase o  an emulsion 
can occupy up to a maximum o  74% o  the phase 
volume. Whilst such high internal phase o/ w 

butylated hydroxyanisole (BHA) and butylated 
hydroxytoluene (BHT) at  concentrations up to 0.2%, 
and the alkyl gallates, which are e  ective at  very low 
concentrations (0.001-0.1%). Alpha-tocopherol is 
added to some commercial lipid emulsions to prevent 
peroxidation o  unsaturated  at ty acids.

Humecta nts, such as propylene glycol, glycerol 
and sorbitol at  concentrations up to 5%, are o ten 
added to dermatological preparations to reduce the 
evaporation o  the water  rom the emulsion during 
storage and use. However, high concentrations may 
also remove moisture  rom the skin, causing dryness.

Emuls ifying  age nts  
(e muls i e rs )

Function of emuls ifying agents

The  unction o  an emulsi ying agent (emulsif er) is 
to maintain the dispersion state o  the emulsion  or 
an extended period o  t ime a ter the cessation o  
agitation, i.e. to impart kinetic stability to the emul-
sion. The dispersed droplets do not retain their 
initial character because the emulsion becomes ther-
modynamically stable ( or the  ree energy is still 
high) but rather because the added emulsif ers 
inhibit  or delay the processes o  coalescence and 
Ostwald ripening (described below).

Emulsif ers generally impart t ime-dependent sta-
bility by the  ormation o  a mechanical or electro-
static barrier at the droplet  inter ace (an inter acial 
f lm) or in the external phase (a rheological barrier). 
The  ormation o  inter acial f lms by adsorption o  
the emulsif er at the oil/ water inter ace has been 
discussed in Chapter 5.

The inter acial f lm may increase droplet-droplet 
repulsion by the introduction o  electrostatic or steric 
repulsive  orces to counteract the van der Waals 
 orces o  attraction. Electrostatic repulsions are 
important in o/w emulsions stabilized by ionic emul-
sif ers, whereas steric repulsive  orces, which arise 
when hydrated polymer chains approach one another, 
dominate with non-ionic emulsif ers and in w/o emul-
sions. The inter acial f lm may also provide a mechan-
ical barrier to prevent droplet coalescence, particularly 
i  it is close packed and elastic. G enerally, mixtures 
o  emulsif ers provide stronger inter acial f lms. Sur-
 actant emulsif ers lower the inter acial tension 
between the oil and water. Although this  acilitates 
the  ormation o  droplets during emulsif cation and 
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pharmaceutical emulsi ying agents are shown in 
Tables 27.2 and 27.3.

Sur ace .ac tive .agents .and .polymers
Sur ace active agents (sur actants  or short) are 
 urther classif ed as ionic (i.e. anionic or cationic) or 
non-ionic according to their characteristics on disso-
ciation. Most are mixtures o  long chain homologues 
having hydrocarbon chain lengths between 12-18 
carbon atoms with a hydrophilic head group. Their 
emulsi ying power is in uenced by batch variations 
in the homologue composition, with pure homologue 
sur actants proving to be very poor emulsif ers.

emulsions stabilized by suitable emulsif ers have 
been produced, it  is more di f cult to  orm w/ o 
emulsions with greater than 50% disperse phase 
because o  the steric mechanisms involved in their 
stabilization. In practice, pharmaceutical emulsions 
usually contain 10-30% disperse phase.

Class i cation of emuls ifying agents

Emulsi ying agents may be classif ed into two groups 
(i) synthetic or semi-synthetic sur ace active 
agents and polymers and (ii) naturally occurring 
materials and their derivatives. Examples o  typical 

Table 27.2 Synthetic sur ace active emulsi ying agents

Class Example Structure Emulsion type, route 
o  administration

Anionic

Alkyl sulphates Sodium lauryl sulphate C12H25OSO3
−Na+ o/w; topical

Monovalent salts o   atty acids Sodium stearate C17H35COO−Na+ o/w; topical

Divalent salts o   atty acid Calcium oleate (C17H35 COO−)2Ca++ w/o; topical

Cationic

Quaternary ammonium 
compounds

Cetrimide C16H33N+(CH3)3 o/w; topical

Non-ionic

Alcohol polyethylene glycol 
ethers

Cetomacrogol 1000 CH3(CH2)n(OCH2CH2)mOH
n = 15 or 17; m = 20-24

o/w; topical

Fatty acid polyethylene glycol 
esters

Polyethylene glycol 40 
stearate

CH3(CH2)16CO(OCH2CH2)40OH o/w; topical

Sorbitan  atty acid esters Sorbitan monooleate 
(Span 80)

See text w/o; topical

Polyoxyethylene sorbitan  atty 
acid esters

Polyoxyethylene 
sorbitan monooleate
(Tween 80)

See text o/w; topical, parenteral

Polyme ric

Polyoxyethylene/
polyoxypropylene block 
co-polymers

Poloxomers (Pluronic 
F-68)

OH(C2H4O)a.(C3H6O)b.(C2H4O)a o/w; parenteral

Fatty amphiphile s

Fatty alcohols Cetyl alcohol C16H33O−H+ w/o; topical

Fatty acids Stearic acid C16H33COO−H+ w/o; topical

Monoglycerides Glyceryl monostearate w/o; topical
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such as cationic sur actants and polymers. Examples 
o  anionic sur actants include:
Alkyl sulpha tes. Sodium lauryl (dodecyl) sulphate 
is the most widely used sur actant in topical prod-
ucts. The commercial sulphate is actually a mixture 
containing predominantly the C12 homologue, but 
also contains some C14 and C16 homologues. Sodium 
lauryl sulphate alone is a weak emulsif er o  the o/ w 
type, but  orms a power ul o/ w blend when it  is 
used in conjunction with cetostearyl alcohol.
Monova lent sa lts of fa tty a cids. Emulsif ers in 
this group consist  mainly o  the alkali salts o  long 
chain  atty acids, e.g. C17H 35COO −X+, where X may 
be Na, K, NH 4 or triethanolamine (TEA). Alone, 
these ‘soaps’ promote rather unstable, mobile o/ w 
emulsions, but when combined with  atty acids they 
 orm power ul o/ w emulsi ying blends that stabilize 
a number o  dermatological products.

In many  ormulations, the ‘nascent soap’ method 
o  preparation is used, in which soap is  ormed in 
situ  rom the partial neutralization o  a  atty acid 
(which may be a component o  the oil phase) with 
the appropriate alkali. For example, in white lini-
ment, ammonium oleate is  ormed in situ  rom the 
reaction between ammonia solution and oleic acid. 
Triethanolamine soaps,  ormed in situ by the partial 
neutralization o   atty acid (generally stearic acid) 
by TEA have a long history o  use in the  ormulation 
o  cosmetic and pharmaceutical o/ w vanishing 
creams.
Diva lent sa lts of fa tty a cids. Calcium salts o  
 atty acids containing two hydrocarbon chains  orm 
w/ o emulsions due to their limited solubility in 
water. These are generally  ormed in situ by the 
interaction o  calcium hydroxide with a  atty acid. 
In zinc cream, calcium oleate is  ormed in situ  rom 
the interaction between oleic acid and calcium 
hydroxide. This approach is also used in some  or-
mulations o  oily calamine cream, in which oleic acid 
and some o  the  ree  atty acid component o  arachis 
oil are partially neutralized by calcium hydroxide to 
 orm a calcium oleate/ oleic acid mixed emulsif er.

Cationic surfactants
Cationic sur actants dissociate at low pH to  orm a 
long-chain sur ace-active cation. Emulsions contain-
ing cationic sur actant as emulsif er are unstable at 
high pH and in the presence o  anionic materials 
including anionic sur actants and polymers.
Q ua terna r y a mmonium compounds. These con-
stitute an important group o  cationic emulsif ers in 

There are an enormous number o  synthetic 
sur actants available commercially, and they  orm 
by  ar the largest group o  emulsif ers studied in 
the general scientif c literature. Un ortunately, the 
majority o  the synthetic sur actants are toxic (many 
are haemolytic) and irritant to the skin and the 
mucous membranes o  the gastrointestinal tract. In 
general, cationic sur actants are the most toxic and 
irritant and non-ionic sur actants the least. Thus,  or 
pharmaceutical emulsions, ionic synthetic sur actants 
are used only in external topical preparations where 
they are present at relatively low concentration. Both 
ionic and non-ionic sur actants are combined with 
 atty alcohols to produce anionic, cationic or non-
ionic emulsi ying waxes, which are used to both 
stabilize and structure aqueous lotions and creams. 
A limited number o  non-ionic sur actants (e.g. the 
polysorbates, discussed below) are also used inter-
nally in oral and parenteral emulsions, although leci-
thin (a mixture o  anionic and neutral phospholipids) 
is the main emulsif er in commercial lipid emulsions. 
The non-ionic block co-polymer poloxomer 188 
(Pluronic® F68) has been used in per uorochemical 
emulsions  or intravenous in usion, although some 
patients are sensitive to this emulsif er.

Anionic surfactants
Anionic sur actants dissociate at high pH to  orm a 
long-chain anion with sur ace activity. Emulsi ying 
properties are lost and emulsions are unstable in acid 
conditions and in the presence o  cationic materials, 

Table 27.3 Natural emulsi ying agents

Class Example Emulsion type; 
route o  
administration

Polysaccharide Acacia o/w; oral
Methylcellulose o/w; oral

Phospholipid Purif ed 
lecithins

o/w; oral, parenteral

Sterol Wool  at w/o; topical
Cholesterol and 

its esters
w/o; topical

Finely divided 
solid

Bentonite o/w and w/o; 
topical

Aluminium 
hydroxide

o/w, oral
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is shown below. The series o  sorbitan esters are 
hydrophobic in nature and by themselves produce 
w/ o emulsions.

dermatological preparations because they also have 
antimicrobial properties. Cetrimide (cetyltrimethyl 
ammonium bromide) is blended with cetostearyl 
alcohol to  orm cationic emulsi ying wax which is the 
mixed emulsif er used in cetrimide cream.

Non-ionic surfactants
There are an enormous number o  non-ionic sur-
 actants available commercially with di  erent oil and 
water solubility producing either o/w emulsions or 
w/o emulsions. Non-ionic sur actants are particularly 
use ul as emulsif ers because they are less toxic and 
irritant than ionic sur actants, and there ore a limited 
number (e.g. polysorbate 80; Tween® 80) are used 
in parenteral and oral products. In addition, non-
ionic sur actants do not ionize to any extent and thus 
are more resistant than ionic sur actants to changes 
in pH and the presence o  electrolytes and polyvalent 
ions. Most non-ionic sur actants are based on:
•  a hydrophobic moiety with 12-18 carbon atoms. 

The starting material may be a  at ty acid or 
sorbitan.

•  a hydrophilic moiety composed o  an alcohol 
(–OH) and/ or ethylene oxide groups linked 
together to  orm long polyoxyethylene chains.

For each starting material, the polyoxyethylene 
chain can be modif ed and water solubility increased 
by the systematic addition o  ethylene oxide.
Polyoxyethylene glycol ethers (ma crogols). 
These are a series o  non-ionic sur actant condensa-
tion products o   atty alcohols with hydrocarbon 
chain lengths  rom C12-C18 and polyethylene glycol. 
They are used as both o/ w and w/ o emulsif ers as 
their oil and water solubility can be controlled by 
altering both the length o  the hydrocarbon chain 
and the length o  the polyoxyethylene (POE) chain. 
The most widely used emulsif er in this class is 
cetomacrogol 1000 (Table 27.2) which is used com-
bined with cetostearyl alcohol to stabilize o/w 
lotions and creams, including the o f cial Cetomac-
rogol Cream.
Sorbita n esters. The sorbitan esters are a series o  
sur actants, widely known as the Spans®, that are 
produced by the esterif cation o  one or more o  the 
hydroxyl groups o  sorbitan with a  atty acid (hence 
the synonym sorbitan fatty acid esters). Various 
 atty acids are combined resulting in a range o  com-
mercial products, e.g. sorbitan monolaurate (Span 
20), sorbitan monopalmitate (Span 40), sorbitan 
monostearate (Span 60), sorbitan monooleate (Span 
80). The structure o  sorbitan monooleate (Span 80) 

O

OH

CHOHCH2COOC17H33

HO

O

(OCH2CH2)xOH

CH(OCH2CH2)yOH

CH2(OCH2CH2)zOCOR

HO(CH2CH2O)w

Polyoxyethylene sorbita n esters (polysorb-
a tes). The polysorbates are more hydrophilic poly-
oxyethylene derivatives o  the sorbitan esters above 
( ull name – polyoxyethylene sorbitan  atty acid 
esters). The  ollowing grades are used in pharmacy: 
polyethylene 20 sorbitan monolaurate (polysorbate 
20), polyethylene 20 sorbitan monopalmitate (polys-
orbate 40), polyethylene 20 sorbitan monostearate 
(polysorbate 60) and polyethylene 20 sorbitan 
monooleate (polysorbate 80). Commercially these are 
known as the Tweens®. The 20 in the name re ers to 
the number o  POE groups in the molecule. The 
 ormula  or polyoxyethylene 20 sorbitan monooleate 
(Tween 80) is shown below. In this molecule, the 
subscripts w, x, y and z add up to 20. The group R is 
the  atty acid chain – in this case –CH2COOC17H 33.

An enormous range o  polysorbate sur actants o  
di  ering oil and water solubility are available by 
controlling the  atty acid and the length o  the poly-
ethylene glycol chains in the molecule. Thus, the 
polysorbates are able to stabilize both w/ o and o/ w 
emulsions, depending on their HLB value (see 
‘Emulsif er selection’ section below). Mixtures o  
sorbitan esters and their POE derivatives are used 
to  orm stable emulsions.

Fatty amphiphiles
Fa tty a lcohols a nd fa tty a cids. These are some-
times described in older texts as auxiliary emulsif -
ers. When used alone, they are weak w/ o emulsif ers. 
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extensively as o/ w emulsif ers in parenteral and oral 
lipid emulsions (Table 27.3). Lecithins are com-
posed o  complex mixtures o  neutral and negatively 
charged phospholipids o  which the major compo-
nents are phosphatidylcholine and phosphatidyleth-
anolamine (~ 90%) (which are uncharged at 
physiological pH) with smaller quantit ies o  phos-
phatidylserine (PS), phosphatidylglycerol (PG ) and 
phosphatidic acid (PA) (which are negatively 
charged). The lecithins stabilize lipid emulsions by 
increasing the sur ace charge o  the droplets, and by 
the  ormation o  inter acial liquid crystalline phases. 
The emulsi ying properties are related to the rela-
tive proportions o  neutral and anionic lipids which 
vary with phospholipid source and degree o  purif -
cation. Currently, egg-yolk lecithin is the emulsif er 
o  choice (see Table 27.1).

Hydrophilic .colloids ;.polys accharides
Polysaccharides, including gums, such as acacia and 
tragacanth, and alginate and cellulose derivatives are 
hydrophilic colloids that are predominantly used as 
emulsi ying agents in oral preparations. They render 
an unpleasant  eel to topical emulsions. They are 
susceptible to degradation, in particular by depo-
lymerization. Polysaccharides provide a good growth 
medium  or microorganisms so that preservation o  
emulsions containing them is essential. Whilst they 
do not lower inter acial tension, some polysaccha-
rides, including acacia and purif ed and semi-
synthetic derivatives o  methylcellulose, stabilize 
o/ w emulsions by the  ormation o  thick multi-
layered f lms which are highly resistant to f lm 
rupture. As an example, methylcellulose 20 is used 
at a concentration o  2% to stabilize Liquid Para f n 
Oral Emulsion BP. Other polysaccharides  orm poor 
inter acial f lms and are relatively ine f cient emulsi-
f ers when used alone. They act mainly as viscosity 
modif ers as they increase the consistency o  the 
external phase and thereby inhibit creaming and 
coalescence (see section on ‘Emulsion stability’).

Ste roida l.emuls if e rs
Examples o  steroidal emulsi ying agents derived 
 rom animal sources include wool  at (lanolin), wool 
alcohols (lanolin alcohols), beeswax and cholesterol. 
They are generally complex mixtures o  cholesterol, 
long-chain alcohols and related sterols. Purif ed 
derivatives are still widely used in tradit ional derma-
tological emulsions, such as creams, as w/ o emulsi-
f ers, and  or their emollient properties. They are 

However, in the presence o  ionic or non-ionic sur-
 actants,  or example when  ormulated as emulsi y-
ing waxes, they are very power ul o/ w blends.
G lycerol monoesters. G lyceryl monostearate and 
glyceryl monooleate are the most common 
monoesters used in dermatological  ormulations. 
The amphiphilic glycerol monoesters, described as 
non-emulsi ying grades in the various pharmaco-
poeias, are poor w/ o emulsif ers. Sel -emulsi ying 
grades, which are similar to the emulsi ying waxes, 
are produced either by the partial neutralization o  
some o  the  ree  at ty acid component o  the 
monoester using alkali, or alternatively by the addi-
tion o  ~  5% o  ionic or non-ionic sur actant.

Most  atty amphiphiles are not pure homologues. 
For example, cetostearyl alcohol is a mixture o  C16 
cetyl alcohol (20-35%) and C18 stearyl alcohol 
(50–70%). Similarly, stearic acid is generally com-
posed o  approximately 55% palmitic acid (C16) and 
45% stearic acid (C18) homologues. Such mixes 
show considerable inter-manu acturer and inter-
batch variations. In creams, the homologue compo-
sition o  the  atty amphiphile markedly in uences 
structure and stability (see later in this chapter).

Polymeric surfactants
The poloxamers (also known as Pluronics®, e.g. 
poloxamer 188 is Pluronic® F68) are a series o  
neutral synthetic polyoxyethylene-polyoxypropylene 
block co-polymers which are used either alone, or 
as auxiliary emulsif ers with lecithin in small-volume 
parenteral injections. Poloxamer 188 is resistant to 
breakdown during autoclave sterilization and its 
combination with lecithin may stabilize the emul-
sion by giving a more close packed inter acial f lm.

Natural macromolecular materials

Many traditional emulsi ying agents are derived  rom 
natural plant or animal sources and show considerable 
batch-to-batch variation in their composition which 
may result in variable emulsi ying properties. Many 
are also susceptible to microbial contamination and 
degradation by oxidation or hydrolysis o  compo-
nents. In order to reduce such instabilities and extend 
product shel -li e, purif ed and semi-synthetic deriva-
tives are generally used in commercial preparations.

Phos pholip ids
Purif ed lecithins are natural sur actants derived 
 rom egg yolk or soya bean oil. They are used 
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 orm more stable emulsions. The hydrophile-
lipophile balance (HLB) method provides a system-
atic method o  selecting mixtures o  emulsi ying 
agents to produce physically stable emulsions. 
Although originally applied to non-ionic sur actants, 
its use has now been extended to ionic sur actants.

Each sur actant is allocated an HLB number 
between 0 and 20 which expresses numerically the 
size and strength o  the polar portion relative to the 
non-polar portion o  the molecule. Thus, the higher 
the HLB number, the more hydrophilic or water 
soluble the sur actant, and the lower the number 
the more lipophilic or oil soluble the sur actant. The 
HLB values o  ionic sur actants are much higher (up 
to 50) as they are based on ionization properties. 
Table 27.4 gives HLB values  or commonly used 
sur actant emulsif ers. The theoretical concept o  
HLB values is discussed more  ully in Chapter 5.

De termina tion.o .‘required .HLB’.va lue
The HLB value o  the emulsif er blend giving the 
most stable emulsion is known as the ‘required HLB 
value’  or that oil phase. The HLB value required to 
most e  ectively  orm an emulsion  or a range o  
individual oils,  ats and waxes may be obtained  rom 
the literature. I  a mixed emulsif er system is used 
in a  ormulation and the HLB values o  the indi-
vidual components in an oily mixture are known, the 
required HLB can be calculated theoretically  rom 
the proportions o  each component in the oil phase. 
Alternatively, i  the required HLB o  the oil is not 
available, it  can be  ound by experimentation. To 
per orm such experiments, a series o  emulsions 
using blends o  a given pair o  non-ionic emulsif ers 
covering a range o  HLB numbers is made. These 
HLB values can then be used to assess the suitability 
o  other blends that may give a better emulsion.

The method o  selection o  emulsi ying agents is 
based on the observation that  di  erent oils require 
emulsi ying agents o  di  erent HLB numbers to 
produce close-packed inter acial f lms and stable 
emulsions. Thus, individual oils are o ten given two 
‘required’ HLB numbers – a high value to  orm an 
o/ w emulsions and a low one to  orm w/ o emulsions, 
respectively (Table 27.5). A number o  non-ionic 
emulsif ers and their blends, chemically di  erent 
but all with HLB values similar to the required HLB 
o  the oil, are then examined to f nd which emulsi y-
ing system  orms the most stable emulsion. Assess-
ments are based on physical properties, such as 
droplet size distribution.

prone to oxidation and hydrolysis, and antioxidants 
may need to be incorporated into the emulsion. 
Wool  at  is used in combination with calcium oleate 
in oily calamine lotion, with beeswax in pro avin 
cream and with cetostearyl alcohol in zinc and ich-
thammol cream.

A large number o  purif ed and chemically modi-
f ed derivatives are available commercially that  
produce more stable w/ o emulsions and retain desir-
able emollient properties. They are sometimes mod-
if ed to produce o/ w emulsions. For example, a 
series o  non-ionic water soluble lanolin derivatives 
that promote the  ormation o  o/ w emulsions have 
been produced commercially by reacting lanolin 
with ethylene oxide.

Solid .partic les
Finely divided solid particles may stabilize emulsions 
i  they are partially wetted by both the oil and water 
phases and possess su f cient adhesion  or one 
another to  orm a coherent inter acial f lm to give 
a mechanical barrier against droplet coalescence. 
I  the particles are pre erentially wetted by the 
aqueous phase, an o/ w emulsion  orms whereas i  
the solid is pre erentially wetted by oil, a w/ o emul-
sion is produced. The particles must be orders o  
magnitude smaller than the droplets and their e  ec-
t iveness in stabilizing the emulsion will depend on 
particle size, shape, wettability, inter-particle inter-
actions and the emulsion medium. Emulsions stabi-
lized by solid particles are sometimes described as 
Pickering emulsions or sur actant- ree emulsions. 
Magnesium hydroxide is used as the emulsif er in 
liquid para f n and magnesium hydroxide oral 
emulsion.

Solid particles may also act as viscosity modif ers. 
Clays, such as bentonite and aluminium magne-
sium silicate, are o ten incorporated into cosmetic 
creams. There is a resurgence in interest in Pickering 
emulsions, especially  or the topical delivery o  
drugs, and a number o  new types o  hydrophobi-
cally modif ed colloidal silica particles are being 
investigated.

Emuls i er selection

The.hydrophile -lipophile .ba lance ..
(HLB).method
As previously discussed, pharmaceutical emulsions 
generally contain mixtures o  emulsif ers, as these 
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Box 27 1 

Worked example
A formulator is  required to formulate an o/w emuls ion 
of the bas ic formula:

Liquid paraf n 50 g
Emuls ifying agents  (required HLB 10 5) 5 g
Water to 100 g

In order to prepare this  liquid paraf n-in-water 
emuls ion, the non-ionic emuls i er, or mixture of 
non-ionic emuls i ers , should have the required HLB of 
10 5  This  narrows  the number of poss ible surfactants  
cons iderably  Although a s ingle surfactant of this  HLB 
may be suitable, usually it is  better to have a mixture 
of emuls i ers , one of lower HLB than required and the 
other of higher HLB than required  In the above 
formulation, suitable emuls i ers  are Tween 80 (with an 
HLB of 15) and Span 80 (with an HLB of 4 3) 

To calculate the fraction x of Tween 80, Equation 
27 2 gives :

 10 5  15  1  4 3.  (  )  .=  ×  +  −  ×x  x

 15  4 3  10 5  4 3  10 7  6 2x  x  x−  =  −  =.  .  .  , .  .  .  .ie

 x  = 0 58.

Thus , to match the required HLB of the oil, the 
fraction (or percentage = fraction × 100) of Tween 80 
is  0 58 (58% ) and that of Span 80 is  0 42 (42% )  
Thus , 2 9 g (0 58 × 5) of Tween 80 and 2 1 g (0 42 × 
5) of Span 80 are required for this  formulation 

Table 27.4 HLB values  or some pharmaceutical non-ionic sur actants

Commercial name Pharmacopoeia name HLB value

Span 85 Sorbitan trioleate 1.8

Span 80 Sorbitan oleate 4.3

Span 60 Sorbitan monostearate 4.7

Span 20 Sorbitan monolaurate 8.6

Brij 98 Polyoxyethylene 10 stearyl ether 12

Tween 60 Polysorbate 60 (polyoxyethylene 20 sorbitan monostearate) 14.9

Tween 80 Polysorbate 80 (polyoxyethylene 20 sorbitan oleate) 15

Cetomacrogol 1000 Macrogol cetostearyl ether 15.7

Tween 20 Polysorbate 20 (polyoxyethylene 20 sorbitan monolaurate) 16.7

Potassium oleate 20
Sodium dodecyl (lauryl) sulphate 40

Table 27.5 The ‘required’ HLB values  or oils and oil 
phase ingredients

Oil O/W emulsion W/O emulsion

Petrolatum 7-8 4

Liquid para f n 10.5 4

Mineral oil, light 12 4

Castor oil 14 –

Lanolin, anhydrous 12 8

Beeswax 9 5

Cottonseed oil 6 –

Pine oil 16 –

Calcula tion.o .ra tio.o .emuls if e r.to.
p roduce .a .particula r.required .HLB.va lue
One o  the most important aspects o  the HLB 
system is that the HLB values are additive i  the 
amount o  each in a blend is taken into account. 
Thus, blends o  high and low HLB sur actants can 
be used to obtain the required HLB o  an oil. The 
HLB o  the mixture o  sur actants, consisting o  
 raction x o  A and (1 − x) o  B, is assumed to be 
the algebraic mean o  the two HLB numbers, i.e.:

 HLB  HLB  HLBmixture  A  B=  +  −(  )x x1  
(27.2)
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Cre ams

Creams are white, semisolid preparations, o ten 
medicated, intended  or external application to the 
skin and mucous membranes. Pharmaceutical and 
cosmetic creams are generally o/ w emulsions 
(aqueous creams), although the term is also used 
occasionally to describe semisolid w/ o emulsions 
(oily creams). In addition other non-emulsion bases, 
such as the oil- ree aqueous mixed emulsif er 
systems (described below), are re erred to as creams 
as they are also white and semisolid. The aqueous 
continuous phase o  an o/ w cream may be struc-
tured either i) directly, by the addition o  the appro-
priate amount o  structuring agent (o ten described 
as a rheological modif er) such as clay particles or 
polymeric materials and/ or ii) indirectly  rom inter-
actions between various emulsif er components and 
water to  orm lamellar gel network phases.

Although the consistencies o  some complex 
cream  ormulations are controlled by both mecha-
nisms, the stability and rheological properties o  
most aqueous creams are due mainly to the presence 
o  lamellar gel networks in the continuous phases.

Formulation of aqueous  creams

In the preparation o  o/ w creams, sparingly soluble 
 atty amphiphiles combined with more water-
soluble ionic or ionic sur actants are widely used 
(Table 27.6). The components o  the emulsif er may 
be added separately during the preparation o  the 
cream, or alternatively in the  orm o  a pre-blended 
emulsi ying wax (Table 27.7). Some emulsif er com-
binations contain the same components (e.g.  atty 
alcohols and ionic sur actants) as those investigated 
originally by Schulman and Cockbain in their 

Limita tions .o . the .HLB.method
Although the HLB system narrows the range o  
emulsif ers to select, and provides some sort o  
order to a seemingly endless choice o  emulsif ers, 
it  is limited by its strict relation to the molecular 
structure o  individual sur actants. The system is 
insensitive to the a f nity o  the emulsif er compo-
nents  or the aqueous and oily phases. For example, 
when sur actants with widely di  erent HLB 
numbers are mixed to give the optimum theoretical 
HLB, then unstable emulsions sometimes result  
because o  the high solubility o  the sur actants in 
the disperse and continuous phases which may 
change the balance o  molecules at  the inter ace, 
giving a weak inter acial f lm. In addition, the HLB 
method does not take into account the in uence o  
additional components in the  ormulation or the 
pro ound in uence o  temperature changes on sur-
 actant HLB.

The .HLB-phas e .invers ion.tempera ture .
s ys tem.(PIT)
This method extends the HLB method to include a 
characteristic property o  the emulsion, the phase 
inversion temperature (PIT) o  the system. I  an 
o/ w emulsion stabilized by a mixture o  non-ionic 
polyether sur actants is heated, phase inversion 
 rom an o/ w to a w/ o emulsion will occur at a spe-
cif c temperature unique to the particular emulsion. 
Phase inversion can be seen visually.

Phase inversion is based on the  act that the sta-
bilit ies o  o/w emulsions containing non-ionic 
sur actants are closely related to the degree o  
hydration o  the inter acial f lms. Oil/ water emul-
sions will  orm i  the sur actant is predominantly 
hydrophilic, whereas w/ o emulsions are produced 
when the lipophilic part  o  the molecule dominates. 
As temperature increases, the HLB value o  a non-
ionic sur actant will decrease as it  becomes more 
hydrophobic. At the temperature at which its hydro-
phobic tendency just exceeds its hydrophilic ten-
dency, the PIT, the emulsion will invert  to  orm 
a w/ o emulsion. There ore conditions,  or example 
added salts or an increase in temperature, which 
decrease the degree o  hydration o  the inter-
 acial f lm also decrease the stability o  the emul-
sion. As a general rule, relatively stable o/ w 
emulsions are obtained when the proposed storage 
temperatures are between 20-60 °C below the PIT, 
because the inter acial f lms are then su f ciently 
hydrated.

Table 27.6 Selection o  commonly used  atty 
amphiphiles and sur actants

Fatty amphiphile Sur actant

Cetostearyl alcohol Cetomacrogol 1000

Commercial cetyl alcohol Sodium lauryl sulphate

Commercial stearyl alcohol Cetrimide

Triple pressed stearic acid Triethanolamine stearate

Glyceryl monostearate Sodium stearate
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α -crystalline gel-network phase  ormed when the 
mixed emulsif er, in excess o  that required to  orm 
an inter acial f lm at the oil/  water inter ace, inter-
acts with continuous phase water.

A valuable method o  approach when developing 
the theory was to investigate the interaction o  mixed 
emulsif ers and their components in water over the 
ranges o  concentration and temperature relevant to 
the manu acture, storage and use o  the emulsion. 
This protocol is now generally adopted to develop 
new  ormulations. Oil- ree ternary systems, contain-
ing similar concentrations o  mixed emulsif er as used 
to stabilize emulsions, represent use ul structural 
models  or the continuous phases o  the correspond-
ing emulsions.

Inte rac tion.o .mixed .emuls if e rs .in.wate r
Figure 27.3 illustrates the phases that  orm sponta-
neously when a  atty alcohol such as cetostearyl 
alcohol is dispersed in water alone, and when it  is 
dispersed in the presence o  small quantities o  sur-
 actant at low and high temperature. Other  atty 
amphiphiles show similar phase behaviour, although 
the terminology used to describe the polymorphs 
may di  er.

Pure long-chain alcohols exist  in three polymor-
phic  orms. The high temperature α - orm separates 
f rst  rom the melt and is stable over a narrow tem-
perature range. At lower temperatures, the β- orm 
and γ- orm can co-exist. Transition temperatures are 
lowered and polymorphic temperature ranges 
extended with homologue admixtures such as ceto-
stearyl alcohol, and in the presence o  water. Thus, 
at room temperature, cetostearyl alcohol may be in 
the α - orm whilst pure cetyl or stearyl alcohols may 
exist as β-and γ-crystalline polymorphs. Crystalliza-
t ion in the α - orm is generally a pre-requisite  or the 

classical work on inter acial f lms (discussed in 
Chapter 5). The properties o  such f lms, although 
important, are not the main mechanisms in control-
ling shel -li e stability o  practical o/ w creams.

In creams, long-term stability is due to the  orma-
tion o  viscoelastic gel network phases which trap 
oil droplets, preventing their movement and interac-
tion. However, it  is emphasized that inter acial f lms 
are st ill important because even complex multiphase 
emulsions are sometimes  uid during their li etime, 
so that droplets are then  ree to interact. For 
example, the existence o  a strong inter acial f lm 
is particularly important at  the high temperatures 
o  preparation be ore networks consolidate, and in 
non-ionic creams in which networks consolidate 
only slowly on storage. During the emulsif cation 
process, sur actant emulsif ers reduce inter acial 
tension making droplets easier to break up, and the 
inter acial f lm then reduces the tendency  or  reshly 
 ormed droplets to re-combine.

The .ge l-ne twork.theory.o ..
emuls ion.s tab ility
The gel-network theory o  emulsion stability gives a 
coherent explanation  or the manner in which  atty 
amphiphiles and sur actant combined as mixed 
emulsif ers not only stabilize o/ w lotions and creams, 
but also control their consistencies between wide 
limits,  rom mobile lotions at low concentrations o  
emulsi ying wax to so t  or sti   semisolid creams 
at higher concentrations (sel -bodying action). 
Although most early work was per ormed using long 
chain alcohols, the same general principles apply 
whichever amphiphile or sur actant (ionic or non-
ionic) is used. The gel network theory established 
that the structure and stability o  o/ w creams are 
dominated by the swelling properties o  an 

Table 27.7 Typical emulsi ying waxes and their component sur actants

Emulsi ying wax Components Weight ratio (and ~ molar 
ratio) o  alcohol to sur actant

Emulsi ying Wax BP Cetostearyl alcohol, sodium lauryl sulphate 9 : 1 (~12 : 1)

Cationic Emulsi ying Wax BP Cetostearyl alcohol, cetimide 9 : 1 (~12 : 1)

Cetomacrogol Emulsi ying Wax BP Cetostearyl alcohol, cetomacrogol 1000 4 : 1 (~20 : 1)

Glyceryl Stearate SE 
(sel -emulsi ying)

Glyceryl monostearate, anionic soap –
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process o  manu acture and this temperature is 
sometimes described as the ‘setting temperature’.

Micros tructure of creams

Figure 27.4 shows a schematic diagram o  a typical 
multiple phase o/ w cream. The emulsion is com-
posed o   our phases:
•  dispersed oil phase stabilized by a mixed 

monomolecular f lm
•  α -crystalline gel phase composed o  bilayers o  

sur actant and alcohol separated by layers o  
interlamellar f xed water

•  α -crystalline hydrates that show limited 
swelling in water

•  bulk continuous  ree-phase water.
This multi-component continuous phase is viscoe-
lastic, so that the oil droplets are essentially immo-
bilized in the structured continuous phase, preventing 
 occulation and coalescence.

Figure 27.4 is a general schematic representation. 
The overall consistency o  the product (whether 
it is a structured liquid or a semisolid cream), 
its cosmetic appearance (shiny, pearly or matt), its 
rheological properties ( uid or semisolid) and its 

 ormation o  the swollen crystalline and liquid crys-
talline phases described below.

In excess water, the α -crystals show limited swell-
ing to  orm waxy crystalline hydrates (Fig. 27.3). 
However, in the presence o  very small quantities o  
ionic or non-ionic sur actant (molar ratios o  alcohol 
to sur actant in the region o  10-30 : 1 which are 
the proportions present in commercial emulsi y-
ing waxes, see Table 27.7), the swelling in excess 
water increases spontaneously to give a viscoelastic, 
 swollen α -crystalline gel phase. On heating the gel 
phase trans orms to lamellar liquid crystals at a spe-
cif c temperature, the crystalline gel-liquid transition 
temperature, TC. The liquid crystalline phase in 
which the hydrocarbon chains are in a dynamic dis-
ordered state is  uid as it  does not swell as exten-
sively as the low temperature gel phase (Fig. 27.3).

With cetostearyl alcohol and other amphiphiles 
used in pharmaceutical emulsions, the gel-liquid 
crystalline transition temperature is around 40-50 °C 
so that although  uid liquid-crystalline phases are 
present at the high temperatures o  emulsion manu-
 acture, when the emulsion cools they convert to a 
semisolid gel-network phase composed o  swollen-
crystalline gel phase in equilibrium with hydrated 
α -crystals and bulk  ree water. Many creams thicken 
at the transition temperature during the cooling 

Fig . 27.3 •  Diagram (not to scale) to illustrate the lamellar phases that form spontaneously at low and high 
temperatures when a fatty amphiphile and small quantities of ionic or non-ionic surfactant are dispersed in water.  
TC = gel-liquid crystalline phase transition temperature. 

+ surfactant

fa tty amphiphile

surfactant

α  – Hydra te  α  – Crys ta lline  Gel Liquid Crys ta l
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the proportion o  swollen lamellar phase is increased 
with a corresponding decrease in the amount o   ree 
bulk water, and emulsions become thicker or 
semisolid.

Fa tty.a lcohol.mixed .emuls if e rs

Ionic sur fa cta nts. Combinations o   at ty alcohols 
and ionic sur actants exhibit a phenomenal swelling 
in the aqueous continuous phase o  o/ w emulsions, 
 or the thickness o  the water layers is over 10 times 
the thickness o  the hydrocarbon bilayers, as shown 
schematically in Figure 27.5. The extensive swelling 
is electrostatic in nature. The sur actant molecules 
interposition among the  atty alcohol molecules and 
electrical double layers arise  rom the dissociation 
and di  usion o  counter-ions  rom the sur actant 
head groups at the sur ace o  the bilayers into the 
surrounding water. Electrostatic repulsion between 
adjacent bilayers arises  rom the overlap o  the elec-
trical double layers, and is described by the DLVO 
theory o  colloid stability (Chapter 5).

The addition o  electrolytes, such as sodium chlo-
ride, to creams stabilized by ionic mixed emulsif ers 
reduces electrostatic swelling between the bilayers 
thereby decreasing the gel-network phase volume 
with a corresponding increase in the quantity o  bulk 
 ree water. Thus, emulsions containing additional 
electrolyte are thinner with lower apparent viscosi-
ties than their electrolyte- ree counterparts.

rheological stability on storage (thinning or thicken-
ing) is related to:
•  the mechanisms and kinetics involved in the 

 ormation o  the phases
•  the thickness o  the interlamellar water layers
•  the proportion o  the added water that  is 

incorporated between the lamellae
•  the relative proportions o  the three phases
•  the stability o  the three phases over a range o  

temperatures and batch variations o  the 
components.

The gel-network theory explains the manner in 
which  ormulation  actors such as the nature o  the 
 atty amphiphile and its homologue purity, the ionic 
or non-ionic nature o  the sur actant, the molar 
ratios o  amphiphile to sur actant, and the total 
concentration o  the mixed emulsif er will in uence 
microstructure and properties.

Se l -bodying.ac tion
The ability to control the consistency o  o/ w creams 
and the corresponding oil- ree systems between 
wide limits by altering the mixed emulsif er concen-
tration (sel -bodying action) is related to the swell-
ing ability o  the lamellar gel-network phase and its 
volume  raction. At low concentrations o  mixed 
emulsif er, structured liquids  orm as the proportion 
o  bulk (continuous phase)  ree water is relatively 
high. At higher concentrations o  mixed emulsif er, 

Fig . 27.4 •  Schematic diagram of a typical o/w cream showing the complex nature of the structured continuous 
phase. The interlamellar water thickness is not to scale. 

Oil drople t

Surface  of
oil drople t

Interlamellar wate r Bulk wate r

Crys ta lline
hydra te

Gel phase

= ionic surfactant
= fa tty amphiphile



 Em u ls io n s  a n d  c re a m s  C H A P T E R  2 7

4 5 3

occurs very slowly because o  the crystalline nature 
o  the hydrocarbon chains. Thus, emulsions thicken 
and gradually become semisolid on storage.

Fa tty.ac id .mixed .emuls if e rs
Fatty acids exhibit marked polymorphism, and  orm 
lamellar gel network phases. Stearic acid is widely 
used as a component o  ‘vanishing’ creams. Such 
creams are extensively used in cosmetics because 
they usually have an attractive pearlescent sheen, 
and appear to vanish during application leaving a 
matt, non-greasy residue on the skin. Stearate 
creams are not tradit ional emulsions, but rather oil-
 ree ternary systems composed o  stearic acid, a 
stearate soap (i.e. an ionic sur actant) and water. 
The acid soap is  ormed in situ during the manu ac-
ture o  the product  rom the partial neutralization 
(10-40%) o  some o  the  atty acid with alkali, tra-
ditionally triethanolamine, although sodium hydrox-
ide and potassium hydroxide are also used in some 
 ormulations to produce potassium or sodium soaps. 
I  an oil phase is included in the  ormulation, the 
stearic acid and its soap  unction as a mixed emulsi-
f er to stabilize and control the consistency o  the 
emulsion.

Stearate creams containing partially neutralized 
 atty acids show a more complicated phase behav-
iour than those prepared with alcohols, and they 
are extremely sensitive to mechanical disruption. 
Creams  ormed by the partial neutralization (35%) 
o  stearic acid in situ by triethanolamine contain 
swollen lamellar gel phase with interlamellar water 

Non-ionic polyoxyethylene sur fa cta nts. The 
 at ty alcohols also swell in the presence o  non-ionic 
sur actants, although both the mechanism and 
timescale are di  erent  rom the ionic systems 
described above. With non-ionic sur actants, the 
swelling o  the α -crystals o   atty alcohol waxes is 
due to the hydration o  the polyoxyethylene (POE) 
chains o  the sur actant. These are orientated and 
extended into the interlamellar water, hydrated by 
this layer and stabilized by steric repulsions. With 
straight chain POE sur actants, such as cetomac-
rogol 1000 containing a straight chain o  20-24 POE 
groups, the interlamellar thickness is approximately 
twice that o  the extended chain length (Fig. 27.6).

Creams containing non-ionic emulsi ying waxes 
o ten show considerable structural changes on 
storage, sometimes changing  rom a milky liquid 
when f rst prepared to a semisolid on storage. Such 
changes are undesirable not only  rom a cosmetic 
point o  view, but also because variable bioavailabil-
ity prof les may result. These changes can be 
explained by considering the relationship between 
temperature and hydration o  POE chains. At the 
high temperature o  preparation, the POE groups do 
not hydrate signif cantly. On cooling to below the 
transition temperature, the POE chains become 
increasingly soluble and bilayers  orm as the chains 
extend into, and are hydrated by water. This means 
that the lamellar gel phase may only be partially 
 ormed a ter the cooling process, so that the emul-
sion is thin immediately a ter preparation. On 
storage the increased solubility o  the POE chains 
allows additional gel phase to  orm, although this 

Fig . 27.5 •  Diagram of a multiphase o/w cream stabilized by an ionic emulsifying wax to illustrate, to scale, the 
thickness of the interlamellar water layers. 
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which mobile emulsions are obtained at low concen-
tration and semisolid products at higher concentra-
tions. In common with  atty acids, the network 
phases  ormed  rom sel -emulsi ying grades are very 
sensitive to mechanical disruption.

Mola r.ra tio.o .  a tty.amphiphile ..
to.s ur ac tant
For semisolid products structured by gel networks, 
a large excess o  alcohol, in the region o  at least 
10-30 molecules o  alcohol to one molecule o  sur-
 actant is essential. Commercial emulsi ying waxes 
and those o  the various pharmacopoeias contain 
such an excess o  alcohol (Table 27.7). With higher 
sur actant concentrations, micellar phases rather 
than gel networks  orm. With excess alcohol, there 
is a broad range o  molar ratios o  alcohol to sur-
 actant ( rom ~ 10 : 1 to 100 : 1) over which gel 
networks  orm. The ratio controls the relative 

thickness ranging  rom 14-16 nm. This phase exists 
in equilibrium with crystals o  stearic acid and bulk 
continuous phase water. The translucent nature o  
stearic acid crystals imparts a translucent sheen to 
the cream. In contrast, ordered swollen lamellar 
structures are not apparent in creams in which 
sodium or potassium hydroxides are used to par-
tially neutralize stearic acid. In these, the structure 
is a result  o  highly disordered interlinking bilayers 
o  mixed emulsif er (twisted ribbons) holding vast 
amounts o  water by capillary  orces.

Se l -emuls i ying.glyceryl.monoes te rs
G lycerol monoesters are poor w/ o emulsif ers. The 
sel -emulsi ying grades containing small quantities 
o  either ionic or non-ionic sur actant are essentially 
emulsi ying waxes. When dispersed in water the 
sel -emulsi ying grades  orm swollen lamellar gel-
network phases, and exhibit a sel -bodying action in 

Fig . 27.6 •  Diagram of an o/w cream stabilized by a fatty alcohol/non-ionic (straight polyoxyethylene chain) 
surfactant emulsifying wax to illustrate, to scale, the thickness of the interlamellar water layers. 
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Manufac ture  and proc e s s ing  
of e muls ions  and c re ams

Fluid emuls ions

When oil and water are mixed, energy in the  orm 
o  agitation is necessary to produce the required 
droplet size distribution. Emulsif ers have an impor-
tant role in the process o  emulsif cation. Sur actant 
emulsif ers reduce inter acial tensions making drop-
lets easier to break up during mixing and reducing 
the tendency to recombine. Other emulsif ers, such 
as the polymeric macromolecules, alter the hydro-
dynamic  orces generated during emulsif cation by 
their in uence on rheological properties.

Emulsions are generally prepared experimentally 
on a small-scale in the laboratory be ore they are 
scaled-up and manu actured in much larger quanti-
t ies. Each scale o  preparation involves similar 
generic steps. First, the emulsi ying agents and other 
oil- or water-soluble components are dissolved sepa-
rately in the phase in which they are most soluble. 
When heat is required,  or example to melt waxes 
in the oil phase during the preparation o  lotions and 
creams, both the oil and water phases are heated 
separately to the same temperature (a  ew degrees 
above the highest  melting point o  the wax) and the 
elevated temperature maintained as they are brought 
together and mixed. Prior heating o  each phase to 
the same temperature be ore blending is important 
to avoid the  ormation o  a granular or lumpy 
product by the premature solidif cation o  the oil 
phase when it  is mixed with colder aqueous phase. 
High temperature also has the advantage o  reducing 
the consistency o  the system, making it  easier to 
mix. G enerally the disperse phase is added to the 
external continuous phase with constant agitation to 
produce the required droplet size distribution. The 
emulsion is f nally cooled (i  necessary) to the 
storage temperature whilst  mixing is continued. 
Volatile or heat-sensitive components are incorpo-
rated at  the appropriate temperature as the emul-
sion cools.

A variation o  the above procedure is when o/ w 
emulsions containing non-ionic sur actant emulsif -
ers with phase inversion temperatures (PIT) within 
the temperature range o  normal processing (60–
80 °C) are prepared by the phase inversion method. 
In this method, the external phase is added to the 
dispersed phase at temperatures above the phase 

proportions o  the swollen gel, crystalline and water 
phases in the gel networks, and hence the appear-
ance and rheology o  the product. As the ratio o  
alcohol to sur actant increases, the proportion o  
crystals increases at the expense o  swollen lamellar 
phase, and systems become progressively less struc-
tured and eventually  uid.

Source .and .ba tch.varia tions ..
o .components
Source and batch variations o  the components may 
cause undesirable changes in rheological behaviour, 
such as emulsion thinning or thickening during the 
shel -li e. A thinner product may allow droplet  
interaction leading to  occulation and coalescence 
on storage; whereas a thicker product may be cos-
metically unacceptable.
Sur fa cta nts. The homologue composition o  the 
hydrocarbon chains o  the sur actant has lit t le 
in uence on the consistency o  the product, due to 
the low concentrations o  sur actant chains in the 
bilayers. Batch variations o  the POE chain length 
in non-ionic sur actants can in uence the consist-
ency o  the product,  or there is a linear relation-
ship between POE chain length, inter-lamellar 
water thickness and apparent viscosity. Batches 
with a higher proportion o  long POE chains will 
produce thicker products, as more water is trapped 
between lamellae and the opposite will occur with 
batches containing a higher proportion o  shorter 
POE chain lengths. Ionic impurities in charged sur-
 actants may also cause minor variations in consist-
ency by their in uence in suppressing electrostatic 
swelling.
Fa tty a mphiphiles. In contrast, mixed homologue 
 atty alcohols and acids are essential to the  orma-
tion o  stable swollen gel network phases. Creams 
prepared  rom pure C16 or C18 alcohols, although 
init ially semisolid, are rheologically unstable and 
break down on storage to  orm mobile crystalline 
 uids. This is because, the gel-network phase  ormed 
a ter a heating and cooling cycle o  manu acture is 
unstable at low temperature. On storage, the swollen 
α -crystalline gel networks convert to non-swollen 
β- and γ- polymorphs, and the system becomes  uid.

Similarly, pure homologue  atty acids do not  orm 
stable structured creams. Mixed homologue triple-
pressed stearic acid, composed o  approximately 
45% stearic acid (C18) and 55% palmitic acid (C16) 
is generally used in cosmetic products.



 P A R T  F I V E  Dos age  Form Des ign and Manufac ture

4 5 6

impellers and paddles are also available in various 
sizes and motor speeds to prepare both small and 
large scale batches o  emulsion.

When smaller droplets with narrower droplet size 
distributions are required, stronger agitation tech-
niques are necessary. Nanoemulsion  ormulations 
that are unsuitable  or preparation by the phase 
inversion method require extreme  orces to over-
come the large inter acial tension and  orm nano-
sized droplets. Parenteral emulsions also require a 
large input o  energy to produce droplet sizes con-
siderably less than 1 µm; thus lipid and per uoro-
chemical emulsions are usually prepared aseptically 
by homogenization at high temperature and pres-
sure, or by micro uidization (see below).

Homogenizers are available  or processing quanti-
t ies o  emulsions  rom a  ew mL in the laboratory 
up to several thousand litres  or manu acture. 
Homogenizers  unction essentially by  orcing the 
crude mixture o  liquids through a small orif ce 
under pressure. In some, the liquid impacts on a 
solid sur ace set at right angles to the direction o  
 ow and, depending on the pressure applied, the 
intense extensional, shear and turbulent  ow pat-
terns develop to produce f ne droplets o  less than 
1 µm. Membrane homogenizers produce emulsions 
with uni orm f ne droplet sizes on a laboratory scale 
by  orcing the internal phase to  ow through specif c 
glass membranes into the external phase under high 
external pressure.

Micro uidizers are also commonly used to 
prepare parenteral emulsions in both the laboratory 
and on scale-up. Separate oil and water phases 
are pumped into a chamber under high pressure 
causing the liquids to accelerate at high velocity 
and interact with each other as they impinge on 
a hard sur ace. The shear and turbulent  orces 
induced lead to the breakup o  droplets to  orm 
an emulsion. Very small droplets are produced by 
recycling the system a number o  t imes through the 
micro uidizer.

Although both ultrasound and colloid mills also 
produce sub-microscopical droplet  sizes, they are 
usually conf ned to laboratory scale batches. Colloid 
mills generate considerable heat and so need 
extremely e f cient cooling which is expensive with 
large scale batches. Ultrasound produces alternate 
regions o  cavitation and compression in the emul-
sion and very f ne droplets  orm when the cavities 
collapse with extreme  orce. However, the energy 
density is highly localized giving poorer reproducibil-
ity on a large scale.

inversion temperature, temporarily  orming a w/ o 
emulsion. On cooling, the emulsion will revert to an 
o/ w emulsion at a specif c narrow temperature 
range, the PIT. Enormous  orces are generated by 
phase inversion, and very f ne nano-sized droplets 
may be produced. This method is sometimes 
described as a low (applied) energy method as it  
utilizes the chemical energy o  the system with 
minimal heat, rather than providing external energy 
 rom extreme agitation.

On an industrial scale, the oil and water phases 
are o ten heated separately in large tanks, and then 
combined by pumping each phase into the mixing 
vessel f tted with suitable emulsif cation agitator, 
such as a mechanical mixer or homogenizer. Propri-
etary mixing vessels are available in a variety o  sizes 
to accommodate a  ew hundred litres o  emulsion 
in initial scale up, to several thousand litres  or man-
u acture. The mixing vessel is usually made  rom 
stainless steel, jacketed so that heating or cooling 
can be applied, and sometimes f t ted with ba  es to 
modi y circulation o  the emulsion during mixing.

A wide range o  agitation techniques are available 
 or dispersing the internal phase into droplets. 
These include simple hand mixers, various stirrers 
and propeller or turbine mixers, homogenizers, 
micro uidizers, colloid mills and ultrasonic devices. 
Most disrupt droplets either by shear  orces in 
laminar  ow, by inertial  orces in turbulent  ow or 
by cavitation during ultrasound. Extensional  ow, 
where there is a velocity gradient in the direction 
o   ow, also has a very power ul droplet-breaking 
e  ect.

The choice o  emulsif cation equipment  or a par-
ticular emulsion depends on a number o  interre-
lated  actors including:
•  the volume o  emulsion to be prepared, i.e. 

whether laboratory or production scale
•  the type o  emulsif er used
•  the range o  droplet sizes required
•  the  ow properties o  the emulsion during the 

emulsif cation and cooling processes.
For the extemporaneous preparation o  small quan-
tities o  a  uid emulsion, blending the oil and water 
phases in the presence o  a suitable emulsif er in a 
mortar and pestle or by manual shaking or st irring 
is o ten su f cient to produce a coarse emulsion with 
droplets sizes in the region o  1-50 µm. Mechanical 
hand stirrers with the stirring rod held or placed 
directly into the system to be emulsif ed may also 
be used. Mechanical mixers, f tted with various 
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mixing  orms semisolid systems. These variations in 
rheological properties are related to the hydration 
o  the polyoxyethylene groups and the mechanisms 
by which non-ionic gel networks  orm, as discussed 
earlier in this chapter. To optimize the manu acture 
and minimize changes on storage (shel -li e stability) 
o  such creams, slow cooling  ollowed by vigorous 
agitation at temperatures just higher than the transi-
t ion temperature are required.

Lamellar gel-network phases  ormed in creams 
containing  atty acids are particularly sensitive to 
agitation. The ordered lamellar gel phases are metast-
able and convert to non-swollen crystals when mixed 
at high shear rates. The cream remains semisolid i  
mixing is discontinued at the transition temperature 
and the system is allowed to cool undisturbed. A 
more mobile system is  ormed i  it  is mixed below 
the transition temperature, and systems may need to 
‘rest’ to allow the structure to re-build.

Some complex commercial creams contain a 
number o  di  erent structuring agents within the 
same  ormulation, each o  which needs di  erent 
processing conditions to  ully develop their struc-
ture. For example, rheological modif ers, such as 
clays, and natural and synthetic polymers, o ten 
have completely di  erent processing requirements. 
Clays need to be processed under severe conditions 
o  high temperatures and shear rates, with addition 
o  electrolyte at the appropriate time, in order to 
ensure the structure is  ully  ormed. Polymer hydra-
tion, on the other hand, o ten requires dispersion 
and wetting at a much lower temperature with 
much milder agitation to prevent polymer degrada-
tion and structure loss. Non-reproducible products 
with variable rheological prof les may result i  the 
di  erent sensitivities o  each structuring mechanism 
to mixing, shear and temperature are not recognized 
and accommodated  or in the manu acturing process. 
In such cases, processing is optimized by identi ying 
the optimum processing conditions  or each indi-
vidual structure be orehand, processing each struc-
ture o  -line to ensure structure is  ully  ormed 
be ore blending each  ully developed structure 
together in a commercial mixing vessel.

Emuls ion prope rtie s

Identi cation of emuls ion type

It is important to conf rm whether an emulsion is 
o/ w, w/ o or a multiple emulsion as this can 

Multiple emuls ions

Multiple emulsions are generally prepared in two 
steps. In the f rst step a w/ o or o/ w emulsion (the 
primary emulsion) is prepared using a suitable emul-
sif er. The primary emulsion is then re-emulsif ed 
during the second step to  orm a w/ o/ w or o/ w/ o 
multiple emulsion. The primary emulsion is pre-
pared under high shear conditions to obtain small 
inner droplets whilst the secondary emulsif cation 
step is carried out at lower shear to avoid rupture 
o  the internal droplets.

Creams

The processing and manu acture o  commercial 
creams is more complex than  or  uid emulsions 
because structure is  ormed in addition to droplet 
phases during their preparation. Scale-up, based on a 
previously developed laboratory procedure is particu-
larly challenging due to the di f culties in matching 
the exact laboratory conditions o  preparation. Every 
type o  emulsif cation equipment introduces energy 
into the system in a di  erent way. On scale-up, 
energy input and hence emulsion microstructure can 
be a  ected by a change in the settings o  a specif c 
type o  mixer when a larger volume is processed. 
Other relatively minor di  erences in processing such 
as the rate o  the heating and cooling cycle, the order 
o  adding the components and the extent o  mixing 
may cause marked variations in the consistency and 
rheological prof le o  the resulting emulsions.

An essential approach to optimize processing con-
ditions and get a reproducible cream is to identi y 
the key structuring agents in the  ormulation, the 
mechanisms involved in  orming the structure, and 
the relationships between microstructure and 
processing variables. The knowledge gained can be 
used to optimize the manu acturing process to give 
a reproducible product using a minimum number 
o  components. The processing conditions required 
to produce the swollen gel-network phases when 
di  erent types o  emulsi ying wax are incorporated 
can be identif ed using the gel-network theory. 
For example, preparation techniques, in particular 
cooling rates and mixing have a marked e  ect  on 
the initial and f nal consistencies o  creams prepared 
with  atty alcohol/ non-ionic polyoxyethylene sur-
 actants. Shock cooling and limited mixing 
initially produces very mobile emulsions, which gel 
on storage. In contrast, slow cooling and increased 
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increase in droplet size by Ostwald ripening (see 
‘Emulsion stability’ section below). Thus, the most 
physically stable pharmaceutical emulsions generally 
have small droplets and narrow size distributions. 
Ostwald ripening alone governs instability in nanoe-
mulsions, as the very small droplets do not cream, 
 occulate or coalescence to any great extent (see 
section on ‘Emulsion stability’).

For oral emulsions, gastrointestinal absorption 
increases as droplet sizes decreases. Whilst this is 
desirable with oral  ormulations o  nutrient oils 
alone or with drugs dissolved in them, it  may give 
adverse clinical e  ects with laxative oils that are 
used  or a local e  ect and are toxic i  absorbed. The 
clearance kinetics o  parenteral emulsions is in u-
enced by droplet size distribution. Individual drop-
lets should not exceed ~ 5 µm in diameter (the 
diameter o  the smallest blood vessels) in intrave-
nous emulsions because o  the possibility o  pulmo-
nary embolism. Droplets less than 5 µm are rapidly 
cleared  rom the blood stream by elements o  the 
reticuloendothelial system (RES), also known as the 
mononuclear phagocyte system (MPS), (primarily 
by Kup  er cells o  the liver). This natural targeting 
to the liver o  ers opportunities  or the treatment o  
tropical diseases such as leishmaniasis, and  ungal 
in ections such as candidiasis. Drug delivery  rom 
dermatological preparations is also improved in lipid 
nanoemulsions.

Droplet charge provided by the emulsif er f lm 
in uences the biological  ate o  the droplets as well 
as emulsion stability. For example, negatively charged 
droplets are cleared more rapidly  rom the blood than 
neutral or positively charged ones. Emulsions stabi-
lized by non-ionic polyoxyethylene (POE) sur actants 
are longer circulating in the blood and cationic emul-
sions are better  or dermatological delivery.

Rheology
An emulsion should possess shear thinning rheologi-
cal characteristics (Chapter 6) appropriate to its 
intended use. For example, a dermatological cream 
must be thin enough to spread easily onto damaged 
skin without causing pain, but should rapidly regain 
structure so that it  is thick enough to remain in place 
on the skin a ter application. The rheological proper-
ties o  emulsions are in uenced mainly by the phase 
volume ratio, the nature o  the continuous phase, and 
to a lesser extent droplet  size distributions. A variety 
o  products ranging  rom mobile liquids to structured 
 uids and thick semisolids can be  ormulated by 

signif cantly in uence its application and properties. 
G enerally an emulsion exhibits the characteristics o  
its external (continuous) phase, and there are a 
number o  simple tests based on this  or distinguish-
ing between o/ w and w/ o types o  emulsion. The 
tests, some o  which are described below, essentially 
identi y the continuous phase and do not identi y 
a multiple emulsion. This can be resolved by 
microscopy.
Wa ter  or  oil miscibility. An emulsion will only 
mix  reely with a liquid that is miscible with its 
continuous phase. Thus, a small quantity o  water 
dropped onto the sur ace o  an o/ w emulsion will 
immediately mix with the external phase and disap-
pear, whereas the water droplets will remain on the 
sur ace o  a w/ o emulsion. The reverse is true i  a 
small quantity o  oil is dropped onto the emulsion.
Filter  pa per  test. The test involves putt ing a  ew 
drops o  emulsion onto f lter paper. I  the droplet 
spreads rapidly into the f lter paper, it  is an o/ w 
emulsion, as water (the external phase) tends to 
spread more rapidly throughout the f lter paper than 
oil  rom a w/ o emulsion.
Conductivity mea surements. These are based on 
the principle that water conducts electricity better 
than oils. Thus generally, o/ w emulsions have a 
much higher electrical conductivity than w/ o emul-
sions. A light source will glow when electrodes (con-
nected in series to a battery and suitable light source) 
are dipped into an o/ w emulsion, but not when they 
are placed in a w/ o emulsion.
Dye solubility tests. These tests involve blending 
either a water soluble dye or an oil soluble dye with 
the emulsion. I  a water soluble dye is used, an o/ w 
emulsion will be evenly coloured, whereas a w/ o 
emulsion will be much paler in appearance. Micro-
scopically, an o/w emulsion will appear as colourless 
droplets against  a coloured background, whereas a 
w/ o emulsion will appear as coloured droplets 
against a colourless background.

Drople t.s ize .d is tribution
It is important to control droplet sizes as they in u-
ence emulsion stability, biopharmaceutical proper-
ties, and clinical use. Droplet  size distribution is 
related to the energy input during preparation, 
the viscosity di  erence between the phases and 
the characteristics o  the emulsif er. Large droplets 
have a greater tendency to cream and coalesce, and 
a broad particle size distribution encourages an 
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all the emulsion components be ore a selection is 
made. Particular care has to be taken in the selection 
o  pharmaceutical oils as they may be susceptible to 
oxidation by atmospheric oxygen or microbial con-
tamination developing an unpleasant odour and taste 
as they become rancid. Antioxidants and preserva-
tives may be incorporated into the emulsion to 
minimize these e  ects. Polymeric emulsif ers may 
undergo depolymerization by hydrolysis or micro-
bial degradation, with loss o  emulsif cation power 
and consistency.

Interactions between the emulsi ying agent and 
other components are o  particular concern because 
emulsi ying properties may be destroyed, causing 
the emulsion to break (see below). For example, 
polyoxyethylene non-ionic emulsif ers  orm hydro-
gen bonds with phenolic preservatives, leading to 
poor preservation as well as loss in emulsi ying 
power. Ionic emulsi ying agents are usually incom-
patible with materials o  the opposite charge. This 
occurs when cationic materials such as sur actants 
or drugs (e.g. cetrimide, neomycin sulphate) are 
added to a cream containing an anionic emulsi ying 
agent such as sodium lauryl sulphate. The cream 
loses consistency on storage because lamellar struc-
tures in the continuous phase are destroyed by the 
resultant suppression o  repulsive  orces.

Phys ical ins tability

An emulsion without an emulsif er will quickly 
return to the original state o  separate oil and water 
layers, that is, the emulsion will break or crack. In 
the presence o  an emulsif er, this state is approached 
via  our dist inct processes, creaming,  occulation 
coalescence and Ostwald ripening. Phase inversion, 
where a w/ o emulsion inverts to an o/ w emulsion or 
vice versa, is a special type o  instability. The pro-
cesses o  instability are illustrated by the schematic 
representations in Figure 27.7.

The destabilization processes are not independ-
ent and each may in uence or be in uenced by the 
others. In practice, they may proceed simultane-
ously or in any order. Coalescence and Ostwald 
ripening are the most serious types o  instability, as 
they result in the  ormation o  progressively larger 
droplets which will ult imately lead to phase separa-
tion. Creaming and  occulation, on the other hand, 
are more subtle  orms as they represent potential 
steps towards coalescence due to the close proxim-
ity o  the droplets.

altering the dispersed phase volume and/ or the 
nature and concentration o  the emulsif ers.

For low internal phase volume emulsions, the 
consistency o  the emulsion is similar to that o  
the continuous phase. Thus, w/ o emulsions are gen-
erally thicker than o/ w emulsions. The consistencies 
o  o/ w systems are  urther increased by the addi-
t ion o  emulsif ers such as gums, clays, polymers 
and other thickening agents which impart plastic 
or pseudoplastic  ow properties, o ten accompa-
nied by thixotropy (Chapter 6). At rest, the high 
apparent viscosity inhibits the movement o  drop-
lets to maintain a physically stable emulsion. During 
use, higher shear rates are applied and apparent 
viscosit ies reduce (shear thinning) so the emulsion 
 ows  reely when injected, or poured  rom a 
container.

Emulsi ying waxes, used to stabilize structured 
lotions and semisolid creams, interact with water to 
 orm a viscoelastic continuous phase. Such emul-
sions are particularly di f cult to characterize rheo-
logically, because at rest solid properties dominate 
(hence the term semisolid), but on application o  a 
 orce, structure is broken down irreversibly as 
systems thin and  ow, producing very complex  ow 
curves. Such  ow curves, however, are sensitive to 
relatively small changes in consistency. Viscoelastic 
measurements are also use ul in characterizing 
complex multiphase emulsions.

Emuls ion s tability

De nition of s tability

A kinetically stable emulsion is one in which the 
dispersed droplets retain their initial character and 
remain uni ormly dispersed throughout the continu-
ous phase. In pharmaceutical emulsions, stability has 
a much wider def nition as it  is generally equated 
with a long shel -li e. Thus in addition to kinetic 
stability, the emulsion must retain its original appear-
ance, odour and consistency, and exhibit no micro-
bial contamination.

Chemical ins tability

Ideally, all emulsion components should be chemi-
cally inert under the conditions o  emulsif cation. 
Un ortunately, this is not always the case so that it  
is important to understand the chemical nature o  
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may receive an inadequate dose i  the emulsion is 
not agitated su f ciently be ore use.

The most e  ective ways in practice to reduce 
creaming is to prepare emulsions with small droplet 
sizes, and to thicken the external phase by the addi-
tion o  viscosity modif ers (c. . Stokes Law, Chapters 
5, 6 and 10). Density adjustment to decrease the 
density di  erence between the two phases, has 
received lit t le attention.

Floccula tion
Flocculation is a weak, reversible association between 
emulsion droplets which are separated by trapped 
continuous phase. Each cluster o  droplets ( occule) 
behaves physically as a single kinetic unit , although 

Creaming
Creaming is a process which occurs when the dis-
persed droplets separate under the in uence o  
gravity to  orm a layer o  more concentrated emul-
sion, the cream. Creaming occurs inevitably in any 
dilute emulsion containing relatively large droplets 
(~ 1 µm) i  there is a density di  erence between the 
oil and water phases. Most oils are less dense than 
water, so that the oil droplets in an o/w emulsion 
rise to the sur ace to  orm an upper layer o  cream, 
whereas water droplets sediment to  orm a lower 
layer in w/ o emulsions. Although a creamed emul-
sion can be restored to its original state by gentle 
agitation, it  is considered undesirable because the 
emulsion is inelegant and more seriously, the patient 

Fig . 27.7 •  Schematic representation of the processes of emulsion breakdown. 

Creaming  Floccula tion  Phase  invers ion

Ostwald Ripening  Coalescence  Phase  separa tion
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oil droplets as they approach one another and 
become distorted, and ends with the rupture o  the 
f lm (Fig. 27.8). Rigid close-packed elastic f lms 
 ormed by specif c emulsif er mixtures and thick 
multilayered f lms provided by many polymers 
protect  droplets against coalescence as they are 
highly resistant to f lm rupture.

Os twald .ripening
Ostwald ripening is an irreversible process which 
involves the growth o  large droplets at the expense 
o  smaller ones. Ostwald ripening occurs in emul-
sions containing small sub-micrometre droplets (less 
than ~ 600 nm), provided that the dispersed phase 
also has a signif cant solubility in the continuous 
phase. Ostwald ripening is a direct consequence o  
the Kelvin e  ect which explains how the solubility 
o  a partially miscible droplet increases markedly as 
its radius decreases. Thus, small emulsion droplets 
have a higher solubility than larger droplets. In order 
to reach the state o  equilibrium, the small droplets 
dissolve and their molecules di  use through the 
continuous phase and re-deposit  onto larger droplets 
which grow bigger (ripen), resulting in an overall 
increase in average droplet size. Ostwald ripening 
di  ers  rom coalescence in that it  does not need any 
contact between the droplets.

Ostwald ripening, rather than coalescence is the 
underlying mechanism o  instability in many o/ w 
 at  emulsions, and in per uorocarbon emulsions. 
Although  occulation and coalescence are inhibited 
by the properties o  sur actant inter acial f lms, 
Ostwald ripening may actually be enhanced i  
micelles are also present to  urther solubilize the oil. 

every droplet in the  occule retains its individuality. 
Floccules can be redispersed by mild agitation, such 
as shaking the container. Flocculation has been dis-
cussed in detail in Chapter 5 in terms o  the attrac-
tive van der Waals  orces pulling the droplets 
together and the repulsive  orces tending to keep 
them apart. It  occurs in the secondary minimum as 
illustrated in the schematic curve o  potential energy 
versus distance o  separation plot (Fig. 5.4) and is 
controlled by the properties o  the emulsif er f lm 
which modif es the repulsive  orces between dis-
persed emulsion droplets. Thus, the tendency  or 
 occulation can be reduced by the use o  a suitable 
emulsif er. Although the timescale between  occula-
t ion and coalescence can be extended almost indef -
nitely by the adsorbed emulsif er,  occulation is 
generally considered undesirable because  occules 
cream more rapidly under the in uence o  gravity 
than individual emulsion droplets.

Coales cence
Coalescence describes the irreversible process in 
which dispersed phase droplets merge to  orm larger 
droplets. The process will continue until the emul-
sion breaks (cracks) and there is complete separa-
tion o  oil and water phases. Coalescence occurs 
when the emulsion droplets are able to overcome 
the repulsive energy barrier and approach the 
primary minimum (c. . Figure 5.4). Once in this 
minimum, they are in very close proximity so that 
stability against coalescence is determined essen-
tially by the resistance o  the inter acial f lm to 
rupture. Coalescence begins with the drainage o  
liquid f lms o  continuous phase  rom between the 

Fig . 27.8 •  Schematic representation of  occulation and coalescence of dispersed droplets. 

AB  A/BBA
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Multiphase emuls ions

Emuls if e r.concentra tion
In simple, dilute two-phase oil and water emulsions, 
the stabilizing e  ect o  a mixed sur actant emulsif er 
at low concentration is generally attributed to its 
ability to  orm a close-packed mixed monolayer at 
the o/ w inter ace, which gives a mechanically strong 
condensed f lm. The inter acial f lm introduces 
repulsive  orces (electrostatic or steric) to inhibit  
the close approach o  droplets, and  orms a mechan-
ical barrier to coalescence i  droplets do collide.

Most practical pharmaceutical emulsions 
however, contain higher concentrations o  a mixed 
emulsif er than are necessary to  orm a monomo-
lecular f lm. The excess emulsif er interacts with 
water either at  the oil droplet inter ace or in the 
bulk continuous phase to  orm specif c lamellar 
liquid crystalline or crystalline gel network phases. 
Such emulsions that contain additional phases to oil 
and water are described as multiphase emulsions 
(not to be con used with the term multiple emulsion, 
see Introduction). Lamellar phases are particularly 
important in controlling the consistency and stabil-
ity o  aqueous lotions and creams stabilized by 
emulsi ying waxes, and the stability o  parenteral 
emulsions containing lecithin.

Lamella r.liquid .c rys ta lline ..
and .ge l.phas es
Lamellar phases are  ormed in o/ w emulsions con-
taining various synthetic and natural emulsif er 
mixtures under specif c conditions. In such lamellar 
phases, the sur actant molecules are arranged in 
bilayers separated by layers o  water. The hydrocar-
bon chains o  the bilayers can exist in a number o  
physical states, the most relevant to emulsions 
being the ordered α -crystalline gel state at low 
temperatures and the more disordered  uid 
liquid crystalline state at higher temperatures 
(Fig. 27.3).
α-Cr ysta lline gel-network pha ses. These phases 
dominate the rheological properties and stabilit ies 
o  many structured o/ w lotions and semisolid 
creams, and these vastly swollen phases have been 
considered in detail earlier in this chapter. The vis-
coelastic gel-network phases essentially stabilize 
emulsions kinetically by trapping the oil droplets, 
thus preventing their movement and consequent 
interaction.

Ostwald ripening can be prevented by the addition 
o  a small quantity o  an immiscible second oil to 
the main partially miscible oil to reduce molecular 
di  usion o  this major component. Fat emulsions 
containing local anaesthetics or local analgesics show 
enhanced stability in the presence o  less soluble 
hydrophobic oils, and per uorodecalin contrast 
media emulsions are more stable in the presence o  
small quantities o  insoluble per uorotributylamine. 
Ostwald ripening is also inhibited by the addition o  
Pluronic F68® sur actant that is strongly adsorbed 
at the o/w inter ace and does not  orm micelles in 
the continuous phase. Polymers that increase the 
viscosity o  the emulsion external phase also inhibit  
Ostwald ripening as they slow down the molecular 
di  usion process.

Emuls ion.invers ion
Emulsion inversion occurs occasionally in emulsions 
under specif c conditions. A change in emulsif er 
solubility  rom water soluble at low temperature to 
oil soluble at high temperature (e.g. some non-ionic 
sur actants), causes phase inversion at a specif c 
temperature  rom an o/ w emulsion to an o/ w emul-
sion, and this phenomenon is used in the low energy 
preparation o  nanoemulsions. Emulsion inversion 
may also occur by specif c interactions with other 
additives. For example, i  a sodium salt  is used to 
stabilize an o/ w emulsion, the emulsion may invert  
to a w/ o emulsion by the addition o  divalent ions, 
such as Ca2+ ions, to  orm the calcium salt , which 
stabilizes a w/ o emulsion.

Stabilization by use of  
mixed emuls i ers

It has already been indicated that pharmaceutical 
emulsions, whether they are dilute mobile systems 
 or internal use or thick semisolid creams  or appli-
cation to the skin contain mixtures o  emulsif ers, 
as these  orm more stable emulsions. For example, 
mixtures o  non-ionic sur actants o  high and low 
HLB generally  orm more stable emulsions than 
either sur actant alone. The lecithins used to stabi-
lize oral and parenteral emulsions are natural 
mixtures o  neutral and charged lipids. Mixtures 
o  sparingly soluble  atty amphiphiles combined 
with more soluble ionic or ionic sur actants, are 
widely used in dermatological o/ w lotions and 
creams, sometimes in the  orm o  a pre-blended 
emulsi ying wax.
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observing the changes in one or more o  its physical 
properties. The stresses most commonly used are: 
 reezing and thawing, elevated temperature, UV 
light sources and various mechanical stresses.

Evaluation of emuls ion s tability

Several techniques are used to evaluate the stability 
o  the emulsion under one or more o  the conditions 
described above. Instabilit ies o  a chemical or physi-
cal nature are generally identif ed by changes in 
physical properties o  the emulsion. The extent o  
instability is assessed by measuring the magnitude 
o  the change with time. Techniques commonly used 
 or  uid emulsions involve evaluating changes in 
appearance, droplet size distribution, droplet charge 
and rheology in real t ime, and under accelerated 
conditions o  temperature or  orce (i.e. centri uga-
tion). With structured and semisolid emulsions, 
phase changes on storage may cause changes in con-
sistency which not only render the emulsion inele-
gant and di f cult  to use, but can also can in uence 
drug delivery. For complex systems, additional 
methods to identi y and evaluate structural changes 
on storage include thermal methods (di  erential 
scanning calorimetry, thermogravimetric analysis) 
and X-ray di  raction.

Appearance
An approximate estimation o  physical stability can 
be made  rom a visible assessment o  the extent o  
‘creaming’ that occurs on storage. Centri ugation is 
sometimes employed as a means o  speeding up this 
separation process, although the results may be mis-
leading as the centri ugal  orces may destroy  oc-
cules or structure in the emulsions, which would not 
occur under normal storage conditions.

Drop le t.s ize .ana lys is
Coalescence and/ or Ostwald ripening will cause 
increases in droplet sizes with time and a number o  
direct and indirect techniques are available  or 
measuring such changes. In emulsions containing 
droplets greater than 1 µm, optical microscopy is 
particularly use ul because it  provides a direct (and 
reassuring) measurement o  individual droplet sizes. 
The tedium o  counting droplets to obtain size dis-
tributions is reduced by the use o  image analysis. 
Indirect methods generally involve laser light-
scattering techniques (Chapter 9) and are used 

La mella r  liquid cr ysta lline pha ses. It  has 
already been noted that the lecithins used to stabi-
lize parenteral emulsions are complex mixtures o  
neutral lipids (amphiphiles) and small quantities o  
negatively charged lipids, i.e. the lecithins can be 
considered as natural emulsi ying waxes. With com-
mercial lecithins, the gel-liquid crystalline transition 
temperatures (which are in uenced by the length 
and degree o  saturation or branching o  the hydro-
carbon chains) are low so that swollen liquid crystal-
line phases (rather than crystalline gel-network 
phases) stabilize parenteral emulsions (see Figure 
27.3). The liquid crystalline phases do not swell as 
extensively as crystalline gel-network phases, thus 
parenteral emulsions are mobile liquids rather than 
semisolids.

Multilayers o  viscous liquid crystals surround the 
oil droplets in oral and parenteral emulsions stabi-
lized by lecithin which protect them  rom coales-
cence by two main mechanisms. Firstly, the 
multilayers reduce the van der Waals  orces o  
attraction between oil droplets to a very low value, 
thereby reducing the tendency  or collision, and sec-
ondly the high viscosity o  the liquid crystalline 
arrays retards the f lm thinning process o  coales-
cence i  droplets do collide. The high viscosities o  
the liquid crystalline arrays may also protect the 
emulsion against Ostwald ripening by slowing down 
the molecular di  usion process.

Nanoemuls ion s tability

Although both emulsions and nanoemulsions are 
thermodynamically unstable, the kinetics o  desta-
bilization o  nanoemulsions is extremely slow so that  
they are considered to possess a relatively high 
kinetic stability, sometimes lasting many years. The 
small droplet sizes o  nanoemulsions con er stability 
against  creaming and coalescence because they do 
not collide as  requently as in ordinary emulsion so 
that Ostwald ripening alone governs the destabiliza-
t ion process.

Stability te s ting

Only studies o  an emulsion over its  ull shel -li e 
will give an accurate picture o  its stability. However, 
use ul in ormation can be obtained in a shorter 
period o  t ime by using accelerated stability testing 
programmes (Chapter 49). This is accomplished by 
placing an external stress on the emulsion and 
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interpretation, such  ow curves are very sensit ive to 
minor changes in the emulsion. More  undamental 
viscoelastic (creep and oscillation) techniques where 
the emulsions are examined in their rheological 
ground states, also enable instability on storage to 
be monitored. Rheological measurements per ormed 
above the phase transition temperature do not relate 
to the emulsion at rest .

Thermal.techniques
Techniques such as di  erential thermal analysis and 
thermogravimetric analysis are particularly use ul in 
investigating the phase behaviour o  complex mul-
tiphase emulsions such as creams, and may be used 
to  ollow any phase changes that occur on storage.

X-ray.d i  rac tion
High- and low-angle X-ray di  raction experiments 
provide direct and accurate measurements o  bilayer 
structure and interlamellar water spacing in creams. 
Such measurements, which were used extensively 
to develop the gel-network theory, may also be used 
to investigate phase changes on storage, and to relate 
such changes to corresponding changes in rheological 
properties.
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extensively with emulsions containing sub-
micrometre droplets. However, extreme caution 
should be exercised in interpreting data  rom such 
techniques. A major problem is that samples are 
o ten diluted be ore measurements are made,  or 
example to reduce the turbidity  or laser di  raction 
experiments, thus changing the phase volume ratio 
and characteristics o  the original emulsion. In addi-
tion,  occulation can give an apparent increase in 
droplet size distribution, and de- occulants added 
be ore measurements are made may also in uence 
emulsion stability and droplet  distribution.

Drople t.charge ,.ze ta .potentia l
The zeta potential o  emulsion droplets stabilized by 
a charged inter acial f lm (Chapter 5) is particularly 
use ul  or assessing instability due to  occulation. It  
can be determined by observing the movement o  
droplets under the in uence o  an electric current 
(electrophoretic mobility measurements), o ten in 
conjunction with photon correlation spectroscopy 
(Chapter 9). This technique is particularly use ul  or 
assessing the stability o   at emulsions and other 
emulsions containing charged droplets, where the 
presence o  additives may result  in changes in zeta 
potential and kinetic instability as droplet sizes 
increase. For example, decreased stability in  at 
emulsions a ter the addition o  electrolytes or dex-
trose (which lowers the pH) can be correlated with 
a lowering o  zeta potential.

Rheologica l.meas urements
Rheological measurements are used extensively to 
evaluate emulsion stability over time (Chapter 6). 
Changes in droplet size distributions, degree o   oc-
culation and creaming, or phase behaviour o  the 
emulsif ers usually alter the rheological properties. 
G enerally multipoint cone and plate or concentric 
cylinder rheometers are used to plot the relationship 
between shear stress and shear rate between suitable 
limits, and to calculate the apparent viscosities at 
specif c shear rates. Fluid emulsions generally exhibit  
shear thinning pseudoplastic or plastic behaviour, 
sometimes accompanied by thixotropy. Semisolid 
and structured emulsions give much more complex 
 ow curves which are di f cult to interpret, although 
attempts are made to correlate derived parameters, 
such as apparent viscosities and loop areas, with the 
qualitative term consistency. Despite di f culties in 
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KE Y P O IN TS

•  Powders  and granules  are themselves  dosage 
forms  

•  Powders  and granules  can be  lled into sachets  
and be adminis tered as  a dosage form  This  is  
mos t common for low-potency drugs  

•  They can also be an intermediary for drugs  
normally adminis tered as  a solution or 
suspens ion in an aqueous  vehicle  These are 
recons tituted jus t prior to use to avoid chemical 
degradation  Examples  are antibiotic  powders  
for syrups  and powders  for injection 

•  Powders  are also used for inhalation 
(pulmonary or nasal) and for external use 
(dus ting powders ) 

•  They are also, more commonly, intermediate 
products  in the manufacture of other dosage 
forms   Most pharmaceutical granules  have a 
short lifetime before being incorporated into 
tablets  (mainly) or hard-gelatin capsule dosage 
forms  

•  Powders  are granulated for many reasons  – to 
prevent segregation of the cons tituents  of the 
powder mix, to improve the  ow properties  of 
the mix and to improve the compaction 
characteris tics  of the mix 

•  There are many types  of granulation process , 
dry granulation (roller compaction) and wet 
granulation (shear granulators , high-speed mixer 
granulators ,  uidized-bed granulation, extrus ion-
spheronization and spray drying)  There is  also 
water-free melt granulation for water-sens itive 
products  

•  Mechanism of granule formation from powder 
particles  will in uence granule s tructure and 
therefore their properties  

Michael E. Aulton Malcolm P. Summers
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granules. In the majority of cases, when granules will 
be made as an intermediate product, they have a size 
range towards the lower end of this spectrum – 
typical between 0.2 and 0.5 mm. When prepared 
for use as a dosage form in their own right, they are 
usually much larger (typically 1–4 mm).

After granulation, the granules will either be 
packaged (when used as a dosage form) or they may 
be mixed with other excipients prior to tablet com-
paction or capsule  lling.

Reasons  for granulation

The reasons why granulation is often necessary are 
as follows:

To.prevent.s egrega tion.of.the .
cons tituents .of.the .powder.mix
Segregation (or demixing, discussed in Chapter 11) 
occurs primarily due to differences in the size 
and/or density of the components of the mix; the 
smaller particles and/or denser particles concentrate 
at the base of a container with the large particles and/
or less dense above them. An ideal granulation will 
contain all the constituents of the mix in the correct 
proportion in each granule, and if this is achieved 
segregation of individual ingredients will not occur 
(Fig. 28.1).

Introduc tion

The scienti c aspects of powders and powder tech-
nology have been discussed in Part 2 of this book. 
This chapter discusses the application of powders 
and granulated products in pharmaceutical dosage 
forms. Powders and granules are used as dosage 
forms in their own right, but by far the greatest use 
of granules in pharmaceutical manufacturing is as an 
intermediate during the manufacture of compressed 
tablets.

The term ‘powder’, when used in the context of 
a dosage form, describes a formulation in which a 
drug powder has normally been mixed with other 
powdered excipients to produce a  nal product. The 
function of the added excipients depends upon the 
intended use of the product. Colouring,  avouring 
and sweetening agents, for example, may be added 
to powders for oral use.

G ranules that are used as a dosage form comprise 
powder particles that have been aggregated to form 
larger particles suf ciently robust to withstand 
handling.

G ranulation is the process in which dry primary 
powder particles (i.e. single, discrete powder parti-
cles) are processed to adhere to form larger multi-
particle entit ies called granules. Pharmaceutical 
granules typically have a size range between 0.2 and 
4.0 mm, depending on the subsequent use of the 

Fig . 28.1 •  Schematic diagram to illustrate how granulation can prevent powder segregation. 
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•  The granulation of powdered toxic materials 
will reduce the hazard associated with the 
generation of toxic dust that may arise during 
handling. Suitable precautions must be taken to 
ensure that such dust is not a hazard during the 
granulation process itself (notably during the 
mixing of the dry ingredients and during drying of 
the granules). The granules produced should be 
non-friable and have a suitable mechanical 
strength.

•  Materials which are slightly hygroscopic may 
adhere and form a cake if stored as a powder. 
Granulation may reduce this hazard as the 
granules will be able to absorb some moisture and 
yet retain their  owability because of their size.

•  G ranules, having a greater bulk denser than the 
parent powder mix, occupy less volume per 
unit weight. They are therefore more 
convenient for storage or shipment.

Powde re d and granulate d 
produc ts  as  dos age  forms

Powdered and granulated products are dispensed in 
many forms and these are discussed below. The 
advantages of this type of preparation as a dosage 
form are as follows:
1. Solid preparations are more chemically stable 

than liquid ones. The shelf-life of powders for 
antibiotic syrups, for example, is 2–3 years, but 
once they are reconstituted with water it  is only 
1–2 weeks. The instability observed in liquid 
preparations is usually the primary reason for 
presenting some injections as powders to be 
reconstituted just prior to use.

2. Powders and granules are a convenient form 
in which to dispense drugs with a high dose. 
The dose of Compound Magnesium Trisilicate 
Oral Powder is 1–5 g and, although it  is feasible 
to manufacture tablets to supply this dose,  
it  is often more acceptable to the patient to 
disperse a powder in water and swallow it  as a 
draught.

3. Orally administered powders and granules of 
soluble medicaments have a faster dissolution 
rate than tablets or capsules, as these must  rst  
disintegrate before the drug dissolves. Drug 
release from such powdered or granulated 
preparations will therefore generally be faster 
than from the corresponding tablet or capsule.

It is also important to control the particle size dis-
tribution of the granules because, although the indi-
vidual components may not segregate, if there is a 
wide size distribution of the granules themselves, the 
granules may segregate. If this occurs in the hoppers 
of sachet- lling machines, capsule- lling machines or 
tabletting machines, products having large weight vari-
ations will result. This is because these machines  ll 
by volume rather than weight. If different regions in 
the hopper contain granules of different sizes (and 
hence different bulk density), a given volume from 
each region will contain a different weight of granules. 
This will lead to an unacceptable variability of the 
drug content within the batch of  nished product 
even if the drug is evenly distributed, weight per 
weight, through individual granules.

To.improve .the . ow.properties ..
of.the .mix
Many powders, because of their small size, irregular 
shape or surface characteristics, are cohesive and do 
not  ow well. Poor powder  ow will also often result 
in a wide weight variation within the  nal product 
due to variable  ll of tablet dies, etc. The resulting 
granules produced from irregular particles will be 
larger and more isodiametric, both factors contribut-
ing to improved  ow properties (discussed more 
fully in Chapter 12).

To.improve .the .compaction.
charac te ris tics .of.the .mix
Some primary powder particles are dif cult to 
compact into tablets even if a readily compactable 
adhesive is included in the blend. G ranules of the 
same formulation are often more easily compacted 
and produce stronger tablets. This is associated 
with the method employed to produce the granule 
and its resulting structure. Often solute migra-
tion (see Chapter 29) may occur during the 
post-wet granulation drying stage and this can 
result  in a binder-rich outer layer to the granules. 
This in turn leads to direct binder–binder bonding 
which assists the consolidation of weakly bonding 
materials.

Other.reas ons
The above are the primary reasons for the granula-
tion of pharmaceutical products but there are others 
which may necessitate the granulation of powdered 
material:
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directly. They are presented as single-dose or multi-
dose preparations in suitable containers.

Multidose oral powders are packed into a suitable 
bulk container, such as a wide-mouthed glass jar. 
They require the provision of a measuring device 
capable of delivering the quantity prescribed. 
Because of the dif culty in precisely measuring 
single doses from this type of preparation the con-
stituents are usually relatively non-toxic medica-
ments with a large dose. Relatively few proprietary 
examples exist, although many dietary/ food supple-
ments are packed in this way.

Each dose of a single-dose powder is enclosed in 
an individual container, for example a sachet or a 
vial. Tradit ionally, single doses were wrapped in 
paper. This was unsatisfactory for most products, 
particularly if the ingredients were hygroscopic, 
volatile or deliquescent. Modern packaging materials 
of foil and plastic laminates have replaced such 
paper wrappings; they offer superior protective 
qualities and are amenable to use on high-speed 
packing machines. However, some paper-wrapped 
powders continue in over-the-counter products.

In the manufacture of oral powders, effort is 
made to ensure a suitable particle size is used with 
regard to the intended use. Additionally during 
manufacture, packaging, storage and distribution of 
oral powders, suitable means must be taken to 
ensure microbial quality. All powders and granules 
should be stored in a dry place to prevent deteriora-
tion due to ingress of moisture. Even if hydrolytic 
decomposition of ingredients does not occur, the 
particles will adhere and cake, producing an inele-
gant, often unusable product.

Effe rves cent.powders
Effervescent powders are presented as single-dose 
or multidose preparations and generally, in addition 
to the drug, contain acid substances and carbonates 
or hydrogen carbonates which react rapidly and 
effervesce when the patient adds the powder to 
water to produce a draught. Citric acid plus sodium 
bicarbonate is a common combination that releases 
carbon dioxide. The drug is quickly dissolved or 
dispersed in the water before administration.

It  is preferred that effervescent powders are 
packed in individual dose units in airtight containers 
(laminated sachets are ideal, Chapter 47). It  is impor-
tant to protect the powder from the ingress of mois-
ture during manufacture and on subsequent storage 
to prevent the reaction occurring prematurely.

The disadvantages of powdered and granulated 
dosage forms are as follows:
1. Bulk powders or granules (i.e. where doses are 

not pre-divided into individual aliquots) are far 
less convenient for the patient to carry than a 
small container of tablets or capsules, and are as 
inconvenient to self-administer as liquid 
preparations, such as mixtures. Modern 
packaging methods for divided preparations, 
such as heat-sealable laminated sachets 
(Chapter 47), mean that individual doses can 
be carried conveniently.

2. The masking of unpleasant tastes may be a 
problem with this type of preparation. A 
method of attempting taste-masking is by 
formulating the powder into a pleasantly tasting 
or taste-masked effervescent product. However, 
the manufacture of tablets and capsules is a 
more appropriate alternative for low-dose 
products.

3. Bulk powders or bulk granules are not 
suitable for the administration of potent  
drugs with a low dose. This is because 
individual doses are extracted from the bulk 
using a 5 mL spoon. This method is subject to 
such variables as variation in spoon  ll (e.g. 
‘level’ or ‘heaped’ spoonfuls) and variation in 
the bulk density of different batches of a 
powder. It  is therefore not an accurate method 
of measurement. Divided preparations have 
been used for more potent drugs, but tablets 
and capsules have largely replaced them for this 
purpose.

4. Powders and granules are not a suitable method 
for the administration of drugs which are 
inactivated in, or cause damage to, the stomach; 
these should be presented as enteric-coated 
tablets, for example.

Powders  and granules  for oral 
adminis tration

Oral.powders
Oral powders are preparations consisting of solid, 
loose, dry particles of varying degrees of  ne particle 
size. They contain one or more active substances, 
with or without excipients and, if necessary, 
approved colouring matter and  avouring. They are 
generally administered in or with water or another 
suitable liquid, or they may also be swallowed 
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Effervescent granules should be stored in an airtight 
container.
Coa ted gra nules. Coated granules consist of gran-
ules coated with one or more layers of mixtures of 
various excipients. The substances used as coatings 
(generally polymers) are usually applied as a solution 
or suspension in conditions in which evaporation of the 
vehicle occurs leaving a  lm of coating (see Chapter 
32). A suitable test should be carried out to demon-
strate the appropriate release of the active substance(s), 
for example one of the tests described in Chapter 35.
Modi ed-relea se gra nules. Modi ed-release gran-
ules are coated or uncoated granules that contain 
special excipients or which are prepared by special 
procedures, or both, designed to modify the rate, the 
place or the time at which the active substance or 
substances are released.

Modi ed-release granules may have prolonged-
release or delayed-release properties. A suitable test 
must be carried out to demonstrate the appropriate 
kinetics and extent of the release of the active 
substance(s).
G a stro-resista nt gra nules. G astro-resistant gran-
ules (also referred to as enteric-coated granules) are 
delayed-release granules that are intended to resist  
the gastric  uid and to release the active substance(s) 
in the intestine  uid. This is generally achieved by 
covering the granules with a gastro-resistant polymer 
(see Chapters 31 and 32). Again a suitable test 
should be carried out to demonstrate the appropriate 
release of the active substance(s).

Powders  for other routes  of 
adminis tration

Powders .for.inha la tion
The use of dry-powder systems for pulmonary drug 
delivery is now extensive. This dosage form has devel-
oped into one of the most effective methods of deliv-
ering active ingredients to the lung for the treatment 
of asthma and chronic obstructive pulmonary disease. 
Its popularity is re ected in the number of commer-
cial preparations available in a number of sophisti-
cated and increasingly precise delivery devices. 
Pulmonary delivery is discussed fully in Chapter 37.

Nas a l.powders
Nasal powders are medicated powders intended for 
inhalation into the nasal cavity by means of a 

Granules
One disadvantage of powders is that, because of par-
t icle size differences, the ingredients may segregate 
(see Chapter 11), either in the hoppers of packaging 
machines or on storage in the  nal bulk container. If 
this happens, the product will be non-uniform and 
the patient will not receive the same dose of the 
ingredients on each occasion. This can be minimized 
by ef cient granulation of the mixed powders.

G ranules are preparations consisting of solid, dry 
aggregates of powder particles suf ciently resistant 
to withstand handling. They are intended for oral 
administration. Some are swallowed as such, some 
are chewed and some are dissolved or dispersed in 
water or another suitable liquid before being 
administered.

G ranules contain one or more active substances 
with or without excipients and, if necessary, suitable 
colouring and  avouring substances. They are mainly 
used for low-toxicity, high-dose drugs. Methylcel-
lulose G ranules, for example, are used as a bulk-
forming laxative and have a dose of 1–4 g daily. 
Many proprietary preparations contain similar bulk-
forming laxatives.

G ranules are presented as single-dose or multi-
dose preparations. Each dose of a multidose prepara-
tion is administered by means of a device suitable 
for measuring the quantity prescribed. For single-
dose granules, each dose is enclosed in an individual 
container, for example a sachet or a vial. If the 
preparation contains volatile ingredients or the con-
tents have to be protected, they should be stored in 
an airtight container. For example, Methylcellulose 
G ranules should be kept in a wide-mouthed, airtight 
container.

There are several categories of granules:
•  effervescent granules
•  coated granules
•  gastro-resistant granules
•  modi ed-release granules.

Effervescent gra nules. Effervescent granules are 
uncoated granules generally containing acid sub-
stances and carbonates or hydrogen carbonates 
which react rapidly in the presence of water to 
release carbon dioxide. They are intended to be 
dissolved or dispersed in water before administra-
t ion. The effervescence and subsequent disintegra-
tion of the granules should be complete within 5 
minutes at which time the granule ingredients 
should be either dissolved or dispersed in the water. 
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intended for external use. Only sterile dusting 
powders should be applied to open wounds.

Dusting powders for lubricant purposes or super-
 cial skin conditions need not be sterile but they 
should be free from pathogenic organisms. As min-
erals such as talc and kaolin may be contaminated 
at source with spores of organisms causing tetanus 
and gangrene, these should be sterilized before they 
are incorporated into the product. Talc Dusting 
Powder is a sterile cutaneous powder containing 
starch and puri ed talc in which the talc is sterilized 
before incorporation with the starch, or the  nal 
product is subject to a suitable terminal sterilization 
procedure.

Dusting powders are normally dispensed in glass 
or metal containers with a perforated lid. The 
powder must  ow well from such a container, so 
that it  can be dusted over the affected area. The 
active ingredients must therefore be diluted with 
materials having reasonably good  ow properties, 
e.g. puri ed talc or maize starch.

Hexachlorophene Dusting Powder contains an 
antibacterial agent and Talc Dusting Powder is used 
as a lubricant to prevent cha ng. Proprietary prod-
ucts are available, usually for the treatment of bacte-
rial or fungal infections, e.g. Canesten® Powder 
(clotrimazole) is used as an antifungal agent.

Dusting powders are powders for cutaneous 
application which have a suitable  neness. An 
example is Talc Dusting Powder, which is a mix of 
10% of starch and 90% of Puri ed Talc, where the 
particle size is controlled by size separation using, 
typically, a 250 µm sieve.

Ear.powders .
Powders containing active ingredients can also be 
administered to the ear. Ear powders normally have 
to comply with the pharmaceutical requirements for 
powders for cutaneous application. They are sup-
plied in containers  t ted with a suitable device for 
application.

Preparations  requiring further 
treatment at time of dispens ing

Some preparations for oral use are prepared from 
powders or granules to yield oral solutions or sus-
pensions using a suitable vehicle. This may be per-
formed at the dispensing stage or by the patient 
prior to administration. The vehicle for any prepara-
tions for oral use is chosen having regard to the 

suitable device. Some potent drugs are presented in 
this way because they are rapidly absorbed when 
administered as a  ne powder via the nose (see 
Chapter 38 for a detailed discussion of the nasal 
route of administration). To enhance convenience 
and ensure that a uniform dose is delivered on each 
occasion, delivery devices have been developed. Suf-
 cient drug for one dose may be presented in a hard 
gelatin capsule diluted with an inert , soluble diluent 
such as lactose. The capsule is placed in the body of 
the nasal delivery device and is broken when the 
device is assembled. The drug is inhaled, via the 
nose, by the patient as a  ne powder. The size of 
the particles is such as to localize their deposition in 
the nasal cavity and is veri ed by adequate methods 
of particle-size determination.

Powders  for external use

Powders .for.cutaneous .applica tion.
(top ica l.powders )
Powders for cutaneous application are preparations 
consisting of solid, loose, dry particles of varying 
degrees of  neness. They contain one or more active 
substances, with or without excipients and, if neces-
sary, appropriate colouring matter.

Powders for cutaneous application are presented 
as single-dose powders or multidose powders. They 
should be free from grittiness. Powders speci cally 
intended for use on large open wounds or on severely 
injured skin must be sterile.

Multidose powders for cutaneous application 
may be dispensed in sifter-top containers, containers 
equipped with a mechanical spraying device or in 
pressurized containers.

In the manufacture of powders for cutaneous appli-
cation, measures should be taken to ensure a suitable 
particle size (determined and controlled by sieving) 
with regard to the intended use. Additionally, suitable 
measures should be taken to ensure their microbial 
quality and if the label indicates that the preparation 
is sterile, it must comply with a test for sterility.

Sterile powders used in cutaneous application 
must be prepared using materials and methods 
designed to ensure sterility and to avoid the intro-
duction of contaminants and the growth of 
micro-organisms.

Dus ting.powders
Dusting powders contain ingredients used for thera-
peutic, prophylactic or lubricant purposes and are 



 P o w d e rs ,  g ra n u le s  a n d  g ra n u la tio n  C H A P T E R  2 8

4 71

or granules. When the product is dispensed, a given 
quantity of water is added to reconstitute the solu-
tion or suspension. This enables suf cient time for 
warehousing and distribution of the product and 
storage at the pharmacy without degradation. Once 
it  is reconstituted, the patient must be warned of 
the short shelf-life. A shelf-life of 1–2 weeks for the 
reconstituted antibiotic syrup should not be a serious 
problem for the patient as the dosing would nor-
mally be complete by then. Examples are Amoxicil-
lin Oral Suspension and Erythromycin Ethylsuccinate 
Oral Suspension.

Powders .for.ora l.d rops
Oral drops are solutions, emulsions or suspensions 
that  are administered in small volumes, such as in 
drops, by the means of a suitable device. Powders 
for the preparation of oral drops would have to 
conform to requirements of all other oral powders. 
They may contain excipients to facilitate dissolution 
or suspension in the prescribed liquid, or to prevent 
caking.

After dissolution or suspension, they comply with 
the speci c pharmacopoeial requirements for pre-
prepared oral drops. If the dose is measured in 
drops, the label should also state the number of 
drops per millilitre or per gram of preparation.

Powders .for.injec tion
Injections of medicaments that are unstable in 
aqueous solution must be made immediately prior to 
use. The ingredients are presented as sterile powders 
in ampoules or vials. Suf cient diluent, e.g. sterile 
Water for Injections, is added from a second con-
tainer to produce the required drug concentration 
and the injection is used immediately. The powder 
may contain suitable excipients in addition to the 
drug, e.g. suf cient additive to produce an isotonic 
solution when the injection is reconstituted.

Powders for injection are most often manu-
factured by a freeze drying process (Chapter 29). 
The sterilization of these ‘lyophilized powders’  
is described in Chapter 17 and their use as 
parenteral products is discussed in more detail in 
Chapter 36.

The label for powders for injection should state 
i) the amount of active ingredient contained in the 
sealed container, ii) the directions for preparing the 
injection or intravenous infusion from the powder 
and iii) that when dissolved or suspended, the prep-
aration is intended for parenteral use.

nature of the active substance(s) and to provide 
organoleptic characteristics appropriate to the 
intended use of the preparation.

Several categories of preparations may be 
dist inguished:
•  powders and granules for oral solutions and 

suspensions
•  powders and granules for syrups
•  powders for oral drops
•  powders for injection.

Powders .and .granules .for.s olution..
or.s us pens ion
Powders and granules for the preparation of oral 
solutions or suspensions generally conform to the 
de nitions in the normal pharmacopoeial standards 
for oral powders or granules as appropriate. They 
may contain excipients, in particular to facilitate 
dispersion or dissolution and to prevent caking. 
After dissolution or suspension, the resulting product 
should comply with the requirements for oral solu-
tions or oral suspensions, as appropriate.

The label should explain the method of prepara-
tion of the solution or suspension from the powder 
or granules, and the conditions and the duration of 
storage after reconstitution.

Powders .and .granules .for.s yrups
Syrups are aqueous preparations characterized by a 
sweet taste and a viscous consistency. They may 
contain sucrose at a concentration of at least 45%. 
The sweet taste can also be obtained by using other 
polyols or sweetening agents. Syrups usually contain 
aromatic or other  avouring agents.

All of the necessary ingredients for the syrup may 
be manufactured and stored in the dry powdered or 
granular state and then reconstituted (usually by the 
addition of water alone) at the t ime of dispensing or 
administration. After dissolution, the resulting syrup 
must comply with the normal pharmacopoeial 
requirements for syrups.
Antibiotic syrups. For patients who have dif -
culty taking capsules and tablets, e.g. young chil-
dren, a liquid preparation of a drug offers a suitable 
alternative. Unfortunately, many antibiotics are 
physically or chemically unstable when formulated 
as a solution or suspension. The method used to 
overcome this instability problem is to manufacture 
the dry ingredients of the intended liquid prepara-
tion in a suitable container in the form of a powder 
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fate of the granules. However, in the context of 
manufacturing tablets, the mechanical properties of 
the granules and the way in which they deform and 
bond are critical in the tableting process. The 
remainder of this chapter discusses in more detail 
the way in which granules are formed and how their 
structure in uences their compacta bility. Current 
manufacturing methods are also discussed.

Pharmac e utic al te c hnology of 
granule  produc tion

Pharmaceutical granulation 
processes

G ranulation methods can be divided into two types: 
wet methods which utilize a liquid in the process 
and dry methods in which no liquid is used.

In a suitable formulation a number of different 
excipients will be needed in addition to the drug. 
The common types used are diluents, to produce 
a unit dose weight of suitable size, and disintegrating 
agents which are added to aid the break-up of 
the granule when it  reaches a liquid medium, e.g. 
on ingestion by the patient. An adhesive (also 
known as a binder) in the form of a dry powder may 
also be added, particularly if dry granulation is 
employed. All ingredients will be mixed before 
granulation.

Dry.granula tion
In the dry methods of granulation, the primary 
powder particles are aggregated at high pressure. 
There are two main intermediate processes. Either 
the production of a large tablet (known as a ‘slug‘) 
in a heavy-duty tableting press (a process known as 
slugging) or the powder is squeezed between two 
rollers to produce a sheet or  akes of material (roller 
compaction). In both cases, the intermediate product 
is broken using a suitable milling technique to 
produce granular material which is usually sieved to 
separate the desired size fraction. The unused  ne 
material may be reworked to avoid waste. This dry 
method may be used for drugs which do not com-
press well after wet granulation or those which are 
sensitive to moisture.

Wet.granula tion.(involving.we t.mas s ing)
Wet granulation involves the massing of a mix of dry 
primary powder particles using a granulating  uid. 

Pharmacopoeial tes ts

The pharmacopoeial tests for assessing the quality 
of most powdered and granular dosage forms are 
very similar. The role of these tests is indicated by 
its t it le; details of procedures and standards can be 
found in the latest  appropriate pharmacopeia.
Uniformity of dosa ge units. Single-dose oral 
powders should comply with a pharmacopoeial test 
for uniformity of dosage units or, where justi ed and 
authorized, with the tests for uniformity of content 
and/ or uniformity of mass.
Uniformity of ma ss. Single-dose oral powders 
need to comply with a test for uniformity of mass 
of single-dose preparations. If the product complies 
with the uniformity of content test for all active 
substances, the test for uniformity of mass is not 
required.
Uniformity of content. In the case where the oral 
powder contains a particularly active drug, single-
dose oral powders must comply with a test for uni-
formity of content of active drug(s) in single-dose 
preparations. After shaking, empty each container as 
completely as possible; the test is carried out on the 
individual contents. As an example, the BP de nes 
an active substance as one where a single-dose of 
powder or granules contains an amount of active 
substance less than 2 mg, or less than 2 per cent of 
the total mass of the single-dose preparation.
Uniformity of ma ss of delivered doses from 
multidose conta iners. Oral powders and granules 
supplied in multidose containers must comply with 
this test .
Drug relea se. Where appropriate (e.g. coated 
granules, modi ed-release granules, gastro-resistant 
granules) the rate and extent of release of the active 
drug(s) must be quanti ed and compared with the 
required speci cation.

Granule s  us e d as  an 
inte rme diate  in table t 
manufac ture

As indicated earlier in this chapter, by far the largest 
portion of pharmaceutical granules that are made 
will have a short lifetime before they are incorpo-
rated into tablets (mainly) or hard-gelatin capsule 
dosage forms. The methods of manufacture of 
granules are basically the same irrespective of the 
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of intact drug particles held together in a sponge-like 
matrix of binder. Fluidized-bed granules are similar 
to granules prepared by the wet massing process 
but possess greater porosity, and the granule surface 
is covered by a  lm of binding agent. With spray-
dried systems, the granules consist of spherical 
particles composed of an outer shell with an 
inner core of particles or air. Thus, the properties of 
the granule are in uenced by the manufacturing 
process.

Granulation me c hanis ms

Particle bonding mechanisms

To form granules, bonds must be formed between 
powder particles so that  they adhere and these 
bonds must be suf ciently strong to prevent break-
down of the granule to powder in subsequent han-
dling operations.

The  ve primary bonding mechanisms between 
particles are:
1. adhesion and cohesion forces in the immobile 

liquid  lms between individual primary powder 
particles

2. interfacial forces in mobile liquid  lms within 
the granules

3. the formation of solid bridges after solvent 
evaporation

4. attractive forces between solid particles
5. mechanical interlocking.
Different types of mechanism have been identi ed 
in each group, and the ones discussed below are 
those which are of relevance to pharmaceutical 
granulations.

Adhes ion.and .cohes ion.forces .in.
immobile . lms
If suf cient liquid is present in a powder to form a 
very thin, immobile layer, there will be an effective 
decrease in interparticulate distance and an increase 
in contact area between the particles. The bond 
strength between the particles will be increased 
because of this, as the van der Waals forces of attrac-
tion are proportional to the particle diameter and 
inversely proportional to the square of the distance 
of separation.

This situation will arise with adsorbed moisture 
and accounts for the cohesion of slightly damp 

The granulating  uid contains a solvent that must be 
volatile, so that it  can be removed by drying, and is 
non-toxic. Typical suitable liquids include water, 
ethanol and isopropanol either alone or in combina-
tion. The granulation liquid may be used alone or, 
more usually, as a solvent containing a dissolved 
adhesive (also referred to as a binder or binding 
agent) which is used to ensure particle adhesion 
once the granule is dry.

Water is commonly used for economic and eco-
logical reasons. The disadvantages of water as a 
solvent are that it  may adversely affect drug stability, 
causing hydrolysis of susceptible products, and it  
needs a longer drying time than organic solvents. 
This long drying time increases the duration of the 
process and again may affect chemical stability of 
the drug(s) because of the extended exposure to 
heat. The primary advantage of water is that  it  is 
non- ammable, which means that expensive safety 
precautions such as the use of  ame-proof equip-
ment need not be taken. Organic solvents are used 
as an alternative to dry granulation when water-
sensitive drugs are processed, or when a rapid drying 
time is required.

In the traditional wet granulation method, the 
wet mass is forced through a sieve to produce wet 
granules which are then dried. A subsequent screen-
ing stage breaks agglomerates of granules and 
removes the  ne material which can be recycled. 
Variations of this traditional method are dependent 
upon the equipment used but the general principle 
of init ial particle aggregation using a liquid remains 
in all of the processes.

An alternative to the traditional wet-granulation 
process is melt  granulation whereby thermosett ing 
polymers are used to form the granules. This process 
is described below.

Effec t.of.granula tion.method.on..
granule .s truc ture
The type and capacity of granulating mixers signi-
 cantly in uence the work input and time necessary 
to produce a cohesive mass, adequate liquid 
distribution and intragranular porosity of the gra-
nular mass. The method and conditions of granu-
lation affect  intragranular pore structure by changing 
the degree of packing within individual granules. It  
has been shown that precompacted granules, 
consisting of drug and binder particles, are held 
together by simple bonding formed during con-
solidation. G ranules prepared by wet massing consist 
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liquid–air interface, which is now only at the granule 
surface. The funicular state represents an intermedi-
ate stage between the pendular and capillary states. 
Moist  granule tensile strength increases about three 
t imes from the pendular to capillary state.

It  may appear that the state of the powder bed 
is dependent upon the total moisture content of the 
wetted powders but the capillary state may also be 
reached by decreasing the separation of the parti-
cles. In the massing process during wet granulation, 
continued kneading/ mixing of material originally in 
the pendular state will densify the wet mass, 
decreasing the pore volume occupied by air and 
eventually producing the funicular or capillary state 
without further liquid addition.

In addition to these three states, a further state, 
the droplet, is illustrated in Figure 28.2. This will 
be important in the process of granulation by spray 
drying of a suspension. In this state, the strength of 
the droplet is dependent upon the surface tension 
of the liquid used.

These wet bridges are only temporary structures 
in wet granulation because the moist granules will 
be dried. They are, however, a prerequisite for the 
formation of solid bridges formed by adhesives 
present in the liquid, or by materials which dissolve 
in the granulating liquid.

Solid .b ridges
These can be formed by:
•  partial melting
•  hardening binders
•  crystallization of dissolved substances.

Pa r tia l melting. Although not considered to be a 
predominant mechanism in pharmaceutical materi-
als, it  is possible that  the pressures used in dry 
granulation methods may cause melting of low 
melting point materials where the particles touch 
and high pressures are developed. When the pres-
sure is relieved, crystallization will take place, 
binding the particles together.
Ha rdening binders. This is the common mecha-
nism in pharmaceutical wet granulations when an 
adhesive is included in the granulating solvent. The 
liquid will form liquid bridges, as discussed above, 
and the adhesive will harden or crystallize on drying 
to form solid bridges to bind the particles. Adhesives 
such as polyvinylpyrrolidone, the cellulose deriva-
tives (such as carboxymethylcellulose) and prege-
latinized starch function in this way.

powders. Although such  lms may be present as 
residual liquid after granules prepared by wet granu-
lation have been dried, it  is unlikely that they con-
tribute signi cantly to the  nal granule strength. In 
dry granulation, however, the pressures used will 
increase the contact area between the adsorbed 
layers and decrease the interparticulate distance and 
this will contribute to the  nal granule strength.

Thin, immobile layers may also be formed by 
highly viscous solutions of adhesives. The resulting 
bond strength will be greater than that produced by 
the mobile  lms discussed below. The use of starch 
mucilage in pharmaceutical granulations may 
produce this type of  lm.

Inte rfac ia l.forces .in.mobile .liquid . lms
During wet granulation, liquid is added to the 
powder mix and will be distributed as a  lm around 
and between the particles. Suf cient liquid is usually 
added to exceed that necessary for an immobile 
layer and this produces a mobile  lm. The three 
states of water distribution between particles are 
illustrated in Figure 28.2.

At low moisture levels, termed the pendular 
state, the particles are held together by lens-shaped 
rings of liquid. These cause adhesion because of the 
surface tension forces of the liquid–air interface and 
the hydrostatic suction pressure in the liquid bridge. 
When all the air has been displaced from between 
the particles, the capillary state is reached, and the 
particles are held by capillary suction at  the 

Fig . 28.2 •  Water distribution between particles o  a 
granule during  ormation and drying. 
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into a bed of granules varies for each type of granula-
tion equipment but the mechanism discussed below 
serves as a useful broad generalization of the process.

The proposed granulation mechanism can be 
divided into three stages: nucleation, transition and 
ball growth.

Nuclea tion
G ranulation starts with particle–particle contact and 
adhesion due to liquid bridges. A number of parti-
cles will join to form the pendular state illustrated 
in Figure 28.2. Further agitation densi es the pen-
dular bodies to form the capillary state and these 
bodies act as nuclei for further granule growth.

Trans ition
Nuclei can grow by two possible mechanisms: either 
single particles can be added to the nuclei by pen-
dular bridges or two or more nuclei may combine. 
The combined nuclei will be reshaped by the agita-
t ion of the bed.

This stage is characterized by the presence of a 
large number of small granules with a fairly wide size 
distribution. Providing that the size distribution is 
not excessively large, this point represents a suitable 
endpoint for granules used in capsule and tablet 
manufacture as relatively small granules will produce 
a uniform tablet  die or capsule  ll. Larger granules 
may give rise to problems in small-diameter dies due 
to bridging across the die and uneven  ll.

Ba ll.growth
Further granule growth produces large, spherical 
granules and the mean particle size of the granulating 
system will increase with time. If agitation is contin-
ued, granule coalescence will continue and produce 
an unusable, over-massed system, although this is 
dependent upon the amount of liquid added and the 
properties of the material being granulated.

Although ball growth produces granules which 
may be too large for pharmaceutical purposes, some 
degree of ball growth will occur in planetary mixers 
and it  is an essential feature of some spheronizing 
equipment.

The four possible mechanisms of ball growth are 
illustrated in Figure 28.3.
Coa lescence. Two or more granules join to form a 
larger granule.
Brea ka ge. G ranules break into fragments which 
adhere to other granules, forming a layer of material 
over the surviving granule.

Cr ysta lliza tion of dissolved substa nces. The 
solvent used to mass the powder during wet granula-
tion may partially dissolve one of the powdered 
ingredients. When the granules are dried, crystalliza-
tion of this material will take place and the dissolved 
substance then acts as a hardening binder. Any mate-
rial soluble in the granulating liquid will function in 
this manner, e.g. lactose incorporated into powder 
blends granulated with water.

The size of the crystals produced in the bridge 
will be in uenced by the rate of drying of the gran-
ules; the slower the drying time, the larger the par-
ticle size. It  is therefore important that the drug 
does not dissolve in the granulating liquid and 
recrystallize because it  may adversely affect the dis-
solution rate of the drug if crystals larger than that 
of the starting material are produced.

Attrac tive .forces .be tween.s olid .partic les
In the absence of liquids and solid bridges formed 
by binding agents, there are two types of attractive 
force which can operate between particles in phar-
maceutical systems.

Electrostatic forces may be of importance in 
causing powder cohesion and the initial formation 
of agglomerates, e.g. during mixing. In general they 
do not contribute signi cantly to the  nal strength 
of the granule.

Van der Waals forces, however, are about four 
orders of magnitude greater than electrostatic forces 
and contribute signi cantly to the strength of gran-
ules produced by dry granulation. The magnitude of 
these forces will increase as the distance between 
adjacent surfaces decreases and in dry granulation 
this is achieved using pressure to force the particles 
together.

Mechanisms  of granule formation

In the dry methods, adhesion of particles takes place 
because of applied pressure. A compact or sheet is 
produced which is larger than the granule size 
required and therefore the required size can be 
attained by milling and sieving.

In wet granulation methods, liquid added to dry 
powders has to be distributed through the powder 
by the mechanical agitation produced in the granula-
tor. The particles adhere to each other because of 
liquid  lms and further agitation and/ or liquid addi-
t ion causes more particles to adhere. The precise 
mechanism by which a dry powder is transformed 
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only be used as a control parameter when the for-
mulation is such that granule growth is slow and 
takes place at a fairly uniform rate. In many cases, 
however, the transition from a non-granulated to an 
overmassed system is very rapid and monitoring 
equipment is necessary to stop the granulation at a 
predetermined point. This is known as granulation 
endpoint control.

Pharmac e utic al granulation 
e quipme nt and proc e s s e s

Wet granulators

There are three main types of granulator used in the 
pharmaceutical industry for wet granulation.

Shear.granula tors
The older shear granulators have largely disappeared 
and have been replaced by the much more ef cient 
high-speed mixer/ granulators. In the traditional 
shear (or planetary) granulation process, dry-powder 
blending usually has to be performed as a separate 
initial operation using different powder-mixing 
equipment. The older process suffered from a 
number of major disadvantages: its long duration, 
the need for several pieces of equipment and the 
high material losses which can be incurred because 
of the transfer stages between the different equip-
ment. The process served the pharmaceutical indus-
try well for many years but the advantages of modern 
mixer/ granulators have proved too attractive for 
their continued use.

High-s peed .mixer/granula tors
This type of granulator (e.g. Diosna) is used exten-
sively for pharmaceutical granulation. They were 
developed from traditional planetary mixers in order 
to speed up the process and to reduce the number 
of pieces of equipment and separate process steps 
required. The machines have a stainless steel mixing 
bowl containing a three-bladed main impeller which 
revolves in the horizontal plane and a three-bladed 
auxiliary chopper (or breaker blade) which revolves 
in either the vertical or horizontal plane (Fig. 28.4). 
The main blade is designed to rotate at about 150–
300 rpm and the high-speed chopper rotates at 
about 1500 and 3000 rpm.

Abra sion tra nsfer. Agitation of the granule bed 
leads to attrit ion of material from granules. This 
abraded material adheres to other granules, increas-
ing their size.
La yer ing. When a second batch of powder mix is 
added to a bed of granules, the powder will adhere 
to the granules, forming a layer over the surface and 
thus increasing the granule size. This mechanism is 
only of relevance to the production of layered gran-
ules using spheronizing equipment.

There will be some degree of overlap between 
these stages and it  will be very dif cult  to identify 
a given stage by inspection of the granulating system. 
For end-product uniformity, it  is desirable to  nish 
every batch of a formulation at the same stage and 
this may be a major problem in pharmaceutical 
production.

Using the slower processes such as the planetary 
mixer, there is usually a suf cient length of t ime to 
stop the process before overmassing. In faster granu-
lation equipment, the duration of granulation can 

Fig . 28.3 •  Mechanisms o  ball growth during 
granulation. 
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necessary to use a suitable monitoring system to 
indicate the end of the granulation process, i.e. 
when a granule of the desired properties has been 
attained. The process is also sensitive to variations 
in raw materials but this may be minimized by using 
a suitable granulation endpoint monitor.

A variation of the Diosna type of design is the 
Collette UltimaG ral mixer (G EA Collette, Van-
guard) (Fig. 28.5). This is based on the bowl and 
overhead drive of the planetary mixer but the single 
paddle of a planetary mixer is replaced with two 
mixing shafts. One of these carries three blade arms 
which rotate in the horizontal plane at the base of 
the bowl and the second carries smaller blades 
which act  as the chopper and rotate rapidly in the 
upper regions of the granulating mass. Thus, the 

The unmixed dry powders are placed in the bowl 
and mixed by the rotating impeller for a few minutes. 
G ranulating liquid is then added via a port in the lid 
of the granulator whilst  the impeller is turning. The 
granulating  uid is mixed into the powders by the 
impeller. The chopper is usually switched on when 
the moist mass is formed as its function is to break 
up the wet mass to produce a bed of granular mate-
rial. Once a satisfactory granule has been produced, 
the granular product is discharged, passing through 
a wire mesh, which breaks up any large aggregates, 
into the bowl of a  uidized-bed drier.

Like most modern process equipment, high-
speed mixer/ granulators are available in a wide range 
of sizes. These are often designed to have similar 
geometric and powder movement characteristics in 
an attempt to minimize scale-up problems when a 
product moves from development to production. 
Bowl volumes between 1 L and 1250 L are availa-
ble. The weight of powder that each holds will 
depend on its bulk density and the optimum  ll 
capacity (working volume) of each bowl. Bowls are 
manufactured from high-quality polished stainless 
steel.

The advantage of the process is that powder 
blending, wet massing and granulation are all per-
formed in a few minutes in the same piece of equip-
ment. The process needs to be controlled with care 
as the granulation progresses so rapidly that a usable 
granule can be transformed very quickly into an 
unusable, overmassed system. Thus it  is often 

Fig . 28.4 •  High-speed mixer/granulator. 

Fig . 28.5 •  Collette-Gral type o  granulator: mixing 
sha ts  and bowl. 
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This type of granulator can also deal with the 
size reduction of dry material. They are available 
in a range of sizes capable of dealing with 300–
500 kg of wet mass per hour or 700–1200 kg/ h of 
dry mass.

Fluid ized-bed .granula tors
Fluidized-bed granulators (e.g. Aeromatic-Fielder, 
G latt , Vanguard) have a similar design and operation 
to  uidized-bed driers, i.e. the powder particles are 
 uidized in a stream of air, but in addition granula-
tion  uid is sprayed from a nozzle onto the bed of 
powders (Fig. 28.7).

Heated and  ltered air is blown or sucked through 
the bed of unmixed powders to  uidize the particles 

operating principle is similar to that of the Diosna 
type described above.

This design is available in sizes ranging from 10 L 
to 200 L volume (capable of processing about 3 kg 
to 80 kg batches, respectively). The main mixing 
blade rotates at 450–600 rpm in the 10 L model and 
at 150–200 rpm in the 200 L model. This rotational 
speed variation is to attempt to maintain the same 
linear velocity of movement of the blades, as this 
has been found to help scale-up. In all models the 
high-speed chopper rotates at 1500–3000 rpm.

An attractive feature of high-speed granulators is 
the fact that the product is usually granular and a 
separate step to granulate the wet mass is avoided 
(the granules being produced by the action of the 
high-speed chopper). Occasionally this is not fully 
satisfactory and the moist mass then has to be trans-
ferred to a granulator such as an oscillating granula-
tor (Fig. 28.6). The rotor bars of the granulator 
oscillate at an adjustable rate between 60 and 
100 rpm and force the moist mass through the sieve 
screen, the size of which determines the granule 
size. The mass should be suf ciently moist  to form 
discrete granules when sieved. If excess liquid is 
added at the wet massing stage, strings of material 
will be formed and if the mix is too dry, the mass 
will be sieved to a powder, and granules will not be 
formed. Fig . 28.6 •  Oscillating granulator. 

Fig . 28.7 •  Fluidized-bed granulator. 
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advantage is that automation of the process can be 
achieved once the conditions affecting the granula-
tion have been optimized and validated.
Disa dva nta ges of  uid ized-bed gra nula tion. 
On the downside, the equipment is initially expen-
sive and optimization of process (and product) 
parameters affecting granulation needs extensive 
development work, not only during initial formula-
tion work but also during scale-up from develop-
ment to production scale. Similar development 
work for the traditional process is not as extensive 
as that for high-speed granulators.

This long and very product-speci c development 
process has proved to be a serious problem with 
 uidized-bed granulation in the pharmaceutical 
industry. There are numerous apparatus, process 
and product parameters which affect the quality 
of the  nal granule; these are listed in Table 28.1. 
The extent of this list , coupled with the fact that 
each formulation presents its own individual devel-
opment problems, has led to  uidized-bed granula-
tion not ful lling its full potential in pharmaceutical 
production. This is exacerbated by the reality that 
most pharmaceutical companies have a wide range 
of products made at relatively small batch size, 
unlike other industries (fertilizers, herbicides, 
foodstuffs) where  uidized-bed granulation is used 
successfully and extensively. Intelligent computer 
control of the whole process is available but requires 
careful setting up to cope with the sensitivity 
to small changes in formulation and process 
variables.

and mix the powders;  uidization is actually a very 
ef cient mixing process. G ranulating  uid is pumped 
from a reservoir through a spray nozzle or multiple 
nozzles positioned over the bed of particles. A variety 
of spray nozzles is available to cope with a wide range 
of products. The granulating  uid causes the primary 
powder particles to adhere when the droplets and 
powders collide. Escape of material from the granula-
tion chamber is prevented by exhaust  lters which 
are periodically agitated to reintroduce the collected 
material into the  uidized bed. Suf cient liquid is 
sprayed to produce granules of the required size at 
which point the spray is turned off – but the  uidizing 
air continued. The wet granulates are then dried in 
the heated  uidizing air stream.

Commercial apparatus ranges from laboratory 
models that, by changing the bowl, have a volume 
between 0.2 and 2 L, giving a capacity of a few 
grams up to about 1 kg, up to production machines. 
A wide range is available to cope with the wide 
variety of production volumes encountered in the 
pharmaceutical industry. They can be obtained in 
sizes suitable for batches between 5 kg and a massive 
1550 kg, these calculations being based on an 
optimum 70% bowl  ll and a powder/ granule bulk 
density of 0.5 kg/ L.
Adva nta ges of  uid ized-bed gra nula tion. 
Fluidized-bed granulation has many advantages over 
conventional wet massing. All the granulation pro-
cesses, which normally need separate equipment in 
the conventional method, are performed in one unit, 
saving labour costs, transfer losses and time. Another 

Table 28.1 Apparatus, process and product variables inf uencing f uidized-bed granulation

Apparatus parameters Process parameters Product parameters

Air distribution place Bed load Type o  binder

Shape o  granulator body Fluidizing air f ow rate Quantity o  binder

Nozzle height Fluidizing air temperature Binder solvent

Positive or negative 
pressure operation

Fluidizing air humidity
Atomization

Nozzle type
Spray angle
Spraying regime
Liquid f ow rate
Atomizing air f ow rate
Atomizing air pressure
Droplet size

Concentration o  granulating solution
Temperature o  granulating solution
Starting materials

Fluidization
Powder hydrophobicity
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is primarily used as a method to produce multipar-
ticulates for controlled drug release applications. 
The major advantage over other methods of produc-
ing drug-loaded spheres or pellets is the ability to 
incorporate high levels of active ingredients without 
producing excessively large particles (i.e. minimal 
excipients are necessary).

The main steps of the process are:
•  dry mixing of ingredients to achieve a 

homogeneous powder dispersion
•  wet massing to produce a suf ciently plastic 

wet mass
•  extrusion to form rod-shaped particles of 

uniform diameter
•  spheronization to round off these rods into 

spherical particles
•  drying to achieve the desired  nal moisture 

content
•  screening (optional) to achieve the desired 

narrow size distribution.

Applica tions .of.extrus ion/s pheroniza tion
Potential applications are many but relate mainly to 
controlled drug release and improved processing.
Controlled drug relea se. Both immediate-release 
and controlled-release pellets can be formed. In 
turn, these pellets can either be  lled into hard 
gelatin capsule shells or compacted with suitable 
excipients into tablets to form unit dosage forms. 
Pellets can contain two or more ingredients in the 
same individual unit  or incompatible ingredients can 
be manufactured in separate pellets.

Pellets can be coated in sub-batches to give, say, 
rapid-, intermediate- and prolonged-release pellets 
in the same capsule shell. Dense multiparticulates 
disperse evenly within the gastrointestinal tract and 
have less variable gastric emptying and intestinal 
transit  t imes than single units, such as coated mono-
lithic tablets.
Processing. The process of extrusion/ spheronization 
can be used to increase the bulk density, improve 
 ow properties and reduce the problems of dust 
usually encountered with low-density,  nely divided 
active and excipient powders.

Extrusion/ spheronization is a more labour-
intensive process than other forms of granulation 
and therefore should only be considered when other 
methods of granulation are either not satisfactory 
for that particular formulation or are inappropriate 
(i.e. when spheres are required).

Spray.drie rs
These differ from the method discussed above in that 
a dry, granular product is made from a solution or a 
suspension rather than from dry primary powder par-
ticles. The solution or suspension may be of drug 
alone, a single excipient or a complete formulation.

The process of spray drying is discussed more 
fully in Chapter 29. The resultant granules are free-
 owing hollow spheres and the distribution of the 
binder in such granules (at the periphery following 
solute migration during drying) results in good com-
paction properties.

This process can be used to make tablet granules 
although it  is probably economically justi ed for this 
purpose only when suitable granules cannot be pro-
duced by the other methods. Spray drying can 
convert hard elastic materials into more ductile 
materials. Spray-dried lactose is the classic example 
and its advantages over α -lactose monohydrate crys-
tals when compacted are discussed in Chapter 30.

The primary advantages of the process are the 
short drying time and the minimal exposure of the 
product to heat due to the short residence time in 
the drying chamber. This means that lit t le deteriora-
tion of heat-sensitive materials takes place and it  
may be the only process suitable for this type of 
product.

Spheronizers /pe lle tizers
For some applications it  may be desirable to have 
a dense, spherical pellet  of the type dif cult  to 
produce with the equipment described above. Such 
pellets are used for controlled drug release products 
following coating with a suitable polymer coat and 
 lling into hard gelatin capsules. Capsule  lling with 
a mixture of coated and non-coated drug-containing 
pellets would give some degree of programmed drug 
release after the capsule shell dissolves.

A commonly used process involves the separate 
processes of wet massing, followed by extrusion of 
this wet mass into rod-shaped granules and subse-
quent spheronization of these granules. Because this 
process is used so frequently to produce modi ed-
release multiparticulates, this process will be dis-
cussed in some detail.

Extrus ion/spheronization

Extrusion/ spheronization is a multi-step process 
used to make uniformly sized spherical particles. It  
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The  rst two categories (shown in Fig. 28.8) are 
used for both development and production but the 
latter is only used for experimental development 
work as it  is easy to add instrumentation.

The primary extrusion process variables are:
•  the feed rate of the wet mass
•  the diameter of the die
•  the length of the die
•  water content of the wet mass. The properties 

of the extrudate, and thus the resulting spheres, 
are very dependent on the plasticity and 
cohesiveness of the wet mass. In general, an 
extrudable wet mass needs to be wetter than 
that appropriate for conventional granulation by 
wet massing.

Spheroniza tion. The function of the fourth step 
in the process (i.e. spheronization) is to round off 
the rods produced by extrusion into spherical 
particles.

This process is carried out in a relatively simple 
piece of apparatus (Fig. 28.9). The working part 
consists of a bowl having  xed side walls, with a 
rapidly rotating bottom plate or disc. The rounding 
of the extrudate into spheres is dependent on fric-
t ional forces generated by particle–particle and 
particle–equipment collisions.

Des irable .properties .of.pe lle ts
Uncoated pellets have:
•  uniform spherical shape
•  uniform size
•  good  ow properties
•  reproducible packing (into hard gelatin 

capsules)
•  high strength
•  low friability
•  low dust
•  smooth surface
•  ease of coating
and once coated:
•  maintain all of the above properties, and
•  have desired drug release characteristics.

P roces s

Dr y mixing of ingredients. This uses normal 
powder mixing equipment.
Wet ma ssing. This stage also employs normal 
equipment and processes as used in wet granulation. 
There are two major differences in the granulation 
step compared with granulation for compaction:
•  amount of granulation  uid
•  the importance of achieving a uniform 

dispersion of  uid.
The amount of  uid needed to achieve spheres of 
uniform size and sphericity is likely to be greater 
than that for a similar tablet granulation. Poor liquid 
dispersion will produce a poor-quality product.
Extrusion. Extrusion produces rod-shaped parti-
cles of uniform diameter from the wet mass. The 
wet mass is forced through dies and shaped into 
small cylindrical particles with uniform diameter. 
The extrudate particles break at similar lengths 
under their own weight. Thus, the extrudate must 
have enough plasticity to deform but not so much 
that the extruded particles adhere to other particles 
when collected or rolled in the spheronizer.

There are many designs of extruder but generally 
they can be divided into three classes, based on their 
feed mechanism:
•  screw-feed extruders (axial or endplate, dome 

and radial)
•  gravity-feed extruders (cylinder roll, gear roll, 

radial)
•  piston-feed extruders (ram).

Fig . 28.8 •  Schematic representation o  production 
extruders. 
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development of process and formulation conditions, 
this step may not be necessary.

Formula tion.va riab les
The composition of the wet mass is critical in deter-
mining the properties of the particles produced. 
During the granulation step, a wet mass is produced 
which must be plastic, deform when extruded and 
break off to form uniformly sized cylindrical 
particles which are easily deformed into spherical 
particles. Thus the process has a complex set of 
requirements that are strongly in uenced by the 
ingredients of the pellet  formulation.

Summary
Extrusion/ spheronization is a versatile process 
capable of producing spherical granules having very 
useful properties. Because it  is more labour intensive 
than more common wet massing techniques, its use 
should be limited to those applications where a 
sphere is required and other granulation techniques 
are unsuitable.

The most common application of the process is to 
produce spherical pellets for controlled drug release.

Care must be taken to understand the required 
properties of the pellets and the manner in which 
the process and formulation in uence the ability to 
achieve these aims.

Rotorgranulation

This process allows the direct  manufacture of 
spheres suitable for controlled-release solid dosage 

The bottom disc has a grooved surface to increase 
these forces. Two geometric patterns are generally 
used:
•  a cross-hatched pattern with grooves running at 

right angles to one another
•  a radial pattern with grooves running radially 

from the centre of the disc.
The transition from rods to spheres during spheroni-
zation occurs in various stages. These are best 
described by examining the diagrams in Figure 
28.10.

If the moistened mass is too dry, spheres will not 
be formed; the rods will only transform as far as 
dumbbells.
Dr ying. A drying stage is required in order to 
achieve the desired moisture content. Drying is 
often the  nal step in the process. Drying of the 
pellets can be accomplished in any dryer that can be 
used for conventional wet granulations, including 
tray dryers and  uidized-bed dryers. Both are used 
successfully for extrusion/ spheronization. If solute 
migration (see Chapter 29) occurs during drying of 
the wet spheres, this may result in:
•  increased initial rate of dissolution
•  stronger pellets
•  modi ed surfaces which might reduce the 

adhesion of any added  lm coats.

Screening (optiona l). Screening may be neces-
sary in order to achieve the desired narrow size 
distribution. Normal sieves are used. If all the previ-
ous stages are performed ef ciently and with careful 

Fig . 28.9 •  A spheronizer showing the characteristic 
toroidal (rope-like) movement o  the  orming pellets  in 
the spheronizer bowl during operation. 

Spinning friction whee l

Wet product spheronizing
during toroida l motion

Fig . 28.10 •  Representation o  a mechanism o  
spheronization. The diagram shows a transition  rom 
cylindrical particles (a) into cylindrical particles with 
rounded edges (b), then dumbbells  (c ), to ellipsoids 
(d) and fnally spheres (e ). 

Cylinder  Cylinder
with rounded

ends

Dumbbell  Ellipsoid  Sphere

Spheroniza tion time

a  b  c  d  e
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to assist in the manipulation of resulting granule size. 
Powder charging and discharging are made easy and 
there is precise liquid feeding. Intelligent computer 
control of the whole process is available.

Melt granulation

Introduction
Melt granulation is a size enlargement process in 
which a thermosetting material (hot-melt binder) is 
used to bind the primary powder particles into gran-
ules. It  is a water-free alternative to wet granulation. 
The binder/ granulating agent is a semi-solid or solid 
hydrophilic polymer or a hydrophobic wax. There 
are two variants to the technique:
•  the hot-melt binder is added as a solid powder 

to the drug-excipient powder mix at room 
temperature and mixed while the temperature 
of the mix is raised to above the melting point 
of the binder (ideally at the low end of the 
range 50 and 90 °C)

•  the hot-melt binder is heated and melted then 
sprayed on to the powder in a  uidized bed 
granulator or high-speed mixer granulator.

In either case, liquid bridges are formed by the 
molten binder and powder agglomeration (i.e. gran-
ulation) takes place. The mechanism of granulation 
is analogous to wet granulation described above. The 
initial particle-particle bonds are formed by the 

forms from a dry powder in one process. The powder 
mix is added to the bowl and wetted with granulat-
ing liquid from a spray or multiple sprays (Fig. 
28.11). The base plate rotates at high speed and 
centrifugal force keeps the moist mass at the edges 
of the rotor. Here the velocity difference between 
the rotor and static walls, combined with the upward 
 ow of air around the rotor plate, causes the mass 
to move in a toroidal motion, resulting in the forma-
tion of discrete spherical pellets. This is an almost 
identical motion to that occurring in spheronizers, 
as shown in Figure 28.10. The resulting spheres 
(actually, of course, wet granules) are dried by the 
heated inlet air from the air chamber.

Using this technique, it  is possible to continue 
the process and coat the pellets by subsequently 
spraying coating solution onto the rotating dried 
pellets. Additionally, layered pellets can be pro-
duced by using uncoated pellets as nuclei in a second 
granulation with a powder mix of a second ingredi-
ent or ingredients.

Rotorgranulators (e.g. Freund, Vanguard) are 
manufactured in size ranges between 45 L and 450 L 
capacity. Again, the corresponding  ll weights will 
depend upon the bulk density of the formulation 
and the optimum operating capacity of each bowl. 
This range requires corresponding bowl and rotor 
disc diameters between 300 and 1400 mm. Discs 
with different surface roughness patterns are avail-
able to cope with a wide range of materials. They 
also come with an adjustable air gap around the plate 

Fig . 28.11 •  Rotorgranulator. 
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can be part  of the formulation development when 
designing modi ed-release products and adjusting 
the drug release versus time pro le. For immediate-
release systems, PEG  3000 25–30% by weight has 
been found to be a good starting point.
Following cooling of the melt-granulation granules 
or pellets back to room temperature, they follow the 
same fate as other granules, i.e. following an optional 
size reduction and screening procedure, they are 
either used in their own right as a dosage form,  lled 
into hard gelatin capsule shells or compacted into 
tablets together with other excipients.

Advantages .and .limita tions
The advantages of using a hot-melt granulation com-
pared with aqueous wet granulation is that the 
use of water is avoided and so damage to hydrolytic 
drug molecules is minimized. Melt granulation also 
avoids the use of organic solvents that are sometimes 
employed as an alternative in such cases. However, 
thermal degradation can still be a problem. A limita-
tion in the use of melt  granulation for immediately-
release products is that at the moment there is lit t le 
alternative to the use of polyethylene glycols.

Dry granulators

Dry granulation converts primary powder particles 
into granules using the application of pressure 
without the intermediate use of a liquid. It  therefore 
avoids heat/ temperature combinations which may 
degrade the product.

Two pieces of equipment are necessary for dry 
granulation:  rst , a machine for compressing the dry 
powders into compacts or  akes and second, a mill 
for breaking up these intermediate products into 
granules.

Slugging
The dry powders can be compacted using a conven-
tional tablet machine or, more usually, a large heavy-
duty rotary press can be used. This process is often 
known as slugging, the compacts made in the process 
(typically 25 mm diameter by about 10–15 mm 
thick) being termed slugs. A hammer mill is suitable 
for breaking the slugs. This is an old process that is 
being replaced by the more modern, and better, 
roller compaction process. Many pharmaceutical 
tableting materials suffer from a property known as 
work hardening which results in poor recompaction 
of these already compacted granules.

surface tension of a liquid (this t ime the molten 
hot-melt binder). On subsequent cooling, the 
molten binder solidi es forming solid bridges that 
permanently bind the particles together.

Hot-melt.b inders
Hot-melt binders can be either hydrophilic/ water 
soluble or hydrophobic/ water insoluble. The most 
commonly used hydrophilic water-soluble binders 
are the polyethylene glycols (PEG s). Polyethylene 
glycol is the ideal hot-melt binder for granules 
intended for immediate release products. G rades 
between PEG  2000 and PEG  6000 can be used 
with PEG  3000 being well suited (melting point 
48–54 °C).

Hydrophobic water-insoluble binders are particu-
larly useful in producing controlled-release dosage 
forms. Many different hydrophobic waxes have 
been found to be suitable. These include: carnauba 
wax, hydrogenated castor oil, hydrogenated cotton-
seed oil, stearic acid and a wide variety of fatty acid 
derivatives (glyceryl behanate, glyceryl monostear-
ate, glyceryl trilaurate, glyceryl trimyristate, glyceryl 
tripalmitate, glyceryl tristearate, hexadecyl palmi-
tate, octadecyl stearate and sorbitan monostearate). 
Most of these are miscible when molten and can be 
used in combination.

Hot-melt.proces s es
The heating procedure can be performed in a mixing 
vessel that is jacketed with hot water. In some for-
mulations, the temperature rise can be generated by 
friction alone during agitation/ mixing. High-speed 
mixers can sometimes generate a suf cient tempera-
ture rise in an acceptable processing t ime. Experi-
mentation has shown that 60 °C can be achieved in 
as lit t le as 10 minutes and that this can be reduced 
to 5 minutes with additional jacket heating.

There is also a variant of the standard extrusion/
spheronization process in which low melting point 
waxes and heating are used in the extrusion process. 
Spheronization and cooling are carried out simulta-
neously. This is hot-melt extrusion/speronization.

The main factors in uencing the ef ciency of the 
hot-melt granulation process are the amount and 
melting point of the binder, its viscosity when 
molten, impellor rotation speed, massing time and 
temperature achieved.

The amount of binder needed varies widely. 
Indeed manipulation of the amount, and the crea-
tion of mixtures, of hydrophobic hot-melt binders 
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(small powder particles) formed during the size 
reduction stage is often necessary. With suitable 
documentation, these may be recycled.

Advantages .of.the .rolle r..
compac tion.proces s

•  The process is economical as it  dispenses with 
the intermediate stages of wet massing and 
drying, and thus the associated energy and 
other processing costs.

•  It  can cope with a wide range of materials, 
particle size, bulk density and  owability. 
However, experience has shown that not all 
materials respond to roller compaction as they 
do not possess suitable deformation or cohesion 
properties.

•  There are relatively low investment costs 
compared with alternative granulation  
processes using multiple, and more expensive, 
equipment.

•  The process is easily scaled up.
•  The product has uniform properties with 

respect to its mechanical strength.
•  Additionally, the more gentle ‘squeeze’ of roller 

compactors leaves the resulting granules capable 
of further compaction into tablets without the 
work-hardening problems encountered with 
slugging.

Again, like most modern pharmaceutical process 
machinery, a wide range of sizes is available capable 
of operating with a wide range of throughputs and 
compaction forces (e.g. Alexanderwerk, Powtec). In 
the case of roller compactors, this range is enor-
mous, being available for throughputs between 10 
and 2000 kg/ h and compaction forces between 16 
and 64 kN/ cm of roller length. This is achieved by 
the choice of machines with roller diameters of 
between 100 mm and 450 mm and roller lengths of 
30 mm to 115 mm. This allows a wide range of APIs 
(active pharmaceutical ingredients, i.e. drugs) and 
excipients to be processed (or co-processed) and 
enables easy scale-up from a few hundred grams in 
development to very large-scale production of a suc-
cessful product.

The Protec or Hutt type (Fig. 28.12b) has a vertical 
screw feeder in the hopper which produces an even 
 ow of the material. Due to its design, it also has a 
precompacting and de-aerating effect on the powder 
charge. The speed of the screw, and that of the rollers, 
can be adjusted to provide control to the process.

Rolle r.compaction
Roller compaction is an alternative gentler method, 
the powder mix being squeezed between two 
counter-rotating rollers to form a compressed sheet 
(Fig. 28.12). The roller rotation speeds can be 
adjusted to allow variation in the compression time 
as the material passes between the rollers. Addition-
ally, roller pressure can be adjusted and is main-
tained constant during a run by means of a hydraulic 
control system to yield granules of constant crushing 
strength. Even rollers with different surface grooves 
are available if a particular product is troublesome.

The sheet so formed is normally weak and britt le 
and breaks immediately into  akes that can be 
somewhat similar to corn akes in their geometry. 
These  akes need gentler treatment to break them 
into granules. An oscillating granulator of the type 
shown in Figure 28.6 can be used with care, but 
often the conversion of these  akes to granules can 
be achieved by screening alone. Separation of  nes 

Fig . 28.12 •  Roller compaction: (a) Alexanderwerk and 
(b) Protec types. 

a

b
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KE Y P O IN TS

•  Drying is  important at many s tages  of 
pharmaceutical manufacture in order to remove 
(usually) water that may act as  a  vector for 
chemical and microbiological deterioration of 
the drug or product 

•  The mos t common form of drying is  heat-
induced evaporation of the solvent  Great care 
mus t be taken (by controlling temperature and 
time) to minimize any thermal degradation 
during drying 

•  Some fraction of the solvent is  very easy to 
remove (known as  free m oisture) and the 
remainder is  much more dif cult or occas ionally 
imposs ible to remove from a solid (bound 
m oisture) 

Michael E. Aulton
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of cases the ‘liquid’ will be water but also more 
volatile organic solvents, such as isopropanol, may 
need to be removed in a drying process. The physical 
principles of aqueous or organic solvent drying are 
similar, regardless of the nature of the liquid, though 
volatile solvents are normally recovered by conden-
sation rather than being vented into the atmosphere. 
This is for environmental and economic reasons. 
Also, the toxicity and  ammability of organic 
solvents pose additional safety and process 
considerations.

Drying of we t s o lids

Fundamental properties   
and interrelationships

An understanding of this operation requires some 
preliminary explanation of the following important 
terms. To avoid confusion and repetition, these 
terms will be de ned and explained in the context 
of water (the most commonly used pharmaceutical 
solvent) but the explanations and concepts are 
equally applicable to other relevant liquids (e.g. 
ethanol, isopropanol, etc.).

Mois ture content of wet solids

The moisture content of a wet solid is expressed as 
kg of moisture associated with 1 kg of the moisture-
free or ‘bone-dry’ solid. Thus, a moisture content of 
0.4 means that 0.4 kg of water is present per kg of 
the ‘bone-dry’ solid that will remain after complete 
drying. It  is sometimes calculated as percentage 
moisture content; thus this example would be 
quoted as 40% moisture content.

Tota l.mois ture .content
This is the total amount of liquid associated with a 
wet solid. Some of this water can be easily removed 
by the simple evaporative processes employed by 
most pharmaceutical dryers and some cannot. The 
amount of easily removable water (unbound water) 
is known as the  ree moisture content and the mois-
ture content of the water that is more dif cult  to 
remove in practice (bound water) is the equilibrium 
moisture content. Thus, the total moisture content 
of a solid is equal to its free moisture content plus 
its equilibrium moisture content.

•  Many different types  of drying processes  and 
equipment exis t as  there are numerous  
mechanisms  by which mois ture is  los t from a 
wet product or intermediary 

•  The selection of the bes t drying method for a  
product is  a  key decis ion 

•  The phenomenon of solute migration should be 
minimized during drying processes  

Introduc tion

Drying is an important operation in primary phar-
maceutical manufacture (i.e. the synthesis of active 
pharmaceutical ingredients or excipients) since it  is 
usually the last stage of manufacturing before pack-
aging. It  is important that the residual moisture, say 
from the  nal crystallization step, is rendered low 
enough to prevent product deterioration during 
storage and ensure free- owing properties during 
use. It  is equally important (and probably encoun-
tered more frequently) in secondary (dosage form) 
manufacture following the common operation of 
wet granulation (see Chapter 28) during the prepa-
ration of granules prior to tablet compaction. Hence, 
stability (see Chapter 48 and 49),  ow properties 
(see Chapter 12) and compactability (see Chapter 
30) are all in uenced by residual moisture.

This chapter is concerned with drying to the ‘dry’ 
solid state, starting with either a wet solid or a solu-
tion or suspension. The former is usually achieved 
by exposing the wet solid to moving, relatively dry 
air (elevated temperatures to accelerate the process 
are common). The latter is possible with equipment 
such as the spray dryer (see later in this chapter) 
that is capable of producing a dry product from a 
solution or suspension in one operation.

Most pharmaceutical materials are not com-
pletely free from moisture (i.e. they are not ‘bone 
dry’) but contain some residual water, the amount 
of which may vary with the temperature and humid-
ity of the ambient air to which they are exposed. 
This is discussed in more detail in this chapter.

For the purpose of this chapter, drying is de ned 
as the removal of all or most of the liquid associated 
with a wet pharmaceutical product. All drying pro-
cesses of relevance to pharmaceutical manufacturing 
involve evaporation or sublimation of the liquid 
phase and the removal of the subsequent vapour. 
The process must provide the latent heat for these 
processes without a signi cant temperature rise. 
Naturally the latter will enhance the potential of 
thermal degradation of the product. In the majority 
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Re la tive .humid ity.(RH).of.a ir
Ambient air is a simple solution of water in a mixture 
of gases and as such follows the rules of most solu-
tions – such as increased water solubility with 
increasing temperature, a maximum solubility at  a 
particular temperature (saturation) and precipita-
t ion of the solute on cooling (condensation, rain!). 
Incidentally, this is exactly why rain is sometimes 
called precipitation.

At a given temperature, air is capable of ‘taking 
up’ (i.e. dissolving) water vapour until it  is saturated 
(at 100% RH). Lower relative humidities can be 
quanti ed in terms of percentage relative humidity, 
which is given by:

Vapour pressure of water vapour in air
Vapour pressure of waater vapour in the air

saturated at the same temperature

×1000  

(29.1)

This is approximately equal to the percentage satu-
ration, which is:

Mass of water vapour present per kg of dry air
Mass of waterr vapour required to saturate

 kg of dry air at the same 1 ttemperature

×100  

(29.2)

Percentage saturation is the more fundamental 
measure but the expression ‘relative humidity’ is 
most commonly used. The two differ only very 
slightly in practice and only because water vapour 
does not behave exactly like an ideal gas.

These relationships show that the relative humid-
ity of air is dependent not only on the amount of 
moisture in the air but also on its temperature. This 
is because the amount of water required to saturate 
air is itself dependent on temperature. As men-
tioned before, in ambient air, water is in solution in 
the air gases and in this case its solubility increases 
with increasing temperature. If the temperature of 
the air is raised whilst  its moisture content remains 
constant, the air will theoretically be capable of 
taking up more moisture and therefore its relative 
humidity falls. A re-examination of Equations 29.1 
and 29.2 will show this.

It  is important to understand the difference 
between moisture content and relative humidity of 
air. This is important in many contexts (powder 
properties, granulation, drying, compaction, storage 
conditions) but these terms are often confused.

Unbound wa ter. The unbound water associated 
with a wet solid exists as a liquid and it  exerts its 
full vapour pressure. It  can be removed readily by 
evaporation. During a drying process this unbound 
water is readily lost but the resulting solid will not 
be completely free from water molecules as it  
remains in contact with atmospheric air that inevi-
tably contains dissolved water. Consequently the 
result ing solid is often known as air dry.

Equilibrium.mois ture .content
As mentioned above, evaporative drying processes 
will not remove all the possible moisture present in 
a wet product because the drying solid equilibrates 
with the moisture that  is naturally present in air. 
The moisture content of a solid under steady-state 
ambient conditions is termed the equilibrium mois-
ture content. Its value will change with the tempera-
ture and humidity of the air, and with the nature of 
the solid (see later in this chapter).
Bound wa ter. Part of the moisture present in a 
wet solid may be adsorbed on surfaces of the solid 
or be absorbed within its structure to such an extent 
that it  is prevented from developing its full vapour 
pressure and therefore from being easily removed 
by evaporation. Such moisture is described as bound 
water and is more dif cult  to remove than unbound 
water. Adsorbed water is attached to the surface of 
the solid as individual water molecules which may 
form a mono- (or bi-) layer on the solid surface. 
Absorbed bound water exists as a liquid but is 
trapped in capillaries within the solid by surface 
tension.

Mois ture content of air

An added complication to the drying process is that 
the drying air also contains moisture. Many pharma-
ceutical plants have air-conditioning systems to 
reduce the humidity of the incoming process air, but 
removing water from air is a very expensive process 
and therefore not all the water will be removed. The 
moisture content of air is expressed as kg of water 
per kg of ‘bone-dry’ (water-free) dry air.

The moisture content of air is not altered by 
changes in its temperature alone, only by changes in 
the amount of moisture taken up by the air. The 
moisture content of air should be carefully distin-
guished from the relative humidity.
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An additional complication to be taken into 
account is that  during a drying process both the 
temperature and moisture content of the drying air 
(and therefore its relative humidity) could change 
signi cantly. This arises from two separate factors:
•  uptake into the drying air of evaporated water 

vapour from the drying solid. If evaporation is 
high and vapour removal inef cient, the drying 
ef ciency will rapidly fall

•  the cooling of the supply air (and consequently 
the product) as the air transfers latent heat  
to the wet solid. This phenomenon is known as 
evaporative cooling. If the cooling is excessive 
the temperature of the air may fall to a value 
known as the dew point. Here the solubility of 
water in the cooler air is reduced to such a 
point that it  is exceeded and liquid water will 
condense and be deposited.

Rela tions hip .be tween.equilibrium.
mois ture .content,.re la tive .humid ity..
and .the .na ture .of.the .s olid
The equilibrium moisture content of a solid exposed 
to moist air varies with the relative humidity and 
with the nature of the solid, as shown in some 
typical plots (Fig. 29.1). If we assume that the 
atmospheric conditions are of the order of 20 °C and 
70–75% relative humidity, a mineral such as kaolin 
will contain about 1% bound moisture, while a 
starch-based product may have as much as 30% 
or more.

Loss  of water from wet solids

As explained above, unbound water is easily lost  by 
evaporation until the equilibrium moisture content 
of the solid is reached. This is shown in Figure 29.2. 
Once the solid reaches its equilibrium moisture 
content, extending the time of drying will not 
change the moisture content since an equilibrium 
situation has been reached. The only way to reduce 
the moisture content of the solid shown in Figure 
29.2 is to reduce the relative humidity of the 
ambient air. This can be achieved on a large scale 
with an air-conditioning system. On a laboratory 
scale, desiccators are used. Silica gel (a common 
laboratory and packaging desiccant) does not directly 
take water from a solid; instead it  acts by removing 
the water from the air, thereby reducing its relative 
humidity to around 5–10%. This in turn causes the 

Fig . 29.1 •  Typical equilibrium moisture contents at 
20 °C. (1) Starch-based materials . (2) Textiles and 
fbrous materials . (3) Inorganic substance, such as 
kaolin. 

Fig . 29.2 •  Loss o  water  rom a drying solid. The wet 
solid prior to drying is  at condition (1). It can lose water 
by evaporation to position (2), its  equilibrium moisture 
content (EMC) at that RH. The only way the solid can 
lose more water is  to reduce the RH o  the atmosphere, 
to (3) with silica gel or to (4) with phosphorus pentoxide. 
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Dryers  in the pharmaceutical 
indus try

The types and variety of drying equipment have 
reduced in recent years as pharmaceutical compa-
nies strive for standardization and globalization of 
manufacturing. The types of dryers that have proved 
the most successful have become commonplace 
and less ef cient (or more damaging) drying proc-
esses have largely disappeared. An additional trend 
is the manufacture of ‘mini’ versions of manufac-
turing equipment to be used in formulation and 
process development. Previously, very distinctly 
different dryers were sometimes used in labora-
tories but this resulted in numerous problems during 
scale-up. The use of the miniaturized production 
equipment (processing just a few hundred grams) 
will minimize later problems during the scaling up 
to manufacturing batches (typically a few hundred 
kilograms).

Types  of pharmaceutical dryers

A variety of pharmaceutical dryers are still used and 
it  is convenient to categorize these according to the 
heat transfer method that they employ, i.e. convec-
tion, conduction or radiation.

Conve c tive  drying  of  
we t s o lids

Dynamic convective dryers

Fluid ized-bed .dryer
An excellent method of obtaining good contact 
between the warm drying air and wet particles is 
found in the f uidized-bed dryer. The general prin-
ciples of the technique of f uidization will be sum-
marized before discussing its application to drying.

Consider the situation in which particulate matter 
is contained in a vessel, the base of which is perfo-
rated, enabling a  uid to pass through the bed 
of solids from below. The  uid can be liquid or gas, 
but air will be assumed for the purposes of this 
description, as it  is directly relevant to the drying 
process.

If the air velocity through the bed is increased 
gradually and the pressure drop through the bed is 
measured, a graph of the operation shows several 

equilibrium to move along the drying curve in Figure 
29.2 to the left, thus reducing the moisture content 
of the solids. Phosphorus pentoxide works in an 
identical manner but it  has an even greater af nity 
for the water in the storage air.

If dried materials are exposed to humid ambient 
conditions they will quickly regain moisture from 
the atmosphere since this relationship is an equilib-
rium. Figure 29.1 shows this. Thus it  is unnecessary 
to ‘overdry’ a product and there is no advantage in 
drying to a moisture content lower than that which 
the material will have under the normal conditions 
of use.

If low residual moisture content is necessary due 
to a hydrolytic instability in the material, the dried 
product must be ef ciently sealed during or imme-
diately after the drying process to prevent ingress of 
moisture. It  also worth noting that some solid phar-
maceutical materials perform better when they 
contain a small amount of residual water. Powders 
will  ow better; the  ow of very dry powders is 
inhibited by static charge. Tablet granules have 
superior compaction properties with a small amount 
(1–2 %) of residual moisture.

Type s  of drying  me thod

Choice of drying method

When considering how to dry a material, the follow-
ing points should be considered:
•  heat sensitivity of the material being dried
•  physical characteristics of the material
•  nature of the liquid to be removed
•  the scale of the operation
•  the necessity for asepsis
•  available sources of heat (steam, electrical).
The general principles for ef cient drying can be 
summarized as:
•  large surface area for heat transfer
•  ef cient heat transfer per unit area (to provide 

suf cient latent heat of vaporization or heat of 
sublimation in the case of freeze drying)

•  ef cient mass transfer of evaporated water 
through any surrounding boundary layers, i.e. 
suf cient turbulence to minimize boundary 
layer thickness

•  ef cient vapour removal, i.e. low relative 
humidity air moving at adequate velocity.
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 d  / d  cH  t  h A  T=  ∆  
(29.3)

where hc is the heat transfer coef cient for convec-
tive heat transfer, A  is the surface area available for 
heat transfer and ΔT is the difference in tempera-
ture between the drying air and the solid to be dried. 
The heat transfer coef cient is high in a  uidized 
bed as the vigorous motion of the particles reduces 
the thickness of the boundary layer. Also, the process 
 uidizes individual powder particles or granules and 
thus the surface area available for drying is maxi-
mized to the total surface area of the powder bed. 
An equivalent to Equation 29.3 shows that the rate 
of mass transfer (in this case vapour removal in the 
opposite direction) is similarly improved.

Heat and mass transfer are therefore rela-
t ively ef cient and the process, even for a large 
manufacturing batch, takes between about 20 and 
40 minutes.

The arrangement of a typical  uidized-bed dryer 
is shown in Figure 29.4. Sizes are available with 
capacities ranging from about 400 g to 1200 kg. 
These are now manufactured so that dryers through-
out the range have similar geometric and hydrody-
namic features to aid manufacturing scale-up from 
laboratory experiments.

Advantages .of. uid ized-bed .drying

1. Ef cient heat and mass transfer give high drying 
rates, so that drying times are short. Apart from 
obvious economic advantages, the heat challenge 
to thermolabile materials is minimized.

2. The  uidized state of the bed ensures that 
drying occurs from the surface of all the 
individual particles. Hence, most of the drying 
will occur at a constant rate.

3. The temperature of a  uidized bed is uniform 
throughout (as a result of the turbulence) and 
can be controlled precisely.

4. The turbulence in a  uidized bed causes some 
attrit ion to the surface of the granule. This 
produces a more spherical free- owing product.

5. The free movement of individual particles 
reduces the risk of soluble materials migrating 
during drying (see later in this chapter).

6. Keeping the granules separate during drying also 
reduces the problems of aggregation and 
reduces the need for a sieving stage after 
drying.

distinct  regions, as indicated in Figure 29.3. At  rst , 
when the air velocity is low, in the region A to B, 
 ow takes place between the particles without 
causing disturbance, but as the velocity is increased 
a point is reached, C, when the pressure drop has 
attained a value where the frictional drag on the 
particle is equal to the force of gravity on the parti-
cle. Rearrangement of the particles occurs to offer 
least resistance, D, and eventually they are sus-
pended in the air and can move. The pressure drop 
through the bed decreases slightly because of the 
greater porosity at D. Further increase in the air 
velocity causes the particles to separate and move 
freely and the bed is  ully f uidized, region D to E. 
Any additional increase in velocity separates the par-
ticles further, that is, the bed expands, without 
appreciable change in the pressure drop. In the 
region E to F,  uidization is irregular, much of the 
air  owing through in bubbles; the term boiling bed 
is used to describe this. At a very high air  ow rate, 
F, the air velocity is suf cient to entrain the solid 
particles and transport them out of the top of the 
bed in a process known as pneumatic transport.

The important factor is that  uidization produces 
conditions of great turbulence, the particles mixing 
with good contact between air and particles. Hence, 
if hot air is used, the turbulent conditions lead to 
high heat and mass transfer rates, the  uidized-bed 
technique therefore offers a means of rapid drying.

The  uidized-bed dryer was developed to make 
use of this process of  uidization to improve the 
ef ciency of heat transfer and vapour removal com-
pared with the older static tray dryers that  it  
replaced. A reason for this is the more ef cient 
transfer of the required latent heat of evaporation 
from the air to the drying solid. The rate of 
heat transfer (dH / dt) in convective drying may be 
written as:

Fig . 29.3 •  E  ect o  air velocity on pressure drop 
through a  uidized bed. 
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Conduc tive  drying  of  
we t s o lids

In this process, the wet solid is in thermal contact 
with a hot surface and the bulk of heat transfer 
occurs by conduction.

Vacuum oven

This equipment is a good example of a conduction 
dryer, though it  is not used as extensively as it  was 
formerly. The vacuum oven (Fig. 29.5) consists of a 

7. The  uidization containers can be mobile, making 
handling and movement around the production 
area simple, thus reducing labour costs.

8. Short drying times mean that the unit has a 
high product output from a small  oor space.

Dis advantages .of. uid ized-bed .drying

1. The turbulence of the  uidized state may result 
in excessive attrit ion of some materials, with 
damage to some granules and the production of 
too much dust.

2. Fine particles may become entrained in the 
 uidizing air and must be collected by bag 
 lters, with care to avoid segregation and loss of 
 nes.

3. The vigorous movement of particles in hot dry 
air can lead to the generation of charges of 
static electricity, and suitable precautions must 
be taken. A mixture of air with a  ne dust of 
organic materials such as starch and lactose can 
explode violently if ignited by sparking caused 
by static charges. The danger is increased if the 
 uidized material contains a volatile solvent. 
Adequate electrical earthing is essential and, 
naturally, is  t ted as standard on all modern 
dryers.

Fig . 29.4 •  Fluidized bed dryer. 

Fig . 29.5 •  Vacuum oven. 
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Genera tion.and .ac tion.of.microwaves
Microwaves are produced by an electronic device 
known as a magnetron. Microwave energy can 
be re ected down a rectangular duct (termed a 
waveguide) or simply beamed through a transparent 
polypropylene window into the drying chamber. To 
avoid interference with radio and television, it  is 
permitted to operate only at certain frequencies 
which are normally 960 and 2450 MHz.

The penetration of microwaves into the wet 
product is so good that heat is generated uniformly 
within the solid.

When microwaves fall on substances of suitable 
electronic structure (i.e. small polar molecules, such 
as water), the electrons in the molecule attempt to 
resonate in sympathy with the radiation. The result-
ing molecular ‘friction’ generates heat. The large 
molecules of the solids do not resonate as well as, 
say, water molecules, so further heating may be 
avoided once the water is removed. This is indicated 
clearly by the ‘loss factors’ listed in Table 29.1. The 
loss factor is the ratio of the microwave energy 
absorbed by individual molecules to the microwave 
energy provided. Thus, the higher the value, the 
greater is the absorption of microwave energy. Table 
29.1 lists these values for some common solvents 
and excipients. Clearly, the absorption of the micro-
wave energy is far greater for small polar molecules 
than larger and less polar molecules.

Microwave .dryers .for.granula tes
Figure 29.6 is a sketch of a microwave dryer used 
for drying granules. It  is designed to operate under 

jacketed vessel suf ciently strong in construction to 
withstand a vacuum within the oven and possibly 
steam pressure in the jacket. In addition, the sup-
ports for the shelves form part of the jacket, giving 
a larger area for conduction heat transfer. The oven 
should be closed by a door that can be locked tightly 
to give an airtight seal. The oven is connected 
through a condenser and liquid receiver to a vacuum 
pump, although if the liquid to be removed is water 
and the pump is of the ejector type that can handle 
water vapour, the pump can be connected directly 
to the oven.

Operating pressure can be as low as 0.03–0.06 
bar, at which water boils at 25–35 °C. Some ovens 
may be large (for example, about 1.5 m3 and with 
20 shelves).

The main advantage of a vacuum oven is that 
drying takes place at  a low temperature, and since 
there is lit t le air present, there is minimal risk of 
oxidation. The temperature of the drying solid can 
rise to the steam or heating water temperature at 
the end of the drying but this is not usually harmful.

Vacuum ovens are rarely used nowadays for pro-
duction but are still worthy of mention as they may 
be the only method available to dry particularly 
thermolabile or oxygen-sensitive materials. Addi-
t ionally, small-scale vacuum ovens are frequently 
found in development laboratories where they are 
commonly used for the drying of small development 
samples, particularly when the heat stability of the 
drug or formulation is uncertain.

Radiation drying  of we t s o lids

Radiant heat transmiss ion

Heat transmission by radiation differs from heat 
transfer by conduction or convection in that no 
transfer medium (solid, liquid or gaseous) needs be 
present. Heat energy in the form of radiation can 
cross empty space or travel through the atmosphere 
virtually without loss. If it  falls on a body capable of 
absorbing it , then it  appears as heat although a pro-
portion may be re ected or transmitted.

Use of microwave radiation

Microwave radiation in the wavelength range 10 mm 
to 1 m has been found to be an ef cient heating and 
drying method. Microwave dryers are used in the 
pharmaceutical industry.

Table 29.1 Microwave energy loss factors for some 
pharmaceutical solvents and excipients

Material Loss factor

Methanol  13.6

Ethanol  8.6

Water  6.1

Isopropanol  2.9

Acetone  1.25

Maize starch  0.41

Magnesium carbonate  0.08

Lactose  0.02
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2. The thermal ef ciency is high since the dryer 
casing and the air remain cool. Most of the 
microwave energy is absorbed by the liquid in 
the wet material.

3. The bed is stationary, avoiding problems of dust 
and attrit ion.

4. Solute migration is reduced as there is uniform 
heating of the wet mass.

5. Equipment is highly ef cient and re ned. All 
the requirements of product and operator safety 
have been incorporated into machines without 
detracting from G MP considerations.

6. G ranulation endpoint detection is possible by 
measuring the residual microwave energy  
(as this rises sharply within the dryer when 
there is lit t le solvent left  to evaporate).

Dis advantages .of.microwave .drying

1. The batch size of commercial production 
microwave dryers is smaller than the batch sizes 
available for  uidized-bed drying.

2. Care must be taken to shield operators from 
the microwave radiation, which can cause 
damage to organs such as the eyes and testes. 
This is ensured by ‘fail-safe’ devices preventing 
generation of microwaves until the drying 
chamber is sealed.

Drye rs  for s o lutions   
and s us pe ns ions

The objective of these dryers is to generate a 
large surface area in the liquid for heat and mass 
transfer and to provide an effective means of col-
lecting the dry solid. The most useful type disperses 
the liquid as a spray of small droplets – the spray 
dryer.

Spray dryer

The spray dryer provides a large surface area for heat 
and mass transfer by atomizing the liquid into small 
droplets. These are sprayed into a stream of circulat-
ing hot air, so that each droplet dries to an individual 
solid particle. Thus, particle formation and drying 
occur in the one process.

a slight vacuum. That, in itself, is not essential for 
the use of microwaves but the air  ow through 
the chamber facilitates the continuous removal of 
evaporated solvent. The radiation is generated by 
multiple magnetrons each producing 0.75 kW at 
2450 MHz. The radiation passes through the poly-
propylene window into the drying chamber where 
it  is absorbed by the liquid in the wet granules con-
tained on a tray. The heat generated in the mass 
drives off the moisture.

The evolved vapour is drawn away in the air  ow 
as it  is formed. When drying is nearly complete, the 
radiation  eld intensity within the chamber will rise 
since the dry solids do not absorb as readily as water. 
This rise is detected and the magnetrons are pro-
gressively turned down automatically to give an 
accurate control of the  nal moisture content and 
minimize the danger of overheating.

Advantages .of.microwave .drying
The following advantages are claimed for microwave 
drying:
1. It  provides rapid drying at  fairly low 

temperatures.

Fig . 29.6 •  Microwave dryer. Courtesy o  T K Fielder.
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suspensions of solids and it  can operate ef ciently 
at various feed rates.

Modern two- uid nozzles have overcome the 
problems of earlier jet atomizers and have proved 
successful. In this context, the two  uids are the 
liquid product and the atomizing air. Two- uid 
nozzles can handle feed rates between 30 and 80 
litres per hour. They can be positioned either to 
spray their droplets co-currently into the air stream 
from the top of the dryer, or to spray from the base 
of the dryer in what is known as ‘fountain mode’. 
The two- uid nozzles produce a narrow droplet size 
range with the mean size being affected by nozzle 
position. In general, a nozzle used co-currently will 
produce smaller droplets than one used in fountain 
mode. Rotary atomizers produce droplets in the 
mid-range. To illustrate this, data from one experi-
ment performed under similar conditions showed 
that the mean droplet size from a co-current two-
 uid nozzle was 2 µm, from a rotary atomizer was 
50 µm and from a two- uid nozzle used in fountain 
mode was 100 µm.

Drying.chamber
The air enters the chamber tangentially and rotates 
the drying droplets around the chamber to increase 
their residence time and therefore time for drying. 
For pharmaceutical purposes, it  is usual to  lter the 
air and to heat it  indirectly by means of a heat 
exchanger. Dust carried over in the air outlet stream 
may be recovered by a cyclone separator or  lter 
bag. It  is also possible to recycle up to 60% of the 
exhaust air to the air inlet of the dryer. This greatly 
improves the ef ciency of the process.

A range of sizes of spray dryer is available, 
from a laboratory model with a volume of 100–
200 mL capable of producing just a few grams of 

There are many forms of spray dryer (e.g. G EA 
Niro) and Figure 29.7 shows a typical design in which 
the drying chamber resembles a cyclone. This ensures 
good circulation of air, facilitates heat and mass trans-
fer and encourages the separation of dried particles 
from the moving air by the centrifugal action.

Atomizer
The character of the particles is controlled by the 
droplet size, so the type of atomizer is important. 
Early simple jet atomizers tended to block easily as 
a result of rapid evaporation and deposit ion of solid 
on the nozzle. This caused the  ow rate to vary and 
this had a detrimental effect  on the uniformity and 
predictability of droplet size.

This was resolved by the use of rotary types of 
atomizer, one form of which is shown in Figure 29.8. 
Liquid is fed on to the disc that is rotated at high 
speed (10 000–30 000 revolutions per minute). A 
 lm is formed and spreads from the small disc to a 
larger, inverted hemispherical bowl, becoming 
thinner, and eventually being dispersed from the 
edge in a  ne spray of uniform droplet size. In 
addition, the rotary atomizer has the advantage of 
being equally effective with either solutions or 

Fig . 29.7 •  Spray dryer. 

Fig . 29.8 •  Rotary atomizer. 
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so that evaporation is very rapid. The actual 
drying time of a droplet  is only a fraction of a 
second, and the overall t ime in the dryer only a 
few seconds.

2. Because evaporation is very rapid, the droplets 
do not attain a high temperature. Most of the 
heat is used as latent heat of vaporization and 
the temperature of the particles is kept low by 
evaporative cooling.

3. The characteristic particle form allows ef cient 
particle packing and thus gives the product a 
high bulk density. It  also leads to rapid 
dissolution because of the large surface area.

4. Provided that a suitable atomizer is used, the 
resulting powder will have a uniform and 
controllable particle size.

5. The product is free- owing, with almost 
spherical particles, and is especially convenient 
for tablet manufacture as it  has excellent  ow 
and compaction properties.

6. In many cases spray drying will increase the 
dissolution rate and bioavailability of poorly 
water-soluble drugs.

7. Labour costs are low, the process yielding a dry, 
free- owing powder from a dilute solution, in a 
single operation with no handling.

8. It  can be used as a continuous process if 
required.

Dis advantages .of.the ..
s pray-drying.proces s

1. The equipment is very bulky and, with the 
ancillary equipment, is expensive.

2. The overall thermal ef ciency is rather low 
since the air must still be hot enough when it  
leaves the dryer to avoid condensation of 
moisture. Also, large volumes of heated air pass 
through the chamber without contacting a 
particle and thus not contributing directly to 
the drying process.

