
 

179

 

7

 

Formulation of Proteins 
and Peptides

 

Michael J. Groves, Ph.D., D.Sc.

 

CONTENTS

 

Introduction............................................................................................................180
Making Small Protein Particles: Precipitation of Proteins

from Supercritical Fluids...................................................................................181
Parenteral Drug Delivery Systems ........................................................................181

General Introduction......................................................................................181
Heat Sterilization ...........................................................................................182
Bacterial Death ..............................................................................................183
Sterilization Methods.....................................................................................186

Moist Heat .............................................................................................186
Dry Heat ................................................................................................186
Sterilizing Gases ....................................................................................187
Ionizing Radiation .................................................................................187
Sterile Filtration .....................................................................................188
The Concept of “Size” as Related to a Filtration

Process ...............................................................................................190
Aseptic Assembly ..................................................................................190

Quality Control Issues ...................................................................................192
Lyophilization (Freeze-Drying) .....................................................................193

Drug Delivery through the Skin............................................................................194
Skin ................................................................................................................194

lontophoresis ..........................................................................................198
Multiphase Drug Delivery Systems ......................................................................198

Microemulsions..............................................................................................198
Microemulsions as Particulate Systems ................................................201
Spontaneous Microemulsion Formation................................................201

Protein Compaction ...............................................................................................201
Self-Emulsifying Drug Delivery Systems.............................................................203

Evaluation of SEDDS Performance Parameters ...........................................204
Selection of Components for a SEDDS........................................................205
Possible Mechanisms for the Formation

of Self-Emulsified Emulsions....................................................................206

 

PH1873_C007.fm  Page 179  Thursday, June 30, 2005  10:27 AM

© 2006 by Taylor & Francis Group, LLC



 

180

 

Pharmaceutical Biotechnology

 

Inclusion Compounds and Cyclodextrins as Delivery Systems ...........................207
References and Further Reading ...........................................................................212

 

INTRODUCTION

 

In nature proteins and some simpler polypeptides are agents for controlling most,
if not all, body functions. It will be evident that having these materials present in
the correct quantities at the appropriate body site and at the correct time are essential
requirements for good health. Nevertheless, from a formulators’ perspective, it is
necessary to remember that these materials are synthesized in nature in minuscule
quantities, usually at only one site and diffuse or are actively transported to their
site of action, which may only be a few microns away. There they may react with
one specific molecule or a group of molecules at a receptor site in order to produce
the appropriate physiological response. Unfortunately, modern drug delivery meth-
ods involve delivering relatively massive amounts of drug or biological response
modifier throughout the body once or twice a day. Sites all over the body may be
affected in addition to the one that is being targeted and it is hardly surprising that
toxicity is often manifested to modern drugs or their delivery systems.

What is urgently needed at present is a pharmaceutical delivery system that
mimics the natural process as closely as possible and delivers the necessarily small
quantity of active material close to its target tissue. The need for targeting in many
cases is recognized but the difficult part is achieving this ideal. Any delivery system
has to move through the physiological medium and survive challenges on its way
to the target site. That we will eventually achieve this aim is not doubted. That it
will take a few more years to achieve cannot be doubted either. An example to
illustrate this point may be seen in recent vigorous efforts to make gene engineering
function in this area. A great deal of effort—and money—has been spent on taking
advantage of the fact that genes producing certain proteins can be made to enter
some target cells with the aid of appropriate delivery systems and produce benefits
from subsequent excretion of that protein or modified protein. This approach has
produced some claimed benefits for a limited number of patients but, at the time of
writing, little of significant value has emerged to be of benefit to the general popu-
lation. Part of this issue is the difficulty of getting the gene or its delivery system
to penetrate the appropriate cells, sometimes targeting is an issue and, more recently,
the observation that some genes are capable of synthesizing more than one protein
or a totally different one from that observed 

 

in vitro

 

 has been an occasional surprise.
Thus, while the specific proteins synthesized by many genes have been identified,
the net effect from a practical standpoint has been relatively small.

Perhaps successful application of the previous work will start from proteomics.
Here specific proteins associated with various diseases are being identified and this
may lead to the development of specific drug delivery systems being designed to
overcome a deficiency. If these active proteins can be identified with greater certainty
then we might be more confident in how we can target the appropriate tissues. We
already have some successful drug delivery systems; what we will need to do is to
make them more specific and sensitive. 
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MAKING SMALL PROTEIN PARTICLES: 
PRECIPITATION OF PROTEINS FROM 

SUPERCRITICAL FLUIDS

 

Technically there is a need for small uniform protein particles that are easier to
handle and formulate while, at the same time, retaining their biological activity.
Various granulation techniques have been tried but, in general, these are not effective
and the proteins concerned tend to loose their biological actvity on reconstitution.