Us es .of.s pray-drying
The spray dryer can be used for drying almost any 
substance, in solution or in suspension. It  is most 
useful for thermolabile materials, particularly if 
handled continuously and in reasonably large 
quantit ies.

Examples of both soluble and insoluble sub-
stances that are spray dried include citric acid, 

experimental material from aqueous or organic solu-
tion, through a pilot-scale model with a chamber 
diameter of 800 mm and a height of 3 m capable of 
evaporating 7 kg of water per hour, to a production-
scale model that could have a chamber diameter of 
3.5 m and be 6 m high (or even larger) with an 
evaporative capacity of about 50–100 kg water per 
hour. Larger spray dryers, with a capacity of up to 
4000 kg/ h, are used in other industries, notably in 
food production. Typically, modern spray dryers 
have a 60° cone at  the base of the hollow cylinder.

Product
Spray-dried products are easily recognizable, being 
uniform in their appearance. The particles have a 
characteristic shape, in the form of hollow spheres 
sometimes with a small hole. This arises from the 
drying process, since the droplet  enters the hot air 
stream and dries on the outside to form an outer 
crust with liquid st ill in the centre. This liquid then 
vaporizes and the internal vapour escapes by blowing 
a hole in the sphere. Figure 29.9 shows the mecha-
nism of formation of the spherical product.

Intelligent computer control is available to control 
process parameters as these, in turn, can affect par-
t icle size, bulk density, moisture content, dissolution 
rate and dispersibility of the result ing product.

Advantages .of.the .s pray-drying.proces s

1. There are millions of small droplets which give 
a large surface area for heat and mass transfer, 

Fig . 29.9 •  Formation o  product in spray drying. 
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The theory and practice of freeze drying are 
based on an understanding and application of the 
phase diagram for the water system.

The phase diagram for water

The phase diagram for the water system (Fig. 29.10) 
consists of three separate areas. Each area represents 
a single phase of water – vapour, liquid or solid. Two 
phases can coexist along a line under the conditions 
of temperature and pressure de ned by any point 
on the line. The point O is the one unique point 
where all three phases can coexist and is known as 
the triple point. Its coordinates for pure water are a 
pressure of 610 Pa (as a comparison, atmospheric 
pressure is approximately 105 Pa) and a temperature 
of 0.0075 °C.

The lines on the phase diagram represent the 
interphase equilibrium lines which show:
•  the boiling point of water as it  is lowered by 

reduction of the external pressure above the 
water (BO in Fig. 29.10)

•  the variation of the melting point of ice on 
reduction of the external pressure above it . 
There is a very slight rise in the melting  
point (AO)

•  the reduction of the vapour pressure exerted by 
ice as the temperature is reduced (CO).

sodium phosphate, gelatin, starch, barium sulfate 
and calcium phosphate. The process is also used for 
some powdered antibiotic formulations where the 
spray-dried powder is packaged and distributed. 
This is then reconstituted as a syrup at the time of 
dispensing. The dry product is spray dried from a 
formulation containing all the necessary ingredients, 
including colours and  avours. Since only water is 
removed in the spray-drying process, these products 
must be reconstituted with pure water only.

Spray drying is also capable of producing spheri-
cal particles in the respirable range of 1–7 µm that 
are necessary for the delivery of drugs from dry 
powder inhalers (see Chapter 37).

It  is possible to operate spray dryers aseptically 
using heated  ltered air to dry products such as 
serum hydrolysate. Also, some spray dryers operate 
in a closed circuit mode with an inert gas to mini-
mize oxidation of the product. Volatile solvents can 
be recovered from such systems.

Pharmaceutical spray drying has been reviewed 
by Wendel & Çelik (1997) and the reader is referred 
to this article if additional information is required.

Fluid ized .s pray.dryer
A development of the spray dryer is the  uidized 
spray dryer (Niro). This has a small  uidized bed 
mounted in the base of the cone at the point where 
the product is collected. The moving air created in 
the  uidized bed overcomes any cohesion of spray-
dried particles after they fall into the collection 
chamber. This allows spheres with a higher moisture 
content to be handled and also ones made from 
stickier and more cohesive substances than were 
previously possible to process.

Fre e ze  drying

Freeze drying is a process used to dry extremely 
heat-sensitive materials. It  can allow the drying, 
without excessive damage, of proteins, blood prod-
ucts and even microorganisms which retain a small 
but signi cant viability.

In this process, the initial liquid solution or sus-
pension is frozen, the pressure above the frozen 
state is reduced and the water removed by sublima-
tion. Thus an overall liquid-to-vapour transition 
takes place, as with all the previous dryers discussed, 
but all three states of matter are involved: liquid to 
solid, then solid to vapour.

Fig . 29.10 •  The phase diagram  or water (not to scale) 
with  reeze-drying process superimposed. 
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to produce a large frozen surface to speed up 
that  later stage.
Shell freezing. This is employed for fairly large 
volumes such as blood products. The bottles are 
rotated slowly and almost horizontally in a refriger-
ated bath. The liquid freezes in a thin shell around 
the inner circumference of the bottle. Freezing is 
slow and large ice crystals form, which is a drawback 
of this method as they may damage blood cells and 
reduce the viability of microbial cultures.

In vertical spin freezing, the bottles are spun indi-
vidually in a vertical position so that centrifugal 
force forms a circumferential layer of solution which 
is cooled by a blast of cold air. The solution super-
cools and freezes rapidly with the formation of small 
ice crystals.
Centr ifuga l eva pora tive freezing. This is a 
similar method where the solution is spun in small 
containers within a centrifuge. This prevents foaming 
when a vacuum is applied. The vacuum causes 
boiling at room temperature and this removes so 
much latent heat that the solution cools quickly and 
‘snap’ freezes. About 20% of the water is removed 
prior to freeze drying and there is no need for sepa-
rate refrigeration. Ampoules are usually frozen in 
this way, a number being spun in an angled posit ion 
(approximately 30° to the horizontal) in a special 
centrifuge head so that the liquid is thrown 
outwards and freezes as a wedge with a larger 
surface area.

Vacuum.applica tion.s tage
The containers and the frozen material must be con-
nected to a source of vacuum suf cient to drop the 
pressure below the triple point and remove the large 
volumes of low-pressure vapour formed during 
drying. Again, an excess vacuum is normal in prac-
tice to ensure that  the product in question is below 
the triple point of the formulation.

Commonly a number of bottles or vials are 
attached to individual outlets of a manifold which is 
connected to vacuum.

Sublimation.s tage
Heat of sublimation must be supplied. It  may be 
thought that , as the process takes place at a low 
temperature, the additional heat needed to sublime 
the ice will be small. In fact , the latent heat of sub-
limation of ice is 2900 kJ kg–1, appreciably larger 
than the latent heat of evaporation of water at  

On heating ice at atmospheric pressure, it  will melt 
when the temperature rises to 0 °C, i.e. at this tem-
perature the ice will change to liquid water. Contin-
ued heating at atmospheric pressure will raise the 
temperature of the water to 100 °C. If heating is 
continued, the liquid water will be converted into 
water vapour at 100 °C.

If, however, solid ice is maintained at a pressure 
below the triple point then on heating, the ice 
will sublime and pass directly to water vapour 
without passing through the liquid phase. This 
sublimation, and therefore drying, will only occur 
at a temperature below that of the triple point. 
Thus it  will only happen if the pressure is pre-
vented from rising above the triple point pressure 
during the process. To ensure that  this is so, the 
vapour evolved must be removed as fast  as it  is 
formed.

Applica tion.of.the .phas e .d iagram.of.
water.to.freeze .drying
The process of freeze drying is superimposed on the 
phase diagram for water in Figure 29.10. In its basic 
form freeze drying comprises three steps:
1. freezing the solution
2. reducing the atmospheric pressure above the 

ice to below that of the triple point of  
the product

3. adding heat to the system to raise the 
temperature to the sublimation curve (CO in 
Fig. 29.10) to provide the latent heat of 
sublimation.

These are discussed in detail below.

Stages  of the freeze-drying 
process

Freezing.s tage
The liquid material is frozen before the application 
of a vacuum to avoid frothing. The depression of the 
freezing point caused by the presence of dissolved 
solutes means that the solution must be cooled to 
well below the normal freezing temperature for pure 
water and it  is usual to work in the range –10 to 
–30 °C, typically below –18 °C. The presence of dis-
solved solutes will shift  the pure-water phase 
diagram. Since the subsequent stage of sublimation 
is slow, several methods are used at this stage 
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extent of the necessary pumping capacity will be 
realized from the fact that, under the pressure con-
ditions used during primary drying, 1 g of ice will 
form 1000 litres of water vapour. Ejector pumps are 
most satisfactory for this purpose.
Ra te of dr ying. The rate of drying in freeze 
drying is very slow. The drying rate curve illustrated 
in Figure 29.11 shows a similar shape to a normal 
drying curve, the drying being at constant rate during 
most of the time.

Computer control enables the drying cycle to be 
monitored. There is an optimum vapour pressure for 
a maximum sublimation rate, and the heat input and 
other variables are adjusted to maintain this value. 
Continuous freeze drying is possible in modern 
equipment where the vacuum chamber is  t ted with 
a belt  conveyor and vacuum locks. Despite these 
advances, the overall drying rate is still slow.

Secondary.drying
The removal of the  nal amounts of residual mois-
ture at the end of primary drying is performed by 
raising the temperature of the solid to as high as 50 
or 60 °C. A high temperature is permissible for many 
materials because the small amount of moisture 
remaining at the end of primary drying is not suf -
cient to cause spoilage.

Packaging
Attention must be paid to packaging freeze-dried 
products to ensure protection from moisture during 
storage. Containers should be closed without con-
tacting the atmosphere, if possible, and ampoules, 

atmospheric pressure. This heat must be supplied 
for the process to take place.

Sublimation can only occur at the frozen surface. 
It  is a slow process (approximately 1 mm thickness 
of ice per hour) and is surface area dependent. This 
step must therefore be considered at the freezing 
stage (as discussed above). The procedures dis-
cussed earlier not only increase the surface area, but 
also reduce the thickness of ice to be sublimated.
Pr ima r y dr ying. Under those conditions the ice 
sublimes, leaving a porous solid which still contains 
about 0.5% moisture after primary drying. Further 
reduction can be effected by secondary drying. 
During the primary drying, the latent heat of subli-
mation must be provided and the vapour removed.
Hea t tra nsfer. Heat transfer is critical; insuf -
cient heat input prolongs the process, which is 
already slow, and excess heat will cause melting.

Small ampoules may be left on the centrifuge 
head or may be placed on a manifold; in either 
case heat from the atmosphere is suf cient. Large 
volumes, bottles of blood for example, are placed in 
individually heated cylinders or are connected to a 
manifold when heat can be taken from the sur-
rounding environment that must be replaced by 
some form of input heat.

In all cases, heat transfer must be controlled since 
only about 5 W m–2 K–1 is needed and overheating 
will lead to melting. It  is important to appreciate 
that, although a signi cant amount of heat is 
required, there should be no signi cant increase in 
temperature; the added heat should be suf cient to 
provide the latent heat of sublimation only and lit t le 
sensible heat.
Va pour  remova l. The vapour formed must be 
removed continually to prevent the pressure within 
the container rising above the triple point pressure 
and thus preventing sublimation. To reduce the pres-
sure suf ciently, it  is necessary to use ef cient 
vacuum pumps, usually two-stage rotary pumps on 
the small scale and ejector pumps on the large scale. 
On the small scale, vapour is absorbed by a desiccant 
such as phosphorus pentoxide, or is cooled in a small 
condenser with solid carbon dioxide. Mechanically 
refrigerated condensers are used on the large scale.

For vapour  ow to occur, the vapour pressure at 
the condenser must be less than that at the frozen 
surface and a low condenser temperature is neces-
sary. On a large scale, vapour is commonly removed 
by pumping, but the pumps must be of large capac-
ity and must not be affected by moisture. The 

Fig . 29.11 •  Sublimation drying: rate o  drying curve. 
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strains to be stored for long periods with viability of 
about 10% on reconstitution.

Solute  migration during  drying

Solute migration is the phenomenon that can occur 
during drying which results from the movement of 
a solution within a wet system. The solvent moves 
towards the surface of a solid (from where it  evapo-
rates), taking any dissolved solute with it. Many 
drugs and binding agents are soluble in granulating 
 uid and during the drying of granulates these solutes 
can move towards the surface of the drying bed or 
granule and be deposited there when the solvent 
evaporates. Solute migration during drying can lead 
to localized variability in the concentration of soluble 
drugs and excipients within the dried product.

Migration associated with drying granules can be 
of two types: intergranular migration (between gran-
ules) and intragranular migration (within individual 
granules).

Intergranular migration

Intergranular migration, where the solutes move 
from granule to granule, may result in gross maldis-
tribution of active drug. It  can occur during the 
drying of static beds of granules (e.g. tray drying) 
since the solvent and accompanying solute(s) move 
from granule to granule towards the top surface of 
the bed where evaporation takes place. When the 
granules are compressed, the tablets may have a 
de ciency or an excess of drug. For example, experi-
mentation found that only 12% of tablets made 
from a tray-dried warfarin granulate were within the 
USP limits for drug content.

Intragranular migration

Drying methods based on  uidization and vacuum 
tumbling keep the granules separate during drying 
and so prevent the intergranular migration that may 
occur in  xed beds. However, intragranular migra-
tion, where the solutes move towards the periphery 
of each granule, may take place.

Consequences  of solute migration

Solute migration of either type can result in a 
number of problems and occasional bene ts.

for example, are sealed on the manifold while still 
under vacuum. Otherwise, the closing must be 
carried out under controlled atmospheric condi-
t ions. The dry material often needs to be sterile.

Advantages .of.freeze .drying
Freeze drying, as a result of the character of the 
process, has certain special advantages:
1. Drying takes place at  very low temperatures, so 

that enzyme action is inhibited and chemical 
decomposition, particularly hydrolysis, is 
minimized.

2. The solution is frozen such that the  nal dry 
product is a network of solid occupying the 
same volume as the original solution. Thus the 
product is light and porous.

3. The porous form of the product gives ready 
solubility of the freeze-dried product.

4. There is no concentration of the solution prior 
to drying. Hence, salts do not concentrate in 
the wet state and denature proteins, as occurs 
with other drying methods.

5. Since the process takes place under high 
vacuum, there is lit t le contact with air and 
oxidation is minimized.

Dis advantages .of.freeze .d rying
There are two main disadvantages of freeze drying:
1. The porosity, ready solubility and complete 

dryness of the product result in one with a very 
hygroscopic nature. Unless dried in the  nal 
container and sealed in situ, packaging requires 
special consideration.

2. The process is very slow and uses complicated 
plant that  is very expensive. It  is not a general 
method of drying, therefore, but is limited to 
certain types of valuable products that, because 
of their heat sensitivity, cannot be dried by any 
other means.

Us es .of.freeze .drying
The method is used for those products which could 
not be dried by any other heat method. These 
include biological products; for example, some anti-
biotics, blood products, vaccines (such as BCG , 
yellow fever, smallpox), enzyme preparations (such 
as hyaluronidase) and microbiological cultures. The 
latter enables speci c microbiological species and 
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and more resistant to abrasion. It  has been shown 
that this migration can aid the bonding process 
during tablet compaction as a result of binder–
binder (rather than drug–drug or drug–excipient) 
contact and is therefore sometimes bene cial.

Many other factors such as granule formulation, 
drying method and moisture content have been 
shown to affect solute migration.

In uence of formulation factors  on 
solute migration

Nature .of.s ubs tra te
The principles governing solute migration are similar 
to those of thin-layer chromatography. Thus, if the 
granule substrate has an af nity for the solute then 
migration will be impeded. Luckily, many of the 
common tablet  excipients possess this af nity. The 
presence of absorbent materials, such as starch 
and microcrystalline cellulose, will minimize tablet 
solute migration.

The use of water-insoluble aluminium lakes (pig-
ments) reduces mottling compared with water-
soluble dyes. This effect has also been seen with 
 lm-coat colours (Chapter 32).

Vis cos ity.of.granula ting. uid
The popular granulating  uids are solutions of poly-
mers whose viscosity is appreciably greater than 
water alone. This viscosity impedes the movement 
of moisture by increasing the  uid friction. Increas-
ing the concentration and therefore the viscosity of 
PVP solution has been shown to slow the migration 
of drugs in  xed beds of wet granules. Solution of 

Los s .of.ac tive .drug
The periphery of each granule may become enriched, 
with the interior suffering depletion. This will be of 
no consequence unless the enriched outer layer is 
abraded and lost, as may happen during  uidized-
bed drying when the  ne drug-rich dust will be 
eluted in the air and carried to the  lter bag or lost. 
The granules suffer a net loss of drug and as a result  
will be below speci cation with respect to quantity 
of active ingredient.

Mottling.of.coloured .tab le ts
Coloured tablets can be made by adding soluble 
colour during wet granulation. Intragranular migra-
tion of the colour may give rise to dry granules with 
a highly coloured outer zone and a colourless interior 
(Fig. 29.12). During compaction granule fracture 
takes place and the colourless interior is exposed. 
The eye then sees the coloured fragments against  
a colourless background and the tablets appear 
mottled.

Migration may be reduced by using the insoluble 
aluminium ‘lake’ of the colouring material (in which 
the soluble dye is adsorbed strongly onto insoluble 
alumina particles) in preference to the soluble dye 
itself. Studies have indicated that the production 
of small granules, which do not fracture so readily, 
are preferable to larger ones if mottling is 
troublesome.

Migra tion.of.s oluble .b inders
Intragranular migration may deposit  a soluble binder 
at the periphery of the granules and so confer a 
‘hoop stress’ resistance, making the granules harder 

Fig . 29.12 •  Diagram o  mottling caused by intragranular migration. 
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•  Prepare the smallest  granules that will  ow 
easily and are generally satisfactory if mottling 
is troublesome.

•  Avoid tray drying unless there is no alternative.
•  If tray drying is unavoidable, then the dry 

granules should be remixed before compression. 
This will ensure that a random mix of  
enriched and depleted granules will be fed  
to the tablet machines. This remixing will be 
more effective if the granule size is small since 
there will be a greater number of granules per 
die  ll.

•  If intragranular migration is likely to be 
troublesome, consider vacuum or microwave 
drying as an alternative to  uidized-bed drying.
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methylcellulose with comparable viscosities gave 
similar migration rates showing that the effect is due 
to viscosity alone and not to any speci c action of 
either of the binders.

In uence of process  factors  on 
solute migration

Drying.method
Intergranular migration in  xed beds of granules will 
occur whenever a particular method of drying 
creates a temperature gradient. This results in 
greater evaporation from the hotter zones.

In slow convective drying (e.g. during static tray 
drying), the maximum concentration of migrated 
solute will normally occur in the surface of the 
drying bed since the process of drying is slow enough 
to maintain a capillary  ow of solvent/ solute to the 
surface over a long period of time.

Drying by microwave radiation results in uniform 
heating that in turn minimizes solute migration.

Drying methods which keep the granules in 
motion will abolish the problem of intergranular 
migration, but intragranular migration can st ill occur. 
This is marked in  uidized granules.

Initia l.mois ture .content
The initial moisture content of the granule will also 
in uence the extent of migration. The greater the 
moisture content, the greater will be the moisture 
movement before the pendular state is reached, at 
which migration cannot continue as there is no 
longer a continuous layer of mobile liquid water 
within the wet solid (see Fig. 29.2).

Some practical means  of 
minimizing solute migration

It may be useful to list  the measures that  can be 
taken to minimize migration:
•  Use the minimum quantity of granulating  uid 

and ensure that it  is well distributed. High-
speed mixer/ granulators give better moisture 
distribution than earlier equipment and  
granules prepared in this way show less 
migration.
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preparations prepared by freeze drying are some-
times referred to as oral lyophilisates. Moulding, i.e. 
the shaping and hardening of a semi-solid mixture 
of active substances and excipients, and freeze 
drying will not be further described in this chapter.

The idea of forming a solid dosage form by powder 
compression is not new. In 1843 the  rst patent for 
a hand-operated device used to form a tablet was 
granted. The use of tablets as dosage forms became 
of interest to the growing pharmaceutical industry 
but within pharmacies, the pill (a dosage form for 
oral administration formed by hand into spherical 
particles about 4–6 mm in diameter) remained the 
most popular solid dosage form for a long time.

A tablet consists of one or more drugs (active 
pharmaceutical ingredients) as well as a series of 
other substances (excipients) used in the formula-
tion of a complete preparation. In the European 
Pharmacopoeia (7th edn, 2011), tablets are de ned 
as ‘solid preparations each containing a single dose 
of one or more active substances. They are obtained 
by compressing uniform volumes of particles or by 
another suitable manufacturing technique, such as 
extrusion, moulding or freeze-drying (lyophiliza-
t ion). Tablets are intended for oral administration. 
Some are swallowed whole, some after being 
chewed, some are dissolved or dispersed in water 
before being administered and some are retained in 
the mouth where the active substance is liberated.’

Thus, a variety of tablets exists, and the types of 
excipients and also the way in which they are incor-
porated in the tablet vary. Other dosage forms can 
be prepared in a similar way, but are administered 
by other routes, such as suppositories.

Tablets are used mainly for systemic drug delivery 
but may also be used for local drug action. For sys-
temic use, the drug must be released from the 
tablet , i.e. normally it  dissolves in the  uids of 
the mouth, stomach or intestine, and thereafter the 
drug is absorbed into the systemic circulation, by 
which it  reaches its site of action. Alternatively, 
tablets can be formulated for local delivery of drugs 
in the mouth or gastrointestinal tract, or can be used 
to increase temporarily the pH of the stomach.

Tablets are popular for several reasons:

•  The oral route represents a convenient and safe 
way of drug administration.

•  Compared to liquid dosage forms, tablets (and 
other solid dosage forms) have general 
advantages in terms of the chemical, physical 
and microbiological stability of the dosage form.

KE Y P O IN TS

•  Tablets  of different types  represent collectively 
the dominant type of dosage form 

•  Tablets  are used for oral adminis tration for both 
sys temic and local drug treatment 

•  Several categories of tablets  exist that are used in 
different ways, e g  swallowed whole or retained 
in the mouth during the release of the drug 

•  Tablets  are normally formed by powder 
compression, i e  the forcing of particles into close 
proximity by the application of mechanical force 

•  Bes ides  the active ingredient, tablets  normally 
cons is t of a series  of excipients  that are 
included to control biopharmaceutical and other 
quality attributes , as  well as  to aid the 
manufacturing of the tablet 

•  The release of the active pharmaceutical 
ingredient is  a  key product attribute and can be 
controlled by the formulation to achieve 
immediate-release, delayed-release or 
prolonged- release of the drug 

•  In the manufacturing of tablets , a series  of unit 
operations  are normally used, including mixing 
and granulation of active ingredient(s ) and 
excipients  

•  In the manufacturing of tablets , a number of 
technical problems can arise, such as  high 
weight and dose variation, low mechanical 
s trength, capping of the tablets , adhes ion and 
high friction 

•  The success  of a  tableting operation is  related 
to the properties  of the powder intended to be 
formed into tablets  and also to the des ign and 
conditions  of the press  and the tooling 

•  Important tes ts  of quality attributes  of 
tablets  include tablet dis integration and 
dissolution, tablet friability and tablet fracture 
res is tance 

Introduc tion

The oral route is the most common way of admin-
istering drugs and among the oral dosage forms, 
tablets of various kinds are the most common type 
of solid dosage form in contemporary use. The term 
‘tablet’ (from Latin tabuletta) is associated with the 
appearance of the dosage form, i.e. tablets are small 
disc-like or cylindrical specimens. The Latin name 
of the dosage form tablet in the European Pharma-
copoeia (7th edn, 2011) is compressi, which re ects 
the fact that the dominating process of tablet fabri-
cation is powder compression in a con ned space. 
Alternative preparation procedures are also in use, 
such as mouldings and freeze drying. Tablet-like 
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In order to quantify these quality attributes, tests 
and speci cations must be de ned. Some tests and 
speci cations are given in pharmacopoeias, such as 
dose content, dose uniformity, tablet disintegration, 
the release of the drug in terms of drug dissolution, 
and the microbial quality of the preparation. Another 
important quality attribute of tablets is their resist-
ance to attrit ion and fracture.

Table t manufac turing

Stages  in tablet formation

The dominating technique of forming tablets 
(although alternative procedures are in use, as indi-
cated in the de nition of tablets in the European 
Pharmacopoeia, 2011) is by powder compression, 
i.e. forcing particles into close proximity to each 
other by con ned compression. This enables the 
particles to cohere into a porous, solid specimen of 
de ned geometry. The compression takes place in a 
die by the action of two punches, the lower and the 
upper, by which the compressive force is applied. 
Powder compression is de ned as the reduction in 
volume of a powder owing to the application of a 
force. Because of the increased proximity of particle 
surfaces accomplished during compression, bonds 
are formed between particles which provide coher-
ence to the powder, i.e. a compact is formed. Com-
paction is de ned as the formation of a solid specimen 
of de ned geometry by powder compression.

The process of tableting can be divided into three 
stages (sometimes known as the compaction cycle) 
(Fig. 30.1).

Die . lling
This is normally accomplished by gravitational  ow 
of the powder from a hopper via the die table into 
the die (although presses based on centrifugal die 
 lling are also used). The die is closed at its lower 
end by the lower punch.

Table t.formation
The upper punch descends and enters the die and 
the powder is compressed until a tablet is formed. 
During the compression phase, the lower punch can 
be stationary or can move upwards in the die. After 
the maximum applied force is reached, the upper 
punch leaves the powder, i.e. the decompression 
phase.

•  The preparation procedure enables accurate 
dosing of the drug.

•  Tablets are convenient to handle and can be 
prepared in a versatile way with respect to their 
use and the delivery of the drug.

•  Finally, tablets can be relatively cheaply mass 
produced, with robust and quality-controlled 
production procedures giving an elegant 
preparation of consistent quality.

The main disadvantage of tablets as a dosage form 
is the problem of poor bioavailability of drugs due 
to unfavourable drug properties, e.g. poor solubility, 
poor absorption properties and instability in the gas-
trointestinal tract. In addition, some drugs may 
cause local irritant effects or otherwise cause harm 
to the gastrointestinal mucosa.

Quality attribute s  of table ts
Like all dosage forms, tablets should ful l a number 
of product quality attributes regarding chemical, 
physical and biological characteristics. Quality issues 
relating to the  nal product are worth considering 
early in the development process (and thus early in 
this chapter) as they give an indication of the goal 
to be achieved during the development and manu-
facture of tablets.

The quality attributes that a tablet must possess 
can be summarized as follows:
1. The tablet  should include the correct dose of 

the drug.
2. The appearance of the tablet should be elegant, 

and its weight, size and appearance should be 
consistent.

3. The drug should be released from the tablet in 
a controlled and reproducible way.

4. The tablet  should be biocompatible, i.e. not 
include excipients, contaminants and 
microorganisms that could cause harm to 
patients.

5. The tablet  should be of suf cient mechanical 
strength to withstand fracture and erosion 
during handling at  all stages of its lifetime.

6. The tablet  should be chemically, physically and 
microbiologically stable during the lifetime of 
the product.

7. The tablet  should be formulated into a product 
acceptable to the patient.

8. The tablet  should be packed in a safe 
manner.
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Single-punch.pres s .(eccentric .pres s )
A single-punch press possesses one die and one pair 
of punches (Fig. 30.2), i.e. a set of tableting tools. 
The powder is held in a hopper which is connected 
to a hopper shoe located at the die table. The hopper 
shoe moves to and fro over the die, by either a 
rotational or a translational movement. When the 
hopper shoe is located over the die, the powder is 
fed into the die by gravitational powder  ow. The 
amount of powder  lled into the die is controlled 
by the position of the lower punch. When the 
hopper shoe is located beside the die, the upper 
punch descends and the powder is compressed. The 
lower punch is stationary during compression and 
the pressure is thus applied by the upper punch and 
controlled by the upper punch displacement. After 
ejection, the tablet is pushed away by the hopper 
shoe as it  moves back to the die for the next tablet.

The output of tablets from a single-punch press 
is up to about 200 tablets per minute. A single-
punch press thus has its primary use in the produc-
tion of small batches of tablets, such as during 
formulation development and during the production 
of tablets for clinical trials.

Fig . 30.2 •  A single-punch tablet press. 

Fig . 30.1 •  The sequence of events involved in the 
formation of tablets . 

Die , surface  view

Die , section

Lower punch

Upper punch is  ra ised;
lower punch has  dropped

Foot of hopper shoe

Granules

Hopper shoe  has  moved
forward over die  and
granules  fa ll into die

Hopper shoe  has  moved
back. Upper punch has
come down compress ing
granules  into table t

Upper punch has  moved
upwards . Lower punch
has  moved upwards  to
e ject table t. The  cycle
is  now repea ted

Pos ition 1

Pos ition 2

Pos ition 3

Pos ition 4

Tab le t.e jec tion
During this phase the lower punch rises until its t ip 
reaches the level of the top of the die. The tablet  is 
subsequently removed from the die table by a 
pushing device.

Tablet presses

There are two types of press in common use during 
tablet  production: the single-punch press and the 
rotary press. In addition, hydraulic presses are used 
in research and development work for the initial 
evaluation of the tableting properties of powders 
and prediction of the effect of scale-up on the prop-
erties of the formed tablets (scale-up refers to the 
change to a larger apparatus for performing a certain 
operation on a larger scale).
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controlled conditions with respect to the loading 
pattern and loading rate. Possible applications are 
the investigation of the sensitivity of a drug to such 
variations, or to mimic the loading pattern of pro-
duction presses to predict scale-up problems. 
Because of this latter application, this type of press 
is also referred to as a ‘compaction simulator’.

Ins trumenta tion.of.tab le t.pres s es
Signi cant research on the process of tablet prepara-
tion was initiated in the 1950s and 1960s, i.e. about 
100 years after the introduction of tablets as a dosage 
form. An important step in the development of such 
fundamental research was the introduction of instru-
mented tablet machines. By this instrumentation, the 
forces involved in the compaction process, i.e. the 
press forces from the upper and lower punches, and 
the force transmitted to the die as well as the dis-
placement of the upper and lower punch during the 
compression and decompression phases, could be 
recorded.

Instrumented presses are used in research, in 
development and in the production of tablets. In 
research and development, instrumented machines 
are used to provide fundamental information on the 
mechanical and compaction properties of powders 
that should be used in tablet formulations. With this 
application, the work is normally carried out by 
instrumented single-punch presses or instrumented 
hydraulic presses (compaction simulators). The two 
main applications for an instrumented press in 
research and development are:
1. To prepare tablets under de ned conditions, 

e.g. in terms of applied force during 
compaction. These tablets are thereafter 
characterized by different procedures, such as 
imaging, surface area and tensile strength 
analysis

2. To describe and analyse the compression 
properties of materials by studying punch  
forces and punch displacements during the 
compression and decompression phases. A 
series of different procedures exists, involving, 
for example, the assessment of deformation 
behaviour of particles during compression and 
friction properties during ejection. Some of 
these are described below.

In production, instrumented production machines, 
i.e. rotary presses, are used to control the tableting 
operation and to ensure that tablets of consistent 
quality are produced. Normally, only force signals 

Rotary.p res s
The rotary press (also referred to as a multistation 
press) was developed to increase the output of 
tablets. The primary use of this machine is thus 
during scale-up in the latter part of the formulation 
work and during large-scale production. Outputs of 
over 10 000 tablets per minute can be achieved by 
rotary presses.

A rotary press operates with a number of dies and 
sets of punches, which can vary considerably from 
three for small rotary presses, up to 60 or more for 
large presses. The dies are mounted in a circle in the 
die table and both the die table and the punches 
rotate together during operation of the machine, so 
that one die is always associated with one pair of 
punches (Figs 30.3 and 30.4). The vertical move-
ment of the punches is controlled by tracks that pass 
over cams and rollers used to control the volume of 
powder fed into the die and the pressure applied 
during compression.

The powder is held in a hopper whose lower 
opening is located just above the die table. The 
powder  ows by gravity onto the die table and is fed 
into the die by a feed frame. The reproducibility of 
the die feeding can be improved by a rotating device, 
referred to as a force-feeding device. During powder 
compression both punches operate by vertical move-
ment. After tablet ejection, the tablet is knocked 
away as the die passes the feed frame.

Computerized .hydraulic .pres s
For computerized hydraulic presses the movement 
of the punches can be controlled and varied consid-
erably. Thus, tablets can be prepared under 

Fig . 30.3 •  Schematic illustration of the events involved 
in the formation of tablets  with a rotary press. 

S ta tionary
hopper

Rota ting
die  table

1
4

3

2

1  Die  filling 
2  Powder volume control 
3  Powder compaction 
4  Table t e jection 
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and the force applied. When the punch is deformed, 
the wire of the strain gauge is also deformed and the 
electrical resistance of the strain gauge will change. 
This change in electrical resistance can be recorded 
and calibrated in terms of a force signal. Another, 
less common type of force transducer employs 
piezoelectric crystals. These are devices which emit 
an electrical charge when loaded, the magnitude of 
which is proportional to the applied force.

Displacement transducers measure the distance 
which the punches travel during the compression 
and decompression processes. The most common 

are used on production machines and the variation 
in force signal during compression is monitored as it  
re ects variations in tablet  weight.

Force transducers commonly used in the instru-
mentation of tablet machines are of two types. The 
most common type is called a strain gauge, which 
consists of wires through which an electric current 
is passed. The strain gauge is bonded to a punch or 
punch holder. During powder compression, a force 
is applied to the punches and they will temporarily 
deform. The magnitude of this deformation is 
dependent on the elastic modulus of the punches 

Fig . 30.4 •  Diagram of punch tracks of a rotary tablet press. UR, upper roller; LR, lower roller; W, powder volume 
adjuster; F, feed frame with granules. U1 to U8, upper punches in raised position; L1, lower punch at top position, 
tablet ejected; L2 to L7, lower punches dropping to lowest position and  lling die with granules to an over ll at L7; 
L8, lower punch raised to expel excess granules giving correct volume; U9 to U12, upper punches lowering to enter 
die at U12; L13 and U13, upper and lower punches pass between rollers  and granules are compacted to a tablet; 
U14 to U16, upper punch rising to top position; L14 to L16, lower punch rising to eject tablet. 
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Punches and dies for rotary presses are designed 
in a standardized way and standard con gurations 
and terms are in use. The terminology used in 
describing the punches includes head, neck, barrel, 
stem and tip and in describing the die includes face, 
chamfer and bore. The tools are normally fabricated 
in steel and different steels may be used. Due to the 
high forces applied to the powder bed, tools may be 
damaged and under normal use they become worn. 
The toughness, wear resistance and corrosiveness 
vary between different types of steels and the choice 
of steel grade depends on factors such as the tooling 
con guration, the formulation to be compacted and 
the cost. In addition, the surface of punches and dies 
may be coated with a thin layer of another metal, 
such as chrome, to modify its surface properties, 
such as hardness and corrosiveness.

Punches and dies are precision tools and they 
should thus be handled and stored with care. Manu-
facturing problems may be related to the quality of 
the compression tooling. Tooling inspection pro-
grammes should thus be used in the development 
and production of tablets.

Technical problems  
during tableting

A number of technical problems can arise during the 
tableting procedure, among which the most impor-
tant are:
•  high weight and dose variation of the tablets
•  low mechanical strength of the tablets
•  capping and lamination of the tablets
•  adhesion or sticking of powder material to 

punch tips
•  high friction during tablet ejection.
Such problems are related to the properties of the 
powder intended to be formed into tablets and also 
to the design and conditions of the press and the 
tooling. They should therefore be avoided by ensur-
ing that the powder possesses adequate technical 
properties and also that a suitable, well-conditioned 
tablet press is used, e.g. in terms of the use of 
forced-feed devices and polished and smooth dies 
and punches.

Important technical properties of a powder that  
must be controlled to ensure the success of a tablet-
ing operation are:
•  homogeneity and segregation tendency
•   owability

type of displacement transducer delivers an ana-
logue signal. It  consists of a rod and some inductive 
elements mounted in a tube. When the rod moves 
within the tube, a signal is obtained which directly 
re ects the position of the rod. The movable rod is 
connected to the punch so that they move in paral-
lel, i.e. the signal from the displacement transducer 
re ects the position of the punch. Digital displace-
ment transducers are also used in instrumented 
tablet machines. Such transducers are based on dif-
ferences in signal level depending on the position of 
an indicator.

Displacement transducers are necessarily 
mounted some distance from the punch tip. There 
is therefore a difference in the position given by the 
transducer and the real position of the punch tip 
owing to deformation of the punch along the dis-
tance between its t ip and the connection point of 
the transducer. This deviation must be determined 
by a calibration procedure, e.g. by compressing the 
punch tips against each other, and a correction for 
this error must be made before the displacement 
data can be used.

The signals from the force and displacement 
transducers are normally ampli ed and sampled into 
a computer. After conversion into digital form, the 
signals are transformed into physically relevant 
units, i.e. N, Pa, mm, etc., and organized as a func-
tion of time. To obtain reliable data, the calibration 
of the signals, the resolution of the measuring 
systems and the reproducibility of the values must 
be carefully considered.

Table t.tooling
Tablets are formed in a variety of shapes. The most 
common tablet shapes are circular, oval and oblong 
but tablets may also have other shapes, such as tri-
angular or quadratic. From a side-view, tablets may 
be  at or convex and with or without bevelled 
edges. Tablets may also bear break marks or symbols 
and other markings. Break marks (or breaklines) are 
used to facilitate breaking of tablets in a controlled 
way to ensure reproducible doses. Markings are used 
to facilitate identi cation of a preparation and are 
of two types: embossed and debossed. Debossed 
markings are indented into the tablet and embossed 
markings are raised on the tablet surface. The size, 
shape and appearance of a tablet  formed by powder 
compaction are controlled by the set of tools and by 
tooling design; a large variation in tablet  size, shape 
and appearance can thus be obtained.
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•  ensure a homogeneous colour in a tablet by 
adding the colour in a manner that ensures its 
effective distribution over the particle surfaces

•  affect the dissolution process for hydrophobic, 
poorly soluble particles by using a  ne 
particulate drug which is thoroughly mixed with 
a hydrophilic  ller and a hydrophilic binder.

Before granulation, the drug might be processed 
separately in order to obtain a suitable quality in 
terms of solid-state and particulate properties, such 
as spray drying and milling. Normally, the drug 
exists in dry particulate form before granulation. 
However, it  might be suspended or dissolved in a 
liquid and be added to the  ller as a part  of the 
agglomeration liquid.

Different procedures may be used for granula-
tion, among which the most important are the use 
of convective mixers,  uidized-bed driers, spray 
driers and compaction machines. Chapter 28 dis-
cusses granulation in some detail but the process is 
summarized here in the context of tableting.

Granula tion.by.convec tive .mixing
Agitation of a powder by convection in the presence 
of a liquid, followed by drying, is the main proce-
dure for the preparation of pharmaceutical granules. 
This is often considered to be the most effective 
means in terms of production time and cost to 
prepare good-quality granules. The process is often 
referred to as wet granulation.

The ingredients to be granulated in a convective 
mixer are  rst  dry mixed. The objective is to achieve 
a good homogeneity. As the components are often 
cohesive powders, a convective mixer operating at 
high intensity is normally used (a high-shear mixer). 
The mixture often consists of the drug and a  ller. 
A disintegrant may also be included (i.e. an intra-
granular disintegrant) but it  is also common to add 
the disintegrant to the dry granulation (i.e. an extra-
granular disintegrant). After wet mixing, the wet 
mass is dried in a separate drier (usually a  uidized-
bed dryer; see Chapter 29). Because granulation in 
a convective mixer is not a very well-controlled 
operation, large granules (above 1 mm) are often 
formed which must be broken down into smaller 
units. This is normally done by milling in a hammer 
mill or by pressing the granulation through a screen 
in an oscillating granulator. G ranules ranging in size 
from about 100 to 800 µm are thus obtained.

The prepared granules are  nally dry-mixed with 
the other ingredients, for example in a double-cone 

•  compression properties and compactability
•  friction and adhesion properties.
The technical properties of the powder are control-
led by the ingredients of the formulation (i.e. the 
drug and excipients) and by the way in which the 
ingredients are combined into a powder during 
precompaction processing. The precompaction 
processing often consists of a series of unit opera-
tions in sequence. The start ing point is normally the 
drug in a pure, most often crystalline form; the 
subsequent treatment of the drug particles is some-
times referred to as downstream processing. The unit 
operations used during this precompaction treat-
ment are mainly particle size reduction, powder 
mixing, particle size enlargement and powder drying. 
For further details of these procedures see Chapters 
10, 11, 28 and 29, respectively. G ranulation of a  ne 
powder is a common means used to preserve the 
 neness of the drug within larger particles that are 
suitable for tableting (see below) and granulation 
procedures are traditionally in common use in pre-
paring a powder for tableting. To save time and 
energy, precompaction processing without a particle 
size enlargement operation is chosen if possible. This 
procedure is called tablet production by direct com-
pression or direct compaction.

Tablet production via granulation

Rationa le .for.granula ting.powders . .
p rior.to.tab le ting
Because both granulation and tableting involve the 
formation of aggregates, tablet production by granu-
lation is based on the combination of two size 
enlargement processes in sequence. The main ration-
ales for granulating the powder (drug and  ller 
mixture) before tableting are to:
•  increase the bulk density of the powder 

mixture and thus ensure that the required 
volume of powder can be  lled into the die

•  improve the  owability of the powder in order 
to ensure that tablets with a low and acceptable 
tablet weight variation can be prepared

•  improve mixing homogeneity and reduce 
segregation by mixing small particles which 
subsequently adhere to each other

•  improve the compactability of the powder by 
adding a solution binder, which is effectively 
distributed on the particle surfaces
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powder to moisture and heat and is also referred to 
as dry granulation. In addition, for powders of very 
low bulk density, compaction can be an effective 
means to increase markedly their bulk density. The 
formation of the compacts can be accomplished by 
powder compression in a die (slugging), giving rela-
tively large tablet-like compacts, or by powder com-
pression between rotating rollers (roller compaction), 
giving weak compacts with a  ake or ribbon-like 
appearance. Roller compaction is a suitable opera-
tion for continuous granulation.

Tablet production by direct 
compaction

An obvious way to reduce production time and 
hence cost  is to minimize the number of opera-
tions involved in the pretreatment of the powder 
mixture before tableting. Tablet production by 
direct compaction can be reduced to only two oper-
ations in sequence: powder mixing and tableting 
(Fig. 30.6). The advantage with direct compaction 
is primarily a reduced production cost. However, in 
a direct compactable formulation, specially designed 
 llers and dry binders are normally required, which 
are usually more expensive than the tradit ional ones. 
They may also require a larger number of quality 
tests before processing. As heat and water are not 
involved, product stability can be improved. Finally, 
drug dissolution might be faster from a tablet pre-
pared by direct compaction owing to fast tablet 
disintegration into primary drug particles.

The disadvantages of direct compaction are 
mainly technological. In order to handle a powder 
of acceptable  owability and bulk density, relatively 
large particles must be used which may be dif cult  
to mix to a high homogeneity and may be prone to 
segregation. Moreover, a powder consisting mainly 

mixer, before tableting. Common excipients added 
in this  nal mixing operation are disintegrants, lubri-
cants, glidants and colourants. Figure 30.5 summa-
rizes the sequence of unit operations used in the 
production of tablets with pre-compaction treat-
ment by granulation.

Alte rna tive .granula tion.procedures
A series of alternative granulation procedures may 
be preferable in certain situations. G ranulation in a 
 uidized-bed apparatus is less common than the use 
of convective mixers as it  is considered to be more 
time-consuming. However, granules of high quality 
in terms of homogeneity,  owability and compacta-
bility can be prepared by this operation.

By spray drying a suspension of drug particles in 
a liquid, which can contain a dissolved binder, rela-
tively small spherical granules with uniform size can 
be prepared. The process is of limited use, except 
for the preparation of  llers or diluents for direct 
compaction. The granulation can show a good com-
pactability and this presents the possibility of granu-
lating a drug suspension without a separate drying 
step for the drug substance.

The formation of granules by compacting the 
powder into large compacts which are subsequently 
comminuted into smaller granules is an alternative 
approach to granulation. The approach can be 
employed as a means of avoiding exposure of the 

Fig . 30.5 •  Overview of the sequence of unit operations 
used in the production of tablets with precompaction 
treatment by granulation. 
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of drug will be dif cult to form into tablets if the 
drug itself has poor compactability. Finally, a uniform 
colouring of tablets can be dif cult  to achieve with 
a colourant in dry particulate form.

Direct compaction may be considered in two 
common formulation cases;  rstly, relatively soluble 
drugs which can be processed as coarse particles 
(to ensure good  owability) and secondly, relatively 
potent drugs which are present in a few milligrams 
in each tablet and can be mixed with relatively 
coarse excipient particles (in this lat ter case the  ow 
and compaction properties of the formulation are 
mainly controlled by the excipients).

Table t e xc ipie nts

In addition to the active ingredient(s), a series of 
excipients is normally included in a tablet; their role 
is to ensure that the tableting operation can run 
satisfactorily and that tablets of speci ed quality are 
prepared. Depending on the intended main func-
tion, excipients to be used in tablets are subcatego-
rized into different groups. However, one excipient 
can affect the properties of a powder or the tablet 
in a series of ways and many substances used in 
tablet  formulations can thus be described as multi-
functional. The functions of the most common types 
of excipients used in tablets are described below. 
Examples of substances used as excipients in tablets 
are given in Table 30.1.

Filler (or diluent)

In order to form tablets of a size suitable for han-
dling, a lower limit in terms of powder volume and 
weight is required. Tablets normally weigh at least 
50 mg. Therefore, a low dose of a potent drug 
requires the incorporation of a substance into the 
formulation to increase the bulk volume of the 
powder and hence the size of the tablet. This excipi-
ent, known as the  ller or the diluent, is not neces-
sary if the dose of the drug per tablet is high.

The ideal  ller should ful l a series of require-
ments, such as:
•  be chemically inert
•  be non-hygroscopic
•  be biocompatible
•  possess good biopharmaceutical properties (e.g. 

water soluble or hydrophilic)

Table 30.1 Examples of substances used as excipients 
in tablet formulation

Type of excipient Example of substances

Filler Lactose
Sucrose
Glucose
Mannitol
Sorbitol
Calcium phosphate
Calcium carbonate
Cellulose

Disintegrant Starch
Cellulose
Crosslinked polyvinyl pyrrolidone
Sodium starch glycolate
Sodium carboxymethyl cellulose

Solution binder Gelatin
Polyvinyl pyrrolidone
Cellulose derivatives
(e.g. hydroxypropylmethyl cellulose)
Polyethylene glycol
Sucrose
Starch

Dry binder Cellulose
Methyl cellulose
Polyvinyl pyrrolidone
Polyethylene glycol

Glidant Silica
Magnesium stearate
Talc

Lubricant Magnesium stearate
Stearic acid
Polyethylene glycol
Sodium lauryl sulfate
Sodium stearyl fumarate
Liquid paraf n

Antiadherent Magnesium stearate
Talc
Starch
Cellulose

•  possess good technical properties (such as 
compactability and dilution capacity)

•  have an acceptable taste
•  be cheap.
As all these requirements cannot be ful lled by a 
single substance, different substances have gained 
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depending on the source of the cellulose and the 
preparation procedure. The degree of crystallinity 
will affect the physical and technical properties of 
the particles, e.g. in terms of hygroscopicity and 
powder compactability.

Microcrystalline cellulose is prepared by hydroly-
sis of cellulose followed by spray drying. The parti-
cles thus formed are aggregates of smaller cellulose 
 bres. Depending on the preparation conditions, 
aggregates of different particle size can be prepared 
which have different  owabilities.

A  nal important example of a common  ller is 
an inorganic substance, dicalcium phosphate dihy-
drate. This is insoluble in water and non-hygroscopic, 
but is hydrophilic, i.e. easily wetted by water. The 
substance can be obtained in both a  ne particulate 
form, mainly used in granulation, and an aggregated 
form. The latter possesses good  owability and is 
used in tablet  production by direct compaction. 
Calcium phosphate is slightly alkaline and may 
thus be incompatible with drugs sensit ive to alkaline 
conditions.

Matrix former

In order to affect or control the release of the drug 
from the tablet, i.e. to speed up or to slow down its 
release rate, the drug may be dispersed or embed-
ded in a matrix formed by an excipient or a combi-
nation of excipients. This type of excipient may thus 
be referred to as a matrix former. An alternative 
term is base, a term used in the European Pharma-
copoeia (2011) and there de ned as ‘the carrier, 
composed of one or more excipients, for the active 
substance(s) in semi-solid and solid preparations’.

The matrix former is often a polymer or a lipid 
and may constitute a signi cant fraction of the total 
tablet weight. When the objective is to increase drug 
dissolution, the matrix former can be a water-solu-
ble substance or a lipid and the drug is dissolved or 
suspended as  ne particles in the matrix. An example 
of a water-soluble matrix former is poly ethylene 
glycol (PEG ). When the objective is to prolong the 
drug release, the matrix former can be either an 
insoluble substance (a polymer or a lipid) or a sub-
stance that forms a gel in contact with water. The 
drug is normally dispersed in particulate form in the 
matrix (for more details, see below). A common 
gel-forming substance in tablets is hydroxy propyl 
methyl cellulose (HPMC). Matrix formers are dis-
cussed in more detail in Chapter 31.

use as  llers in tablets, mainly carbohydrates but also 
some inorganic salts.

Lactose is the most common  ller in tablets. It  
possesses a series of good  ller properties, e.g. dis-
solves readily in water, has a pleasant taste, is non-
hygroscopic, is fairly non-reactive and shows good 
compactability. Its main limitation is that some 
people have an intolerance to lactose.

Lactose exists in both crystalline and amorphous 
forms. Crystalline lactose is formed by precipitation 
and, depending on the crystallization conditions, 
α -monohydrate or β-lactose (an anhydrous form) 
can be formed. By thermal treatment of the mono-
hydrate form, crystalline α -anhydrous particles 
can be prepared. Depending on the crystallization 
conditions and the use of subsequent size reduction 
by milling, lactose of different particle sizes is 
obtained.

Amorphous lactose can be prepared by spray 
drying a lactose solution (giving nearly completely 
amorphous particles) or a suspension of crystalline 
lactose particles in a lactose solution (giving aggre-
gates of crystalline and amorphous lactose). Amor-
phous lactose dissolves more rapidly than crystalline 
and shows better compactability. Its main use is 
therefore in the production of tablets by direct com-
paction. Amorphous lactose is, however, hygroscopic 
and physically unstable, i.e. it  will spontaneously 
crystallize if crystallization conditions are met as a 
result  of elevated temperature or high relative 
humidity (see Chapter 8 for more details).

Other sugars or sugar alcohols, such as glucose, 
sucrose, sorbitol and mannitol, have been used as 
alternative  llers to lactose, primarily in lozenges or 
chewable tablets because of their pleasant taste. 
Mannitol has a negative heat of solution and imparts 
a cooling sensation when sucked or chewed.

Apart from the sugars, perhaps the most widely 
used  llers are powdered celluloses of different 
types. Celluloses are biocompatible, chemically 
inert  and have good tablet-forming and disintegrat-
ing properties. They are therefore also used as dry 
binders and disintegrants in tablets. They are com-
patible with many drugs but, owing to their hygro-
scopicity, may be incompatible with drugs prone to 
chemical degradation in the solid state.

The most common type of cellulose powder used 
in tablet formulation is microcrystalline cellulose. 
The name indicates that the particles have both 
crystalline and amorphous regions, depending on 
the relative position of the cellulose chains within 
the solid. The degree of crystallinity may vary 
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Several mechanisms of action of disintegrants 
have been suggested, such as swelling of particles, 
exothermic wetting reaction, particle repulsion and 
particle deformation recovery. However, as two 
main processes are involved in the disintegration 
event, disintegrants to be used in plain tablets are 
here classi ed into two types:
1. Disintegrants that facilitate water uptake. These 

disintegrants act by facilitating the transport of 
liquids into the pores of the tablet, with the 
consequence that the tablet  may break into 
fragments. One obvious type of substance that  
can promote liquid penetration is surface-active 
agents. Such substances are used to make the 
drug particle surfaces more hydrophilic and 
thus promote the wetting of the solid and the 
penetration of the liquid into the pores of the 
tablet. It  has also been suggested that other 
substances can promote the liquid penetration, 
using capillary forces to suck water into the 
pores of the tablet.

Dis integrant

A disintegrant is included in the formulation to 
ensure that the tablet, when in contact with a liquid, 
breaks up into small fragments, which promotes 
rapid drug dissolution. Ideally, the tablet should 
break up into individual drug particles in order to 
obtain the largest possible effective surface area 
during dissolution.

The disintegration process for a tablet occurs in 
two steps. First, the liquid wets the solid and pen-
etrates the pores of the tablet. Thereafter, the tablet 
breaks into smaller fragments. The actual fragmen-
tation of the tablet can also occur in steps, i.e. the 
tablet  disintegrates into aggregates of primary parti-
cles which subsequently deaggregate into their 
primary drug particles. A deaggregation directly into 
primary powder particles will set up conditions for 
the fastest possible dissolution of the drug. A scheme 
for the release of the drug from a disintegrating 
tablet  is shown in Figure 30.7.

Fig . 30.7 •  Mechanistic representation of the drug release process from a tablet by disintegration and dissolution. 
(Courtesy of Wells  and Rubinstein, 1976, with permission.)
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overall drug release and absorption processes. 
Agents, other than matrix formers, may therefore 
sometimes be found in the composit ion of a tablet 
with the role to speed up the drug dissolution 
process by temporarily increasing the solubility of 
the drug during drug dissolution. An important 
example of a dissolution enhancer is the incorpora-
tion into the formulation of a substance that forms 
a salt  with the drug during dissolution, e.g. increas-
ing the dissolution rate of aspirin by using magne-
sium oxide in the formulation.

Absorption enhancer

For drugs with poor absorption properties, the 
absorption can be affected (see Chapter 20) by 
using substances in the formulation that affect  the 
permeability of the intestinal cell membrane and 
thus increase the rate at which the drug passes 
though the intestinal membrane. An additive that 
modulates the permeability of the intestine is often 
referred to as an absorption enhancer.

Binder

A binder (also sometimes called an adhesive) is 
added to a drug- ller mixture to ensure that gran-
ules and tablets can be formed with the required 
mechanical strength. Binders can be added to a 
powder in different ways:
•  As a dry powder which is mixed with the other 

ingredients before wet agglomeration. During 
the agglomeration procedure, the binder might 
thus dissolve partly or completely in the 
agglomeration liquid

•  As a solution which is used as agglomeration 
liquid during wet agglomeration. The binder is 
here often referred to as a solution binder

•  As a dry powder which is mixed with the other 
ingredients before compaction (slugging or 
tableting). The binder is here often referred to 
as a dry binder.

Both solution binders and dry binders are included 
in the formulation at relatively low concentra-
tions, typically 2–10% by weight. Common tradi-
tional solution binders are starch, sucrose and 
gelatin. More commonly used binders today, with 
improved adhesive properties, are polymers such 
as polyvinylpyrrolidone and cellulose derivatives 
(in particular hydroxypropyl methylcellulose). 

2. Disintegrants that will rupture the tablet. 
Rupturing of tablets can be caused by swelling 
of the disintegrant particles during sorption of 
water. However, it  has also been suggested that 
non-swelling disintegrants can break the tablet 
and different mechanisms have been suggested. 
One such concerns a repulsion of particles in 
contact with water and another the recovery of 
deformed particles to their original shape in 
contact with water, i.e. particles which have 
been deformed during compaction.

The disintegrant most tradit ionally used in conven-
tional tablets is starch, among which potato, maize 
and corn starches are commonly used. The typical 
concentration range of starch in a tablet formulation 
is up to 10%. Starch particles swell in contact with 
water and this swelling can subsequently disrupt the 
tablet. However, it  has also been suggested that 
starch particles may facilitate disintegration by 
particle-particle repulsion.

The most common and effective disintegrants act 
via a swelling mechanism and a series of effective 
swelling disintegrants has been developed which can 
swell dramatically during water uptake and thus 
quickly and effectively break the tablet. These are 
normally modi ed starch or modi ed cellulose. 
High-swelling disintegrants are included in the for-
mulation at  relatively low concentrations, typically 
1–5% by weight.

Disintegrants can be mixed with other ingredi-
ents prior to granulation and thus be incorporated 
within the granules (intragranular addition). It  is also 
common for the disintegrant to be mixed with the 
dry granules before the complete powder mix is 
compacted (extragranular addition). The latter pro-
cedure will contribute to an effective disintegration 
of the tablet into smaller fragments.

A third group of disintegrants functions by pro-
ducing gas, normally carbon dioxide, when in contact 
with water. Such disintegrants are used in efferves-
cent tablets and normally not in tablets that should 
be swallowed as a solid. The liberation of carbon 
dioxide is obtained by the decomposition of bicar-
bonate or carbonate salts in contact with acidic 
water. The acidic pH is accomplished by the incor-
poration of a weak acid in the formulation, such as 
citric acid and tartaric acid.

Dissolution enhancer
For drugs of low aqueous solubility, the dissolution 
of the drug may be the rate-limiting step in the 
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used, for instance in formulations for effervescent 
tablets.

Boundary lubrication is considered as a surface 
phenomenon, as here the sliding surfaces are sepa-
rated by only a very thin  lm of lubricant. The 
nature of the solid surfaces will therefore affect 
frict ion. In boundary lubrication, the friction coef-
 cient and wear of the solids are higher than with 
 uid lubrication. All substances that can affect the 
interaction between sliding surfaces can be described 
as boundary lubricants, including adsorbed gases. 
The lubricants used in tablet formulations acting by 
boundary lubrication are  ne particulate solids.

A number of mechanisms have been discussed 
for these boundary lubricants, including that lubri-
cants are substances that show a low resistance 
towards shearing. The most effective of the bound-
ary lubricants are stearic acid or stearic acid salts, 
such as magnesium stearate. Magnesium stearate has 
become the most widely used lubricant owing to its 
superior lubrication properties. The stearic acid salts 
are normally used at low concentrations (<1% by 
weight).

Besides reducing friction, lubricants may cause 
undesirable changes in the properties of the tablet. 
The presence of a lubricant in a powder is thought 
to interfere in a deleterious way with the bonding 
between the particles during compaction, thus 
reducing tablet strength (Fig. 30.9). Because many 
lubricants are hydrophobic, tablet disintegration and 
dissolution are often retarded by the addit ion of a 
lubricant. These negative effects are strongly related 
to the amount of lubricant present and a minimum 
amount is normally used in a formulation, i.e. 

Important examples of dry binders are microcrystal-
line cellulose and crosslinked polyvinylpyrrolidone.

Solution binders are generally considered the 
most effective and this is therefore the most 
common way of incorporating a binder into granules; 
the granules thus formed are often referred to as 
binder–substrate granules. It  is not uncommon, 
however, for a dry binder to be added to the dry 
binder–substrate granules before tableting in 
order to further improve the compactability of the 
granulation.

Glidant

The role of the glidant is to improve the  owability 
of the powder. G lidants are used in formulations 
for direct compaction but are often also added to 
granules before tableting to ensure that  suf cient 
 owability of the tablet  mass is achieved for high 
production speeds.

Traditionally, talc has been used as a glidant in 
tablet  formulations, in concentrations of about 1–2% 
by weight. Today, the most commonly used glidant 
is probably colloidal silica, added in very low propor-
tions (about 0.2% by weight). Because the silica 
particles are very small they adhere to the particle 
surfaces of the other ingredients (i.e. an ordered or 
structured mixture is formed; see Chapter 11) and 
improve  ow by reducing interparticulate friction. 
Magnesium stearate, normally used as a lubricant, 
can also promote powder  ow at low concentrations 
(<1% by weight).

Lubricant

The function of the lubricant is to ensure that tablet 
formation and ejection can occur with low friction 
between the solid and the die wall. High frict ion 
during tableting can cause a series of problems, 
including inadequate tablet  quality (capping or even 
fragmentation of tablets during ejection and vertical 
scratches on tablet  edges) and may even stop pro-
duction. Lubricants are thus included in almost all 
tablet  formulations.

Lubrication is achieved mainly by two mecha-
nisms:  uid lubrication and boundary lubrication 
(Fig. 30.8). In  uid lubrication a layer of  uid is 
located between and separates the moving surfaces 
of the solids from each other and thus reduces the 
friction. Fluid lubricants are seldom used in tablet 
formulations. However, liquid paraf n has been 

Fig . 30.8 •  Schematic illustration of lubrication 
mechanisms by  uid and boundary lubrication. 
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friction and changes in tablet properties, such as the 
shape and surface roughness of the substrate parti-
cles; the surface area of the lubricant particles; 
mixing time and intensity; and the type and size 
of mixer.

Concerning the tablet  strength-reducing effect of 
a lubricant, apart from the degree of surface cover-
age of the lubricant  lm obtained during mixing, the 
compression behaviour of the substrate particles will 
also be important. Drugs and  llers can thus be 
evaluated in terms of their lubricant sensitivity, i.e. 
the reduction in tablet strength due to the addition 
of a lubricant compared to a tablet formed from a 
powder without a lubricant. An important property 
for this lubricant sensitivity seems to be the degree 
of fragmentation the substrate particles undergo 
during compression (see below). It  is thus assumed 
that, during compression, particle surfaces which 
are not covered with a lubricant  lm are formed 
during particle fragmentation and that these clean 
surfaces will bond differently from the lubricant-
covered particle surfaces.

To explain the effect of lubricant  lm formation 
on the tensile strength of tablets, a coherent matrix 
model has been developed. This suggests that when 
a continuous matrix of lubricant-covered particle 
surfaces exists in a tablet, along which a fracture 
plane can be formed, the tablet strength is consider-
ably lower than that of tablets formed from unlu-
bricated powder. However, if the mixing and 

concentrations of 1% or below. In addition, the way 
in which the lubricant is mixed with the other ingre-
dients should also be considered. It  can, for example, 
be important if the excipients are added sequentially 
to a granulation rather than simultaneously. The 
total mixing time and the mixing intensity are also 
important in this context.

The commonly observed retardation of disinte-
gration and dissolution of tablets is related to the 
hydrophobic character of the most commonly used 
lubricants. In order to avoid these negative effects, 
more hydrophilic substances have been suggested as 
alternatives to the hydrophobic lubricants. Exam-
ples are surface-active agents and polyethylene 
glycol. A combination of hydrophobic and hydrophilic 
substances might also be used.

The lubricant’s effect  on friction and on the 
changes in tablet properties is related to the ten-
dency of lubricants to adhere to the surface of drugs 
and  llers during dry mixing. Lubricants are often 
 ne particulate substances which thus are prone to 
adhere to larger particles. In addition, studies on the 
mixing behaviour of magnesium stearate have indi-
cated that this substance has the ability to form a 
 lm which can cover a fraction of the surface area 
of the drug or  ller particles (the substrate parti-
cles). This  lm can be described as being continuous 
rather than particulate. A number of factors have 
been suggested to affect the development of such a 
lubricant  lm during mixing and hence also affect 

Fig . 30.9 •  The reduction in tablet tensile strength as a function of the reduction in friction coef cient during 
tableting of a sodium chloride powder mixed with 0.1% by weight of a series of lubricants admixed at two different 
mixing intensities. (Courtesy of Hölzer and Sjögren, 1981, with permission.) 
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accomplished during coating (see Chapter 32 for 
further information) but a colourant can also be 
included in the formulation prior to compaction. In 
the latter case, the colourant can be added as an 
insoluble powder or dissolved in the granulation 
liquid. The latter procedure may lead to a colour 
variation in the tablet caused by migration of the 
soluble dye during the drying stage (see Chapter 29 
for more information on the phenomenon of solute 
migration).

Table t type s

Class i cation of tablets

Several categories of tablets may be distinguished 
and the denomination and de nitions of different 
types of tablets can be found in pharmacopoeias. 
The tablet dosage forms described in the European 
Pharmacopoeia (2011) appear in the monographs 
for tablets and for oromucosal preparations (the 
monograph on oromucosal preparations includes 
some types of tablets, i.e. compressed lozenges, sub-
lingual tablets and buccal tablets that are intended 
for administration to the oral cavity and/ or the 
throat to obtain a local or systemic effect).

A common means of classifying tablets is based 
on the drug release pattern from the tablets. The 
following categories are often used in this context: 
immediate release, prolonged release, pulsatile 
release and delayed release. The latter three types 
are also referred to as modi ed-release tablets.

For immediate-release tablets, the drug is 
intended to be released rapidly after administration, 
or the tablet is dissolved in liquid before intake and 
thus administered as a solution. Immediate-release 
tablets are the most common type of tablet and 
include disintegrating, chewable, effervescent, sub-
lingual and buccal tablets.

Modi ed-release tablets should normally be swal-
lowed intact. The formulation and thus also the type 
of excipients used in such tablets might be quite dif-
ferent from those of immediate-release tablets. The 
term prolonged-release tablet is used to indicate that 
the drug is released slowly at a nearly constant rate. 
If the rate of release is constant during a substantial 
period of time, a zero-order type of release is 
obtained, i.e. M = kt (where M  is the cumulative 
amount of drug released and t is the release time). 
This is sometimes described as an ideal type of 
prolonged-release preparation.

compression processes do not result in such a coher-
ent lubricant matrix within the tablet, for example 
due to irregular substrate particles or particle frag-
mentation, the lubricant sensitivity appears to be 
lower.

Antiadherent

The function of an antiadherent is to reduce adhe-
sion between the powder and the punch faces and 
thus prevent particles st icking to the punches. Many 
powders are prone to adhere to the punches, a phe-
nomenon (known in the industry as sticking or 
picking) which is affected by the moisture content 
of the powder. Such adherence is especially prone 
to happen if the tablet punches have markings or 
symbols. Adherence can lead to a build-up of a thin 
layer of powder on the punches, which in turn will 
lead to an uneven and matt tablet surface with 
unclear markings or symbols.

Many lubricants, such as magnesium stearate, 
also have antiadherent properties. However, other 
substances with limited ability to reduce friction can 
also act  as antiadherents, such as talc and starch.

Sorbent

Sorbents are substances that are capable of sorbing 
some quantities of  uids in an apparently dry state. 
Thus, oils or oil-drug solutions can be incorporated 
into a powder mixture which is granulated and com-
pacted into tablets. Microcrystalline cellulose and 
silica are examples of sorbing substances used in 
tablets.

Flavour

Flavouring agents are incorporated into a formulation 
to give the tablet a more pleasant taste or to mask 
an unpleasant one. The latter can also be achieved 
by coating the tablet or the drug particles.

Flavouring agents are often thermolabile and so 
cannot be added prior to an operation involving heat. 
They are often mixed with the granules as an alcohol 
solution.

Colourant

Colourants are added to tablets to aid identi ca-
t ion and patient compliance. Colouring is often 
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As discussed above, the drug is released from a 
disintegrating tablet in a sequence of processes, 
including tablet  disintegration, drug dissolution and 
drug absorption (see Fig. 30.7). All these processes 
will affect, and can be rate-limiting steps for, the 
drug bioavailability. The rate of the processes is 
affected by both formulation factors and production 
conditions.

The disintegration time of the tablet  is a function 
of the composition and manufacturing conditions 
and may thus depend on several factors. Regarding 
composition, the choice of disintegrant (Fig. 30.11) 
is of obvious importance but also other excipients, 

A pulsatile release is another means to increase the 
time period for drug absorption after a single admin-
istration and is accomplished by releasing the drug in 
two or more pulses.

For delayed-release tablets the drug is liberated 
from the tablet  some time after administration. 
After this period has elapsed, the release is normally 
rapid. The most common type of delayed-release 
tablet is a gastro-resistant (also known as enteric-
coated) tablet, for which the drug is released in the 
upper part of the small intestine after the prepara-
tion has passed the stomach. However, a delayed 
release can also be combined with a prolonged drug 
release, e.g. for local treatment in the lower part of 
the intestine or in the colon.

The type of release obtained from immediate-, 
prolonged- and delayed-release tablets is illustrated 
in Figure 30.10. In the following sections, the most 
common types of tablets are described.

Dis integrating tablets

The most common type of tablet is intended to be 
swallowed and to release the drug in a relatively 
short t ime thereafter by disintegration and dissolu-
tion, i.e. the goal of the formulation is fast and 
complete drug release in vivo. Such tablets are often 
referred to as conventional or plain tablets. A disin-
tegrating tablet includes normally at least  the fol-
lowing types of excipients:  ller (if the dose of the 
drug is low), disintegrant, binder, glidant, lubricant 
and antiadherent.

Fig . 30.10 •  Schematic representation of the cumulative 
amount of drug released from immediate-, extended- 
(prolonged-) and delayed-release tablets . 
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issues in the formulation of disintegrating, immediate- 
release tablets.

For drugs with poor absorption properties, the 
absorption can be affected (see Chapter 20) by 
modifying the drug’s lipophilicity, e.g. by esteri ca-
t ion of the drug as well as by adding absorption 
enhancers.

Single disintegrating tablets can also be prepared 
in the form of multilayers, i.e. the tablet consists of 
concentric or parallel layers cohered to each other. 
Multilayer tablets are prepared by repeated com-
pression of powders and are made primarily to 
separate incompatible drugs from each other, i.e. 
incompatible drugs can be incorporated into the 
same tablet. Although intimate contact exists at the 
surface between the layers, the reaction between 
the incompatible drugs is limited. The use of parallel 
layered tablets where the layers are differently col-
oured represents an approach to preparing easily 
identi able tablets.

Another variation of the disintegrating tablet is 
coated tablets which are intended to disintegrate 
and release the drug quickly (in contrast to coated 
tablets intended for modi ed release). The rationale 
for using coated tablets and detailed descriptions of 
the procedures used for tablet  coating are given in 
Chapter 32.

Chewable tablets

Chewable tablets are chewed and thus are mechani-
cally disintegrated in the mouth. The drug is, 
however, normally not dissolved in the mouth but 
swallowed and dissolves in the stomach or intestine. 
Thus, chewable tablets are used primarily to accom-
plish a quick and complete disintegration of the 
tablet – and hence obtain a rapid drug effect – or 
to facilitate the administration of the tablet. A 
common example of the former is antacid tablets. 
In the latter case, the elderly and children in par-
ticular have dif culty swallowing tablets and so a 
chewable tablet is an attractive form of medication. 
Important examples are vitamin tablets. Another 
general advantage of a chewable tablet is that this 
type of medication can be taken when water is not 
available.

Chewable tablets are similar in composition to 
conventional tablets except that a disintegrant is 
normally not included in the composit ion. Flavour-
ing and colouring agents are common and sorbitol 
and mannitol are common examples of  llers.

such as the type of  ller and lubricant can also be 
of signi cant importance for tablet  disintegration.

Tablet disintegration may also be affected by pro-
duction conditions during manufacture. Important 
examples that may affect tablet disintegration time 
are the design of the granulation procedure (which 
will affect the physical properties of the granules), 
mixing conditions during the addition of lubricants 
and antiadherents, the applied punch force during 
tableting and the punch force-time relationship. It  
has been reported that an increased compaction 
pressure can either increase or decrease disintegra-
tion t ime, or give complex relationships with 
maximum or minimum disintegration times.

In many cases, the drug dissolution rate is the 
rate-limiting step in the drug release process, espe-
cially for drugs that are poorly soluble in water but 
that  are readily absorbed in the intestine (i.e. typi-
cally class II drugs in the Biopharmaceutics Classi -
cation System, see Chapter 21). Since many drugs 
show very poor solubility, the problem of the rate 
of drug dissolution is often a critical issue during the 
development of an immediate release tablet. The 
most common means to achieve acceptable drug 
dissolution rate for poorly soluble compounds are:
•  control of apparent solubility of the drug.
•  control of surface area exposed to the 

dissolution medium.
•  addit ion of drug dissolution enhancing agents.

The apparent solubility can be increased by chang-
ing the solid-state form of the drug, such as a 
polymorph, using a salt  of the drug or using amor-
phous particles. The surface area of a solid is 
inversely proportional to particle size and particle 
size reduction is an obvious means to increase drug 
dissolution rate. However, a reduced particle size 
will make a powder more cohesive. A reduction 
in drug particle size might produce aggregates of 
particles which are dif cult  to break up, with the 
consequence that the drug dissolution rate is not 
related to the surface area of the primary drug 
particles. It  is thus important to ensure that the 
tablet  is formulated in such a way that it  will dis-
integrate and that the aggregates so formed break 
up into small drug particles in order that a large 
surface area of the drug is exposed to the dissolu-
tion medium. The preparation and use of small 
particles, i.e. down to the sub-micrometre range 
(nano-sized particles), and the use of drug dissolu-
tion enhancers and matrix formers in tablet com-
positions of poorly soluble drugs are important 
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preferable in order to avoid a  lm of a hydrophobic 
lubricant on the surface of the water after tablet 
dissolution. A binder is normally not included in the 
composition.

Effervescent tablets are prepared by both direct 
compaction and by compaction via granulation. In 
the latter case, tradit ional wet granulation is seldom 
used; instead, granules are formed by the fusion of 
particles as a result  of their partial dissolution during 
wet massing of a moistened powder.

Effervescent tablets should be packaged in such 
a way that they are protected against moisture. This 
is accomplished with waterproof containers, often 
including a dessicant, or with blister packs or alu-
minium foils.

Compressed lozenges

Compressed lozenges are tablets that dissolve slowly 
in the mouth and so release the drug dissolved in 
the saliva. Lozenges are used for systemic drug 
uptake or for local medication in the mouth or 
throat, e.g. with local anaesthetic, antiseptic and 
antibiotic drugs. The latter type of tablets can thus 
be described as slow-release tablets for local drug 
treatment.

Disintegrants are not used in the formulation but 
otherwise such tablets are similar in composition to 
conventional tablets. In addition, lozenges are often 
coloured and include a  avour. The choice of  ller 
and binder is of particular importance in the formu-
lation of lozenges, as these excipients should con-
tribute to a pleasant taste or feeling during tablet 
dissolution. The  ller and binder should therefore 
be water soluble and have a good taste. Common 
examples of  llers are glucose, sorbitol and manni-
tol. A common binder in lozenges is gelatin.

Lozenges are normally prepared by compaction 
at high applied pressures in order to obtain a tablet 
of high mechanical strength and low porosity which 
can dissolve slowly in the mouth.

Sublingual tablets  and  
buccal tablets

Sublingual tablets and buccal tablets are used for 
drug release in the mouth followed by systemic 
uptake of the drug. A rapid systemic drug effect can 
thus be obtained without  rst-pass liver metabolism. 
Sublingual tablets are placed under the tongue and 

Effervescent tablets

Effervescent tablets are dropped into a glass of 
water before administration, during which carbon 
dioxide is liberated. This facilitates tablet disintegra-
tion and drug dissolution; the dissolution of the 
tablet should be complete within a few minutes. As 
mentioned above, the effervescent carbon dioxide is 
created by a reaction in water between a carbonate 
or bicarbonate and a weak acid such as citric or 
tartaric acids.

Effervescent tablets are used to obtain rapid drug 
action, for example for analgesic drugs (Fig. 30.12), 
or to facilitate the intake of the drug, for example 
for vitamins.

The amount of sodium bicarbonate in an effer-
vescent tablet is often quite high (about 1 g). After 
dissolution of such a tablet, a buffered water solu-
tion will be obtained which normally temporarily 
increases the pH of the stomach. The result is a 
rapid emptying of the stomach and the residence 
time of the drug in the stomach will thus be short. 
As drugs are absorbed in the small intestine rather 
than in the stomach, effervescent tablets can thus 
show a fast drug absorption, which can be advanta-
geous, for example, for analgesic drugs. Another 
aspect of the short drug residence time in the 
stomach is that drug-induced gastric irritation can 
be avoided, e.g. for aspirin tablets, as the absorption 
of aspirin in the stomach can cause irritation.

Effervescent tablets also often include a  avour 
and a colourant. A water-soluble lubricant is 

Fig . 30.12 •  Concentration of salicylates in plasma after 
administration of acetylsalicylic acid tablets (1 g). Circles, 
effervescent tablet; squares, conventional tablet. 
(Courtesy of Ekenved et al, 1975, with permission.)
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uptake in the form of prolonged-release tablets. 
However, the drug must ful l certain criteria in 
order to render itself suitable for sustained-release 
medication, otherwise another type of tablet is a 
more feasible alternative. These rationales and cri-
teria, as well as the pharmacokinetic aspects of 
prolonged-release drug administration, are described 
elsewhere in this book (see Chapters 22 and 31). In 
Chapter 31 the formulation principles used to 
achieve prolonged drug release are described.

Prolonged-release tablets are often categorized 
according to the mechanism of drug release. The 
following are the most common means used to 
achieve a slow, controlled release of the drug from 
tablets:
•  drug transport control by diffusion
•  dissolution control
•  erosion control
•  drug transport control by convective  ow 

(accomplished by, for example, osmotic 
pumping)

•  ion exchange control.

Diffus ion-controlled .re leas e .s ys tems
In diffusion-controlled prolonged-release systems, 
the transport by diffusion of dissolved drugs in pores 
 lled with gastric or intestinal juice or in a solid 
(normally polymer) phase is the release-controlling 
process. Depending on the part of the release unit 
in which the drug diffusion takes place, diffusion-
controlled release systems are divided into matrix 
systems (also referred to as monolithic systems) and 
reservoir systems. The release unit can be a tablet 
or a nearly spherical particle of about 1 mm in diam-
eter (a granule or a millisphere). In both cases the 
release unit should stay more or less intact during 
the course of the release process. In matrix systems, 
diffusion occurs in pores located within the bulk of 
the release unit and in reservoir systems, diffusion 
takes place in a thin water-insoluble  lm or mem-
brane, often about 5–20 µm thick, which surrounds 
the release unit. Diffusion through the membrane 
can occur in pores  lled with  uid or in the solid 
phase that forms the membrane.

Drug is released from a diffusion-controlled 
release unit in two steps:
1. The liquid that surrounds the dosage form 

penetrates the release unit and dissolves the 
drug. A concentration gradient of dissolved drug 
is thus established between the interior and the 
exterior of the release unit.

buccal tablets are placed in the side of the cheek 
or high up between the inside of the upper lip 
and gum.

Sublingual and buccal tablets are often small 
and porous, the latter facilitating fast disintegration 
and drug release. Other designs, comprising high 
molecular weight hydrophilic polymers and/ or 
gums, adhere in place by forming a gel. They remain 
in position, releasing drug, for 1–2 hours (e.g. 
prochlorperazine maleate for nausea).

Prolonged-release and pulsatile-
release tablets

Clas s i ca tion
In recent years there has been great interest in the 
development and use of tablets which should be 
swallowed and thereafter slowly release the drug in 
the gastrointestinal tract for a period of about 12–24 
hours. Such tablets are denominated in various 
ways, such as slow release, extended release, sus-
tained release and prolonged release. They are often 
also referred to as controlled-release preparations. 
This latter term is somewhat misleading, as all 
tablets, irrespective of their formulation and use, 
should release the drug in a controlled and repro-
ducible way. The nomenclature for prolonged-
release preparations is subject to some debate and 
no worldwide acceptable system exists. The reader 
is referred to Chapter 31 for further discussion on 
this subject.

After release from the tablet, the drug should nor-
mally be absorbed into the systemic circulation. The 
aim is normally to increase the time period during 
which a therapeutic drug concentration level in the 
blood is maintained. However, the aim can also be to 
increase the release time for drugs that can cause 
local irritation in the stomach or intestine if they are 
released quickly. Examples of the latter are potassium 
chloride and iron salts. In addition, drugs for local 
treatment of diseases in the large intestine are some-
times formulated as prolonged-release tablets.

A prolonged-release preparation can also be cat-
egorized as a single-unit or a multiple-unit dosage 
form. In the  rst  case, the drug dose is incorporated 
into a single release unit and in the latter is divided 
into a large number of small release units. A multiple-
unit  dosage form is often considered to give a more 
reproducible drug action.

There is a series of rationales behind the increased 
interest in administering drugs orally for systemic 
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where C  is the solubility of the drug in the liquid, 
A  and l are the area and thickness of the membrane, 
D is the diffusion coef cient of the drug in the 
membrane, and K the partit ion coef cient for the 
drug between the membrane and the liquid at 
equilibrium.

In practice, the membrane surrounding the 
release unit often includes a water-soluble compo-
nent. This can be small particles of a soluble sub-
stance, such as sucrose, or a water-soluble polymer, 
such as a water-soluble cellulose derivative (e.g. 
hydroxypropyl methylcellulose). In the latter case 
the polymer is used together with a water-insoluble 
polymer as the  lm-forming materials that consti-
tute the coating. In such a membrane, the water-
soluble component will dissolve and form pores 
 lled with liquid in which the drug can thereafter 
diffuse. The area and length of these pores will thus 
constitute the diffusion area and distance. These 
factors can be estimated from the porosity of the 
membrane (e) and the tortuosity (τ) of the pores 
(the tortuosity refers to the ratio between the actual 
transport distance in the pores between two posi-
tions and the transport distance in a solution). The 
release rate can thus be described in a simpli ed way 
as follows:

 M
t

CAeD
l

=
τ

 

(30.2)

The membrane porosity and pore tortuosity can be 
affected by the addition of water-soluble compo-
nents to the membrane.

For oral preparations, the  lm surrounding the 
release units is normally based on high molecular 
weight, water-insoluble polymers, such as certain 
cellulose derivatives (e.g. ethyl cellulose) and acr-
ylates. The  lm often also includes a plasticizer. In 
the case of drug release through liquid- lled pores, 
a small amount of a water-soluble compound is also 
added, as described above. Reservoir systems today 
are normally designed as multiple-unit  systems 
rather than single units.
Ma tr ix systems. In a matrix system the drug is 
dispersed as solid particles within a matrix formed 
of a water-insoluble polymer, such as polyvinyl chlo-
ride (Fig. 30.14) or in a matrix forming a gel in 
contact with water (see below). Initially, drug par-
ticles located at  the surface of the release unit will 
be dissolved and the drug released rapidly. 

2. The dissolved drug will diffuse in the pores of 
the release unit or the surrounding membrane 
and thus be released or, alternatively, the 
dissolved drug will partition into the membrane 
surrounding the dose unit and diffuse in the 
membrane.

A dissolution step is thus normally involved in the 
release process but the diffusion step is the rate-
controlling step. The rate at which diffusion will 
occur depends on three variables: the concentration 
gradient over the diffusion distance; the area and 
distance over which diffusion occurs; and the diffu-
sion coef cient of the drug in the diffusion medium. 
Some of these variables are used to modulate the 
release rate in the formulation.
Reservoir  systems. In a reservoir system the dif-
fusion occurs in a thin  lm surrounding the release 
unit (Fig. 30.13). This  lm is normally formed from 
a high molecular weight polymer. The diffusion dis-
tance will be constant during the course of the 
release and, as long as a constant drug concentration 
gradient is maintained, the release rate will be con-
stant, i.e. a zero-order release (M  = kt).

One possible process for the release of the drug 
from a reservoir system involves partit ion of the 
drug dissolved inside the release unit to the solid 
membrane, followed by transport by diffusion of the 
drug within the membrane. Finally, the drug will 
partit ion to the solution surrounding the release 
unit. The driving force for the release is the concen-
tration gradient of dissolved drug over the mem-
brane. The release rate can be described in a 
simpli ed way by the following equation, which also 
summarizes the formulation factors by which the 
release rate can be controlled, i.e.:

 M
t

CAKD
l

=  

(30.1)

Fig . 30.13 •  Schematic illustration of the mechanism of 
drug release from a diffusion-based reservoir tablet  
(t = time). 
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An alternative means of achieving prolonged release 
based on the dissolution-control principle is to 
incorporate the drug in a slowly dissolving carrier or 
by covering drug particles with a slowly dissolving 
coating. In the latter case, the release of the drug 
from such units occurs in two steps:
1. The liquid that surrounds the release unit 

dissolves the coating (rate-limiting dissolution 
step).

2. The solid drug is exposed to the liquid and 
subsequently dissolves.

In order to obtain an extended release based on dis-
solution of a coating, the tablet  is formulated to 
release the drug in a series of consecutive pulses, i.e. 
a pulsatile release. This can be accomplished by 
dividing the drug dose into a number of smaller 
release units, often nearly spherical granules of 
about 1 mm in diameter, which are coated in such 
a way that the dissolution t ime of the coatings will 
vary (Fig. 30.15). A variation in dissolution t ime of 
the coating can be accomplished by varying its thick-
ness or its solubility. Release units with different 
release t imes will be mixed and formed into a dis-
integrating tablet.

Delayed-release tablets are normally formulated 
as dissolution-controlled preparations. In the case of 
gastro-resistant tablets, the dissolution is inhibited 
until the preparation reaches the higher pH of the 
small intestine, where the drug is released in a rela-
t ively short  t ime.

Eros ion-controlled .re leas e .s ys tems
In erosion-controlled prolonged-release systems, the 
rate of drug release is controlled by the erosion of a 
matrix in which the drug is dispersed. The matrix is 
normally formed by a tableting operation and the 

Thereafter, drug particles at successively increasing 
distances from the surface of the release unit  will 
be dissolved and released by diffusion in liquid  lled 
pores of the matrix or in the gel to the exterior of 
the release unit. Thus, the diffusion distance of dis-
solved drug will increase as the release process pro-
ceeds. The drug release, in terms of the cumulative 
amount of drug (M ) released from a matrix can 
often be approximated to be proportional to the 
square root of time, i.e. M  = kt1/ 2.

The main formulation factors by which the 
release rate from a matrix system can be controlled 
are the amount of drug in the matrix, the porosity 
of the release unit , the length of the pores in the 
release unit (dependent on the size of the release 
unit and the pore tortuosity) and the solubility of 
the drug (which regulates the concentration gradi-
ent). The characteristics of the pore system can be 
affected by, for example, the addition of soluble 
excipients and by the compaction pressure during 
tableting.

Matrix systems are traditionally designed as 
single-unit systems, normally tablets, prepared by 
tableting. However, alternative preparation proce-
dures are also used, especially for release units that 
are smaller than tablets. Examples of such tech-
niques are extrusion, spray congealing and casting.

Dis s olution-controlled .re leas e .s ys tems
In dissolution-controlled prolonged-release systems, 
the rate of dissolution of the drug or another ingredi-
ent in the gastrointestinal juices is the release-
controlling process. It  is obvious that a sparingly 
water-soluble drug can form a preparation of 
a dissolution-controlled prolonged-release type. 
Reduced drug solubility can be accomplished by pre-
paring poorly soluble salts or derivatives of the drug. 

Fig . 30.14 •  Schematic illustration of the mechanism of drug release from a diffusion-based matrix tablet (t = time). 
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The eroding matrix can be formed from different 
substances. One example is lipids or waxes, in which 
the drug is dispersed. Another example is polymers 
that gel when in contact with water (e.g. hydroxye-
thyl cellulose). The gel will subsequently erode and 
release the drug dissolved or dispersed in the gel. 
However, as discussed above, a prolonged-release 
tablet based on a gel-forming matrix may also be 
classi ed as a diffusion-controlled release system. 
Diffusion may be the dominating release mechanism 
in some cases.

Os mos is -controlled .re leas e .s ys tems
In osmosis-controlled prolonged-release systems, 
the  ow of liquid into the release unit, driven by a 
difference in osmotic pressure between the inside 
and the outside of the release unit, is used as the 
release-controlling process. Osmosis can be de ned 
as the  ow of a solvent from a compartment with a 
low concentration of solute to a compartment with 
a high concentration. The two compartments are 
separated by a semi-permeable membrane, which 
allows  ow of solvent but not of solute.

In the most simple type of osmosis-controlled 
drug release, the following sequence of steps is 
involved in the release process:
1. Osmotic transport  of liquid into the release 

unit.
2. Dissolution of drug within the release unit.
3. Convective transport of a saturated drug 

solution by pumping of the solution through a 
single ori ce or through pores in the semi-
permeable membrane.

The pumping of the drug solution can be accom-
plished in different ways. One example is a tablet 
which includes an expansion layer, i.e. a layer of a 
substance that swells in contact with water, the 
expansion of which will press out the drug solution 
from the release unit . Alternatively, the increased 
volume of  uid inside the release unit will increase 

system can thus be described as a single-unit system. 
The erosion in its simplest form can be described as 
a continuous liberation of matrix material (both 
drug and excipient) from the surface of the tablet, 
i.e. surface erosion. The consequence will be a con-
tinuous reduction in tablet weight during the course 
of the release process (Fig. 30.16). Drug release 
from an erosion system can thus be described in two 
steps:
1. Matrix material, in which the drug is dissolved 

or dispersed, is liberated from the surface of 
the tablet .

2. The drug is subsequently exposed to the 
gastrointestinal  uids and mixed with (if the 
drug is dissolved in the matrix) or dissolved in 
(if the drug is suspended in the matrix) the 
 uid.

The release rate of a drug from an eroding system 
can often approximate to zero order for a signi cant 
part of the total release time.

Fig . 30.15 •  Schematic representation of the cumulative 
amount of drug released from a dissolution-based (due 
to differences in coating thickness) pulsatile-release 
preparation. 
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Fig . 30.16 •  Schematic illustration of the mechanism of drug release from an erosion tablet. 
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Table t te s ting

Tes t methods

In tablet formulation development and during man-
ufacturing of tablets, a number of procedures are 
used to assess the quality of the tablets. Some test 
methods are described in pharmacopoeias and these 
tests are traditionally concerned with the content 
and the in vitro release of the active ingredient. Test 
methods not described in pharmacopoeias are some-
times referred to as non-compendial and concern a 
variety of quality attributes that  need to be evalu-
ated, such as the porosity of tablets. Below, some of 
the tests used in the quality evaluation of tablets are 
brie y described.

Uniformity of content of  
active ingredient
A fundamental quality attribute for all pharmaceuti-
cal preparations is the requirement for a constant 
dose of drug between individual tablets. In practice, 
small variations between individual preparations are 
accepted and the limits for this variation appear as 
standards in pharmacopoeias. Traditionally, uniform-
ity of dose or dose variation between tablets is 
tested in two separate tests: uniformity of weight 
(mass) and uniformity of active ingredient.

The test for uniformity of weight is carried out 
by collecting a sample of tablets from a batch and 
determining their individual weights. The average 
weight of the tablets is then calculated. The sample 
complies with the standard if the individual weights 
do not deviate from the mean more than is permit-
ted in terms of percentage.

If the drug substance forms the greater part of 
the tablet mass, any weight variation obviously indi-
cates a variation in the content of active ingredient. 
Compliance with the standard thus helps to ensure 
that  uniformity of dosage is achieved. However, in 
the case of potent drugs which are administered in 
low doses, the excipients form the greater part of 
the tablet weight and the correlation between tablet 
weight and amount of active ingredient can be poor 
(Fig. 30.18). Thus, the test for weight variation 
must be combined with a test for variation in content 
of the drug substance. Nevertheless, the test for 
uniformity of weight is a simple way to assess vari-
ation in drug dose, which makes the test  useful as a 
quality control procedure during tablet production.

the internal pressure and the drug solution will thus 
be pumped out.

If the  ow rate of incoming liquid to the release 
unit is the rate-controlling process, the drug release 
rate can be described as:

 M  t  CV  t/ /=  
(30.3)

where V  is the volume of incoming liquid. The  ow 
rate of incoming liquid under steady-state condi-
t ions is a zero-order process and the release rate of 
the drug will therefore also be a zero-order process. 
The water  ow is not affected by the  ow and pH 
of the dissolution medium. However, the water  ow 
rate and hence drug release rate can be affected by 
a number of formulation factors, such as the osmotic 
pressure of the drug solution within the release 
unit, the drug solubility, and the permeability and 
mechanical properties of the membrane.

Osmosis-controlled release systems can be 
designed as single-unit  or multiple-unit tablets. In 
the  rst  case, the drug solution can be forced out 
from the tablet through a single ori ce (Fig. 30.17) 
formed in the membrane by boring with a laser 
beam. Alternatively, the drug solution can  ow 
through a number of pores formed during the uptake 
of water. Such pores can be formed by the dissolu-
tion of water-soluble substances present in the 
membrane, or by straining of the membrane owing 
to the increased internal pressure in the release unit. 
In the case of multiple-unit release tablets, the 
transport occurs in formed pores.

Fig . 30.17 •  Schematic illustration of the mechanism 
of drug release from an osmosis-controlled release 
system designed as a single-unit tablet with a single 
release ori ce. 

= solvent 
= drug solution
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raised and lowered at  a constant frequency in the 
water in such a way that  at the highest posit ion of 
the tubes, the screen (and thus the tablet held down 
by the plastic disc) remains below the surface of the 
water.

Tests for disintegration do not normally seek to 
establish a correlation with in vivo behaviour. Thus, 
compliance with the speci cation is no guarantee of 
an acceptable release and uptake of the drug in vivo 
and hence an acceptable clinical effect. However, it  
is reasonable to assume that a preparation which 
fails to comply with the test is unlikely to be ef ca-
cious. Disintegration tests are, however, useful for 
assessing the potential importance of formulation 

The test for uniformity of drug content is carried 
out by collecting a sample of tablets followed by a 
determination of the amount of drug in each. 
The average drug content is calculated and the 
content of the individual tablets should fall within 
speci ed limits.

Dis integration

As discussed above, the drug release process from 
tablets often includes a step at  which the tablet 
disintegrates into smaller fragments. In order to 
assess this, disintegration test methods have been 
developed and examples of these can be found in 
pharmacopoeias.

The test is carried out by agitating a given number 
of tablets in an aqueous medium at a de ned tem-
perature and the time to reach the endpoint of the 
test is recorded. The preparation complies with the 
test if the t ime to reach this endpoint is below a 
given limit. The endpoint of the test is the point at  
which all visible parts of the tablets have been elimi-
nated from a set of tubes in which the tablets have 
been held during agitation. The tubes are closed at 
the lower end by a screen and the tablet fragments 
formed during the disintegration are eliminated 
from the tubes by passing the screen openings, i.e. 
disintegration is considered to be achieved when no 
tablet fragments remain on the screen (fragments of 
coating may however remain).

A disintegration instrument (Fig. 30.19) consists 
normally of six chambers, i.e. tubes open at the 
upper end and closed by a screen at the lower. 
Before disintegration testing, one tablet  is placed in 
each tube and normally a plastic disc is placed over 
the tablet. The tubes are placed in a water bath and 

Fig . 30.18 •  Correlation between amount of active ingredient and tablet weight for (a) a low-dose (drug content 
23% of tablet weight) and (b) a high-dose (drug content 90% of tablet weight) tablet. (Courtesy of Airth et al, 1967, 
with permission.)

a  b

Fig . 30.19 •  Diagram of a disintegration instrument for 
the testing of tablet disintegration time. 
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and process variables on the biopharmaceutical 
properties of the tablet, and as a control procedure 
to evaluate the quality reproducibility of the tablet 
during production.

Dissolution
Dissolution testing is the most important way to 
study, under in vitro conditions, the release of a drug 
from a solid dosage form and thus represents an 
important tool to assess factors that affect the bio-
availability of a drug from a solid preparation. During 
a dissolution test, the cumulative amount of drug 
that passes into solution is measured as a function 
of t ime. The test thus describes the overall rate of 
all the processes involved in the release of the drug 
into a bioavailable form. The reasons for and the 
procedures to enable the dissolution testing of solid 
dosage forms is discussed in detail in Chapter 35 but 
will be covered here brie y in the context of this 
present chapter.

Dissolution is accomplished by locating the tablet 
in a chamber containing a  owing dissolution 
medium. So that  the method is reproducible, all 
factors that can affect the dissolution process are 
standardized. This includes factors that affect the 
solubility of the substance (i.e. the composition and 
temperature of the dissolution medium) and others 
that affect the dissolution process (such as the con-
centration of dissolved substance in, and the  ow 
conditions of, the  uid in the dissolution chamber).

A number of compendial and non-compendial 
methods exist  for dissolution testing, which can be 
applied to both drug substances and formulated 
preparations. With respect to preparations, the main 
test methods are based on forced convection of the 
dissolution medium and can be classi ed into two 
groups: stirred-vessel methods and continuous- ow 
methods.

The composition of the dissolution medium 
might vary between different test situations. Pure 
water or water mixed with acids or bases to adjust 
pH are frequently used. In addition, liquids showing 
a closer resemblance to physiological conditions are 
also used. These are often referred to as simulated 
gastric or intestinal  uids or bio-relevant  uids (see 
Chapter 35). Also, other dissolution media might be 
used, such as solvent mixtures, if the water solubil-
ity of the drug is very low. Finally, dissolution studies 
may be carried out in water-ethanol solutions in 
order to assess the potential effect of intake of 
alcohol drinks close to the administration of a tablet.

Stirred-ves s e l.methods
The most important stirred-vessel methods are the 
rotating-basket method (Fig. 30.20) and the paddle 
method (Fig. 30.21). Details of these can be found 
in monographs in the European or US pharmaco-
poeias and are further discussed in Chapter 35. Both 
use the same type of vessel, which is  lled with a 
dissolution medium of controlled volume and tem-
perature. In the paddle method, the tablet is placed 
in the vessel and the dissolution medium is agitated 
by a rotating paddle. In the rotating-basket method, 
the tablet is placed in a small basket formed from a 
screen. This is then immersed in the dissolution 
medium and rotated at a given speed.

Continuous - ow.methods
In the continuous- ow method (e.g. USP Apparatus 
4, Chapter 35), the preparation is held within a 
 ow cell, through which the dissolution medium is 
pumped at a controlled rate from a large reservoir. 
The liquid which has passed the  ow cell is collected 
for analysis of drug content. The continuous- ow 
cell method may have advantages over stirred- 
vessel methods, e.g. it maintains sink conditions 
throughout the experiment and avoids  oating of the 
preparation.

The amount of drug dissolved is normally ana-
lysed more or less continuously as the concentration 
in the vessel as a function of time. However, some-
times a single measurement can be performed if 
required in the pharmacopoeial or product speci ca-
t ion, i.e. the amount of drug dissolved at  a certain 
t ime period is determined.

Mechanical s trength

The mechanical strength of a tablet is associated 
with the resistance of the solid specimen to fractur-
ing and attrit ion. An acceptable tablet must remain 
intact  during handling at all stages, i.e. during pro-
duction, packaging, warehousing, distribution, dis-
pensing and administration by the patient. Thus, an 
integral part of the formulation and production of 
tablets is the determination of their mechanical 
strength. Such testing is carried out to:
•  assess the importance of formulation 

and production variables for the resistance  
of a tablet to fracturing and attrition  
during formulation work, process design and 
scaling up
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The most commonly used methods for strength 
testing can be subcategorized into two main groups: 
attrit ion resistance methods (friability tests) and 
fracture resistance methods.

Attrition.res is tance .methods
The idea behind attrit ion resistance methods is to 
mimic the kind of forces to which a tablet is sub-
jected during handling between its production and 
its administration. These are also referred to as 
friability tests; a friable tablet is one that is liable 
to erode mechanically during handling. During 

•  control the quality of tablets during production 
(in-process and batch control)

•  characterize the fundamental mechanical 
properties of materials used in tablet 
formulation.

A number of methods is available for measuring 
mechanical strength and they give different results. 
Also, the hardness of a tablet is sometimes measured 
by indentation testing. The hardness of a specimen 
is associated with its resistance to local permanent 
deformation and is thus not a measure of the resist-
ance of the tablet to fracturing.

Fig . 30.20 •  Diagram of a dissolution instrument based on the rotating-basket method for the testing of tablet 
dissolution rate. (Courtesy of Banakar, 1992, with permission.)

Speed (rpm) as  specified in monograph
25 – 150 rpm (± 4% USP/NF, ± 5% BP)

Shaft
USP/NF – 6 – 10.5 mm diameter; 
BP – approximate ly 6 mm diameter;
2 mm vent in disc drive  

Centering  (or tilt)
± 2 mm a t a ll points

Eccentric ity
USP/NF – no s ignificant wobble ;
BP – no perceptible  wobble

Sampling  point
USP/NF – midway from top of
baske t to top of fluid and no
closer than 1 cm to s ide  of flask
BP – halfway be tween baske t
and s ide  a t middle  of baske t

Flas k
USP/NF – cylindrica l with
spherica l bottom;16 – 7.5 cm high,
ins ide  diameter 10 – 0.5 cm,
plas tic or glass
BP – cylindrica l, fla t bottomed,
glass  

Bas ket

Bas ket pos ition 
USP/NF – 2.5 ± 0.2 cm 
BP – 2.0 ± 0.2 cm 

A
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Fig . 30.21 •  Diagram of a dissolution instrument based on the rotating paddle method for the testing of tablet 
dissolution rate. (Courtesy of Banakar, 1992, with permission.)

Speed (rpm) USP/NF –
Monograph ± 4%

25 – 150 rpm – lower speed pre fe rred

Shaft
USP/NF – 9.5 – 10.5 mm diameter:
lower part polyfluorocarbon
coa ted if des ired

Centering  (or tilt)
USP/NF – ±2 mm a t a ll points  

Eccentric ity
USP/NF – no
s ignificant wobble

Sampling point
USP/NF – midway
between top of blade  and
top of fluid; no closer than
1 cm to s ide  of flask 

Flas k
USP/NF – cylindrica l with
spherica l bottom; 16 – 17.5 cm high,
ins ide  diameter 10 – 10.5 cm, glass
or plas tic

Paddle

Paddle  pos ition
USP/NF – 2.5 ± 0.2 cm 

Stainles s  or g las s  he lix may be
a ttached to floa ting dosage  forms 

A

handling, tablets are subjected to stresses from 
collisions and tablets sliding towards one another 
and other solid surfaces, which can result in the 
removal of particles or particle clusters from the 
tablet  surface. The result will be a progressive 
reduction in tablet weight and a change in its appear-
ance. Such attrition can occur even though the 
stresses are not high enough to break or fracture 
the tablet into smaller pieces. Thus, an important 
property of a tablet is its ability to resist attrit ion 
so as to ensure that the correct amount of drug 
is administered and that the appearance of the 
tablet  does not change during handling. Another 

application of a friability method is to detect incipi-
ent capping, as tablets with no visible defects can 
cap or laminate when stressed by an attrition 
method.

The most common experimental procedure for 
determining attrition resistance involves the rotation 
of tablets in a cylinder, followed by the determina-
tion of weight loss after a given number of rotations. 
Another approach is to shake tablets intensively in 
a jar of similar dimensions to a pack-jar. Normally, 
weight loss of less than 1% during a friability test is 
required. In addition, the tablets should not show 
capping or cracking during such testing.
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be controlled and that the stress state along the 
fracture plane can be estimated. The simplest and 
most common tensile strength test  is the indirect 
diametral compression test described above. For a 
cylindrical  at-faced tablet , the tensile strength (σT) 
can be calculated by Eqn 30.4, provided that the 
tablet fails in a tensile fracture mode characterized 
by a single linear fracture across the diameter of the 
cylindrical specimen.

 σ  πT  F  Dh= 2  /  
(30.4)

where F is the force needed to fracture the tablet 
and D and h are the diameter and the height of the 
cylindrical  at-faced tablet, respectively.

In practice, more complicated failure character-
istics than tensile failure are often obtained during 
diametral compression (Fig. 30.23), which will 
prevent the strict application of the calculation pro-
cedure. It  should be pointed out that the tensile 
strength of convex-faced tablets can also be calcu-
lated by using other equations.

Alternative procedures to measure the tensile 
strength of a tablet  include breaking the tablet in a 
bending test or directly pulling the tablet  apart until 
it  fractures. The latter may be used to detect weak-
nesses in the compact in the axial direction, which 
is an indication of capping or lamination tendencies 
in the tablet.

Fundame ntal as pe c ts  of the  
c ompre s s ion of powde rs

Mechanisms  of compress ion  
of particles

The compressibility of a powder is de ned as its 
propensity, when held within a con ned space, to 

Frac ture .res is tance .methods
Analysis of the fracture resistance of tablets involves 
the application of a load on the tablet  and the deter-
mination of the force needed to fracture or break 
the specimen along its diameter or other axis.

In order to obtain a controlled loading during the 
test, care must be taken to ensure that the load is 
applied under de ned and reproducible conditions 
in terms of the type of load applied (compression, 
pulling, twisting, etc.) and the loading rate.

For compressive loading of tablets, the test is 
simple and reproducible under controlled conditions 
and the diametral compression test has therefore a 
broad use during formulation development and 
tablet production. In such compression testing, the 
tablet is placed against a platen (a  at metal plate) 
and the load is applied along its diameter by a 
movable platen. The tablet fails ideally along its 
diameter, i.e. parallel to the compression load, in a 
single fracture into two pieces of similar size (Fig. 
30.22) and the fracture force is recorded. This mode 
of failure is actually a tensile failure even though it  is 
accomplished here by compressive loading. The 
force needed to fracture the tablet by diametral 
compression is often somewhat unfortunately 
referred to as the crushing strength of the tablet. The 
term ‘hardness’ is also used in the literature to denote 
the failure force, which is in this context incorrect as 
hardness is a deformation property of a solid.

The force needed to fracture a tablet depends on 
the tablet’s dimensions. An ideal test, however, 
should allow comparison between tablets of differ-
ent sizes or even shapes. This can be accomplished 
by assessing the strength of the tablet, i.e. the force 
needed to fracture the tablet per unit fracture area. 
A strength test requires that the fracture mode (i.e. 
the method by which the crack is formed) can 

Fig . 30.22 •  Illustration of the tensile failure of a tablet 
during diametral compression. 

σt

F  F

σt

Fig . 30.23 •  Examples of different types of failure 
induced by diametral compression. (a) Simple tensile 
failure. (b) Triple cleft failure. (c ) Failure due to shear at 
platen edges. (Courtesy of Davies and Newton, 1996, 
with permission.)

a  b  c
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is related to the applied stress and the time of 
loading. This deformation behaviour is referred to 
as viscoelastic and viscous deformation of a material. 
The consequence is that the compression behaviour 
of a material might depend on the loading conditions 
during the formation of a tablet in terms of the 
punch displacement-time relationship. Many phar-
maceutical substances seem to have a viscous char-
acter, i.e. are strain-rate sensitive, and the properties 
of the tablet are thus dependent on the punch 
displacement-time relationship for the compression 
process.

Elastic deformation can be described as a densi-
 cation of the particle due to a small movement of 
the cluster of molecules or ions that forms the par-
ticle, e.g. a crystal lattice or a cluster of disordered 
molecules. Plastic deformation is considered to 
occur by the sliding of molecules along slip planes 
within the particles. For real crystals, such slip 
planes are formed at defects in the crystal lattice, 
especially dislocations.

The majority of powders handled in pharmaceuti-
cal production consist not of non-porous primary 
particles but rather of granules, i.e. porous second-
ary particles formed from small dense primary par-
ticles. For granules, a larger number of processes is 
involved in their compression. These can be classi-
 ed into two groups:

•  physical changes in the granules, i.e. the 
secondary particles

•  physical changes in the primary particles from 
which the granules are formed.

The latter concern changes in the dimensions of the 
primary particles due to elastic and plastic deforma-
tion and fragmentation. Such processes may be sig-
ni cant for the strength of tablets. It  is, for example, 
common for a capping-prone substance, when com-
pacted as dense particles, to also be prone to cap or 
laminate during compaction in the form of granules, 
such as substrate–binder granules. However, in 
terms of the evolution of the tablet structure, the 
physical changes in the granules that occur during 
compression are of primary importance.

At low compression forces, the reduction in 
volume of the bed of granules can occur by a rear-
rangement within the die. However, granules are 
normally fairly coarse, which means that they spon-
taneously form a powder bed of relatively low 
voidage (i.e. the porosity of the inter-granular 
spaces). Therefore, this initial rearrangement phase 
is probably of limited importance with respect to 

reduce in volume when subjected to a load. The 
compression of a powder bed is normally described 
as a sequence of processes. Initially, the particles in 
the die are rearranged, resulting in a closer packing 
structure and reduced porosity. At a certain load the 
reduced space and the increased interparticulate 
friction will prevent any further interparticulate 
movement. The subsequent reduction of the tablet 
volume is therefore associated with changes in the 
dimensions of the particles.

Particles, either whole or a part, can change their 
shape temporarily by elastic deformation and per-
manently by plastic deformation (Fig. 30.24). Parti-
cles can also fracture into a number of smaller, 
discrete particles, i.e. particle fragmentation. The 
particle fragments can then  nd new positions, 
which will further decrease the volume of the 
powder bed. When the applied pressure is further 
increased, the smaller particles formed could again 
undergo deformation. Thus, one single particle may 
undergo this cycle of events several t imes during one 
compression. As a consequence of compression, par-
ticle surfaces are brought into close proximity to 
each other and particle-particle bonds can be 
formed.

Elastic and plastic deformations of particles are 
time-independent processes, i.e. the degree of 
deformation is related to the applied stress and not 
the time of loading. However, deformation can also 
be time-dependent, i.e. the degree of deformation 

Fig . 30.24 •  Schematic illustration of particle 
deformation, elastic and plastic, during compression. 
(Courtesy of Armstrong, 1982, with permission.)
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granules are formed and the physical structure of 
the granules, such as their porosity and shape, will 
affect the relative occurrence of each compression 
mechanism.

Evaluation of compress ion 
behaviour

Procedures
The procedures used in research and development 
work to evaluate the compression behaviour of par-
ticles and the mechanisms of compression involved 
in the volume reduction process are of two types:
•  characterization of ejected tablets
•  characterization of the compression and 

decompression events.
Concerning the characterization of ejected tablets, 
the most important procedures used are inspection 
and the determination of the pore structure of the 
tablet, in terms of a mean pore size, pore size dis-
tribution and speci c surface area. A less common 
approach is to calculate ratios between the mechani-
cal strengths of tablets measured in different 
directions.

Concerning characterization of the compression 
and decompression events, these procedures are 
based on relationships between parameters that can 
be derived from the compaction process (Table 
30.3). Some of the most common approaches used 
in this context are described below.

the total change in bed volume of the mass. With 
increased loading, a further reduction in bed volume 
therefore requires changes in the structure of the 
granules. The granules can deform, both elastically 
and permanently, but also densify, i.e. reduce their 
intragranular porosity. By these processes, granules 
can still be described as coherent units but their 
shape and porosity will change.

G ranules can also be broken down into smaller 
units by two different mechanisms:

•  Primary particles might be removed from the 
surface of granules when they slide against  each 
other or against the die wall. This can be 
described as erosion or attrition, rather than 
fracturing. This mechanism occurs primarily for 
granules with a rough surface texture.

•  G ranules can fracture into a number of smaller 
ones, i.e. granule fragmentation.

Studies on the compression properties of granules 
formed from pharmaceutical substances have indi-
cated that granules are not prone to fracture into 
smaller units during compression over a normal 
range of applied pressures. Thus, permanent defor-
mation and densi cation dominate the compression 
event although cracking and attrit ion may occur in 
parallel, especially for irregular, rough granules.

The dominating compression mechanisms for 
dense particles and granules are summarized in 
Table 30.2. The relative occurrence of fragmentation 
and deformation of solid particles during compres-
sion is related to the fundamental mechanical char-
acterist ics of the substance, such as its elasticity 
and plasticity. For granules, both the mechanical 
properties of the primary particles from which the 

Table 30.2 Dominating compression mechanisms for 
dense particles and granules (porous particles)

Dense particles Granules

Repositioning of particles Repositioning of granules
Particle deformation Granule deformation

elastic (is permanent)
plastic Granule densi cation
viscous/viscoelastic Granule fragmentation/

attrition
Particle fragmentation Deformation of primary 

particles

Table 30.3 Parameters used in procedures to describe 
compression and decompression events

Upper punch force/pressure versus compression time*
Lower punch force/pressure versus compression time†

Upper punch force/pressure versus lower punch force/pressure
Upper punch force versus die wall force
Punch force versus punch displacement (mainly upper punch)
Tablet relative volume versus upper punch pressure/force
Tablet porosity versus upper punch pressure/force

*Used both during ordinary compression and also as prolonged loading 
after maximum applied force/pressure has been reached (referred to as 
stress relaxation measurements).
†Used primarily to describe the ejection phase.
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the calculation of tablet surface area from air perme-
ability measurements may give erroneous values as 
a result of the assumptions made in the derivation 
of the calculation procedure. In spite of this, the 
method has been shown to give useful data in terms 
of describing the fragmentation propensity of a 
substance.

The relationship between tablet surface area and 
applied pressure is, however, strongly dependent on 
the original surface area of the powder, i.e. the tablet 
surface area increases more markedly with applied 
pressure when the original particle size was smaller. 
Attempts have been made in the literature to derive 
an expression similar to those describing the size 
reduction of particles during milling (see Chapter 
10), by which a measure of the propensity of parti-
cles to fragment independent of the original powder 
surface area can be calculated.

Ins pec tion.of.tab le ts
The inspection of tablets, e.g. by scanning electron 
microscopy and by pro lometry, is an impor-
tant means of studying changes in the physical 
properties of particles during compression. Such 
changes include fragmentation into smaller particles, 
permanent shape changes due to deformation and 
 nally, the formation of cracks within the particles. 
Such inspection will also give information about the 
relative positions of particles within the tablet and 
hence the interparticulate pore structure. The frac-
ture path during strength testing, i.e. failure around 
or across the particles, can also be estimated from 
inspection of the tablet fracture surface.

In addition to the inspection of intact tablets, 
studies of the fragmentation of particles during com-
pression can be obtained by analysing the size and 
size distribution of particles obtained by deaggrega-
tion of a tablet . Such deaggregation can occur spon-
taneously by disintegration of the tablet in a liquid, 
or be created mechanically. Studies on such deag-
gregated tablets have indicated that powder com-
pression can effectively reduce the size of particles 
and result  in a wider particle size distribution of the 
cohered particles within a tablet .

Pore .s truc ture .and .s pec i c .s urface .a rea .
of.tab le ts
One of the most important ways to study the evolu-
tion of tablet structure during compression is to 
measure some characteristic of the pore structure of 
the tablet. Information on pore size distribution can 
be obtained by mercury intrusion measurements 
and by gas adsorption-desorption. However, the 
most common way to evaluate the pore system of a 
tablet  has been to measure the surface area of the 
tablet  by air permeability or gas adsorption. The 
former has also been used to derive an indication of 
the mean pore size in a tablet.

Surface area measurements have been used as a 
means to assess fragmentation during compaction by 
measuring the speci c surface area of a particulate 
solid before and after compaction, or measuring 
changes in tablet surface area with compaction 
pressure.

The slope of the relationship between tablet 
surface area and applied pressure represents an indi-
cation of the degree of fragmentation that occurs 
during compression and can be used to classify 
materials with respect to their fragmentation pro-
pensity (Fig. 30.25). It  should be pointed out that 

Fig . 30.25 •  The tablet surface area, measured by air 
permeametry, as a function of compaction pressure  
for a series of pharmaceutical substances.   sodium 
chloride,   sodium bicarbonate,   saccharose, 
  sodium citrate,   ascorbic acid, •  lactose, 
  paracetamol, ♦  Emcompress. (Courtesy of Alderborn 
et al 1985, with permission.)
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to overcome friction between particles, to deform 
particles both permanently and reversibly and to 
create new particle surfaces by fragmentation. The 
thermal energy released during compaction can be 
assessed by calorimetry, i.e. the die is constructed 
as a calorimeter. The heat released during compres-
sion is the result  of particle deformation, i.e. energy 
is consumed during deformation and thereafter 
partly released when the deformation is completed, 
and the result of the formation of interparticulate 
bonds.

Data have been reported indicating that  the net 
effect  of a compaction process is exothermic, i.e. 
more thermal energy is released during compaction 
than is applied to the powder in terms of mechanical 
energy. The main explanation for this is released 
bonding energy in the form of heat due to the for-
mation of bonds between particles.

Table t.volume-applied .p res s ure .p ro les
In both engineering and pharmaceutical sciences, 
the relationship between volume and applied pres-
sure during compression is the main approach to 
deriving a mathematical representation of the com-
pression process. A large number of tablet volume-
applied pressure relationships exist. In addition to 
tablet volume and applied pressure parameters, such 
expressions include some constants which often are 
de ned in physical terms. However, only for a few 
equations has the physical signi cance of the 

It  is generally assumed that a change in the size 
of a particle affects the mechanics of particle defor-
mation, i.e. how a particle responds to an applied 
load. Such a size-related change in the mechanics of 
particles can, for example, be attributed to a reduced 
probability of the presence of  aws in the crystal 
structure at which a catastrophic failure is initiated. 
It  seems possible, therefore, that at a limiting parti-
cle size, fragmentation might cease. Examples of 
such transitions from a brit tle to a plastic behaviour 
have been reported and the particle size at which 
this transition takes place is referred to as the critical 
particle size. This crit ical size has been suggested to 
vary markedly between different substances.

Force-d is p lacement.pro le s
The relationship between upper punch force and 
upper punch displacement during compression, 
often referred to as the force-displacement pro le, 
has been used as a means to derive information on 
the compression behaviour of a powder and to make 
predictions on its tablet-forming ability. The area 
under a force-displacement curve represents the 
work or energy involved in the compression process. 
Different procedures have been used to analyse the 
curves.

One suggested approach is based on the division 
of the force-displacement curve into different 
regions (denoted E1, E2 and E3 in Fig. 30.26). It  
has been suggested that the areas of E1 and E3 
should be as small as possible for a powder to 
perform well in a tableting operation and give tablets 
of a high mechanical strength. An alternative pro-
posed approach is based on mathematical analysis of 
the force-displacement curve from the compression 
phase, e.g. in terms of a hyperbolic function.

Force-displacement curves have some use in 
pharmaceutical development as an indicator of the 
tablet-forming ability of powders, including the 
assessment of the elastic properties of materials 
from the decompression curve. They can also be 
used as a means to monitor the compression behav-
iour of a substance in order to document and evalu-
ate reproducibility between batches.

Force-displacement measurements have also 
been used in fundamental studies on the energy 
changes during compaction of powders, i.e. a ther-
modynamic analysis of the process of compact for-
mation. The energy applied to the powder can 
be calculated from the area under the force-
displacement curve. This compaction energy is used 

Fig . 30.26 •  The relationship between upper punch 
force and upper punch displacement during 
compression and decompression of a powder. 
(Courtesy of Ragnarsson, 1996, with permission.)
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this curvature is considered to re ect elastic defor-
mation of the whole tablet .
Stra in ra te sensitivity. Another proposed use of 
yield pressure values from Heckel pro les is to 
assess the time-dependent deformation properties 
of particles during compression by comparing yield 
pressure values derived under compression at differ-
ent punch velocities. A term denoted the strain rate 
sensitivity (SRS) has been proposed (Roberts & 
Rowe 1985) as a characteristic of the time depend-
ency of a powder:

 SRS  /y  y  y=  ′ −  ′′  ′′(  )P P P  
(30.7)

where ′Py  is the yield pressure derived at a high 
punch velocity and ′′Py  is that derived at a low 
punch velocity. ′Py  is normally higher than ′′Py  and 
the SRS is thus a positive value.

The discussion on the use of Heckel pro les to 
derive a measure of the compression yield pressure 
is applicable to the compression of powders consist-
ing of solid particles. It  should be emphasized that 
the interpretation of 1/ K in terms of a mean yield 
stress for the particles is under debate. Neverthe-
less, support has been presented that such an inter-
pretation is valid for solid (non-porous) particles. 
For porous particles, i.e. granules and pellets, the 
Heckel procedure is inadequate for the derivation 
of a measure of deformability or granule strength. 
The problem of applying the Heckel approach to the 
compression of porous particles is related to the 
need to assess the porosity of the reactant pore 
system. The pore space of interest  in relation to the 
Heckel equation is intergranular and the problem of 
quantifying this is discussed above.

constants been generally accepted. Among these, 
the most recognized expression in pharmaceutical 
science is the tablet porosity-applied pressure func-
tion according to Heckel (see Duberg & Nyström 
1986).
Heckel equa tion. Tablet porosity can be measured 
either on an ejected tablet or on a powder column 
under load, i.e. in a die. The latter approach is more 
common as it  can be performed rapidly with a 
limited amount of powder. A problem might be that 
the compression time is different at each pressure, 
which could affect  the pro le for materials 
having pronounced time-dependent compression 
behaviour.

The compression of a powder can be described 
in terms of a  rst-order reaction where the pores are 
the reactant, and the densi cation is the product. 
Based on this assumption, the following expression 
was derived:

 ln(  )1/ e  KP  A=  +  
(30.5)

where e is the tablet porosity, P the applied pressure, 
A  is a constant suggested to re ect  particle rear-
rangement and fragmentation, and K the slope of 
the linear part of the relationship which is suggested 
to re ect the deformation of particles during com-
pression. The reciprocal of the slope value K is often 
calculated and considered to represent the yield 
stress or yield pressure (Py) for the particles, i.e.:

 ln(  )  (  )1/  /  ye  P P  A=  +  
(30.6)

The yield stress is de ned as the stress at which 
plastic deformation of a particle is initiated. To be 
able to use the Heckel yield pressure parameter to 
compare different substances, it  is important to 
standardize the experimental conditions, such as 
tablet dimensions and speed of compaction.

Figure 30.27 shows a typical Heckel pro le. The 
pro le often shows an initial curvature (region I) 
which is associated with particle fragmentation and 
repositioning. Thereafter, the relationship is often 
linear over a substantial range of applied pressures 
(region II) and thus obeys the expression. The linear 
part is considered to re ect a situation where parti-
cle deformation controls the compression process 
and from the gradient of this linear part, the yield 
pressure can be calculated. Finally, the pro le again 
deviates from the linear relationship (region III) and 

Fig . 30.27 •  A typical example of a Heckel pro le 
indicating the three regions of powder compression. 
(Courtesy of Sun and Grant, 2001, with permission.)
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When the descending upper punch establishes 
contact with the powder bed in the die, the force 
increases with compression time. The applied force 
rises to a maximum value and thereafter decreases 
during the decompression phase to zero. Parallel 
with the force trace from the upper punch, force 
traces from the lower punch and the die will be 
obtained. These can be described as transmitted 
forces, and the force values are thus generally lower 
than the applied force. The force transmitted from 
the upper punch to the lower punch is considered 
to depend on a number of factors, including the 
friction between the powder and the die wall. 
These factors can be summarized in the following 
expression:

 F Fa  b
 KL/ De=  

(30.10)

where Fa and Fb are applied and transmitted forces, 
L and D are the length and diameter of the powder 
column within the cylindrical die (Fig. 30.29) and 
K is a constant. The constant K is a function of the 
friction coef cient between particles and the die 
wall. Thus, the transmission of force from the upper 
to the lower punch depends on the friction between 
the powder and the die wall. Both the difference in 
transmitted force, i.e. upper punch force-lower 
punch force, and the ratio between the upper and 
lower punch force, i.e. lower punch force/ upper 
punch force (often denoted the R value), are used 
as measures of die wall friction during compression. 
For a well-lubricated powder, the force transmission 
corresponds to R > 0.9.

Ka wa kita  equa tion. A promising means of assess-
ing the compression mechanics of granules is to 
calculate a compression shear strength from the 
Kawakita equation. This was derived from the 
assumption that, during powder compression in a 
con ned space, the system is in equilibrium at all 
stages, so that the product of a pressure term and a 
volume term is constant. The equation can be 
written in the following linear form:

 P C  ab  P a/  /  /=  +(  )  (  )1  
(30.8)

where P is applied pressure, C  the degree of volume 
reduction and a and b are constants. The degree of 
volume reduction relates the initial height of the 
powder column (ho) to the height of the powder 
column (the compact) at an applied pressure P (hp) 
as follows:

 C  h  h  h=  −(  )o  p  o/  
(30.9)

This equation has been applied primarily to powders 
of solid particles. However, it  has been suggested 
(Adams et al 1994) that  the compression parameter 
1/ b corresponds to the strength of granules in terms 
of their compression strength. The procedure thus 
represents a possible means to characterize the 
mechanical property of granules from a compression 
experiment.

Eva lua tion.of.d ie .wall.fric tion..
during.compres s ion
Friction is a serious problem during tableting. Con-
sequently, a series of procedures has been developed 
with the aim of assessing the friction between the 
powder or tablet  and the die wall during compres-
sion and ejection, which can be used during tablet 
formulation to evaluate lubricants and formulations. 
These methods are based mainly on the use of force 
signals during powder compression or tablet ejec-
tion. The type of compression situation most com-
monly used in this context is a single-punch press 
with a movable upper punch and a stationary lower 
punch. In such a rig, the force is applied by the 
upper punch and transmitted axially to the lower 
punch and also laterally to the die. The ejection of 
the tablet involves the application of an ejection 
force by the lower punch. Typical force pro les 
during compression in a single-punch press with a 
stationary lower punch are given in Figure 30.28.

Fig . 30.28 •  Force-time signals (from punches and die) 
during uniaxial powder compression. 
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particles formed within the powder bed. The con-
sequence is that the applied force is non-uniformly 
distributed within the powder column, i.e. a stress 
distribution is obtained within the powder column 
under loading. The tablet formed will consequently 
show a distribution in density, i.e. there will be local 
variations in porosity around an overall mean poros-
ity of the tablet. Stress and density gradients within 
compacts have been studied experimentally but also 
by modelling using computational methods. By 
modelling procedures, density and stress distribu-
tions within the compacts can be calculated (Fig. 
30.30) and the micro-structure of and local stresses 
within a compact simulated (Frenning 2010). By 
such approaches, the importance of the deformation 
behaviour of particles and frict ion conditions during 
compression for the micro-structure of a compact 
can be studied as well as relationships between 
micro-structural variations and tablet quality 
attributes.

Fundame ntal as pe c ts  of the  
c ompac tion of powde rs

Bonding in tablets

The transformation of a powder into a tablet is fun-
damentally an interparticulate bonding process, i.e. 

After the upper punch has lost contact with the 
tablet and its force has consequently decreased to 
zero, the tablet will be positioned in the die in 
contact with the lower punch and the die wall. In 
this situation, the tablet will apply a force to both 
the lower punch and the die wall. The magnitude of 
these forces is dependent on the mechanical char-
acter of the particles formed into the tablet and also 
on the friction conditions at  the interface between 
tablet and die wall.

The ejection of the tablet will result  in an increased 
force signal from the lower punch, referred to as the 
ejection force. This is a function of the lateral die 
wall force but also of the friction condition at the 
interface between tablet and die wall. The maximum 
ejection force is thus also used as a measure of fric-
t ion between tablet and die wall. One approach to 
assess friction during ejection is to calculate the 
dimensionless frict ion coef cient (µ) as the ratio 
between the ejection force (Fe) and the die wall force 
(Fw) at the beginning of the ejection phase, i.e.:

 µ = F Fe  w/  
(30.11)

To summarize, the following procedures are mainly 
used to derive measures of friction between the 
powder or tablet and the die wall from force signals 
during tableting in a single-punch press:
•  force difference between upper and lower 

punch
•  force ratio between lower and upper punch
•  maximum ejection force
•  friction coef cient during ejection.
The force applied to a powder bed during powder 
compression is transmitted along columns of 

Fig . 30.29 •  Schematic illustration of punch and die wall 
forces involved during uniaxial powder compression in a 
cylindrical die. 
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Fig . 30.30 •  Density gradients of a tablet, assessed by 
experiment (grey image) and by modelling (coloured 
image) for tablets  with high  tablet to die wall friction. 
(Courtesy of Sinka et al., 2003, with permission.)
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of a very low porosity, i.e. close to zero, are formed, 
particles can fuse together to a signi cant degree.

Often granules, i.e. secondary particles formed 
by the agglomeration of primary particles, are 
handled in a tableting operation. When granules are 
compacted, bonds will be formed between adjacent 
granule surfaces. For granules that do not include a 
binder, the fusion of adjacent surfaces during com-
paction is probably not a signi cant bonding mecha-
nism. Thus, intermolecular bonding forces acting 
between intergranular surfaces in intimate contact 
will probably be the dominant bond type in such 
tablets.

G ranules often include a binder. When such 
binder–substrate granules are compacted it  is rea-
sonable to assume that the binder also plays an 
important role in the formation of intergranular 
bonds. The binder may fuse together locally and 
form binder bridges between granule surfaces which 
cohere the granules to each other. Such bridges may 
be the result of a softening or melting of binder 
layers during the compression phase. However, dif-
ferent types of adsorption bonds may be active 
between granule surfaces. These may be subdivided 
into three types: binder–binder, binder–substrate 
and substrate–substrate bonds.

For adsorption bonds between granules in a 
tablet, the location of the failure during fracturing 
of the tablet  can vary. Fractures occurring predomi-
nantly through binder bridges between substrate 
particles, as well as predominantly at the interface 
between the binder and the substrate particle, may 
occur. The location of the failure has been attributed 
to the relative strength of the cohesive (binder 
bridge) and adhesive (binder–substrate interface) 
forces acting within the granules, which can be 
affected by, for example, the surface geometry of 
the substrate particles.

The main bond types in tablets formed from 
dense particles (interparticulate bonds) and from 
granules (intergranular bonds) are summarized in 
Table 30.4.

Compactability of powders  and the 
s trength of tablets

The compactability of a powder refers to its propen-
sity to form a coherent tablet  and thus represents a 
critical powder property in successful tableting 
operations. The ability of a powder to cohere is 
understood in this context in a broad sense, i.e. a 

the increased strength of the assembly of particles is 
the result of the formation of bonds between them. 
The nature of these bonds is traditionally subdivided 
into  ve types, known as the Rumpf classi cation:
1. Solid bridges
2. Bonding by liquids (capillary and surface tension 

forces)
3. Binder bridges (viscous binders and adsorption 

layers)
4. Intermolecular and electrostatic forces
5. Mechanical interlocking.
In the case of compaction of dry powders, two of 
the suggested types of bond are often considered to 
dominate the process of interparticulate bond for-
mation, i.e. bonding due to intermolecular forces 
and bonding due to the formation of solid bridges. 
Mechanical interlocking between particles is also 
considered as a possible but less signi cant bond 
type in tablets.

Bonding by intermolecular forces is sometimes 
also known as adsorption bonding, i.e. the bonds are 
formed when two solid surfaces are brought into 
intimate contact and subsequently adsorb to each 
other. Among the intermolecular forces, dispersion 
forces are considered to represent the most impor-
tant bonding mechanism. This force operates in a 
vacuum and in a gaseous or liquid environment up 
to a separation distance between the surfaces of 
approximately 10–100 nm.

The formation of solid bridges, also referred to 
as the diffusion theory of bonding, occurs when two 
solids are mixed at their interface and accord-
ingly form a continuous solid phase. Such a mixing 
process requires that molecules in the solid state are 
movable, at  least temporarily, during compression. 
An increased molecular mobility can occur due to 
melting or as a result  of a glass-rubber transition of 
an amorphous solid phase.

Mechanical interlocking is the term used to 
describe a situation where strength is provided by 
interparticulate hooking. This phenomenon usually 
requires that the particles have an atypical shape, 
such as needle-shaped, or highly irregular and rough 
particles.

For tablets of a porosity in the range 5–30%, it  is 
normally assumed that bonding by adsorption is the 
dominant bond type between particles. In tablets 
formed from amorphous substances or from sub-
stances with low melting points, it  is possible that 
solid bridges can be formed across the particle-
particle interface. It  is also reasonable that if tablets 
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structure and are based on the view that bond for-
mation during compaction is signi cant for the 
development of coherence, i.e. it  is postulated that 
the tensile strength of a tablet has some proportion-
ality to the interparticulate bonds that act  over the 
fracture area. Such models can thus be described as 
bond summation approaches and implicit  is that all 
bonds are separated simultaneously during strength 
assessment. Since this is not consistent with the real 
mode of failure of a solid, the models are not fun-
damental approaches to understanding the strength 
of a tablet (see below).

Examples of equations describing compactability 
pro les have been given by Leuenberger (1982) and 
Alderborn and co-workers (Alderborn 2003). In 
both cases, the bond structure is modelled and 
related to an endpoint representing the maximum 
tensile strength (Tmax) that can be obtained for 

powder with a high compactability forms tablets 
with a high resistance towards fracturing and without 
tendencies to cap or laminate (Fig. 30.31). In prac-
tice, the most common way to assess powder com-
pactability is to study the effect of compaction 
pressure on the strength of the resulting tablet, as 
assessed by the force needed to fracture the formed 
tablet  while loaded diametrically, or the tensile 
strength of the tablet. Such relationships are often 
nearly linear (Fig. 30.32) above a lower pressure 
threshold needed to form a tablet, and up to a pres-
sure corresponding to a tablet of a few per cent 
porosity. At low porosities the relationship between 
tablet  strength and compaction pressure will often 
level out. This relationship can thus be described 
simply in terms of a three-region relationship 
characterized by lower and upper tablet  strength 
thresholds and an intermediate region in which the 
tablet  strength is pressure-dependent in an almost 
linear way.

Compactability pro les are sometimes also 
described by sigmoidal curves that can be divided 
principally into the three regions described above. 
At low pressures, the tensile strength of tablets 
increases as a power function with applied pressure, 
followed by a nearly linear region that  nally 
levels off.

If cracks are formed in the tablet during tableting, 
e.g. during the ejection phase, this will often affect 
the assessed strength. Cracking and capping can 
often be induced at relatively high compaction pres-
sures. This may be re ected as a drop in the tablet 
strength-compaction pressure pro le.

A series of approaches to quantitatively describe 
or to model the compactability pro le of a powder 
can be found in the literature. Some modelling 
approaches aim at describing the microstructure 
of a tablet in terms of an interparticulate bond 

Fig . 30.31 •  Illustration of tablet defects  referred to as 
capping and lamination. 
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Fig . 30.32 •  Outline of the relationship between tablet 
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Table 30.4 Suggested predominant bond types in 
tablets formed from dense particles (interparticulate 
bonds) and from granules (intergranular bonds)

Interparticulate bonds Intergranular bonds

Adsorption bonds 
(intermolecular forces)

Adsorption bonds of three 
types:

binder–binder
binder–substrate
substrate-substrate

Solid bridges Solid binder bridges
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the sum of the bonding forces that cohere the mol-
ecules forming the solid will represent the strength 
of that solid. However, solids fail by a process of 
crack propagation, i.e. the fracture is initiated at a 
certain point within the solid and is thereafter prop-
agated across a plane, thereby causing the solid to 
break. The consequence in terms of the strength of 
the solid is that the sum of the bonding forces acting 
over the fracture surface will be higher than the 
stress required to initiate failure. It  is known, for 
example, that for crystalline solids the theoretical 
strength due to the summation of intermolecular 
bonds is much higher than the measured strength of 
the solid.

In order to understand the strength of solids, the 
process of fracture has attracted considerable inter-
est in different scienti c areas. In this context, 
important factors associated with the fracturing 
process and the strength of a specimen are the size 
of the  aw at which the crack is initiated and the 
resistance of the solid towards fracturing. The latter 
property can be described by the critical stress 
intensity factor, which is an indication of the stress 
needed to propagate a crack. Another fracture 
mechanics parameter, which is related to the critical 
stress intensity factor, is the strain energy release 
rate, which is a measure of the energy released 
during crack propagation.

By using the critical stress intensity factor, the 
tensile strength of the solid (T) is considered to 
relate to the  aw size (c) and the crit ical stress 
intensity factor (KIC) in the following way:

 T  f  K  c=  (  )/
IC /  1  2  

(30.13)

The critical stress intensity factor varies with tablet  
porosity. It  has therefore been suggested that  for 
compacts, such as tablets, factors such as the size 
of the particles within the tablet and the surface 
energy of the material will affect the critical stress 
intensity factor (Kendall 1988). These factors are 
also considered to control the interparticulate bond 
structure in a tablet.

Procedures to determine the critical stress inten-
sity factor for a particulate solid have been described. 
Such a procedure normally involves the formation 
of a beam-shaped compact in which a notch is 
formed. When the compact is loaded, the fracture 
is initiated at the notch. The force needed to frac-
ture the compact is determined and the critical 
stress intensity factor thereafter calculated. In order 

tablets of a speci c powder. Leuenberger’s approach 
is based on the concept of effective numbers of 
interparticulate bonds in a cross-section of the 
tablet. It  is assumed that over a cross-section of a 
tablet, a number of bonding and non-bonding sites 
exists. This number depends on the applied pressure 
during compression (P) and the tablet relative 
density (r, which is equivalent to 1 minus the tablet 
porosity, e). In the derivation of the expression, the 
term compression susceptibility (γ) was introduced, 
which described the compressibility of the powder 
and has the unit 1/ pressure. The equation takes the 
following form:

 T  T  e  P=  −max(  [  ])1  γ  ρ  
(30.12)

The compactability pro le as described by the 
expression stems from the origin of the tensile 
strength-compaction pressure axes; the tensile 
strength will initially increase with compaction pres-
sure and  nally level off (compare discussion of 
compactability pro les above).

Alternatives to tablet strength-compaction pres-
sure relationships for representing the compactabil-
ity of powders are also used, such as the relationship 
between tablet strength and tablet porosity and the 
relationship between tablet strength and the work 
done by the punches during tablet formation.

Compaction is fundamentally a bonding process, 
i.e. strength is provided by bonds formed at the 
interparticulate junctions or contact sites during the 
compression process. Studies on the structure of 
fractured tablets indicate that  a tablet generally fails 
by the breakage of interparticulate bonds, i.e. an 
interparticulate fracture process. However, espe-
cially for tablets of low porosity, the tablet can also 
fracture by breakage of the particles that form the 
tablet, i.e. a combination of an inter- and an intra-
particulate fracture process. In general terms it  
seems, though, that the interparticulate contacts in 
a tablet  represent the preferred failure path during 
fracturing. This conclusion is applicable to both 
tablets formed from solid particles and tablets 
formed from porous secondary particles (granules 
and pellets). Consequently, factors that affect the 
microstructure at the interparticulate junctions have 
been considered signi cant for the compactability of 
a powder.

Our understanding of the mechanical strength of 
a solid is based on the resistance of a solid body to 
fracture while loaded. It  might seem reasonable that 
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indices are dimensionless ratios between mechanical 
properties of compacts formed at  some porosity. 
The BI is proposed to re ect  the ability of particles 
to form a tablet of high tensile strength, whereas the 
BFI is proposed to re ect  the ability of a tablet  to 
resist  fracturing and lamination during handling. 
These indices are de ned as follows:

 BI  /= T  H  
(30.14)

and

 BFI  /  /o=  −(  )T T  1  2  
(30.15)

where T is the tensile strength of a normal compact, 
To is the tensile strength of a compact with a small 
hole and H  is the hardness of the compact.

Pos t-compaction tablet  
s trength changes

The compactability of a powder is normally under-
stood in terms of the ability of particles to cohere 
during the compression process and hence to form a 
porous specimen of de ned shape. However, the 
mechanical strength of tablets can change, increase or 
decrease, during storage without the application of 
any external mechanical force. The underlying mech-
anisms for such changes are often a complex function 
of the combination of ingredients in the tablet and 
the storage conditions, such as relative humidity and 
temperature.

During storage at a fairly high relative humidity, 
tablets can be softer and their tensile strength 
reduced. With increased relative humidity, the state 
of water adsorbed at the solid surface can change 
from an adsorbed gas to a liquid, i.e. water con-
denses in the tablet pores. Furthermore, if the solid 
material is freely soluble in water, it  can dissolve. 
Both the presence of condensed water in the pores 
and the dissolution of a substance in the condensed 
water can drastically decrease tablet  strength and 
eventually lead to the collapse of the whole tablet . 
However, the dissolution of a freely soluble sub-
stance in condensed pore water can also give an 
increase in tablet strength if the water is allowed to 
evaporate owing to a change in temperature or rela-
t ive humidity. The result of this evaporation can be 
crystallization of solid material, with the subsequent 

to assess a material characteristic, compacts of a 
series of porosities are formed and the series of 
values for the critical stress intensity factor subse-
quently determined is plotted as a function of the 
compact porosity (Fig. 30.33). The relationship 
thereafter may sometimes be extrapolated to zero 
porosity and the value thus derived is sometimes 
considered a fundamental material characterist ic.

In addition to the evaluation of compactability 
pro les and fracture mechanics studies, indices and 
expressions have been derived within pharmaceuti-
cal science which can be described as indicators of 
the compactability of a powder. There are several 
applications of such indicators during pharmaceuti-
cal development, such as:
•  the evaluation of the compactability of small 

amounts of particles
•  the selection of drug candidates during 

preformulation based on technical performance
•  the detection of batch variations of drugs and 

excipients
•  the selection of excipients and the evaluation of 

the compactability of formulations.
Examples of such indicators which have found 
industrial use are the indices of tableting perform-
ance derived by Hiestand and co-workers (Hiestand 
1996). Hiestand derived three indices of tableting 
performance, among which the bonding index (BI) 
and the brittle fracture index (BFI) are suggested to 
re ect the compactability of the powder. These 

Fig . 30.33 •  A log-linear relationship between the critical 
s tress intensity factor and the compact porosity for 
beams formed from polyethylene glycols of different 
molecular weight. (Courtesy of Al-Nasassrah et al., 
1998, with permission.)
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Compaction of solid particles
As discussed above, it  is often assumed that the 
evolution of the interparticulate structure of a 
tablet, in terms of bonds between particles and the 
pores between the particles, will be signi cant for 
the mechanical strength of the tablet . Thus, the 
material-related factors that control the evolution of 
the microstructure of the tablet have been discussed 
as important factors for the compactability of a 
powder. In this context, the compression behaviour 
and the original dimensions of the particles have 
received special interest.

As already mentioned, the degree of fragmenta-
tion and permanent deformation that particles 
undergo during compression are signi cant for tablet 
structure and strength. It  has been suggested that 
both fragmentation and deformation are strength-
producing compression mechanisms. The signi -
cance of particle fragmentation has been considered 
to be related to the formation of small particles 
which constitute the tablet , with the consequence 
that a large number of contact sites between 
particles at which bonds can be formed will be 
developed and the voids between the particles will 
be reduced in size. The signi cance of permanent 
deformation has been explained in terms of an 
effect on the area of contact of the interparticulate 
contact sites, with a subsequent increased bonding 
force. The relative importance of these mechanisms 
for the bonding between particles in a tablet and the 
resistance of a tablet towards fracturing has not, 
however, been fully clari ed. Concerning elastic 
deformation, which is recoverable, this is considered 
as a disruptive rather than a bond-forming mecha-
nism. Poor compactability, in terms of low tablet 
strength and capping/ lamination, has been attrib-
uted to elastic properties of the solid. A summary 
of proposed advantages and disadvantages of the 
different particle compression mechanisms for the 
ability of the particles to form tablets is given 
in Table 30.5.

It  is sometimes considered that one of the most 
important properties of particles for the mechanical 
strength of a tablet  is their size before compaction. 
A number of empirical relationships between parti-
cle dimensions before compaction and the mechani-
cal strength of the resultant tablet can thus be found 
in the literature. As a rule, it  is normally assumed 
that a smaller original particle size increases tablet 
strength. However, it  is also suggested that the 
effect of original particle size is in relative terms 

formation of solid bridges between particles in the 
tablet and increased tablet strength.

In addition to the mechanisms involving the pres-
ence of condensed pore water, several other mecha-
nisms have been proposed to cause an increase in 
tablet strength during storage at a relative humidity 
at which condensation of water is unlikely to occur. 
One such mechanism is a continuing viscous defor-
mation of particles after the compaction process is 
completed. This phenomenon is referred to as stress 
relaxation of tablets. The increase in tablet strength 
can be signi cant with no, or minor, detectable 
changes in its physical structure. However, viscous 
deformation of small parts of particles might change 
the microstructure of the tablet in terms of the rela-
t ive orientation of particle surfaces and the geome-
try of the interparticle voids and thus affect the 
resistance to fracturing of a tablet. A characteristic 
feature for stress relaxation changes is that the 
tablet strength changes occur for a limited time in 
connection with the compaction phase. An increase 
in tablet strength during storage may also be related 
to a polymorphic transformation, i.e. a change in the 
crystal structure of particles.

Re lations hips  be twe e n 
mate rial prope rtie s  and  
table t s tre ngth

Factors  of importance for powder 
compactability

A number of empirical studies exist  in the pharma-
ceutical literature with the aim of mapping factors 
that affect the structure of a tablet and its mechani-
cal strength, i.e. tensile strength, resistance towards 
attrit ion and capping tendencies. These factors can 
be classi ed into three groups: material and formula-
tion factors; processing factors (choice of tablet 
machine and operation conditions); and environ-
mental factors (relative humidity, etc.).

Of special importance from a formulation per-
spective are the physical and mechanical properties 
of the particles used in the formulation, and how 
these particles are combined in granulation and 
mixing steps. Relationships for powders consisting 
of one component; of two components, such as a 
 ller and a lubricant or a dry binder; or of several 
components have been discussed in this context.
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Compaction of granules

The rationale for granulating a powder mixture 
before tableting has been discussed above, one 
reason being to ensure good tableting behaviour, 
including the compactability. When granules are 
compacted, the mechanical characterist ics of the 
primary particles and the properties of other excipi-
ents will affect  the tableting behaviour of the 
powder. For example, it  is a common experience 
that  capping-prone material will show capping ten-
dencies in the granulated form of the substance also. 
However, the design of the granulation process, such 
as the method of granulation, will control the physi-
cal properties of the granules formed, e.g. in terms 
of granule size, shape, porosity and strength, which 
subsequently will affect the evolution in the micro-
structure of the tablets during compaction. It  has, 
for example, been shown (Fig. 30.34) that tablets 
formed from granules prepared by roller compaction 
show a tensile strength that depends on the compac-
tion force used during the dry granulation process. 
Thus, the evolution of the intergranular tablet 
microstructure during compression, as well as the 
evolution in tablet strength, is related to the follow-
ing two factors:

•  the composition of the granules (e.g. choice of 
 ller and binder)

limited for powder compactability, with the possible 
exception of very small (i.e. micronized) particles. 
Reported data show, however, that different and 
sometimes complex relationships between particle 
size and tablet strength can be obtained, with 
maximum or minimum tablet strength values. 
Complex relationships might be associated with a 
change in the shape, structure (such as the forma-
tion of aggregates) or degree of disorder of the par-
ticles with particle size. It  seems also that increased 
compaction pressure stresses the relationship 
between the original particle size and tablet strength 
in absolute terms.

Some studies have speci cally reported on the 
effect of original particle shape on tablet strength. 
The results indicate that , for particles that fragment 
to a limited degree during compression, an increased 
particle irregularity improved their compactability. 
However, for particles that fragmented markedly 
during compression, the original shape of the parti-
cles did not affect tablet strength. Moreover, an 
increased compaction pressure increased the abso-
lute difference in strength of compacts of different 
original particle shape. Thus, the shape characteris-
tics of particles that fragment markedly during 
compression seem not to affect the microstruc-
ture and the tensile strength of tablets, but the 
converse applies for particles that showed limited 
fragmentation.

Table 30.5 Proposed advantages and disadvantages of the different compression mechanisms in relation to the 
tablet-forming ability of the powder

Compression 
mechanism

Advantages Disadvantages Others

Fragmentation No effect of particle shape
Low sensitivity to additives
Strain-rate insensitive

May cause fracturing of 
tablets (capping, etc.)

Bond-forming ability (and tablet 
strength) dependent on degree 
of particle fragmentation

Plastic deformation Resistant towards fracturing 
of tablets (capping, etc.)

Strain-rate insensitive

Sensitive to additives and 
variations in original 
particle shape

Bond-forming ability (and tablet 
strength) dependent on degree 
of particle deformation

Elastic deformation – May cause fracturing of 
tablets (capping, etc.)

–

Time-dependent 
deformation

– Strain rate sensitive
Prone to change tablet 

strength after compaction 
due to stress relaxation

–
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Traditionally, the most important means of con-
trolling the compactability of granules has been to 
add a binder to the powder to be granulated. This 
is normally done by adding the binder in a dis-
solved form, thereby creating binder–substrate 
granules. An increased amount of binder can cor-
respond to an increased compactability but this is 
not a general rule. The importance of the presence 
of a binder for the compactability of such granules 
can be explained in two ways. First , it  has been 
suggested that intergranular bonds that involve 
binder-coated granule surfaces can be described as 
comparatively strong, i.e. dif cult  to break. Second, 
binders are often comparatively deformable sub-
stances, which can reduce the compression shear 
strength of the whole granule and thus facilitate 
the deformation of the granules during compression. 
An increased degree of granule deformation is 
sometimes proposed to increase the compactability 
of the granules. Thus, the binder might have a 
double role in the compactability of granules, i.e. 
to increase granule deformation and increase bond 
strength. Except for the presence of a binder in 
the granules, the combination of  llers in terms of 
the hardness and dimensions of the particles can 
affect the compression shear strength and hence 
the deformation properties of the granules during 
compression.

In the preparation of binder–substrate granules, 
the intention is normally to spread out the binder 
homogeneously within the granules, i.e. all substrate 
particles are more or less covered with a layer of 
binder. However, it is possible that the binder will 
be concentrated at different regions within the 
granules, e.g. due to solute migration during drying. 
The question of the importance of a relatively 
homogeneous distribution versus a peripheral locali-
zation of the binder, i.e. concentration at the granule 
surface, has been addressed in the literature. It has 
been argued that a peripheral localization of the 
binder in the granules before compression should be 
advantageous, as the binder can thereby be used 
most effectively for the formation of intergranular 
bonds. However, the opposite has also been sug-
gested, i.e. a homogeneous binder distribution is 
advantageous for the compactability of granules. This 
observation was explained by assuming that, owing 
to extensive deformation and some attrition of 
granules during compression, new extragranular sur-
faces will be formed originating from the interior 
of the granule. When the binder is distributed 

•  the physical properties of the granules (e.g. size, 
porosity and mechanical strength).

During compression of granules, the granules tend 
to keep their integrity and the formed tablet can in 
physical terms be described as granules bonded 
together. When subjected to a load, tablets formed 
from granules often fail because of breakage of these 
bonds. Hence, the bonding force of the intergranular 
bonds and the structure of the intergranular pores 
will be signi cant for the tensile strength of the 
tablets.

In terms of the physical properties of granules, 
their porosity and compression shear strength are 
signi cant properties that in uence compactability 
that can be modulated by the granulation process 
and by the composition. In general terms, increased 
porosity and decreased compression shear strength 
will increase the compactability of the granules. 
As discussed above, pharmaceutical granules seem 
to fragment to only a limited degree during com-
pression. The importance of these granule proper-
ties for compactability has thus been discussed in 
terms of a sequential relationship between the 
original physical character of the granules, the 
degree of deformation they undergo during com-
pression and the area of contact and the geometry 
of the intergranular pores of the formed tablet. 
The formation of large intergranular areas of contact 
and a closed pore system promote a high tablet 
strength.

Fig . 30.34 •  Tensile strength of tablets  compacted 
of a cellulose powder (open symbol) and of cellulose 
granules formed by roller compaction at different  
roller-compaction forces (closed symbols). (Courtesy  
of Herting and Kleinebudde, 2008, with permission.)
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been studied in relation to the compactability, of or 
compression parameters for, the respective single 
component. The mixture can show a linear depend-
ence of the properties of the single powders but devia-
tions from such a simple linear relationship, both 
positively and negatively, have also been reported. 
Such non-linear behaviour has been explained in 
terms of differences between the components in their 
mechanical and adhesive properties.

Interactive mixtures, especially their compacta-
bility after the admixture of lubricants and dry 
binders, have been the subject of study. The tablet 
strength-reducing effect of a lubricant mixed with 
solid particles depends on the surface coverage of 
the lubricant  lm obtained during mixing, on the 
compaction properties of the lubricant per se and 
on the compression behaviour of the substrate par-
ticles. Lubricant sensitivity, also referred to as dilu-
tion capacity, seems to be strongly related to the 
fragmentation propensity of the substrate particles, 
as discussed earlier.

Concerning the tablet strength-increasing effect 
of a dry binder mixed with solid particles, similar 
factors seem to control the compactability of the 
dry binder mixture as for the lubricant mixture, i.e. 
the degree of surface coverage of the substrate par-
ticle, the binding capacity and deformability of the 

homogeneously, such compression-formed surfaces 
will show a high capacity for bonding.

Figure 30.35 gives an overview of the physical 
granule properties that  may affect the compression 
behaviour and compactability of granules.

Compaction of binary mixtures

Most of the fundamental work on powder compac-
tion has been carried out on one-component 
powders. It  is, however, of obvious interest  to 
derive knowledge that enables the prediction of the 
tableting behaviour of mixtures of powders from 
information on the behaviour of the individual com-
ponents. In this context, powder mixtures of two 
components, i.e. binary mixtures, have often been 
the system of choice in pharmaceutical studies. 
Binary mixtures can be of two types: simple physical 
mixtures, i.e. nearly randomized mixtures of parti-
cles, and interactive (ordered) mixtures. Most of 
the studies in this context are empirical, although 
models for the compaction of binary powder mix-
tures have been derived.

Concerning simple binary mixtures, the impor-
tance of the relative proportions of the ingredients has 

Fig . 30.35 •  Overview of proposed physical granule properties of importance for the compactability of granules. 
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dry binder and the fragmentation propensity of the 
substrate particles (Fig. 30.36).

The dilution capacity of interactive mixtures 
between granules and lubricants or dry binders 
seems to be related to the degree of deformation 
the granules undergo during compression, i.e. a high 
degree of deformation will give a lower sensit ivity 
to a lubricant but also a less positive effect of a dry 
binder.
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KE Y P O IN TS

•  Modif ed-release drug delivery aims  to deliver 
drugs  at specif c rates , times  or phys iological 
s ites  

•  Modif ed release can re er to extended, 
sus tained, controlled, delayed or gas tro-
res is tant release 

•  Modif ed release can be employed to achieve 
once-daily dos ing, to reduce s ide e  ects , to 
have long acting medicines  or to target a  s ite in 
the gas trointes tinal tract, e  g  the colon 

•  Extended release can be achieved by us ing 
matrix polymer tablets , polymer coated pellets  
or osmotic-based sys tems  

•  Gas troretention is  a  type o  extended release 
which aims  to keep the drug in the upper 
gas trointes tinal tract (s tomach and upper small 
intes tine) 

•  Gas tro-res is tant coatings  (pH-controlled) protect 
a  drug  rom the s tomach and can be used  or 
delivery to the small intes tine or colon 

•  Drugs  can be targeted to the colon by us ing 
bacterial enzymes  to initiate drug release 

Modi e d-re le as e  oral  
drug de live ry

Administration of medicines by the oral route can 
seem like the most straightforward option for 
patients. It  is the most commonly used route, with 
more than 70% of all medicines being delivered in 
this way. Oral medicines are easy to administer, 
improve patient compliance and are cheaper than 
some of the alternatives (e.g. injections). Most med-
icines administered by the oral route provide what 
is known as ‘immediate-release’ drug delivery or 
‘conventional’ drug delivery. A common example 
would be the use of paracetamol (acetaminophen) 
for a headache; the tablet or capsule disintegrates 
quickly in the stomach  uids releasing the drug to 
provide rapid onset of effect, following absorption 
in the gastrointestinal tract. However, there are 
some situations in which this rapid onset is not 
desirable and a modi cation of the drug release 
pattern (or pro le) is necessary to slow it  down or 
make the drug’s effects last longer (e.g. for 24 
hours). These more advanced oral drug delivery for-
mulations are often referred to as oral modi ed-
release (MR) drug delivery systems.

Modi ed-release drug delivery refers to the 
manipulation or modi cation of drug release from a 

31  Modi ed-re leas e  oral drug de livery

Emma L. McConnell Abdul W. Basit
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Fig . 31.1 •  The site o  action  or various oral modifed drug delivery systems. 
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dosage form (e.g. tablet, pellet, capsule) with the 
speci c aim of delivering active pharmaceutical 
ingredients (API) at:
1. desired rates
2. pre-de ned t ime points, or
3. speci c sites in the gastrointestinal tract .
Modi ed-release drug delivery is a broad term which 
covers a variety of different approaches. These will 
be dealt  with in further detail throughout this 
chapter. Brie y, the different types are:
•  Dela yed-relea se dosa ge forms: these release 

drug at a t ime later than immediately after 
administration (i.e. there is a lag t ime between 
a patient taking a medicine, and drug being 
detected in the blood). Site-speci c targeting is 
a type of delayed release which aims to target 
speci c regions of the gastrointestinal tract, e.g. 
the small intestine or colon.

•  G a stro-resista nt dosa ge forms: these are 
designed to have a type of delayed release 
mechanism which enables that  the drug is 
released when a certain environmental pH is 
met. A common example of this type of dosage 
form ensures that the drug is not released in 
the acid of the stomach but in the higher pH of 
the small intestine. Such products may also be 
known as enteric dosage forms.

•  Extended-relea se dosa ge forms: these allow 
a reduction in dosing frequency compared to 

when the drug is present in an immediate-
release dosage form (i.e. the drug plasma levels 
are sustained for longer periods). These are  
also known as prolonged-release or sustained-
release dosage forms and are also referred to 
as controlled-release dosage forms. Extended-
release systems which are retained in the 
stomach are known as gastroretentive 
systems.

The site of action of each of these systems is shown 
in Figure 31.1.

The concept of modi ed-release dosage forms 
has been around since the late 1800s when the idea 
of protecting the stomach from irritant drugs trig-
gered a search for gastro-resistant materials. As 
knowledge of the gastrointestinal tract increased 
(pH, bacteria, transit  t imes), the success and scope 
of the dosage forms targeted to the gastrointestinal 
tract improved. In recent years, there has been a 
huge increase in the number of patents  led for 
modi ed-release dosage forms (Fig. 31.2) highlight-
ing the intense interest of the pharmaceutical indus-
try in exploiting the bene ts of these technologies 
to improve product performance.

What modi ed-re leas e  drug de livery 
means  for the  pa tient

Keeping drug in the thera peutic ra nge. Modi-
 ed release is often used to improve therapeutic 
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reduction in morning joint stiffness when they 
received modi ed-release prednisolone rather than 
a conventional dosage form.
Reducing side effects. Immediate-release formu-
lations can often have a high maximum concentra-
tion in the blood (Cmax). If C max is above the safety 
limit of the drug, adverse events may be more 
likely. Using modi ed-release formulations to 
reduce Cmax can reduce the incidence and severity 
of the side effects of some drugs. Additionally, 
some drugs, such as potassium chloride can be irri-
tating to the gastrointestinal tract if delivered in an 
immediate-release bolus. A slow, sustained release 
is required to minimize the build-up of irritant 
concentrations.
Improving complia nce. A signi cant driver to 
developing a modi ed-release dosage form comes 
from trying to achieve once-daily dosing. Once-daily 
dosing is considered to be more convenient for 
patients and reduces the risk of missed doses 
throughout the day.
Trea tment of loca l a rea s in the ga strointestina l 
tra ct. Some conditions such as in ammatory bowel 
disease require topical treatment (e.g. with steroids) 
at the in amed intestinal surface. Site-speci c drug 
targeting (e.g. to the colon) can deliver the drug 
directly to its site of action.

outcomes for a patient relative to an immediate-
release medication. For example, a drug which is 
rapidly absorbed and eliminated can have a steep 
plasma pro le in an immediate-release formulation. 
An extended-release formulation can keep the drug 
at therapeutic levels for longer (Fig. 31.3). For many 
chronic illnesses, symptom breakthrough can occur 
if the blood concentration falls below the minimum 
effective concentration e.g. in asthma or depressive 
illness. This minimum level can also be critical 
for control of pain, consequently drugs, such as 
opioid analgesics are often given as extended-release 
preparations.

Ma inta ining drug levels overnight. It  is often 
not acceptable that  patients be required to take 
medications during the night, with consequent loss 
of sleep. Overnight management of pain in termi-
nally ill patients can be very important to maintain 
sleep.

Chronothera py. Timing the drug release to coin-
cide with when it  is required is known as chrono-
therapy. For example, a modi ed-release dosage 
form may be tailored to enable drug release to occur 
in the morning around the time of wakening, when 
symptoms of, for example, arthrit is, asthma or aller-
gies are often at their worst. A clinical study has 
shown that patients with arthritis had a better 

Fig . 31.2 •  The number o  oral modifed release patents granted  rom 1990 to 2010. 

0

100

200

300

400

500

600

700

800

1990
1991

1992
1993

1994
1995

1996
1997

1998
1999

2000
2001

2002
2003

2004
2005

2006
2007

2008
2009

2010

Year

N

u

m

b

e

r

 

o

f

 

o

r

a

l

 

m

o

d

i

f

i

e

d

-

r

e

l

e

a

s

e

 

p

a

t

e

n

t

s

 



 M o d if e d - re le a s e  o ra l d ru g  d e live ry C H A P T E R  3 1

5 5 3

Sites  o  action  or modif ed-release 
dosage  orms  and 
biopharmaceutical cons iderations

The  gas trointes tina l trac t
Biopharmaceutical factors (i.e. the effect of the gas-
trointestinal physiology and environment on drugs 
and dosages forms) are considered in more detail in 
Chapter 19. Here some of the key biological factors 
that  in uence the in vivo behaviour of modi ed-
release dosage forms are summarized and discussed. 
To understand these, the factors limiting drug bio-
availability should be noted. The overall process of 
drug release and absorption will only be as fast as 
the slowest of many processes. The most common 
possible rate-limiting steps following oral adminis-
tration of a solid dosage form are (1) drug release 
from the dosage form, (2) dissolution of the drug or 
(3) absorption of drug molecules.

pH
The stomach generally has a low pH and is there-
fore acidic. G astro-resistant coated dosage forms 

What modi ed-re leas e  drug de livery 
means  for the  hea lthcare  profes s iona l 
and  pharmaceutica l indus try
Provides doctor, pha rma cist a nd pa tient 
choice. Healthcare professionals will be primarily 
concerned with the therapeutic advantages out-
lined above, but increasingly there is concern for 
personalized medicines and health services. A 
choice of immediate-release dosage forms and 
modi ed-release dosage forms can allow healthcare 
professionals to tailor treatment to their patients’ 
needs.

Product life extension. Improving on current 
marketed formulations by employing modi ed-
release technologies can sometimes enable pharma-
ceutical companies to extend a product’s patent life.

Higher  development costs. There are much 
higher costs for pharmaceutical companies in devel-
oping a modi ed-release formulation compared to a 
conventional immediate-release dosage form.

Cost sa vings to hea lthca re providers. Cost-
savings may be achieved from better disease 
management.

Fig . 31.3 •  Figure showing theoretical plasma (blood) prof les o  immediate and extended release. The immediate 
release dosage  orm requires three doses to keep the drug levels e  ective over the time period shown and the 
maximum concentration (Cmax) exceeds the upper sa ety limit in this  example. The extended release prof le (dotted 
line) represents one dose o  a sustained release dosage  orm over the same time period. The latter reduces Cmax 
and extends the release. 
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travelled slowly through the intestine and the patient 
received a suitable dose (i.e. blood levels were ade-
quate and prolonged). In another instance, it  trav-
elled through the intestine in less than 10 hours, and 
very lit t le drug was available to be absorbed by the 
patient, leaving them with sub-therapeutic blood 
drug levels (Fig. 31.4).

Fluid
Fluid levels can be highly variable in the stomach, 
small intestine and colon. In the stomach there 
may be around 100 mL of total  uid. In the small 
intestine there is around 50–100 mL of free  uid 
(i.e. that not bound up with digested material, 
and thus free to dissolve drugs or dosage forms). 
The colonic contents can be very viscous with only 
around 10 mL of free  uid actually available. All 
modi ed-release dosage forms require the presence 

are designed to be acid resistant. Some patients can 
have a higher stomach pH due to age, disease or 
ethnic origin which can affect dosage form disinte-
gration and dissolution. This can result  in premature 
drug release and/ or dose dumping (dose dumping is 
the release of all the drug in one bolus).

G astrointestinal pH generally increases in the 
small intestine, due to bicarbonate secretion. This is 
often used as a trigger for small intestinal drug deliv-
ery via gastro-resistant coating. The pH gradually 
increases to a maximum of about pH 7 at the ileo-
caecal junction. In the colon, the pH drops slightly 
due to the production of short chain fatty acids by 
bacteria here, but gradually rises again distally. In 
some people, the pH does not get as high as pH 7 
(and this may change from day to day). Therefore, 
if a polymer is used which dissolves at pH 7 (see 
below), then there is a good chance that the dosage 
form using this polymer will not dissolve, leaving a 
tablet intact and the patient without their dose. This 
has been observed in the clinic with some patients 
with ulcerative colitis.

Trans it time
The time that a dosage form spends in the stomach, 
small intestine and colon can be critical for some 
modi ed-release systems. In the fasted state, the 
stomach will empty a non-disintegrating (i.e. non-
immediate release) dosage form within 1–2 hours 
(via a clearing motility mechanism known as the 
migrating myoelectric complex). Ingestion of food 
delays this mechanism, and modi ed-release dosage 
forms can sometime be trapped in the stomach as 
long as food is present.

The small intestine is the site of absorption for 
most drugs and although the transit  t ime of a dosage 
form through this region is normally around 3–4 
hours, it  can actually be highly variable (from 0.5–9 
hours has been recorded). A modi ed-release dosage 
form which releases drug very slowly needs to take 
into account that  it  may only be at  its site of absorp-
tion for a few hours.

The colon has a very variable transit  t ime (1–72 
hours). Often modi ed-release dosage forms reach 
the colon (as they may not have disintegrated in the 
stomach or small intestine). How effective they will 
be at this point depends on whether or not the drug 
is absorbed in the colon.

The clinical implications of this are seen in a 
study in which an OROS (osmotic extended-release 
system) tablet was administered (see later for more 
details on this type of device). In one instance it  

Fig . 31.4 •  Plasma concentration-time prof les  or 
oxprenolol delivered  rom an OROS device in an 
individual, with a long (a) and a short (b) colon transit 
time. Courtesy o  Washington et al., 2001, with 
permission.
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of  uid in order for drug release to occur. Less free 
liquid is available as the modi ed-release dosage 
form travels down the gut.

Fluid composition (beyond pH) is also important. 
The presence of ions, fats, enzymes and salts can all 
affect drug release mechanisms from modi ed-
release dosage forms. For example, fats may slow 
down release from swelling matrix systems, meaning 
that required blood levels may not be achieved as 
quickly in their presence. Sugars can sometimes 
disrupt controlled-release gels.

De s igning  a modi e d-re le as e  
formulation: fac tors   
to  c ons ide r

There are several decisions that need to be taken 
when designing a modi ed-release formulation. 
Assuming it  has been established that a drug is a 
suitable candidate for modi ed-release drug deliv-
ery, the following points should be considered:

Single-unit dos age  form or multip le -unit 
dos age  form
A modi ed-release formulation can be designed as 
a single-entity (usually a tablet) (Fig. 31.5b). Single-
unit tablets are sometimes known as monolithic 
dosage forms. A single-unit  dosage form is advanta-
geous from a manufacturing standpoint, as it  can 
often be manufactured using conventional tech-
niques, such as compaction and  lm coating. There 
may be some biopharmaceutical disadvantages to 
tablet  formulations however. For example, as they 
do not disintegrate in the stomach, the dosage form 
could become trapped in the stomach for a long 
t ime (with food). For drugs targeted to the small or 
large intestine, this could prevent them reaching 
their site of action. Multiple-unit systems (e.g. 
pellets or granules  lled into a hard capsule shell, 
Fig. 31.5a) may have more reproducible gastric 
emptying and have a reduced risk of dose dumping. 
However these can be more dif cult to manufacture 
(requiring extrusion spheronization or drug loading 
onto seed cores) and to scale-up.

Matrix formula tion or coa ted  formula tion
The release of an active pharmaceutical ingredient 
can be modi ed by two main methods (Figure 31.6). 
Firstly, the release modifying ingredients can be 

Fig . 31.5 •  The use o  multi-unit pellets  in a capsule 
(a) or a single-unit tablet (b)  or modifed-release drug 
delivery. 

a

b

Fig . 31.6 •  Coated and matrix tablets  or modifed 
release. 

Table t with modified-re lease
coa ting

Modified-re lease  coa ting

Core  with drug

Modified-re lease  component and
drug on surface  and in core

Modified-re lease  matrix
table t
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Drugs are categorized according to steps 2 and 3. 
The Biopharmaceutics Classi cation System of 
drugs (see Chapter 21 for details) classi es drugs 
into four categories:
•  Type I: high solubility, high permeability
•  Type II: high solubility, low permeability
•  Type III: low solubility, high permeability
•  Type IV: low solubility, low permeability.
High solubility and high permeability drugs (Class 
I) are most suitable for extended-release delivery 
(ideally by passive diffusion). These properties mean 
that drug release from dosage forms can be the rate-
limiting step in the process and this can then be 
tailored by the dosage form design. For drugs with 
low solubility (<1 mg/ ml), the low rate of dissolu-
tion can already give some inherent sustained-release 
behaviour of the pure drug molecule, and dissolu-
tion of drug particles in the gut can be the rate-
limiting step. After drug release and dissolution 
have occurred, absorption must then occur. Drugs 
with low permeability (<0.5 × 10−6 mm s−1 through 
CaCo-2 tissue culture [see Chapter 21]) are unlikely 
to be suitable for extended-release preparations. 
This is because they are already rate-limited in their 
absorption. Class IV drugs have low solubility and 
low permeability and these are the most challenging 
to formulate as modi ed-release products.

Other considerations as to the suitability of a 
drug for extended release include how quickly a 
drug is eliminated once in the blood stream. The 
most suitable drugs may have relatively short half-
lives (t1/ 2 = 4–6 hours). Drugs with long half-lives 
may achieve pseudo-sustained release blood levels 
despite being formulated as immediate release, 
whereas shorter half-lives may need very high doses 
to maintain blood levels.

Dose is another factor to consider. To limit the 
size of the dosage form, the potency of the drug in 
the modi ed-release form can be critical. Up to 
1000 mg potency tablets are available in extended-
release formulations, but this is only achieved by 
using very large tablets, which may not always be 
acceptable for some patient populations (especially 
paediatric or geriatric patients, Chapter 43).

Hydrophilic  matrix s ys tems
Hydrophilic matrix systems can also be referred to 
as swellable soluble matrices. They are used for 
extended (sustained) release. Drug is mixed with a 
water-swellable, hydrophilic polymer (usually along 

incorporated throughout the matrix of the dosage 
form wherein the whole dosage form encompasses 
the modi ed-release element. The second option is 
the application of a modi ed-release coating to a 
dosage form, wherein the drug is usually contained 
in the core and is released through, or via the dis-
solution of, the MR coat. There are slight deviations 
from these two techniques however, as will be seen 
in later sections, for example with osmotic systems.

Type  of re leas e  ra te
Two basic mechanisms can control the rate and 
extent of drug release. These are (1) dissolution of 
the active drug component and (2) diffusion of dis-
solved species. There are four processes operating in 
a modi ed-release dosage form to facilitate this:
1. hydration of the device (either swelling or 

dissolution of some component of the modi ed-
release dosage form)

2. diffusion of water into the device
3. dissolution of drug
4. diffusion of the dissolved drug out of the 

device. However, drug that is in contact with 
the surface of the dosage form does not need to 
diffuse and is often quickly dissolved in a ‘burst  
release’.

G iven the multi-step process of drug release from 
modi ed-release dosage forms, and the complex 
gastrointestinal environment, it  is understandable 
that precisely controlling drug release is dif cult . 
However, there are various release patterns that are 
desirable (Table 31.1).

There are various strategies which have been 
adopted in an attempt to control and manipulate 
drug release patterns. These are summarized in 
Table 31.2 and are discussed in more detail below.

Extended release

Before an extended-release dosage form is devel-
oped, the suitability of the drug in question should 
be considered. The solubility of a drug in aqueous 
media and the intestinal permeability of the drug are 
key considerations when assessing whether a drug 
may be suitable for modi ed release. There are 
three potential rate-limiting steps in the bioavailabil-
ity of drug from a dosage form:
1. release from the dosage form
2. dissolution of drug
3. absorption through the gastrointestinal mucosa.
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Table 31.1 Release patterns  or modif ed release

Release patterns  or modif ed release include:
(a) constant release rates
(b) declining drug release prof le

(c) delayed release and
(d) bimodal release.

Note that drug release prof les show how the drug is released 
in a simple system e.g. into dissolution media and the f gures 
(le t graphs) show a cumulative release over time (ideally 100% 
o  drug should be released) and are only in uenced by drug 
release  rom the dosage  orm. Drug in blood prof les (right 
graphs) are in uenced by drug release, but also by absorption, 

Table continued overpage

distribution, metabolism and elimination (ADME) and so drug 
levels in the blood rise and  all according to all these 
parameters combined. Thus, drugs with the same release 
prof le may have di  erent blood drug prof les. An example 
blood drug prof le  or each is shown here.

(a) Constant release
Drug release prof le Drug in blood prof le
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To maintain constant drug blood concentrations a constant release rate is pre erred. These  ollow zero-order kinetics. In the human 
body, these drug levels take time to build up in the blood to a stable level.

(b) Declining release
Drug release prof le Drug in blood prof le
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Drug release  rom these types o  systems is o ten a  unction o  the square root o  time or  ollows f rst-order kinetics. They do not 
maintain a constant blood drug concentration but can provide a sustained release.
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(d) Bimodal release
Drug release prof le Drug in blood prof le

(c) Delayed release
Drug release prof le Drug in blood prof le
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Lag time before  onset

This could be considered a type o  bimodal release in which zero or negligible drug is released until a desired time or site in the 
gastrointestinal tract.

(d) Bimodal release
Drug release prof le Drug in blood prof le
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Lag time  be fore  onse t

Table 31.1 Release patterns  or modif ed release—cont’d

Extended release dosage  orms o ten aim to achieve an initial 
primer dose o  drug to achieve prompt therapeutic response. 
This primer dose could be an immediate-release layer or coating.

This can then be  ollowed by a slow release o  the remaining 
drug (the maintenance dose) which should sustain the blood 

levels in the therapeutic range. First-order release kinetics can 
be used to achieve the primer dose in a rapid  ashion. Dose 
maintenance will  ollow zero-order kinetics.

Another example o  bimodal release is delayed release 
 ollowed by extended release.
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blood pro les are attained in the fed and fasted 
states. This often results from the challenge of the 
gastrointestinal environment which is variable with 
respect to  uid, food and transit . These can be chal-
lenging factors for a hydrophilic matrix tablet.

Ins oluble  polymer matrix
These are far less commonly used than their water-
soluble/ swellable counterparts. They consist  of an 
inert matrix system in which drug is embedded in 
an inert polymer. Their structure has been likened 
to that of a sponge. If drug molecules were inter-
spersed throughout a sponge and water was applied, 
drug could leach out via the water  lled channels 
(Fig. 31.9). In contrast to hydrophilic matrices, 
these systems stay intact throughout the gastro-
intestinal tract.