A way around this issue may have been found with the use of supercritical fluids.
These materials, such as liquid carbon dioxide, have many interesting properties
from the point of view of pharmacutical processing since they combine liquid-like
solvent properties with gas-like transportation properties. Small changes in the
applied pressure or temperature can result in large changes of the fluid density and,
correspondingly, the solvent capacity and properties of the resultant particles.

As noted, the commonest supercritical fluid in practice is liquid carbon dioxide
since it is readily available, inexpensive and nontoxic. York and Hanna (1996)
demonstrated how changes in the resultant particles produced by dissolving materials
in liquid carbon dioxide and allowing them to come to ambient conditions could be
achieved by making small changes in the environmental conditions. Mechanical
precipitation was usually simply achieved by allowing the solution to expand to
atmospheric conditions, the carbon dioxide evaporating into the atmosphere to leave
the solid particles behind. The process was illustrated by Rehman et al. (2003) when
considering the preparation of dry powders for inhalation therapy.

When considering proteins, these same authors demonstrated that these materials
were generally not soluble in liquid carbon dioxide alone but solubility could be
improved by adding small quantities of dimethylsulfoxide or even water. The former
solvent was shown to produce some denaturation of a few proteins but a later
investigation showed that, for example, lysosyme could be successfully dissolved
in a mixture of deimethylsulfoxide and water before being mixed with the liquid
carbon dioxide. This final stage was kept brief before recovering the dried protein
from an expansion chamber. After further drying, particles of between 0.8 and 12
µm diameter were obtained and these retained their original biological activity on
being reconstituted in water.

Solvents such as dimethylsulfoxide were shown to reduce the biological activity,
probably due to subtle effects on the conformation of the protein. Larger proteins
remain to be evaluated but the process obviously has considerable potential for
further development.

 

PARENTERAL DRUG DELIVERY SYSTEMS

G

 

ENERAL

 

 I

 

NTRODUCTION

 

Parenteral products, without exception, are designed to be administered to the patient
by circumventing the systems that the body has in place in order to survive the hostile
environment it is in. For example, the air surrounding us is filled with dust particles
which in many cases contain bacteria. Not all of these bacteria are pathogenic but

 

PH1873_C007.fm  Page 181  Thursday, June 30, 2005  10:27 AM

© 2006 by Taylor & Francis Group, LLC



 

182

 

Pharmaceutical Biotechnology

 

most will produce some form of reaction or disease when introduced inside the body.
It therefore makes sense that a solution or suspension of a drug or even a device
introduced under the skin or directly into the blood stream should not contain any of
these foreign organisms. In other words these systems must be sterile to prevent
bacterial invasion.

All parenteral products have basic product requirements in addition to those
required for all pharmaceutical products, such as accuracy and uniformity of contents
and dosage. These can be summarized as

1. Sterility
2. Apyrogenicity
3. Safety
4. Efficacy
5. Reproducibility in performance

Sterility is not always considered by reviewers and formulators but, in fact, it is
the prime requirement of any material intended for parenteral administration, although
there are situations where it may not be easy to achieve. For example, if a drug is
thermolabile, such as most proteins, and is unable to resist the application of the heat
stress usually required to achieve sterility of a solution, then an alternative process
must be designed to achieve the same objective. On occasion this will, of necessity,
affect the formulation itself and influence the choice of manufacturing process used
to prepare the formulation on a large scale. The administration of a contaminated
product to a patient who is already debilitated must be avoided since they have a much
lower resistance to any insult. However, the same consideration may apply to a healthy
individual who is, for example, receiving a vaccine or diagnostic agent.

Apyrogenicity is another requirement which is associated with the need for
sterility. Pyrogens are materials shed by living or dead organisms that can produce
a febrile reaction in humans (and many animals) on administration. This pyrogenic
reaction is rarely fatal but can be extremely unpleasant for the patient. Today,
pyrogens are readily measured with exquisite sensitivity and precision with limulus
lysate (Novitsky 1996). If a product has a low level of pyrogens it is safe to assume
that it also contains a very low level of bacterial cells, dead or alive, and this provides
another degree of quality assurance for the product.

 

Safety

 

 and 

 

efficacy

 

 are two more general pharmaceutical product requirements,
as is 

 

reproducibility of performance

 

. This last-named requires that the product
produces the same response on multiple administrations of the same batch or from
batch to batch and to some extent implies there is uniformity of content and repro-
ducibility. The same implication applies to products that have some form of con-
trolled release properties; the inference is that the rates of release of the incorporated
drug are similar under all circumstances.