Drug release rate from insoluble polymer matri-
ces is controlled by the pore size and number of 
pores, and tortuosity of the matrix. Pore-forming 
agents can be added to increase tortuosity and facili-
tate drug release. The release mechanism will also 
depend greatly on how the drug is dispersed within 
the system (dissolved, molecularly dissolved, or dis-
persed). The drug release does not follow zero-order 
kinetics; drug release decreases with time due to the 
increasing distance drug molecules have to travel to 
reach the surface of the device.

Like their hydrophilic counterparts, insoluble 
matrices represent a relatively simple concept which 
uses standard tabletting technology. However, they 
can also suffer some food effects, in particular 
related to rapid transit  through the small intestine, 
or entrapment in the stomach in the fed state.

with some other excipient materials) and com-
pressed into a tablet. The polymer is usually in the 
form of a powder or granule, and tablets will be 
manufactured by direct  compression or roller com-
paction (dry granulation processes). The resulting 
tablet has drug material interspersed between 
polymer particles. On exposure to  uid, the polymer 
material in the tablet starts to swell, producing a gel 
matrix. The gel can then allow drug release by dis-
solution of the gel and the drug trapped within it  or 
erosion of the gel and release and dissolution of drug 
particles trapped within it .

The rate at which water can diffuse through the 
tablet – and later through the hydrated gel – affects 
the drug release rate. The rate of hydration is 
affected by the structure of the gel. Hydrophilic gels 
can be regarded as a network of interlinked/ inter-
spersed polymer stands. In the interstitial spaces 
between the strands is a continuous phase through 
which water and drug may diffuse. The interstices 
connect together to form a tortuous pathway 
through the gel. The tortuosity of this pathway is 
therefore critical for drug release. This can be 
affected by using polymers of different molecular 
weights or by using cross-linked gels, and so release 
rate can be modi ed by these factors. Increasing the 
polymer concentration can also make the ‘pathways’ 
fewer, and slows down drug release.

Polymers, such as hydroxypropyl methylcellulose 
or polyethylene oxide (which are commonly used 
for modi ed-release matrix systems), do not actu-
ally form true gels and are better described as 
forming very viscous solutions. Their structure is 
more dynamic than true gels (e.g. cross-linked 
alginic acid) as the chains can move relative to one 
another, so the interstitial continuum is not  xed. 
The mechanism of drug release is depicted in Figure 
31.7. Diffusion-based release mechanisms usually 
follow zero-order or  rst-order kinetics (assuming 
sink conditions in the gastrointestinal tract and suf-
 cient  uid) but addit ional erosion of the matrix 
due to gastrointestinal motility and hydrodynamics 
can complicate the true in vivo release rate. Often 
polymer type and concentration are used to control 
drug release, which can be tailored (faster and 
slower) as required (Fig. 31.8).

Hydrophilic matrix systems would generally be 
selected where a sustained drug release is required. 
They have the advantage of using standard safe 
excipients, use standard technologies, are well-
established and can attain high drug loads. They do 
have the risk of ‘food effects’, whereby different 

Fig . 31.7 •  Process o  drug release  rom a hydrophilic 
matrix. Water has to penetrate the dry matrix tablet, as 
the tablet becomes hydrated, drug can di  use out. 
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through which drug diffusion and release can occur 
(Fig. 31.10) . Drug release through a membrane is 
controlled by the thickness and the porosity of the 
membrane, as well as the solubility of the drug in 
the gastrointestinal  uids.

The biopharmaceutical considerations of transit  
and  uid are much the same as for monolithic matrix 
tablets. However, membrane-controlled drug deliv-
ery systems may be more likely to be in the form of 
pellets than in monolithic systems. Pellets and 
tablets have different biopharmaceutical considera-
tions. For example, tablets are more likely to become 
trapped in the stomach if administered with food 

Membrane-controlled  s ys tems
Membrane–controlled delivery systems differ from 
the matrix formulations in that the rate-controlling 
part of the system is a membrane through which the 
drug must diffuse, rather than diffusing through 
the whole matrix. G enerally, drug is concentrated in 
the core, and must traverse a polymeric membrane 
or  lm which slows down the release rate. Impor-
tant criteria for such a dosage form are that the drug 
should not diffuse in the solid state. Upon exposure 
to an aqueous environment, water should be able to 
diffuse into the system and form a continuous phase 

Fig . 31.8 •  Theoretical release prof les  or hydrophilic matrix tablets  or extended release ( ast, medium and slow 
prof les). 
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viscosity of the solution formed inside the system. 
The essential difference between an osmotic pump 
system and a ‘classic’ membrane-controlled system 
is that for the osmotic pump, only one diffusion 
process is required (in this case ‘water in’).

Osmotic pump systems require exposure to suf-
 cient  uid in order to build up an internal osmotic 
pressure. This will depend on  uid levels in the gut. 
Like any other non-disintegrating dosage form, they 
are reliant on being at the site of drug absorption 
for suf cient t ime to release their drug load. For 
example, if the osmotic system was designed to have 
drug release over 12 hours, it  needs to be in the 
stomach and intestine for this amount of time, oth-
erwise drug release will be incomplete.

Gas trore tention
G astroretention is the mechanism by which a dosage 
form is retained in the stomach, generally for the 
purposes of improving drug delivery. It  has been 
proposed as a mechanism by which drug absorption 
in the upper gastrointestinal tract can be maximized. 
G astroretentive approaches to drug delivery aim to 
overcome the physiological mechanisms in the 
stomach which would normally enable gastric emp-
tying, so that a modi ed-release dosage form is 
retained for longer in the stomach. Drugs which may 
bene t from gastroretention include those for local 
action in the stomach (e.g. to treat H. pylori), drugs 
which have a narrow absorption window in the small 
intestine and drugs which are degraded in the colon.

Several approaches have been investigated, but 
none deliver true gastroretention. The approaches 
which have been used to try to achieve gastroreten-
tion are very varied and are summarized in Table 
31.3. Success with gastroretention has been limited, 
mainly due to the challenge presented by the 
stomach and gastric emptying which is incredibly 
dif cult to overcome by formulation methods alone.

Delayed release

Gas tro-res is tant coa tings
The concept here is similar to that of membrane-
controlled extended release, except that the mem-
brane is designed to disintegrate or dissolve at a 
pre-determined point. The most common trigger 
for delayed release coatings is pH. G astro-resistant 
coatings are polymer coatings which are insoluble 
at low pH, but are soluble at higher pH (e.g. 

(especially with a high calorie meal). Pellets can get 
trapped too, but there is an improved chance of 
fortuitous emptying through the pyloric sphincter. 
Pellets will tend to distribute through the small 
intestine. They are also at  less risk of dose dumping; 
if a tablet coating fails, then the whole dose can be 
dumped; with a pellet formulation, the disruption 
of one pellet coating may release only a small frac-
tion of the total drug dose.

Os motic  s ys tems
Osmotic pump systems are another form of 
membrane-controlled release drug delivery system, 
but work in a different way to that described previ-
ously. A drug is included in a tablet core which is 
water soluble, and which will dissolve (or suspend) 
the drug in the presence of water. The tablet core 
is coated with a semi-permeable membrane which 
will allow water to pass into the core. As the core 
components dissolve, a hydrostatic pressure builds 
up and forces (pumps) drug solution (or suspension) 
through a hole drilled in the coating (Fig. 31.11). 
The rate at  which water is able to pass through the 
membrane and how quickly the drug solution (or 
suspension) can pass out of the hole govern the rate 
of drug release. The ori ce needs to be small enough 
to prevent diffusion, but large enough to minimize 
hydrostatic pressure (600 µm to 1 mm diameter is 
normal). The ori ce can be made by laser drilling, 
indentations in tablet (not fully covered by coating) 
or the use of leachable substances (pore formers).

The rate at which the drug solution/ suspension 
is forced out can be modi ed by changes in the 

Fig . 31.11 •  Release mechanisms  rom an osmotic 
pump delivery system. 
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Table 31.3 An overview o  some o  the popular research areas  or achieving gastroretention (including some 
 ormulation and biopharmaceutical considerations)

Approach to achieve 
gastroretention

Concept Formulation considerations Biopharmaceutical 
comments

Mucoadhesion

Table t s ticks  to
s tomach wall

S tomach contents

Mucoadhesive polymers could 
theoretically adhere a dosage 
 orm to the stomach mucosa to 
retain it in the stomach.

Chitosan, Carbopol, 
polycarbophil are mucoadhesive 
polymers which have been 
researched (with limited 
success )

Although animal studies 
suggest this to be a sound 
concept, it has not been 
realized in man, probably due 
to the  ast mucus turnover and 
high motility o  the stomach.

Floating

Table t floa ts  on
s tomach contents

Pylorus

Dosage  orm should  oat on 
the stomach contents, thus 
avoiding gastric emptying.

Gas generating agents like 
bicarbonate can be used, or 
lipids.

Requires  ood to be present in 
the stomach. Has not shown 
clinical success  or drug 
delivery but agents like 
Gaviscon which  orm a ra t on 
stomach contents have been 
used  or heartburn and 
indigestion.

Size increasing systems

Table t expands  making it
difficult to pass  through 
pylorus .

A dosage  orm that swells and 
increase in size as soon as it 
reaches the stomach to avoid 
being able to pass through the 
pyloric sphincter.

Swellable polymers such as 
hydroxypropyl methyl cellulose, 
polyethylene oxide, and xanthan 
gum have all been investigated.

Some marketed products use 
this approach but need to be 
given in the  ed state and 
gastric emptying is delayed 
primarily by the e  ect o   ood 
on the stomach. The resting 
size o  the pylorus (open) is 
around 10–11 mm but it can 
stretch  urther than this.
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may only be in the region of highest pH (at the ile-
ocaecal junction) for a short t ime, and the target pH 
(often pH 7) may not be reached. This can lead to 
dosage form failure (i.e. it  does not disintegrate and 
is passed intact in the stools, consequently, not 
releasing the drug).

An alternative approach to this is the use of the 
gut bacteria as a trigger for drug release. A coating 
is prepared from a material which is insoluble in the 
gastrointestinal  uids (e.g. ethylcellulose), but it  will 
also contain a component that can be digested only 
by colonic bacteria (not by pancreatic enzymes). An 
example of a material that can be used is the polysac-
charide known as ‘resistant starch’. This type of 
starch can only be broken down by bacterial enzymes 
in the colon. When the dosage form reaches the 
colon, the starch component of the coat is digested 
and dissolves, leaving pores through which drug can 
be released (Fig. 31.13).

Bacterially triggered systems tend to be more 
reproducible in terms of consistent drug release 
than pH responsive system. However, there may be 
some patient populations in which gastrointestinal 
microorganism (microbiota) levels are affected by 
disease, and the effect on such modi ed-release 
drug delivery systems is not fully known. Being a 
relatively recent development, this technology has 
also not advanced as far clinically as pH-responsive 
colonic drug delivery, and is still in the experimen-
tal and clinical testing stages. Other new systems 
have also been proposed which combine both 
Eudragit S as the polymer and resistant starch to 
give a dual release mechanism (i.e. release is trig-
gered by both the pH change and the bacteria). 
This is said to ensure rapid and consistent drug 
release.

somewhere between pH 5–7 depending on the 
polymer). The drug release rate is controlled by its 
exposure to the correct pH (Fig. 31.12). G enerally, 
this will require suf cient time to allow full coat 
dissolution. This approach is most commonly used 
for releasing drug in the small intestine. A similar 
concept can be used for the colon. The highest pH 
in the gastrointestinal tract is generally at the ileo-
caecal junction, just before the colon. Here the pH 
can be around pH 7. Using polymers which dissolve 
at pH 7 should theoretically dissolve a dosage form 
here and release drug as the device moves into the 
colon. This approach has been used to deliver anti-
in ammatory medications including budesonide, 
beclometasone and mesalazine to treat ulcerative 
colit is in the large intestine.

G astro-resistant coating of formulations has two 
functions: i) to protect the stomach from the drug 
or ii) to protect acid-sensitive drugs from the 
stomach environment. They can be used to elimi-
nate drug release in the stomach in order to target 
the small intestine or colon. Although the concept 
of gastro-resistant coating has been used for many 
years, and there are many products on the market, 
there are some shortcomings based on the fact that 
gastrointestinal pH is not always predictable and 
reproducible in vivo. For instance, in patients with 
a higher than normal stomach pH (achlorydia), 
there is a risk of premature drug release.

Colonic  drug de livery
Colonic drug delivery can be achieved by the utiliza-
tion of pH responsive polymers e.g. Eudragit S 
which dissolves at around pH 7 to target the colon. 
Targeting the colon is dif cult as a tablet or pellet 

Fig . 31.12 •  Drug release mechanism  rom a gastro-
resistant-coated dosage  orm. 
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Conc lus ions

Modi ed-release drug delivery can be broken down 
into two main categories: delayed release and 
extended release. Within these, there are different 
strategies and formulation techniques which can be 
employed to meet the desired treatment criteria. 
Furthermore, the release mechanisms can be com-
bined to give bimodal release e.g. delayed and sus-
tained release. Choosing which approach is most 
suitable will depend on the drug molecule, the type 
of release that is required, and the condition it  is 
treating. There is no ‘one-size  ts all’ solution for 
tailoring drug release, and signi cant resources have 
to be employed to develop these successfully. Con-
tinued research into this area and understanding 
of the biopharmaceutical implications are necessary 
to develop quality products to improve patient 
treatment.
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KE Y P O IN TS

•  Coating, especially  lm coating, of 
pharmaceutical tablets  and multiparticulates  is  
commonplace 

•  Coatings  are applied for many reasons , e g  
improving product appearance, making 
swallowing eas ier and modifying drug release 

•  Pan-coating techniques  are usually used for 
coating tablets , while  uid-bed processes  are 
often preferred for coating multiparticulates  

•  Sugar coating is  a  multi-s tep, time consuming 
process , while  lm coating is  generally a fas ter 
s ingle-s tep process  

32  Coating of table ts  and 
multiparticulate s

Stuart C. Porter
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5. Providing a means o  improving product 
appearance and aiding in brand identif cation.

6. Facilitating the rapid identif cation o  a 
product by the manu acturer, the dispensing 
pharmacist and the patient. In this case, the 
coatings would almost certainly be coloured.  
It  is important here to emphasize that  
e f cient labelling and associated procedures  
are the only sure way o  identi ying a  
product. However, product colour is a use ul 
secondary check.

7. Enabling the coated product (especially tablets) 
to be more easily handled on high-speed 
automatic f lling and packaging equipment. In 
this respect, the coating o ten improves product 
 ow, increases the mechanical strength o  the 
product and reduces the risk o  cross-
contamination by minimizing ‘dusting’ 
problems.

8. Imparting modif ed-release characteristics that 
allow the drug to be delivered in a more 
e  ective manner.

Types  of coating processes

Three main types o  process are used in the phar-
maceutical industry today:
•  f lm coating
•  sugar coating
•  compression coating.
Film coating is the most popular technique and vir-
tually all new coated products introduced to the 
market are f lm coated. Film coating involves the 
deposition, usually by spraying a liquid coating 
system, o  a thin f lm o  a polymer-based  ormula-
tion onto the sur ace o  a tablet, capsule or multi-
particulate core.

Sugar coating is a more tradit ional process closely 
resembling that used  or coating con ectionery prod-
ucts. It  has been used in the pharmaceutical industry 
since the late 19th century. It  involves the successive 
application o  sucrose-based coating  ormulations, 
usually to tablet cores, in suitable coating equip-
ment. The water evaporates  rom the syrup, leaving 
a thick sugar layer around each tablet . Sugar coats 
are o ten shiny and highly coloured.

Compression coating, although traditionally a less 
popular process, has gained increased interest in 
recent years as a means o  creating specialized 

•  Since  lm coating has  become the dominant 
process  used in the global pharmaceutical 
indus try today, the once common use of organic 
solvents  (with their many associated hazards) 
has  been replaced with the preferred use of 
aqueous  coating formulations  

•  All coating processes  can be cons idered 
s tress ful (in the mechanical sense), thus  placing 
s tringent demands  on the robus tness  of the 
core (the tablets  or multiparticulates  being 
coated) to help minimize defects  

Introduc tion

Coatings may be applied to a wide range o  oral solid 
dosage  orms, including tablets, capsules, multipar-
t iculates and drug crystals. While tablets represent 
the class o  dosage  orm that is most commonly 
coated, coated multiparticulates are also popular.

De nition of coating

Coating is a process by which an essentially dry, 
outer layer o  coating material is applied to the 
sur ace o  a dosage  orm in order to con er specif c 
benef ts that broadly range  rom  acilitat ing product 
identif cation to modi ying drug release  rom the 
dosage  orm.

Reasons  for coating

The reasons  or coating pharmaceutical oral solid 
dosage  orms are quite varied. The more common 
reasons include (no order o  importance implied):
1. Providing a means o  protecting the drug 

substance (active pharmaceutical ingredient; 
API)  rom the environment, particularly light 
and moisture, and thus potentially improving 
product stability.

2. Masking the taste o  drug substances that may 
be bitter or otherwise unpleasant.

3. Improving the ease o  swallowing large dosage 
 orms, especially tablets. Tablets that are coated 
are considered by patients to be somewhat 
easier to swallow than uncoated tablets.

4. Masking any batch di  erences in the 
appearance o  raw materials and hence allaying 
patient concern over products that would 
otherwise appear di  erent each time a 
prescription is dispensed or product purchased 
(in the case o  over-the-counter products).
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•  modi ed-release  lm coatings also known as 
‘ unctional’ coatings, may be  urther categorized 
as either delayed-release (e.g. gastro-resistant) 
or extended-release coatings. Note that the 
newer term ‘gastro-resistant’ coating is replacing 
the older term ‘enteric’ coating in 
pharmacopoeias.

Immediate-release coatings are usually readily soluble 
in water, while gastro-resistant coatings are only 
soluble in water at  pH values in excess o  5–6 and are 
intended to either protect the drug while the dosage 
 orm is in the stomach (in the case o  acid-labile 
drugs) or prevent release o  the drug in the stomach 
(in the case o  drugs that  are gastric irritants). More 
recently, gastro-resistant coatings have been employed 
as an integral part o  colonic drug delivery systems 
(Alvarez-Fuentes et  al 2004). For the most part , 
extended-release coatings are insoluble in water. 
They are designed to ensure that the drug is released 
in a consistent manner over a relatively long period 
o  t ime (typically 6–12 hours) and thus reduce the 
number o  doses that a patient needs to take in each 
24-hour period. Additionally, extended-release f lm 
coatings are used to modi y drug release in such a way 
that desired therapeutic benef ts can more easily be 
achieved and thus drug e f cacy improved.

Description of the  lm-coating 
process

Film coating involves the application o  liquid, 
polymer-based  ormulations to the sur ace o  the 
tablets ( or the sake o  brevity, the term ‘tablet’ will 

modif ed-release products. It  involves the compac-
tion o  granular material around a pre ormed tablet 
core using specially designed tableting equipment. 
Compression coating is essentially a dry process.

Each o  these processes will now be considered 
in turn and an overview o  relevant coating processes 
and materials will be given.

Film c oating

Film coating is the more contemporary and thus 
commonly used process  or coating oral solid dosage 
 orms. As described above, it  involves the applica-
tion o  a thin f lm to the sur ace o  a tablet, capsule 
or multiparticulate core. Now all newly launched 
coated products are f lm coated rather than sugar 
coated, o ten  or many o  the reasons given in 
Table 32.1.

Types  of  lm coatings

Film coatings may be classif ed in a number o  ways 
but it  is common practice to do so in terms o  the 
intended e  ect  o  the applied coating on drug 
release characteristics. Hence f lm coatings may be 
designated as either:
•  immediate-release  lm coatings also known as 

‘non- unctional’ coatings. This is something o   
a misnomer, since this terminology re ers to the 
 act  that the coating has no measurable e  ect 
on biopharmaceutical properties; however, all 
coatings, as explained earlier, have many other 
properties and  unctions.

Table 32.1 Major di  erences between sugar and f lm coating

Features Sugar coating Film coating

Tablets
Appearance Rounded with high degree of polish Retains contour of original core

Usually not as shiny as sugar coat types
Weight increase due to coating materials 30–50% 2–3%
Logo or ‘breaklines’ Not possible Possible
Other solid dosage forms Coating possible but little industrial 

importance
Coating of multiparticulates very 

important in modi ed-release forms

Process
Stages Multistage process Usually single stage
Typical batch coating time 8 hours, but easily longer 1.5–2 hours
Functional coatings Not usually possible apart from 

gastro-resistant (enteric) coating
Easily adaptable for controlled release
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be used here to represent any  orm o  dosage unit 
that is to be coated). It  is possible to use conven-
tional panning equipment but more usually special-
ized equipment is employed to take advantage o  the 
 ast coating t imes and high degree o  automation 
possible.

The coating liquid (solution or suspension) con-
tains a polymer in a suitable liquid medium, together 
with other ingredients such as pigments and plasti-
cizers. This solution is sprayed on to a rotating, or 
 uidized, mass o  tablets. The drying conditions 
employed in the process result in the removal o  the 
solvent, leaving a thin deposit o  coating material 
around each tablet core.

Process  equipment

The vast majority o  f lm-coated tablets are pro-
duced by a process which involves the atomization 
(spraying) o  the coating solution or suspension on 
to the sur ace o  tablets.

Modern pan-coating equipment is o  the side-
vented type (as shown in Fig. 32.1) and some typical 
examples include:
•  Accela Cota – Thomas Engineering (USA)
•  Premier Coater – Bosch-Manesty (UK)
•  Hi-Coater – Freund-Vector (Japan and USA)
•  Driacoater – Driam Metallprodukt G mbH 

(G ermany)
•  HTF/ 150 – G S (Italy)
•  IDA – Dumoulin (France)
•  BCF Coater – Bohle (G ermany). Fig . 32.1 •  Schematic of side-vented coating pan. 

Fig . 32.2 •  Schematics of  uid-bed coating equipment. 

1. Top spray 2. Bottom spray 3. Tangentia l

Manu acturers o  units that operate on a  uidized-
bed principle include:
•  G EA (Aeromatic-Fielder) (Switzerland, USA 

and UK)
•  G latt  AG  (Switzerland, G ermany and USA)
•  Vector-Freund (Japan and USA).
Depending on the particular f lm-coating application 
involved,  uidized-bed equipment may be  urther 
divided into one o  the three operating principles 
shown in Figure 32.2.

The coating  ormulation is invariably added as a 
solution or suspension via a spray gun. The design 
and operation o  f lm-coating spray guns are similar 
in both per orated-pan and  uidized-bed coaters, 
although di  erences in the per ormance o  spray 
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solvent/ vehicle) is removed by means o  a drying 
process that is concurrent with the application o  
that coating liquid. Film-coating  ormulations typi-
cally comprise:
•  polymer
•  plasticizer
•  colourants
•  solvent/ vehicle.
There are certain types o  coating process that di  er 
 rom this common approach. For example, some 
processes involve the application o  hot-melt coat-
ings that congeal on cooling (Jozwiakowski et al 
1990), while others take advantage o  recent devel-
opments in powder application technologies (Porter 
1999).

It  should be mentioned that all ingredients used 
in f lm-coating  ormulations must comply with the 
relevant regulatory and pharmacopoeial require-
ments current in the intended marketing area.

Film-coating polymers

The ideal characteristics o  a f lm-coating polymer 
are discussed below.

Solubility
Polymer solubility is important  or two reasons:
•  It  determines the behaviour o  the coated 

product in the gastrointestinal tract  (that is, the 
rate at which the drug will be released, and 
whether there will be any delay in the onset o  
drug release).

•  It  determines the solubility o  the coating in a 
chosen solvent system (a  actor that can have 
great  in uence on  unctional properties o  the 
f nal coating).

Film coatings that are used on immediate-release 
products should utilize polymers that have good 
solubility in aqueous  uids to  acilitate the rapid 
dissolution o  the active ingredient  rom the f nished 
dosage  orm  ollowing ingestion. Such coatings are 
usually applied as solutions in an appropriate solvent 
system (with a strong pre erence being shown  or 
water). However, f lm coatings used to modi y the 
rate or onset o  drug release  rom the dosage  orm 
tend to have limited or no solubility in aqueous 
media; such coatings are usually applied either as 
polymer solutions in organic solvents or as aqueous 
polymer dispersions (discussed later in this chapter).

guns provided by di  erent vendors, especially in 
per orated-pan processes, have been noted (Macleod 
& Fell 2002). A typical example o  spray coating in 
a pan coater is shown in Figure 32.3.

Bas ic .p roces s .requirements ..
for.  lm.coa ting
The  undamental requirements o  a f lm-coating 
process are more or less independent o  the actual 
type o  equipment being used and include:
•  adequate means o  atomizing the spray liquid 

 or application to the tablet  cores
•  adequate mixing and agitation o  the tablet bed. 

Spray coating relies upon each core passing 
through the area o  spraying (commonly called 
the spray zone). This is distinct  rom sugar 
coating, where each application o  syrup is 
spread  rom tablet to tablet , as a result o  tablet 
contact during tumbling in the coating pan, 
prior to drying (discussed later in this chapter)

•  su f cient energy input in the  orm o  heated 
drying air to evaporate the solvent. This is 
particularly important when applying aqueous-
based coatings, which require more energy 
input as a result  o  the higher latent heat o  
vaporization o  water

•  good exhaust  acilit ies to remove dust- and 
solvent-laden air.

Film-coating formulations

Currently, the majority o  f lm-coating processes 
involve the application o  a coating liquid where a 
signif cant proportion o  the main component (the 

Fig . 32.3 •  Example of spray coating in a pan coater. 
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continuous coating around the sur ace o  the product 
to be coated, and must be  ree  rom de ects typi-
cally caused by the stresses to which the coating is 
likely to be exposed during the coating process, 
during packaging and during the subsequent distri-
bution o  the f nal product.

Consequently, f lm-coating polymers should 
possess suitable characteristics with respect to:
•   lm strength, which greatly a  ects the ability o  

the coating to resist the mechanical stresses to 
which it  will be exposed during the coating 
process and during subsequent handling o  the 
coated product

•   lm  exibility, which imparts similar benef ts to 
f lm strength and minimizes f lm cracking during 
handling or subsequent storage

•   lm adhesion, which is necessary to ensure that 
the coating remains adherent to the sur ace o  
the dosage  orm right up to the point o  being 
taken by the patient.

The generation and minimization o  f lm-coating 
de ects are discussed more  ully later in this chapter.

Types  of  lm-coating polymers : 
immediate-release coatings

Cellulos e .deriva tives
Most cellulosic polymers used in f lm-coating  or-
mulations are substituted ethers o  cellulose.

Hydroxypropyl methylcellulose (HPMC) is the 
most widely used o  the cellulosic polymers. Its 
molecular structure is shown in Figure 32.4. It  is 
readily soluble in aqueous media and  orms f lms 
that  have suitable mechanical properties, and coat-
ings that are relatively easy to apply. Coatings 

Vis cos ity
Viscosity is very much a limiting  actor with regard 
to the ease with which a f lm coating can be applied. 
High viscosity (typically that  exceeding about 
500 mPa s) complicates trans er o  the coating 
liquid  rom the storage vessel to the spray guns, and 
subsequent atomization o  that coating liquid into 
f ne droplets. Ideally, there ore, polymers applied as 
solutions in a selected solvent should exhibit  rela-
t ively low viscosities at the pre erred concentration. 
This will help to  acilitate easy, trouble- ree spray 
application o  the coating solution, especially in 
production-scale f lm-coating equipment.

Permeability
Appropriate permeability (to which the chosen 
polymer makes a signif cant contribution) is a key 
attribute when considering the various  unctional 
properties that f lm coatings are expected to possess. 
For example, coating permeability is o  signif cant 
importance when the f lm coating is intended to:
•  mask the unpleasant taste o  the active 

ingredient in the dosage  orm
•  improve stability o  the dosage  orm by limiting 

exposure to atmospheric vapours and gases, 
particularly water vapour and oxygen

•  modi y the rate at which the active ingredient 
will be released  rom the dosage  orm.

These properties vary widely between the various 
polymers that might be considered  or f lm-coating 
 ormulations.

Mechanica l.propertie s
In order to per orm e  ectively  or the purpose 
intended, a f lm coating must exist as a discrete, 

Fig . 32.4 •  Hydroxypropyl methylcellulose. 
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Aminoalkyl.methacryla te .copolymers
These acrylic copolymers are readily soluble in 
aqueous media at low pH only, and thus are o  prime 
importance in coating dosage  orms where the need 
to achieve e  ective taste masking is a crit ical 
attribute (Dittgen et al 1997). These polymers are 
typically applied as solutions in organic solvents, 
although special  orms may also be used to prepare 
aqueous polymer dispersions. An example o  the 
molecular structure o  this type o  acrylic polymer 
is shown in Figure 32.5.

Types  of  lm-coating polymers : 
modi ed-release coatings

Cellulos e .deriva tives
As is the case with cellulosic polymers used in 
immediate-release applications, cellulosic polymers 
used  or modif ed-release purposes are typically sub-
stituted ethers o  cellulose. However, the level o  
substitution in this case is usually much higher, thus 
rendering the polymer insoluble in water. A typical 
example o  such a cellulosic polymer is ethyl cellu-
lose (EC), which is pre erred  or many extended-
release applications (Porter 1989). Historically, 
ethyl cellulose has been applied as solutions in 
organic solvents, although aqueous polymer disper-
sions are commercially available.

Other cellulose derivatives used  or modif ed-
release applications include cellulose esters such as 
cellulose acetate (CA).

Methylmethacryla te .copolymers
Acrylic ester polymers are typically insoluble in 
water but can be prepared with varying degrees o  
permeability to render them suitable  or a variety o  
extended-release applications (Dittgen et al 1997). 

that utilize this polymer may be clear or coloured 
with permitted pigments. The polymer is the 
subject o  monographs in the major international 
pharmacopoeias.

Other cellulosic derivatives used in f lm coatings, 
which have similar properties to HPMC, include 
methyl cellulose (MC) and hydroxypropyl cellulose 
(HPC).

Vinyl.deriva tives
The most commonly used vinyl polymer in pharma-
ceutical applications is polyvinyl pyrrolidone (PVP). 
Un ortunately, this polymer has limited use in f lm-
coating  ormulations because o  its inherent tacki-
ness. A copolymer o  vinyl pyrrolidone and vinyl 
acetate, copovidone, is considered a better f lm 
 ormer than PVP. Another use ul vinyl polymer is 
polyvinyl alcohol (PVA), a partial hydrolysate o  
polyvinyl acetate, which can be used to produce f lm 
coatings that  have suitable mechanical properties 
and are highly adherent to pharmaceutical tablets. 
In addition, PVA exhibits good barrier properties to 
environmental gases (Okhama e & York 1983) and 
water vapour (Jordan et al 1995).

Film coatings that use PVA as the primary 
polymer have mainly been exploited as special 
barrier coatings, helping to improve the stability o  
drug substances that are either sensitive to moisture 
(especially in countries that have humid climates) 
or are readily oxidized when exposed to atmospheric 
oxygen.

Recently, f lm coatings based on a copolymer o  
vinyl alcohol and ethylene glycol (Ziegler & Koller 
2003) have become available. These coatings are less 
tacky than traditional PVA coatings and have the 
additional benef t o  being extremely  exible, thus 
improving f lm robustness and allowing greater 
expansion capabilities should the tablet cores expand 
slightly during the coating process.

Fig . 32.5 •  Aminoalkyl methacrylate copolymer. 
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plasticizer molecules to interpose themselves 
between the polymer molecules, thus increasing 
 ree volume and  acilitating increased polymer chain 
motion within the structure o  the coating. The 
positive benef ts o  this interaction include:
•  increased f lm  exibility
•  reduced residual stresses within the coating as it  

shrinks around the core during drying.
Examples o  commonly used plasticizers are:
•  polyols, such as polyethylene glycols and 

propylene glycol
•  organic esters, such as diethyl phthalate and 

triethyl citrate
•  oils/ glycerides, such as  ractionated coconut oil.
For a given application, it  is generally desirable to 
use plasticizers that are soluble in the solvent system 
being used.

Colourants

Pharmaceutically acceptable colourants are available 
in both water-soluble  orm (known as dyes) and 
water-insoluble  orm (known as pigments). The 
insoluble  orm is pre erred in f lm-coating  ormula-
tions, based on the  act that  pigments tend to be 
more chemically stable towards light, provide better 
opacity and covering power, and provide a means o  
optimizing the permeability properties o  the applied 
f lm coating. In addition, water-insoluble pigments 
will not su  er  rom the disadvantageous phenome-
non o  mottling (caused by solute migration, as dis-
cussed in Chapter 29) that can be observed with 
water-soluble dyes.

Examples o  colourants are:
•  iron oxide pigments
•  titanium dioxide
•  aluminium lakes (a pigment  ormed by bonding 

water-soluble colourants to approved substrata, 
such as f ne alumina hydrate particles).

While the selection o  a colourant is typically based 
on the need to achieve a certain visual e  ect and, 
to a lesser extent, the potential in uence on f lm 
mechanical properties, an underlying selection cri-
terion is that o  regulatory acceptance. While there 
are many colourants that  can be used,  ew have 
the  ull global regulatory acceptance required to 
 acilitate the world-wide use o  the same coating 
 ormulation.

Originally intended  or use as solutions in organic 
solvents, these polymers are commonly used today 
as aqueous polymer dispersions.

Methacrylic .ac id .copolymers
The special  unctionality con erred by the presence 
o  carboxylic acid groups enables this class o  
polymer to  unction as gastro-resistant coatings 
(Dittgen et  al 1997). This is because the polymer is 
insoluble in water at the low pH that typif es 
conditions in the stomach but gradually becomes 
soluble as the pH rises towards neutrality, a condi-
t ion that is more typical o  the upper part o  the 
small intestine. Currently, methacrylic acid copoly-
mers are also commonly used as aqueous polymer 
dispersions. An example o  the molecular struc-
ture o  this type o  acrylic polymer is shown in 
Figure 32.6.

Phtha la te .es te rs
In terms o   unctionality, phthalate ester polymers 
exhibit  similar properties to methacrylic acid copol-
ymers (Chang 1990), in that they are most suited 
to delayed-release applications. Chemically, they are 
 ormed by the substitution o  phthalic acid (or 
similar) groups into polymers that have been com-
monly used in other f lm-coating applications. Thus 
common examples o  phthalate ester polymers are 
hydroxypropylmethylcellulose phthalate (HPMCP), 
cellulose acetate phthalate (CAP), and polyvinyl 
acetate phthalate (PVAP). Phthalate ester polymers 
may be applied as solutions in organic solvents or as 
aqueous polymer dispersions.

Plas ticizers

Plasticizers are generally added to f lm-coating  or-
mulations to modi y physical properties o  the 
polymer. This is necessary because most acceptable 
f lm-coating polymers can be brit tle and in exible 
in nature. It  is generally accepted that  the mecha-
nism by which plasticizers exert their e  ect is  or 

Fig . 32.6 •  Methacrylic acid copolymer. 
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dispersion’ is broadly used to describe polymer 
systems that are supplied as lattices, as well as those 
that have been  ormed into aqueous suspensions, 
and their use has been comprehensively reviewed by 
McG inity (2008).

Ideal characteris tics  of  
 lm-coated products

A f lm-coated product and its associated manu ac-
turing process should be designed and controlled to 
ensure that the  ollowing characteristics are evident:
•  Display even coverage and colour o  the coating 

across the sur ace o  each dosage unit within a 
batch, and  rom batch to batch.

•  Show absence o  de ects that detract  rom the 
f nished product appearance or which a  ect 
dosage  orm  unctionality and stability.

•  Be compliant with f nished product 
specif cations and any relevant compendial 
requirements.

When designing f lm-coating  ormulations, it  is o ten 
use ul to use specialized assessment techniques that 
allow the properties o  the individual ingredients 
being considered (including their potential benef -
cial interactions), o  the coating  ormulations, and 
o  the f nal coated product, to be evaluated. A 
review o  many o  these use ul assessment tech-
niques has been provided by Porter and Felton 
(2010).

Film-coating defects

Film coating is not a per ect process. De ects and 
imper ections in the coat can occur i  the  ormula-
tion o  the coat and the core, or the coating process, 
is not adequately designed and controlled. The 
de ects that are commonly attributed to f lm coating 
are usually:
•  visual de ects (usually seen with f lm-coated 

tablets)
•  de ects that a  ect  unctional properties (such 

as those in uencing drug release, and thus, 
these are usually associated with modif ed-
release products).

By  ar the most common de ects are those in the 
 ormer category and these have been described in 
detail by Rowe (1992), with suggestions  or their 

Solvents

Initially, f lm-coating processes were very much 
dependent on the use o  organic solvents (such as 
methanol/dichloromethane combinations or acetone) 
in order to achieve the rapid drying characteristics 
demanded by the process. Un ortunately, organic 
solvents possess many disadvantages (Hogan 1982) 
that are related to the  ollowing  actors:
1. Environmental issues – the venting o  untreated 

organic solvent vapour into the atmosphere is 
ecologically unacceptable, while e f cient solvent 
vapour removal  rom gaseous e  uent o  coating 
processes is expensive.

2. Safety issues – organic solvents may be 
 ammable (and thus explosive hazards) or 
expose plant operators to toxic hazards.

3. Financial issues – potentially unacceptable cost 
 actors associated with the use o  organic 
solvents are related to the need to build 
explosion-proo  processing areas and provide 
suitable storage areas  or hazardous materials.  
In addition, the relative expense o  organic 
solvents as a raw material has to be considered.

4. Solvent residue issues –  or a given process, the 
amount o  organic solvent retained in the f lm 
coat must be investigated, especially since there 
is increasing regulatory pressure to quanti y and 
limit the residue levels.

Such disadvantages have provided the momentum 
 or the current utilization o  aqueous coating  ormu-
lations as the pre erred option. However, as a result  
o  improved e f ciency and decreased costs associ-
ated with solvent recovery, there has been an upsurge 
in interest in solvent coating but almost exclusively 
in modif ed-release coating applications.

Aqueous  polymer dispers ions

Essentially, all polymers used in modif ed-release 
f lm-coating applications are, in order to achieve 
their intended  unctionality, generally insoluble in 
water. Hence, they have been applied as solutions 
in organic solvents. The growing demand  or aqueous 
 ormulations in modern f lm-coating processes, thus, 
initially caused a dilemma  or pharmaceutical  or-
mulators, a dilemma that has ultimately been 
resolved by creating aqueous polymer dispersions o  
many o  these polymers. The term ‘aqueous polymer 
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tablets. At this stage, it is possible to use some o  
the speciality polymers (described earlier under f lm 
coating) that are either partially or completely inso-
luble in water, thus enabling the sugar-coated 
product to exhibit delayed (gastro-resistant)-release 
or extended-release characteristics.

Ideal characteris tics  of  
sugar-coated tablets

Sugar-coated tablets should possess a smooth, 
rounded contour, with even colour coverage and a 
glossy f nish. Those tablets that have been imprinted 
should exhibit  high print quality (clear distinct print 
with no smudging or missing print). As is the case 

resolution. Visual de ects can be categorized as 
those relating to:
•  processing issues – these are typically associated 

with an imbalance between the rate o  delivery 
o  the coating liquid and the rate o  evaporation 
during the drying process. This imbalance 
results in either overwetting (where tablets or 
multiparticulates might become stuck together) 
or overdrying, when sur ace erosion o  the 
tablets, as well as chipping o  the tablet edges, 
may result .

•  formulation issues – these are usually associated 
with some def ciency in the core (tablet  
or multiparticulate) or the coating. Core 
 ormulation issues o ten result  in mechanical 
de ects, so that the core is not able to 
withstand the attrit ional e  ects o  the coating 
process, leading to tablet breakage and erosion. 
Coating  ormulation issues o ten result in a f lm 
o  inadequate mechanical strength, leading to 
f lm cracking and chipping, or inadequate f lm 
adhesion, resulting in f lm peeling and logo 
bridging.

Sugar c oating

Sugar coating has long been the traditional method 
 or coating pharmaceutical products (usually 
tablets). It  involves the successive application o  
sucrose-based coating  ormulations to tablet cores in 
suitable coating equipment. Conventional panning 
equipment with manual application o  syrup has 
been extensively used, although more specialized 
equipment and automated methods are now making 
an impact on the process. A comparison between 
sugar coating and f lm coating is tabulated in Table 
32.1 and illustrated in Figure 32.7.

Types  of sugar coatings

Sugar coatings are composed o  ingredients that are 
readily soluble, or disintegrate rapidly, in water. 
Although it is technically  easible to apply sugar coat-
ings to a wide range o  pharmaceutical core materials, 
it  is almost exclusively reserved  or coating tablets. 
In general, sugar-coated tablets are intended to 
exhibit immediate-release attributes. However, one 
o  the stages o  the sugar-coating process, the sealing 
step (discussed below), involves the deposition o  a 
polymer-based coating to the sur ace o  the uncoated 

Fig . 32.7 •  Sugar- and  lm-coated tablets . 
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3. Smoothing
4. Colouring
5. Polishing
6. Printing.
At each stage o  the coating process, multiple appli-
cations o  the specif ed coating  ormulation are 
made using a sequential approach that involves:
•  applying a predetermined amount o  coating 

liquid
•  allowing the coating liquid to be distributed 

throughout the tablet mass as the tablets 
tumble in the rotating pan

•  drying by directing air o  the desired 
temperature onto the sur ace o  the rolling 
mass o  tablets

•  repeating each o  these steps the required 
number o  t imes.

Each o  these substeps o  a typical sugar coating 
process is now discussed in turn.

Sea ling
Sugar coatings are aqueous  ormulations that  are, 
quite literally, poured directly onto the tumbling 
tablets. Hence, water has an opportunity to pene-
trate directly into the tablet cores, potentially 
a  ecting product stability and possibly causing pre-
mature tablet disintegration. To prevent these prob-
lems, the cores are usually sealed init ially with a 
water-proof ng or sealing coat. Tradit ionally, alco-
holic solutions o  shellac were used  or this purpose 
although the use o  synthetic polymers, such as cel-
lulose acetate phthalate or polyvinyl acetate phtha-
late, is now  avoured. Unless a modif ed-release 
 eature needs to be introduced, the amount o  
sealing coat applied has to be care ully calculated so 
that there is no negative in uence on drug release 
characteristics  or what should otherwise be an 
immediate-release product.

Subcoating

Sugar coatings are usually applied in quite substan-
tial quantities to the tablet  core (typically increasing 
the weight by as much as 50–100%) in order to 
round o   the tablet edges. Much o  this material 
build-up occurs during the subcoating stage and is 
achieved by adding bulking agents such as calcium 
carbonate to the sucrose solutions. In addition, anti-
adherents such as talc may be used to prevent tablets 

with f lm-coated tablets, sugar-coated tablets must 
be compliant with f nished product specif cations 
and any relevant compendial requirements.

Process  equipment

Typically, tablets are sugar coated by a panning tech-
nique, using a traditional rotating sugar-coating pan 
with a supply o  drying air (pre erably capable o  
being thermostatically controlled), and an extrac-
tion system to remove dust- and moisture-laden air 
(illustrated in Fig. 32.8).

Traditional sugar-coating processes involve manual 
application techniques, whereby the coating liquid 
is ladled directly onto the sur ace o  the cascading 
bed o  tablets. In e  orts to improve control and to 
speed up the sugar-coating process, many o  the 
process equipment improvements discussed under 
f lm coating are used. Automated dosing techniques 
and control procedures can also now be employed 
to great e  ect.

Description of the sugar-coating 
process

Sugar coating is a multistage process and can be 
divided into the  ollowing steps:
1. Sealing o  the tablet cores
2. Subcoating

Fig . 32.8 •  Traditional sugar-coating pan. 
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such as ink-jet and pad-printing processes, have also 
gained acceptance.

Sugar-coating defects

Sugar coating is technically and practically a di f cult 
process that requires a great deal o  skill and experi-
ence. De ects in the coating can occur without 
adequate process control. Although they may well 
have drug release or stability implications, de ects 
associated with sugar-coated tablets are likely to be 
visual in nature. Common sugar-coat de ects include:
•  tablets that are rough in appearance (in which 

case the sur ace may also exhibit  a marbled 
appearance as sur ace pits can become f lled 
with wax during the polishing stage)

•  tablets that are smooth but dull in appearance
•  tablets that have pieces o  debris (usually  rom 

broken tablets  rom the same batch) stuck to 
the sur ace

•  tablets exhibit ing poor colour uni ormity
•  tablets that split  on storage as a result o  

inadequate drying (causing the tablets to swell).

Compre s s ion c oating

Compression coating di  ers radically  rom f lm 
coating and sugar coating. The process involves the 
compaction o  granular material around pre ormed 
tablet  cores (Fig. 32.9) using specially designed tab-
leting equipment. Compression coating is essentially 
a dry process (although the coating  ormulation may 
have been produced by a wet-granulation process).

Description of the compress ion-
coating process

Compression coating is based on a modif cation o  
the traditional tableting process. Tablet cores are 

sticking together, and polysaccharide gums, such as 
gum acacia, may also be added as a binder in order 
to reduce britt leness.

Smoothing
The subcoating stage is notorious  or producing a 
sur ace f nish that  is somewhat rough. To  acilitate 
the application o  the colouring layer (which requires 
a smooth sur ace), subcoated tablets are usually 
smoothed out by applying a sucrose coating that is 
o ten coloured with titanium dioxide to achieve the 
desired level o  whiteness.

Colouring
Nearly all sugar-coated tablets are coloured, since 
visual elegance is usually considered to be o  great 
importance with this type o  coated dosage 
 orm. Colour coatings usually consist o  sucrose 
syrups containing the requisite colouring materials. 
As with f lm coating colours, sugar-coating colour-
ants may be subdivided into either water-soluble 
dyes or water-insoluble pigments. Traditionally, 
water-soluble dyes have been used but in order to 
speed up the coating process and minimize colour 
migration problems, dyes have gradually been 
replaced with pigments. The actual colourants used 
must comply with regulations promulgated by the 
national legislation o  the country where the prod-
ucts are to be marketed.

Polis hing
Once the colour coating layers have been applied 
and dried, the tablet sur ace tends to be smooth but 
somewhat dull in appearance. To achieve the glossy 
f nish that typif es sugar-coated products, a f nal 
stage involving the application o  waxes is employed. 
Suitable waxes include beeswax, carnauba wax or 
candelilla wax applied as f nely ground powders or 
as suspensions/ solutions in an appropriate organic 
solvent.

P rinting
It is common practice to identi y all oral solid dosage 
 orms with a manu acturer’s logo, product name, 
dosage strength or other appropriate code. For 
sugar-coated products such identif cation can only 
be achieved by means o  a printing process, which 
is typically an o  set  gravure process using special 
edible inks. However, alternative printing processes, Fig . 32.9 •  Diagram of compression-coated tablet. 
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•  Sugar coating – while traditional pan-coating 
methods are o ten utilized, there is growing 
pre erence  or automated techniques involving 
the application o  thinner coatings so that 
batches can be completed within one work day 
(rather than the more traditional 3–5 days).

•  Film coating – typically, pan-coating processes 
are pre erred, although limited interest  in using 
 uidized-bed processes  or small tablets is also 
evident.

•  Compression coating – more o ten used today 
 or novel drug delivery applications, especially 
when partial coatings ( or example, those 
applied only to the upper and lower  aces o  
the tablets) are required.

Standards  for coated tablets

In general, pharmacopoeias have similar require-
ments  or coated and uncoated tablets, the di  er-
ences being that:
•  f lm-coated tablets must comply with the 

uni ormity o  mass test unless otherwise 
justif ed and authorized

•  f lm-coated tablets must comply with the 
disintegration test  or uncoated tablets except 
that the apparatus is operated  or 30 minutes. 
The requirement  or coated tablets other than 
those that are f lm coated is modif ed to include 
a 60-minute operating time. Furthermore, the 
test may be repeated using 0.1 N HCl in the 
event that any tablets  ail to disintegrate in the 
presence o  water.

Coating  of multipartic ulate s

Coated multiparticulates, o ten re erred to as 
‘pellets’ or ‘beads’, commonly  orm the basis  or a 
wide range o  modif ed-release dosage  orms (as 
described by Tang et al 2005 and in Chapter 31). 
Typically used  or extended-release products, inter-
est has grown in this type o  dosage  orm  or delayed-
release (gastro-resistant) applications as well. Coated 
multiparticulates possess many benef ts compared 
to conventional non-disintegrating tablets (coated or 
otherwise)  or a broad range o  modif ed-release 
applications. These benef ts are discussed more 
 ully in Chapters 22 and 31 but are summarized 
here:

f rst prepared and then mechanically trans erred, on 
the same machine, to another, slightly larger die that  
has partially been f lled with the coating powder. 
The tablet  core is posit ioned centrally into this par-
tially f lled die, more coating powder is f lled on top 
o  the core and the whole composite mass undergoes 
a second compaction event. A detailed description 
o  the compression-coating process has been given 
by G unsel & Dusel (1990).

Traditionally, compression coating has been used 
to separate incompatible materials (one contained in 
the tablet core and the second in the coating). With 
the tradit ional compression-coating process, there is 
still an inter ace layer (between the two layers) that 
may potentially compromise product stability. Thus, 
it  is also possible to apply two coating layers where 
the f rst  coating layer is an inert , placebo  ormula-
tion that e  ectively separates the core and the f nal 
coating layer, each o  which contains a drug sub-
stance that is incompatible with the other.

Compression coating is a mechanically complex 
process that requires care ul  ormulation and 
processing o  the coating layer. Large or irregularly 
shaped granules will cause the core to tilt  in the 
second die used  or compression o  the coating, 
increasing the likelihood o  compressing an uneven 
or incomplete coating, with the core occasionally 
being visible at the tablet sur ace.

Types  of compress ion coatings

Compression coatings are generally made  rom pow-
dered ingredients that either dissolve, or readily dis-
integrate, in aqueous media and thus have commonly 
been used  or immediate-release tablet products. 
There has been increased use o  compression coat-
ings  or the purpose o  creating modif ed-release 
products (Chopra 2003, Waterman & Fergione 
2003).

Coating  of table ts

Overview of coating of tablets

Tablets are by  ar the most common type o  oral 
solid dosage  orm that is coated. They may be coated 
with both immediate-release and modif ed-release 
coatings. O  the techniques available  or applying 
coatings to tablets, the  ollowing are the most likely 
to be used:
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multiparticulates, because the total dosage  
unit is made up o  a large number o  discretely 
coated particles, a de ect in one pellet will  
only ‘dump’ a small  raction, say 1/ 200th,  
o  the total unit dosage. This is likely to have 
no pharmacological consequences. In contrast,  
a de ect  in a coated monolithic tablet could 
release 24 hours’ worth o  drug into a patient  
in just a  ew minutes.

Coated multiparticulates are most commonly f lled 
into two-piece, hard gelatin capsules to  orm the 
f nal dosage unit, although they may also be com-
pacted (as long as appropriate  ormulation and 
processing strategies are used to avoid rupturing o  
the coating) into tablets.

Types  of multiparticulates

A number o  di  erent types o  multiparticulates are 
illustrated in Figure 32.10. They are commonly f lm 
coated in order to create modif ed-release products.

Drug.c rys ta ls
Drug crystals, as long as they are o  the appropriate 
size and shape (elongated or acicular crystals should 
be avoided), can be directly coated with a modif ed-
release f lm coating.

Irregular.granules
G ranulates, such as those regularly used to prepare 
tablets, can be f lm coated but variation in particle 
size distribution ( rom batch to batch), as well as 
the angular nature o  such particles, can make it  
di f cult to achieve uni orm coating thickness around 
each particle.

Spheronized .granules
Spheroidal particles simpli y the coating process. 
The production o  the spheroidal cores is detailed 
in Chapter 28.

Drug-loaded.nonpare ils
Another process  or producing spheroidal particles 
involves the application o  drug to the sur ace o  
placebo pellets, o ten called nonpareils. These are 
pre ormed spherical particles about 1 mm in diam-
eter consisting primarily o  sucrose and starch, 

1. Capitalizing on small size (typically 0.5–
2.0 mm)  – gastrointestinal transit  t imes can 
be somewhat erratic  or non-disintegrating 
tablets (especially as a result o   ood e  ects); 
particles smaller than about 2.0 mm can pass 
through the constricted pyloric sphincter even 
during the gastric phase o  the digestion  
process and distribute themselves more readily 
throughout the distal part o  the gastrointestinal 
tract .

2. Minimizing irritant effects – whole, non-
disintegrating tablets can potentially lodge in 
restrict ions within the gastrointestinal tract , 
causing the release o  drug to be localized and 
thus cause mucosal damage should the drug 
possess irritant e  ects. This potentially harm ul 
e  ect can be minimized with multiparticulates 
since their small size reduces the likelihood o  
such entrapment, while the drug concentration 
is spread out over a larger number o  discrete 
particles.

3. Reducing the consequences of imperfect coatings 
– f lm coatings, deposited using a spray 
technique, can potentially possess imper ections 
(such as pores) that could compromise the 
per ormance o  modif ed-release dosage  orms. 
Traditional coated tablets can be problematic  
in this regard, since the whole dose could 
potentially be released quite rapidly i  such 
imper ections (in the coating) exist. With 
multiparticulates, such a risk is greatly reduced 
since an imper ect coating on one or two  
pellets (out o  50–200 that constitute a single 
dosage unit) is likely to have lit t le e  ect in 
terms o  lack o  benef t, or even harm, to the 
patient.

4. Reducing the impact of poor coating uniformity 
– f lm-coating processes are incapable o  
ensuring that every entity (tablet, pellet, etc.) 
within a batch o  product will receive exactly 
the same amount o  coating. With a tablet,  
the complete dose o  drug is contained in that 
dosage unit, so any tablet-to-tablet variation  
in the amount o  coating applied can result in 
variable drug release  rom dosage unit to dosage 
unit. The types o  process used  or coating 
multiparticulates are renowned  or achieving 
better uni ormity o  distribution o  the coating 
material. A  urther advantage relates to the 
possible problem o  ‘dose dumping’ resulting 
 rom a de ect  in a f lm coat. With 
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Mechanisms  of drug release  
from multiparticulates

There are many  actors that in uence drug release 
 rom coated multiparticulates, some o  which are 
related to the  ormulations used and others to the 
various manu acturing processes employed. Irre-
spective o  the actual number o   actors involved, it  
is generally accepted that the mechanisms o  drug 
release (Ozturk et al 1990, Zhang et al 1991) can 
generally be ascribed to specif c conditions.

Diffus ion
Di  usion is primarily a process whereby drug will 
partit ion into the f lm coat membrane and permeate 
through it . The rate at which the drug is released by 
this mechanism is primarily in uenced by the drug 
concentration gradient across the membrane, the 
thickness o  the membrane, the solubility o  the 
drug in the membrane and the permeability coe f -
cient governing passage o  the drug through the 
membrane.

Os mos is
Once water has passed through the f lm coating, 
dissolution o  soluble components (excipients and 
drug) within the core can allow an osmotic pressure 

although some such particles may also be prepared 
using microcrystalline cellulose. Application o  the 
drug uses either:
•  a powder-dosing technique involving alternate 

dosing o  powder (containing the drug 
substance) and binder liquid onto the sur ace o  
the nonpareils until the required dose o  drug 
has been achieved

•  spray application o  drug, either suspended or 
dissolved in a suitable solvent (usually water) 
containing also a polymer binder (such as 
hydroxypropyl methylcellulose or polyvinyl 
pyrrolidone) onto the sur ace o  the nonpareils.

Mini.tab le ts
Many o  the other types o  multiparticulates 
described so  ar su  er  rom two potential batchwise 
drawbacks, namely:
•  variation in particle size distribution
•  variation in particle shape and sur ace 

roughness.
Such variability can result in variable coating 
thickness and thus product per ormance. This 
problem can be overcome by using mini compressed 
tablets (typically in the size range o  1–2 mm) pro-
duced using a modif cation o  traditional tableting 
processes.

Fig . 32.10 •  Examples of  lm-coated multiparticulates. 
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Hot-melt.coa ting
Hot-melt coatings are usually applied to multipar-
t iculates in order to mask taste and modi y drug 
release. They consist o  waxy materials (such as 
beeswax, synthetic spermaceti and other synthetic 
mono/ diglycerides) that have melting points in the 
range o  55–65 °C and exhibit melt viscosities that 
are typically less than 100 mPa s (in order to allow 
the  ormation o  smooth coatings on the sur aces o  
particles). Hot-melt coatings are pre erably applied 
to multiparticulates using  uidized-bed coating 
processes, as described by Kennedy & Niebergall 
(1996).
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to be generated inside the coated particle that will 
in uence the rate at which the drug will be pushed 
out through pores or a pre ormed aperture in the 
membrane.

Dia lys is
Dialytic e  ects describe conditions where water-
f lled channels are  ormed in a microporous mem-
brane (o ten created by the imper ections common 
to many applied f lm coatings) through which drug 
in solution can pass. The key  actors in uencing drug 
release by this mechanism include the length and 
tortuosity o  these channels, as well as the solubility 
o  the drug in water.

Eros ion
Some coatings are designed to erode gradually with 
t ime, thereby releasing the drug contained within 
the pellet in a controlled manner. Examples o  these 
types o  coating are usually those that consist o  
natural materials such as shellac (the solubility o  
which in water increases with increasing pH) or 
waxes and  ats that become so t  enough to  acilitate 
erosion as the coated multiparticulates are subjected 
to intense agitation as they pass through the gas-
trointestinal tract .

Processes  for coating 
multiparticulates

Traditionally, multiparticulates were coated using 
pan-coating processes, o ten employing techniques 
very similar to those used in sugar coating. As coating 
processes evolved, spray application techniques 
became more prevalent and today,  uidized-bed 
processes are pre erred because o  their ability to:
•  enable discrete coatings to be applied to small 

particles while minimizing the risk o  
agglomeration

•  ensure that coatings are uni ormly deposited on 
the sur ace o  each multiparticulate in the 
batch.

All the polymeric f lm-coating procedures described 
above can be used  or the coating o  multiparticu-
lates. The  uidized bed is used in pre erence to the 
per orated pan. Another coating technique that is 
f nding  avour  or the coating o  modif ed-release 
pellets is hot-melt  coating.
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KE Y P O IN TS

•  Hard capsules  are a popular solid oral dosage 
 orm cons is ting o  two pieces , a  cap and body 

•  Good patient compliance is  achieved through the 
use o  colour  or identif cation, an easy to swallow 
shape and a shell that masks  the tas te o  f ll 

•  Manu acture involves  dipping metal mould pins  
into solution o  polymers : f lms   orm on the 
mould sur aces , are dried, cut to length and two 
parts  assembled 

•  Traditionally hard capsules  are made  rom 
gelatin and now also  rom hypromellose 

•  They can be f lled with  ormulations  having a 
wide range o  properties ,  rom dry solids  to 
non-aqueous  liquids  

•  Powder mixtures  are the principal  ormulation 
type; involving a s imple two-s tep manu acturing 
process , mix and f ll 

•  All f lling machines , manual and automatic, use 
volumetric devices  to measure the correct f ll 
weight 

•  Dos ing o  the powder is  either ‘dependent’, 
us ing the capsule body to measure the powder, 
or ‘independent’ with the powder measured 
us ing a dos ing mechanism, mos t  requently 
 orming a so t plug o  powder 

•  The powder  ormulation objective is  to produce 
s table mixtures  o  actives  plus  excipients  with 
good  ow and packing properties  

•  Standard capsules  release contents  in the 
s tomach  Release lower in the gas trointes tinal 
tract is  achieved by modi ying the f ll  ormulation 
or by coating the capsule 

Introduc tion

The word ‘capsule’ is derived from the Latin capsula, 
meaning a small box. In current English usage it  is 
applied to many different objects, ranging from 
 owers to spacecraft. In pharmacy, the word is used 
to describe an edible package made from gelatin 
or other suitable material which is  lled with 

Brian E. Jones
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could be described as formed of overlapping 
plates, whereas the gelatin  lms are 
homogeneous in structure, which gives them 
their strength.

G elatin is a substance of natural origin that does not 
occur as such in nature. It  is prepared by the hydrol-
ysis of collagen, which is the main protein constitu-
ent of connective t issues (Jones R.T. 2004). Animal 
skins and bones are the raw materials used for the 
manufacture. There are two main types of gelatin: 
type A, which is produced by acid hydrolysis, and 
type B, which is produced by basic hydrolysis. The 
acid process takes about 7–10 days and is used 
mainly for porcine skins, because they require less 
pre-treatment than bones. The basic process takes 
about 10 times as long and is used mainly for bovine 
bones. The bones must  rst  be decalci ed by washing 
in acid to give a soft sponge-like material, called 
ossein, and calcium phosphates are produced as a 
by-product. The ossein is then soaked in lime pits 
for several weeks.

After hydrolysis, the gelatin is extracted from the 
treated material using hot water. The  rst  extracts 
contain the gelatin with the highest physical proper-
ties, and as the temperature is raised, the quality 
falls. The resulting weak solution of gelatin is con-
centrated in a series of evaporators and then chilled 
to form a gel. This gel is then extruded to form 
strands, which are then dried in a  uidized-bed 
system. The dried material is graded and then 
blended to meet the various speci cations required.

The properties of gelatin that are most important 
to capsule manufacturers are the Bloom strength 
and viscosity. The Bloom strength is a measure of 
gel rigidity. It  is determined by preparing a standard 
gel (6.66% w/ v) and maturing it  at  10 °C. It  is 
de ned as the load in grams required to push a 
standard plunger 4 mm into the gel. The gelatin 
used in hard capsule manufacture is of a higher 
Bloom strength (200–250 g) than that  used for soft 
capsules (150 g) because a more rigid  lm is required 
for the manufacturing process.

Many materials used in the manufacture of phar-
maceuticals are manufactured from raw materials of 
bovine origin, e.g. stearates and gelatin. The out-
break of Bovine Spongiform Encephalopathy (BSE), 
which started in the UK, has led to strict rules being 
introduced by the EU to minimize the risks posed 
by animal Transmissible Spongiform Encephalopa-
thy (TSE) agents. The European Pharmacopoeia has 
included a general chapter on minimizing the risk of 
transmitting TSE agents via medicinal products and 

medicines to produce a unit dosage, mainly for oral 
use. There are two types of capsule, ‘hard’ and ‘soft’; 
better adjectives would be ‘two-piece’ in place of 
‘hard’ and ‘one-piece’ in place of ‘soft’. The hard 
capsule consists of two pieces in the form of cylin-
ders closed at one end; the shorter piece, called the 
‘cap’,  ts over the open end of the longer piece, 
called the ‘body’. Soft  capsules are discussed in 
Chapter 34.

Raw mate rials

Similar raw materials have been used in the manu-
facture of both types of capsule. Traditionally both 
contain gelatin, water, colourants and optional mate-
rials, such as process aids and preservatives; in 
addition, soft  capsules contain various plasticizers, 
such as glycerin and sorbitol. The major phar-
macopoeias (European, Japanese and US) permit 
the use of gelatin or other suitable material. Since 
late 1990s hard capsules have also been manufac-
tured from hypromellose (hydroxypropy methylcel-
lulose) in order to produce a shell with low moisture 
content.

Gelatin

G elatin is still the major component used for cap-
sules, and replacement polymer systems need to 
have the same basic properties. G elatin possesses 
 ve basic properties that make it  suitable for the 
manufacture of capsules:
1. It  is non-toxic, widely used in foodstuffs, and is 

acceptable for use worldwide.
2. It  is readily soluble in biological  uids at body 

temperature.
3. It  is a good  lm-forming material, producing a 

strong  exible  lm. The wall thickness of a hard 
gelatin capsule is about 100 µm.

4. Solutions of high concentration, e.g. 40% w/ v, 
are mobile at 50 °C. Other biological polymers, 
such as agar, are not.

5. A solution in water undergoes a reversible 
change from a sol to a gel at temperatures only 
a few degrees above ambient. This is in contrast 
to other  lms formed on dosage forms, where 
either volatile solvents or large quantities of 
heat are required to cause this change of state, 
e.g. tablet  lm coating. These types of  lm are 
formed by spraying and have a structure that 
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Preservatives were formerly added to hard cap-
sules as an in-process aid in order to prevent micro-
biological contamination during manufacture. 
Manufacturers operating their plants to G MP guide-
lines no longer use them. In the  nished capsules, 
the moisture levels, 13–16% w/ v, are such that the 
water activity will not support  bacterial growth 
because the moisture is too strongly bound to the 
gelatin molecule.

Manufac ture

The process in use today is the same as that described 
in the original patent of 1846. Metal moulds at room 
temperature are dipped into a hot gelatin solution 
which gels to form a  lm. This is dried, cut to 
length, removed from the moulds and the two parts 
are joined together. The difference today is that the 
operation is now fully automated, carried out as a 
continuous process on large machines housed in air-
conditioned buildings. There is a limited number 
of specialist  companies that manufacture empty 
capsule shells for supply to the pharmaceutical and 
health food industries, who  ll them with their own 
products.

The  rst  step in the process is the preparation of 
the raw materials. A concentrated solution of gelatin, 
35–40%, is prepared using demineralized hot water, 
60–70 °C, in jacketed pressure vessels. This is stirred 
until the gelatin has dissolved and then a vacuum is 
applied to remove any entrapped air bubbles. Aliq-
uots of this solution are dispensed into suitable con-
tainers and the required amounts of dye solutions 
and pigment suspensions added. The viscosity is 
measured and adjusted to a target value by the addi-
t ion of hot water. This latter parameter is used to 
control the thickness of capsule shells during pro-
duction: the higher the viscosity, the thicker the 
shell wall produced. The prepared mixes are then 
transferred to a heated holding hopper on the manu-
facturing machine. Hypromellose solutions can be 
converted into a gelling system by the addition of a 
gelling agent, such as carrageenan, and a co-gelling 
agent, such as potassium chloride, and used to man-
ufacture capsules on standard unmodi ed machines.

The manufacturing machines are approximately 
10 m long, 2 m wide and 3 m high. They consist of 
two parts, which are mirror images of each other: 
on one half the capsule cap is made and on the other 
the capsule body. The machines are also divided into 
two levels, an upper and a lower. The moulds, 

guidance on products at risk. Manufacturers of rel-
evant materials have to submit data to the European 
Department of the Quality of Medicines (EDQM) 
who will review it  and issue a cert i cate of suitabil-
ity for their product. This must then be submitted 
to the national regulatory authorities for medicinal 
products that contain these materials. The Scienti c 
Steering Committee of the EU has collected data 
from many countries and has assigned to each a 
G eographical BSE Risk (G BR). There are four cat-
egories ranging from G BR I, which is a country in 
which BSE has never been detected and has in place 
a surveillance programme, e.g. New Zealand, to 
G BR IV which is a country in which the disease is 
prevalent, e.g. as was the case in the UK. Currently, 
gelatin for use in pharmaceuticals in the EU is 
sourced from bovine bones obtained from G BR I 
countries.

Colourants

The colourants that can be used are of two types: 
water-soluble dyes or insoluble pigments. To make 
a range of colours; dyes and pigments are mixed 
together as solutions or suspensions. The dyes used 
are mostly synthetic in origin and can be subdivided 
into the azo dyes (those that have an –N=N– linkage) 
and the non-azo dyes, which come from a variety of 
chemical classes. Most dyes used currently are 
non-azo and the three most widely used are eryth-
rosine (E127), indigo carmine (E132) and quinoline 
yellow (E104). Two types of pigment are used: 
black, red and yellow iron oxides (E172) and tita-
nium dioxide (E171), which is white and is used to 
make the capsule opaque. The colourants that can 
be used to colour medicines are governed by legisla-
t ion, which varies from country to country despite 
the fact that it  is based on toxicological testing 
(Jones 1993). In the last 20 years there has been a 
move away from soluble dyes to pigments, particu-
larly the iron oxides, because they are not absorbed 
on ingestion.

Process  aids

The USNF describes the use of gelatin containing 
not more than 0.15% w/ w of sodium lauryl sulfate 
for use in hard gelatin capsule manufacture. This 
functions as a wetting agent, to ensure that the 
lubricated metal moulds are uniformly covered 
when dipped into the gelatin solution.
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joined together and the complete capsule delivered 
from the machine. The mould pins are then cleaned 
and lubricated for the start of the next cycle. 
Hypromellose solutions behave in a similar way to 
gelatin, except that the speed of gelling is slower and 
thus the machine output is reduced.

The machines are normally operated on a 24-hour 
basis, 7 days per week, stopping only for mainte-
nance. The output per machine is over 1 million 
capsules per day, depending upon the size: the 
smaller the capsule, the higher the output.

The assembled capsules are not fully closed at 
this stage and are in a ‘prelocked’ position, which 
prevents them falling apart before they reach the 
 lling machine. The capsules now pass through a 
series of sorting and checking processes, which can 
be either mechanical or electronic, to remove as 
many defective ones as possible. The quality levels 
are checked throughout the process using standard 
statistical sampling plans based on the Military 
Inspection Standards. If required, capsules can be 
printed at this stage. This is done using an offset 
gravure roll printing process using an edible ink 
based on shellac. The information printed is typi-
cally either the product name or strength, a company 
name or logo, or an identi cation code. The capsules 
are  nally packed for shipment in moisture-proof 

commonly referred to as ‘pins’, are made of stainless 
steel and are mounted in sets on metal strips, called 
‘bars’. There are approximately 50 000 mould pins 
per machine. The machines are housed in large 
rooms where the humidity and temperature are 
closely controlled.

The sequence of events in the manufacturing 
process is shown in Figure 33.1. At the front end of 
the machine is a hopper, called a ‘dip pan’ or ‘pot’. 
This holds a  xed quantity of gelatin at a constant 
temperature, between 45 and 55 °C. The level of 
solution is maintained automatically by a feed from 
the holding hopper. Capsules are formed by dipping 
sets of moulds, which are at room temperature, 
22 °C, into this solution. A  lm is formed by gelling 
on the surface of each mould. The moulds are slowly 
withdrawn from the solution and then rotated 
during their transfer to the upper level of the 
machine, in order to form a  lm of uniform thick-
ness. G roups of ‘pin bars’ are then passed through 
a series of drying kilns, in which large volumes of 
controlled humidity air are blown over them. When 
they reach the rear of the machine, the bars are 
transferred back to the lower level and pass through 
further drying kilns until they reach the front of the 
machine. Here, the dried  lms are removed from 
the moulds, cut to the correct  length, the two parts 

Fig . 33.1 •  The sequence of two-piece hard gelatin capsule shell manufacture. 
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To accommodate special needs some intermedi-
ate sizes are produced, termed ‘elongated sizes’, that 
typically have an extra 10% of  ll volume compared 
to the standard sizes, e.g. for 500 mg doses of anti-
biotics, elongated size 0 capsules are commonly 
used. The shape of the capsule has remained virtu-
ally unchanged since its invention more than 160 
years ago, except for the development of the self-
locking capsule during the 1960s, when automatic 
 lling and packaging machines were introduced. 
Filled capsules were subjected to vibration during 
this process, causing some to come apart  and spill 
their contents. To overcome this, modern capsule 
shells have a series of indentations on the inside of 
the cap and on the external surface of the body 
which, when the capsule is closed after  lling, form 
an interference  t  suf ciently strong to hold them 
together during mechanical handling. The manufac-
turer of the empty shells can be identi ed from the 
indentations, which are speci c to each one.

Caps ule .s he ll.  lling
Hard capsules can be  lled with a large variety of 
materials of different physicochemical properties. 
The limitations in the types of material that can be 
 lled are shown in Table 33.2. G elatin and hypromel-
lose are relatively inert materials. The substances to 
be avoided are those which are known to react with 
gelatin, e.g. formaldehyde, which causes a crosslink-
ing reaction that makes the capsule insoluble, or 

liners, preferably heat-sealed aluminium foil bags, in 
cardboard cartons. In these containers they can be 
stored for long periods without deterioration in 
quality, provided they are not subjected to localized 
heating or sudden temperature changes that will 
affect their moisture content and dimensions.

Empty capsule properties

Empty gelatin capsules contain a signi cant amount 
of water that acts as a plasticizer for the  lm and is 
essential for their function. During industrial  lling 
and packaging operations, they are subjected to 
mechanical handling and because the gelatin walls 
can  ex, these forces can be absorbed without any 
adverse effect . The standard moisture content spec-
i cation for hard gelatin capsules is between 13% 
and 16% w/ w. This value can vary depending upon 
the conditions to which they are exposed: at low 
humidities they will lose moisture and become 
brittle, and at  high humidities they will gain mois-
ture and soften. The moisture content can be main-
tained within the correct speci cation by storing 
them in sealed containers at an even temperature. 
The standard moisture content for hypromellose 
capsules is 3% to 6% and when they lose moisture 
they do not become brittle.

G elatin capsules are readily soluble in water at 
37 °C. Their rate of dissolution decreases when the 
temperature falls below this. Below about 26 °C 
they are insoluble and simply absorb water, swell 
and distort. This is an important factor to take into 
account during disintegration and dissolution testing. 
Because of this, most pharmacopoeias have set  a 
limit of 37±1 °C for the media for carrying out these 
tests. Capsules made from hypromellose have a dif-
ferent solubility pro le, being soluble at tempera-
tures as low as 10 °C (Chiwele et al 2000).

Capsule f lling

Caps ule .s izes
Hard capsules are made in a range of sizes; the 
standard industrial ones in use today for human 
medicines range from size 0 to 4 (Table 33.1). To 
estimate the  ll weight for a powder, the simplest 
way is to multiply the body volume by its tapped 
bulk density. The  ll weight for liquids is calculated 
by multiplying the speci c gravity of the liquid by 
the capsule body volume multiplied by 0.9.

Table 33.1 Capsule size and body  ll volumes

Capsule size Body volume (mL)

0 0.69

1 0.50

2 0.37

3 0.28

4 0.20

Table 33.2 Limitations in properties of materials for 
 lling into capsules

Must not react with gelatin or alternative shell component.
Must not contain a high level of ‘free’ moisture.
The volume of the unit dose must not exceed the sizes of 

capsule available.
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difference between the many methods available is 
the way in which the dose of material is measured 
into the capsule body.

Filling o  powder  ormulations

Bench-s ca le .  lling
There is a requirement for  lling small quantities of 
capsules, from 50 to 10 000, in hospital pharmacies 
or in industry for special prescriptions or trials. 
There are several simple pieces of equipment avail-
able, e.g. the ‘Feton’ from Belgium, that consists of 
sets of plastic plates with predrilled holes to take 
from 30 to 100 capsules of a speci c size. Empty 
capsules are fed into the holes, either manually or 
with a simple loading device. The bodies are locked 
in their plate by means of a screw and the caps in 
their plate are removed. The bodies are released and 
drop below their plate surface, powder is placed 
onto this surface and is spread with a spatula so that 
it   lls the bodies. The uniformity of  ll weight is 
very dependent upon good  ow properties of the 
powder. The cap plate is then repositioned over the 
body plate and the capsules are rejoined using 
manual pressure. Stainless steel versions of these 
devices are now available, e.g. Pro ll (Torpac Inc, 
USA), that can be cleaned and autoclaved to comply 
with G MP requirements.

Indus tria l-s ca le .  lling
The machines for the industrial-scale  lling of hard 
capsules come in great variety of shapes and sizes, 
varying from semi- to fully automatic and ranging in 
output from 3000 to 150 000 per hour. Automatic 
machines can be either continuous in motion, like a 
rotary tablet press, or intermittent, where the 
machine stops to perform a function and then 
indexes round to the next position to repeat the 
operation on a further set of capsules.

The dosing systems can be divided into two 
groups:
•  Dependent – dosing systems that use the 

capsule body directly to measure the powder. 
Uniformity of  ll weight can only be achieved if 
the capsule is completely  lled

•  Independent – dosing systems whereby the 
powder is measured independently of the body 
in a special measuring device. Weight uniformity 
is not dependent on  lling the body completely. 
With this system capsules can be part   lled.

those that interfere with the integrity of the shells, 
e.g. substances containing free water, which can be 
absorbed by the gelatin or hypromellose, causing 
them to soften and distort. There is also a limitation 
on the size of capsule that can be easily swallowed, 
and thus large doses of low-density formulations 
cannot be used.

The materials that have been  lled into hard cap-
sules are given in Table 33.3. The reason why such 
a range of materials can be handled is the nature of 
the capsule- lling process. Empty hard capsules are 
supplied in bulk containers. First, it  is necessary for 
the  lling machine to orientate them so that they 
are all pointing in the same direction, i.e. body  rst . 
To do this, they are loaded into a hopper and from 
there fall randomly through tubes to a recti cation 
section. Here the capsules are held in tight- t t ing 
slots. Metal  ngers strike them in the middle and 
because the bodies have the smaller diameter, they 
rotate away from the direction of impact. Next the 
capsules are sucked into pairs of bushings that trap 
the caps in the upper one, because of their greater 
diameter, thus separating them from the bodies. The 
bodies are then passed under the dosing mechanism 
and  lled with material. Thus, providing a substance 
can be measured and dosed, it  can be  lled into 
capsules. The caps are then repositioned over the 
bodies and metal  ngers push the bodies up into 
them to rejoin the two parts.

Capsule-f lling machines

The same set of basic operations is carried out 
whether capsules are being  lled on the bench for 
extemporaneous dispensing or on high-speed auto-
matic machines for industrial products. The major 

Table 33.3 Types of material for  lling into hard  
gelatin capsules

Dry solids
Powders
Pellets
Granules
Tablets

Semi-solids
Thermo-softening mixtures
Thixotropic mixtures
Pastes

Liquids
Non-aqueous liquids
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capsule shell. There are two types of plug-forming 
machine: the ‘dosator’ system and the ‘tamping 
 nger and dosing disc’ system.
Dosa tor. This consists of a dosing tube inside 
which there is a movable spring-loaded piston, thus 
forming a variable-volume chamber in the bottom 
of the tube (Fig. 33.3). This is lowered open end 
 rst  into a bed of powder, which enters the tube to 
 ll the chamber and form a plug. This can be further 
consolidated by applying a compression force with 
the piston. The assembly is then raised from the 
powder bed and positioned over the capsule body. 
The piston is lowered, ejecting the powder plug into 
the capsule body. The weight of powder  lled 
can be adjusted by altering the position of the 
piston inside the tube, i.e. increasing or decreasing 
the volume, and by changing the depth of the 
powder bed.

This system is the most widely used and the one 
most described in the literature. Examples of 
machines that  use this system are:
•  intermittent motion – Zanasi (IMA), Pedini, 

Macophar and Bonapace. Their outputs range 
from 3000 to 60 000 per hour

•  continuous motion – MG 2, Imatic (IMA). Their 
outputs range from 30 000 to 150 000 per hour.

Ta mping f nger a nd dosing disc. The dosing 
disc forms the bottom of a revolving powder hopper 

Dependent.dos ing.s ys tems

The a uger. Empty capsules are fed into a pair of 
ring holders (Fig. 33.2), the caps being retained in 
one half and the bodies in the other. The body 
holder is placed on a variable-speed revolving turn-
table; the powder hopper is pulled over the top of 
this plate, which revolves underneath it . In the 
hopper, a revolving auger forces powder down into 
the capsule bodies. The weight of powder  lled into 
the body is dependent mainly upon the time the 
body is underneath the hopper during the revolution 
of the plate holder.

These machines are semi-automatic, requiring an 
operator to transfer the capsule holders from one 
position to the next. They were  rst  developed for 
large-scale use during the  rst  half of the 20th 
century and are still widely used in many countries. 
The contact parts of these machines were originally 
made from cast iron but are now made from stain-
less steel to comply with G MP requirements. Their 
output varies between 15 000 and 25 000 per hour, 
which is dependent upon the skill of the operator, 
and they are widely used by the herbal and nutraceu-
tical industries.

Independent.dos ing.s ys tems
Most industrial machines in Europe and the USA 
are fully automatic and use dosing mechanisms that 
form a ‘plug’ of powder. This is a soft compact 
formed at  low compression forces, between 10 and 
100 N, which are signi cantly less than those used 
in tableting (10–100 kN). The reason the plug is soft 
is because it  is not the  nal dosage form, unlike the 
tablet , as the material will be contained inside a 

Fig . 33.2 •  An auger  lling machine using the ring 
system. Model No. 8. (Reproduced from Jones 2007, 
with permission.)

Fig . 33.3 •  A dosing tube or dosator-type machine, 
Zanasi RM63. (Reproduced from Jones 2007, with 
permission.)
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quantify: there are two punches and a die that holds 
a speci c volume of material. On a capsule- lling 
machine there are a variety of moving parts involved 
in dosing, which occurs in an uncon ned bed of 
powder. The forces involved are small. As a result  
of this, comparatively few papers have been pub-
lished on the topic. Dosator machines have been 
studied the most. Strain gauges have been  xed to 
the piston and have enabled the compression forces 
(10–250 N) and ejection forces (1–20 N) in lubri-
cated products to be measured. Distance transduc-
ers have been used to measure the relative 
movements of the piston and dosator. Simulators 
have also been built  to overcome the problem of the 
machine parts moving but to date, these have had 
limited application (Armstrong 2004).

Pellet f lling

Preparations formulated to give modi ed-release 
patterns are often produced as granules or coated 
pellets. They are  lled on an industrial scale using 
machines adapted from powder use. All have a 
dosing system based on a chamber with a volume 
that can easily be changed. Pellets are not com-
pressed in the process and may have to be held 
inside the measuring devices by mechanical means, 
e.g. by applying suction to the dosing tube. In cal-
culating the weight of particles that can be  lled into 
a capsule, it  is necessary to make an allowance for 
their size. Unlike powders, which have a much 
smaller size, they cannot  ll as much of the available 
space within the capsule because of packing restric-
tions. The degree of this effect will be greater the 
smaller the capsule size and the larger the particle 
diameter.

Tablet f lling

Tablets are placed in hoppers and allowed to fall 
down tubes, at  the bottom of which is a gate device 
that will allow a set  number of tablets to pass. These 
fall by gravity into the capsule bodies as they pass 
underneath the hopper. Most machines have a 
mechanical probe that is inserted into the capsule 
to check that the correct number of tablets has been 
transferred. Tablets for capsule  lling are normally 
 lm coated to prevent dust generation, and are sized 
so that they can fall freely into the capsule body but 
without turning on their sides. A recent innovation 
is the  lling of coated minitablets, which have a 

(Fig. 33.4). This disc has several sets of accurately 
drilled holes in which powder plugs are formed by 
several sets of tamping  ngers – stainless steel rods 
that are lowered into them through the bed of 
powder. At each position the  ngers compress the 
material in the holes, building up a plug before they 
index on to the next position. As the disc rotates, 
material  ows into the holes. At the last position, 
 ngers push the plugs through the disc into capsule 
bodies. The powder  ll weight can be varied by the 
amount of insertion of the  ngers into the disc, by 
changing the thickness of the dosing disc, and by 
adjusting the amount of powder in the hopper.

The machines that use this system are all inter-
mittent in motion. Examples are manufactured by 
Robert Bosch, Harro Hö iger, PAM machinery and 
Qualicaps.

Ins trumented .caps ule- lling..
machines .and .s imula tors
Unlike tablet  machines, few workers have instru-
mented capsule- lling machines. This is for a variety 
of reasons. Capsules are used only in the pharma-
ceutical and health food industries, as opposed to 
tablets, which are widely used by many other indus-
tries and therefore there is more incentive to do 
fundamental research. The tablet press is simple to 

Fig . 33.4 •  A dosing disc and tamping  nger machine, 
Hö iger & Karg. (Courtesy of Jones 2007, with 
permission.)
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In order to formulate rationally, it  is necessary to 
take into account the mechanics of the  lling 
machines and how each type of product is handled.

Powder  ormulation

The majority of products for  lling into capsules are 
formulated as powders. These are typically mixtures 
of the active pharmaceutical ingredient together 
with a combination of different types of excipients 
(Jones 1995; Table 33.4). The ones selected depend 
upon several factors:
•  the properties of the active drug: its dose, 

solubility, particle size and shape
•  the  lling machine to be used
•  the size of capsule to be used.
The latter factor de nes the free space inside the 
capsule that is available to the formulator (Jones 
1998). The easier active compounds to formulate 
are low-dose potent ones, which in the  nal formu-
lation occupy only a small percentage of the total 
volume (< 20%) and so the properties of the mixture 
will be governed by the excipients chosen. Those 
compounds with a high unit dose, e.g. 500 mg of an 
antibiotic, leave lit t le free space within the capsule 
and the excipients chosen must exert their effect  at 
low concentrations (< 5%) and the properties of the 
mixture will be governed by that of the active 
ingredient.

Formulation  or f lling properties

There are three main factors in powder formulation:
•  good  ow (using a free- owing diluent and 

glidant)
•  no adhesion (using a lubricant)
•  cohesion (plug-forming diluent).
The factor that contributes most to the uniform 
 lling of capsules is good powder  ow, because all 

signi cantly smaller surface area than the equivalent 
quantity of pellets, thus, reducing the amount of 
coating required and improving its uniformity.

Semi-solid and liquid f lling

Liquids can easily be dosed into capsules using volu-
metric pumps (Rowley 2004). The problem after 
 lling is to stop leakage from the closed capsule. 
This can be done in one of two ways, either by 
formulation or by sealing the capsule. Semi-solid 
mixtures are formulations that are solid at ambient 
temperatures and can be lique ed for  lling by 
either heating (thermosoftening mixtures) or by 
stirring (thixotropic mixtures). After  lling, they 
cool and solidify or revert to their resting state in 
the capsule to form a solid plug. Both types of for-
mulations are  lled as liquids using volumetric 
pumps. These formulations are similar to those that 
are  lled into soft  gelatin capsules but differ in one 
important respect: they can have melting points 
higher than 35 °C, which is the maximum for soft 
capsules because this is the temperature used by 
the sealing rollers during their manufacture. Non-
aqueous liquids, which are mobile at ambient tem-
peratures, require the capsules to be sealed after 
 lling. The industrially accepted method for this is 
to seal the cap and body together by applying a 
gelatin solution around the centre of the capsule 
after it  has been  lled. When this has been dried it  
forms a hermetic seal that prevents liquid leakage, 
contains odours inside the shell and signi cantly 
reduces oxygen permeation into the contents, pro-
tecting them from oxidation. An example of such 
equipment is the Qualicaps Hicapseal machine, 
which has outputs ranging from 40 000 to 100 000 
per hour.

Formulation

All formulations for  lling into capsules have to 
meet the same basic requirements:
1. They must be capable of being  lled uniformly 

to give a stable product.
2. They must release their active contents in a 

form that is available for absorption by the 
patient.

3. They must comply with the requirements of 
the Pharmacopoeial and regulatory authorities, 
e.g. dissolution tests.

Table 33.4 Types of excipient used in  
powder- lled capsules

Diluents, which give plug-forming properties.
Lubricants, which reduce powder-to-metal adhesion.
Glidants, which improve powder  ow.
Wetting agents, which improve water penetration.
Disintegrants, which produce disruption of the powder mass.
Stabilizers, which improve product stability.
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It has been shown that the particle size in uences 
the rate of absorption for several compounds formu-
lated into capsules. For sul soxazole (Fig. 33.5), 
three different particle sizes were  lled into cap-
sules and administered to dogs; the smallest particle 
gave the highest peak blood level. This can be 
explained simply by the fact that the dissolution 
rate is directly proportional to the surface area of 
the particles: the smaller the particle, the greater 
the relative surface area. However, this is not a 
panacea for formulation problems because small 
particles tend to aggregate and the effect is lost. It  
has been shown that the important factor with par-
ticle size is the ‘effective surface area’, which is the 
area of the active available to the dissolution  uid. 
This is related to the packing of particles and is a 
measure of how well the  uid can penetrate into 
the mass.

Diluents are the excipients that are usually 
present in the greatest concentration in a formula-
tion. They were classically de ned as inert materials 

machines operate by measuring volumes of powders, 
and thus, the formulator’s objective is to make 
powders behave like liquids. The powder bed, from 
which the dose is measured, needs to be homogene-
ous and packed reproducibly in order to achieve 
uniform  ll weights. Packing is assisted by mechani-
cal devices or suction pads on the  lling machines. 
Low-dose actives can be made to  ow well by mixing 
them with free- owing diluents, e.g. lactose. The 
diluent is also chosen for its plug-forming properties: 
those most frequently used are lactose, starch 1500 
and microcrystalline cellulose. When space is limited 
then either glidants, which are materials that reduce 
interparticulate friction, such as colloidal silicon 
dioxide, or lubricants, which are materials that 
reduce powder-to-metal adhesion, e.g. magnesium 
stearate, are added, enabling the dosing devices to 
function ef ciently. G lidants exert their effect by 
coating the surfaces of the other ingredients and 
thus the mixing of them into the bulk powder has 
a signi cant effect on their functioning.

Formulation  or release  
o  active ingredients

The  rst  stage in release from capsules is disintegra-
tion of the capsule shell. When gelatin capsules are 
placed in a suitable liquid at  body temperature, 
37 °C, they start  to dissolve and within 1 minute the 
shell will split , usually at the ends. With a properly 
formulated product, the contents will start  to empty 
out before all the gelatin has dissolved. The of cial 
tests for disintegration and dissolution were origi-
nally designed for tablets. Capsules have very differ-
ent physical properties and after the contents have 
emptied, the gelatin pieces remaining will adhere 
strongly to metal surfaces and may confuse the end-
point of the test. Hypromellose capsules take longer 
for the t ime to the  rst  split  but after this tend to 
disperse faster than gelatin capsules (Missaghi & 
Fasshi, 2006).

The literature shows that the rate-controlling 
step in capsule disintegration and product release is 
the formulation of the contents, which ideally 
should be hydrophilic and dispersible (Jones 1987). 
The factors that  can be modi ed to make the active 
ingredients readily available depend upon their 
properties and those of any excipients being used. 
The active ingredients have a  xed set of physico-
chemical properties which, except for the particle 
size, are out of the control of the formulator.

Fig . 33.5 •  Effect of particle size on bioavailability of 
sul soxazole (after Fincher et al 1965). 
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Some excipients, such as lubricants and glidants, 
are added to formulations to improve their  lling 
properties and these can sometimes have an effect 
on release. The important thing to avoid in formula-
tions is materials that tend to make the mass more 
hydrophobic. The most commonly used lubricant 
for both encapsulation and tableting is magnesium 
stearate. Simmons et  al (1972) studied the dissolu-
tion rate of chlordiazepoxide capsule formulations 
with three levels of magnesium stearate: 0%, 1% and 
5% (Fig. 33.7). They found that the dissolution rate 
was greatly reduced at the highest level of magne-
sium stearate, which they explained was due to the 
poor wetting of the powder mass. However, hydro-
phobic additives are not always deleterious because 
they reduce the cohesiveness of the powder mass. 
This was  rst  demonstrated by Nakagawa et al 
(1980), who were studying the dissolution of differ-
ent particle sizes of rifampicin with and without 
magnesium stearate (Fig. 33.8). They found that , for 
the larger particles (180–355 µm), the addition of 
magnesium stearate reduced the rate, whilst  for the 
smaller particles (<75 µm), it  increased the rate. 
This is because magnesium stearate reduces the 
cohesiveness of the small particles so that they 
spread more rapidly through the dissolution medium 
than the unlubricated material. Augsburger (1988) 
studied the system hydrochlorthiazide, microcrys-
talline cellulose and various levels of magnesium 

added to a mixture to increase its bulk to a more 
manageable quantity. Although they are relatively 
inert chemically, they do play a role in release. The 
case that  rst  demonstrated this occurred in Aus-
tralia in the late 1960s. A capsule was reformulated 
that contained phenytoin (diphenylhydantoin), 
which is used for the treatment of epilepsy and is 
taken chronically. The diluent used was changed 
from calcium sulfate to lactose. In the months fol-
lowing this change, there was an upsurge in reports 
of side-effects similar to overdosing of product. It  
was demonstrated that the change had had a signi -
cant effect  on the bioavailability of the active (Fig. 
33.6). The change to lactose gave much higher blood 
levels of the drug, which was probably due to the 
fact that it  is readily soluble whereas calcium sulfate 
is not.

Since this occurrence, the phenomenon has been 
shown to occur with other actives. The diluent used 
should be chosen in relation to the solubility of the 
active. If a soluble diluent such as lactose is added 
to a poorly or insoluble compound, it  will make the 
powder mass more hydrophilic, enabling it  to break 
up more readily on capsule shell disintegration. The 
converse is also true: actives that are readily soluble 
are best mixed with insoluble diluents such as starch 
or microcrystalline cellulose, because they help the 
powder mass to break up without interfering with 
their solubility in the medium.

Fig . 33.6 •  Effect of diluent on bioavailability of 
phenytoin (after Tyrer et al 1970). 
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because starch, which was the most widely used 
tableting disintegrant, does not function well in this 
context. This is because the powder plug is much 
more porous than a tablet  and the starch swells 
insuf ciently to disrupt it . In more recent times 
‘superdisintegrants’ have been introduced that 
either swell many-fold on absorbing water, e.g. 
sodium starch glycolate, or that act as wicks, attract-
ing water into the plug, e.g. croscarmellose and 
crospovidone. These actions are suf cient to help 
break up the capsule plug. The choice of disinte-
grant is dependent upon the solubility of the active 
and the diluent, which governs whether either swell-
ing or wicking, is the main disruptive force required 
(Mehta & Augsburger 1981).

Formulation optimization

The formulator has to produce a product that  com-
plies with the three formulation goals. Sometimes 
these are contradictory: for example, extra hydro-
phobic lubricant is required for  lling machine per-
formance, which could interfere with release. 
Therefore, in the development stage the formula-
tion needs to be optimized so that it  can meet 
the product speci cation. This can be done by 
using various statist ical tools based on analysis of 
variance experiments that can identify the contribu-
tion of each excipient and process operation to 
the product performance, e.g. uniformity of  ll 
weight and content, dissolution rate, disintegration, 
yield.

Computer-based expert systems can be used to 
aid the formulator, which are based on neural net-
works coupled to a knowledge base (Lai et al 1996). 
The systems are set up using rules that have been 
established through experience and research. They 
enable a formulator to enter into the system the 
characteristics of the active ingredient and the type 
of product they would like to produce. The system 
then produces suggested formulations to try. This 
can signi cantly reduce the development time for a 
new product.

To summarize, the main factors in powder formu-
lation release are:
•  active ingredient, optimum particle size
•  hydrophilic mass, relating solubility of active to 

excipients
•  dissolution aids, wetting agent, superdisintegrant
•  optimum formulation for  lling and release.

stearate (Fig. 33.9). They  lled capsules on an 
instrumented machine using the same compression 
force and found that as the concentration of magne-
sium stearate increased, the dissolution rate 
improved to a maximum value at  about 1% w/ v, 
after which it  fell. They correlated this to the hard-
ness of the powder plug, which followed a similar 
pattern, becoming softer, i.e. easier to break apart, 
as the concentration of lubricant increased. Above 
1%, the plug becomes too hydrophobic for the 
increase in ‘softness’ to compensate for this.

The increase in the use of dissolution testing for 
control purposes has led to products being formu-
lated to improve dissolution properties. This has 
been achieved in two ways: by the addition of either 
surfactants or disintegrants. The addition of a 
wetting agent, sodium lauryl sulfate, has been 
studied by several workers. For poorly soluble drugs, 
the use of a soluble diluent together with 1% sodium 
lauryl sulfate gave the best results. Disintegrants 
were formerly never added to capsule formulations 

Fig . 33.9 •  Effect of lubricant on in vitro release of 
hydrochlorthiazide (after Mehta & Augsburger 1981). 
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retained for variable periods of time, as would a 
monolithic product. They improve safety by avoid-
ing the risk of the dose being dumped at  one point, 
which could cause problems of local gastric 
irritation.

Certain compounds are absorbed only at  speci c 
locations along the intestines. If this window of 
absorption is known then a formulation can be made 
to release its contents in that region. There is cur-
rently an interest in targeting compounds to the 
distal parts of the intestines. This has been achieved 
in two ways. Products can be formulated to give a 
prolonged release and  lled into a capsule that is 
enteric coated, e.g. Colpermin (Pharmacia Upjohn), 
an enteric-coated capsule  lled with a prolonged-
release formulation of peppermint oil. The capsule 
disintegrates in the duodenum and the contents 
slowly release the peppermint oil, which acts as a 
smooth muscle relaxant as it  passes through the 
remainder of the tract. Products have also been pre-
pared that have been coated with polymers that are 
enteric and are soluble only at higher pHs, 6–7. This 
pH is not reached until further along the small intes-
t ine, and so the contents are delivered to the more 
distal parts. Currently, many new therapeutic enti-
t ies are proteins or polypeptides, and to make an 
effective oral dosage form, it  is necessary to deliver 
them to the colon, thereby avoiding the proteolytic 
enzymes in the stomach and small intestine. The 
release mechanisms for these capsules are based on 
speci c colonic conditions, e.g. coatings that are dis-
rupted by colon-speci c enzymes or by pressure 
(Nagata & Jones 2001).

Not all capsules are administered by the oral 
route. Capsules have been used successfully for 
many years for products for inhalation. The active 
ingredient, which is micronized, is  lled into the 
capsule either ‘as is’ or dispersed on a carrier parti-
cle. The weight  lled into a capsule is much lower 
than for other types of product, typically less than 
25 mg. These formulations are  lled on automatic 
machines that have microdosing devices, and the 
product is administered by using a special dry 
powder inhaler delivery device. A capsule is placed 
in the device and the powder is released by the 
capsule wall being punctured by sharp pins or cut 
by blades. These devices are breath actuated. When 
the patient breathes in, the powder empties from 
the inhaler and the turbulent air ow dislodges the 
carrier particles (if present) and the active powder 
is inhaled into the lungs (discussed further in 
Chapter 37).

Formulation  or pos ition o  release

Many products are formulated to release their con-
tents in the stomach. However, this may not always 
be the best  place for the absorption of the active 
ingredient, and capsule formulation can be readily 
manipulated so that contents are released at various 
positions along the gastrointestinal tract (Jones 
1991).

A common problem with oral dosage forms is 
making them easy to swallow. Certain people have 
great dif culty with this because the process is not 
a re ex and is controlled by the central nervous 
system. The capsule is a good shape for swallowing 
because the tongue will automatically align it  with 
its long axis pointing towards the throat. Many 
tablets are now made this shape – sometimes called 
a ‘caplet’ – in order to facilitate swallowing. Patients 
who have dif culty swallowing should be instructed 
to do so either standing or sitt ing, in order to make 
full use of gravity, and to take a drink of water to 
lubricate the throat. They should drink a lit t le water 
and hold it  in the mouth. The capsule should be 
placed in the mouth and the head tilted forward. 
The capsule will now  oat on the water towards the 
back of the mouth and when the head is lifted the 
bolus of water and the capsule will go straight down 
the throat to the stomach.

In the stomach, the release of the active ingredi-
ent can be modi ed in a number of ways. It  has been 
suggested that for some compounds, the best way 
to improve their absorption is for the dosage form 
to be retained in the stomach so that it  will dissolve 
slowly, releasing a continuous  ow of solution into 
the intestines. ‘Floating capsules’ have been made 
which contain various hydrophilic polymers, such as 
hypromellose, that swell on contact with water and 
form a mass that can  oat on the gastric liquids. 
Some compounds are destroyed at acid pHs and a 
gastro-resistant (enteric) product can be made by 
either coating the  lled capsule with an enteric  lm 
in a similar manner to a tablet or, more usually, by 
formulating the contents as pellets and coating them 
with an enteric polymer before  lling into the 
capsule.

Much has been written in the literature about the 
advantages or disadvantages of making prolonged-
release dosage forms as monolithic or as multipar-
ticulate systems (see Chapter 31). The current 
consensus is that multiparticulates are better because 
they will be released in a stream from the stomach 
when the capsule shell disintegrates and will not be 
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KE Y P O IN TS

•  Soft gelatin capsules  (softgels ) comprise a liquid 
or semi-solid preparation in a capsule that is  
formed in a s ingle-s tep encapsulation process  

•  They can be used as  a formulation approach 
with the potential to:
•  increase the rate of drug absorption, the 

extent of bioavailability and reduce drug 
variability in plasma

•  improve patient compliance and consumer 
preference

•  improve manufacturing safety for potent and 
cytotoxic drugs

•  improve manufacturability of low melting 
point and low dose drugs  

•  Careful cons ideration should be given to any 
migration of drug or other formulation components  
when formulating a softgel in order to achieve 
satis factory product s tability and shelf-life  

•  There are a number of  ll formulation 
approaches  which can be used including 
suspens ions  and solutions , us ing hydrophilic  
or lipophilic  excipients  or a  mixture of these  
to produce emuls ions  or self-emuls ifying 
micro- or nano-emuls ions  

Introduc tion

When pharmaceutical formulation scientists are 
designing a solid oral dosage form for drug com-
pounds, they have a number of choices which can 

Keith G . Hutchison Josephine Ferdinando
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Ingredients that are solid at room temperature can 
also be encapsulated into softgels providing they are 
at least semi-solid below approximately 40 °C. The 
drug compound itself may be either in solution or 
in suspension in the capsule- ll matrix. The charac-
teristics of the  ll matrix may be hydrophilic (for 
example, polyethylene glycols), lipophilic (such as 
triglyceride vegetable oils), or a combination of 
hydrophilic and lipophilic ingredients (see also 
Fig. 34.1).

Signi cant advances have been made in recent 
years regarding the formulation of softgel  ll matri-
ces (G ullapalli 2010). These include self-emulsifying 
micro-emulsions and nano-emulsions encapsulated 
as preconcentrates in softgels. The term ‘preconcen-
trate’ means that the softgel  ll matrix which is a 
combination of lipophilic and hydrophilic liquids as 
well as surfactant components disperses after oral 
administration to form an emulsion, with a droplet 
size either in the micro- or nanometre size range.

The softgel capsule shell consists of gelatin, water 
and a plasticizer. The shell may be transparent or 
opaque and can be coloured and  avoured if desired. 
Preservatives are not normally required owing to 
the low water activity in the  nished product. 
The softgel can be coated with enteric-resistant or 

be in uenced by consumer preference/ compliance, 
economics and technical feasibility. Over recent 
years, new drug molecules tend to be less soluble in 
aqueous systems and if intended for oral administra-
tion, this can present a considerable formulation 
challenge for delivering drug for absorption at the 
desired rate and extent. One approach is to make a 
liquid formulation containing the drug either in solu-
tion or suspended in a matrix more readily dissolved 
on contact with gastrointestinal media. In order to 
convert a liquid formula into a solid dosage form, it  
may be encapsulated into soft gelatin capsules, also 
known as softgels.

This chapter explains:
•  why softgels are selected for formulation 

development
•  how they are formulated
•  how they are manufactured and tested.

De s c ription of the  s oft ge latin 
c aps ule  dos age  form (s oftge ls )

Softgels consist of a liquid or a semi-solid matrix 
inside a one-piece outer gelatin shell (Fig. 34.1). 

Fig . 34.1 •  Schematic diagram of different softgel formulations. 
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delayed-release coating materials. Although virtually 
any shape of softgel can be made, oval or oblong 
shapes are usually selected for oral administration.

Softgels can be formulated and manufactured to 
produce a number of different drug delivery systems:
•  O rally administered softgels containing solutions 

or suspensions that release their contents in the 
stomach in an easy-to-swallow, convenient unit 
dose form (Fig. 34.2)

•  Chewable softgels, where a highly  avoured shell 
is chewed to release the drug liquid  ll matrix. 
The drug(s) may be present in both the shell 
and  ll matrix

•  Suckable softgels, which consist of a gelatin shell 
containing the  avoured medicament to be 
sucked and a liquid matrix or just air inside the 
capsule

•  Twist-off softgels, which are designed with a tag 
to be twisted or snipped off, thereby allowing 
access to the  ll material. This type of softgel 
can be used for unit dosing of topical 
medication, inhalations or for oral dosing of a 
paediatric product (Fig. 34.3)

•  Meltable softgels designed for use as pessaries or 
suppositories.

Rationale  for the  s e le c tion of 
s oftge ls  as  a dos age  form

Some of the reasons why softgels may be selected 
as the preferred formulation approach are summa-
rized in Table 34.1 and a more detailed description 

Fig . 34.2 •  Swallowable softgel capsules. Fig . 34.3 •  Twist-off softgel capsules. 

follows. Whilst softgels can solve various technical 
formulation challenges not possible with tablets, 
consideration should be given to the fact that they 
can be more costly than tablet formulations and 
require specialized manufacturing equipment.

Improved drug absorption 
characteris tics

Increas ed .ra te .of.abs orption
Major advances have been made in the area of devel-
oping softgel formulations to address drug absorp-
tion issues (Ferdinando 2000, Perlman et al 2008, 
Aboul-Einien 2009). For poorly water-soluble drugs, 
ideally the dosage form would present the drug to 
the gastrointestinal tract  in solution form, from 
which the drug can be rapidly absorbed. This can be 
achieved using a drug-solution matrix in a softgel 
formulation and such formulations can provide 
faster absorption than from other solid oral dosage 
forms, such as compressed tablets (Lissy et al 2010). 
This is probably because absorption of a poorly 
soluble drug from a tablet formulation requires 
t ime for disintegration of the tablet into granules, 
then drug dissolution into gastrointestinal  uid. 
With the solution-softgel approach, the shell rup-
tures within minutes to release the drug solution, 
which can be in a hydrophilic or highly dispersing 
vehicle that aids the rate of drug absorption. This 
may be bene cial for (a) therapeutic reasons, such 
as the treatment of migraine or acute pain, or (b) 
where there is a limited absorptive region or ‘absorp-
tion window’ high in the gastrointestinal tract. 
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saquinavir hard-shell capsule formulation as meas-
ured by the area under the plasma – time curve 
(AUC).

In some cases a drug may be solubilized in vehi-
cles that are capable of spontaneously dispersing 
into an emulsion on contact with gastrointestinal 
 uid. This is known as a self-emulsifying drug deliv-
ery system (SEDDS)  (G ao et al 2006). Drug may be 
dissolved in an oil/ surfactant vehicle that produces 
a micro-emulsion or a nano-emulsion on contact 
with gastrointestinal  uids. A nano-emulsion of pro-
gesterone has been developed whereby the vehicle 
consists of oils and surfactants in appropriate pro-
portions. On contact  with aqueous  uids, it  pro-
duces an emulsion with an average droplet size less 
than 100 nm. The solubility of the drug is main-
tained as long as possible, delivering solubilized drug 
directly to the enterocyte membrane. This can 
increase bioavailability compared to formulations in 
which the drug is dosed in the solid state. Figure 
34.5 shows the plasma concentration – time pro le 
for progesterone absorbed from the nano-emulsion 
formulation (Ferdinando 2000).

Softgel formulations may contain excipients, for 
example one or more surfactants that can aid stabil-
ity, wettability or even enhance permeability of the 
drug (Aungst 2000).

Decreas ed .p las ma.variab ility
High variability in drug plasma levels is a common 
characteristic of drugs with limited bioavailability. 
By dosing drug optimally in solution, the plasma 
level variability of such drugs can be signi cantly 

Figure 34.4 shows the faster absorption that can be 
achieved using a solution-softgel formulation of ibu-
profen compared to a tablet (Saano et al 1991).

Increas ed .b ioava ilab ility
As well as increasing the rate of absorption, softgels 
may improve the extent of absorption (Aboul-Einien 
2009). This can be particularly effective for drugs 
with poor aqueous solubility and a relatively high 
molecular weight. An example of such a product is 
the protease inhibitor saquinavir, which was formu-
lated as a solution-softgel product (Perry & Noble 
1988). The solution-softgel formulation provided 
around three t imes greater bioavailability than a 

Fig . 34.4 •  Pharmacokinetic evaluation of softgels  and 
tablets  containing 400 mg ibuprofen (in 12 volunteers). 
(Courtesy of Saano et al 1991, with permission.)

Table 34.1 Summary of the key features and advantages of the softgel dose form

Features Advantages

Improved drug 
absorption

Improved rate and extent of absorption and/or reduced variability, mainly for poorly 
water-soluble drugs

Patient compliance and 
consumer preference

Easy to swallow. Absence of poor taste or other sensory problem. Convenient administration 
of a liquid-drug dosage form

Safety – potent and 
cytotoxic drugs

Avoids dust-handling problems during dosage form manufacture; better operator safety and 
environmental controls

Oils and low melting 
point drugs

Overcomes problems with manufacture as compressed tablet or hard-shell capsules

Dose uniformity for 
low-dose drugs

Liquid  ow during dosage form manufacture is more precise than powder  ow. Drug 
solutions provide better homogeneity than powder or granule mixtures

Product stability Drugs are protected against oxidative degradation by lipid vehicles and softgel capsule shells
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powders. This can be a cause of concern for the 
manufacture of highly potent or cytotoxic com-
pounds because of safety considerations for the 
operator and environment.

By preparing a solution or suspension of drug, 
where the active component is essentially protected 
from the environment by the liquid, these safety 
concerns can be reduced.

Oils  and low melting point drugs

When the pharmaceutical active is an oily liquid, has 
a melting point lower than about 75 °C or proves 
dif cult  to compress, liquid  lling of softgels (with 
or without other diluents) can provide a successful 
approach to presenting it  in a solid oral dosage form.

Dose uniformity of low-dose drugs

Presentation of low-dose drugs in a solution form 
can overcome the challenges of achieving dosage 
unit homogeneity compared to other solid oral 
dosage forms. Where the dose is in the order of 
micrograms, it  can be dif cult  mixing it  with other 
powders suf ciently well to ensure an even distribu-
tion in the bulk materials prior to compression of 
tablets or  lling of hard shell capsules. This can 
result  in variation in assays due to the inhomogene-
ity of content. By dissolving the drug in a liquid and 
encapsulating it  in a softgel, such inhomogeneity 
concerns can be avoided.

reduced, particularly if absorption is limited by drug 
solubility. SEDDS have been shown to reduce vari-
ability of exposure to the lipophilic drug torcetrapib 
compared to a formulation in oil (Perlman et al 
2008). The cyclic polypeptide drug ciclosporin 
(Sandimmune Neoral®) bene ts from such an 
approach by using a micro-emulsion preconcentrate 
in a softgel (Drewe et al 1992, Meinzer 1993).

Patient compliance and  
consumer preference

A number of self-medicating consumer preference 
studies have been carried out to gauge the user’s 
perception of softgels relative to hard-shell capsules 
and tablets. The results of the studies showed that 
consumers expressed their preference for softgels in 
terms of (a) ease of swallowing, (b) absence of taste 
and (c) convenience in use.

This expressed appeal of the softgel dosage form 
may have a positive impact on patient compliance. 
Compliance may be further enhanced if the softgel 
formulation enables dosing of smaller or fewer 
dosage units, as a result of increased bioavailability.

Safety for potent and  
cytotoxic drugs

The mixing, granulation and compression/  lling pro-
cesses used in preparing tablets and hard-shell cap-
sules can generate a signi cant quantity of airborne 

Fig . 34.5 •  Pharmacokinetic evaluation of progesterone comparing a softgel nano-emulsion solution of 
progesterone with a softgel containing a suspension of the drug in an oil following single dose administration  
in 12 healthy human volunteers. Reproduced from Ferdinando 2000.
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yielding the two components of a softgel. These 
are (a) the gel mass which will provide the softgel 
shell and (b) the  ll matrix for the softgel 
contents.

The gel mass is prepared by dissolving the gelatin 
in water at approximately 80 °C under vacuum, fol-
lowed by the addition of the plasticizer, for example, 
glycerol. Once the gelatin is fully dissolved then 
other components such as colours, opaci er and  a-
vours may be added. The hot gel mass is then sup-
plied to the encapsulation machine through heated 
transfer pipes by a casting method that forms two 
separate gelatin ribbons, each with a width of 
approximately 150 mm. During the casting process, 
the gelatin passes through the sol-gel transition and 
the thickness of each gel ribbon is controlled to 
±0.1 mm in the range 0.5–1.5 mm. The thickness 
of the gel ribbons is checked regularly during the 
manufacturing process.

The two gel ribbons are then carried through 
rollers (at which a small quantity of vegetable oil 
lubricant is applied) and onwards to the rotary die 
encapsulation tooling (shown in Fig. 34.7). Each gel 
ribbon provides one half of the softgel. It  is possible 
to make bicoloured softgels using gel ribbons of two 
different colours.

The liquid  ll matrix containing the active drug 
substance is manufactured separately from prepara-
tion of the molten gel. Manufacture of the active  ll 
matrix involves dispersing or dissolving the drug sub-
stance in the non-aqueous liquid vehicle using con-
ventional mixer-homogenizers.

A number of different parameters are control-
led during preparation of the active  ll matrix, 
depending on the properties of the drug substance. 
For example, oxygen-sensitive drugs are protected 
by mixing under vacuum and/ or inert gas; in some 
cases an antioxidant component may be added to 
the formulation. Also, if the drug substance is 
present as a suspension in the liquid  ll matrix, 
then it  is important to ensure that particle size 
of the drug does not exceed approximately 200 µm. 
By doing this, it  is possible to ensure that drug par-
ticles do not become entrapped within the capsule 
seal, potentially leading to loss of integrity of the 
softgel.

In the rotary die encapsulation process, the gel 
ribbon and the unit dose of liquid  ll matrix are 
combined to form the softgel. The process involves 
careful control of three parameters:
•  Temperature – this controls the heat available 

for capsule seal formation

Product s tability

If a drug is subject to oxidative or hydrolytic degra-
dation, the preparation of a liquid- lled softgel may 
prove bene cial. The liquid is prepared and encap-
sulated in a protective nitrogen atmosphere and the 
subsequent dried shell has very low oxygen perme-
ability. By formulating in a lipophilic vehicle and 
packaging in well-designed blister packs using mate-
rials of low moisture transmission, the drug can be 
protected from moisture. As for all dosage forms, 
thorough stability evaluation is required, including 
excipient compatibility studies, to check against  
negative drug stability effects, for example caused 
by component migration between  ll formula and 
capsule shell, exposure to moisture during manufac-
ture or interaction between the drug and the  ll 
excipients. This may result  in the requirement for 
refrigerated storage (Klein et al 2007).

Manufac ture  of s oftge ls

Softgels were used in the 19th century as a means 
of administering bitter-tasting or liquid medicines. 
These were manufactured individually by preparing 
a small sack of gelatin and allowing it  to set. Each 
sack, or gelatin shell, was then  lled with the medi-
cation and heat sealed. This method of manufacture 
was improved using a process that involved sealing 
two sheets of gelatin  lm between a pair of matching 
 at brass dies. Each die contained pockets into 
which the gelatin sheet was pressed and into which 
the medication was  lled. The pressure between the 
two plates enabled individual capsules to be cut out 
from the die mould and these capsules were subse-
quently dried.

However, it  was not until the invention of the 
rotary die encapsulation machine by Robert Pauli 
Scherer in 1933 that  liquid  ll capsules could be 
manufactured on a production scale. The rotary die 
process involves continuous formation of a heat seal 
between two ribbons of gelatin simultaneous with 
dosing of the  ll liquid into each capsule. Although 
the speed and ef ciency of the manufacturing 
process have improved greatly in recent years, the 
basic manufacturing principle remains essentially 
unchanged. The overall layout of a soft  gelatin 
encapsulation machine is shown in Figure 34.6.

Before the encapsulation process takes place, two 
sub-processes are often carried out simultaneously, 
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Fig . 34.6 •  Diagram of a soft gelatin encapsulation machine. 
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Formulation of s oftge ls

Gelatin shell formulation

Typical softgel shells are made up of gelatin, plasti-
cizer and materials that impart  the desired appear-
ance (colourants and/ or opaci ers) and sometimes 
 avours. The following sections describe each of 
these materials, their functions, types and the 
amounts most frequently used in manufacturing 
softgel shells.

Ge la tin
A large number of different gelatin shell formula-
tions are available depending on the nature of the 
liquid  ll matrix. Most commonly, the gelatin is 
alkali- (or base-) processed (type B) gelatin and it  
normally constitutes 40% of the wet molten gel 
mass. Type A acid-processed gelatin can also be 
used.

P las tic izers
Plasticizers are used to make the softgel shell elastic 
and pliable. They usually account for 20–30% of the 
wet gel formulation. The most common plasticizer 
used in softgels is glycerol, although sorbitol and 
propylene glycol are also frequently used, often in 
combination with glycerol. The amount and choice 
of the plasticizer contribute to the hardness of the 
 nal product and may even affect the  nal product’s 
dissolution or disintegration characteristics, as well 
as physical and chemical stability. Plasticizers are 
selected on the basis of their compatibility with the 
 ll formulation, ease of processing and desired 
properties of the  nal softgels, including hardness, 
appearance, handling characteristics and physical 
stability.

One of the most important aspects of softgel 
formulation is to ensure that  there is minimum 
interaction or migration between the liquid  ll 
matrix and the softgel shell. The choice of plasti-
cizer type and concentration is important in ensuring 
optimum compatibility of the shell with the liquid 
 ll matrix.

Water
The other essential component of the softgel shell 
is water. Water usually accounts for 30–40% of the 
wet gel formulation and its presence is important to 

•  Timing – the t iming of the dosing of unit  
quantities of liquid  ll matrix into the softgel 
during its formation is critical

•  Pressure – the pressure exerted between the 
two rotary dies controls the softgel shape and 
the  nal cut-out from the gel ribbon.

Figure 34.8 is a simpli ed diagram representing the 
mechanism of softgel formation using contra-
rotating dies and the wedge-shaped  ll matrix injec-
tion system.

Accurately metered volumes of the liquid  ll 
matrix are injected from the wedge device into the 
space between the gelatin ribbons as they pass 
between the die rolls. The wedge-shaped injection 
system is itself heated to approximately 40 °C. The 
injection of liquid between the gel ribbons forces the 
gel to expand into the pockets of the dies, which 
govern the size and shape of the softgels. The ribbon 
continues to  ow past the heated wedge injection 
system and is then pressed between the die rolls. 
Here, the two softgel capsule halves are sealed 
together by the application of heat and pressure. 
The softgel capsules are cut automatically from the 
gel ribbon by raised rims around each die on the 
rollers.

After manufacture, the capsules are passed 
through a tumble dryer and then, to complete the 
drying process, they are spread onto trays and 
stacked in a tunnel dryer that supplies air at 20% 
relative humidity. The tunnel drying process may 
take 2–3 days, or possibly as long as 2 weeks, 
depending on the speci c softgel formulation. 
Finally, the softgels are inspected and packed into 
bulk containers in order to prevent further drying, 
and for storage.

Fig . 34.8 •  Softgel formation mechanism. 
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Figure 34.9 shows the relationship between 
oxygen permeability coef cient and the glycerol 
concentration in the gelatin shell of softgels at room 
temperature and relative humidity values from 31% 
to 80%. The oxygen permeability decreases with the 
% RH and the glycerol content in the gelatin shell 
formulation (Hom et al 1975). For maximum pro-
tection against the ingress of oxygen, the gelatin 
shell should be dry and formulated to contain about 
30–40% glycerol.

Res idua l.water.content
Softgels contain lit t le residual water and compounds 
which are susceptible to hydrolysis may be pro-
tected if dissolved or dispersed in an oily liquid  ll 
material and encapsulated as a soft gelatin capsule. 
Figure 34.10 shows the relationship between the 
equilibrium water content and the concentration of 
glycerol in the gelatin shell of a softgel, stored at 
room temperature and environmental relative 
humidities of between 31% and 80%. The data show 
that the minimum water values are found at glycerol 
levels in the shell of between 30% and 40%. Such a 
formulation dried at 31% RH has a water content in 
the shell of about 7% (Hom et al 1975), and a water 
content in the  ll in equilibrium with the atmos-
phere. The residual water content of most pharma-
ceutical compounds stored at 20% RH (the drying 
condition for softgels) is low and the water levels in 
the  lls of softgels therefore are very small.

ensure proper processing during gel preparation 
and softgel encapsulation. Following encapsulation, 
excess water is removed from the softgels through 
controlled drying. In dry softgels, the equilibrium 
water content is typically in the range of 5–8% w/ w 
which represents the proportion of water that is 
bound to the gelatin in the softgel shell. This level 
of water is important for good physical stability of 
softgels because in harsh storage conditions, softgels 
will become either too soft and fuse together or too 
hard and brit t le.

Colourants /opac i e rs
Colourants (soluble dyes or insoluble pigments or 
lakes) and opaci ers are typically used at low con-
centrations in the wet gel formulation. Colourants 
can be either synthetic or natural and are used to 
impart  desired shell colour for product identi ca-
t ion. An opaci er, usually titanium dioxide, may be 
added to produce an opaque shell when the  ll 
formulation is a suspension or to prevent photodeg-
radation of light-sensitive  ll ingredients. Titanium 
dioxide can either be used alone to produce a white 
opaque shell, or in combination with pigments to 
produce a coloured opaque shell.

Properties  of soft gelatin shells

Oxygen.permeability
The gelatin shell of a soft gelatin capsule provides a 
good barrier against the diffusion of oxygen into the 
contents of the product. The quantity of oxygen (q) 
that passes through the gelatin is governed by the 
permeability coef cient (P), the area (A), thickness 
(h) of the shell, the pressure difference (p1 – p2) and 
the time of diffusion (t) by the following equation:

 q  PAt  p  p
h

=  −(  )1  2  

(34.1)

The permeability coef cient (P) is related to the 
diffusion coef cient (D) and the solubility coef -
cient (S) by the equation P = DS. This relationship, 
described by Henry’s Law, assumes no interaction 
between the gas and the polymeric  lm, but P is 
clearly affected by the formulation of the gelatin 
shell as shown in Figure 34.9.

Fig . 34.9 •  Relationship between oxygen permeability 
coef cient and the glycerol concentration in the shell of 
softgels  at room temperature and a range of relative 
humidity values. (Reproduced from Hom et al 1975.)
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used alone, however, their capacity to dissolve drugs 
is limited. Nevertheless, active ingredients such as 
hydroxycholecalciferol and other vitamin D ana-
logues, and steroids such as oestradiol, can be for-
mulated into simple oily solutions for encapsulation 
in softgels. Drug may also be suspended in oils with 
appropriate excipients to ensure homogeneity during 
the manufacturing process.
Hydrophilic liquids. Polar liquids with a suf -
ciently high molecular weight are commonly used in 
softgel formulation either to dissolve or suspend the 
drug. Polyethylene glycol (PEG ) is the most fre-
quently used, for example PEG  400 which has an 
average molecular weight of approximately 400 Da. 
Smaller hydrophilic molecules, such as ethanol or 
indeed water, can be incorporated in the softgel  ll 
matrix in low levels, typically below 10% by weight. 
If included at higher levels, they may cause physical 
instability as they can migrate into the shell. Addi-
tional excipients may be included with hydrophilic 
liquids to increase the drug solubility in the matrix 
such as polyvinylpyrrolidone (PVP) or using a 
counter ion approach as developed for the ESS 
(Enhanced Solubility System) for drugs such as ibu-
profen (Seager 1993).
Self-emulsifying drug deliver y systems 
(SEDDS). A combination of a pharmaceutical oil 
and a surfactant such as polyoxyethylene sorbitan 
monooleate can provide a formulation which emul-
si es and disperses rapidly in the gastrointestinal 
 uid. The resulting droplets enable rapid transfer 
of the drug to the mucosa and subsequent drug 
absorption. If the droplets formed on contact with 
aqueous media are in the micrometre size range 
then it  is known as a micro-emulsion, if they are in 
the nanometre range then they are known as a 
nano-emulsion.

In order to produce a micro-emulsion or nano-
emulsion in the gastrointestinal tract, a ‘preconcen-
trate’ is formulated in the softgel  ll matrix. The 
preconcentrate  ll matrix contains a lipid compo-
nent and one or more surfactants, which spontane-
ously form a micro-emulsion or a nano-emulsion on 
dilution in an aqueous environment such as in gas-
trointestinal  uid (Fig. 34.11).

Micro-emulsion and nano-emulsion systems have 
the advantage of a high capacity to solubilize drug 
compounds, and can retain the drug in solution even 
after dilution in gastrointestinal  uids. In addition, 
the micro-emulsion droplets have a high surface 
area, and are essentially surfactant micelles swollen 
with solubilized oil and drug. This high surface area 

Formulation of softgel  ll materials

In terms of formulation requirements, the softgel 
should be considered as a biphasic dosage form: a 
solid-phase capsule shell and a liquid-phase capsule 
 ll matrix. Although it  is possible to incorporate a 
drug in the shell of a softgel, the overwhelming 
majority of products have the active ingredient(s) 
within the  ll matrix. The liquid-phase  ll matrix is 
selected from components with a wide range of dif-
ferent physicochemical properties. The choice of 
components is made according to one or more of a 
number of criteria, including the following:
•  capacity to dissolve the drug (if a solution  ll is 

required)
•  rate of dispersion in the gastrointestinal tract 

after the softgel shell ruptures and releases the 
 ll matrix

•  capacity to retain the drug in solution in the 
gastrointestinal  uid

•  compatibility with the softgel shell
•  ability to optimize the rate, extent and 

consistency of drug absorbed.

Types .of.s oftge l.  ll.ma trices

Lipophilic liquids/ oils. Trigylceride oils, such as 
soya bean oil, are commonly used in softgels. When 

Fig . 34.10 •  The relationship between equilibrium water 
content and the concentration of glycerol in the shell of 
soft gelatin capsules at room temperature and a range 
of relative humidity values. (Reproduced from Hom et al 
1975.)
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other hand, the absorption of a drug compound may 
be adversely affected by the presence of bile salts, 
and in such a case it  may be advantageous for lipoly-
sis to be reduced or blocked completely. It  has been 
found that certain hydrophilic and lipophilic sur-
factants have the ability to block or promote lipoly-
sis (MacG regor et  al 1997). These hydrophilic and 
lipophilic surfactants are often used in softgel  ll 
matrix formulations.

Measurement of the rate and extent of lipolysis 
for a softgel  ll matrix formulation can be achieved 
by an in vitro pH stat measurement technique. In 
this, lipolysis is quanti ed by the amount of free 
fatty acids liberated by enzymatic digestion of the 
lipids in the softgel  ll matrix. The quantity of a 
1.0M sodium hydroxide titrant is directly propor-
t ional to the extent of lipolysis.

The mixed intestinal micelles produced as a 
result  of this lipolysis process are of physiologi-
cal importance because these structures can trans-
port high concentrations of hydrophobic molecules 
across the aqueous boundary layer which separates 
the absorptive membrane from the intestinal lumen. 
Thus, lipolytic products (i.e. fatty acids and mono-
glycerides), and hydrophobic drug, if present, reside 
in the hydrophobic core regions of mixed intes-
t inal micelles. In contrast, the surface of the micelles 
remains hydrophilic and this facilitates rapid 
micellar diffusion across the aqueous boundary layer 
to the intestinal membrane. In the microclimate 
adjacent to the intestinal membrane, the pH is 
lower than in the intestinal lumen. This promotes 
demicellization, leading to the formation of a super-
saturated solution of lipolytic products (and hydro-
phobic drug, if present) in close proximity to the 
enterocyte surface. These materials are then readily 
absorbed across the cell membrane by passive 
diffusion.

Mixed intestinal micelles comprising bile salts 
and lipolytic products can enhance the bioavailabil-
ity of hydrophobic drugs whose absorption is nor-
mally dissolution rate limited. This is because mixed 
intestinal micelles can be very potent solubilising 
agents for a wide range of hydrophobic drugs, much 
more so than simple bile salt  micelles formed in the 
absence of lipolytic products. For example, under 
simulated physiological conditions, the aqueous 
solubility of cinnarizine in simple bile salt  micelles 
is 4 µg/ mL, compared to 0.5 µg/ mL in aqueous 
buffer. However, in the presence of mixed micelles, 
the solubility of cinnarizine is further enhanced to 
approximately 44 µg/ mL (Embleton et  al 1995).

facilitates the rapid diffusion of drug from the dis-
persed oil phase into the aqueous intestinal  uids, 
until an equilibrium distribution is established. 
Thereafter, as drug is removed from the intestinal 
 uids through absorption, it  is quickly replenished 
by the  ow of fresh material from the micro-
emulsion droplets. Improved pharmacokinetic char-
acteristics may be achieved using this formulation 
approach.
Lipolysis systems. In addition to promoting the 
solubility of drug compounds, lipid formulations can 
also facilitate dissolution by taking advantage of the 
natural process of lipolysis. Lipid components of a 
softgel  ll matrix, which comprise triglycerides or a 
partial (mono-/ di-) glyceride, are often subject to 
intestinal fat digestion or lipolysis. Lipolysis is the 
action of the enzyme pancreatic lipase on triglycer-
ides and partial glycerides, to form 2-monoglycerides 
and fatty acids. These 2-monoglycerides and fatty 
acids, known as lipolytic products, then interact 
with bile salts to form small droplets or vesicles. 
These vesicles are broken down into smaller and 
smaller vesicles, ult imately result ing in the forma-
tion of mixed micelles that are approximately 
3–10 nm in size.

If a drug substance possesses higher solubility in 
lipolytic products than in triglyceride oils, then it  is 
advantageous for lipolysis to occur in the intestinal 
lumen. In this way, the process of lipolysis promotes 
the formation of an excellent dissolution medium 
for the drug, namely lipolytic products. On the 

Fig . 34.11 •  Diagram of proposed nano-/micro-
emulsion dissolution mechanism. 
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forms a  ne oil-in-water emulsion on aqueous dilu-
tion, is rapidly digested, forming mixed intestinal 
micelles with endogenous bile. These micelles trans-
port the drug to the intestinal membrane where the 
pH of the microclimate promotes micellar break-
down, facilitating enterocyte transport to the sys-
temic circulation. In contrast, on dilution with 
aqueous  uids, Formulation [B] forms a translucent 
micro-emulsion (as indicated by a blue t inge result-
ing from the Tyndall effect). As a result of this 
formulation failing to lipolyse and thereby remaining 
unaffected by enzymic activity, the drug is main-
tained within the oil phase, inhibit ing the produc-
tion of mixed intestinal micelles, hence restricting 
absorption of the drug.

The signi cance of the lipolysis process in enhanc-
ing the bioavailability of hydrophobic drugs was 
investigated further with an in vivo study. This study 
compared the bioavailability of cinnarizine (30mg) 
orally administered as the lipolysing formulation [A] 
and non-lipolysing formulation [B] with a commer-
cially available tablet, Formulation [C], to six beagle 
dogs. The AUC(0–24 h) for Formulation [A] was sig-
ni cantly increased by 64% compared to the tablet 
preparation and by 48% compared to Formulation 
[B]. The Cmax of Formulation [A] was approximately 
75% higher than both Formulations [B] and [C] (see 
Fig. 34.12).

The results of this study have given a valuable 
insight into the effect of the micro-emulsion formu-
lation on absorption of a hydrophobic drug in the 

Taking cinnarizine as an example, it  would be 
advantageous to formulate a softgel  ll matrix that 
allows lipolysis to occur in the intestinal lumen 
because of the high drug solubility in lipolytic prod-
ucts. If the inhibition of lipolysis by a hydrophobic 
surfactant were allowed to occur, then it  is highly 
likely that cinnarizine absorption would be impaired 
because of the reduced  ow of drug into mixed 
micelles. However, if certain lipophilic surfactants 
with an HLB less than 10 are added to the formula-
tion, then the inhibitory effects of hydrophilic sur-
factants on lipolysis can be reduced or eliminated.

Two formulations containing cinnarizine, a hydro-
phobic drug whose absorption is normally dissolu-
tion rate limited, have been compared (Embleton 
et  al 1995). Formulation [A] was prepared as a 
lipolysing formulation and [B] as a non-lipolysing 
formulation, as demonstrated by the in vitro model. 
Formulation [A] was composed of a digestible trig-
lyceride oil, a hydrophilic surfactant and a lipophilic 
surfactant which was chosen on the basis of its 
ability to overcome the inhibitory effects of the 
hydrophilic surfactant on the in vitro triglyceride 
lipolysis. In vitro, this formulation exhibited 79% 
lipolysis after 60 minutes compared to the digestible 
oil alone. In contrast, the non-lipolysing formulation 
contained a lipophilic surfactant that did not over-
come the inhibitory effects of the hydrophilic sur-
factant on the lipolysis of the triglyceride oil and was 
shown to lipolyse to an extent of only 3%. It  is 
proposed that the oil in Formulation [A], which 

Fig . 34.12 •  Plasma concentration versus time curves for three formulations of cinnarizine in the dog (n = 6). 
(Reproduced from Embleton et al 1995.)
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•   ll matrix weight and capsule shell weight
•  softgel shell moisture level and softgel hardness 

at the end of the drying stage.
Appropriate control levels for these parameters 
are established during process development for 
each softgel product, and are applied in routine 
production-scale manufacture.

Finished product tes ting

Finished softgels are subjected to a number of tests 
in accordance with compendial requirements for 
unit dose capsule products. These normally include 
capsule appearance, active ingredient assay and 
related substances assay as well as  ll weight, content 
uniformity, microbiological and dissolution testing. 
Development of a dissolution test using traditional 
media can be a challenge for certain softgel formula-
tions including those with oily  lls or those which 
rely on physiological conditions to release drug. 
Some have argued that disintegration testing may be 
more suitable for certain softgels (Han & G allery 
2006) whilst  others use surfactant or enzyme-based 
media to achieve full dissolution in vitro.
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In-process  tes ting
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•  softgel seal thickness at the time of 

encapsulation
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•  Dissolution tes ting is  a key quality control tes t 
•  Dissolution tes ts  can be conducted in s imple 

buffer solutions  or in more bio-relevant 
dissolution media 

•  Dissolution tes ts  are normally performed under 
s ink conditions  

•  There are four types  of compendial dissolution 
apparatus : the basket apparatus , the paddle 
apparatus , the reciprocating cylinder and the 
 ow-through cell 

•  Non-compendial dissolution apparatuses  usually 
better s imulate the phys iology of the 
gas trointes tinal tract 

The  re le vanc e  of drug 
dis s o lution and  
dis s o lution te s ting

The biological events that occur in the body follow-
ing the administration of a drug are varied and 
complex. Before being absorbed into the blood-
stream, an orally administered drug is exposed to 
the dynamic conditions of the gastrointestinal lumen 
and much of what happens here will have a bearing 
on its therapeutic activity.

Only drug in its dissolved state can permeate the 
intestinal mucosa. If the solubility of the drug in 
the gastrointestinal aqueous  uids is limited, disso-
lution will be the rate-limiting step to absorption, 
and will dictate the rate and extent to which the 
drug becomes available in the bloodstream. Because 
of the link between oral bioavailability and dissolu-
tion, most oral drug products such as suspensions, 

Ana Cristina Freire Abdul W. Basit

KE Y P O IN TS

•  Dissolution is  often the rate-limiting s tep to the 
absorption of drugs  with limited water solubility 

•  Drug dissolution can be correlated to oral 
bioavailability, while dis integration is  generally  
a  poor indicator of the drug’s  oral bioavailability 

•  Dissolution tes t conditions  are selected based 
on the characteris tics  of the drug, type of drug 
product and objective of the tes t 
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followed in 1968. The substitution of the more 
hydrophilic excipient lactose for calcium sulfate in 
an immediate-release hard gelatin capsule enhanced 
the dissolution rate and bioavailability of phenytoin, 
leading to numerous cases of anticonvulsant intoxi-
cation. This is further discussed in Chapter 33 (see 
Fig. 33.6 and associated text).

However, undoubtedly the reference case for the 
impact of drug dissolution on oral bioavailability was 
that of digoxin tablets. In the early 1970s, several 
marketed formulations of digoxin were shown to 
yield up to seven-fold differences in blood levels of 
the drug. In search for an explanation, digoxin tablet 
formulations were studied for their dissolution 
properties, exposing huge differences in this param-
eter. Interestingly, a good correlation was noted 
between dissolution rate and digoxin blood levels. 
In other words, absorption of digoxin was higher for 
those formulations which dissolved quicker (Fig. 
35.2). In contrast, the disintegration time of the 
different tablets was very similar and bore no rela-
tion to digoxin blood levels, raising questions as to 
the value of the disintegration test in detecting dif-
ferences in the oral bioavailability of solid drug 
products.

In light of these cases, it  became clear that the 
formulation and manufacturing process was linked 
to the therapeutic ef cacy of the drug. Dissolution, 
and not disintegration, became an accepted indica-
tor of oral bioavailability of solid drug products. This 
prompted the Food and Drug Administration (FDA) 
in the United States of America to make the use of 
dissolution testing of cial in 1970, and to introduce 
dissolution requirements in the pharmacopoeial 
monographs of tablets and capsules. By 1995, four 
different dissolution apparatuses had been included 
in the United States Pharmacopeia (USP).

General requirements  for in-vitro 
dissolution tes ting

Today, in-vitro dissolution studies are carried out for 
several reasons:
•  most often to ensure that preparations comply 

with product speci cations
•  to evaluate the potential effect of formulation 

and process variables on the bioavailability of a 
drug during product development

•  to provide an indication of the performance of 
the preparation in vivo.

granules, pellets, tablets and capsules are currently 
required to be tested for their dissolution character-
istics. Disintegration measurements are also rou-
tinely performed on immediate-release products, 
although, for the most part, the results from such 
tests correlate poorly with bioavailability.

The concept of dissolution from a physical chem-
istry standpoint is well established; research into the 
mechanisms of dissolution of solids in liquids started 
over a century ago with the pioneering work of 
Noyes and Whitney (discussed fully in Chapter 2). 
However, it  took several decades before the link 
between dissolution and oral bioavailability in the 
context of a pharmaceutical product was fully 
appreciated. This is considered to have occurred in 
1951, when Edwards studied the dissolution of 
aspirin tablets in different media. His conclusions 
from that study were that “the dissolution of an 
aspirin tablet in the stomach and intestine is the rate 
process controlling the absorption of aspirin into the 
bloodstream”.

The clinical relevance of Edward’s observations 
was only realized in the mid-1960s, when several 
reports linking dissolution data with clinical ef cacy, 
inferior ef cacy and even toxicity of some commer-
cial oral solid products were made available. For 
example, clinical inadequacies with formulations of 
the oral anti-diabetic and poorly water soluble drug, 
tolbutamide, were documented. Ineffective tablets 
were shown to disintegrate and dissolve at a slower 
rate than clinically effective ones (Fig. 35.1).

Reports of toxicity with a formulation of pheny-
toin available in Australia and New Zealand 

Fig . 35.1 •  Dissolution of tolbutamide from clinically 
effective (–• –) and ineffective (– –) tablets, as a function 
of time. (Courtesy of Levy, 1964, with permission.)
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secretion of bile and to the presence of degradation 
products of lipids contained in the meal (i.e. fatty 
acids and monoglycerides). For this reason, the dis-
solution of poorly soluble drugs is generally higher 
under fed than in fasted conditions. This is well-
exempli ed by the lipophilic drug, danazol; as seen 
in Figure 35.3 the bioavailability of this compound 
is considerably higher in the fed state.

Two main uses of in-vitro dissolution testing are 
now discussed further.
•  to assess the quality of solid drug products (i.e. 

using in-vitro dissolution testing as a quality 
control tool)

Changes to the release pro le and/ or dissolution 
rate of the drug can be brought about by the char-
acteristics of the dosage form and by its method of 
manufacturing. However, dissolution becomes more 
complicated if the properties of the physiology of 
the gastrointestinal tract are taken into considera-
tion (Chapter 19). These must be re ected in any 
ef cient in-vitro test.

pH of the  gas trointes tina l lumina l  uids
As it  travels through the gastrointestinal tract, a drug 
is exposed to increasing pH conditions. Such pH 
conditions play an important role in the solubility of 
ionizable drugs, with pKa values within the pH phys-
iological range (1–7.5), and may affect their bioavail-
ability (discussed fully in Chapter 20). This must be 
simulated, particularly in predictive dissolution 
testing (see below).

Compos ition of the  gas trointes tina l 
lumina l  uids
While pH may be suf ciently simulated with buff-
ered solutions, the composition of the gastrointesti-
nal tract  uids is not. G astrointestinal luminal  uids 
are enriched with amphiphilic bile components, 
such as bile salts and lecithin. These substances 
enhance the dissolution rate of drugs either via an 
increase in wettability or, at higher concentrations, 
through the formation of micelles. Although fasted 
 uids already have wetting and solubilizing effects, 
this is further increased after a meal, due to increased 

Fig . 35.2 •  Dissolution rates of different brands of digoxin tablets  available in the UK market at the time of the study 
(a) and corresponding blood (serum) levels of digoxin (b). Formulation 1 (‘new Lanoxin’) and 8 (‘old Lanoxin’) are 
from the same brand, prepared using different manufacturing methods. (Courtesy of Fraser et al, 1973.)
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products into the market, companies are required to 
demonstrate that  the generic product yields statisti-
cally similar rates and extents of drug absorption to 
the innovator (or branded) drug product – in other 
words that the two products are bioequivalent. 
Bioequivalence has traditionally been demonstrated 
in appropriately designed clinical studies, which are 
both time-consuming and expensive. However, fol-
lowing the introduction of the Biopharmaceutics 
Classi cation System in 1995 (BCS, Chapter 21) it  
became apparent that  the dissolution data of some 
drug products can be correlated to oral bioavailabil-
ity. Since 2000, bioequivalence between immediate-
release products of highly water-soluble and easily 
absorbed drugs can be established on the basis of 
dissolution data, provided that the excipients present 
in the formulation do not affect the absorption of 
the drug.

Dis s o lution te s ting

The aim of any dissolution test  is to measure the 
rate at which the drug substance is released from 
the dosage form and dissolves in a particular dissolu-
tion medium. It  is necessary for such tests to be 
performed under well-de ned conditions to allow 
comparison of observed data. Various guidelines and 
protocols are available. However, in many instances 
it  is left  to the scientists to decide what are the best 
conditions. Choosing these conditions is never an 
easy task. Protocols tend to vary greatly amongst 
drug products and often the same product is tested 
under different conditions, depending on whether 
the test is conducted for quality control (QC) pur-
poses or to predict the performance of the drug 
product in the gastrointestinal tract. Key variables 
to consider when designing dissolution tests are:
Type of dissolution a ppa ra tus used. Although 
there are many types of dissolution apparatus 
available, the most commonly used are the compen-
dial dissolution apparatus. These are standardized 
and robust dissolution testers described by 
pharmacopoeias.
Volume a nd composition of d issolution med�
ium. The selection of medium and volume is guided 
by the aim of the dissolution test, solubility of the 
drug and type of apparatus used. All tests are con-
ducted at  37 °C to mimic body temperature.
Hydrodyna mics. This refers to the mechanical 
agitation provided by the dissolution apparatus 

•  as a prognostic tool for the performance of solid 
drug products in the gastrointestinal tract 
(known as predictive dissolution).

As  a  qua lity control tool
Before a drug product is released onto the market 
place (and routinely once marketed), it  must be 
subjected to rigorous control to ensure that the 
quality and performance (with regards to both 
safety and ef cacy) of the  nal product are accept-
able. Currently, almost all solid oral drug products 
require in-vitro dissolution testing as part of their 
quality control (QC) assessment. This involves ana-
lysing the drug release pro le of different batches 
of the same drug product with a view to either 
con rm manufacturing and product consistency or 
to verify the stability of the product during its 
shelf-life.

P redic tive  d is s olution tes ting
Dissolution data can also be used as a prognostic tool 
to predict the behaviour and performance of oral 
solid drug products in the gastrointestinal tract . The 
aim is to correlate as closely as possible measured 
in-vitro parameters with oral bioavailability. This 
type of dissolution testing is known as predictive 
dissolution testing. Unlike QC dissolution testing, it  
may require dissolution test methods which re ect 
more closely the physiological makeup of the gas-
trointestinal tract. Such test conditions are not easy 
to devise, but if done appropriately, they will enable 
the development of in vitro/ in vivo predictions.

These predictions can be simple qualitative or 
semi-quantitative relationships (IVIVR) or quantita-
tive correlations established using mathematical 
models (IVIVC). In its simplest de nition, an 
IVIVC is a correlation (preferably linear) between 
an in vitro feature of the drug product (in the 
present context, its dissolution characteristics) and 
a biological parameter (e.g. the uptake of the drug 
in vivo and subsequent drug blood levels). The 
establishment of such a correlation during predictive 
dissolution testing is one of the most important 
aspects of a dissolution test for a preparation under-
going formulation development.

Predictive dissolution data have two main appli-
cations. Firstly, they can guide the early develop-
ment of a new drug product by selecting formulations 
that yield desired in-vivo dissolution characteristics. 
Secondly they serve as a surrogate for clinical 
studies. In order to introduce new generic drug 
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which will aid in the dissolution of the drug. The 
various dissolution apparatuses offer different 
hydrodynamics and these may be varied to allow for 
the best results.
Number  of units to be tested. Dissolution tests 
designed to assess the quality of a batch of tablets 
are normally repeated for at least 6 units per batch 
or formulation, depending on test variability. 

The des ign of suitable dissolution 
tes ts ; QC versus  predictive 
dissolution tes ting

QC dissolution methods are often easier to design; 
these make use of established compendial equip-
ment, and the composition and volume of the dis-
solution medium is generally chosen according to 
the solubility of the drug. Devising a predictive dis-
solution test is more challenging as bio-relevant con-
ditions need to be sought to mimic the physiological 
parameters which affect the dissolution of the drug 
in the G I tract. The major considerations in design-
ing both types of dissolution test methods will be 
commented upon below.

Dis s o lution te s ting  for  
quality c ontrol

QC methods are described in the monograph of the 
product in the various pharmacopoeias. As a general 
rule these methods are of simple execution, reliable, 
reproducible, yet suf ciently discriminatory to be 
able to detect small product deviations. From a QC 
point of view, an over-discriminatory method is 
sometimes preferred so as to detect any product 
changes before the performance in the gastrointes-
t inal tract is affected. The other prime concern of a 
QC test is to use conditions under which at  least 
80% of the drug can be dissolved.

Compendial dissolution 
apparatuses

There are currently four dissolution apparatus 
described in the US and European Pharmacopoeias 
for the testing of oral solid drug products. These are 
the basket and paddle apparatus, the reciprocating 
cylinder and the  ow through cell (Figures 35.4–
35.7). The selection of a dissolution apparatus 

Fig . 35.4 •  Basket apparatus (USP Apparatus 1). 

Fig . 35.5 •  Paddle apparatus (USP Apparatus 2). 

Fig . 35.6 •  Reciprocating Cylinder (USP Apparatus 3). 
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depends mainly on the solubility of the drug and 
type of dosage form. The  rst  choice equipment for 
QC dissolution testing are the basket and paddle 
apparatuses because their simple design makes them 
ideal for routine use. However, due to the limited 
volume of medium and operational dif cult ies in 
medium change, these apparatus are often more 
suited to immediate-release than to modi ed-release 
products, and in particular immediate-release for-
mulations of soluble drugs.

The reciprocating cylinder and  ow through cell 
system are particularly useful for testing of modi ed-
release (MR) dosage forms and poorly soluble drugs, 
respectively. A brief description of each apparatus is 
given below. Advantages and disadvantages to their 
use are summarized in Table 35.1.

Note than many pharmacopoeias worldwide 
de ne detailed speci cations for standard dissolu-
tion apparatus and methodologies. In the process of Fig . 35.7 •  Flow through cell (USP Apparatus 4). 

Filte r

Laminar
flow

Glass
beads

Collection

Heating
coil

Syringe
pump

Media
reservoir

Table 35.1 Advantages and disadvantages of compendial dissolution apparatus

Apparatus Advantages Disadvantages

Basket  
(USP Apparatus 1)

Suited for QC dissolution testing
Broad experience
Easy to operate
Standardized
Robust

Fixed (limited) volume of medium makes it 
unsuitable for testing of poorly soluble drugs

Formulation may clog the basket mesh
Small disintegrated particles may fall out

Paddle  
(USP Apparatus 2)

First choice apparatus for QC 
dissolution testing

Broad experience
Easy to operate
Standardized
Robust

Fixed (limited) volume of medium makes it 
unsuitable for testing of poorly soluble drugs

Floating dosage forms (e.g. capsules) require sinkers
Positioning of the dosage form in the vessel is 

important

Reciprocating cylinder 
(USP Apparatus 3)

Media change fully automated
Ease of sampling
Suitable for QC testing of MR products
Small media volumes suitable for 

predictive dissolution
Hydrodynamics more similar to those 

in the gastrointestinal tract

Not suitable for dosage forms that disintegrate into 
small particles

The use of surfactants is discouraged as they can 
cause foaming

Small-medium volume unsuitable for QC dissolution 
testing of poorly soluble drugs

Media evaporation for tests of long duration

Flow through cell  
(USP Apparatus 4)

Unlimited  uid supply makes it ideal 
for testing poorly soluble drugs

Gentle hydrodynamic conditions and 
possibility of varying hydrodynamics 
during the test

Allows for rapid media change
Continuous sampling

Limited experience
Complex design makes it inappropriate for QC 

dissolution testing
Results very dependent on the type of pump used
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Reciproca ting cylinder  
(USP Appara tus  3)
In 1991, driven by the need to provide a controlled 
and automated pH and volume change of the dis-
solution medium during the test, the USP intro-
duced the reciprocating cylinder apparatus. Current 
designs of this equipment allow for up to 6 auto-
mated medium changes per test, as well as changes 
to the agitation speed. This feature makes it  particu-
larly suited to estimate the drug release pro le in 
different parts of the gastrointestinal tract as needed 
in the case of modi ed-release formulations, such as 
extended-release or gastro-resistant coated prod-
ucts. It  also represents a step closer to bio-relevant 
conditions and to developing in vitro/ in vivo correla-
t ions (IVIVCs).

The apparatus (shown in Fig. 35.6) comprises 
two cylinders: an inner cylinder containing the 
dosage form and an outer cylinder vessel, which 
holds around 200 to 300 mL of dissolution medium. 
During the test, the inner cylinder is dipped verti-
cally into the dissolution medium several t imes, cre-
ating convective forces for dissolution. It  is generally 
considered that 5 dips per minute (dpm) are equiva-
lent to 50 rpm in the paddle apparatus. The inner 
cylinder is  t ted with a mesh screen at the bottom 
and top which allows the medium to circulate freely 
inside it , yet prevents losses of  nely disintegrated 
material.

Flow through ce ll (USP Appara tus  4)
The  ow through cell was adopted by the USP in 
1995, primarily for the testing of modi ed-release 
products. In this apparatus, the dosage form is posi-
t ioned in a small-volume cell, on a glass bead bed or 
on a clip holder. The sample under test is subjected 
to a continuous  ow of media in an upward direc-
tion. The medium is pumped from a reservoir at a 
 ow rate which may vary from 5 to 20 mL/ minute. 
The pulsating movement of the pump creates gentler 
hydrodynamics compared to other compendial 
apparatus (arguably more similar to the movement 
that  would be experienced by a dosage form in the 
gut). The dissolution medium can be changed during 
the test by exchanging the media reservoirs.

This apparatus (shown in Fig. 35.7) can be con-
 gured to use a  xed volume (closed system) or 
unlimited volumes of dissolution medium (open 
system). In the latter set-up, fresh dissolution 
medium is delivered continuously by the pump and 
collected for analysis after passing though the sample 

harmonization of these standards most pharma-
copoeial speci cations are extremely similar. In the 
interests of brevity this chapter will refer to the 
United State Pharmacopeia (USP) speci cations. 
All major pharmacopoeias are very similar but 
in others, even if the detail varies, the principle 
of operation and interpretation of results is the 
same.

Bas ke t appara tus  (USP Appara tus  1)
The basket apparatus was the  rst  of cial dissolu-
tion tester to be described in the USP in 1970 and 
remains one of the most commonly used methods 
for testing the dissolution of capsules and tablets.

In this apparatus, the dosage form is placed inside 
a rotating basket made of a stainless steel wire mesh 
and immersed in dissolution medium which has 
been pre-warmed at 37 °C. An outline of the appa-
ratus is shown in Figure 35.4 with a more detailed 
diagram shown in Figure 30.20. During the test, the 
basket rotates at a constant speed, typically set 
between 50 and 100 rpm. The dissolution medium 
is contained in a glass cylindrical vessel with a spher-
ical bottom and with a nominal capacity of no less 
than 1 L. The dissolution medium volume used with 
this method is normally 0.9 L, although lower 
(0.5 L) and higher (4 L) volumes may also be 
employed. The composit ion and/ or pH of the 
medium may be changed by manually replacing it  or 
by adding media of different composition. At pre-
determined times, samples of dissolution medium 
are removed and analysed for drug content.

Paddle  appara tus  (USP Appara tus  2)
Following its introduction in the USP in 1978, the 
paddle apparatus became the most widely used dis-
solution tester. It  utilizes the same dissolution 
vessels as the basket apparatus but here the dosage 
form is posit ioned at the centre bottom of the 
vessel. An outline of the apparatus is shown in 
Figure 35.5 with a more detailed diagram shown in 
Figure 30.21. Agitation is provided by a metallic 
paddle which rotates at speeds between 50 and 
150 rpm (most often 50 to 75 rpm). To prevent 
dosage forms from  oating (this normally occurs 
with capsules), the use of sinkers is recommended. 
Sinkers are a wire helix made of non-reactive mate-
rial wherein the dosage form is placed. Changes of 
dissolution medium during the test  are done manu-
ally as described for the basket apparatus.
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either dilute acid solutions or aqueous buffers of a 
higher pH. Weakly basic drugs, by virtue of their 
higher solubility under acid conditions, are most 
often tested in diluted acid solutions (e.g. dilute 
0.1 M hydrochloric acid or simulated gastric  uids). 
These are also the media of choice for immediate-
release dosage forms of highly soluble drugs. Phos-
phate buffer solutions (which can be manipulated to 
have a pH between 5.0 and 8.0) are suited for the 
testing of weakly acidic drugs. If the solubility of the 
drug in these media is low, surfactants can be added 
to the media to enhance drug solubility and meet 
sink conditions.

Dissolution limits

Performing the dissolution test is only one part of QC 
testing. The data obtained must be checked against set  
dissolution limits to ensure that the drug product 
meets the required speci cations. Dissolution limits 
for immediate-release and gastro-resistant coated 
products are de ned in the pharmacopoeias, with 
slight variations between the various pharmacopoeias.

For immediate-release products, a single-point 
speci cation is used to ensure prompt dissolution; 
normally no less than 75% of the drug must be dis-
solved within 45 minutes.

Dissolution limits for gastro-resistant products 
are based on a two-point speci cation to ensure 
limited drug dissolution in the acidic conditions of 
the stomach and fast dissolution under the condi-
tions of the small intestine. The speci cations are 
typically no more than 10% drug dissolved in 0.1M 
hydrochloric acid within 2 hours (the typical 
maximum residence time of non-disintegrating 
tablets in the fasted stomach), followed by no less 
than 75% dissolution within 45 minutes in phos-
phate buffer (pH 6.8).

As for extended-release products, the speci ca-
tions may be set by the product’s manufacturer. A 
minimum of two speci cation points are normally 
required; the earlier speci cation point provides 
assurance against premature drug dissolution, while 
the second should ensure complete drug dissolution.

Pre dic tive  dis s o lution te s ting

Predictive dissolution tests are designed to give a 
close account of the product’s performance in the 
gastrointestinal tract (rather than a simple yes/ no 
result  as in the case of QC dissolution tests). The 

cell; this system is particularly suitable for testing 
the dissolution of poorly soluble drugs.

Volume and compos ition of the 
dissolution medium

The choice of volume and composit ion of the dis-
solution medium is very much dependent on the 
solubility of the drug. As previously mentioned, a 
QC dissolution method must allow for at least 80% 
of the drug to dissolve during the duration of the 
test. To achieve this, QC methods are normally 
operated under ‘sink conditions’. A dissolution test 
is said to be performed under sink conditions if the 
concentration of the drug in the bulk of the dissolu-
tion medium does not exceed 10% of the solubility 
of the drug. Under sink conditions, the concentra-
tion gradient between the diffusion layer surround-
ing the solid drug particles and the concentration in 
the dissolution medium is assumed to be constant 
(Chapter 2). It  must be noted, that sink conditions 
may represent an important deviation from what 
happens in the gastrointestinal tract, where such 
conditions are not always present and dissolution of 
poorly soluble drugs is often incomplete.

Sink conditions are easy to achieve with highly 
water-soluble drugs but pose a considerable problem 
for those drugs which have limited aqueous solubil-
ity. The basket and paddle apparatus are normally 
operated with a volume of 0.9 L and although this 
may be increased to 4 L, it  may still not permit sink 
conditions to be reached for some drugs. Increasing 
the volume beyond 4 L is possible only with the  ow 
through cell system. However, this apparatus is 
unsuitable for routine use; therefore choosing a 
medium, wherein the drug is soluble, is of para-
mount importance. Other considerations in choos-
ing a QC dissolution medium are:
•  must not affect the stability of the drug
•  simple composition required to permit 

automation of the method
•  easy to be prepared
•  inexpensive
•  preferably non-organic.
Not surprisingly, very few media meet such require-
ments to be regarded as suitable for QC dissolution 
testing. Although, pure water would appear to be an 
obvious choice, its use is discouraged because of the 
inability of this medium to withstand pH changes. 
The most commonly used dissolution media are 
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predicting food effects. For example, full fat milk 
(with 3.5 % fat) and the product Ensure® Plus have 
been successfully used to simulate the initial stages 
of the fed stomach. Both media contain protein, fat 
and carbohydrates in ratios which are comparable to 
those found in the typical Western diet. Fat and 
proteins aid the dissolution of poorly soluble drugs, 
whereas the higher pH of these media favours the 
dissolution of weak acidic drugs. Apart  from the 
effect on solubility, milk may also delay the disinte-
gration of slow-disintegrating tablets.

Simula ted  gas tric  and  intes tina l  uids
Simulated gastric or intestinal  uids are aqueous 
based solutions containing one or more biological 
components, which are known to in uence the dis-
solution of drugs in vivo.

Media containing enzymes (pepsin or pancreatin) 
and arti cial surfactants, in concentrations greater 
than those found in the gastrointestinal tract, were 
amongst the  rst  to be developed to simulate the 
fasted gastric and small intestinal  uids. These 
media were soon found to over-estimate the solubil-
ity of many drugs in the gastrointestinal  uids.

In a later development, fasted gastric and intes-
tinal simulated media containing physiological con-
centrations of natural bile salts (sodium taurocholate) 
and lecithin were introduced. The fed versions of 
these media are more complex; they contain milk 
or lipolysis products to adequately simulate the 
in uence of meal digestion on the solubility of 
drugs. The full compositions of these media are 
given in Tables 35.2 and 35.3.

Bicarbonate  buffers
Bicarbonate is the main buffer species in the luminal 
 uids of the small intestine. However, thus far its 
use in dissolution media has been very limited. 
Dissolution media are typically composed of phos-
phate ions, whose presence in the gastrointestinal 
luminal  uids is insigni cant. A change from phos-
phate- to bicarbonate-based buffers should there-
fore better resemble the ionic composition and 
buffer capacity of the fasted jejunal and ileal  uids. 
The very few dissolution studies that have made use 
of bicarbonate buffers found these to be superior to 
phosphate buffers in predicting the dissolution 
behaviour of gastro-resistant polymers and the solu-
bility of ionizable drugs in the gastrointestinal tract 
(Liu et al, 2011).

best way to achieve this is by using dissolution con-
ditions which mirror, as closely as possible, the 
physiology of the gastrointestinal tract. However, 
recreating such conditions is a great challenge. This 
is because the gastrointestinal tract is a very complex 
and dynamic environment; its physiology changes 
every day and throughout our lives, is affected by a 
number of diseases, by the food we consume, and 
above all, it  is still poorly understood.

Dissolution data indicative of performance in the 
gastrointestinal tract can be obtained by adding sur-
factants into the dissolution medium to better simu-
late the solubility of the drug in the gastrointestinal 
luminal  uids. Although this is a very common strat-
egy, it must be tested carefully, as many arti cial 
surfactants, when used in high concentrations, may 
solubilize the drug too well and over-estimate the 
solubility of the drug in the gastrointestinal luminal 
 uids. For extended-release drug products and when-
ever the solubility of the drug is pH-dependent, using 
different buffered solutions with varying pH values 
in order to simulate transit through different seg-
ments of the gastrointestinal tract may be useful. 
These changing pH conditions are easy to recreate 
with the USP Apparatus 3 and 4 but not with the 
USP Apparatus 1 and 2. When these simple test 
methods fail, more advanced ones are required. Next 
we discuss the bio-relevant media and non-compendial 
dissolution apparatuses that are being used increas-
ingly to develop predictive dissolution tests.

Bio-relevant dissolution media

The composition of the gastrointestinal tract luminal 
 uids could not be any more different from the 
simple buffered aqueous solutions that are relied on 
for the QC dissolution testing of drugs. Ingested 
food and endogenous  uids are mixed together in 
the lumen of the gastrointestinal tract, yielding a 
compositionally complex medium; the pH, compo-
sit ion and volume thereof are constantly changing in 
response to external and internal stimuli. Under-
standably its complexity and dynamic nature cannot 
be completely simulated; rather only a few param-
eters which are more likely to affect the solubility 
of drugs are often incorporated into the design of a 
bio-relevant dissolution medium.

Milk and  nutritiona l liquid  products
Dissolution testing may be carried out in media 
simulating the contents of a meal with a view to 
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Table 35.2 Composition of fasted (FaSSGF) and fed (FeSSGF) state simulated gastric  uids

FaSSGF FeSSGF

Sodium taurocholate (mM) 0.08 Sodium Chloride (mM) 237.02

Lecithin (mM) 0.02 Acetic acid (mM) 17.12

Pepsin (mg/mL) 0.1 Sodium acetate (mM) 29.75

Sodium Chloride (mM) 34.2 Milk/buffer (mM) 1 : 1
Hydrochloric acid/sodium hydroxyde qs pH 5

pH 1.6 pH 5.0

Osmolality (mOsm/kg) 120.7±2.5 Osmolality (mOsm/kg) 400

Buffer capacity (mmol/L/ΔpH) – Buffer capacity (mmol/L/ΔpH) 25

(Courtesy of Jantratid et al 2008, with permission.)

Table 35.3 Composition of fasted (FaSSIF) and fed (FeSSIF) state simulated intestinal  uids

FaSSIF FeSSIF

Sodium taurocholate (mM) 3 Sodium taurocholate (mM) 10

Lecithin (mM) 0.2 Lecithin (mM) 2

Maleic acid (mM) 19.12 Glyceryl monooleate (mM) 5

Sodium Hydroxide (mM) 34.8 Sodium oleate (mM) 0.8

Sodium Chloride (mM) 68.62 Maleic acid (mM) 55.02
Sodium Hydroxlde (mM) 81.65
Sodium Chloride (mM) 125.5

pH 6.5 pH 5.8

Osmolality (mOsm/kg) 180±10 Osmolality (mOsm/kg) 390±10

Buffer capacity (mmol/L/ΔpH) 10 Buffer capacity (mmol/L/ΔpH) 25

(Courtesy of Jantratid et al 2008, with permission.)

Unlike the fasted and fed simulated  uids, these 
buffers are easy to prepare and their composition is 
very simple. However, due to the dif culty in stabi-
lizing the pH, bicarbonate buffers must be continu-
ously purged with carbon dioxide, making the 
experimental set up more dif cult.

Non-compendial apparatuses

The various compendial dissolution apparatus bear 
lit t le resemblance to the gastrointestinal tract 

physiology and recreating such complexity in vitro 
may be too great of a task. The gastrointestinal tract 
simply does not ‘paddle’ in the same way or at the 
same speed as the compendial dissolution apparatus. 
Attempts to render  ow rates more bio-relevant 
led to the development of the USP Apparatus 4. 
However, its unidirectional  ow pattern does not 
account for retropulsion and the  ow patterns 
employed may still be too high compared to the 
gastrointestinal tract . Apart from poor hydrodynam-
ics, the closed and static environment of compendial 
dissolution apparatus does not account for drug 
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if combined to an equally bio-relevant simulator of 
the small intestine, the DG M may provide good 
correlations to oral bioavailability.

Simula tor of the  gas trointes tina l  
trac t (TIM-1)
The dynamic system, known as TIM-1, is undoubt-
edly the most complete simulator of the gastroin-
testinal tract. The TIM-1 models the upper 
gastrointestinal tract and is composed of intercon-
nected segments representing the stomach, duode-
num, jejunum and ileum. Most physiological 
parameters such as body temperature, pH, peristal-
t ic mixing, gastrointestinal transit  and main secre-
tions (saliva, lipase, pepsin, HCl, pancreatic juice, 
bile and sodium bicarbonate) are simulated using 
this system. Transit  is regulated by peristalt ic valves 
which exist at the end of each segment and mixing 
is generated by consecutive cycles of compression 
and relaxation (Blanquet et al, 2004).

Its unique feature is the ability to simulate passive 
absorption of water and small molecules, such as 
dissolved drug, via dialysis membranes. Although, 
this represents a vast improvement compared to 
most simulators which do not account for absorp-
tion, it  is still far from the conditions present in the 
gastrointestinal tract, where active transport, ef ux 
and intestinal wall metabolism are also present.

The TIM-1 can be used to predict the perform-
ance of dosage forms in the gastrointestinal tract , 
yet this is not without some technical problems. For 
instance, each experiment takes considerably longer 
than a standard dissolution test  and the conditions 
in which the test is conducted are often drug- and 
formulation-speci c. Problems aside, this simulator 
has successfully established IVIVC where compen-
dial dissolution apparatuses have failed.

Conc lus ions

Testing of the dissolution properties of oral solid 
drug products has been practiced in the pharmaceu-
tical industry for many decades, yet the role of this 
test is still very much evolving. What was once a 
simple test  to differentiate a ‘good’ batch of a drug 
product from a ‘bad’ one is now developing into a 
key tool for predicting bioavailability. In early 
stage research and development, dissolution data 
aid in the selection of candidate formulations for 
further development, a role of increasing relevance 

transport across the intestinal mucosa. Combining 
drug dissolution with absorption may improve the 
predictive power of dissolution testing. Some exam-
ples of non-compendial apparatus, which are increas-
ingly being used to establish IVIVCs, are described 
below.

Stres s  tes t appara tus
This novel apparatus simulates the irregular motility 
patterns of the gastrointestinal tract and the physical 
stress experienced by the dosage form during gastric 
emptying and transit  through the gut. Its design 
allows the dosage form to be either submerged in 
liquid or exposed to air in an attempt to recreate 
the discontinuous distribution of  uid in the 
intestines.

This apparatus has been shown to successfully 
reproduce the dissolution pro le of an extended 
release formulation of diclofenac in the gastrointes-
t inal tract, which was not possible using the USP 
Apparatus 2 (G arbacz et  al, 2008).

Dynamic  gas tric  model (DGM)
The DG M is a computer-controlled simulator of the 
digestion patterns of the stomach. It  consists of 
three mains parts: the main body (or fundus), the 
valve assembly and the distal region of the stomach 
or antrum. The simulator models the mechanical 
and enzymatic events occurring in these regions and 
which lead to the digestion of meals. Heterogeneous 
gastric mixing in the main body of the stomach is 
provided by gentle contractions. G astric secretions 
(acid and enzymes) are delivered via a dispenser, 
from the sides of the simulator to recreate the secre-
tion of these compounds by the gastrointestinal 
mucosa. The rate at which secretions are released 
into the main body is controlled by the volume and 
pH of the contents in a similar manner to what 
occurs in the gastrointestinal tract (Vardakou et al, 
2011).

The contents are moved from the main body into 
the antrum and vice-versa through the valve assem-
bly. The forces which coexist in the antrum are 
considerably stronger than those in the main body; 
these represent the physiological grinding forces 
responsible for the breakdown of food particles. 
Once ready, the processed bolus is ejected through 
a valve and collected for further analysis.

As a stand-alone equipment, the DG M is unlikely 
to give a useful estimate of the performance of 
dosage forms in the gastrointestinal tract. However, 
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due to the growing number of poorly water-soluble 
investigational drugs. From a regulatory point of 
view, dissolution testing is used to establish bioequiv-
alence between drug products, obviating the need 
for expensive and lengthy clinical studies.

G iven the many uses and bene ts of dissolution 
testing in various stages of the drug product’s life-
cycle, it  is not surprising that considerable efforts 
have been made into developing appropriate dissolu-
tion methods. As there is no absolute method for 
dissolution testing, pharmaceutical scientists are 
constantly being challenged to design new methods 
based on the goal of the test (i.e., QC, establishing 
IVIVC or demonstrating bioequivalence) and on the 
characteristics of the drug product. The key chal-
lenge remains that of designing predictive dissolu-
tion tests because of the dif culties in simulating the 
interactions between the drug and the complex 
environment of the gastrointestinal tract. However, 
as understanding of these interactions improves, so 
does the predictive power of dissolution tests. The 
recent development of bio-relevant dissolution 
media and the design of sophisticated simulators of 
the gastrointestinal tract are key examples of this.
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KE Y P O IN TS

•  Parenteral preparations  are adminis tered to a 
patient by injection.

•  The medicine may be injected into the vascular 
sys tem, into muscle or soft tis sue to provide a 
sys temic action, or into an anatomical space 
such as  a joint or into a particular organ to 
provide a local action.

•  Medicines  are adminis tered by injection 
because the drug subs tance may not be 
absorbed orally, because a rapid effect may  
be required in an emergency, because a 
prolonged and controlled effect may be  
required or because the oral route of 
adminis tration is  not available (e.g. the patient  
is  unconscious).

•  There are both general pharmacopoeial 
s tandards  and category speci c pharmacopoeial 
s tandards  (injections , infus ions , etc.) with which 
parenteral products  mus t comply.

•  All parenteral products  mus t be s terile .
•  The formulation of a  parenteral preparation can 

affect how rapidly or s lowly the drug is  
absorbed from the s ite  of injection.

•  Excipients  may be added to parenteral 
preparations  to adjus t the pH and tonicity of the 
preparation to mimic human plasma values . 
Excipients  can be added to increase the s tability 
or solubility of the drug.

•  Parenteral preparations  intended for 
multiple use mus t contain an antimicrobial 
preservative.

Robert  Lowe
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such as tablets or liquids, particularly given the less 
stringent requirements for manufacturing premises 
for these non-sterile products, compared to the 
costs associated with manufacturing sterile medi-
cines, such as injections, in highly specialized, con-
trolled environments. There are, however, a number 
of clinical advantages associated with parenteral 
administration.

Many medicines are administered parenterally 
simply because the drug molecule itself would be 
rapidly broken down in the gastrointestinal tract and 
would thus become inactivated before it  could be 
absorbed into the circulatory system. G ood exam-
ples of this are aminoglycoside antibiotics, such as 
gentamicin. The injectable route may be chosen to 
provide a highly localized effect. This is particularly 
true when the injection route accesses a particular 
anatomical area or organ system. Examples of this 
include the injection of drugs, such as steroids, into 
joint  spaces (intra-articular injection), intra-ocular 
injections to treat eye diseases or intrathecal injec-
tions where medicines are administered into 
the spinal column to deliver drugs into the cerebro-
spinal  uid, that otherwise might not accumulate 
suf ciently in this tissue to achieve the desired 
effect .

Intravenous injection delivers the drug directly 
into the circulatory system, where it  is then rapidly 
distributed around the body. This is important clini-
cally as the drug will rapidly produce an effect, 
whereas peak blood levels may not be achieved for 
one to two hours after a drug is administered orally. 
This rapid onset of action for an intravenously 
administered drug may be critical in emergency situ-
ations. Conversely, by choosing to administer a drug 
by intramuscular injection, the release of the medi-
cine from the injection site into the circulation can 
be delayed and prolonged. Indeed, as will be seen 
later, by manipulation of the formulation of intra-
muscular injections it  is possible to provide pro-
longed drug release allowing doses to be required at 
only once-monthly intervals. Finally, the intravenous 
route of injection is routinely used to administer 
medication to the unconscious patient who is unable 
to swallow. This route is also employed in conscious 
or unconscious patients if the gastrointestinal tract 
is not working. In this scenario, not only are medi-
cines, but  uids for hydration and electrolyte 
replacement, plus all the nutrients, vitamins and 
trace elements normally obtained from a healthy 
diet supplied by parenteral nutrition provided 
intravenously.

•  Containers  for parenteral preparations  should 
be made, where poss ible, from transparent, 
inert materials  such as  glass  or plas tic . They 
must be airtight to maintain the s terility of the 
preparation prior to use.

Introduc tion

In medicine and pharmacy, enteral administration is 
the term used to describe drug administration via 
the gastrointestinal tract. The majority of medicines 
are administered orally via this route in the form of 
tablets, capsules or liquids. The enteral route also 
encompasses rectal administration utilizing dosage 
forms such as suppositories, enemas or rectal oint-
ment. In contrast to this, the term parenteral admin-
istration literally means any method of drug 
administration which does not utilize the gastroin-
testinal tract, such as by inhalation or application to 
the skin. In practice however, parenteral administra-
tion is commonly taken to mean drug administration 
by injection.

In this chapter, we will explore why the parenteral 
route of administration may be chosen by the clini-
cian or the manufacturer of a medicine. The routes 
available for parenteral administration and the 
tissues, organs and anatomical spaces that can be 
accessed by injection are outlined. The various 
forms or types of parenteral product commonly 
manufactured are described and the pharmacopoeial 
standards for injectable products are discussed. The 
ingredients of formulated injectable products with 
regard to vehicles or solvents, excipients and pre-
servatives are described along with physiological 
considerations, such as the pH and tonicity of the 
product prior to administration. Finally the contain-
ers, closures and primary packaging commonly used 
for parenteral products are discussed.

Reasons  for choos ing parenteral 
adminis tration

The vast majority of patients would prefer to receive 
their medication as an oral tablet or liquid to swallow, 
or as a cream, ointment or transdermal patch 
to apply to the skin rather than receive treatment 
via injection, which can be painful or stressful 
(indeed some patients suffer from needle phobia). 
From a manufacturer’s point of view it  is often 
simpler and much cheaper to prepare medicines 
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Intra-arterial and intracardiac 
injections

The large majority of drugs that are administered 
parenterally are given intravenously. As noted above, 
this delivers the drug directly into the blood stream 
to provide a rapid and predictable clinical effect. 
However, it  is not the only way that medicines can 
be administered into the vascular system.

Intra-arterial administration is essentially the 
same as intravenous administration except that the 
drug is administered into an artery rather than a 
vein. Arteries are not as readily accessible as veins 
and this technique is much more invasive, and 
carries a greater risk than simple intravenous admin-
istration. For this reason it  is seldom used. Intra-
arterial administration is sometimes used when 
intravenous access cannot easily be established, such 
as in very premature infants, due to the very small 
size of their veins in relation to the catheter tubes 
used to maintain vascular access. Intra-arterial 
administration has also been used in the treatment 
of some cancers (such as liver cancer) where the 
anti-cancer medicines are injected into an artery 
upstream of the tumour site to ensure the maximum 
amount of drug reaches the tumour before distribu-
tion elsewhere around the body. However, the ben-
e ts of this method of administration do not appear 
to outweigh the risks to any signi cant degree.

Intracardiac injections are used to administer a 
drug (a common example being an aqueous solution 
of adrenaline) directly into either cardiac muscle or 
into a ventricle of the heart . This is undertaken only 
in life threatening emergencies to produce a rapid, 
local effect in the heart during a heart attack or in 
circulatory collapse.

Route s  of pare nte ral 
adminis tration

As noted above medicines are injected by many dif-
ferent routes and the choice of route is governed by 
the purpose of the treatment and the volume of 
medicine to be administered.

Intravenous  injections   
and infus ions

Intravenous (IV or i.v.) injections and infusions are 
administered into an easily accessible prominent 
vein near the surface of the skin, typically on the 
back of the hand or in the internal  exure of the 
elbow. The volumes administered can range from 
1 mL for an intravenous injection, up to several 
litres for an intravenous infusion. Medicines admin-
istered by intravenous injection (or intravenous 
bolus dose) will rapidly increase the concentration 
of the drug in the plasma and produce a rapid effect. 
If the medicine is  rst  added into a large volume of 
 uid (500 mL to 1 L infusion bag) and then admin-
istered by intravenous infusion at a slow and control-
led rate, often utilising a pump, the drug will enter 
the circulation at a much slower and controlled rate. 
By altering the infusion rate it  is possible for the 
clinician to titrate the dose against the effect 
required, e.g. controlling blood pressure, by manipu-
lating the infusion rate of, for example, an inotropic 
drug such as dobutamine.

Drug solutions at high or low pH or highly con-
centrated hypertonic solutions (see below) will 
damage the cells lining the vein and cause localized 
pain and in ammation (thrombophlebitis). In order 
to avoid this problem a central line may be inserted. 
This is a long, indwelling catheter inserted into a 
vein in the neck or forearm with the end of the 
catheter sited in the superior vena cava close to the 
right atrium of the heart (see Fig. 36.1). Medicines 
administered intravenously, via a central line, 
become rapidly diluted in a large volume of blood 
and do not cause local irritation to the blood vessel. 
It  is worth noting that injections which are formu-
lated either as water in oil emulsions or suspensions 
must not be administered by the intravenous route. 
This is because the suspended drug particles can 
physically block blood capillaries and the oil phase 
of a water-in-oil injection could cause a fat embo-
lism, again blocking blood vessels.

Fig . 36.1 •  Central-line placement. 
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shoulder muscles. Aqueous or oily solutions or sus-
pensions can be administered in volumes of up to 
4 mL. In adults, the gluteal, or buttock, muscle will 
be used for larger volume injections, whereas in 
children the thigh muscle is usually larger and thus 
preferred. Drugs administered by the intramuscular 
route are more slowly absorbed from the injection 
site into the systemic circulation compared to those 
administered by the subcutaneous route.

Intraspinal injections

Intraspinal injections are given between the verte-
brae of the spine into the area of the spinal column 
(Fig. 36.3). Only drugs in aqueous solution are 
administered by this route. Intrathecal (IT or i.t .) 
injections are administered into the cerebrospinal 
 uid (CSF) in the subarachnoid space between the 
arachnoid mater and the pia mater, the two inner-
most protective membranes surrounding the spinal 
cord. This route can be used for spinal anaesthesia, 
and in this case the speci c gravity of the injection 
can be manipulated to localize the site of action and 
thus the area of the body anaesthetized. Intrathecal 
injections are also given to introduce drug substances 
into the CSF that would otherwise not diffuse 
across the blood brain barrier. Typically this 
could be antibiotics to treat meningitis or anticancer 

Intradermal injections

Intradermal (ID or i.d.) injections are given into the 
skin between the epidermal and dermal layers (Fig. 
36.2). Volumes of up to 0.2 mL can be given by this 
route and absorption from the intradermal injection 
site is slow. This route is used for immunological 
diagnostic tests, such as allergy tests, or the injection 
of tuberculin protein to determine immunity against  
tuberculosis. Some vaccines such as BCG  (tubercu-
losis) are administered by intradermal injection.

Subcutaneous  injections

Subcutaneous (SC, s.c. also called hypodermic) 
injections are administered into the loose connective 
and adipose tissues immediately beneath the dermal 
skin layer (Fig. 36.2). Typical injection sites are the 
abdomen, upper arms and upper legs. Volumes of 
up to 1 mL can be administered comfortably, and 
aqueous solutions or suspensions of drugs are admin-
istered by this route. As this tissue is highly vascular, 
drugs administered by the subcutaneous route are 
fairly rapidly and predictably absorbed from this 
site. A common example of a drug administered by 
subcutaneous injection is insulin.

Intramuscular injections

Intramuscular (IM or i.m.) injections are preferably 
administered into the tissue of a relaxed muscle 
(Fig. 36.2). The muscle sites commonly used for 
intramuscular injection are the buttock, thigh or 

Fig . 36.3 •  Spinal anatomy. 

                        

              

    

         
    

           

       
          
        

                 

Fig . 36.2 •  Intradermal, subcutaneous and 
intramuscular injection routes. 
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Pharmac opoe ial re quire me nts

General requirements

Almost all pharmacopoeias lay down the require-
ments for parenteral products in a series of general 
monographs, with which all parenterally adminis-
tered medicines are expected to comply. Most phar-
macopoeias are very similar in their requirements, 
although details do differ and these need to be 
checked closely. Several different categories of 
parenteral preparation are described and further 
requirements speci c to a given medicinal form are 
speci ed. This is discussed below.

Ste rility
All parenteral preparations are sterile preparations 
intended for injection, infusion or implantation into 
the body. The requirement for sterility is vital as the 
method of administration of these products bypasses 
the body’s natural defence systems and barriers 
(such as the skin or gastrointestinal system), and 
introduces the medicine directly into the blood-
stream or other body tissues. The methods of steri-
lization of parenteral medications are discussed in 
Chapters 16 and 17.

Exc ip ients
Excipients may be added to parenteral preparations 
to serve a number of purposes. They can be added 
to make the preparation isotonic in relation to 
human blood, to adjust the pH, to increase the solu-
bility of the drug substance, to increase the stability 
of the drug substance and increase the shelf-life of 
the product or to act as a preservative. The use of 
such excipients will be discussed more fully below. 
However it  is worth noting here that the use of 
excipients should not adversely affect the action of 
the drug substance, or cause any side effects or 
toxicity at the concentrations used in a given 
formulation.

Conta iners
Containers for parenteral preparations should be 
made, wherever possible, from materials that are 
suf ciently transparent to allow the contents to be 
visually inspected for particles, prior to use. Con-
tainers can be made from glass or plastic. Whatever 

agents such as methotrexate or cytarabine. Volumes 
up to 10 mL can be administered by intrathecal 
injection.

Intracisternal injections are given between the 
atlas and axis vertebrae into the cisterna magna. This 
route is also used for antibiotic administration into 
the CSF, or to withdraw CSF for diagnostic 
purposes.

Epidural injections or infusions are given into the 
peridural space between the dura mater (the outer-
most protective membrane covering the spinal cord) 
and the vertebrae. This route is commonly used for 
spinal anaesthesia, for example during childbirth.

Intra-articular injections

Intra-articular (IA or i.a.) injections are given into 
the synovial  uid of joint  cavities such as the knee. 
Aqueous solutions or suspensions can be adminis-
tered by this route. This route of injection produces 
a local effect, and typically anti-in ammatory drugs 
are administered to treat  arthrit ic conditions or 
sports injuries.

Ophthalmic injections

Ophthalmic injections are administered either 
around or into the eye; in the latter case these are 
referred to as intraocular injections (Chapter 41). 
Subconjunctival injections usually of 1 mL or less 
are administered under the conjunctiva or into the 
skin surrounding the eye (inside the eyelid for 
instance). Intraocular injections can be further clas-
si ed as intracameral injections into the anterior 
chamber of the eye (in front of the lens), or intrav-
itreal injections into the vitreous chamber (behind 
the lens). Intracameral injections can be from 
0.1 mL to 1 mL in volume depending on whether 
the drug is left  in the eye or administered during 
surgery on the open eye. This route has been used 
to administer antibiotics or local anaesthetics during 
eye surgery (e.g. cataract surgery). Intravitreal injec-
tions are used to administer a number of different 
drugs used to treat various ocular diseases. Because 
of the danger caused by raising intraocular pressure 
which can damage the retina, a maximum volume 
of only 0.1 mL can be administered by the intravit-
real route. Ophthalmic drug delivery by injection is 
discussed further in Chapter 41.
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subcutaneously or into a joint space, the suspended 
particles will dissolve slowly and provide a prolonged 
effect . This may be many hours in the case of sub-
cutaneous insulin suspension, or perhaps many 
weeks for a steroid suspension injected into a joint. 
The required dissolution characterist ics will to a 
great extent determine the size and nature of the 
solid drug particles (e.g. amorphous or crystalline).

Emulsions can be injected intravenously, but here 
the maximum droplet size will be linked to capillary 
diameter. The droplet size must be controlled and 
is usually less than 3 µm in diameter to prevent oil 
embolisms forming in the blood-stream. However 
there is evidence that certain oil droplets may 
deform to some extent, to pass through a capillary 
without occluding it , such that oil droplets slightly 
larger than the diameter of a capillary can be 
administered.

Category-speci c  requirements

Pharmacopoeias usually recognize several distinct 
categories of parenteral product. These are injec-
tions, infusions, concentrates for injection or infu-
sion, powders for injection or infusion and gels for 
injection.

Injec tions
Injections can be sterile solutions, emulsions or sus-
pensions. They are prepared by dissolving, emulsify-
ing or suspending the drug substance (or substances), 
together with any required excipients, in water or 
non-aqueous liquid or a mixture of aqueous and 
non-aqueous vehicles. Solutions for injection are 
clear and free from visible particles. Emulsions for 
injection must not show any evidence of phase sepa-
ration (creaming or cracking – see Chapter 27). Sus-
pensions for injection may show sediment, but if 
they do this must be readily resuspended on shaking 
to give a suspension that is suf ciently stable to 
allow a uniform dose to be withdrawn from the 
container.

With regard to the resuspension of sedimented 
injections in practice, it  is not usual for particle size 
to be tested in a quantitative manner on a routine 
basis prior to use. Indeed resuspended injections can 
be administered in patients’ homes or at G P clinics 
where particle size determination apparatus is not 
available. Thus, it is the responsibility of the original 
formulator/manufacturer of the suspension to 
provide the necessary data to convince the regulatory 

the type of container, it  should be effectively sealed 
to prevent the enclosed medicine becoming con-
taminated with microorganisms or other contami-
nants during storage prior to use. Containers should 
therefore be airtight and also preferably tamper 
evident. The types of containers and closures will be 
discussed further below.

Endotoxins .and .pyrogens
As well as being sterile, parenteral preparations must 
be practically free from endotoxins and pyrogens. 
These substances are bacterial products that may be 
released from certain types of bacteria when they 
are alive, or after they die. They may therefore be 
present in sterile products as a by-product of the 
sterilization process which kills the bacteria during 
manufacture. When they are injected into a patient 
they can cause fever, and even shock if present in 
suf cient quantit ies. Therefore parenteral products 
must comply with the test  for bacterial endotoxins 
or the test for pyrogens. For further information on 
endotoxins and pyrogens and on depyrogenation of 
containers equipment and raw materials see Chapter 
16 and 17.

Particula tes
The  nal general test  with which certain parenteral 
products much comply is for particulate contamina-
tion. They must be free of visible particles and 
contain only very low numbers of sub-visible parti-
cles. This is of particular importance for medicines 
administered intravenously. Particles inadvertently 
injected with a medicine will travel through the 
venous system to the heart  and from there to the 
lungs. In the lungs the vascular system narrows to a 
network of capillaries around each alveolus and any 
suspended particles may become entrapped at  this 
point preventing blood from  owing, resulting in a 
pulmonary embolism.

Pharmacopoeias have standards for particulate 
matter in injections for intravenous use, for example 
the European Pharmacopeia (PhEur) has limits on 
the number of 10 and 25 µm particles per container 
of injectable product. The PhEur notes that these 
levels would not be appropriate for suspensions for 
injection. Suspensions for injection are meant to be 
administered by the intramuscular, intra-articular or 
subcutaneous routes of administration.

Obviously suspensions are not (supposed to 
be) injected intravenously for the reasons noted 
above, but when injected intramuscularly or 
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Freeze-dried (lyophilized) products for parenteral 
use are considered to be powders for injection or 
infusion. Freeze-drying is often used for drug sub-
stances that are not stable in solution (e.g. degrade 
by hydrolysis). In this process, a solution of the drug 
is prepared, sterilized by  ltration and  lled into the 
 nal container (usually a vial). The solution is then 
freeze-dried by reducing the temperature and apply-
ing a vacuum, so that the water in the drug solution 
is removed by sublimation, leaving a sterile plug of 
the drug substance in the vial which is then closed 
and sealed. For further details of this process see 
Chapters 17 and 29.

Abs orption from inje c tion s ite s

Factors  affecting absorption from 
the injection s ite

For a drug to exert its pharmacological effect (i.e. 
provide a clinical action) it  must be able to reach its 
appropriate site of action. The movement of a drug 
from the site of administration (injection site) into 
the bloodstream is the process of drug absorption. 
From this it  can be seen that there is no absorption 
process if the drug is injected intravenously into the 
bloodstream or into a similar  uid of distribution 
such as the cerebrospinal  uid (intrathecal and intra-
cisternal injections), or directly into the site of 
action e.g. intra-articular or intraocular injections. In 
contrast, drugs that are injected intradermally, sub-
cutaneously or intramuscularly must undergo 
absorption to reach the systemic circulation. This 
occurs by diffusion of the drug through the t issues 
surrounding the injection site followed by penetra-
t ion through the walls of blood capillaries or the 
lymphatic system. Both the subcutaneous area and 
muscle tissue are richly supplied with blood capil-
laries. Lymph vessels are found extensively in sub-
cutaneous tissue and in connective tissue sheaths 
around muscles, but are found only in small numbers 
within muscle t issue itself.

Subcutaneous and intramuscular injections may 
be either solutions or suspensions. Intradermal 
injections are usually solutions, but generally are 
only used for diagnostic purposes (e.g. allergy 
testing) and act locally at the site of administration. 
When aqueous solutions of drugs are administered 
by subcutaneous or intramuscular injection drug 
absorption is usually comparable to that seen with 

authorities that resuspension can be readily achieved 
by a patient, medical practitioner or nurse, by simple 
shaking prior to administration.

Aqueous injections that are designed for multiple 
dosing must contain an antimicrobial preservative, 
unless it  can be shown that the preparation itself has 
suf cient antimicrobial properties to be self-
preserving. Preservatives must not be used when the 
volume to be routinely administered in a single dose 
exceeds 15 mL. Preservatives must not be used if 
the product is intended to be injected intracister-
nally, epidurally or intrathecally (or any other route 
giving access to the cerebrospinal  uid), or if it  is 
injected into the eye. Unpreserved injections should 
be presented in single-dose containers (ampoules or 
pre lled syringes) rather than vials. This is because 
vials allow more than one dose to be withdrawn and 
therefore may become contaminated with micro-
organisms if used for multiple doses.

Infus ions
Infusions are sterile aqueous solutions or emulsions 
with water as the continuous phase. They are usually 
made isotonic with respect to blood. They are large 
volume parenterals, typically ranging in volume from 
100 mL to 1000 mL, but they may be larger. Infu-
sions do not contain antimicrobial preservatives. 
Solutions for infusion are clear and free from visible 
particles. Emulsions do not show any sign of phase 
separation.

Concentra tes .for.injec tion.or.infus ions
Concentrates for injection or infusion are sterile 
solutions intended for injection or infusion only 
after dilution. They are diluted to a prescribed 
volume usually with an aqueous liquid such as saline 
(0.9% w/v sodium chloride) or water before admin-
istration. After dilution, they comply with the 
requirements for injections or infusions given above.

Powders .for.injec tion.or.infus ion
Powders for injection or infusion are dry solid, 
sterile substances sealed in their  nal container. 
When dispensed, a volume of the prescribed sterile 
diluent (usually an aqueous liquid) is added and 
shaken with the powder. This should rapidly form 
either a clear, particle-free solution or a uniform 
suspension. After dissolution or suspension they 
comply with the requirements for injections or 
infusions.
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conditions. However, as the suspended drug sub-
stance can irritate the joint  cartilage, a joint should 
be treated in this manner no more than three times 
a year.

The rate of release of a drug from a suspension is 
governed by the solubility of the drug in the t issue 
 uids and the surface area of the suspended drug 
particles. Differences in particle size and crystal 
structure have been used to alter the absorption rate 
of drugs from subcutaneous injection sites. Most 
notably this has been employed with insulin to give 
a range of insulin injections with different t imes for 
the onset and different durations of action. Subcu-
taneous injection of insulin causes few problems, but 
lipodystrophy may occur if injections are given 
repeatedly into the same area. Aside from causing 
subcutaneous indentations there is a reduction of 
vascularity in the affected area and therefore slower 
absorption of the insulin from the injection site. This 
can be avoided by moving the site of subsequent 
injections around the body.

Soluble insulin is the short-acting form of the 
drug, which is usually injected 15 to 30 minutes 
prior to eating. When injected subcutaneously, it  has 
an onset of action of 30 to 60 minutes, a maximal 
effect  between 2 and 4 hours after injection, and a 
duration of action up to 8 hours. Soluble insulin can 
also be injected intravenously in response to diabetic 
emergencies, such as diabetic ketoacidosis. When 
injected intravenously, soluble insulin is rapidly 
eliminated and its effect disappears within 30 
minutes. In the treatment of the unconscious dia-
betic patient a slow intravenous infusion of soluble 
insulin may be more appropriate.

Intermediate and long-acting insulins have an 
onset of action approximately 1 to 2 hours after 
subcutaneous injection, a maximal effect 4 to 12 
hours after injection and duration of 16 to 35 hours. 
They are administered once or twice daily in con-
junction with short-acting insulin. Isophane insulin 
is an intermediate-acting insulin in the form of a 
suspension of soluble insulin complexed with pro-
tamine sulfate. The insulin protamine complex 
forms rod shaped crystals greater than 1 µm in 
length but rarely exceeding 60 µm. Insulin Zinc Sus-
pension (Mixed) is a long-acting insulin and is a 
mixture of amorphous and regular crystals. The 
amorphous crystals dissolve more rapidly than the 
regular crystals. The ratio of the amorphous and 
crystalline insulin must be controlled. The British 
and European Pharmacopoeias, for example, 
direct  that Insulin Zinc Suspension consists of 30% 

oral administration, and absorption is usually com-
plete within 30 minutes, though the lipid solubility 
of the drug can play a role and delay the absorption 
of a drug injected into subcutaneous fatty tissue. 
The fairly rapid absorption of aqueous injections 
from subcutaneous or intramuscular injection sites 
depends on an unimpaired blood  ow surrounding 
the injection site. Vasoconstrictors such as adrena-
line may be incorporated into the formulation of 
other drugs to prolong their retention at the injec-
tion site. This is commonly used to prolong the 
action of local anaesthetic drugs at and around the 
injection site (e.g. during dental surgery). Large mol-
ecules such as proteins and peptides (e.g. insulin) 
and colloidal particles (e.g. injectable iron com-
plexes) with molecular weights greater than 20,000 
Da are absorbed by lymph vessels rather than the 
capillary network at subcutaneous or intramuscular 
injection sites. The speed of lymphatic  ow and thus 
systemic uptake can be increased by exercising the 
injected muscle or massaging the injection site for 
subcutaneous injections.

Formula tion.fac tors
If a drug is formulated as a suspension, the sus-
pended drug must  rst  dissolve from its solid state 
before it  can be absorbed from the injection site. 
This means that drug absorption from an injected 
suspension is much slower than from a solution 
injected into the same site. This slow and prolonged 
release from the site of action can be used to reduce 
the frequency of dosing that might otherwise be 
required if a drug was administered intravenously or 
orally. Drugs salts with low aqueous solubility may 
be speci cally chosen for intramuscular injection to 
provide a prolonged effect . Benzathine penicillin 
injected intramuscularly as a suspension forms a 
depot from which the active penicillin is slowly 
released. Such a product is used in the treatment of 
early syphilis. Procaine penicillin is another depot 
forming salt  of penicillin.

Several corticosteroids such as hydrocortisone 
acetate, prednisolone acetate and triamcinolone 
acetinide are formulated as suspensions for intra-
muscular injection. When given by this route, they 
release drug into the systemic circulation over a 
period of 2 days to 1 week depending on the 
dose given. Corticosteroid aqueous suspensions can 
also be given by intra-articular injection into joint 
spaces to produce a prolonged anti-in ammatory 
action over many weeks, usually to treat arthritic 
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into which it  is being injected (usually comparable 
to human plasma values). This is done to reduce 
pain and irritation that may otherwise be caused to 
blood vessels or tissues by the administration 
process.

Vehicles  for injections

‘Water for injections’ is the most common vehicle 
used for parenteral products. Water for injections is 
a highly puri ed grade of water which is subject to 
pharmacopoeial standards with respect to produc-
tion methods and purity. Water is of course well 
tolerated by the body and it  is a solvent for a wide 
range of drug substances. For those drugs which are 
poorly soluble in water, water-miscible non-aqueous 
solvents such as ethanol, glycerol or propylene glycol 
may be added as co-solvents to improve the solubil-
ity of a drug substance.

Solubilizing agents may be added to an injection 
formulation to aid the dissolution of drugs with 
poor aqueous solubility. Polyoxyethylene castor oil 
derivatives will solubilize hydrophobic drugs into 
aqueous solutions for injections and are used, for 
instance, for formulations of paclitaxel, diazepam 
and cisplatin. Cyclodextrins are cyclic oligosaccha-
ride molecules (see Fig. 24.1) with a bucket-like 
structure containing a hydrophobic central cavity, 
while the outer surface is hydrophilic. Cyclodextrins 
can form inclusion complexes with a variety of 
poorly soluble drug molecules. The ‘hydrophobic’ 
drugs are held within the cyclodextrin ‘bucket’ with 
the outer surface of the complex remaining 
hydrophilic. Both alpha and gamma-cyclodextrin 
can be used in parenteral products, but beta-
cyclodextrin should not be used as it  causes severe 
kidney damage.

Water-insoluble drugs may be administered 
parenterally by dissolving the drug in a suitable oil 
and forming an oil-in-water emulsion using a suitable 
emulsifying agent to stabilize the emulsion (see 
Chapter 27 for further details on emulsions). 
Droplet size must be controlled and is usually less 
than 3 µm in diameter to prevent oil embolisms 
forming in the blood-stream. Lecithin and various 
sorbitan fatty acid esters have been used as 
emulsifying agents in parenteral products. Finally, 
oils such as arachis oil or sesame oil may be chosen 
as a vehicle for intramuscular injections, for drug 
release over a prolonged period of time (depot 
injections).

amorphous crystals of no uniform shape but not 
exceeding 2 µm in size, and 70% crystalline insulin 
consisting of rhombohedral crystals between 10 to 
40 µm in size. Insulin Zinc Suspension is obtained 
by adding a suitable zinc salt  such as zinc chloride 
to soluble insulin.

Oily intramuscular injections are solutions or 
suspensions of drug substances, often steroids, hor-
mones or fat soluble vitamins in a suitable metabo-
lizable oil, such as arachis or sesame oils, as the 
vehicle. This approach can be used to administer 
drugs that are insoluble in water, or water soluble 
drug substances can be chemically modi ed to 
produce an oil soluble compound speci cally for 
administration in an oily injection. The use of unde-
canoate, enanthate or propionate esters to obtain 
the oil soluble form of a drug is commonplace. As 
oily injections are much more viscous than aqueous 
injections, the injected solution does not spread 
along the muscle fascias when injected intramuscu-
larly. This means a depot is formed in the muscle 
tissue. The drug must partition from the oil into the 
aqueous tissue  uid before it  can be absorbed, there-
fore release from oily intramuscular injections is 
very slow. Many antipsychotic medicines are given 
as oily intramuscular injections as they require 
dosing only every 2 to 4 weeks rather than daily oral 
dosing, thus compliance with treatment can be 
better managed.

Exc ipie nts

It  is very unusual for an injectable medicine to be 
composed entirely of the drug substance and no 
other ingredient. The drug, unless presented as a 
dried powder for reconstitution before use, will be 
dissolved or suspended in a vehicle such as water or 
a saline solution, or a non-aqueous liquid. Other 
ingredients (excipients) may be present in the for-
mulation to aid the dissolution or suspension of the 
drug in the vehicle. Other excipients may be incor-
porated to comply with pharmacopoeial require-
ments such as the incorporation of a preservative if 
the preparation is for multiple use rather than a 
single dose product. Excipients are often included 
in parenteral products to prevent, reduce or delay 
the degradation of the drug product over time 
and thus improve the product’s shelf-life. Finally, 
excipients are frequently added to adjust the pH 
and tonicity of the product to make it  comparable 
to the physiological pH and tonicity of the tissue 
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rate of drug degradation in the product and thus 
improve the shelf-life or expiry date.

It is common practice to use pharmaceutical grade 
compressed nitrogen gas ( ltered through a 0.2 µm 
pore size  lter) during the manufacturing process. 
Nitrogen is bubbled through the solution containing 
the drug prior to  lling into the  nal packaging. The 
nitrogen gas displaces any dissolved oxygen from the 
drug solution. This process is known as ‘sparging’. A 
nitrogen overlay may also be applied during the  lling 
operation prior to sealing the  nal containers of the 
drug product. This will displace air from the head-
space between the surface of the product and the 
top of the container (for example in a vial or ampoule) 
thereby removing oxygen.

An antioxidant may also be included in the for-
mulation. Antioxidants are chemicals that have a 
lower oxidation potential than the drug substance 
and thus will react  with any oxygen present in the 
product in preference to the drug. Vitamin C (ascor-
bic acid) and Vitamin E (alpha-tocopherol) can be 
used for this purpose, both in pharmaceutical prod-
ucts and in food. Alpha-tocopherol is highly lipophilic 
and can be used in oil-based parenteral products 
usually in the range of 0.001–0.05% v/ v. Ascorbic 
acid is used in aqueous parenteral products at a 
concentration of 0.01–0.1% w/ v. Ascorbic acid can 
also be used to adjust the pH of the formulation (see 
below). Butylated hydroxyanisole (BHA) and 
butylated hydroxytoluene (BHT) are structurally 
similar antioxidants used in parenteral preparations 
either separately or in combination. For intramuscu-
lar injections they are usually used at a concentration 
of 0.03% w/ v and for intravenous injections 0.0002–
0.002% w/ v is used. The most commonly used anti-
oxidants are the sulphite salts. Sodium metabisulphite 
is used at concentrations between 0.01–0.1% w/ v 
and also has some preservative properties. It  is used 
as an antioxidant for acidic parenteral products. If 
the product is of neutral pH sodium bisulphite is 
used, whereas sodium sulphite is used as an antioxi-
dant in alkali parenterals.

The activity of an antioxidant can be enhanced 
by the inclusion of an antioxidant synergist, also 
referred to as chelating or sequestering agents. Anti-
oxidant synergists reduce oxidation by removing 
trace levels of metal ions from the product 
by forming chelates with them. Metal ions, particu-
larly copper, iron and manganese are believed to 
catalyse oxidation reactions between oxygen 
and drug substances. Examples of chelating agents 
used in parenteral products include: citric acid at 

Preservatives

Antimicrobial preservatives are added to injections 
which are designed for multiple use. Such products 
are usually packaged in glass vials or cartridges with 
a synthetic rubber septum that can be punctured on 
a number of occasions to withdraw a dose of the 
drug for administration (see the section below on 
containers). A preservative is included to inhibit  the 
growth of any microorganisms that may be inadvert-
ently introduced into the product during repeated 
use by the patient or healthcare professional.

Excipients such as ethanol, glycerol and propyl-
ene glycol which may be added to a formulation as 
co-solvents to aid drug dissolution also will provide 
an antimicrobial effect. Ethanol is effective at con-
centrations above 10% v/v, glycerol at 10–20% v/ v 
and propylene glycol at  15–30% v/ v. Some of the 
commonly used antimicrobial preservatives suitable 
for parenteral administration are given in Table 36.1. 
It  should be noted that fatal toxic reactions in low 
birth-weight neonates have been linked to benzyl 
alcohol preserved injections. Thus, parenteral prod-
ucts preserved with benzyl alcohol should not be 
administered to neonates. Also, as noted above, pre-
servatives should not be added to large volume 
parenterals (infusions), or products intended for 
intraspinal or intraocular injection. Preservation of 
pharmaceutical products, including injections is dis-
cussed in detail in Part 6 of this book.

Antioxidants

If the drug substance to be injected is prone to 
degradation by oxidation a number of formulation 
processes and excipients can be used to reduce the 

Table 36.1 Preservatives used in parenteral products

Preservative Typical concentration
(% w/v)

Benzalkonium Chloride  0.01

Benzoic Acid  0.17

Benzyl Alcohol  1–2

Chlorobutanol  0.1–0.5

Chlorocresol  0.1

Cresol  0.15–0.3
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osmolarity of 286 mmol per L and is isotonic 
(meaning has the same osmotic pressure (see 
Chapter 3) with human plasma, which has an osmo-
lality of between 280–295 mmol per kg.

Hypotonic solutions have a lower osmotic pres-
sure than plasma. If mixed with blood they would 
cause the blood cells to swell and burst as water 
would be driven into the cells by osmosis. Hyper-
tonic solutions have a higher osmotic pressure than 
plasma. If mixed with blood they would cause the 
blood cells to lose water by osmosis and shrink.

Hypotonic injection solutions are made isotonic 
by the addition of sodium chloride, dextrose or 
mannitol. Hypertonic injection solutions must be 
made isotonic by dilution prior to administration. 
Pharmacopoeias direct that intravenous infusions 
should be made isotonic with human plasma. Whilst 
not a pharmacopoeial requirement, it  is considered 
desirable for subcutaneous, intradermal and intra-
muscular injections also to be isotonic. Intrathecal 
and intraocular injections should also be isotonic to 
avoid serious changes in osmotic pressure in the 
cerebrospinal  uid and the eye.

There are a number of methods available for cal-
culating the amount of additional substance to be 
added to a hypotonic drug solution to render it  
isotonic, including freezing point depression, the use 
of sodium chloride equivalents, molar concentra-
tions and calculations based on serum osmolarity. 
One method is demonstrated below:

Is otonic ity.ca lcula tion.bas ed .on.freezing.
point.depres s ion
The presence of solutes in water will increase osmo-
larity and depress the freezing point of water. These 
effects (colligative properties; Chapter 3) are 
dependent on the concentration of solute particles. 
Consequently, the freezing point of a solution can 
be used as a measure of its osmolarity. The freezing 
point of blood serum/ plasma and tears is −0.52 °C. 
Therefore, an aqueous solution that freezes at 
−0.52 °C is isotonic. For high concentrations of elec-
trolytes there may be a slight deviation in the direct 
relationship between concentration and freezing 
point depression, but in most cases the relationship 
holds true. Reference sources, such as the Pharma-
ceutical Codex give the freezing point depressions 
produced by a wide range of soluble materials.

The required amount of adjusting substance 
required to make a hypotonic solution isotonic is 
given by the equation:

concentrations between 0.3–2.0% w/ v and deriva-
tives of edetic acid (ethylenediaminetetraacetic 
acid; EDTA) at concentrations between 0.0005–
0.01% w/ v. Citric acid can also be used to adjust the 
pH of formulations and edetate compounds possess 
preservative properties.

If the primary mechanism of drug degradation in 
the product over time is hydrolysis rather than oxi-
dation, then the shelf-life of the product will be 
improved by removal of all water from the product. 
Injectable products which are presented as freeze-
dried powders (see Chapter 29 for the freeze-drying 
process and Chapter 17 for the sterilization of these 
powders) are usually formulated in this manner to 
improve the stability of a readily hydrolyzed drug 
substance.

pH adjus tment and buffers

The physiological pH of plasma and extracellular 
 uid is 7.4; therefore ideally all injectable products 
should be formulated to this pH value. However, 
there is likely to be an optimum pH value at  which 
the drug substance is most stable. The solubility of 
the drug in the vehicle may also be dependent on 
pH. Therefore, the pH chosen for a parenteral 
product is likely to be a compromise between the 
requirements for stability, solubility and physiologi-
cal compatibility. Injectable products should have a 
pH value between 3.0 and 9.0 prior to administra-
t ion. pH values above or below this range are too 
corrosive and will cause tissue damage at the site of 
injection. The pH of a parenteral formulation can be 
adjusted using acidifying or alkalizing agents. Acidi-
fying agents include hydrochloric, citric and sulphu-
ric acids. Alkalizing agents include sodium 
bicarbonate, sodium citrate and sodium hydroxide.

Buffers are included in parenteral products to 
maintain the pH of the product at the desired 
optimum value. Changes in pH may arise due to 
interactions between an ingredient in the formula-
tion and the container, or from changes in storage 
temperature. Buffer ingredients commonly used in 
parenteral products include citric acid, sodium 
citrate, sodium acetate, sodium lactate and mono- 
and dibasic sodium phosphate.

Tonicity adjus ting agents

An aqueous solution of sodium chloride at a concen-
tration of 0.9% w/ v or 9 g per L has a measured 
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Containe rs

As noted above (see pharmacopoeial requirements) 
the container or primary packaging of a parenteral 
product should ideally be transparent to allow the 
product to be examined prior to use. This is particu-
larly important for injections supplied as powders 
for reconstitution, as the healthcare practitioner 
needs to be able to see that  the drug substance has 
completely dissolved in the diluent prior to with-
drawal of the dose. Large volume infusion  uids 
often have other drugs added to them, so again the 
clarity of the container is important to allow the 
proper mixing of the product to be assessed and to 
check that large particles (e.g. from the rubber 
closure) have not been inadvertently introduced.

Whatever type of container is used it  must be 
tightly sealed to maintain the sterility of the injec-
tion prior to use and to prevent other contaminants 
entering the product which may lead to degradation 
of the drug substance (e.g. oxygen). The container 
should not interact with the drug product or other 
excipients it  contains. It  should also be robust 
enough to withstand the chosen sterilization process. 
In preference, parenteral products are manufac-
tured and  lled into the primary container which is 
then sealed and the product is then terminally steri-
lized inside the container, for example by using 
moist heat in an autoclave (see Chapters 16 and 17). 
If the drug substance cannot withstand this process 
then the containers will be sterilized  rst , the drug 
product sterilized by  ltration and then  lled under 
conditions of strict asepsis and the container sealed. 
This latter method of aseptic production obviously 
carries the risk of microbial contamination of the 
product during the  lling and sealing process, hence 
the preference for sterilization of the drug product 
inside the sealed container after  lling.

Ampoules

Small-volume parenteral products are often pack-
aged in glass or plastic ampoules. The use of glass 
and plastics as packaging materials for pharmaceuti-
cal products is discussed in Chapter 47. Ampoules 
are used for single use, unpreserved products. G lass 
ampoules range in size typically from 1 mL up to 
10 mL in volume, though larger sizes are available. 
The glass chosen is referred to as Type I or borosili-
cate glass which is less alkaline than the usual glass 
used for beverages and other purposes. Ampoules 

 W  a
b

=  −0 52.  

(36.1)

where W  is the % w/ v of adjusting substance in the 
 nal solution, a is the freezing point depression of 
unadjusted solution (i.e. freezing point depression 
of 1% solution × strength in % w/ v) and b is the 
freezing point depression of water due to 1% w/ v of 
adjusting substance, usually sodium chloride or 
glucose. A worked example is presented in Box 36.1.

Suspending agents

Drugs presented as suspensions for injection may 
require a suspending agent to ensure that the drug 
can be readily and uniformly resuspended prior to 
use. A water soluble cellulose derivative such as 
methylcellulose can be used in intramuscular and 
intra-articular injectable suspensions. Povidone has 
been used in the past for this purpose, but safety 
concerns about this compound when injected intra-
muscularly have led to it  falling out of favour. A 
suitable non-ionic injectable surfactant such as a 
polysorbate may also be included in a suspension 
formulation to aid the uniform dispersion of the 
suspended drug substance.

Box 36.1 

Use of freezing point depression to adjust 
solutions to isotonicity
You are reques ted to make a solution containing 
0.28%  w/v potass ium chloride isotonic by the 
addition of anhydrous  glucose. From the literature: 
the freezing point depress ion of a 1%  solution of 
potass ium chloride is  0.439 and for anhydrous  
glucose it is  0.101.

Using Equation 36.1:
•  1%  solution of potass ium chloride depresses  

the freezing point of water by 0.439 °C.Thus ,  
the freezing point depress ion of unadjus ted 
solution = 0.28 × 0.439 = 0.123 °C.

•  1%  solution of anhydrous  glucose depresses  the 
freezing point of water by 0.101 °C.

 W  =  − =  =0 52  0 123
0 101

0 397
0 101

 3 93.  .
.

.
.

 .

Thus , you require the addition of 3.93%  w/v (i.e . 
3.93 g per 100 mL) anhydrous  glucose to make the 
potass ium chloride solution isotonic with plasma.
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machine is loaded with the drug solution to be  lled 
and with plastic granules (polyethylene and/ or poly-
propylene) which are then melted. The molten 
plastic is blown into the ampoule mould to form the 
body of the ampoule, the body of the ampoule is 
 lled with product and then the lid of the ampoule 
is moulded onto the top of the ampoule to form a 
seal. All of the above happens as a single process 
which can take less than a second to complete (see 
Fig. 36.5). The sealed ampoule is opened by twisting 
off the lid and very few particles are generated to 
contaminate the product. Plastic ampoules are also 
much more robust than glass ampoules. Disadvan-
tages are that this is a more costly process, and is 
only suitable for drug products formulated as simple 
solutions (for instance freeze-drying processes 
cannot be undertaken using plastic ampoules). A full 
comparison of glass and plastics as materials for 
pharmaceutical packaging is provided in Chapter 47.

Vials

Vials are containers usually made of Type I borosili-
cate glass with a re-usable synthetic rubber closure. 
Vials have advantages as containers as they permit 
multiple withdrawals and are made in sizes usually 
ranging from 5 mL to 100 mL. Vials are sealed with 
a bromobutyl or chlorobutyl synthetic rubber closure 
held in place by an aluminium seal crimped around 
the neck of the glass vial. The rubber closure (or 
septum) is usually protected by a plastic  ip-off cap 
(Fig. 36.6). This acts purely as a dust cap and does 
not provide a covering that maintains the sterility of 
the septum prior to use.

To withdraw a dose from a vial, the cap is removed 
and the septum disinfected with a sterile alcohol 
wipe. A syringe and needle is used to puncture the 
rubber closure and remove the required amount of 

are supplied as open necked containers that are 
sealed by fusion of the narrow glass neck after  lling 
(see Fig. 36.4). Usually the neck of the ampoule has 
a painted ceramic ring on it . Due to the baking 
process required to fuse the ceramic to the glass, 
this acts as a weak point at which the ampoule can 
be easily snapped open by hand. The main disadvan-
tages of glass ampoules are the fragility of the con-
tainer, the potential for deposition of glass particles 
into the drug product on opening and the potential 
for injury to the  ngers of the person opening the 
ampoule. The problem of fragility is overcome by 
using robust secondary packaging. G lass particles 
can be removed from the product by drawing up the 
contents of the ampoule through a  lter straw or 
quill into a syringe. The advantages of glass ampoules 
are low cost and (if Type I glass is used) very lit t le 
interaction between the container and the product.

Plastic ampoules are prepared using a highly auto-
mated blow- ll-seal product process. The  lling 

Fig . 36.4 •  Open and sealed glass ampoules. 

Fig . 36.5 •  Blow- ll-seal process. 

Blow
extrus ion-molding  Fill  Sea l  Blow-fill-sea l

finished product
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Fig . 36.7 •  Collapsible infusion bag. 

Fig . 36.6 •  Glass vial with aluminium crimp seal and 
cap in place. 

product. The rubber septum is self-sealing to a high 
degree and so more than one withdrawal can be 
made from a vial. However, only a limited number 
of punctures can be made through the rubber closure 
before it  will lose its integrity as a seal. Products 
packaged in vials for multiple use will therefore 
incorporate a preservative to prevent any microor-
ganisms accidentally introduced into the product 
during use from proliferating.

The glass is inert and does not interact with the 
drug and the use of synthetic rubber closures reduces 
the likelihood of the drug or other excipients react-
ing with or being adsorbed into the rubber on 
storage. Synthetic rubber is also latex-free, which is 
important as sensitization to latex is an increasing 
problem for healthcare workers. The main disadvan-
tage is that puncturing the rubber closure can cause 
large rubber particles to be introduced into the drug 
product.

Infus ion bags  and bottles

Large volume parenteral products are packaged in 
glass bottles, collapsible plastic bags and semi-rigid 
plastic bottles, though the use of glass bottles for 
large volume parenterals is becoming much less 

commonplace. These products range in size from 
100 mL up to 1000 mL, though larger sizes (e.g. 
3000 mL) can be used, particularly for parenteral 
nutrition products.

Collapsible bag presentations are the most 
common form of container (see Fig. 36.7). They are 
manufactured from PVC or more increasingly poly-
ole n plastic. Collapsible bags usually have an addi-
tive port to allow other injectable drugs to be added 
to the infusion  uid. The main advantage of collaps-
ible bags is that they collapse under atmospheric 
pressure as the contents are removed from them, 
therefore they do not require an air inlet system to 
equilibrate air pressure between the outside and 
inside of the container, as do rigid glass bottles. The 
main disadvantage of PVC bags is that  drugs may 
become adsorbed onto the plastic (e.g. insulin) or 
react with the plastic (e.g. etoposide). Additionally, 
components can leach out of the plastic such as 
monomers and phthalate plasticizers which may be 
toxic in long-term exposure. Polyole n is much less 
reactive and is now replacing PVC for this reason in 
infusion bags.
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but on a larger scale. All large volume parenteral 
products are meant for single-use only.

Nowadays, parenteral products may be packaged 
in syringes and thus be presented to the healthcare 
professional or patient in a ready to use format. This 
requires aseptic  lling using specialist  equipment. 
Drug can be administered from the syringe using an 
infusion device, for instance in patient controlled 
analgesia, postoperatively or as part of palliative 
care.
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Fig . 36.8 •  Semi-rigid infusion container. 

Semi-rigid plastic containers are often made of 
polyethylene (see Fig. 36.8). These containers may 
have an additive port  to allow other drugs to be 
added to them. As they do not fully collapse during 
use, air equilibration may be required. Large volume 
glass bottles are essentially the same as glass vials, 
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•  The aerodynamic particle s ize of an inhaled 
particle or droplet, which depends  on phys ical 
s ize and dens ity, is  the critical parameter in 
determining its  fate within the lung 

•  There are three main categories  of devices  
available for pulmonary drug delivery: 
pressurized metered dose inhalers , dry powder 
inhalers  and nebulizers  

•  Pressurized metered dose inhaler formulations  
may be solutions  or suspens ions  and include a 
lique ed gas  (usually a hydro uoroalkane) as  a  
propellant and may also include surfactants  and 
co-solvents  

•  Dry powder inhalers  deliver drug as  a  ne 
powder  Formulations  often include carrier 
particles , usually lactose, to aid dispers ion of 
the powder, so that is  becomes  available for 
inhalation by patients  

•  Nebulizers  deliver relatively large doses  of drugs, 
as  either aqueous solutions or suspensions 

•  In vitro characterization of inhalation products  is  
mos t usually carried out us ing cascade 
impactors , which fractionate aerosols  according 
to their aerodynamic s ize dis tribution 

Inhale d drug de live ry

Therapeutic agents for the treatment or prophylaxis 
of airways diseases, such as bronchial asthma, chronic 
obstructive pulmonary disease (COPD) and cystic 
 brosis are usually delivered directly to the respira-
tory tract. The administration of a drug at its 
site of action can result in a rapid onset of activity, 
which may be highly desirable, for instance 
when delivering bronchodilating drugs for the treat-
ment of asthma. Additionally, smaller doses can be 

Kevin M. G . Taylor

KE Y P O IN TS

•  Pulmonary delivery may be used for drugs  
having local or sys temic activity 

•  Effective drug delivery to the lungs  is  dependent 
on the formulation, the delivery device and the 
patient 

•  The s tructure of the airways  is  effective in 
preventing entry of materials , including 
therapeutic aerosols  

•  There are three principal mechanisms  of particle 
depos ition in the airways : inertial impaction, 
gravitational sedimentation and Brownian 
diffus ion 
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airways walls in this region are trapped by the 
mucus, swept upwards from the lungs by the beating 
cilia to the throat, and are swallowed.

Inhalation aerosols  and the 
importance of s ize dis tribution

To deliver a drug into the airways, it  must be pre-
sented as an aerosol (with the exception of medical 
gases). In pharmacy, an aerosol is de ned as a two-
phase system of solid particles or liquid droplets 
dispersed in air or other gaseous phase, having suf-
 ciently small size to display considerable stability 
as a suspension.

The deposition of a drug/ aerosol in the airways is 
dependent on four factors: the physicochemical 
properties of the drug, the formulation, the delivery/
liberating device, and the patient (breathing patterns 
and clinical status).

The most fundamentally important physical 
property of an aerosol for inhalation is its size. The 
particle size of an aerosol is usually standardized by 
calculation of its aerodynamic diameter, da, which is 
the physical diameter of a unit density sphere which 
settles through air with a velocity equal to the par-
t icle in question. Therapeutic aerosols are heterodis-
persed (polydispersed) and the distribution of sizes 
is generally represented by the geometric standard 

administered locally compared to delivery by the oral 
or parenteral routes, thereby reducing the potential 
incidence of adverse systemic effects and reducing 
drug costs. The pulmonary route is also useful where 
a drug is poorly absorbed orally, e.g. sodium cromo-
glicate, or where it is rapidly metabolized orally, e.g. 
isoprenaline. The avoidance of  rst-pass metabolism 
in the liver may also be advantageous, although the 
lung itself has some metabolic capability.

The lung may also be used as a route for deliver-
ing drugs having systemic activity, because of its 
large surface area, the abundance of capillaries and 
the thinness of the air–blood barrier. This has been 
exploited in the treatment of migraine with ergot-
amine, and the potential for delivering biopharma-
ceuticals, such as insulin, vaccines and growth 
hormone via the airways is now well established.

Lung anatomy

The lung is the organ of external respiration, in 
which oxygen and carbon dioxide are exchanged 
between blood and inhaled air. The structure of the 
airways also ef ciently prevents the entry, and pro-
motes removal of airborne foreign particles, includ-
ing microorganisms.

The respiratory tract can be considered as com-
prising conducting (central) regions (trachea, 
bronchi, bronchioles, terminal and respiratory bron-
chioles) and respiratory (peripheral) regions (respi-
ratory bronchioles and alveolar regions), although 
there is no clear demarcation between them (Fig. 
37.1). The upper respiratory tract comprises the 
nose, throat, pharynx and larynx; the lower tract 
comprises the trachea, bronchi, bronchioles and the 
alveolar regions. Simplistically, the airways can be 
described by a symmetrical model in which each 
airway divides into two equivalent branches or gen-
erations. In fact, the trachea (generation 0) branches 
into two main bronchi (generation 1), of which the 
right bronchus is wider and leaves the trachea at a 
smaller angle than the left, and hence is more likely 
to receive inhaled material. Further branching of the 
airways ultimately results in terminal bronchioles. 
These divide to produce respiratory bronchioles, 
which connect with alveolar ducts leading to the 
alveolar sacs (generation 23). These contain approxi-
mately 2–6 × 108 alveoli, producing a surface area 
of 100–140 m2 in an adult male.

The conducting airways are lined with ciliated 
epithelial cells. Insoluble particles deposited on the 

Fig . 37.1 •  Schematic representation of the human 
airways. 

Trachea

Main
bronchi

Primary (lobula r)
bronchi

Segmenta l
bronchi

Bronchioles

Termina l
bronchioles

Respira tory
bronchioles

Alveola r
ducts

Atrium

Alveoli

A

i

r

 

c

o

n

d

u

c

t

i

o

n

G

a

s

e

o

u

s

e

x

c

h

a

n

g

e



 P A R T  F I V E  Dos age  Form Des ign and Manufac ture

6 4 0

be deposited. To penetrate to the peripheral (respi-
ratory) regions, aerosols require a size less than 
about 5 or 6 µm, with less than 2 µm being prefer-
able for alveolar deposition. Literature values for 
‘respirable’ size vary and must be considered along-
side the environmental changes in size described 
above and the heterodispersed nature of inhalation 
aerosol size distributions. Larger particles or drop-
lets are deposited in the upper respiratory tract 
and are rapidly removed from the lung by the muco-
ciliary clearance process. As a consequence, the 
drug becomes available for systemic absorption and 
may potentially cause adverse effects. Steroid aero-
sols of suf ciently large size may deposit  in the 
mouth and throat, with the potential to cause 
adverse effects, including oral candidiasis. The size 
of aerosolized drug may be especially important in 
the treatment of certain conditions where pene-
tration to the peripheral airways is particularly 
desirable, for instance the treatment and prophy-
laxis of the alveolar infection Pneumocystis carinii 
pneumonia.

There are three main mechanisms responsible for 
particulate deposition in the lung: gravitational sedi-
mentation, impaction and diffusion.

Inertia l impaction
The air stream changes direction in the throat, or 
where a bifurcation occurs in the respiratory tract. 
Particles within the air stream, having suf ciently 
high momentum, will impact on the airways’ walls 
rather than following the changing air stream. This 
deposition mechanism is particularly important for 
large particles having a diameter greater than 5 µm, 
and particularly greater than 10 µm, and is common 
in the upper airways, being the principal mecha-
nism for deposition in the nose, mouth, pharynx 
and larynx and the large conducting airways. With 
the continuous branching of the conducting airways, 
the velocity of the air stream decreases and imp-
action becomes a less important mechanism for 
deposition.

The probability of impaction is proportional to:

 
V V

gr
t  sinθ

 

(37.2)

where θ is the change in airways direction, V  is air 
stream velocity and r is the airway’s radius. V t is the 
terminal settling velocity (see Eqn 37.3).

deviation (G SD or σ g), when the size is log-normally 
distributed.

For approximately spherical particles:

 d da  p  /=  (  )  /ρ  ρ0
 1  2  

(37.1)

where dp is physical diameter, ρ is particle density 
and ρ0 is unit density, i.e. 1 g/ cm3.

When dp is the mass median diameter (MMD), 
da is termed the mass median aerodynamic diameter 
(MMAD).

Large porous particles, with large physical diam-
eters of the order of 20 µm are ef ciently delivered 
to and deposited in the lungs. Their low density, due 
to the porous or hollow nature of their structure 
means such particles have a small aerodynamic 
diameter and are thus carried in the inspired air, 
deep into the lungs. Additionally, large particles are 
less prone to aggregation than smaller ones (see 
below) offering formulation advantages and the par-
ticles are too large to be cleared from the airways 
by alveolar macrophages.

In uence  of environmenta l humidity  
on partic le  s ize
As a particle enters the respiratory tract, the change 
from ambient to high relative humidity (approxi-
mately 99%) results in condensation of water on to 
the particle surface, which continues until the 
vapour pressure of the water equals that of the sur-
rounding atmosphere. For water-insoluble materials, 
this results in a negligibly thin  lm of water; however, 
with water-soluble materials a solution is formed on 
the particle surface. As the vapour pressure of the 
solution is lower than that of pure solvent at  the 
same temperature, water will continue to condense 
until equilibrium between vapour pressures is 
reached, i.e. the particle will increase in size. The 
 nal equilibrium diameter is constrained by the 
Kelvin effect, i.e. the vapour pressure of a droplet 
solution is higher than that for a planar surface, and 
is a function of the particle’s original diameter. 
Hygroscopic growth will affect  the deposit ion of 
particles, resulting in deposition higher in the respi-
ratory tract than would have been predicted from 
measurements of their initial size.

Particle depos ition in the airways

The ef cacy of a therapeutic aerosol is dependent 
on its ability to penetrate the respiratory tract and 
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Effec t of partic le  s ize  on  
depos ition mechanis m
Different deposition mechanisms are important for 
different sized particles. Those greater than 5 µm 
will deposit  predominantly by inertial impaction in 
the upper airways. Particles sized between 1 and 
5 µm deposit  predominantly by gravitational sedi-
mentation in the lower airways, especially during 
slow, deep breathing and particles less than 1 µm 
deposit by Brownian diffusion in the stagnant air of 
the lower airways. Particles of approximately 0.5 µm 
are inef ciently deposited, being too large for effec-
tive deposition by Brownian diffusion and too small 
for effective impaction or sedimentation, and they 
are often quickly exhaled. This size of minimum 
deposition should thus be considered during formu-
lation, although for the reasons of environmental 
humidity discussed previously, the equilibrium 
diameter in the airways may be signi cantly larger 
than the original particle size in the formulation.

Brea thing pa tte rns
Patient-dependent factors, such as breathing pat-
terns, lung physiology and the presence of pulmo-
nary disease also affect  particle deposition. For 
instance, the larger the inhaled volume, the greater 
the peripheral distribution of particles in the lung, 
whilst increasing inhalation  ow rate enhances depo-
sit ion in the larger airways by inertial impaction. 
Breath-holding after inhalation increases the deposi-
t ion of particles by sedimentation and diffusion. 
Optimal aerosol deposition occurs with slow, deep 
inhalations to total lung capacity, followed by breath-
holding prior to exhalation. It  should be noted that 
changes in the airways resulting from disease states, 
for instance airways’ obstruction, may affect the 
deposition pro le of an inhaled aerosol.

Clearance  of inha led  partic les  and   
d rug abs orp tion
Particles deposited in the ciliated conducting airways 
are cleared by mucociliary clearance within 24 hours 
and are ultimately swallowed. The composition of 
mucus and the process of mucociliary clearance are 
discussed in Chapter 38. Insoluble particles pene-
trating to the alveolar regions, and which are not 
solubilized in situ, are removed more slowly. Alveo-
lar macrophages engulf such particles and may then 
migrate to the bottom of the mucociliary escalator, 
or alternatively may be removed via the lymphatics. 

Gravita tiona l s ed imenta tion
From Stokes’ Law, particles settling under gravity 
will attain a constant terminal settling velocity, V t:

 V  gd
t  =

 ρ
η

2

18
 

(37.3)

where ρ is particle density, g is the gravitational 
constant, d is particle diameter and η  is air 
viscosity.

Thus, gravitational sedimentation of an inhaled 
particle is dependent on its size and density, in addi-
t ion to its residence t ime in the airways. Sedimenta-
tion is an important deposition mechanism for 
particles in the size range 0.5–3 µm, in the small 
airways and alveoli, for particles that have escaped 
deposition by impaction.

Brownian d iffus ion
Collision and bombardment of small particles by 
molecules in the respiratory tract  produce Brownian 
motion. The resultant movement of particles from 
high to low concentrations causes them to move 
from the aerosol cloud to the airways’ walls. Diffu-
sion is inversely proportional to particle size. It  is 
the predominant mechanism for particles smaller 
than 0.5 µm, with the rate of diffusion, given by the 
Stokes-Einstein equation:

 D  k T
d

=  B

3πη
 

(37.4)

where D is the diffusion coef cient, kB is the Boltz-
mann’s constant, T is the absolute temperature, η  is 
viscosity and d is particle diameter.

Other mechanis ms  of depos ition
Although impaction, sedimentation and diffusion 
are the most important mechanisms for drug deposi-
t ion in the respiratory tract, other mechanisms may 
occur. These include interception, whereby particles 
having extreme shapes, such as  bres, physically 
catch on to the airways’ walls as they pass through 
the respiratory tract, and electrostatic attraction, 
whereby an electrostatic charge on a particle induces 
an opposing charge on the walls of the respiratory 
tract, resulting in attraction between particle and 
walls.



 P A R T  F I V E  Dos age  Form Des ign and Manufac ture

6 4 2

containers. In practice, pMDIs are generally pre-
sented in aluminium canisters, produced by extru-
sion to give seamless containers with a capacity of 
10–30 mL. Aluminium is relatively inert  and may be 
used uncoated where there is no chemical instability 
between container and contents. Alternatively, alu-
minium containers with an internal coating of a 
chemically resistant organic material, such as an 
epoxy resin or polytetra uoroethylene (PTFE), can 
be used.

Prope llants
The propellants used in pMDI formulations are 
lique ed gases, traditionally chloro uorocarbons 
(CFCs) which are now largely replaced by hydro-
 uoroalkanes (HFAs). At room temperature and 
pressure, these are gases but they are readily lique-
 ed by decreasing temperature or increasing pres-
sure. The head space of the aerosol canister is  lled 
with propellant vapour, producing the saturation 
vapour pressure at that temperature. On spraying, 
medicament and propellant are expelled and the 
head volume increases. To reestablish the equilib-
rium, more propellant evaporates and so a constant 
pressure system with consistent spray characteris-
tics is produced. The CFCs currently employed in 
pMDI formulations are trichloro uoromethane 
(CFC-11), dichlorodi uoromethane (CFC-12) and 
dichlorotetra uoroethane (CFC-114). Formulations 
generally comprise blends of CFC-11 and CFC-12 
or CFC-11, CFC-12 and CFC-114 (Table 37.1), 
together with a surfactant such as a sorbitan ester, 
oleic acid or lecithin, which acts as a suspending 
agent and lubricates the valve.

The clearance of particle-loaded macrophages occurs 
over a period of days or weeks.

Hydrophobic compounds are usually absorbed at  
a rate dependent on their oil/ water partit ion coef-
 cients, whereas hydrophilic materials are poorly 
absorbed through membrane pores at rates inversely 
proportional to molecular size. Thus, the airways’ 
membrane, like the gastrointestinal tract , is prefer-
ably permeable to the unionized form of a drug. 
Some drugs, such as sodium cromoglicate, are partly 
absorbed by a saturable active transport mechanism, 
whilst  large macromolecules may be absorbed by 
transcytosis. The rate of drug absorption, and con-
sequently drug action, can be in uenced by the for-
mulation. Rapid drug action can generally be 
achieved using solutions or powders of aqueous 
soluble salts, whereas slower or prolonged absorp-
tion may be achieved using suspension formulations, 
powders of less soluble salts or novel drug delivery 
systems such as liposomes and microspheres.

Formulating  and de live ring  
the rape utic  inhalation ae ros ols

There are currently three main types of aerosol-
generating device for use in inhaled drug therapy: 
pressurized metered-dose inhalers, dry powder 
inhalers and nebulizers.

Pressurized metered-dose inhalers

Pressurized metered-dose inhalers (pMDIs), also 
referred to as metered-dose inhalers (MDIs), were 
introduced in the mid-1950s and are the most com-
monly used inhalation drug delivery devices. In 
pMDIs, drug is either dissolved or suspended in 
liquid propellant(s) together with other excipients, 
including surfactants, and presented in a pressurized 
canister  t ted with a metering valve (Fig. 37.2). A 
predetermined dose is released as a spray on actua-
tion of the metering valve. When released from the 
canister, the formulation undergoes volume expan-
sion in the passage within the valve and forms a 
mixture of gas and liquid before discharge from the 
ori ce. The high-speed gas  ow helps to break up 
the liquid into a  ne spray of droplets.

Conta iners
Pharmaceutical aerosols may be packaged in tin-
plated steel, plastic-coated glass or aluminium 

Fig . 37.2 •  The pressurized metered-dose inhaler. 
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The reaction of CFCs with the ozone in the 
earth’s stratosphere, which absorbs ultraviolet  radia-
t ion at 300 nm, and their contribution to global 
warming are major environmental concerns. CFCs 
pass to the stratosphere, where in the presence of 
UV they liberate chlorine, which reacts with ozone. 
The depletion of stratospheric ozone results in 
increased exposure to the UV-B part of the UV 
spectrum, result ing in a number of adverse effects, 
in particular an increased incidence of skin cancer. 
The Montreal Protocol of 1987 was a global ban on 
the production of the  ve worst ozone-depleting 
CFCs by the year 2000. This was amended in 1992, 
so that production of CFCs in developed countries 
was phased out by January 1996. In the European 
Union and USA, all ozone-depleting CFCs were 
banned by the end of 1995, except for certain 
limited uses. The inclusion of CFCs in pMDIs cur-
rently has an ‘essential use exemption’, which will 
remain until medically acceptable non-ozone deplet-
ing alternatives to the remaining CFC-based pMDIs 
are available. This exemption is reviewed regularly 
and very few CFC-based pMDIs are now marketed. 
In household and cosmetic aerosols, CFCs have 
been replaced by hydrocarbons, such as propane and 
butane. Alternatively, non-toxic compressed gases 
such as nitrogen dioxide, nitrogen and carbon dioxide 
may be used, for instance in food products. However, 
compressed gases do not maintain a constant pres-
sure within the canister throughout its use, as the 
internal pressure is inversely proportionate to the 
head volume, and so product performance changes 
with usage. For reasons of toxicity and in ammabil-
ity, hydrocarbons are not considered appropriate 
alternatives to CFCs for inhalation products and so 
non-ozone depleting alternatives to CFCs have been 
developed.

CFCs and HFAs are numbered using a universal 
system. The  rst  digit  is the number of carbon atoms 
minus 1 (omitted if zero), the second is the number 
of hydrogen atoms plus 1, and the third is the 
number of  uorine atoms. Chlorine  lls any remain-
ing valencies, given the total number of atoms 
required to saturate the compound. If asymmetry is 
possible, this is designated by a let ter. The sym-
metrical isomer is assigned the number described 
above; of the asymmetrical isomers, that designated 
the letter a is the most symmetrical, b the next most 
symmetrical, and so on. The CFCs are perfectly 
miscible with each other and suitable blends give a 
useful intermediate vapour pressure, usually about 
450 kPa. The vapour pressure of the mixture of 
propellants is given by Raoult’s Law, i.e. the vapour 
pressure of a mixed system is equal to the sum of 
the mole fraction of each component multiplied by 
its vapour pressure:

 P  p  p=  +a  b  
(37.5)

where P is the total vapour pressure of the system 
and pa and pb are the partial vapour pressures of the 
components, a and b:

 p  x  pa  a  a
o=  

(37.6)

 p  x  pb  b  b
o=  

(37.7)

where xa and xb are the mole fractions and pa
o  and 

pb
o  are the partial vapour pressures of components 

a and b, respectively.

Table 37.1 Formulae and physicochemical properties o  chlorof uorocarbons (CFCs) and hydrof uoroalkanes (HFAs) 
used in pMDI  ormulations

Number Formula Boiling point (°C) Vapour pressure (kPa at 20 °C) Density (g/mL at 20 °C)

11 CCl3F 23.7 89 (0.89 bar) 1.49

12 CCl2F2  −29.8 568 (5.68 bar) 1.33

114 C2Cl2F4 3.6 183 (1.83 bar) 1.47

134a C2F4H2  −26.5 660 (6.6 bar) 1.23

227 C3F7H  −17.3 398 (3.98 bar) 1.41
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discharged through the ori ce in the valve stem and 
made available to the patient. After actuation, the 
metering chamber re lls with liquid from the bulk 
and is ready to dispense the next dose. A corollary 
of this is that the pMDI needs to be primed, i.e. the 
metering chamber must be  lled, prior to the  rst  
use by a patient. pMDI valves are complex in design 
and must protect the product from the environ-
ment, while also protecting against  product loss 
during repeated use. The introduction of HFA pro-
pellants with different solvent properties has neces-
sitated the development of new valve elastomers. 
The valve stem  ts into the actuator, which is made 
of polyethylene or polypropylene. The dimensions 
of the ori ce in the actuator play a crucial role, along 
with the propellant vapour pressure, in determining 
the shape and speed of the emitted aerosol plume.

Formula ting pres s urized   
mete red-dos e  inha le rs
Pressurized aerosols may be formulated as either 
solutions or suspensions of drug in the lique ed 
propellant. Solution preparations are two-phase 
systems. However, the propellants are poor solvents 
for most drugs. Cosolvents such as ethanol or iso-
propanol may be used, although their low volatility 
retards propellant evaporation. In practice, pressu-
rized inhaler formulations have traditionally been 
almost exclusively suspensions. These three-phase 
systems are harder to formulate and all the problems 
of conventional suspension formulation, such as 
caking, agglomeration, particle growth, etc., need to 
be considered. Careful consideration must be given 
to the particle size of the solid (usually micronized 
to between 2 and 5 µm), valve clogging, moisture 
content, the solubility of active pharmaceutical 
ingredient in propellant (a salt  may be desirable), 
the relative densities of propellant and drug, and the 
use of surfactants as suspending agents, e.g. lecithin, 
oleic acid and sorbitan trioleate (usually included at 
concentrations between 0.1 and 2.0% w/ w). These 
surfactants are very poorly soluble (<0.02% w/ w) in 
HFAs and so ethanol is usually employed as a cosol-
vent, though alternative surfactants are being devel-
oped. Solution formulations of some drugs, such as 
beclometasone dipropionate are now available. 
Evaporation of HFA propellant following actuation 
of these formulations results in smaller particle sizes 
than with conventional suspension formulations of 
the same drug, with consequent changes in its pul-
monary distribution and bioavailability. The dose 

Propellants HFA-134a (tri uoromono uoroe-
thane) and HFA-227 (hepta uoropropane) are non-
ozone depleting, non- ammable HFAs, also called 
hydro uorocarbons (HFCs), which are now used as 
alternatives to CFC-12 (see Table 37.1). However, 
these gases contribute to global warming and further 
replacements may be sought in the future.

HFA-134a and HFA-227 have some physical 
properties, including density, which are similar to 
those of CFC-12 and, to a lesser extent, CFC-114. 
However, they have presented major formulation 
challenges; in particular, they are poor solvents for 
the surfactants commonly used in pMDI formula-
tion and no alternative to CFC-11 is currently avail-
able. Ethanol is approved for use in formulations 
containing HFAs to allow dissolution of surfactants, 
and is included in marketed HFA pMDI products. 
However, ethanol has low volatility and its inclusion 
may consequently increase the droplet  size of the 
emitted aerosols.

Mete ring va lve
The metering valve of a pMDI permits the repro-
ducible delivery of small volumes (25–100 µL) of 
product. Compared to the non-metering continuous-
spray valve of conventional pressurized aerosols, the 
metering valve in pMDIs is used in the inverted 
position (Fig. 37.3). Depression of the valve stem 
allows the contents of the metering chamber to be 

Fig . 37.3 •  The metering valve. 
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lost through impaction of these droplets in the 
oropharyngeal areas. The mean emitted droplet size 
typically exceeds 40 µm, and propellants may not 
evaporate suf ciently rapidly for their size to 
decrease to that suitable for deep lung deposition. 
Vaporization of the droplets is hindered by the low 
volatility of CFC-11, which is present in concentra-
t ions of at least 25% in most CFC-based formula-
tions. Evaporation, such that the aerodynamic 
diameter of the particles is close to that of the origi-
nal micronized drug, may not occur until 5 seconds 
after actuation.

An additional problem with pMDIs, which is 
beyond the control of the formulator and manufac-
turer, is their incorrect use by patients. Reported 
problems include:
•  failure to remove the protective cap covering 

the mouthpiece
•  the inhaler being used in an inverted position
•  failure to shake the canister
•  failure to inhale slowly and deeply
•  inadequate breath-holding following inhalation
•  poor inhalation/ actuation synchronization.
Correct use by patients is vital for effective drug 
deposition and therapeutic action. Ideally, the pMDI 
should be actuated during the course of a slow, deep 
inhalation, followed by a period of breath-holding. 
Many patients  nd this dif cult , especially children 
and the elderly. The misuse of pMDIs through poor 
inhalation/ actuation coordination can be signi -
cantly reduced with appropriate instruction and 
counselling. However, it  should be noted that even 
using the correct  inhalation technique, only 10–20% 
of the stated emitted dose may be delivered to the 
site of action.

Spacers  and  brea th-ac tua ted  metered-
dos e  inha le rs
Some of the disadvantages of pMDIs, namely 
inhalation/ actuation coordination and the prema-
ture deposition of large droplets high in the airways, 
can be overcome by using extension devices or 
‘spacers’ positioned between the pMDI and the 
patient (Fig. 37.4), and thus these are frequently 
employed with a pMDI, for administering aerosol 
medications to young children (see also Chapter 
43). The dose from a pMDI is discharged directly 
into the reservoir prior to inhalation. This reduces 
the initial droplet velocity, large droplets may 
be removed by impaction, ef cient propellant 

may be adjusted accordingly or the volatility of the 
product modi ed by the addition of a less volatile 
component, such as glycerol.

Filling pres s urized  metered-dos e   
inha le r canis te rs
Canisters are  lled either by liquefying the propel-
lant by reducing its temperature (cold  lling) or by 
 lling the vapour at elevated pressure (pressure 
 lling).

In cold  lling, active compound, excipients and 
propellant are chilled and  lled at about −60 °C. 
Additional propellant is then added at  the same 
temperature and the canister sealed with the valve. 
In pressure  lling, a drug/ propellant (CFC-11) con-
centrate is produced and  lled at effectively room 
temperature and pressure (in fact, usually slightly 
chilled to below 20 °C). The valve is crimped on to 
the canister and additional propellant (e.g. CFC-12) 
is  lled at  elevated pressure through the valve, in 
a process known as gassing. Pressure  lling is 
most frequently employed for inhalation aerosols. 
However, no HFAs have the properties (high boiling 
point: 23.7 °C) of CFC-11 so a single-stage pressure 
 lling process has been developed for HFA-based 
formulations whereby a concentrated solution or 
suspension of drug in propellant, under pressure, is 
 lled into canisters through the valve, followed by 
addition of further propellant.

Once  lled, the canisters are leak tested by 
placing them in a water bath at elevated tempera-
ture, usually 50–60 °C. Following storage to allow 
equilibration of the formulation and valve compo-
nents, the containers are weighed to check for 
further leakage, prior to spray testing and insert ion 
into actuators.

Advantages  and  d is advantages  of 
p res s urized  metered-dos e  inha le rs
The major advantages of pMDIs are their portability, 
low cost and disposability. Many doses (up to 200) 
are stored in the small canister and dose delivery is 
reproducible. The inert conditions created by the 
propellant vapour, together with the hermetically 
sealed container, protect drugs from oxidative 
degradation and microbiological contamination. 
However, pMDIs have disadvantages. They are inef-
 cient at drug delivery. On actuation, the  rst  pro-
pellant droplets exit  at a high velocity which may 
exceed 30 m/ s. Consequently, much of the drug is 
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Liberation of powders from the device and the deag-
gregation of particles are limited by the patient’s 
ability to inhale, which in the case of respiratory 
disease may be impaired. An increase in turbulent 
air  ow created by an increase in inhaled air velocity 
increases the deaggregation of the emerging particles 
but also increases the potential for inertial impaction 
in the upper airways and throat, and so a compro-
mise has to be found. Further, DPIs are exposed to 
ambient atmospheric conditions, which may reduce 
formulation stability. For instance, elevated humid-
ity may cause powders to aggregate. Finally, DPIs 
are generally less ef cient at drug delivery than 
pMDIs, such that twice the dose is often required 
for delivery from a DPI compared to the equivalent 
pMDI.

Formula ting dry powder inha le rs
To produce particles of a suitable size (preferably 
less than 5 µm), drug powders for use in inhalation 
systems are usually micronized. Alternatives are 
spray drying, spray freeze drying and supercritical 
 uid technology. The high-energy powders produced 
by micronization have poor  ow properties because 
of their static, cohesive and adhesive nature. The 
 owability of a powder is affected by physical prop-
erties, including particle size and shape, density, 
surface roughness, hardness, moisture content and 
bulk density.

To improve their  ow properties, poorly  owing 
drug particles are generally mixed with larger 
‘carrier’ particles (median size usually 30–150 µm) 
of an inert excipient, usually lactose (α -lactose 
monohydrate). Drug and carrier particles are mixed 
to produce an ordered mix in which the small drug 
particles attach to the surface of the larger carrier 
particles. This not only improves liberation of the 
drug from the inhalation device by improving 
powder  ow, but also improves the uniformity of 
capsule or device  lling. Once liberated from the 
device, the turbulent air  ow generated within the 
inhalation device should be suf cient for the deag-
gregation of the drug/ carrier aggregates. The larger 
carrier particles impact in the throat, whereas 
smaller drug particles are carried in the inhaled air 
deeper into the respiratory tract .

The success of DPI formulations depends on the 
adhesion of drug and carrier during mixing and  lling 
of devices or hard gelatin capsules, followed by the 
ability of the drug to detach from the carrier during 
inhalation, such that free drug is available to 

evaporation occurs and the need for actuation/
inhalation coordination is removed. The disadvan-
tage of traditional spacers, though effective, is that 
they may be cumbersome because of their large 
volume, e.g. Volumatic® (G laxoSmithKline), though 
smaller, medium-volume spacers are now available, 
e.g. AeroChamber Plus® (G laxoSmithKline). Alter-
natively, extension tubes may be built  into the design 
of the pMDI itself as an extended mouthpiece, e.g. 
Syncroner® (Sano -Aventis) and Spacer Inhalers® 
(AstraZeneca). Breath-actuated pMDIs do not 
release drug until inspiration occurs. In the Auto-
haler® (3M), an inspiratory demand valve triggers a 
spring mechanism to release drug, whilst in the Easi-
breathe® (Teva), a vacuum in the device is released 
on inspiration to trigger the actuation. Breath-
actuated devices overcome the coordination prob-
lems of conventional pMDIs and are easy to use 
without adding bulk to the device.

Dry powder inhalers

In dry powder inhaler (DPI) systems, drug is inhaled 
as a cloud of  ne particles. The drug is either 
preloaded in an inhalation device or  lled into hard 
gelatin capsules or foil blister discs which are loaded 
into a device prior to use.

DPIs have several advantages over pMDIs. DPI 
formulations are propellant-free and usually do not 
contain any excipient, other than a carrier (see 
below), which is usually lactose. They are breath-
actuated, avoiding the problems of inhalation/
actuation coordination encountered with pMDIs. 
DPIs can also deliver larger drug doses than pMDIs, 
which are limited by the volume of the metering 
valve and the maximum suspension concentration 
that can be employed without causing valve clog-
ging. However, DPIs have several disadvantages. 

Fig . 37.4 •  Spacer device,  tted with a facemask for 
use by a child. 
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penetrate to the peripheral airways. Adhesion and 
detachment will depend on the morphology of the 
particle surfaces and surface energies, which may be 
in uenced by the chemical nature of the materials 
involved and the nature of powder processing. Addi-
t ionally, a ternary mix may be employed. Thus,  ne 
particle size lactose can be added to conventional 
carrier lactose, to occupy the high energy sites on 
the larger carrier particles. Only low energy sites 
remain for drug-carrier interaction, enhancing the 
detachment of drug particles during inhalation of 
the formulation. Likewise, materials such as leucine 
and magnesium stearate may be included in formu-
lations to modify the adhesion properties between 
drug and carrier part icles. The interactions between 
micronized drugs,  ne carrier particles and large 
carrier particles in DPI formulations are discussed 
in Chapter 8.

The performance of DPI systems is thus strongly 
dependent on formulation factors. Other factors 
affecting aerosol delivery and deposition include the 
design of the delivery device and a patient’s inhala-
t ion technique.

Unit-dos e  devices  with d rug in ha rd  
ge la tin caps ules
The  rst DPI device developed was the Spinhaler® 
(Rhône-Poulenc Rorer) for the delivery of sodium 
cromoglicate. Each dose, contained in a hard gelatin 
capsule, was placed individually into the device, in 
a loose- tting rotor. The capsule was pierced by two 
metal needles on either side of the capsule, and 
inhaled air  ow though the device caused a turbovi-
bratory air pattern as the rotor rotated rapidly, 
result ing in the powder being dispersed to the 
capsule walls and out through the perforations into 
the inspired air. Although the tendency nowadays is 
to develop multiple-dosing devices, other hard 
gelatin capsule-based devices, working on similar 
principles are st ill available, e.g. the HandiHaler® 
(Boehringer Ingelheim/ P zer) and the Aerolizer/
Cyclohaler® (Novartis/ Teva, Fig. 37.5).

Multidos e  devices  with drug  
in foil b lis te rs
The main disadvantage of hard gelatin capsule-based 
devices, namely the individual loading of each dose, 
has been overcome with the development of the 
Diskhaler® (G laxoSmithKline). In this system, drug 
is mixed with a coarse lactose carrier and  lled into 

Fig . 37.5 •  The Aerolizer/Cyclohaler® dry powder 
inhaler. Comprising: 1 cap; 2 base; 3 mouthpiece;  
4 capsule chamber; 5 button attached to pins for 
piercing capsule; 6 air inlet channel. 

an aluminium foil blister disc which is loaded, by 
the patient, into the device on a support wheel (Fig. 
37.6). Each disc contains four or eight doses of drug 
and the blisters are pierced with a needle as a result 
of mechanical leverage of the lid. Air  ow through 
the blister causes the powder to disperse as the 
patient inhales through the mouthpiece. The foil 
blisters are numbered, so that the patient knows the 
number of doses remaining.

Multidos e  devices  with drug pre loaded 
in inha le r
The evolution of the Diskhaler led to the Accuhaler® 
or Diskus® Inhaler (G laxoSmithKline), in which 
drug/ carrier mix is preloaded into the device in foil-
covered blister pockets containing 60 doses (Fig. 
37.7). The foil lid is peeled off the drug-containing 
pockets as each dose is advanced, with the blisters 
and lids being wound up separately within the 
device, which is discarded at the end of operation. 
As each dose is packaged separately and only 
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Fig . 37.6 •  The Diskhaler® dry powder inhaler. 

Fig . 37.7 •  The Accuhaler/Diskus® dry powder inhaler, showing (a) a schematic diagram and (b) a cross-sectional 
representation of the device. (Courtesy of Prime et al, 1996, with permission.)
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momentarily exposed to ambient conditions prior to 
inhalation, the Diskhaler and Accuhaler are rela-
tively insensitive to humidity compared to hard 
gelatin capsule-based systems.

An alternative approach is a reservoir type of 
device, in which a dose is accurately measured and 
delivered from a drug reservoir. In the Clickhaler® 

DPI (Innovata Biomed), a drug–lactose blend is 
stored in a reservoir. Metering cups are  lled by 
gravity from this reservoir and delivered to an inha-
lation passage, from which the dose is inhaled. The 
device is shaken before use. The device is capable 
of holding up to 200 doses and incorporates a dose 
counter which indicates the number of metered 
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doses and informs patients when the device, which 
is discarded after use, is nearly empty. After the  nal 
dose has been dispensed, the push button locks to 
prevent further use.

The Turbohaler® (AstraZeneca) has overcome 
the need for both a carrier and the loading of indi-
vidual doses (Fig. 37.8). The device contains a large 
number of doses (up to 200) of undiluted, loosely 
aggregated micronized drug, which is stored in a 
reservoir from which it   ows on to a rotating disc in 
the dosing unit. The  ne holes in the disc are  lled 
and excess drug is removed by scrapers. As the 
rotating disc is turned, by moving a turning grip back 
and forth, one metered dose is presented to the 
inhalation channel and this is inhaled by the patient, 
with the turbulent air  ow created within the device 
breaking up any drug aggregates. A dose indicator is 
incorporated. The Turbohaler requires a higher 
inspiratory effort than the Diskhaler, owing to its 
higher internal resistance, and is more sensitive to 
humidity if not closed quickly after each use.

Brea th-as s is ted  devices
Several devices have been developed which reduce 
or eliminate the reliance on the patient’s inspiratory 

Fig . 37.9 •  The Spiros® DPI. (Courtesy of Nelson et al 
1999, with permission.)

Casse tte

Red ba tte ry
indica tor

Alighment pos t

Snap pos t

Mouthpiece  cover

Mouthpiece
assembly

Green
ba tte ry
indica tor

Lid

Fig . 37.8 •  The Turbohaler®. (Courtesy of AstraZeneca.)

Mouthpiece
with insert

Inha la tion channe l Scraper

One  metered dose Storage  unit for
drug compound

Dosing unit

Air inle t
Turning grip

effort to disperse the drug. This is advantageous as 
inspiratory effort may be affected by the patient’s 
age and/ or clinical condition. For instance, Nektar 
Therapeutics produced a device for the delivery of 
insulin as a  ne powder, in which compressed air 
was used to disperse drug from a unit-dose package 
into a large holding chamber, from which it  was 
inhaled by the patient. The device was marketed 
brie y by P zer for the delivery of insulin by inhala-
t ion, but was withdrawn for many reasons including; 
cost, the cumbersome design of the delivery device 
and the need for injections of insulin to supplement 
inhaled drug. Another novel device, the Spiros® 
DPI (Dura) (Fig. 37.9), is a breath-actuated, effort-
assisted device which uses a battery-powered impel-
ler to deaggregate and aerosolize the drug powder, 
which is held in a rotating cassette. The device func-
tions relatively independently of the patient’s inspir-
atory  ow rate and can be used by those patients 
who can only achieve low inspiratory  ow rates.

Nebulizers

Nebulizers deliver relatively large volumes of drug 
solutions and suspensions and are frequently used 
for drugs that cannot be conveniently formulated 
into pMDIs or DPIs, or where the therapeutic dose 
is too large for delivery with these alternative 
systems. Nebulizers also have the advantage over 
pMDI and DPI systems in that drug may be inhaled 
during normal tidal breathing through a mouthpiece 
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A proportion of the resultant (primary) aerosol 
leaves the nebulizer directly; the remaining large, 
non-respirable droplets impact on baf es or the 
walls of the nebulizer chamber and are recycled into 
the reservoir  uid.

Nebulizers are operated continuously and because 
the inspiratory phase of breathing constitutes 
approximately one-third of the breathing cycle, a 
large proportion of the emitted aerosol is not inhaled 
but is released into the environment. Open-vent 
nebulizers, incorporating inhalation and exhalation 
valves, e.g. the Pari LC® nebulizer (Pari), have been 
developed in which the patient’s own breath boosts 
nebulizer performance, with aerosol production 
matching the patient’s t idal volume and greatly 
enhancing drug delivery. On exhalation, the aerosol 
being produced is generated only from the compres-
sor gas source, thereby minimizing drug wastage.

The rate of gas  ow driving atomization is the 
major determinant of the aerosol droplet size and 
rate of drug delivery for jet nebulizers; for instance, 
there may be up to a 50% reduction in the mass 
median aerodynamic diameter when the  ow rate is 
increased from 4 to 8 L/ min, with a linear increase 
in the proportion of droplets less than 5 µm.

Ultras onic  nebulizers
In ultrasonic nebulizers the energy necessary to 
atomize liquids comes from a piezoelectric crystal 
vibrating at high frequency. At suf ciently high 
ultrasonic intensities, a fountain of liquid is formed 
in the nebulizer chamber. Large droplets are emitted 
from the apex and a ‘fog’ of small droplets is emitted 
from the lower part (Fig. 37.11). Some models have 

or facemask, and thus they are useful for patients 
such as children, the elderly and patients with 
arthritis, who experience dif culties with pMDIs.

There are three categories of commercially avail-
able nebulizer: jet, ultrasonic and mesh.

J e t nebulizers
Jet nebulizers (also called air-jet or air-blast nebuliz-
ers) use compressed gas (air or oxygen) from a com-
pressed gas cylinder, hospital air-line or electrical 
compressor to convert a liquid (usually an aqueous 
solution) into a spray. The jet of high-velocity gas is 
passed either tangentially or coaxially through a 
narrow Venturi nozzle, typically 0.3–0.7 mm in 
diameter. An area of negative pressure, where the 
air jet emerges, causes liquid to be drawn up a feed 
tube from a  uid reservoir by the Bernoulli effect 
(Fig. 37.10). Liquid emerges as  ne  laments, which 
collapse into droplets as a result of surface tension. 

Fig . 37.10 •  Schematic diagram of a jet nebulizer. 
Compressed gas passes through a Venturi nozzle, 
where an area of negative pressure is  created. Liquid is 
drawn up a feed tube and is fragmented into droplets . 
Large droplets  impact on baf es, and small droplets  are 
carried away in the inhaled air s tream. 
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Fig . 37.11 •  Schematic diagram of an ultrasonic 
nebulizer. (Courtesy of Atkins et al, 1992, with 
permission.)
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Formula ting nebulize r  uids
Nebulizer  uids are formulated in water, occasion-
ally with the addition of a cosolvent such as ethanol, 
and with the addition of surfactants for suspension 
formulations. Because hypoosmotic and hyperos-
motic solutions may cause bronchoconstriction, as 
may high hydrogen ion concentrations, isoosmotic 
solutions of pH greater than 5 are usually employed. 
Stabilizers such as antioxidants and preservatives 
may also be included, although these may also cause 
bronchospasm, and for this reason sul tes in particu-
lar are generally avoided as antioxidants in such for-
mulations. Although chemically preserved multidose 
preparations are commercially available, nebulizer 
formulations are generally presented as sterile, 
isotonic unit doses (usually 1–2.5 mL) without a 
preservative.

Whilst most nebulizer formulations are solutions, 
suspensions of micronized drug are also available for 
delivery from nebulizers. In general, suspensions are 
poorly delivered from ultrasonic nebulizers, whilst  
mesh nebulizers are considered suitable for deliver-
ing suspensions. With jet nebulizers the ef ciency of 
drug delivery increases as the size of suspended drug 
is decreased, with lit t le or no delivery of particles 
when they exceed the droplet size of the nebulized 
aerosol.

As the formulation of  uids for delivery by neb-
ulizers is relatively simple, these devices are fre-
quently the  rst  to be employed when investigating 
the delivery of new entities to the human lung. 
Recently, they have been used for the delivery of 
biopharmaceuticals and drug delivery systems, such 
as liposomes. In general, ultrasonic nebulizers have 
not been successful for delivering either biopharma-
ceuticals or liposomes, because of denaturation 
resulting from the elevated temperatures produced. 
Consequently, ultrasonic nebulizers are expressly 
excluded for the delivery of recombinant human 
deoxyribonuclease in the management of cystic 
 brosis. Mesh and jet nebulizers have been success-
fully used to deliver some peptides, nucleic acids 
and liposome formulations, although the shearing 
forces that  occur in jet nebulizers may produce 
time-dependent damage to some materials.

Phys icochemica l properties   
of nebulizer  uids
The viscosity and surface tension of a liquid being 
nebulized may affect the output of nebulizers, as 
energy is required to overcome viscous forces and 

a fan to blow the respirable droplets out of the 
device, whereas in others the aerosol only becomes 
available to the patient during inhalation.

Mes h nebulizers
Recently, mesh nebulizers have come commercially 
available, in which aerosols are generated by passing 
liquids through a vibrating mesh or plate with mul-
t iple apertures. The energy of vibration comes 
from a vibrating piezoelectric crystal attached to a 
horn transducer which transmits vibrations to a 
perforated plate with up to 6000 tapered holes 
(Fig. 37.12) or from an aerosol generator compris-
ing a domed aperture plate, with up to 10 000 
tapered holes and a vibrational element which con-
tracts and expands to generate the aerosol. These 
devices generate aerosols with a high  ne particle 
fraction, deliver  uids very rapidly and have very 
small residual volumes (see below) compared to 
jet and ultrasonic nebulizers. A recent develop-
ment, has been the ‘Adaptive Aerosol Delivery’ 
(AAD) system employed in the I-neb AAD® mesh 
nebulizer (Philips Respironics), which analyse the 
patient’s breathing pattern and emits aerosol only 
during inhalation, thus eliminating wastage during 
exhalation.

Fig . 37.12 •  Diagram of aerosol production in a 
vibrating-mesh nebulizer. (Courtesy of Omron Health 
Care.)
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or total time, which is the time at which the produc-
tion of aerosol ceases.

Regardless of the duration of nebulization, not all 
the  uid in the nebulizer can be atomized. Some 
liquid, usually about 1 mL for jet and ultrasonic neb-
ulizers, remains as the ‘dead’ or ‘residual’ volume, 
associated with the baf es, internal structures and 
walls of the nebulizer. The proportion of drug retained 
as residual volume is more marked for smaller  ll 
volumes; hence for a 2 mL  ll volume, approximately 
50% of  uid will remain associated with the nebulizer 
and be unavailable for delivery to the patient. This 
reduces to approximately 25% with a 4 mL  ll 
volume, although there is a commensurate increase 
in the time necessary to nebulize to dryness. For this 
reason small-volume nebulizer  uids may be diluted 
to a larger volume by addition of a suitable diluent, 
usually sterile 0.9% sodium chloride solution. 
Vibrating-mesh nebulizers have a much smaller resid-
ual volume than jet or ultrasonic devices, which may 
mean that the nominal dose, or dose volume used 
with a mesh nebulizer should be reduced compared 
to that employed with a conventional nebulizer.

Variab ility be tween nebulizers
Many different models of nebulizer and compressor 
are commercially available, and the size of aerosols 
produced and the dose delivered can vary enor-
mously. Variability may not only exist between 
different nebulizers but also between individual 
nebulizers of the same type, and repeated use of a 
single nebulizer may cause variability due to baf e 
wear and non-uniformity of assembly. Nebulizers, 
unlike the DPI and pMDI devices, are not manufac-
tured by the producers of nebulizer solutions and 
suspension. The choice of nebulizer employed for 
their delivery is thus usually beyond the in uence 
of the pharmaceutical manufacturer.

Novel delivery devices

A number of new inhalation devices are currently 
being developed, which do not  t  neatly into the 
tradit ional categories of pMDI, DPI and nebulizers, 
since they operate on alternative principles. Two 
metered-dose liquid inhalers are the Respimat® 
(Boehringer Ingelheim, Fig. 37.13) and the AERx 
Pulmonary Delivery System® (Aradigm, Fig. 37.14). 
The Respimat Soft Mist® Inhaler is a handheld 
device with a multidose reservoir releasing a cloud 
of 1.5 seconds duration. This is much slower than 

to create a new surface. However, the size selectiv-
ity of the nebulizer design and dimensions, with 
more than 99% of the primary aerosol mass being 
recycled into the reservoir liquid, means that changes 
in the size distribution of the primary aerosol result-
ing from changes in the properties of the solution 
being atomized may not be re ected in the size 
distribution of the emitted aerosol. In general, the 
size of aerosol droplets is inversely proportional to 
viscosity for jet and mesh nebulizers and directly 
proportional to viscosity for ultrasonic nebulizers, 
with more viscous solutions requiring longer to neb-
ulize to dryness and leaving larger residual volumes 
in the nebulizer following atomization. Surface 
tension effects are more complex, but usually a 
decrease in surface tension is associated with a 
reduction in mean aerosol size.

Tempera ture  e ffec ts  during nebuliza tion
The aerosol output from a jet nebulizer comprises 
drug solution and solvent vapour, which saturates 
the outgoing air. This causes solute concentration to 
increase with time and results in a rapid decrease in 
the temperature of the liquid being nebulized by 
approximately 10–15 °C. This temperature decrease 
may be important clinically, as some asthma suffer-
ers experience bronchoconstriction on inhalation of 
cold solutions. Further, the cooling effect within the 
reservoir  uid will reduce drug solubility and result  
in increased liquid surface tension and viscosity. Pre-
cipitation is uncommon with bronchodilators, which 
have high aqueous solubility, but problems may arise 
with less soluble drugs. In such instances the use of 
an ultrasonic nebulizer may be appropriate, as the 
operation of such devices may increase solution 
temperature by up to 10–15 °C. As indicated above, 
this temperature increase may have detrimental 
effects on heat-sensitive materials intended for neb-
ulization. Mesh nebulizers have a negligible effect  on 
 uid temperature.

Dura tion of nebuliza tion and   
res idua l volume
Clinically, liquids may be nebulized for a speci ed 
period of t ime or, more commonly, they may be 
nebulized to ‘dryness’, which may be interpreted as 
sputtering time, which is the time when air is drawn 
up the feed tube and nebulization becomes erratic, 
although agitation of the nebulizer permits treat-
ment to be continued; clinical time, which is the 
time at which therapy is ceased following sputtering; 
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radiolabelling droplets or particles, usually with the 
short half-life γ-emitter technetium-99m (99mTc). 
However, more commonly, in vitro measurements 
of aerosol size are used to predict clinical per-
formance. The principal methods that have been 
employed for size characterization of aerosols 
are microscopy, laser diffraction and cascade 
impaction.

Optical methods of measuring the physical size 
of deposited aerosols using microscopy are laborious 
and do not give an indication of their likely deposi-
t ion within the humid airways while being carried 
in an air stream. With methods of analysis based on 
laser diffraction, aerosolized droplets or particles are 
sized as they traverse a laser beam to give a volume 

Fig . 37.14 •  The AERx® Pulmonary Delivery System. 
(Courtesy of Aradigm.)
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for conventional pMDIs, allowing more time for 
coordination between actuation and inhalation. The 
device is mechanically actuated without employing 
a propellant. The aerosol generated by the device 
has lower velocity and smaller particle size than that 
generated with a conventional pMDI, resulting in 
superior peripheral lung deposition. The AERx Pul-
monary Delivery System® has drug contained in 
unit-dose blister packs. Drug delivery is computer 
controlled and involves extrusion of liquid through 
a single-use nozzle containing numerous spherical 
holes, with exits approximately 1 µm in diameter. 
This produces very  ne aerosols, suitable for deliv-
ery of biopharmaceuticals, such as insulin, to the 
peripheral airways. The device electronically moni-
tors the patient’s inspiratory  ow rate, and releases 
drug at the inspiratory  ow rate determined to be 
optimal for drug delivery.

Me thods  of ae ros ol  
s ize  analys is

The regional distribution of aerosols in the airways 
can be measured directly using γ-scintigraphy, by 
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the size of an aerosol, cumulative percentage under-
size plots of deposited aerosol on each stage are 
plotted against the cut-off diameter for that  stage 
to allow calculation of the MMAD. Cascade impac-
tors are used for aerodynamic assessment of  ne 
particles in pMDIs and DPIs (USP and PhEur).

Multistage liquid impingers (MSLIs), work on 
the same principle of cascade impaction. They are 
constructed from glass or glass and metal and have 
three, four or  ve stages, with wet sintered glass 
collection plates followed by a terminal  lter. The 
 ve-stage liquid impinger (multistage liquid 
impinger, MSLI) (Fig. 37.17), with an appropriate 
induction port and mouthpiece adapter, is used to 
determine the aerodynamic size of DPIs and pMDIs. 
The MSLI may be operated at a  ow rate between 
30 and 100 L/ min. At 60 L/ min (i.e. 1 L/ s), the 
effective cut-off diameters of stages 1, 2, 3 and 4 
are 13.0, 6.8, 3.1 and 1.7 µm, respectively. The  fth 
stage comprises an integral  lter which captures par-
ticles smaller than 1.7 µm.

When testing DPIs to USP requirements, an air-
 ow rate (Q ) calculated to produce a pressure drop 
of 4.0 kPa over the inhaler is employed. If this 
exceeds 100 L/ min, then 100 L/ min is used. The 
cut-off diameters of each stage at  ow rate (Q ) can 
be calculated from:

 D  D  Q  Q50  50
 1  2

′  ′=Q  Q  nn  /(  )  /  
(37.8)

where D50′Q is the cut-off diameter at the  ow rate 
Q  and D50′Qn refers to the nominal cut-off values 
determined when Q n is 60 L/ min (values given 
above).

The use of cascade impaction methods to deter-
mine the size of aerosols has a number of disadvan-
tages. The high  ow rates employed (typically 
28.3–100 L/min) result  in rapid solvent evaporation 
and droplets may be re-entrained in the air stream, 
whilst particles may ‘bounce off ’ metal collection 
plates, although this latter effect may be reduced by 
coating the collection surface, for instance, with a 
silicone  uid or glycerol. These effects can result in 
a signi cant decrease in the measured aerosol size. 
Also, these measuring devices are operated at a con-
stant air- ow rate. However, the dispersion of dry 
powder formulations and the deposition pro le of 
inhaled aerosols will vary considerably with  ow 
rate. To overcome the limitations of measurement 
at a single  ow rate, an ‘electronic lung’ can be used, 
whereby a computer-controlled piston draws air 

Fig . 37.15 •  Principle of operation of a cascade 
impactor. (Courtesy of Copley Instruments.)

Aerosol flow

Collection pla te

Principle  opera tion

median diameter. Again, the aerodynamic properties 
of an aerosol are not being measured. In addition, 
spraying droplets into a beam exposes them to 
ambient conditions of temperature and humidity, 
which may result  in solvent evaporation.

Cascade impactors  and impingers

Cascade impactors comprise a series of progressively 
 ner jets and collection plates, allowing fractiona-
tion of aerosols according to their aerodynamic size 
distribution as the aerosol is drawn through the 
device at a known  ow rate. Large, dense particles 
will deposit  higher in the impactor, whereas smaller, 
less dense particles will follow the air  ow and only 
deposit when they have been given suf cient 
momentum as they are accelerated through the  ner 
jets lower in the impactor (Fig. 37.15). The  rst  
stage of the impactor is usually preceded by a 90° 
bend of metal or glass to mimic the human throat. 
Traditional cascade impactors are constructed from 
metal. The two most commonly used are 1) the 
Andersen Cascade Impactor (ACI) which comprises 
eight impaction stages, with metal collection plates 
followed by a terminal  lter and 2) the Next G en-
eration Impactor (NG I) which consists of seven 
impaction stages followed by a micro-ori ce collec-
tor, which can be used in place of a terminal  lter 
in most cases. The NG I uses collection cups rather 
than plates and can be used with  ow rates from 15 
to 100 L/ min (Fig. 37.16). The cut-off diameters 
for each stage at a particular air- ow rate can be 
determined using monodisperse aerosols or calcu-
lated using calibration curves. When determining 
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Fig . 37.18 •  The two-stage impinge. (Courtesy of 
Copley Instruments.)

Air flow

Fig . 37.16 •  The Next Generation Impactor. (Courtesy of Copley Instruments.)
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Fig . 37.17 •  The multistage liquid impinger. (Courtesy of 
AstraZeneca.)
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through the inhaler and into an impaction sizer, fol-
lowing a predetermined inhalation pro le.

Cascade impactor methods are invasive, laborious 
and time-consuming but necessary to derive infor-
mation about median aerodynamic size and the 
polydispersity of the aerosol. To ensure that inhala-
tion products are likely to be clinically effective, in 
addition to size properties, the emitted dose is cal-
culated together with the ‘ ne particle fraction’ 
(that fraction of the emitted dose less than a stated 
size, usually 5 µm or sometimes 6.4 µm), which are 
combined to give a ‘therapeutically useful’ or ‘respir-
able’ dose or mass ( ne particle dose). For routine 
analysis, a simpli ed glass two-stage (twin) impinger 
may be employed (Fig. 37.18). Aerosol collected in 
the throat and the upper stage (stage 1) is consid-
ered ‘non-respirable’, whereas that collected in the 
lower stage (stage 2) is considered ‘respirable’. For 
this glass device, the cut-off diameter for stage 2 is 
6.4 µm, i.e. aerosols collected in this stage have an 
aerodynamic diameter less than 6.4 µm and for this 
measurement technique constitute the  ne particle 
fraction. This two-stage impinger may be used for 
 ne particle assessment of aerosols generated from 
pMDIs, DPIs and nebulizers (PhEur), but gives 
much less information about aerosol particle size 
distribution than a multi-stage impactor or impinger.
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KE Y P O IN TS

•  Drugs  are adminis tered to the nasal cavity  or a) 
localized b) sys temic action c) vaccine delivery 
and d) poss ible direct nose-brain delivery 

•  Exemplar drugs  adminis tered via the nose are a) 
corticos teroids , antihis tamines  and antibacterials  
(localized delivery), b) polypeptide hormones , 
5HT1 agonis ts  and alkaloids  (sys temic delivery) 
and c) inf uenza vaccine 

•  The nasal cavity (volume 15 mL, sur ace area 
160 cm2, pH 5 5–6 5) contains  mucus  which is  
propelled by cilia  towards  the nasopharynx  This  
mechanism, termed mucociliary clearance, 
removes  drugs   rom the nasal cavity 

•  The nasal cavity contains  a broad range o  
enzymes , including proteases , which can 
provide a metabolic barrier to the absorption o  
both small molecular weight drugs  and 
peptides , and inactivate locally-acting drugs  

•  Formulation s trategies  to improve absorption 
include a) improvement o  aqueous  solubility 

(e g  co-solvents  and cyclodextrins ), b) reduction 
o  enzymatic degradation (e g  encapsulation, 
use o  prodrugs  and inclus ion o  enzyme 
inhibitors ), c) increase o  mucosal contact time 
(e g  incorporate mucoadhes ives) d) promotion 
o  permeability (e g  increase solubility, use o  
permeability enhancers ) 

•  The e  ciency o  direct nose-brain transport 
is  generally low (usually less  than 1%  o  the 
adminis tered dose) 

•  Nasal drops  and sprays  are traditional delivery 
 orms  but currently devices  are being developed 
that employ a) breath actuation b) electronic 
atomization and c) pressurized metered dos ing 

•  Dosage  orms  comprise solutions , suspens ions , 
semi-solids  and powders  

Introduc tion

The most common reason  or introducing a drug into 
the nasal cavity is to provide a convenient and acces-
sible route  or rapidly and e f ciently managing the 
localized symptoms associated with allergic rhinitis, 
nasal congestion and nasal in ection. Drugs applied 
topically  or such purposes include antihistamines, 
corticosteroids, sodium cromoglicate, sympathomi-
metics and antiseptics/ antibiotics (Table 38.1). 
These drugs are administered either in liquid  orm 
( rom a spray or as drops) or as creams/ointments.

The intranasal route has also been exploited  or the 
delivery o  drugs to the systemic circulation (Table 
38.1). There are several possible reasons  or pharma-
ceutical companies to consider employing this route 
 or marketed medicines rather than the much more 
popular (and pre erred) oral route. These include:

G ary P. Martin Alison B. Lansley
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Table 38.1 Examples of medicines administered into the nasal cavity

Drug Drug class Use Delivery system

Locally-acting preparations

Azelastine hydrochloride Antihistamine Allergic rhinitis Metered spray

Fluticasone propionate, 
beclometasone dipropionate, 
betamethasone sodium 
phosphate and budesonide

Corticosteroid Allergic/perennial rhinitis Nasal drops/Metered spray

Ephedrine hydrochloride and 
xylometazoline hydrochloride

Sympathomimetic Nasal congestion Nasal drops

Sodium cromoglicate Cromoglicate Allergic rhinitis Metered spray

Ipratropium bromide Antimuscarinic Rhinorrhea Metered spray

Chlorhexidine and neomycin Antibacterial Staphylococci elimination Cream

Mupirocin Antibacterial MRSA elimination Ointment

Preparations administered for systemic effects

Desmopressin acetate Pituitary hormone Diabetes insipidus/ mild 
haemophilia

Metered spray

Fentanyl citrate Opioid analgesic Moderate/severe Pain Metered spray

Nicotine Alkaloid Smoking cessation Metered spray

Salmon calcitonin Polypeptide hormone 
(calcium regulator)

Postmenopausal osteoporosis Metered spray

Buserelin Gonadorelin analogue Prostate cancer/ 
endometriosis

Metered spray

Sumatriptan 5HT1 agonist Migraine Unit-dose spray

Nasal Vaccines

Inf uenza Live attenuated virus Vaccination Pre- lled unit-dose syringe

•  the potential to elicit  a rapid onset o  action 
(e.g. in the treatment o  pain, migraine and 
erectile dys unction)

•  the avoidance o  gastrointestinal and hepatic 
pre-systemic metabolism (e.g.  or susceptible 
peptides, such as calcitonin and other drugs such 
as hyoscine and morphine), despite the nasal 
cavity containing inherent enzymatic activity

•  the willingness o  patients to employ this route 
 or systemic therapies rather than some o  the 
other alternatives to the oral route (such as 
parenteral and rectal) due its ease o  access 
(discovered  rom a young age!) and the non-
invasiveness and consequent lack o  pain 
associated with the application o  the medicine

•  the lower costs incurred by the pharmaceutical 
industry (in comparison to parenteral products) 
since there is no requirement  or sterilization  
o  the f nal product

•  the management o  chronic disorders; providing 
the medicine does not induce irritation then it  
can be used  or prolonged periods (perhaps 
alternating the use o  nostrils).

The nasal cavity has also been utilized, or proposed, 
as a portal  or the delivery o  vaccines, particularly 
 or in ections associated with the respiratory tract 
such as in uenza and possibly, eventually, tubercu-
losis. The presentation o  an antigen, in combination 
with an acceptable adjuvant to the nasal-associated 
lymphoid t issue (NALT) can promote both cellular 
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central nervous system (CNS). Clearly, i  such a 
route could be established conclusively as being 
viable  or the delivery o  therapeutic quantities o  
drugs in humans, then this would have great potential 
in treating conditions such as: Alzheimer’s disease, 
brain tumours, epilepsy, pain and sleep disorders. 
However, although there are a number o  studies that 
suggest that drugs may be absorbed  rom the ol ac-
tory region, the true signif cance o  many f ndings are 
con ounded by the use o  animal models with the 
data o ten being extrapolated uncritically to humans.

So as to appreciate  ully the potential o  the nasal 
cavity  or drug delivery, it  is pertinent to review the 
relevant anatomy and physiology, consider in more 
detail the applications o  utilising the route, review 
the physicochemical properties o  administered 
drugs and  actors that  might a  ect the choice o  

and humoral responses. However human vaccination 
need not be restricted to airways in ections and 
systemic immune responses are demonstrable a ter 
introduction o  appropriate antigens via this route. 
Indeed, intranasal vaccination has been studied with 
a view to combating noroviruses, the measles and 
herpes viruses, diphtheria and tetanus microorgan-
isms. An intranasal vaccine containing live attenuated 
in uenza vaccine has been marketed (Table 38.1).

Currently, there is much research interest aimed 
at establishing whether the ol actory region, posi-
t ioned in the upper reaches o  the nasal cavity (Fig. 
38.1), o  ers a potential means, in humans, o  circum-
venting the obstacles imposed by the blood-brain 
barrier to the access o  many drugs  rom the blood-
stream to the brain. This region contains a direct 
physiological link between the environment and the 

Figure  38.1 •  Lateral wall of the nasal cavity (a) and cross-section through the middle of the nasal cavity (b). The 
respiratory epithelium (c ) and the olfactory epithelium (d). 
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 ormulation and discuss the devices that can be 
employed to deliver nasal medicines.

Anatomy and phys io logy

The nasal cavity is 120–140 mm  rom the nostrils 
to the nasopharynx (Fig. 38.1) and is divided in two 
by the nasal septum. The total sur ace area o  both 
cavities is about 160 cm2 and the total volume is 
about 15 mL. The f rst part o  the nasal cavity 
(termed the nasal vestibule) contains the narrowest 
part  o  the nasal cavity with a cross-sectional area o  
30 mm2 on each side. The lining o  the vestibule 
changes  rom skin at the entrance, to a stratif ed 
squamous epithelium which extends over the ante-
rior third o  the entire nasal cavity. The nasal vesti-
bule contains vibrissae (hairs) which f lter out inhaled 
particles with an aerodynamic particle size greater 
than approximately 10 µm. Progression through the 
nasal cavity leads to the turbinate region. The tur-
binates are convoluted projections  rom the nasal 
septum which are lined with a pseudostratif ed 
columnar epithelium (80–90% o  the total sur ace 
area o  the nasal epithelium in man) composed o  
mucus-secreting goblet cells, ciliated and non-
ciliated cells and basal cells (Fig. 38.1). The apical 
sur aces o  the ciliated and non-ciliated cells are 
covered with non-motile microvilli, which serve to 
increase the sur ace area o  the epithelial cells. There 
are also approximately 100 motile cilia on each cili-
ated cell which are responsible  or mucus transport. 
Serous and seromucous glands also contribute to 
nasal secretions. As air moves through the turbinate 
region via the meatuses (Fig. 38.1), the low rate o  
air ow in combination with the turbulence created 
by the shape o  the turbinates encourages the air to 
make contact with the highly vascularized walls, 
enabling it  to be warmed and humidif ed. Particu-
lates (5–10 µm) within the airstream, such as dust, 
pollen, microorganisms and pollutants have the 
potential to deposit  on the viscoelastic mucous gel 
lining the turbinate walls. The cilia, beating within 
the periciliary  uid, engage with the underside o  
the mucus and propel the gel and the deposited 
particles to the nasopharynx, where they are either 
swallowed or expectorated. This process is termed 
mucociliary clearance and is able to clear mucus at  
a rate o  about 7 mm min−1. About 20% o  the 
inspired air is directed to the top o  the turbinates 
where the ol actory region is located (Fig. 38.1). This 
is an area approximately 12.5 cm2 (~  8% o  the total 

sur ace area o  the nasal epithelium in man) o  non-
ciliated pseudostratif ed columnar epithelium tra-
versed by 6–10 million ol actory sensory neurons 
which pass  rom the nasal cavity, between the epi-
thelial (sustentacular) cells and through the cribri-
 orm plate to the ol actory bulb o  the brain.

Drug de live ry

Certain constraints are imposed upon  ormulating 
preparations  or the nasal route and two case studies, 
one a locally-acting drug (budesonide) and a second 
systemically-acting peptide drug (calcitonin) are 
given in Table 38.2.

As with the  ormulation o  any medicine, the 
in ormation garnered  rom pre- ormulation studies 
(Chapter 23) is an essential prerequisite in the design 
o  an intranasally delivered medicine. The solubility 
(Chapter 2) o  the drug to be administered is a key 
determinant in the f nal  ormulation. The restricted 
volume that can be applied to the nasal cavity also 
impacts upon the nature o  the resultant  ormulation. 
G enerally, the premise o  presenting the drug in the 
simplest  ormulation, containing the  ewest excipi-
ents possible to ensure a stable medicine with an 
adequate shel -li e is the course that should be  ol-
lowed in the development process. Currently, deliv-
ery devices are usually metered-dose manual pump 
sprays, since these are cheap, robust and reliable but 
more sophisticated systems are now under develop-
ment, as discussed below.

Local delivery

For conditions a  ecting the nose, it is logical to 
deliver the drug directly to its site o  action. This 
permits the rapid relie  o  symptoms with a much 
lower dose o  drug than would be necessary i  it were 
delivered by the oral route, and reduces the chance 
o  systemic side e  ects. For example, this is particu-
larly pertinent when delivering corticosteroids to 
reduce local in ammation o  the nasal mucosa and 
sinuses, without causing pituitary-adrenal suppres-
sion, or alternatively when using localized antihista-
mine therapy without inducing drowsiness.

Sys temic delivery

The rationale  or the use o  the nasal cavity  or 
systemic delivery includes its accessibility, avoidance 
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Table 38.2 Considerations in formulating nasal preparations

Considerations General Budesonide aqueous  
nasal spray

Calcitonin nasal spray

Drug Budesonide Calcitonin Salmon

Dose o  drug required 64 µg per spray (256 µg 
daily)

200 I.U. daily

Vehicle Puri ed water Puri ed Water

Volume o  delivered 
dose

25–200 µL per nostril 50 µL (two actuations per 
nostril once a day or one 
actuation per nostril twice a 
day)

90 µL (one actuation per 
day into ONE nostril, 
alternate to other nostril 
 ollowing day)

Aqueous solubility o  
drug

Dictates whether suspension or 
solution is  ormulated

Practically insoluble in water 
(20 µg mL-1),  ormulated as a 
micronized suspension

Completely soluble at 
required dose

Wetting agent I  suspension Polysorbate 80 None

Solubilizer I  solution is required Not required

Chelating agent To optimize stability Disodium edetate None

Antioxidant To optimize stability Ascorbic acid None

pH pH should  avour optimal drug 
stability, other considerations 
include maximizing amount o  
drug in non-ionized  orm and 
avoidance o  irritation o  nasal 
mucosa

4.5 adjusted using 
hydrochloric acid, 
concentrated

3.5–4.5

Viscosity Increasing viscosity increases 
residence time in the nasal 
cavity and reduces post-nasal 
drip

Dispersible cellulose 
(microcrystalline cellulose and 
carboxymethylcellulose 
sodium, (89 : 11, w/w))

None

Tonicity Should be adjusted to 
approximately the same 
osmotic pressure as that o  the 
body f uids

Glucose, anhydrous Sodium chloride

Preservative Should be non-irritant Potassium sorbate Benzalkonium chloride

Humectant To minimize irritation, e.g. 
glycerol

Flavouring/
taste-masking agent

To improve taste as  ormulation 
is cleared to throat

Delivery device Drops or spray (squeeze bottle 
or metered dose)

Metered-dose, manual pump 
spray

Metered-dose, manual 
pump spray
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the epithelial cells (paracellularly) via the t ight junc-
tions which are dynamic structures responsible  or 
the integrity o  the nasal epithelium. This latter 
pathway avoids the need  or the drug molecules to 
partit ion into and out o  the lipophilic membrane o  
the epithelial cells, but imposes a size restriction o  
between 0.39–0.84 nm. Transcellular absorption can 
also occur via endocytosis, the route exploited by 
large hydrophilic molecules (>1 kDa), and via active 
transport mechanisms where drug molecules with a 
similar structure to a natural substrate can interact 
with a carrier protein to cross the epithelial cells.

Since most drug absorption takes place by passive 
di  usion, the relatively large sur ace area o  the 
nasal cavity and its rich blood supply (which 
helps to maintain the concentration gradient across 
the epithelium) aid this process. Working against  
these positive attributes o  the nasal cavity are the 
barriers presented by mucus and the epithelium 
itsel  and the nasal clearance mechanisms includ-
ing mucociliary clearance and metabolism. The 
advantages and disadvantages o  the nasal cavity 
 or systemic drug delivery are summarized in 
Table 38.3.

Mucocilia ry.c lea rance
The main drug absorption site is the respiratory 
epithelium o  the nasal turbinates, which is where 
mucociliary clearance dominates. Drug deposited 
anterior to this region will remain in the nasal cavity 
 or longer than drug deposited in the turbinates, but 
absorption  rom this site is less. Once drug particles 
(i   ormulated as a suspension) or molecules (i  in 

o  pre-systemic metabolism and potential to provide 
a rapid onset o  action. Its use  or peptides (Tables 
38.1 and 38.2) has been success ul since, although 
only a very low percentage o  administered drug is 
absorbed (i.e. low bioavailability), the attained 
plasma levels are su f cient  or therapeutic e f cacy. 
Many o  the marketed nasally administered peptides 
have wide therapeutic windows. There ore, provid-
ing the minimum therapeutic level is exceeded in 
the bloodstream, a large variability in the f nal 
attained plasma level can be tolerated, without sys-
temic toxicity becoming mani est. Any potential 
localized toxicity can be minimized in chronic 
administration by alternating nostrils when daily 
dosing (Table 38.2). Intranasal delivery can also be 
use ul in emergency situations, such as in the treat-
ment o  opioid overdose (using naloxone) or in the 
treatment o  intractable childhood seizures (using 
benzodiazepines). Drug delivery via this route is also 
well-suited to drugs that, when administered 
orally, cause emesis e.g. galantamine used to treat 
dementia.

Ana tomica l.and .phys iologica l.  ac tors .
a   ec ting.intranas a l.s ys temic .de live ry
For a drug molecule to enter the systemic circula-
tion it  must f rst  be absorbed across the nasal 
epithelium.

This may occur via the mechanisms o  passive 
di  usion via the transcellular or paracellular routes 
(Chapter 19). The transcellular pathway is the prin-
cipal route o  absorption  or lipophilic molecules, 
while small, hydrophilic molecules di  use between 

Table 38.3 Advantages and disadvantages of intranasal drug delivery for systemic activity

Advantages Disadvantages

Large sur ace area  or absorption (approximately 
160 cm2)

Limited to small delivery volumes (25–200 µL) 
there ore require potent drugs

Good blood supply and lymphatic system Mucociliary clearance, mucus barrier

Avoids hepatic  rst-pass metabolism Enzymatic activity (pseudo  rst-pass e  ect)

Epithelium is permeable to small, lipophilic drug 
molecules; rapid absorption and onset o  action

Low epithelial permeability  or hydrophilic drugs; 
require absorption enhancers and large doses

Non-invasive, so minimal in ection risk during 
application and low risk o  disease transmission 
(unlike parenteral route)

Easy to sel -administer and adjust dose
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The presence o  mucus at the epithelial sur ace 
o  the nasal cavity provides an addit ional potential 
di  usion barrier to drug delivery. The ability o  a 
molecule to di  use through the gel is a  unction o  
the size o  the drug molecule, the e  ective mesh 
size o  the mucous gel  ormed by the mucin mole-
cules and any interactions between the drug and the 
components o  the mucous gel. The permeability o  
small, uncharged molecules appears to be less 
a  ected by a mucous barrier than the permeability 
o  larger, cationic molecules. However, several large 
molecular weight, globular proteins (e.g. bovine 
serum albumin) and even 500 nm PEG  nanoparti-
cles have been observed to readily di  use through 
mucus (cervical) at  a rate comparable to their di -
 usion through water. Mucus seems to present a 
barrier to the permeability o  small, relatively hydro-
phobic molecules like testosterone and this is 
believed to result   rom their interaction with the 
lipid component o  the mucous gel or the hydropho-
bic (non-glycosylated) region o  the mucin mole-
cules. It  is thought that  such small molecules are 
only able to  orm low-a f nity, monovalent bonds 
with the mucins which persist   or just a short t ime. 
A number o  studies indicate that positively-charged 
(cationic), low molecular weight drugs, such as ami-
kacin, gentamicin, tobramycin and some β-lactam 
antibiotics bind electrostatically to negatively-
charged components in mucus. It  is believed that 
such molecules bind tightly and polyvalently to the 
negatively-charged sugar residues o  the mucins. 
Large posit ively-charged nanoparticles, such as those 
coated with chitosan bind especially tightly to 
mucous gels by a similar mechanism.

Enzymatic .ac tivity
A broad range o  enzymes are present in the nasal 
cavity, including those involved with Phase 1 metab-
olism (e.g. monooxygenase, carboxyl esterases, 
epoxide hydrolases and cytochrome P450 isoen-
zymes) and also conjugative Phase II metabolism 
(e.g. UDP-glucuronyltrans erase and glutathione-
trans erase). In addition, proteolytic enzymes (pro-
teases and aminopeptidases) provide a potential 
barrier to the absorption o  certain peptides. Drugs 
may be metabolized in the lumen o  the nasal cavity 
or as they pass across the nasal epithelium. However, 
the metabolic activity o  the nasal cavity is less 
than that  o  the gastrointestinal tract (on a nmol/ mg 
protein basis) and, in addition, there are a number 
o   actors that will a  ect  the relevance o  

solution) f nd their way on to the mucociliary ‘con-
veyor belt’ they will be cleared  rom the nasal cavity 
and there ore have a limited contact time with the 
absorption site. For drugs which are in solution and 
rapidly absorbed (lipophilic, low molecular weight) 
the limited contact t ime is likely to be well in excess 
o  that required  or complete absorption. However, 
 or drug particles needing time to dissolve prior to 
absorption, and  or polar drug molecules with a low 
rate o  absorption once in solution, the rate o  muco-
ciliary clearance is likely to play a signif cant role in 
limiting the extent o  absorption.

Mucus .barrie r
The nasal mucosa is protected  rom the external 
environment by a layer o  mucus. In the nasal cavity 
this exists as a gel phase which is approximately 
1–10 µm thick and  ound above a watery, sol phase 
surrounding the cilia (periciliary layer) which is 
about 7 µm deep (Fig. 38.1). Mucus is secreted 
continuously by the goblet cells and submucosal 
glands. Normal mucus is 97% water and 3% solids; 
with the latter comprising: i) mucins (about 30% o  
the solid content), ii) non-mucin proteins (e.g. 
albumin, immunoglobulins, lysozyme and lacto er-
rin), iii) inorganic salts and iv) lipids. Mucins are 
extremely large glycoproteins (up to 3 × 106 daltons 
per monomer) with protein regions rich in serine and 
threonine which are linked, by their hydroxyl side 
groups, to sugar chains (O-glycosylation). They are 
anionic (negatively-charged) because most o  their 
terminal sugars contain carboxyl or sulphate groups. 
These glycosylated (sugar-rich) regions are separated 
by regions o  non-glycosylated, ‘naked’ protein, rich 
in cysteine residues, which are believed to  orm 
globular domains stabilized by disulf de bonds. These 
‘naked’ domains are the most hydrophobic regions 
o  mucins and probably adsorb signif cant amounts 
o  lipids. They are also the most antigenic sites on 
mucins. Entanglement o  mucin polymers leads to 
the  ormation o  a mucous gel and the generation o  
a mesh which is stablized by non-covalent calcium-
dependent cross-linking o  adjacent polymers. The 
sugar side chains bind large amounts o  water allow-
ing the mucus to act as a lubricant and a reservoir  or 
the periciliary  uid within which the cilia beat. 
Mucus is a viscoelastic gel with properties o  both 
a de ormable solid (elasticity) and a viscous  uid 
(Chapter 6). Cilia can only transport  mucus o  the 
appropriate viscoelasticity and this is controlled by 
the level o  mucus hydration.
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cavity into the systemic circulation without dissolv-
ing, and it  is possible that uptake may involve the 
NALT.

Solubility
Strategies to increase the solubility o  a drug can 
involve modi ying the molecular  orm and include 
the use o  prodrugs and choice o  salt   orm, or the 
use o  appropriate excipients, such as co-solvents, 
when the drug is  ormulated (considered below).

Prodrugs are o ten developed to increase the 
lipophilicity o  a drug molecule and hence its absorp-
tion across a biological membrane. However, in the 
case o  nasal delivery the principle has been explored 
to increase the aqueous solubility o  the parent 
drug to enable a clinically relevant dose o  drug to 
be dissolved in less than 150 µL o  solution and 
has been success ul  or several drugs. For instance, 
the solubility o  L-dopa (aqueous solubility = 
1.65 mg mL−1) is increased 400  old by producing it  
as a butyl ester prodrug, enabling an e  ective dose 
o  10 mg to be delivered in 125 µL. The prodrug is 
rapidly converted to the active parent drug once it  
enters the bloodstream.

The appropriate choice o  salt   orm o  an ioniz-
able drug can be used to increase its aqueous solubil-
ity. This is an empirical process since it  is hard to 
predict reliably the e  ect  o  a particular counter ion 
on the solubility o  the result ing salt . Nevertheless, 
examples exist where this approach has been suc-
cess ul. For instance, the solubilities o  galantamine 
hydrobromide and morphine sulphate have been 
increased su f ciently by exchanging the bromide or 
sulphate ions  or gluconate to make nasal delivery 
 easible  or these compounds. However, a change in 
salt   orm can result in irritancy to the nasal mucosa 
and this has to be considered when choosing an 
appropriate counter-ion.

Lipophilic ity/hydrophilic ity.and ..
molecular.s ize
Once in solution, lipophilic drugs such as pro-
pranolol, progesterone and  entanyl are rapidly 
absorbed  rom the nasal cavity by the transcellular 
route and have a nasal bioavailability similar to that 
obtained a ter intravenous administration (almost 
100%). The absorption o  hydrophilic (polar) drugs 
occurs via the paracellular route (between the epi-
thelial cells via the tight junctions) and the rate and 
extent o  absorption is inversely proportional to the 
molecular weight o  the drug. Since the paracellular 

metabolism to drug absorption. These include, the 
amount o  drug applied to the contained nasal 
sur ace area, the chemical nature o  the drug, the 
rate o  removal o  drug  rom the cavity and its rate 
o  absorption across the mucosa.

Epithe lia l.ba rrie r.–.e  f ux.trans porte rs
The absorption o  certain drugs across the nasal epi-
thelium can be limited by the presence o  e  ux 
transporters. One such transporter, belonging to 
the super amily o  adenosine triphosphate (ATP)-
binding cassette (ABC) transporters has been  ound 
in the nasal respiratory mucosa and is termed 
P-glycoprotein 1 (P-gp), multi-drug resistance 
protein 1 (MDR1) or ABCB1. This transporter is 
also expressed by cells within the intestine and poses 
a similar barrier to drugs that are orally administered 
(Chapter 19). P-gp is a 170 kDa glycosylated trans-
membrane protein  ound in the apical membranes o  
the cells. It  is able to bind a wide variety o  hydro-
phobic and amphiphilic substrates, including certain 
peptides, to its binding site located cytoplasmically 
at the inner lea et o  the apical cell membrane and 
actively pump them  rom the cell, back into the nasal 
cavity. Hence, drugs that are substrates  or P-gp will 
be less well absorbed across the nasal epithelium 
than their physicochemical properties (molecular 
size, lipophilicity, degree o  ionization) might predict. 
Active transport is concentration-dependent, satura-
ble and can be competitively inhibited by other sub-
strates  or the binding site. Thus, co-administration 
o  an inhibitor o  P-gp, such as ri ampicin or vera-
pamil can enhance drug absorption. P-gp is also  ound 
in the ol actory epithelium, at a higher concentration 
than is  ound in the respiratory epithelium, where it  
reduces drug absorption into the brain

Phys icochemica l.properties .o .d rugs .
a   ec ting.intranas a l.s ys temic .de live ry
In general,  or a drug to be absorbed it  must be in 
solution (molecularly dispersed). Since the volume 
o  liquid that  can be administered intranasally is 
relatively low (25–200 µL) drugs with low aqueous 
solubility and/ or those requiring a high dose can be 
problematic. Such issues can be overcome by  or-
mulating the drug as a suspension or powder (gener-
ally in the micrometre size range), in which case the 
drug will be required to dissolve in the  uid o  the 
nasal cavity prior to absorption. There is some evi-
dence that nanoparticles (which are an order o  mag-
nitude smaller) can be transported  rom the nasal 
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•  short contact t ime between the drug and the 
absorptive epithelium o  the turbinates due to 
mucociliary clearance

•  poor permeability o  the drug across the 
respiratory epithelium.

Approaches that have been used to overcome these 
limitations are summarized in Table 38.4 and include 
the use o  prodrugs (see above), enzymatic inhibi-
tors, mucoadhesive  ormulations and permeation 
enhancers which a  ect  the epithelial barrier.

Increas ing.aqueous .s olub ility
As discussed above,  or a drug to be absorbed it  
should normally be in solution. Drug solubility can 
be increased by using a mixed solvent system or a 
co-solvent in the  ormulation. Solvents used with 
water  or nasal delivery include glycerol, ethanol, 
propylene glycol and polyethylene glycol (PEG ). It  
is important that any co-solvents do not irritate the 
nasal mucosa and it  is likely that ethanol, used at 
high concentrations, would not be well-tolerated. 
However, PEG  300 has been used success ully to 
increase the solubility o  buprenorphine hydrochlo-
ride and melatonin, and has enabled clinically rele-
vant doses to be administered with low nasal 
irritation being observed in humans.

Cyclodextrins (Chapter 24) are cyclic com-
pounds composed o  α -D -glucopyranose units. They 
tend to be water-soluble due to their hydrophilic/
polar outer sur ace, but have a hydrophobic/ less 
polar centre. They are able to increase the aqueous 
solubility o  lipophilic compounds by  orming 
dynamic inclusion complexes where the lipophilic 
part o  the drug molecule is incorporated into the 
lipophilic central cavity o  the cyclodextrin ring. An 
intranasal  ormulation containing 17-β-estradiol 
solubilized in dimethyl-β-cyclodextrin (seven glu-
copyranose units) was available  or the treatment o  
menopausal symptoms, until it  was withdrawn in 
2006. The  ormulation was well-tolerated and as 
e  ective as transdermal and oral  ormulations o  
estradiol. The dimethyl-β-cyclodextrin was reported 
to increase absorption o  the drug by both enhancing 
its solubility and increasing the permeability o  the 
nasal epithelium.

pH.o .the . ormula tion
Many drugs are weak acids or bases and their degree 
o  absorption will depend on their pKa and the pH 
o  the absorption site. The pH o  a  ormulation is 

route provides a much smaller area  or absorption 
than the transcellular route (the paracellular route 
comprises about 0.01% o  the transcellular route 
in the gastrointestinal tract), the absorption o  
hydrophilic compounds is much slower than that o  
lipophilic drugs. For both lipophilic and hydrophilic 
molecules, absorption is relatively e f cient  or drugs 
with a molecular weight below 1 kDa but then 
declines. Nevertheless, calcitonin (salmon) is suc-
cess ully used to reduce the risk o  vertebral  rac-
tures in postmenopausal osteoporosis (Table 38.2) 
despite being a hydrophilic peptide with a molecular 
weight o  3432 Da and having a nasal bioavailability 
that is just 3% o  its bioavailability when delivered 
intramuscularly. When considering dose reproduci-
bility  rom the nasal cavity, dosing is relatively 
consistent  or low molecular weight drugs when 
compared to the oral or parenteral routes, whereas 
 or compounds with a high molecular weight, such 
as peptides and proteins, relatively high variability is 
exhibited compared to injections.

Degree .o . ioniza tion
For drugs that are weak acids or bases, the pH o  the 
nasal cavity will a  ect the degree o  ionization o  the 
drug. The pH at the sur ace o  the nasal mucosa has 
been reported to be 7.4 while the pH o  the mucus 
is in the range 5.5–6.5. In addition, the pH o  the 
 ormulation itsel  can alter the local pH, particularly 
i  bu  ered vehicles are employed. Studies have indi-
cated that the non-ionized  orm o  a drug, which has 
a higher partition oil/ water partition coe f cient than 
its ionized counterpart, is better absorbed than the 
ionized  orm (pH partition hypothesis) (Chapter 
20). The ionized  orm o  the drug also shows some 
permeability, the degree o  which may be dependent 
upon the nature o  the counter-ion.

Formula tion. ac tors .a   ec ting.intranas a l.
s ys temic .de livery
The same general  ormulation considerations apply 
to drugs  ormulated  or systemic action as  or local 
action, as indicated by the case examples shown in 
Table 38.2. However, addit ional strategies can be 
employed to increase absorption across the nasal 
epithelium. In essence, the bioavailability o  nasally 
administered drugs can be limited by:
•  low aqueous solubility
•  rapid and extensive enzymatic degradation o  

the drug in the nasal cavity
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Table 38.4 Common problems associated with poor nasal bioavailability and possible solutions

Problem Challenge Possible solutions

Low aqueous solubility o  drug Improve aqueous solubility o  drug Prodrugs
Co-solvents
Cyclodextrins
Novel drug delivery systems

Enzymatic degradation o  drug Reduce a  nity o  drug  or nasal enzymes
Inhibit nasal enzymes
Limit access o  nasal enzymes to drug

Prodrugs
Enzyme inhibitors
Encapsulation, e.g. liposomes, 

microspheres, nanoparticles

Short contact time Increase residence time o  drug in turbinates Increase viscosity o   ormulation
Use mucoadhesive  ormulations

Low permeability across the 
nasal epithelium

Increase permeability
Increase solubility

Modi y nasal epithelium

Prodrugs (with increased 
lipophilicity)

Prodrugs (with increased 
hydrophilicity)

Co-solvents
Cyclodextrins
Novel drug delivery systems
Permeation enhancers

generally dictated by the stability o  the drug but, 
within these constraints, a pH  avouring more union-
ized molecules would be expected to enhance 
absorption. It  is important to recognize that the 
 ormulation should be non-irritant to the nasal 
mucosa and  ormulating at a pH close to that o  the 
nasal cavity (5.0–6.5) may also be desirable although, 
unexpectedly, it  has been shown that pH values 
ranging  rom 3–10 can be tolerated by the nasal 
mucosa (Table 38.2).

Us e .o .enzyme.inhib itors
Should peptides be administered via the nasal cavity, 
they are clearly potentially prone to degradation 
by the enzymes o  the nasal mucus and epithelium. 
Proteolytic enzyme inhibitors could prevent the 
hydrolysis o  peptide and protein drugs in the nasal 
cavity improving their stability at the absorption 
site. As examples, the aminopeptidase and trypsin 
inhibitor, camostat mesilate, improved the nasal 
absorption o  the peptide vasopressin and its ana-
logue, desmopressin, and the absorption o  calci-
tonin can also be enhanced by the use o  trypsin 
inhibitors. However, proteolytic enzyme inhibitors 
do not improve the ability o  peptide and protein 
drugs to cross the epithelium o  the nasal cavity 
and there ore do not dramatically improve nasal 

bioavailability, as clearance mechanisms continue to 
operate to remove the drug  rom the absorption site.

Increas ing.nas a l.res idence .time
Unless a drug molecule possesses the ideal charac-
teristics  or rapid absorption, the percentage o  the 
administered dose entering the systemic circulation 
is likely to be a  ected by the residence time o  the 
nasal  ormulation in the turbinates. One way o  
increasing the time that the  ormulation is in contact 
with the absorptive mucosa is by the use o  mucoad-
hesive polymers, such as cellulose derivatives, poly-
acrylates, starch and chitosan. Most o  these 
polymers are ‘G enerally Regarded As Sa e’ (i.e. 
given G RAS status as categorized by the FDA) and 
i  included as pharmaceutical excipients within the 
vehicle, have been shown to increase the absorption 
o  hydrophilic macromolecules. The polymers 
themselves are not absorbed and there ore would 
not be expected to cause any systemic toxicity.

Adhesion o  a polymeric material can occur to both 
the nasal epithelial sur ace (bioadhesion) and nasal 
mucus (mucoadhesion). Mucoadhesive  ormulations 
can be administered to the nasal cavity in the  orm o  
solid powders or particulates, gels or liquids. For good 
mucoadhesion, the  ormulation should spread well on 
the nasal mucosa (solid  ormulations should  ow well 
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optimum required  or mucoadhesion), the strength 
o  mucoadhesion will diminish and normal mucocili-
ary clearance will resume, so clearing the polymer 
 rom the nasal cavity.

Examples o  polymers and drugs that have been 
used in studies o  nasal mucoadhesion are given in 
Table 38.5. When the polymers are  ormulated in 
solution, the viscosity o  the preparation will be 
greater than that o  a simple solution. Whilst an 
increased  ormulation viscosity leads to a prolonged 
residence time, it does not always result in increased 
absorption. This might be due to the decreased rate 
o  di  usion o  the drug molecules through a solution 
o  higher viscosity. However, the viscosity o  a solu-
tion  or nasal delivery has to be limited to about 500 
mPa s since, although more viscous solutions show 
better mucoadhesion they are too viscous to instil 
easily and accurately into the nasal cavity. To over-
come this problem a type o  gel has been developed 
(in-situ gel) that is liquid prior to administration 
(allowing convenient and accurate dosing) but  orms 
a gel once in contact with the nasal mucosa. The 
temperature or pH o  the mucus promotes the 

and be readily wettable) a ter which the hydration o  
the polymer and the intimate contact it has with the 
nasal mucosa is very important. Mucoadhesives can 
increase absorption by three mechanisms:

•  optimum hydration will promote the extension 
o  polymer chains which will interact with the 
nasal tissue and resist the removal o  the 
 ormulation by mucociliary clearance, thus 
increasing its retention time in the nasal cavity

•  acting as carriers, they can reduce the contact 
between the drug and the enzymes o  the nasal 
mucosa and protect the drug  rom any potential 
degradation

•  some polymers can a  ect the tight junctions 
between the epithelial cells. As the polymer 
becomes hydrated it  causes dehydration o  the 
epithelial cells which can temporarily open the 
tight junctions, so increasing permeability o   
the epithelium to drugs using the paracellular 
route.

With time, the continuous production o  mucus will 
cause  urther hydration o  the polymer (beyond the 

Table 38.5 Mucoadhesive polymers proposed/employed for nasal delivery

Polymer type Examples of mucoadhesive 
polymers studied

Dosage forms Examples of drugs 
studied

Cellulose derivatives 
(soluble)

Hydroxypropylmethyl cellulose, 
hydroxypropyl cellulose, methyl 
cellulose, carboxymethyl cellulose

Gel
Powder
Liquid

Apomorphine
Insulin
Ciprof oxacin

Cellulose derivatives 
(insoluble)

Ethyl cellulose, microcrystalline 
cellulose

Powder
Spray

Leuprolide
Calcitonin

Polyacrylates Carbopol 971P, Carbopol 934P, 
Carbopol 981P

Powder
Liquid
Gel

Apomorphine
Metoclopramide

Starch Drum-dried waxy maize starch
Degradable starch microspheres
Starch nanoparticles
Starch microspheres

Liquid
Powder

Apomorphine
Desmopressin
Gentamicin
Human growth hormone
Insulin
Metoclopramide

Chitosan Chitosan
Chitosan microspheres
Chitosan glutamate

Liquid
Powder

Insulin
Human growth hormone
Morphine HCl
Gentamicin
Metoclopramide

Pectin Low methoxyl (LM) pectin (PecSys™) Liquid turning to gel in situ Fentanyl (PecFent™)
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Enhancing.the .pe rmeability..
o .nas a l.ep ithe lium
It is possible to increase the absorption o  both small 
and large hydrophilic drug molecules by administer-
ing them with permeation enhancers which modi y 
the structure o  the nasal epithelium. However, it  is 
important that any alteration to the barrier  unction 
o  the epithelium is short-term and reversible, since 
the epithelium constitutes one o  the body’s primary 
de ence mechanisms against insult  rom the external 
environment. A range o  nasal products is on the 
market, none o  which contains a permeation 
enhancer. This is because the drug molecules are 
either both small and lipophilic, and have adequate 
absorption without the need  or a permeation 
enhancer, e.g. sumatriptan,  entanyl and nicotine, or 
because the nasal bioavailability, although low, is 
still su f cient  or the drug to exert  a therapeutic 
e  ect , as is the case  or the peptides calcitonin, 
desmopressin, buserelin and na erelin. For this 
latter group, it  is also likely that the permeation 
enhancers available at  the time o  marketing were 
too toxic  or use. Thus, there is a need  or sa e 
and e f cient permeation enhancers to enable less 
potent biological drugs to be delivered intranasally 
and to improve the bioavailability o  those currently 
on the market.

The requirements o  an ideal permeation enhancer 
include the  ollowing:

•  rapidly-acting with a transient and reversible 
e  ect on the nasal epithelium

•  not absorbed systemically
•  non-toxic, non-irritant and non-allergenic
•  does not permit entry o  dangerous 

environmental material
•  compatible with drugs and other excipients in 

the  ormulation
•  sa e  or chronic use (depending on the 

condition to be treated).

Examples o  permeation enhancers that have been 
studied to increase the absorption  rom the nasal 
cavity include sur actants (such as bile salts and 
their derivatives) and certain phospholipids. These 
have proved e  ective in promoting absorption by a 
variety o  di  erent mechanisms, including: solubili-
zation o  the drug, inhibit ion o  enzymatic activity, 
extraction o  lipid or protein  rom the cell mem-
brane, alteration o  the mucus layer and alteration 
o  t ight junctions. However, many o  these enhanc-
ers cause severe irritation and damage to the nasal 

transition  rom liquid to gel. In studies, this approach 
has been used success ully to increase the nasal 
absorption o  metoclopramide, sumatripan and 
insulin. A marketed product (PecFent™) containing 
the analgesic  entanyl and low methoxyl (LM) pectins 
is administered to the nasal cavity as a solution, but 
interacts with calcium ions in nasal secretions to  orm 
a muco/bioadhesive gel. Fentanyl is a low molecular 
weight, lipophilic molecule that readily crosses the 
nasal epithelium and is use ul  or the treatment o  
break-through pain with a more rapid onset o  action 
and better bioavailability  rom the nasal cavity than 
oral transmucosal  entanyl (buccal or sublingual). 
Nevertheless, it  has a relatively short duration o  
action. The LM pectin in the  ormulation causes a 
slight delay in the onset o  action compared with a 
nasal  ormulation without LM pectin (longer tmax and 
lower Cmax) (Chapter 21) but prolongs the residence 
time o  the  entanyl in the nasal cavity, extending its 
duration o  action until the product is cleared.

Polymers can also be  ormulated as dry powders; 
these are not mucoadhesive when dry, which allows 
them to be easily administered by metered-dose 
insu  ations, but they become mucoadhesive once 
in contact with the nasal mucosa by absorbing water 
 rom the nasal mucus. Powders have certain advan-
tages over liquid  ormulations and these include:

•  a larger amount o  drug can be delivered
•  no need  or preservatives since they do not 

support microbial growth
•  no requirement  or storage at reduced 

temperatures due to improved stability.

These advantages make the study o  dry powder 
 ormulations popular  or the administration o  small 
hydrophobic drugs, peptides and vaccines. Disad-
vantages o  powder administration include the 
possible irritation to the nasal mucosa and a possible 
gritty texture. The aerodynamic size o  the parti-
cles (see Chapter 37) will a  ect  the deposition 
site in the nasal cavity, and manu acturing particles 
o  the correct aerodynamic particle size to deposit 
in the respiratory region o  the nasal cavity, 
where maximum absorption takes place, can be 
expensive.

Polymers can also be  ormulated as microparticles/
microspheres and nanoparticles (Chapter 45). These 
systems can protect the drug  rom enzymatic deg-
radation, improve contact with the absorptive epi-
thelium and enhance uptake. Nanoparticulate 
systems are taken up by the NALT, suggesting 
potential application  or the delivery o  vaccines.
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in humans in clinical trials. The permeation enhanc-
ers are generally being developed  or use with 
peptide and protein drugs, but none o  these prod-
ucts has yet reached the market. The product most 
advanced in its development is that containing the 
small hydrophilic molecule morphine in a  ormula-
tion with chitosan (Rhylomine™), which is currently 
in Phase III trials.

mucosa at the concentrations required to promote 
nasal absorption. Some o  the materials able to 
enhance permeability while possessing a better tox-
icity prof le are detailed in Table 38.6.

A number o  permeation enhancers are currently 
being developed commercially  or clinical use (Table 
38.7). These have achieved a better balance between 
e f cacy and sa ety/ toxicity and have been assessed 

Table 38.6 Examples of permeation enhancers

Type of permeation 
enhancer

Examples Proposed mechanism(s) of action Toxicity

Cationic polymers Chitosan
Poly-l -arginine
Cationized gelatin

Ionic interaction with negatively-charged 
nasal epithelium and nasal mucus

Transiently opens tight junctions
Bioadhesion

Well-tolerated
Negligible mucosal 

damage

Cell-penetrating 
peptides (also called 
protein transduction 
domains)

Penetratin
Octa-arginine

Various hypotheses which are largely 
unsupported

Variable

Cyclodextrins Modi ed derivatives Protection  rom enzymatic degradation 
either directly or by shielding 
susceptible portions o  molecules in 
hydrophobic cavity

Removal o  lipids  rom cell membranes 
leading to increase in membrane 
permeability

Change distribution o  tight junctions 
causing increased paracellular 
permeability

Interaction o  cyclodextrins with 
hydrophobic portions o  large 
molecules, e.g. peptides and proteins 
can improve their permeability

Considered sa e

Tight junction 
modulating lipids

Glycosylated sphingosines
Alkylglucosides
Oxidized lipids
Ether lipids

Interaction with lipid ra t associated with 
tight junctions to modulate their 
properties

Alkylglucosides are 
cytotoxic

Tight junction 
modulating peptides

PN159 (a peptide sequence)
AT1002 (a hexamer peptide)

Various Low toxicity

Nitric oxide donors S-nitroso-N-acetyl-dl -
penicillamine

Sodium nitroprusside

Unknown Negligible 
cytotoxicity

N-acetyl-cysteine Reduction o  mucus viscosity Used clinically, 
shows low toxicity 
and no local 
irritation
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route,  ewer patients pre erred the parenteral route. 
When compared with another transmucosal route, 
e.g. rectal, the use o  intranasal midazolam  or the 
treatment o  childhood seizures was  ound to be sa e 
and e  ective, easier  or care-givers to administer 
and more dignif ed  or the patient than rectally 
administered medication which is commonly used 
to control break-through seizures in the home.

Disea se. A number o  nasal pathologies might be 
expected to a  ect the absorption o  drugs into the 
systemic circulation, either by altering nasal muco-
ciliary clearance, e.g. the common cold or by a  ect-
ing the permeability o  the nasal epithelium, e.g. 
allergic rhinitis. However, there is lit t le in ormation 
in the literature to substantiate this. This is possibly 
because  or those drugs that are rapidly absorbed, 
the e  ect is negligible and  or those that are poorly 
absorbed, provided they have a su f ciently wide 
therapeutic window, the variability is acceptable. 

Pa tient.  ac tors .a   ec ting.intranas a l.
s ys temic .de live ry
Pa tient complia nce. I  a patient does not use a 
medication appropriately, then it  cannot be expected 
to be e  ective. Thus, good patient compliance is 
paramount  or success ul treatment. For systemic 
treatment, the nasal route is usually chosen when 
the oral route is not available. Thus, use o  the nasal 
route is generally compared with parenteral delivery 
or with other transmucosal routes. The nasal route 
is accessible to the patient using simple dosage 
 orms (sprays and drops) permitt ing sel -medication 
over extended periods o  t ime. Unlike parenteral 
delivery, it  is non-invasive and there ore has a 
reduced risk o  introducing in ection upon applica-
tion and a low risk o  disease transmission. In addi-
tion, provided that the  ormulation does not cause 
irritation, it  should be com ortable to use. In studies 
comparing intranasal delivery with the parenteral 

Table 38.7 Some permeation enhancers currently in development

Permeation 
enhancer

Nasal product Proposed mechanism 
of action

Toxicity

Cyclopenta 
decalactone 
(azone) 
(CPE-215®)

Insulin 
(Nasulin™)

No published in ormation, 
but has sur actant 
properties which are 
likely to increase 
f uidity o  cell 
membrane and 
increase transcellular 
permeability

Considered sa e
On FDA’s list o  inactive ingredients 

approved  or use in drug applications
Nasulin tested in Phase I and Phase II 

clinical trials but development currently 
on hold

Alkylsaccharides 
(Intravail™)

Parathyroid 
hormone 
(PTH1–34) 
(ZT-034)

Sur actant-like. Molecules 
have a polar sugar 
head-group esteri ed 
with a non-polar alkyl 
chain which can be o  
varying lengths

Promising sa ety pro le, in Phase I trial

Chitosan 
(ChiSys™)

Morphine 
(Rhylomine™)

Transiently opens tight 
junctions

Bioadhesion

Well-tolerated in Phase I, II and III clinical 
trials

Macrogol 15 
hydroxy 
stearate 
(CriticalSorb™)

Human growth 
hormone 
(hGH) (CP024)

Increases permeability  
o  paracellular and 
transcellular routes

Generally Recognised As Sa e (GRAS 
– FDA)

Well-tolerated by the nasal mucosa in 
acute, 14 day and 6 month repeated 
dose chronic pre-clinical toxicity studies

Well-tolerated in Phase I trials
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CNS delivery

The blood-brain barrier (BBB) restricts the entry o  
potentially harm ul substances into the brain but 
also limits the access o  potentially use ul drugs. It  
exists at the level o  the cerebral microvasculature. 
In contrast to the leaky barrier presented by the 
endothelial cells o  the capillaries in the peripheral 
circulation, the endothelial cells in the brain exhibit  
low rates o  pinocytosis and are joined by tight 
junctions which limit the paracellular di  usion o  
hydrophilic solutes  rom the blood into the brain. In 
addition, the BBB expresses a high number o  e  ux 
transporters, such as P-glycoprotein (P-gp), which 
 urther reduce access to the brain  or those mole-
cules that might be predicted to be well-absorbed 
 rom their size and lipophilicity.

Drugs delivered intranasally that enter the sys-
temic circulation would have to cross the BBB to 
enter the CNS. However, it  has been proposed that 
there is a route  rom the ol actory region o  the nasal 
cavity (Fig. 38.1) to the brain that avoids the BBB 
and which can be exploited to deliver drugs directly 
to the brain. This is currently an area o  great 
research interest  and studies have shown that both 
low molecular weight drugs and high molecular 
weight peptides and proteins appear to be able to 
access the brain  ollowing intranasal delivery. It  is 
possible that a drug will gain access to the brain  ol-
lowing its absorption into the systemic circulation 
and not via a direct  route, and it  is important to 
eliminate or account  or this possibility in the design 
o  studies seeking to establish or quanti y direct 
nose-to-brain transport. It  should also be noted that 
many o  the studies o  direct nose-to-brain transport 
have been undertaken in rats which di  er in their 
nasal anatomy compared to humans; the nasal pas-
sages o  the rat have a higher sur ace area-to-volume 
ratio (SA/ V) than those o  man (51.5 and 6.4 
respectively), mucociliary clearance in the rat is in 
the anterior direction whereas mucus is moved pos-
teriorly in man and a signif cantly higher percentage 
o  the nasal epithelium is concerned with ol action 
in the rat  (50%) compared to man (8%). In addition, 
the experimental conditions employed in some 
studies could not be considered applicable to man; 
 ormulations containing penetration enhancers at 
concentrations damaging to the nasal mucosa have 
been used and some  ormulations were applied to 
the nasal cavity in a manner that would be inappro-
priate in man (too large a volume or application at 
too high a pressure over an extended t ime which 

Clearly,  or a poorly absorbed drug with a narrow 
therapeutic window the potential unpredictability 
in absorption caused by such pathologies would be 
undesirable.

Nasal vaccines

Mucosal tissues are attractive sites  or vaccination 
due to their accessibility, immunological compe-
tence and because local immune responses can be 
elicited which can protect against in ection at  the 
point o  virus entry. Intranasal vaccination targets 
the nasal-associated lymphoid tissue (NALT) which 
is situated beneath the nasal epithelium and consists 
o  groups o  dendritic cells, T-cells and B-cells.

So  ar, the intranasal route has been success ully 
used (Table 38.1)  or a commercial in uenza 
(live-attenuated) vaccine (FluMist™). Conventional 
needle-based intramuscular vaccinations are able to 
induce the production o  serum antibodies (IgG ) 
which, by transudation to the lungs, protect the 
lower respiratory tract against  in uenza in ection 
and the more severe complications o  in uenza. 
However, vaccines given intranasally can induce 
local IgA responses in the upper respiratory tract (as 
well as systemic IgG  responses) which can neutral-
ize the target virus immediately a ter it  is inspired 
and protect against early disease symptoms. Secre-
tory IgA is also more cross-reactive than IgG  and 
can provide protection against di  erent strains o  
the virus. Nevertheless, since the nasal mucosa is 
exposed to a multitude o  antigens present in the 
environment, tolerance mechanisms limit the result-
ant immune reaction. Consequently, these mecha-
nisms have to be overcome  or success ul vaccination 
and, unless the vaccine contains live attenuated 
viruses, it  is essential to incorporate an e  ective 
mucosal adjuvant within the f nal  ormulation. The 
benef ts o  nasal vaccination when compared to 
needle-based delivery systems include a reduced 
risk o  needle-stick injuries and risk o  in ection 
 rom the re-use o  needles, increased patient com-
pliance among patients with needle phobia, a 
decreased need  or vaccines to be administered by 
trained healthcare pro essionals and possibly a 
decreased need  or cold chain storage and distribu-
tion, i  vaccines can be  ormulated as dry powders. 
In addition, use o  the route provides a ready means 
o  vaccinating large population groups. Vaccine  or-
mulation and delivery is described in greater detail 
in Chapter 46.
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might be expected to damage the epithelium). Nev-
ertheless, studies in rats are important and provide 
use ul in ormation on the pathways and mechanisms 
o  drug absorption both into the systemic circulation 
and CNS.

The ol actory mucosa is composed o  the ol actory 
epithelium and its underlying lamina propria. The 
routes by which the molecules cross the ol actory 
epithelium have yet to be  ully elucidated, but a 
number o  possible pathways have been suggested 
(Fig. 38.1). An intracellular, axonal pathway has been 
proposed where substances are taken into the ol ac-
tory sensory neurons (OSNs) via adsorptive, receptor-
mediated or non-specif c  uid phase endocytosis and 
transported within the cell along the axon to the 
ol actory bulb. Another pathway involves substances 
crossing the other cells o  the ol actory epithelium 
(e.g. sustentacular (supporting) cells) via transcellular 
or paracellular passive di  usion to reach the lamina 
propria. Tight junctions exist between cells in the 
ol actory epithelium but the regular turnover o  cells 
in the epithelium may lead to loosening o  the tight 
junctions, helping the paracellular transport o  larger 
molecular weight substances.

Once at the lamina propria, entry into the CNS is 
believed to occur, via di  usion or convection, extra-
cellularly along the perineural space (which is the 
space surrounding the ol actory nerve bundles), 
through the cribri orm plate and into the cerebrospi-
nal  uid (CSF) or ol actory bulb. However, a propor-
tion o  molecules is also likely to enter the blood 
vessels o  the systemic circulation or lymphatic vessels 
and will there ore be prevented  rom entering the 
CNS by this direct route. O  the two routes into the 
CNS, it has been suggested that intracellular transport 
along the axon o  the OSN would be too slow to 
account  or the experimental results observed and 
that the other extracellular pathway is the most likely.

Immunohistochemical studies have  ound the 
e  ux transporter P-gp localized to the endothelial 
cells lining the ol actory bulb and the ol actory epi-
thelium. P-gp is able to reduce entry into the CNS 
o  those drugs which are substrates  or the trans-
porter. Since drugs need to be inside the epithelial 
cell to interact with the binding site o  P-gp, this will 
mainly a  ect those drugs crossing the supporting cells 
o  the ol actory epithelium via the transcellular route.

Interestingly, the trigeminal nerve which inner-
vates the respiratory epithelium o  the nasal cavity 
also  eeds into various areas o  the brain and could 
potentially be exploited  or nose to brain drug deliv-
ery. However, so  ar, this route has not been 

implicated as providing a pathway  or CNS drug 
delivery.

It  should be noted that in the many studies o  
drug transport (low molecular weight drugs and 
peptides and proteins)  rom the nose to the brain, 
the amount o  drug reaching the CNS is small com-
pared to the amount administered to the nasal 
cavity, generally less than 1%. One major problem is 
the inaccessibility o  the ol actory region o  the nasal 
cavity coupled with the poor permeability o  certain 
types o  molecule (including peptides and proteins) 
across the ol actory epithelium. There is a need  or 
a  ormulation containing an acceptable nasal per-
meation enhancer and a bioadhesive material which 
can be delivered  rom a nasal device that is able to 
target the  ormulation to the ol actory region.

Nas al de live ry s ys te ms

Nasally administered medicines can be  ormulated as 
ointments or creams but most usually as a liquid 
(solution, gel or suspension) or as a powdered solid 
(Tables 38.1 and 38.2). The  ormulation issues with 
each o  these dosage  orms have been considered in 
previous chapters. With multi-dose liquid dosage 
 orms, the possibility o  ‘suck-back’ exists which is 
when a portion o  the administered dose is sucked 
back into the remaining liquid in the delivery device. 
As a consequence, multi-dose liquid dosage  orms can 
require the inclusion o  antimicrobial preservatives to 
prevent the growth o  contaminating microorganisms. 
There is evidence that some o  these preservatives 
can cause irritation to the nasal mucosa and/or 
damage the cilia and there ore compromise mucocili-
ary clearance, especially i  used over a long period. 
Strategies to minimize or obviate such e  ects include 
the use o  alternate nostrils, i  chronic daily dosage is 
required, and the use o  pressurized containers or 
unit-dose delivery systems (Table 38.8) which do not 
require the inclusion o  a preservative. There is a 
move towards delivery systems that deliver an accu-
rate metered dose and away  rom dosage  orms such 
as nasal drops, which require considerable skill, dex-
terity and even  exibility (in terms o  mobility) to 
apply uni ormly across the mucosa. Smaller doses (< 
100 µL) tend to persist longer than larger doses 
which may drip  rom the nostril a ter delivery.

Powdered solids tend to remain in the nasal cavity 
 or longer periods than liquids, since a preliminary 
hydration step generally occurs be ore mucociliary 
clearance reaches maximal e f ciency. This can prolong 
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Table 38.8 Nasal dosage forms and some of the available delivery systems

Nasal dosage 
form

Dispensed 
form

Comments

Creams and 
ointments

Tube For example, mupirocin, chlorhexidine hydrochloride/neomycin sulphate.
Applied with  nger. Messy to apply
Uncontrolled dose (only  or drugs with large therapeutic window and high tolerability).
For drugs with localized e  ects only

Liquids 
(solutions/
emulsions/
suspensions)

Dropper/
squeezed 
plastic 
bottle

O ten used  or nasal decongestants. Absence o  valve system, so liquids introduced into 
the cavity can be ‘sucked-back’ into the storage container as pressure is released 
leading to contamination issues

Application procedure  or e  cient coating o  nasal mucosa is complex, involving the 
patient adopting a semi-recumbent or other unusual position

Drops/liquid delivered too quickly causes  ormulation to enter throat, causing cough/
gagging (or exit onto lip/mouth). Uncooperative patients can expel most o  the dose 
by blowing through nose

Volume administered is subject to technique o  user and only suitable  or drugs with 
large therapeutic window

Nasal spray Spray nozzle (either metered-dose pump or syringe) produces  ne droplets (usually 
25–50 µm). Able to introduce single dose (25–200 µL) – spread across nasal 
mucosa. Available as unit-dose or reservoir (multiple doses) (generally 3–50 mL) 
spray bottle. Unit-dose used  or paediatric, vaccination and acute treatment (e.g. 
pain). Reservoir (bottle)  or chronic treatment (e.g. calcitonin)

Easier/ aster (< 60 s) to administer than drops but pump o ten requires priming (by 
actuating pump mechanism until a mist is produced)

Breath-
actuated 
delivery

For example, OptiNose™ Liquid Delivery. Tight- tting nozzle placed in one nostril and a 
metered-dose (dispensed  rom a reservoir) is aerosolized by blowing through a 
mouthpiece. The nasal cavity is sealed by this action, preventing drug loss to mouth 
and throat, and droplets are carried beyond the nasal valve and spread throughout 
the cavity. Preservative- ree  ormulations can be employed. Clinical trials carried out 
 or treatment o  nasal polyps

Electronic 
atomization

For example,  Kurve technology™. Droplet size can be controlled (generally 8–30 µm) to 
maximize nasal deposition. Preservative- ree  ormulations can be employed (since no 
risk o  container contamination). Deposition in paranasal sinuses possible. Electronics 
can employ ‘lock-out’ to prevent drug abuse. Relatively expensive dosage  orm

Powders Nasal 
pressurized 
metered-
dose 
inhaler

Many were phased out and replaced by lower-cost aqueous  ormulations, when 
chlorof uorocarbon propellants were replaced

Hydrof uoroalkane propellants can be employed. Preservative- ree  ormulations can be 
employed. Can generate a good dispersion throughout nasal cavity

Breath-
actuated 
delivery

For example,  DirectHaler™ Nasal and OptiNose™ Powder Delivery. The  ormer is a 
unit-dose, disposable delivery system comprising an extruded polypropylene tube, 
pre- lled with powdered medicine. Air is blown  rom mouth through one end o  a 
tube and exits other end which is placed in nostril. Blowing activates the anatomical 
ref ex that closes air passage between nasal and oral cavities, whilst the patient’s 
input energy disperses the powder. No device cleaning  or patient; no device priming 
required

The OptiNose device is multi-dose which delivers metered doses using the same 
principle. Dry powder  ormulations generally tend to adhere better to the nasal 
mucosa, allowing a longer time  or absorption. Sealing the cavity might enable 
smaller-sized particles (5 µm) to be used to target ol actory mucosa, but limit 
pulmonary deposition
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the window over which systemic drug absorption can 
occur or the duration o  action o  a locally-acting 
drug. Creams and ointments can also be utilized to 
prolong retention in the cavity. Moreover, the use o  
solids or creams limits the rapid introduction o   uid 
to the throat and mouth, which can o ten initiate an 
unwelcome taste and possibly induce coughing and 
gagging. Control o  particle size is important since 
particles with sizes less than 10 µm can move beyond 
the nasal turbinates towards the lung, whereas parti-
cles larger than 50 µm can be cleared more rapidly 
by mucociliary clearance and nose blowing.

An interesting advance in nasal delivery devices 
which shows use ul potential in delivering nasal  or-
mulations involves breath-actuated bi-directional 
delivery (Table 38.8). The device is constructed such 
that the aerosolization o  the powder is initiated by 
the patient themselves exhaling through the mouth 
against a resistance. This action closes the so t palate 
and separates the nasal cavity  rom the oral cavity. A 
communication pathway remains between the two 
nostrils, located behind the nasal septum. The expired 
air (and aerosolized powder) blown into one nostril 
is turned through 180°, passes through the pathway 
and leaves via the second nostril, ensuring that powder 
deposits throughout the cavity.

Summary

The potential o  delivering drugs and vaccines to the 
body via the nasal cavity is  ar  rom being  ully real-
ized. There are active programmes within a number 
o  pharmaceutical and biotechnological companies 
seeking to utilize the route. The development o  
more nasal vaccines is almost certain. However, the 
use o  the nose  or systemic delivery is contem-
plated only i  the oral route,  or whatever reason, is 
not viable. It  is limited in terms o  the dose that can 
be delivered, either as a result  o  solubility o  the 
drug (given the volume o  liquid that can be deliv-
ered com ortably) or in terms o  the quantity o  
powder or semi-solid that can be tolerated per dose. 
Once drug is delivered, then it  must be absorbed 
rapidly otherwise the normal clearance mechanisms 
will remove it   rom the absorbing epithelium and 
result  in reduced bioavailability. Strategies are there-
 ore being employed to either extend the absorption 
window (through the use o  mucoadhesive excipi-
ents) or increase permeability (by a number o  
means, including the use o  permeation enhancers). 

As with pulmonary delivery however, the primary 
packaging is an important component o  the f nal 
medicine, since this also comprises the delivery 
device. There is much scope to develop novel devices 
with improved dose dispensing and superior target-
ing (perhaps to the ol actory region) or more e f -
cient coating o  mucosa. Drug development 
programmes need to consider both the device and 
the  ormulation as a whole, taking into account the 
therapeutic purpose o  the medicine. Finally, as with 
pulmonary dosage  orms, patient counselling will be 
especially important in advising patients o  their 
medicines to gain maximum e  ectiveness, since 
whatever  ormulation is marketed, it  will not be as 
easy to administer as the swallowing o  a solid dosage 
 orm.
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KE Y P O IN TS

•  Human skin is  a  formidable barrier but 
delivering drugs  to and through the skin can be 
advantageous  by avoiding  rs t-pass  metabolism 

•  Topical drug delivery treats  a local disorder and 
aims  to retain the active pharmaceutical 
ingredient within the skin 

•  Transdermal drug delivery the skin to deliver the 
drug to the sys temic circulation 

•  Skin is  a complex multi-layered membrane but 
the outermost layer, the s tratum corneum, 
provides  the principal barrier to drug delivery 

•  Drugs  suitable for transdermal and topical drug 
delivery usually have a molecular weight 
<500 Da, a  log Pwater

octanol between 1 and 4, and an 
effective daily dose of < 10 mg/day 

•  Permeant transport through skin is  largely by 
pass ive diffus ion and can be modelled by 
Fickian diffus ion laws  

•  Numerous  formulation options  are available for 
topical drug delivery, mos t common of which 
are creams, gels , lotions  and ointments  

•  Patches , of varying complexities , are the 
mos t common transdermal drug delivery 
sys tems  

•  Transdermal and topical drug delivery can 
be enhanced by some formulation s trategies , 
such as  us ing penetration enhancers  or 
supersaturated sys tems  

•  As  a hard keratinized s tructure, drug delivery 
through the nail is  even more challenging than 
delivering drugs  through intact skin 

Adrian C. Williams
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Regiona lly a cting. The active pharmaceutical in-
gredient acts in the area close to where the formula-
tion is applied. This is often also described as locally 
acting, but here the drug does not act directly on 
the skin, for example topically applied ibuprofen 
gels to treat  musculoskeletal conditions.
Permea nt. The chemical species that is moving 
through or into the tissue. This will be the drug, 
but may also be other ingredients within the 
formulation.
Permea tion. Movement of drug through the 
membrane.
Penetra tion. Entry into the tissue. Penetration 
does not necessarily require the molecules to pass 
out of the tissue.
Di  usion. Movement of molecules through a 
domain, from high concentration to low concentra-
tion, by random molecular movement.
Di  usivity. This is a property of the permeant in 
the membrane and is a measure of how easily it  will 
traverse through the tissue. It  is expressed in units 
of area/ time (usually cm2/ h or cm2/ s).
D i  usion coe f cient (D). This is the diffusion 
coef cient of the permeant, and is sometimes a term 
used interchangeably with diffusivity. As with dif-
fusivity, its units are area/ time (usually cm2/ h or 
cm2/ s).
Permea bility coe f cient (kp). Describes the 
speed of permeant transport, given in units of dis-
tance/ time (usually cm/ h).
Pa r tition coe f cient (P). This is a measure of the 
distribution of molecules between two phases. For 
transdermal delivery studies, a partition coef cient 
(usually expressed as a log10, hence ‘log P’) between 
octanol and water is often used as a guide to how 
well a molecule will distribute between water and 
stratum corneum lipids. In some texts, the symbol 
K is used for the partit ion coef cient; here, and to 
avoid confusion with the permeability coef cient 
(kp), the symbol P (also widely used in the litera-
ture) has been employed.
Pa r titioning. The process of molecules distribut-
ing between two domains. In transdermal drug 
delivery, partit ioning is generally used to describe 
molecular redistribution from one domain to 
another, such as from an aqueous domain to a lipid 
domain.
Flux (J). The rate of a permeant crossing the skin 
(or entering the systemic circulation). It  is given in 
units of mass/ area/ time (usually µg/ cm2/ h).

Introduc tion

Topical and transdermal formulations have a long 
history of use. Over 2000 years ago, G reek physi-
cians used formulations containing salt , vinegar, 
honey and resins to treat skin lesions and ulcers. 
Chinese, Egyptian and Roman medical histories 
describe numerous remedies applied topically as 
pastes and poultices.

Topical and transdermal products remain key for-
mulations for delivering drugs not only to the skin, 
but also through it  for systemic action. An estimated 
40 million topical items are dispensed annually in 
England and Wales, including 16 million emollient 
products and 13 million topical corticosteroid prep-
arations. In addition, many other products are dis-
pensed for topical anaesthesia and antisepsis or for 
transdermal delivery, such as fentanyl patches. 
Additionally, ‘over-the-counter’ products are widely 
sought by patients and range from emollients to 
non-steroidal anti-in ammatory creams and gels, to 
treatments for warts, verrucae and fungal infections, 
such as athletes’ foot. Thus, pharmacists often 
supply topical and transdermal formulations which 
contain a broad variety of active ingredients; indeed 
it  has been reported that  up to 20% of all repeat 
prescriptions are for application to the skin. The 
ef cacy of these products is critically dependent on 
biological factors, such as the integrity of the skin, 
on the physicochemical properties of the active 
ingredient and on the formulation designed to 
release and deliver the active into or across the skin.

Terminology

The literature occasionally contains different termi-
nology relating to transdermal and topical drug 
delivery. For this Chapter, it  may be helpful to 
clarify the following at this point:
Topica l drug deliver y. The application of a for-
mulation to the skin to treat a local disorder, i.e. the 
intention is to retain the active pharmaceutical 
ingredient (API) within the skin, for example, a 
locally acting hydrocortisone cream.
Tra nsderma l drug deliver y. The application of 
a formulation to the skin to deliver a drug to 
the systemic circulation, for example, estradiol 
patches.
Loca lly a cting. The active pharmaceutical ingredi-
ent acts directly on the skin.
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delivered through the barrier to achieve therapeutic 
levels. However, skin can be relatively easily damaged 
through mechanical, chemical or microbiological 
assault and by radiation, such as sun damage. In 
these cases, drug delivery may be enhanced and 
could in fact lead to adverse reactions.

Structure of the skin

In terms of drug delivery, human skin can be con-
sidered as a series of layers which potentially provide 
a series of barriers to a molecule traversing the tissue 
(Fig. 39.1).

The .s ubcutaneous .layer
The inner subcutaneous fatty layer is typically 
several millimetres thick, except for some areas such 
as the eyelids where it  is mostly absent. This subcu-
taneous layer of adipose tissue provides mechanical 
protection against physical shock, insulates the body, 
provides a store of high-energy molecules and carries 
the principal blood vessels and nerves to the skin. 
The subcutaneous layer is seldom an important 
barrier to transdermal and topical drug delivery.

The .de rmis
Overlying the fatty layer is the dermis, a layer typi-
cally 3–5 mm thick that is the major component of 
human skin. The dermis is composed of a network 
of mainly collagen and elastin in a mucopolysaccha-
ride gel; essentially this combination provides an 

La g time (L). This is obtained from a permeation 
pro le by extrapolating the steady state  ux line to 
the time axis. Older texts have used the symbol τ 
whereas others have used tL for the lag time, but 
most modern texts use the abbreviation L.
Vehicle. The base formulation in which the drug is 
applied to the skin.
Thermodyna mic a ctivity. Used here as a measure 
of the ‘escaping tendency’ of a molecule from its 
formulation. A thermodynamic activity of 1 equates 
to a saturated solution, or suspension, since the 
molecules in a saturated solution have the greatest 
‘escape tendency’.

Skin s truc ture  and func tion

Human skin is a highly complex multilayered organ 
designed to ‘keep the outside out and the insides in’. 
It  is the largest organ of the body, comprising around 
10% of the body mass and covers an area of approxi-
mately 1.8 m2 in a typical adult. As a self-repairing 
barrier, skin permits terrestrial life by preventing the 
ingress of microorganisms and chemicals whilst reg-
ulating heat and water loss from the body. Indeed, 
the body continually loses water and transepidermal 
water loss (TEWL) is in the region of 1 mg/ cm2/ h, 
but its value varies with body site and external con-
ditions (temperature, humidity).

For drug delivery and therapy, the intact skin 
presents a formidable barrier and a dif cult  chal-
lenge to formulation scientists. The properties of the 
skin limit  the range of active ingredients that can be 

Fig . 39.1 •  A diagrammatical cross-section through human skin showing the different skin layers and appendages. 
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largely of ceramides, fatty acids, triglycerides and 
cholesterol/ cholesterol sulphate, whilst phospholip-
ids are largely absent. Longer chain ceramides act 
as ‘rivets’ connecting bilayers together and corneo-
desmosomes interconnect corneocytes. The result-
ing structure can be likened to a brick wall (Fig. 
39.1) where the keratin- lled cells act  as the bricks 
in a mortar of multiply bilayered lipids.

In normal skin, it  takes approximately 14 days for 
a daughter cell in the stratum basale to migrate and 
differentiate into a stratum corneum cell, and these 
cells are then retained in the stratum corneum for 
a further 2 weeks before they are shed.

The .appendages
In terms of drug delivery, the appendages can be 
viewed as shunt routes or ‘short cuts’ through which 
molecules can pass across the stratum corneum 
barrier.

Specialized apocrine glands are found at speci c 
body sites, such as the axillae and nipples, whereas 
eccrine glands are found over most of the body 
surface at a density of 100–200 glands per cm2. 
When stimulated by heat or emotional stress, eccrine 
glands secrete sweat, which is a dilute salt  solution 
of around pH 5.

The largest appendages are the hair follicles and 
associated sebaceous glands which secrete sebum, 
composed of fatty acids, waxes and triglycerides. 
These lubricate the skin surface and help to main-
tain the skin surface pH at around 5. Skin typically 
has 50 to 100 hair follicles per cm2 but the load 
bearing areas of the soles and palms are largely 
devoid of these appendages.

Whilst these shunt routes offer a potential route 
through intact skin, the fractional area that they 
occupy is relatively small; for example, on the 
forearm, hair follicles occupy approximately 0.1% of 
the surface area although on the forehead this may 
be as much as 13%. The ducts are seldom empty, 
being occupied by sweat or sebum  owing out of the 
body which again inhibits drug delivery. However, 
formulators are able to target these structures, 
for example by delivering nano-sized drug delivery 
systems, such as liposomes, to the follicles in order 
to treat acne.

The shunt routes are important for electrical 
enhancement of transdermal drug delivery (ionto-
phoresis) and also play a role in the early t ime course 
of passive drug delivery through the skin, where 
diffusion through the intact stratum corneum barrier 

aqueous environment similar to a hydrogel. The 
dermis has several structures embedded within it , 
termed appendages, in particular nerve endings, 
pilosebaceous units (hair follicles and sebaceous 
glands) and eccrine and apocrine sweat glands (see 
below).

The dermis is metabolically active and requires 
extensive vasculature for this, as well as for regulat-
ing body temperature, for wound repair, to deliver 
oxygen and nutrients to the tissue and to remove 
waste products. The blood supply reaches to approx-
imately 0.2 mm below the skin surface, near the 
dermis-epidermis boundary, and so most molecules 
passing through the outer layer of the skin are 
rapidly diluted and are carried systemically by the 
blood. This rich blood  ow keeps the dermal con-
centration of most transdermally delivered drugs 
low, which in turn provides a concentration gradient 
from the outside of the body into the skin and it  is 
this concentration gradient (more accurately, it  is 
the chemical potential gradient) that  allows drug 
delivery through the skin.

The .ep idermis
The epidermis overlies the dermis and is itself a 
multiple layer containing various cell types, includ-
ing keratinocytes, melanocytes and Langerhans cells. 
Keratinocytes in the basal layer (stratum basale) 
undergo division and then differentiate as they 
migrate outwards, forming the stratum spinosum, 
then the stratum granulosum and  nally the stratum 
corneum. Differentiation is complex and essentially 
changes the metabolically active basal cells that 
contain typical organelles, such as mitochondria and 
ribosomes, into stratum corneum that comprises 
anucleate  at tened corneocytes packed into multi-
ple lipid bilayers.

The .s tra tum.corneum
This outer skin layer is predominantly responsible 
for the barrier properties of human skin and limits 
drug delivery into and across the skin. The stratum 
corneum typically comprises only 10 to 15 cell 
layers and is around 10 µm thick when dry (although 
it  can swell to several t imes this when wet). The 
stratum corneum is thinnest on the lips and eyelids 
and thickest on the load-bearing areas of the body 
such as the soles of the feet and palms of the hands. 
The lipid bilayers in which the keratin  lled cells are 
embedded are uniquely different to other lipid 
bilayers in the body since they are comprised 
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surface. Once at the outer layer of the stratum 
corneum, the drug molecule has three potential 
routes to cross the skin. Firstly it  can pass via the 
shunt routes as described above. In this case mole-
cules will partit ion into sweat or sebum before dif-
fusing against the out ow from the glands.

More usually, the molecule encounters the intact 
stratum corneum ‘brick wall’ where transport can 
either be via an intracellular (also termed transcel-
lular) route or transport can be intercellular.

Considering the intracellular route, the drug mol-
ecule initially partit ions into a keratin- lled corneo-
cyte, which is essentially an aqueous environment, 
they then diffuse through the corneocyte before 
partit ioning into the intercellular lipid domains. For 
transcellular transport to continue, the molecule 
must then diffuse through the lipoidal region before 
repeatedly partit ioning into and diffusing through 
the aqueous keratin in corneocytes and then inter-
cellular lipids.