 

H

 

EAT

 

 S

 

TERILIZATION

 

Application of heat stress to sterilize foods is an old and well-established process
but is rather less well developed for pharmaceutical products. Pharmacopoeias of
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just 50 years ago tended to regard the official sterilization processes as if they were
in cookery books and there were some obvious dangers associated with this
approach.

Any material introduced into the body, human or animal, parenterally (that is

 

para-enteron 

 

or “beyond the gut”) must be sterile because the body defenses have
been bypassed. This concept is absolute in the sense that one cannot have “partially
sterile”—a product is either sterile or not. Sterility means “rendered free of living
microorganisms” (

 

The Shorter Oxford Dictionary,

 

 1993)

 

 

 

or, quoting the United States
Pharmacopeia (USP) 28 (2005), “completely free of viable microbial contamination.”

The induction of disease or even death by administration of a contaminated,
nonsterile, parenteral product to a patient is not unknown and obviously this is not
acceptable in practice.

The absolute need for sterility in a parenteral product is not difficult to understand
but, unfortunately, microorganisms are ubiquitous in the surrounding environment
and are difficult to remove or, more to the point, kill. In a closed system such as a
solution or suspension of a product in a sealed container, organisms can be killed
by the application of heat stress. The same process, designed to kill any contami-
nating microorganisms, can also degrade the pharmaceutical product in the container.
Until very recently the cookery book approach to sterilization required that the
product be heated, for example, at 121

 

°

 

C for 15 minutes. It is generally recognized
that these conditions will be sufficient to produce a sterile product, although it is
also recognized that this is an “overkill” situation in that damage to the product can
occur at the same time. However, questions now arise. For example, how much will
the heating up and cooling down from ambient room temperature to a steady state
temperature of 121

 

°

 

C contribute to the overall kinetics of the sterilization process?
Is a product sterile if it was only heated for 14 minutes? Or 13 minutes, and so on. 

 

B

 

ACTERIAL

 

 D

 

EATH

 

Answers to the above questions can only be obtained by close study of the kinetics
of bacterial death. One main issue here is that the product inside the sealed container
is never contaminated with a single species of organism; there is a spectrum of
different organisms present, each with its own unique susceptibility to the applied
heat stress. Today the overall hazard due to viable organisms being present in the
product prior to the application of heat stress is diminished considerably by repeated
filtration through porous membranes with mean pore diameters of 100 nm or less.
This reduces the overall numbers of viable organisms present in the system, the
so-called “bioburden,” considerably and enables a lower degree of heat stress to be
supplied to obtain the necessary “absolute” sterility.

Taking this filtration analogy further, it should be technically feasible to sterile
filter a liquid product and this is done when a product is said to be prepared

 

aseptically

 

. Here the solution is repeatedly filtered through filters considered to be
“absolute” (that is, they remove all microorganisms) directly into presterilized con-
tainers and sealed in an atmosphere claimed to be clean since it too has been
repeatedly filtered. Today the whole filling operation is often separated from the
human operators by using so-called “isolators.” This type of operation is considered
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to be state of the art and is claimed to result in a “sterile” product. However, absolute
sterility cannot be guaranteed because, paradoxically perhaps, test methods are
insufficiently sensitive to detect small numbers of viable microorganisms.

However, this statement deserves to be examined much more closely. The abso-
lute certainty of an overkill heating process is diminished considerably when the
product is not heated or not given sufficient heat to sterilize the container. In addition,
there is inevitable manipulation involved before the container is sealed. This uncer-
tainty has resulted in a discussion of the acceptable element of risk in an aseptic
process. Unfortunately, this risk cannot be measured directly and various guess
factors have been vectored into the discussion, all without scientific foundation.
Going back to fundamentals, it is necessary to remind oneself that there are no
degrees of sterility—a product is either sterile or it is not.

This issue has been discussed by Gilbert and Allison (1996) who pointed out
that a filtration process is actually anything but absolute and any resulting filtrate
may not be totally devoid of microorganisms. The next question is the likely patho-
genicity of the few survivors since not all bacteria are 

 

pathogens 

 

and in most cases
the average human can deal with this insult provided that they are not immunosup-
pressed. Beyond that, how are such small numbers of bacteria detected, preferably
rapidly because a production process is involved? Answers to some of these questions
are beginning to appear. For example, with the possible exception of anthrax where
disease can be produced by a single organism, a finite number of microorganisms
are usually required to produce any manifestation of disease. Rapid methods for the
detection of very small concentrations of viable microorganisms are becoming avail-
able and are being applied industrially. Scientifically based 

 

measurements 

 

are being
made on which sound judgments can be made rather than the empirical statements
made earlier. This development is being made in parallel with the food industry
where fatalities do occur; fatalities due to contaminated product within the pharma-
ceutical industry seem to be increasingly rare although the risk is greater.