In contrast, the intercellular route requires the 
molecule to partit ion into the lipid bilayers between 

has yet to reach steady state; rub a cut clove of garlic 
on your leg and it  can be tasted within minutes, 
which is too fast for molecules to diffuse across the 
intact  stratum corneum.

Trans port through the  s kin

From the above discussion on the structure of skin 
it  is clear that delivery of drug molecules from a 
topically applied formulation into the systemic cir-
culation is complex, with numerous processes 
occurring and several routes of transport  in opera-
tion, as illustrated in Figure 39.2.

Initially, drug molecules must be presented to the 
skin surface. Consequently, if the formulation con-
tains solid drug, then dissolution and diffusion 
through the formulation is the initial step in delivery. 
If the formulation contains dissolved drug, then as 
the molecules nearest  to the skin surface enter the 
t issue these must be replaced by other molecules 
diffusing within the formulation towards the skin 

Fig . 39.2 •  Some of the processes occurring during transdermal drug delivery from a suspension formulation. 
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affect bioavailability. Naturally, the drug must 
have some solubility in the formulation and whilst 
transport through the stratum corneum is usually 
the rate limiting step in transdermal delivery, 
poor drug release from a formulation can occasion-
ally limit  drug transport. Finally, the effective 
dose of the drug must be relatively low to allow 
the application of appropriately sized patches/
formulations.

The above processes restrict the range of drugs 
that can be delivered transdermally to therapeuti-
cally useful levels and some generic ‘rules of thumb’ 
can be used to predict whether transdermal delivery 
is viable for an active pharmaceutical ingredient. 
These include:
•  ideally the molecular weight (MW) of the drug 

should be less than 500 Da, though effective 
delivery of larger molecules may be feasible if 
the therapeutic dose is very low

•  ideally log partition coef cient ( log Pwater
octanol) 

should be in the range 1–4, though more 
lipophilic molecules may be effectively 
delivered, such as fentanyl

•  the drug should have an effective daily dose 
of around 10 mg/ day. Typically a ‘very good’ 
permeant will have a  ux in the region of  
1 mg/ cm2/ day and hence, for a realistic patch 
size of 10 cm2, a daily dose of 10 mg/ day can 
be delivered. Nicotine has near ideal properties 
for transdermal delivery and is available in, for 
example, 20 cm2 patches designed to deliver 
14 mg over 16 hours i.e. around 1 mg/ cm2/ h.

Indeed, the active pharmaceutical ingredients cur-
rently used in transdermal formulations have many 
of the above properties; estradiol MW is 272 and it  
is lipophilic, with a log Pwater

octanol  of 2.7; fentanyl MW 
is 336 with a log log Pwater

octanol  of 4.4; nicotine MW is 
162 with a log Pwater

octanol  of 1.2.

Mathematics  of skin permeation

With such a highly complex multiple layered organ 
as skin, and numerous factors affecting transdermal 
drug delivery, it  appears daunting to apply mathe-
matical principles to describe such a complex 
process. However, simple mathematical principles 
can be used to understand the basic principles of 
permeation through membranes, including skin, and 
these assist in designing dosage forms for transder-
mal and topical drug delivery.

the corneocytes and then diffusion is via a tortuous 
route within the continuous lipid domain, i.e. fol-
lowing the mortar in the ‘brick wall’.

Having travelled through the stratum corneum, 
molecules diffuse through the lower epidermal 
layers before being cleared by the capillaries at the 
epidermal-dermal junction. During transport , there 
is potential for the permeant to bind to skin com-
ponents such as keratin, in which case it  may not 
reach the systemic circulation but could be sloughed 
off. In addition, skin is metabolically active and con-
tains esterases, peptidases and hydrolases that can 
reduce the bioavailability of topically applied drugs 
such that, for example, only around 70% of topically 
applied glyceryl trinitrate (nitroglycerin) may be 
bioavailable.

It  is important to recognize that, whilst three 
different routes exist for drugs to cross the skin 
(intercellular, transcellular, and shunt routes), for 
any permeant ALL three routes operate but the 
proportion of molecules crossing by the different 
routes will vary depending on the physicochemical 
properties of the permeant.

Permeant properties  affecting 
permeation

Considering the processes described above, it  is 
evident that the physicochemical properties of the 
permeant will control its transport into and through 
the skin. For both the transcellular and intercellular 
routes, the drug molecule has to cross the multiple 
lipid bilayers between the corneocytes and hence 
partit ioning into, and diffusion through these lipid 
environments is essential. However, to reach the 
systemic circulation the molecule must also pass 
through the more aqueous environment of the viable 
epidermal cells and enter the blood. Thus, mole-
cules which are lipophilic are usually seen as better 
candidates for transdermal delivery than hydrophilic 
compounds, but high lipophilicity is problematic for 
clearance.

The molecular weight of the permeant also 
impacts dramatically on its transport  through the 
skin. The skin is designed to act as a barrier to exter-
nal chemicals and so prevents the entry of large 
molecules, such as larger peptides and proteins. 
Not only is molecular weight an important factor 
in diffusion, but molecular structure (in particu-
lar hydrogen-bonding potential) can control the 
extent of binding to skin constituents and hence 



 To p ic a l a n d  tra n s d e rm a l d ru g  d e live ry C H A P T E R  3 9

6 8 1

termed the ‘donor’ solution. The other compartment 
contains a ‘receptor’ (or receiver) solution that is a 
good solvent for the drug, but which will not affect 
the skin barrier. This receptor solution thus provides 
essentially sink conditions (near zero concentration) 
of the permeant and allows a concentration gradient 
to exist between the donor and receptor phase, 
which in turn provides the driving force for diffusion 
across the membrane. If the cumulative mass of 
permeant that crosses the membrane is plotted as a 
function of time, then a typical permeation pro le 
can be drawn, as illustrated in Figure 39.3.

As can be seen, after suf cient time the plot 
approaches a straight line and from the slope we can 
obtain the steady state  ux, dm/ dt and Equation 
39.2 can then be simpli ed to:

 d  / d  /om  t  DC  h=  
(39.3)

where dm/ dt is the  ux, usually termed J which is 
the cumulative mass of permeant that passes per 
unit area of the membrane in time t, C o is the con-
centration of permeant in the  rst  layer of the mem-
brane (at the skin surface, in contact with the donor 
solution) and h is the membrane thickness.

It  is dif cult  to measure C o, the concentration 
of permeant in the  rst  layer of the skin, but the 
concentration of the drug in the vehicle (donor solu-
tion), termed C v, which bathes the skin membrane 

Fick’s .laws .of.d iffus ion
Considering simple passive diffusion where mole-
cules move by random motion from one region to 
another in the direction of decreasing concentration, 
then transport can be described by Fick’s First Law 
of Diffusion (Chapter 2):

 J  D  C  x= −  δ  δ/  
(39.1)

where J is the  ux (the mass  ow rate at which the 
material passes through unit area of the surface), C  
is the concentration of diffusing substance, x is the 
space co-ordinate measured normal to the section 
and D is the diffusion coef cient of the permeant. 
The negative sign demonstrates that  the  ux of mol-
ecules is in the direction of decreasing concentra-
t ion. When a topically applied drug enters the skin, 
it  is usually assumed that the diffusion gradient 
is from the outer surface into the tissue, i.e. is 
unidirectional.

Fick’s Second Law of Diffusion gives:

 δ  δ  δ  δC  t  D  C  x/  /=  2  2  
(39.2)

where t is t ime. Essentially this equation shows that 
the rate of change of concentration with time at a 
point within a diffusional  eld is proportional to the 
rate of change in the concentration gradient at that 
point.

The above laws assume that diffusion is through 
an isotropic material (i.e. one that has the same 
structural and diffusional properties in all direc-
tions); skin clearly is not isotropic with multiple 
layers, different permeation routes, etc. and indeed 
it  is remarkable that Fickian diffusion can be used 
to generate valuable approximations from transder-
mal drug delivery data.

Experimenta l.e s timation..
of.s kin.pene tra tion
Experimentally, it  is usually dif cult  to study 
transdermal drug delivery in vivo, so most research-
ers use in vitro protocols to mimic as closely as 
possible the in vivo situation. Most commonly, a 
membrane (for example human epidermis) is used 
to separate two compartments in a diffusion cell. 
The drug in a vehicle (for example water, buffer or 
in a formulation) is then applied to the uppermost 
skin surface (stratum corneum). This is usually 

Fig . 39.3 •  Typical permeation pro le for an in nite 
dose application to human skin, obtained by plotting  
the cumulative amount per unit area of diffusant  
passing into the receptor compartment with time. 
Steady state  ux is  seen when the gradient becomes 
linear. Extrapolation of this  line to the time axis gives  
the lag time. 
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concentration during the time-course of delivery, 
known as in nite dose conditions, and sink condi-
tions prevail in the receptor solution. When a  nite 
dose is applied, such as the application of a small 
amount of gel or cream, then the drug in contact 
with the skin surface will diminish with time. In this 
case, the permeation pro le will typically resemble 
that in Figure 39.4 where  ux initially increases to 
a maximum value (Jmax), beyond which depletion of 
the drug in the donor solution means that the con-
centration difference across the membrane, which 
drives diffusion, starts to fall. Finite dose pro les 
can be characterized by the time to maximum  ux 
(tmax), the maximum  ux (Jmax) and from the area 
under the curve (AUC).

Expe rime ntal me thods   
for s tudying  trans de rmal  
drug de live ry

When designing and optimizing transdermal and 
topical formulations, most researchers begin with a 
review of:
•  the physicochemical properties of the permeant 

(molecular weight, solubility, partit ion 
coef cient, pKa, melting point, etc.)

•  desired dose
•  skin site
•  skin condition (for example if a product is to be 

applied to broken skin or psoriatic plaques).

is usually known or can be determined easily. Dif-
ferences in drug concentration between the donor 
solution and the  rst  skin layer arise due to parti-
tioning of the molecule between the membrane and 
donor solution so:

 P  C  C  C  PC=  =o v o v/ and hence  
(39.4)

where P is the partit ion coef cient of the permeant 
between the membrane and the vehicle. Simply sub-
stituting Equation 39.4 into Equation 39.3 gives:

 d  / d  flux  /vm  t  J  DPC  h=  =(  )  
(39.5)

Equation 39.5 thus reiterates that the  ux of a per-
meant through skin will be high for molecules with 
a high diffusion coef cient (e.g. generally having a 
relatively small molecular weight), will increase with 
increasing partit ioning between the membrane and 
the donor solution (e.g. for lipophilic molecules) and 
will increase with increasing effective concentration 
in the donor solution (which increases the chemical 
potential gradient), whereas the  ux through thicker 
membranes is reduced.

Figure 39.3 also shows that the lag time can be 
evaluated experimentally. The lag time (L) can be 
related to the diffusion coef cient by:

 L  h  D=  2 6/  
(39.6)

So, if the thickness of the membrane (h) is known 
then the diffusion coef cient can be calculated. This 
approach works well for relatively uniform and 
simple membranes such as polymers but as has been 
seen above, skin is far from simple. The effective 
thickness of the skin membrane is very dif cult  to 
estimate; if molecules traverse via the tortuous inter-
cellular route then a simple measure of membrane 
thickness does not re ect  the diffusional pathway. 
Because of this dif culty, a composite parameter, the 
permeability coef cient kp is often used since:

 k  PD  hp  /=  
(39.7)

Using Equation 39.7, Equation 39.5 can then be 
simpli ed to:

 J  k  C=  p  v  
(39.8)

The above considers transdermal delivery where the 
donor solution remains essentially at  the same 

Fig . 39.4 •  Typical permeation pro le for a  nite 
dose application to human skin, showing increasing  
 ux (amount transported per unit area with time) to  
a maximum value beyond which it falls as the drug 
concentration in the donor solution declines, resulting  
in a drop in the concentration gradient across the 
membrane. The cumulative amount of drug passing  
the membrane thus reaches a plateau. 
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particularly for locally acting drugs. Essentially, a 
drug is applied to a de ned skin area, left  for a 
period and then that remaining at the surface is 
recovered. The stratum corneum is then sequentially 
removed using adhesive tape and the drug content 
in each strip is determined to build a drug pro le 
through the t issue. As each strip can remove variable 
amounts of the skin, then drug levels can be normal-
ized to protein content in each strip, re ecting 
the amount of stratum corneum removed. More 
invasive is the removal of skin biopsies, but the depth 
of the biopsy can be varied such that a punch 
biopsy can provide data for drug levels within the 
stratum corneum, viable epidermis, dermis and fatty 
layer, whilst  a simple suction blister can be used to 
remove only the stratum corneum and viable 
epidermis.

Finally, non-invasive analysis of drug content in 
different skin strata can be determined for locally 
acting drugs that elicit  a pharmacological or physi-
ological response. Typical responses may be an 
increase in sweat secretion, vasoconstriction, vasodi-
lation, changes to pain thresholds or changes in 
blood pressure that can be monitored by Laser 
Doppler Velocimetry.

In-vitro diffus ion cells

In principle, in-vitro diffusion experiments are rela-
t ively simple, employing a two-chamber diffusion 
cell (examples of which are shown in Fig. 39.5) 
with the chambers separated by a membrane. For-
mulations can be applied in the donor compartment 
and samples then taken from the receptor compart-
ment at intervals and the drug assayed before 
permeation pro les are constructed as in Figures 
39.3 or 39.4.

In practice, each element of the above experi-
ment requires careful thought and consideration.

Se lec tion.of.an.appropria te .membrane
Careful selection is essential and needs to consider 
the purpose of the experiment. If, for example, the 
purpose is to compare release from a series of for-
mulations, or to assess stability on storage then a 
simple art i cial (e.g. polymeric) membrane may be 
appropriate. If the purpose is to assess the feasibility 
of delivering a drug through human skin, then which 
skin strata to select? Most commonly, epidermal 
membranes (from stratum corneum to the basal 

Various mathematical predictions have been con-
structed from databases of permeation experiments 
and relate potential  ux to factors such as molecular 
weight, lipophilicity, aqueous solubility and hydro-
gen bond donor/ acceptor groups. Such predictions 
can offer a useful guide to rule out molecules 
with unfavourable characteristics before undertak-
ing time-consuming experimental studies.

In-vivo experiments

Clearly the ‘gold standard’ evaluation of transdermal 
and topical delivery is to apply the formulation to 
patients and to assess drug levels at the target site. 
In practice this is dif cult  to achieve, except in cases 
where a local biological response can be recorded, 
for instance blanching of the skin in response to 
vasoconstriction, such as with corticosteroids. For 
systemically acting drugs as well as the majority of 
locally acting agents, formulation design and devel-
opment uses in vitro tests.

Whilst most studies use in vitro techniques, some 
in vivo methods are available. One option is to deter-
mine plasma levels following transdermal delivery 
allowing typical pharmacokinetic parameters such as 
C max and AUC to be determined, as for other routes 
of administration. However, for initial formulation 
development studies, such an approach is time con-
suming, expensive and may not secure regulatory 
approval.

Microdialysis has been used where a semi-
permeable tube is inserted either underneath the 
skin or to a de ned depth within the skin. The for-
mulation is then applied to the skin surface and drug 
molecules permeating through the tissue are col-
lected in the perfusate which is continually pumped 
through the probe. This technique requires special-
ized training for probe insertion and can present 
analytical challenges but offers signi cant advan-
tages in assaying the permeant that has travelled 
through the skin barrier, i.e. it  can be very valuable 
for assessing metabolites.

An alternative in vivo approach is to measure the 
loss of material from the skin surface. Whilst  it  is 
relatively easy to assay the amount of drug remaining 
in a formulation, typically only a small fraction of 
the applied dose partit ions into the skin, and this 
approach does not de ne the fraction of absorbed 
dose that is bioavailable, i.e. unbound and active at 
the target sites. As an extension to this approach, 
tape stripping of the skin in vivo is a useful technique 
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Fig . 39.5 •  Examples of diffusion cells  commonly used in transdermal and topical drug delivery studies. 
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membrane) are chosen since the drug is cleared 
from the dermal/ epidermal boundary in vivo. 
However, if metabolism is likely to be signi cant 
then conditions must maintain enzyme activity in 
the tissue. Many researchers use animal skin as a 

substitute for human tissue due to legal constraints 
in some countries or lack of availability of human 
samples. However, it  is well established that drug 
diffusion through some animal skins differs signi -
cantly from that through human skin.
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skin integrity for extended periods is thus necessary 
and may require the use of an antimicrobial agent. 
An appropriately accurate and sensitive method 
needs to be established to determine the amount 
of permeant in the receptor solution at de ned 
t ime points, and analytical interference by skin 
components that leach from the tissue during the 
experiment must be avoided. The number of repli-
cate experiments must be considered. If using an 
arti cial and well characterized membrane then 
reproducibility should be high but when a biological 
membrane is selected then natural variability usually 
dictates that a minimum of 6 replicates are needed, 
and best practice is to use more than one skin donor. 
The use of tissue from more than one source 
reduces potential errors arising from a damaged 
piece of skin, but the integrity of the membrane 
prior to beginning the permeation study should 
be veri ed.

Trans de rmal and topic al 
pre parations

A remarkably broad range of formulation options are 
available for topical and transdermal preparations, 
ranging from simple solutions and lotions, through 
commonly used creams (aqueous or oily), oint-
ments, gels and patches to the less common aerosols 
and foams. When selecting and designing formula-
tions, account must be taken of the physicochemical 
properties of the drug, such as its solubility and pKa, 
as described above. Equally, the formulation must 
be stable, the drug and excipients must be compat-
ible and drug must be released from the dosage form 
following application. Importantly, the formulation 
should be cosmetically acceptable with a good skin 
feel, texture and fragrance. Ultimately, the product 
will be applied to human skin in vivo and so the 
pathophysiology of the t issue must be understood; 
the application of an alcoholic gel formulation to 
broken skin is unlikely to enhance patient compli-
ance. Taking the above factors into account, topical 
and transdermal formulations aim to deliver the 
drug to therapeutically active levels at the target site 
(either local or systemic). Interestingly, it  has been 
estimated that, for topical products such as creams 
and gels, typically only between 1 and 3% of the 
applied dose is bioavailable whereas bioavailability 
from patches is typically 30–70% for drugs such as 
buprenorphine and fentanyl.

Recep tor.s olution
Similar detailed consideration should be given to the 
choice of receptor solution. This should be a good 
solvent for the permeant so that  the drug does not 
violate sink conditions, usually taken to be less than 
10% of saturated concentration in the receptor 
phase at any time. The receptor should not affect 
the integrity of the skin barrier, so the use solvents 
such as ethanol at high concentrations should be 
avoided since it  too could diffuse ‘backwards’ from 
the receptor solution into, for example an aqueous 
solvent in the donor phase; not only could this 
damage the stratum corneum barrier but it  could 
also alter the partitioning into the skin and/ or affect 
drug release from the donor solution. A surfactant 
could be added but may also damage the integrity 
of the stratum corneum barrier. It  is important to 
stir the receptor compartment to ensure appropriate 
mixing and to clear drug molecules from directly 
beneath the membrane.

Tempera ture
Diffusion is temperature dependent, so most resear-
chers submerge their diffusion cells in a water bath 
or circulate water in a jacket around the cell. Typi-
cally, the aim is to maintain the skin surface tem-
perature near 32 °C, and typically submerging the 
diffusion cells in a water bath at  around 37 °C 
achieves this.

Other.fac tors
Amongst other factors to consider is the amount of 
a formulation to apply to the membrane surface, 
selected to mimic in vivo use and so, for example, 
this may be either a  nite dose for a locally acting 
cream, or an in nite dose to mimic a 7-day patch 
application. The choice of vehicle from which a drug 
may be applied must also be considered; aqueous 
solutions are often used but buffering may be 
required depending on ionization, or if solubility is 
poor then the solution may rapidly deplete as the 
drug crosses the membrane. As has been seen above, 
there is a lag time until pseudo-steady state permea-
tion is reached so experimental duration needs con-
sideration. Steady state  ux is reached after 
approximately 2.7 t imes the lag time so for a per-
meant with a long lag time, e.g. 10 hours, steady 
state is not reached until 27 hours and then data 
need to be collected to evaluate  ux. Maintaining 
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there is a strong thermodynamic drive for it  to leave 
the formulation, hence it  will enter the skin and 
permeate whereas if it  is present at  a small fraction 
of its solubility limit then the drive to escape is low. 
In practice, a saturated system tends to be relatively 
unstable and so a formulation with the drug near 
saturation is a useful compromise.

This principle has important formulation and 
clinical implications. Firstly, for example, a  nely 
divided suspension formulation with saturated drug 
will provide the maximum  ux. If further drug is 
then added to the formulation, the concentration of 
drug in the system increases, but the thermody-
namic active or ‘effective’ concentration (i.e. that of 
dissolved drug molecules) remains the same and so 
 ux remains the same. Conversely, if a suspension 
is diluted but the drug remains saturated then  ux 
remains the same until dilution reduces the drug to 
below its saturation point, and for a sub-saturated 
solution formulation then dilution will reduce  ux. 
Secondly, Equation 39.9 illustrates that different 
formulations of any particular drug at the same ther-
modynamic activity will give the same  ux (as long 
as the excipients do not modify any properties of 
skin). Thus, by appropriate formulation it  is possible 
to reduce the drug loading in a topical product 
whilst maintaining the same thermodynamic activity 
and hence delivering the same amount of drug; 
Dioderm® contains 0.1% hydrocortisone but is 
clinically equivalent to 1% Hydrocortisone Cream 
BP as the drug is at the same thermodynamic activ-
ity in both formulations despite differences in 
concentration.
Pr inciple 4. Alcohol ca n help. Many effective 
topical and transdermal products contain low molec-
ular weight alcohols or other volatile ingredients. 
Alcohols themselves can partition into skin and can 
provide a transient ‘reservoir’ into which the drug 
can partition. In addition, they may improve the 
diffusion coef cient of the drug in the stratum 
corneum. Further, whilst alcohols are typically ‘good’ 
solvents for most drugs, they evaporate from the skin 
surface when rubbed on in a  nite dose application. 
Taking ibuprofen hydro-alcoholic gels as an example, 
the drug has a low aqueous solubility of less than 
1 mg/mL, whereas it  is readily soluble in ethanol and 
in a 20 : 80 w/w ethanol:water system its solubility 
is nearly 10 mg/mL. If a gel containing 5 mg/ mL was 
rubbed into the skin, initially the drug is dissolved in 
the formulation but as the ethanol evaporates, the 
formulation becomes steadily more aqueous until 
only water remains. At this point the ibuprofen is in 

Formulation principles

Based on the consideration of skin structure and the 
mathematical theory explained above, some general 
principles are useful to guide the selection of a 
dosage form and excipients.
Pr inciple 1. Select a  suita ble drug molecule. As 
described above, large hydrophilic molecules are 
poor candidates to deliver across intact skin. Ideally 
a drug should be moderately lipophilic ( log Pwater

octanol  
= 1–4), relatively low molecular weight (<500 Da) 
and be effective at low doses (<10 mg/ day for 
transdermal delivery).
Pr inciple 2. Relea se the drug. The formulation 
should be designed to ensure appropriate release of 
the drug; this may be rapid release for a locally 
acting drug, or sustained and slow release for a 7-day 
patch. If the formulation contains a moderately 
lipophilic drug in a lipophilic oily base, the drug is 
less likely to partit ion out of the formulation and 
enter the lipophilic skin barrier than if it  is applied 
from a more aqueous base. Essentially, the vehicle 
should allow some solubility of the drug but should 
not retain the drug by being a very good solvent (see 
Principle 3).
Pr inciple 3. Use thermodyna mics. The driving 
force for diffusion is the chemical potential gradient 
across the membrane; often the term ‘concentration 
gradient’ is used but ‘chemical potential gradient’ is 
more accurate for complex membranes such as skin. 
Equation 39.5 described how transdermal  ux is 
dependent on drug concentration, but in thermody-
namic terms it  can be shown that:

 d  / d  flux  /m  t  J  aD  h=  =  =  γ  
(39.9)

where a is the thermodynamic activity of the drug 
in the donor formulation and γ  is the effective activ-
ity coef cient in the skin barrier. Thus, to achieve 
the highest  ux, the drug in the vehicle should be 
at its maximum thermodynamic activity. By de ni-
tion, a pure solid is at  maximum thermodynamic 
activity and is given a value of 1. Thus, a saturated 
solution which is in equilibrium with excess solid is 
also at  maximum thermodynamic activity and so the 
greatest  ux can be achieved by using the drug at its 
solubility limit in the formulation.

For formulation development, thermodynamic 
activity can be considered as the ‘escape tendency’ 
of the drug from its vehicle; if a drug is at saturation 
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G enerally, semi-solid formulations are selected 
for increased residence on the skin, transdermal 
patches for extended drug delivery through the skin 
and liquid formulations for a rapid short-term input 
of permeant into the skin. In both the clinical and 
cosmetic domains, skin type can affect the choice 
of formulation base, in that generally:
•  for normal to oily skin types, gels are often 

preferred
•  for normal to dry skin types, lotions are often 

preferred
•  for dry skin, creams are often preferred.
In addition to skin type, the skin site to be treated 
can affect the selection of the vehicle thus:
•  for hairy areas, lotions, gels or sprays are usually 

preferable
•  for intertriginous areas (sites where skin may 

touch or rub such as the axilla of the arm), 
creams or lotions are usually preferred.

However, it  is mainly clinical rationale as to which 
formulation type is selected for topical therapy. 
Dependent upon the lesion type then:
•  for a wet, vesicular or weeping lesion, a ‘wet’ 

usually aqueous based formulation is generally 
preferred (cream, lotion, gel)

•  for a dry, thickened scaly lesion, a ‘dry’ usually 
fatty formulation is preferred (ointments, 
pastes).

A simpli ed decision tree to illustrate how the 
clinical condition can in uence the choice of for-
mulation options and formulation design is given in 
Figure 39.6.

excess of its solubility limit, so has maximum ther-
modynamic activity resulting in increased delivery 
into the tissue (as described in Principle 3).
Pr inciple 5. O cclusion increa ses deliver y o  
most drugs. Occlusion (covering the skin with an 
impermeable barrier) hydrates the skin by blocking 
transepidermal water loss to the external environ-
ment. The water content of the stratum corneum 
can rise up to 400% of the t issue's dry weight and 
this increased hydration improves transdermal and 
topical delivery of most drugs. Some preparations 
require occlusion to deliver the required dose to 
therapeutic levels, such as EMLA cream (which 
contains lidocaine and prilocaine), which should be 
applied as a thick layer under an occlusive dressing. 
Alternatively occlusion can also be inadvertent, 
such as when applying hydrocortisone ointments or 
creams to treat nappy rash when tightly  t t ing 
waterproof pants can occlude the area.

Formulation options

Considering the broad range of topical and transder-
mal formulations ranging from simple solutions to 
complex multiple emulsions, these systems can be 
classi ed in numerous ways. Most commonly, for-
mulations are described in terms of their physical 
properties but, as can be seen above, this in itself 
can be complex and changing, for example where a 
simple gel can lose solvent by evaporation to deposit  
a solid  lm on the skin surface. However, the scheme 
in Table 39.1 may be helpful when considering for-
mulation options.

Table 39.1 A general classi cation scheme for topical and transdermal vehicles

System Single phase Two phase Multi-phase

Liquid Nonpolar solutions (oils), 
e.g. liquid para f n.

Polar solutions (lotions), 
e.g. aqueous solutions 
or volatile solvents.

Dilute emulsions (o/w or w/o), 
 ound in some lotions.

Suspensions, e.g. some paints, 
o ten aqueous. Can deposit 
powder on skin.

Dilute multiple emulsions (o/w/o or w/o/w).
Suspensions.

Semisolid Ointments with dissolved 
medicaments.

Gels with dissolved 
medicaments.

Emulsions (o/w or w/o) with 
dispersed medicaments. 
Includes creams.

Thick suspensions, e.g. pastes.

Multiple emulsions with dispersed 
medicaments, e.g. cream pastes.

Solid Powders. Some transdermal patches. Some complex transdermal patches.
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Fig . 39.6 •  Simpli ed decision tree to assist selection of topical and transdermal formulations considering the state 
of the skin barrier. 

Cons ider condition of skin to which formula tion will be  applied

Normal intact s tra tum corneum

Aiming to enhance
de livery through skin

Seeking de livery
to  skin

Broken/damaged skin

Dry thickened
sca ly les ion

Wet, weeping
les ion

‘Dry’ formula tion,
usua lly fa tty

ointment or pas te

Wet formula tion,
usua lly aqueous
cream, lotion, ge l

Aqueous  or oil-based 
formula tion.
May include :
a lcohols , g lycols ,
o le ic  ac id
Combina tions  of
solvents  may
enhance  de livery, e .g. 
o le ic  ac id  with  
propylene  g lycol,
o le ic  ac id  with  
is opropyl myris ta te
Alcohol-based
formula tions  may 
enhance  de livery by 
vola tilisa tion and 
supersa tura tion

Aqueous  or oil-based 
formula tion.
May include :
is opropyl myris ta te ,
p ropylene  g lyco l
Alcohol-based 
formula tions  may 
enhance  de livery by 
vola tilisa tion and 
supersa tura tion

Oils  and  waxes
May a lso include
s urfac tan ts , 
g lycols , depending 
on formula tion and
drug solubility

Aqueous  based
sys tems  including:
wate r
May a lso include
co-solvents , e .g.:
p ropylene  g lyco l
Avoid:
a lcohols

Minera l o ils
May try aqueous  with 
co-solvent:
wate r: p ropylene  
g lyco l
May a lso include  
co-solvents :
propylene  g lyco l
Avoid:
a lcohols

Hydrophilic drug Hydrophobic drug

Beyond the broad nature of the vehicle, speci c 
formulation components may be required depend-
ent on the physicochemical properties of the drug 
(e.g. pKa and the need for a buffer, stability of the 
active and the need for an antioxidant), clinical con-
siderations (e.g. intact or broken skin, duration of 
use) and to improve patient compliance. Commonly 
used components in topical and transdermal formu-
lations include solvents, solubilising agents, oils, 
thickening agents and pH modi ers, examples of 
which are given in Table 39.2. It  should be borne in 
mind that  the active pharmaceutical ingredient itself 
may have properties that can affect the formulation, 
for example chlorhexidine is surface active and 
forms micelles.

Common formulation types

Whilst Table 39.1 provides a broad classi cation 
scheme of topical and transdermal formulations, the 
most common systems are described in further 
detail below.

Liquid .formula tions
Liquid formulations for external application may 
be simple single-phase solutions using either i) an 
aqueous base, ii) a solvent, iii) a miscible co-solvent 
system (e.g. ethanol and water) or iv) an oil. Exam-
ples of single-phase solutions include soaks and 
paints, such as chlorhexidine solutions for skin 
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residence time of the active on the skin surface but 
any deposited solid must undergo dissolution on the 
skin surface prior to permeation; this will limit drug 
absorption  ux.

Semi-s olid .formula tions
The vast majority of topically applied formulations 
are semi-solids. They offer good residence time on 
the skin. There are numerous options available to 
the formulator and semi-solids are generally well 
accepted by patients. Single phase semi-solid 
systems include ointments and gels in which the 
active ingredient is dissolved, whereas ointments or 
gels containing drug powder (usually microcrystal-
line) are two-phase semi-solids.

Ointments
Ointments are fatty preparations that  are usually 
self-occlusive and are generally used on dry lesions. 
Unmedicated ointments are used as emollients to 
soothe, smooth and hydrate dry skin conditions.

Commonly, ointments are produced from soft, 
hard and liquid paraf ns (or similar excipients) to 
generate a hydrocarbon base. The bases are highly 
occlusive and so prevent transepidermal water loss; 
this, in turn, causes the skin to hydrate and hence 
their usefulness in dry skin disorders. Hydration of 
the stratum corneum also tends to increase transder-
mal drug  ux and so, coupled with the excellent 
residence time of these formulations on the skin, 
can provide prolonged drug delivery. However, 
thick greasy ointments can be dif cult  to spread, 

disinfection, or lotions of malathion used to treat 
head lice. Liquid preparations generally have poor 
residence time on the skin, usually resulting in low 
drug delivery into the tissue and so tend to be used 
to treat  surface conditions (e.g. disinfection). More 
viscous preparations can be generated to improve 
residence time, for example by addition of glycerol, 
propylene glycol or polyethylene glycol, as employed 
in anti-infective ear drops. When simple solutions 
are applied to the skin, the solvent evaporates and 
can cool and soothe the skin, an effect  that is more 
pronounced from alcoholic vehicles. The evaporation 
of a solvent can increase the thermodynamic activity 
of the drug in the evaporating vehicle that can in u-
ence delivery as described in Principle 4 above.

Low-viscosity ‘thin’ oil-in-water (o/ w) or water-
in-oil (w/ o) emulsions and suspensions are two-
phase liquid systems, whereas more complex o/ w/ o 
or w/ o/ w ‘thin’ emulsions are multi-phase liquids. 
The designation between a ‘thin’ emulsion that is a 
liquid formulation and a semi-solid cream system is 
rather arbitrary, but emulsions are most widely used 
in creams as described below.

As with single phase solutions, solvent can evapo-
rate from an aqueous or solvent-based suspension 
when applied to intact skin, so providing a cooling 
sensation, though clearly alcoholic-based formula-
tions should not be applied to broken skin. As the 
solvent evaporates, drug delivery can be enhanced 
due to increased thermodynamic activity of the 
permeant in the vehicle (as described above). Sus-
pensions such as calamine lotion deposit  drug 
powder on the skin surface which improves 

Table 39.2 Examples of some typical components found in topical and transdermal formulations

Component Examples

Solvent Water, propylene glycol, ethanol, isopropyl alcohol.

Solubilizing agent Sur actants; anionic, e.g. sodium lauryl sulphate (SLS), cationic, e.g. cetrimide, 
non-ionic e.g. nonoxynol series, zwitterionic, e.g. dodecyl betaine.

Oils Mineral oil, liquid or so t para f ns, silicone oils.

Thickening agents Gums, celluloses, e.g. hydroxypropylmethyl cellulose (HPMC), carbomers, 
polyvinylpyrrolidone (PVP).

Preservatives Antioxidants, e.g. ascorbic acid, butylated hydroxyanisole; Antimicrobial agents, 
e.g. parabens; Chelating agents, e.g. ethylenediaminetetraacetic acid (EDTA).

pH modi ers Monoethanolamine, lactic acid.
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suspensions, the liquid phase may be aqueous, alco-
holic, miscible blends or a non-polar solvent, and as 
described above, the solvent may evaporate, cooling 
the skin and increasing drug  ux by enhancing ther-
modynamic activity of the drug in the evaporating 
vehicle.

As gelled solutions, the continuous phase 
allows unhindered diffusion of dissolved molecules 
throughout the polymer scaffold and hence drug 
release should be equivalent to that from a simple 
solution, unless the drug binds to the polymer in the 
gel or polymer loading generates a highly viscous 
gel. Numerous thickening agents are available, the 
selection of which is in uenced by the physico-
chemical properties of the drug and compatibility 
with the solvent. Natural polymers such as carageen-
ans or re ned/ synthetic polymers such as hydroxy-
propyl methylcellulose or Carbopols are commonly 
employed gelling agents.

Creams
Creams are the most common semi-solid topical 
dosage form and are typically two phase emulsions, 
either water-in-oil or oil-in-water (Chapter 27). 
Oily creams (w/ o semi-solid emulsions) are less 
greasy than ointments, are easier to apply and can 
usually be simply washed off the skin surface, and 
hence are well accepted by patients. However, 
whilst a water-in-oil cream can deposit a protective 
oily layer on the surface, they tend to be less occlu-
sive than an ointment and so may not be as bene cial 
in dry skin conditions. Oil-in-water creams (also 
called ‘washable’ or ‘vanishing’ creams) with a con-
tinuous aqueous phase are often rubbed into skin 
and again can provide a cooling sensation. The pro-
cesses occurring during delivery from a cream are 
complex and dif cult  to de ne; the cream changes 
as it  is applied, rubbed in, the continuous phase 
evaporates (or if oily may penetrate the skin) and 
the emulsion cracks. In addition, the active ingredi-
ent may be loaded in one phase but will part ition 
between the continuous and dispersed phases or 
may become incorporated into micelles as the for-
mulation collapses. Further, creams usually include 
an antimicrobial preservative which may have 
surface activity (as indeed may the medicament), a 
buffer, an antioxidant and fragrance materials. Con-
sidering this complexity, formulation for optimal 
release and delivery tends to be on an individual 
drug basis, taking the principles described earlier in 
this chapter into account.

particularly on broken skin where they are com-
monly applied, and patients often  nd these formu-
lations to be messy to use.
Absorption ba ses. These contain an emulsifying 
agent that  allows the formulation to soak up water 
or aqueous secretions whilst remaining semi-solid. 
G enerally, they tend to contain a hydrocarbon, such 
as a paraf n, together with a miscible substance that 
is polar, such as sorbitan monooleate. This combined 
system can absorb up to 15% water. Thus, these 
formulations provide some occlusion of the skin, 
hydrate the stratum corneum and can be left  in 
contact with the tissue for prolonged periods of 
time. Due to potential allergic reactions and sensi-
tization, wool fats and lanolin, tradit ionally used in 
absorption bases, have largely been replaced with 
puri ed lanolin or other excipients.
Emulsi ying ba ses. These are similar to absorp-
tion bases but can form an oil-in-water system, for 
example by using a mixture of paraf ns with ceto-
stearyl alcohol and a surface active agent such as 
sodium lauryl sulphate (SLS) or cetrimide. These 
emulsifying agents generate a water-miscible oint-
ment which can be easily washed from the skin 
surface, in contrast to greasy hydrocarbon bases. 
Anionic (e.g. SLS), cationic (e.g. cetrimide) or non-
ionic (e.g. cetomacrogol) emulsifying ointments can 
be formulated, to ensure compatibility with any 
incorporated drug such that, for example, a cationic 
or non-ionic base would be selected for a cationic 
drug.
Wa ter-soluble ba ses. These are usually prepared 
from a mixture of water-soluble polyethylene glycols 
of varying molecular weights which can be blended 
to generate bases which soften or melt when applied 
to the skin surface. Water-soluble bases mix easily 
with skin secretions, spread well on the skin surface 
and can be readily washed off. However, they lose 
their semi-solid consistency if around 10% water is 
taken into the ointment and they may be incompat-
ible with several classes of compounds including 
phenols and penicillin.

Ge ls
G els are typically formed from a liquid phase that 
has been thickened with other components and may 
contain dissolved (single phase) or dispersed (two-
phase) drug in a semi-solid system. The liquid in the 
gel essentially forms a continuous phase with the 
thickening agent enhancing viscosity by providing 
the porous scaffold of the gel. As with solutions or 
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non-volatile solvent (such as an oil) may be incorpo-
rated into the formulation.

An alternate delivery device is pre-fabricated 
transdermal patches. These are worthy of more 
detailed consideration.

Transdermal delivery patches

Pre-fabricated transdermal patches are designed to 
deliver a constant and controlled dosage over 
extended periods of time for systemic therapy. They 
offer advantages over conventional oral dosage forms 
in that:
•  drug administration through skin avoids the pH 

variations seen with gastrointestinal transit
•  drug reaches the systemic circulation whilst  

avoiding  rst  pass hepatic metabolism (though 
the skin is metabolically active)

•  patches can be removed easily and quickly in 
cases where adverse drug reactions occur

•  patient compliance is high.
However, due to the barrier properties of the skin, 
relatively few drug molecules have the appropriate 
physicochemical and therapeutic properties for sus-
tained transdermal delivery. However some success-
ful products have reached the market.

Scopolamine patches for motion sickness were 
 rst  approved by the United States Food and Drug 
Administration (FDA) in 1979. Since then, nicotine, 
estradiol, fentanyl, buprenorphine, testosterone and 
glyceryl trinitrate patches have been commercial-
ized. More recently, a methylphenidate transdermal 
patch has been developed to treat Attention De cit  
Hyperactivity Disorder, the monoamine oxidase 
inhibitor (MAOI) selegiline has been developed in 
patch form for Parkinson’s disease and for major 
depression, whilst a rivastigmine patch is available 
for Alzheimer’s patients. It  is notable that recent 
patches have aimed to meet a clinical need, for 
example to assist compliance with Alzheimer’s 
patients, rather than broadly exploring the physico-
chemical properties of candidate drugs.

Des igns .of.trans dermal.pa tches
Numerous patch designs exist, some are illustrated 
in Figure 39.7. The simplest systems contain the 
drug in an adhesive, with more complexity intro-
duced in matrix type patches and reservoir systems.

Drug-in-adhesive patches are the simplest and 
most common patch design and are widely used to 

Multi-phas e .s emi-s olid .formula tions
Multi-phase semi-solid formulations tend to use 
emulsions or multiple emulsions (o/ w/ o or w/ o/ w) 
with the drug dispersed in a paste. Pastes (either 
two- or multi-phase) are stiff preparations contain-
ing up to 50% solids, commonly in a fatty base. 
These preparations are useful for treating localized 
skin sites, as with Lassar’s paste (zinc and salicylic 
acid) or dithranol paste. Pastes also lay down a thick 
impermeable  lm that can be cut and used in sub 
blocks. Pastes tend to be less greasy than ointments 
as the powder may absorb some of the more mobile 
hydrocarbons from the fatty base.

Solid .formula tions

Powders. These are seldom applied directly to the 
skin for drug delivery since drug dissolution is neces-
sary prior to permeation; without the use of a 
solvent, skin exudates are generally unable to dis-
solve the applied powder
Topica l spra ys. These are available to deposit  
powders on the skin surface but these generally 
incorporate a volatile solvent that dissolves some 
drug prior to evaporation (with consequent elevated 
thermodynamic activity).
Dusting powders. These are used to reduce fric-
tion between skin surfaces, and antiseptic dusting 
powders are available, but do not aim to deliver drug 
into the skin.
Pa tches. These are solid dosage forms that vary in 
complexity from simple two-phase to multi-phase 
systems. Most simply, in-situ  lm-forming systems 
are available that allow a patient to deposit  a thin 
 lm on a diseased site for local therapy; these for-
mulations contain polymers such as polyvinylpyr-
rolidone, polyvinyl alcohol or silicones in either 
an aqueous or more volatile solvent system that 
can be applied by spraying onto the affected area. 
As the solvent evaporates, the  lm forms. It  can be 
un-medicated for use as a wound dressing, or 
may contain an antimicrobial agent to prevent 
infection. Also, for example, antifungal agents 
such as terbina ne can be incorporated to treat 
athletes’ foot with the spray offering simple dosing 
between toes.

In-situ  lms remain at the affected site for 
extended periods and then can be designed to be 
easily washed off or to resist water. However, 
as described above, drug must be in solution for 
absorption and hence some residual solvent or 
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nature of the adhesive that it  covers. The liner must 
easily peel away from the adhesive but must be 
bonded  rmly enough to prevent accidental removal. 
Liners are usually occlusive to prevent the loss of 
volatile patch components such as ethanol prior to 
use.
Adhesive. The adhesive is a crucial component of 
all transdermal delivery patches and pressure sensi-
tive adhesives (PSAs), such as acrylates, polyisobuty-
lene (PIB) or polysiloxane adhesives, are usually 
used. Clearly the adhesive must:
•  stick to the skin for the patch’s lifetime
•  it  must be non-irritating and non-allergenic as it  

may be in place for up to 7 days
•  it  must be compatible with the drug and other 

excipients
•  it  should allow the patch to be removed 

painlessly without leaving adhesive residue on 
the skin surface.

During formulation development, considerable 
effort is spent testing patch wear but the presence 
of a drug in the adhesive can affect its properties, 
hence data from placebo tack, wearability and irrita-
tion studies may not truly re ect in vivo use of a 
medicated system.
Ba cking la yer. Numerous materials can be used for 
patch backing layers, depending on the patch design, 
size and length of intended use. For relatively short 
use small patches, an occlusive backing layer may be 
selected and this will hydrate the underlying skin 
which can improve delivery. Example materials 
include polyethylene or polyester  lms. For larger 
and longer term use patches, backing layers that 
permit some vapour transmission are preferred, such 
as polyvinylchloride  lms. In addition, the backing 

deliver nicotine and glyceryl trinitrate. These patches 
are formed by dissolving or dispersing drug within 
an adhesive which is then coated onto a backing 
layer before a release liner is applied. Drug-in-adhe-
sive patches tend to be thinner and more  exible 
than other systems, but drug loading constraints can 
reduce the period of delivery; nicotine patches are 
designed for less than one day use.

Drug can be included in a separate matrix which 
can be formulated to increase the drug content in 
the system or to control drug release, allowing longer 
term delivery. The drug containing matrix or reser-
voir is often a polymeric mixture, for example poly-
vinylpyrrolidone and polyvinylacetate, potentially 
with the addition of a plasticizer such as glycerol; 
hydrogels may also be used as the matrix. Clearly 
drug released from the matrix will partition into 
and diffuse through the adhesive layer.

More complex rate limiting membrane systems 
typically contain the drug in a reservoir but with 
release controlled through a semi-permeable mem-
brane. The reservoir may be liquid or more usually 
a gel and can be designed to contain higher drug 
loadings than a simple drug-in-adhesive system for 
prolonged delivery. More complex patch con gura-
tions based on the above are feasible, for example, 
multilayered drug-in-adhesive systems with a rate 
limiting membrane separating two adhesive layers 
of different drug loadings.

For all the above con gurations, patches have 
some common components.
Remova ble relea se liner. A liner temporarily 
covers the adhesive and is the layer that is removed 
to allow the patch to be applied to the skin. Liners 
are often made from polymers such as ethylene 
vinyl acetate, or aluminium foil, dependent on the 

Fig . 39.7 •  Illustration of common patch designs. 
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Whilst liposomal formulations have been devel-
oped for parenteral administration of anticancer and 
antifungal agents, they are not widely used for 
topical and transdermal drug delivery, and are pre-
dominantly found in cosmetics and long acting 
sunscreen formulations. The liposomes promote 
delivery of the active sunscreen into the stratum 
corneum and reduce wash off, as seen with surface 
deposited agents. Liposomes as drug delivery vehi-
cles are discussed further in Chapter 45.
Foa ms. Foams have been used to deliver various 
drugs to and through the skin, for example ibupro-
fen and betamethasone. Foams allow relatively easy 
dosing to the target site and, as dynamic systems 
where solvent evaporates and foams collapse on the 
skin surface, delivery can be enhanced beyond that 
seen for simple creams.
Solids or  pa r ticula tes. These can be used to 
target drug delivery to the hair follicles. Liposomal 
products can also do this. The pore diameter of the 
follicle ranges from ~ 70 µm on the forehead to 
~ 170 µm on the calf. Hair shaft diameters range 
from ~ 15 µm on the forehead to ~ 42 µm on the 
calf; these are usually  lled with sebum. The volume 
of the follicular reservoir on the forehead has been 
estimated at 0.19 mm3, into which micro-particulates 
can be deposited to provide prolonged activity of 
materials such as benzoyl peroxide (which is highly 
insoluble), to manage acne vulgaris.

Enhanc e me nt o f trans de rmal 
and topic al drug de live ry

The range of drugs that can be delivered transder-
mally to therapeutic levels is restricted due to the 
effective barrier provided by skin, in particular the 
stratum corneum, as discussed above. The factors 
in uencing the magnitude of the permeant  ux are 
summarized in Equation 39.5.

Flux

diffusion coefficient partition coefficient
concentra=

×
× tt ion in the donor solution

membrane thickness
 

(39.5)

Consequently, various approaches have been used 
to modify the above parameters by manipu-
lating the barrier properties of the skin (increas-
ing diffusivity), the nature of the permeant or 
barrier (to increase partitioning) or to increase the 

layer should allow multidirectional stretch and be 
pliable to allow the patch to move as the skin moves.
Ma tr ix/ reservoir. A drug matrix or reservoir is 
usually prepared by dissolving the drug and poly-
mers in a common solvent before adding in other 
excipients such as plasticizers. The viscosity of the 
matrix can be modi ed by the amounts of polymers 
incorporated, or by cross-linking polymers in the 
matrix, and can consequently be used to control 
diffusion of the active ingredient through the matrix 
to the adhesive and then on to the skin surface. 
Reservoirs tend not to contain gelled polymers but 
rather utilize a viscous liquid, such as a silicone or a 
cosolvent system, occasionally with ethanol into 
which drug is dissolved and dispersed. In these cases 
drug diffusion within the reservoir towards the skin 
surface is unhindered.
Ra te-limiting membra ne. Transdermal patches 
were originally designed so that the patch itself con-
trolled the rate of delivery of the active ingredient 
to the skin surface, and so the patch would control 
drug  ux. In practice, it  is usually the stratum 
corneum barrier that  limits the rate of drug input 
into the skin and hence provides the rate limiting 
barrier. However, semi-permeable membranes are 
used to separate reservoirs from the underlying 
adhesive and can also be found separating multiple 
drug-in-adhesive layers. Membranes can be pre-
pared from co-polymers of ethylene acetate with 
vinyl acetate, with or without plasticizers. As with 
other patch components, the rate limiting mem-
brane must be compatible with the drug, non-toxic, 
stable and pliable.

Other.formula tions
Beyond the dosage forms described in Table 39.1, 
less common formulations are available for topical 
and transdermal drug delivery. These include:
Liposomes. These are spherical, bilayered struc-
tures, typically between 100 and 200 nm in diam-
eter, that can be produced from phospholipids, and 
which are able to encapsulate a range of different 
drugs either in their aqueous core or within the lipid 
bilayer. The properties of the liposome are deter-
mined by their size, number of bilayers and by the 
component lipids; often materials such as dipalmi-
tolyphosphatidylcholine (DPPC) are used but cho-
lesterol can be added to produce rigid vesicles 
whereas addition of ethanol or surfactants can 
produce  exible liposomes.
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miscible with A but is a ‘good’ solvent, then the 
solubility of the drug in mixtures of A and B would 
follow the solid curve. If a solution of drug in solvent 
B is then diluted with the poor solvent A, solubility 
of the drug follows the dotted line and generates 
supersaturated systems. With time, the drug will 
crystallize from this supersaturated state to equili-
brate with the saturation curve but crystallization 
can be inhibited by addition of some polymers and 
this provides a transient increase in drug solubility 
beyond saturation, hence increasing drug  ux.

Other formulation strategies can provide optimal 
transdermal delivery using the principles described 
above. For example, formulations should ensure 
optimal drug release and encourage partitioning into 
the stratum corneum by using a vehicle in which the 
drug is only moderately soluble. The active drug 
should have appropriate physicochemical proper-
ties, perhaps by using a pro-drug containing a 
lipophilic moiety which will enhance partit ioning 
into the lipophilic stratum corneum; ester-linked 
fatty acids can serve this purpose with the link then 
cleaved by esterases within the skin, liberating the 
active principle. Control over pH in the formulation 
of ionizable drugs is important since ions permeate 
less well than neutral compounds, or ionic charges 
can be neutralized by employing ion pairs.

Skin modi cation

Numerous chemicals, collectively termed penetra-
tion enhancers, interact with stratum corneum com-
ponents to increase transdermal drug delivery. These 
enhancers act by disrupting the highly organized 
lipid bilayer packing through interacting with inter-
cellular proteins, by increasing partitioning into the 
membrane or by a combination of these mecha-
nisms. Ideally, penetration enhancers will be phar-
macologically inert , will modify the skin barrier in a 
reversible manner, will be non-toxic, non-irritat ing, 
compatible with drugs and excipients and accepta-
ble to patients (good skin ‘feel’, odourless, colour-
less, etc.).

The safest and most widely used penetration 
enhancer is water, and the transdermal  ux of most 
drugs is greater through hydrated skin than through 
dry tissue. Thus, occlusion is an effective means of 
increasing the  ux of most drugs. Ethanol and other 
low molecular weight alcohols that are often incor-
porated into topically applied formulations can also 
act as penetration enhancers. Ethanol can disrupt 

concentration (thermodynamic activity) of the drug 
in its formulation. Manipulating skin thickness is 
dif cult, though the application site can be selected 
as one where the stratum corneum is relatively thin, 
such as the scrotum that is used to deliver testoster-
one. Additionally, external forces can be used effec-
tively to circumvent the stratum corneum barrier.

Formulation manipulation

For a given drug in a de ned formulation, maximum 
 ux is achieved when the active ingredient is present 
at saturation (i.e. when C o, in for example Eqn 39.3, 
is at its maximum). However, it  is feasible to gener-
ate supersaturated systems where the drug is present 
in excess of its solubility. This occurs when, for 
example, a hydro-alcoholic gel containing a poorly-
water soluble compound is applied to the skin. As 
the alcohol (good solvent) evaporates, the drug can 
exceed its solubility limit in the remaining aqueous 
phase and so becomes supersaturated. Supersatu-
rated states are inherently unstable and the excess 
drug will tend to crystallize rapidly. However, if the 
formulation is viscous or anti-nucleating polymers 
are included, then drug crystallization can be inhib-
ited for a period of time, in which case the drug 
remains in a supersaturated state and provides a 
greater  ux than can be obtained from a saturated 
solution. In practice, many topically applied formu-
lations are dynamic (gels, foams, creams, etc.) and 
patches can contain volatile ingredients that  may 
evaporate or partit ion into skin, resulting in transient 
supersaturated states.

Supersaturation can also be achieved from co- 
solvents as shown in Figure 39.8; if solvent A is a 
‘poor’ solvent for the permeant and solvent B is 

Fig . 39.8 •  Illustration of a method to generate 
supersaturated systems from mixed solvents. 
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enhancers, such as Azone (1-dodecylazacyclohpetan-
2-one), have been designed to possess a bulky polar 
head group and a lipid chain. The molecule can 
insert within the lipid lamellae to disrupt the endog-
enous stratum corneum lipid bilayers at  both head 
and chain regions. Other commonly used excipients 
with enhancer activit ies include terpenes (fragrance 
agent) and surfactants. Potential mechanisms by 
which penetration enhancers can disrupt the lipid 
bilayers of the stratum corneum are illustrated in 
Figure 39.9.

the intercellular lipid packing and so increase dif-
fusivity through the stratum corneum but addition-
ally can diffuse into the membrane and act as a 
solvent within the stratum corneum, into which 
drug can more easily partition.

Small aprotic solvents, such as dimethylsulphox-
ide, can interact with lipid bilayer head groups in 
the stratum corneum to disrupt their close packing 
and facilitate drug diffusion, whereas fatty acids 
(e.g. oleic acid) insert along the stratum corneum 
lipid chains to disrupt packing. Bespoke penetration 

Fig . 39.9 •  Potential mechanisms of action for penetration enhancers acting on the intercellular lipids of the stratum 
corneum. 
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As the needles are small and can be designed to 
puncture only the depth of the stratum corneum, 
pain receptors deeper in the skin are not stimulated 
so delivery is painless. This technology is currently 
attracting considerable interest, particularly for 
delivering vaccines and it  also offers potential for 
sampling body  uids for monitoring purposes.

Nail de live ry

Despite signi cant anatomical differences, many of 
the principles described above apply to formulation 
design for drug delivery through nails (often termed 
transungual delivery). Human  ngernails consist of 
three main structures, the outermost nail plate, the 
underlying nail bed and the nail matrix (Fig. 39.10).

The nail matrix, sometime called the nail root, 
contains onychocytes, a specialized version of the 
keratinocytes found in stratum corneum. Much of 
the matrix is hidden, but the lunula, (‘the moon’) is 
the white crescent shaped part  of the matrix most 
clearly visible on the thumbs.

The nail bed is an extension of the matrix and 
contains blood vessels and nerves.

Overlying the nail bed is the protective nail plate, 
a translucent keratinized layer that appears pink 
because of the blood vessels in the nail bed. The nail 
plate comprises approximately 25 layers of kerati-
nized cells and is 0.25 to 0.6 mm thick on the  ngers, 
whereas toenails are up to 1.3 mm thick. Nail plate 
growth is variable but is typically around 1 mm 
per month for toenails whereas  ngernails grow at 
around 3 mm per month. The nail plate has three 
distinct layers, an outer dorsal layer that is dense 
and hard, an intermediate layer that is  brous with 
 bres aligned perpendicular to the direction of 

External forces

Researchers have developed more active methods 
for increasing transdermal drug delivery, of which 
one approach is iontophoresis. An electrical potential 
gradient across the skin can be generated using rela-
tively low current densit ies with an anode (positive 
electrode) and cathode (negative electrode) placed 
on the skin surface. A charged drug is placed under 
the electrode of the same polarity (e.g. anion placed 
under the cathode) such that when the current  ows 
the anion is repelled by the cathode. As it  attempts 
to migrate towards the anode it  enters the skin. In 
addition, as applied or endogenous ions migrate from 
one electrode to another (such as Na+ migrating 
towards the cathode), water and neutral molecules 
can be transported along with the ions into the skin.

Devices designed to deliver liquids or particles 
across the skin using needleless injectors have also 
been developed. Using compressed gasses to propel 
particles or liquid at  very high speed, the technology 
seeks to avoid needle-phobia and deliver large mol-
ecules (e.g. vaccines) up to therapeutic levels in 
de ned skin strata. As the particles are relatively 
small, when  red into the skin they do not trigger 
the pain receptors, though the propellant gas may 
cause some sensation. Numerous factors can in u-
ence the ef ciency of delivery from needleless injec-
tors, ranging from the density of the particles to the 
thickness of the stratum corneum and the need to 
hold the device vertically to the skin surface to 
ensure that  the particles penetrate to the correct  
depth.

Alternatively, the stratum corneum barrier can be 
removed or reduced to enhance transdermal deliv-
ery. Thus, dermabrasion, laser ablation or localized 
heating have all been used to facilitate transdermal 
drug delivery.

Microneedles offer signi cant potential bene ts 
for delivering both small and large molecules into 
and through the skin. These devices can be gener-
ated from a range of substances (stainless steel, 
silicon, plastic, dissolvable sugars and polymers), can 
be hollow or intact and can vary in length from tens 
to hundreds of micrometers. Hundreds of micro-
needles can be produced in an array that  is less than 
1 cm2 in area. The intact microneedles will puncture 
the stratum corneum prior to application of a dosage 
form, or the drug formulation can be delivered 
through hollow needles. Alternatively the active 
drug can be administered within a dissolving micro-
needle array.

Fig . 39.10 •  Simpli ed diagram of a cross-section 
through a human nail. 

Cuticle

Lunula

Nail pla te

Nail bed

Skin epidermis

Matrix

Bone



 To p ic a l a n d  tra n s d e rm a l d ru g  d e live ry C H A P T E R  3 9

6 9 7

onychomycosis infections of the nail but can result 
in adverse reactions since orally delivered drugs 
must enter the systemic circulation before diffusing 
out to the infected area. Local delivery is thus clini-
cally attractive, but limited by the nail plate barrier. 
Antifungal formulations of amoroli ne, salicylic acid 
(which is keratolytic) and t ioconazole for applica-
tion to the nail are available as lacquers, paints and 
solutions. Excipients in the formulations include 
boric and tannic acids to etch the nail surface, alco-
holic vehicles to enhance  ux and, notably, patient 
information usually includes the direction to  le the 
nail before application. At present, topical formula-
tions to manage nail psoriasis are not widely 
available.
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growth and a thin ventral layer that  connects to the 
nail bed. The nail plate contains between 0.1 and 
1% lipids, less than that found in the skin stratum 
corneum, and so is a more hydrophilic barrier than 
skin.

Diseases of the nail plate, bed and matrix are 
often unsightly and cause patient distress. Ony-
chomycosis is a common fungal infection of the nail 
bed or plate and affects up to 5% of the population 
and can cause discolouration, thickening or crum-
bling of the nail plate. Nail psoriasis occurs in most 
patients with skin psoriasis and can cause pitting of 
the nail, discolouration and roughening or crumbling 
of the nail plate.

These and other nail disorders are dif cult  to 
treat, since the nail plate provides a formidable 
barrier to drug delivery and so enhancement strate-
gies have been sought. One approach is to simply 
abrade the nail, thinning it  by  ling or laser ablation 
or etching with acid, or creating pores using needles 
or microneedles. Alternatively, penetration enhanc-
ers can be included in formulations.

As with the stratum corneum, formulations can 
use a vehicle which encourages drug partitioning into 
the nail plate with ethanol and other solvents also 
commonly used to increase delivery from supersatu-
rated states and by interacting with the nail. Other 
chemical enhancers seek to disrupt the keratin  bres 
that are the main constituent of nail plates. As the 
nail plate has relatively low lipid levels, enhancers 
that work in skin by disrupting the lipid bilayers are 
ineffective in the nail. Thus, keratolytic agents such 
as urea, oxidizing agents such as hydrogen peroxide 
and reducing agents including thioglycolic acid which 
disrupt disulphide bonds in keratins have been used 
to increase drug diffusivity through nail plates.

Antifungal agents such as terbina ne or itracona-
zole are commonly used orally to treat  serious 
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•  Traditional contact wound dress ings  such as  
cotton wool, lint and gauzes  tend to be pass ive 
products   They keep the wound clean and dry 
by allowing evaporation of wound exudates  

•  A warm moist wound environment provided by 
wound exudate encourages rapid wound healing, 
although too much exudate can cause maceration 
of the wound and surrounding healthy tissue 

•  Advanced wound dress ings  control the 
environment for wound healing  Some dress ings  
absorb wound exudate (foams), others  maintain 
a mois t healing environment (hydrocolloids , 
alginates ) or donate mois ture to rehydrate dead 
tis sue (hydrogels ) 

•  There is  not a  s ingle universal dress ing suitable 
for all types  of wound  Thus , different dress ings  
are often used for each s tage of healing 

•  Hydrocolloid dress ings  are impermeable to water 
vapour in their intact s tate, but on the absorption 
of wound exudates  they form a gel covering the 
wound which maintains  a moist environment 

•  Alginate dress ings  are made of non-woven 
 bres  composed mainly of calcium alginate  
They form gels  when placed on mois t wounds  
by the exchange of sodium ions  at the wound 
surface with calcium ions  in the dress ing 

•  Hydrogels  are either amorphous  gels  or as  
hydrogel sheets   They phys ically trap  uid within 
their s tructures  without dissolving and are 
particularly useful in rehydrating necrotic  tis sue 

•  Foam dress ings  prepared from polyurethane are 
highly absorbent and have high mois ture vapour 
transmiss ion rates  (MVTR)  Variations  in the 
amount of exudate absorbed are controlled by 
foam properties  such as  thickness  and pore s ize 

•  Laboratory tes ting of wound dress ings  to 
characterize their performance include  uid 
handling tes ts , mechanical and rheological tes ts , 
and tes ts  to assess  safety and acceptability 

40  Wound dres s ings

G illian M. Eccleston

KE Y P O IN TS

•  The four key elements  of the wound-healing 
process  are: in am m ation which occurs  
immediately after the injury; m igration of cells  
to the injured area to replace damaged and  
los t tis sue; proliferation of new tis sue; and 
m aturation (remodeling) of the dermal tis sues  
to regain tens ile  s trength 

•  Wounds  at various  s tages  of healing may be 
class i ed according to their appearance as  
necrotic , s loughly, granulating or epithelializing  
They may also be infected or malodorous  
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•  super cial wounds involve injury to the 
epidermis alone

•  partial-thickness wounds involve injury to the 
epidermis and the deeper dermal layers, 
including the blood vessels, sweat glands and 
hair follicles

•  full-thickness wounds occur when the underlying 
subcutaneous fat or deeper t issues are also 
damaged.

Wounds are described as normal (acute)  if they heal 
rapidly with minimum scarring and chronic if they 
take longer than 8–12 weeks to heal.

Simple mechanical injuries such as cuts, grazes 
and minor burns are usually treated by the patient, 
whereas the more severe traumatic injuries caused 
by, for example, surgery, traf c accidents and 
 res require hospitalization. Chronic wounds require 
specialist  nursing care. Without an understanding 
of all these factors, correct dressing selection is 
not possible; incorrect choice of dressing is poten-
tially ineffective and wasteful in terms of nursing 
t ime.

Wound healing

Wound healing may be considered as a dynamic 
process in which cellular and matrix components act 
together to re-establish the integrity of damaged 
t issue and replace lost t issue. Regardless of the 
source or the extent of t issue damage, under normal 
conditions the wound-healing process occurs in a 
predictable fashion as four overlapping stages: 
in ammation, migration, proliferation and matura-
tion (remodelling). Healing is considered to be com-
plete when the skin surface has reformed and has 
regained its tensile strength.

Inf ammation
In ammation is the body’s initial response to injury 
and involves both cellular and vascular responses. 
The release of histamine and a number of other 
cell-mediated factors into the wound results in 
vasodilation, increased capillary permeation and 
stimulation of pain receptors. The release of a 
protein-rich exudate containing phagocytes and 
other materials from the blood capillaries onto 
the wound surface engulfs the debris of dead 
cells and bacteria (known as autolytic debridement). 
Fibrinogen in the exudate elicits the clott ing mecha-
nism, producing a clot or scab on the wound 

Introduc tion

In the past , tradit ional fabric wound dressings were 
used extensively. Their primary function was con-
sidered to be to keep the wound as dry as possible 
by allowing evaporation of exudate. It  was assumed, 
therefore that  dressings were a passive product 
with only a minor role in the healing process. 
However, it  is now realized that a wound heals faster 
and more successfully in a moist environment. This 
has led to a greater understanding of the in uence 
that wound dressings can have on wound healing and 
greater attention has been given to the design of 
more effective dressings. Over the last two decades, 
a large number of new dressings has become avail-
able, based on the concept of creating an optimum 
environment for the treatment of wounds. However, 
it  is emphasized that  there is still no single dressing 
suitable for the management of all types of wounds 
or for the treatment of a single wound during all 
phases of healing.

Many of the newer dressings aim to manage 
chronic wounds that are dif cult  to treat because 
wound physiology is altered. Such wounds are often 
a problem of the elderly and bedridden. Chronic 
wounds, as well as compromising the quality of life 
of the patient, place an enormous  nancial burden 
on health services.

Some modern dressings are designed to deliver 
drugs or wound-healing agents directly to the 
affected site.

Successful design of wound dressings depends on 
an understanding of the healing process, the patient 
condition in terms of health, environment and social 
circumstance, and the effect that the physicochemi-
cal properties of the various dressing materials have 
on the wound-healing process.

Wounds  and wound he aling

Wounds

The protective functions of the skin are compro-
mised by injury. A wound can be de ned as a defect 
or a break in the skin, resulting from either mecha-
nical or thermal damage, or as a result of the pres-
ence of an underlying medical or physiological 
condition. Wounds are classi ed according to the 
number of skin layers affected and the area of skin 
involved:
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wounds. A chronic wound fails to heal because 
the orderly sequence of events described above is 
disrupted at  one or more of the wound-healing 
phases. A normal wound may develop into a chronic 
wound at any time as a result of poor primary treat-
ment, persistent infection or disease. The most 
common chronic wounds include venous stasis 
ulcers, diabetic ulcers, ischaemic ulcers, pressure 
ulcers (bedsores) and ulcers due to systemic infec-
tions or malignant disease. Bacteria may gain entry 
to the deeper tissue of an acute or chronic wound 
and overcome the body’s defence mechanisms, 
giving rise to infection. Poor nutritional status, 
disease and other factors regarding the patient’s 
condition may reduce the ability to  ght infection, 
as well as interfere with healing mechanisms 
(Table 40.1).

Foreign bodies introduced deep into the wound 
at the t ime of injury can cause chronic in ammatory 
responses that  delay healing, sometimes leading to 
granuloma or abscess formation. Keloid and other 
scars that are cosmetically unacceptable may result 
from excess collagen production during the  nal 
phases of the wound-healing process. Underlying 
diseases and drugs that suppress the in ammatory 
process, e.g. corticosteroids, also interfere with 
wound healing.

Wound dre s s ings

Dressings fall into several categories, depending on 
their function in the wound (occlusive, absorbent, 
adherent), the type of material employed to 
produce the dressing (polyurethane, alginate, colla-
gen, silicone) or the physical form of the dressing 
( lm, foam, gel). Some dressings are impregnated 
with medicaments such as antibacterial agents or 
wound debridement agents. The incorporation of 
pharmacological agents such as growth factors into 
dressings is still in its infancy, although a gel 
containing human platelet-derived growth factor 
(PDG F) is now available for treating chronic dia-
betic ulcers.

Dressings which make physical contact with the 
wound surface are referred to as primary dressings 
while secondary dressings cover over the primary 
dressing. Island dressings possess a central absorbent 
region that is surrounded by an adhesive portion. 
The properties of the common dressing types in 
relation to the type of wound being treated are 
summarized in Table 40.2. The various available 

that causes bleeding to stop. It  also gives strength 
and support to the injured tissue. This  rst  stage of 
healing usually occurs within a few minutes to 24 
hours of injury, when the wound will be red, 
in amed, painful and moist.

Migra tion
G rowth factors in the wound exudate promote the 
growth and migration of epithelial cells,  broblasts 
and keratinocytes to the injured area to replace 
damaged and lost t issue. These cells regenerate from 
the margins, rapidly growing over the wound under 
the dried scab. This epithelial thickening and basal 
cell proliferation lasts for 2–3 days.

Proli e ra tion
The proliferation phase involves the development 
of new tissue and occurs simultaneously or just  
after the migration phase (day 3 onwards), lasting 
from 5 to 20 days. G ranulation tissue is formed by 
the in ltration of blood capillaries and lymphatic 
vessels into the wound, and by the supporting col-
lagen network synthesized by  broblasts. This 
process is known as granulation. The network is 
important for developing the tensile strength of 
the skin. As the proliferation continues, further 
epithelial cell migration across the wound takes 
place, providing closure and visible wound contrac-
tion. During the proliferation stage, the wound is 
typically beefy red in colour and moist , but not 
exuding.

Matura tion
This  nal phase of wound healing (also called the 
‘remodelling phase’) involves the diminution of the 
vasculature and enlargement of collagen  bres, 
which increase the tensile strength of the repair. The 
timescale for wound repair is from about 3 weeks 
to 2 years. Commonly, the tensile strength of the 
 nal scar reverts to 70–90% of that of the pre-
injured tissue.

Complications  in wound healing: 
chronic wounds

Although wound healing is a natural and predictable 
phenomenon and most wounds will heal unevent fully, 
complications can sometimes occur that lead to 
prolonged healing times or chronic non-healing 
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Table 40.1 General patient factors that delay healing

Nutritional status De ciencies in protein, vitamins (especially ascorbic acid) and minerals impair the in ammatory 
phase and collagen synthesis and thus prolong healing times

Advancing age Elderly patients have less effective immune systems, resulting in decreased resistance to 
pathogens. Potential problems in healing arise from skin changes, slower metabolism and chronic 
health conditions such as circulatory problems and diabetes

Disease Poorly controlled diabetes mellitus, renal disease, malignant disease associated with 
hypoproteinaemia

Compromised circulation Healing delayed because inadequate nutrients, blood cells and oxygen are delivered to the wound

Treatment Patients receiving drugs that compromise the immune system (e.g. steroids), chemotherapy or 
radiotherapy

Mobility Physical inactivity can result in pressure-related skin damage

Obesity Excess tension placed on wound and decreased vascularity of adipose tissue delays healing. 
Mobility may be reduced

Smoking Decreases oxygen delivery to the wound due to vasoconstriction and coagulation of small blood 
vessels

types of dressings are discussed in more detail 
below.

Traditional dress ings

Traditional fabric wound dressings, such as natural 
or synthetic bandages, cotton wool, lint and gauzes, 
all with varying degrees of absorbency have been 
used for centuries in the management of wounds. 
Their primary function is to keep the wound clean 
and dry by the evaporation of excess wound exudate. 
Traditional dressings are still used as primary or sec-
ondary dressings or as a part of a composite of 
several dressings, each having a speci c function.

An example is gauze and cotton tissue (gamgee 
t issue) that is composed of a tubular cotton gauze 
wrap surrounding a layer of absorbent cotton wool. 
It  is used to absorb exudate and is generally applied 
over a primary wound dressing to avoid contaminat-
ing the wound with cellulose  bres. Many commer-
cially available dressing packs provide a selection of 
sterile dressings conveniently packaged together. 
Bandages are used to provide support , act as dressing 
retention materials or provide protection to clothing 
following the application of ointments or creams.

G auze dressings are made from woven and non-
woven  bres of cotton, rayon, polyester or a combi-
nation of these  bres. Woven products are described 
as  ne or coarse depending on the thread count 
per inch. Non-woven dressings are generally more 

absorbent and less likely to shed  brous material 
into the wound which will delay healing. Sterile 
gauze pads are used for packing open wounds to 
absorb  uid and exudate. The  bres in the dressing 
act to draw  uid away from the wound. The dressing 
needs to be changed frequently to prevent macera-
tion of the healthy underlying tissue. Such dressings 
afford some bacterial protection, although this is 
lost if the outer surface of the dressing becomes 
moistened by either wound exudate or external 
 uids. G auze dressings tend to adhere to wounds as 
 uid production diminishes, and are painful to 
remove. G auze impregnated with soft paraf n is 
occlusive and easier to remove from the skin. Anti-
microbial agents, such as silver and povidone iodine, 
are incorporated into some dressings to control or 
prevent infection, as are debriding agents, such as 
saline, to prevent maceration of healthy tissue.

Traditional fabric dressings provide lit t le occlu-
sion and allow evaporation of moisture, resulting in 
a dry, desiccated wound bed. They do not provide 
a moist  environment for wound healing. Conse-
quently, their usage for chronic wounds and burns is 
being replaced by the more recently developed 
advanced wound dressings described below.

Advanced wound dress ings

Advanced wound dressings are designed to control 
the environment for wound healing. The primary 
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This type of dressing maintains a moist wound-
healing environment, promoting the formation of 
granulation tissue and autolysis of necrotic t issue. 
However, they are not suitable for use on infected 
wounds or moderate-to-heavily exuding wounds 
where water vapour loss may occur at a slower rate 
than exudate formation. If the dressing is not 
changed frequently, the accumulation of exudate 
under the  lm may lead to skin maceration and 
bacterial proliferation.

Although the  lms developed more recently have 
improved water vapour permeability properties, 
they are still used mainly as primary or secondary 
dressings for partial-thickness wounds with lit t le or 
no exudate, and to prevent and manage the initial 
stages of pressure ulcers by protecting the fragile 
skin. Available dressings differ in terms of  lm thick-
ness and size, vapour permeability, adhesiveness, 
conformability and extensibility.

function of some dressings is to absorb wound 
exudate (foams, alginates) whilst others donate  uid 
(hydrogels) or maintain hydration (hydrocolloids).

Vapour-permeable  adhes ive   lms
Vapour-permeable (formally known as semi-
permeable)  lm dressings are sterile, thin  lms 
made from polyurethane, usually coated on one side 
with a hypoallergenic acrylic adhesive. These dress-
ings are non-absorbent, and permeable to water 
vapour and gases but not to liquids or microorgan-
isms. Their transparency allows visual observation 
of the wound without removal of the dressing. The 
 lms vary in thickness and size but all are elastic and 
highly conformable in use and so suitable for use in 
 exible areas such as the elbows, knees and sacral 
areas.

Table 40.2 The key properties of the common types of dressings

Type of dressing Key features Uses

Impregnated gauze (soft 
paraf n or sodium 
chloride)

Various degrees of absorption. Inexpensive. 
Needs frequent changing. Dressing may stick to 
wound, causing pain and damage

Normal or highly exuding wounds. To apply 
creams or ointments to wound. Infected and 
necrotic wounds

Films Non-absorbent. Permeable to moisture vapour, 
allowing some exudate to evaporate. May be 
transparent. Conform to contours. Adhere to 
wound. Impermeable to microorganisms

Later stages of wound healing where little 
exudate. Loss of water vapour can cause 
wound to dry out. Not for infected wounds 
and thin or fragile skin

Foams Absorbent. Allow gaseous exchange. 
Impermeable to water and microorganisms. 
Can remain on wound for extended times. 
Thermal insulation. Some are adherent

Performance varies between dressings. 
Generally low to moderately exuding wounds

Alginates Form hydrophilic gel on contact with wound 
exudate to promote moist healing. Absorbent. 
Physical and thermal protection. Easily washed 
out of the wound

Performance varies between dressings. 
Moderate to high exuding wounds. 
Haemostasis. Suitable for infected wounds. 
Not suitable for dry wounds

Gels/hydrogels Maintain moist wound bed by balanced 
hydration of wound. Absorbent. Non-adherent. 
Require secondary dressing

Cleansing of necrotic wounds by rehydrating 
dead tissue and encouraging autolytic 
debridement

Hydrocolloids Create moist environment. Absorbent. Initially 
impermeable to water vapour and air. Adhere to 
wet and dry wounds. No pain on removal. Can 
remain on wound for extended times. Provide 
insulation. Do not require secondary dressing

Performance varies between dressings. 
Suitable for light to moderately exuding 
non-infected wounds. Facilitate rehydration 
and autolytic debridement of sloughy or 
necrotic wounds
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sheet off the wound or by rinsing the gel away with 
water or physiological saline. They generally need a 
secondary dressing to prevent the alginate from 
drying out. Since calcium alginate is a natural 
haemostat, alginate-based dressings are indicated to 
control minor wound bleeding.

Alginate dressings are highly absorbent and are 
used for moderate to heavily exuding wounds. A 
major disadvantage of alginate dressings is that they 
cannot be used for dry wounds or those covered 
with hard necrotic tissue because, to function effec-
tively, they need to absorb exudate from the wound. 
Different alginate dressings show signi cant differ-
ences in characteristics, such as  uid retention, 
adherence and dressing residues.

Hydroge l dres s ings
Hydrogels differ from other dressings as they have 
the ability to add moisture to dry wounds. Thus, 
they are used to facilitate autolytic debridment 
(explained above) in necrotic wounds, and to main-
tain a moist healing environment on clean granulat-
ing wounds. Hydrogel dressings are composed of 
three-dimensional swollen networks of hydrophilic 
polymers which contain a large proportion of water 
within their structure. They can be applied to a 
wound in two forms:
1. an amorphous gel that  can take up the shape of 

the wound ( ller)
2. an elastic sheet or  lm.
The two forms have different features and uses with 
respect to wound care.

Amorphous gel  ormula tions. These contain 70–
95% water and are produced by dispersing natural 
(e.g. the alginates or carboxymethylcellulose) or 
synthetic (e.g. polyvinyl pyrrolidone, polyacryla-
mide) hydrophilic polymers in water. The rheologi-
cal properties of the gels vary markedly in different 
commercial products according to the speci c poly-
mers used and their concentrations in the dressing. 
These differences in uence clinical use and handling 
characteristics. For example, the apparent viscosity 
of an amorphous gel will in uence its ability to  ll 
all or part of the wound cavity, and subsequently to 
remain on the wound bed. Subsequent packaging, 
e.g. whether the dressing is enclosed in tubes, spray 
bottles or foil packs, will depend on how the dress-
ings behave rheologically under shear.

Amorphous gels progressively lose structure on 
dilution with exudate until the polymer is dispersed. 

Foam dres s ings
Foam dressings are in the form of sheets of polymer 
foam, typically polyurethane. Some foams have 
additional wound contact layers (to avoid adherence 
when the wound is dry) and an occlusive polymeric 
backing layer (to prevent excess  uid loss and bacte-
rial contamination). Absorbency is controlled by 
properties of the foam such as its texture, thickness 
and pore size. Foam dressings are superior to  lm 
dressings because, in addition to maintaining a 
moist environment, they are absorbent and also 
provide good thermal insulation. The open pore 
structure also gives a high moisture vapour transmis-
sion rate (HVTR).

Commercially available foam dressings range 
between products, with foam structures that are 
suitable for partial- or full-thickness wounds with 
minimal or moderate drainage and highly absorbent 
foam structures for heavily exuding wounds. They 
are used as primary wound dressings for absorption 
and insulation and as secondary dressings for wounds 
with packing. Sometimes the foam dressing may be 
prepared at the point of use and allowed to expand 
in volume within the cavity of the wound.

Algina te  d res s ings
Alginate dressings are produced from calcium and 
sodium salts of alginic acid, which is a polysaccha-
ride comprising mannuronic and guluronic acid units 
obtained from certain species of brown seaweeds. 
They are available as dry woven,  brous mats and 
sheets for wound dressings and as thin ribbons and 
twisted  brous ropes for packing into wounds. The 
dressings interact with wound  uid and blood to 
form a protective  lm of gel that  maintains an occlu-
sive, non-adherent moist healing environment within 
the contours of the wound. The interaction occurs 
because a partial ion exchange reaction takes place 
in situ between calcium ions in the dressing and 
sodium ions from the wound exudate, resulting in 
the production of a gel on the wound surface.

The gelling properties of individual dressings 
depend on both the relative concentrations and 
arrangements of the mannuronic and guluronic units 
as well as the amounts of calcium and sodium ions. 
Dressings rich in mannuronic acid tend to react 
readily with sodium ions, forming soft amorphous 
gels, whereas those rich in guluronic monomer gel 
less readily and form  rmer gels.

Alginate dressings are generally easy to remove 
without pain, either by lifting the partially gelled 
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also acts as a barrier to keep bacteria and  uids out. 
The dressing relieves super cial pain by covering 
nerve endings with gel and exudate. Angiogenesis 
(growth of microcapillaries) is stimulated by the 
dressing init ially being impermeable to atmospheric 
oxygen. The dressing may provide insulation to 
prevent heat loss from the wound.

Hydrocolloid dressings are manufactured in 
various shapes and sizes and some are in the form 
of powders, wafers or pastes. They are often applied 
to a carrier such as a thin waterproof polyurethane 
 lm or foam sheet. The composit ion of the wound 
contact layer may differ considerably in different 
hydrocolloid dressings. Some are transparent, to 
allow the wound-healing process to be visualized. 
There are over 60 hydrocolloid dressings cur-
rent ly available that differ in their physical charac-
teristics, such as dressing thickness (some are 
extremely thin), transparency,  uid-handling prop-
erties, moisture-vapour permeability, conformabil-
ity, acidity/ alkalinity and  uid retention These 
differences in physical properties govern their spe-
ci c clinical applications and effectiveness.

Hydrocolloid dressings are particularly useful in 
paediatric wound care for management of both 
acute and chronic wounds as they adhere to moist 
and dry sites and do not cause t issue damage or pain 
on application or removal. Some hydrocolloid dress-
ings are less occlusive, with higher moisture trans-
mission rates, enhancing their ability to cope with 
exudate production.

Hydrocolloid dressings are used for light to mod-
erately exuding wounds, including pressure sores, 
leg ulcers, minor burns and traumatic injuries. They 
can be left  on the wound for up to 7 days provided 
that leakage does not occur. If leakage occurs and 
the bacterial barrier is broken, the wound is open to 
bacterial contamination and may develop an odour. 
Many of this type of dressing are not suitable for 
heavily exuding wounds or infected wounds, as they 
can encourage the growth of anaerobic bacteria. 
Some hydrocolloid dressings contain  bres that are 
deposited in the wound and have to be removed 
during dressing changes.

Bioac tive  dres s ings
Bioactive dressings deliver substances active in 
wound healing to the wound. They may be prepared 
from combinations of biopolymers that have a role 
in the natural wound-healing process, such as col-
lagen, hyaluronic acid, chitosan, alginates and elastin, 

Thus, when the gel is applied directly to the wound, 
it  is usually covered with a secondary dressing, such 
as a foam or gauze. Any exudate is absorbed into the 
gel whilst  moisture evaporates through the second-
ary dressing. Saturated gauzes, obtained when gauze 
is impregnated with amorphous hydrogel, are some-
times used to  ll deeper wounds.
Ela stic hydrogel sheets. These are produced by 
exposing dilute dispersions of polymer to an energy 
source such as electron-beam irradiation. The 
polymer forms a cross-linked structure (anywhere 
from 6%-30%) that physically entraps water to form 
a solid sheet that can be cut to  t  the wound. 
Despite their high water content, some hydrogels 
can also swell further to absorb slight-to-moderate 
amounts of exudate. Hydrogel sheets do not require 
a secondary dressing because they are manufactured 
with a semi-permeable polymer  lm backing, which 
may or may not have adhesive borders, that controls 
the amount of water vapour transmitted through 
the dressing.

Hydrogel dressings are suitable for use at  all 
stages of wound healing, with the exception of 
infected or heavily exuding wounds. They cannot 
absorb much exudate and an unpleasant smell may 
arise due to skin maceration and bacterial prolifera-
tion in infected wounds – encouraged by the large 
water content of the gel.

Although these dressings need to be changed fre-
quently, they do not disturb fragile t issue and are 
suitable for burns and other painful wounds. Amor-
phous gels and impregnated gauzes are used as 
primary dressings, whereas hydrogel sheets may be 
used as primary or secondary dressings.

Hydrocolloid  dres s ings
Hydrocolloid dressings are among the most widely 
used wound management products. The term 
‘hydrocolloid’ has been adopted to describe the 
family of occlusive or semi-occlusive wound dress-
ings obtained from colloidal gel-forming materials, 
such as carboxymethylcellulose, gelatin, pectin or 
alginate, combined with other materials including 
elastomers and adhesives. In their intact state, the 
occlusive hydrocolloid dressings are impermeable to 
water vapour and oxygen but, on absorption of 
wound exudate, a change in physical state occurs 
with the formation of a gel covering the wound. This 
seals the wound and provides a moist healing envi-
ronment that allows clean wounds to granulate and 
necrotic wounds to debride autolytically. The gel 
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appearance as necrotic, sloughy, granulating or epi-
thelializing, each type having different dressing 
requirements. These are de ned in Table 40.3. All 
wounds, regardless of type, may become infected at 
any stage of the healing process and subsequently 
develop an unpleasant odour. In this case, dressings 
may also be required to have antibacterial activity 
or be able to absorb odour.

The overall aim in the choice of dressing is to 
provide an environment at the surface of the wound 
in which healing may take place at the maximum 
rate consistent with the desired end result  of a 
healed wound with an acceptable cosmetic appear-
ance. Some of the functions that may be required 
of the dressing are summarized in Table 40.4. The 
dressing may variously be required to maintain or 
provide a moist environment, absorb excess exudate, 
promote autolytic debridement (the process of 
natural wound cleaning), provide thermal insulation, 
relieve pain, protect  the wound from trauma, and 
combat infection and odour. In addition, it  should 
be free from particulate contaminants, and be sterile 
and impermeable to microorganisms. To encourage 
patient compliance, dressings should be cost-
effective, require infrequent changing and be avail-
able in a suitable range of forms.

A simple occlusive/ semi-occlusive dressing that 
prevents the evaporation of exudate is often all that 
is needed to provide a moist environment at the 
surface of an acute clean (minimally exuding) 
wound. Exudate is bene cial to normal wound 
healing as it  contains growth factors that promote 
the growth and migration of  broblasts, endothelial 
cells and keratinocytes. However, some chronic 

or may contain materials such as growth factors. 
Dressings that  combine proteins, polymers and cells 
are generally described as skin substitutes, although 
there is no strict distinction between them and 
wound dressings. Technological advances in the fab-
rication of biomaterials and the culturing of skin 
cells is driving forward a new generation of engi-
neered skin substitutes.

Tissue-engineered dressings include biodegrada-
ble  lms formed from, for example, collagen which 
acts as a scaffold onto which skin cells can be seeded 
for the growth of new tissues. These scaffold dress-
ings possess mechanical properties ideally approach-
ing those of the t issue they are to replace. When 
introduced into the body, they gradually degrade, 
leaving behind a matrix of connective t issue with the 
appropriate structural and mechanical properties. In 
the future, such scaffolds may also be used for the 
delivery of additional bioactive materials, such as 
growth factors, to a wound.

Wound manage me nt

The design and careful selection of wound dressings 
represent only a small part of the management of a 
wound. With chronic wounds, it  is essential to treat 
the underlying cause as well as dressing the wound. 
Once the underlying condition is controlled and the 
wound has been cleaned of materials that delay 
healing, such as dead tissue, extraneous bacteria and 
debris, an appropriate dressing selection can be 
made according to the type of wound being treated. 
Wounds are generally classi ed by their visual 

Table 40.3 Classi cation of wounds based on appearance. Each type represents the phases that a single wound 
may go through as it heals

Wound type Appearance Role of dressing

Necrotic Often olive green or black and dry to the touch, 
due to presence of necrotic tissue

Remove dead tissue. Rehydrate wound bed. Maintain 
moist wound bed. Prevent bacterial ingress

Sloughy Slough is generally yellow in colour Remove dead tissue. Maintain moist wound bed. Absorb 
excess  uid. Prevent bacterial ingress

Granulating Signi cant quantities of granulation tissue, 
generally red or deep pink in colour. May 
produce excess exudate

Maintain moist wound bed. Absorb excess  uid (if 
present). Provide thermal insulation. Protect from,  
and prevent, trauma. Prevent bacterial ingress

Epithelializing A pink margin or isolated pink islands on the 
surface of the wound. Generally little exudate

Maintain moist wound bed. Provide thermal insulation. 
Protect from, and prevent, trauma. Prevent bacterial 
ingress
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pain and trauma on removal as they can be washed 
out of the wound.

Phys ic al c harac te ris tic s   
o f wound dre s s ings

The composition and physical properties of a wound 
dressing in uence its ultimate performance. There 
are essentially three types of interrelated speci ca-
tions for wound dressings:

•  structura l speci ca tions, which de ne the 
composition and structure of a dressing

•  per  orma nce speci ca tions, which characterize 
one or more functions of a dressing and

•  sa  ety a nd a ccepta bility sta nda rds to ensure 
that the dressing is safe and acceptable when 
used appropriately.

wounds produce excess exudate that may macerate 
the surrounding skin and delay wound healing (see 
Table 40.4). Such wounds require dressings that 
absorb exudate and, if they require frequent chang-
ing, should be easy to remove with no tissue trauma 
or pain.

As mentioned above, there is no single dressing 
suitable for all types of wounds and often a range of 
different dressing types is used during the healing of 
a single wound. Most complex dressing systems are 
composites of several layers, each layer having a 
speci c role in the wound-healing process. The 
primary dressing is placed in direct contact with 
the wound and the secondary dressing is placed over 
the primary dressing. The central absorbent portion 
of a composite is called the island dressing. Some 
dressings need a bandage or some form of adhesive 
layer to keep them in posit ion, whilst  in others there 
is an adhesive layer incorporated into the dressing 
itself. Non-adhesive dressings such as gels cause less 

Table 40.4 Functions of wound dressings

Dressing function Clinical signi cance to wound healing

Provide or maintain a moist wound 
surface

Prevents desiccation and cell death, enhances epidermal migration, promotes 
angiogenesis and connective tissue synthesis and supports autolysis by rehydration of 
desiccated tissue. Enhances migration of leucocytes into the wound bed and supports the 
accumulation of enzymes

Absorption. Removal of blood and 
excess exudate

In chronic wounds, there is excess exudate containing tissue-degrading enzymes that 
block the proliferation and activity of cells and break down extracellular matrix materials 
and growth factors, thus delaying wound healing. Excess exudate can also macerate 
surrounding skin

Debridement, i.e. wound cleansing Necrotic tissue, foreign bodies and particles prolong the in ammatory phase and serve as 
a medium for bacterial growth

Gaseous exchange (water vapour 
and air)

Permeability to water vapour controls the management of exudate. Low tissue oxygen 
levels stimulate angiogenesis. Raised tissue oxygen stimulates epithelialization and 
 broblasts

Protect the healing wound from 
bacterial invasion

Infection prolongs the in ammatory phase and delays collagen synthesis, inhibits 
epidermal migration and induces additional tissue damage. Infected wounds can give  
an unpleasant odour

Provision of thermal insulation Normal tissue temperature improves the blood  ow to the wound bed and enhances 
epidermal migration

Low adherence. Protect the wound 
from trauma

Adherent dressings may be painful and dif cult to remove and cause further tissue 
damage

Cost effectiveness. Frequency  
of dressing change

Dressing comparisons based on treatment costs rather than unit or pack costs should be 
made. Although many dressings are more expensive than traditional materials, the more 
rapid response to treatment may save considerably on total cost
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Choice o  test f uid. Although the simplest tests 
involve water as the test  uid, the swelling proper-
ties of some dressings, for example those prepared 
from alginates, are in uenced by the presence of 
ions in the exudate. This has led to the development 
of a standard test solution, simply called ‘Solution 
A’, with an ionic composition comparable to wound 
exudate that has been adopted for all European 
standards of dressings.
Wa ter  upta ke (f uid  retention) test. This is a 
simple gravimetric test that determines the amount 
of  uid absorbed and retained by the dressing 
(expressed as a percentage). Essentially, the increase 
in weight of the dressing during the absorption of 
 uid is measured over a given time period and used 
as an indication of  uid uptake and retention. 
Another approach uses a computer-linked video 
camera to determine changes in the thickness of 
dressings as they swell as they absorb  uid.
Moisture va pour  tra nsmission ra te (MVTR). 
Vapour-permeable  lm dressings allow the loss of 
water vapour from wound exudate by evaporation. 
The MVTR may be evaluated using a Paddington 
cup. This consists of a cylinder (internal cross sec-
tional area 10 cm2) with a  ange at  each end. A 
solid plate, which can be clamped into position 
forming a water tight seal, is  t ted at one end of the 
cylinder and an annular ring with the same internal 
diameter as the cylinder  t ted to the other end. The 
dressing is clamped between the annular ring 
and one of the  anges; test   uid is poured into the 
cup, and the plate is then clamped into position. The 
cylinder is weighed at  the start  of the experiment 
and then placed in an incubator to control tempera-
ture and humidity. The cylinder is removed from 
the incubator after a predetermined t ime and 
reweighed. The amount of  uid lost by evaporation 
through the back of the dressing is calculated by 
difference.
Fluid-ha ndling ca pa city (FHC). The absorption 
capacity of many dressings (e.g. alginates, hydrocol-
loids) is  nite, limited by their size and volume. 
Vapour permeable  lms and membranes are some-
times used as a secondary dressing to allow the 
passage of water vapour from wound exudate 
located in the primary dressing. The  uid handling 
capacity provides information on the ability of such 
a composite dressing to both absorb and retain 
wound  uid (absorbency), whilst simultaneously 
losing water vapour through the outer surface of 
the dressing to the external environment. Both 

Standard laboratory tests are generally based on 
speci cations of the pharmacopoeias and national 
and international test standards. Additional non-
standard tests may be performed in-house by the 
manufacturer or by accredited laboratories.

Structural speci cations

The early monographs for dressings consisted mainly 
of structural speci cations with limit tests for poten-
tial contaminants. Most dressing monographs were 
removed from pharmacopoeias when dressings were 
classi ed as medical devices.

Performance speci cations

Although the success of a new dressing is ultimately 
determined by its clinical performance, laboratory 
testing can provide a rapid estimation of how a 
dressing will function under certain conditions. The 
speci c property to be characterized in the labora-
tory will depend on the type of wound dressing, and 
the nature of the wound itself. It  is now well estab-
lished that a moist wound environment provided by 
wound exudate encourages more rapid wound 
healing, although excess exudate may cause macera-
tion of the wound and surrounding area. Thus, a key 
function of advanced wound dressings is the removal 
of excess exudate while maintaining moisture at the 
wound area.

There are a number of physical tests that re ect 
this function by determining the absorbing proper-
t ies of dressings. Such absorbency tests investigate 
parameters such as  uid retention, moisture-vapour 
transmission rate and  uid handling. Fluid af nity 
tests are used for dressings such as hydrogels that  
also donate moisture in order to promote autolytic 
debridement.

Fluid  abs orbency
The standard laboratory methods used to assess 
absorbency focus mainly on the dressing constitu-
ents (i.e. hydrocolloid, alginate or hydrogel). 
Although these methods enable comparisons of the 
 uid handling properties of structurally similar 
dressings and provide useful quality control tests, 
the tests are speci c to individual dressing groups 
and the  uid handling properties of different dress-
ing groups, e.g. alginate versus hydrocolloid, cannot 
be compared.
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Tens ile  p roperties
During a tensile test, a sample of  lm dressing is 
stretched until it  breaks. The applied force and dis-
placement (amount of ‘stretch’) are measured. From 
this the following can be calculated.
•  tensile strength (the maximum stress applied 

before the  lm breaks). Stress is the force 
applied per unit cross-sectional area of sample

•  percentage strain at break. Strain is the amount 
of ‘stretch’ of the sample divided by its original 
length

•  the elastic modulus (a measure of rigidity).
These parameters are used to provide information 
about  lm  exibility and rigidity, and are useful in 
assessing the suitability of a  lm dressing for applica-
tion to different parts of the body with various 
contours.

Compres s ion tes ts
For dressings of greater thickness than  lms, for 
example foam and hydrogel sheets which may be 
able to take up large volumes of  uid but not retain 
the  uid even under light pressure, hardness tests 
can be employed. Hardness is de ned as the resist-
ance of the formulation to compression forces and 
is measured in units of force per unit  area. The test 
can be used to compare the  uid handling properties 
of these products under varying levels of pressure.

Rheologica l te s ts
Rheological properties such as apparent viscosity, 
elasticity and viscoelasticity are useful for character-
izing rehydrated hydrocolloid or alginate gels, and 
amorphous hydrogels. Optimization of rheological 
parameters can be an important quality control tool 
and help meet the requirements of such dressings, 
such as their ability to  ll a wound and be pain free 
on removal.

Safety and acceptability 
speci cations

Tests speci cally designed to ensure that wound-
healing products are safe and acceptable include 
assessments of bioadhesion, microbial performance, 
odour, irritancy and sensitivity. These are described 
below.

processes are important in the clinical management 
of wound exudate.

The FHC test determines the sum of the weight 
of test solution retained by the dressing and the 
weight of  uid lost by transmission through the 
dressing as moisture vapour. It  is carried out in a 
similar manner to the MVTR test  described above, 
except that the amount of  uid retained by the 
dressing is measured by removing the base of each 
cup and allowing any free  uid remaining in the 
cup that has not been absorbed by the dressing 
to drain away. The cup is then reweighed and the 
FHC of the dressing calculated by difference.

Fluid  a   nity
This test investigates a dressing’s ability to donate 
moisture to, or absorb liquid from, standard sub-
strates. It  is largely applicable to amorphous hydro-
gel dressings which have the ability both to donate 
and absorb wound exudates. The ability to donate 
 uid helps to facilitate the rehydration of dry 
necrotic tissue to promote autolytic debridement. 
A high  uid af nity also helps absorb excess wound 
exudate and lique ed tissue debris once autolytic 
debridement has taken place.

A typical test involves placing weighed samples 
of the dressing onto the surface of a series of 
aqueous gel plugs of gelatin (35%) or agar (2%) of 
known weight which are then sealed within the 
barrel of a syringe. Following storage at a set tem-
perature and time (e.g. at 25 °C for 48 hours) the 
test material and plugs are separated and the plugs 
are re-weighed. The amount of donated moisture is 
assessed from the percentage change in weight of 
each plug.

Mechanical properties   
of dress ings

Characterization of the mechanical properties of 
dressings is important because all dressings are 
required to be durable and  exible enough to accom-
modate the stresses caused by distortion or move-
ment when they are applied to different areas of the 
body. Mechanical tests also provide useful structural 
parameters in quality control. Properties such as 
tensile strength ( lms), compression (foams and 
hydrogel sheets) and rheological properties 
(rehydrated gels) are widely investigated.
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microorganisms. A number of tests are available to 
compare the ef cacy of odour adsorbing dressings, 
such as those containing carbon. For example, one 
test uses specialized apparatus to examine the ability 
of different dressings to prevent the passage of a 
volatile amine when applied to a wound model 
under simulated ‘in-use’ conditions.

Irrita tion and  s ens itiza tion
As with any other preparation that  is applied to the 
skin, the safety of the excipients must be con rmed 
and any possible irritat ion or sensitivity assessed, 
generally using animal models in the  rst  instance, 
followed by human patch testing.
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Bioadhes ive  s trength
Pain and trauma due to dressing adherence are 
important factors for the patient when a dressing is 
changed. Whilst  dressings that form gels do not 
adhere greatly, others such as gauze and non-woven 
fabrics can adhere strongly. In the context of dress-
ings, adhesion is de ned as the force required to 
detach a sample from the surface of a wound. It  may 
be assessed in the laboratory using a Texture Ana-
lyser (a type of mechanical testing equipment) by 
measuring the force required to detach the dressing 
from the surface of model excised skin, such as 
porcine skin.

Bac te ria l ba rrie r tes t
Wounds represent a potential source of cross-
infection and it  is important that they are isolated 
to prevent the ingress or egress of pathogenic micro-
organisms. Most dressings therefore contain a layer 
to prevent the transmission of organisms into or out 
of the wound. A test to investigate the ability of 
bacteria to pass through a dressing involves clamping 
the sterile dressing aseptically between two sterile 
hemispheres such that the dressing remains vertical. 
A  uid microbiological medium is introduced into 
both chambers, one of which contains a heavy inocu-
lum of the test organism(s). The apparatus is incu-
bated for an appropriate period, after which the 
chamber containing previously sterile nutrient is 
examined for evidence of bacterial growth.

Odour control
Certain types of wounds produce noxious odours 
caused by a number of volatile agents produced by 
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41  Ocular drug de livery

Hala Fadda Ashkan Khalili Peng Tee Khaw Steve Brocchini

KE Y P O IN TS

•  Drug delivery routes  available for treating ocular 
conditions  are topical, sys temic (oral or 
injection), intraocular or periocular (injection  
or implant) 

•  Topical ophthalmic preparations  can be 
class i ed into solutions , suspens ions , ointments , 
gels  and sub-micron emuls ions  
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bioavailability have a great impact on ocular phar-
macokinetics. Understanding ocular physiology is 
essential  or developing drug delivery systems that 
are e  ective, sa e and acceptable to patients. The 
design o  topical ophthalmic preparations ranging 
 rom solutions to ointments and in-situ  orming gels 
will be discussed. Although eye drops have been 
used since the times o  Cleopatra and comprise over 
90% o  the ophthalmic preparations in the clinic; 
they have poor bioavailability and short duration o  
action. The reason  or these shortcomings and  or-
mulation e  orts to overcome them will be described.

The remainder o  the chapter will  ocus on 
intraocular systems including injections and implants 
that  deliver drugs directly to the back o  the eye. 
This direct delivery approach has greatly improved 
drug bioavailability and has been approved  or the 
delivery o  several drugs. Current treatment goals 
are to develop systems that provide therapeutic drug 
levels  or prolonged periods and to minimize the 
invasiveness o  drug delivery procedures. Intraocular 
implants, which have been developed through 
sophisticated pharmaceutical, material and biomedi-
cal engineering approaches, have helped achieve 
these goals. Several o  them are available in the 
clinic or are in late stage clinical trials. However, 
there remain unmet clinical needs, and research in 
this area is f ourishing.

Anatomy and phys io logy  
o f the  e ye

The structure o  the eye is shown in Figure 41.1. 
This  gure shows the layers and chambers o  the eye 
and the routes and barriers to ocular drug delivery. 
Each o  these is discussed below.

Layers  of the eye

The outer layer o  the eye can be considered as seg-
ments o  two spheres: sclera and cornea. The sclera 
constitutes the back 5/ 6ths o  the globe, and the 
transparent cornea provides the  orward 1/ 6th o  
the globe. The sclera is a tough  brous tissue that 
protects the eye  rom internal and external  orces 
and maintains its shape. The  ront o  the sclera is 
o ten re erred to as the ‘white’ o  the eye. The 
episclera is the outermost layer o  the sclera and has 
a rich blood supply. The conjunctiva is a thin, trans-
parent mucous membrane that covers the visible 

•  Des igning ocular drug delivery formulations  
requires  an unders tanding of what can be 
tolerated by the eye  Important cons iderations   
in the des ign of topical ophthalmic preparations  
include; volume, osmolality, pH, surface tens ion 
and viscos ity 

•  The front of the eye can be effectively treated 
with topical ophthalmic preparations   The main 
shortcoming of the topical route, however, is  its  
inef ciency whereby only 1–5%  of the ins tilled 
dose reaches  the aqueous  humour 

•  The highly ef cient lacrimal drainage sys tem and 
the corneal barrier to drug permeation are the 
mechanisms  mainly respons ible for low ocular 
drug bioavailability via the topical route 

•  Ophthalmic drugs  with modes t lipophilicity and 
low molecular weight are absorbed more 
ef ciently via the corneal route compared  
to hydrophilic , ionized drugs  

•  Phase I and phase II drug metabolism reactions  
take place in ocular tis sue  These have been 
exploited in the des ign of pro-drugs  

•  Sus tained-release intraocular implants  are being 
developed to treat diseases  affecting the back 
of the eye  Implants  help achieve s teady 
concentrations  of the drug and avoid the need 
for repeated injections  into the eye 

•  Intraocular implants  mus t be biocompatible and 
s table at implant s ite  Intraocular implants  can 
be bioerodible or non-bioerodible 

•  It is  a regulatory requirement that preparations  
intended for ophthalmic use, including those  
for cleans ing the eyes , mus t be s terile  

Introduc tion

Drug delivery to the eye is one o  the most impor-
tant areas o  modern ocular therapy and presents 
many opportunities and challenges. The current 
market  or ophthalmic pharmaceuticals is now 
worth many billions o  dollars a year. The  ront o  
the eye is accessible and conditions a  ecting it  can 
be treated by simple topical eye drops. The back o  
the eye is, however, treated as an entirely separate 
ocular region, and more advanced delivery systems 
have been designed  or its treatment, including 
intraocular injections and implants that can provide 
sustained drug release over two years. A range o  
new therapies have and are being developed  or 
treating ocular conditions including cells, genes and 
proteins, not only the traditional small molecules.

This chapter will describe the anatomy and physi-
ology o  the eye as well as the most common 
conditions a  ecting the di  erent ocular regions. 
The natural anatomical ocular barriers to drug 
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The middle layer o  the eyeball consists o  the 
iris, ciliary body and choroid. The ciliary body is a 
ring o  t issue that extends  rom the base o  the iris 
to the choroid. The ciliary muscle is its most promi-
nent structure and is in a contracted state to allow 
the lens to become convex. The ciliary body is also 
the site o  production o  aqueous humour. The iris 
is a  ragile diaphragm with circular constrictor and 
radial dilator muscles positioned in  ront o  the lens 
and ciliary body, which separates the anterior and 
posterior chambers. It  controls the size o  the pupil 
and thus the amount o  light reaching the retina. 
The colour o  the iris is determined by the amount 
o  melanin expressed in it . The choroid is the vas-
cular layer o  the eye lying between the retina and 
sclera. It  provides oxygen and nutrients to the outer 
layers o  the retina.

The inner layer o  the eye is the retina, which is 
a complex network o  neurons that process light. 
The layer o  the retina surrounding the vitreous 
cavity is the neural retina, the outer retinal wall sur-
rounded by the choroid and sclera is the retinal 
pigment epithelium (RPE). The neural cells o  the 
retina are arranged in several parallel layers and the 
major classes present are photoreceptors (the rods 
and cones that are responsible  or the conversion o  
light into an electrical signal through the presence 
o  pigments), bipolar cells, horizontal cells, amacrine 
cells, ganglion cells (which capture and process light 

part o  the sclera and extends to the inside o  the 
eyelids. The optic nerve emerges  rom the sclera in 
the posterior part o  the eye.

The cornea is the most anterior part o  the eye, 
in  ront o  the iris and pupil. It  is densely innervated 
by nerves, particularly sensory nerves. While the 
central cornea is avascular, the region o  the corneo-
scleral limbus is supplied by branches o  the anterior 
ciliary arteries. The cornea re racts and transmits 
light to the lens and retina. It  also protects the eye 
against in ection and structural damage to the 
deeper parts. The cornea and sclera are connected 
at the limbus.

The sur aces o  the cornea and conjunctiva are 
covered by a  lm o  tears produced by the lacrimal 
gland. It  lubricates the eye sur ace and protects it  
 rom chemicals, microbes and airborne solid parti-
cles. It  comprises three layers: a mucous layer adher-
ing to the epithelium, an aqueous layer and a 
super cial lipid layer. The aqueous layer constitutes 
electrolytes, proteins, glycoproteins, biopolymers, 
glucose and urea, and has a thickness o  8–12 µm. 
The lipid layer is composed o  sterol esters, wax 
esters and  at ty acids. The mucous layer interacts 
with the epithelial cells o  the cornea, and so each 
eyelid blink allows spread o  the tear  lm over the 
eye sur ace. A dynamic equilibrium exists in the 
pre-corneal tear  lm as it  goes through a continuous 
cycle o  production, evaporation and drainage.

Fig . 41.1 •  Structure of the eye and the ocular barriers. (Courtesy of Willoughby et al., 2010.)
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Ocular drug delivery routes  and 
elimination pathways

Routes and barriers to ocular drug delivery can be 
summarized here with re erence to Fig. 41.1 (see I, 
II and III).
 I. The cornea is the main route through which 

ocular topically administered drugs reach the 
aqueous humour.

 II. The blood retinal barrier (retinal pigment 
epithelium and retinal capilary endothelium) 
restricts entry o  drugs  rom the systemic 
circulation into posterior segment o  the eye.

III. Intravireal delivery route to directly reach the 
back o  the eye.

Ocular drug elimination (Fig. 41.1) is via:
1. drug elimination  rom the aqueous humour into 

the systemic uveoscleral circulation
2. aqueous humour outf ow through the trabecular 

meshwork and Schlemm’s canal.
3. Drug elimination  rom the vitreous humor via 

di  usion into the anterior chamber.
4. Drug elimination via posterior route across 

blood retinal barrier.

Some  c ommon oc ular 
c onditions  and 
pharmac ologic al inte rve ntions

Ocular drug delivery is undertaken  or treatment 
o  local disease at  di  erent sites in the eye, thus a 
brie  introduction to common eye conditions is 
appropriate.
Dr y eye syndrome. Dry eye is a common disease 
which occurs when either the tear volume is inad-
equate or o  poor quality (poor  unctional tear). This 
o ten results in unstable tears and consequently 
ocular sur ace disease. Dry eye is not curable and 
management is to control the symptoms and protect 
the ocular sur ace  rom being damaged. The initial 
treatments include use o  tear substitutes and muco-
lytic eye drops. In advanced cases, the use o  anti-
inf ammatory eye drops, surgical intervention to 
reduce punctual drainage and contact  lenses have 
been shown to be bene cial.
Ca ta ra ct. Cataract is the opacity o  lens, which 
o ten results  rom denaturation o  the lens protein. 
Cataracts, which are usually age-related, are the 

signals) and the Müllerian glia (which  orm the 
organizational backbone o  the neural retina). The 
RPE constitutes about 3.5 million epithelial cells 
arranged in a hexagonal pattern. Their important 
 unctions include the maintenance o  photoreceptor 
 unction, storage and metabolism o  vitamin A, pro-
duction o  growth  actors required by nearby tissue, 
and wound healing a ter injury or surgery.

Chambers  of the eye

The eye contains three main chambers: anterior 
chamber, posterior chamber and vitreous cavity. 
Aqueous humour  lls the anterior and posterior 
chambers. It  is a clear, colourless, watery f uid 
that comprises a vast  array o  electrolytes, organic 
solutes, growth  actors and other proteins that 
nourish the non-vascularized tissue o  the anterior 
chamber; particularly trabecular meshwork, lens and 
corneal endothelium. It  is produced by the ciliary 
body epithelium and f ows into the anterior chamber. 
Aqueous humour leaves the anterior chamber 
through the trabecular meshwork into Schlemm’s 
canal and aqueous veins (conventional pathway) or 
through the ciliary muscle and other downstream 
tissues (unconventional pathway). I  the exit  o  
aqueous humour  rom the eye is blocked, the 
amount o  f uid within the eye increases, leading to 
an increase in pressure which may lead to glaucoma 
and cause damage to the optic nerve. The trabecular 
meshwork is made up o  an extracellular matrix 
 orming a porous like structure through which 
aqueous humour f ows into the canal o  Schlemm. 
Schlemm’s canal connects with the venous system 
through a network o  25 to 35 collector channels.

The vitreous cavity comprises 80% o  the volume 
o  the eye. It  weighs approximately 3.9 g and con-
tains vitreous humour. This is a hydrogel containing 
approximately 98% water. The other 2% o  vitreous 
components are predominantly collagen  brils and 
hyaluronic acid. Proteins, inorganic salts, glucose 
and ascorbic acid are also present. Vitreous humour 
has a pH o  approximately 7.5 and a viscosity 2–4 
times that o  water. The presence o  sodium hyalur-
onate is primarily responsible  or the viscosity o  
the vitreous humour. Its viscous properties allow it  
to return to its normal shape when compressed. The 
vitreous body is surrounded by a thin membrane 
known as the hyaloid membrane and no blood 
vessels penetrate it ; its nutrition is there ore carried 
by vessels o  the retina and the ciliary body.
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endophthalmitis may occur due to many causes 
including impurities in intraocular injections (e.g. 
endotoxin, silicone oil precipitates). The main treat-
ments are antibiotics (peri-orbital, intra-ocular and 
parenteral).

Topic al ophthalmic  
pre parations

Topical ophthalmic preparations include: solutions, 
suspensions, ointments/ gels and the newer disper-
sion systems. These have been traditionally used  or 
treating pathological conditions o  the anterior 
segment, such as in ection, inf ammation, allergy, 
dry eye, glaucoma, and corneal ulceration, as well as 
 or instilling anaesthetic and diagnostic agents.

Designing ocular drug delivery  ormulations 
requires an understanding o  what can be tolerated 
by the eye. Physiological and biochemical mecha-
nisms exist to protect the eye  rom harm ul stimuli. 
While these mechanisms are protective, they do 
sometimes present a barrier to drug absorption. The 
lacrimal system o  the eye is extremely dynamic. 
The tear volume in the normal eye is 5–9 µL. Basal 
tears are continuously secreted by the lacrimal 
glands at an average rate o  1.2 µL/ minute, thus 
giving a tear turnover rate o  about 17%/ minute. 
Ref ex tears are triggered by irritants and can vary 
 rom 3 to 400 µL/minute, the intention being to 
rapidly eliminate the stimulus. Another protective 
mechanism is the eyelid movements associated with 
blinking. Blinking moves tear f uids and  oreign 
matter to the nasal corner o  the lid sur ace, where 
the liquid exits via the puncta and is then drained 
away by the nasolacrimal ducts into the in erior 
nasal passage (Fig. 41.2). Tears contain lysozymes 
and immunoglobulins which impart an anti-
in ectious activity. The combined mechanisms o  
lacrimal drainage and blinking means that adminis-
tered eye drops are rapidly cleared  rom the con-
junctival sac with residence time ranging  rom 4 to 
23 minutes. Moreover, the rate o  drainage  rom the 
eye has a positive, linear correlation with instilled 
volume. It  has been  ound that the palpebral  ssure 
in the open eye is capable o  accommodating only 
20 to 30 µL o  added f uid temporarily without 
spilling.

Ideally, administered eye drops should be spaced 
by several minutes to minimize washout. Punctal 
occlusion maximizes local absorption and minimizes 
unnecessary systemic exposure by up to 70%. To 

most common cause o  treatable blindness world-
wide. Surgery is the only treatment and is very 
e  ective. It  involves replacement o  the clouded 
lens with a synthetically produced intraocular lens.
G la ucoma . The glaucomas are a group o  diseases 
in which there is a speci c type o  damage to the 
optic nerve (optic disc cupping), resulting in a char-
acteristic pattern o  visual  eld loss;  rst  peripheral 
and then central vision loss. G laucoma, a li e-long 
condition, is the leading cause o  irreversible blind-
ness worldwide and is the second most common 
cause o  blindness, a ter cataract. The most impor-
tant and only modi able risk  actor in this group o  
diseases is raised intraocular pressure (IOP). It  has 
been shown that reduction in intraocular pressure, 
medically (eye drops) or surgically, can halt  or 
decrease the progression o  the visual  eld loss.
Age-rela ted ma cula r  degenera tion (AMD). 
AMD is a degenerative disorder that a  ects the 
macula, the most sensit ive part o  the retina, and 
consequently results in the loss o  central vision. 
AMD is the leading cause o  irreversible visual loss 
in industrialized countries and o ten occurs in the 
population over the age o  50 years. There are two 
 orms o  AMD: wet and dry. Wet AMD arises when 
abnormal new blood vessels grow underneath the 
macula and leak, thus raising the macula o   the back 
o  the eye and causing loss o  central vision, o ten 
very quickly. With the more common dry AMD, the 
light-sensitive cells in the macula degenerate, with 
a gradual blurring o  central vision. Recent anti-
vascular endothelial growth  actor (anti-VEG F) 
treatments including pegaptanib (Macugen) and 
ranibizumab (Lucentis) have shown bene cial 
e  ects in the majority o  patients with wet AMD. 
This treatment, however, requires multiple intraoc-
ular injections with an average o  8–10 injections per 
year (this is discussed in detail in a later section).
Endophtha lmitis. Endophthalmitis is the inf am-
mation o  the internal layers o  the eye. In ectious 
endophthalmitis most  requently occurs  ollowing 
ocular surgery and penetrating trauma, particularly 
with retained  oreign body. Special care must be 
taken when injecting medicines into the back o  
the eye to ensure complete sterility is maintained. 
The most commonly cultured bacteria in post-
operative endophthalmitis are gram positive (90%), 
including Staphylococcus epidermidis, Staphylococ-
cus aureus and Streptococcus species. The most 
common bacteria  ound  ollowing trauma are sta-
phylococcus and bacillus species. Non-in ectious 
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secretion and ref ex blinks. This increased tear turn-
over rate reduces the retention hal -li e o  a solution 
that  has been applied to the eye.

Normal tear osmotic pressure is equivalent to 
0.9% to 1.0% sodium chloride solution. Solutions o  
osmotic pressure equivalent to 0.6 to 1.3% sodium 
chloride appear to be well tolerated by the eye. 
Ophthalmic solutions can be made isotonic by the 
use o  tonicity agents such as sodium chloride, 
potassium chloride, bu  ering salts, dextrose, man-
nitol and glycerol, as long as they are compatible 
with the other ingredients in the  ormulation.

Hydrogen ion concentration (pH)

The pH o  tears is close to neutral and is controlled 
by various substances dissolved in the aqueous layer 
o  tears: carbon dioxide, bicarbonate and proteins 
such as the basic lysozyme and an acidic tear prealbu-
min. The  atty acids produced by the Meibomian 
glands also mix with the aqueous phase o  tears. The 
pH o  tears is subject to diurnal variation and increases 
slowly  rom 6.9 to 7.5 during the waking hours o  the 
day due to carbon dioxide evaporation. The bu  er 
capacity o  tear f uids is low but signi cant; it is pre-
dominantly controlled by the balance o  bicarbonate 
and carbon dioxide, as well as proteins. Acidic or basic 
solutions instilled into the eye cannot be neutralized 
by the tears that are present and there ore ref ex tears 
are generated to dilute the administered drop and 
eliminate it. The recovery to the original pH o  the 
tear  lm can vary  rom a  ew minutes up to 20 
minutes. The duration o  recovery is inf uenced by the 
pH, volume, and bu  er capacity o  the administered 
solution, as well as the age o  the patient. Strongly 
acidic or basic solutions should not be administered 
to the eye as they can cause damage to the ocular 
tissue. The eye can generally tolerate topical ophthal-
mic preparations at a pH within the range o  3.5 to 
9. However, it is pre erable to  ormulate as close to 
physiological tear pH as possible to reduce discom ort 
and the associated increased lacrimation.

pH is important in drug ionization and product 
stability. Pilocarpine is a natural alkaloid used in the 
treatment o  glaucoma. It  undergoes pH-dependent 
hydrolytic degradation and one o  the ways to main-
tain stability o  pilocarpine aqueous solution is to 
maintain the pH at  4–5 through the use o  a weak 
acidic bu  er. Since the pH deviates  rom the physi-
ological pH o  the lacrimal f uids, the constituting 
bu  er must be weak to allow the lacrimal f uids to 
be restored to their normal pH within a short period 

reduce the elimination rate o  administered eye 
drops, it  is important that the topical preparations 
do not cause irritation. This can be achieved by 
designing their properties to be as close as possible 
to the lacrimal f uids covering the sur ace o  the eye.

Formulating  ophthalmic  
pre parations

Osmolality

The concentration o  salts in lacrimal f uids deter-
mines its osmolality. Predominant inorganic ions in 
tears are sodium, potassium, calcium, chloride and 
bicarbonate. These have an important  unction in 
controlling the osmotic pressure o  the intercellular 
and extracellular f uids o  the epithelial spaces o  
the cornea and conjunctiva. Osmolality in healthy, 
non-dry eyes has an average value o  302 mmol/ kg 
during the daytime. Patients with dry eye syndrome 
have been  ound to present with tear  lm hyperos-
molality which contributes to the symptoms o  
the disease.

When the eye is exposed to a hypotonic ophthal-
mic solution, the corneal epithelium becomes more 
permeable and water f ows into the cornea causing 
oedema. Hypertonic solutions have a dehydrating 
e  ect on the corneal epithelium. Hypotonic and 
hypertonic solutions are irritat ing to the eye and 
there ore induce an increased production rate o  
tears. The rate o  tear production increases to several 
hundred microlitres per minute through ref ex tear 

Fig . 41.2 •  Illustration of nasolacrimal drainage. 
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drag water and stabilize the aqueous layer as they 
spread over the corneal sur ace on blinking. This 
increased volume acts as a reservoir  or the drug so 
that it is re-spread in the tear  lm over the cornea with 
each blink. Water soluble polymers that have been 
used to increase solution viscosity include poly (vinyl 
alcohol), poly (vinylpyrrolidone), various cellulose 
derivatives, particularly; methylcellulose, hydroxypro-
pyl methylcellulose and carboxymethyl cellulose (at 
concentrations o  0.2–2.5%) and poly(ethylene glycol)
s (at concentrations o  0.2–1%).

Tears are non-Newtonian f uids whose coe  cient 
o  viscosity is shear dependent (shear-thinning). This 
is commonly seen with linear, multiple-charged poly-
mers such as sodium hyaluronate and Carbopol. 
Zero shear viscosity values o  4.4 to 8.3 mPa s have 
been reported  or normal tears. The  orce required 
by the eyelids to blink is 0.2 N and  or a  orce ul 
blink it  is 0.8 N. The pain threshold is 0.9 N and 
there ore i  a higher  orce than this is required  or 
blinking, then it  would be pain ul  or the patient. 
This limits the acceptable viscosity o  administered 
ocular solutions since the  orce needed to move the 
instilled solution at  the shear rates equivalent to 
those generated by blinking should be lower than 
0.9 N. Furthermore, very viscous solutions can 
cause blurring o  vision and may block the puncti 
and canaliculi. Nevertheless, solutions containing 
viscoelastic material can be used at higher viscosi-
ties. Since the viscosity o  viscoelastic polymers is 
shear dependent; the viscosity o  these polymer 
solutions can change in the eye due to blinking.

Topic al, liquid ophthalmic  
pre parations

Solutions

Ophthalmic solutions are the most common topical 
ophthalmic preparation. They are typically the 
easiest to manu acture (have the lowest cost  o  pro-
duction) and are relatively easy  or a patient 
or healthcare provider to administer. Ophthalmic 
solutions are also desirable where a rapid onset o  
action is required as they do not need to undergo 
dissolution. This would be the case  or local anaes-
thetics (e.g. lignocaine, proxymetacaine hydrochlo-
ride); ocular diagnostics (f uorescein sodium) and 
ocular preoperative drugs. Moreover, solutions are 
homogeneous and there ore display a better dose 

o  t ime  ollowing instillation. Drug ionization is also 
important in determining drug solubility and perme-
ability across the corneal epithelium. The extent o  
ionization can be manipulated through control o  the 
pH o  ophthalmic preparations.

Commonly used bu  ers in ophthalmic solutions 
include borate and phosphate bu  ers. To prepare 
solutions o  lower pH range acetic acid/ sodium 
acetate and citric acid/ sodium citrate bu  ers are 
used. It  is important that strong bu  ers are not used 
and to use a low concentrations o  weak bu  ers.

Surface tens ion

The sur ace tension o  tear f uid at  physiological 
temperature in a healthy eye is 43.6 to 46.6 mN m-1. 
Administration o  solutions that have a sur ace 
tension much lower than that o  the lacrimal f uid 
destabilizes the tear  lm and disperses the lipid 
layer into droplets that are solubilized by the drug 
or sur actants in the  ormulation. The oily  lm 
reduces the rate o  evaporation o  the underlying 
aqueous layer and there ore once it  is lost, dry spots 
are  ormed which are pain ul and irritant. Sur-
 actants are implicated in this.

Sur actants are typically included in ophthalmic 
preparations to solubilize or disperse drugs. Irritation 
power o  sur actants decreases in the  ollowing order: 
cationic > anionic > zwitterionic > non-ionic. Non-
ionic sur actants are there ore the most commonly 
used, examples include; poly sorbate 20, polyoxyl 40 
stearate, polyoxypropylene-polyoxyethylenediol. 
Despite being the least irritant, non-ionic sur actants 
have been shown to remove the mucus layer and 
disrupt the tight junctional complexes o  the cornea; 
there ore increasing drug permeability. Sur actants 
may also interact with polymeric substances in the 
preparation and reduce the e  cacy o  preservatives. 
The concentration o  sur actant is important not only 
in terms o  drug solubility, sa ety and patient toler-
ance, but also because high concentrations can lead 
to  oaming upon product manu acture or shaking.

Viscos ity

Viscosity enhancing polymers are used in ophthalmic 
solutions to prolong drug retention in the precorneal 
tear  lm and thus enhance drug absorption. Mecha-
nisms proposed are not just reduced drainage rate; the 
thickness o  the precorneal tear  lm is also increased 
due to the ability o  viscosity-enhancing polymers to 
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o  0.05% as a sub-micron emulsion (Restasis®, Aller-
gan)  or topical application to the eye. Ciclosporin is 
hydrophobic (log P=3.0) and has a very poor aqueous 
solubility o  6.6 µg/ml and cannot there ore be  or-
mulated in conventional aqueous ophthalmic vehi-
cles. It has been success ully solubilized in an 
oil-in-water (o/w) submicron emulsion. The oil phase 
in Restasis is castor oil and the emulsion is stabilized 
with the non-ionic sur actant polysorbate 80 and 
glycerin, which behaves here as a co-sur actant. 
Ocular submicron emulsions with a droplet size o  
~ 0.1 µm have also shown potential  or prolonging 
drug release and achieving signi cantly higher drug 
concentrations in the cornea and aqueous humour 
compared to suspensions.

Topical, semisolid ophthalmic 
preparations

Ointments
Ophthalmic ointments have been used as an option 
to reduce drug drainage by tear f ow and there ore 
increasing corneal residence t ime. Ointments can 
also be entrapped in the  ornices whereby they 
serve as a reservoir  or the drug. Sustained drug 
release e  ects o  2–4 hours are usually observed. 
Ointments also have the advantage o  allowing 
the incorporation o  drugs with poor aqueous 
solubility. Hydrophobic ointments sometimes 
improve the stability o  hydrolysable compounds, 
particularly peptides. So t  para  n and liquid para -
 n are commonly used as bases  or ophthalmic 
ointments. Anhydrous, water-soluble bases such as 
carbomer with poly(ethylene glycol) are also used. 
Antibiotics, anti ungals and steroids are the 
classes o  drugs most available as ointments. Drug 
bioavailability usually peaks later with ointment 
vehicles than with solutions or suspensions. Total 
bioavailability in the aqueous humour can also be 
signi cantly greater than with solutions or suspen-
sions (Fig. 41.3).

Ointments are however more di  cult  to admin-
ister compared to solutions and may give rise to a 
more variable dose. Also blurring o  vision arises 
which tends to reduce patient compliance making 
ointments more use ul  or night-time administra-
t ion. Drug molecules may be entrapped within the 
ointment base due to  avourable partit ioning towards 
the base, there ore inhibit ing drug release. The base 
is also sensitive to changes in temperature.

uni ormity. A limitation o  solutions, however, is that 
they are rapidly drained out o  the eye. Moreover, 
the rate o  drainage is proportional to the size o  the 
drop administered. The volume o  eye drops admin-
istered  rom commercial eye dropper bott les has 
been reported to be in the range o  25 to 56 µL; this 
is dependent on the physical shape and ori ce o  the 
dropper opening, physicochemical properties o  the 
liquid and the manner in which the dropper is used.

Suspens ions

Several ocular preparations are available as suspen-
sions. This approach has been used to administer 
drugs which are sparingly soluble in water, e.g. ster-
oids, or to prolong drug release. Particles tend to be 
retained in the ocular cul-de-sac (the space between 
the eyeball and eyelid) and slowly go into solution 
thus increasing the contact time. Particle size and 
shape need to be care ully selected as some particles 
can cause irritation o  the sensory nerves in the epi-
thelium. The European Pharmacopoeia sets standards 
 or particle size: in a sample corresponding to 10 µg 
o  the solid phase, ‘not more than 20 particles should 
have a maximum dimension greater than 25 µm, and 
not more than two o  these particles have a maximum 
dimension greater than 50 µm. None o  the particles 
has a maximum dimension greater than 90 µm’.

The particles o  a suspension need to be readily 
dispersible on shaking by the patient to ensure uni orm 
dose administration. Homogeneity and dose uni orm-
ity need to be con rmed in multi-dose containers 
 rom  rst to last use. Problems that can arise with 
suspensions are conversions in crystal structure o  the 
drug, i.e. polymorphic changes during storage, which 
can lead to changes in drug solubility and dissolution 
behaviour. I  the drug is polydispersed, Ostwald ripen-
ing may arise on changes in storage temperature or 
prolonged storage. Cake  ormation can also be a 
problem, which may not be resolved by  orming a 
f occulated suspension since large f occules can irritate 
the eye. Using a polymer solution as a viscosity enhanc-
ing agent can prevent caking and allow particle resus-
pension by shaking. Betaxolol and brinzolamide are 
available as suspensions. The  ormulation o  the  ormer 
contains Carbomer 934 P and ion exchange resins.

Submicron emuls ions

Ciclosporin is an immunomodulator with anti-
inf ammatory e  ects. It is available at a concentration 
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o  the gel compared to  our instillations o  the 
solution. The total daily dose o  pilocarpine can be 
reduced  rom 8 mg/ day to 2 mg/ day with the gel 
 ormulation.

G els that are activated by ions, pH and tempera-
ture have also been developed. These undergo a 
phase transit ion  rom liquid to solid in the ocular 
cul-de-sac to  orm a viscoelastic gel. These in situ 
 orming gels have an advantage over the pre- ormed 
gels in that the dose is more reproducible and 
administration is easier; thus improving patient 
compliance. Examples o  polymers activated by 
temperature include poloxamers e.g. poloxamer 
407. Smart Hydrogel™ has been developed which 
is a gra t  co-polymer o  polyacrylic acid and a 
poloxamer which requires only 1–3% polymer con-
centration to undergo gelation at body temperature. 
Smart Hydrogel™ also has bioadhesive properties 
due to the presence o  polyacrylic acid.

Timolol is a non-selective beta blocker licensed 
 or glaucoma. Timolol maleate gel- orming solution 
(Timoptic-XE®, Merck) is available in the clinic 
and constitutes a puri ed anionic heteropolysaccha-
ride derived  rom gellan gum. The gellan gum is in 
aqueous solution and  orms a gel in the presence o  
cations which are present in the precorneal tear 
 lm. It  is administered once a day, compared to the 
regular Timoptic® preparation which needs to be 
administered twice daily to achieve a similar hypo-
tensive e  ect . This gel is subsequently removed by 
the f ow and drainage o  tears. Alginates also 
undergo sol to gel phase transition when exposed to 
the ionic strength o  ocular f uids. See Table 41.1 
 or examples o  gel and gel- orming ophthalmic 
preparations.

Ge ls
G els, which are semisolid systems comprising 
water-soluble bases, are also available and are more 
 avourable than ointments  or water soluble drugs. 
These utilize polymers such as polyvinyl alcohol 
(PVA), poloxamer, hydroxypropyl methylcellulose 
(HPMC), Carbopol or Carbomer, dispersed in a 
liquid. Pilocarpine is a cholinomimetic agent which 
reduces intraocular pressure and is licensed  or glau-
coma. It  is available as a gel (Pilogel®, Alcon) con-
taining more than 90% water and employing 
Carbopol 940 (a synthetic high molecular weight 
polymer o  acrylic acid). An equivalent duration 
o  response has been shown with a single instillation 

Fig . 41.3 •  Comparison of aqueous humour levels of 
 uorometholone following administration by different 
dosage forms. (Courtesy of Sieg and Robinson, 1975, 
with permission.)
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Table 41.1 Examples of gel and gel-forming topical ophthalmic preparations

Active ingredient Brand name and dosage 
form

Therapeutic class and indication Release controlling 
excipient

Timolol maleate Timoptol LA/Timoptic XE 
(gel forming solution)

Beta-blocker for glaucoma. To be 
applied once daily.

Gellan gum

Betaxolol Betoptic S (eye drops) Beta-blocker for glaucoma. To be 
applied twice daily.

Amberlite® IRP-69 
(cationic exchange resin)

Levobunolol 
hydrochloride

Betagan (eye drops) Beta-blocker for glaucoma. To be 
applied once or twice daily.

Polyvinyl alcohol

Pilocarpine Pilogel (gel) Miotic. To be applied once daily at night. Carbomer 940

Fusidic acid Fucithalmic (eye drops) Antibacterial. To be applied twice daily. Carbomer
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acid is used in some ocular surgeries in the anterior 
chamber (e.g. cataract) in the sub-conjunctival space 
(e.g. glaucoma  ltering surgery).

Polycarbophil (polyacrylic acid crosslinked with 
divinyl glycol) has been used in a topical azithromy-
cin  ormulation which is available in the clinic under 
the name o  AzaSite/ Durasite® (Inspire Pharma-
ceuticals). It  has been shown to display higher bio-
availability compared to conventional aqueous eye 
drops. Therapeutic drug levels also persist   or 
several days in the eyelids and conjunctiva  ollowing 
the administration o  the last  dose. Polycarbophil is 
insoluble in water and its swelling is pH dependent. 
Swelling is greatest at pH 6 to 7 which is the pH o  
lacrimal f uids. On exposure to tears, polycarbophil 
swells and entangles with mucin on the ocular 
sur ace. Hydrogen bonding also exists between the 
nonionized carboxylic acid o  polycarbophil and the 
mucin.

Ion-exchange res ins

The concept o  ion-exchange resins has been avail-
able  or more than 50 years and has been used and 
marketed in various dosage  orms to control drug 
delivery. The drug (acidic or basic in nature) is ioni-
cally bound to an ion-exchange resin to  orm an 
insoluble complex. Drug can only be released  rom 
the complex through exchange o  the bound drug 
ions with physiological ions in body f uids. The 
actual resin is an insoluble, ionic material composed 
o  two parts, a structural portion comprising a 
polymer matrix, usually styrene cross-linked with 
divinylbenzene, and a  unctional portion, which is 
the ion-active group. The ion active group can either 
be negatively or positively charged thus  unctioning 
as either a cation or anion exchanger. These drug-
resinates are usually spherical in shape, porous and 
hydrate on exposure to aqueous f uids. They are 
insoluble, non-absorbable and are considered sa e 
 or use in humans. They have had several applica-
tions in pharmaceuticals, including: taste masking, 
drug stabilization and sustained release solid dosage 
 orms as well as liquid suspensions.

Betaxolol hydrochloride (a cardioselective beta-
blocker) is available as an ion-resin suspension  or-
mulation (Betoptic-S®, Alcon, US). The positively 
charged drug is bound to a cation-exchange resin 
(Amberlite® IRP69). The matrix o  Amberlite 
IRP69 is styrene-divinylbenzene polymer and the 
 unctional portion is sodium polystyrene sulphonate. 

Other polymer systems that undergo physical 
changes when exposed to a changing environment 
include cellulose acetate phthalate latex which 
coagulates when its native pH o  4.5 is raised by the 
tear f uid to pH 7.4. Carbopols have pKas o  4 to 
5 and ophthalmic solutions o  these polymers are 
there ore prepared at this pH. When these poorly 
bu  ered systems are exposed to the near-neutral 
pH o  ocular f uids, the polymer solubility is reduced 
and the system undergoes gelation.

Mucoadhes ive  s ys tems
Other ways to increase the contact t ime o  topical 
ophthalmic solutions with the ocular sur ace have 
been through the use o  mucoadhesive polymers. 
These attach to the mucin coat that  covers the con-
junctiva and cornea. Mucin has a protein or polypep-
tide core with carbohydrate chains branching o  . 
The mucin coat serves to protect, hydrate and lubri-
cate the sur ace o  the eye. Mucoadhesive polymers 
are commonly macromolecular hydrocolloids with 
numerous hydrophilic  unctional groups possessing 
the correct charge density. They should also exhibit  
good wetting o  the ocular sur ace to  acilitate 
maximum interaction with the mucin coat. Electro-
static, covalent and hydrogen interactions are the 
most common between mucoadhesive polymers and 
mucin.

Mucoadhesive polymers can be natural, synthetic 
or semi-synthetic in nature. The synthetic polymers 
include polyacrylic acid, polycarbophil as well as 
cellulose derivatives. The (semi)natural mucoadhe-
sive polymers include chitosan and various gums 
such as guar, xanthan, carrageenan, pectin and algi-
nate. Chitosan is a cationic polymer which has 
shown great promise  or ophthalmic use. Besides 
being mucoadhesive it  has good wetting properties 
and is biodegradable, biocompatible and has good 
ocular tolerance. It  is also pseudoplastic and viscoe-
lastic in solution. It  is positively charged at neutral 
pH and there ore electrostatic  orces arise between 
it  and the negatively charged sialic acid residues o  
the mucus glycoproteins which contribute to its 
mechanism o  mucoadhesion. Hyaluronic acid is 
another polymer which has also shown potential. It  
is a high molecular weight biological polymer con-
sisting o  linear polysaccharides and is present in the 
extracellular matrix as well as being the main com-
ponent o  the vitreous humour. It  displays mucoad-
hesive properties as well as high water binding 
capacity and pseudoplastic behaviour. Hyaluronic 
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lium. The layers which  orm substantial barriers 
to drug permeation are: epithelium, stroma and 
endothelium ( rom the outer to the inner sur ace) 
(Fig. 41.4). The epithelium and endothelium are 
rich in lipids while the stroma has high water 
content. The corneal epithelium is about 0.1 mm 
thick and is considered to be the rate limiting 
barrier to transcorneal drug permeation. It  contrib-
utes ~ 90% o  the barrier to hydrophilic drugs and 
~ 10% o  the barrier to lipophilic drugs. Drugs can 
penetrate this layer by partit ioning through the cells 
(transcellular) or by passing between the cells (para-
cellular). The epithelium, however, has tightly 
adherent cells with tight junctions which excludes 
macmolecules having a radius > 1 nm. Only small 
drugs o  MW < 350 Da and ions can permeate 
through the paracellular route. Most o  the lipophilic 
compounds can pass through the corneal epithelium 
via the transcellular route. The cornea is considered 
a tight tissue, more than the intestine, lung and nasal 
mucosa; making drug absorption via the paracellular 
route more di  cult  compared to these other organs.

The stroma is a cellular, aqueous environment 
interdispersed with glycosaminoglycans and colla-
gen  brils that are organized in parallel lamellae. It  
is open knit allowing hydrophilic molecules to pass 
through relatively easily. It  however limits the pen-
etration o  highly lipophilic or large molecular 
weight compounds. The corneal endothelium is a 
single cell layer with large intercellular junctions. It  
is in direct contact with the aqueous humour and 
partially resists the permeation o  lipophilic com-
pounds, though not hydrophilic ones.

Ophthalmic drugs with modest lipophilicity and 
low molecular weight are absorbed more e  ciently 
via the corneal route compared to hydrophilic, 
ionized drugs. The optimal lipophilicity  or the 

Sulphonic acid acts as a strong cation exchanger. The 
mobile, or exchangeable, cation is sodium; this can 
be exchanged  or many cationic species. Upon 
ocular instillation o  the suspension, betaxolol is dis-
placed  rom the resin by the sodium ions in the tear 
 lm. This exchange occurs over several minutes. The 
polar nature o  betaxolol can cause ocular discom-
 ort, there ore  ormulating it  as an ion-exchange 
resin reduces the rate o  drug release and minimizes 
this discom ort .

Resin particle size is one o  the  actors that con-
trols the rate o  drug release. In Betoptic-S, the 
resins have been  nely milled to a diameter o  5 µm 
to achieve a  ne suspension. The polymer, 
Carbomer 934P (a water-soluble acrylic polymer), 
is also included to improve the physical stability and 
ease o  re-suspension o  the product, as well as to 
enhance the ocular residence time.

Barrie rs  to  topic al oc ular  
drug abs orption

The topical route o  drug delivery is the most 
common way o  treating the anterior segment and 
over 90% o  the ophthalmic medicines on the 
market are in the  orm o  eye drops. The topical 
route provides selectivity with an enhanced thera-
peutic index, it  also circumvents  rst  pass metabo-
lism and drugs can be administered in a simple, 
non-invasive manner. Its main shortcoming, however, 
is its ine  ciency, whereby only 1–5% o  the instilled 
dose reaches the aqueous humour. The highly e  -
cient lacrimal drainage system and the corneal 
barrier to drug permeation are the mechanisms 
mainly responsible  or this low ocular drug bioavail-
ability. Drug binding to proteins also reduces absorp-
tion, and protein levels o  lacrimal f uids are higher 
in inf amed or in ected eyes.

The corneal barrier

Drugs can permeate the cornea by passive di  usion, 
 acilitated di  usion or active transport . Facilitated 
di  usion and active transport occur via transporter 
proteins expressed on the corneal epithelium. 
Passive di  usion does not require transporters, 
however it  is determined by the physicochemical 
properties o  the drug. The cornea is divided into 
 ve layers; epithelium, Bowman’s membrane, 
stroma, Descemet’s membrane and the endothe-

Fig . 41.4 •  The human cornea in cross-section. 
(Courtesy of Daniels  et al., 2001)
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the conjunctiva rapidly absorb the instilled drug 
which dissipates into the systemic circulation rather 
than ending up in the aqueous humour.

Improving drug s o lubility and 
abs orption in topic al 
ophthalmic  pre parations

Drug ionization and salt form

The pKa o  the drug (acid dissociation constant) and 
pH determine its degree o  ionization in solution. 
While the pKa can only be altered through structural 
changes in the molecule, the pH o  the drug vehicle 
can be controlled. A higher proportion o  unionized 
species displays a greater degree o  transcorneal per-
meability, as has been shown with pilocarpine. Pilo-
carpine is a weak base but to achieve good solubility 
and stability the eye drops are  ormulated with an 
acidic vehicle (pH 3.5–5.5). Interestingly, however, 
carbonic anhydrase inhibitors display a greater phar-
macological e  ect (reduction in intraocular pres-
sure) in the ionized  orm compared to the un-ionized 
 orm. This e  ect  is observed, not because o  greater 
drug permeability, but due to the ability o  these 
inhibitors to sequester in the cornea and  orm a 
depot.

The physical  orm o  the drug can also be an 
important determinant o  its ocular bioavailability. 
The salt   orm can a  ect solubility and lipophilicity 
o  the drug. Dexamethasone acetate ester displays 
the optimum balance o  solubility and corneal 
permeability compared to the very water-soluble 
phosphate salt or lipophilic  ree base.

Cyclodextrins

Cyclodextrins (CDs) have shown great potential in 
improving the solubility o  poorly water-soluble 
drugs (see Chapter 24). CDs are cyclical oligosac-
charides with a lipophilic centre and hydrophilic 
outer sur ace. They can complex lipophilic drugs in 
their interior, thus  orming water-soluble complexes. 
This maintains the structure, lipohilicity and hence 
the permeability o  the compounds. The drug is 
associated with CD by hydrogen bonding, hydro-
phobic interactions or van der Waals  orces. The 
hydrophilic CDs acts as carriers, delivering water-
insoluble molecules to the corneal membrane where 
they can partit ion  rom the CD complex. A state o  

permeation o  steroids and beta-blockers has been 
shown to correspond to a log P o  2–3. Compounds 
with a higher lipophilicity (log P > 3) have been 
shown to have lower permeability as their permea-
tion is rate limited by the slow trans er through the 
hydrophilic stroma. Drugs need to have an appropri-
ate balance o  lipid and water solubility  or good 
corneal permeation.

G ood aqueous solubility is important as drugs 
must be in solution to permeate through the cornea. 
Since the instilled drops are diluted by tear f uids 
and in contact with the corneal epithelium  or a very 
short t ime, making bioavailability low, high drug 
concentration is one important consideration, when 
possible,  or ophthalmic solutions. For ionizable 
drugs, the pH o  the  ormulation can be adjusted 
to obtain the optimum balance o  solubility and 
trans-epithelial permeation. It  is desirable to possess 
good aqueous solubility at the physiological pH o  
tears, without the loss o  lipohilicity  or corneal 
permeation.

Non-corneal routes  of absorption

While the corneal route is the principal route o  
entry  or drugs into the eye, studies have also shown 
that absorption can also occur via the conjunctiva-
scleral layer; particularly  or large hydrophilic 
molecules such as timolol maleate, and carbonic 
anhydrase inhibitors as well as proteins and peptides 
which can be used as carriers. The conjunctiva has 
5–15 layers o  squamous epithelial cells with tight 
junctions at the apical end. It  is more permeable or 
leaky than the cornea and allows drugs to permeate 
through the paracellular as well as transcellular 
routes. The conjunctiva is highly vascularized so 
drug absorption o ten results in systemic distribu-
tion o  the drug away  rom the eye. E f ux drug 
transporters on the epithelial cells have been identi-
 ed. The conjunctival stroma comprises blood 
vessels, nerves and lymphatics that attach to the 
sclera. Drug permeation through the sclera occurs 
through the aqueous intercellular space between the 
collagen  bres. Drug permeability through the sclera 
is not dependent on lipophilicity or size. Drugs 
with a molecular weight o  more than 1 kilodalton 
(kDa) are almost impermeable through the cornea; 
whereas dextran (40 kDa) and albumin (69 kDa) 
have good permeability through the sclera. Despite 
this, the conjunctival-scleral route is considered a 
non-productive route because the blood vessels in 
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arrhythmias and blood pressure elevation. The 
prodrug, dipavyl ester o  epinephrine, was designed 
to be more lipophilic than the parent drug  or 
improved corneal permeation.

Other examples o  pro-drugs in the clinic include 
the beta-blocker, levobunolol (log P = 2.4). Levobu-
nolol is converted in the cornea to the active dihy-
drolevobunolol by metabolic reduction o  its keto 
group. Dihydrolevobunolol is more lipophilic and has 
a longer hal -li e compared to its parent  orm. Active 
research is being pursued in designing prodrugs o  
the antivirals aciclovir and ganciclovir. Amino acid 
and peptide derivatives o  these prodrugs target the 
amino acid and peptide transporters o  the cornea.

Ste rility of ophthalmic  
pre parations

It  is a regulatory requirement that preparations 
intended  or ophthalmic use, including those  or 
cleansing the eyes, must be sterile at the time o  
 lling and closing in a sealed container. Ocular in ec-
tions are extremely dangerous and can rapidly lead 
to the loss o  vision. Eye-cups, droppers and all other 
dispensers should also be sterile and regulated i  
packaged with the drug product. For ophthalmic 
preparations, terminal sterilization o  products in 
their  nal containers should be adopted wherever 
possible. I  the product cannot withstand terminal 
sterilization then  ltration under aseptic conditions 
should be considered, usually per ormed using a 
 lter pore size o  0.22 µm or less. Sterilization 
methods are discussed in greater detail in Chapters 
16 and 17. The raw materials used  or aseptic 
manu acture should be sterile, wherever possible, or 
should meet a low speci ed bioburden control limit. 
Ophthalmic preparations must  urthermore be 
labelled with duration o  use once opened.

Preservatives are included in multi-dose containers 
to destroy and inhibit the growth o  microorganisms 
that may have been accidentally introduced on 
opening o  the container (see Chapter 50). They are 
not to be used in products  or intraocular administra-
tion as they can lead to irritation. Ideally, a preser-
vative should have a broad-spectrum anti-microbial 
activity, exhibit compatibility and stability with all the 
ingredients in the preparation and the container, as 
well as being innocuous to the ocular tissue. Benzal-
konium chloride is the most commonly used preserva-
tive, at concentrations ranging  rom 0.004 to 0.02%. 

equilibrium exists between  ree and complexed 
drug which is dependent on the strength o  the non-
covalent interactions between the drug and CD. The 
relatively lipophilic membrane has low a  nity to 
the large hydrophilic CD molecules and the biologi-
cal membrane is not disrupted as is observed with 
penetration enhancers. Moreover, this provides an 
opportunity  or delivering irritant drugs as they are 
not   reely available and are entrapped in the 
complex. Research with this  ormulation approach 
has been shown to improve corneal penetration o  
dexamethasone, pilocarpine and carbonic anhydrase 
inhibitors.

Prodrugs

Improved corneal penetration can be gained through 
the use o  prodrugs. A prodrug is a drug with added 
 unctionalities that converts into the active parent 
drug through enzymatic or chemical reactions. 
Approaches o  enhancing corneal penetration 
through the use o  prodrugs include; optimization 
o  lipophilicity, enhancement o  aqueous solubility, 
improved a  nity  or uptake transporters and 
evasion o  e f ux pumps.

Drugs with carboxylic acid groups, such as the 
prostaglandin analogues indicated  or glaucoma, have 
low corneal permeation. This is due to the ionization 
o  the carboxylic acid group at the near neutral pH 
o  tears which reduces permeability through the 
lipophilic epithelium. One strategy to mitigate this 
has been esteri cation o  the carboxylic acid group. 
Since the cornea has high esterase activity, these 
derivatives can easily revert to their parent  orm. 
One o  the problems, however, with ester prodrugs 
is their increased susceptibility to hydrolysis. Bulky 
isopropyl esters have been used to achieve stability 
in aqueous solutions. The prostaglandin analogues, 
latanoprost  and travoprost , are isopropyl esters. 
These prodrugs have been shown to improve corneal 
permeability and intraocular pressure lowering e  ects 
compared to their parent  orms (i.e.  ree acids).

Dipivalyl epinephrine (dipive rin) is also indi-
cated  or glaucoma and is the  rst  marketed oph-
thalmic prodrug. It  is metabolized to epinephrine 
(adrenaline), which was the drug originally used, 
though this was later  ound to give rise to severe 
side e  ects in patients. Epinephrine is a polar drug 
and was subject to rapid clearance  rom the ocular 
sur ace via nasal lacrimal drainage. Systemic absorp-
tion was there ore signi cant giving rise to cardiac 
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10–30 µL/ minute. Drug hal -lives in the anterior 
chamber are typically short , about one hour. Drug 
distribution to the vitreous is extremely slow as the 
lens prohibits di  usion.

Active transporters  of the cornea

Various uptake and e f ux transporters have been 
shown to be present in the corneal epithelium. 
These transporters are also present in the epithelium 
o  the intestine, blood-brain barrier and kidney 
tubuli. E f ux transporters protect cells  rom noxious 
stimuli and are also implicated in drug resistance. It  
is estimated that  25% o  administered drugs are 
substrates  or transporters. Since the cornea is in 
contact with the external environment it  is not sur-
prising that it  expresses e f ux transporters as part 
o  a protective mechanism.

E f ux transporters that have been identi ed on 
the corneal epithelium include P-glycoprotein (P-gp, 
MDR1), breast cancer resistant protein (BCRP) and 
multi-drug resistant protein 5 (MRP 5). P-gp was 
 ound to be implicated in the transport o  ciclosporin 
A (immunomodulator  or treating dye eyes) in the 
cornea. The prostaglandin agonists used in the treat-
ment o  glaucoma; bimatoprost, latanoprost, travo-
prost, and their  ree acid  orms, are substrates o  the 
MRP 5 e f ux pump on the cornea. Bimatoprost is 
also a substrate  or P-gp. Co-administration o  these 
prostaglandin agonists  or the treatment o  glaucoma 
has been proposed  or overcoming e f ux as well as 
achieving a synergistic pharmacological e  ect, since 
these molecules act  at  di  erent receptors  or reduc-
ing intraocular pressure.

One o  the main uptake transporters in the cornea 
epithelium are the amino acid transporters. The 
corneal epithelium is a highly regenerative tissue with 
continuous protein synthesis, thus placing a demand 
on amino acid transport . The aqueous humour is the 
main source o  nutrient provision  or the corneal 
epithelium. Oligopeptide transporters have also been 
identi ed and shown to be involved in the transport 
o  valaciclovir (L-valyl ester o  aciclovir) through the 
cornea. They are also being utilized in prodrug deliv-
ery. Organic anion transporting polypeptide  amily 
(OATP) has substrates o  mainly anionic, amphip-
athic nature. Their presence in the cornea may be 
implicated in the transport o  the thyroid hormone, 
which has a role in the development and transparency 
o  the cornea. Its involvement in drug transport has 
still not been determined.

It is a quaternary ammonium salt and causes epithelial 
toxicity on repeated administrations. Poor tolerance 
to treatment has been associated with preservatives 
and newer alternatives are being investigated.

Single dose units (SDUs) have been developed to 
circumvent the use o  preservatives while maintain-
ing stability. The manu acturing and packaging o  
these is however expensive and so they have not 
been embraced  or all the marketed ophthalmic 
solutions. Several multi-dose bottles have been 
developed that maintain sterility without the use o  
a preservative; one o  these is the ABAK patented 
 lter system which uses a 0.2 µm nylon membrane 
to prevent bacteria  rom entering the bottle. It  is 
known as Airless Antibacterial Dispensing System 
(AADS™, P zer) and works by preventing air, and 
there ore bacteria,  rom entering the container on 
dispensing. Furthermore, a silver coil is included in 
the bottle tip. Silver has antibacterial properties and 
there ore any bacteria contacting the t ip do not con-
taminate the contents. This system guarantees three 
months o  sterility.

Oc ular drug  pharmac okine tic s

Drug half-life  in the anterior 
chamber

Peak drug levels in the anterior chamber are reached 
20–30 minutes a ter eye drop administration. These 
concentrations in the aqueous humour are typically, 
however, two- old less than the administered con-
centration. From the aqueous humour the drug can 
di  use to the iris and ciliary body where it  may bind 
to melanin and  orm a reservoir allowing gradual 
drug release to the surrounding cells. Drug is elimi-
nated  rom the aqueous humour by two main routes: 
aqueous turnover through the trabecular meshwork 
and Schlemm’s canal (route 2, Fig. 41.1) and by the 
venous blood f ow o  the anterior uvea across the 
blood aqueous barrier (route 1, Fig. 41.1). Aqueous 
humour turnover is at a rate o  2.2 to 3.1 µL/ minute 
during wake ulness. For an individual with an average 
anterior chamber volume o  185 µL, the hal -li e o  
anterior chamber f uid is 43 minutes. The other 
mechanism o  drug elimination by the uveal blood 
f ow is dependent on the drug’s ability to permeate 
the endothelial cells o  the blood vessels and is 
there ore more  avourable  or lipophilic drugs. The 
clearance o  lipohilic drugs can be in the range o  
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metabolism reactions take place in ocular tissue. 
Phase I is whereby a polar  unctional group is intro-
duced into the molecule which makes it  more sus-
ceptible to phase II conjugation reactions. In some 
cases, however, the products o  phase I reactions are 
eliminated  rom the body without  urther changes. 
Studies show that the most active metabolic sites in 
the eye are the ciliary body and pigmented epithe-
lium o  the retina. This may be attributable to the 
high per usion o  these sites by the blood circulation 
and consequently exposure to the xenobiotics circu-
lating in the blood. Moreover, the main  unction o  
the ciliary body is to produce aqueous humour 
through ultra ltration o  plasma. It  should there ore 
be able to handle the exogenous compounds to 
which it  is exposed and convert them into harmless 
metabolites which could otherwise have toxic 
e  ects on the lens and other internal organs o  the 
eye.

The enzymes involved in phase I reactions are the 
esterases, which have been identi ed in ocular 
tissue and include acetyl, butyrl and carboxy-
cholinesterases. This hydrolysis o  compounds con-
taining ester linkages has been exploited in prodrug 
design including dipivalyl epinephrine and pilo-
carpine prodrugs. Various esterases have been iden-
ti ed in the cornea. Aldehyde and ketone reductases 
have also been reported in ocular t issue. Ketone 
reductase reduces levobunolol, a beta blocker indi-
cated  or glaucoma. Peptidase activity has also been 
determined. Cytochrome P-450 (CYP) enzyme 
expression is to date considered marginal in the 
human cornea, iris-ciliary body and retina/ choroid.

Several ocular drugs are substrates  or CYP 
enzymes and the level o  expression o  these enzymes 
in the liver have been implicated in the systemic 
response to these locally administered ophthalmic 
medicines. Timolol is a non-selective beta-blocker 
used as an anti-glaucoma medication. Although it  is 
administered into the eye it  is partially absorbed 
into the systemic circulation where it  is metabolized 
by the enzyme CYP-2D6. Individuals that are poor 
metabolizers o  t imolol can be more prone to its 
adverse systemic e  ects, such as reductions in heart 
rate and blood pressure. Moreover, CYP enzymes 
are inducible by several pharmacological agents 
including phenobarbital, ri ampicin and phenytoin. 
Such induction can increase drug metabolism. One 
o  the phase II enzymes identi ed in the eye is 
G lutathione-S-trans erase (G ST). This binds to 
lipophilic compounds, such as bilirubin and haeme-
tin, which is a critical step in the detoxi cation 

The pharmacokinetic signi cance o  the role o  
these ocular transporters still requires investigation. 
With respect to topical solutions, the contact time 
is short and most o  the drug absorption takes 
place in 2 –3 minutes a ter instillation. Hence, these 
transporters may become saturated and passive di -
 usion becomes the predominant mechanism.

Blood retinal barrier

The blood retinal barrier (BRB) (route II, Fig. 41.1) 
restricts the entry o  drugs  rom the systemic circu-
lation into the posterior segment o  the eye. It  is 
composed o  two parts; an outer part  ormed by the 
retinal pigment epithelium (RPE) and an inner part, 
comprising endothelial cells o  the retinal vessels. 
These two parts are connected to each other by tight 
junctions which pose a barrier to the per usion o  
hydrophilic drugs  rom the highly vascular choroid 
into the retina and vitreous; and vice versa. The 
blood retinal barrier has been shown to have some 
structural similarities to the blood brain barrier.

Transporters that have been identi ed in the RPE 
include amino acid transporters, oligopeptide trans-
porters, monocarboxylate transporters,  olate and 
vitamin C transporters as well as glucose transport-
ers, organic anion transporter polypeptide (OATP), 
organic cation transporter (OCT) and organic anion 
transporter (OAT). The e f ux transporters are P-gp, 
MRP1, MRP4, MRP5 and BCRP. Drugs that have 
been  ound to have interactions with transporters in 
the blood-retinal barrier are predominantly sub-
strates o  OAT, OCT or OATP. Substrates o  OAT 
include various antibiotics (penicillin, erythromycin 
and tetracycline) and antivirals (aciclovir, zidovu-
dine). The main substrates  or OCT are the antiglau-
coma drugs carbachol, dipive rine, brimonidine and 
timolol. OATP substrates are penicillin, erythromy-
cin, steroidal anti-inf ammatory agents (dexametha-
sone, hydrocortisone, prednisolone) and ciclosporine. 
Transporters seem to play an important role in drug 
delivery to the posterior eye segment. Moreover, 
drug concentrations are low at the BRB which means 
that the transporters are unlikely to be saturated and 
there ore their role signi cant.

Ocular metabolism

Another ocular de ence mechanism which protects 
the eye  rom the outside environment is the metab-
olism o  xenobiotics. Both phase I and phase II 
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process. G ST has been indenti ed in the lens and 
de ciency o  it  has been associated with cataract.

Targe ting  the  pos te rior 
s e gme nt of the  e ye

Sys temic drug delivery

Diseases a  ecting the posterior segment o  the eye 
are the most responsible  or vision impairment 
leading to blindness. These include age-related 
macular degeneration (AMD), diabetic retinopathy 
and optic nerve damage associated with glaucoma. 
The posterior segment can be reached by topical, 
systemic or direct drug delivery systems. Both paths 
are however tortuous  or the drug and several bar-
riers need to be overcome. Topical drug delivery 
presents a long di  usion pathway  or the drug and 
the administered dose may end up in the systemic 
circulation through the conjunctival and nasal blood 
vessels. Adequate concentrations are there ore not 
reached in the posterior segment.

Systemic delivery o  a drug means it  needs to be 
able to cross the blood-retina barrier to reach the 
retina and vitreous. Moreover, only a small  raction 
o  blood f ow circulates through the posterior 
segment o  the eye and there ore high systemic 
doses need to be administered which can lead to 
systemic side e  ects. Despite these absorption bar-
riers, vertepor n (Visudyne®, Novartis) has been 
success ully developed and licensed  or intravenous 
(IV) administration  or the photodynamic treat-
ment o  wet AMD associated with predominantly 
classic sub oveal choroidal neovascularization 
(CNV). It  is a liposomal drug delivery system avail-
able as a lyophilized cake which is reconstituted  or 
intravenous injection. Liposomes are phospholipid 
vesicles with an aqueous core and phospholipid 
bilayers which allow the entrapment o  hydrophilic 
and lipophilic drugs respectively. They are biocom-
patible and biodegradable and can vary in size  rom 
nanometres to tens o  micrometres (Chapter 45). 
Vertepor n is a water-insoluble drug and is 
entrapped within lipid bilayers o  liposomes. Fol-
lowing IV in usion, vertepor n is activated by local 
irradiation using non-thermal red laser (low energy 
laser) applied to the retina. Light is delivered to the 
retina as a single circular point, via a  bre optic. 
Cytotoxic derivatives are produced which cause 
local damage to the neovascular endothelium, thus 

occluding the targeted vessels. Treatment is admin-
istered to the patient every three months.

Intravitreal injections

Intravitreal injections provide the most e  cient 
means o  drug delivery to the back o  the eye. The 
drug bypasses the blood ocular barriers thus achiev-
ing higher intraocular levels which improve treat-
ment e  cacy. Systemic side e  ects are also 
minimized. Intravitreal injections have been shown 
to be e  ective in patients  or a variety o  low molec-
ular weight drugs and monoclonal antibodies. The 
intravitreal route is approved  or two anti-vascular 
endothelial growth  actors indicated  or the treat-
ment o  neovascular AMD. Approximately two-
thirds o  people with AMD have the neovascular (or 
wet)  orm o  the disease which can progress rapidly 
leading to irreversible sight loss within days or 
weeks. Vascular endothelial growth  actor (VEG F) 
induces angiogenesis and augments vascular perme-
ability and inf ammation; which are thought to con-
tribute to the progression o  the wet  orm o  AMD. 
VEG F has also been implicated in blood retinal 
barrier breakdown. The two approved treatments, 
pegaptanib sodium (Macugen®, P zer) and ranibi-
zumab (Lucentis®, G enentech), bind to and inhibit  
the activity o  di  erent iso orms o  VEG F. 
Pegaptanib is a PEG ylated modi ed oligonucleotide 
and ranibizumab is monoclonal antibody. They need 
to be injected into the vitreous approximately every 
six and  our weeks, respectively.

Drug retention in the vitreous space depends on 
the hal -li e o  the drug which in turn determines 
the  requency o  administration. The hal -li e o  
most drugs  or the treatment o  posterior segment 
disease ranges  rom a  ew hours to a  ew days. Dex-
amethasone has a vitreal hal -li e o  5.5 hours. The 
hal -li e o  ranibizumab in the vitreous is 3 days and 
that  o  pegaptanib is 3–5 days. Triamcinolone aceto-
nide is one o  the  ew exceptions with a long hal -li e 
o  18.6 days; the injections are there ore only given 
every 3–4 months. Triamcinolone acetonide is 
injected as a suspension and its slow dissolution in 
the vitreous contributes to this long hal -li e.

Repeated intravitreal injections cause patient dis-
com ort  and associated complications include retinal 
detachment, endophthalmitis, vitreous haemorrhage 
and in ection. The lens can also be a  ected and 
cataracts may  orm. Although these events have 
a low incidence they can be sight-threatening. 
Sustained-release implants are being developed to 
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overcome these problems and to achieve steady con-
centrations o  the drug while minimizing the peaks 
and troughs in drug levels. Patient compliance is also 
improved. Table 41.2 summarizes the di  erent 
approaches  or targeting the posterior segment o  
the eye.

Intraocular implants

Implantable drug delivery systems can be classi ed 
into bioerodible and non-bioerodible. In both, drug 
release kinetics are determined by the polymer 
system used, drug physicochemical properties and 
di  usion o  the drug through the polymer. Biocom-
patibility is an essential property  or all systems; the 
components should not interact with the surround-
ing t issue and should not elicit   oreign body reac-
tions through inf ammatory or immune responses. 
Moreover, implants must not be a  ected by the host 
and they need to be relatively stable at the implant 
site. The inside o  the eye is a viable location  or 
implantation as evidenced by the use o  intraocular 
lenses which are implanted to replace the clouded 
over natural lens during cataract surgery.

Non-b iodegradable  intraocula r implants
Non-biodegradable systems are commonly ‘reser-
voir’ devices, whereby the drug core is coated by a 
semi-permeable polymer through which the drug 
can leave. Or the polymer coating may have an 
opening o  a  xed area through which the drug can 
di  use out. The other type o  non-biodegradable 
system is the ‘monolithic’ type which is a homoge-
neous mix o  drug and polymer. It  is easier, however, 
to achieve zero-order kinetics  rom a reservoir 
system. Vitrasert® (ganciclovir 4.5 mg; Bausch and 
Lomb) is the  rst  implantable intravitreal device to 
be available in the clinic and was approved by the 
FDA in 1996. It  is indicated  or the local treatment 
o  cytomegalovirus (CMV) retinitis. G anciclovir is 
embedded in a polyvinyl alcohol (PVA) and ethylene 
vinyl acetate (EVA) polymer based system. Drug is 
slowly released  rom this implant over 5–8 months. 
PVA is a hydrophilic polymer acting as the sca  old 
o  the implant as well as controlling the rate o  drug 
di  usion. EVA is hydrophobic polymer used to coat 
the implant to also control drug di  usion. Fluid 
imbibes into the implant and dissolves the drug; a 
saturated solution is  ormed within the core and 
drug molecules di  use out o  the system under a 

concentration gradient. The advantages o  this 
system are that as long as a saturated drug solution 
remains in the core, the release rate will be constant. 
Moreover, no initial burst release o  drug is observed. 
Intraocular insertion o  the implant requires surgery; 
a 4–5 mm sclerotomy at the pars plana is necessary 
 or implantation. Further surgery is required to 
remove the implant devoid o  drug. The risks associ-
ated with this invasive procedure are vitreous haem-
orrhage, retinal detachment and endophthalmitis.

Retisert® (f uocinolone acetonide 0.59 mg; 
Bausch and Lomb) was approved by the FDA in 
2005 and is indicated  or the treatment o  chronic 
in ectious uveitis a  ecting the posterior segment o  
the eye. The pure drug is compressed into a 1.5 mm 
tablet die and coated with a PVA membrane and 
silicone laminate which has a release ori ce. The 
initial drug release rate is 0.6 µg/ day, decreasing 
over the  rst  month to a steady state o  0.3 to 
0.4 µg/ day over approximately 30 months. With 
this course o  treatment, uveitis recurrence rates are 
reduced. However, studies have shown patients to 
need cataract extraction and intraocular pressure 
lowering surgery.

Ongoing developments in this area include: i) a 
f uocinolone acetonide sustained-release implant 
which can be inserted intravitreally via injection 
instead o  surgery, ii) a helical-shaped device, com-
prising a non- errous metal sca  old coated with a 
polymer-drug matrix  or the delivery o  triam-
cinolone acetonide administered by transconjuncti-
val injection  or diabetic macular oedema and iii) an 
implant containing genetically modi ed cells which 
produce growth  actors, including ciliary neuro-
trophic  actor. The pore size o  the implant allows 
the growth  actors to di  use outwards into the eye 
and nutritional molecules to enter but prevents the 
entry o  antibodies or cells that would attack the 
cells.

Biodegradab le  intraocular implants
Biodegradable systems are composed o  polymers 
that are metabolized by enzymatic or non-enzymatic 
(e.g. hydrolysis) reactions in vivo into more soluble 
 orms that  can be sa ely eliminated by the body. 
Their main advantage over non-biodegradable 
systems is that they do not have to be removed  rom 
the body once the drug has been exhausted. Biode-
gradable polymers can be made into a variety o  
shapes and sizes including; pellets, sheets, discs 
and rods, through di  erent processes. Hot melt  
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Table 41.2 Intravitreal drug delivery systems for treating the posterior eye

Drug Brand name Dose/frequency of 
administration

Pharmaceutical characteristics Ocular indications

Injectable steroid suspensions

Triamcinolone 
acetonide 
(TA) 80 mg/
mL

Triavaris 
(Allergan)

Single injection of 
4 mg (50 µL of 
80 mg/ml 
suspension

~ 3–4 months

Sterile aqueous gel suspension in a 
vehicle containing 2.3% sodium 
hyaluronate; sodium chloride; 
sodium phosphate, dibasic;  
sodium phosphate, monobasic. 
Preservative-free with a pH of  
7.0 to 7.4

-Sympathetic ophthalmia
-Temporal arteritis
-Uveitis
-Ocular in ammatory 

conditions 
unresponsive to topical 
corticosteroids

Triamcinolone 
acetonide 
(40 mg/mL)

Triescence 
(Alcon)

Single injection of 
4 mg (100 µL of 
40 mg/mL 
suspension)

~ 3–4 months

0.5% carboxymethyl cellulose sodium; 
polysorbate 80; sodium chloride 
(for isotonicity); potassium chloride, 
calcium chloride, magnesium 
chloride, sodium acetate and 
sodium citrate. Preservative-free. 
pH of suspension adjusted to 6.0 to 
7.5 with sodium hydroxide of 
hydrochloric acid.

Sympathetic ophthalmia
Temporal arteritis
Uveitis
Ocular in ammatory 

conditions 
unresponsive to topical 
corticosteroids

Injectable anti-VEGF solutions

Ranibizumab 
(10 mg/mL)

Lucentis 
(Genentech)

Single injection of 
0.5 mg (50 µL of 
10 mg/ml solution)

~ 4 weeks

10 mM histidine HCl; 10% 
α -trehalose dehydrate; 
polysorbate 20; pH 5.5. Sterile, 
preservative-free.

Wet AMD

Pegaptanib 
sodium 
(3.47 mg/
mL)

Macugen 
(P zer)

Single injection of 
0.31 mg (90 µL of 
3.46 mg/mL 
solution)

~ 6 weeks

Sodium chloride; monobasic sodium 
phosphate; dibasic sodium 
phosphate; hydrochloric acid or 
sodium hydroxide for pH 
adjustment.

Wet AMD

Sustained release implants

Ganciclovir 
4.5 mg

Vitrasert 
(Bausch 
and Lomb)

5–8 months Non-biodegradable PVA/EVA polymer 
based system

AIDS related CMV retinitis

Fluocinolone 
acetonide 
0.59 mg

Retisert 
(Bausch 
and Lomb)

30 months Non-biodegradable implant with PVA 
membrane

Chronic infectious uveitis

Dexamethasone 
0.7 mg

Ozurdex 
(Allergan, 
Inc)

6 months Biodegradable using PLGA copolymer Macular oedema 
following retinal vein 
occlusion (RVO), 
diabetic macular 
oedema and uveitis.

All the suspensions and solutions contain water for injections.
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inf uences water permeability, implant dimensions 
(size, shape, sur ace area), implant composition 
(acidic or basic drugs and excipients; basic com-
pounds can catalyse ester linkage hydrolysis) as well 
as physicochemical  actors o  the environment (ionic 
composition, strength and pH).

Drug release  rom PLGA matrix implants can 
 ollow pseudo- rst  order with a triphasic pattern. 
The  rst  phase is burst release whereby drug at the 
sur ace o  the implant dissolves creating a high drug 
release rate over a short period. This burst release 
is likely to be exacerbated i  the system is o  large 
sur ace area, e.g. microparticles and  or systems 
with a high drug loading and comprising hydrophilic 
drugs. The second phase is the di  usive phase 
involving drug dissolution and di  usion out o  the 
matrix down a concentration gradient which is gov-
erned by drug solubility in the surrounding f uid. As 
water penetrates into the core, the implant swells 
and random hydrolytic cleavage o  the polymer 
chains can also take place. This creates pores which 
increase the sur ace area available  or drug di  usion. 
Eventually bulk erosion in the core o  the matrix 
causes the polymer chains to lose their structural 
integrity and mass loss arises. This third phase 
results in rapid release o  the remaining drug load 
when hydrolysis o  the polymers reaches a thresh-
old. The implant shape changes and it   nally  rag-
ments. This burst drug release is the main 
disadvantage o  these PLGA biodegradable polymer 
implants over the non-biodegradable ones. A recent 
study has combined two PLGA polymers o  di  er-
ent molecular weight and in di  erent ratios to 
achieve a pseudo- rst order release with a minimum 
burst e  ect. The polymer with the higher molecular 
weight provides the sca  old  or the implant while 
the lower molecular weight polymer undergoes 
gradual hydrolysis and regulated drug dissolution 
and release.

In addition to PLGA, other aliphatic polyesters 
have also been investigated  or their use in ocular 
implants. Poly(ε-caprolactone)(PCL) is o  particular 
interest as it  has a slow rate o  degradation and can 
there ore be used to achieve prolonged drug release 
over a year or more. It  is a semi-crystalline polymer 
with a melting point between 59 and 64 °C. It  is 
currently in use  or sutures, art i cial skin support as 
well as cellular regeneration. In a recent study, tri-
amcinolone acetonide loaded PCL implants were 
prepared by homogenously mixing the drug and 
polymer in solvent  ollowed by solvent evaporation. 
The powder  ormed was then hot melt extruded 

extrusion has been used whereby the polymer and 
drug are subjected to elevated temperature and 
pressure causing polymer to undergo melting while 
being simultaneously propelled through a die to 
 orm uni orm polymer strings or sheets. Solution 
casting has been used to produce polymer  lms. This 
involves  orming a homogeneous solution or disper-
sion o  polymer and drug in solvent which is spread 
onto a f at sur ace. The solvent is then allowed to 
evaporate and the dry  lm is peeled o  .

Freeze-drying is another method employed, with 
the cake  ormed being subsequently shaped by 
heating and compression. Developing ocular biode-
gradable systems is however more complicated as a 
multitude o   actors needs to be taken into consid-
eration including device stability, as well as erosion 
o  the polymer and sur ace area changes which will 
a  ect in vivo kinetics.

Ozurdex® (Allergan) is a dexamethasone 
(0.7 mg) bioerodible ocular implant with a six 
month duration o  action. It  is approved by the FDA 
 or the treatment o  macular oedema  ollowing 
retinal vein occlusion (RVO), diabetic macular 
oedema and uveitis. This implant is based on the 
copolymer poly(lactic-co-glycolic acid) (PLGA) 
which has been used  or over 30 years in bio-
degradable sutures  or ophthalmic surgery.

PLGA is a copolymer o  poly(glycolic acid) 
(PGA) and polylactic acid (PLA) which are also 
biodegradable and biocompatible. Hydrolysis o  the 
ester linkage o  these polymers converts them to the 
original monomers, lactic acid and/ or glycolic acid 
which are converted to carbon dioxide and water by 
the Krebs cycle. PLGA is a versatile copolymer; the 
lactide: glycolide ratio and the stereoisomeric com-
posit ion (the amount o  L- vs DL-lactide) are the 
critical  actors  or PLGA biodegradation as they 
regulate polymer chain hydrophilicity and crys-
tallinity. A 1 : 1 ratio o  lactic acid to glycolic acid 
provides the  astest biodegradation rate; increasing 
or decreasing the proportion o  either prolongs deg-
radation time.

Several other  actors can modulate the degrada-
tion behaviour o  PLGA and other polyester polymer 
implants including; morphology o  the copolymer 
(extent o  crystallinity), glass transition temperature 
(which determines i  it  exists in the glassy or rubbery 
state), molecular weight and molecular weight dis-
tribution (a large molecular weight distribution indi-
cates a relatively large number o  carboxylic end 
groups which expedite autocatalytic degradation o  
the polymer), porosity o  the implant which 
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therapy. The dynamic physiological clearance mech-
anisms encountered by drugs administered by the 
periocular compared to the intravitreal route are the 
subconjunctival-episcleral blood and lymph vessel 
f ow, as well as the choroidal vasculature.

The subconjunctival route bypasses the permea-
bility barrier o  the conjunctiva and cornea and can 
there ore achieve both anterior and posterior drug 
levels. It  is a popular route  or the administration o  
antibiotics,  or instance as prophylactic agents in 
cataract surgery. It  is also used  or the local delivery 
o  cytotoxic injections o  5-f uorouracil and occa-
sionally mitomycin-C  ollowing glaucoma  ltration 
surgery (G FS). In G FS, a sclera f ap is created 
 orming a new channel  or outf ow o  aqueous 
humour to reduce the intraocular pressure. As is the 
case with all surgeries, a wound healing response 
arises resulting in the  ormation o  scar tissue. Here, 
scar tissue  orms in the subconjunctival space which 
i  excessive can gradually reduce and block the 
aqueous drainage resulting in a rise in intraocular 
pressure. This makes it  necessary to administer 
cytotoxics repeatedly  ollowing surgery  or the 
prevention o  scarring.

Sub-tenon injection is between the sclera and 
Tenon’s capsule. The Tenon’s capsule is a sheet o  
connective tissue between the eyeball (globe) and 
socket (orbit) which provides a smooth socket 

into thin  laments using a syringe. The  laments 
 ormed were o  150 µm diameter and were cut up 
into desired lengths o  2 mm. The rods were 
implanted into the subretinal space and drug release 
was observed  or at least  our weeks. An initial phase 
o   ast drug release  ollowed by a pseudo- rst order 
release was observed.

Periocular drug delivery routes

The periocular routes have become increasingly 
popular  or drug delivery to the posterior segment 
o  the eye. Periocular encompasses subconjunctival, 
subtenon, peribulbar and retrobulbar routes o  
administration which place the drug in close prox-
imity to the sclera (Fig. 41.5). It  is superior in sa ety 
compared to the systemic and intravitreal routes 
due to the lower systemic exposure and risks o  
injection, respectively. With respect to e  cacy, it  
lies in the middle to low end compared to the other 
(intravitreal, topical and systemic) delivery routes. 
It  does achieve, however, better bioavailability in the 
outer and middle regions o  the eye and is there ore 
currently the pre erred route  or treating diseases o  
the uveal tract, sclera and cornea. It  is also well 
suited  or the treatment o  mild to moderate acute 
posterior segment disease and  or preventative drug 

Fig . 41.5 •  Different routes of ocular drug administration. 
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Proble ms  with traditional and 
ne w oc ular drug de live ry 
s ys te ms

Deposits o  triamcinolone acetonide particles and 
crystals have been identi ed in the vitreous and 
retina o  patients who have been treated with intra-
vitreal triamcinolone acetonide injections. These 
deposits have been observed in patients, months and 
even a couple o  years, a ter the last administration 
o  a triamcinolone injection. It  is speculated that  
these insoluble deposits arise  rom aggregation or 
clumping o  drug particles. It  could even be that a 
polymorphic conversion o  the drug occurs in the 
ocular f uids, resulting in an extremely stable, and 
there ore insoluble,  orm o  triamcinolone which 
persists in the posterior segment o  the eye.

Countless number o  intraocular implants have 
been shown to per orm success ully in vitro during 
preclinical development, however very  ew per orm 
satis actorily in vivo, and make it  to the clinic. One 
o  the main reasons  or this  ailure is non-
biocompatibility which triggers the  ormation o  a 
thick  brotic capsule around implants. This  brotic 
tissue is an amalgamation o  cells,  brinogen, collagen 
 bres and other proteins. It  is predominantly an 
inf ammatory response, orchestrated by interleukins 
and TG Fs synthesized by epithelial cells. This col-
lagenous  brotic tissue creates a di  usion barrier  or 
drug molecules and retards biodegradation o  the 
implant. Foreign body reactions are largely inf uenced 
by the sur ace properties o  the implant, including 
contact angle, sur ace  unctional groups, water-
polymer interactions, roughness, morphology, poros-
ity and contact duration.

Repeated intravitreal injections are associated 
with increased risk o  scleral damage and ocular 
in ection, increase in intraocular pressure, incision-
related subconjunctival and intravitreal haemor-
rhage as well as discom ort associated with  oreign 
body sensation and pain in the patient.

A thorough characterization o  the compatibility 
o  excipients in the  ormulation with the active 
compound is absolutely necessary. Benzalkonium 
chloride is cationic and there ore is incompatible 
with anionic drugs. Its activity, and consequently 
preservative e  cacy, is reduced in the presence o  
multivalent metal ions and anionic and non-ionic 
sur actants. Despite these interactions o  benzalko-
nium chloride with drugs and other excipients, it  
may still be necessary to use in some cases. 

allowing  ree movement o  the globe. This route 
allows a prolonged contact t ime o  the drug with 
the sclera. The sclera has a relatively large sur ace 
area o  16.3 cm2 and high permeability relative to 
the cornea. Molecules o  size up to 70 000 Da have 
been shown to readily permeate through it . Drug 
permeability through the sclera is inversely propor-
tional to molecular size. Although no clear correla-
tion exists between drug lipophilicity and the 
steady-state permeability coe  cient through the 
sclera, drugs with higher lipophilicities exhibit  
stronger binding to the sclera and longer transport 
lag times. Injection via the subtenon route is used 
to administer local anaesthetics, corticosteroids and 
anti-cancer agents.

Intravitreal pharmacokinetics

Drugs administered into the vitreous can be cleared 
by two routes: the anterior and posterior. The ante-
rior route is where the drug di  uses into the ante-
rior chamber and leaves with the aqueous humour, 
via the canal o  Schlemn. The posterior route is 
across the retinal sur ace. Physicochemical proper-
ties that  inf uence drug clearance are: molecular 
weight (MW), compound lipophilicity (measured 
by log P or log D) and dose number (DN=dose/
solubility at pH 7.4).

Log MW has been  ound to positively correlate 
with the vitreal hal -li e o  molecules. This can be 
explained by the slow di  usion o  high MW com-
pounds in the vitreous gel as well as the observation 
that high MW compounds are predominantly elimi-
nated through the longer anterior pathway. Log D 
and log P correlate negatively with the vitreal hal -
li e o  the drug. Lipophilic compounds have a shorter 
hal -li e compared to hydrophilic ones. It  has been 
proposed that hydrophilic molecules are eliminated 
by the anterior route, while lipophilic molecules are 
eliminated by the posterior route. The posterior 
route is the main elimination pathway  or lipophilic 
drugs and o  ers a large sur ace area and active trans-
porter mechanisms, thus providing a  aster route o  
elimination compared to the anterior route. Dose 
number positively correlates with the vitreal hal -
li e o  molecules. I  the dose administered exceeds 
the solubility o  the molecule and is administered as 
a suspension, then the drug will need to undergo 
dissolution be ore it  is absorbed and/ or cleared, thus 
prolonging its hal -li e. This is the case  or the 
administration o  triamcinolone acetonide.
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Examples o  these include sodium cromoglicate and 
nedocromil sodium which  orm insoluble emulsion 
complexes with benzalkonium chloride through ion 
pairing. This insoluble complex is, however, removed 
by  ltration during the manu acturing process.

Patie nt c omplianc e  and 
ins tillation of e ye  drops

The short hal -li e o  drugs in the anterior chamber 
requires the  requent administration o  eye drops. 
This presents problems with patient adherence to 
treatment regimens. Studies have demonstrated 
that almost 50% o  glaucoma patients were  ound 
to be non-adherent to their medication  or over 75% 
o  the time. Eye drops are challenging to administer 
and require coordination, manual dexterity and 
vision, necessitating clear instructions and patient 
counselling. Administration is particularly di  cult  
 or elderly patients. Most glaucoma patients are 
older individuals and a study has shown that 17% o  
glaucoma su  erers rely on others to administer their 
eye drops. Dose t iming and  requency have been 
strongly associated with non-adherence to eye drop 
therapy. Patients on a three times daily regimen 
were more likely to experience missed doses and 
also had irregular timing o  doses compared to 
patients on twice daily regimens. This illustrates the 
importance o  designing ophthalmic preparations 
that provide a sustained drug release and which 
require less  requent dosing.
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KE Y P O IN TS

•  Rectal and vaginal routes  are used for local as  
well as  sys temic drug delivery and offer some 
unique advantages  

•  Both routes  have a use in sys temic drug 
delivery when the oral route is  not available 

•  These routes  are relatively less  popular because 
of their anogenital nature and privacy aspects  

•  Local anti-infective drugs , hormones , lubricants , 
analges ics , anti-in ammatory agents  and 
anaes thetics  are some of the common 
therapeutic classes  delivered by these routes  

•  The anatomical and phys iological features  of 
the rectum and vagina make it necessary to 
cons ider special formulation factors  during 
product development 

•  Rectal suppos itories  and vaginal pessaries  can 
be extemporaneous ly compounded and 
manufactured on a commercial scale 

•  Being an under-researched area, there is  a 
serious  lack of scienti c evidence, comparative 
data, dissolution sys tems , in-vitro/in-vivo 
correlation models , and novel excipients   
which res trict innovation in vaginal and rectal 
drug delivery 

Introduc tion

Although the oral route is the most commonly used 
route  or drug administration, alternatives, such as 
parenteral, nasal, ophthalmic, rectal and vaginal may 
be used because they o  er specif c advantages. 
Arguments  or choosing the rectal or vaginal route 
 or drug administration include the  ollowing:
•  The patient is not able to make use o  the oral 

route. This may be the case when the patient 
has a problem with their gastrointestinal tract, 
is nauseous or is postoperative (when the 
patient may be unconscious and not able to 
take a dosage  orm orally). Furthermore, several 
categories o  patients, i.e. the very young, the 

42  Rectal and vaginal drug de livery
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Loca l a ction. This is desired  or the local treat-
ment o  pain and itching, mostly due to the occur-
rence o  haemorrhoids (pain ul, swollen veins in the 
lower part o  the rectum and anus). Locally active 
drugs include astringents, antiseptics, local anaes-
thetics, vasoconstrictors, anti-in ammatory com-
pounds and soothing and protective agents. Some 
laxatives also  all into this category.
Systemic a ction. All drugs which are orally admin-
istered can be given by this route, and many are in 
spite o  the limitations discussed above. Anti-
asthmatic, anti-in ammatory and analgesic drugs 
are widely administered by the rectal route. Rectal 
preparations may also be used  or diagnostic 
purposes.

Anatomy and phys iology of  
the rectum

Rectal dosage  orms are introduced into the body 
through the anus and are thus brought into contact 
with the most caudal part  o  the gastrointestinal 
tract, i.e. the rectum. Anatomically, the rectum is 
part o  the colon,  orming the f nal 150–200 mm 
o  the gastrointestinal tract.

The rectum can be subdivided into the anal canal 
and the ampulla, the latter  orming approximately 
80% o  the organ. It  is separated  rom the outside 
world by a circular muscle, the anus. The rectum 
can be considered as a hollow organ with a relatively 
 at wall sur ace, without villi and with only three 
major  olds – the rectal valves. The rectal wall is 
composed o  epithelium, which is one cell layer 
thick, and contains cylindrical cells and goblet  cells 
that  secrete mucus. A part o  the rectal wall and the 
rectum’s venous drainage are shown in Figure 42.1.

The total volume o  mucus is estimated at 
approximately 3 mL, spread over a total sur ace area 
o  approximately 300 cm2. The pH o  the mucous 
layer is reported as approximately 7.5 (i.e. close to 
neutral) in adults, and slightly alkaline in most chil-
dren. Furthermore, there seems to be lit t le bu  ering 
capacity. This point is discussed in relation to drug 
absorption later in this chapter.

Under normal circumstances the rectum is empty 
and f lling provokes a de aecation re ex under vol-
untary control. Data comparing drug absorption 
 rom  reshly prepared and aged (and there ore more 
viscous) suppositories suggest  that there is su f cient 
motility to provoke spreading even o  relatively 
viscous suppositories.

very old or the mentally disturbed, may more 
easily be treated via the rectal than the oral 
route.

•  The drug under consideration is not well suited 
 or oral administration. This may be the case 
where oral intake results in gastrointestinal 
adverse e  ects, when the drug may be 
insu f ciently stable at the pHs to which it  is 
exposed in the gastrointestinal tract, or when 
the drug is susceptible to enzymatic degradation 
in the gastrointestinal tract , or during the 
f rst-pass through the liver  ollowing absorption. 
Also, drugs with an unacceptable taste can be 
administered rectally to the patient. The 
 ormulation into suppositories o  certain drugs 
that are candidates  or abuse,  or instance those 
likely to be used in suicide, has also been 
considered.

•  Where localized treatment o  either the rectum 
or vagina is required.

Besides these apparent advantages, the rectal and 
vaginal routes also have several drawbacks. These 
routes are generally disliked by patients because o  
their anogenital and sexual associations, and hence 
alternative routes are pre erred. Depending on 
culture and tradition, there are strong  eelings o  
aversion in certain countries, such as the UK and the 
USA, to rectal administration o  drugs, whereas 
there is complete acceptance in continental and 
eastern Europe. More rational points include the 
slow and sometimes incomplete drug absorption 
and the considerable inter- and intra-subject varia-
t ions. Moreover, the development o  proctitis has 
been reported with long-term rectal delivery. There 
are also problems with the large-scale production o  
suppositories, and o  achievement o  a suitable 
shel -li e.

Thus, the rectum and vagina are not routes o  f rst  
choice. Consequently, these routes o  drug delivery 
are amongst the less desirable, resulting in the 
market size o  the rectal and vaginal  ormulations 
being less than 1% o  the total pharmaceuticals’ 
market.

Re c tal drug de live ry

Introduction

The rectal route is used in many di  erent therapies, 
intended either  or local or  or systemic e  ect.
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Fig . 42.1 •  Venous drainage of the human rectum: 
1 middle haemorrhoidal (middle rectal) vein; 2 tunica 
muscularis; s tratum longitudinale; 3 muscularis  levator 
ani; 4 inferior haemorrhoidal (lower rectal) vein; 
5 muscularis  sphincter ani externus; 6 superior 
haemorrhoidal (upper rectal) vein; 7 and 8 plexus 
venosus rectalis  (submucosus); 9 skin; 10 venosus 
marginalis . (Adapted from Tondury, 1981, with 
permission.)

6

1

2

3

4

5

10

9

8

7

Absorption of drugs  from  
the rectum

Absorption o  drug  rom the rectum is primarily by 
passive di  usion. Because o  inter-individual varia-
tions and the venous drainage o  the rectum, the 
bioavailability o  drugs  ollowing rectal administra-
tion is very unpredictable. In general, the rate and 
extent o  drug absorption is lower than the oral 
route, mainly due to the small sur ace area  or 
absorption.

Knowledge o  the venous drainage  rom the 
rectum is important  or the understanding o  drug 
absorption. As can be seen  rom Figure 42.1, there 
are three separate veins. The lower and middle 
rectal (in erior and middle haemorrhoidal) veins 
drain into the interior vena cava, hence this blood 

goes directly to the heart and into the general cir-
culation. In contrast, the upper rectal (superior 
haemorrhoidal) vein drains into the portal vein and 
there ore this blood passes through the liver be ore 
reaching the heart.

This means that drug molecules  rom the rectum 
can enter the general circulation either directly or 
by passing through the highly metabolizing liver. 
Drug absorbed in the middle and lower part o  the 
rectum will pass directly to the general circulation 
and avoid f rst-pass metabolism in the liver. Bioavail-
ability  rom the upper part o  the rectum will be 
low  or certain drugs, as much will be metabolized 
by the liver during its ‘f rst pass’ and only a propor-
tion o  the drug molecules (i  they are o  the high 
clearance type) will enter the general circulation 
intact.

Investigations have shown that avoiding the f rst-
passage through the liver is possible by keeping the 
dosage  orm, and thus the released drug, in the 
lower part o  the rectum. Compared to the small 
intestine, this situation is very  avorable as most 
gastrointestinal veins drain into the portal vein.

Insertion o  a suppository into the rectum results 
in a chain o  events leading to the absorption o  the 
drug. This is represented in a simplif ed scheme in 
Figure 42.2. Depending on the character o  its 
vehicle (see later in this chapter), a suppository will 
either dissolve in the rectal  uid or melt on the 
mucous layer. Since the volume o  rectal  uid is so 
small, dissolution o  the complete vehicle will be 
di f cult and requires extra water. Due to osmotic 
e  ects (o  the dissolving vehicle) water is attracted, 
with a resultant unpleasant sensation  or the patient. 
Independent o  the vehicle type, drugs dissolved in 
the suppository will di  use out towards the rectal 
membranes. Suspended drugs will f rst  need to leave 
the vehicle (i  it  is water immiscible) under the 
in uence o  either gravity or motility movements 
and then begin to dissolve in the rectal  uid.

Dissolved drug molecules will have to di  use 
through the mucous layer and then into and through 
the epithelium  orming the rectal wall. The process 
o  absorption will be by passive di  usion, as it  is 
throughout the whole gastrointestinal tract   or 
almost all drugs. Active transport processes, as 
 ound in the upper regions o  the gastrointestinal 
tract , have not been shown to be present in the 
rectal area.

For a generalized discussion on drug absorption, 
the reader is re erred to Part 4 o  this book. However, 
some specif c points concerning rectal absorption 
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Box 42 1 

Physiological factors affecting absorption 
from the rectum
Quantity of  uid available
Properties  of rectal mucus
Contents  of the rectum
Motility of the rectal wall

In contrast with the upper part  o  the gastro-
intestinal tract, no esterase or peptidase activity is 
present in the rectum, resulting in a much greater 
stability o  peptide-like drugs (thus allowing 
attempts at their delivery by this route). Adminis-
tration o  these compounds using the rectal or 
vaginal routes has been satis actory but only i  
absorption enhancers, such as sur actants are used 
concomitantly. All types o  sur actants seem to be 
e  ective, but polyoxyethylene lauryl alcohol ether 
seems to have the greatest  e  ect. One major draw-
back o  these enhancers, however, is their irritation 
o  the rectal mucosa in the long term. Less irritating 
enhancers are thus needed to explore this interest-
ing area o  drug delivery in greater depth.

Rectal dosage forms

The advantages and limitations o  rectal drug admin-
istration are outlined in Box 42.2. Several categories 
o  rectal preparations  or drug delivery are available: 
suppositories, rectal capsules, rectal solutions, 

will be discussed here. Box 42.1 provides a summary 
o  the physiological  actors that are important in 
rectal absorption.

The quantity o   uid available  or drug dissolu-
tion is very small (approximately 3 mL) spread in a 
layer o  approximately 100 µm thick over the organ. 
Only under non-physiological circumstances is 
this volume enlarged, e.g. by osmotic attraction by 
water-soluble vehicles or during diarrhoea. Thus, the 
dissolution o  poorly water-soluble drugs can easily 
be the slowest step in the absorptive process.

Properties o  the rectal  uid, such as composi-
tion, viscosity and sur ace tension, are essentially 
unknown and have to be estimated  rom data avail-
able  or other parts o  the gastrointestinal tract. The 
pH and the bu  ering capacity o  the rectum have 
been considered earlier in this chapter. The rectum 
is usually empty, except temporarily when  aecal 
matter arrives  rom the colon. This material is either 
expelled or transported back into the colon, depend-
ing on voluntary control o  the anal sphincter.

The rectal wall may exert pressure on a supposi-
tory present in the lumen by two distinct mecha-
nisms. First, the abdominal organs may simply press 
on to the rectum, especially when the body is in an 
upright position. This may stimulate spreading and 
thus promote absorption. The second source o  
pressure is the motility o  the muscles o  the rectal 
wall, which may originate  rom the normally occur-
ring colonic motor complexes. These are waves o  
contractions running over the wall o  the colon in a 
caudal direction and are associated with the pres-
ence o   ood residues in the colon.

Fig . 42.2 •  Process of drug release from a suppository in which drug is  in suspension. 
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matter may be added i  necessary. Their drug content 
varies widely  rom less than 0.1% up to almost 40%.

Vehic le  (s uppos itory bas e)
An ideal suppository vehicle or base should melt, 
dissolve or disperse at body temperature. It  should 
be non-irritating, physically and chemically stable, 
and pharmacologically inert. Compatibility with a 
range o  drugs is a desirable  eature. It  should also 
be convenient to handle during manu acturing and 
storage. Leakage  ollowing administration is likely to 
be less problematic i  the viscosity o  the vehicle 
a ter melting or dispersion is high.

There are two main classes o  vehicles in use: 
glyceride-type  at ty bases and water-soluble bases. 
Although the ideal vehicle has not been  ound, the 
large variety o  bases which are available enables a 
well-considered choice  or every drug that has to be 
 ormulated into a suppository.

Choosing the optimum base requires much prac-
tical experience and can at  present only partly be 
guided by scientif cally sound data. However, some 
general guidelines can be given.
Requirements of the vehicle. There is no doubt 
that a suppository should either melt a ter insertion 
in the body or dissolve in (and mix with) the 

emulsions and suspensions, powders and tablets  or 
rectal solutions and suspensions, semi-solid rectal 
preparations, rectal  oams and rectal tampons. O  
these, suppositories are the most commonly used 
and these are discussed f rst,  ollowed by a brie er 
description o  some o  the other rectal dosage  orms.

Formulation of suppos itories

Suppositories are the primary, but not exclusive, 
dosage  orm used  or the administration o  drugs via 
the rectal route. Suppositories are single-dose prep-
arations with a shape, volume and consistency 
appropriate  or rectal administration. Administra-
tion o  other suppository-type products (bougies) 
through other body orif ces, e.g. ear, nose and 
urethra, is rarely undertaken and is not discussed 
here. Alternative dosage  orms  or the rectal route 
are discussed later.

Rectal suppositories are  ormulated in di  erent 
shapes and sizes (usually 1–4 g). They contain one 
or more active substances dispersed or dissolved in 
a suitable base that may be soluble or dispersible in 
water or may melt at body temperature. Excipients 
such as diluents, adsorbents, sur ace-active agents, 
lubricants, antimicrobial preservatives and colouring 

(Adapted from Shitut et al, 2005.)

Box 42 2 

Advantages and limitations of rectal administration

Advantages
1  Safe and painless  means  of adminis tration and removal of the dosage form is  usually poss ible 
2  Drugs  liable to degradation in the gas trointes tinal tract can be adminis tered 
3  Hepatic  rs t-pass  elimination of high clearance drugs  is  partially avoided 
4  Small and large doses  can be adminis tered 
5  The duration of drug action can be controlled by us ing a suitable formulation 
6  Drugs  can be adminis tered rectally in the long-term care of elderly and terminally ill patients  
7  It is  a useful way to adminis ter medication to children who are unwilling or unable to tolerate the drug by the 

oral route 
8  Adminis tration of rectal suppos itories , tablets  or capsules  is  a  s imple procedure that can be undertaken by 

the patient and/or unskilled healthcare personnel 
9  It is  useful for patients  who are nauseous  or vomiting 

Limita tions
1  Patient acceptability and compliance is  poor, especially for long-term therapy 
2  Upward movement of the dosage form from the local s ite  can increase  rs t-pass  metabolism 
3  Suppos itories  can leak 
4  Insertion of suppos itories  may be problematic 
5  Generally, drug absorption from suppos itories  is  s low compared to oral or intravenous  adminis tration 
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problems mentioned above. Commercial examples 
include: Cotmar, Dehydag, Fattibase, Suppocire and 
Witepsol. These are mixtures o  natural or synthetic 
vegetable oils, consisting o  mixed triglycerides o  
C12-C18 saturated  atty acids, waxes and  atty alco-
hols. By using a combination o  components, they 
can be designed to have an adjustable range o  
melting points, e.g. di  erent grades o  Witepsol 
have melting points ranging  rom 29 to 44 °C.

The ‘hydroxyl number’ o  these bases is a param-
eter that re ers directly to the amount o  mono- and 
di-glycerides present in the  atty base. A high 
number means that the base is less hydrophobic and 
its power to absorb water is high. This may lead to 
an increased rate o  decomposition  or drugs that 
are easily hydrolysed. This capacity could also lead 
to the  ormation o  a w/ o emulsion in the rectum. 
This is generally to be avoided because o  a very low 
drug release rate. An advantage o  a high hydroxyl 
number is the larger melting and solidi ying ranges 
that permit easier manu acture.

Wa ter-soluble vehicles. Hydrophilic water-soluble 
(or miscible) vehicles are much less  requently used. 
They comprise the classic glycerinated gelatin 
(glycerol-gelatin) and polyethylene glycol (mac-
rogol) bases. G lycerol-gelatin bases are mostly used 
 or laxative purposes and in vaginal dosage  orms 
(see below).

Glycerinated gelatin is a mixture o  glycerol, 
gelatin and water. The mixture  orms a translucent, 
gelatinous mixture, dispersible in the rectum. The 
ratio o  glycerol, gelatin and water can a  ect the 
dispersion t ime and thus the duration o  action. A 
higher proportion o  gelatin in the mixture makes it  
more rigid and longer acting. The  ollowing is an 
example composit ion o  the base:

G elatin 20 g
G lycerol 70 g
Purif ed water 10 g

Preservatives such as methyl and/ or propyl 
parabens may be added. Formulations made with 
gelatin and glycerol tend to be hygroscopic and 
require well-closed containers  or packaging.

Polyethylene glycols (PEGs)  are very versatile 
polymers in their properties and applications. 
They consist o  mixtures o  polyethylene glycols 
o  di  erent molecular weight. Lower molecular 
weight PEG s (PEG  400 and 600) are liquid, those 
around 1000 are semi-solid and those above 4000 
are waxy solids. Di  erent molecular weights o  PEG  

available volume o  rectal  uid. For  atty bases, this 
means a melting range lower than approximately 
37 °C ( ormulators should be aware that  the body 
temperature might be as low as 36 °C at night). The 
melting range should be small enough to give rapid 
solidif cation a ter preparation, thus preventing 
agglomeration or sedimentation o  suspended, espe-
cially high-density, drug particles. When the solidi-
f cation rate is high,  or example when rapid cooling 
is applied, this may result in f ssures in the supposi-
tory. The melting temperature range, on the other 
hand, should be su f ciently wide to permit easy 
preparation, which may take a considerable length 
o  t ime on an industrial scale. During solidif cation, 
a suppository should exhibit enough volume con-
traction to permit removal  rom the mould or 
plastic  ormer.

The viscosity o  the molten base plays an impor-
tant role  rom both a technological and a biophar-
maceutical viewpoint. During preparation, the 
viscosity determines not only the  ow into the 
moulds but also the separation o  drug particles. 
Clearly a compromise has to be  ound. During and 
a ter melting in the rectal cavity, the suppository 
mass is  orced to spread over the absorbing sur ace. 
The rate o  spreading is determined partly by the 
viscosity o  the suppository at body temperature. 
The rate o  transportation o  drug particles  rom 
within the base to the inter ace with rectal  uid, 
in order to be released and absorbed, will also be 
a  ected by the viscosity.

A good suppository base should be chemically 
and physically stable during storage as a bulk product 
and a ter preparation into a suppository. It  should 
have no incompatibility with, and should permit 
optimal release o , the drug it  contains.

Clearly, this list  o  requirements cannot always be 
completely  ulf lled and o ten an acceptable com-
promise is the best that can be expected.

Fa tty vehicles. The  at ty vehicles in use nowadays 
are almost exclusively semi- or  ully synthetic. 
Theobroma oil (also known as cocoa butter) – once 
a very commonly used base – is no longer used 
because o  its many disadvantages in practice, such 
as its polymorphic behaviour, insu f cient contrac-
tion during cooling, low so tening point, chemical 
instability, poor water-absorptive power and its 
price.

A number o  substitutes have been developed, 
which are becoming increasingly popular. The newer 
semi-synthetic  atty vehicles have  ew or none o  the 
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Drug
Box 42.4 lists the  actors relating to the drug sub-
stance that may have possible consequences  or the 
quality o  suppositories.
Drug type. Due to the limited rectal area  or 
absorption and the small amount o  water available, 
the rectum is thought to be unsuitable  or absorp-
tion o  very hydrophilic or very low water-soluble 
compounds. For example, a ter rectal dosing, 
tamoxi en (which has an aqueous solubility o  
400 mg/ L, but a solubility in saline o  approximately 
40 mg/ L) shows a marked decrease to 10% o  its 
oral availability. This example illustrates that  switch-
ing  rom oral to rectal dosing without proper in or-
mation is not always a simple exercise.
Drug solubility in vehicle. The drug solubility in 
the vehicle is o  particular interest  rom the biop-
harmaceutical point o  view. It  determines directly 
the type o  product, i.e. solution or suspension sup-
pository. The drug solubility in the rectal  uid deter-
mines the maximum attainable concentration and 
thus the driving  orce  or absorption. When a drug 
has a high vehicle-to-water partit ion coe f cient, it  is 
likely to be in solution to an appreciable extent (or 
completely) in the suppository. This generally means 
that the tendency to leave the dosage  orm will be 
low and thus the release rate into the rectal  uid 
will be slow. This is obviously un avourable  or rapid 
absorption. On the other hand, some lipid solubil-
ity is required  or penetration through the rectal 
membranes (see above).

can be combined to produce the desired properties, 
as seen in Table 42.1.

The melting point o  these vehicles is well above 
body temperature, which means that they need to 
mix with the rectal  uid. PEG s o  all molecular 
weights are miscible with water and rectal  uids, 
thereby releasing drug by dispersion; the available 
volume o  rectal  uid is too small  or true dissolu-
tion. Because o  their high melting point, PEG -
based  ormulations are especially suited  or 
application in tropical climates but several disad-
vantages have to be considered.

They are hygroscopic and there ore attract water 
a ter administration, resulting in an uncom ortable 
sensation  or the patient. Incorporation o  at least 
20% water in the base and moistening be ore inser-
tion can help to reduce this problem. A considerable 
number o  incompatibilit ies with various drugs have 
been reported. Due to the solubilizing character o  
this base (which has a low dielectric constant) drugs 
may tend to remain in the base, and drug release 
may be slow.

PEG  bases can develop peroxides on storage, 
there ore airtight packaging is recommended and 
the  ormulation should be monitored  or peroxides 
during stability studies when ascertaining shel -li e.
Choice of vehicle. A summary o  the points which 
are important  or the choice o  a suppository base 
is given in Box 42.3. The parameters outlined are 
evidently not independent o  each other. One addi-
tional parameter is the volume o  the suppository. 
Usually suppositories  or adults are 2 mL and  or 
children 1 mL. It  has been suggested that the larger 
volume may provoke a reaction o  the rectal wall, 
thus helping to spread the melt over a larger area. 
Indeed, an increase in volume o ,  or example, para-
cetamol suppositories results in  aster and more 
complete absorption o  the drug.

Table 42.1 Compositions of PEG bases with different 
physical characteristics

Base A Base B

PEG 1000 95% 75%

PEG 4000 5% 25%

Properties Low melting 
temperature,  
immediate drug 
release

Higher melting 
temperature, 
sustained drug 
release Box 42 4 

Drug substance-related factors
Solubility in water and vehicle
Surface properties
Particle s ize
Amount
pKa

Box 42 3 

Formulation parameters of suppository 
bases
Composition
Melting behaviour
Rheological properties
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Table 42.2 Drug solubility and suppository formulation

Solubility in
Fat Water Choice of base

Low High Fatty base (rule 1)

High Low Aqueous base (rule 2)

Low Low Indeterminate

Pa r ticle size. The particle size o  the drug is an 
important parameter, both technologically and 
biopharmaceutically. However, as occurs many 
times during  ormulation design, there are con ict-
ing requirements and a compromise is o ten 
required.

To prevent undue sedimentation during or a ter 
preparation, the particle size should be limited. Data 
available  rom the literature do not allow def nition 
o  an exact limit; however, the use o  particles 
smaller than approximately 150 µm is recom-
mended. It  is, o  course, assumed that  no agglo-
meration will take place.

The smaller the particles the less the possible 
mechanical irritation to the patient (especially i  
they are < 50 µm).

The smaller the particles the higher will be the 
dissolution rate. There ore drugs with low water 
solubility should be dispersed as small, pre erably 
micronized, particles.

One should be aware o  the increased tendency 
o  these small particles to agglomerate due to 
strongly increased van der Waals  orces as particle 
size is reduced.

Unnecessary manu acturing operations, such as 
size reduction, should be avoided when possible.

There are indications that size reduction is not 
necessarily a good option  or all drugs. It  has been 
shown, especially  or readily water-soluble drugs, 
that large particles give blood levels which are higher 
than, or at least equivalent to, smaller particles. This 
would lead to the suggestion to use particles in the 
size range 50–100 µm in that case. The lower limit 
o  50 µm to increase transport through the molten 
vehicle (see Fig. 42.2) and the upper limit  o  100 µm 
is a sa e protection against undue sedimentation 
during preparation. There is no clear-cut recom-
mendation, however,  or which solubility class this 
would be the rule to  ollow. For example, paraceta-
mol (solubility in water approximately 15 mg/ mL) 
gave the best blood levels when the particle size was 
smaller than 45 µm.

It should also be borne in mind that the spreading 
suppository mass should take with it  the suspended 
particles, so as to maximize the sur ace area  or 
absorption. For dense particles it  has become clear 
that this is a problem, but there is no evidence that  
organic drugs (density usually 1.2–1.4 g cm–3) su  er 
 rom this disadvantage when dispersed as,  or 
example, 150 µm size particles. A decision on par-
ticle size is an important part  o  the development 
plan o  a new suppository  ormulation.

The optimal balance between these two require-
ments is usually  ound using the rules listed in Table 
42.2. This table assumes that the release  rom the 
dosage  orm is considered as the rate-limiting step. 
Thus, the tendency to remain in the base should be 
lowered as much as possible (rules 1 and 2). When 
the drug solubility in  at and water are both low, no 
def nite rule can be given. It  may be that the dissolu-
tion rate o  the drug will become the controlling 
step, and thus it  seems advisable to use micronized 
drug particles.

It  should be stated as a general rule that w/ o 
emulsion-type suppositories are strongly discour-
aged. The trans er o  drug molecules present in a 
dissolved state in the inner phase will be very slow 
and thus drug absorption will be very much retarded.

It  seems logical there ore that  the f rst choice o  
a  ormulation would be a readily water-soluble  orm 
o  the drug dispersed in a  atty base. This lays special 
emphasis on the water solubility o  drugs and the 
methods to improve this. For a detailed discussion 
o  these points, the reader may re er to Chapters 2, 
3, 20 and 23.
Sur fa ce proper ties. The sur ace properties o  
drug particles are also important as these particles 
will be trans erred  rom one phase to another (see 
Fig. 42.2). This happens f rst  when the drug is 
brought into contact with the vehicle (i.e. during 
compounding or manu acture) and air has to be 
displaced  rom its sur ace. When this is not achieved 
e f ciently particles may  orm agglomerates. This 
adversely a  ects f nal content uni ormity by an 
increased tendency  or the solid part icles to sepa-
rate out by sedimentation prior to setting. I  wetting 
by the vehicle has taken place, displacement by 
rectal  uid will be required to let the drug move into 
solution – a prerequisite  or absorption. This is the 
underlying reason why  ormulators add sur actants 
to  ormulations (see below).
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 ormation o  a cake in the melting suppository, 
which in turn would slow down the rate o  drug 
release. The role o  sur actants as spreading enhanc-
ers has not been clarif ed and this  actor is strongly 
interrelated with the occurrence o  rectal motility. 
There is evidence that  the presence o  sur actants 
in a concentration higher than the critical micelle 
concentration can retard the release o  some drugs 
 rom suppositories.

Other rectal preparations

Other rectal preparations include rectal capsules, 
rectal tablets, rectal solutions (including enemas), 
suspensions and emulsions, powders and tablets  or 
rectal solutions and suspensions, semi-solids (oint-
ments and creams), rectal  oams and rectal tampons.

For the treatment o  local conditions, like haem-
orrhoids,  at ty ointments are used widely. For the 
systemic administration o  drugs, delivery  orms 
such as tablets, capsules and microenemas are 
employed.

Rectal preparations may contain a number o  
excipients, such as viscosity enhancers, bu  ers, solu-
bilizing agents, antimicrobial agents and antioxi-
dants. Addition o  absorption enhancers, such as 
sur actants can be used to promote bioavailability. 
As in all drug delivery, the sa ety o  excipients 
should be evaluated care ully. Local irritat ion 
with rectal  ormulations is  requently reported.

Rec ta l caps ules
Rectal capsules (shell suppositories) are solid, single-
dose preparations generally similar to so t  capsules 
(Chapter 34). They are o  elongated shape and have 
a smooth external appearance that may be lubri-
cated. Capsules used to achieve a systemic e  ect 
are usually f lled with a solution or suspension o  the 
drug in vegetable oil or liquid para f n. There is 
limited experience with this dosage  orm, but it  
seems that no striking di  erences exist between 
the bioavailability  rom rectal capsules and  atty 
suppositories.

Rec ta l tab le ts
Tablets are not an ideal dosage  orm because they 
cannot disintegrate rapidly, due to the low amount 
o  water present in the rectum. Rectal tablets releas-
ing CO 2 a ter insertion can be used, stimulating 
de aecation.

Amount of drug. An additional complicating  actor 
is the amount (proportion) o  drug present in a sup-
pository. I  the number o  particles increases, this 
would also increase the rate o  agglomerate  orma-
tion. This will depend on the particle size and on 
the presence o  additives. The theory describing the 
agglomeration behaviour o  dispersed systems 
(DLVO theory, see Chapter 5) can be applied to the 
non-aqueous systems described here, but certain 
ref nements are necessary. Another consequence o  
the presence o  suspended particles is the increased 
viscosity o  the molten base. Also, in this case, the 
 ormulator has to rely largely on empirical data 
rather than on theory.

Other additives
For several widely varying reasons,  ormulators o  
suppositories make use o  additives to improve their 
product. The dispensing aspects include  ormula-
tions  or specif c drugs which a  ect the melting 
point o  the suppository; it  may become depressed 
(by a soluble liquid compound) or increased (by a 
high amount o  soluble high melting active com-
pound). The important point to consider in these 
situations is the possible in uence o   ormulation 
changes on the release characteristics.

The inclusion o  viscosity-increasing additives 
(e.g. colloidal silicon oxide or aluminium monostear-
ate, both at approximately 1–2%) will create a gel-
like system with, in general, a slower release rate o  
the drug. In vitro relationships can be easily estab-
lished, but whether the actual release in vivo will 
also be depressed cannot be easily predicted, since 
rectal motility will in certain cases be able to over-
come this problem.

The addition o  lecithin is a worthwhile possibil-
ity when high amounts o  solid drug are used. It  is 
thought that the lecithin decreases the attraction 
between the drug particles, enhancing the  ow 
properties o  the dispersion.

The addition o  sur ace-active agents has been 
practiced extensively but still remains a source o  
great uncertainty. When these compounds are used 
to create a w/ o emulsion system, this has to be 
discouraged since the release will be unacceptably 
slow. It  may well be, however, that sur actants act  
as wetting agents. This can in uence the release rate 
in a positive sense, but there is lit t le evidence to 
show that wetting (i.e. displacement o  base by 
rectal  uid) is a real problem. Sur actants may also 
act as ‘deglomerators’, which may prevent the 
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preparations that are dissolved or dispersed in water 
or other suitable solvents at the time o  administra-
t ion. They may contain excipients to  acilitate dis-
solution or dispersion, or to prevent aggregation o  
the particles. Such powders are o ten produced 
by  reeze drying (lyophilization). This results in 
a porous product that has a large sur ace are and 
dissolves rapidly (Chapters 28 and 29).

Semi-s olid  rec ta l prepara tions
Semi-solid rectal preparations are ointments, creams 
or gels. They are o ten supplied as single-dose pre-
parations in containers provided with a suitable 
applicator.

Rec ta l tampons
Rectal tampons are solid, single-dose preparations 
intended to be inserted into the lower part o  the 
rectum  or a limited time and then removed.

Vaginal drug de live ry

Introduction

Administration o  drugs via the vagina is less common 
than rectal administration. Vaginal delivery is used 
 or both local and systemic e  ects, though applica-
tions  or local e  ects are  ar more common.

Loca l ac tion
For drugs targeted  or local action, vaginal adminis-
tration permits use o  smaller doses with reduced 
absorption and systemic distribution and toxicity. 
Such drugs include anti-in ectives,  or instance: clot-
rimazole, miconazole, clindamycin. With anti ungal 
drugs, such as miconazole, treatment o  vaginal 
in ections can be achieved using a much lower dose 
applied vaginally, as compared to oral administra-
t ion. Spermicides, such as nonoxynol-9 have been 
delivered by the vaginal route  or contraceptive 
activity. In the over-the-counter category, a number 
o   ormulations are available  or hygiene, lubrication 
or sexual pleasure enhancement.

A new category o  drugs currently under develop-
ment are ‘microbicides’. These are compounds and 
 ormulations that can prevent transmission o  HIV 
and/ or sexually transmitted in ections, such as 
chlamydia and trichomonas. Microbicides may be 

Rec ta l s olutions , emuls ions   
and  s us pens ions
Rectal solutions, emulsions and suspensions (also 
historically re erred to as enemas) are liquid prepa-
rations intended  or rectal use. They are used  or 
systemic or local e  ect and  or diagnostic purposes. 
These liquid  ormulations are applied rectally to 
evacuate, cleanse or treat the lower parts o  the 
gastrointestinal tract. In the treatment o  rectocoli-
t is, enemas are used having a relatively large volume, 
e.g. 100 mL. This enables the drug to reach the 
upper part o  the rectum and the sigmoid colon. 
Larger volumes are used  or the process known as 
colon cleansing or colonic irrigation.

These preparations contain vehicle only (e.g. 
arachis oil enema) or one or more active substances 
dissolved or dispersed in water, glycerol, macrogols 
(PEG s) or other suitable solvents. Rectal solutions, 
emulsions and suspensions may contain excipients, 
 or example to adjust the viscosity o  the prepara-
tion, to adjust or stabilize the pH, to increase the 
solubility o  the active substance(s) or to chemically 
stabilize the drug in the preparation. These sub-
stances should not adversely a  ect the intended 
clinical e  ect or, at  the concentrations used, cause 
undue local irritation. Rectal solutions, emulsions 
and suspensions are supplied in single-dose contain-
ers containing a volume in the range o  2.5 mL up 
to a  ew hundred mL. The container design is 
adapted to deliver the preparation to the rectum or 
is accompanied by a suitable applicator.
Microenema s. These are solutions or dispersions 
o  the drug in a small volume (approximately 3 mL) 
o  water or vegetable oil. This dosage  orm is sup-
plied in a small plastic container, equipped with an 
application tube. A ter insertion o  the tube, the 
container is emptied by compression o  the bulb. 
The advantage o  this delivery system, i  water is 
used as a vehicle, is that no melting and dissolution 
is necessary be ore drug release can begin. Microen-
emas have been shown to per orm well, but they are 
still o  limited applicability because o  their rela-
t ively high cost  compared to,  or example, supposito-
ries. Moreover, administration cannot be per ormed 
easily by patients themselves, and it  is rather di f cult 
to deliver the total content o  the plastic container.

Powders  and  tab le ts  for rec ta l s olutions  
and  s us pens ions
Powders and tablets intended  or the preparation o  
rectal solutions or suspensions are single-dose solid 
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acidic pH provides natural protection  rom in ec-
tions, including those which are sexually transmit-
ted. Human semen on the other hand, is highly 
bu  ered and slightly alkaline in pH. A ter inter-
course, deposition o  semen leads to a transient 
change in pH o  the cervico-vaginal  uid, su f cient 
 or survival o  sperm and subsequent  ertilization.

Vaginitis is a common clinical condition caused by 
local in ections and characterized by itching, dis-
charge and change o  odour. A range o  sexually 
transmitted in ections such as chlamydia, gonor-
rhoea, trichomonas and candida also a  ect  the 
vagina. Herpes simplex virus (HSV) and Herpes 
papilloma virus (HPV) in ections are also  requently 
reported.

These conditions may, in turn, a  ect  the e f -
ciency o  action o  vaginally administered drugs and 
their systemic absorption.

Absorption of drugs   
from the vagina

Drugs administered  or local action in the cervico-
vaginal area are not required to be absorbed. In  act , 
non-absorption o  these drugs is an advantage since 
it  avoids any systemic toxic e  ects.

Drugs designed  or systemic action are absorbed 
by passive transport. The vaginal wall is very well 
suited  or the absorption o  drugs  or systemic use, 
since it  contains a vast network o  blood vessels. 
Blood drainage  rom the vagina is via the vaginal 
vein. From here the blood moves into the in erior 
vena cava and thus avoids the hepatic portal system, 
i.e. the drugs absorbed through vaginal wall by- 
passes f rst-pass metabolism in liver.

A number o  physiological  actors, such as the 
volume, viscosity and pH o  vaginal  uid, the stage 
o  menstrual cycle and sexual activity can in uence 
drug absorption. Drug-related  actors that in uence 
absorption include drug solubility, ionization behav-
iour, molecular weight, release characterist ics  rom 
the  ormulation and the dosage  orm.

Vaginal dosage forms

The advantages and limitations o  drug delivery by 
vaginal administration are shown in Box 42.5. For-
mulation design and other considerations  or the 
vaginal route are similar in many respects to rectal 
preparations. A range o  vaginal dosage  orms are 

used by women to protect themselves during sexual 
activity, i  their male partner is in ected. Currently, 
there are no approved products in clinical use; 
however some compounds such as dapivirine and 
teno ovir are in advanced stages o  clinical 
development.

Sys temic  ac tion
Some drugs are administered vaginally to achieve 
systemic e  ects. In some cases, drugs given by the 
intravaginal route have a higher bioavailability com-
pared to the oral route, because the drug enters the 
systemic circulation without passing through the 
metabolizing liver (as explained below).

Only a  ew systemically acting drugs are currently 
administered by this route. Among these are oestro-
gens, progesterone and prostaglandin analogues 
that are usually administered as vaginal creams or 
hydrogels. Some drugs (e.g. progesterone) are poorly 
absorbed a ter oral administration and undergo 
extensive f rst-pass metabolism. Vaginal application 
o  progesterone cream o  ers signif cant advantages 
 or the development o  the uterine lining. A number 
o  other drugs have been evaluated  or vaginal 
delivery.

Anatomy and phys iology  
of the vagina

The human vagina has a f bro-muscular tube struc-
ture that connects the uterus to the external envi-
ronment. The vaginal wall is coated with mucus or 
cervico-vaginal  uids, which provides some protec-
tion and necessary lubrication during sexual activity. 
The  uid comprises mucin, salts, acids, proteins 
and water.

In healthy adult women, vaginal  uid is slightly 
acidic (with a pH range between 3.5 and 4.5) 
because o  the presence o  micro ora, consisting 
primarily o  lactobacillus. The bacteria convert  gly-
cogen  rom epithelial cells into lactic acid. The 
vaginal ecology is dynamic in nature and responds 
to changes in hormone levels, administration o  
contraceptives, use o  vaginal  ormulations, age, 
menstrual cycle and a number o  other  actors.

The composition and volume o  cervico-vaginal 
 uids and environment varies signif cantly with age, 
stage o  menstrual cycle, pregnancy, sexual activity 
and in ections. The pH tends to rise during local 
in ections and in the post-menopausal stage. The 
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gaseous preparations (sprays and  oams) and medi-
cated vaginal tampons. Not all will be medicated, 
but may also exist without an active ingredient, e.g. 
 ormulations designed  or lubricant activity. Table 
42.3 summarizes the types o  vaginal dosage  orms 
and commonly used excipients.

Worldwide, there are variations in the pre erred 
types o  vaginal dosage  orms used. In some coun-
tries, such as the USA, creams and  oams are 
popular; pessaries are more commonly seen in 
France, while in other parts o  the world, such as 
India, tablets tend to be more popular because o  
their better stability in the tropical climatic condi-
t ions. Semi-solid  ormulations such as creams, gels 
and ointments can serve dual purposes o  providing 
medication as well as lubrication, which is more 
di f cult with tablets.

Depending upon the dosage  orm, a number o  
excipients, including diluents, sur actants, emulsi y-
ing agents, lubricants, preservatives, antioxidants, 
colouring agents and humectants may need to be 
included in the  ormulation. As with all dosage 
 orms, these excipients should be pharmaceutically 
sa e and o  acceptable quality.

Box 42 5 

Advantages and limitations of vaginal 
administration

Advantages
1  Can be used for local as  well as  sys temic 

delivery of drugs   Relatively large surface area 
and good drug absorption makes  it useful for the 
sys temic absorption of a range of drugs , 
including proteins  and peptides  

2  Suitable for patients  where oral intake is  
res tricted, such as  pos t-surgery or those 
suffering from severe vomiting 

3  Adminis tration via the vaginal route avoids  the 
interactions  between drugs  and gas tric contents , 
as  occurs  after oral adminis tration  It also avoids  
hepatic  rs t-pass  metabolism seen with oral 
delivery 

4  The vaginal route has  the potential for 
preferential delivery to the uterus , known as  the 
‘ rs t uterine pass  effect’  The phenomenon is  
very useful for uterine targeting of drugs  such as  
proges terone and danazol 

5  Avoids  the pain and inconvenience of parenteral 
adminis tration 

6  Self-adminis tration and removal of dosage forms  
is  an option with vaginal delivery 

Limita tions
1  The vaginal route is  gender speci c 
2  Mens trual cycle and hormonal variations  affect 

the rate and extent of absorption of drugs  
intended for sys temic adminis tration 

3  The release and availability of locally acting 
drugs  can be in uenced by the varying volume  
of cervico-vaginal  uids  

4  Leakage is  inherent with vaginally adminis tered 
dosage forms  

5  The normal phys iological acidic pH of the vagina 
may enhance the degradation of some drugs   At 
the same time, changes  in pH due to microbial 
infections  can affect drug release, s tability and 
performance 

6  Absorption may occur for certain drugs , even 
though they were adminis tered for local action 
only 

7  User preferences  for vaginal drug delivery vary 
depending upon the cultural norms , partners , 
socioeconomic conditions  and geographical 
locations  

Table 42.3 Types of vaginal dosage forms  
and excipients used

Dosage form Excipients

Creams and 
ointments

Oily and aqueous bases, emulsifying 
agents, water, preservatives, 
antioxidants

Gels Gelling agent, humectant, water, 
preservative

Pessaries Aqueous/oily/emulsifying base, 
antioxidant, preservative

Foams and sprays Propellant blend, emulsi er, solvents, 
water, vehicle

Suspensions, 
solutions and 
emulsions

Suspending or emulsifying agent, 
thickening agent, water, fatty acids, 
waxes, preservative, and antioxidant

Tablets or capsules Diluent, binders, lubricating agent, 
capsule shell,  ller, disintegrating 
agent

Films Polymers, plasticizers, water, 
solvents

Rings Polymers, plasticizers, solvents

currently available and used in practice. These 
include pessaries, liquids (vaginal solutions, emul-
sions, suspensions), semi-solids (creams, gels, oint-
ments), solids (vaginal tablets, f lms, capsules and 
rings), tablets  or vaginal solutions and suspensions, 
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Bulk density. Drugs insoluble in the vehicle with 
low bulk density, especially those with high 
doses, can be di f cult to incorporate into the 
 ormulation.
Sur fa ce cha ra cter istics. Addition o  sur actant 
may be required to help with some drugs to permit 
rapid wetting a ter administration.

Pes s aries
Pessaries are solid, single-dose preparations  or 
vaginal insertion. Pessaries can be prepared in various 
shapes, usually ovoid, with a volume and consistency 
suitable  or insertion into the vagina. Typically, they 
weigh around one gram. Pessaries contain one or 
more active substances dissolved or dispersed in a 
suitable base that may be soluble or dispersible in 
water, or may melt  at body temperature. Addition-
ally, they may contain diluents, adsorbents, sur ace-
active agents, lubricants, antimicrobial preservatives, 
colouring matter and other stabilizers i  necessary. 
The particle size o  the active and excipients, i  
suspended in the vehicle, is controlled to avoid any 
irritation.

Se lec tion of a  pes s a ry bas e
A number o   actors in uence the selection o  a base 
 or pessaries. Many o  these considerations are 
similar to those  or rectal suppositories discussed 
above.

Vaginal suppositories (pessaries) are most o ten 
prepared with glycerol-gelatin bases, since this 
mixture is well tolerated. Polyethylene glycols are 
less common, since they are said to promote irrita-
tion. Fatty excipients are lit t le used. Most drug 
delivery  orms  or vaginal application demand an 
auxiliary device, in order to obtain deep insertion 
o  the dosage  orm.

The  ollowing are some o  the important  actors 
that should be critically evaluated during the devel-
opment phase  or large-scale manu acture o  
pessaries.
Drug solubility a nd relea se. The solubility o  a 
drug in the vehicle and body  uids a  ects the 
release prof le  rom the  ormulation. Because o  par-
tit ioning, the drug tends to pre er the phase where 
it  is more soluble. Additionally, the miscibility o  a 
base with body  uids a  ects the drug release prof le. 
I  the drug is highly lipophilic and poorly hydrophilic, 
a water-soluble base is pre erred. Similarly, i  the 
drug is more hydrophilic, a lipid base will be 

Measuring accurate doses o  semi-solids with 
an applicator tends to be relatively di f cult, while 
tablets, capsules, and f lms o  er the advantage 
o  unit-dose delivery.

Idea l vagina l dos age  form
Some o  the important characteristics o  an ideal 
vaginal dosage  orm are:
•  should be long acting, reducing the  requency o  

administration
•  should be stable in a range o  climatic conditions
•  should not lead to any irritation, burning or 

itching
•  should not cause any leakage
•  should not cause staining or discolouring o  

under garments
•  the  ormulation should be colourless and 

odourless
•  the  ormulation should not adversely a  ect 

sexual activity
•  women should be able to use it  without the 

knowledge o  a male partner
•  should be easy to insert and/ or apply, without 

the need  or an applicator.

Drug charac te ris tics
The physicochemical properties o  active 
ingredient(s) in uence the  ormulation design and 
per ormance. The  ollowing is a brie  outline o  the 
most important properties. Many o  these  actors 
are similar to those  or rectal administration 
discussed above.
Pa r ticle size. Insoluble particles larger than 50 µm 
are likely to cause mechanical irritation a ter admin-
istration. At the same time, particles greater than 
150 µm have the potential  or rapid sedimentation 
during manu acturing, i.e. during molten mixture 
stage, be ore setting.
Solubility. The aqueous solubility o  the drug is a 
critical pre ormulation parameter that dictates  or-
mulation options,  or example, a lipophilic drug will 
solubilize in  atty bases, while a hydrophilic drug 
will be suspended.
Dose or  drug loa ding. It  can be di f cult to incor-
porate high unit doses in  ormulations, e.g.  atty 
pessaries are di f cult  to optimize when they contain 
greater than 10% o  oily drugs, while maintaining 
the required mechanical strength and the melting 
point.
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vaginal contraceptive f lm (VCF), containing 
nonoxynol-9 as an active ingredient, is an example 
o  a marketed product.

Vagina l tab le ts
Vaginal tablets are solid, single-dose preparations. 
They are similar to oral tablets with respect to their 
 ormulation and manu acture; they may be coated 
or uncoated. Vaginal tablets can be prepared in 
various shapes, ovoid being the most popular. Tablet 
 ormulations o  er the advantages o  ease o  storage, 
ease o  use, low cost and well-controlled large-scale 
manu acturing. These are especially suitable  or 
drugs susceptible to degradation in the presence o  
moisture. In tropical countries, vaginal tablets are 
the more commonly used vaginal dosage  orm.

An ideal vaginal tablet  ormulation should rapidly 
disintegrate in a small volume o  vaginal  uids and 
release the drug. Excipients are used to improve the 
disintegration o  vaginal tablets, e.g. a bicarbonate 
together with an organic acid, which results in CO 2 
release. A good f ller  or vaginal tablets is lactose, 
since this is a natural substrate  or the vaginal micro-
 ora that  converts lactose into lactic acid, resulting 
in a pH value o  4–4.5.

Both vaginal tablets and f lms can be designed to 
include bioadhesive polymers such as Carbopol and 
xanthan gum, which result in a thick bioadhesive 
dispersion a ter dispersion o  the  ormulation con-
tents, minimizing leakage and improving retention.

Vagina l caps ules
Vaginal capsules (shell pessaries) are solid, single-
dose preparations. They are generally similar to oral 
so t  capsules (Chapter 34) but their shape is o ten 
(but not universally) an elongated ovoid, and they 
can be o  larger size. They should have a smooth 
sur ace.

Vagina l rings
Vaginal rings o  er the  exibility o  controlled release 
o  the drug over a prolonged period o  time. Rings 
are a  exible, circular system containing the drug 
entr apped in a polymer network. An example o  
vaginal ring is NuvaRing®, containing estrogen and 
progestin, used as a contraceptive. A ter administra-
tion, NuvaRing® is le t in the vagina  or three weeks, 
during which time it releases the drugs over that 
time scale.

desirable. However, use o  a highly lipid base will 
hinder the release o  lipophilic drugs. A desirable 
combination is a water-soluble  orm o  drug, dis-
persed in lipidic base, which will ensure rapid release 
o  drug and miscibility with vaginal  uids.
Desired ta rget. Consideration must be given as to 
whether local or systemic activity is required.
Chemica l sta bility. Synthetic bases such as 
Witepsol and Fattibase o  er better stability than 
theobroma oil.
Melting point. Certain drugs can lower the melting 
point o  the base, making it  necessary to re-optimize 
the  ormulation to achieve the melting point close 
to body temperature.

Semi-s olid  vagina l prepara tions
Semi-solid vaginal preparations are ointments, 
creams or gels. They are relatively commonly used 
 or vaginal application,  or local as well as systemic 
delivery. Ideally, these should be developed by opti-
mizing the rheological properties o  the semi-solid, 
its spreading behaviour, volume, pH, osmolarity, 
ease o  insertion and retention and patient accept-
ability. However, in most cases these  ormulations 
are developed on the basis o  empirical knowledge 
o  topical semi-solid  ormulations. Because o  the 
aqueous environment in semi-solids, stability may 
be an issue with drugs susceptible to hydrolysis.

Vaginal semi-solids may be supplied in multidose, 
collapsible tubes, provided with a suitable applica-
tor. Delivery o  an accurate dose is an issue with 
vaginal semi-solids; the applicators tend to be messy 
in use and add to the cost  o  the product. Single-
dose containers are also available that usually 
administer a 3 to 5 mL dose per application. Pre-
f lled syringe-type applicators are being evaluated 
clinically. From the large-scale manu acturing per-
spective, f lling a highly viscous gel or cream into an 
applicator at high speed is a di f cult process.

Vagina l  lms
Vaginal f lms are thin layers o  a polymeric material, 
which are designed to dissolve in the vaginal  uids 
and release the drug. These are single-dose prepara-
tions and can be applied without the need  or an 
applicator. In terms o  composition, the f lms usually 
contain polymer, plasticizer and solvent. Other com-
ponents can include disintegrating agents, colour-
ants, antimicrobial agents and other stabilizers. A 
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The drug release  rom semi-solid dosage  orms, 
such as creams or gels, is by di  usion or dispersion 
o  contents  rom the  ormulation to vaginal  uids.

Manufac ture  of re c tal and 
vaginal dos age  forms

Suppos itories  and  pes s aries
Suppositories and pessaries are manu actured by 
hand on a small scale, in batches o  6–50, and on a 
(semi) automatic scale in batches o  up to 20 000 
per hour. Essentially the mode o  manu acture is 
similar in both cases and involves:
•  melting o  the vehicle
•  mixing the drug and the molten vehicle
•  dispensing the liquid into a shape  ormer 

(moulding)
•  cooling to solidi y
•  packing in the f nal container.
Most suppositories are packed individually in a 
plastic (PVC) or aluminium  oil strip pack. Require-
ments  or good protection against moisture and 
oxygen can be deduced  rom the individual needs o  
the drug and the properties o  the packaging mate-
rial. The requirement to  ollow current good manu-
 acturing practices (G MP) is the same as  or other 
pharmaceutical dosage  orms.

The level o  automation and scale o  manu actur-
ing varies signif cantly in machines  rom di  erent 
manu acturers. The steps in the commercial manu-
 acturing process are as  ollows:
1. The base is melted and mixed with active 

ingredients. The base materials are melted in a 
temperature controlled reservoir, generally o  
200–500 litre capacity. The containers have 
st irring and mixing devices to ensure uni ormly 
mixed mass during and a ter the addition o  
drug and other excipients. I  the active 
ingredient remains in suspension, measures 
must be taken to ensure a suitable and 
consistent particle size.

2. Most equipment  or manu acturing 
suppositories and pessaries is now designed to 
use pre- ormed moulded packaging. Here, the 
plastic pack acts as the mould and the primary 
packaging. Some f lling machines can  orm the 
packaging in situ by a blowing mechanism and 
thermo orming. The molten mass  rom step 1 is 

Vagina l s olutions , emuls ions   
and  s us pens ions
Vaginal solutions, emulsions and suspensions are 
liquid preparations intended  or a local e  ect,  or 
irrigation or  or diagnostic purposes. Excipients may 
be added,  or example to adjust the viscosity o  the 
preparation, to adjust or stabilize the pH, to increase 
the solubility o  the active substance(s) or to stabi-
lize the preparation. The excipients should not 
adversely a  ect the intended medical action or, at 
the concentrations used, cause undue local irrita-
tion. Vaginal emulsions may show evidence o  phase 
separation but are readily redispersed on shaking. 
Vaginal suspensions may show sediment that is 
readily dispersed on shaking to give a suspension 
that remains su f ciently stable to enable a homoge-
neous preparation to be delivered. They are supplied 
in single-dose containers. The container is designed 
to deliver the preparation to the vagina, or it  is 
accompanied by a suitable applicator.

Table ts  for vagina l s olutions   
and  s us pens ions
Tablets intended  or the preparation o  vaginal solu-
tions and suspensions are single-dose preparations 
that are dissolved or dispersed in water at the time 
o  administration. They may contain excipients to 
 acilitate dissolution or dispersion, or to prevent 
caking.

Medica ted  vagina l tampons
Medicated vaginal tampons are solid, single-dose 
preparations intended to be inserted in the vagina 
 or a limited time and then removed.

Drug-release mechanisms

There are two major drug-release mechanisms  rom 
solid vaginal dosage  orms and these are similar to 
those described  or rectal dosage  orms, i.e.:
Melting. Formulations, such as pessaries, may be 
designed to melt at body temperature releasing the 
drug when the vehicle melts and the molten mass 
disperses in the available space.
Disintegra tion. Solid vaginal dosage  orms typi-
cally release the drug by dissolution or disintegra-
tion,  ollowed by dispersion o  the contents in the 
vaginal  uids.
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include organoleptic evaluation ( or colour, odour, 
shape and sur ace), release characteristics, melting 
and solubility, stability, pH, viscosity, spreading, bio-
adhesion and mechanical strength. Some o  these 
are pharmacopoeial requirements and others are 
carried out during the development phase. A number 
o  these tests will  orm part o  the release and expiry 
specif cations o  the dosage  orms. Formulations are 
also required to comply with the monograph  or the 
particular dosage  orm. For example, medicated 
vaginal tampons must comply with the specif c 
monograph o  medicated tampons.

Quality as s es s ments
The  ollowing are common pharmacopoeial and 
non-pharmacopoeial in-vitro tests  or rectal and 
vaginal preparations. Clearly not all these tests are 
appropriate  or every dosage  orm. Local pharmaco-
poeias will provide in ormation on national 
requirements.

1. Uni ormity o  weight (mass) o  the dosage 
 orm.

2. Uni ormity o  mass delivered  rom multidose 
containers (important  or liquids and semi-
solid preparations).

3. Uni ormity o  content o  active ingredient in 
individual dosage units.

4. Degree o  uni ormity o  content o  active 
ingredient within a batch. Variable drug 
content has been shown to be a potential 
problem in semi-automatic manu acture o  
batches o  a  ew kg. This could result   rom 
insu f cient mixing, leading to a poor 
uni ormity o  content. G iving care ul attention 
to the design and control o  the f lling 
apparatus could solve most o  the problems. 
However, it  is o ten  ound that poor 

poured into a continuously moving strip o  
moulds with high precision to achieve mass 
uni ormity.

3. The f lled moulds are passed through a cooling 
tunnel. This provides the time and cool 
temperature required  or congealing.

4. The f lled moulds are sealed, checked and 
labelled with the required in ormation.  
The strips are then cut to the required pack 
size.

5. The cut strips are put into cardboard secondary 
packs and are sometimes supplied with an 
applicator.

Vagina l  lms
To manu acture f lms, the active ingredient is dis-
solved or dispersed in a concentrated polymer solu-
tion in an appropriate solvent. Plasticizer is added 
and the viscous solution is spread on a glass sur ace 
and dried. Films are cut to the required size and 
packaged in blister packs or sachets. Parameters to 
optimize during development o  f lms include dis-
solution and release behaviour in small volumes o  
 uids, mechanical strength, thickness, content uni-
 ormity, texture, and process parameters such as 
drying time. Because o  their light weight, f lms 
are suitable  or small-dose drugs only.

Rec ta l and  vagina l tab le ts
Compaction o  vaginal tablets and tablets  or vaginal 
solutions and suspensions is similar to the manu ac-
turing o  oral tablets by using punch and die to 
produce suitable shapes (see Chapter 30).

Other rec ta l and  vagina l dos age  forms
The industrial manu acture o  many other types o  
rectal and vaginal dosage  orms (solutions, emul-
sions, suspensions, creams, gels, ointments, etc.) 
di  er lit t le, or not at all,  rom those described 
elsewhere in this book.

Quality c ontrol of vaginal and 
re c tal dos age  forms

Rectal and vaginal dosage  orms are evaluated by a 
set o  in-vitro and in-vivo tests  or quality and sa ety, 
as well as e  ectiveness. A list  o  properties that 
should be controlled is given in Box 42.6. These 

Box 42 6 

Control parameters for suppositories and 
pessaries
Appearance
Weight
Dis integration
Melting (dissolution) behaviour
Mechanical s trength
Content of active ingredient
Drug release
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temperature. Although  or most practical purposes 
this temperature can be set at 37 °C, this is not so 
 or, especially,  atty-based suppository and pessary 
testing. Since the body temperature may be as low 
as 36 °C at night, this implies that the release rate 
measured at  37 °C may be an overestimate. Simi-
larly comparing bases at 37 °C may lead to erroneous 
conclusions. The temperature at which testing is 
per ormed might be crucial, especially when ageing 
has occurred  ollowing storage. Special attention 
should there ore be given to the actual testing 
temperature.

In the set-up shown in Figure 42.3, the tempera-
ture at the sur ace o  the water layer inside the tube, 
where molten suppository material is gathered, may 
be a  ew degrees lower than the bulk temperature. 
By choosing the right dimension and closing the 
tube at  the upper side, this problem is eliminated.

The contact area in the rectum or vagina over 
which spreading occurs cannot be standardized 
without introducing either an overestimate or an 
underestimate. In Figure 42.3 the contact area is 
relatively small (i.e. approximately 10 cm2) com-
pared to the total sur ace area o  the rectum or 
vagina. This type o  apparatus is there ore intended 
to be used  or comparative studies only and not  or 
a complete in-vivo simulation. At present no method 
is available which closely mimics the in-vivo 
situation.

uni ormity occurs at the beginning and end o  
the production process, necessitating some 
degree o  rejection o  the product.

5. Disintegration time could be important  or 
rectal and vaginal tablets and capsules.

6. Dissolution and drug release. This is 
considered  urther below.

7. Microbial quality (important  or all dosage 
 orms).

8. The melting behaviour is re ected in the 
disintegration test . Many methods are 
available. The choice o  test temperature is  
an important parameter.

9. Organoleptic assessment o  rectal and vaginal 
preparations includes consideration o  odour, 
colour, sur ace condition and shape. These are 
controlled.

10. The determination o  the mechanical strength 
o  suppositories can be valuable to avoid 
problems with  ormulations in which the 
melting range has been depressed. It  can be 
tested by several methods including the use  
o  a tablet  crushing strength tester.

Assessment of drug release from 
suppos itories  and pessaries

In-vitro te s ting
Since there are  ew ways o  obtaining in-vivo drug 
release in ormation, this will usually have to be 
interpreted  rom in-vitro release data. Present 
knowledge does not permit the choice o  an in-vitro 
method with a high predictive power  or in-vivo 
per ormance  or these dosage  orms. Some aspects 
can be discussed, however, to give help ul pointers 
in this respect. Box 42.7 lists the parameters to be 
examined when testing drug release  rom supposi-
tories and pessaries in vitro.

The temperature to be used  or testing rectal and 
vaginal dosage  orms is easily def ned as the body 

Box 42 7 

In-vitro release parameters
Temperature
Contact area
Release medium
Movements
Membranes Fig . 42.3 •  Tube apparatus for testing of sedimentation-

controlled release from suppositories and pessaries. 

Suppos itory
or pessary  Release

medium

Paddle
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the di  erences in practices in use o  these routes o  
drug delivery around the world. A number o  di  er-
ent systems have been explored by scientists, but 
there is a lack o  universally accepted or compendial 
models.

In-vivo tests depend upon the drug and biological 
activity. Tests  or assessing distribution, spreading, 
retention, and e f cacy are carried out in animal 
models, such as rabbits, monkeys and sheep. A test 
 or vaginal irritation is usually carried out in rabbits 
and is normally the f rst screening test  in developing 
a new drug, excipient or  ormulation. Whenever 
possible, data should be obtained in humans, since 
at present no animal model is available which is su -
f ciently reliable.

For a more detailed discussion on the general 
aspects o  bioavailability testing, and in-vitro/ in-vivo 
correlations, Chapter 21 can be consulted.
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KE Y P O IN TS

•  In deciding on the appropriateness  of a dosage 
form, the vulnerability and capability of the 
patient, young or old, needs  to be assessed 

•  The swallowing process  is  affected by a child’s  
development and for adults  by the ageing 
process   For some patients , adminis tration of 
tablets /capsules  may be problematic, if poss ible 
at all  This  includes  neonates  and patients  with 
conditions  commonly associated with ageing, 
such as  dementia, s troke, Parkinson’s  disease 
and cancer which can cause dif culties  when 
adminis tering medicines  via the oral route 

•  Where the oral route is  not a viable option, then 
alternative formulations  of drugs  can be 
cons idered for delivery by another route 

•  In children, manipulation of adult medicines  and/
or adding it to food is  a common occurrence, 
even if this  is  not always  appropriate practice 

•  In certain cases , enteral feed tubes  may be 
used to adminis ter food, water and drugs  to 
patients , but these can cause s igni cant 
problems  when adminis tering oral formulations  

•  The permeability of the skin to drugs  is  affected 
by the development and ageing process  

•  Inhalation devices  provide clear examples  of 
where the des ign of the adminis tration device 
limits  its  suitability in relation to the patient’s  
ability to use it correctly 

•  The pharmacis t is  the only healthcare 
profess ional who has  suf cient knowledge of 
the science of medicines  formulation to provide 
informed advice regarding alternative options  
and the poss ible consequences  of formulation 
manipulation when cons idering a patient with 
swallowing problems 

Human de ve lopme nt, age ing  
and drug adminis tration

Whilst early development and ageing processes can 
affect the acceptability and appropriateness of dif-
ferent dosage forms for administration to either 
paediatric or geriatric populations, each patient 
should be considered on an individual basis. The fact 
that  someone is young or old does not necessarily 
mean that they will experience the problems com-
monly associated with their ‘physical age’. It  is 

Catherine Tuleu David Wright



 P A R T  F I V E  Dos age  Form Des ign and Manufac ture

75 2

E7). Nevertheless, patients in the older age range of 
75 years and over may need further consideration 
during the design and administration of medicines.

Swallowing oral dosage forms

Tablets and capsules are the most commonly pre-
scribed solid dosage forms because they are rela-
tively cheap to produce, are portable, can be coated 
to mask unpleasant  avours or formulated to modify 
the drug release pro le. Furthermore, their dry 
nature provides a stable environment for the drug, 
and hence gives the  nal product a relatively long 
shelf-life. Whilst such medicines are popular with 
prescribers they are not always the most suitable 
for patients with swallowing dif culties that can 
result  from either a psychological aversion to swal-
lowing tablets or a physical impairment to swallow-
ing (dysphagia). Psychological aversion to swallowing 
tablets, which usually originates in childhood, is 
prevalent in all age groups, whereas dysphagia is 
much more common in older people.

The  s wallowing proces s
The swallowing process comprises three phases: the 
oral, pharyngeal and oesophageal phases (Fig. 43.1). 
Within the oral phase (Fig. 43.1b) the bolus is 

however important for the designers of dosage forms 
to be aware of potential age-related problems and 
how these affect the suitability of different formula-
tions depending on the ‘behavioural age’ or ‘devel-
opmental age’ of the patient. Furthermore, 
pharmacists and pharmaceutical scientists should be 
aware of the different options available to them, and 
be able to provide suitable products and advice on 
the most appropriate dosage form, formulation or 
method of administration.

Paediatric and geriatric  populations

The paediatric population is generally classi ed into 
 ve age groups (ICH E11):
•  Preterm newborn in ants – those who are born 

before 38 weeks of pregnancy
•  Term newborn in ants – those who are less than 

one month old
•  In ants and toddlers – those who are aged 

between one month and 2 years of age
•  Children – those who are aged 2 to 11 years
•  Adolescents – those who are 12 to 16–18 years 

(dependent on regional de nitions).
The geriatric population is arbitrarily de ned as 
comprising patients aged 65 years or older (ICH 

Nasa l cavity
Ora l cavity

Pa la te
Tongue

Pharynx

Epiglottis

Larynx opening
into pharynx

OesophagusLarynx and
voca l folds

Bolus

a

c  db

Fig . 43.1 •  Anatomy of the mouth and phases of bolus swallowing. (a) anatomy of the mouth, (b) oral phase, 
(c ) pharyngeal phase, (d) oesophageal phase. 
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by taking the tablets or capsules with a glass of 
water; reduction in saliva should not in itself be a 
reason for patients not to be prescribed such solid 
dosage forms. Furthermore, tablets or capsules 
administered without water can be held in the 
pharynx or oesophagus and this can increase the 
likelihood of local erosion or irritation and therefore 
all patients, irrespective of age, should be told take 
tablets and capsules with water.

Loss of muscle control during the oral phase of 
swallowing can make it  dif cult  to create a manage-
able bolus for swallowing, may cause the ‘loss’ of 
small tablets within the oral cavity or can make it  
more dif cult  psychologically to overcome the gag 
re ex that is necessary to swallow tablets or cap-
sules. Loss of muscle control during the pharyngeal 
phase, which is controlled subconsciously, can 
increase the likelihood of choking, or at least the 
anticipation of choking, if it  is not possible to propel 
the bolus through this phase. During the pharyngeal 
phase the airway is temporarily closed to allow the 
safe passage of food or liquids into the stomach, if 
solid dosage forms lodge in this area, the epiglottis 
will not open and the patient will asphyxiate.

Loss of control of the epiglottis during the pha-
ryngeal phase can result  in it  not closing as the bolus 
passes and consequently the contents may inadvert-
ently be aspirated into the lungs. The main defence 
mechanism within the lungs is the cough re ex, 
whereby contents are forcibly removed under pres-
sure. A natural and background production of 
mucus which transports materials out of the lungs 
is another mechanism of removing foreign and waste 
products. However this has limited capacity and is 
restricted to small particles. Consequently, unin-
tended aspiration of non-sterile foods or medicines 
can increase the likelihood of pulmonary infections, 
which are more likely to be fatal in an older person.

In addition to the ageing process, conditions com-
monly associated with ageing such as dementia, 
stroke, gastro-oesophageal re ex disease (G ORD), 
Parkinson’s disease and cancer can all cause dif cul-
t ies when orally administering tablets and capsules. 
The loss of muscle control associated with the pro-
gression of Parkinson’s disease and dementia results 
in dysphagia in the majority of patients with these 
diagnoses. It  is estimated that almost 70% of people 
who suffer a stroke will have some form of dys-
phagia immediately post-stroke. However, in the 
majority of patients the normal swallow returns and 
less than 10% of people who experience a stroke are 
found to have permanent dysphagia. Dementia, 

manipulated by the tongue in preparation for swal-
lowing, usually breaking larger objects into smaller 
ones and mixing with saliva to make the bolus both 
soft and less adhesive. During the pharyngeal phase 
(Fig. 43.1c) muscle control is sub-conscious and the 
bolus is moved into the pharynx where the passage 
to the lungs is automatically closed via movement 
of the epiglottis. Within the oesophageal phase (Fig. 
43.1d) the bolus passes beyond the upper oesopha-
geal sphincter and into the oesophagus. Although 
movement of the bolus is partially controlled by 
peristalt ic waves within the oesophagus which occur 
automatically in response to swallowing, the move-
ment of objects within the oesophagus is largely as 
a result of gravity. Consequently, tablets and cap-
sules are most easily swallowed in an upright posi-
t ion (with the patient sitt ing or standing up) and this 
advice is commonly given to patients for tablets or 
capsules which are known to cause oesophageal 
irritation, e.g. doxycycline.

Paedia tric  popula tions
Swallowing problems are common in young chil-
dren. Before 4 or 5 months of age, infants possess 
an extrusion re ex which enables them to swallow 
only liquids. Moreover, a gag re ex of varying 
degrees can last up until about seven to nine months 
of age. Hence eating requires active effort and the 
child must be able to coordinate sucking, swallowing 
and breathing. Infants are ready for spoon-feeding 
of semi-solids by 4 to 6 months of age. Although 
they are not capable at that age of swallowing a 
monolithic dosage form (e.g. a tablet), multiparticu-
lates (powders, granules, pellets, minitablets 
<3 mm) might be given sprinkled into soft food (if 
compatible). At ages above about 6 years, children 
are considered able to swallow conventional tablets 
or capsules. G enerally, the smaller the solid dosage 
form, the easier it  is for children to swallow, but 
inter-individual differences in swallowing ability 
should be considered.

Geria tric  popula tions
The loss of muscle control associated with the swal-
lowing process is of concern for the administration 
of tablets and capsules to the elderly. As people get 
older, saliva production generally reduces and this 
can make it  more dif cult  to swallow tablets or 
capsules, which require some lubrication before 
swallowing. This can however be easily overcome 
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Help ing pa tients  with s wallowing 
d if cultie s
Where patients with dysphagia are still able to use 
the oral route, the prescriber or pharmacist has 
three main options available to them:
•  determine whether the medicine is still 

required or whether it  can be safely 
discontinued

•  identify a suitable formulation which can be 
swallowed

•  identify an alternative route of administration.
In reviewing the on-going need for the medicine, the 
pharmacist, together with the prescriber, should 
determine if the medicine is effective and if so, 
whether the bene ts of the therapy outweigh any 
risks during administration. Additionally, if the dys-
phagia is likely to be acute, as may be seen immedi-
ately following a stroke, then medicines may be 
temporarily stopped until the swallow mechanism 
reappears.

Formulation of pae diatric  and 
ge riatric  me dic ine s

Liquid peroral dosage forms

Formulating liquid, rather than solid medicines pro-
vides some particular problems for the pharmaceuti-
cal industry due to the need to keep the drug stable 
in the usually aqueous environment, to ensure that 
the  nal mixture is palatable and to ensure dosing 
consistency. Selection of a suitable liquid vehicle and 
environmental conditions requires signi cant invest-
ment, as does the selection of appropriate antimi-
crobials, stabilizers, suspending agents and  avourings 
(see Chapter 24). The combination of complex for-
mulation science, relatively short shelf-lives (com-
pared to tablets and capsules) and the relatively 
small market size, results in a lack of availability of 
licensed liquid medicines for many drugs. Moreover, 
liquid formulations often cost  signi cantly more 
than their solid dosage form counterparts. Where 
licensed liquid medicines are available the texture 
may not always be appropriate and therefore this 
also requires consideration.

Paedia tric  cons idera tions
In children, liquids are actually easy to administer 
and offer  exible yet accurate dosing with an 

stroke and Parkinson’s disease have greatest impact 
on the oral and pharyngeal phases of swallowing 
and therefore patients become concerned about 
choking and aspiration with these conditions. Head, 
neck and gastrointestinal cancers can all cause dys-
phagia by blocking access to the stomach, whilst  
radiotherapy and chemotherapy can affect the oral 
and gastrointestinal mucosa therefore making swal-
lowing more dif cult . Persistent G ORD can cause 
in ammation within the oesophagus and this can 
result  in patients describing foods and medicines 
‘sticking in the back of their throats’ with a conse-
quential struggle to swallow.

The nature of the dysphagia is therefore impor-
tant when deciding the best approach for the patient. 
For patients who are struggling to manipulate oral 
doses, increasing the bulk of a medicine or the addi-
t ion of water to the swallow may make it  easier for 
the patient; whereas those who have dysphagia due 
to a blockage may require physically very small 
doses or low viscosity liquids. In those patients who 
are at  risk of aspiration it  may be inappropriate to 
administer tablets with water as the mixed consist-
encies may increase the likelihood of aspiration. 
Consequently, a single bolus of a thicker consistency 
may be more appropriate for such patients.

As s es s ment of s wallowing ability
Speech and language therapists are usually the most 
appropriate professionals to assess the swallowing 
process. This may involve a brief bedside assessment 
via questioning and a test requiring the patient to 
drink a glass of watert. More invasive procedures 
include use of a naso-gastric camera ( bre optic 
endoscopic examination or FEES) or an X-ray of the 
swallow of a radio opaque liquid material (video uor-
oscopy). The assessment should determine whether 
the oral route is appropriate and if so what the 
optimal texture of administered foods and medicines 
should be. This should provide some insight into the 
best pharmaceutical formulation for that patient.

If dysphagia is not identi ed in a patient and an 
inappropriate formulation is prescribed then this 
may affect  the patient’s ability or willingness to 
self-administer perorally. Evidence suggests that 
older people frequently deny or ignore swallowing 
problems as this is indicative of ageing. An older 
person’s ability to swallow oral medicines should 
however always be ascertained by the prescriber to 
ensure that they are given the most appropriate 
formulation.
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appropriate dosing device. The most suitable of 
these are oral syringes, graduated in mL, which can 
cater for the heterogeneous paediatric population 
and for a single child as it  grows. However, the taste 
or smell of the drug can sometimes be dif cult to 
mask in a liquid formulation and this is a strong 
deterrent to patient compliance.

Se lec tion of appropria te  exc ip ients
Formulation of liquids usually requires many excipi-
ents. These excipients can present a signi cant toxi-
cological risk to a patient, depending on numerous 
factors including: the age of the child and their clini-
cal condition, the route of administration, the expo-
sure (dose and dosing frequency) and the safety 
pro le of the excipient (allergies and sensitization, 
acute and cumulative toxicity) as illustrated in Table 
43.1. The formulator of a liquid medicine needs to 
make rational choices of added excipients; deciding 
on their purpose and, if their use is inappropriate, 
an alternative must be sought. A striking example is 
the case of elixirs; these liquid formulations gener-
ally contain an appreciable percentage of ethanol 
and have historically been used (and some still are) 
in neonates and infants. The inclusion of ethanol in 
paediatric medicines should be avoided, especially 
for babies and vulnerable patients who are not able 
to metabolize it  as ef ciently as adults.

Sweeteners a nd  a vouring a gents. These are 
used to mask the taste of liquids and tablets, such 
as chewable and dispersible tablets. A sweet  avour 
can be achieved by the use of sweeteners that may 
be categorized as follows:
1. nutritive

•  sugars (e.g. sucrose, dextrose, fructose, lactose)
•  corn syrup
•  high fructose corn syrup
•  sugar alcohols (polyols, e.g. hydrogenated 

glucose syrup (maltitol), mannitol, sorbitol, 
and xylitol).

2. non-nutritive
•  high-intensity ‘arti cial’ sweeteners (e.g. 

acesulfame potassium, sucralose, aspartame, 
neotame, saccharin)

•  natural intense sweeteners (e.g. glycyrrhizin, 
thaumatin, rebaudioside A).

Not all sweeteners have received regulatory author-
ity approval in all countries and this, alongside con-
sideration of the safety pro le, is an important 
factor when selecting which to include in a 

formulation. By blending different sweeteners in 
combination with other ingredients, such as  avours 
and texture enhancers, the sensory characteristics of 
a drug product can be optimized. For example, a 
sugar-free product can be prepared that is compara-
ble in properties and taste to a sugar-containing 
version. However, this is not a simple task and 
requires very speci c sensory expertise.

Suga r-free sweeteners. Due to the cariogenic 
(causing dental caries) nature of the sugars tradit ion-
ally used as sweeteners, ‘sugar-free’ alternatives are 
now increasingly used in liquid medicines. Products 
that  do not contain fructose, glucose or sucrose are 
considered to be ‘sugar-free’. In addition, prepara-
tions containing hydrogenated glucose syrup 
(lycasin), maltitol, sorbitol or xylitol may also be 
considered as ‘sugar-free’, as there is evidence that 
they do not cause dental caries (i.e. they are non-
cariogenic). However, preparations containing 
hydrogenated glucose syrup or maltitol, although 
they are non-cariogenic, are not strictly ‘sugar-free’ 
as they are both metabolized to glucose.

Polyols can cause problems of digestive intoler-
ance. These effects are dose-dependent, and par-
ticular care must be taken when these are used in 
medicines for children having a low body weight.

If it  is necessary to give a sugar-containing product 
to a child at bedtime, it  is recommended to subse-
quently rinse the child’s mouth.

Colouring a gents. The use of colouring agents in 
medicines, particularly those intended for use by 
children, is widely debated. Colouring agents (col-
ourants) are largely incorporated into pharmaceuti-
cal products to improve their appearance and/ or 
sometimes to match the colour of a medicine with 
its taste. Examples being the addition of a red colour 
with red-fruit   avours, yellow with lemon, purple 
with blackcurrant, etc. By default, paediatric medi-
cines should normally not be coloured, except in 
some very speci c and justi able cases. Colouring 
agents permitted for use in foodstuffs are also 
allowed in medicines (providing they are approved 
by the relevant local regulatory bodies). However, 
azo-dyes are not considered acceptable.

Geria tric  cons idera tions
Liquid medicines are the logical alternative to tablets 
and capsules in patients with swallowing dif culties 
and are recommended where a swallow mechanism 
via the oral route is still available, and when a 
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Table 43.1 Excipients with elevated toxicological risk for the subpopulations of paediatric and geriatric patients

Excipient Administration Adverse reaction

Preterm and term neonates, infants ≤6 months

Benzyl alcohol Oral, parenteral Neurotoxicity, metabolic acidosis

Ethanol Oral, parenteral Neurotoxicity

Polyethylene glycol Parenteral Metabolic acidosis

Polysorbate 20 and 80 Parenteral Liver and kidney  ailure

Propylene glycol Oral, parenteral Seizures, neurotoxicity, hyperosmolarity

Patients with reduced kidney function

Aluminium salts Oral, parenteral Encephalopathy, microcytic anemia, 
osteodystrophy

Polyethylene glycol Parenteral Metabolic acidosis

Propylene glycol Oral, parenteral Neurotoxicity, hyperosmolarity

Hypersensitive patients

Azo dyes Oral Urticaria, bronchoconstriction, 
angioedema

Benzalkonium chloride Oral, nasal, ocular Bronchoconstriction

Chlorocresol Parenteral Anaphylactic reactions

Dextran Parenteral Anaphylactic reactions

Macrogolglycerol-ricinoleate 
(Cremophor EL)

Parenteral Anaphylactic reactions

Parabens Oral, parenteral, ocular, topical Allergies, contact dermatitis

Sorbic acid Topical Contact dermatitis (rarely)

Starches Oral Gluten-induced celiac disease

Sulf tes, bisulf tes Oral, parenteral Asthma attacks, rashes, abdominal upset

Wool wax Topical Contact dermatitis, urticaria

Patients with metabolic disorders

Aspartame Oral Phenylketonuria

Fructose Oral, parenteral Hereditary  ructose intolerance

Lactose Oral Lactose intolerance, diarrhoea

Sorbitol Oral Hereditary  ructose intolerance

Sucrose Oral, parenteral Hereditary  ructose intolerance

(Data from Breitkreutz and Tuleu 2009.)
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seriously ill patients, including neonates, intravenous 
administration via peripheral, umbilical or ‘long’ 
peripheral lines is frequently used. The addition of 
medications needs to be taken into account (i.e. 
their volume and ion contribution) in the context of 
the patient’s complex  uid, electrolyte and nutrition 
management. Intramuscular administration is not 
recommended when muscle mass and perfusion is 
not optimal, for instance in neonates, as this may 
lead to erratic bioavailability and importantly to pain 
during injection and risk of tissue damage. Moreo-
ver, children tend to be needle phobic. The majority 
of the reconstitution of injectable drugs is carried 
out immediately before administration to the 
patient, and the risks and errors related to the prep-
aration and administration of injectable drugs are 
numerous in paediatric settings. The formulation 
characteristics (pH, viscosity, osmolarity), use of 
inappropriate concentrations requiring complex cal-
culation and serial dilutions or measurement of 
small volumes, the site of injection, and, if relevant, 
the needle thickness and needle length and the infu-
sion rate all have to be scrutinized closely. The 
importance of being aware of the excipients to 
which the patient will be exposed cannot be 
over-emphasized (Table 43.1).

Older people tend to have more fragile veins, 
largely due to muscle wasting and loss of supportive 
t issues. Consequently, siting and maintaining injec-
tion lines can be harder than in a younger person. 
Furthermore, the risk of vein rupture and extravasa-
tion is higher in the elderly. Similarly, subcutaneous 
injections are more dif cult  to administer to this 
patient group, due to loss of cutaneous tissue and 
collagen. The subcutaneous space is harder to  nd 
when the skin is pinched due to the overall skin 
structure lacking thickness and to the fragility of the 
epidermis resulting from collagen loss.

Adminis te ring medic ines  via   
ente ra l feed  tubes
In extreme cases, where it  is deemed no longer safe 
to administer medicines orally to elderly patients, 
enteral tubes which bypass the oral route may be 
inserted. Enteral tubes, which are primarily designed 
for the administration of foods and liquids, can be 
sited either through the nasal cavity to the exit site 
(see below) or directly into the stomach or jejunum 
through the abdominal wall. They provide a signi -
cant resistance during the administration of medi-
cines, due to both their length and internal diameter. 

suitable texture which minimizes the likelihood of 
aspiration can be obtained.

Clearly many of the formulation issues pertaining 
to liquid paediatric medicines, described above, 
equally apply to medicines for use by elderly 
patients. Particular attention should be paid to the 
suitability of any excipients used in liquid or dispers-
ible medicines.

For instance, sorbitol is commonly used as a 
sweetener in liquid formulations, and a dose exceed-
ing 15 g/ day in adults can result in bloating,  atu-
lence and diarrhoea. This is the case for many polyols. 
In adults, their intake can lead to usually mild and 
temporary gastrointestinal symptoms. The cumula-
tive amount administered should be checked when 
the patient is polymedicated. Medicines taken con-
comitantly, especially if they are liquids, should be 
checked for their polyol content. G astrointestinal 
transit  may be accelerated by these excipients and 
there is the potential for drug absorption to be 
decreased.

When using dispersible tablet formulations, the 
sodium content may be clinically important. For 
example, 4 g daily of paracetamol, administered as 
eight dispersible 500 mg tablets, provides up to 
160 mmol of sodium.

Diabe tic  cons idera tions
Diabetes UK advises that when medicines are taken 
in small quantit ies, for limited periods, the sugar 
content is unlikely to cause problems for patients 
with diabetes. This is because the sugar content of 
medicines is low in relation to the total carbohydrate 
content of a normal diet. Sugar-free alternatives 
should be recommended if the medicine is for long-
term use. Care should be taken with preparations 
containing hydrogenated glucose syrup or maltitol 
because, as mentioned above, they are both metabo-
lized to glucose. Additionally, they offer no real 
advantage to patients with diabetes as they contain 
signi cant amounts of calories and carbohydrates. 
Therefore, patients with diabetes should treat these 
products as if they contain sugar. Arti cial sweeten-
ers are virtually free of calories, and do not raise 
blood glucose levels.

Non-peroral dosage forms

Parentera l routes
Parenteral routes of administration are discussed in 
Chapter 36. As the oral route is not usable in 
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osmotic laxative effect if delivered undiluted into 
the jejunum.

There are many clinically important interactions 
between enteral feeds and medication. These are 
usually the result of the medication binding to the 
protein or electrolytes in the feed, or competition 
with amino acids for absorption. Signi cant interac-
tions occur with phenytoin, theophylline, warfarin, 
L-dopa, quinolones, tetracyclines and rifampicin. 
Speci c guidance should be given when supplying 
these medications to minimize the effect  of the 
interaction. This is usually achieved through admin-
istering the medication during a break in the feeding 
regimen.

Res pira tory routes
There are many aerosol generating medical devices. 
Apart from the formulation itself, the ability of the 
patient to use the device must be taken in account.
Pulmona r y deliver y. Inhalation (Chapter 37) is 
the preferred route of administration when treating 
asthma – the most common long-term medical con-
dition, affecting almost 10% of children in UK. It  is 
important that the choice of the appropriate inhaler 
device and interface for patients is informed by the 
age of the patient, as presented in Table 43.2.

For children less than  ve years old, the preferred 
inhalation device would be a pressurized metered-
dose inhaler (pMDI) with a mouth piece, spacer 
(see below) or with a facemask for younger patients. 
The same applies for nebulizers, with modern 
designs tending to be smaller, more portable and 
more appealing to children than in the past. Dry 
powder inhalers (DPIs) are only suitable if suf cient 
inspiratory  ow is achievable by patients, which are 
typically school-age children. Spacers are large 
plastic containers, usually in two halves that click 
together with a mouthpiece or facemask at  one end 
and a hole for inserting the mouthpiece of an inhala-
tion device at the other end (Fig. 43. 2 and Fig. 
37.4). They are used without the need to coordinate 
breathing and actuating a pMDI to ease administra-
tion, to decrease oropharyngeal impaction and 
improve deposition of the drug in the lung (see also 
Chapter 37).

The ageing process can result  in reduced visual 
acuity, reduced ability to manipulate small objects 
and cognitive impairment. All three can affect how 
a person uses any medicine and/ or delivery device 
and should therefore always be considered when 
selecting the most appropriate formulation for an 

Administration of inappropriate formulations of 
medicines via these tubes can cause tube blockage, 
which at the very least prevents the patient from 
accessing food and water until the tube is unblocked, 
and can in extreme cases cause rehospitalization of 
patients to have a new tube sited.

Advice for administration of medicines via this 
route is specialized and can be found in Smythe 
(2010) and White & Bradnam (2010), or by contact-
ing an appropriate medicines information centre.

Enteral feeding tubes are commonly used to 
maintain or supplement nutritional and  uid intake 
in patients with signi cant dysphagia. Within acute 
care, a nasogastric tube is most frequently used, the 
internal diameter usually being 1.5 to 2.5 mm. 
Enteral feeding tube external diameters (D) are 
typically measured in ‘French units’ or ‘French 
gauge’. 1 French unit (Fr) = 0.33 mm, thus D (mm) 
= Fr/ 3 or Fr = D (mm) × 3. In general, the range of 
small-bore tube sizes for paediatric use is 6 Fr to 
10 Fr. A size of 6 Fr is used for standard feeds and 
7 Fr is used for higher density and  bre feeds. The 
tubes have a range of lengths, usually 550 mm, 
750 mm or 850 mm. In intensive care neonatal and 
paediatric units, the tubes employed are likely to be 
smaller in length and diameter.

Within the community, permanent gastrostomy 
devices are most commonly used as these have 
minimal risk of displacement. Additionally these 
tubes are usually of slightly wider bore. Increasingly, 
jejunal tubes are being used in patients who also 
have delayed gastric emptying, gastroparesis or 
pancreatic disease.

Several factors need to be considered when 
choosing a medicine and formulation for administra-
tion via an enteral feeding tube; the dimensions of 
the tube, the exit site, the excipients in the formula-
tion and any possible interaction of the formulation 
with components of the enteral feed.

For enteral tube administration, a solution is 
preferred. This will be administered via the tube, 
without resistance or blockage. Liquids with a high 
viscosity can be diluted immediately prior to 
administration to facilitate administration.

The exit site of the enteral feeding tube can 
potentially in uence the bioavailability and tolera-
bility of the medication. Medication delivered 
directly to the jejunum may be incompletely 
absorbed or result in a rapid peak in plasma concen-
tration depending on the site of drug absorption. In 
addition, liquid formulations with a high osmolarity; 
for instance syrup-based formulations, can have an 
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Devices exist (e.g. Haleraid®) which are placed 
over a conventional pMDI, to allow patients to 
actuate the device, when strength in the hands is 
impaired, for instance in arthritis.
Na sa l deliver y. Nasal administration (Chapter 
38) can also be dif cult , but this needle-free 
approach may be employed as an alternative to 
parenteral administration in acute situations prior 
to intravenous catheter insertion, or in situations 
where intravenous access is not likely to be required. 
Recent applications are in analgesia, anxiolysis, 
and anticonvulsants. For example, diamorphine and 

older person. Muscle wasting in the older person 
results in a lack of ability to use accessory muscles 
(intercostals) effectively when using breath-actuated 
or non-passive inhalation devices. Similarly, an older 
person with poor manual dexterity may have dif -
culties in coordinating inhalation technique due to 
visual/ auditory/ cognitive impairment. Finally, stand-
ard measures of lung function naturally decline over 
time (FEV1, FVC, etc.) suggesting loss of elastic 
recoil, loss of pulmonary volume and loss of muscu-
lar control which would affect the ability to utilize 
an inhalation device or medication effectively. 

Table 43.2 Choosing an inhaler device and interface for patients of different ages

Age

Birth to 4 years 4–5 years 6–12 years 13 years and older

Inhaler 
device

Nebulizer or pMDI with 
VHC and  acemask

Nebulizer, pMDI with VHC, DPI 
or breath-actuated pMDI (at the 
age o  5 years)

Nebulizer, pMDI with VHC, DPI, 
breath-actuated pMDI or 
breath-actuated nebulizer

All devices

Inter ace Mask, hood or 
high- ow nasal 
cannula

Facemask or mouthpiece Mouthpiece or  acemask Mouthpiece or 
 acemask

DPI: Dry powder inhaler; pMDI: Pressurized metered-dose inhaler; VHC: Valved holding chamber.

(Data from Ari and Fink, 2011.)

Fig . 43.2 •  Examples of inhalation spacers. (Courtesy of Asmus et al., 2004, with permission.)

OptiHale r®

Eas iVent®

EZ-Spacer®

Ellipse ®

6'' Tube ®
Gentle -Hale r®  AeroChamber®

Brea theRite ®

ACE®

MediSpacer®

OptiChamber®

InspirEase ®

Space  Chamber™
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fact, rectal administration (Chapter 42) has many 
inherent limitations but can be an option for paedi-
atric patients, especially to avoid the oral route or 
when this route is not usable due to, for example, 
vomiting or unconsciousness. The rectal route 
has been used for treatment of epilepsy, constipa-
tion, analgesia, in ammatory bowel disease, malaria, 
fever and nausea. In younger children, lack of self-
control of retention of the dosage form can be a 
drawback.

Ora l prepara tions
Alternative presentations can be administered 
directly in or to the mouth. These include buccal 
formulations, (oro)dispersible, soluble or chewable 
tablets, sprinkle capsules or ‘stickpacks’. However, 
due to the relatively small size of the market, the 
range of such options is still limited.

Other routes
The ocular (Chapter 41) and otic/ aural routes of 
administration are complicated by the dif culties in 
the handling of administration devices and often 
self-administration is not possible. Although usually 
not very well accepted, these routes are frequently 
unavoidable as products administered via these 
routes are for a local therapeutic effect. A balance 
between the manual dexterity of the person admin-
istering the dose and the cooperation of the patient 
needs to be struck and this is often problematic for 
the young and the old.

Alternative dosage forms and routes of adminis-
tration which avoid the need to swallow are increas-
ingly being made available.

Adaptation of e xis ting   
dos age  forms

If a speci c paediatric or geriatric product is not 
available then the manipulation of existing products, 
usually tablets or capsules, prior to administration 
has to be considered. The process of tablet  crushing 
or capsule opening and mixing with food or water is 
a form of unlicensed manufacture (i.e. the proce-
dure has not received approval by the appropriate 
regulatory authority) and therefore can only be 
authorized by a prescriber, though in reality this 
does not always occur. While in some situations it  
may be safe to undertake this practice, there are 
many tablet and capsules formulations where it  

fentanyl nasal formulations have been administered 
to treat acute pain in children as an alternative to 
parenteral administration. The taste of nasal formu-
lations can be an issue as nasally administered pre-
parations are partially swallowed. An appropriate 
device and formulation can improve nasal retention 
(see Chapter 38). The limited nasal capacity 
restricts the volumes that can be instilled, especially 
in children. Formulators need to ensure the 
biocompatibility and safety of any excipients, such 
as preservatives, used in these products.

Delivery to and  through the  s kin
Delivery to and through the skin is discussed in 
Chapter 39. If babies are born at term their stratum 
corneum is fully functional, but during the  rst  years 
after birth, the skin is more perfused and hydrated 
than in adults. G reat care should be taken in preterm 
neonates whose skin barrier is not ef cient, and 
which could permit the absorption of undesirable 
materials. Another consideration is the reduced 
body sur ace to body mass ratio (cm2/ kg) and smaller 
volume of distribution for very young children, 
which explains why absorption can be especially 
enhanced in neonates and infants, even more so if 
there is unintentional occlusion, for instance by the 
use of nappies, etc.

The transdermal route of administration is poten-
tially useful, as it  is passive. However, drugs suitable 
for delivery by this route need particular character-
istics (Chapter 39) and few products are currently 
available. Transdermal patches are easy to use, but 
adapting the dosage requirements for children over 
a range of body weight, is a possible limitation of 
their use. The nature of patch design (Chapter 39) 
means that patches intended for use in adults cannot 
simply be cut to modify the dose to administration 
to a child.

Self-administration of patches by older people 
can create problems due to dif culties in removing 
them from their packaging and removal of their 
backing strips, as well as dif culties in applying them 
to appropriate areas in rotation. Remembering to 
remove one patch before applying the next may be 
a problem in the cognitively impaired, and patients 
may have dif culties physically reaching patches 
which have been applied by a carer.

Suppos itories
The acceptability of preparations such as supposito-
ries to older persons must be taken into account. In 
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Modi ed-re leas e  products
Modi ed-release products are carefully designed to 
release the drug over an extended period of time, in 
order to reduce the peak drug concentrations in the 
blood observed with immediate-release products, 
and reduce the required frequency of dosing (dis-
cussed further in Chapter 31). Reduction in peak 
plasma concentrations minimizes side effects, e.g. 
for nifedipine and theophylline, whereas reducing 
dosing frequency improves patient compliance.

Where a particular formulation is intended to 
extend the duration of drug release, a larger dose 
of the drug is incorporated compared with an 
immediate-release product. Consequently, anything 
that  damages the designed release mechanism 
(such as crushing tablets) could increase the likeli-
hood of adverse events in the patient resulting from 
a larger than usual dose dump (Fig. 43.3). Where 
dose dumping of this type occurs, elimination of the 
drug is quicker and thus the patient will experience 
a time period between doses when drug levels are 
sub-therapeutic (Chapters 22 and 31). Conse-
quently, tampering with any modi ed-release 
product is not recommended, unless the manufac-
turer clearly indicates that this is allowable. 
Modi ed-release morphine capsules (MXL®), for 
example, contain modi ed-release pellets which can 
be safely released from the outer shell of the capsule, 
providing they are not themselves tampered with or 
chewed, as this will affect  their release properties.

Drugs that have a small therapeutic window can 
switch from being effective to causing adverse events 
just by small changes to their bioavailability. Crushing 
or dispersing digoxin tablets which have a bioavail-
ability of just less than 70% could in theory increase 
this to 100% and effectively increase the dose 
received in the patient by almost 50%. Where for-
mulations of drugs having a small therapeutic window 
are manipulated, the clinical effects should be moni-
tored to ensure that toxicity does not ensue.

Cutting uncoa ted  tab le ts
To facilitate administration, sometimes tablets are 
cut into smaller segments, for instance to achieve a 
smaller dose for a child. The limitations described 
above equally apply. Additionally, it  should be 
checked that if a score line is present, it  is appropri-
ate and safe (i.e. clearly stated in the Summary of 
Product Characteristics for a particular product) for 
a part-tablet to be administered. If this is not the 
case, the manufacturer should be contacted to 

would generally be considered unwise to tamper 
with the product prior to administration.

Firstly, it  is unsafe to recommend that cytotoxic 
or hormonal products (e.g.  nasteride, tamoxifen, 
methotrexate) are tampered with prior to adminis-
tration. Hormonal and cytotoxic products can be 
aerosolized and inhaled, or absorbed through the 
skin and therefore the administrator can be exposed 
to a dose of the drug, however small, which may be 
unsafe. Similarly, products which can cause contact 
skin sensitization, such as chlorpromazine, should 
not be crushed prior to administration. Conse-
quently, when considering either recommending or 
authorizing the manipulation of an existing dosage 
form, the potential danger to the individual tamper-
ing with the product, and the individual administer-
ing it  should always be considered.

Dosage form issues

Immedia te -re leas e   lm coa ted  tab le ts
Immediate-release  lm coats are placed on medi-
cines for various reasons (see Chapter 32). These 
include:
•  to mask the taste of the drug
•  to prevent contact sensitization when handling 

the medicine.
In some cases (when the coat is non-functional and 
is there, for instance, only for colour recognition) 
damaging the  lm coat immediately prior to admin-
istration is unlikely to adversely affect  patient care. 
Removing a taste masking coating may decrease pal-
atability, whilst   lm coats which protect against 
contact sensitization should not be disrupted.

Gas tro-res is tant (ente ric ) coa ted  tab le ts
G astro-resistant coats (Chapters 31 and 32) are 
placed on tablets either:
•  to protect the stomach from the active 

ingredient within the medicine
•  to protect the active ingredient from the hostile 

environment of the stomach
•  to release the active ingredient beyond the 

stomach.
Furthermore, products such as sulfasalazine which 
are prescribed for Crohn’s disease are designed to 
be absorbed at the site of action, and therefore it  is 
never appropriate to recommend tampering with 
gastro-resistant coated formulations.
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extemporaneous compounding or by outsourcing 
(‘specials’), unlicensed formulations to ensure that 
a patient obtains access to a prescribed drug. 
However, the quality of unlicensed products, patient 
acceptability, shelf-life and cost can vary considera-
bly. It  is therefore necessary for pharmacists to have 
some understanding of the quality of the available 
products, as frequently there may be a choice 
available to them.

Pharmacy compounding includes the preparation, 
mixing, assembling, packaging or labelling of a drug 
in response to a prescription written by an authorized 
prescriber. It  remains one of the highest-risk activi-
ties carried out in pharmacy, as the risks of unlicensed 
medicines are combined with the inherent risks asso-
ciated with the compounding of a formulation. The 
quality, safety and ef cacy of compounded prepara-
tions are jeopardized by the lack of standardization 
of compounding practices, harmonization of formu-
lations or information on stability.

‘Specials’ have a similar status but are usually 
made in larger volumes by licensed manufacturers 
and suitably licensed hospital units (the license is 
issued by the appropriate regulatory authority). 
However, these products are not always subjected 
to full quality assurance test procedures, especially 
if not produced as a batch.

con rm content uniformity and stability of tablet 
segments.

Mixing medic ines  with food   
and  beverages
Mixing of solid dosage forms with food and bever-
ages can be undertaken either to facilitate adminis-
tration to provide a pleasant vehicle, or to try to 
reduce the poor taste of a medication. Dispersing 
crushed tablets or capsule contents in water, bever-
ages or soft food is common in clinical paediatric 
practice, even if there is often very limited informa-
tion to support this. There is a need to be pragmatic, 
but the effect of food on bioavailability should be 
checked, if data are available. Immediate incompat-
ibilit ies, such as mixing the medicine with acidic 
food or drinks (e.g. orange juice), dairy products or 
with warm/ cold foodstuffs need to be assessed. 
Decisions are often made with lit t le evidence-based 
data, but by applying common sense, and where 
possible with the help of the pharmaceutical 
manufacturer.

Unlicens ed  products
Where suitable licensed alternative formulations are 
not available, it  may be necessary to prepare, by 

Fig . 43.3 •  Theoretical release of drug from an intact modi ed release formulation and from a modi ed release 
formulation that has been crushed. 
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administration, does not signi cantly increase the 
legal liability associated with this activity. Due to 
the small internal diameter of these tubes, the 
risk of tube blockage from the administration of an 
inappropriate formulation is high. This is not just 
inappropriately crushed tablets, but also granular 
liquids, such as Ciproxin®, or dispersible tablets 
with a large particle size, e.g. Pentasa®. Interest-
ingly, even if the taste of dispersed or crushed mix-
tures is theoretically of less concern, patients with 
enteral tubes do report  tasting medicines adminis-
tered via this route.

Such procedures should be considered as a last 
resort and all reasonable steps should be taken to 
obtain an appropriate formulation, or change to an 
alternative medication that is available in an 
appropriate formulation.

Future  de ve lopme nts  in the  
formulation of pae diatric   
and ge riatric  me dic ine s

Considerations  for the  
patient-focused approach in 
formulation development

The current provision for speci cally designed and 
tested paediatric and geriatric medicines is poor. 
However, moves are taking place to improve the 
present situation. The changes in the regulatory 
environment for paediatric medicines in the USA 
and in Europe will ultimately increase the availabil-
ity of medicines authorized for children as well as 
increasing the information available for the use of 
medicinal products in the paediatric population.

Children, especially those in the younger age 
groups, require age-appropriate formulations that 
pharmaceutical manufacturers should develop. The 
gold standard is that these formulations and presen-
tations should allow both safe and accurate 
dose administration to children and adults of all 
groups.

The European Medicines Agency (2005 and 
2011) (reinforced by the World Health Organiza-
tion, 2011) in support of the ‘Make Medicines 
Child Size’ initiative has reviewed the various con-
siderations for the pharmaceutical development of 
paediatric medicines. They advise that special 

The preparation of the same drug as an unli-
censed liquid medicine could range from crushing a 
tablet in a suspending agent with a two-week shelf-
life to a sourced pure drug placed in a carefully 
formulated base with an extended shelf-life. In all 
cases, however, bioequivalence of the liquid medi-
cine compared to a tablet or capsule will not have 
been demonstrated, and therefore once a patient has 
been given and stabilized on a certain unlicensed 
product it  is preferable to always source the same 
product for them.

The main measure of quality of an unlicensed 
product is via the certi cate with which it  is sup-
plied. A certi cate of analysis is supplied when 
the special has been produced in a batch and the 
supplier has quality assured the  nal product by 
analysing the ingredients to con rm (quantita-
tively) the content of the active ingredient and 
excipients in the  nal product. A certi cate of con-
formity basically con rms that in making a one-off 
product, the production formula and process was 
followed. Any problems with sourced ingredients 
will not be identi ed within such a process, nor will 
mistakes in production. Consequently, a certi cate 
of analysis is always preferable to a cert i cate of 
conformity.

There might be an appropriate product with a 
licence available in another country, which can be 
imported, yet remains unlicensed in the country of 
import . However, this option is not without logistic 
issues (product information provided in the local 
language, recall systems in place, t ime to obtain it , 
cost, etc.).

When sourcing and supplying unlicensed medi-
cines, pharmacists need to aware of their increased 
legal liability. Where licensed medicines are used 
within the terms of their licence, liability for any 
subsequent patient harms reside with the manufac-
turer. If however a patient is harmed following 
receipt of an unlicensed medicine, the liability is 
shared between the prescriber and supplier, with 
the actions of both being carefully considered in 
any subsequent legal action.

Adminis te ring c rus hed  tab le ts  via   
ente ra l feed  tubes
The administration of medicines via enteral tubes is 
usually an unlicensed use, as most medicines 
have not been tested for administration via this 
route. Consequently, the practice of crushing or 
dispersing tablets, or opening capsules prior to 
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It is frequently the case that  the available safety 
data are not as comprehensive as for adults.

On this basis, the most sensitive development 
aspects are likely to arise in paediatric medicines for 
long-term use in the most vulnerable patient groups 
(neonates, infants and young children). There is also 
an increased interest in elderly patients, particularly 
how their speci c physiological and medical condi-
tions are taken into account in the development and 
evaluation of new medicines, in order to  ll in for 
the lack of clinical trials in the (very) old, and the 
potential health impact of the extrapolation of 
research  ndings to this population. However, the 
same level of scrutiny as is now occurring for the 
young has yet to be applied to rationalize formula-
tion development for the elderly population.

Summary

Tablets and capsules, which are the most commonly 
prescribed dosage forms, may not be the most 
appropriate for individuals who have dif cult ies in 
swallowing, either due to their young age, the ageing 
process or due to conditions associated with ageing. 
The extent of swallowing function should always be 
ascertained, if necessary by a speech and language 
therapist, as this will enable the most appropriate 
formulation to be identi ed.

A licensed formulation should be identi ed and 
recommended if suitable and available. Unlicensed 
medicines are used, however their quality can vary 
considerably and a certi cate of analysis should 
always be obtained in preference to a certi cate of 
conformity.

Sometimes, although quite prevalent for chil-
dren, manipulation of an existing pharmaceutical 
product may be the only option available to meet 
the needs of a particular patient. However, the 
appropriateness of this approach should always be 
carefully considered, as certain formulations such as 
gastro-resistant coated or extended-release products 
should generally not be modi ed prior to adminis-
tration. The purpose of a  lm coat for a particular 
product should be ascertained. Patients receiving 
drugs with a narrow therapeutic window from for-
mulations which have been manipulated should be 
monitored for toxicity. G enerally, modi ed-released 
products should never be crushed or tampered with 
prior to administration.

Enteral tubes which have been traditionally used 
to bypass the swallow mechanism post-surgery and 

attention should be paid to answer the following 
questions:
•  What (will be administered)?
•  Where (will it  be given)?
•  How (will it  be administered)?
•  When (for how long, from which age, how 

frequently)?

These questions lead to the following considerations:
•  in addition to a consideration of the 

conventional biopharmaceutical properties of 
the drug substance, such as dose, solubility and 
permeability, other factors such as organoleptic 
properties, especially taste, should be 
considered early on in the product development 
process. This will help to avoid issues arising 
later when a product undergoes clinical trials in 
the target population

•  the age of the target group – not only physical 
age and stature but also developmental age in 
relation to pharmacokinetic and 
pharmacodynamic (PK/ PD) parameters, 
behaviour, activities (school, nursery, etc.)

•  by whom and where the medicine will be 
administered and used, e.g. by the parents at 
home, by care assistants (e.g. in nursery or care 
home) or by the child themselves, etc

•  the condition to be treated (e.g. short- or 
long-term) and related patient characteristics of 
that condition (e.g.  uid restriction, presence of 
enteral tubing, concomitant drug administration, 
disability, critical illness symptoms and age-
related conditions, such as dysphagia)

•  the possible administration challenges, namely 
the patient acceptability of the  nished 
product. For example, if a solid dosage form is 
developed to be swallowed whole, the size, the 
shape and the number, if more than one is 
required, should be optimized. For liquid 
preparations, the volume of administration, 
whether parenteral or oral, should be minimal, 
including dilution if needed. The measuring 
device and vial size should be appropriate to 
avoid dosing errors. If food is used as a vehicle, 
either to facilitate administration or improve 
palatability, its effect on bioavailability should 
be anticipated

•  the choice of excipients (qualitative and 
quantitative composition, Table 43.1) will 
depend on the availability of safety data for 
excipients relevant to the target age group(s).  
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for patients with signi cant trauma are increasingly 
presenting in the community sett ing. Primarily 
designed for the administration of liquids and food, 
they create an additional barrier to the administra-
t ion of medicines. Incorrectly administered medi-
cines can cause tube blockage and rehospitalization, 
and consequently specialist  reference sources should 
be used to provide advice in these circumstances.

Excipient exposure needs to be ascertained for 
the most vulnerable.

It  is expected that with the latest international 
regulatory changes incentivizing the pharmaceutical 
industry to develop better medicines for children 
(Regulation (EC) No 1901/ 2006) and the growing 
focus on our increasingly ageing population, more 
appropriate dosage forms will be authorized in the 
near future, to help healthcare professionals, parents 
and carers support  medicines use in children and 
the elderly.
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KE Y P O IN TS

•  Plant cons tituents  are components  in a number 
of modern conventional and complementary 
healthcare products  

•  Quality control of crude plant drugs  is  more 
complex than for s ingle chemical entities  

•  Production methods  used for plant derived 
medicines  are necessarily more involved than 
for s ingle chemical entities  

•  Due to the complex nature of plant-derived 
materials  as  drugs , they present a  wide range  
of formulation problems  

•  A wide range of formulations  of plant medicines  
are increas ingly available 

•  There are a number of pharmaceutical is sues  
related to plant medicines , including variability, 
quality, bioequivalence, and adverse effects  

Introduc tion

Drugs obtained directly from plant sources are 
notably alkaloids, glycosides and phenolic com-
pounds. Plant material is also a favoured source for 
volatile (essential) oils. They are used in a number 
of different dosage forms; conventional plant derived 
pharmaceuticals, OTC preparations for minor ail-
ments, herbal remedies, homoeopathic mother tinc-
tures and medicines, volatile (essential) oils used 
medicinally and in aromatherapy, nutraceuticals 
(single and complex entities), antioxidants plus a 
vast  array of traditional usages worldwide.

The European Pharmacopoeia alone contains 
more than 166 monographs for herbal drugs and 77 
for herbal drug preparations, with an increasing 
number under study for future inclusion (Vlietinck 
et  al, 2009).

Plant-bas e d produc ts   
in me dic inal us e

There is a wide range of plant derivatives in use for 
the manufacture of medicinal products. These 

44  The  formulation and manufac ture  
of plant medic ines

G . Brian Lockwood
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Transport delays between collection and process-
ing is a particular problem with the use of fresh plant 
material, which further compromises quality, leading 
to the possibility of degradation of the active 
constituent(s) as a result of microbial infestation, 
oxidation, reduction, hydrolysis and numerous other 
reactions. In spite of these disadvantages herbalists 
are still convinced of their bene ts.

Quality c ontrol of c rude   
plant drugs

Quality control (QC) techniques are described in a 
range of monographs in national and international 
pharmacopoeias, as well as in herbal and homoeo-
pathic pharmacopoeias. QC procedures should be 
applied to the herbal starting materials, their extracts 
and the  nished products. Quality control tech-
niques used for plants and their extracts are out-
lined in Table 44.2. Modern chromatographic 
techniques are also used for separation and quanti-
 cation of speci c individual constituents. This 
chapter will not detail the speci c analytical tech-
niques described and the reader is referred to other 
texts for this information.

Plant preparations are often considered to be 
active due to their combination of constituents, and 
these often complex mixtures can be identi ed by 
a semi-quantitative proof of content, such as a chro-
matographic  ngerprint in combination with an 
appropriate assay of major constituents (Vlietinck 
et al, 2009). A combination of data from three 
types of chromatography are able to provide much 
qualitative and quantitative information.

Thin layer chromatography (TLC) is a semi-
qualitative technique using speci ed standards. By 
determination of Rf (retardation factor) values, this 
technique allows comparison between extracts of 
different origins and composition with known stand-
ards. This will give evidence for the presence of the 
component(s) of the standards, plus indicative 
quantitative data as to their levels in the materials 
being tested.

To obtain true quantitative data either high-
performance liquid chromatography (HPLC) or gas 
chromatography (G C) should be used. These tech-
niques are predominantly used for assays of either 
polar or volatile constituents, respectively. G C is 
increasingly widely available coupled with mass 
spectroscopy (MS). This G C-MS combination 
allows identi cation and quanti cation of a wide 

include fresh and dried plant material, acellular 
products, a wide range of types of extracts including 
standardized extracts, and pure and in-vitro 
biotechnology-derived individual compounds. A 
range of conventional single-component pharmaceu-
ticals derived from plants is listed in Table 44.1.

The problems involved with the use of collected 
wild plant material include dramatic variability in 
quality as a result  of the genetic variability of the 
wild stock, poor knowledge of the plants’ life cycle 
and the effects of differing habitats on levels of 
active constituents. Uncontrolled collection from 
the wild has led to devastation of certain supplies.

In order to control the in uences of agro-
ecological factors on levels of active constituents 
with the plant, cultivation is employed for produc-
tion of the best quality raw materials. Medicinal 
plants should ideally be grown from homogeneous, 
genetically selected strains chosen for high yield of 
the relevant constituent(s) or other useful 
traits such as insect/ fungal resistance.

Table 44.1 Single chemical entities available  
after extraction from plant sources

Chemical 
entity

Current prescription 
medicine application

Plant source

Atropine Antispasmodic, 
ophthalmic

Atropa 
belladonna

Codeine, 
morphine

Analgesic Papaver 
somniferum

Colchicine Gout treatment Colchicum 
autumnale

Digoxin Cardiac glycoside Digitalis lanata

Ephedrine Bronchospasm, nasal 
congestion treatment

Ephedra spp.

Galanthamine Alleviation of Alzheimer’s 
disease

Narcissus spp

Pilocarpine Treatment of xerostomia, 
myotic

Pilocarpus 
jaborandi

Quinidine Treatment of ventricular 
 brillation

Cinchona 
succiruba

Sennosides Laxative Cassia senna

Vinblastine, 
vincristine

Anti-cancer agents Catharanthus 
roseus
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solid) and has the added advantage that it  is non-
invasive and can therefore be used for quality control 
in production and in packaging lines.

Herbal remedies often contain numerous herbal 
extracts, in many examples numbering more than 
10. This creates analytical dif culties and this chal-
lenge, associated with the increasing usage of all 
herbal remedies particularly traditional and comple-
mentary medicines (TCM), has inspired analysts to 
produce more inclusive techniques, such as chemical 
pattern recognition, spectral correlation, etc. (Liang 
et  al, 2004). DNA  ngerprinting has recently been 
used to establish the identity of highly expensive raw 
materials, particularly prone to substitution.

range of components without the need for 
standards.

In addition to these chromatographic techniques, 
a number of spectroscopic techniques are widely used 
such as visible, infra-red (IR) and ultraviolet (UV) 
spectroscopy for determining semi-quantitative 
levels of constituents. In addition to these latter 
techniques, assays for speci c constituents have 
been devised using NMR spectroscopy, immu-
noassay, radioimmunoassay (RIA), enzyme-linked 
immunosorbent assay (ELISA) and  uorescence 
analysis. Near infra-red spectroscopy (NIR) has 
recently been used for routine analysis of dry plant 
material and formulated products (both liquid and 

Table 44.2 Classical techniques for quality control

Standard Technique Purpose

Sampling Selecting representative samples for analysis. 
Pharmacopoeias may suggest the number of 
samples from large consignments.

To ensure all analytical data obtained truly 
represent the characteristics of the batch

Preliminary investigation Organoleptic testing; observation of colour, 
odour, taste

Observation for evidence of poor quality or 
adulteration, to ensure high quality of  nal 
product

Foreign matter Observation for excreta, mould, etc. To ensure high quality of  nal product

Moisture content Loss on drying at 100–105 °C, Dean & Stark 
measurement, GC, Karl Fischer method, IR, 
UV, NMR spectroscopy

Inhibit or minimize enzymic or microbial 
degradation

Extractive values Water soluble extractive, ethanol (45–90%) 
extractives, range of non-polar solvent 
extractives

To determine whether low levels of compounds 
of speci c polarity are present or even absent

Ash values Incineration at 450 °C for total ash Indication of level of inorganic matter or silica

Insoluble ash values Water- and acid-insoluble ash contents Indication of level of contamination with earth 
or silica

Crude  bre Defatting followed by boiling Con rmation of normal level or detection  
of excess material, stalk for example

Macroscopical analysis Comparison with botanical description Initial identity of material

Microscopical analysis Description of cells, inclusions and structures Identi cation of material

Tannin content, bitterness 
value, swelling index

Quantitative measurements Used for speci c plants, containing either 
tannins, bitter substances or those used for 
swelling ability, e.g. laxatives

Microbiological contamination Limits for levels of speci c organisms Check for levels of organisms above 103–104 
microorganisms per gram

(Courtesy of Evans 2009, with permission.)
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Produc tion me thods  us e d to  
obtain plant-de rive d ac tive  
c ons titue nts

The wide variety of medicinal plants, types of plant 
parts and varying textures of material, makes it  
impossible to standardize mechanical procedures, 
from harvesting through to drying, size reduction, or 
even essential oil extraction. The  brous texture of 
in vivo or  eld-grown plant material and also unor-
ganized crude drugs often requires severe mechani-
cal disruption prior to extraction. Table 44.3 outlines 
the basic processes involved in production of plant 
extracts. These are applied to both conventional 
plant-based pharmaceuticals and complementary 
herbal medicines.

Harves ting

The  rst stage, harvesting, is strictly an agricultural 
and not a pharmaceutical process, but it  can have a 
great in uence on the quality of the  nal product. 
Each procedure requires specialized equipment, 
often using modi ed versions of commercial agri-
cultural machinery.

Further mechanical processing techniques are 
often required, which may include cleaning or 
washing. Procedures are needed to eliminate 

Table 44.3 The major stages in the conversion of plant material into a concentrated extract

Production 
process

Purpose Constraints

Harvesting Stop metabolism at optimum time Weather

Drying Inactivate enzymes, inhibit microbial infestation Plant part and temperature determine speed. Essential 
in tropical conditions

Size reduction 
(comminution)

Increase surface area for effective solvent 
extraction

Solvent  ow impeded if particles too small, possible 
release of excessive mucilage which hinders later 
 ltration

Extraction of active 
constituents

Production of most active base for formulation Financial constraints to complete (100%) extraction

Extract 
concentration

Minimize volume/weight of extract, for ease of 
transport, storage, and ease of distribution in  
the  nal formulation

As above, but extra investment

unwanted foreign matter, such as other plant 
material, minerals, any other organisms and agro-
chemical residues. In some instances, manual tech-
niques are still superior to mechanization.

Drying

Drying is usually an essential process, as medicinal 
plant material contains water. This water must be 
removed to maintain the quality of the raw plant 
material. Often this degradation is simply monitored 
by macroscopical investigation of colour, form and 
absence of microbiological and fungal growth. The 
moisture content of the raw material is affected by the 
prevailing humidity; hence there is a greater risk of 
degradation in crops grown in tropical climates that 
are subject to higher humidity and high temperature.

Drying is necessary in almost all cases in order to 
protect  the active constituent content. The three 
main techniques used for drying of plant material are:
•  Na tura l dr ying – direct sunlight, which may 

have adverse effects
•  Hot a ir  dr ying – the operational temperature 

depends on the nature of the active 
constituents and may range from 40 °C for 
essential oils to 100 °C for glycoside-containing 
material. Similar equipment to that used in 
pharmaceutical operations is employed 
(Chapter 29)
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into the powdered material, dissolves the ingredi-
ents which then diffuse out into the liquid. Decreas-
ing particle size of the plant matrix, within limits, 
will therefore decrease extraction time.

The major types of liquid product obtained by 
this process and then used in the manufacture of 
medicines include (Bonati 1980, Vlietinck et al, 
2009):
•  decoctions and infusions
•  liquid extracts and tinctures
•  soft and dry extracts
•  puri ed (re ned), standardized and quanti ed 

extracts
•  single chemical entities.
Each of these products has particular advantages and 
disadvantages.

Liquid extracts are preferred over decoctions 
(plant boiled with water) and infusions (plant stood 
in hot or cold water) because of the higher concen-
tration of active constituents in the extract. Liquid 
extracts are produced by extracting 1 part of plant 
material with 1–2 parts of solvent, whilst t inctures 
require 1 part  of plant material with 5–10 parts of 
solvent. These liquid extracts can be incorporated 
directly into semi-solid formulations such as oint-
ments or into liquid formulations such as drops 
or solutions (Vlietinck et al, 2009).

The choice of extract type depends on the 
intended application; dry extracts (liquid extracts 
that have been subsequently dried) are suitable for 
tablet/ capsule formulations, while solvent extracts 
are more widely used in liquid formulations.

Puri ed (re ned) and standardized extracts are 
intermediate between crude extracts and single 
chemical entities and as such have widespread 
application. They avoid the need to separate complex 
mixtures, but provide knowledge of the levels of 
constituents.

It  is important to appreciate that with many plant 
materials a single chemical entity usually has the 
greatest activity, although synergistic interactions 
may increase the activity of complex mixtures.

All types of extracts need to be made with knowl-
edge of the polarity of targeted constituents, which 
may impact on cost of the most appropriate solvent 
for the process, waste solvent disposal, extract 
stability, etc. The composition of most end materials 
is highly dependent on the procedures used for 
extraction, and often the most valuable constituents 
are produced using the most sophisticated 
processes.

•  Microwa ve dr ying – this is often used in 
combination with hot air drying. It  may cause 
browning of the material, but it  is useful in 
reduction of microbial contamination  
(Oztekin and Martinov, 2007).

Size reduction

The main aim of size reduction of the dried material 
is to create particles of similar size which permits 
uniform and maximum extraction of the required 
plant material. The rate of extraction is dependent 
upon the rate of diffusion of solvent into the plant 
material and of solutes from the material into the 
surrounding solvent. Hence reasonably  ne powders 
are preferred, with diameters approaching 0.5 mm.

Care must be taken during size reduction of fresh 
(undried) material as in some cases it  can lead to 
degradation of constituents via a number of chemi-
cal reactions and also endogenous enzymatic action. 
Low temperature can be used to reduce these pos-
sibilit ies and deep freezing may be required during 
storage of fresh materials prior to comminution 
(Bombardelli, 1991).

Size reduction can be carried out using a variety 
of crushers and mills, usually  t ted to a magnetic 
separator to collect extraneous metal particles. Dust 
collection devices are imperative for this process. 
Typical types of size reduction apparatus (see 
Chapter 10) used for plant material include:
•  cutting and shredding mills for leaves and herbs
•  hammer and pin mills for herbs with high fat 

content
•  shredding and hammer mills for roots and barks
•  further specialized mills for dif cult samples.
Size reduction of plant material is a very inef cient 
operation, with only about 1% of the energy input 
directly responsible for the size reduction 
(Chaudhri, 1996).

Extraction of active cons tituents

Types  of extrac ts
The next step in the process is to remove the active 
constituents from the dried and powdered plant. 
This is achieved mainly by the process of extraction. 
In its most common form, extraction consists of 
soaking the powdered material in a liquid (usually 
aqueous or ethanolic) solvent. The solvent diffuses 
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material is held above, not in, the water present 
for steam generation.
Steam distillation – this involves direct contact 
between the steam and raw material. Here the 
steam is generated externally as opposed to in 
the still. It  is rapid and the rate of dist illation 
is controlled.

Ma cera tion. Maceration involves the steeping of 
raw material in a solvent, which is later strained out. 
It  is widely used for the preparation of tinctures, 
but is very inef cient for the collection of solutes.
Percola tion. Percolation involves the subjection of 
raw material to continuous  ow of fresh solvent. 
This produces stronger extracts, but at  increased 
solvent cost. Repeated percolation using a number 
of extractors with solution percolates (solvent 
already containing extracted components), partially 
decreases the problem.
Countercur rent extra ction. Countercurrent ext-
raction is effected by continuous distribution of 
solutes from raw material between moving tubes of 
immiscible upper and lower phases (basically a 
series of interconnected separating funnels). This 
gives improved extraction yields, but the equipment 
is expensive and needs lengthy extraction times 
for best results.

Extrac tion procedures
Table 44.4 lists the types of extraction procedures 
that are widely used.
Remova l of a cellula r  products. This techniques 
is really a collection method speci c to a few plant 
products, but is also classed by some as a method of 
‘extraction’. As shown in Table 44.4, this is only 
used for a few speci c examples of materials 
obtained by simple traditional techniques. Although 
crude in design, the products are the commercially 
available material, and often need highly specialized 
treatment before incorporation into formulated 
products.
Distilla tion. If the active constituent is a volatile 
oil it  is most often removed by the process of distil-
lation. Whist this ‘extracts’ the active constituents 
it  is not, in a chemical engineering sense (as described 
above), a true extraction process. Three different 
types of distillation processes are employed for the 
removal of volatile oils from plant material:

Water distillation – the raw material and water 
are heated to boiling and oil is collected. This 
technique is slow, produces poor quality oil and 
is labour intensive
Water and steam distillation – this involves direct 
contact between steam and raw material. Plant 

Table 44.4 Extraction procedures

Technique Advantage Disadvantage Description

Removal of acellular 
products (unorganized 
drugs)

Simple High risk of microbial and 
extraneous contamination

Traditional plant products, e.g. opium 
(incision), certain essential oils such 
as citrus (applying pressure)

Distillation Suitable for volatile oils Water or steam diffusion at 100 °C 
causing volatilization and 
condensation

Maceration Simple Time consuming, incomplete 
extraction

Prolonged infusion

Percolation More concentrated extract Time consuming, expensive Maceration followed by  ow of fresh 
solvent

Countercurrent 
extraction

Can be used in large scale. 
Wide array of extractives 
possible

Often complex operating 
procedures need to be devised. 
Costly to run

Separation by bi-directional  ow  
of two immiscible solvents

Supercritical  uid 
extraction

Main solvent is CO2, 
no toxic residue

Costly industrial plant Supercritical CO2 plus co-solvent/
modi er is forced through plant matrix
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commonly used but it  is slow and inef cient. It  is 
being replaced by either the descending  lm concen-
trator or the plate concentrator, both of which are 
fast  acting and thus reduce the risk of degradation. 
If water is the solvent, no solvent recovery is 
required, although some degree of clean-up may be 
necessary before disposal. With other solvents, evap-
orated solvent must be collected by condensation 
under cooled conditions and the collection vessel 
enclosed to avoid evaporative losses.

Puri ca tion of extrac ts
Following concentration of the original extracts, 
further puri cation is often required. A number of 
procedures are available to remove extraneous plant 
material or undesirable material formed during 
extraction. These include decantation, pressure  l-
tration, vacuum  ltration, centrifugation and drying.

Many extracts are sticky due to their hygroscopic 
nature, and this causes processing problems. A 
number of crude plant drugs may need to undergo 
preliminary treatment such as defatting to avoid 
high fat levels in the extract , or enzyme inactivation 
to avoid degradation of active constituents 
(Bonati, 1991).

Drying of extrac ts
After puri cation, extracts may be dried, and several 
types of equipment are available to carry out this 
procedure. The range of dryer types available is out-
lined in Table 44.5 (see Chapter 29 for further 
details).

Dry extracts have a superior stability pro le over 
time and are likely to have lower levels of microbio-
logical contamination. In addition to this, gamma 
irradiation can easily be used, if necessary, to eradi-
cate any remaining microbiological contamination.

Formulation and manufac ture  
of plant-bas e d me dic ine s

Active-cons tituent cons iderations

Purity of ac tive  cons tituent(s )
Production and formulation of plant-based medi-
cines involves technology and stability problems far 
greater than those for single natural isolated chemi-
cals or synthetic compounds. One major cause of 
the problem is inclusion of compounds which are 

Newer  extra ction techniques. A number of alter-
native techniques can be employed in laboratory 
conditions. These include:
•  Supercrit ical  uid extraction
•  Subcritical water extraction can be used from 

100–374 °C under pressure
•  Sonication-assisted extraction
•  Microwave-assisted extraction is used for 

fast, selective heating of raw material in solvent, 
and removes the need for prior drying of 
material

•  Phytol/  orasol extraction using 
hydro uoroalkane (HFA) 134a is carried out at 
−26 °C, and is useful for thermolabile materials 
(Oztekin and Martinov, 2007).

The supercritical  uid extraction technique involves 
elevating the temperature and pressure of the 
solvent above its critical value. It  is now widely used 
in industrial scale procedures. Supercritical CO2 is 
a good solvent for non-polar compounds, but not for 
most plant compounds with biological activity 
(notably alkaloids, glycosides and phenolics) which 
are polar in nature. For these, a co-solvent or modi-
 er must be added to the CO 2. Industrial processes 
have been reported for naringin, colchicine and ole-
oresins (Wang and Weller, 2006).

Choice  of extrac tion technique
Usually the method of choice is determined by the 
size of the batch of plant material to be extracted. 
Solvent extraction may include risks of toxicity 
when using particular solvents.

The solubility of plant entities determines the 
choice of the best medium, but this is usually  xed 
by formulation constraints result ing in either partial 
or complete lack of solubility. This problem is con-
founded by extracts containing ranges of chemicals 
of differing solubilities (Bonati, 1980). Alternative 
solvents may result in lower solute recoveries; there-
fore co-solvents may be added to polar solvents to 
increase recovery.

Concentration, puri cation  
and drying of extracts

Concentra tion of extrac ts
Liquid extracts typically contain 2–5% of the plant 
constituents, and further concentration by evapora-
tion is required. The Roberts concentrator was once 
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Table 44.5 Equipment for drying extracts

Type Comments

Heated tray dryers Deterioration due to long time in contact with heat, possible risk of oxidation of active constituents, 
labour intensive

Cabinet vacuum dryers Oven temperatures 60–80 °C, heterogeneous drying, possible risk of oxidation of active constituents, 
labour intensive tray layout, uncertain endpoint

Drum/belt dryers Evaporation provided by hot air stream, uncertain endpoint, possible risk of oxidation of active 
constituents, large scale possibilities, requires regranulation stage

Atomizers/spray dryers Lower temperatures used, less time in contact with heat, cheaper than freeze drying, product in powder 
form, widely used

Freeze dryers Low temperature, expensive to buy and operate, high quality product in layer form, requiring 
regranulation

either pharmacologically inactive, are active but 
possess additive, synergistic or even opposite or dis-
similar activit ies. Ideally, these constituents should 
have been removed during primary production, but 
this is often unrealist ic due to constraints of cost, 
lack of knowledge of their identities, and technical 
inability to remove them. Formulation with plant 
extracts requires a complete knowledge of the com-
position of the extract, so that the formulator can 
choose the most suitable excipients and formula-
tion. Ideally, only one plant extract should be 
included in any formulation, but there are many 
examples where there are more than one. This may 
cause formulation problems due to interaction of 
components of one with the other, causing 
instability.

The problems associated with converting fresh or 
dried plant material into medicinal products are 
highlighted in the third column of Table 44.3. This 
lists the constraints to producing the best quality 
products. In addition to these general problems, 
there are additional problems relating to speci c 
plants and their constituents.

Standardized extracts are essential in order to get 
as complete a list  of constituents actually present in 
the extract (and hence) into the formulation. A 
number of these constituents are exceedingly unsta-
ble, e.g. valepotriates from Valerian, when in acidic 
or basic medium in combination with water. Turbid-
ity of reconstituted solutions is a widespread 
problem, sometimes dealt  with by incorporation of 
polyvinylpyrrolidone (PVP). Emulsions of particular 
extracts containing saponins (widespread in plant 

extracts) are often found to exhibit  phase separation 
(Crippa, 1980)

Drying plant material inactivates endogenous 
enzymes, but extracts which contain glycosides are 
then subject  to degradation when formulated into 
aqueous media, as the enzymes are re-activated.

The greatest  risk to the quality of constituents 
is heating during manufacture, but the quality of 
water is also important. pH has a major effect on 
the stability of a number of types or formulations 
and their active constituents. Both acidic and basic 
conditions have been shown to have detrimental 
effects.

Variab ility of c rude  drug materia l
Supply of raw material is a major problem, due to 
wide-scale variations in composition. Published 
surveys show that there can be a distinct difference 
in constituent levels even between batches from the 
same supplier.

Adulteration (deliberate or accidental substitu-
tion with inferior material) has long been a problem 
with herbal remedies. Traditional QC procedures 
have been adopted to detect this situation, with a 
number of parameters speci cally designed to 
identify the problem of adulteration with inferior 
material.

With the increased use of herbal remedies the 
causes may be more sophisticated, for example 
attempting to improve the characterist ics of the 
extracts with material not detected using standard 
assays. Bilberry extracts have been found adulter-
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not occur, in which case co-solvents or surfactants 
may need to be added. The solubility and stability 
of some extracts can be improved by pH manipula-
tion, particularly when reduction favours salt  forma-
tion for the active, such as in the case of an alkaloid. 
The stability of these dosage forms is adversely 
affected by fermentation, which is prone to occur 
in extracts containing nutritive plant constituents, 
but this can be reduced by regulating the alcohol 
content or by using traditional preservatives, such as 
p-hydroxybenzoic acid esters (Bonati, 1991).

One claimed advantage of plant-based liquid for-
mulations is that they have improved bioavailability, 
and that unique formulations can be produced for 
individual patients (Bone, 2003).

Newer de livery s ys tems
Methods used to manufacture liposomes, nanopar-
ticles, phytosomes, emulsions, and microspheres 
from numerous plant extracts are regularly reported 
in the scienti c literature. Liposomes have been pro-
duced for markedly different products including 
paclitaxel, curcumin, garlic and quercetin.

Herbal medicines are now being formulated and 
administered via the most up-to-date delivery tech-
nologies available. Transferosomes and ethosomes 
are being used for a range of topical applications. A 
range of herbal entities have also been formulated 
into microspheres, as small as 6 µm, which can be 
ingested or injected and targeted to speci c organs 
of the body (Saraf, 2010).

Exc ip ients

Preserva tives. The p-hydroxybenzoic acid esters, 
such as the methyl and propyl esters (parabens), are 
widely used. However, in a number of formulations 
such as herbal cosmetics and external medicaments, 
bronopol is also widely used. The possibility of man-
ufacturing ‘organic products’ without addition of 
preservatives has been commercially exploited in a 
number of herbal products. This strategy normally 
results in products having a reduced shelf-life.
Antioxida nts. The use of antioxidants to limit oxi-
dation in pharmaceuticals and foods are widespread, 
ascorbate is widely employed for this purpose.
Colouring ma ter ia ls. As concerns about the 
dangers of arti cial colours continues worldwide, 
plant derived colours are increasingly being used, 
because their use obviates the use of synthetic dyes. 
An example is Turmeric from the roots of Curcuma 

ated with the food dye, amaranth, added speci -
cally to make it  appear more intense in colour.

Finished-product cons iderations

There exists a wide range of typical formulations 
widely used for plant extracts, which include most 
of the types used for conventional pharmaceuticals. 
Most conventional dosage forms can be produced 
from plant liquid or dried extracts using conven-
tional techniques.

As with conventional pharmaceuticals, solid 
dosage forms are the preferred type of formulation, 
while liquids such as syrups are losing favour due to 
lack of pat ient  acceptability and poor stability 
during storage. Controlled-release solid dosage forms 
of plant-based material can also be manufactured.

Prepara tion of s olid  dos age  forms
Approximately 75% of European herbal medicines 
are constituted from dry extracts. These dry extracts 
are invariably hygroscopic. A high porosity excipi-
ent, such as microcrystalline cellulose, is usually 
added to the formulation, together with a cellulose 
derivative binder. As is the case with conventional 
tablets (Chapter 30), these extra excipients are 
responsible for improved physical characteristics of 
the tablets, notably hardness, friability, and disinte-
gration, when used in the correct proportions for a 
particular plant extract (Crippa, 1978).

Freeze-dried extracts have been shown to have 
far greater solubility than powdered plant material, 
with a direct effect on bioavailability.

Pharmaceutical parameters, such as  owability 
and hygroscopicity can vary widely depending on 
the source of the raw plant material. Likewise com-
pactability varies considerably and all these factors 
may affect tablet/ capsule weights and levels of 
active constituents (Jin et al, 2008).

Prepara tion of liquid  dos age  forms
Nearly all types of extracts can be used in formulat-
ing liquid dosage forms. If dry extracts are used, the 
material must be re-dissolved, which may result  in 
precipitation of components or at least  the presence 
of turbidity. To avoid these issues, it  is advisable to 
re-dissolve at precisely the same concentration in 
the solvent as that which was used to prepare the 
extract. On some occasions, the downstream 
processing of the initial extract may modify the 
composition of the extract so that  dissolution does 
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of a large number of herbal products from a range 
of manufacturers found incorrect/ inadequate label-
ling, products with wide ranging content claims, 
wide ranging recommended daily dosage, a range of 
different plant parts used and from a number of 
claimed sources of botanical origins. Wide ranging 
values for active constituent content have been 
reported for parthenolide in Feverfew and for the 
active constituent(s) in G inseng, G ingko, Echinacea, 
Hypericum and others (Ruparel and Lockwood, 
2011). This demonstrates the possible risk to 
patients and the urgent need for standards 
(Heptinstall et  al, 1992).

She lf-life  of formula ted  p roduc ts
Labelling of shelf-life or expiry date is presently not 
mandatory for all formulated plant products. Scien-
ti c knowledge about degradation and acceptable 
shelf-life is obviously necessary for these complex 
products. Improved packaging designs are now being 
used to limit degradation, but control of storage 
conditions from warehouse to point-of-sale are of 
major importance. There are a number of dif culties 
in conducting shelf-life determinations with com-
plex products, and often simplist ic parameters are 
used, such as colour and consistency of the formula-
tion, in addition to chemical evaluation. Further, 
detailed real-t ime and accelerated testing may be 
carried out at speci c temperature and humidities, 
as for conventional pharmaceuticals. These tech-
niques are particularly useful to speed up data col-
lection and for determining suitable formulations 
(Houghton and Mukherjee, 2009).

Bioequiva lence  of d iffe rent formula tions
The issue of bioequivalence of different formula-
tions of conventional pharmaceuticals is well 
researched. However, such information is less 
detailed when comparing different formulations 
of plant medicines. Data from a limited number 
of single component herbal medicines, showing 
variable plasma concentrations for each, are avai-
lable. However, major complication occur when a 
herbal medicine’s activity is derived from a range of 
components. In this instance, plasma concentrations 
are often insuf cient to determine levels of activity, 
and therefore assays for effects on biomarkers are 
required in order to show comparative activities of 
different formulations. Further problems are clearly 
evident when the active constituent(s) of a 

longa, which contains curcuminoids that  have a 
yellow or orange colour. Beta-carotene is another 
example and has an orange-yellow colour. Commer-
cial beta-carotene is derived from algae or is synthe-
sized and is oil-soluble, but it  can also be made into 
a water-dispersible emulsion. These natural yellow 
to orange colours are an alternative to synthetic 
yellow dyes. Other plant-based colours include 
anthocyanins or tomato extract, which can produce 
a range of red colours in place of synthetic red dyes.

The possible use of plant extracts for colouring 
formulations has been extensively researched over a 
number of years, but the major problem is that they 
usually tend to be unstable in varying pH conditions, 
and are particularly prone to degradation.
Fla vours. Plant extracts are often bitter or astrin-
gent and masking this with sweeteners or  avours is 
widely employed. Flavours are invariably included 
in liquid oral formulations to mask these bitter or 
unpleasant tastes, to improve patient compliance. 
Apart  from volatile oils, which are selectively used 
for  avouring formulations designed for different 
patient groups, a wide range of soft fruit   avours 
such as banana or strawberry, either natural or 
synthetic, are also used for  avouring.

Biotechnologica l production  
of p lant p roduc ts
A number of major prescription medicines are cur-
rently produced using in vitro techniques. Currently, 
digoxin, taxol and vincristine amongst a small 
number of medicines, are derived from plant cell 
culture techniques, and commercially manufactured 
and extracted in a complete ‘in-house’ procedure. 
These procedures are excessively expensive, conse-
quently only products with the highest value can be 
commercially exploited using plant cell culture.

Due to commercial sensitivity, biotechnology 
procedures are not published in detail, however they 
are similar to those used for whole plant material, 
without the need for drying and size reduction, but 
are produced by simply leaching out the active 
constituents followed by puri cation and later for-
mulation as for single chemical entities.

Quality of  nished products

Quality of formula ted  he rba l p roduc ts
Unlike prescription products, there are few agreed 
standards for formulated herbal remedies. A survey 
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plant-based product are unknown, which is often 
the case (Loew and Kaszkin, 2002).

Advers e  e ffec ts  and  drug inte rac tions
The public are slowly appreciating the fact that  
complementary medicines are not necessarily safe 
plant products simply because they are ‘natural’. An 
increasing number of potential and actual adverse 
effects have been reported.
Synergy. Synergy is enhancement of the activity of 
one constituent by more than simply adding the two 
individual activities. The chances of synergy occur-
ring is increasingly likely with these complex prod-
ucts. The degree of synergy will depend on the 
concentration of the entities involved, therefore 
product variability has increased consequences.
Drug intera ctions. Drug interactions with herbal 
medicines are poorly researched, however there is 
always the probability that one medicine will react 
with the activities of another, especially when they 
have marked pharmacological activity. The most 
likely plants to be involved are those which are 
metabolized by the P450 CYP enzyme system. 
Echinacea, G arlic, Cloves, Evening Primrose oil and 
Soy constituents are examples of the major herbs 
responsible for these interactions. St John’s Wort is 
responsible for the largest amount of data on inter-
actions, and it  has proven hepatic enzyme inducing 
properties (Williamson et al, 2009).

Summary

This chapter covers the use of plant products, fea-
turing conventional and complementary medicines, 
herbal, homoeopathic and aromatherapy products, 
and their levels of usage and the numerous forms of 
plants in use.

Production methods used for plant derived con-
ventional pharmaceuticals and complementary med-
icines are outlined. Formulation techniques and 
problems speci c to plant products have been 
discussed.
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KE Y P O IN TS

•  Pharmaceutical nanotechnology generally refers  
to pharmaceutical materials , s tructures  and 
products  of approximately 1 to 100 nm, 
however an upper limit of 1000 nm is   
often cons idered 

•  Sys tems  that can be cons idered as  
nanomedicines  include: antibodies , polymer-
drug conjugates , dendrimers , nanoparticles   
and liposomes  

•  Due to their small s ize and high surface area 
to volume ratio, formulation of drugs  into 
nanomedicines  can improve drug potency and 
ef cacy by enhancing solubility and dissolution 
rate, modifying drug dis tribution and improving 
drug targeting 

•  To improve solubility and dissolution, drugs  can 
be conjugated to water soluble conjugates , 
formulated as  nanos ized drug particles , or 
incorporated into nanoparticles  (e g  dendrimers , 
micelles , liposomes  or nanoparticles ) 

•  Nanoparticles  can enhance bioavailability by 
preventing renal clearance of drugs  and 
protecting agains t clearance by the 
mononuclear phagocytic sys tem 

•  Nanoparticles  can pass ively target tumour 
s ites  and the s ites  of in ammation due to the 
‘enhanced permeability and retention effect’ or 
can be actively targeted us ing receptor-ligand 
interactions  



 P A R T  F I V E  Dos age  Form Des ign and Manufac ture

778

improve drug potency and e f cacy and the use o  
nanomaterials in tissue engineering and implants to 
 abricate structures to support t issue regeneration 
within the body. Nanotechnology can also include 
the development o  devices in the nano-range such 
as implantable sensory systems (nanodiagnostics)  or 
improved diagnostic measurements. This chapter 
will  ocus on the use o  nanotechnology in drug 
 ormulation, which can o  er particular advantages 
including:
1. Enha nced solubility a nd dissolution Due to 

the high sur ace area to volume ratio o  ered  
by nanoparticles, the solubility and rate o  
dissolution o  drugs can be increased.

2. Enha nced drug deliver y The small particle size 
can prolong a drug’s residence in the systemic 
circulation, it  can modi y drug distribution and 
may permit drug targeting and transport across 
biological barriers.

There are already several products authorized  or 
clinical use that  can be classif ed as nanomedicines 
(Table 45.1). Indeed some o  these products have 
been approved  or several years, having been origi-
nally approved  or registration prior to the recog-
nized classif cation o  nanotechnology products. 
This includes some o  the liposome-based products 
which have been licensed  or clinical use since the 
mid-1990s. For example, the liposome  ormulation 
o  doxorubicin (licensed in the US as Doxil® and 
marketed within Europe as Caelyx®) was the f rst 
liposomal product approved by the FDA. This 
product is a suspension o  polyethylene glycol-
coated-liposomes entrapping doxorubicin. Due to 
the ability o  the liposome  ormulation to enhance 
targeting o  doxorubicin to tumour sites, it  was f rst 
developed  or the treatment o  AIDS-related 
Kaposi’s sarcoma, and is now licensed  or other 
anti-tumour indications including metastatic breast 
cancer, advanced ovarian cancer and relapsed/
re ractory multiple myeloma. Table 45.1 shows 
that nanotechnology systems can o  er a variety o  
attributes and each o  these types o  system is 
discussed in  urther detail in this chapter.

Polyme r-drug c onjugate s

To improve the drug solubility and/ or the delivery 
o  drugs, drug molecules may be conjugated to poly-
mers producing polymer-drug conjugates. These 
polymer-drug conjugates are considered as new 

Introduc tion

In general terms, pharmaceutical nanotechnology is 
a term applied to the design, characterization and 
production o  pharmaceutical materials, structures 
and products that have one or more dimension 
between approximately 1 and 100 nm. However 
this classif cation remains open to debate, and a 
degree o  ambiguity remains over what is considered 
nanotechnology, particularly regarding the size 
range considered. Currently an internationally 
accepted def nition o  nanotechnology is lacking and 
 requently particles in larger size ranges are consid-
ered as nanotechnology, e.g. the United States Food 
and Drug Administration (FDA) o ten considers 
1000 nm as an appropraite upper limit regarding the 
screening o  materials  or consideration as nanote-
chnology. However, with the use o  nanotechnology 
growing, both the European Medicines Agency and 
the FDA continue to ref ne their regulatory guide-
lines concerning nanotechnology in recognition o  
the key properties that nanomedicines can o  er, i.e. 
their small size and high sur ace area to volume 
ratio. Yet it  is generally agreed that using size alone 
as the def ning  actor  or nanomedicines may be 
misleading. It  is also use ul to consider i  a product 
exhibits di  erent physical, chemical or biological 
properties that  are attributed to its dimensions, even 
i  these dimensions  all outside the nanoscale range. 
It  is important to be aware that the  unctional 
e  ects, o  the product, such as bioavailability, toxic-
ity and/ or potency may be in uenced by the prod-
uct’s dimensions.

By applying this general def nition, pharmaceuti-
cal nanotechnology can encompass many systems 
 rom macromolecules, such as antibodies (e.g. 
Herceptin®) and polymer-protein conjugates (e.g. 
PegIntron®) to nanoscale particles (e.g. Emend®), 
through to colloidal and particulate constructs in 
the nano size range, such as liposomal  ormulations 
(e.g. Ambisome®) and nanoparticle systems (e.g. 
Abraxane®). Examples o  the range o  such phar-
maceutical nanotechnologies, sometimes re erred 
to nanomedicines, are shown in Figure 45.1.

Applic ations  of pharmac e utic al 
nanote c hnology

The application o  nanotechnology encompasses the 
 ormulation and development o  nanomedicines to 



Fig . 45.1 •  Approximate size range of various nanomedicines. 
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Polymeric and lipid nanoparticles : 
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Antibody: 7.5 nm
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Table 45.1 Examples of licensed products that can be considered as nanomedicines

Product Drug Type of system Attributes offered by the nanotechnology

Abraxane® Paclitaxel Nanoparticles These albumin-bound nanoparticles increase the delivery of 
paclitaxel by overcoming the low solubility of paclitaxel and 
improving tumour cell drug delivery.

Caelyx®/
Doxil®

Doxorubicin Liposomes This formulation contains PEGylated liposomes which can increase 
systemic circulation times and enhance delivery to tumour sites.

Emend® Aprepitant Nanoparticles These nanoparticles are prepared by a wet milling method and 
increase drug solubility and bioavailability.

Mepact® Mifamurtide Liposomes Entrapping the drug within liposomes facilitates drug delivery and 
activation of macrophages.

Myocet® Doxorubicin Liposomes Incorporation of doxorubicin into liposomes increases tumour 
tissue distribution and reduces cardiac toxicity.

Pegasys® Interferon 2a Polymer-protein 
conjugate

Pegylation improves the stability of the protein.

Rapamune® sirolimus Nanoparticles The formulation of a nanodispersion stabilized with poloxamer 
offers increased stability and bioavailability.

Zevalin® Ibritumomab 
tiuxetan

Antibody-conjugate Conjugation of a radio-isotope to the antibody promotes targeting 
and destruction of B-cells.
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Drug. Commonly drugs delivered using these con-
jugates are those used in anti-cancer chemotherapy, 
such as doxorubicin and paclitaxel. This is because 
polymer conjugates can improve delivery and reduce 
unwanted side e  ects  or these drugs which have 
narrow therapeutic windows. A second group o  
drugs that benef ts  rom  ormulating as polymer 
conjugates is proteins e.g. L-asparaginase or inter er-
ons. G enerally, proteins su  er  rom short hal -lives 
and low stability a ter administration into the body. 
By conjugating proteins to polymers it  is possible to 
increase their hal -li e by protecting the proteins 
 rom enzyme degradation and reducing clearance 
rates.

In addition to the three components o  the 
system, targeting groups can be added to the 
polymer-conjugate with the aim o  enhancing spe-
cif city and cellular uptake. However, there are no 
licensed products currently on the market which 
adopt this active targeting method. Examples o  
polymer-drug conjugates on the market are given in 
Table 45.2. As can be seen, PEG  is used in several 
o  these  ormulations as the polymer backbone and 
the majority o  the systems are used to deliver 
protein therapeutics.

Rationale for polymer conjugation

As noted above, the conjugation o  drugs to poly-
mers can improve the therapeutic action o  the drug 
by improving solubility, protecting the drug  rom 
enzyme degradation, enhancing plasma circulation 
times and/ or enhancing drug targeting. This is 
achieved through various actions.

Improving s olub ility
The conjugation o  low-solubility drugs (e.g. paclit-
axel, camptothecin or palatinate derivatives) to 
water soluble polymers can enhance the solubility 
o  the overall system. For example OPAXIO®, a 
polymer-conjugate currently under development, 
comprising paclitaxel conjugated to poly-(L)-
glutamic acid. The paclitaxel-conjugate has enhanced 
solubility compared to paclitaxel, there ore the 
conjugate can be administered without  urther solu-
bilising agents.

Enhancing b ioava ilab ility  
and  p las ma ha lf-life
The increased hydrodynamic volume o  the polymer-
drug conjugate compared to the  ree drug can reduce 

chemical entities in their own right and, as their 
overall size is generally below 100 nm, these systems 
can be classif ed within the general area o  nanote-
chnology. To build polymeric-drug conjugates there 
is a large range o  synthetic polymers that can be 
produced having appropriate quality and stability 
attributes, and they can be custom-made to have 
distinct characteristics, including specif ed molecu-
lar weight, size, charge, etc. As these polymers are 
synthetic they are generally less immunogenic than 
naturally derived macromolecules. For the produc-
tion o  polymer-drug conjugates  or parenteral 
administration, water soluble polymers are used.

A polymer-drug conjugate can be described as 
being built  o  three basic components:

A wa ter  soluble polymer  ba ckbone. This can 
include synthetic polymers such as poly(ethyle-
neglycol) (PEG ), poly(ethyleneimine) (PEI), poly 
(vinylpyrrolidone) (PVP) and polyvinylalcohol 
(PVA), poly(glutamic acid) (PGA), and hydroxy-
propylmethacrylate (HPMA) copolymers. Alterna-
tively natural polymers such as dextran, chitosans, 
hyaluronic acid and proteins can be used. O  the 
polymers, PEG  is the most widely used; it  is 
approved by the FDA  or human use and o  ers 
properties including low immunogenicity, antigenic-
ity and toxicity. PEG  chains also o  er high hydration 
and  exibility which is use ul in improving solubility 
and drug delivery. Another important property o  
PEG  is their low polydispersity (in terms o  molecu-
lar weight). The ease with which PEG  can be modi-
f ed and conjugated to drugs and proteins also o  ers 
an advantage. However, conjugation o  PEG  to pro-
teins may in some instances reduce their biological 
activity so the conjugation site o  the PEG  on the 
protein is an important consideration. Within clini-
cally approved products PEG  molecular weights o  
5000 to 40 000 Da are used.

A linker  group. Whilst a drug can be directly cova-
lently bonded to a polymer, it  is more common to 
attach the drug via a linker or spacer group, to help 
avoid the therapeutic action o  the drug being 
blocked by the polymer. The linker can also be 
designed to be cleaved under certain conditions, 
such as changes in pH, enzymatic degradation or 
hydrolysis. This property can be used to promote the 
triggered release o  the drug  rom the polymer con-
jugate under suitable conditions, thereby enhancing 
drug targeting. Examples o  linker groups that  can be 
used include amine, carbamate and ester groups, 
with an amide linker being the most common option.
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Reduc ing aggrega tion, immunogenic ity 
and  antigenic ity
The hydrophilic coating o  ered by the polymers 
to the conjugate compound is the key to this prop-
erty. The hydrated polymer chains can mask the 
hydrophobic regions in the protein, improve solubil-
ity and provide a steric shield that can help prevent 
protein-protein association, and reduce aggregation. 
For example, the native proteins in Neulastra®  
and PEG -Intron® have a high tendency to aggre-
gate, however, PEG  conjugation (re erred to as 
PEGylation or pegylation) o  these proteins can 
reduce aggregation and subsequently reduce associ-
ated immunogenic and antigenic problems. As 
already noted, the presence o  the hydrated polymer 
in the conjugate can reduce antibody interactions, 
also reducing immunogenicity. PEG ylation o  pro-
teins can also help stabilize proteins during lyophi-
lization so helping to produce products with 
acceptable storage conditions.

Promoting ta rge ting to s pec i c  organs , 
tis s ue  or ce lls
By conjugation o  drugs or proteins to water-soluble 
polymers, not only can their hal -lives be improved, 
but the specif c accumulation o  the drug or protein 
can also be promoted in certain t issues. This can be 
achieved through the use o  targeting groups or the 

excretion rates via the kidneys. The renal clearance 
o  compounds  rom the circulation is dictated by 
their molecular weight, with clearance rates decreas-
ing with increasing molecular weight up to a thresh-
old o  around 45 kDa. Above 45 kDa, renal excretion 
cannot occur and larger polymers are more suscep-
tible to clearance by the mononuclear phagocytic 
system (MPS). So,  or example, the conjugation o  
molecules such as paclitaxel (~ 850 Da), and pro-
teins such as inter eron (~ 20 kDa) to water-soluble 
polymers increases their overall molecular weight 
enhancing drug circulation times and reducing 
kidney clearance rates.

Protec ting aga ins t degrada tion  
a fte r adminis tra tion
The polymeric chains in the polymer-drug conjugate 
can also prevent the approach o  antibodies and 
proteolytic enzymes to the drug. Water-soluble pol-
ymers become strongly hydrated and these hydrated 
polymer strands can promote steric hindrance, and 
block enzymes and antibodies reaching the drug. 
This protects the drug  rom degradation and 
enhances their plasma hal -li e and bioavailability. 
This is o  particular advantage to protein-based ther-
apeutic agents that are rapidly degraded by enzymes. 
However, it  has been reported that antibodies 
against  PEG  can be generated in vivo and these can 
remove and neutralize PEG -conjugate products.

Table 45.2 Examples of drug polymer conjugates on the market

Name Polymer-Drug Indication

Adagen® PEG-adenosine deaminase SCID syndrome

Cimzia® PEG-anti TNF Fab’ fragment Crohn’s disease and rheumatoid arthritis

Oncaspar® PEG-asparaginase Acute lymphoblastic leukaemia

PEG-Intron® PEG-Interferon 2b Hepatitis C

Pegasys® PEG-Interferon 2a Hepatitis B and Hepatitis C

Neulastra® PEG-Granulocyte colony-stimulating factor Prevention of neutropenia associated with cancer 
chemotherapy

Macugen® PEG-anti-VEGF aptamer Age-related macular degeneration

Somavert® PEG-growth hormone receptor antagonist Acromegaly

Zinostatin Stimalamer® Syren-maleic anhydride 
copolymer-Neocarzinostatin

Hepatocellular carcinoma
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accumulate, enhancing drug action at the tumour 
site and reducing unwanted side e  ects elsewhere 
in the body.

The use o  targeting groups to dictate the distri-
bution o  drugs and drug carriers can also be consid-
ered to promote targeting to specif c site. This is 
commonly re erred to as active targeting. Here, the 
designer o  the drug-delivery system is relying on 
the interactions between a targeting group, which 
can be covalently attached to the polymer, and a 
corresponding receptor to  acilitate the targeting o  
the system to a specif c site. Examples o  targeting 
groups include the use o  antibodies due to their 
ability to specif cally recognize and bind specif c 
antigens (see below) and  olate to target  olate 
receptors which are overexpressed in tumour cells. 
Similarly, lectins are over-expressed on the sur ace 
o  many tumour cells and can be targeted via the 
use o  glycoproteins.

Polymer-drug conjugates   
case s tudies

O PAXIO ® – a  sma ll-molecule conjuga te. In 
this polymer-drug conjugate, paclitaxel is conjugated 
to poly-L-glutamic acid (PGA) via an ester linker. 
Conjugating paclitaxel to the water-soluble PGA 
overcomes the poor aqueous solubility o  paclitaxel, 
and the congugate can be in used into the body 
without the addition o  solvents. This conjugate has 
a high drug content (~ 37% w/ w) and is stable in 
the circulation and, while it  remains bound to the 
polymer, paclitaxel is inactive. Due to its construct, 
the conjugate can passively target tumour sites via 
the EPR e  ect. The drug is then released intracel-
lularly via degradation o  PGA by lysosomal pro-
teases, and the ester linker is degraded by esterases 
or acid hydrolysis. OPAXIO® is currently undergo-
ing clinical trials as a potential treatment  or non-
small cell lung cancer and ovarian cancer.
O nca spa r® – a  protein conjuga te. In this con-
jugate L-asparaginase is bound to non-biodegradable 
monomethoxyl poly(ethylene glycol) (5000 g/ mol) 
via an amide linker. This conjugate is used in the 
treatment o  acute lymphoblastic leukaemia and its 
mechanism o  action is based on selective killing o  
leukemic cells due to the depletion o  plasma 
asparagine. Asparaginase is an enzyme which breaks 
downs the amino acid, L-asparagine. This inter eres 
with the growth o  malignant cells which, unlike 
most healthy cells, are unable to synthesize 

phenomenon known as the enhanced permeability 
and retention (EPR) effect. This EPR e  ect  can be 
described as passive targeting, whereby the distribu-
tion o  the conjugate is dictated by local physiologi-
cal conditions at  the target site. Normally a ter a 
drug enters the systemic circulation, the drug is 
required to cross the endothelial lining o  the vascu-
lature be ore it  can reach the target site. In most 
parts o  the body, the endothelial lining is continu-
ous with the endothelial cells situated on a basal 
membrane, and tight junctions between adjacent 
cells. This makes transport across this barrier di f -
cult . However, the structure o  the blood capillary 
wall varies in di  erent organs and tissues, with three 
general types o  endothelial cells being recognized:
Continuous. Continuous endothelial cells are the 
most common. These cells have tight junctions and 
a continuous basement membrane. Continuous 
endothelial lining is  ound in areas, such as capillar-
ies in the brain, lung and muscles.
Fenestra ted. This type o  endothelial cells have 
gaps o  between 20 and 80 nm between them, and 
this can allow the passage o  small molecules out o  
the systemic circulation. Fenestrated endothelial 
linings are  ound in the capillaries in the kidneys 
and gastrointestinal tract.
Sinusoida l. Here there are gaps between the 
endothelial cells o  up to 150 nm. The basement 
membrane is either discontinuous, as in the capillar-
ies in the spleen, or absent altogether, as in the case 
o  the capillaries in the liver.

Additionally, the integrity o  the endothelial 
barrier can be disturbed by in ammatory processes 
or by tumour growth. This can result in de ective 
hypervasculature, leading to endothelial  enestra-
tions as large as 200 to 300 nm being present in the 
endothelial lining. In addition, due to rapid tumour 
growth, def cient lymphatic drainage is also an issue. 
This modif ed permeability o  the endothelium at 
such sites allow nanomedicines, including polymer-
conjugates, to escape  rom the central circulation 
into the tumour site, where they are retained due 
to the poor tumour lymphatic drainage. This phe-
nomenon is the EPR e  ect described above. Thus, 
conjugation o  a drug or protein to an appropriate 
soluble polymer will result  in a construct with a 
large hydrodynamic volume which will have reduced 
kidney excretion and there ore an enhanced sys-
temic circulation t ime. Due to the EPR e  ect the 
polymer conjugates can escape  rom the systemic 
circulation into tumour sites where they will 
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sel -destruction. For example Rituxan binds to 
the CD20 molecules on tumour cells and 
triggers cell apoptosis.

Alternatively, the antibody can bind to a protein and 
thereby block its ability to bind to a receptor, as in 
the case o  Humira® which binds to TNF-α , thereby 
blocking its ability to bind to activate TNF recep-
tors. In addition to whole antibodies, antibody  rag-
ments can be used. Fab  ragments o  monoclonal 
antibodies retain the targeting specif city o  whole 
monoclonal antibodies, and may even o  er stronger 
binding, however, the  ragments can be produced 
more economically. Examples o  antibody  ragments 
licensed  or use include Reopro® and Lucentis® 
(Table 45.3).

Antibody conjugates

Similar to polymer-drug conjugates, antibodies 
can also  unction as carriers  or drugs and other 
agents, including radioisotopes and toxins. These 
antibody conjugates are sometimes re erred to as 

L-asparagine  or their metabolism. PEG ylation o  
the enzyme enhances the circulation time o  the 
enzyme, allowing less  requent dosing. It  can also be 
given to patients with a history o  hypersensitivity 
to native L-asparaginase.

Antibodie s  and antibody-drug 
c onjugate s

Antibodies are large ‘Y’-shaped protein macromol-
ecules produced by B cells. Antibodies can specif -
cally bind to a range o  pathogens, including bacteria 
and viruses, through their ability to specif cally bind 
to antigens. There are several classes (or isotypes) 
o  antibodies with the f ve main types being IgG , 
IgA, IgM, IgE and IgD (Ig  or immunoglobulin). O  
these, IgG  is the most abundant in the body. The 
basic structure o  IgG  comprises two identical 
heavy (50 kDa) polypeptide chains and two identi-
cal light (23 kDa) polypeptide chains. These chains 
are held together by disulphide bonds. The ability 
o  antibodies to specif cally target antigens is due to 
their amino acid sequence at the tips o  the protein, 
which are the antigen binding sites (Fig. 45.2).

Antibody therapies

G iven their ability to target a range o  specif c anti-
gens and cell types, antibodies can be used  or drug 
targeting, either as drugs in their own right or as 
targeting groups  or drugs or delivery systems. To 
achieve this, IgG  monoclonal antibodies (mAbs) 
have been developed. There are already several 
monoclonal antibodies available as therapeutic 
agents (Table 45.3). As is the case with other nan-
otechnology systems, these therapies are generally 
 ocused on oncology. In the case o  antibody thera-
pies, the antibody is designed to actively target 
tumour cells. By the antibody binding to tumour 
cells, cell death can then occur via two types o  
mechanisms:
1. The antibody binds to the tumour cell and then 

acts as a marker  or other components or cells 
o  the immune system to destroy the tumour 
cell. For example, the binding o  Herceptin  
acts as a marker to promote cells o  the 
immune system to destroy the cancer cells.

2. The binding o  the antibody can init iate 
signalling mechanisms in the target cell that 
block cell growth and/ or lead to the target cell’s 

Fig . 45.2 •  An IgG antibody that can be used as a 
drug, or as a carrier. Drugs, isotopes or toxins can be 
conjugated to the IgG molecules that can selectively 
target cells  through their antigen binding region at the 
end of the Fab region. 
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Table 45.3 Examples of clinically approved antibodies and antibody fragment therapies

Product name Generic Name Description Indications

Avastin® Bevacizumab IgG targeted against vascular endotherlial growth 
factor A. By binding to VEGF it blocks 
angiogenesis (the growth of new blood 
vessels).

Metastatic colorectal cancer.
Advanced nonsquamous non-small cell 

lung cancer.
Metastatic kidney cancer.
Glioblastoma.

Herceptin® Trastuzumab IgG that binds to the human epidermal growth 
factor receptor 2 (HER2) protein on the surface  
of cells. HER proteins regulate cell growth. In 
tumour cells, HER2 is over-expressed. By IgG 
binding to the cells, it blocks growth factor 
binding to receptors. This stops the cells from 
dividing. Binding of trastuzumab also acts as a 
marker to promote cells of the immune system 
to destroy the cancer cells.

Breast Cancer
Metastatic cancer

Humira® Adalimumab IgG that binds to TNFα , and prevents TNFα  from 
activating TNF receptors. This down regulates 
in ammatory reactions.

Rheumatoid Arthritis
Crohn’s Disease
Plaque Psoriasis
Psoriatic Arthritis
Ankylosing Spondylitis
Juvenile idiopathic arthritis.

Lucentis® Ranibizumab A Fab antibody fragment derived from the 
antibody of bevacizumab. This offers stronger 
binding to VEGF-A than the parent antibody.

Age-related macular degeneration.

ReoPro® Abciximab This is a Fab fragment that binds to the IIb/IIIa 
receptor on the platelet, blocking interaction of 
 brogen with the IIb/IIIa receptor, which blocks 
platelet aggregation.

Prevention of cardiac ischemic 
complications in patients undergoing 
percutaneous coronary intervention.

Rituxan® Rituximab IgG directed against CD20 molecules. Binding of 
Rituxan to the CD20 molecules on tumour cells 
triggers cell apoptosis.

Non-Hodgkin’s lymphoma
Chronic lymphocytic leukemia
Rheumatoid arthritis
Wegener’s granuloatosis
Microscopic polyangiitis.

Synagis® Palivizumab IgG directed against an epitope of the A antigenic 
site of the F protein of respiratory syncytial 
virus.

Prevention of serious lower respiratory 
tract diseases caused by respiratory 
syncytial virus (RSV) in paediatric 
patients at high risk of RSV.

immunoconjugates. By conjugating a molecule to an 
appropriate monoclonal antibody, the molecules 
actively target the drug to the required site o  action. 
Un ortunately, most antibody conjugates have a 
relatively low capacity  or drugs, however, their high 
target specif city allows them to be used e  ectively 
in the clinical environment. Examples o  antibody 

conjugates are given in Table 45.4. These either 
target radioisotopes, which can be used to promote 
cell death (e.g. Bexxar® and Zevalin®), or they 
can be used  or diagnostic imaging (e.g. Pros-
taScint®). Alternatively, the antibodies can be used 
to target toxins which can kill cells (e.g. 
Mylotarg®).
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Table 45.4 Clinically approved antibody conjugate systems

Product name Generic Name Description Indications

Bexxar® Tositumomab 131I conjugated to IgG targeted against CD20 protein on B 
cells. The binding of the antibodies and the radioisotopes 
work in combination to target and kill B cells.

B-cell non-Hodgkin’s 
lymphoma

Mylotarg® Gemtuzumab 
ozogamicin

Ozogamicin conjugated to IgG which targets CD33 
protein. Ozogamicin is a cytotoxin. After binding to the 
CD33 protein, the conjugate enters the cells through the 
endocytic/ lysosomal pathway. The antibody is then 
degraded and the cytotoxin released into the cytosol, 
resulting in cell death.

Acute myeloid leukaemia

ProstaScint® Capromab pendetide 111In-IgG antibody conjugate directed against the 
glycoprotein Prostate Speci c Membrane Antigen (PSMA) 
expressed by prostate epithelium.

Imaging agent for 
metastatic prostate 
cancer.

Zevalin® Ibritumomab tiuxetan 90Y-IgG conjugate directed against the CD20 protein on 
B-cell lymphomas. The combination of the antibody 
binding to the CD20 protein and the targeted 
radioisotopes work in combination to target and kill B 
cells.

B-cell non-Hodgkin’s 
lymphoma

De ndrime rs

Dendrimers are highly branched polymeric, star-
shaped macromolecules which can be prepared in 
the nanosize range. Dendrimers are built  by a con-
trolled chemical synthesis and there are three 
main elements to dendrimers (Fig. 45.3):
1. A central core
2. The internal dendritic structure, which is 

composed o  the branched polymeric structure 
built  onto the central core

3. The exterior sur ace o  the dendrimer.
By varying the construction o  the dendrimer around 
the core unit, dendrimers o  di  erent shapes and 
sizes can be built , which can o  er the ability to carry 
drugs within the construct , or drugs can be conju-
gated to the sur ace o  the dendrimer. The sur ace 
o  the dendrimer can also be modif ed with target-
ing groups, or a hydrophilic coating to enhance solu-
bility. Depending on their design dendrimers can be 
built  to be biodegradable or non-biodegradable, 
similar to the polymeric-drug conjugates. These 
branched polymeric structures are synthesized by 
step-wise addition o  layers o  polymer branching, 
re erred to as generations (termed G 1, G 2, etc.). In 
general, as the number o  layers or generations 

increases, the structure o  the dendrimer moves 
 rom the open structures o  the low generation den-
drimer to an increasingly more globular and dense 
structure. In all cases, the result ing constructs are 
built  to have a specif c size, a high degree o  molecu-
lar uni ormity and a narrow molecular weight 

Fig . 45.3 •  A dendrimer (coloured) with 4 generations 
labelled G1 to 4 respectively. Drug molecules and 
targeting groups can be conjugated to the exterior of 
the dendrimer. PEG can also be added to the exterior 
surface to provide a hydrophilic coating. 
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distribution. Whilst  dendrimers can be considered 
as an evolution o  branched polymers, they o  er the 
advantages o  being capable o  preparation with a 
very narrow size distribution. Further, the large 
number o  peripheral groups on the exterior sur ace 
o  the dendrimer, which increase exponentially 
with each generation added, allows  or higher drug-
loading capacities compared to the linear or branched 
polymers used in polymer-drug conjugates.

Applications  of dendrimers

In general, the attributes o  ered by polymer-
conjugates discussed above apply to dendrimers; 
dendrimers can be designed to increase drug solubil-
ity and bioavailability, and can enhance drug delivery 
and targeting. The additional advantages o  den-
drimers over polymer conjugates include their near 
monodisperse size-range and high drug-loading 
capacity. Dendrimers has been investigated  or their 
potential to encapsulate drug molecules within the 
construct or by conjugation o  the drug to the den-
drimer. Encapsulation o  the drug within the den-
drimer can be exploited to protect  labile drugs 
which are quickly degraded. Similarly, dendrimers 
can act as a solubilizing agent  or low solubility 
drugs (similar to micelles) by encapsulating the drug 
within the dendrimer construct that o  ers a hydro-
phobic core and a hydrophilic exterior. The drug can 
be entrapped within the dendrimer either by simple 
physical entrapment, or by non-bonding interac-
tions, such as electrostatic interactions. When the 
drug is encapsulated within the dendrimer, control-
led drug release can be achieved by designing the 
dendrimer to have triggered degradation. However, 
the ability to incorporate drugs within the system 
is heavily dictated by the architecture o  the 
dendrimer.

Alternatively, drug molecules can also be loaded 
onto the sur ace o  the dendrimers via electrostatic 
interactions or via conjugation o  the drug to the 
sur ace groups on the dendrimer. Conjugation o  the 
drug to the exterior o  the dendrimer generally 
o  ers high drug loading due to the large number o  
peripheral end groups available on each dendrimer 
molecule. Drugs can be covalently attached through 
hydrolysable or biodegradable linkers, thereby o  er-
ing greater control over drug release compared to 
electrostatic interactions. However, the addition o  
molecules to the sur ace o  the dendrimer can also 
in uence the dendrimer properties. For example, 

the addition o  PEG  to the sur ace o  dendrimers 
allows  or their pharmacokinetic prof le to be modi-
f ed, with clearance via the liver being reduced and 
plasma circulation time increased. This can promote 
passive dendrimer-drug targeting via the EPR e  ect , 
similar to PEG ylated-protein constructs. Alterna-
tively, active targeting can be considered by the con-
jugation o  targeting groups to the sur ace o  the 
dendrimer (Fig. 45.3).

Dendrimer sys tems  – case s tudies

Viva G el®. This  ormulation, being developed by 
Starpharma, is a microbicide gel which uses den-
drimers. In this  ormulation, the dendrimer is the 
active ingredient in its own right rather than being 
used as a delivery system. The dendrimer has anti-
viral properties due to its ability to bind to viruses 
and thereby blocking their ability to in ect cells.
Sta rburst® dendrimers. Whilst not approved  or 
clinical use, there are a range o  commercially avail-
able dendrimers such as polyamidoamine (PAMAM; 
Starburst®) and poly(propylenemine) (Astramol®) 
dendrimers which have been widely studied  or drug 
delivery.

Mic e lle  s ys te ms

Micelles are widely used to  ormulate low solubility 
drugs in colloidal solutions. Micelles  orm due to the 
ability o  sur actant molecules to sel -assemble into 
micelles in an aqueous environment. Whilst not a 
new type o   ormulation (see Chapter 5), their size 
(o ten < 100 nm) means that micelles can be con-
sidered within the nanotechnology classif cation. As 
a consequence o  the micellar structure, which 
o   ers a hydrophobic core and a hydrophilic sur ace, 
micelles are commonly used as solubilizing agents. 
For example, Fugizone® is a mixed micellar  ormu-
lation which is employed to solubilize Amphotericin 
B, an anti- ungal agent used to treat invasive  ungal 
in ections, such as systemic candidiasis and 
histoplasmosis.

Polymeric micelles

Copolymers with sur actant characteristics can also 
be used to  ormulate micelles. Micelles  ormed 
 rom copolymers tend to have a relatively narrow 
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Korea  or metastatic breast cancer. In vivo anti-
tumour e f cacy o  the micellar  ormulation has 
been shown to be signif cantly higher than that  o  
Taxol®.

Solid nanopartic le s

Solid nanoparticles are solid constructs in the nano-
metre range, and can be prepared by a number o  
di  erent manu acturing methods which generally 
involve either size reduction o  particles (e.g. by 
milling) to within the nanoparticle range, or molecu-
lar agglomeration (e.g. by precipitation methods) to 
 orm nanoparticles. The  ormer is used to prepare 
drug particles in the nanosize range where there 
is no carrier material added, whilst  the latter is 
more commonly used to prepare nanoparticle 
carriers in which drug is loaded.

Nanos ized drug particles   
and drug nanocrys tals

Reducing drug particles to within the nanosize range 
substantially increases the total sur ace area o  the 
system, hence increasing the solubility o  the drug. 
This attribute can be exploited to improve the dis-
solution and bioavailability o  drugs delivered by 
the oral route. The use o  nanosized drug particles 
in oral drug delivery can also avoid variations in drug 
bioavailability caused by the  ed/  asted state o  a 
patient. However, nanosized drug particles, due to 
their high sur ace area and subsequent high inter a-
cial energy tend to be unstable and prone to particle 
aggregation. To reduce this problem, sur ace active 
agents can be used, as in the case o  NanoCrystal 
Technology, developed by Elan Corporation. 
NanoCrystals are prepared  rom 100% drug with no 
carrier, and stabilizers (non-ionic and anionic sur-
 actants) are added during the size-reduction process 
to improve stability. Within nanoparticle systems, 
the drug can be either crystalline or amorphous. The 
small particle size increases dissolution and satura-
tion solubility. For oral delivery, nanocrystals are 
normally  ormulated into tablets or capsules. With 
these systems, a key consideration is drug loading, 
as a high nanocrystal loading in tablets could result 
in contact between nanocrystals promoting 
potential  usion o  the crystals during tablet com-
pression. There are several drug nanoparticle prod-
ucts on the market which exploit  this NanoCrystal 
Technology (Table 45.5).

size distribution compared to standard sur actant 
micelles. G enerally, they also have a lower critical 
micelle concentration (CMC) and are more stable. 
Due to their low CMCs, polymeric micelles are 
relatively insensitive to dilution, thus preventing 
their rapid dissociation and enhancing their cir-
culation time compared to sur actant micelles. 
Polymeric micelles are built   rom copolymers with 
hydrophobic components comprising poly(propylene 
oxide), poly(D,L-lactic acid), poly(ε-caprolactone), 
poly(L-aspartate) and polox amers. For the hydro-
philic component, which  orms the outer hydrophilic 
shell o  the micelle, PEG  is commonly used. The 
use o  PEG  as the hydrophilic component supports 
the  ormation o  the micelles. The hydrated PEG  
sur ace created on the micelles enhances their 
plasma hal -li e by promoting steric hindrance and 
blocking enzymes and antibodies reaching the drug, 
thereby o  ering protection to the drug and blocking 
interactions with the mononuclear phagocytic 
system (MPS). As the micelles are su f ciently large 
(>50 kDa) to avoid renal excretion yet small enough 
(<200 nm) to avoid clearance by the liver and 
spleen, they are able to promote the specif c accu-
mulation o  the micelles at  tumour sites and sites o  
in ammation due to passive targeting.

As  or dendrimers, the outer sur ace o  the poly-
meric micelles can be  urther  unctionalized with 
targeting groups (such as  olate, sugar residues or 
proteins) to promote their application in drug deliv-
ery and targeting. The attachment o  monoclonal 
antibodies to reactive groups incorporated in the 
hydrophilic coating o  polymeric micelles has also 
been investigated and shown to promote specif c 
interaction o  the micelles with antigens correspond-
ing to the antibodies. These micelles are o ten 
re erred to as immunomicelles.

Polymeric micelles  – case s tudies

Estra sorb®. This is an estradiol topical  ormula-
tion designed to deliver estradiol to the blood circu-
lation  ollowing topical application. Estradiol 
hemihydrate is encapsulated in a micellar nanopar-
t icle drug delivery system (which comprises soybean 
oil, water, polysorbate 80 and ethanol). The  ormu-
lation is used to treat menopausal symptoms, 
including hot  ushes and night sweats.
G enexol-PM®. This is a polymeric micelle  ormu-
lation o  paclitaxel prepared using methoxy-PEG - 
poly(D,L-lactide) which is approved in South 
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Table 45.5 Examples of products developed using drug nanoparticles

Product Drug Attributes

Emend® Aprepitant An oral capsule form of the poorly soluble drug, Aprepitant, which is only absorbed in the 
upper gastrointestinal tract. Therefore the rapid dissolution offered by the nanocrystals, 
supports fast absorption and increased bioavailability.

Megace ES® Megesterol 
acetate

The ES in the product title stands for Enhanced Stability. This product is a liquid dosage 
form and the nanosized version of the drug allows for the drug to be formulated in less 
volume. The reduced dose volume, improved dissolution times, and enhanced bioavailability 
are bene cial in drug compliance.

Rapamume® Sirolimus This is an oral tablet of the poorly soluble drug which is an immunosuppressant. The oral 
tablet offers higher bioavailability and can be more user friendly compared to a liquid 
product.

TriCor® Feno brate Generally, feno brate uptake is from the gut lumen region therefore bioavailability is 
in uenced by the patient’s fed/non-fed state. By formulating as nanocrystals, the lipophilic 
drug has improved solubility therefore uptake of the drug is not in uenced by solubilization 
of the drug in food components.

other nanotechnology systems discussed, the sur ace 
coat ing o  PEG  to these nanoparticles produces so 
called ‘stealth’ nanoparticles with the hydrated PEG  
sur ace coating prohibiting protein and antibody 
binding, thereby reducing recognition and clearance 
 rom the circulation. By increasing plasma circula-
tion time o  the polymeric nanoparticles, this sup-
ports their accumulation at sites o  leaky vasculature 
including tumour sites. To  ormulate these ‘stealth’ 
systems, PEG -PLGA copolymers are o ten emp-
loyed. Alternatively, active targeting o  these systems 
can be achieved by the attachment o  targeting 
groups to the nanoparticles.

Solid-lipid nanoparticles

These are nanoparticles made  rom solid (high 
melting point) lipids dispersed in an aqueous phase. 
Examples o  lipids used include solid triglycerides, 
saturated phospholipids and  atty acids which are 
well tolerated by the body. Due to their composi-
tion, they are sometimes described as solidi ed o/w 
emulsions in which the oil globule is replaced by 
solidif ed lipid. Much like the solid polymeric nano-
particles, solid-lipid nanoparticles can be used as 
drug delivery systems with the drug being incorpo-
rated within the lipid matrix o  the particle or by 
attaching the drug to the lipid nanoparticle sur ace. 
Lipid particles normally have a size greater than 

Solid polymeric nanoparticles

In addition to their production by size reduction o  
drug particles, solid nanoparticles can be  ormed 
 rom polymers with the drug incorporated within 
the polymer matrix or associated onto the particle 
sur ace. As such, the delivery system can be loaded 
with a wide range o  drugs (e.g. water-soluble and 
low-solubility drugs, small and large molecular 
weight drugs, small molecules and proteins) and can 
o  er protection to the drug. Incorporation o  the 
drug into solid polymeric nanoparticles also allows 
 or modif ed drug biodistribution as the drug pharma-
cokinetic prof le will be dictated by the properties 
o  the nanoparticle attributes rather than those o  
the drug.

Polymeric nanoparticles are generally  ormulated 
 rom natural or synthetic polymers with the most 
commonly studied polymers being those which are 
biodegradable, such as poly(lactide-co-glycolide) 
(PLGA), polylactic acid (PLA), polycaprolactone 
(PCL) and polysaccharides (particularly chitosan). 
The advantage o  these polymers is that they are 
well characterized and used in a range o  clinical 
products, particularly PLGA. In terms o  drug 
delivery, the main areas in which polymeric nano-
part icles are being considered is  or their ability 
to promote passive targeting o  drugs to tumour 
sites via the EPR e  ect. Similar to the 
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tumours may be enhanced as a result o  the EPR 
e  ect; the dense and highly permeable endothelial 
microvascular structure o  tumours (which is a 
result  o  angiogenesis) allows large macromolecules 
and nanoparticles to leak into the underlying tumour 
t issue. The impaired lymphatic drainage at the 
tumour site slows drainage o  these nanoparticles 
and macromolecules  rom the tumour site, result ing 
in the particles becoming trapped.

In the case o  Abraxane®, a second mechanism 
has also been associated with the targeting and 
uptake o  the albumin nanoparticles to tumour sites. 
This is the Albumin-activated (glycoprotein) gp60 
pathway. Within the body, albumin is able to trans-
port hydrophobic molecules, such as vitamins, hor-
mones and other plasma constituents, across the 
endothelial lining and out o  the blood circulation. 
This is achieved by albumin binding to gp60 
albumin receptors  ound on the sur ace o  vascula-
ture endothelial cells. These gp60 receptors are then 
responsible  or the transport  o  albumin across blood 
vessel walls. The binding o  albumin to the gp60 
receptors, activates the membrane protein 
caveolin-1. The activation o  caveolin-1 subsequently 
results in the internalization o  the cell membrane 
and the  ormation o  transcytotic vesicles (known as 
caveolae). These caveolae then transport their con-
tents across the endothelial cell cytoplasm, and 
release their contents into the cell’s interstit ium. In 
the case o  tumours, this transport system is thought 
to be upregulated. There ore Abraxane® is able to 
exploit  this albumin-activated gp60 transport mech-
anism to target the tumour site. A ter entering the 
systemic circulation, the albumin-bound paclitaxel 
can bind to the gp60 albumin receptors and be 
carried across the endothelial cells via transcytosis 
in the same way as albumin.

A ter crossing the endothelial lining, the drug 
must cross the tumour cell membrane and enter the 
tumour cells. Once the albumin-bound paclitaxel 
reaches the interstit ium, the albumin may bind to 
an extracellular matrix glycoprotein known as 
SPARC (secreted protein acid and rich in cysteine) 
which is also over-expressed in tumour cells. This 
can trigger the release o  the paclitaxel  rom the 
albumin, allowing the  ree drug to di  use to the 
nucleus o  tumour cells initiating cell death. G iven 
that  this mechanism o  tumour targeting is an 
attribute o  the albumin carrier system and not the 
drug, it  is conceivable it  may be applied to the deliv-
ery o  other low solubility anti-cancer agents.

50 nm and can be prepared on a large-scale by 
homogenization to disperse the lipid into an aqueous 
environment.

Solid lipid nanoparticle dispersions have been 
developed  or parenteral, oral, ocular, dermal and 
cosmetic applications. As with the polymeric nano-
particles, PEG  coating o  these systems has been 
shown to passively target tumour sites via the EPR 
e  ect. To actively target cancer cells, covalent cou-
pling o  targeting groups such as  erritin or galactose 
to the lipids used in the  ormulation has been inves-
tigated. Currently, there are a range o  cosmetic 
products which use lipid nanoparticles loaded with 
cosmetic components such as: ascorbyl palmitate, 
beta-carotene and co-enzyme Q10. As these are all 
lipophilic in nature, they are e f ciently incorporated 
within lipid nanoparticles.

Protein nanoparticles

In addition to polymers and lipids, nanoparticles 
can also be prepared  rom proteins. The f rst com-
mercial product based on protein nanotechnology 
was Abraxane® (nabTM-paclitaxel). Abraxane® is 
approved  or the treatment o  breast cancer in 
patients who do not respond to combination chemo-
therapy  or metastatic disease or relapse within 6 
months o  adjuvant chemotherapy. Abraxane® con-
sists o  130 nm particles o  albumin-bound paclit-
axel. The drug, paclitaxel, has a low water solubility 
and requires addition o  solubility-enhancing agents 
to allow its clinical use. Prior to the development o  
Abraxane®, paclitaxel was only available as Taxol®. 
This is a liquid product with paclitaxel solubilized 
in polyethoxylated castor oil (Cremophor® EL) and 
ethanol. However, this  ormulation requires special 
in usion sets, prolonged in usion times and has tox-
icity issues associated with its use. By incorporating 
paclitaxel into albumin nanoparticles, the albumin 
 unctions to coat the paclitaxel and provide colloidal 
stabilization to the drug. This circumvents both the 
low solubility and the Cremophor®-associated side 
e  ects.

Targe ting mechanis ms  of Abraxane®
The albumin within the nanoparticle-albumin tech-
nology used in Abraxane serves as more than a solu-
bility enhancing agent: albumin also promotes active 
targeting o  the paclitaxel to tumour cells. As high-
lighted above, drug targeting o  nanoparticles to 
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Lipos ome s  and  
bilaye r ve s ic le s

Liposomes are closed spherical vesicles consisting o  
an aqueous core surrounded by one or more bilayer 
membranes (lamellae) alternating with aqueous 
compartments (Fig. 45.4). These bilayer membranes 
can be composed o  natural or synthetic amphiphilic 
lipids, and commonly phospholipids are employed 
 or the  ormulation o  liposomes, however a range 
o  amphiphilic lipids can be used. Liposomes  orm 
when the lipids (which are sur ace active with a 
hydrophilic head group and a hydrophobic chain(s) 
at opposing ends) are exposed to an aqueous envi-
ronment. Under appropriate lipid-to-water ratio and 
temperature, the lipids will arrange into bilayer vesi-
cles. Unlike micelle  ormulation, which  orm spon-
taneously, energy must be added to the system to 
drive the  ormation o  liposomes.

Inorganic nanoparticles

Nanoparticles can be  abricated  rom inorganic 
materials including metal oxides, metal sulphides, 
carbon nanotubes, calcium phosphate and ceramics. 
These nanoparticles are generally not biodegradable 
and so have a more limited application. Abdoscan® 
is an example (albeit  no longer available in Europe) 
o  a metal oxide nanoparticle product. Abdoscan® 
can be used  or magnetic resonance imaging (MRI) 
diagnostics o  the bowel, as it  is a superparamagnetic 
iron oxide nanoparticle  ormulation which is admin-
istered orally. The particles have a mean diameter 
no less than 300 nm. It  is a negative contrast agent 
utilized  or peroral bowel MRI diagnosis due to its 
high magnetic signal strength and decreased cyto-
toxicity. The particles are suspended in viscosity 
increasing agents, such as starch, to prevent aggrega-
tion o  the particles in-vivo.

Fig . 45.4 •  A lipid, which can form bilayer vesicles with drug entrapped in the aqueous phase or the bilayer. The 
liposome surface can be modi ed with a PEG hydrophilic coating and targeting groups. 

Hydrophilic head

Bilayer formed in an
aqueous  environment

Types  of lipos omes :

Multilamella r ves icles
(MLV)

Large  unilamellar ves icles
(LUV)

Small unilamella r ves icles
(SUV)

Amphiphile

Hydrophobic ta il PEG hydrophilic
coa ting

Drug dissolved within the  aqueous  core
Drug solubilized within the  bilayer 
Drug adsorbed on the  surface

Targe ting group
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These  ormulations exploit  the ability o  lipo-
somes to control the pharmacokinetic prof le o  
their incorporated drug. Early in the development 
o  liposomes as drug delivery vehicles it  was estab-
lished that intravenously injected liposomes interact 
with blood opsonins, which cause their removal 
 rom the blood circulation at rates that  are dictated 
by vesicle size, lipid composit ion and sur ace charge. 
Due to this interaction with opsonins, liposomes end 
up (via opsonin recognition by appropriate cell 
receptors) in the t issues o  the mononuclear phago-
cytic system (MPS), mostly f xed to macrophages in 
the liver and spleen. This property allows liposomes 
to be used  or passive targeting o  such sites. Alter-
natively, when administered via the intramuscular or 
subcutaneous routes, liposomes reach the lymphatic 
system including the local lymph nodes. This pro-
vides the opportunity  or liposomes to be used  or 
the delivery o  vaccines. However to use liposomes 
 or drug delivery to sites other than the MPS, the 
stability o  liposomes in blood or interst itial  uids, 
vesicle clearance rates, and tissue distribution are 
key  actors.

Formulation considerations that can improve this 
aspect include coating with hydrophilic polymers, 
such as polysialic acids and PEG ; these polymers 
provide a hydrophilic sur ace which helps to repel 
opsonins and thus contribute to longer vesicle circu-
lation times and, there ore, provide opportunities 
 or the liposomes to interact with target cells other 
than those o  the MPS. By avoiding MPS uptake, 
liposomes can accumulate in pathological sites with 
leaky vasculature including tumour sites and sites o  
in ammation through the EPR e  ect.

The  applica tion of lipos omes   
in cancer chemotherapy
There are several liposome products designed  or 
the delivery o  cancer chemotherapy, and they can 
promote improved drug delivery via a range o  di -
 erent mechanisms. For example Myocet® is a lipo-
somal  ormulation o  doxorubicin. The liposomes 
within Myocet® are ~ 180 nm in size and composed 
o  egg phosphatidylcholine and cholesterol. Due to 
their larger size and lack o  PEG  coating, the lipo-
somes in Myocet are rapidly taken by the MPS. This 
is thought to create a ‘MPS depot’ which produces 
a slow release o  the drug into the blood circulation, 
mimicking a slow trans usion.

Alternatively, liposomes can be  ormulated to 
exploit  the EPR e  ect  thereby allowing them to 

Due to their nature, liposomes are able to carry 
both water-soluble and lipophilic moieties, with the 
water-soluble drugs being incorporated within the 
aqueous compartments and lipid-soluble drugs 
incorporated within the bilayer (similar to the solu-
bilization o  drugs within the core o  micelles). In 
addition, some drugs and molecules can be adsorbed 
onto the sur ace o  the liposomes through electro-
static interactions, e.g. nucleic acids and many 
proteins are anionic in nature and can be electro-
stati cally bound to the sur ace o  cationic 
liposomes.

Liposomes can be  ormulated in a range o  diam-
eters  rom around 30 nm up to several micrometres, 
there ore they can be considered as nanotechnology. 
G enerally, liposomes are classif ed based on their 
size and number o  lamellae (Fig. 45.4).
Sma ll unila mella r  vesicles (SUV). These are 
single-bilayer vesicles, around 30 to 100 nm in size. 
These are generally easier to prepare in a homogene-
ous size range compared to other types o  vesicles 
and are the most commonly used in clinically 
approved products. Due to their small size there is 
a low ratio o  internal aqueous volume per mole o  
lipid.
La rge unila mella r  vesicles (LUV). These are 
large single-bilayer vesicles o  100 nm and greater. 
These vesicles o  er a larger aqueous compartment 
compared with SUVs.
Multila mella r  vesicles (MLV). These vesicles 
have multiple concentric bilayers and are 100 nm to 
several micrometers in size, depending on their 
composition and their method o  preparation. Their 
low aqueous volume (due to the multiple bilayers) 
reduces their capacity  or carrying water-soluble 
drugs.
Multivesicula r  vesicles (MVV). MVV are o  
similar size to MLVs, however rather than having 
multiple concentric bilayers, they have vesicles 
within vesicles.

Clinical application of liposomes

Examples o  liposome  ormulations on the market 
are given in Table 45.6. These include  ormulations 
which are prescribed  or the treatment o  certain 
cancers (e.g. Caelyx® and DaunoXome®), systemic 
 ungal in ections (e.g. AmBisome®), vaccines (e.g. 
In exal V®) and macular degeneration (e.g. Visud-
yne®); the majority o  the products are designed 
 or intravenous injection.
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Table 45.6 Examples of clinically approved liposome products

Product name Drug Formulation Clinical indications

AmBisome® Amphotericin B These are SUV liposomes composed of hydrogenated soy 
phosphatidylcholine, cholesterol, disteraroylphosphatidyl 
glycerol and alpha tocopherol. The vesicles are less than 
100 nm in size. Amphotericin B is intercalated within the 
liposome membrane.

An antifungal agent given 
intravenously for the 
treatment of systemic 
fungal infections.

Caelyx®/ 
Doxil®

Doxorubicin These SUV liposomes are 80 to 100 nm in size and are 
composed of PEGylated distearoylphosphatidyl 
ethanolamine, hydrogenated soy phosphatidylcholine and 
cholesterol. Doxorubicin is located within the aqueous 
core of the liposomes. It is present as a doxorubicin-
sulphate complex, which is a gel like precipitate within 
the vesicles helping to retain the drug with the liposomes 
with over 90% loading ef ciency.

Advanced ovarian cancer, 
advanced breast cancer and 
AIDS-related Kaposi 
sarcoma.

DaunoXome® Daunorubicin These SUV liposomes are composed of 
distearylphosphatidylcholine and cholesterol and have  
a diameter of 45 nm. Daunorubicin is located in the 
aqueous core of the liposome in a similar manner to 
doxorubicin.

Kaposi sarcoma.

De nity® Octa uoropropane These are not liposomes in the strictest sense of the  
term and can be referred to as lipid microspheres.  
They contain dipalmitoylphosphatidic acid, 
dipalmitoylphosphatidylcholine and PEG-500 dipalmitoyl 
phosphatidyletholamine. The mean diameter of these 
particles is 1.1 to 3.3 µm. Sparingly soluble 
octa uoropropane is incorporated within these constructs.

This is used as a contrast 
agent for echocardiograms.

DepoCyte® Cytarabine These are multivesicular vesicles composed of 
dioleoylphosphatidyl choline, cholesterol, 
dipalmitoylphosphatidylglycerol and triolein. The vesicles 
are 3 to 30 µm in size. Cytarabine is entrapped in the 
aqueous compartments of the liposomes.

Intrathecal treatment of 
lymphomatous meningitis.

DepoDur® Morphine sulfate These are multivesicular liposomes composed of dioleoyl 
phosphatidylcholine, dipalmitoyl phosphatidylglycerol, 
cholesterol and triolein. The morphine is incorporated 
within the aqueous regions of the vesicles; similar to 
DepoCyte.

Extended post-operative 
pain relief after major 
surgery. This is a single 
epidural injection.

Epaxal® Inactivated 
hepatitis A virus

These vesicles are known as virosomes as the bilayer 
structures are built from phosphatidylcholine, cephalin 
and puri ed in uenza virus surface antigens. The 
sub-unit antigens are incorporated within the bilayer lipid 
membrane and the vesicles are ~150 nm.

Hepatitis A vaccine.

In exal V® In uenza 
haemagglutinin 
glycoprotein and 
neuraminidase

Similar to Epaxal, these are virosomes prepared from 
phosphatidylcholine. The sub-unit antigens are 
incorporated within the bilayer lipid membrane.

In uenza vaccine.

Table continued overpage
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Product name Drug Formulation Clinical indications

Myocet® Doxorubicin These are SUV liposomes around 45 nm in size and 
composed of egg phosphatidylcholine and cholesterol. 
Doxorubicin is loaded into the aqueous core of the 
liposomes where it forms a doxorubicin citrate complex.

First-line treatment of 
metastatic breast cancer in 
women.

Visudyne® Verepor n Dimyristoylphosphatidylcholine and egg 
phosphatidylglycerol. The sparingly soluble photo 
sensitizer vertepor n is incorporated in the liposomes.

Photodynamic therapy for 
macular degeneration.

Table 45.6 Examples of clinically approved liposome products—cont’d

target anti-cancer agents to tumour sites via passive 
targeting. To achieve this, the liposomes can be pre-
pared with a PEG ylated sur ace coating, as in 
Caelyx® (also marketed as Doxil®). Within this 
 ormulation the liposomes are less than 100 nm in 
size and incorporate PEG 2000 – distearoylphosphati-
dyl ethanolamine (DSPE) within their bilayer, which 
provides a hydrophilic PEG  coating on the sur ace 
o  the liposomes. This hydrophilic coating inhibits 
opsonization o  the liposomes, avoids their clearance 
by the MPS, and there ore increases their circula-
t ion hal -li e. Subsequently, the liposomes are able 
to accumulate at tumour sites via the EPR e  ect. 
Indeed targeting via the EPR e  ect is driven by the 
plasma concentration o  liposomes. The liposomes 
retained in the tumour subsequently breakdown and 
release doxorubicin which acts locally on cells.

DaunoXome®, a liposome  ormulation o  dauno-
rubicin, is also able to selectively deliver the 
entrapped drug to tumour sites. Unlike Caelyx®, 
the liposomes in DaunoXome® do not have a 
PEG ylated hydrophilic coating. DaunoXome® lipo-
somes are  ormulated  rom high transition tempera-
ture lipids and cholesterol, which makes the liposome 
bilayer resistant to opsonization. This, combined 
with their small size (45 nm), supports prolonged 
blood residence times and tumour targeting.

The  applica tion of lipos omes  in the  
trea tment of s ys temic  funga l infec tions
AmBisome is an anti ungal preparation, adminis-
tered by intravenous injection, consisting o  ampho-
tericin B incorporated in liposomes which are 
~ 80 nm in diameter. Amphotericin B is generally 
the f rst  line drug used  or the treatment o  li e-
threatening systemic  ungal and protozoal in ec-
tions. However, its application is limited by its 
associated adverse side e  ects. There are three 

lipid-based  ormulations, with AmBisome® being 
the only liposome  ormulation and it  has an aqueous 
core within a bilayer system. Within AmBisome®, 
the liposomes are composed o  hydrogenated soy 
phosphatidylcholine, cholesterol, distearoylphos-
phatidylglycerol (DSPG ) and α -tocopherol. In these 
liposomes the amphotericin B is intercalated within 
the liposomal membrane due to its low solubility.

Abelcet® and Amphotec® are two alternative 
lipid-based  ormulations o  amphotericin 
B. Abelcet® is  ormulated  rom dimyristolpho-
sphatidylcholine (DMPC) and dimyristol phosphati-
dylglycerol (DMPG ), and the resultant constructs 
are ribbon-like complexes which are around 1.6 to 
11 µm in diameter. Amphotec® consists o  a 
complex o  amphotericin B with cholesteryl sul ate 
which are disc-like in structure, with a diameter 
around 100–140 nm. G iven the di  erence in their 
physical structures these three  ormulations have 
di  erent pharmacokinetic prof les, including di  er-
ence in clearance rates and volume o  distribution, 
and there ore may not be considered as directly 
interchangeable.

Lipos omal de live ry of vacc ines
In addition to their ability to passively target tumour 
sites, the natural tendency  or liposomes to be taken 
up by phagocytic cells can be exploited to target cells 
o  the immune system, such as dendritic cells, and 
thereby enhance the delivery o  antigens. Indeed a 
range o  bilayer vesicle systems have been shown to 
induce humoral and cellular immunity to a wide range 
o  antigens. This is particular use ul  or the delivery 
o  soluble antigens which have a good sa ety prof le 
but are weak at inducing immune responses. There 
are currently two liposome-type constructs, which 
are built  rom viral components and phospholipids, 
that are licensed as vaccine delivery systems (Table 
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45.6). These virosomes use viral components, such as 
in uenza haemaglutinin, which enhances antigen 
delivery and targeting to the immune cells.

Sus ta ined  drug re leas e  from lipos omes
Sustained drug release, multi-vesicle liposomes have 
been developed  or clinical use. Both DepoCyte® 
and DepoDur® comprise large multivesiclular vesi-
cles which achieve sustained drug release through 
their slow clearance  rom the administration site and 
their slow breakdown. In the case o  DepoDur®, 
this is administered as a single epidural injection 
and can give relie   rom post-operative pain  or up 
to 48 hours.

Formulation des ign cons iderations   
for liposomes

When designing liposomes  or drug delivery, in addi-
tion to consideration o  the vesicle size and lamel-
larity, the lipid bilayer composition can play an 
important role in dictating the properties o  the 
vesicles, and there is a wide range o  options 
available  or  ormulating liposomes.

Choice  of lip id
Most clinically approved products use phosphatidyl-
cholines (e.g. egg or soy phosphatidylcholine; 
dioleoyl phosphatidylcholine; dimyristoyl phosphati-
dylcholine) as the lipid within the  ormulation. It  is 
used to give a structural  ramework in the liposome 
bilayers (Table 45.6). By varying the structure o  the 
lipid  atty acid tails the characterist ics o  the lipo-
somes can be manipulated. By increasing the length 
o  the carbon tails and the degree o  saturation o  
the lipids the liposomes can be designed to have a 
more rigid and less permeable bilayer. This is use ul 
 or improving drug retention and avoiding opsoniza-
tion. For example DaunoXome is  ormulated using 
distearoyl phosphatidylcholine (DSPC). DSPC has 
two  atty acid tails which are 18 carbons in length 
and both are  ully saturated. This allows strong 
hydrophobic interactions between the lipid tails and 
dense packaging o  them within the bilayer, which 
enhances the stability o  the liposomes.

In addition to phospholipids, a range o  other 
lipid/ amphiphilic molecules can be used to  orm 
liposomes. These include,  or example, non-ionic 
sur actants and amphiphilic synthetic block copoly-
mers which  orm vesicles re erred to as niosomes 

and polymersomes, respectively. There are also bilo-
somes which are synthetic vesicles that include bile 
salts within the vesicle bilayer. Whilst each o  these 
variations on liposomes may o  er some di  erences 
in physicochemical characteristics, they all o  er the 
bilayer structure which can incorporate drugs within 
the aqueous phase or within the bilayer depending 
on the drug attributes.

The key  actor that dictates the aggregation o  
amphiphile molecules into bilayer vesicles rather 
than,  or example micelles or liquid crystals, is the 
molecular shape o  the amphiphile as this will in u-
ence their geometrical packaging within a given solu-
tion environment. The shape o  an amphiphile may 
be expressed as its critical packing parameter (CPP), 
which is related to the ratio o  the volume o  the 
molecule (v) to the area o  the headgroup (S0) and 
the hydrophobic chain length (lc), i.e.:

 CPP  /  c=  ×v  S  l0  
(45.1)

Amphiphile molecules with a CPP o  less than 1
3 

(i.e. a cone shape) tend to  orm micelles, as in the 
case o ,  or example, sodium dodecyl (lauryl) sul-
phate. Amphiphiles with a CPP o  between 1

2 and 
1 (a truncated cone, e.g. phosphatidylcholine) will 
 orm vesicles. I  the CPP o  the molecule increases 
to above 1 (e.g. dioleoylphosphatidyethanolamine; 
DOPE) inverted micelles tend to  orm. Whilst the 
use o  CPP can provide a use ul approach to predict-
ing which structure amphiphiles may  orm, it  is 
important to consider that  changes in pH, tempera-
ture and lipid concentration can also have an in u-
ence. With lipid mixtures, the overall CPP o  the 
system must be considered.

Choles te rol content
Cholesterol is also a common component o  the 
liposome  ormulations. Although cholesterol does 
not  orm bilayers on its own, it  can be incorporated 
into liposome bilayers at concentrations up to 50% 
o  total lipid. The presence o  cholesterol in the 
bilayer can reduce the bilayer permeability o  the 
liposomes and thus improve drug retention within 
liposomes. This has been attributed to the ability o  
cholesterol to reduce the mobility o  the phospholi-
pids and improve lipid packing within the bilayer.

Surface  charac te ris tics
A third consideration o  the liposomes is their 
sur ace properties. In addition to considering a 
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Mic roc aps ule s  and 
mic ros phe re s

Even though, as the name suggests, these particles 
are generally in the micrometre size range and there-
 ore can  all outside the nanoparticle def nition, 
these systems are worth consideration given their 
clinical application in drug delivery. They are essen-
tially spherical particles that can be manu actured 
to be solid or porous (o ten termed microparticles 
or microspheres) or alternatively they can be hollow 
in nature (microcapsules). Their composition is basi-
cally the same as nanoparticles in that they can be 
 ormulated  rom polymers, lipids, proteins, etc. 
Polymers such as PLA and PLGA are commonly 
used. Drugs can be incorporated within the matrix 
systems, and there ore drug release is dictated by 
the degradation rate o  the matrix. There are a 
number o  polymeric microparticles approved  or 
clinical use. Examples include the  ollowing:
•  Lupron Depot is a suspension o  PLGA 

microspheres which are injected subcutaneously 
and act as a drug depot a ter administration, 
giving controlled-release o  leuprolide acetate 
 or up to 6 months. This system is used  or the 
palliative treatment o  advanced prostate 
cancer, management o  endometrosis, treatment 
o  f broids and the treatment o  children with 
central precocious puberty. Other brands o  
PLGA microsphere  ormulations containing 
leuprolide include Enantone Depot®, Enantone 
G yn® and Trenantone®.

•  Decapeptyl® o  ers sustained release triptorelin 
 rom microspheres prepared  rom PLGA. The 
active ingredient is triptorelin acetate, a 
gonadorelin (LHRH) analogue, and it  is 
prescribed  or the treatment o  advanced 
prostate cancer and edometriosis. The 
microsphere  ormulation is injected 
intramuscularly and the bioavailability o  
triptorelin is reported as approximately 50%. 
Alternative microsphere  ormulations o  
triptorelin include Trelstar Depot®.

•  Parlodel LA® is a PLGA microsphere 
 ormulation o  bromocriptine mesylate, which is 
a dopamine receptor agonist that reduces 
plasma levels o  prolactin and is used in the 
treatment o  Parkinson’s disease.

•  Sandostatin LAR® is administered by 
intramuscular injection and gives sustained 

PEG ylated hydrophilic coating, liposomes can be 
 ormulated to have an anionic or cationic sur ace 
charge. Cationic liposomes are currently being 
considered  or the delivery o  nucleic acid based 
therapies such as DNA and siRNA, which are 
anionic and can electrostatically bind to cationic 
liposomes. Cationic liposomes are also being 
considered  or the delivery o  sub-unit vaccines 
which are o ten anionic in nature. CAF01 is a 
cationic vesicle  ormulation, developed by Statens 
Serum Institut , Denmark. It  is currently in 
clinical trials as a vaccine  or the prevention o  
tuberculosis.

The conjugation o  targeting groups to the sur ace 
o  liposomes to promote their active targeting has 
also been investigated. Similar to the polymer-based 
systems, targeting groups such as  olate or glycopro-
teins  or targeting o  tumour cells, or the attachment 
o  antibodies to liposomes have been investigated. 
Presently none o  these are used clinically.

Drug charac te ris tic s
In addition to the design o  the liposomal bilayer, 
the characteristics o  the drug to be loaded into the 
vesicles require consideration. Drugs with high 
aqueous solubility (log P < ~ 1.7) can be incorpo-
rated and retained within the aqueous compart-
ments o  the liposomes whereas lipophilic drugs 
(log P > 5) are incorporated and retained within the 
liposome bilayers. Drugs with intermediate log P 
values are more di f cult to incorporate within lipo-
somes as they can partit ion between the aqueous 
phase and the bilayers resulting in loss o  the drug 
 rom the liposomes.

To address this issue and improve drug loading, 
remote drug loading has been developed. This is 
used in some marketed products, such as Caelyx® 
and DaunoXome®. In these  ormulations, the lipo-
somes are f rst prepared within an aqueous core 
containing ammonium sulphate. This results in an 
ammonium sulphate gradient across the liposome 
bilayer. When doxorubicin is added to the external 
aqueous phase, surrounding the liposomes during 
manu acture, doxorubicin di  uses across the lipo-
somal membrane and enters the internal aqueous 
compartment o  the liposomes. When inside the 
liposomes, due to the concentration o  ammonium 
sulphate, the doxorubicin  orms a drug-sulphate 
complex and becomes trapped within the vesicles. 
Using this method, high drug loading e f ciencies o  
over 90% can be achieved.
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o  nanotechnology, it  is likely that the application o  
this evolving technology will continue to expand 
providing new and re ormulated therapeutics 
which o  er better clinical outcomes and improved 
patient- ocused  ormulations.
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release o  octreotide, a synthetic  orm o   
the peptide hormone somatostatin. It  is used  
in patients to help control symptoms o  
acromegaly and  or the treatment o  
gastroenteropancreatic neuroendocrine tumours. 
It  is  ormulated  rom PLGA microspheres o  
around 30 µm which o  er steady state drug 
release over 28 days.

Ongoing de ve lopme nts

Within the f eld o  nanotechnology there are a large 
number o   ormulation options to enhance the 
delivery o  a drug. There are several systems that 
are already licensed  or clinical use, and many more 
in various stages o  clinical trials. The majority o  
these systems are being considered  or their applica-
tion in oncology. However, nanotechnology is not 
limited to this area and the application o  these 
delivery systems is also being considered  or 
peptide-based therapies and the delivery o  DNA 
and siRNA. G iven the range o   unctional attributes 
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•  Biopharmaceuticals  have specif c  ormulation 
and delivery is sues : a) they are eas ily degraded/
inactivated on s torage and b) they are eas ily 
cleared in vivo and thus  have di f culty reaching 
their therapeutic target 

•  Delivery solutions   or this  class  o  medicines  
involve the use o  poly(ethylene glycol) 
conjugates  to prolong the activity o  proteins , 
polymer matrices  to sus tain the activity o  
peptides , the use o  vaccine delivery sys tems  
and vaccine adjuvants  to enhance the 
prophylactic  immune response, and the use  
o  viral and synthetic  vectors  to deliver gene 
therapies  

Introduc tion

Biopharmaceuticals, also known as biologicals or bio-
logics, are medicines in which the active is derived 
from a biological (usually non-plant) source (Table 
46.1). Vaccines are also considered here, even 
though they are constituted from whole attenuated/
inactivated organisms as well as antigen subunits. 
The biopharmaceutical class of drugs includes pro-
teins and peptides, nucleic acids and carbohydrates, 
all chemical components that exist in nature (Fig. 
46.1). There are few carbohydrate drugs derived 
from biological sources, with heparin being the most 
well known, and while carbohydrate therapeutics 
are now being studied more intensely, they will not 
be treated in detail here because of the paucity of 
commercial products and information available. 
Other biopharmaceuticals include cell types such as 
the emerging area of transplanted stem cells and 
engineered tissues.

Ijeoma F. Uchegbu Andreas G . Schätzlein

KE Y P O IN TS

•  Biopharmaceuticals  are medicines  which contain 
active agents  o  biological origin and include: 
enzymes , monoclonal antibodies , cytokines , 
hematopoietic blood  actors , peptides , genes , 
s iRNA, oligonucleotides , vaccines  and 
carbohydrates  

•  Biopharmaceuticals  are usually commercially 
produced in mammalian cell bioreactors , 
purif ed by centri ugation and/or f ltration and 
characterized us ing various  spectroscopic, 
chromatography and calorimetric  techniques  
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One aspect that unites these therapeutic mole-
cules is that they are still administered mainly using 
a syringe and needle, despite the extensive efforts 
that have been made to deliver these compounds 
by non-parenteral means. Biopharmaceuticals are 
largely high molecular weight molecules (>5,000 
daltons), with the exception of the short peptides 
and they suffer from instability problems, either on 
storage or after being administered. These proper-
t ies make the administration of these compounds by 
non-parenteral means problematic at best and fre-
quently impossible.

This chapter will serve as an introduction to the 
delivery issues associated with key members of this 
class of drugs, as well as an introduction to the 
established and emerging delivery solutions.

Prote in and pe ptide  drugs

Introduction

Proteins are composed of individual amino acids 
linked by amide bonds. The 20 known amino acids 
(Fig. 46.1) are the constituent parts of proteins. 
Amino acids are chiral compounds and amino acids 
of biological origin are L-amino acids. Peptides differ 
from proteins mainly in the number of amino acids 
contained within each molecule. The amino acid 
residue distinction between peptides and proteins is 
not exact: peptides are generally de ned as having 
less than 50 amino acids, while proteins usually 
contain hundreds of amino acids and have a tertiary 
(folded) structure. However, insulin with 51 amino 
acids is de ned as a peptide.

Endogenous proteins are synthesized in the cell 
in an amino acid sequence that is de ned by a spe-
ci c nucleotide base pair sequence. Following the 
synthesis of the protein, there is post translational 
modi cation, including glycosylation and protein 
folding to give the functional three-dimensional 
structure. Endogenous bioactive peptides are also 
synthesized within the cell and are normally the 
result  of cleavage of larger proteins to give the 
peptide active. There are a number of therapeutic 
classes of proteins on the market (Table 46.1). The 
peptide therapeutic classes mostly comprise 
peptide hormones, such as insulin and calcitonin 
as well as endogenous peptide analogues, such as 
goserelin.

Since the 1990s, there has been huge growth in 
the area of biopharmaceuticals and this growth is 
predicted to continue, largely fuelled by the dif -
culty in identifying small molecule candidates for 
the diseases that still endure less than optimal treat-
ment regimens or no treatments at all. The biophar-
maceuticals market is dominated by three classes of 
drugs: protein and peptide hormones, e.g. insulin; 
monoclonal antibodies, e.g. trastuzumab and 
vaccines, e.g. the in uenza and the diphtheria –  
pertussis – tetanus (DPT) vaccines. Other 
biopharmaceuticals include haematopoietic factors 
such as erythropoietin (epoetin); cytokines, e.g. the 
interferons; and enzymes such as the pancreatic 
enzyme, pancrealipase. G ene therapeutics currently 
constitute only a tiny fraction of the market, in 
essence limited to three authorized products – G en-
dicine, marketed in China, Rexin G , marketed in 
the Philippines and G lybera, recently approved in 
Europe. Ribonucleic acid gene silencing agents, com-
monly known as small interfering RNAs (siRNAs), 
while an area of active scienti c endeavour, are yet 
to be marketed.

Table 46.1 Biopharmaceuticals

Biopharmaceutical class Example

Peptides Oxytocin

Proteins
Enzymes
Monoclonal antibodies
Cytokines
Hormones
Hematopoietic growth factors

Pancreatic lipase
Bevacizumab
Interferon beta 1b
Human Growth Hormone
Epoetin

Vaccines Diptheria – Pertussis 
– Tetanus (DPT)

Nucleic acid drugs
Genes
Oligonucleotides
siRNA

Gendicine
Vitravene
No marketed products

Cell-based therapies Platelets
Cytomegalovirus speci c 

T-cells

Carbohydrates Low molecular weight 
heparin
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Fig . 46.1 •  Amide bonds and amino acids found in proteins and peptides. The upper left hand molecular structure 
is  the base protein and peptide structure. The other groups shown are possible R1 and R2 groups that may be 
attached to the base structure. 

                          

 

              

   
   

   

 
 

    

               

   
   

   

  

          

      

   

   

          

            

                         

                         

              

 

     

 

                    

        

 

 
  

                                                

     

               

      

         

  

  

   

   

              

      

        

   

 
 

          

        

 

         

            

 

                                                               

      

                  

        

                 

  

             

           

 

             

       

 

         

   

   

          



 P A R T  F I V E  Dos age  Form Des ign and Manufac ture

8 0 0

access to these therapeutic agents. The feasibility of 
producing high value protein products in plant 
species has been recently demonstrated with the 
production of trastuzumab in the N icotiana bentha-
miana specie using viral gene expression systems.

Peptides, such as insulin, are produced using the 
above described recombinant techniques, whereas 
shorter peptide chains (less than 50 amino acids) are 
synthesized using relatively expensive and laborious 
solid phase synthetic techniques.

Once proteins are produced using recombinant 
means, the product is characterized to establish its 
identity and purity using the analytical techniques 
outlined in Table 46.2.

Production processes are normally proprietary 
and as a consequence, it  is impossible, once the 
protecting patents have expired, for other compa-
nies to produce exactly the same therapeutic protein 
with identical glycosylation patterns without access 
to the original bioreactor procedures. This realiza-
tion has led to a new category of medicine – the 
‘follow-on biologic’ made by a separate manufac-
turer after patent expiry. Such follow-on products 
are also known as ‘biosimilars’ or ‘biobetters’. They 
must be comparable with respect to a number of key 
indicators in order to be considered biosimilars of 
reference marketed products. A number of biosimi-
lars have been introduced and the biosimlars cur-
rently available in Europe are listed in Table 46.3.

Delivery is sues

The delivery issues surrounding protein and peptide 
drugs are divided into two main categories: a) main-
taining stability on storage and b) the optimization 
of in vivo ef cacy. Storage stability issues may be 
classi ed according to the chemical and physical 
origins of protein instability. Of the chemical origins 
of protein instability – deamination (Fig. 46.3) is 
arguably the most intensively studied and occurs 
with the most frequency. Deamination is the result 
of base catalysed hydrolysis of asparagine (usually) 
and glutamine side chain amides to give aspartic acid 
and glutamic acid respectively. The reaction mecha-
nism, which proceeds via the 5-membered cyclic 
ring, is the more prevalent mechanism, and the loss 
of ammonia on cyclization effectively makes the 
process irreversible. On deamination of asparagines, 
both aspartic acid and L-isoaspartic acid are formed.

Peptide bond hydrolysis is also a source of insta-
bility and this occurs at aspartic acid and tryptophan 

Production

Protein drugs are produced in mammalian cells, e.g. 
the Chinese Hamster Ovary (CHO) cell line; bac-
teria, e.g. Escherichia coli (E. coli) or yeast cells (Fig. 
46.2). The gene of interest is transfected into the 
cells and the cells are grown in a bioreactor. The 
protein product is isolated by cell lysis and 
centrifugation/  ltration and the protein is puri ed 
using chromatographic techniques. Protein yields 
are an important determinant of the ef ciency of 
the process, with yields in CHO cells of about 
5 g L−1. In an effort to improve yields, new cell lines 
have been introduced, e.g. the PER. C6 cell line, 
created by the transfection of human retinal cells 
with the Adenovirus 5 E1A gene. This cell line gives 
high cell densities (160 X 106 cells mL−1) and anti-
body yields as high as 25 g L−1.

Whilst  the usual sources of proteins are mam-
malian and yeast cells, others such as animal sources 
are also being investigated. For example, transgenic 
animals have been used to produce human anti-
thrombin in goats’ milk. Cheap plant sources of 
proteins could revolutionize the biotechnology 
industry, lowering production costs, reducing drug 
prices and would have a positive effect on patient 

Fig . 46.2 •  The production of biopharmaceuticals . 
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residues is also a source of protein chemical instabil-
ity. Base-catalysed protein degradation may be con-
trolled by storage at  acid pH (pH = 3–6).

Care must be taken when selecting excipients for 
protein formulations as glycation of proteins may 
occur if proteins are placed in contact with reducing 
sugars; the net result being the reaction of a side 
chain lysine with the reducing sugar to form a 
Schiff ’s base – the Maillard reaction. Hence, protein 
stabilization with sugars should not be attempted 
using reducing sugars.

Proteins are also susceptible to physical instabili-
t ies. From a physical instability perspective, proteins 

sites and the hinge region of antibodies. Racemiza-
tion of amino acids to convert from the L-form to 
the non-natural D -form also occurs at aspartic acid 
residues. Additionally, base-catalysed nucleophilic 
attack mediated amine terminal cyclization, to give 
diketopiperazine groups; occasionally with the loss 
of the  rst  two amino acids or an amine terminal 
attack on the side chain of glutamic acid groups to 
produce a cyclic pyroglutamic acid residue, are both 
promoted at basic pH. Oxidation of proteins by 
reactive oxygen species occurs at histidine, methio-
nine, cysteine, tyrosine and tryptophan residues 
and disulphide bond formation between cysteine 

Table 46.2 Protein characterization techniques

Analytical technique Physical/chemical basis of the technique Protein characterization

Sodium dodecyl sulphate (SDS) PAGE 
analysis – a qualitative evaluation 
of molecular weight against 
molecular weight markers

Separates proteins according to their 
electrophoretic mobility and molecular 
weight

Provides a qualitative evaluation of 
protein molecular weight and 
detects proteolysis and dimerization 
impurities

Isoelectric focusing Separates proteins according to their charge, 
as a function of pH

Characterizes the homogeneity of the 
protein product

Capillary zone electrophoresis Separates proteins according to hydrodynamic 
radius, friction and charge

Characterization of glycosylation 
patterns

Size exclusion chromatography plus 
light scattering

Separates proteins according to hydrodynamic 
radius and measures molecular weight

Determines protein molecular weight

High performance liquid 
chromatography

Separates molecules according to polarity and 
quanti es protein levels

Demonstrates protein purity and used 
to analyse impurity levels

Spectroscopic methods Nuclear 
magnetic resonance (NMR) 
spectrometery

Ultraviolet absorption spectroscopy
Circular dichroism infrared (CDIR) 

spectroscopy

Records electronic and molecular transitions in 
response to electromagnetic energy

Primary structure from NMR 
spectroscopy

Reference material characteristics (e.g. 
from the IR  ngerprint region)

Secondary structure from CD and IR 
spectroscopy

Liquid chromatography – mass 
spectrometry (LC-MS)

Separation according to hydrophobic 
– hydrophilic balance and the detection  
of mass fragments

Peptide mapping

Differential scanning calorimetry Measures the enthalpy change of protein 
thermal transitions (e.g. protein folding)

Data on protein stability

Epitope mapping Identi es antibody binding sites on a protein 
– these may be linear peptide epitopes or 
conformational epitopes arising from protein 
folding

Requires synthesis of the epitope followed by 
binding studies

Measures ef cacy and immunogenicity
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water soluble and the combination of a high mole-
cular weight, high propensity for degradation and 
hydrophilic character means that  these molecules 
have dif culty in traversing biological, lipid rich 
membranes (Fig. 46.4), such as those found in the 
gastrointestinal tract and brain capillary endothelial 
cells. There are certain delivery routes that are pre-
cluded as a result of the fact that  proteins are easily 
hydrolysed, and as such the oral delivery of proteins 
is not currently a possibility.

While there has been a huge effort aimed at 
making peptides orally active, there are only two 
oral peptide drugs on the market and both are cyclic 
peptides: ciclosporin and desmopressin. Cyclization 
undoubtedly makes these peptides less susceptible 
to gut amino and carboxy peptidases. Delivery of 
proteins to the brain by intravenous administration 
is also not currently a clinical reality. Other delivery 
routes that have been attempted include the 
nasal route, which is useful experimentally for deliv-
ering peptides to the brain and has been used com-
mercially for the systemic (not speci cally brain 
targeted) delivery of calcitonin, a 32 amino acid 
peptide used to treat osteoporosis. However, dose 

are prone to denature (alter their native secondary 
or tertiary structure) on exposure to heat, extremes 
of pH or organic solvents. One of the most impor-
tant challenges associated with protein formulation 
is to prevent protein aggregation in solution. Protein 
aggregation to form non-native aggregates, while not 
completely understood, is known to be mediated by 
either hydrophobic attraction between the less polar 
parts of the protein molecule or covalent bonding 
between two protein molecules. Partial unfolding to 
reveal hydrophobic faces has been implicated in 
protein aggregation and hence methods, which sta-
bilize the protein in its native state, prevent protein 
aggregation. The administration of non-native aggre-
gates is undesirable, since protein aggregates are 
known, speci cally, to provoke an unwanted immune 
response as well as to compromise the ef cacy of 
the drug.

When optimizing in vivo ef cacy, the source of 
poor in vivo ef cacy must  rst  be thoroughly under-
stood. One major source of poor ef cacy is their 
chemical structure. Protein and peptide drugs are 
composed of hydrolysable bonds (Fig. 46.1) and 
are generally large molecules. They are highly 

Table 46.3 Biosimilars available in Europe

Therapeutic Biosimilar Biosimilar 
manufacturer

Reference 
product

Reference product 
manufacturer

Human Growth Hormone Omnitrope
Valropin

Sandoz
Biopartners

Genotropin P zer

Epoetin Abseamed

Retacrit
Binocrit
Epoetin alpha Hexal
Silapo

Medice Arzneimittal
Pütter
Hospira
Sandoz
Hexal Biotech
STADA Arzneimittal

Eprex Janssen-Cilag

Granulocyte Colony 
Stimulating Factor

Filagrastim
Hexal
Biogarastim
Nevestim
Zarzio
Ratiograstim and  

Filagrastim
Tevagrastim

Hexal Biotech

CT Arzneimittal
Hospira
Sandoz
Ratiopharm

Teva Pharma

Neupogen Amgen

(Adapted from Dranitsaris et al, 2011.)
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volumes are limited via this route to about 150 µL 
and a dose of about 25 mg is the upper limit (see 
Chapter 38).

Even when injected parenterally, e.g. intrave-
nously, therapeutic proteins are cleared rapidly from 

Fig . 46.3 •  Protein deamination at asparagine residues. 
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the blood (Table 46.4) and this rapid clearance 
adversely affects their therapeutic outcomes. A 
further delivery challenge for therapeutic proteins, 
in particular, is their immunogenicity, where pro-
teins generate neutralising antibodies, which make 
subsequent doses of the drug ineffective.

Delivery sys tems

Prote in s tab iliza tion
The formulation of proteins and peptides involves 
preventing chemical degradation and enhancing in 
vivo activity. To prevent chemical degradation, a low 
pH is preferred (pH = 3–6) as this limits the reactiv-
ity of nucleophiles. Nucleophilic attack leads to 
deamination or amine terminal cyclization. Further-
more, drying, especially freeze-drying may be used 
to stabilize proteins against a variety of degradative 
in uences (e.g. hydrolytic peptide bond cleavage 
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stabilize against  interaction with surfaces, unfolding 
and aggregation).

Protein therapeutics are administered parenter-
ally: mainly intravenously and sometimes subcutane-
ously or intramuscularly. Other non-parenteral 
routes, such as the nasal and pulmonary route, have 
also been attempted. There have been reports of 
the experimental administration of human growth 
hormone via the nasal route and interferon alpha via 
the pulmonary route; proteins are not administered 
via the oral route. Following intravenous administra-
t ion, pharmaceutical proteins are generally rapidly 
cleared from the blood with short plasma half-lives 
(Table 46.4).

One method of prolonging the circulation time 
of proteins is by the use of poly(ethylene glycol) 
(PEG ) conjugation. Conjugation of PEG  to the 
therapeutic protein typically reduces the activity of 
the protein but markedly extends the biological 
half-life of the protein and in essence extends its 
duration of action, leading to longer dosing intervals. 
For example, the activity of PEG ylated human 
growth hormone is reduced by 75% when compared 
to the native hormone but its intravenous half-life is 
increased 30 fold from 20 minutes to 10 hours. It  
is widely accepted that PEG  acts by increasing the 
protein’s molecular volume above the glomerular 
 ltration threshold of approximately 122 nm3 or 
40 kDa. For example, the conjugation of haemo-
globin to two chains of intermediate molecular 
weight PEG  (10 kDa) or two chains of higher 
molecular weight PEG  (20 kDa) results in molecu-
lar volumes of 712 and 1436 nm3, respectively. PEG  
conjugation also reduces the immunogenicity of 
therapeutic proteins, such as interferon beta 1b and 
recombinant human erythropoietin (epoetin), and 
masks sensitive degradation sites, preventing prema-
ture degradation. A number of PEG  conjugates are 
available commercially including: PEG -asparaginase, 
PEG -Intron (interferon alpha) and Pegasys (inter-
feron alpha).

Pep tide  de live ry
Peptides, containing 2–50 amino acid residues are 
largely administered parenterally although there 
are a few marketed products in which peptides are 
administered via the nasal route (e.g. calcitonin nasal 
spray – 32 amino acids).

For the past three decades, there has been a huge 
focus on alternative forms of insulin delivery, 
presumably as a result  of the Type II diabetes 

and protein unfolding); although on freeze-drying 
lyoprotectants/ cryoprotectants such as trehalose 
and sucrose, must be added to the protein formula-
tion to replace the hydrogen bonding of the protein 
that is lost  on removal of water. To prevent oxidative 
damage, limiting access to oxygen is an obvious step 
and this is achieved by reducing the head space in 
the  nal vial. Additionally, metal chelating agents, 
e.g. ethylene diamine tetraacetic acid (EDTA) may 
be added to prevent metal catalysed oxidation. 
Protein aggregation may also be prevented by the 
inclusion of various sugars, glycerol, arginine and 
urea; and although the mechanism of action of these 
stabilizers is not entirely clear, they appear to 
prevent the inter-protein interaction of protein 
hydrophobic faces. Such hydrophobic faces may be 
exposed on protein unfolding and there is evidence 
that polyols, such as glycerol, preferentially bind to 
the exposed hydrophobic faces, preventing inter-
protein binding.

Prote in de livery
Protein therapeutic products are formulated with a 
number of excipients. As an illustrative example, 
the anti-angiogenic monoclonal antibody, bevacizu-
mab is formulated with trehalose (cryoprotectant 
and prevention of aggregation), phosphate buffer 
(for pH maintenance) and polysorbate 20 (to 

Table 46.4 Intravenous plasma half-lives of some 
therapeutic proteins

Protein Plasma half-life 
following intravenous 
administration (h)

Arginine deaminase 2.8

GCSF 1.8

Human growth hormone 0.34

Interferon alpha 2a 0.7

Interferon beta 1a 0.98

Interferon beta 1b 1.1

Interleukin 6 0.05

Tumour necrosis factor alpha 0.07

(Adapted from Veronese, 2009.)
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epidemic, which emerged at the turn of the century. 
It  is estimated that there are 366 million diabetes 
sufferers worldwide, and all of the insulin-dependent 
diabetics administer or are administered their insulin 
via parenteral routes. There have been hundreds 
of studies examining the feasibility of delivering 
insulin via the oral route, but at the present time 
there are no commercially available insulin oral 
dosage forms.

Insulin is administered subcutaneously in fast 
acting and long acting forms. Insulin is composed of 
A and B chains. Rapidly acting insulin (e.g. Novolog) 
contains a mutation in the B28 proline, which is 
substituted with an aspartic acid residue; this pre-
vents insulin from forming hexamers due to charge 
repulsion, allowing the monomers to be rapidly 
absorbed. Long acting insulin (e.g. Levemir) is pre-
pared by decreasing the solubility of insulin such 
that insulin forms a depot. With Levemir, this is 
achieved by the conjugation of a C14 fatty acid chain 
to the B29 amino acid residue and the omission of 
threonine; the net result  is that  the molecules asso-
ciate with albumin and have prolonged activity. An 
alternative method of reducing insulin’s solubility 
involves the substitution of amino acids, such that 
insulin achieves its isolectric point at neutral pH and 
forms an insoluble depot when injected subcutane-
ously, e.g. insulin glargine (Lantus) where the A21 
glycine is substituted for asparagine and a further 
two arginines are added to the carboxy terminal of 
the B chain.

Long-acting peptides are required in certain 
disease states, such as for the treatment of prostate 
cancer, via chemical castration. In this therapeutic 
regimen, a luteinizing hormone releasing hormone 
(LHRH) agonist goserelin needs to be administered 
for several weeks to achieve its therapeutic effect . 
Init ial doses of goserelin lead to an increase in plasma 
testosterone levels. This elevated testosterone ulti-
mately creates a negative feedback loop within 
14–21 days and eventually diminished levels of tes-
tosterone are achieved, a process termed chemical 
castration. The mechanism of action of goserelin is 
best suited to a long acting formulation. G oserelin 
is hence formulated within poly(DL-lactide–co-
glycolide) microspheres (Chapter 45) as a one-
month or three-month depot, known commercially 
as Zoladex. The one month formulation contains 
3.6 mg goserelin in a poly(DL-lactide-co-glycolide) 
matrix consist ing of 50% lactide and 50% glycolide, 
while the three-month depot contains 10.8 mg 
goserelin in a poly(DL-lactide-co-glycolide) matrix 

consisting of 95% lactide and 5% glycolide. The 
higher level of the less soluble lactide in the three-
month depot formulation ensures that matrix 
erosion/ degradation and drug release occur at a 
slower rate.

Vac c ine s

Introduction

Vaccines are administered prophylactically to 
patients to protect against infectious diseases. Mass 
immunization programmes at the start  of the 20th 
century, coupled with access to clean water and the 
invention of antibiotics have had the most profound 
effect on human health ever witnessed. United 
Kingdom death rates from infectious diseases fell 
from a high of 300 deaths per 100 000 of the popula-
tion in 1917 to a low of 4 deaths per 100 000 of the 
population in 2010. Smallpox has been eradicated 
by vaccination and the disease burden for a number 
of infectious diseases has been signi cantly reduced 
in the United States (US). For example, US cases 
of diptheria, pertussis, tetanus, measles, rubella and 
mumps were all reduced in the 21st century from 
their peak levels in the early 20th century by 99.95%, 
98.2%, 98.34%, 99.99%, 99.97% and 99.86% 
respectively. Additionally, polio is all but eradicated 
in the Western Hemisphere. Vaccination is thus 
undeniably a success story.

Vaccines consist of antigens, which activate the 
immune system, produce antibodies against the 
antigen and induce immunological memory, enabling 
the immune system to recognize and destroy spe-
ci c pathogens if exposed to the pathogenic mole-
cules a second time (Fig. 46.5). There are three 
types of vaccines: live organisms, which have been 
attenuated to ensure that they do not cause disease; 
inactivated vaccines (inactivated by heat or chemical 
means) and subunit vaccines.

Prophylaxis against disease stems from innate and 
adaptive immune responses. The innate immune 
response is rapid and non-speci c, and is a response 
to pathogen-associated molecular patterns (PAMPs) 
on a vaccine or pathogen via pattern recognition 
receptors (PRRs) on antigen presenting cells (APCs). 
The most studied PRRs are the toll-like receptors. 
The innate immune response involves an activation 
of the immune system, the removal of foreign cells 
and proteins and an activation of the adaptive 
immune response. This early immune response 
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Production

Bacterial vaccines are grown in bioreactors, while 
viral vaccines are produced in fertilized chicken 
eggs, although there has recently been a move 
towards the manufacture of viral vaccines in mam-
malian cells, such as MDCK cell lines. When viral 
vaccines are grown in MDCK cells, there is initially 
cell multiplication, followed by viral infection. The 
virus is taken up by the cell and the viral genomic 
material enters the nucleus where multiple copies 
of the virus are produced; the virus then infects 
other cells and when viral t itres are suf cient the 
viruses are harvested. Once the viral or bacterial 
vaccine has been harvested it  is inactivated using 
chemical methods or heat, prior to formulation. 
Alternatively, vaccine recombinant subunits are 
grown in host cells, by inserting the gene for the 
antigen into bacterial, yeast or mammalian cells and 
growing multiple copies of the antigen. Subunit 

provides a rapid and generic defence to threats and 
is vital for the initiation of the adaptive and longer 
lasting immune response, which leads to immuno-
logical memory and to the antigen speci c removal 
of the pathogen. On application, vaccines are taken 
up by APCs, the most abundant of which are the 
dendrit ic cells. The antigenic peptides are then pre-
sented on the major histocompatibility complex, 
Class II proteins of the APCs and there is recogni-
tion of this complex by the T-cells bearing T-cell 
receptors, which bind the complex. The result  is 
T-cell activation and expansion. The release of 
co-stimulatory molecules and cytokines as part of 
the innate immune response also contributes to the 
activation of T-cells. T-cell activation is followed by 
B-cell activation and expansion and the release of 
antibodies speci c for the antigen. The mechanism 
by which vaccines stimulate an immune response 
has largely informed the development of vaccine 
delivery systems.

Fig . 46.5 •  Vaccines generate an immune response by being taken up by antigen presenting cells  (APCs) 
such as dendritic cells , the activation and expansion of T-cells  by the antigenic peptide – major histocompatibility 
complex (MHC) II – interactions and the expansion and antibody production by B cells . There is  also stimulation  
of the innate immune response by the vaccine, which results  in the release of cytokines; this cytokines release is  
required for the activation of T-cells. 
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have been shown to enhance the immune response 
in preclinical studies and the potassium aluminium 
salts (e.g. KAl(SO 4)2.12H 2O, commonly known as 
alum) are adjuvants which stimulate dendritic cells 
to release cytokines. Alum is licensed for human use 
as an adjuvant, as are the microemulsions MS59 and 
AS03, which both contain squalene as the oil and 
have been used in in uenza and avian in uenza vac-
cines respectively. Both of these microemulsions 
potentiate the immune response.

There are various innovative approaches to 
vaccine delivery: one of which is the dry vaccine 
formulation mentioned above. A second innovation 
is intradermal vaccination using microneedles; this 
offers the two advantages of painless delivery and 
the ability to vaccinate large populations rapidly. 
Microneedles, which are 500–750 µm long, deliver 
their cargo into the epidermis or just below it  and 
do not penetrate to the nerve endings, making the 
injection painless. The pores formed on insertion of 
the microneedles into the epidermis rapidly and 
painlessly reseal on withdrawal of the microneedles. 
Microneedles may be fabricated from solid, hollow 
or dissolvable materials and dissolvable micronee-
dles have been fabricated from maltose and amylo-
pectin. These devices, if adopted could really change 
the way in which populations are vaccinated as they 
may be used for mass vaccination in the event of a 
pandemic, with patients vaccinating themselves in 
their own homes, having received the vaccines 
by post.

Nuc le ic  ac id drugs

Introduction

Nucleic acid-based drugs fall into three classes: anti-
sense oligonucleotides, small interfering ribonucleic 
acids (siRNAs) and genes. Deoxyribonucleic acid 
(DNA) is the constituent material of genes and ribo-
nucleic acid (RNA) is the constituent material of 
messenger and transfer RNA. These nucleic acids 
consist of double stranded chains of nucleotides 
(Figure 46.6). G enes are an information repository 
for the cell and organism, containing genetic infor-
mation which is established at  conception. G enes 
are usually faithfully copied during the billions of 
cell division events that occur throughout a lifetime. 
However, a number of diseases may be traced to the 
mutation of various genes and thus have a genetic 
basis. Mutations may be present at conception or 

vaccines, e.g. the hepatitis B vaccine or the human 
papilloma virus vaccine (which consists of the viral 
capsid devoid of genetic material), are usually com-
posed of the viral antigenic coat proteins. The 
antigen is isolated from the cells using ultracentrifu-
gation and chromatographic means.

Delivery is sues

The foremost delivery challenge surrounding vac-
cines is the maintenance of the cold chain to prevent 
antigen degradation and ensure potency. It  is also 
desirable to prevent unwanted bacterial growth and 
to ensure a suf ciently high and prolonged immune 
response as this will allow for fewer vaccination 
events. With subunit vaccines, it  is necessary to 
present the antigenic proteins in particulate form to 
enable ef cient uptake by antigen presenting cells.

Delivery sys tems

Most multiple use vaccines contain a preservative, 
such as the mercury compound, thiomersal. Vac-
cines may also contain antibiotics to prevent 
unwanted bacterial contamination and stabilizers 
such as 2-phenoxy esters. Furthermore, as stated 
above, all vaccines must be stored in a continuous 
cold chain to maintain antigen potency. This 
requirement for refrigeration contributes signi -
cantly to the costs of vaccine distribution and pre-
vents low resource communities from accessing 
vaccines. In order to circumvent the considerable 
expense associated with the maintenance of a cold 
chain, researchers have prepared vaccine-sugar 
glasses in which a vaccine is mixed with trehalose 
and sucrose and dried on a membrane to be hydrated 
when required.

To produce vaccines with a prolonged and 
enhanced immune response, huge efforts have been 
put into designing vaccine formulations. Vaccine for-
mulation excipients may work in one or both of two 
ways: as delivery systems which present the antigen 
to antigen presenting cells, and as adjuvants or 
immunopotentiators which stimulate innate immu-
nity and ensure T-cell activation. Particulate delivery 
systems such as emulsions, liposomes and virosomes 
enable the subunit vaccines to be presented in a 
particle as it  would be if it  was still part of an infec-
tious organism, allowing the antigen to then be taken 
up by antigen presenting cells (APCs). Immunopo-
tentiators include the imidazoquinolones, which 
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Fig . 46.7 •  Gene transcription and translation to 
produce a functional protein. 
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messenger RNA, thus providing a treatment for 
cytomegalovirus ocular infections. Small interfering 
RNA (siRNA) sequences inhibit  translation by 
combining with the RNA induced silencing com -
plex (RISC) to selectively and speci cally cause 
the hydrolytic degradation of messenger RNA. The 
RISC precursor complex (~ 250 kDa) is trans-
formed in the presence of adenosine triphosphate 
(ATP) into the active 100 kDa complex that cleaves 
the substrate mRNA in regions homologous to the 
siRNA template. siRNA therapies are still largely 
experimental and there are no siRNA therapeutics 
on the market at present.

Production

For genes to be used as therapeutic agents there is 
an absolute requirement for a delivery system. The 
two marketed gene therapeutics (G endicine and 
Rexin G ) are delivered using viral vectors. G endi-
cine, which is delivered in an adenovirus vector, is 
produced as a viral particle. The G endicine adeno-
virus consists of an E1 gene deleted adenoviral 
vector, with E1 gene deletion necessary to prevent 
replication. The adenovirus is produced in SBN-
Cells, which supply the E1 proteins, necessary for 
replication. As there are some limitations associated 
with viral vectors for gene therapy, notable of which 
is their limited use as systemic therapeutics, 
there have been a number of studies looking at 

occur at some later t ime, e.g. as a result of environ-
mental pollutants, such as those contained in tobacco 
smoke, or following excessive exposure to the sun’s 
ultraviolet radiation. G enes give rise to the cell’s 
proteins via transcription (messenger RNA synthe-
sis) and translation – protein synthesis (Fig. 46.7); 
proteins are the functional components of the cell. 
G ene mutations will thus alter the resulting protein 
and such alterations may lead to disease. Disease 
linked gene mutations, as in cystic  brosis, result  in 
a non-functioning protein – the non-functioning 
cystic  brosis transmembrane regulator (CFTR). 
The mutated CFTR gives rise to poor ion and  uid 
transport across membranes and speci cally the 
poor quality lung function observed in cystic  brosis 
patients. Theoretically, gene therapy may be used to 
replace a mutated gene and thus achieve a function-
ing protein. However, gene replacement therapy is 
not straightforward, as delivery vectors are required 
to achieve the gene therapy goal. Proof of this thera-
peutic concept has been demonstrated in humans by 
the licensed gene medicine, G endicine. G endicine 
contains wild type p53 to replace mutated p53 in 
cancer cells and is delivered in an adenoviral vector.

Oligoucleotides, e.g. vitravene are single stranded 
chains of nucleotides which inhibit  translation and 
in the case of vitravene, inhibit  translation of viral 

Fig . 46.6 •  DNA is composed of four bases (adenine, 
thymine, guanine and cytosine) all arranged as base 
pairs  with adenine linked by hydrogen bonds to thymine 
(indicated by the dotted lines) and guanine (not shown) 
linked by hydrogen bonds to cytosine (not shown). The 
bases are, in turn, linked via a phosphodiester bond, 
e.g. linking the 3′ hydroxy group of deoxyribose to the 
5′ hydroxy group of the adjacent deoxyribose molecule. 
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resistance genes. However p53 is mutated in 50 – 
70% of human tumours. On intratumoural adminis-
tration of G endicine, the adenovirus enters the 
cancer cell via the coxsakie adenovirus receptor and 
the cell then begins to over express wild type p53, 
causing apoptosis. G endicine is only effective when 
administered alongside radiotherapy.

A further approved gene therapeutic, available in 
the Philippines for the treatment of metastatic 
lesions is Rexin G : a replication incompetent retro-
viral (murine leukemia virus) particle, bearing the 
human Cyclin G 1 gene. The Cyclin G 1 gene causes 
apoptosis and necrosis in dividing tumour cells and 
in the cells of the tumour vasculature.

The use of viral delivery systems for gene therapy 
has had a problematic history with the high pro le 
death of an otherwise healthy patient in an adeno-
virus gene therapy trial and patients developing 
leukaemia, stemming from insertional mutagenesis, 
in a trial involving ex-vivo retroviral gene therapy for 
the treatment of Severe Combined Immun-
ode ciency Syndrome. As a result, a number of 
synthetic gene vectors have been explored, using 
poly(propylenimine) dendrimers, liposomes and 
naked DNA. G ood preclinical ef cacy (tumour 
regression) data has been obtained with the 
poly(propylenimine) dendrimer gene therapy 
system.

The delivery of siRNA has been accomplished 
clinically using a cyclodextrin based nanoparticle 
carrier covered with PEG . G ene silencing of the M2 
subunit of ribonuclease reductase was achieved in 
human melanoma tissue in this pivotal human study.

Summary

Biopharmaceuticals (peptides, proteins, vaccines 
and nucleic acid medicines) are varied in chemical 
structure but have in common the presence of labile 
covalent bonds that are prone to hydrolysis, either 
on storage or administration. A further factor con-
founding the long term stability of these medicines 
is the functional tertiary structure of the protein 
class of molecules, a structure that  is prone to 
unfolding at extremes of temperature, pH or in the 
presence of various chemical agents such as metal 
ions. Stabilization of the functional protein entity on 
storage requires a fundamental understanding of the 
instability pro le (e.g. the underlying mechanisms 
of protein unfolding and protein aggregations), and 
extreme care during production, processing and 

the development of synthetic vectors. If synthetic 
(chemical compound) vectors are to be used for 
gene therapy, the gene product is delivered as a 
bacterial plasmid. Plasmids containing the gene of 
interest  are grown in E. coli cell lines and puri ed 
by cell lysis,  ltration, chromatographic separation 
and centrifugation.

siRNA and oligonucleotides are synthesized 
chemically with many companies offering custom 
synthesis for particular siRNA or oligonucleotide 
sequences.

Delivery is sues

The main delivery issues surrounding nucleic acid 
drugs are: a) poor plasma stability of DNA, siRNA 
and oligonucleotides and b) the inability of a large 
polar (negatively charged at physiological pH) mol-
ecule such as DNA, or even double stranded siRNA 
to cross the lipid rich plasma cell membrane. A 
further issue surrounding DNA delivery is the fact  
that therapeutic DNA must gain entry to the cell 
nucleus in order to produce its therapeutic product, 
the functional protein. Entry to the nucleus is 
limited largely to cell division events. These delivery 
issues mean that gene and siRNA therapeutics have 
an absolute requirement for a delivery system.

Delivery sys tems

The delivery of genes in commercial gene therapies 
has so far been achieved using viruses, despite the 
fact that one third of the over 2000 gene therapy 
trials conducted to date use synthetic (non-viral) 
vectors or no vectors at all. G endicine, the world’s 
 rst  gene therapeutic, and currently only licensed 
for use in China, comprises the wild type p53 gene 
within an E1 deleted gene adenovirus for the treat-
ment of head and neck cancers. This replication 
incompetent virus performs a mutation compensa-
tion function and is administered intratumourally. 
The need for intratumoural injections is a severe 
limitation of the therapy as it  may not be easily used 
to treat metastatic cancers. Patients receive one 
injection per week for 4–8 weeks and each injection 
consists of 1012 viral particles in 1mL of water for 
injection containing glycerol (to maintain tonicity).

Normally p53 is upregulated in cancer cells and 
causes cell apoptosis, anti-angiogensis, an activation 
of an anti-tumour immune response and a down 
regulation of the expression of the multi-drug 
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storage. A complete understanding of the mecha-
nisms underpinning protein unfolding and aggrega-
tion is yet to be realized. This knowledge gap 
prevents formulators from adopting a rational set of 
steps towards protein formulation.

The most important factors to consider when 
formulating protein, peptide and gene biopharma-
ceuticals are the in vivo delivery challenges, i.e. the 
rapid clearance and degradation of the active agent 
in vivo and the active agent’s dif culty in traversing 
cell membranes and cells. Solutions to these 
formulation/ delivery dif culties include the attach-
ment of PEG  chains to proteins to reduce protein 
clearance and degradation and the fabrication of 
poly(lactide-co-glycolide) matrices for the control-
led and prolonged release of peptides. To enable 
genes to cross cell membranes and arrive at the cell 
nucleus, the commercial gene medicines are deliv-
ered using adenoviral and retroviral vectors.

From the foregoing it  is clear that, if at all pos-
sible, the formulation of new biopharmaceuticals 
should be approached systematically by considering 
the nature of the source of the active agent’s insta-
bility both on storage and on administration and a 
desire to match the drug to the disease, without 
introducing unwanted toxic effects.
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•  A pack can be s ingle-unit, e  g  a  sachet, or 
multiple-unit, e g  a  bottle  containing many  
tablets  

•  Glass , plas tics  and metal are the mos t 
commonly used primary packaging materials   
Paper is  used mainly in the secondary 
packaging  The latter holds /covers  the primary 
pack 

•  Laminates  – cons is ting of plies  (layers ) of 
different materials  such as  paper, plas tic  and 
metal – combine the advantages  of the different 
materials  

Introduc tion

Packaging is the means o  economically providing 
containment, protection, presentation, identif ca-
tion, in ormation, convenience and compliance,  or a 
product during storage, distribution, display and use.

Pharmaceutical packaging enables the packaged 
medicine’s requirements o  e f cacy, sa ety, uni orm-
ity, reproducibility, integrity, purity and stability to 
be maintained throughout the product’s shel -li e. 
Furthermore, some pharmaceutical packaging is 
essential  or the product’s use and the drug’s admin-
istration, i.e. the pack is the delivery device. Exam-
ples o  this are pressurized metered dose inhalers, 
nasal sprays, transdermal patches and pre-f lled 
syringes.

The role o  packaging seems to be constantly 
expanding,  or example, in anti-counter eiting, 
branding and providing distinguishing  eatures to the 
drug product to avoid errors as well as in the moni-
toring o  patient adherence.

Sudaxshina Murdan

Part 6: Pac kaging and s tability o f pharmac e utic al produc ts

KE Y P O IN TS

•  The pharmaceutical pack is  as  important as  the 
medicine packaged  The pack provides  
containment, protection, presentation, 
identi cation, information, convenience and aids  
patient compliance  In some cases , the pack is  
essential for the medicine’s  adminis tration 

•  The closure, such as  a s topper, lid, top or cap, 
is  an integral part of the pack 

•  The primary pack is  in direct contact with the 
medicine  It mus t be compatible with the 
medicine, and mus t not change it in any way 



 P A R T  S I X  Pac kaging and Stability of Pharmac eutic al Produc ts

8 12

in primary pack design and in packaging materials. 
The latter include paper, glass, plastics, rubber, 
metal or combination materials such as laminates. 
Examples o  primary packs include blister packs, 
strip packs, sachets, bottles, ampoules, vials, bags, 
tubes and syringes. The primary pack may contain 
many doses (i.e. be a multiple-unit pack, e.g. a bottle 
containing many tablets) or a single dose (i.e. be a 
single-unit pack, e.g. blister pack, sachet). Examples 
o  the range o  pharmaceutical primary packs are 
shown in Figure 47.1.

The primary pack must o  er child-resistance to 
restrict children’s access to the product. Child-
resistant packs have been success ul in reducing acci-
dental poisoning o  children. At the same time, the 
pack must allow access to the user, who may be 
elderly or  rail and may have di f culty opening packs. 
Di f cult-to-open packs are not always  ully reclosed 
between administration events – and this may com-
promise the product. In addition, the primary pack 
must be tamper-resistant and tamper-evident to 

The  pharmac e utic al pac k

A pharmaceutical pack contains, protects and delivers 
a sa e, e f cacious drug product. At the same time it  
provides identif cation and in ormation, enabling 
patient compliance and convenience. The primary 
pack, which is in direct contact with the product 
during storage and delivery (e.g. a glass bottle and 
cap), contains the product, while the secondary pack 
(e.g. a carton box  or a glass bottle) contains the 
primary pack, as well as ancillary components, such 
as dispensing spoons and in ormation lea ets.

Primary packs

The wide range o  pharmaceutical products, such as 
solid powders, granules, tablets, capsules, semi-
solids (e.g. creams, ointments, gels), liquids (such as 
solutions, suspensions, emulsions), some o  which 
are sterile, obviously require a great diversity, both 

Fig . 47.1 •  Examples of primary packaging, from top left, blister packaging, strip packaging, sachet, pouch for a 
suppository, glass bottle for solid powder for dispersion, glass bottle for liquid preparations, glass vial for parenteral 
preparations, glass ampoules, plastic bag for intravenous liquids, metal and plastic in pMDI, metal canister, plastic 
eye drop bottle, pre- lled syringe for injections and metal ointment tube. 
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container and the closure prevents anything  rom 
leaking out or gaining access into the pack, and is 
obtained by a snug f t  between the inner  ace o  the 
closure and the external  ace o  the container f nish. 
Resilient liners inside the closure are sometimes 
used to achieve a snug f t , although many plastic 
closures are internally moulded to achieve a good 
seal and are liner- ree.

The closure has to be user- riendly, allow easy 
opening to legitimate consumers and be easy to reclose 
( or multi-unit packs), as well as child-resistant, tamper- 
resistant and tamper-evident. Closures may also 
include dispensing devices, e.g. a pump on bottles con-
taining creams. The outer sur ace o  the closure may 
also be ribbed to allow good grip when opening by 
twisting. Pharmaceutical closures are mostly made o  
plastic (thermosets and thermoplastics), although 
metal is also used, e.g. on parenteral vials.

The word ‘closure’ does not always re er to a 
stopper-type device. Metal tubes have two closures 
– a cap at one end while the other end o  the tube 
is sealed by  olding and crimping. Flexible packag-
ing, such as pouches, sachets and blister packs do 
not contain a closure as def ned above. They are 
instead sealed by heat and/ or pressure, or with 
adhesives, and are non-reclosable packs.

Pac kaging  mate rials

Once the  unction(s) o  the desired packaging has 
been def ned, selection o  the primary packaging mate-
rial is the f rst step in the packaging process, and takes 
into account the dosage  orm, the route o  administra-
tion, drug/product stability, need  or terminal steriliza-
tion and  or visual inspection o  the packaged medicine, 
patient compliance and convenience, aesthetics, cost, 
environmental- riendliness, etc. Liquids, which are in 
constant intimate contact with the primary pack, as 
opposed to solids such as tablets and capsules, require 
greater quality  rom a pack in order to ‘take nothing 
out o  the product or add nothing in’.

Injectable liquids require even greater quality 
 rom the pack compared to oral liquids, to maintain 
sterility and  reedom  rom other possible contami-
nants, such as extraneous particulates. Medicines 
which are terminally sterilized in their f nal packs 
need to be made  rom materials that can withstand 
the sterilization procedure.

Semi-solids need to be able to be dispensed  rom 
the container, under slight pressure, e.g. squeezing 
o  a tube. Drugs which are sensitive to atmospheric 

improve the product’s security  rom pil erage and 
deliberate contamination and sa eguard the product’s 
legitimate user. Ideally, packs would be completely 
tamper-proo , though this is probably impossible to 
achieve against determined malice.

The primary pack must be compatible with the 
product, and take nothing out o  the product and add 
nothing in. Drug absorption or adsorption into the 
pack would reduce product potency, while chemicals 
leaching out o  the pack and into the product could 
induce drug degradation. In addition, the primary pack 
must protect the product against atmospheric  actors, 
such as extremes o  temperature, light, moisture, 
oxygen, carbon dioxide, particulates (e.g. dust, dirt), 
as well as biological hazards, such as microorganisms, 
insects and rodents, and enable product stability.

Drug molecules can undergo chemical reactions 
triggered by light, heat, moisture, or atmospheric 
gases, such as oxygen (see Chapters 48  or more 
details). For example, light can provide the energy 
necessary  or a drug isomer to change its conf guration. 
Protection  rom light is usually achieved by using an 
opaque or amber-coloured container. Oxygen can 
cause drug degradation via oxidation. Carbon dioxide 
can dissolve in the water in unbu  ered aqueous prod-
ucts, and lower their pH by  orming carbonic acid. 
Water can cause drug degradation via hydrolysis. Mois-
ture gain into a product can also cause dilution o  liquid 
products, wetting o  solid products and an aqueous 
environment can support microbial growth. Solvent 
loss  rom a product can also occur i  the container is 
permeable. Secondary packs also contribute to protec-
tion against atmospheric  actors to some extent, 
although their major role is to provide protection 
against mechanical hazards, such as shock (e.g. when 
dropped), compression, vibration, abrasion, puncture, 
etc., during handling, storage and transport.

Closures

A closure is a device – e.g. stopper, lid, top or cap 
– which is used to close a container, and is an integral 
part o  the pack. The word ‘pack’ there ore covers 
both the container and the closure. Without the 
latter, the  unctions o  a pack, such as containment, 
presentation, protection and convenience, cannot be 
 ulf lled, and like the container, the closure must be 
inert, compatible with the contents, and protect the 
latter against environmental hazards, such as oxygen, 
light, moisture, etc.

Certain closures must maintain sterility, e.g. in 
multi-use parenteral vials. A good seal between the 
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conditions such as sunlight need a packaging mate-
rial which stops light transmission into the pack. 
Patient convenience and compliance can be aided by 
the use o  blister packaging, which allows transport 
o  the required doses (rather than the whole bottle) 
and which can also be printed with in ormation to 
aid memory,  or example,  or contraceptive pills.

The packaging material is obviously very impor-
tant and the di  erent materials are described next. 
G lass, metal and plastic are the materials most com-
monly used in primary packs; their properties with 
respect to their use in packaging are compared in 
Table 47.1.

Glass

G lass – believed to have been f rst  discovered around 
3000 BC in the East  Mediterranean and which has 
been used  or thousands o  years – is widely used 
 or packaging pharmaceuticals due to its excellent 
barrier properties, inertness and compatibility with 
pharmaceuticals. Its many advantages are shown in 
Table 47.1, and it  has traditionally been the gold 
standard in pharmaceutical packaging.

G lass is produced by heating together various 
inorganic substances to  orm a molten mass, and 
then rapidly cooling the latter which solidif es in a 
non-crystalline state. Sand (or more properly silicon 
dioxide; silica) which is the main constituent o  
sand), limestone (calcium carbonate) and soda ash 
(sodium carbonate) are heated to very high tem-
peratures (e.g. 1500 °C) in a  urnace. The ingredi-
ents melt and gradually react  and  orm a homogeneous 
molten mass. The latter is then converted into glass 
containers by one o  two basic methods: blow 
moulding or tubular glass  abrication. Blow mould-
ing, the older method is when a ‘gob’ (a small piece 
o  highly viscous molten glass) o  glass is moulded 
into a container. The second method is used to 
manu acture ampoules and vials. Once a homogene-
ous molten glass mass is  ormed at high tempera-
ture, the molten mass is converted into glass tubing 
as it  moves out o  the  urnace. The tubing is cut to 
proscribed lengths and the individual glass tubes are 
then converted into ampoules or vials.

In addition to silica, soda ash and limestone, other 
compounds are added in trace amounts to achieve 
certain properties in the glass  ormed. For example:
•  alumina (Al2O 3) increases the hardness, 

durability and clarity o  the glass
•  selenium or cobalt oxides improve clarity

•  lead oxide gives clarity and sparkle (but makes 
glass so t)

•  boron compounds give low thermal expansion 
and high heat-shock resistance

•  arsenic trioxide and sodium sulphate are added 
to reduce blisters in the glass.

Opacity and di  erent colours are achieved by the 
inclusion o  a range o  compounds, as shown in Table 
47.2. The di  erent colours convey specif c proper-
ties,  or example:
•  amber glass is widely used to package 

pharmaceuticals susceptible to degradation by 
sunlight

•  green glass is mostly used  or packaging beverages
•  blue glass makes white products appear whiter
•  opaque white (opal) conveys prestige to 

upmarket toiletries and cosmetics.

Glas s  is  not tota lly inert
Although glass is  airly inert, it  is not totally so. Basic 
colourless glass used  or most packaging applications 
contains silica at 59–75%, calcium oxide at 5–12%, 
sodium oxide at 12–17%, alumina at 0.5–3% and 
possibly trace amounts o  other compounds, such as 
 erric oxide, t itanium dioxide, potassium and mag-
nesium oxide. Some o  the glass components can 
leach out o  the glass and into the contents. For 
example, sodium which is loosely combined with 
silicon can leach out  rom the glass sur ace into 
water contained within the glass, thus increasing the 
alkalinity o  the contents. Another problem occurs 
when glass is stored at high temperature and high 
humidity or when ambient temperature and humid-
ity conditions  uctuate greatly. Salts in the glass 
migrate  rom the body o  the glass and accumulate 
at its sur ace. This physical change is called bloom-
ing. Such problems are obviously unacceptable. To 
reduce leaching, the glass can be soaked in heated 
water or a dilute acid solution, which removes most 
o  the sur ace-leachable salts. The glass sur ace can 
also be treated,  or example, with a sulphur com-
pound, to make it  more resistant to water or acidic 
(but not alkaline) solutions. Thus, di  erent types o  
glass exist and the least  reactive are used to package 
pharmaceuticals.

Pharmaceutica l types  of glas s
Four types o  glass – def ned precisely in the United 
States Pharmacopoeia (USP) as types I, II, III and 
NP glass – are used to package pharmaceuticals.
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Table 47.1 A comparison of glass, metal and plastic as a function of packaging requirements

Property Material used in primary packaging

Glass Metal Plastic

Compatibility with 
product

Inert to most chemicals. Can be used to 
package many different medicines

Can potentially interact with 
product. To prevent this, the 
metal surface is coated

Compatibility varies 
with nature of plastic

Weight Heavy. Less acceptable to consumers 
and greater transport cost

Light due to the fact that it is 
strong even when thin 
sections are used

Light

Permeability to gases 
and water vapour, 
odour

Prevents atmospheric gases, such as 
oxygen and carbon dioxide, from 
entering the container. Protects the 
packaged pharmaceutical from 
potential degradation, such as 
oxidation and hydrolysis.

Prevents volatile ingredients in the 
product from escaping into the 
atmosphere. Thus, the 
pharmaceutical is kept stable

Excellent barrier to gases and 
water vapour

Permeability depends 
on nature of plastic

Stability at high 
temperature

Stable. Allows hot  lling of glass 
container and sterilization by heat

Stable Depends on the nature 
of the plastic

Clarity/opacity Clear. Allows visualization of contents, 
especially important for parenteral 
products

No. Opacity can be an 
advantage as contents are 
protected from light. Opacity 
is a disadvantage as 
contents cannot be 
visualized

Can be clear, 
translucent or 
opaque

Strength Yes. Allows stacking during distribution Yes. Its strength and durability 
means it can be used as 
the over-cap on vials with 
rubber closure

Depends on the nature 
of the plastic

Shatterproof No. Glass is brittle and broken glass is 
a hazard. There is a risk of product 
loss and of product contamination by 
broken glass. This makes glass less 
acceptable to consumers

Yes Yes

Recyclable Yes Yes Less easily recyclable 
than glass and metal

Cost High Less than glass Some plastic are cheap, 
others are expensive

Type I gla ss. This is the best pharmaceutical grade 
and is produced by adding boron oxide to glass, 
hence this glass is also called borosilicate glass. It  is 
the most inert glass, shows the least amount o  
leaching o  glass components, and is used in ampoules 

and vials  or liquid parenteral products. Due to its 
lowest coe f cient o  thermal expansion, this glass is 
highly resistant to temperature changes, e.g. during 
severe sterilization procedures. Type I glass is used 
to package slightly acidic solutions (as mentioned 
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used  or packaging parenteral products, as small 
volumes o  the latter would be easily contaminated 
by sodium and other materials leaching out o  the 
glass. NP glass is however suitable  or packaging 
large volumes (normally >100 mL) o  topical prod-
ucts like creams and o  oral products, such as 
mouthwashes.

Plas tics

Us e  of p las tics  in packaging
The versatility o  plastics has led to their use in 
almost all parts o  our lives, and they are used to 
package a wide variety o  domestic products. They 
are widely used as containers (e.g. bottles, trays), 
closures (e.g. screw-tops), cling f lms, carrier bags, 
sacks, overwraps, etc. Plastics are also widely used 
to package medicines in a variety o  containers, such 
as:
•  bottles  or solid and liquid products
•  tubes  or creams, ointments and gels
•  pouches to contain individual suppositories
•  blister packs
•  bags to contain intravenous solutions and 

parenteral nutritional products
•  bottle closures.

Packaging p las tics  in us e
There are many di  erent types o  polymers, or 
polymer mixes, used as packaging plastics. In addi-
tion, the di  erent plastics are available in many di -
 erent grades. Commonly used packaging plastics 
include polyethylene, polystyrene, polypropylene, 
polyethylene terephthalate, polyvinyl chloride, pol-
yvinylidene chloride, polyamides (nylons), polycar-
bonates. The most commonly used plastics in 
pharmaceutical packaging and their properties are 
shown in Table 47.3.

Genera l p ropertie s  of p las tics
Their use as a pharmaceutical packaging material is 
growing due to the signif cant advantages and con-
sumer pre erence  or plastic. Plastics are light, shat-
terproo  and can be clear or opaque (clarity may be 
desired  or product inspection; opacity to protect 
the contained medicine). Plastics are easily shaped 
and sealed, which gives great versatility in the design 

above, standard glass can increase the alkalinity o  
its contents). This glass is also the most expensive 
to produce.
Type II gla ss. This is the next (lower) grade and 
is made  rom the same materials as standard glass 
(soda lime glass) but its sur ace is treated with 
sulphur dioxide. The latter reacts with the oxides 
 ound on the glass sur ace,  or example, sodium 
oxide is converted to sodium sulphate, which can 
then be removed by washing the glass. Such sur ace 
treatment, thus, reduces the amount o  ions that  can 
leach out o  the glass. Hence, type II glass is also 
re erred to as treated soda lime glass or dealkalized 
soda lime glass. Type II glass is suitable  or solutions 
that can be bu  ered to remain below pH 7. At 
higher pH, the oxides in the glass (which are  ree to 
move) are more easily leached out.
Type III gla ss. This is the next (lower) grade and 
is standard soda lime glass and is analogous with glass 
used in  ood packaging. It  is used to package large 
volumes (normally >100 mL). The large volume to 
sur ace area o  product in contact with the glass 
sur ace limits the amount o  glass components that 
can leach into the product.
NP gla ss. This is the lowest grade and is called 
nonparenteral glass, and, as the name suggests, is not 

Table 47.2 Additives that are generally used to achieve 
different colours of glass

Colour Possible additives

Amber Iron oxides, manganese oxides, carbon 
oxides, sulphur compounds

Browns Iron oxides, carbon oxides, sulphur 
compounds

Greens Iron oxides

Yellow greens Uranium oxides

Yellow Lead with antimony

Deep blue Cobalt oxide

Light blue Copper compounds

Reds Gold chloride, selenium compounds, copper 
compounds

Amethyst Manganese oxides

Black Mix of manganese, cobalt, iron

White Tin compounds, antimony oxides
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o  the pack, and allows the inclusion o  administra-
t ion aids, such as a squeezable dropper.

Plastics do however su  er  rom certain disadvan-
tages compared to traditional packaging materials, 
such as glass and metal, which limit their use. No 
plastic can yet match the chemical inertness and 
impermeability (to environmental gases, such as 
oxygen) o  type I glass. Plastics are less resistant to 
heat and long-term light exposure than glass and 
metal. Plastics are also liable to undergo stress crack-
ing, where the presence o  solvents, such as alcohols, 
acids or oils, cause a plastic pack to become brittle, 
crack and eventually  ail over time. Certain compo-
nents o  the plastic packaging material can also leach 
out o  the plastic and into the contained product. 
The wide range o  plastic materials results in a range 
o  physical, chemical, optical and per ormance 
properties.

Molecula r s truc ture  of p las tics
Plastics are polymeric materials. Polymers – macro-
molecules o  repeating units called monomers – are 
produced by addition or condensation reactions, 
where one chemical species reacts with another (or 
itsel ) to  orm a new and larger compound. Thus, 
polymers may be copolymers (which consist o  
more than one type o  monomer) or homopolymers 
(contain only one type o  monomer). For example, 
ethylene can be polymerized into the homopolymer 
polyethylene, or be made to react with a di  erent 
species such as vinyl acetate which would produce 
the copolymer ethylene vinyl acetate. Polymers may 
be linear, branched, cross-linked, and contain amor-
phous and/ or crystalline regions where the polymer 
chains are arranged in a random or highly ordered 
manner, respectively (Fig. 47.2).

A linear uncrosslinked polymeric material can be 
visualized as a bowl o  spaghetti (Fig. 47.2a), where 
the individual spaghetti strands represent polymer 
chains. The number o  monomer parts in a polymer 
chain adds up to the molecular weight o  the 
polymer. The polymer chains in a polymeric mate-
rial are o  di  erent lengths, i.e. contain di  erent 
numbers o  monomer units, thus, the polymeric 
material’s molecular weight is not exact, but can be 
considered as the average o  all the strands con-
tained within a sample. Common plastic polymers 
used in pharmaceutical packaging have molecular 
weights ranging  rom approximately 10 000 to 
1 000 000 Da. In contrast to the ‘bowl o  spaghetti’, 
a cross-linked polymer can be considered as one very 

large molecule, where all the monomer parts and 
polymer chains are irreversibly linked (Fig. 47.2c).

Thermoplas tic  and   
thermos e tting polymers
Plastics can be divided into two classes: thermoplas-
tics and thermosetting plastics. In general, thermo-
plastics have linear and branched polymer chains, 
while thermoset polymers are cross-linked.

At high temperature, thermoplastic polymers 
melt  and become liquid, the polymer chains  ow 
and the material can be moulded into a variety o  
shapes, such as bottles, tubes and f lms. So tening 
and re-shaping by the application o  heat and 
mechanical  orce can be per ormed multiple times. 
Examples o  thermoplastics include: polyvinyl chlo-
ride, polyethylene, polystyrene, polypropylene, 
nylon, polyester, polycarbonate. The properties and 
uses o  the most commonly used plastics in pha-
rmaceutical packaging are shown in Table 47.3. 
Domestic ‘plastic containers’ are made  rom 
thermoplastics.

Thermoplastics are employed in blow- ll-seal 
technology, which is used to produce liquid f lled 
plastic containers, with container  ormation, f lling 
and sealing occurring in one continuous operation, 
which occurs over a period o  less than a  ew 
seconds. In the container blowing step, pharmaceu-
tical grade plastic granules, most usually polypropyl-
ene or polyethylene, are melted at high temperature 
and extruded into a hollow tube, termed the 
‘parison’. The parison is cut to the desired length, 
then two halves o  the container mould close around 
it , the lower end is sealed and then air is blown into 
the parison, causing it  to expand to the shape o  the 
container. This container is partially cooled, f lled 
with liquid via a needle and sealed. The completed, 
f lled containers are removed  rom the f lling equip-
ment, and excess plastic is removed (see Figure 
36.6). The ability to operate this process in a con-
trolled environment without the intervention o  
operators makes this process particularly suitable  or 
aseptically producing sterile pharmaceutical prod-
ucts (see Chapter 36).

In contrast to thermoplastics, thermoset poly-
mers can only be shaped once  ollowing the polymer 
 ormation, due to the  act that the cross-linked 
polymer chains cannot  ow. Further heating would 
lead to breakage o  the bonds in the polymer and 
polymer degradation. Examples o  thermoset poly-
mers are: urea  ormaldehyde, epoxides, urethanes, 
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Table 47.3 The different types of plastics used to package pharmaceuticals and their properties

Plastic Polyethylene (PE)
High density PE (HDPE)
Low density PE (LDPE)

H

C

H

C

H  nH

Polypropylene (PP)

Cl

C

H

C

H  nH

Polystyrene (PS)

H2C  CH
n

Polyvinyl Chloride 
(PVC, Vinyl)

Cl

C

H

C

H  nH

Polyethylene terephthalate, PET, common name 
polyester

Polyvinylidene chloride copolymers 
(PVDC)

Fluoropolymer, e.g. 
polychlorotri uoroethylene 
(PCTFE)

General PE is compatible with a 
wide variety of drug 
products.

However, it sorbs other 
materials, e.g. 
preservatives.

HDPE is the most widely 
used plastic in 
pharmaceutical 
packaging

PP has a number of 
advantages over PE.

Contains less additives 
than PE.

Has lower tendency 
than PE to sorb 
certain chemicals

PS is found in three 
different forms in 
packaging:

1. Crystal PS (in cups, 
bottles)

2. High-impact PS 
(HIPS; opaque, more 
resistant to impact)

3. PS foam – used as 
insulating and 
cushioning material

Has a long history in 
pharmaceutical 
packaging, 
although it is now 
being replaced by 
other plastics due 
to health and 
environment issues. 
Many additives are 
used in its 
manufacture

Has become the most widely used plastic for cough 
syrups and a wide variety of liquid products.

It is the material of choice to replace PVC bottles

One of the most effective barrier 
materials.

Its high cost means that it is not used 
on its own but co-extruded with less 
expensive materials.

Or used in coatings applied to paper, 
cellophane, plastic  lms, rigid plastic 
containers to add barrier properties to 
these

Used in pharmaceutical 
packaging due to its 
excellent moisture or 
water barrier properties.

Its high cost means it is used 
as a thin layer (laminated 
to PVC) in blister packs

Cost Low Low Low Low Medium, likely to decrease due to widespread use High High

Used for HDPE is used when a rigid 
container is desired, 
e.g. bottles for solid 
dosage forms.

LDPE is used when a 
 exible pack is 
required, e.g. squeeze 
bottles, blister packs

Used when a rigid 
container is desired, 
e.g. bottles for solids 
and liquids.

PP  lms are used in 
blister packs

Bottles for tablets and 
capsules

Intravenous bags for 
blood products, 
glucose, saline 
solutions.

Blister packs
Bottles

Bottles for liquid products, e.g. cough syrups.
Film used to make sterilizable pouches

Films
Co-extruded with other materials as a 

barrier layer
Used in coatings (see above)
Blister packs

Blister packs

Optical and physical 
properties

HDPE has a milky 
translucence. It is 
strong, stiff.

LDPE is clear and  exible

Clear Crystal PS is clear and 
rigid, but brittle

Clear
Glossy appearance
Range from stiff 

material to  exible 
 lms

Clear and strong Clear,  exible Clear

Resistance to heat HDPE can be autoclaved Resistant to heat – can 
be used in high heat 
sterilization 
procedures

Softens at low 
temperature, cannot 
be used in packaging 
requiring heat 
resistance

Heat-sensitive Resistant to high temperature – sterilization 
possible

High High

Barrier to moisture HDPE – good moisture 
barrier

LDPE – poorer barrier than 
HDPE

Excellent Poor Fair barrier Good barrier Excellent Excellent

Barrier to gases 
(e.g. oxygen), 
odours,  avours

Permeable to oxygen. 
Cannot be used to 
package oxygen-
sensitive products.

Poor odour barrier

Better odour barrier 
than PE

Poor gas barrier Poor to medium Good barrier to gas Excellent barrier properties to gases 
 avours, odours

Excellent gas barrier

Resistance to oils 
and other 
chemicals

Permeable to oils, e.g. 
volatile oils for aroma.

Permeable to halogens. 
HDPE more resistant to 
oils and chemicals than 
LDPE

More resistant to 
grease and oils than 
PE

Poor resistance Excellent barrier to 
oils, fats, 
 avourings

Excellent barrier to grease and oils Barrier to most organic liquids and 
water

Resistant
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Table 47.3 The different types of plastics used to package pharmaceuticals and their properties

Plastic Polyethylene (PE)
High density PE (HDPE)
Low density PE (LDPE)

Polypropylene (PP) Polystyrene (PS) Polyvinyl Chloride 
(PVC, Vinyl)

Polyethylene terephthalate, PET, common name 
polyester

OO

O

C  CH2  CH2

n

O

C

Polyvinylidene chloride copolymers 
(PVDC)

Cl

C

H

C

Cl  nH

Fluoropolymer, e.g. 
polychlorotri uoroethylene 
(PCTFE)

F

C

F

C

Cl  nF

General PE is compatible with a 
wide variety of drug 
products.

However, it sorbs other 
materials, e.g. 
preservatives.

HDPE is the most widely 
used plastic in 
pharmaceutical 
packaging

PP has a number of 
advantages over PE.

Contains less additives 
than PE.

Has lower tendency 
than PE to sorb 
certain chemicals

PS is found in three 
different forms in 
packaging:

1. Crystal PS (in cups, 
bottles)

2. High-impact PS 
(HIPS; opaque, more 
resistant to impact)

3. PS foam – used as 
insulating and 
cushioning material

Has a long history in 
pharmaceutical 
packaging, 
although it is now 
being replaced by 
other plastics due 
to health and 
environment issues. 
Many additives are 
used in its 
manufacture

Has become the most widely used plastic for cough 
syrups and a wide variety of liquid products.

It is the material of choice to replace PVC bottles

One of the most effective barrier 
materials.

Its high cost means that it is not used 
on its own but co-extruded with less 
expensive materials.

Or used in coatings applied to paper, 
cellophane, plastic  lms, rigid plastic 
containers to add barrier properties to 
these

Used in pharmaceutical 
packaging due to its 
excellent moisture or 
water barrier properties.

Its high cost means it is used 
as a thin layer (laminated 
to PVC) in blister packs

Cost Low Low Low Low Medium, likely to decrease due to widespread use High High

Used for HDPE is used when a rigid 
container is desired, 
e.g. bottles for solid 
dosage forms.

LDPE is used when a 
 exible pack is 
required, e.g. squeeze 
bottles, blister packs

Used when a rigid 
container is desired, 
e.g. bottles for solids 
and liquids.

PP  lms are used in 
blister packs

Bottles for tablets and 
capsules

Intravenous bags for 
blood products, 
glucose, saline 
solutions.

Blister packs
Bottles

Bottles for liquid products, e.g. cough syrups.
Film used to make sterilizable pouches

Films
Co-extruded with other materials as a 

barrier layer
Used in coatings (see above)
Blister packs

Blister packs

Optical and physical 
properties

HDPE has a milky 
translucence. It is 
strong, stiff.

LDPE is clear and  exible

Clear Crystal PS is clear and 
rigid, but brittle

Clear
Glossy appearance
Range from stiff 

material to  exible 
 lms

Clear and strong Clear,  exible Clear

Resistance to heat HDPE can be autoclaved Resistant to heat – can 
be used in high heat 
sterilization 
procedures

Softens at low 
temperature, cannot 
be used in packaging 
requiring heat 
resistance

Heat-sensitive Resistant to high temperature – sterilization 
possible

High High

Barrier to moisture HDPE – good moisture 
barrier

LDPE – poorer barrier than 
HDPE

Excellent Poor Fair barrier Good barrier Excellent Excellent

Barrier to gases 
(e.g. oxygen), 
odours,  avours

Permeable to oxygen. 
Cannot be used to 
package oxygen-
sensitive products.

Poor odour barrier

Better odour barrier 
than PE

Poor gas barrier Poor to medium Good barrier to gas Excellent barrier properties to gases 
 avours, odours

Excellent gas barrier

Resistance to oils 
and other 
chemicals

Permeable to oils, e.g. 
volatile oils for aroma.

Permeable to halogens. 
HDPE more resistant to 
oils and chemicals than 
LDPE

More resistant to 
grease and oils than 
PE

Poor resistance Excellent barrier to 
oils, fats, 
 avourings

Excellent barrier to grease and oils Barrier to most organic liquids and 
water

Resistant
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unsaturated polyesters and rubbers. These are 
mainly used to produce closures, as metal coatings, 
and adhesives in the pharmaceutical packaging 
industry.

Proces s  res idues  and  add itives   
in p las tic s
During polymer synthesis a variety o  chemicals, 
such as solvents, catalysts, initiators and accelera-
tors, are needed to assist the polymerization process. 
These chemicals are there ore present to some 
extent in the f nal product; they are then known as 
process residues. Unreacted monomers may also be 
present. When the polymer is subsequently made 
into a f nished product, e.g. a bottle,  urther chemi-
cals – called additives and processing aids – are 
added in order to control or enhance the properties 
o  the polymer/ f nished product, or to aid the manu-
 acturing process. These chemicals include plasticiz-
ers, f llers, toughening agents, stabilizers, antioxidants, 
opacif ers, colourants, UV absorbers, lubricants, slip 
and anti-blocking agents and internal release agents. 
The  unction o  these additives and processing aids 
is shown in Table 47.4; their inclusion (or not) will 
depend on the plastic and the f nished product.

Monomers, process residues, addit ives and 
processing aids present in a plastic pack may leach 
out o  the plastic material and into the packaged 
product. For this reason, pharmaceutical grade poly-
mers should not contain certain additives and have 
strict limits on the amount o  chemicals that can 
leach out o  the plastic material.

Rubbers  and Elas tomers

These are extensively used as stoppers (closures on 
parenteral containers). When used as a closure they 
allow a hypodermic needle to enter the container, 
and reseal when the needle is removed. They are 
so t  enough to mould and con orm to the opening 
o  the container and allow a tight seal. The materials 
used must there ore be resilient, resistant to coring 

Fig . 47.2 •  (a): linear polymer consisting of polymer 
chains of different lengths; (b): branched polymer; 
(c ): cross-linked polymer; (d): circle shows a region of 
high order (crystallinity) in a polymeric material that is  
mostly amorphous (i.e. polymer chains are oriented in  
a random manner). 

a

b

c

d
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Table 47.4 Process residues and additives in plastics

Additives and Processing Aids Role Examples

Plasticizer Improve  ow properties. Increase softness and 
 exibility.

Phthalate ester

Filler, extender Inert solid substance. May reduce plastic degradation. 
May be used to reduce cost.

Talc

Toughening agent/impact modi er Improve strength of brittle plastics. Rubber added to polystyrene

Stabilizer Increase stability of plastic, to combat effects of heat 
and light.

Calcium-zinc salts added to 
PVC.

Antioxidant Prevent or retard oxidative degradation of plastic. Cresols

UV absorber To protect plastic or packaged product from UV 
degradation.

Substituted phenols

Opaci er Make plastic opaque. Titanium dioxide

Whitener Give a ‘whiter than white’ appearance. Ultramarine

Colourant Colour the plastic. Pigments and dyes

Lubricant Prevent adhesion of plastic to metal parts during 
fabrication.

Waxes, liquid paraf n.

Internal release agent Provide release from moulds. Metal stearates, silicone 
 uids.

Anti-block or slip agent Used for  lms made or used on high-speed equipment, 
where non-slip or  lm sticking together would interfere 
with processing.

Amides,  nely divided silica.

Anti-static agent Reduce static accumulation on plastic. Surfactants

(must not  ragment when penetrated by a needle) 
and compatible with the pack contents.

The terms rubbers and elastomers are sometimes 
used interchangeably although some authors do di -
 erentiate between the two words as  ollows:

•  elastomers are polymers that  can be stretched 
(to equal to or more than twice their original 
length) and which return to their original length 
once the  orce is removed

•  rubbers are  ormulations o  these elastomers, 
and in addition to the elastomer polymer, 
contain a number (2 to 10) o  substances such 
as f llers, vulcanising agents, cure accelerators, 
activators, plasticizers, lubricants, antioxidants 
and pigments.

Elastomers may be natural (extracted  rom rubber 
trees) or synthetic (derived  rom petrochemicals). 

Common pharmaceutical examples include butyl, 
chlorobutyl, natural and silicone elastomers. Butyl 
and chlorobutyl elastomers are least  permeable to 
oxygen and water vapour. These materials are not 
used alone, however. For example, natural rubber is 
mixed with chlorobutyl to help resist  coring in clo-
sures which must withstand multiple penetrations 
by a needle. Neoprene (polychloroprene) is included 
in rubber  ormulations when a pharmaceutical 
product contains mineral oil. Like other plastics, 
rubbers are not totally inert. They are permeable to 
some extent; they may also sorb components o  the 
packaged product and may leach residues and low-
molecular weight components into the packaged 
contents.

To produce rubber  ormulations, the elastomer 
and other required materials are placed in a mixer 
which breaks the materials into small  ragments 
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container is also coated to protect the metal and to 
enable printing.

Paper

Paper is one o  the oldest pharmaceutical packaging 
materials. It  has diverse applications including labels 
and lea ets, collapsible and rigid cartons, bags and 
sacks, and sachets. Unlike the other packaging mate-
rials, glass, metal and plastic, paper is not usually 
used in the manu acture o  the primary pack, i.e. 
the container holding and in direct contact with the 
pharmaceutical product. An exception is the sachet, 
which is the primary pack, where the paper is sepa-
rated  rom the product by a layer o  another mate-
rial. A traditional OTC cold remedy (Beecham’s 
Powders™) is still sold in powdered  orm wrapped 
in paper only as the primary pack.

Paper is def ned as a matted or  elted sheet 
usually composed o  natural plant f bre. When the 
paper material weighs 250 g/ m2 or more or is 
300 µm or more in thickness it  is known as paper-
board. So twood  rom spruce, f r, pine and eucalyp-
tus trees is now the most common source o  f bre 
in papermaking although bagasse ( rom sugar cane), 
cotton, straw,  ax, bamboo, jute, hemp, grass, 
esparto, rags and sisal have also been used.

To produce paper, cellulose f bre is extracted 
 rom the wood by pulping the latter (mechanically 
and/ or chemically). The pulp is then mechanically 
treated to break down any f bre bundles, to hydrate 
and break up the sur ace o  the f bres and then 
bleached i  desired. A variety o  non-f brous addi-
t ives are then added to the treated pulp to control 
water and ink permeation (rosins), to increase 
strength (starches, gums, resins), and improve the 
optical brightness and printing qualities (clay, talc, 
t itanium dioxide). The mixture (consisting o  water 
(99%), f bre and additives, known as ‘ urnish’) is 
then  ed to the paper-making machine, where most 
o  the water is removed, and the solid material is 
turned into sheets o  paper. The latter is pressed 
between multiple stacks o  heavy rollers which 
smooth out the sur ace o  the paper and make it  
more suitable  or printing. A number o  coatings 
may then be applied to the paper to  urther improve 
its sur ace properties, such as to reduce its porosity 
and liquid penetration rate (using gelatin, starch, 
modif ed rosins or waxes), or increase its opacity, 
gloss, brightness and printability (using clay, calcium 
carbonate or titanium dioxide).

and produces a uni orm dispersion. The latter – a 
viscous liquid – is placed in a heated mould, where 
heat and pressure promote polymer cross-linking 
and ‘cure’ the  ormulation, such that a strong, 
tough and elastic rubber is produced. The rubber is 
then trimmed and washed to remove residual 
materials that may have migrated to the sur ace 
during moulding. Residual materials may also be 
extracted out o  the rubber by di  erent techniques 
such as autoclaving. The rubber sur ace may be 
treated with chlorine to produce a shiny glaze or 
coated with materials, such as silicon oils, to reduce 
their coe f cient o   riction.

Metal

Metal is widely used to package  ood, beverages, 
aggressive products, etc. Aluminium and tinplate (a 
sheet o  steel that is coated with a thin deposit  o  
t in) are the metals used in the packaging o  pharma-
ceuticals. They are used in the  orm o  cans (e.g. 
pressurized metered dose inhaler (pMDI) contain-
ers), tubes ( or creams, ointments, gels), pouches 
( or powders, granules, liquids, suppositories), 
blister packs and in closures.

Metal has many advantages as a packaging mate-
rial, it  is mechanically strong and can withstand the 
high internal pressure in pMDI containers, it  is shat-
terproo , lightweight (due to the  act that it  is strong 
even when thin layers are used), impermeable to 
gases and light and is malleable; it  can be tailored in 
hardness and  exibility with respect to the desired 
container. Both so t  and hard  orms o  aluminium 
and tinplate are used in pharmaceutical packaging; 
hard material is used  or its strength and durability 
in containers such as aerosol cans, while so t  and 
malleable metal is used to produce collapsible tubes, 
 exible pouches and as the collar on parenteral vials 
with rubber stoppers. Malleability allows the metal 
collar to be crimped in place and  exible pouches 
and metal tubes to be crimped closed. The metal’s 
malleability also means that  when metal tubes are 
squeezed to expel the product, e.g. a cream, the 
tube does not spring back into its original shape and 
air is not sucked back into the container, which 
could otherwise react with the product or cause it  
to dry out.

Metal can however interact  with the pharmaceu-
tical product. To isolate the metal  rom the product, 
the metal sur ace is coated with vinyl-, acrylic- and 
epoxy-based resins. The outside o  the metal 



 P a c ka g in g  C H A P T E R  4 7

8 2 3

Laminates are used to produce pharmaceutical 
packs such as sachets, blister packs, tubes, pouches, 
etc. An example is a structure consisting o  paper/  
metal  oil/ polythene plies, used  or sachet packag-
ing. The paper provides strength, printability and 
the ability to easily tear the package, the  oil pro-
vides an excellent barrier to light, moisture and gases 
and the polythene enables heat sealability.

Pac kaging  and  
re gulatory bodie s

Like the medicine, the pharmaceutical packaging is 
subject to regulation and approval by government 
agencies, such as the United States Food and Drug 
Administration (FDA), the European Medicines 
Agency (EMA) and the UK’s Medicines and Health-
care products Regulatory Agency (MHRA). The 
packaging is considered part o  the product, and 
manu acturers must submit large amounts o  data 
to show that the packaging is sa e, e f cacious and 
per orms as claimed. The regulatory bodies produce 
guidance documents to assist  manu acturers, such as 
on labelling, patient in ormation lea ets, closures, 
and the testing o  containers. The United States 
Pharmacopeia include requirements  or containers, 
and many o  the drug product monographs include 
the requirements  or packaging, such as ‘preserve in 
single-dose containers, pre erably in Type I glass, 
protected  rom light’. Labelling and patient in orma-
tion lea ets are part  o  the pack and are also subject 
to regulation, although they have not been covered 
in this chapter.

Re pac kaging

An original pack is one which is intended to be 
dispensed directly to the patient without modif ca-
tion except  or the addition o  appropriate labelling. 
In many countries, many medicines are packaged by 
the manu acturer into such packs which can be dis-
pensed to the patient without the need  or repack-
aging in the pharmacy. Repackaging – trans er o  
medicines  rom their original pack into di  erent 
packs – is per ormed to a small extent in community 
and hospital pharmacy,  or distribution to hospital 
wards, clinics, nursing homes or upon patient 
request ,  or example, by an arthritic patient who 
might struggle to open the original pack, or into dose 
administration aids.

Advantages  and  d is advantages  of paper 
as  a  packaging mate ria l
Paper has many advantages as a packaging material:
•  relatively low cost and readily available
•  generally o  non-toxic origin
•  easily recycled
•  readily torn or cut open, an advantage when 

paper is used in sachets
•  its ‘dead old’ (ability to hold a crease) allows 

the making o  cartons and bags as well as its use 
 or patient in ormation lea ets

•  rigidity and strength allow its use in cartons. at 
the same time, it  can act as a slight cushion to 
protect the primary pack

•  easily printed and coated
•  as can be seen  rom its method o  production, 

the nature and properties o  the f nished paper 
can be controlled, such that paper may be 
‘tailor-made’  or specif c applications. For 
example, its opacity and colour can be varied by 
the use o  additives, its porosity can be adjusted 
to allow di  usion o  steam  or sterilization 
while maintaining a barrier to microorganisms.

Paper does have certain disadvantages and these 
result  in it  not generally being used on its own in 
the primary pack. These disadvantages include:
•  no barrier properties against  moisture, gases and 

odours
•  moisture-sensitive
•  no heat- or cold-seal properties and hence 

cannot be sealed without adhesives or special 
coatings

•  poor transparency and gloss compared to certain 
plastic f lms.

To overcome such disadvantages, paper can be com-
bined with other materials. For example, paper can 
be  urther coated by polymers or laminated to 
plastic or to aluminium  oil to improve its barrier 
properties to gases and moisture, and to create heat-
sealing ability when used in the primary pack.

Laminates

A laminate is made by bonding together two or more 
plies (layers) o  di  erent materials, such as paper, 
plastic and metal. The aim is to combine the desir-
able properties o  the di  erent plies into a single 
packaging structure. A minimum amount o  material 
is used and the laminate is cost-e  ective.



 P A R T  S I X  Pac kaging and Stability of Pharmac eutic al Produc ts

8 2 4

FDA Guidance for Industry, Container Closures Systems for 
Packaging Human Drugs and Biologics, Chemistry, 
Manufacturing and Controls Documentation 
at  http:/ / www. da.gov/ downloads/ Drugs/
G uidanceComplianceRegulatoryIn ormation/ G uidances/
ucm070551.pd , accessed 25 August 2011.

Jenkins, W.A., Osborn, K.R. (1993) Packaging Drugs and 
Pharmaceuticals. Technomic Publishing Co. Inc, 
Lancaster.

MHRA, http:/ / www.mhra.gov.uk/ Howweregulate/
Medicines/ Labelspatientin ormationlea etsandpackaging/
index.htm, accessed 30 August 2011.

Soroka, W. Emblem, A., Emblem, H. (1996) Fundamentals 
of Packaging Technology. The Institute o  Packaging, 
USA.

Winf eld, A.J., Rees, J.A., Smith, I. (2009) Pharmaceutical 
Practice, 4th edn. Elsevier, Churchill Livingstone, 
Edinburgh.

Repackaging is mostly carried out  or tablets and 
capsules. The new primary container should be 
chosen with care, ensuring good containment and 
protection o  the medicine, and compatibility 
between product and pack. The repackager must be 
aware o  the issues regarding the repackaging o  
medicines, such as potential  or errors, the physical 
and chemical stability o  drugs and medicines, clean-
liness, cross-contamination, shel -li e o  repackaged 
products, legal aspects, clear and  ull labelling, etc.
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KE Y P O IN TS

•  Chemical s tability is  often the critical factor that 
limits  the shelf-life  of pharmaceutical products  

•  Hydrolys is  reactions  are important degradation 
mechanisms  for acids , amides  and related 
compounds  such as  penicillins  

•  Oxidation reactions  tend to give complex 
mixtures  of products  and may involve free 
radical mechanisms  

•  Isomeric change may occur due to racemization 
or epimerization, or the formation of geometrical 
or s tructural isomers  

•  Drugs  that absorb the wavelengths  of light 
present in sunlight or arti cial light may undergo 
light-induced degradation 

•  Chemical incompatibility occurs  if drugs , or 
other ingredients  present in the dosage form, 
react together 

•  The amino acid res idues  of proteins  may 
undergo oxidation, hydrolys is , deamidation or 
racemization, potentially leading to loss  of 
three-dimens ional conformation of the protein 
and aggregation 

Introduc tion

Chemical degradation o  the drug is o ten the criti-
cal  actor that limits the shel -li e o  a pharmaceuti-
cal product. The degradation o  other ingredients in 
the  ormulation, such as antimicrobial preservatives 
or antioxidants, may also be a critical  actor.

The nature o  the degradation products that  orm 
in the dosage  orm may be the  actor that limits 
the shel -li e o  a product. This may be because the 
degradation products are toxic;  or instance, the 
anti ungal drug f ucytosine degrades to f uorouracil, 
which is cytotoxic. The degradation products may 
alternatively give the product an unacceptable 
appearance. For instance, the oxidation products o  
epinephrine (adrenaline) are highly coloured.

In general, drug molecules tend not to undergo 
spontaneous chemical degradation; the cause is 
usually some other reactive molecule within the 
dosage  orm. O ten, this is due to the presence o  
water or molecular oxygen, but the drug may also 
react with other  ormulation constituents or react 
with other molecules o  the same drug. Protection 
o  the  ormulation  rom chemical degradation is one 
o  the primary aims o  dosage  orm design.

Andrew R. Barnes
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Catalysis by acid involves protonation o  the car-
bonyl group (Fig. 48.4a) to produce resonance 
structures (Fig. 48.4b, c). The positively-charged 
carbon atom promotes nucleophilic attack by water 
(Fig. 48.4c) to produce a tetrahedral intermediate 
(Fig.48.4d). Trans er o  H + within the molecule (Fig. 
48.4e) results in loss o  the alcohol portion (Fig. 
48.4 ).

Amides degrade to a carboxylic acid and an amine 
(Fig. 48.1b). Amides tend to be more stable to 
hydrolysis than the corresponding esters because the 
nitrogen atom is less electronegative than the oxygen 
atom in the corresponding ester. Examples o  amide-
containing drugs include lidocaine and paracetamol 
(acetaminophen). The antimicrobial drug chloram-
phenicol is an amide-containing drug that is rela-
tively susceptible to hydrolysis compared to many 

This chapter discusses the common types o  
chemical degradation that a  ect ‘small molecule’ 
drugs and then looks at the speci c stability issues 
a  ecting proteins and peptides.

Che mic al de gradation 
re ac tions

Hydrolys is

Hydrolysis is the breaking o  a molecular bond by 
reaction with water. Water is common in pharma-
ceutical products, either as an ingredient or as a 
contaminant, and hydrolysis reactions are the most 
common cause o  chemical degradation. Most 
hydrolysis reactions involve derivatives o  carboxylic 
acids, such as esters and amides, which are  re-
quently  ound in drug molecules.

The ester group hydrolyses to produce a carboxy-
lic acid and an alcohol (Fig. 48.1a). The carbon o  
the ester carboxyl group is relatively electron de -
cient, due to bond polarization caused by the adja-
cent oxygen atoms. Nucleophilic attack by water is 
there ore promoted at  this carbon atom. For 
instance, the degradation o  aspirin (acetylsalicylic 
acid) results in the  ormation o  salicylic acid and 
acetic acid (Fig. 48.2). Aspirin is too unstable to 
allow the  ormulation o  an aqueous aspirin product 
with a suitable shel -li e.

Hydrolysis reactions o  esters, amides and related 
molecules are catalyzed by acid and by base. To use 
ester hydrolysis as an example, catalysis by base 
involves nucleophilic attack by hydroxyl ion at the 
electron-de cient carbon o  the carbonyl group to 
produce a tetrahedral intermediate (Fig. 48.3a,b). 
This is  ollowed by ejection o  the alcohol (Fig. 
48.3c). In this scheme, ionization o  the carboxylic 
acid in alkaline solution is ignored  or clarity.

Fig . 48.1 •  Hydrolysis reactions, (a) esters (b) amides. 

a

b

Fig . 48.2 •  Hydrolysis of aspirin to salicylic acid and 
acetic acid. 

Fig . 48.3 •  Base-catalyzed ester hydrolysis . 
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cephalosporin antibiotics, and this group is very sus-
ceptible to hydrolysis. This reactivity o  the mole-
cule is due to bond strain in the  our-membered 
β-lactam ring. A variety o  hydrolysis products is 
 ormed. For benzylpenicillin, a major hydrolysis 
product is benzylpenicilloic acid (Fig. 48.6). Penicil-
lins have a side chain that possesses an amide group, 

amides (Fig. 48.5). This is due to a high degree o  
polarization o  the amide bond by the highly elec-
tronegative chlorine substituents that are adjacent. 
Eye drop preparations o  chloramphenicol there ore 
require storage in a re rigerator.

The lactam group, which is a cyclic amide, is 
important because it  is present in penicillin and 

Fig . 48.4 •  Acid-catalyzed ester hydrolysis . 
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Fig . 48.5 •  Hydrolysis  of chloramphenicol to 2-amino-1-
(4-nitrophenyl)propane-1.3-diol and dichloroacetic acid. 

Fig . 48.6 •  Hydrolysis  of the β-lactam ring of 
benzylpenicillin to give benzylpenicilloic acid. 
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In the termination phase, the availability o  
oxygen or drug diminishes, the rate o  reaction slows 
and  ree radicals combine to produce unreactive 
endproducts. The stable reaction products  ormed 
in vegetable oils include carboxylic acids, which are 
responsible  or the rancid smell  ormed when such 
oils deteriorate.

Oxidation o  some drugs occurs rapidly in solu-
tion at room temperature. Ascorbic acid (vitamin C) 
undergoes a rapid oxidation in solution to dehy-
droascorbic acid (Fig. 48.7). This reaction is revers-
ible but dehydroascorbic acid is rapidly and 
irreversibly hydrolysed at the ester linkage to  orm 
diketogulonic acid.

Dimerization and polymerization

Reaction o  a drug molecule with another molecule 
o  the same drug may result in the  ormation o  a 

but this is less susceptible to hydrolysis than the 
β-lactam ring. Benzylpenicillin cannot be adminis-
tered by the oral route because it  is hydrolysed 
rapidly by the acidic conditions in the stomach. 
Orally-active penicillins such as amoxicillin are rela-
tively less susceptible to hydrolysis.

Oxidation

Oxidation reactions involve an increase in the 
number o  carbon-to-oxygen bonds in a molecule or 
a reduction in the number o  carbon-to-hydrogen 
bonds. These reactions are a common cause o  
chemical instability o  drugs. They are also respon-
sible  or the deterioration o  vegetable oils, which 
may be used in pharmaceutical products as a solvent 
or as an emollient in emulsions and creams. Oxida-
tion reactions tend to be complex, giving a variety 
o  degradation products. Table 48.1 summarizes 
common examples.

Oxidation that takes place at ambient tempera-
ture and involves molecular oxygen is known as 
autoxidation. Most such reactions involve  ree radi-
cals, which are chemical species that possess an 
unpaired electron. Free radical oxidations are o ten 
complex but involve three main phases. The  ollow-
ing scheme is a representative summary o  the oxi-
dation o  many drugs and o  vegetable oils.

The initiation phase results in the  ormation o  a 
low concentration o   ree radicals. For a drug, RH, 
the generation o   ree radicals can be represented 
as:

RH  R  H→  +•  •

Initiation is promoted by light and the presence o  
heavy metals, which are inevitably  ound as trace 
contaminants o  pharmaceutical products.

During the propagation phase, the concentration 
o   ree radicals increases greatly:

R  O  RO•  •+  →2  2

RO  RH  ROOH  R2
•  •+  →  +

The presence o  oxygen results in the  ormation o  
hydroperoxides (ROOH), which react  urther to 
produce stable oxidation products. In this phase, 
degradation accelerates, with potentially disastrous 
results  or the product.

Table 48.1 Drug oxidation reactions

Functional 
group 
undergoing 
oxidation

Resulting 
oxidation product

Example drugs

Phenolic OH, 
catechols

Carbonyl group Propofol,
epinephrine and 
related 
catecholamines

OH  O

Phenolic OH
OH

Dimeric product

O

Morphine

Amine
CH3

N

N-oxide

N+

O–

Morphine

Thioether
S

S-oxide

S

O

Promethazine and 
related 
phenothiazines

Thiol
SH

Disulphide

S
S

Captopril, 
6-Mercaptopurine
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Fig . 48.7 •  Oxidation of ascorbic acid (a) to dehydroascorbic acid (b) and subsequent hydrolysis  to diketogulonic 
acid (c ). 

a  b  c

dimer or polymer. The penicillin antibiotic amoxicil-
lin, besides undergoing hydrolysis o  the β-lactam 
ring, also undergoes dimerization by nucleophilic 
attack on the β-lactam ring by the amino group (Fig. 
48.8), especially in more concentrated solutions. 
The reaction can continue to produce a trimer and 
tetramer.

Polymerization is a major mechanism o  degrada-
tion o  the disin ectant glutaraldehyde at alkaline 
pH (Fig. 48.9). Because glutaraldehyde undergoes 
ketoenol tautomerism, an aldol condensation reac-
tion between the keto and enol  orms o  the mole-
cule results in the production o  a dimer. Further 
reaction to produce a polymer then occurs. In order 
to avoid polymerization on storage, glutaraldehyde 
solution needs to be  ormulated at an acidic pH, 
where polymerization does not occur. Its disin ect-
ant activity is optimal at  a slightly alkaline pH, so an 
alkaline bu  er is added immediately be ore use.

Fig . 48.8 •  Amoxicillin degrades by both β-lactam ring hydrolysis  and dimerization. 

Fig . 48.9 •  Polymerization reaction of glutaraldehyde. 
Two molecules of glutaraldehyde are shown in the keto 
and enol forms respectively. 
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Fig . 48.10 •  Atracurium degradation by Hofmann elimination. 
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higher temperature) causes rapid chemical degrada-
tion via the Ho mann elimination, resulting in repro-
ducible removal o  the drug  rom the patient (Fig. 
48.10).

Isomeric change

Di  erent isomers o  a drug o ten have di  ering 
pharmacological activity or toxicity.

Optically active molecules with one chiral centre 
are known as enantiomers. The conversion o  one 
enantiomer into its mirror-image is known as racemi-
zation. In addition to susceptibility to oxidation, 
adrenaline (epinephrine) may also undergo racemi-
zation in aqueous solution. The reaction is acid- and 
base-catalysed and involves the  ormation o  an alco-
holate anion, which reversibly  orms a carbonyl-
containing intermediate with no chiral centre (Fig. 
48.11). Regeneration o  the alcoholate anion in 

Hofmann elimination

The reaction o  a quaternary amine with a base, 
known as the Ho mann elimination, results in the 
elimination o  a tertiary amine and  ormation o  an 
alkene. This reaction is not a widespread mode o  
pharmaceutical degradation; however it  is o  major 
interest because o  its role in the metabolism o  
the neuromuscular blocking drug atracurium, and 
the related drug cisatracurium. In order to avoid the 
variable duration o  action o  other classes o  neu-
romuscular blocking drugs, due to variability in liver 
 unction and enzymatic metabolism, the atracurium 
molecule was designed to undergo spontaneous 
chemical degradation a ter administration to the 
patient. Atracurium is relatively stable when  ormu-
lated as an injection at pH 3–4 and stored under 
re rigeration. When injected into the patient, the 
higher pH o  around 7.4 (and to some extent the 
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In drug molecules with more than one chiral 
centre (diasteriomers), racemization at one o  the 
chiral centres is known as epimerization. The 
antibiotic tetracycline,  or instance,  orms the 
4-epitetracycline epimer (Fig. 48.12), which is not 
active against microorganisms and is more toxic than 
tetracycline.

Geometrical isomers di  er in the con ormation o  
groups around a carbon-to-carbon double bond or a 
cyclic group. Retinol and all other related molecules, 
which together are known as vitamin A, contain an 
unsaturated hydrocarbon chain. In addition to 
making the molecule susceptible to oxidation, this 

either o  its isomeric  orms is then possible. This 
reaction would eventually result  in an equilibrium 
mixture o  equal concentrations o  each isomer. The 
R-isomer o  adrenaline has much greater pharmaco-
logical activity than the S-isomer. The reason  or the 
di  erence in potency is that in the R-isomer, the 
amino and hydroxyl substituents are orientated on 
the same side o  the molecule, allowing them both 
to  orm hydrogen bonds with the adrenaline recep-
tor in vivo. However, in the S-isomer, only one o  
these substituents can bond with the receptor 
because they are on opposite sides o  the 
molecule.

Fig . 48.11 •  R-epinephrine (a) converts  to an alcoholate ion with the R-con guration (b) and then to a carbonyl-
containing intermediate (c ). This may revert to the original alcoholate ion with R-con guration (b) or to the 
alcoholate ion with the S-con guration (d), which can then form S-epinephrine (e ). 

a  b

c

de

Fig . 48.12 •  Epimerization of tetracycline (a) to 4-epitetracycline (b). 

a  b
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Fig . 48.13 •  All-trans-retinol (a) undergoes thermal degradation to give 13-cis-retinol (b) and undergoes 
photodegradation to form 9-cis-retinol (c ). 

a

b  c

Fig . 48.14 •  Degradation of betamethasone-17-valerate 
to betamethasone-21-valerate. 

not o  practical concern because they are not present 
in sunlight or arti cial light.

Carbonyl, nitro, alkene, aryl chloride and phe-
nolic compounds are most susceptible to photodeg-
radation. Many photolysis reactions involve oxidation 

also enables the molecule to undergo geometrical 
isomerization. The double bonds in the chain are all 
in the trans con guration. On storage o  all-
trans-retinol or on subjecting it  to heat, the mole-
cule changes con guration at the double bond at the 
13-position o  the molecule, to  orm 13-cis-retinol 
(Fig. 48.13), which has no activity as a vitamin.

Structural isomers are sometimes  ormed as a 
result  o  drug degradation. The best known example 
o  this is betamethasone-17-valerate, a potent 
corticosteroid. A major route o  degradation o  this 
drug is by migration o  the valerate ester substituent 
to the side chain,  orming betamethasone-21- 
valerate (Fig. 48.14). The mechanism is promoted 
by the close proximity o  the hydroxyl group in 
the side chain to the ester substituent. This reaction 
is o  concern where topical  ormulations o  
betamethasone-17-valerate are diluted with an inap-
propriate diluent.

Photodegradation

Molecules that absorb the wavelengths o  light asso-
ciated with sunlight or arti cial light may be suscep-
tible to light-induced degradation (photolysis). The 
300–400 nm wavelengths tend to be most damag-
ing. Shorter wavelengths are also damaging but are 
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is trans erred  rom aspirin to phenylephrine (Fig. 
48.16). A similar reaction occurs between aspirin 
and paracetamol (acetaminophen). Aspirin also 
reacts with the polyethylene glycol base o  supposi-
tory  ormulations, trans erring the acetyl group to 
the polyethylene glycol.

The Maillard reaction involves a reducing sugar 
and an amine. Reducing sugars tautomerize to an 
open ring  orm, containing a reactive aldehyde or 
keto group. The reaction is responsible  or the 
browning o  cooked  oods, where the amino group 
is provided by the protein present in the  ood. It  
may also occur between amine-containing drugs and 
lactose or other sugars employed as a diluent in solid 
dose  ormulations. This reaction results in yellowing 
o  white tablets on storage. For example, lactose 
(Fig. 48.17a) tautomerizes to its aldehydic  orm 
(Fig. 48.17b), which reacts with an amine to 
produce, via several intermediate stages, a coloured 
l-amino-2-keto sugar (Fig. 48.17c). Other reducing 
sugars include glucose and  ructose. Non-reducing 
sugars, which do not undergo this reaction, include 
sucrose and mannitol.

Sodium metabisulphite is commonly added to 
epinephrine (adrenaline) injection as an antioxidant. 
However, it  reacts with the drug to  orm epine-
phrine sulphonate (Fig 48.18), and this is a signi -
cant degradation route  or epinephrine.

mechanisms, although other mechanisms may occur. 
Photodegradation o  retinol, as well as promoting 
oxidative reactions, also results in  ormation o  a 
cis-isomer o  the molecule around the double bond 
at position 9. In contrast , degradation occurring in 
the absence o  light causes isomerization at position 
13 (see Fig. 48.13).

Chemical incompatibilities

Degradation o  a drug may be caused by reaction 
with another drug present in the  ormulation or with 
a  ormulation excipient.

Hydroxybenzoate ester (parabens) antimicrobial 
preservatives undergo transesteri cation reactions 
with sugars and sugar alcohols, which may be present 
in a  ormulation as sweetening agents. For instance, 
methyl hydroxybenzoate undergoes reaction with 
sorbitol (Fig. 48.15) to produce a variety o  sorbitol 
hydroxybenzoate esters by reaction with sorbitol’s 
various hydroxyl groups.

A related reaction involves the interaction o  ami-
nophylline with suppository bases. Aminophylline is 
a complex,  ormed between theophylline and ethyl-
enediamine, which has increased aqueous solubility 
compared to theophylline alone. On storage o  ami-
nophylline suppositories, the melting point o  the 
base increases to above physiological temperature, 
preventing release o  drug. The mechanism  or this 
is the  ormation o  amide bonds between ethylen-
ediamine and the carboxyl groups o   atty acids 
present in the suppository base. The reaction is the 
reverse o  the amide hydrolysis reaction shown in 
Figure 48.1b.

Transacetylation reactions have been reported  or 
some drugs. For instance, in tablet  ormulations that  
contain aspirin and phenylephrine hydrochloride (a 
drug used as a nasal decongestant), the acetyl group 

Fig . 48.15 •  (a) methylhydroxybenzoate. (b) sorbitol. 

a  b Fig . 48.16 •  Transesteri cation reaction of aspirin 
(a) with phenylephrine hydrochloride (b) to give salicylic 
acid (c ) and N-acetyl-phenylephrine (d). 

a  b

c  d
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Fig . 48.17 •  The Maillard reaction between lactose, via its  open-ring tatutomer, and an amine drug. 
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Fig . 48.18 •  Epinephrine (adrenaline) sulphonate. 

  

  

   
 

 
 

   

 

Stability of prote ins   
and pe ptide s

Proteins and peptides have a long-established use as 
therapeutic agents, but are becoming increasingly 
important (along with other biopharmaceuticals) 
due to the opportunities o  ered by the use o  
recombinant DNA technology. This allows the pro-
duction o  molecules designed with speci c proper-
t ies,  or instance monoclonal antibodies. These 
products are discussed in detail in Chapter 46 while 
this section discusses speci cally the stability issues 
associated with these complex molecules.

Phys ical s tability of proteins

The biological activity o  a protein is governed by its 
three-dimensional con ormation, whereby the spe-
ci c sequence o  amino acid residues in the protein 
(its primary structure) results in it  coiling (second-
ary structure) and  olding (tertiary structure). There 
is a close inter-relationship between the chemical 
and physical stability o  proteins, so these aspects 
will be dealt with together.

A protein in its naturally  olded (native) state 
adopts a con ormation whereby hydrophobic regions 
o  the molecule are located within its globular struc-
ture. This is its most energetically  avourable con-
 ormation because these regions are hidden  rom the 
surrounding aqueous environment. As the protein 
un olds (to its non-native state), the hydrophobic 
regions are exposed. These may then interact with 
sur aces, causing loss o  protein  rom the solution 
by adsorption. However a major mode o  protein 
loss is  or the hydrophobic regions on adjacent 
protein molecules to associate,  orming aggregates. 
These aggregates initially remain in solution, however 
the process can continue until a visible precipitate 
is  ormed.

Partially un olded protein molecules may revert 
to the native state; however aggregate  ormation is 
generally irreversible.

In addition to loss o  therapeutic activity, aggrega-
tion o  protein drugs can also result in an increase 
in the immunogenicity o  the protein, potentially 
causing sa ety problems in clinical use.

Aggregation o  proteins is caused by several 
 actors:
•  Heat. This prevents the use o  heat sterilization 

processes  or protein-based dosage  orms
•  Freezing (during a  reeze-drying process, or i  a 

protein solution is inadvertently  rozen during 
storage)

•  Shear stresses arising  rom stirring or pumping 
protein solution during dosage  orm 
manu acture also may cause aggregation. In this 
case, an increase in the area o  the air-liquid 
inter ace occurs and protein adsorbs at the 
inter ace with its hydrophobic regions exposed 
to the air. Hydrophobic interactions can then 
occur between adjacent molecules, resulting in 
aggregation

•  Chemical degradation o  amino acid residues at 
speci c positions in the protein chain, occurring 
during processing or storage, may cause changes 
in the tertiary or secondary structure, resulting 
in loss o  biological activity.

Chemical aspects  of  
protein s tability

On storage, more than one position in a peptide or 
protein molecule may be subject  to chemical change, 
sometimes by various modes o  chemical reaction. 
The extent to which chemical change alters the pro-
tein’s activity is variable and depends on the speci c 
protein. The  actors inf uencing reactivity are:
Amino a cid. Di  erent amino acids vary in their 
susceptibility to chemical degradation
Position in the a mino a cid sequence. Some 
combinations o  amino acids are highly susceptible 
to degradation
Loca tion within the protein ter tia r y struc-
ture. Residues that are immobilized due to being 
buried within the protein are protected  rom reac-
tion with water, oxygen or other protein chains.

The most common chemical reactions are oxida-
tion, disulphide bridge interchange, hydrolysis, 
deamidation and racemization.
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Dis ulphide  bond  inte rchange
These bonds may break and re orm between di  er-
ent cysteine residues, potentially destabilizing the 
protein’s con ormation.

Hydrolys is  of prote ins
Scission (division) o  the amino acid chain by 
hydrolysis o  the peptide bond between residues is 
possible. The asparagine-proline bond is most sus-
ceptible (Fig. 48.20).

Deamida tion
G lutamate and asparagine residues degrade by reac-
tion at their amide side chain. Asparagine-glycine 
sequences are especially susceptible. Deamidation 
at asparagine residues  orms aspartate and its struc-
tural isomer iso-aspartate (Fig. 48.21). The relatively 

Oxida tion of amino ac id  res idues
Reaction with atmospheric oxygen is a major route 
o  protein degradation, both in solution and in 
 reeze-dried  ormulations. Amino acids that are 
susceptible to oxidation are similarly susceptible to 
this  orm o  degradation when incorporated into a 
peptide or protein. Methionine and cysteine resi-
dues are most susceptible. Methionine oxidizes to 
 orm methionine sulphoxide (Fig. 48.19a and 
48.19b). Two cysteine residues react together to 
 orm a disulphide bridge (Fig. 48.19c and 48.19d). 
Bridges between cysteine residues within the same 
molecule play a part  in maintaining the native 
protein con ormation. However reaction between 
residues on di  erent molecules may lead to aggre-
gation. This reaction is thus more likely to cause 
change o  the protein’s con ormation, and there-
 ore aggregation, than oxidation o  methionine 
residues.

Fig . 48.19 •  The methionine residue (a) oxidizes to methionine sulphoxide (b). Cysteine (c ) reacts with another 
cysteine residue to form a disulphide (d). 

HN  CH  C

CH2

O

CH2

S

CH3

HN  CH  C

CH2

O

CH2

S

CH3

O

HN  CH  C

CH2

O

SH
NH

CH

C

H2C

H2C

O

S

HN

CH

C  O

S

a  b

c  d



 C h e m ic a l s ta b ility in  d o s a g e  fo rm s  C H A P T E R  4 8

8 3 7

Chemical modi cation of  
protein s tability

G enetic manipulation may be employed in order to 
improve the stability o  a protein pharmaceutical by 
introducing selective mutations into speci c sites in 
the protein.

Chemical stability may be improved by substitut-
ing chemically-reactive amino acid residues with less 
reactive ones.

Physical stability can also be directly improved. 
Substitutions that improve intramolecular interac-
tions within the protein molecule, either between 
di  erent regions o  the molecule or within the 
structure o  helical regions, will reduce f exibility o  
the protein chain, reducing the risk o  un olding.

For instance, selective substitution o  cysteine or 
asparagine residues with the less reactive serine (Fig. 
48.22) may increase chemical stability. However, 

Fig . 48.20 •  The asparagine-proline sequence. 
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Fig . 48.21 •  Deamidation of the asparagine residue (a) forms aspartate (b) and isoaspartate (c ). 
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minor change to chemical structure caused by deam-
idation can result in substantial change to the protein 
con ormation and hence bioactivity.

Six o  the   ty one amino acid residues that com-
prise insulin are susceptible to deamidation, espe-
cially the C-terminal asparagine residue.

Racemiza tion of amino ac id  res idues
Conversion o  the amino acids within the protein 
chain  rom the naturally-occurring L-con ormation 
to the D -con ormation may occur; this may change 
the protein’s activity. Asparagine residues are most 
susceptible.

Fig . 48.22 •  Serine residue. 

HN  CH  C

CH2

O

OH



 P A R T  S I X  Pac kaging and Stability of Pharmac eutic al Produc ts

8 3 8

Banga, A.K. (2006) Stability o  therapeutic peptides and 
proteins. In: Therapeutic Peptides and Proteins: 
Formulation, Processing and Delivery Systems, 2nd edn. 
Taylor and Francis, Boca Raton.

Connors, K.A., Amidon, G .L., Stella, V.J. (1986)  
Chemical Stability of Pharmaceuticals: a Handbook for 
Pharmacists, 2nd edn. Wiley, New York.

ICH G uideline (1995) Q 5C Stability testing of 
biotechnological/biological products. International 
Con erence on Harmonisation, G eneva, Switzerland.

inserting additional cysteine residues may increase 
protein stability due to its ability to  orm disulphide 
bonds within the molecule. The stability o  biophar-
maceuticals, including proteins and peptides, and 
 ormulation strategies to reduce degradation are dis-
cussed in detail in Chapter 46.

Bibliography

Albini, A., Fasani, E. (1998) Drugs: Photochemistry and 
Photostability. Royal Society o  Chemistry, Cambridge.



© 2013, Elsevier Ltd

49 Product s tability and s tability te s ting

C H AP TE R  C O N TE N TS

The  s tab ility of pharmaceutica l p roduc ts      839

Stabilization of pharmaceuticals          839
Phys ical s tability                      842
Microbiological s tability                843

Stab ility tes ting                          843

Accelerated s tability tes ting  
(s tress  tes ting)                       843
Long-term s tability tes ting              845
Tes ting protocols                      845

Conc luding comments                     850

References                              850

Bib liography                            851

•  Packaging plays  an important role in the 
prevention of product deterioration, for ins tance 
protecting the contents  from mois ture  The 
packaging mus t avoid interactions  with 
components  of the formulation, such as  by 
sorption 

•  Adequate s tability of the product needs  to be 
demons trated during its  development before it 
can be ass igned a shelf-life 

•  De ned s torage conditions  of the manufactured 
product (temperature, humidity and light 
exposure) need to be appropriate 

•  Short-duration s tress  tes ting is  valuable in 
predicting the likely s tability of a product, but 
long-term tes ting under realis tic conditions  is  
needed before the product can be marketed 

The  s tability of pharmac e utic al 
produc ts

Pharmaceutical products tend to deteriorate on 
storage. The shelf-life of a pharmaceutical product 
is the period of time during which, if stored cor-
rectly, it  is expected to retain acceptable chemical, 
physical and microbiological stability. The expiry 
date, or expiration date, is the date given on the 
product’s primary and secondary packaging which 
represents the end of the shelf-life.

Stabilization of pharmaceuticals

Pharmaceuticals should be formulated and stored in 
a way that minimizes degradation. The following 
factors are relevant to most mechanisms of degrada-
tion. Oxidation and photodegradation are also 

Michael E. Aulton

KE Y P O IN TS

•  Long-term product s tability is  an important goal 
that affects  the quality and ef cacy of 
pharmaceutical products  

•  Pharmaceutical products  tend to deteriorate due 
to chemical, phys ical and microbiological 
causes  

•  Chemical degradation of the drug in a product 
is  in uenced by factors  such as  the presence of 
water, oxygen, light or incompatible ingredients  
in the product 

•  Deterioration can be reduced in a number of 
ways , such as  appropriate selection of the 
solvent or pH, by including speci c  s tabilizing 
additives , appropriate packaging and s torage 
conditions  

•  Careful formulation of the product is  necessary 
to ensure adequate s tability 
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Suspension formulations are often more stable 
than a solution formulation of the same drug because 
much of the drug is protected within the insoluble 
particles.

Acid  and  bas e  ca ta lys is
A catalyst is a species that accelerates the rate of a 
reaction without itself being consumed in the reac-
tion. Hydrolysis is often catalysed by hydrogen ions 
(which exist as H 3O + in solution) or hydroxyl ions. 
The pH of an aqueous formulation is therefore a 
critical factor which determines its stability. Speci c 
acid catalysis is catalysis by hydrogen ions and spe-
ci c base catalysis is catalysis by hydroxyl ions.

Investigation of the relationship between pH and 
the degradation rate of a drug is performed during 
the preformulation phase of drug development 
(Chapter 23). Plott ing the logarithm to base 10 of 
the  rst-order reaction rate constant against pH may 
yield useful information about the degradation 
mechanism. A typical curve is shown in Figure 
49.1a. The increase in degradation rate at low pH is 
due to speci c acid catalysis. The increase in rate 
seen at high pH is due to speci c base catalysis. 
Straight lines with gradients of −1 in the acidic 
region and +1 in the basic region are characteristic 
of speci c acid and speci c base catalysed hydroly-
sis. The  at region of the curve is largely due to 
uncatalysed hydrolysis. The product should be 
maintained at  a pH within this region for optimal 
stability. Cefuroxime and other cephalosporin anti-
biotics typically show this shape of graph.

For some drugs, such as many penicillins, the 
uncatalysed reaction with water is relatively less 
important than that shown in Figure 49.1a, so there 
is no  at base to the curve and a V-shaped graph 
results (Fig. 49.1b). In this case, the pH needs to be 
more precisely controlled than in the previous 
example because there is a narrower region of 
optimal stability.

Many drug molecules undergo ionization, to an 
extent that often depends on the pH. These typi-
cally give a curve as shown in Figure 49.1c. The 
ionized and unionized forms of the drug degrade at 
different rates. Therefore, the rate of reaction 
changes as the pH in uences the relative proportion 
of ionized drug present and this gives an in ection 
point on the graph. Aspirin is an example of a drug 
which shows this characteristic.

Other species in a formulation besides H 3O + or 
OH − may act as acids and bases and thus catalyse 

important degradation mechanisms and these are 
dealt with separately later in this chapter.

Tempera ture
The rate of degradation reactions is markedly in u-
enced by temperature. Storage of the product in a 
refrigerator (at 2–8 °C) is an option if the product 
is unstable at room temperature.

Using a freezer (at less than −15 °C) to store 
unstable formulations is sometimes adopted, 
however, this makes storage and distribution of the 
product inconvenient. Also, because a liquid product 
needs to be thawed before administration, there is 
the risk of degradation occurring if heat is used to 
achieve this. Moreover, some drugs, for instance 
amoxicillin are less stable in solution when frozen 
than when stored at refrigerator temperature 
(McDonald et al 1989). Freezing can cause degrada-
tion of biopharmaceuticals (see Chapter 46) and live 
vaccines, though the inclusion of a cryoprotectant, 
such as trehalose, in the formulation may protect 
against this.

Finished products are most at risk of exposure to 
unacceptable temperatures during transportation or 
storage in vehicles, such as in ambulances (Helm 
et  al 2003, Lucas et al 2004, Priston et al 2005).

Solvent
Replacing an aqueous solvent in a formulation with 
a non-aqueous one is a potential means of avoiding 
hydrolysis.

The dielectric constant of a solvent is related to 
its polarity, more polar solvents having higher values. 
The dielectric constant can in uence the rate at 
which charged species react. However, the practical 
considerations of choosing a solvent for a formula-
tion, such as its toxicity and compatibility with the 
drug, usually outweigh consideration of any effect 
due to the solvent’s dielectric constant.

Solid dosage forms of a drug, such as tablets or 
capsules, are usually more stable than liquid ones. 
However, reactions can occur in water adsorbed onto 
the surface of a drug particle or other dosage form 
component. This is why poorly stored aspirin tablets 
may smell of acetic acid, formed by the hydrolysis 
of aspirin. Injection formulations of unstable drugs, 
such as penicillins, can be formulated as freeze-dried 
powders, which are reconstituted with water or 
saline (0.9% w/ v sodium chloride solution) immedi-
ately before administration.
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Borate buffer, however, does not catalyse degrada-
tion and is used, for example, to buffer eye drops.

Ionic  s trength
The ionic strength of a medium is related to the 
concentration of ionic species in it. Changing the ionic 
strength by adding electrolyte to a solution has some 
in uence on the rate of many degradation reactions. 
This effect is not high enough to be of importance in 
the formulation of drug solutions. However, it can be 
important in laboratory experiments to investigate 
the in uence of pH on degradation rate. In this case, 
care should be taken to ensure the ionic strength of 
the various buffer solutions used is kept the same in 
order to avoid interference with the results.

Light
Containers made from tinted glass protect the 
product from light to some extent because they 
allow less ultraviolet  light to penetrate than those 
which are untinted (Chapter 47). Placing the 
product in an opaque outer container such as a card-
board box is also an option, but it  must be borne in 
mind that the patient might not return the product 
to its secondary packaging following use.

Oxygen
Oxidation reactions are less in uenced by tempera-
ture than most other degradation reactions, so low-
temperature storage may be less successful as a 
stabilization option. Flushing containers with an inert 
gas such as nitrogen before they are sealed will reduce 
the amount of oxygen in the product. However this 
technique will not remove all oxygen and is best 
suited for single-use containers such as ampoules.

Oxidation reactions are generally promoted by 
high pH, so aqueous products which are susceptible 
to oxidation should be formulated at  as low a pH as 
possible.

Heavy metal ions, such as Cu2+ and Fe3+, catalyse 
oxidation reactions, acting at  the initiation and prop-
agation stages. These ions are present at trace levels 
in all formulations. A chelating agent such as ethyl-
enediamine tetraacetic acid (EDTA) or citric acid 
has a stabilizing effect by binding to the heavy metal 
ions and preventing them from acting as catalysts.

Chelating agents are usually used in combination 
with an antioxidant. Antioxidants act in one of 
two ways. They may act as oxygen scavengers – 
oxygen is removed from the formulation by reacting 

Fig . 49.1 •  Effect of pH on drug degradation rate 
(a) Typical curve where acid catalysed (H3O+), base 
catalysed (OH−) and uncatalysed (H2O) hydrolysis  occurs 
(b) Typical curve with narrow region of maximal stability 
(c ) Typical curve where the drug molecule ionizes. 
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degradation reactions. This is known as general acid 
catalysis and general base catalysis respectively. 
Buffer ions are a common cause of this, so careful 
selection of buffer for use in a formulation is needed. 
Hydrolysis of the amide bond of the antimicrobial 
drug chloramphenicol is catalysed by several 
common buffers, including phosphate and acetate. 
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in the physical properties of the dosage form, either 
spoiling the product’s appearance or reducing its 
effectiveness. The other potential problems are loss 
of drug due to sorption or evaporation, or contami-
nation of the product by extractables from the 
container.

Molecules of the drug or other formulation com-
ponent may be lost from a formulation by adsorption 
onto the surface of the container or closure or by 
absorption of molecules into plastic or rubber con-
tainers or closures. Adsorption and absorption often 
operate together and are collectively known as sorp-
tion. Non-polar molecules are susceptible to sorp-
tion to plastics and rubber (Chapter 47). For 
instance, diazepam is lost from solutions in contact 

preferentially with the antioxidant. The other mech-
anism by which antioxidants act is to terminate free 
radical reactions. The antioxidant forms a free 
radical which is relatively unreactive and so cannot 
contribute to free radical propagation. Sodium met-
abisulphite and ascorbic acid are examples of water-
soluble antioxidants used in aqueous formulations. 
Ascorbyl palmitate, butylated hydroxytoluene and 
α -tocopherol are oil-soluble antioxidants used in oily 
formulations.

Phys ical s tability

Common physical causes of instability are summa-
rized in Table 49.1. Most of these are due to changes 

Table 49.1 Physical stability of pharmaceutical products

Formulation type Physical instability Effect on dosage form

All liquid products Sorption of drug to container or closure
Extraction of materials into liquid from 

container or closure
Shedding of particles from glass containers
Evaporation of chloroform (used as 

antimicrobial preservative)

Loss of drug
Possible toxicity of extractives
Change of pH of solution
Poor appearance
Potential harm to patient with injection products
Microbial contamination

Solutions Precipitation of drug or degradation products Poor appearance
Loss of ef cacy

Suspensions Caking of sediment
Particle growth

Inaccurate dose of drug taken by user
Poor appearance
Grittiness

Emulsions and 
creams

Creaming and cracking
Reduction in viscosity

Poor appearance
Non-homogeneous product
Increased risk of creaming and cracking
Poor application characteristics for topical products

Ointments Separation of liquid onto surface (bleeding) Poor appearance

Solid dosage forms Polymorphic change
Change in disintegration time of dosage form
Change in crushing strength
Cracking of coated tablets
Evaporation of glyceryl trinitrate 

(nitroglycerin)

Reduced drug dissolution rate
May affect drug dissolution
May cause change in disintegration time of tablets
Poor appearance
Loss of protection of enteric coated products from 

gastric acid
Loss of drug

Transdermal 
patches

Change in drug release rate
Change in patch adhesive characteristics

Changed therapeutic effect
Patch may not remain adhered to the skin

Inhalation and 
nasal

aerosols

Change in particle size distribution of emitted 
dose

Reduced therapeutic effect
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products generally need to be used immediately the 
container is opened and products for use in the eye 
have a short  in-use life once opened.

Stability te s ting

The purpose of stability testing is to quantify the 
kinetics of degradation of a product so that the 
shelf-life of a formulated pharmaceutical product 
can be de ned. Testing must be performed on the 
exact product that will be marketed and ult imately 
be used by the patient. However, prior knowledge 
of the drug’s stability is needed early in the develop-
ment process in order to assist  with its formulation. 
Therefore, different approaches to the evaluation of 
stability are needed at  the various stages of the 
development of a product. Information gained 
during the stability assessment of the active phar-
maceutical ingredient alone (Chapter 48) may in u-
ence some of the test conditions at this stage.

Accelerated s tability tes ting  
(s tress  tes ting)

Preformula tion as s es s ment
In the early stages of the development of a new 
drug, during the preformulation phase, qualitative 
assessment of the drug’s likely susceptibility to 
hydrolysis, oxidation and light degradation is per-
formed (Chapter 23). At this stage, potential deg-
radation mechanisms and degradation products are 
identi ed and the development of stability-indicating 
assays is commenced. Susceptibility of the drug to 
hydrolysis is assessed by heating solutions of it  in 
water, dilute acid and dilute base. Oxidation is 
investigated by comparing solutions heated with, 
and without,  ushing with oxygen. The solid-state 
stability is also studied by storing drug at high tem-
perature, either on its own or combined with poten-
tial excipients which may be used in a solid dosage 
form. Determination of the effect of pH on the 
drug’s stability is studied by heating solutions that 
are buffered at  a range of pH values. The effect  of 
light on the stability of the drug is discussed later in 
this chapter.

P redic tion of s he lf-life  by s tres s  te s ting
Determination of the shelf-life of a formulated 
product must eventually be performed on the actual 

with plastic packaging. Loss of antimicrobial pre-
servative to rubber closures is a problem with injec-
tion dosage forms (Chapter 36). Sorption is 
enhanced where the drug (or preservative) is present 
at low concentration. If the drug molecule ionizes, 
the pH of the solution may in uence the extent of 
sorption because the unionized form of the mole-
cule, being less polar than the ionized form, may 
undergo more sorption.

G lyceryl trinitrate (nitroglycerin) evaporates 
from tablets, where it  can then be lost by sorption 
to plastic packaging. To avoid this, glyceryl trinitrate 
tablets need to be packaged in glass bottles with 
aluminium-lined closures.

Plastic packaging materials may be permeable to 
water vapour. Aqueous products packaged in plastic 
containers may therefore lose water on storage and 
the drug content becomes more concentrated.

The term extractable or extractive is used to 
describe any material which is released from packag-
ing materials into the dosage form. The common 
packaging material polyvinyl chloride (PVC) is ren-
dered  exible by the addition of a plasticizer (e.g. 
diethylhexylphthalate, DEHP) which may migrate 
into injection solutions. This is a particular problem 
where the solution contains a non-aqueous solvent 
or surfactant. Paclitaxel, a cytotoxic drug, needs to 
be administered in dilute solution by slow intrave-
nous infusion. The injection also contains polyox-
yethylated castor oil (a material used to solubilize 
the drug) with ethanol as a cosolvent. Paclitaxel 
injection therefore cannot be added to infusion 
 uids contained in PVC because it  induces DEHP 
extraction. G lass or polyethylene infusion contain-
ers should therefore be used instead (Allwood and 
Martin 1996).

G lass containers can release hydroxyl ions into an 
aqueous product, changing its pH (Chapter 47). 
This may especially occur during heating in an auto-
clave, and surface-treated glass is available to mini-
mize hydroxyl ion extraction for formulations where 
this is of concern.

Microbiological s tability

Deterioration due to the presence of microorgan-
isms can either render the product harmful to the 
patient or have an adverse effect on the product’s 
properties (Chapter 50). Microbiological deteriora-
t ion is a crit ical factor in the stability of sterile 
products, once the container is opened. Injection 
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with drug or excipients, also leading to poor stability 
prediction. Semisolid dosage forms are often unsuit-
able for this type of stress testing due to melting of 
ingredients (particularly excipient bases) at elevated 
temperature.

Nevertheless, despite these drawbacks, the use of 
the Arrhenius equation to predict room temperature 
stability does allow the decision to be made con-
cerning whether a particular formulation type is 
likely to be suf ciently stable to allow commercial 
production. It  also allows the relative stability of 
formulations to be studied at  an early stage of the 
development process.

There is however, no substitute for properly-
conducted, long-term stability tests carried out 
under the normal storage conditions that are likely 
to be experienced by the product.

Tempera ture  cyc ling
Temperature cycling studies involve storing the 
product at alternating high and low temperatures. 
These are often designed to subject  liquid products 
to repeated freezing and thawing, for example. This 
may reveal stability problems because it  potentially 
accelerates physical deterioration of the product. 
Temperature  uctuations encourage particle growth 
in suspensions (Chapter 26), the cracking of emul-
sions (Chapter 27) and precipitation of dissolved 
drug from solutions. Such studies also allow the 
effects of extreme temperature variations during 
distribution of the product to be evaluated (Helm 
et  al 2003, Lucas et al 2004, Priston et al 2005).

Photos tab ility tes ting
Photostability studies are carried out at various 
stages of the product development process and 
involve investigation of the effect of light on drugs 
and formulated products. Drug or product is exposed 
to light, provided by arti cial-daylight  uorescent 
lamps that emit long-wavelength ultraviolet and 
visible light to simulate indirect , indoor sunlight. 
The study is performed within a cabinet which has 
a controlled temperature, typically of 25 °C. Initial 
photostability studies are carried out using pure 
drug, spread over the base of shallow containers and 
directly exposed to the light. After a period of 
storage, the material is chemically analysed to assess 
the degree of photodegradation. The drug’s photo-
sensitivity is shown by a reduction in assay of the 
drug molecule, the formation of photodegradation 
products or a colour change.

product at realistic storage temperatures and humid-
ities. However, the shelf-lives of commercial phar-
maceutical products are typically of several years. 
Testing over such an extended period would be 
impractical early in product development in order 
to decide if a particular formulation was of suf cient 
stability. The Arrhenius equation (Chapter 7) allows 
the prediction of reaction rates at  proposed storage 
temperatures, from data obtained at  high tempera-
tures. For example, if it  is desired to formulate a 
new drug as a solution dosage form, simple buffered 
solutions of the drug are stored at a range of elevated 
temperatures for time periods ranging from minutes 
to days, depending on the relative stability of the 
drug (Chapter 48). In general, the rate of degrada-
tion will increase as the temperature of the test  is 
increased (Chapter 7). Accelerated reaction rates 
are calculated at each temperature and the Arrhen-
ius equation is used to predict the reaction rate at 
room temperature, which is then used to calculate 
the estimated shelf-life. Later in the development 
process, once the drug molecule’s degradation char-
acteristics have been assessed, prototype formula-
tions must be subjected to the same process to allow 
optimization of the stability of the  nished product.

There are a number of pitfalls in the use of this 
type of testing. The precision of the shelf-life esti-
mate is poor, so studies typically yield estimates 
with a wide range of uncertainty. At high tempera-
tures, other degradation reactions may take place 
that are not signi cant at normal storage tempera-
tures. Alternatively, at high temperatures, the deg-
radation products which are init ially formed from 
the drug (the primary degradation products) may 
rapidly react to form further degradation products 
(the secondary degradation products) and so will not 
accumulate. Therefore, later in the development 
process, when the product undergoes stability 
testing at normal storage conditions, the primary 
degradation products may accumulate. If these deg-
radation products are not foreseen, they could cause 
interference with chromatographic analysis of the 
product, or raise questions about the toxicity pro le 
of the formulation.

The kinetics of drug degradation may also change 
at different temperatures. A reduction in the con-
centration of dissolved oxygen will also tend to 
occur at high temperatures, so use of the Arrhenius 
equation may not provide a reliable estimate of 
shelf-life in liquid products which degrade by oxida-
tion. In the case of solid dosage forms, high tem-
peratures often reduce moisture levels associated 
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to be detected more quickly. Signi cant degradation 
at these temperatures gives some early warning of 
stability problems that are likely to develop on pro-
longed storage at  ambient temperatures.

Climatic  zones
The shelf-life of a product depends on its storage 
temperature and, for susceptible products, also on 
the humidity. Environmental conditions of tempera-
ture and humidity vary between countries around 
the world. A pharmaceutical manufacturer may 
market a product in several countries, or indeed 
continents. In order to avoid having to carry out 
long-term stability testing under different condi-
t ions for each country, and to simplify the long-term 
stability testing of a product for the global market, 
four climatic zones have been de ned. The world-
wide climatic zones recognized by World Health 
Organization (2009) are mapped in Figure 49.2.
Clima tic Zone I. Temperate climate, includes 
Canada, New Zealand, northern Europe, Russia, 
United Kingdom
Clima tic Zone II. Subtropical and Mediterranean 
climate, includes Japan, southern Europe, USA, 
southern Africa, parts of South America
Clima tic Zone III. Hot and dry climate, includes 
Argentina, Australia, Botswana, Middle East, north-
ern Africa
Clima tic Zone IV. Hot and humid climate, includes 
Brazil, much of central Africa including G hana and 
Nigeria, Indonesia, Nicaragua, the Philippines, 
Malaysia
These are based on observed temperatures and rela-
t ive humidities, both outside and inside buildings, 
from which mean temperatures and average humid-
ity values are calculated. The storage conditions 
used for long-term stability testing simulate the 
worst-case average indoor temperature and humid-
ity experienced in that geographical zone (Dietz 
et al 1993). The values of temperature and humid-
ity set  by WHO for long-term stability testing are 
shown in Table 49.2. Note that for this purpose, 
WHO has split  Climatic Zone IV into two: IVA 
‘Hot and humid climate’ and IVB ‘Hot and very 
humid climate’.

Tes ting protocols

Because the packaging of a product may affect its 
stability, products which are undergoing long-term 

Following this, the formulated pharmaceutical 
product is tested. The product must be stored in 
exactly the same packaging that will be used for 
marketing the product. If light exposure causes an 
unacceptable amount of change in the product, 
redesign of the packaging is required to increase 
light protection.

A light dose of 1.2 million lux hours is typically 
used in photostability studies; this corresponds to an 
extended period of exposure to indoor light. The 
light dose received by the samples under test will 
also depend on the distance from the light source. 
The light output from the lamps may vary as the 
lamps age. Frequent measurements of light energy 
are therefore required at  various positions within 
the light stability cabinet throughout the lifetime of 
the lamps.

Long-term s tability tes ting

Stress testing, as described above, gives useful infor-
mation about the likely stability of a formulated 
product in a relatively short t imescale. However, 
before it  can be marketed, a product must undergo 
long-term stability testing at conditions representing 
realistic storage conditions. This involves storing the 
product under predicted worst-case conditions of 
temperature and humidity in controlled-temperature 
cabinets or rooms. Samples are removed at  intervals 
and tested over a minimum period of 12 months. 
The tests performed will include assays of the drug 
and other formulation components, such as the anti-
microbial preservative and determination of drug 
degradation products. Other tests may be required, 
such as pH determination, evaluation of the prod-
uct’s physical characterist ics and possibly also 
microbiological tests. Furthermore, speci c tests are 
needed for speci c dosage forms.

Any protocol should be designed to ensure that 
the product remains of adequate quality throughout 
its proposed shelf-life at  the proposed storage condi-
t ions when it  is marketed.

It  is advisable at this stage to perform, in parallel, 
storage of product at slightly higher than normal 
temperature/ humidity combinations. These are 
known as accelerated degradation conditions. Refer-
ence to accelerated testing in this context should be 
dist inguished from stress testing (discussed above), 
where more extreme temperatures are used. Accel-
erated test conditions represent a moderately stress-
ful environment which will allow stability problems 
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Fig . 49.2 •  World-wide climatic zones applied to pharmaceutical stability testing. 

Climatic Zone
I Tempera te  climate
II Subtropica l and Medite rranean climate
III Hot and dry climate
IV Hot and humid climate

Table 49.2 Long-term test conditions for the various climatic zones, as de ned by the World Health Organization 
(2009)

Climatic zone De nition Long-term test conditions

Temperature (°C) Relative humidity (% R.H.)

I Temperate climate 21 45

II Subtropical and Mediterranean climate 25 60

III Hot and dry climate 30 35

IVA Hot and humid climate 30 65

IVB Hot and very humid climate 30 75

stability testing should be stored in the exact pack-
aging that is intended to be used when the product 
is marketed. Liquid products packaged in containers 
with closures need to be stored inverted, to allow 
any interaction of the product with the closure to 
be detected, for instance sorption of preservative 
into rubber vial closures or into bottle caps. This is 

not necessary where the product has no separate 
closure, such as for an ampoule.

At least three separate batches of a  nished phar-
maceutical product should be placed on stability 
testing. This is to allow any batch-to-batch differ-
ences in stability to be detected. A difference might 
arise, for example, in a liquid product having 



 P ro d u c t s ta b ility a n d  s ta b ility te s t in g  C H A P T E R  4 9

8 4 7

products which are unaffected by humidity, such as 
aqueous products in glass containers.

Storage under low humidity conditions provides 
a signi cant stress for aqueous products packaged in 
plastic containers that may lose water vapour from 
the product thorough the plastic, resulting in a more 
concentrated product. This is especially important 
for products likely to be stored within Climatic 
Zone III (hot and dry). Water loss from plastic con-
tainers stored at 30 °C is twice as rapid at 35% rela-
tive humidity, representative of a dry climate, 
compared to 65%, representative of a humid one. 
An additional stability testing requirement for such 
products is that they are also stored at very low 
humidity to detect excessive moisture loss. For 
instance, for Climatic Zones III and IV, additional 
storage at 35% relative humidity at 30 °C is required.

Repres enta tive  p rotocol
An example of a recommended testing schedule 
that  combines the above requirements for climatic 
Zones II, IVA and IVB is shown in Table 49.3. To 
reduce the amount of routine testing, it  is common 
practice in industry to perform Climatic Zone I 
stability testing using the same conditions as required 
for Climatic Zone II testing (i.e. under slightly 

differing pH between batches. In a solid dosage 
form, there may be differences in moisture content, 
say, following wet granulation. Stability testing 
should be performed on each individual strength, 
dosage form, container type and container size of 
the  nished product.

Testing should be performed at least every three 
months in the  rst  year, every six months in the 
second year and annually thereafter. Long-term 
testing should continue at least  for the period of the 
proposed shelf-life.

During the development process, smaller batch 
sizes are made than will be necessary for full-scale 
production purposes. However batch size can have 
an effect on the stability of the  nal product. For 
example, any differences in residual moisture 
content in solid dosage forms or differing viscosities 
in semisolid dosage forms may result in stability 
differences. Therefore batches of, at least, pilot-
scale should be used for stability testing, i.e. batches 
that, although smaller than the projected manufac-
turing batch size for the marketed product, use 
essentially the same production equipment.

During storage of stability test  samples, humidity 
is controlled because of the potentially harmful 
effects of moisture on products such as solid dosage 
forms. However, no humidity control is required for 

Table 49.3 Examples of recommended minimum stability testing schedules for pharmaceutical products

Storage time
(months)

Products intended to be stored in a 
refrigerator

Product intended to be stored in 
ambient conditions

Long-term
5 °C

Accelerated
Zone II 25 °C/60% R.H.
Zone IVA 30 °C/65% R.H.
Zone IVB 30 °C/75% R.H.

Long-term
Zone II 25 °C/60% R.H.
Zone IVA 30 °C/65% R.H.
Zone IVB 30 °C/75% R.H.

Accelerated
40 °C/75% R.H.

0  √  √  √  √

3  √  √  √  √

6  √  √  √  √

9  √  √

12  √  √

18  √

24  √

36  √

(Assessments should be made at least at the time points indicated by a tick.)
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harsher conditions than are actually required for 
Zone I).

For products where refrigerated storage is envis-
aged, the 5 °C storage condition (actually, 5±3 °C is 
allowed, hence a range of 2–8 °C) represents realistic 
storage temperatures experienced in a refrigerator. 
In this case, the higher temperature/ humidity accel-
erated degradation conditions are actually the 
appropriate ambient conditions, thus in effect  simu-
lating a non-functioning refrigerator.

Stab ility as s es s ments  for s pec i c  
dos age  forms
A comprehensive list  of possible stability assess-
ments (both chemical and physical) for a wide range 

of dosage forms is given in Table 49.4. It  is not nec-
essary to perform all possible assessments at each 
time point. Judgement can be made on this issue 
following preliminary results.

Eva lua tion of res ults
The results of tests on samples subject  to stability 
studies should remain within the speci cation set 
for the product. For instance, degradation of drug 
should be within allowable limits and the product’s 
appearance, smell and if relevant, taste should be 
acceptable.

It  is common for the lower acceptable limit for 
the drug content of a product to be set at  90% of 
the labelled content of drug. This is not the same as 

Table 49.4 Recommended stability assessments (physical and chemical) for a range of dosage forms

Finished pharmaceutical product 
(chapter in this book where 
more information can be found)

Stability assessment

Tablets (Chapter 30) Dissolution (or disintegration, if relevant), water content and hardness/friability.

Capsules (Chapters 33 and 34) Hard capsules: brittleness, dissolution (or disintegration, if relevant), water content 
and level of microbial contamination.

Soft capsules: dissolution (or disintegration, if relevant), level of microbial 
contamination, pH, leakage and pellicle formation.

Oral solutions, suspensions  
and emulsions (Chapters 24, 26 
and 27)

Formation of precipitate, clarity (for solutions), pH, viscosity, extractables, level of 
microbial contamination.

Additionally for suspensions: dispersibility, rheological properties, mean size and 
size distribution of particles. Also polymorphic conversion, if applicable.

Additionally for emulsions: phase separation, mean size and distribution of 
dispersed globules.

Powders and granules for oral 
solution or suspension (Chapter 28)

Water content and reconstitution time. Reconstituted products (solutions and 
suspensions) should be evaluated as described under ‘Oral solutions suspensions 
and emulsions’, after preparation according to the recommended labelling, 
through the maximum intended use period.

Pressurized metered-dose inhalers 
and nasal aerosols (Chapters 37 
and 38)

Dose content uniformity, labelled number of medication actuations per container 
meeting dose content uniformity, aerodynamic particle size distribution, 
microscopic evaluation, water content, leak rate, level of microbial contamination, 
valve delivery (shot weight), extractables/leachables from plastic and elastomeric 
components, weight loss, pump delivery, foreign particulate matter and 
extractables/leachables from plastic and elastomeric components of the container, 
closure and pump. Samples should be stored in upright, inverted and on-the-side 
orientations.

For suspension-type aerosols: microscopic examination of appearance of the valve 
components and container’s contents for large particles, changes in morphology 
of the drug particles, extent of agglomerates, crystal growth, foreign particulate 
matter, corrosion of the inside of the container or deterioration of the gaskets.

Table continued overpage
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Table 49.4 Recommended stability assessments (physical and chemical) for a range of dosage forms—cont’d

Finished pharmaceutical product 
(chapter in this book where 
more information can be found)

Stability assessment

Nasal sprays: solutions and 
suspensions (Chapter 38)

Clarity (for solution), level of microbial contamination, pH, particulate matter, unit 
spray medication content uniformity, number of actuations meeting unit spray 
content uniformity per container, droplet and/or particle size distribution, weight 
loss, pump delivery, microscopic evaluation (for suspensions), foreign particulate 
matter and extractables/leachables from plastic and elastomeric components of 
the container, closure and pump.

Topical, ophthalmic and otic (ear) 
preparations (Chapters 27, 39  
and 41)

Includes ointments, creams, lotions, pastes, gels, solutions, eye drops and 
cutaneous sprays.

For topical preparations: clarity, homogeneity, pH, suspendability (for lotions), 
consistency, viscosity, particle size distribution (for suspensions, when feasible), 
level of microbial contamination/sterility and weight loss (when appropriate).

For ophthalmic or otic products (e.g. creams, ointments, solutions and 
suspensions): sterility, particulate matter and extractable volume.

For cutaneous sprays: pressure, weight loss, net weight dispensed, delivery rate, 
level of microbial contamination, spray pattern, water content and particle size 
distribution (for suspensions).

Transdermal patches (Chapter 39) In vitro release rates, leakage, level of microbial contamination/sterility, peel and 
adhesive forces.

Suppositories and pessaries  
(Chapter 42)

Softening range, disintegration and dissolution (at 37 °C).

Small volume parenterals  
(Chapter 36)

Colour, clarity (for solutions), particulate matter, pH, sterility, endotoxins.
For powders for injection solution include in addition: reconstitution time, water 

content, clarity, colour, pH, sterility, pyrogen/endotoxin and particulate matter. It 
may be appropriate to consider monitoring of sterility after reconstitution into a 
product.

For suspension for injection include in addition: particle size distribution, 
dispersibility and rheological properties.

For emulsion for injection include in addition: phase separation, viscosity, mean size 
and size distribution of dispersed phase globules.

Large volume parenterals  
(Chapter 36)

Colour, clarity, particulate matter, pH, sterility, pyrogen/endotoxin and volume.

(Adapted from recommendations of World Health Organization, 2009.)

90% of the original concentration, because this will 
vary due to manufacturing variation and whether an 
overage was included during manufacturing.

Various statistical tests are applied to ensure that 
the amount of drug remaining at the expiry date is 
above the lower acceptable limit. Figure 49.3 shows 
hypothetical stability results for a tablet product 
which, for simplicity, is assumed to degrade by zero-
order kinetics (Chapter 7). Some scatter is seen in 

the results due to variability of the analytical tech-
nique and non-homogeneity within the product. 
Linear regression analysis enables the average rate of 
degradation to be determined, and this gives an esti-
mated time of 20 months to reach 90% of the 
labelled potency. However, linear regression calcu-
lates average values, both of the slope of the regres-
sion line and of the intercept at the y-axis. Thus it  
is possible that the true shelf-life is less than this 
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selected as the product’s shelf-life. Increasing the 
number of data points available may have the effect 
of decreasing the width of the con dence boundary, 
making it  closer to the average regression line. This 
would improve the estimate of the shelf-life. Pooling 
the data from all of the batches when calculating the 
95% con dence limits therefore potentially gives a 
longer shelf-life. This is permitted if the slopes and 
intercepts of the regression lines for each batch are 
shown to be statist ically equivalent by the statistical 
technique of analysis of covariance. Extrapolation of 
the data beyond the period for which data are avail-
able is not advisable (or allowable by regulatory 
authorities) because of the possibility that the deg-
radation mechanism and kinetics may change.

Conc luding  c omme nts

Pharmaceutical products tend to deteriorate due to 
chemical, physical and microbiological causes. 
Chemical degradation of the drug in a product is 
in uenced by factors such as the presence of water, 
oxygen, light or incompatible ingredients in the 
product. Deterioration can be reduced in a number 
of ways. Careful formulation of the product is nec-
essary to ensure adequate stability. This may be 
achieved through attention to general factors, such 
as appropriate selection of the solvent or pH, or by 
including speci c stabilizing additives, such as an 
antioxidant or antimicrobial preservative. Packaging 
plays an important role in the prevention of product 
deterioration, for instance in protecting the contents 
from moisture. However, the packaging must avoid 
interactions such as sorption or the release of extrac-
tives. Storage conditions of the manufactured 
product (temperature, humidity and light exposure) 
must be appropriate. Adequate stability of the 
product needs to be demonstrated during its devel-
opment before it  can be assigned a shelf-life. Stress 
testing is valuable in predicting the likely stability of 
a product, but long-term testing is needed before a 
product can be marketed. In conclusion, stability is 
an important factor which may affect the quality 
and ef cacy of all pharmaceutical products.
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KE Y P O IN TS

•  Medicines  are vulnerable to contamination and 
spoilage by microorganisms   The two words  
have different meanings ; contamination is  the 
entry of microorganisms  into the product, whils t 
spoilage describes  the product damage that 
results  from microbial growth 

•  Microorganisms  should be excluded from 
medicines  not only because they represent an 
infection hazard, but also because they may 
degrade the active pharmaceutical ingredient, 
reduce the product’s  phys ical s tability or make 
it unacceptable to the patient 

•  Anhydrous  medicines  are not normally 
susceptible to spoilage because microbial 
reproduction will not occur in the absence of 
water  The amount of free water available for 
microbial growth in a product is  determined  
by the water activity (Aw)  Reducing the water 
activity of a  product is  therefore a means  of 
protecting it agains t spoilage 

•  Microbial contamination of medicines  arises  
from three principal sources : the raw materials  
(particularly water), the manufacturing 
environment and from personnel 

•  Raw materials  of animal, vegetable or 
mineral origin normally have a higher level  
of contamination than those made by  
chemical synthes is  where heat, extremes   
of pH or organic solvents  tend to kill 
microorganisms  

•  The ‘Orange Guide’ describes  manufacturing 
practices  that are des igned to minimize both  
the contamination introduced into a product  
and the opportunities  for those contaminants   
to reproduce whils t the product is  being made 

•  Preservative chemicals  are required for mos t 
water-containing non-s terile  products  and for 
multidose s terile  products  

•  The range of available preservatives  is  quite  
limited, and they all suffer from one or more  
of the following faults : only possess ing good 
activity agains t bacteria or fungi, but not both; 
exhibiting reduced antimicrobial activity in 
certain pH ranges  – several only working well  
in acid conditions ; caus ing skin sens itivity 
reactions ; and interacting with other common 
excipients  – several preservatives  lose activity  
in the presence of surfactants  

50  Microbial contamination, s poilage  
and pres ervation of medic ines

Norman A. Hodges
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or their presence subjected to stringent limits set  by 
pharmacopoeias or regulatory agencies, such as the 
United States Food and Drugs Administration 
(FDA), the European Medicines Agency (EMA) or 
the UK’s Medicines and Healthcare products Regu-
latory Agency (MHRA):

•  Products or raw materials contaminated with 
pathogenic organisms may be an infection 
hazard.

•  Microorganisms may cause chemical or physical 
changes in the product that  render it  less 
potent or effective.

•  Microbial growth is likely to make the product 
unacceptable to the patient or consumer even if 
there are no signi cant infection risks or loss of 
ef cacy.

It is quite obvious that  medicines should not contain 
pathogenic organisms that  represent a source of 
infection. However, specifying the species and 
numbers of organisms representing an infection 
hazard is not straightforward. Certain pathogens are 
recognized as ‘objectionable organisms’ and must be 
totally excluded from particular raw materials or 
product types (see Chapter 14), but the risk of 
infection is in uenced not just by the number and 
type of organism but by other factors too. For 
example, an organism may be present at  a concen-
tration that would be regarded as relatively harmless 
to a healthy individual but which may pose a problem 
for patients with impaired immunity.

In the 1960s and 1970s there were several reports 
in the pharmaceutical literature of infection occur-
ring as a result  of medicines containing pathogenic 
species, e.g. salmonellae, clostridia and Pseudomonas 
aeruginosa, but such reports became far less fre-
quent towards the end of the last  century with the 
adoption of more rigorous quality standards and 
regulatory control of manufacture. However, con-
taminated medicines are by no means a thing of the 
past. The FDA publishes details of product recalls 
on its website, and in March 2011 alone, there were 
three unrelated product recalls due to concerns 
about potential or con rmed microbial contamina-
tion. It  should be emphasized that there is the pos-
sibility of an infection arising from the use of a 
product contaminated with a concentration of 
organisms that is too low to be detectable by sight 
or smell. This situation is potentially much more 
hazardous than that of a patient confronted with a 
medicine in which microbial growth is clearly 
evident.

The  ne e d to  prote c t me dic ine s  
agains t mic robial s poilage

The need to protect foods against microbial spoilage 
is well appreciated since microbial growth results in 
obvious signs of deterioration. However, there is a 
much lower level of awareness among the general 
public of the need to similarly protect cosmetics, 
toiletries and medicines. Although most medicines 
present a less favourable environment for microbial 
growth than foods, a wide variety of potentially haz-
ardous organisms are nevertheless capable of growing 
to high concentrations in unprotected products. The 
subject of preservation is therefore an important 
aspect of medicine formulation, simply because 
patients taking medicines are, by de nition, unhealthy 
and so quite possibly more vulnerable to infection.

It  is important to distinguish between the terms 
contamination and spoilage because they are some-
times used synonymously, which is incorrect.

Contamination, in this context, means the intro-
duction of microorganisms into a product, i.e. it  
describes microbial ingress. Contaminating organisms 
can arise from many sources (considered later in this 
chapter) during the course of both product manufac-
ture and subsequent use of the product. The proce-
dures of good manufacturing practice (GMP, also 
considered later) are used to limit the  rst of these 
(see Rules and Guidance for Pharmaceutical Manu-
facturers and Distributors, 2007), but contamination 
arising from the patient is largely out of the control of 
the manufacturer except in the context of container 
design and labelling. There has been a trend in recent 
years to adopt containers that minimize contact  
between the patient’s body and the product, e.g. col-
lapsible tubes are used for creams and ointments 
rather than open-mouthed tubs or jars into which 
 ngers can be inserted. Similarly, single-dose eye drops 
may be preferred to bottles where the dropper can 
come into contact with an infected eye and then be 
replaced in the eye drop solution. Despite this, con-
tamination by the patient is still a problem to be con-
sidered in container design and product preservation.

Spoilage follows contamination and describes the 
process and consequences of microbial growth in the 
product. Considering the potential for product spoil-
age and taking appropriate steps to minimize the risk 
of it  occurring are very much the responsibility of 
the formulation scientist  and the manufacturer.

There are three principal reasons why microor-
ganisms should be excluded totally from medicines 
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Clearly, any product manifesting such changes would 
be unlikely to be used by the patient. This may 
result  in short-term problems for the patient of 
obtaining alternative supplies, and possible longer 
term problems for the manufacturer in terms of 
customer complaints, product recalls, adverse pub-
licity and possible legal action.

Produc ts  and mate rials  
vulne rable  to  s poilage

Spoilage, in the sense of detectable physical or 
chemical change within a pharmaceutical product, 
nearly always follows growth and reproduction of 
the contaminating organisms. The pharmacopoeial 
and regulatory limits for the maximum permissible 
numbers of microorganisms in manufactured prod-
ucts or raw materials are typically not more than 
100–1000 colony-forming units (cfu) per mL or 
gram. Whilst  these concentrations may allow some 
pathogens to init iate infections, they are not nor-
mally suf cient to cause detectable changes in 
chemical composition, physical appearance or stabil-
ity. Bacteria and fungi are just the same as all other 
living organisms in requiring water for growth 
(although not necessarily for mere survival). This 
means that only products containing suf cient water 
to permit such growth are vulnerable to spoilage. 
Consequently, spoilage is not normally a problem in 
anhydrous products like ointments and dry tablets 
or capsules, although hygroscopic materials like 
gelatin and glycerol may absorb enough water from 
the atmosphere to enable moulds (but not normally 
bacteria) to grow. Similarly, cellulosic materials, par-
ticularly paper and other packaging, may show 
mould growth if stored in humid atmospheres, e.g. 
in tropical climates.

The fact that a product contains water and is 
obviously a liquid does not necessarily mean that  the 
water is available to participate in chemical reactions 
and enable microorganisms to grow. Some of the 
water present in a solution is bound to the solute 
due to hydrogen bonding or other mechanisms. 
Thus a parameter that indicates the proportion of 
‘free’ or available water is a useful guide to the ease 
with which microorganisms might grow in the 
product. Such a parameter is water activity (Aw) 
which is the ratio of water vapour pressure of a 
solution to the water vapour pressure of pure water 
at the same temperature. Aw is expressed on a scale 
from zero to 1 with a value of 1.00 representing pure 

Quite apart from representing an infection 
hazard, microorganisms may damage the medicine 
by degrading either the active ingredient or one or 
more excipients, thus compromising the quality and 
 tness for use of the product.

Degradation is usually due to either hydrolysis or 
oxidation, but decarboxylation, racemization and 
other reactions may also occur. Active ingredients 
known to be susceptible to microbial attack include 
steroids, alkaloids, analgesics and antibiotics. Much 
of the literature on this topic has been reviewed by 
Spooner (1996) and Bloom eld (2007). The 
numbers and variety of excipients that have been 
reported to be degraded are at least as great as those 
of active ingredients. Thus, most categories of excip-
ients contain materials that have been shown to be 
susceptible to microbial enzymes, acids or other 
metabolic products.

Common examples of product instability or dete-
rioration include emulsion phase separation due to 
surfactant degradation, loss of viscosity due to 
microbial effects on gums, mucilages and cellulose 
derivatives employed as thickening agents, and 
alcohol and acid accumulation following fermenta-
tion of sugars. Despite the fact that the very purpose 
of their use is to restrict  microbial growth, even 
some preservatives are vulnerable to inactivation 
by microorganisms that , in exceptional cases, use 
them as a carbon and energy source. Nor should it  
be assumed that products whose very purpose is 
to kill microorganisms will necessarily be self-
sterilizing: two of the three FDA product recalls 
mentioned above involved antiseptic wipes contain-
ing alcohol and iodine which were designed to 
decontaminate skin prior to injection or surgery, but 
the wipes were, themselves, sources of microbial 
contamination.

If microbial growth within the product is suf -
ciently extensive, it  is possible for the presence of 
the organisms to be detectable by:

•  their physical presence (cloudiness in liquid 
medicines, moulds on, or in, creams and syrups, 
or as discolouration of tablets stored in a damp 
environment)

•  changes in colour (pigment production)
•  smell (due, for example, to amines, acetic or 

other organic acids, or sul des from protein 
breakdown)

•  gas accumulation without any obvious odour 
(bubbles of carbon dioxide following sugar 
fermentation).
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It is for this reason that syrups should not be stored 
in  uctuating temperatures.

The possibility also exists for contaminants to 
grow and generate water from respiration and so 
produce localized increases in Aw which allow other 
less osmotolerant organisms to grow subsequently. 
Reducing the water activity of a product as a means 
of diminishing its susceptibility to spoilage is a for-
mulation strategy that should not be overlooked. 
However, sugars and glycerol are the only common 
and acceptable ingredients that may be used in this 
way in oral products; with topical products alcohols 
and glycols may also be employed.

Sourc e s  and c ontrol o f 
mic robial c ontamination

In order to manufacture medicines of acceptable 
microbiological quality, it  is necessary to know the 
common sources of microbial contaminants in the 
manufacturing environment and the typical organ-
isms that might arise from each source. It  is also 
useful to know how quickly and to what concentra-
t ion those organisms might grow in pharmaceutical 
materials in order to put in place good manufactur-
ing procedures that will minimize contamination 
and spoilage.

Sources  and types  of 
contaminating organisms

Microbial contamination of medicines arises from 
three principal sources:
1. The raw materials, including water, from which 

the product is manufactured.
2. The manufacturing environment including the 

atmosphere, equipment and work surfaces.
3. Manufacturing personnel.
The relative contributions of these three sources 
vary depending upon the type of product in ques-
tion. It  has been noted (see Chapter 14) that raw 
materials of different origin may vary signi cantly in 
their extent of microbial contamination. ‘Natural’ 
materials originating from animals (e.g. gelatin), veg-
etables (starch, cellulose derivatives, alginates) or 
minerals (talc, kaolin, magnesium trisilicate, ben-
tonite) usually have much higher bioburdens than 
synthesized chemicals in which organisms are often 
killed by heat, extremes of pH or organic solvents. 

water. As the concentration of solute in a solution 
is increased, Aw falls proportionately and the range 
of organisms able to grow in the solution progres-
sively diminishes. Thus, it  is possible to construct a 
table indicating the minimum Aw values that permit 
the growth of different types of microorganism 
(Table 50.1).

To a certain extent, the values of Aw in Table 50.1 
are re ective of the natural habitats of the organisms 
concerned; pseudomonads and other waterborne 
organisms therefore tend to require high Aw values 
for optimum growth, whilst  skin organisms like sta-
phylococci and micrococci that exist in relatively 
high salt  concentrations (from sweat glands) will 
tolerate signi cantly lower values. Pharmaceutical 
materials that have high solute concentrations, e.g. 
syrups, may to a large extent be self-preserving just 
like salted foods. Syrup BP, for example, is 67% by 
weight sucrose, has an Aw value of 0.86 and so is not 
susceptible to bacterial growth, but may contain 
chemical preservatives to protect it  from mould 
spoilage.

Variations in water activity may arise within a 
single container of a manufactured medicine by, for 
example, water evaporating from the bulk liquid 
during storage in high temperatures and that water 
vapour condensing on cool glass round the neck of 
a bottle as the storage temperature drops, then 
running back to dilute the surface layer of product. 

Table 50.1 Water activity (Aw) minima permitting 
growth of various organisms

Organism Approximate 
minimum 
water activity

Many common water-borne or 
soil organisms and non-skin 
pathogens e.g. Pseudomonas 
aeruginosa, clostridia, E. coli.

0.95

Staphylococci and micrococci 0.87

Many yeasts, e.g. Saccharomyces 
and Candida spp.

0.88–0.92

Many fungi, e.g. Penicillium. 
Aspergillus. Mucor

0.8–0.9

Osmophilic yeasts, e.g. 
Zygosaccharomyces rouxii

0.65
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temperature storage after chlorine removal. The 
species commonly found are described as low-
demand organisms, i.e. they are metabolically versa-
tile and can ef ciently utilize as nutrients low 
concentrations of a diverse range of carbon-containing 
compounds. Pseudomonads, i.e. the organisms 
resembling the pathogen Pseudomonas aeruginosa, 
are good examples of low-demand G ram-negative 
bacteria, although organisms of other genera, such 
as Flavobacterium and Alcaligenes also arise.

Product contaminants originating from the manu-
facturing environment all tend to have one charac-
terist ic in common, i.e. they survive well in dry 
conditions. So the G ram-negative bacteria that are 
prevalent in water are rarely seen in this situation. 
Most of these environmental contaminants are 
spore-formers, both bacteria and fungi, or G ram-
positive bacteria like micrococci and staphylococci. 
All of those can persist for long periods whilst  
attached to dust particles suspended in the atmos-
phere or settled onto  oors, work surfaces or equip-
ment. Modern pharmaceutical factories are supplied 
with  ltered air, so the level of particulate contami-
nation in the atmosphere in a room where there is 
no activity (i.e. operators are absent) is usually very 
low. The main component of the dust in a manufac-
turing area that is in operation is skin scales shed by 
operational personnel. Humans replace skin con-
stantly and so they are continually shedding particles 
with attached skin bacteria; these are typically about 
20 µm in size and so cannot be seen with the naked 
eye. The extent to which skin scales are shed 
depends upon many factors like the design and cov-
erage of protective clothing, general health, personal 
hygiene and, in particular, levels of activity. People 
standing or sitt ing still normally shed far fewer par-
ticles than those who are in motion. Statistics and 
estimates of the extent to which humans shed skin 
scales vary substantially, but approximately 109 per 
day is a commonly quoted value (Cosslett  2007).

Swabbing with antiseptics or washing with bacte-
ricidal soap reduces the numbers of microorganisms 
on the skin, but is by no means totally effective. 
Figure 50.1 shows a Petri dish of nutrient medium 
used to take ‘ nger dabs’ from  ngers treated in this 
way. In the upper left  segment bacterial colonies 
were cultured from an unwashed  nger; the upper 
right shows the colonies from a  nger washed with 
bactericidal soap and the bottom sector shows those 
from a  nger swabbed for one minute with cotton 
wool soaked in antiseptic. It  is clear that short 
periods of exposure to bactericidal soaps cannot be 

Despite the high levels of microorganisms to be 
found in locations where many natural materials 
arise (gelatin, for example, originates in the slaugh-
terhouse where faecal contamination of animal car-
casses is not uncommon), the cleaning and 
puri cation procedures currently employed mean 
that contamination levels are only one or two orders 
of magnitude higher than those for synthesized 
chemicals. This is re ected in the pharmacopoeial 
limit of not more than 104 colony forming units 
(cfu) of aerobic bacteria per gram for some oral 
products containing materials of natural origin com-
pared with 102 per gram otherwise.

G enerally, the types of contaminating organisms 
are re ective of the origins of the product and this, 
in turn, is re ected in the objectionable organisms 
that must be absent. For example, salmonellae and 
E. coli might arise in faeces, so gelatin is subject to 
tests for the absence of these species. The same 
organisms might originate from natural fertilizers 
used on commercial crops and so they must be 
absent too from vegetable drugs, starches, muci-
lages, etc. Both vegetable drugs and mined minerals 
may contain organisms originating from the soil, e.g. 
Bacillus and Clostridium species, usually as spores. 
Vegetable drugs may be contaminated with spores 
of such fungal plant pathogens as Cladosporium that 
rarely arise in other circumstances.

Water is the most commonly used raw material 
for manufacturing medicines. Not only is it  obviously 
present in the majority of liquid medicines, it  may 
be added, then removed, during manufacture of dry 
products too, e.g. during tablet granulation. It  is also 
used in the factory for cleaning equipment, work 
surfaces, mixing vessels and bottles or other product 
containers. As a consequence, the microbiological 
quality of both ingredient and cleaning water can 
have a profound effect on the  nal bioburden of the 
manufactured product. To those unfamiliar with 
methods of water puri cation, it  is a paradox that 
pharmaceutical puri ed water is more likely to 
contain high levels of bacteria (particularly after 
storage) than the mains water that is used as the 
source material. This is simply a consequence of the 
fact that mains water (potable water) is chlorinated, 
and the chlorine which acts as a preservative is 
removed during puri cation. Despite this puri ca-
tion process, puri ed water still contains suf cient 
dissolved nutrients to support the growth of several 
species of G ram-negative bacteria to population 
levels well in excess of 105/ mL. Such levels may be 
attained within days rather than weeks of room 
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Microorganisms differ enormously in their meta-
bolic capabilities. Some, like E. coli, Pseudomonas 
aeruginosa and several Bacillus species, can synthe-
size all the amino acids and vitamins they need 
from a variety of simple carbon and nitrogen sources. 
The minerals that they require are often present in 
suf cient concentration as impurit ies in the ingredi-
ents of the medicine. Thus, in the absence of anti-
microbial chemicals, organisms of this type may 
grow to concentrations of 104 per mL or gram, or 
even higher in products like syrups, linctuses and 
creams. Products containing glycerol, sugars, amino 
acids or proteins would clearly represent such 
ideal media for microbial growth that their preserva-
tion is sometimes dif cult  to achieve even with 
added preservatives. Even in the absence of these 
nutritionally rich materials, many bacteria and fungi 
are still able to utilize other components of the 
formulation as food sources. Several of these have 
already been mentioned, but in addition to sur-
factants and various viscosity-raising agents, the 
volatile and  xed oils used as  avourings or emulsion 
components are particularly suitable as nutrients for 
microorganisms.

The rate of spoilage progression will vary with 
temperature, although the period of t ime for which 
a manufactured medicine is usually stored before 
use is normally so long that the difference in bacte-
rial growth rate between, say, 15 °C and 20 °C may 
become insigni cant in the context of a 2-year shelf-
life. However, there is the possibility of organisms 
growing during the course of manufacture, and so it  
is important for production scientists to be aware 
just how rapidly the population of contaminants 
may rise. Figure 14.1 shows that the concentration 
of Pseudomonas aeruginosa rose 10,000-fold in 44 
hours at ambient room temperature in a multidose 
veterinary injection that was supposedly preserved 
with benzethonium chloride. Clearly, the potential 
for a rapid increase in numbers is even greater where 
there is no antimicrobial agent present at  all.

Most bacteria have an optimum pH for growth 
that  is near neutrality, whilst most fungi favour 
slightly acidic conditions and grow best  at pH values 
of 5–6. Although product pH may markedly in u-
ence growth rate itself, it  also has a bearing on the 
activity and stability of any antimicrobial chemicals 
present, so the magnitudes of these various effects 
may have to be considered at the product formula-
tion stage, and a compromise value selected for the 
product pH. This is considered further in the next 
section of this chapter.

relied upon to eliminate contamination, but a recog-
nized antiseptic is far more effective.

The methods and equipment used for monitoring 
levels of contaminants arising from water, raw 
materials and the environment are described in 
Chapter 14.

Factors  in uencing the growth of 
spoilage organisms

In addition to water activity that was considered 
earlier in this chapter, factors in uencing the rate 
and extent of growth of a contaminant within a 
pharmaceutical raw material or manufactured medi-
cine include:
•  nutrient availability
•  temperature
•  pH
•  redox potential
•  the presence and concentration of antimicrobial 

chemicals.

Fig . 50.1 •  Colonies o  bacteria resulting  rom ‘fnger 
dabs’ onto agar. Top le t: bacteria  rom unwashed 
fnger; top right: a fnger washed with ‘bactericidal’ 
soap; bottom sector: no colonies arising  rom a fnger 
swabbed with antiseptic solution. 
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unavoidably present at the start: those from water 
or raw materials, for example. Many of these pro-
cedures and precautions are described in the Rules 
and Guidance for Pharmaceutical Manufacturers 
and Distributors (2007; the ‘Orange G uide’). That 
publication and other regulatory and pharmacopoe-
ial requirements make it  clear that employing good 
manufacturing practices to limit microbial contami-
nation in the  rst  place is the preferred strategy, 
rather than, for example, permitting contaminants 
to enter and proliferate in the product and then 
attempting to kill them by physical or chemical 
means.

The factors impacting on the hygienic manufac-
ture of medicines are shown in Figure 50.2. Much 
of this is self-explanatory, although certain aspects 
merit  more detail. Standards for atmospheric clean-
liness in the manufacturing area apply not just for 
the production of sterile products, but also for non-
sterile medicines. Thus, the air supply is invariably 
HEPA (high ef ciency particulate air)  ltered and 
since air-conditioning plants often act as a breeding 
ground for microorganisms,  lters need to be 
installed downstream of such equipment. The 
factors to be considered in the design of premises 
and equipment are detailed in the Orange G uide, as 
are the procedures for cleaning and disinfection. 
There is evidence that persistent use of a single 
disinfectant might predispose to the development of 
bacterial resistance to it , although this evidence is 
far less strong than that concerning antibiotics. Nev-
ertheless, there is a requirement that disinfectants 
are used on a rotational basis to minimize this risk, 
and in aseptic areas where sterile products are man-
ufactured the disinfectant solutions are  lter-
sterilized because they may, themselves, be a source 
of contamination with resistant organisms.

Since human beings are frequently the principal 
source of microbial contamination in the manufac-
turing environment, their health, hygiene, clothing 
and training may all have an impact on product 
contamination. The design of clothing for use in 
different areas is described in detail in the Orange 
G uide. Whilst  it  is an unacceptable practice to use 
heat, radiation or antimicrobial chemicals to ‘clean 
up’ a product which has been allowed to acquire a 
high level of contaminants that could have been 
avoided, it  is acceptable to use these methods to 
reduce high bioburdens that are unavoidable, e.g. in 
raw materials of natural origin. Thus, raw materials 
may be exposed to radiation or ethylene oxide for 
this purpose, and  ltration units or ultraviolet (UV) 

Redox potential (oxidation-reduction potential; 
Eh) is a term that indicates whether oxidizing or 
reducing conditions exist in a liquid. It  is expressed 
as a positive or negative value on a scale in millivolts. 
Oxidizing conditions (favouring the growth of 
aerobic organisms) prevail in culture media or liquids 
with positive Eh values, and reducing conditions 
(favouring anaerobes) apply at negative values. Fac-
ultative anaerobic organisms, such as E. coli and 
many similar intestinal pathogens will grow under 
both conditions from +150 mV to −600 mV 
(Dempsey 1996). Most pharmaceutical products 
possess positive redox potentials and so anaerobic 
growth is not common. There is the potential for 
aerobic primary contaminants to utilize the available 
dissolved oxygen and so render the product vulner-
able to secondary spoilage by anaerobes.

Antimicrobial chemicals are usually speci cally 
added as preservatives in multidose sterile medi-
cines and in non-sterile medicines. Their properties 
and the factors in uencing their selection are con-
sidered later in this chapter. However, it  is not 
uncommon for other ingredients of the product to 
possess antimicrobial activity or enhance the activity 
of recognized preservatives. Alcohols used as 
co-solvents are good examples: ethanol, isopropanol, 
propylene glycol and glycerol all possess useful anti-
microbial activity, although, with the exception of 
glycerol, their use tends to be limited to topical 
products. Ethylenediamine tetraacetic acid (EDTA) 
has a dual role in many pharmaceutical products. It  
is a chelating agent used to remove metal ions that 
may catalyse the oxidation of certain active ingredi-
ents and, although it  possesses lit t le or no antimi-
crobial activity in its own right, it  may markedly 
potentiate the action of many established preserva-
tives (see below). Indeed, EDTA is present in 19 of 
the 23 proprietary multidose anti-in ammatory eye 
drops currently available in the UK. In every case, 
one of its functions is to potentiate the activity of 
benzalkonium chloride used as the preservative.

Control of contamination and 
spoilage during manufacture

Whilst product contamination during use is largely 
outside the manufacturer’s control, there are many 
steps that can be taken to minimize contamination 
whilst the product is made, both by restricting the 
entry of new organisms into it  and limiting the 
opportunities for growth of organisms that  are 
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The properties that are normally required in such a 
preservative include the following:
•  a broad spectrum of antimicrobial activity 

covering G ram-posit ive and G ram-negative 
bacteria, yeasts and moulds, and no 
vulnerability to resistance development

•  low toxicity for humans, enabling it  to 
be used in topical, oral and parenteral  
products

•  good solubility in water; low oil solubility
•  stable and effective over a wide pH range and 

compatible with common excipients
•  non-volatile, odourless and tasteless.
Not surprisingly, no single preservative satis es all 
these criteria; if there were such an agent it  would 
be universally used to the exclusion of all others. 
Thus, the selection of a preservative (or combination 
of preservatives) for a newly developed product is 
inevitably a compromise determined by the formu-
lation characteristics and intended use of the 
product. Unfortunately, the list  of available preserv-
atives is diminishing rather than expanding. This is 
due both to the high cost of safety testing that 
would be a prerequisite for the introduction of an 
entirely new preservative, and to toxicity concerns 
result ing in the use of some agents being largely 
discontinued, e.g. phenyl mercury salts and chloro-
form, which were formerly employed in ophthalmic/
parenteral products and in oral medicines, 
respectively.

light sources employed to reduce the bioburden in 
water. If the water is to be used as an ingredient of 
an injectable product,  ltration is preferable to UV 
light because it  physically removes the contaminat-
ing G ram-negative bacteria that  may act as a source 
of endotoxins, which could cause fever on injection. 
Although UV light kills the bacteria, the endotoxins 
remain because the lipopolysaccharide component 
of the bacterial outer membrane from which they 
are derived is not destroyed. Because of the ability 
of G ram-negative bacteria to grow readily in stored 
puri ed water, it  is also common for the water to 
be maintained at a high temperature, typically 80 °C, 
whenever possible during the manufacturing process 
in order to prevent such growth.

The  nal factor shown in Figure 50.2 to impact 
on hygienic manufacture is that of preservative avail-
ability. Whilst  the inclusion of a preservative to 
protect  the product from spoilage sounds simple in 
principle, there are several ways in which the pre-
servative activity may be diminished or virtually 
abolished as a result of interaction with other com-
ponents of the formulation or the container. These 
are considered below.

Se le c tion and us e  o f 
pre s e rvative s

The antimicrobial chemicals commonly used as pre-
servatives in medicines are described in Chapter 15. 

Fig . 50.2 •  Factors in hygienic manu acture. 
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from the same chemical class or with the same 
target site in the microbial cell are combined 
together, the result is commonly found to be addi-
tive. Care is required, however, in the investigation 
and reporting of synergy for two reasons:
•  It  is well established that  synergy might only 

arise at selected combination ratios so it  is 
unwise to assume that the effects displayed at  
one ratio will be seen at others.

•  Synergy must be divorced from the effects 
of concentration exponents (see Chapter 15).  
It  is tempting to assume that doubling the 
concentration of a preservative results in a 
doubling of its antimicrobial activity, and so two 
agents together producing more than twice the 
effect of either one alone must be synergy. This 
logic is incorrect, however, because some agents 
that have high concentration exponents, e.g. 
phenols, exhibit  a large change in activity for a 
small change in concentration. Combining two 
such agents can result in a dramatic increase in 
effect that might be erroneously interpreted as 
synergy whereas, in fact , the increase is only 
that to be expected from doubling the 
concentration of either component alone.

Pre s e rvative  inte rac tions   
with formulation c ompone nts  
and c ontaine rs

The adequacy with which a formulated medicine is 
protected from spoilage by the use of a preservative 
cannot easily be predicted from a study of the activ-
ity of the preservative in simple aqueous solutions. 
A person with limited knowledge of pharmaceutical 
microbiology might, for example, expect that  it  
would be possible to con rm that a medicine was 
adequately preserved simply by conducting an assay 
for the preservative and showing it  to be present at 
a concentration higher than that required to inhibit  
the growth of common contaminants (i.e. higher 
than minimum inhibitory concentrations (MIC 
values) quoted in reference books and explained in 
Chapter 14). Not infrequently, however, this logic 
does not apply because the preservative activity is 
reduced as a result  of it  interacting with other com-
ponents of the formulation or the container, or by a 
change in the environmental conditions within the 
product. As a consequence, it  is necessary to measure 
preservative ef cacy not by a chemical assay but by 

Since the function of a preservative is to kill, or 
at least  prevent the growth of, microorganisms, it  
might be expected that the  rst  item on the above 
list  would be a major determinant in preservative 
selection, but, in fact, the intended use and route of 
administration of a product are usually the major 
factors limiting the choice. The range of potential 
preservatives is greatest for topical products, and 
becomes much more restricted when the toxicity 
considerations applying to oral and parenteral prod-
ucts are applied. Thus, there are several preserva-
tives whose use is restricted largely to topical 
medicines, e.g. bronopol, isothiazolones and imida-
zolodinyl ureas.

It has been estimated that fewer than eight pre-
servatives are in common use in the UK (Hiom 
2004), with parabens being by far the most frequently 
selected for topical and oral products, although 
sodium benzoate is also regularly chosen for the latter 
products. Multidose injections are now rarely used in 
human medicine but are still found in veterinary 
practice. Again parabens are used as preservatives 
with benzyl alcohol, phenol or chlorbutanol being 
common alternatives. Eye drops are usually, but not 
invariably, multidose products which, although ini-
tially sterile, may require protection against patient-
derived contaminants during use. Benzalkonium 
chloride, often with EDTA, is more common in eye 
drops intended for the UK market than all other 
preservatives put together. Despite this popularity, 
there is increasing concern about the potential for 
benzalkonium chloride to cause corneal irritation. 
Single dose or unpreserved eye drops are also used.

Due to the limited and diminishing range of 
acceptable preservatives, there has been increasing 
attention paid in recent years to the possible bene ts 
of using preservatives in combination. Not only is 
there scope for reducing the concentrations of the 
agents, which should confer the bene ts of reduced 
toxicity or irritancy, but employing two or more 
preservatives together might also result  in a broader 
spectrum of antimicrobial cover, a lower risk of 
resistance development and enhanced activity due 
to synergy. There are combinations in which each 
component  lls a gap in the antimicrobial spectrum 
of the other, e.g. parabens and imidazolidinyl ureas 
which, individually, have weak activity against Pseu-
domonas aeruginosa and fungi respectively. The 
practically useful examples of synergistic combina-
tions have been listed by Hiom (2004). G enerally, 
synergy is most likely to be exhibited when the two 
agents have dissimilar modes of action. If two agents 
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pH-dependent, but there are several others. These 
acids are effective in formulations that are naturally 
acidic or can be buffered to a low pH. This is because 
in these conditions they exist as the undissociated 
molecules which are more lipid soluble and more 
effective than the ionized forms that predominate 
when the ambient pH exceeds the molecule’s pKa 
value. Phenolic preservatives exhibit  similar but less 
marked pH dependence. Parabens are also slightly 
affected in the same way.

This situation contrasts with that seen with qua-
ternary ammonium compounds which are most 
effective in neutral or slightly alkaline conditions. 
Bacterial cells are usually negatively charged, and a 
rise in pH increases the number of such charges and 
so promotes the binding of posit ively charged mol-
ecules like quaternary ammonium compounds.

Even though many liquid medicines contain a 
buffer to restrict pH change, it  is not uncommon for 
the product speci cation to quote a permissible pH 
range that is suf ciently large to have a signi cant 
impact on preservative activity and for the product 
pH to drift  within that range during its shelf-life, 
which may be 2 years or more. Slow precipitation 
during storage (e.g. parabens precipitating in falling 
pH) is a further problem that is not necessarily 
detected by chemical assays because the assay pro-
cedure may re-dissolve the precipitate.

The oil/ water partit ion coef cient is another 
molecular property that can have a marked in uence 
on preservatives when they are used in emulsions. 
Since microorganisms grow in the aqueous phase, a 
preservative that partit ions into the oil is essentially 
inactive, although again, this will not necessarily be 
apparent because a chemical assay is likely to show 

a pharmacopoeial preservative ef cacy test where 
the manufactured medicine is inoculated with a 
range of test organisms whose death rate is meas-
ured over a 28-day period (see Chapter 14).

Contaminating microorganisms do not invariably 
grow uniformly throughout a medicine packed in its 
 nal market container; they may be concentrated 
near the surface as a result of the higher oxygen 
availability there or, in the case of an emulsion, they 
grow in the water phase rather than the oil. The 
concentration of preservative available at the site 
where the organisms are growing is therefore the 
principal determinant of how effectively the medi-
cine is protected from spoilage, and the ‘free’ pre-
servative concentration (that which is actually 
available to kill microorganisms) may be signi cantly 
lower than the calculated value. Figure 50.3 shows 
the major factors that in uence preservative 
activity.

Several groups of common preservatives are 
affected by pH. This may be a consequence of:
•  a change in ionization of the preservative 

molecule which alters the relative proportions 
of its undissociated and dissociated forms which 
possess different intrinsic antimicrobial 
potencies

•  an effect on cell surface charge in uencing 
adsorption of preservative molecules onto the 
microbial cell

•  a change in the solubility or stability of the 
preservative molecule.

The weak organic acids, e.g. benzoic and sorbic 
acids, are the most commonly cited examples of 
preservatives whose ionization and activity are 

Fig . 50.3 •  Preservative availability. 
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e.g. alginates, tragacanth, cellulose derivatives and 
polyvinyl pyrrolidone, may also reduce preservative 
activity. In some cases this is simply a charge effect 
where an anionic polymer, e.g. alginate, complexes 
a cation, e.g. a quaternary ammonium compound.

Another major mechanism by which preservative 
activity may be compromised is interaction with the 
container or, in the case of volatile agents like chlorb-
utanol, permeation through the container and loss by 
evaporation. Preservatives may adsorb onto the inter-
nal surface or penetrate into the material of the con-
tainer itself. This problem has become more signi cant 
as plastic has tended to replace glass as a packaging 
material. Rubber stoppers in vials may also cause pre-
servative loss. Most plastics, but particularly those 
commonly employed for container manufacture such 
as polypropylene and polyethylene, have the poten-
tial to remove signi cant amounts of parabens and 
other common preservatives. The surface-to-volume 
ratio of the product in its container is likely to have 
a bearing on the magnitude of the problem; small 
containers have a relatively larger surface and may 
exhibit proportionately greater loss.
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that the correct  amount of preservative is present in 
a given weight or volume of sample. This is a factor 
that makes parabens less useful choices as cream 
preservatives because they are usually a lot more 
soluble in vegetable oil than they are in water, 
although their partitioning might be reduced by sub-
stitution of mineral oil for vegetable oil. Again phe-
nolics and some other preservatives are similarly 
affected, so when selecting preservatives for mul-
tiphase formulations, it  is useful to consult publica-
tions like the Handbook of Pharmaceutical Excipients 
(Rowe et al 2012) where lists of solubilit ies and 
partit ion coef cients may indicate the likely extent 
of the problem.

Entrapment of preservatives within micelles of 
surfactants or emulsifying agents is a related phe-
nomenon where again, the preservative is present 
but unavailable to inhibit  microbial spoilage. Sur-
factants like lecithin, Tween (polysorbate) 80 and 
Lubrol W are so effective in removing preservative 
in this way that they are commonly used as inactiva-
tors (neutralizers) to prevent preservative carry-over 
and erroneous results in bioburden and preservative 
ef cacy determinations (see Chapter 14). Dissolu-
tion and dialysis techniques together with mathe-
matical models may provide some indication of the 
extent of preservative loss in such complex formula-
tions. Complexation between anionic surfactants 
(e.g. sodium lauryl (docedyl) sulfate) and cationic 
preservatives (e.g. chlorhexidine and quaternary 
ammonium compounds) is also a potential problem 
in emulsion formulation.

Preservatives may be removed from solution by 
adsorption onto suspended solids like bentonite, 
kaolin, magnesium trisilicate and talc. Indeed, in the 
case of bentonite the potential to adsorb cationic 
drugs has been investigated as a means of retarding 
drug release to achieve a long-acting formulation. 
Antacid products, in particular, may prove dif cult  
to protect due to preservative adsorption and there 
have been several reports of aluminium hydroxide-, 
magnesium trisilicate- and kaolin-based products 
being vulnerable to preservative inactivation. This is 
re ected in the United States Pharmacopeia (2010) 
that speci es less stringent preservative perform-
ance criteria for antacids than for other oral prod-
ucts. The problems posed by adsorption are 
compounded by the fact that the phenomenon may 
also be pH-dependent, so the most favourable pH 
for preservative activity itself may be one that pro-
motes adsorption. Other hydrocolloids employed as 
viscosity-raising agents in oral and topical products, 
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All-trans-retinol, 832f
Aluminum, antimicrobial activity, 264
Amanita phalloides, 223
AmBisome, 792t–793t
AMD, see Age-related macular 

degeneration
Amide bond, 799f
Amide hydrolysis, 826f
Amidines, antimicrobial activity,  

263
Amidopyrine, pKa, 44b
Aminacrine hydrochloride, 248
Amino acid, structure, 799f
Aminoalkyl methacrylate copolymer, 

572, 572f
Amorphous powder, 32, 319
Amorphous state, 131–134, 132f–133f, 

133t, 391, 391f
Amoxicillin, 829f
Ampoule, parenteral drug delivery 

containers, 634–635, 635f
Amylase, 300–301, 304
Andreasen pipette, 148f
Angiotensin-converting enzyme (ACE), 

inhibitors, 310
Angle of repose, powder  ow

effects, 188–189, 189f
measurement, 194, 194f, 195t–196t

Antiadherent, tablet, 519
Antibiotics, see Antimicrobial assays; 

Chemical antimicrobial agents
Antibody-based drugs

conjugate systems, 783–784,  
785t

examples, 783, 784t
structure, 783–784, 783f

Antimicrobial assays
antibiotic assays

agar diffusion assay, 229–231, 
229f–231f, 233–234, 234f

biological versus non-biological 
assays, 229t

overview, 228–232
turbidimetric assay, 231–232

disinfectant evaluation, 236–238
minimum inhibitory concentration

agar diffusion assay, 233–234, 234f
de nition, 227, 232–234
determination, 232–233

preservative ef cacy test
inoculum concentration, 235
interpretation, 236, 236t
microorganism selection, 235

overview, 234–236
preservative inactivation,  

235–236
variables

exposure and incubation 
conditions, 227–228, 227f

inoculum concentration, 228
medium, 226–227
microorganism origin, 226

Antimicrobial compounds, see 
Chemical antimicrobial agents

Antioxidants
emulsion additive, 441–442
parenteral drug delivery formulation, 

632–633
plant-based medicine addition,  

774
Antiseptic, de nition, 259
Apocrine glands, 678
Apparent elimination rate, 365–366, 

366f
Apparent viscosity, 103–104
Apparent volume distribution, 364
Aprepitant, 317t
Aqueous humour, 713
Archaeobacteria, 204
Area under the curve (AUC), plasma 

concentration-time curve,  
345

Arrhenius equation, 124–125, 125f
Ascomycetes, 224
Ascorbic acid, 322, 829f
Aspirin, 44b, 317t, 371b, 520f, 522f, 

826f, 833f
Association colloid, 81–82
ATP, assay for bacteria, 219
Atracurium, 829f
AUC, see Area under the curve
Auger  lling machine, 589, 589f
Autoclave, see Heat treatment
Auto ltration, 408
Autotroph, 213
Auxochrome, 374, 374t
Avastin, 784t

B
Bacillus, 856
Bacillus cereus, 253–254
Bacillus pumilus, 243–244
Bacillus stearothermophilus, 243–244, 

249, 252–254, 267
Bacillus subtilis, 243–244, 252, 254

Bacteria, see also Microbial contamination
actinomycetes, 205
anatomy

capsule, 206–209
cell wall, 207–208, 207f
cytoplasmic membrane, 208
endospore, 209, 210f
 mbriae, 209
 agella, 209
inclusion granules, 208–209
mesosome, 208
nuclear material, 208
overview, 206f
pili, 209
ribosome, 208

antimicrobial assays, see 
Antimicrobial assays

antimicrobial compounds, see 
Chemical antimicrobial agents

Archaeobacteria, 204
Chlamydiae, 205
counting

overview, 217
total count, 217–218, 217b, 217f
viable counts, 218–219, 218b

culture
aerosol precautions, 216
anaerobes, 216
liquid transfer, 216
media, 214–216
slope inoculation, 215
streaking, 215f

eukaryote comparison, 201t
genetic exchange

conjugation, 213
transduction, 213
transformation, 213

growth
effects

osmotic pressure, 214
pH, 214
temperature, 211

phases, 212–214, 212f
identi cation

biochemical tests, 220–222
phage typing, 218–219
rapid tests, 221–222
serology, 222–224
steps, 219–222

inactivation kinetics
alternative survivor plots, 

249–250, 250f
decimal reduction time, 249, 250f
overview, 248–250, 248t, 249f

Antimicrobial assays (continued)
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Z value, 249
isolation, 219
microbiological quality, see 

Microbiological quality
microscopy

dark-ground microscopy, 211
differential-interference contrast 

microscopy, 211–212
electron microscopy, 212
 uorescence microscopy, 211
phase-contrast  microscopy, 211
sample preparation, 210–212
staining, 210–211

morphology, 205–206, 206f
mycoplasma, 205
nutrit ion, 213
oxygen requirements, 213–214
Rickettsiae, 204–205
sterilization, see G as treatment; 

Heat treatment; Radiation 
treatment; Sterilization

taxonomy, 219
wound dressing barrier test, 709

Bactericide, de nition, 259
Bacteriophage, 204, 218–219
Bacteriostat, de nition, 259
Ball growth, granules, 475–476, 476f
Ball mill, particle size reduction, 

162–163, 162f
Basidiomycetes, 224
Basket apparatus, dissolution testing, 

615f, 617
BCS, see Biopharmaceutics 

Classi cation System
Becquerel, 255
Beer-Lambert equation, 373–374
Benzalkonium chloride, 263f
Benzylpenicillin, 827f
BET isotherm, see Brunauer, Emmett , 

and Teller isotherm
Betamethasone-17-valerate, 832f
Betaxolol, 718t
Bexxar, 785t
BFI, see Brittle fracture index
BI, see Bonding index
Bicarbonate buffer, dissolution testing 

medium, 619–620
Biguanides, antimicrobial activity, 263
Bile, 301, 305
Binder

hot-melt  binders in granulation, 484
migration during drying, 502
tablet, 516–517

Bingham  ow, 103, 103f
Bioavailability

absolute bioavailability, 348–349, 
349f

assessment
plasma concentration-time curve, 

343–346, 344f–346f
urinary drug excretion curve, 

346–348, 347f–348f
capsule formulation, 592–594, 

592f–593f
concept, 293–294
de nition, 4
factors affecting

adsorption, 320–321
complexation, 320–321
dosage form

aqueous solutions, 325–326
aqueous suspensions, 326
diluents, 331–333
disintegrants, 332
liquid- lled capsules, 326–327
lubricants, 332
overview, 324–333, 325f
powder- lled capsules, 

327–329, 328f
surfactants, 331–332
tablets, 329–331
viscosity enhancers, 332–333

hydrogen bonding, 324
micelle solubilization, 320
molecular size, 324
solubility and dissolution

amorphous solids, 319
drug factors, 316–319, 317t
lipid solubility, 323–324
overview, 314–321, 315f, 315t
physiological factors, 315–316
polymorphism, 129–130, 129f, 

319–320
poorly soluble drugs, 321
salts, 318–319
solubility in diffusion layer, 

317–318
solvates, 319–320

stability, 321
polymer-drug conjugates, 780–781
relative bioavailability, 349–350
softgel, 600, 603f

Biocide
de nition, 259
high-level disinfection, 271–272, 

272t
Bioequivalence, 350–353, 351f–352f

Biologics, see Nucleic acid drugs; 
Protein/ peptide drugs; 
Vaccine

Biopharmaceutics, overview, 292–295
Biopharmaceutics Classi cation System 

(BCS)
class I drugs, 353–354
class II drugs, 353–354
class III drugs, 353–354
class IV drugs, 353–354
overview, 15, 353–354, 556

Blending, 35–36
Blood-retinal barrier, 724
Bond’s theory, 159
Bonding index (BI), 543
Boundary layer, 25–26, 98, 98f
Bowie Dick test, 288f
Breaking, emulsion, 91
Brevundimonas diminuta, 289
Brit tle fracture index (BFI), 543
Brownian diffusion, aerosol particle, 

641
Brownian motion, 65–68, 424
Brunauer, Emmett, and Teller (BET) 

isotherm, 56–57
Brunner’s gland, 300–301
Buccal tablet , 522–523
Buchner funnel, 408f
Buffer

overview, 44–45
parenteral drug delivery formulation, 

633
suspensions, 431

Buffer capacity, 45
Bulk density

packing geometry characterization, 
190–191, 190f–191f

powder  ow measurement, 194–195

C
CA, see Cellulose acetate
Caco-2 cell, absorption measurements, 

338–340, 339f
Caelyx, 779t, 792t–793t
Calcium carbonate, 576–577
Candida albicans, 222, 241–242, 242t, 

245
Capsule

bioavailability effects
liquid- lled capsules, 326–327
powder- lled capsules, 327–329, 

328f
capsule  lling, 591t
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hard capsules, see Capsule, hard
microcapsule, 795–796
overview of characterist ics, 11, 

583–584
parenteral drug delivery

antioxidants, 632–633
buffers, 633
preservatives, 632, 632t
requirements, 627
suspending agents, 634
tonicity adjustment, 633–634, 

634b
vehicles for injections, 631

pharmaceutical solution, 396–397, 
401t

plant-based medicines
antioxidants, 774
colourants, 772
 avours, 775
preservatives, 774–775

rectal drug delivery, 740–741
soft capsule, see Softgel
suspensions

antimicrobials, 430–431
buffer, 431
colloid stabilizers, 433
colour, 430
 avour, 430
 occulation modi ers, 433
stabilizers, 431
sweetener, 430
viscosity modi ers, 431–433
wetting agents, 433

tablets
antiadherent, 519
binder, 516–517
colourant, 519
disintegrant, 515–516, 515f
 ller, 513–514
 avour, 519
glidant, 517
lubricant, 517–519, 517f–518f
overview, 513–519, 513t
sorbent, 519

vaginal drug delivery, 745
Capsule, bacteria, 206–209
Capsule, hard

dry powder inhaler unit-dose devices 
with drug in gelatin capsule, 
647

empty gelatin capsule properties, 587
 lling

bench-scale  lling, 588

industrial-scale  lling, 588
machines

auger  lling machine, 589, 589f
dosator, 589
dosing disc, 589–590, 590f
instrumented machines and 

simulators, 590
overview, 588
tamping  nger, 589–590, 590f

materials, 587t–588t
pellets, 590–591
process, 587–588
semi-solids and liquids, 591
tablets, 590–591

formulation
active ingredient release, 592–594, 

592f–594f
excipients, 591t
 lling property considerations, 

591–592
optimization, 594
position of release, 595
powder formulation, 591

manufacture process, 585–591, 586f
materials

colourants, 585
gelatin, 584–585
process aids, 585

sizes, 587, 587t
Capsule, soft, see Softgel
Card house  oc, 77, 77f
Carr index, 196
Cartridge  lter, 413
Cascade impactor, aerosol particle size 

analysis, 654–656, 654f
Catalase, bacteria assay, 220
Cataract , 713–714
Cell membrane, see also Permeability

structure, 306–307, 306f
transport mechanisms

active transport, 309–310, 309f
endocytosis, 310–311
facilitated transport, 310
overview, 307, 307f, 312t
paracellular pathway, 311
passive diffusion, 307f
phagocytosis, 311
pinocytosis, 311
transcytosis, 311
transporters, 312

Cellulose acetate (CA), 572
Cellulose, viscosity modi ers, 432
Cell wall, bacteria, 207–208, 207f

Central line, 625f
Central nervous system (CNS), nasal 

drug delivery, 671–672
Centrifugal evaporative freezing, freeze 

drying, 499
Centrifugation

clari cation principles, 414
perforated-basket centrifuge, 

414–415, 414f
tubular-bowl centrifuge, 415,  

415f
Cetrimide, 263f
CFCs, see Chloro uorocarbons
Chemical antimicrobial agents

chemical classes
acridines, 264
alcohols, aldehydes, acids, and 

esters, 262
biguanides and amidines, 263
halogens, 263–264
metals, 69–72
overview, 260–264, 261t
phenols, 260–262, 262f
quaternary ammonium,  

262–263
classi cation by activity, 259–264
factors affecting activity, 260

Chemical degradation, see Stability
Chemical potential, 45–46
Chemisorption, 54
Chewable tablet, 521
Children, see Paediatric drugs
ChiSys, 670t
Chlamydia trachomatis, 205
Chloramine T, 264
Chloramphenicol, 129f, 827f
Chlorbutanol, 862
Chlorhexidine, 263, 263f
Chlorine, disinfection, 259
Chlorine dioxide, microbe inactivation, 

258–259, 270
Chlorocresol, 262f
Chloro uorocarbons (CFCs), metered-

dose inhaler propellants, 
642–644, 643t

Chloroxylenol, 262f
Cholesterol, liposome content,  

794
Chromophore, 373, 374t
CIC, see Critical inhibitory 

concentration
Cimzia, 781t
Cinnarizine, 608f
Cladosporium, 856

Capsule (continued) Capsule (continued)
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Clari cation
centrifugation

perforated-basket centrifuge, 
414–415, 414f

principles, 414
tubular-bowl centrifuge, 415, 415f

 ltration
Darcy equation, 409
equipment

gravity  lters, 411
pressure  lters, 412–414, 414f
selection factors, 410–411
vacuum  lters, 411–412, 411f, 

412t
 uid/  uid  ltration, 407
mechanisms

attractive forces, 408
auto ltration, 408
impingement, 408, 408f
straining/ sieving, 407–408

rate
factors affecting, 408–410
increase strategies, 409–410

solid/  uid  ltrat ion, 407
solid/ gas  ltration, 407

overview, 406
Clickhaler, 648–649
Climactic zones, 844–845, 846f,  

846t
Clostridium, 209, 241–242, 242t, 245, 

251, 253, 856
Closure, packaging, 813
CMC, see Crit ical micelle 

concentration
CNS, see Central nervous system
Coacervation, 75
Coalescence, emulsions, 461, 461f
Coating

compression coating
overview, 567–568, 577–578, 577f
process, 577–578
types, 578

de nition, 567
 lm coating

 lm-coating polymers
mechanical properties, 571
permeability, 571
solubility, 570
viscosity, 571

formulation classi cation, 570
intermediate-release coating 

polymers
aminoalkyl methacrylate 

copolymer, 572, 572f

cellulose derivatives, 571–572, 
571f

vinyl derivatives, 572, 572f
modi ed-release coating polymers

cellulose derivatives, 572
methacrylic acid copolymers, 

573, 573f
methylmethacrylate copolymers, 

572–573
phthalate esters, 573

overview, 567
plasticizers, 573
process

equipment, 569–570, 569f–570f
requirements, 570
steps, 568–569

sugar coating comparison, 568t
types, 568

gastro-resistant coatings, 562–564, 
563f

granules, 469
matrix formulation comparison, 

555–556, 555f
multiparticulate coatings

drug release mechanisms,  
580–581

multiparticulate types, 579–580, 
580f

process, 581
rationale, 578–581

rationale, 571
standards for tablets, 578
sugar coating

overview, 567
types, 575
ideal characterist ics, 575–576
equipment, 576, 576f
process steps, 576
sealing, 576
subcoating

coulouring, 577
polishing, 577
printing, 577
smoothing, 577

defects, 577
 lm coating comparison, 568t

tablet bioavailability effects
coated, 329–330
enteric-coated, 330–331
uncoated, 329–331

Coef cient of dynamic viscosity,  
95

Cohesion, powder part icle  ow, 188

Colloid
Brownian motion, 65–68
classi cation, 63
diffusion, 65–66
electrical properties

adsorption of ions, 69
electric double layer, 69–71, 70f
electrokinetic phenomena, 71–72
ion dissolution, 69
ionization, 69
sedimentation potential, 72
streaming potential, 72

emulsion stabilization, 88
optical properties

electron microscopy, 69
light scattering, 68–69
ultramicroscopy, 68–69

osmotic pressure, 66–67
particle size distribution and shape, 

64–65
preparation

lyophilic colloid, 63
lyophobic colloid, 64

puri cation
dialysis, 64
electrodialysis, 64
ultra ltration, 64

sedimentation, 66
stability

additive effects, 75, 75f
attractive forces, 73–74
coacervation, 75
DLVO theory, 72–77
lyophilic colloids, 74–75
lyophobic colloids, 72–77
overview, 72–77, 73t
potential energy of interaction, 

64, 74
repulsive forces, 72–73

suspension stabilizers, 433
viscosity, 67–68

Colon
anatomy and physiology, 301, 301f
delayed-release drug delivery, 564, 

564f
drug transit , 303

Colour
capsule colourants, 585
dosage form design overview, 17
glass packaging, 816t
oral liquids for children and elderly, 

755, 756t
plant-based medicine colourants, 772
softgel colourant, 605

Coating (continued)
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suspensions, 430
tablet  colourants, 519

Common ion effect , 32–33, 382
Compactability, 17
Compaction, see also Tablet

advantages and limitations, 467–468
granulation effects, 467
granules, 467
preformulation, 392–393, 393t
tablet  direct  compaction, 512–513, 

512f
tablet  powders

binary mixture compaction and 
strength, 547–548, 548f

bonding mechanisms, 539–540, 
541t

factors of importance, 544
granule compaction and strength, 

545–547, 547f
post-compaction strength changes, 

543–544, 546f
solid particle compaction and 

strength, 544–545, 545t
tablet  strength relationship, 

540–543, 541f, 543f
Complex, formation and solubility,  

33
Complexation

bioavailability effects, 320–321
cyclodextrin complexation, 403–404, 

404f
Compliance

nasal drug delivery, 670–671
ophthalmic preparations, 731
oral modi ed-release drug delivery, 

552
softgel, 601

Compression
tablet  powders

evaluation
die wall frict ion during 

compression, 538–539, 
538f–539f

force-displacement pro le, 536, 
536f

inspection, 535
parameters, 534t
pore structure, 535
surface area, 535–536, 535f
volume-applied pressure pro le, 

536–538, 537f
mechanisms, 532–534, 534t

wound dressing tests, 708

Compression coating
overview, 567–568, 577–578, 577f
process, 577–578
types, 578

Compression susceptibility, 541–542
Compton effect, ionizing radiation,  

255
Computational pharmaceutics, 18
Computerized hydraulic press, tablet, 

508
Concentration, expressions

milliequivalent, 25–26
molality, 27
molarity, 27
mole fraction, 27–28
normality, 28
parts, 27
percentage, 22
quantity per quantity, 21–22

Concentric cylinder viscometer, 
107–108, 107f

Condensed phase, 39
Cone-plate viscometer, 107, 107f
Conjugate acid, 383
Conjugate base, 383
Conjugate solution, 34–35
Conjugation, bacteria, 213
Conjunctiva, 721
Constant shear rate, 108
Constant shear stress, 108
Contact angle, 52–54, 52f, 86
Contact angle hysteresis, 53
Continuous phase, 86
Controlled-rate rheometer, 108–110, 

108f
Controlled-stress rheometer, 109, 109f
Convective  ow, 323
Cornea, 711–712, 720–721, 720f, 

723–724
Cosolvent, 21–22, 396, 403
Cosurfactant, 87
Coulter counter, particle size analysis

alternative techniques, 150–151
equivalent diameter, 149
principles of measurement, 149–150, 

150f
range of analysis, 149, 149f

Countercurrent extraction, plant-based 
medicines, 771

Counter-ion, 69–70
Coxiella burnetti, 204–205
CPE-215, 670t
Crack propagation, 157–158, 157f
Cracking, emulsion, 91

Cream
emulsi ers

fatty acid mixed emulsi ers, 
453–454

fatty amphiphile:surfactant ratio, 
454–455

fatty alcohol mixed emulsi ers
non-ionic surfactants, 453, 454f

mixed emulsi er interactions in 
water, 450–451, 451f

self-emulsifying glycerol 
monoesters, 454

variations of components
fatty amphiphile, 455
surfactants, 455

formulation, 449–451, 449t–450t
gel-network theory of emulsion 

stability, 450
manufacture and processing, 457
microstructure, 451–455, 452f
overview, 449–455
self-bodying action, 452
topical drug delivery, 690

Creaming, emulsions, 91–92, 460
Creep testing, non-Newtonian  uids, 

110–112, 110f–111f
Cresol, 262f
Crit ical inhibitory concentration (CIC), 

229–230
Crit ical micelle concentration (CMC), 

80–81, 419
Crit ical ori ce diameter, 196–197
Crit ical solution temperature (CST)

additive effects, 35, 36t
upper and lower temperatures, 35, 

35f
Crit ical stress intensity factor, 

542–543, 543f
Crit icalSorb, 670t
Cross- ow micro ltration, 413–414, 

414f
Cryptococcus neo ormans, 222
Crystal, coating, 579
Crystalline form, see also 

Polymorphism
amorphous state, 131–134, 

132f–133f, 133t
crystal habit , 134–135, 134f
crystallization process, 127–128

Crystalline-liquid transition 
temperature, cream, 451

CST, see Critical solution temperature
Cumulative percent frequency oversize, 

142
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Cumulative percent frequency 
undersize, 142

Cumulative urinary drug excretion 
curve, see Urinary drug 
excretion curve

Curie, 255
Cutter mill, part icle size reduction, 

160, 160f
Cyclodextrin

complexation, 403–404, 404f
ophthalmic preparations, 721–722

Cyclone, particle size separation, 
168–169, 168f–169f

CYPs, see Cytochromes P0450
Cytochromes P0450 (CYPs)

food effects on drug metabolism, 305
gut wall, 313

Cytoplasmic membrane, bacteria, 208

D
D, see Decimal reduction t ime
Danazol, 317t, 613f
Darcy equation, 409
Dark-ground microscopy, bacteria, 211
DaunoXome, 792t–793t
Deamination, 803f, 836–837
Deborah number, 112–113
Debye equation, 68
Debye interactions, 50
Debye–Hückel length, 71–72
Debye–Hückel reciprocal length, 

422–423
Decimal reduction time (D), microbe 

inactivation, 249, 250f, 
266–267, 267f, 271

De nity, 792t–793t
Deinococcus radiodurans, 256
Delayed-release dosage form, see Oral 

modi ed-release drug delivery
Deliquescence, 60, 60t, 136–137, 389
ΔG , see G ibbs free energy change
Demixing, see Segregation
Dendrimer

applications, 780
drug case studies, 786
structure, 785–786, 785f

DepoCyte, 792t–793t
DepoDur, 792t–793t
Dermabrasion, 696
Dermis, 677–678
Detergency, 64
Deuteromycetes, 224
DG M, see Dynamic gastric model

Diabetes, sweetener concerns, 757
Dialysis

colloid puri cation, 64
multiparticulate drug release, 581

Diastereomer, 831
Diazepam, 438
Diclofenac sodium, 384b
Dielectric constant, 29, 372, 372t
Diet, see Food
Differential scanning calorimetry 

(DSC), 16–17, 371–372, 
371f, 390–391, 391f

Differential-interference contrast  
microscopy, bacteria,  
211–212

Diffusion
colloids, 65–66
multiparticulate drug release, 580
overview, 46–47
suspension particle movement, 424

Diffusion cell, see Transdermal drug 
delivery

Diffusion coef cient, 23, 47, 308
Diffusion-controlled release system, 

tablet
matrix system, 524–525, 525f
principles, 523–525
reservoir system, 509f, 524–525

Diffusion theory of bonding, 540
Digoxin, 16, 317t, 359t, 613f
Dilatant  ow, 103f, 104–105, 105f
Diluents, bioavailability effects, 328f, 

331–333
Dimerization, chemical degradation 

reactions, 828–829, 829f
Diphtheria-pertussis-tetanus vaccine 

(DPT), 798, 798t
Dipole forces, 50
Disinfectant

de nition, 259
evaluation, 236–238

Disintegrant
bioavailability effects, 332
tablet, 515–516, 515f

Disintegrating tablet, 520–521
Disintegration, tablet  testing, 528–529, 

528f
Disperse phase, 86
Disperse system, see also specif c 

systems
overview, 63
types, 63t

Dispersibility, dissolution rate effects, 
25

Dispersion, suspension problems, 
427–428

Dissolution, see also Interfacial reaction
bioavailability effects

amorphous solids, 319
drug factors, 316–319, 317t
overview, 314–321, 315f, 315t
physiological factors, 315–316
polymorphism, 129–130, 129f, 

319–320
poorly soluble drugs, 321
salts, 318–319
solubility in diffusion layer, 

317–318
solvates, 319–320

de nition, 21
diffusion through boundary layer,  

22
dosage form design overview, 14–15
energy/work changes, 23
mechanisms, 21–22, 22f
rate, see also Intrinsic dissolution rate

equations, 23–26
factors affecting

dispersibility, 25
dissolution rate constant , 24–26
overview, 24–26, 24t
particle size, 22
porosity, 25
solubility, 25
solute concentration in solution, 

25
surface area, 24–25

measurement, 26, 26f
salts, 388–389
suspension problems, 428
testing

clinical relevance, 611–614, 612f
dissolution limits, 618
 uid composition, 613–614, 613f
key variables, 614–615
overview, 335–344, 529, 

530f–531f
pH, 613
predictive testing

bicarbonate buffer, 619–620
design of test, 615
dynamic gastric model, 621
milk as medium, 619
overview, 614, 618–621
simulated gastrointestinal  uids, 

619, 620t
stress test apparatus, 621
TIM-1, 621
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prospects, 621–622
quality control assessment

basket apparatus, 615f,  
617

compendial dissolution 
apparatus advantages and 
limitations by type, 615–618, 
616t

design of test, 615
 ow through cell, 616f, 617–618
 uid composition and volume, 

618
overview, 614
paddle apparatus, 615f, 617
reciprocating cylinder, 615f,  

617
requirements for in vitro tests, 

612–614
Dissolution-controlled release system, 

tablet , 525, 526f
Dissolution rate, see Dissolution; 

Intrinsic dissolution rate
Dissolution rate-limited drug, 297
Distillation, plant-based medicine 

extraction, 771
Distribution, pharmacokinetic 

schematic representation, 
293f

Distribution coef cient, 36, 314, 378, 
see also Partit ion coef cient

Disulphide bond, interchange, 836
DLVO theory

colloids, 72–77, 84–85
suspension particle–liquid 

interactions
additive effects, 430–433
controlling particulate behaviour, 

422–423
overview, 419–423, 420f
primary maximum zone, 421,  

421f
primary minimum zone, 420,  

421f
secondary minimum zone, 

421–422, 421f
DNA

drugs, see Nucleic acid drugs
gene transcription and translation, 

808f
structure, 808f

Docetaxol, 438
Donnan membrane effect, 67
Doppler shift , 65–66

Dosage form design, see also specif c 
administration routes

administration route and forms, 8t
bioavailability effects

aqueous solutions, 325–326
aqueous suspensions, 326
diluents, 328f, 331–333
disintegrants, 332
liquid- lled capsules, 326–327
lubricants, 332
overview, 324–333, 325f
powder- lled capsules, 327–329, 

328f
surfactants, 331–332
tablets, 329–331
viscosity enhancers, 332–333

biopharmaceutical aspects, 9–13, 10f
drug factors

dissolution, 14–15
miscellaneous properties, 17
organoleptic properties, 17
overview, 13–17, 13t
particle size, 13–14
partition coef cient, 15
pKa, 15
polymorphism, 15–16
solubility, 14
stability, 16–17
surface area, 13–14

principles, 7–9
therapeutic considerations, 17–18
time of onset by dosage form, 9t

Dosage regimen
apparent elimination rate in renal 

patients, 365–366, 366f
elimination rate constant and half-

life, 358–360, 359b, 359t
loading dose, 365, 365f
one-compartment open model of 

drug disposit ion, 357–362, 
357f–358f

plasma concentration-time curve 
impact

equal doses at  xed intervals, 
360–362, 360f–361f

overview, 356
population data, 365
steady state impact

calculation of dose regimen for 
steady state, 364b

size of dose, 362, 362f
summary of effects, 362
time interval between doses, 

362–363, 363f

Dosator, capsule  lling, 589
Dosing disc, capsule  lling, 589–590, 

590f
DPI, see Dry powder inhaler
DPT, see Diphtheria-pertussis-tetanus 

vaccine
Dressing, see Wound dressing
Drug, de nition, 1
Dry eye syndrome, 713–714
Dry granulation

granulators
overview, 484–485
roller compaction, 485, 485f
slugging, 484

overview, 472
Drying, wet solids

dryer overview, 491
 uidized-bed dryer

advantages, 492–493
disadvantages, 493
principles, 491–492, 492f–493f

freeze drying
advantages, 501
applications, 501
disadvantages, 501
freezing, 499
packaging, 500–501
secondary drying, 500
sublimation

drying rate, 500, 500f
heat of sublimation, 499–500
heat transfer, 500
primary drying, 500
vapour removal, 500

vacuum application, 499
water phase diagram, 307f,, 

498–499
microwave dryer

advantages, 495
disadvantages, 495
granules, 494–495
principles, 494, 494t, 495f

moisture content
bound water, 489
equilibrium moisture content, 

489–490, 490f
relative humidity, 489–490
total moisture content,  

488–489
unbound water, 489

overview, 488
plant-based medicines, 769–770, 

772, 773t
selection of process, 491

Dissolution (continued)
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solute migration during drying
consequences

activity loss, 502
binder migration, 502
mottling, 502, 502f

formulation factor effects
substrate, 502
viscosity of granulating  uid, 

502–503
intergranular migration,  

501
intragranular migration,  

501
minimization, 503
processing factor effects, 503

spray dryer
advantages, 497
applications, 497–498
chamber, 496–497
disadvantages, 497
 uidizing spray dryer, 498
principles, 495–498, 496f
product features, 497, 497f
rotary atomizer, 496, 496f

vacuum oven, 493–494, 493f
water loss, 490–491, 490f

Dry powder inhaler (DPI)
formulating, 646–647
overview, 135
overview, 646–649
surface energy, 136
surface roughness and drug release, 

135f
unit-dose devices with drug in hard 

gelatin capsule, 647
vapour sorption, 136–137

DSC, see Differential scanning 
calorimetry

Du Nouy ring, 51
Duration, de nit ion, 345
Durham tube, 220
Dusting out, 178
DVS, see Dynamic vapour sorption
Dynamic gastric model (DG M), 

dissolution testing, 621
Dynamic light scattering, see Photon 

correlation spectroscopy
Dynamic testing, non-Newtonian  uids, 

112–113, 112f
Dynamic vapour sorption (DVS), 

389–390
Dynamic viscosity, 95–96, 95f
Dysphagia, 733

E
Ear drug delivery

dosage forms, 8t
EC, see Ethyl cellulose
EDTA, see Ethylene diamine tetraacetic 

acid
Effective concentration, 33, 40
Effervescent tablet , 522
EG MA, see Ethylene glycol 

dimethacrylate
Einstein’s Law of Diffusion, 65
Elastic deformation, particle 

compression, 533
Elastomer, packaging material, 820–822
Elderly

dosage form adaptation
cutting tablets, 761–762
gastro-resistant tablet, 761
immediate-release  lm coated 

tablets, 761–763
modi ed-release products, 759f, 

761
overview, 760–763

mixing medicines with food and 
drink, 762

nasal drug delivery, 759–760
oral dosage forms

considerations, 755–757
diabetes concerns, 763
excipients, 755, 756t

patient-focused approach in 
formulation development, 
763–764

population characteristics, 752
pulmonary drug delivery, 758–760, 

759t
rectal drug delivery, 760
swallowing

assessment, 753
assistance of patients, 754
phases, 752–753, 752f
problems, 753–754

topical/ transdermal drug delivery, 
760

unlicensed products, 762–763
Electrical double layer theory

electric double layer, 69–71, 70f
suspension particle–liquid 

interactions
factors affecting double layer, 

418–419, 419f
overview, 417–418, 418f

Electrodialysis, colloid puri cation, 64

Electrolyte
de nition, 41
solubility effects, 33

Electron microscopy
bacteria, 212
colloids, 69
lactose particles, 136f
particle size analysis, 146–147

Electrophoresis, colloids, 71–72
Elimination

apparent elimination rate, 365–366, 
366f

phase, 344–345
rate constant and drug half-life, 

358–360, 359b, 359t
schematic representation, 293f

Elutriation, part icle size separation
principles, 167–168
range of sizes, 167f
segregation, 178

Emend, 779t, 788t
Emulsi er, see Cream; Emulsion; 

Surfactant
Emulsion

characterization
droplet size distribution, 458
identi cation of type

conductivity measurement, 458
dye solubility, 458
 lter paper test, 453–454
miscibility, 458

rheology, 458–459
development, 439
emulsi er

emulsion type impact, 442–443
function, 442
natural agents

overview, 444t, 446–447
phospholipids, 446
polysaccharides, 446
solid particles, 447
steroids, 446–447

selection
hydrophile–lipophile balance, 

439, 447–449, 448t
hydrophile–lipophile balance 

with phase inversion 
temperature, 447

overview, 441
surfactants

anionic surfactants, 444
cationic surfactants, 444–445
non-ionic surfactants, 445–446, 

445f

Drying (continued)
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overview, 443–446, 443t
polymers, 446

excipients
antioxidants, 441–442
humectants, 442
preservatives, 441

 uid emulsion manufacture and 
processing, 455–456

formation
oil agent selection, 440–441,  

441t
theory, 439–440
thermodynamics, 437

gel-network theory of emulsion 
stability, 450

microemulsion, 87
multiple emulsion manufacture and 

processing, 457
nanoemulsion

de nition, 439
properties, 439

ophthalmic preparations, 717
overview, 86–92, 436–437
pharmaceutical applications, 

438–440
phase viscosity, 90
rectal drug delivery, 741
stability

chemical, 459, 460f
coalescence, 461, 461f
creaming, 91–92, 460
de nition, 459
 occulation, 91–92, 460–461, 461f
mixed emulsi ers for stabilization, 

462
multiphase emulsions, 462
nanoemulsions, 463
Ostwald ripening, 461–462
phase inversion, 91, 462
physical, 459–462
testing

appearance, 463
droplet charge and zeta 

potential, 464
droplet size analysis, 463–464
overview, 92, 463–464
rheology, 464
thermal analysis, 464
X-ray diffraction, 464

stabilization
hydrophobic colloids, 88
interfacial  lms, 87–88
solid particles, 88, 88f

waxes, 88t
types, 88–90, 89f, 90t, 436f–437f

Endocytosis, 310–311
Endophthalmitis, 714
Endoscope washer, 269f
Endospore, bacteria, 209, 210f
Endothelial cell, polymer-drug 

conjugate targeting, 781–782
Endothermic reaction, dissolution, 23
Endotoxin

parenteral drug delivery 
requirements, 627

testing, 246
Enteric coated tablet, see G astro-

resistant tablet
Enterion capsule, 343
Enthalpic stabilization, 77, 77f
Enthalpy of fusion, 371–372
Entropic stabilization, 76
Epaxal, 792t–793t
Epidermis, 678
Epimerization, 831
Epinephrine, 831f, 835f
Equilibrium contact angle, 53
Equilibrium moisture content, 

489–490, 490f
Equilibrium solubility, 369–370
Equivalent sphere diameter, 140, 140f, 

141t
Ergotamine tartrate, 384b
Erosion, multiparticulate drug release, 

581
Erosion-controlled release system, 

tablet , 525–526, 526f
Erythromycin, 131f
Escherichia coli, 241–242, 242t, 

253–254, 256
Ester hydrolysis, 826f–827f
Estrasorb, 787
Ethyl cellulose (EC), 572
Ethylene diamine tetraacetic acid 

(EDTA), 431, 803–804, 858
Ethylene glycol dimethacrylate 

(EG DMA), 78, 78f
Ethylene oxide, microbe inactivation, 

236–238, 257–258, 270, 283, 
283f, 290t

Eusol, 264
Excipients, see also specif c excipients

emulsion
antioxidants, 441–442
humectants, 442
preservatives, 441

oral liquids for children and elderly, 
755, 756t

Exocrine glands, 678
Extended-release dosage form, see Oral 

modi ed-release drug delivery
Extinction coef cient, 374t
Extrusion/ spheronization, granulation

applications, 480
formulation variables, 482
overview, 480–482
pellet desirable properties, 481
pelletizers, 480
process, 481–482, 481f–482f
spheronizers, 480

Eye
chambers, 713
diseases, 713–714
drug delivery, see Ocular drug 

delivery; Parenteral drug 
delivery

injection, 627
layers, 711–713, 712f

F
F, microbe inactivation, 267
Facilitated transport, 310
Falling-sphere viscometer, 101–102, 

102f
Feno brate, 317t
Feret’s diameter, 140, 140f
Ferranti–Shirley viscometer, 108–109
FHC, see Fluid-handling capacity
Fick’s Law of Diffusion, 23, 46–47, 65
Fick’s Laws of Diffusion, 681
Filler, tablet, 513–514
Film, vaginal drug delivery, 745, 747
Film coating

 lm-coating polymer properties
mechanical properties, 571
permeability, 571
solubility, 570
viscosity, 571

formulation classi cation, 570
intermediate-release coating 

polymers
aminoalkyl methacrylate 

copolymer, 572, 572f
cellulose derivatives, 571–572, 

571f
vinyl derivatives, 572, 572f

modi ed-release coating polymers
cellulose derivatives, 572

Emulsion (continued) Emulsion (continued) Excipients (continued)
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methacrylic acid copolymers, 573, 
573f

methylmethacrylate copolymers, 
572–573

phthalate esters, 573
overview, 567
plasticizers, 573
process

equipment, 569–570, 569f–570f
requirements, 570
steps, 568–569

sugar coating comparison, 568t
types, 568

Filtration
clari cation

Darcy equation, 409
equipment

gravity  lters, 411
pressure  lters, 412–414, 414f
selection factors, 410–411
vacuum  lters, 411–412, 411f, 

412t
 uid/  uid  ltration, 407
mechanisms

attractive forces, 408
auto ltration, 408
impingement, 408, 408f
straining/ sieving, 407–408

rate
factors affecting, 408–410
increase strategies, 409–410

solid/  uid  ltrat ion, 407
solid/ gas  ltration, 407

sterilization
bacteria, 218–219
ef ciency testing, 289
limitations, 290t
principles, 271
recommendations, 284

Fimbriae, bacteria, 209
Fingernail, see Nail
First class salt  former, 385–386
First-order reaction, 116–117, 117b, 

117f
First-pass clearance, see Presystemic 

metabolism
Flagella, bacteria, 209
Flavobacterium, 856
Flavour

dosage form design overview, 17
plant-based medicines, 775
suspensions, 430
tablet, 519

Flocculate, 85
Flocculation

emulsions, 460–461, 461f
suspension modi ers, 433

Flow through cell, dissolution testing, 
616f, 617–618

Flow, see Powder  ow; Rheology
Flowability, 17
Fluid energy mill, particle size 

reduction, 163, 163f
Fluid-handling capacity (FHC), wound 

dressing, 707–708
Fluidity

de nition, 47, 94
measurement, see Rheology

Fluidization segregation, 178
Fluidized-bed dryer

advantages, 492–493
disadvantages, 493
principles, 491–492, 492f–493f

Fluidized-bed granulator, 478–479, 
478f, 479t

Fluidized-bed mixer, 183
Fluidizing spray dryer, 498
Fluid retention, wound dressing, 707
Fluorescence microscopy, bacteria, 211
Fluorometholone, 718f
Foam

antifoaming agents, 92–93
optical drug delivery, 693
overview, 92–93
wound dressing, 703

Folds of Kerckring, 300–301
Food

drug absorption effects
blood  ow, 305–306
drug complexes, 305–306
gastric emptying, 305
pH alteration, 305
presystemic metabolism, 305
secretion stimulation, 305
viscosity of gastrointestinal 

contents, 305
mixing medicines with food and 

drink, 762
presystemic metabolism effects, 305

Formaldehyde, microbe inactivation, 
258, 262, 269–270, 283–284, 
290t

Fractional solids content, 190
Fractional voltage, 190
Fraunhofer diffraction, 151–152
Free radicals, ionizing radiation in 

formation, 256

Free volume, 47
Freeze drying

advantages, 501
applications, 501
disadvantages, 501
freezing, 499
packaging, 500–501
secondary drying, 500
sublimation

drying rate, 500, 500f
heat of sublimation,  

499–500
heat transfer, 500
primary drying, 500
vapour removal, 500

vacuum application, 499
water phase diagram, 307f,,  

498–499
Freezing point, depression and 

isotonicity calculation, 
633–634, 634b

Full-thickness wound, 699
Fungicide, de nition, 259
Fungistat , de nition, 259
Fungus, see also Microbial 

contamination
antimicrobial assays, see 

Antimicrobial assays
antimicrobial compounds, see 

Chemical antimicrobial agents
classi cation

Ascomycetes, 224
Basidiomycetes, 224
Deuteromycetes, 224
Zygomycetes, 223

liposome drug therapy, 780
microbiological quality, see 

Microbiological quality
morphology

dimorphic fungi, 222
 lamentous fungi, 222–223
mushrooms, 223
yeast, 222
yeast-like fungi, 222

nail infection, 697
reproduction

asexual, 223
sexual, 223

spores, 223, 224f
sterilization, see G as treatment; 

Heat treatment; Radiation 
treatment; Sterilization

structure, 222–224
Fusidic acid, 718t

Film coating (continued)
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G
G as chromatography (G C), 767–768
G as treatment, microbe inactivation

chlorine dioxide, 258–259
ethylene oxide, 236–238, 257–258
formaldehyde, 258
gas plasmas, 259
hydrogen peroxide, 258
methyl bromide, 259
overview, 257–259
paracetic acid, 258
propylene oxide, 259
sterilization

alkylating gases, 270
overview, 270
oxidizing gases, 270
plasma, 273, 273f
recommendations, 283–284,  

283f
G astric emptying, 10–11, 302, 305
G astrointestinal tract, see also 

Absorption
absorption, factors affecting, 

297–298, 297f
anatomy and physiology

colon, 301, 301f
histological layers, 298–301,  

298f
oesophagus, 298–299
small intestine, 299–301, 300f
stomach, 299, 299f

cell membrane
structure, 306–307, 306f, 312t
transport mechanisms

active transport, 309–310,  
309f

endocytosis, 310–311
facilitated transport, 310
overview, 307, 307f
paracellular pathway, 311
passive diffusion, 307f
phagocytosis, 311
pinocytosis, 311
transcytosis, 311
transporters, 312

drug transit
colonic transit , 303
gastric emptying, 302
overview, 301–303
small intestine transit, 302–303

G astro-resistant dosage form, see Oral 
modi ed-release drug delivery

G astro-resistant granules, 469

G astro-resistant tablet
bioavailability, 330–331
children and elderly, 761
delayed-release dosage form, 

562–564, 563f
G C, see G as chromatography
G el

formation, 77–78
ophthalmic preparations, 718–719, 

718t
structure, 77f
topical drug delivery, 690
types

gelation of lyophilic sols, 64, 78f
gelation of lyophobic sols, 77–78

G elatin
empty gelatin capsule properties, 587
glycerinated for suppositories, 737
hard capsule raw material, 584–585
softgel shell

colourant, 605
opaci er, 605
plasticizers, 604
properties

oxygen permeability, 605, 605f
residual water content, 605, 

606f
raw material, 604
water, 604–605

G el-network theory, emulsion stability, 
450, 462–463

G el point, 78
G enexol-PM, 787
G entamicin, 359t
Geobacillus stearothermophilus, 

243–244, 267
G eriatric medicine, see Elderly
G ibbs free energy change (ΔG )

dissolution, 23
dissolution, 370
emulsion formation, 437
micelle formation, 81
osmosis, 45–46
steric repulsion, 76

G lass, packaging material
colourants, 816t
nonparenteral glass, 816
production, 814–816
reactivity, 814
type I, 815–816
type II, 816
type III, 816

G lass transit ion temperature, 59, 132
G laucoma, 713–714

G lidant, tablet, 517
G lutaraldehyde, 262, 290t, 829f
G lycerol, monoesters as emulsi ers, 

446, 454
G MP, see G ood manufacturing practice
G ood manufacturing practice (G MP), 

275, 278b
G ouy–Chapman electrical double layer, 

81–82
G rade ef ciency, particle size 

separation, 165
G ram stain, 211
G ranulation

advantages and limitations, 467–468
de nition, 466
extrusion/ spheronization

applications, 480
formulation variables, 482
overview, 480–482
pellet desirable properties, 481
process, 481–482, 481f–482f

formation mechanisms
ball growth, 475–476, 476f
nucleation, 475
transition, 475

oral drug delivery of granules
coated granules, 469
effervescent granules, 469
gastro-resistant granules, 469
modi ed-release granules, 469
overview, 469

overview, 16
particle bonding mechanisms

adhesion and cohesion forces in 
 lms, 473–474

attractive forces between particles, 
475

interfacial forces in  lms, 469, 
474f

overview, 473–475
solid bridges, 474–475

pharmacopoeial tests, 472
processes

dry granulation, 472
dry granulators

overview, 484–485
roller compaction, 485, 485f
slugging, 484

melt  granulation
advantages and limitations, 484
hot-melt binders, 484
hot-melt processes, 484
overview, 483–484

pelletizers, 480
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rotor granulation, 482–483, 483f
spheronizers, 480
spray dryers, 480
structure effects, 473
wet granulation, 472–473
wet granulators

 uidized-bed granulators, 
478–479, 478f, 479t

high-speed micer/ granulator, 
476–478, 477f–478f

shear granulators, 476
rationale

compaction, 467
 ow improvement, 467
segregation, 466–467, 466f

solutions, 471
syrups, 471
tablet production

convective mixing, 511–512
granule compaction and strength, 

545–547, 547f
mixing alternatives, 512
overview, 472
rationale, 511
sequence of unit operations, 512f

G ranule, coating, 579
G ravity  lters, 411
G ray, 255
G riseofulvin, 317t
G um arabic, 432–433

H
Haemocytometer, bacteria counting, 

217b
Haemophilus, 245
Hair follicle, 678
Halazone, 264
Half-life

anterior chamber drugs, 723
de nition, 121
determination, 120, 120b
overview, 358–360, 359b, 359t
polymer-drug conjugates, 780–781

Halogens, antimicrobial activity, 
263–264

Hamaker constant, 422–423
Hammer mill, particle size reduction, 

161, 161f
Handbook o  Pharmaceutical 

Excipients, 861–862
Hard capsules, see Capsule, hard
Hausner ratio, 196, 196t

Healing, see Wound healing
Heat of sublimation, 499–500
Heat treatment, microbe inactivation

overview, 250–254
resistance

factors affecting
culture conditions, 253–254
pH and medium composition, 

254
recovery, 254
species and strain differences, 

253
measurement, 252–254
microbe type effects, 251–252, 

252t
sterilization

kinetics, 268
limitations, 290t
overview, 267–270
principles

combination treatment, 269
delivery, 269–270
dry heat sterilization, 269
steam sterilization, 268, 268f
time/ temperature combinations, 

269t
recommendations

dry heat sterilization, 281–282, 
282f

integrated lethality, 282–283
steam sterilization, 280–281, 

280t, 281f–282f
Heckel equation, 537–538, 537f
Helicobacter pylori, 562
Henderson–Hasselbalch equation, 15, 

32, 42–44, 322, 377
Henry’s Law, 34
HEPA  lter, see H igh-ef ciency 

particulate air  lter
Hepatic presystemic clearance, 300, 

313
Herceptin, 784t
Heterodispersed particles, 140
Heterogeneous reaction, 116
Heterotroph, 213
Hexachlorophane, 262f
Hexachlorophene Dusting Powder, 470
HFAs, see Hydro uoroalkanes
High pressure sterilization

principles, 272–273
recommendations, 285

High-ef ciency particulate air (HEPA) 
 lter, 858

High-level disinfection, 271–272, 272t

High-performance liquid 
chromatography (HPLC), 54, 
381, 767–768

High-speed mixer-granulator, 182–183, 
183f, 476–478, 477f–478f

Hildebrand solubility parameters, 29
Histoplasma capsulatum, 222
HLB, see Hydrophile–lipophile balance
Hofmann elimination, 830f
Homogeneous reaction, 116
Hopper, see Powder  ow
Hot-melt coating, multiparticulates, 

581
HPC, see Hydroxypropylcellulose
HPMC, see Hydroxypropyl 

methylcellulose
Huggins’ constant, 97
Humectant, emulsion additive, 442
Humidity

deliquescence, 60, 60t, 130–131
relative humidity, 489–490

Humira, 784t
Hydrate, 31–32
Hydrochlorothiazide, 594f
Hydrocolloid dressing, 704
Hydrocortisone acetate, 630
Hydro uoroalkanes (HFAs), metered-

dose inhaler propellants, 
642–644, 643t

Hydrogel dressing
amorphous formulations, 703–704
elastic sheets, 704

Hydrogen bonding, 324, 372
Hydrogen peroxide, microbe 

inactivation, 258, 270
Hydrolysis, chemical degradation 

reactions, 826–833, 826f,  
836

Hydrophile–lipophile balance (HLB)
determination of required value, 447, 

448b, 448t
emulsi er ratio calculation, 448
emulsi er selection, 439
hydrophile–lipophile balance with 

phase inversion temperature, 
447

limitations, 449
overview, 89–90, 89f, 90t

Hydrophobic bonding, 81
Hydrophobic effect, 81
Hydroxy group, solubility effects, 31
Hydroxypropyl methylcellulose 

(HPMC), 21, 326, 424, 
571–572, 571f

G ranulation (continued)
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Hydroxypropylcellulose (HPC), 572
Hygroscopicity, 17, 389–390

I
IBC, see Intermediate bulk container
Ibuprofen, 317t, 600f
Ideal solubility, 370–371
IDR, see Intrinsic dissolution rate
IF, see Inactivation factor
IG C, see Inverse phase gas 

chromatography
Impingement,  ltration, 408, 408f
Implant, see Ocular drug delivery
Impurity, intrinsic solubility effects, 

375–376, 375f–376f
Inactivation factor (IF), sterilization, 

267, 286
Inclusion granules, bacteria, 208–209
Indole test, bacteria, 220
In ammation, wound healing, 699–700
In exal V, 792t–793t
Infusion, see Parenteral drug delivery
Inhaled drugs, see Pulmonary drug 

delivery; Respiratory drug 
delivery

Inhaler, see Dry powder inhaler
Injection, see Parenteral drug delivery
Insulin, 630–631, 805
Intelisite capsule, 343
Interfacial reaction

leaving the surface, 22, 22f
moving into liquid, 22, 22f
overview, 21, 22f
rate-limiting step, 23

Intermediate bulk container (IBC), 
181–182, 182f

Interquartile coef cient of skewness 
(IQCS), 143

Interstitial effect, 36
Intradermal injection, see Parenteral 

drug delivery
Intramuscular injection, see Parenteral 

drug delivery
Intraspinal injection, see Parenteral drug 

delivery
Intravail, 670t
Intravenous injection, see Parenteral 

drug delivery
Intrinsic dissolution rate (IDR)

equation, 26
measurement, 26, 26f
preformulation

common ion effect, 382

overview, 381
pH dependence, 381–382, 382f

Intrinsic solubility, 369–370, 373–376, 
374t, 375f

Intrinsic viscosity, 67, 97, 97f
Inverse phase gas chromatography 

(IG C), 54, 60–61
Inversion, see Phase inversion
Ionization, colloids, 69
Iodine, 264
Ionization constant, 38
Ionizing radiation, see Radiation 

treatment
IQCS, see Interquartile coef cient of 

skewness
Isoelectric point, 69
Isomer, 831–832
Isoosmotic solution, 46
Isotherms, adsorption at solid/ vapour 

interfaces
interpretation, 57, 57f
Langmuir isotherm, 55f, 56–57
type II isotherms, 56, 56f, 58f
type III isotherms, 56–57, 56f

Isotonicity, freezing point depression 
and isotonicity calculation, 
633–634, 634b

Isotonic solution, 46

J
Jenike shear cell, 193–194, 193f
Jet nebulizer, 650, 650f
Jump frequency, 47

K
Kawakita equation, 538
Kick’s theory, 158–159
Kinematic viscosity, 96
Kinetics

complex reactions
Michaelis–Menten equation, 

122–124, 123f–124f
overview, 120–124
parallel reactions, 121
reversible reactions, 122
series reactions, 121–122

half-life
de nition, 121
determination, 120, 120b

microbe inactivation

alternative survivor plots, 
249–250, 250f

decimal reduction time, 249, 250f
overview, 248–250, 248t, 249f
Z value, 249

order
analysis, 120, 121f
 rst-order reaction, 116–117, 

117b, 117f
parameter summary, 120t
pseudo  rst-order reaction, 

117–118
second order reaction, 118–119, 

118b, 118f
zero-order reaction, 119, 119b, 

119f
overview, 116
temperature and reaction rate, 

124–125, 125b, 125f
Km, see Michaelis constant
Kurtosis, 143

L
LAL, see Limulus amoebocyte lysate 

test
Laminar  ow, 98
Laminate, packaging material, 823
Langmuir isotherm, 55f, 56–57
Lapinovir, 317t
Large unilamellar vesicle (LUV), 790f, 

791
Laser ablation, 696
Laser diffraction, particle size analysis

alternative techniques, 152
automation, 152
equivalent diameters, 151
principles of measurement, 151–152, 

151f
range of analysis, 151, 151f
sample preparation, 151

Laser sterilization, 273
Leptokurtic curve, 143
Levobunolol hydrochloride, 718t
Levodopa, 310
LGT, see Long-chain triglyceride
Light microscopy

automation, 147, 147f
bacteria, see Bacteria
equivalent diameters, 146
principles of measurement, 146
range of analysis, 146, 146f
sample preparation, 146

Intrinsic dissolution rate (IDR) 
(continued)

Kinetics (continued)
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Light scattering, see Laser diffraction; 
Photon correlation 
spectroscopy

Limulus amoebocyte lysate test (LAL), 
243

Lineweaver–Burke plot, 124f
Lipase, 300–301, 304
Liposome

classi cation, 790f, 791
clinical applications

cancer chemotherapy, 791–793
drug examples, 781t
fungal infection, 780
overview, 791–794
sustained drug release, 794
vaccine delivery, 793–794

formulation design, 794–795
structure, 790, 790f
topical drug delivery, 693

Lithium, 359t
Lithotroph, 213
Loading dose, 365, 365f
Loc-I-G ut, 342–343, 343f
Log-normal particle size distribution, 

142
LogP

determination
chromatography, 380–381
shake- ask method, 379–380, 

379f
overview, 377–381
salt  effects, 389, 389t

London–van der Waals force,  
51

Long-chain triglyceride (LGT), 
emulsion formulation, 440

Low-temperature steam formaldehyde 
(LTSF), 269–270, 283–284

Lozenge, compressed, 522
LTSF, see Low-temperature steam 

formaldehyde
Lubricant

bioavailability effects, 332
capsule formulation, 593f–594f
tablet, 517–519, 517f–518f

Lubricant powders, tablets, 14
Lucentis, 784t
Lung, see also Pulmonary drug delivery

anatomy, 639, 639f
LUV, see Large unilamellar vesicle
Lyophilic colloid

preparation, 63
stability, 74–75

Lyophilization, see Freeze drying

Lyophobic colloid
preparation, 64
stability, 72–77

M
MAARS capsule, 343
MAC, see Maximum additive 

concentration
Maceration, plant-based medicine 

extraction, 771
Macugen, 781t
Magnesium oxide, powder  ow 

activation, 198
Magnesium stearate, 332, 519
Maillard reaction, 833, 834f
Mark–Houwink equation, 67–68,  

97
Martin’s diameter, 140, 140f
Mass spectrometry (MS), 221, 

767–768
Matrix

coated formulation comparison, 
555–556, 555f

diffusion-controlled release system, 
524–525, 525f

extended-release dosage form
hydrophilic matrix systems, 

556–560, 560f–561f
insoluble polymer matrix, 

553–555, 561f
softgel  ll matrices

hydrophilic liquids, 606
lipolysis systems, 607–609
lipophilic liquids, 606–609
self-emulsifying drug delivery 

system, 606–607
transdermal patches, 693

Maximum additive concentration 
(MAC), 83

Maximum metabolic capacity (Vm), 
356

Maximum safe concentration (MSC), 
345, 360f–361f

Maxwell unit , 111–112
MC, see Methyl cellulose
Mean particle size

arithmetic mean, 143–144
geometric mean, 144
interconversion of means, 145–153

MEC, see Minimum effective plasma 
concentration

Mechanical interlocking, compression, 
540

Mechanical strength
tablet testing

attrition resistance, 530–531
fracture resistance, 532, 532f
overview, 529–532

wound dressing, 708
Medium-chain triglyceride, emulsion 

formulation, 440
Medroxyprogesterone, 317t
Megace ES, 788t
Megestrol acetate, 317t
Melting point, 371–372, 371f
Melt granulation

advantages and limitations, 484
hot-melt  binders, 484
hot-melt  processes, 484
overview, 483–484

Membrane, see Cell membrane
Membrane-controlled system, 

extended-release dosage form, 
561–562, 561f

Mepact, 779t
Mesh nebulizer, 651, 651f
Mesokurtic curve, 143
Mesophile, 214
Mesosome, bacteria, 208
Metabolism, schematic representation, 

293f
Meta lter, 413–414, 413f
Metal, packaging material, 822
Metered-dose inhaler, see Pressurized 

metered-dose inhaler
Methacrylic acid copolymers, 573, 573f
Methyl bromide, microbe inactivation, 

259
Methyl cellulose (MC), 572
Methylhydroxybenzoate, 833f
Methylmethacrylate copolymer, 

572–573
Methyl red test, bacteria, 221
Metronidazole, 31
MIC, see Minimum inhibitory 

concentration
Micelle

drug systems
case studies, 787
overview, 786–787
polymeric micelles, 786–787

formation, 79–82, 81f–82f
solubilization

bioavailability effects, 320
overview, 82–84, 82f
pharmaceutical applications, 83
stability effects, 83–84
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Michaelis constant (Km), 356
Michaelis–Menten equation, 122–124, 

123f–124f
Microbial contamination

control during manufacture, 
858–859, 859f

growth of spoilage organisms, factors 
affecting, 857–858

microbe types and sources, 855–857, 
857f

preservatives, see also specif c 
preservatives

interactions with formulation 
components and containers, 
860–862, 861f

selection and use, 859–860
prevention importance, 853–854
stability effects, 843
sterilization, see Sterility
vulnerable products to spoilage, 

854–855
water activity of microorganisms, 

854–855, 855t
Microbiological quality

non-sterile products
B-group vitamin assays, 242–243
counting of microorganisms

creams and lotions, 241
insoluble solids, 240–241
low concentrations in solution, 

240–241, 240f
oils and ointments, 241
overview, 239–241

environmental monitoring, 
238–239

European Pharmacopoeia 
speci cations, 238t

hazardous organism detection, 
241–242, 242t

overview, 238–243
replicate organism detection and 

counting, 239, 239f
sterile products

endotoxin and pyrogen testing, 
246

overview, 243–246
sterility tests, 244–246
sterilization monitoring, 243–244

Microcapsule, 795–796
Microdialysis, transdermal 

measurements, 683
Microemulsion, 439
Microenema, 741
Microneedle, skin drug delivery, 696

Microscopy, see Electron microscopy; 
Light microscopy

Microsphere, 795–796
Microvilli, 300–301
Microwave drying

advantages, 495
disadvantages, 495
granules, 494–495
plant-based medicines, 769–770
principles, 494, 494t, 495f

Mie scatter theory, 151–152
Migrating myoelectric complex 

(MMC), 302
Milk, dissolution testing medium, 619
Milliequivalent, concentration 

expression, 25–26
Minimum effective plasma 

concentration (MEC), 345, 
360f–361f

Minimum inhibitory concentration 
(MIC)

agar diffusion assay, 233–234, 234f
de nition, 227, 232–234
determination, 232–233

Miscibility
blending, 35–36
complete versus partial, 34–35
critical solution temperature

additive effects, 35, 36t
upper and lower temperatures, 

35, 35f
de nition, 21
partit ion coef cient, 36
solids, 36
temperature rise effects

decreased miscibility, 35, 35f
increased miscibility, 34–35

Mixing index, 176
Mixing

coef cient of variation, 174–175, 
175b

de nition, 171
degree of mixing evaluation, 

176–177, 176f
demixing, see Segregation
importance, 170–171
liquids

in-line mixer, 185
propeller mixer, 184–185
turbine mixer, 185

mechanisms
liquids, 177–178
powders, 177–178

mixture types

negative mixture, 171
neutral mixture, 171–172
positive mixture, 171

objectives, 171
ordered mixing, 180–181
particle size requirement estimation, 

175–176, 176b
powders

 uidized-bed mixer, 183
high-speed mixer-granulator, 

182–183, 183f
planetary mixer, 183, 183f–184f
ribbon mixer, 183, 183f
scale-up, 183–184
tumbling mixer, 181–182, 

181f–182f
process, 172–173, 172f
scale of scrutiny, 173–174, 173f, 

174t
semi-solids

planetary mixer, 185–186
sigma blade mixer, 186, 186f

standard deviation, 174, 175b
MLSI, see Multistage liquid impinger
MLV, see Multilamellar vesicle
MMC, see Migrating myoelectric 

complex
Modi ed-release drug delivery, see Oral 

modi ed-release drug delivery
Mohs’ scale, 158
Moisture content

humidity, 489–490
solids

bound water, 489
equilibrium moisture content, 

489–490, 490f
total moisture content, 488–489
unbound water, 489

Moisture vapour transmission rate 
(MVTR), wound dressing, 
707

Molality, concentration expression, 27
Molarity, concentration expression, 27
Mole fraction, concentration 

expression, 27–28
Molecular weight, diffusion coef cient 

relationship, 47
Molecularity, reactions, 116
Monodispersed particles, 140
Monolayer formation, 54
Mottling, tablet colour in drying, 502, 

502f
MS, see Mass spectrometry

Mixing (continued)
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MSC, see Maximum safe concentration
Mucosa, 298
Mucus

layer, 298, 306
nasal drug delivery

mucoadhesive polymer use, 658t, 
666–668

overview, 663
ophthalmic mucoadhesive systems, 

4, 181–182
Multidrug resistance protein, 312, 723
Multilamellar vesicle (MLV), 790f, 791
Multilayer formation, 54
Multiparticulates

coatings
process, 581
rationale, 578–581

drug release mechanisms, 580–581
types, 579–580, 580f

Multistage liquid impinger (MLSI), 
aerosol particle size analysis, 
654, 655f

Multivesicular vesicle (MVV), 790f, 
791–794

Muscularis externa, 298
MVTR, see Moisture vapour 

transmission rate
MVV, see Multivesicular vesicle
Mycobacterium tuberculosis, 211
Mycoplasma, 205
Mylotarg, 785t
Myocet, 779t, 792t–793t

N
Nail

anatomy, 696, 696f
drug delivery, 696–697

Nanoemulsion, see also Emulsion
de nition, 439
properties, 439, 463

Nanomedicine, see Pharmaceutical 
nanotechnology

Nanotechnology, see Pharmaceutical 
nanotechnology

Naproxen, 317t, 318
Nasal drug delivery

anatomy of nasal cavity, 659–660, 
659f

applications, 657–660, 658t
central nervous system delivery, 

671–672
children and elderly, 759–760
dosage forms, 8t, 672–674, 673t

formulation considerations, 660–672, 
661t

local delivery, 660
powders, 469–470
systemic delivery

advantages and disadvantages, 662t
anatomical and physiological 

factors affecting
enzymes, 664
epithelial ef ux transporters, 

664
mucociliary clearance, 662–663
mucus barrier, 663
overview, 662

drug properties affecting
ionization, 665
lipophilicity/hydrophilicity, 

664–665
size, 664–665
solubility, 664

formulation factors affecting
epithelium permeability 

enhancers, 668–669, 
669t–670t

nasal residence time, 658t, 
666–668

overview, 665, 666t
pH, 665–666
protease inhibitor use, 666
solubility, 665

patient factors affecting
compliance, 670–671
pathology, 670–671

rationale, 660–671
vaccines, 671

Near infrared spectroscopy (NIR), 768
Nebulizer

duration of nebulization and residual 
volume, 652

 uids
formulating, 651
physicochemical properties, 

651–652
jet  nebulizer, 650, 650f
mesh nebulizer, 651, 651f
overview, 649–652
temperature effects on nebulization, 

652
ultrasonic nebulizer, 650–651, 650f
variability between nebulizers, 651

Needleless injection, 696
Negative mixture, 171
Neuastra, 781t

Neutral mixture, 171–172
Neutralization, 383
Newton’s Law, 95–96
Newtonian  uid, see Rheology
Next G eneration Impactor, 655f
NIR, see Near infrared spectroscopy
Nitrofurantoin, 317t
Nitroglycerin, tablets, 18
NMR, see Nuclear magnetic resonance
Non-Newtonian  uid, see Rheology
Nonpareil coating, 579–580
Nonparenteral (NP) glass, 816
Normality, concentration expression, 

28
Nose, see Nasal drug delivery
Novobiocin, 319
Noyes–Whitney equation, 14, 23, 24t, 

315–316
NP glass, see Nonparenteral (NP) glass
Nuclear magnetic resonance (NMR), 

768
Nucleation, granules, 475
Nucleic acid drugs

delivery, 809
overview, 807–808
production, 808–809
prospects, 809–810

Nutrition, see Food
NuvaRing, 745

O
Ocular drug delivery, see also Eye

barriers
conjunctiva, 721
cornea, 720–721, 720f
sclera, 721

compliance, 731
dosage forms, 8t
eye

chambers, 713
diseases, 713–714
layers, 711–713, 712f

implants
biodegradable, 726–729
non-biodegradable, 726
overview, 726–729, 727t

injection, 627, 725–726, 727t
limitations, 730–731
optimization

cyclodextrins, 721–722
drug ionization, 721
prodrugs, 714–715

overview, 711

Nasal drug delivery (continued)
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periocular delivery routes, 729–730, 
729f

pharmacokinetics
half-life in anterior chamber, 723
intravitreal space, 730
metabolism, 724–725
transporters

blood-retinal barrier, 724
cornea, 723–724

systemic drug delivery, 725
topical preparations

formulation of ophthalmic 
preparations

emulsions, 717
gels, 718–719, 718t
ion-exchange resins, 719–720
mucoadhesive systems, 4, 

181–182
ointments, 717, 718f
osmolality, 715
pH, 715–716
solutions, 716–717
surface tension, 716
suspensions, 717
viscosity, 716

overview, 714–715
sterility, 722–723

Odour, wound dressing control, 709
Oesophagus, anatomy and physiology, 

298–299
Ointment, ophthalmic preparations, 

717, 718f
Oncaspar, 781t, 782–783
One-compartment open model, 

357–362, 357f
Onset, de nition, 345
Opaci er, softgel, 605
OPAXIO, 780, 782–783
Ophthalmic solutions, see Ocular drug 

delivery
Oral drug delivery, see also Oral 

modi ed-release drug delivery
absorption, physiological factors 

affecting, 292–293
dosage forms, 8t
granules

coated granules, 469
effervescent granules, 469
gastro-resistant granules, 469
modi ed-release granules, 469
overview, 469

overview, 10–11
powders

effervescent powder, 468
oral powder, 468

Oral modi ed-release drug delivery
delayed-release dosage form

colonic drug delivery, 564,  
564f

gastro-resistant coatings, 562–564, 
563f

design considerations
matrix versus coated formulation, 

555–556, 555f
release rate, 556, 557t–558t
single- versus multiple-unit  dosage 

forms, 555–556, 555f
extended-release dosage form

gastroretention, 562, 563t
hydrophilic matrix systems, 

556–560, 560f–561f
insoluble polymer matrix, 

553–555, 561f
membrane-controlled system, 

561–562, 561f
osmotic pump system, 562,  

562f
overview, 556–562

factors affecting
 uid levels and composition, 

554–555
pH, 553–554
transit t ime, 554, 554f

healthcare industry impact, 553
overview, 550–555
patent growth, 552f
rationale

chemotherapy, 552
compliance improvement, 552
local treatment, 552
overnight drug level maintenance, 

552
side effect reduction, 552
therapeutic range maintenance, 

551–552, 553f
sites of action, 551f

Ordered mixing, 180–181
Organotroph, 213
Osmolality

ophthalmic preparations, 715
overview, 46

Osmolarity, 46
Osmosis, multiparticulate drug release, 

580–581
Osmosis-controlled release system, 

tablet , 526–527, 527f

Osmotic pressure
bacteria growth effects, 214
colloids, 66–67
overview, 45–46

Osmotic pump system, extended-
release dosage form, 562, 
562f

Ostwald ripening
emulsions, 461–462
suspensions, 428–429, 429f

Ostwald U-tube viscometer, 99–100, 
100f

Oxidase, bacteria assay, 220
Oxidation

amino acids, 836, 836f
chemical degradation reactions, 828, 

828t, 829f
Ozone

chloro uorocarbon interactions, 643
microbe inactivation, 270

P
Packaging

closure device, 813
materials

comparison of types, 815t
elastomer, 820–822
glass

colourants, 816t
nonparenteral glass, 816
production, 814–816
reactivity, 814
type I, 815–816
type II, 816
type III, 816

laminate, 823
metal, 822
paper, 822–823
plastic

applications, 816
process residues and additives, 

820, 821t
properties, 816–817, 818t
structure, 817, 818f
thermoplastic polymer, 817–820
thermosett ing polymer, 817–820
types, 816, 818t

requirements, 813–823
rubber, 820–822

overview, 811
primary pack, 812–813, 812f
regulatory bodies, 823
repackaging, 823–824

Ocular drug delivery (continued) Oral drug delivery (continued)
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Packing fraction, 190
Paddle apparatus, dissolution testing, 

615f, 617
Paediatric drugs

dosage form adaptation
cutting tablets, 761–762
gastro-resistant tablet, 761
immediate-release  lm coated 

tablets, 761–763
modi ed-release products, 759f, 

761
overview, 760–763

mixing medicines with food and 
drink, 762

nasal drug delivery, 759–760
oral liquid dosage forms

considerations, 754–755
diabetes concerns, 757
excipients, 755, 756t

patient-focused approach in 
formulation development, 
763–764

population characteristics, 752
pulmonary drug delivery, 758–760, 

759t
rectal drug delivery, 760
swallowing

assessment, 753
assistance of patients, 754
phases, 752–753, 752f
problems, 753

topical/ transdermal drug delivery, 
760

unlicensed products, 762–763
Pair production, ionizing radiation, 255
Palisade layer, 81–82, 82f
Pancreas, secretions, 300–301, 304
Paper, packaging material, 822–823
Paracellular pathway, 311
Paracetic acid, microbe inactivation, 

258
Parallel plate viscometer, 107–108, 

107f
Parallel reactions, 121
Parenteral drug delivery

absorption from injection site, factors 
affecting, 629–631

containers
ampoules, 634–635, 635f
infusion bags and bottles, 

636–637, 636f–637f
vials, 635–636, 636f

dosage forms, 8t
excipients

antioxidants, 632–633
buffers, 633
preservatives, 632, 632t
suspending agents, 634
tonicity adjustment, 633–634, 

634b
vehicles for injections, 631

injection/ infusion routes
intra-arterial, 625
intra-articular, 627
intracardiac, 625
intradermal, 626, 626f
intramuscular, 626
intraspinal, 626–627
intravenous, 625
ophthalmic, 627
subcutaneous, 626

overview, 11–12, 624
pharmacopoeial requirements

concentrates, 629
containers, 627
endotoxin, 627
excipients, 627
infusions, 629
injections, 628–629
particulates, 628
powders, 629
sterility, 627

rationale, 624
Partial miscibility, solids, 36
Partial molar free energy, 45–46
Partial-thickness wound, 699
Particle density

particle movement effects in 
suspension, 425

powder  ow effects, 189
segregation effects, 178–179

Particle movement, see Suspension
Particle shape

powder  ow
effects, 189
optimization, 197

preformulation, 381–382, 392f
segregation effects, 179, 179f

Particle size
aerosols in pulmonary drug delivery

analysis, 653–656, 654f–655f
deposit ion mechanism effects, 641
importance, 639–640

analysis
Coulter counter

alternative techniques, 150–151
equivalent diameter, 149

principles of measurement, 
149–150, 150f

range of analysis, 149, 149f
instrument comparison, 154t
laser diffraction

alternative techniques, 152
automation, 152
equivalent diameters, 151
principles of measurement, 

151–152, 151f
range of analysis, 151, 151f
sample preparation, 151

microscopy
equivalent diameters, 146
range of analysis, 146, 146f
sample preparation, 146
principles of measurement, 146
electron microscopy, 146–147
automation, 147, 147f

photon correlation spectroscopy
alternative techniques, 153
automation, 153
equivalent diameters, 152
principles of measurement, 

152–153, 152f
range of analysis, 152
sample preparation, 152

sedimentation
alternative techniques, 149
automation, 149
equivalent diameters, 147
principles of measurement, 

148–149
range of analysis, 148, 148f
sample preparation, 148

selection of technique, 153–155
sieve diameter

air-jet sieving, 145–146
automation, 146
equivalent diameter, 145, 145f
principles of measurement, 145
range of analysis, 145, 145f
sample preparation, 145

clinical importance, 138–139, 139f
dimensions, 139–140
dissolution rate effects, 22
distribution of size

colloids, 64–65
frequency distribution, 140–143, 

141f, 142t, 143f
particle shape impact, 144, 144f
statistical summary methods, 143

DLVO theory, 423

Parenteral drug delivery (continued) Particle size (continued)
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dosage form design overview, 13–14
equivalent sphere diameter, 140, 

140f, 141t
mean particle size

arithmetic mean, 143–144
geometric mean, 144
interconversion of means, 145–153

mixing and requirement estimation, 
175–176, 176b

particle movement effects in 
suspension, 425–426

powder  ow
effects, 189
optimization, 197

preformulation, 381–382, 392f
reduction, see Particle size reduction
segregation effects, 178
separation, see Particle size separation
solubility impact, 32
surface area relationship, 424
vaginal drug delivery, 744

Particle size reduction
energy requirements, 158–159
importance, 157
material property effects

crack propagation, 157–158, 157f
surface hardness, 158

size distribution in uence, 159–160, 
159f–160f

techniques
ball mill, 162–163, 162f
cutter mill, 160, 160f
 uid energy mill, 163, 163f
hammer mill, 161, 161f
pin mill, 163, 163f
roller mill, 161–162
runner mill, 160
selection of technique, 163–164
vibration mill, 161, 161f

Particle size separation
ef ciency, 164–165, 165f
objectives, 164
techniques

cyclone separation, 168–169, 
168f–169f

elutriation
principles, 167–168
range of sizes, 167f

sedimentation
principles, 167
range of sizes, 167, 167f

selection of technique, 169
sieving

agitation methods, 166
brushing methods, 166
centrifugal methods, 166
range of sizes, 166, 166f
standards, 166, 167t

Partit ion coef cient, 36, 323,  
377–381

determination, 337–343, 338f
dosage form design overview, 15
logP, see LogP

Parts, concentration expression, 27
Passive diffusion, 307f
Patch, see also Transdermal drug 

delivery
adhesive rheology, 113

PCS, see Photon correlation 
spectroscopy

PDG F, see Platelet-derived growth 
factor

Peak concentration, 345
PEG , see Polyethylene glycol
PEG -Intron, 781t
Pegasys, 779t, 781t
Pellet, see also Extrusion/ spheronization

capsule  lling, 590–591
Penetration enhancers, topical/

transdermal drug delivery, 
694–695, 695f

Peptides, see Protein/ peptide drugs; 
Vaccine

Peptidoglycan, 207f
Peracetic acid, 270, 290t
Percentage, concentration expression, 

22
Percolation, plant-based medicine 

extraction, 771
Percolation segregation, 178
Perfect mix, 171–172, 174
Perforated-basket centrifuge, 414–415, 

414f
Perimeter diameter, 140
Peristalsis, 302
Permeability

 lm-coating polymers, 571
membranes, see Cell membrane
softgel oxygen permeability, 605, 

605f
testing, 337

Permeability-limited drug, 297
Permittivity, medium, 422
Pessary, see Vaginal drug delivery
PET, see Preservative ef cacy test
P-glycoprotein, 311–312, 672, 723

pH
absorption, pH-partition hypothesis, 

322–324
adsorption effects, 54
antimicrobial assay medium, 

226–227
bacteria growth effects, 214
degradation prevention, 840–841, 

841f
dissolution rate effects, 25
dissolution testing media, 613
equation, 41
gastrointestinal tract, 304–305, 304t
intrinsic dissolution rate effects, 

381–382, 382f
microbe heat inactivation effects, 

254
microbial growth effects, 857
microenvironment, 389
nasal drug delivery, 665–666
ophthalmic preparations, 715–716
oral modi ed-release drug delivery 

considerations, 553–554
overview of effects, 41–42
pharmaceutical solution solubility 

enhancement, 402–403
preservative effects, 861
solubility effects, 43, 43f
solubility impact, 14, 32
stability impact, 16

Phagocytosis, 311
Pharmaceutical nanotechnology

antibody-based drugs
conjugate systems, 783–784, 785t
examples, 783, 784t
structure, 783–784, 783f

applications, 778
dendrimer systems

applications, 780
case studies, 786
structure, 785–786, 785f

examples of medications, 779t
liposome

classi cation, 790f, 791
clinical applications

cancer chemotherapy, 791–793
drug examples, 781t
fungal infection, 780
overview, 791–794
sustained drug release, 794
vaccine delivery, 793–794

formulation design, 794–795
structure, 790, 790f

micelle systems

Particle size (continued) Particle size separation (continued)
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case studies, 787
overview, 786–787
polymeric micelles, 786–787

microcapsules and microspheres, 
795–796

overview, 778
polymer-drug conjugates

advantages
aggregation and immunogenicity 

reduction, 781
bioavailability, 780–781
half-life, 780–781
solubility, 780
stability, 781
tissue targeting, 781–782

backbone, 780
examples and case studies, 

782–783
linker group, 780
overview, 778–783

prospects, 796
prospects, 796
size ranges by medicine type, 779f
solid nanoparticles

Abraxane targeting mechanisms, 
789

drug particles and crystals, 787
examples, 787, 788t
examples, 788t
inorganic nanoparticles, 790
polymeric nanoparticles, 788
protein nanoparticles, 789
solid-lipid nanoparticles, 788–789

Pharmaceutical nanotechnology, see 
Nanomedicine

Pharmaceutical solution, see also 
Solution

advantages, 401
disadvantages, 401–402
drug, 396
excipients, 396–397, 401t
requirements by administration 

route, 398t–400t
solubility enhancement

co-solvents, 403
cyclodextrin complexation, 

403–404, 404f
pH, 402–403
surfactants, 404–405

solvent
aqueous, 396
non-aqueous, 396, 397t

stability, 402
types, 398t

Pharmaceutics, overview, 1–6
Pharmacocintigraphy, release site 

assessment, 353
Pharmacodynamics, de nit ion, 293
Pharmacokinetics, see also Absorption; 

Distribution; Elimination; 
Metabolism

de nition, 293
one-compartment open model of 

drug disposition, 357–362, 
357f

ophthalmic preparation half-life in 
anterior chamber, 723

population data, 365
rates of processes, 356

Phase-contrast  microscopy, bacteria, 
211

Phase inversion, emulsion, 91
Phase inversion temperature, see 

Hydrophile–lipophile balance
Phase rule, 34
Phenacetin, 317t
Phenols, antimicrobial activity, 

260–262, 262f
PHMB, see Polyhexamethylene 

biguanide
Photodegradation, chemical 

degradation reactions, 
832–833

Photoelectric effect, ionizing radiation, 
255

Photon correlation spectroscopy (PCS), 
particle size analysis

alternative techniques, 153
automation, 153
equivalent diameters, 152
principles of measurement, 152–153, 

152f
range of analysis, 152
sample preparation, 152

Photostability, testing, 844–845
Phthalate esters, coatings, 573
Physisorption, 54
Pili, bacteria, 209
Pilocarpine, 718t
Pin mill, particle size reduction, 163, 

163f
Pinocytosis, 311
pKa

dosage form design overview, 15
measurement, 376–377

pharmaceutical acids, 385t
pharmaceutical bases, 386t
solubility effects, 43, 43f
strength of acids and bases, 383t

Planetary mixer, 183, 183f–184f, 
185–186

Plant-based medicines
crude material variability, 773–774
delivery systems, 774
dosage forms

liquids, 774
solids, 774

drug interactions, 776
examples, 766–767, 767t
excipients

antioxidants, 774
colourants, 772
 avours, 775
preservatives, 774–775

production
biotechnological production, 775
concentration, 772
drying, 769–770, 772, 773t
extraction

extract types, 770
techniques, 771–772, 771t

harvesting, 769
overview, 769–772, 769t
puri cation, 772
size reduction, 770

purity, 772–773
quality

bioequivalence of different 
formulations, 775–776

formulated herbal products, 775
quality control and analytical 

techniques, 767–768, 768t
shelf life, 775

synergy and adverse effects, 776
Plasma concentration-time curve

area under the curve, 345
bioavailability studies, 345–346, 346f
bioequivalence, 350–353, 351f–352f
dosage regimen effects

equal doses at   xed intervals, 
360–362, 360f–361f

overview, 356
duration, 345
maximum safe concentration, 345
minimum effective plasma 

concentration, 345
onset, 345
peak concentration, 345

Pharmaceutical solution (continued) pKa (continued)Pharmaceutical nanotechnology 
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phases and components, 343–344, 
344f–345f

therapeutic window, 345
Plasma membrane, see Cell membrane
Plastic, packaging material

applications, 816
process residues and additives, 820, 

821t
properties, 816–817, 818t
structure, 817, 818f
thermoplastic polymer, 817–820
thermosett ing polymer, 817–820
types, 816, 818t

Plastic  ow, 103, 103f
Plasticizer

 lm coating, 573
overview, 59
softgel, 604

Platelet-derived growth factor (PDG F), 
700

Platykurtic curve, 143
PLGA, 728
pMDI, see Pressurized metered-dose 

inhaler
POE, see Poloxyethylene
Poiseuille’s Law, 100–101
Polar group, 29
Polar molecule, 29
Poloxamer, emulsi ers, 446
Poloxyethylene (POE), surfactant, 453, 

455
Polydispersed particles, 140
Polyethylene glycol (PEG ), 445, 

737–738, 738t
Poly(HEMA), 78, 78f
Polyhexamethylene biguanide (PHMB), 

263
Polymer-drug conjugate

advantages
aggregation and immunogenicity 

reduction, 781
bioavailability, 780–781
half-life, 780–781
solubility, 780
stability, 781
tissue targeting, 781–782

backbone, 780
examples and case studies, 782–783
linker group, 780
overview, 778–783

Polymerization, chemical degradation 
reactions, 828–829, 829f

Polymorphism
bioavailability effects, 129–130, 

129f, 319–320
dissolution rate effects, 25
dosage form design overview,  

15–16
metamorphic, 390
overview, 127f, 128–130
overview, 390
preformulation screening, 390–391, 

390f–391f
solubility impact, 31–32
stable, 390

Polysorbates, emulsi ers, 445,  
445f

Polyvinyl pyrrolidone, 572
Porosity

dissolution rate effects, 25
packing geometry characterization, 

190–191, 190f–191f
Positive mixture, 171
Powder

advantages and limitations,  
467–468

applications, 187–188
applications, 638–642
capsule  lling formulation, 591
de nition, 466
demixing, see Segregation
granulation, see G ranulation
inhaler, see Dry powder inhaler
injection, 471
lung anatomy, 639, 639f
mixing, see Mixing
nasal drug delivery, 469–470
oral drug delivery

drops, 471
oral powder, 468
effervescent powder, 468

parenteral drug delivery 
requirements, 629

pharmacopoeial tests, 472
preformulation properties

 ow, 382f, 392
particle size and shape, 381–382, 

392f
pulmonary drug delivery, 469
rectal drug delivery, 741
respiratory drug delivery, 469
solutions, 471
syrups, 471
topical drug delivery

dusting powders, 470
overview, 470, 691

Powder  ow
hopper design and  ow through 

ori ce
ori ce diameter effects, 191–193
overview, 191–193, 192f

measurement
angle of repose, 194, 194f, 

195t–196t
bulk density measurement, 

194–195
Carr index, 196
critical ori ce diameter, 196–197
Hausner ratio, 196, 196t
hopper  ow rate, 197
recording  owmeter, 197
shear stress, 193–194, 193f
tensile strength, 194, 194f

optimization
 ow activator additives, 198
force feeders, 198
particle shape alteration, 197
particle size alteration, 197
surface force alteration,  

197–198
vibration-assisted hoppers, 198

packing geometry
characterization by porosity 

and bulk density, 190–191, 
190f–191f

overview, 189–191
particle density effects, 189
particle properties

adhesion, 188
angle of repose, 188–189, 189f
cohesion, 188

particle shape effects, 189
particle size effects, 189
preformulation, 382f, 392

Predictive dissolution testing, see 
Dissolution

Prednisolone acetate, 630
Preformulation

amorphous state screening, 391, 391f
assays

bulk properties, 369t
development, 368–369
molecular properties, 369t

compaction, 392–393, 393t
differential scanning calorimetry, 

371–372, 371f
enthalpy of fusion, 371–372
hygroscopicity, 389–390
intrinsic dissolution rate

common ion effect, 382

Plasma concentration-time curve 
(continued)
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overview, 381
pH dependence, 381–382, 382f

logP determination, 377–381
melting point, 371–372, 371f
overview, 368
pKa measurement, 376–377
polymorphism screening, 390–391, 

390f–391f
powder properties

 ow, 382f, 392
particle size and shape, 381–382, 

392f
salts

dissolution, 388–389
formation, 382t, 383–384
frequency of drug anions and 

cations by type, 386t
partit ioning effects, 389, 389t
screening, 387, 387t
selection of acid or base, 384–387

solubility
ideal solubility, 370–371
impurity effects, 375–376, 375f
intrinsic solubility, 369–370, 

373–376, 374t, 375f
overview, 369–376
physical form effects, 373,  

373f
salts

acidic salts, 388
basic salts, 387–388, 388f

temperature dependence, 
372–373, 372f

Preservative, see also specif c 
preservatives

de nition, 259
emulsion, 441
interactions with formulation 

components and containers, 
860–862, 861f

parenteral drug delivery, 632,  
632t

plant-based medicines, 774–775
selection and use, 859–860

Preservative ef cacy test (PET)
inoculum concentration,  

235
interpretation, 236, 236t
microorganism selection, 235
overview, 234–236
preservative inactivation, 235–236

Press, see Tablet
Pressure  lters, 412–414, 414f

Pressurized metered-dose inhaler 
(pMDI)

advantages and disadvantages, 645
breath-actuated inhalers, 645–646
 lling, 645
formulating, 644–645
metering valve, 644, 644f
propellants, 642–644, 643t
spacer device, 645–646, 646f
structure, 642–646, 642f

Presystemic metabolism
assays, 343–344
food effects, 305
gut wall, 313
liver, 313
overview, 300, 312–313

Primary maximum zone, DLVO theory, 
421, 421f

Primary minimum zone, DLVO theory, 
420, 421f

Primary pack, 812–813, 812f
Prion disease, 201, 251
Progesterone, 601f
Projected area diameter, 140
Prolonged-release tablet, see Tablet
Propeller mixer, 184–185
Propofol, 438
Proportionality constant, 308
Propylene glycol, blending, 35–36
Propylene oxide, microbe inactivation, 

259
ProstaScint, 785t
Protease

bacteria assay, 220
inhibitors for nasal drug delivery use, 

666
Protein/ peptide drugs

biosimilars, 802t
characterization, 801t
deamination, 803f
delivery

peptides, 804–805
proteins, 804
stabilization, 803–804, 804t

examples, 798t
nanoparticles, 789
production, 800, 800f
stability

chemical stability
deamidation, 836–837
disulphide bond interchange, 

836
factors affecting, 835–837
hydrolysis, 836

oxidation, 836, 836f
racemization, 837

modi cations for improvement, 
837–838, 837f

physical stability, 835
stabilization, 803–804, 804t

structure, 798, 799f
Pseudo  rst-order reaction, 117–118
Pseudomonas aeruginosa, 227f, 

241–242, 242t, 245, 256, 
262, 853, 856–857

Pseudoplastic  ow, 103–104, 103f, 
105f

Pseudopolymorphism, 32, 130–131
Psychrophile, 214
Pulmonary drug delivery

applications, 638–642
children and elderly, 758–760, 759t
dry powder inhaler

breath-assisted devices, 649
formulating, 646–647
multidose devices

drug in foil blisters, 647, 647f
drug preloaded in inhaler, 

647–649, 648f–649f
overview, 646–649
unit-dose devices with drug in hard 

gelatin capsule, 647
lung anatomy, 639, 639f
nebulizers

duration of nebulization and 
residual volume, 652

 uids
formulating, 651
physicochemical properties, 

651–652
jet nebulizer, 650, 650f
mesh nebulizer, 651, 651f
overview, 649–652
temperature effects on 

nebulization, 652
ultrasonic nebulizer, 650–651, 

650f
variability between nebulizers, 651

novel delivery devices, 652–653, 
653f

particles
clearance, 641–642
deposition mechanisms

breathing pattern effects, 641
Brownian diffusion, 641
inertial impaction, 640
miscellaneous mechanisms, 641

Preformulation (continued) Protein/ peptide drugs (continued)
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particle size effects, 641
sedimentation, 641

size
analysis, 653–656, 654f–655f
importance, 639–640

powders, 469
pressurized metered-dose inhaler

advantages and disadvantages, 645
breath-actuated inhalers, 645–646
 lling, 645
formulating, 644–645
metering valve, 644, 644f
propellants, 642–644, 643t
spacer device, 645–646, 646f, 762f
structure, 642–646, 642f

Pyrogen, testing, 246

Q
Quality control dissolution testing, see 

Dissolution
Quasi-elastic light scattering, 

see Photon correlation 
spectroscopy

Quaternary ammonium compounds
antimicrobial activity, 262–263
emulsi ers, 444–445

R
Racemization, 837
Rad, 255
Radiation treatment, microbe 

inactivation
electromagnetic radiation, 255
ionizing radiation effects on 

materials, 255–256
particulate radiation, 254–255
resistance and factors affecting, 256
sterilization

limitations, 290t
principles, 270–271
recommendations, 284

ultraviolet radiation
overview, 256–257
resistance, 257

units of radioactivity, 255
Random mix, 172
Raoult’s Law, 34–35, 39–40

deviations, 40–41
Rapamune, 779t, 788t
Rapamycin, 317t
Rate-limiting step, dissolution, 23

Rayleigh ratio, 68
Reactivity potential, 384–385
Receding contact angle, 53
Receptor-mediated endocytosis, 311
Reciprocating cylinder, dissolution 

testing, 615f, 617
Recording  owmeter, powder  ow 

measurement, 197
Rectal drug delivery

absorption, 734–735, 734f, 735b
advantages and limitations, 736b
anatomy and physiology, 733, 734f
capsules, 740–741
children and elderly, 760
dosage forms, 8t, 735–736
emulsions and suspensions, 741
microenema, 741
overview, 11, 733
powders, 741
rationale, 732–733
semi-solid preparations, 741
suppository

drug factors
amount of drug, 740
particle size, 739
solubility, 738–739, 739t
surface properties, 739

manufacture, 746–747
vehicles, 736–738

tablets, 740
tampon, 741

Redox potential, microbial growth 
effects, 858

Regimen, see Dosage regimen
Relative bioavailability, 349–350
Relative humidity, 489–490
Relative viscosity, 67, 96–97
Release site, assessment, 353
ReoPro, 784t
Repackaging, 823–824
Replicate organism detection and 

counting (RODAC), 239, 
239f

Respimat Soft Mist Inhaler, 652–653, 
653f

Respiratory drug delivery, see also Nasal 
drug delivery; Pulmonary drug 
delivery

dosage forms, 8t
overview, 12–13

Retinal pigment epithelium (RPE), 
712–713

Reynolds’ apparatus, 98f
Reynolds’ number, 99

Rheology
boundary layer, 98, 98f
emulsions, 458–459, 464
Newtonian  uid  ow

capillary viscomers
calculations, 100–101
Ostwald U-tube viscometer, 

99–100, 100f
suspended-level viscometer, 

100, 100f
falling-sphere viscometer, 

101–102, 102f
laminar  ow, 98
Reynolds’ number, 99
transitional  ow, 98–99
turbulent  ow, 98–99

Newtonian  uid viscosity parameters
comparison of values, 96t
dynamic viscosity, 95–96, 95f
Huggins’ constant, 97
intrinsic viscosity, 97, 97f
kinematic viscosity, 96
relative viscosity, 96–97

Non-Newtonian  uids
dilatant  ow, 103f, 104–105, 105f
 ow measurement

overview, 106–110
rational viscometers, 106–108, 

107f
rheometers, 105–106, 

108f–109f
overview, 102–113
plastic  ow, 103, 103f
pseudoplastic  ow, 103–104, 103f, 

105f
time-dependent behaviour, 

105–106
viscoelasticity

creep testing, 110–112, 
110f–111f

dynamic testing, 112–113, 112f
overview, 110–113

pharmaceutical applications, 
113–114

wound dressing, 708
Rhylomine, 669
Ribbon mixer, 183, 183f
Ribosome, bacteria, 208
Rickettsia, 204–205
Rifampicin, 594f
Ring, vaginal drug delivery, 745
Ritt inger’s hypothesis, 158
Rituxan, 784t
RNA drugs, see Nucleic acid drugs
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RODAC, see Replicate organism 
detection and counting

Roller mill, part icle size reduction, 
161–162

Rotary press, tablet, 508, 508f
Rotary vacuum  lter, 411–412, 411f, 

412t
Rotor granulation, 482–483, 483f
RPE, see Retinal pigment epithelium
Rubber, packaging material, 820–822
Rules and Guidance  or Pharmaceutical 

Manu acturers and 
Distributors, 238, 244

Runner mill, particle size reduction, 
160

S
Saccharomyces cerevisiae, 222
SAL, see Sterility assurance level
Salicylic acid, 826f, 833f
Salmonella, 241–242, 242t
Salmonella typhi, 211–212, 236
Salts

fatty acid salts as emulsi ers,  
444

preformulation
dissolution, 388–389
formation, 382t, 383–384
frequency of drug anions and 

cations by type, 386t
partit ioning effects, 389, 389t
screening, 387, 387t
selection of acid or base, 384–387
solubility

acidic salts, 388
basic salts, 387–388, 388f

Saturated solution, 21, 27–37, 
127–128, 369–370

Scale of scrutiny, 173–174, 173f,  
174t

Schizosaccharomyces rouxii, 223
Scintigraphy

aerosols in airways, 653
release site assessment, 353

Sclera, 721
Sebaceous glands, 678
Second class salt  former, 386
Second order reaction, 118–119, 118b, 

118f
Secondary minimum zone, DLVO 

theory, 421–422, 421f
SEDDS, see Self-emulsifying drug 

delivery system

Sedimentation
aerosol particles, 641
colloids, 66
particle size analysis

alternative techniques, 149
automation, 149
equivalent diameters, 147
principles of measurement, 

148–149
range of analysis, 148, 148f
sample preparation, 148

particle size separation
principles, 167
range of sizes, 167, 167f

suspensions
particle movement, 424
sedimentation pattern 

optimization, 427
Sedimentation equilibrium, 66
Sedimentation potential, colloids,  

72
Sedimentation velocity, 66
Sedimentation volume ratio, 85, 426, 

426f
Segregation

minimization, 179–180
ordered mixes, 180–181
overview, 178–180
particle density effects, 178–179
particle shape effects, 179, 179f
particle size effects, 178

Self-emulsifying drug delivery system 
(SEDDS), 438, 606–607

Sensitization, wound dressing, 709
Serial dilution, bacteria, 218, 218b
Series reactions, 121–122
Serology, bacteria identi cation, 

221–222
Serosa, 298
Serratia marcescens, 240f
Sharpness index, part icle size 

separation, 165
Shear granulator, 476
Shear stress, powder  ow 

measurement, 193–194, 193f
Shelf-life, see Stability
Shell freezing, freeze drying, 499
Sieve diameter, particle size analysis

air-jet sieving, 145–146
automation, 146
equivalent diameter, 145, 145f
principles of measurement, 145
range of analysis, 145, 145f
sample preparation, 145

Sieving, part icle size separation
agitation methods, 166
brushing methods, 166
centrifugal methods, 166
range of sizes, 166, 166f
standards, 166, 167t

Sigma blade mixer, 186, 186f
Silicon dioxide, powder  ow activation, 

198
Silver, antimicrobial activity, 264
Simple eutectic, 37
Single-punch press, tablet , 507, 507f
Size reduction, see Particle size 

reduction
Size separation, see Part icle size 

separation
Skewed particle size distribution,  

142
Skin, see also Topical drug delivery; 

Transdermal drug delivery
appendages, 678–679
layers, 677f

dermis, 677–678
epidermis, 678
stratum corneum, 678
subcutaneous layer, 677

transport
permeation

estimation, 681–682, 681f–682f
Fick’s Law of Diffusion, 681
permeant properties, 680

routes, 679–682, 679f
wound, see Wound dressing; Wound 

healing
Small intestine

anatomy and physiology, 299–301, 
300f

drug transit , 302–303
ef ux of drugs, 311–312
perfusion studies of absorption

human, 342–343, 343f
rat, 341–342, 342f

Small unilamellar vesicle (SUV), 790f, 
791

Softgel
advantages

absorption, 599–600, 600f
bioavailability, 600, 603f
compliance, 601
dose uniformity, 601
oils, 601
overview, 600t
plasma variability decrease, 

600–601
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safety, 601
stability, 602

 ll matrices
hydrophilic liquids, 606
lipolysis systems, 607–609
lipophilic liquids, 606–609
self-emulsifying drug delivery 

system, 606–607
formulation types, 598f–599f
gelatin shell

colourant, 605
opaci er, 605
plasticizers, 604
properties

oxygen permeability, 605, 605f
residual water content, 605, 

606f
raw material, 604
water, 604–605

manufacture process, 602–604, 
603f–604f

overview, 597–598, 599f
quality considerations

ingredient speci cations, 609
testing

 nished product, 609
in-process, 609

Solid state, overview, 126–127
Solubility

adsorption effects, 54
bioavailability effects

amorphous solids, 319
drug factors, 316–319, 317t
lipid solubility, 323–324
overview, 314–321, 315f, 315t
physiological factors, 315–316
polymorphism, 129–130, 129f, 

319–320
poorly soluble drugs, 321
salts, 318–319
solubility in diffusion layer, 

317–318
solvates, 319–320

de nition, 21, 27–37
descriptive terms, 28, 28t
dissolution rate effects, 25
dosage form design overview, 14
 lm-coating polymers, 570
gases in liquids, 34
liquids in liquids, see Miscibility
nasal drug delivery, 664–665
parameters, 29
partition coef cient, 36

pharmaceutical solution 
enhancement

cosolvents, 403
cyclodextrin complexation, 

403–404, 404f
pH, 402–403
surfactants, 404–405

polymer-drug conjugates, 780
prediction, 28–29
preformulation

ideal solubility, 370–371
impurity effects, 375–376, 375f
intrinsic solubility, 369–370, 

373–376, 374t, 375f
overview, 369–376
physical form effects, 373, 373f
salts

acidic salts, 388
basic salts, 387–388, 388f

temperature dependence, 
372–373, 372f

solids in liquids
determination, 30
factors affecting

common ion effect, 32–33
complex formation, 33
cosolvent, 21–22
effective concentration of ions, 

33
electrolytes, 33
non-electrolytes, 33
particle size, 32
pH, 32
polymorphism, 31–32
solubilizing agents, 33–34
solute molecular structure, 31
temperature, 30–34, 30f

solids in solids, 36–37
suppository drugs, 738–739, 739t
suspension considerations in 

formulations, 429–430
Solubility curve, 30–31, 30f
Solubilization, micelle

overview, 82–84, 82f
pharmaceutical applications, 83
stability effects, 83–84

Solubilizing agents, 33–34
Solute

concentration in solution and 
dissolution rate, 25

de nition, 21
migration during drying

consequences

activity loss, 502
binder migration, 502
mottling, 502, 502f

formulation factor effects
substrate, 502
viscosity of granulating  uid, 

502–503
intergranular migration, 501
intragranular migration, 501
minimization, 503
processing factor effects, 503

molecular structure and solubility, 31
Solution, see also Dissolution; 

Pharmaceutical solution;
Solubility

buffer, see Buffer
de nition, 21, 395
diffusion, 46–47
drying, see Drying
types

ideal solution, 39–40
real solution, 40–41

Solvate, 130–131
Solvation, 32
Solvent

aqueous, 396
de nition, 21
degradation prevention, 840
non-aqueous, 396, 397t

Solvent drag, 323
Somavert, 781t
Sonication, sterilization, 273
Sorbent, tablet , 519
Sorbitan esters, emulsi ers, 445,  

445f
Speci c adsorption, 70–71
Speci c viscosity, 67
Spheronization, see Extrusion/

spheronization
Spironolactone, 16
Spiros, 649f
Spoilage, see Microbial contamination
Spray dryer

advantages, 497
applications, 497–498
chamber, 496–497
disadvantages, 497
dried product features, 497, 497f
 uidizing spray dryer, 498
granulation, 480
principles, 495–498, 496f
rotary atomizer, 496, 496f

SRS, see Strain rate sensit ivity
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Stability
bioavailability effects, 321
chemical degradation reactions

hydrolysis, 826–833, 826f
overview, 825–826
oxidation, 828, 828t, 829f
photodegradation, 832–833
polymerization, 828–829, 829f

chemical incompatibility, 833, 
833f–834f

classi cation, 16
colloids

additive effects, 75, 75f
attractive forces, 73–74
coacervation, 75
DLVO theory, 72–77
lyophilic colloids, 74–75
lyophobic colloids, 72–77
overview, 72–77, 73t
potential energy of interaction, 

64, 74
repulsive forces, 72–73
steric stabilization, 76–77, 76f

degradation prevention
ionic strength, 841
light, 841
oxygen, 841–842
pH, 840–841, 841f
solvent, 840
temperature, 840

dosage form design overview, 16–17
emulsions

assessment, 92
chemical, 459, 460f
coalescence, 461, 461f
creaming, 91–92, 460
de nition, 459
 occulation, 91–92, 460–461,  

461f
mixed emulsi ers for stabilization, 

462
multiphase emulsions, 462
nanoemulsions, 463
Ostwald ripening, 461–462
overview, 90–92
phase inversion, 91, 462
physical, 459–462
testing

appearance, 463
droplet charge and zeta 

potential, 464
droplet size analysis, 463–464
overview, 463–464
rheology, 464

thermal analysis, 464
X-ray diffraction, 464

gel-network theory of emulsion 
stability, 450, 462–463

microbiological stability, 843
pharmaceutical solution, 402
physical stability, 842–843, 842t
polymer-drug conjugates, 781
protein/ peptide drugs

chemical stability
deamidation, 836–837
disulphide bond interchange, 

836
factors affecting, 835–837
hydrolysis, 836
oxidation, 836, 836f
racemization, 837

modi cations for improvement, 
837–838, 837f

physical stability, 835
stabilization, 803–804, 804t

softgel, 602
solubilization effects, 83–84
suspension

considerations, 433–434
stabilizers, 431

suspensions, 84
testing

climactic zones, 844–845, 846f, 
846t

long-term testing, 844–845
overview, 336–337
protocols

assessment by dosage form, 848, 
848t–849t

example, 847–848, 847t
interpretation of results, 

848–850, 850f
overview, 845–850

stress testing
photostability test ing, 844–845
preformulation assessment, 843
shelf-life prediction, 843–844
temperature cycling, 844

Staphylococcus aureus, 241–242, 242t, 
245

Staphylococcus epidermis, 207
Starburst, 786
Static disc, intrinsic dissolution rate 

measurement, 26
Steady state plasma concentration

de nition, 361
dose regimen effects

calculation of dose regimen for 
steady state, 364b

size of dose, 362, 362f
summary of effects, 362
time interval between doses, 

362–363, 363f
loading dose, 365, 365f
population data, 365

Steam sterilization, see Heat treatment
Steric stabilization

colloids, 76–77, 76f
suspensions, 85–86

Sterility
ophthalmic preparations, 722–723
parenteral drug delivery 

requirements, 627
Sterility assurance level (SAL), 243, 

285–286
Sterilization, see also G as treatment; 

Heat treatment; Radiation 
treatment

comparison of techniques, 279–285, 
280t

 ltration sterilization
principles, 271
recommendations, 284

gas sterilization
alkylating gases, 270
overview, 270
oxidizing gases, 270
plasma, 273, 273f
recommendations, 283–284,  

283f
good manufacturing practice, 275, 

278b
heat sterilization

combination treatment, 269
delivery, 269–270
dry heat sterilization, 269
kinetics, 268
overview, 267–270
recommendations

dry heat sterilization, 281–282, 
282f

integrated lethality, 282–283
steam sterilization, 280–281, 

280t, 281f–282f
steam sterilization, 268, 268f
time/ temperature combinations, 

269t
high pressure sterilization, 272–273
high-level disinfection
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principles, 272–273
recommendations, 285

laser sterilization, 273
limitations by protocol, 289, 290t
parameters

decimal reduction time, 249, 250f, 
266–267, 267f, 271

F, 267
inactivation factor, 267, 286
Z, 249, 266–267, 267f

product and device types, 266, 
275–277, 276t–277t

protocol selection factors, 277–278, 
278t–279t

radiation sterilization
principles, 270–271
recommendations, 284

sonication sterilization, 273
sterile de nition, 265–266
sterile product microbiological 

quality
endotoxin and pyrogen testing, 

246
overview, 243–246
sterility tests, 244–246
sterilization monitoring, 243–244

testing for sterility, 286
validation of protocol

 ltration ef ciency testing, 289
information required, 287b
overview, 286–289
process indicators, 287–288, 288f, 

289t
Stern layer, 81–82, 82f
Stern potential, 70–71
Stokes equation, 65–66, 92
Stokes Law, 101–102, 641
Stokes-Einstein equation, 47, 641
Stomach

anatomy and physiology, 299,  
299f

gastric emptying, 10–11, 302,  
305

gastric  uid simulation, 336
gastroretention drug design, 562, 

563t
Strain rate sensitivity (SRS),  

537
Stratum corneum, 678
Streaking, bacteria, 215f
Streaming potential, colloids, 72
Streptomyces, 205
Stress relaxation, tablets, 544

Stress testing
dissolution testing apparatus, 621
photostability testing, 844–845
preformulation assessment, 843
shelf-life prediction, 843–844
temperature cycling, 844

Subcoating, see Sugar coating
Subcutaneous injection, see Parenteral 

drug delivery
Sublimation, freeze drying

drying rate, 500, 500f
heat of sublimation, 499–500
heat transfer, 500
primary drying, 500
vapour removal, 500

Sublingual tablet, 522–523
Submucosa, 298
Substitution effect, 36
Sugar coating

defects, 577
equipment, 576, 576f
 lm coating comparison, 568t
ideal characteristics, 575–576
overview, 567
process steps, 576
sealing, 576
subcoating

colouring, 577
polishing, 577
printing, 577
smoothing, 577

types, 575
Sulfadiazine, 317t
Sulphamethoxydiazine, 129f
Sulphapyridine, pKa, 44b
Supercritical  uid processing, 18
Supercritical  uid extraction, plant-

based medicines, 772
Super cial wound, 699
Supersaturated solution, 21, 127–128
Suppository, see Rectal drug delivery
Surface active agent, see Surfactant
Surface area

compaction effects
granule compaction and strength, 

545–547, 547f
post-compaction strength changes, 

543–544, 546f
solid particle compaction and 

strength, 544–545, 545t
tablet strength relationship, 

540–543, 541f, 543f
dissolution effects, 24–25
dosage form design, 13–14

particle size relationship, 424
powder compression for tablets, 

535–536, 535f
Surface energy, dry powder inhaler, 136
Surface potential, 70, 422
Surface tension

measurement, 51–52
ophthalmic preparations, 716
overview, 50–52, 50f

Surfactant, see also Cream; Emulsion
bioavailability effects, 331–332
classi cation, 80t
detergency, 64
emulsion formation

anionic surfactants, 444
cationic surfactants, 444–445
non-ionic surfactants, 445–446, 

445f
overview, 443–446, 443t
polymers, 446

micelle
formation, 79–82, 81f–82f
solubilization

overview, 82–84, 82f
pharmaceutical applications, 83
stability effects, 83–84

overview, 64
pharmaceutical solution solubility 

enhancement, 404–405
surface activity, 64

Suspended-level viscometer, 100, 100f
Suspension

controlled  occulation, 84–85
de nition, 417
dispersion problems, 427–428
dissolution problems, 428
drying, see Drying
excipients

antimicrobials, 430–431
buffer, 431
colloid stabilizers, 433
colour, 430
 avour, 430
 occulation modi ers, 433
stabilizers, 431
sweetener, 430
viscosity modi ers, 431–433
wetting agents, 433

manufacturing considerations, 434
Ostwald ripening, 428–429, 429f
overview of characterist ics, 11, 

84–86
particle–liquid interactions

Sterilization (continued) Surface area (continued)
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DLVO theory
additive effects, 430–433
controlling particulate behaviour, 

422–423
overview, 419–423, 420f
primary maximum zone, 421, 

421f
primary minimum zone, 420, 

421f
secondary minimum zone, 

421–422, 421f
electrical double layer theory

factors affecting double layer, 
418–419, 419f

overview, 417–418, 418f
particle movement

control, 424–426
diffusion, 424
measurement, 426–427, 

426f–427f
sedimentation, 424

rheological properties, 86
sedimentation pattern optimization, 

427
solubility considerations in 

formulations, 429–430
stability, 84, 433–434
steric stabilization, 85–86
wetting problems, 86

SUV, see Small unilamellar vesicle
Swallowing

assessment, 753
assistance of patients, 754
phases, 752–753, 752f
problems

children, 753
elderly, 753–754

Sweetener
oral liquids for children and elderly, 

755, 756t
suspensions, 430

Synagis, 784t

T
Tablet , see also Compaction

bioavailability effects of coatings
coated, 329–330
enteric-coated, 330–331
uncoated, 329–331

capsule  lling, 590–591
classi cation

buccal tablet, 522–523

chewable tablet, 521
compressed lozenge, 522
disintegrating tablet , 520–521
effervescent tablet, 522
release duration, 519–520, 520f
sublingual tablet, 522–523

coating, see Coating
compaction of powders

binary mixture compaction and 
strength, 547–548, 548f

bonding mechanisms, 539–540, 
541t

factors of importance, 544
granule compaction and strength, 

545–547, 547f
post-compaction strength changes, 

543–544, 546f
solid particle compaction and 

strength, 544–545, 545t
tablet strength relationship, 

540–543, 541f, 543f
compression of powders

evaluation
die wall friction during 

compression, 538–539, 
538f–539f

force-displacement pro le, 536, 
536f

inspection, 535
parameters, 534t
pore structure, 535
surface area, 535–536, 535f
volume-applied pressure pro le, 

536–538, 537f
mechanisms, 532–534, 534t

direct  compaction, 512–513, 512f
excipients

antiadherent, 519
binder, 516–517
colourant, 519
disintegrant, 515–516, 515f
 ller, 513–514
 avour, 519
glidant, 517
lubricant, 517–519, 517f–518f
overview, 513–519, 513t
sorbent, 519

granulation in production
convective mixing, 511–512
mixing alternatives, 512
rationale, 511
sequence of unit operations, 512f

granules in manufacture, 472

manufacturing stages
die  lling, 506
ejection, 507
formation, 506
overview, 506–507, 507f

overview of characteristics, 11, 
505–506

presses
computerized hydraulic press, 508
instrumentation, 508–510, 509f
overview, 507–510
rotary press, 508, 508f
single-punch press, 507, 507f
tooling of tablets, 510

prolonged-release tablet
diffusion-controlled release system

matrix system, 524–525, 525f
principles, 523–525
reservoir system, 509f, 524–525

dissolution-controlled release 
system, 525, 526f

erosion-controlled release system, 
525–526, 526f

osmosis-controlled release system, 
526–527, 527f

overview, 523
quality attributes, 506
rectal drug delivery, 740
technical problems during tableting, 

510–511
testing

active ingredient uniformity, 
527–528, 528f

disintegration, 528–529, 528f
dissolution, 529, 530f–531f
mechanical strength

attrition resistance, 530–531
fracture resistance, 532, 532f
overview, 529–532

overview, 527
vaginal drug delivery, 745–747

Talc Dusting Powder, 470
Tamping  nger, capsule  lling, 

589–590, 590f
Tampon

rectal drug delivery, 741
vaginal drug delivery, 746

Temperature, see also Critical solution 
temperature; G lass transit ion 
temperature; Heat treatment

antimicrobial assay, 227
bacteria growth effects, 211
degradation prevention, 840

Suspension (continued) Tablet (continued) Tablet (continued)
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diffusion cell for transdermal drug 
delivery, 685

dissolution rate effects, 25
miscibility effects

increased miscibility, 34–35
decreased miscibility, 35, 35f

nebulization effects, 652
particle movement effects in 

suspension, 425–426
reaction rate effects, 124–125, 125b, 

125f
solubility dependence, 30–34, 30f, 

372–373, 372f
Tensile strength, powder  ow 

measurement, 194, 194f
Tetracycline, 831f
TEWL, see Transepidermal water loss
TGA, see Thermogravimetric analysis
Theophylline, 131f, 359t
Therapeutic window, 345
Thermodynamic activity, see Activity
Thermogravimetric analysis (TGA), 

389–390
Thermoplastic polymer, 817–820
Thermosetting polymer, 817–820
Thin layer chromatography (TLC), 

380–381, 767
Third class salt  former, 386
Thixotrophy, 77–78
TIM-1, dissolution testing, 621
Time to peak concentration, 345
Timolol maleate, 718t
TLC, see Thin layer chromatography
Toenail, see Nail
Tolbutamide, 317t, 318, 612f
Topical drug delivery

children and elderly, 760
dosage forms, 8t
enhancement

external forces, 696
formulation manipulation, 694, 

694f
penetration enhancers, 694–695, 

695f
eye, see Ocular drug delivery
formulation

components, 689t
creams, 690
decision tree, 687–688, 688f
foams, 693
gels, 690
liposomes, 693
liquid formulations, 688–689

multi-phase semi-solid 
formulations, 691

ointments, 689–690
principles, 685–693
semi-solid formulations, 689
solid formulations, 691
vehicle classi cation, 687t

historical perspective, 676–677
nail delivery, 696–697, 696f
overview, 12
powders

dusting powders, 470
overview, 470

skin anatomy, see Skin
systemic delivery, see Transdermal 

drug delivery
terminology, 676–677

Tragacanth, 432–433
Trajectory segregation, 178
Transcytosis, 311
Transdermal drug delivery, see also 

Topical drug delivery
children and elderly, 760
enhancement

external forces, 696
formulation manipulation, 694, 

694f
penetration enhancers, 694–695, 

695f
formulation

components, 689t
creams, 690
decision tree, 687–688, 688f
foams, 693
gels, 690
liposomes, 693
liquid formulations, 688–689
multi-phase semi-solid 

formulations, 691
ointments, 689–690
principles, 685–693
semi-solid formulations, 689
solid formulations, 691
vehicle classi cation, 687t

historical perspective, 676–677
measurement

in vitro diffusion cell
apparatus, 683–685, 684f
membrane selection, 683–684
receptor solution, 685
temperature, 685
duration, 685

in vivo models, 683

nail delivery, 696–697, 696f
patches

advantages, 691–693
design

adhesive, 692
matrix/ reservoir, 693
overview, 691–693, 692f
rate-limiting membrane, 693
removable release liner, 

692–693
skin anatomy, see Skin
terminology, 676–677
transport

permeation
estimation, 681–682,  

681f–682f
Fick’s Law of Diffusion, 681
permeant properties, 680

routes, 679–682, 679f
Transduction, bacteria, 213
Transepidermal water loss (TEWL), 

677
Transformation

bacteria, 213
viruses, 203

Transitional  ow, 98–99
Transmitted light, 373–374
Triamcinolone, 630
Triclosan, 262f
TriCor, 788t
Tubular-bowl centrifuge, 415, 415f
Tumbling mixer, 181–182, 181f–182f
Turbine mixer, 185
Turbohaler, 649, 649f
Turbulent  ow, 98–99
Tyndall effect, 68

U
Ultra ltration, colloid puri cation,  

64
Ultramicroscopy, colloids, 68–69
Ultrasonic nebulizer, 650–651, 650f
Ultraviolet radiation, see Radiation 

treatment
Ultraviolet spectroscopy, intrinsic 

solubility determination, 
373–376, 374t

Ureaplasma, 205
Urease, bacteria assay, 220–221
Urinary drug excretion curve

bioavailability studies, 347–348, 348f
overview, 346–348, 347f

Temperature (continued) Topical drug delivery (continued) Transdermal drug delivery (continued)
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V
Vaccine

delivery, 807
immune response, 806f
liposome delivery, 793–794
nasal delivery, 671
overview, 806–807

Vacuum  lters, 411–412, 411f, 412t
Vacuum oven, 493–494, 493f
Vaginal drug delivery

absorption, 742
advantages and limitations,  

743b
anatomy and physiology, 742
capsules, 745
dosage forms

ideal properties, 744
overview, 742–746, 743t

drug characteristics, 744
drug release assessment

in vitro, 748–749, 748b, 748f
in vivo, 749

drug release mechanisms, 746
 lms, 745, 747
local action, 741–742
overview, 11, 733
pessary

base selection, 744–745
manufacture, 746–747
overview, 744

quality assessment, 745, 747–748, 
747b

rationale, 732–733
rings, 745
semi-solid preparations, 745
solutions, emulsions, and 

suspensions, 746
systemic delivery, 742
tablets, 745–747
tampon, 746

van der Waals force, 39, 46, 51,  
370

Vapour-permeable  lm dressing,  
702

Vapour pressure, 38–39
Vascular endothelial growth factor 

(VEG F), 714,, 727t
VEG F, see Vascular endothelial growth 

factor
Vial, parenteral drug delivery 

containers, 635–636, 636f
Vibration mill, particle size reduction, 

161, 161f

Vickers hardness test , 158
Villus, 300–301, 300f
Virus

antimicrobial compounds, see 
Chemical antimicrobial  
agents

infectious virus types, 202t
latent infections, 203
oncogenic viruses, 203
reproduction

adsorption, 203
assembly, 203
penetration, 203
release, 203
synthesis of protein and nucleic 

acids, 203
uncoating, 203

sterilization, see G as treatment; 
Heat treatment; Radiation 
treatment; Sterilization

structure, 201–204
Viscoelasticity

creep testing, 110–112, 110f–111f
dynamic testing, 112–113,  

112f
overview, 110–113

Viscosity
colloids, 67–68
de nition, 94
emulsion phase viscosity, 90
enhancers and bioavailability effects, 

332–333
 lm-coating polymers, 571
gastrointestinal contents, 305
granulating  uid and drying effects, 

502–503
measurement, see Rheology
ophthalmic preparations, 716
particle movement effects in 

suspension, 425
suspension modi ers, 431–433

Visudyne, 792t–793t
Vitamins

B-group vitamin microbiological 
assays, 242–243

vitamin C, see Ascorbic acid
vitamin K emulsion, 438

Vitreous humour, 713
VivaG el, 786
Vm, see Maximum metabolic capacity
Voigt unit, 111
Volume

dissolution medium, 25
molecule in solution, 97

W
Walker equation, 159
Water

moisture content in wet solids
bound water, 489
equilibrium moisture content, 

489–490, 490f
relative humidity, 489–490
total moisture content, 488–489
unbound water, 489

phase diagram, 307f,, 498–499
softgel

formulation, 604–605
residual water content, 605, 606f

types in drug solutions, 396t
Water activity, microorganisms, 

854–855, 855t
Wax, emulsion stabilization, 88t
Wet granulation

granulators
 uidized-bed granulators, 

478–479, 478f, 479t
high-speed mixer/ granulator, 

476–478, 477f–478f
shear granulators, 476

overview, 472–473
Wettability

contact angle, 52–54, 52f
overview, 52–54
suspension dispersion problems, 

427–428
Wetting

agents for suspensions, 433
suspension problems, 86

Wilhelmy plate, 51, 53
Wound dressing

functions and clinical signi cance, 
706t

overview, 699
speci cations and standards

bacterial barrier test, 709
bioadhesive strength, 709
 uid absorbency, 707–708
 uid af nity, 708
mechanical properties, 708
odour control, 709
overview, 707–708
safety, 708–709
sensitization, 709
structure, 707

types
alginate dressing, 703
bioactive dressing, 704–705
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foam dressing, 703
hydrocolloid dressing,  

704
hydrogel dressing

amorphous formulations, 
703–704

elastic sheets, 704
key features by type, 702t
tradit ional dressings, 701
vapour-permeable  lm dressing, 

702
Wound healing

chronic wounds, 701t, 703
classi cation of wounds, 699, 705t

management of wounds, 705–706, 
705t–706t

phases
in ammation, 699–700
maturation, 700
migration, 700
proliferation, 700

X
XPRD, see X-ray powder diffraction
X-ray powder diffraction (XPRD), 

390–391, 390f–391f
Xylenol, 262f

Y
Young’s equation, 52

Z
Z, microbe inactivation, 249, 266–267, 

267f
Zero-order reaction, 119, 119b, 119f
Zeta potential, emulsions, 464
Zevalin, 779t, 785t
Ziehl–Neelsen acid-fast stain, 211
Zimostatin Stimalamer, 781t
Zwitterion, 69
Zygomycetes, 223

Wound dressing (continued) Wound healing (continued)