Because many of the newer biologicals such as DNA, genes or proteins are very
heat labile, it has become necessary to explore the sterilization procedures from the
point of view of the product. Overkill heating sterilization methods would generally
destroy these products so a graded approach is now necessary, using the minimum
amount of energy required to destroy any undesirable microorganisms present in the
product without, at the same time, significantly damaging the product. The issue has
now become one involved with defining bacterial “death.” In essence, it is accepted
that some bacteria may remain after an antibacterial filtration process. The question
is not necessarily how to kill them but rather how can their proliferation be prevented
so that, effectively, the product is “sterile” or appears to be “sterile” when tested.

Bacterial death, in fact, is not easy to define or to measure. Heat, for example,
may damage critical bacterial DNA sequences which stop the organism from func-
tioning. Many organisms are capable of repairing damaged DNA and over time will
begin to function again. When exposed to stress such as heat or desiccation some
organisms will form endospores which enable them to survive under stressful con-
ditions. Endospores can be killed but require more extreme conditions than those
required to kill the original vegetative form. On the other hand, conceptually at least,
it is possible to visualize that a key metabolic protein in the organism may become
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conformationally irreversibly changed so that the entire organism becomes dysfunc-
tional. Unfortunately such examples appear to be rare.

Another factor that requires to be taken into account is the intrinsic variability
of organisms within what is in effect a mixed culture. There are different species of
organism present and even the same species will have cells at different stages of
cellular division. Some cells in a mixed system will be very susceptible to the applied
stress and others will be more resistant. Obviously it is the resistant cells that will
require sufficient stress to “kill” them, no matter how that term is applied. Filtration
to remove as many microorganisms as possible before any sterilizing stress is applied
is clearly a sound practice.

These considerations have been extensively explored by producers of canned
foods and some simplified kinetics have been derived to allow better control of
sterilization procedures. For example, the overall death process in a mixed culture
can be described by an exponential decay curve. The equation will follow the form

kt 

 

=

 

 ln(Nt/No) 

where k is the proportionality constant or rate constant, i.e., the thermal death rate,
and No and Nt are the numbers of organisms at the beginning of the process and
after time t, respectively. This confirms the above supposition that the fewer the
number of organisms at the beginning of the process the less likely are there going
to be survivors at the end.

A detailed discussion of these kinetics is out of place in this present text but the
above equation does allow some simplified considerations to be made. For example,
a useful parameter easily derived is the decimal reduction time, D, for a mixed or
single culture is the time it takes for a set of conditions such as heat to reduce the
number of organisms to one-tenth of the initial value, i.e.,

kt 

 

=

 

 tD 

 

=

 

 ln(1/10) 

 

=

 

 2.303 log 0.1

or 

D 

 

=

 

 2.303/k 

The D value is the determining factor if the death rate is, indeed, exponential, an
assumption which is not necessarily always valid. Although only conditions which
supply a single D value would be sufficient to completely sterilize a solution con-
taining, say, one organism per unit volume, most heat sterilization processes are
designed to administer 12D. This is an example of overkill and becomes more evident
the fewer organisms there are in the untreated product in the first place.

There is another, nonkinetic parameter widely used when evaluating a heat
sterilization process. This is the F

 

o

 

 value, defined as the number of minutes required
to kill all 

 

endospores 

 

present in a system held at a temperature of 250

 

°

 

F or 121

 

°

 

C.
It should be noted that, in principle, the kinetic approach implies that sterilization
cannot be achieved (because there is no zero on a logarithmic plot) so the nonkinetic
offers more hope. The F

 

o

 

 can be measured and there is an interconnection between
F

 

o

 

 and D if F

 

o

 

 is slightly redefined as the number, n, of D values required to sterilize
a system, i.e., F

 

o

 

 

 

=

 

 nD.
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It has become an accepted practice to attempt to achieve a 10

 

12

 

 reduction in
viable organisms, including endospores, i.e., F

 

o

 

 

 

=

 

 12D. This implies to all intents
and purposes that there will be only one surviving organism in a single container
in a batch of 

 

1,000,000,000,000 

 

(10

 

12

 

) containers. Since the batch size is usually
significantly smaller than this number, the batch can be regarded as sterile.

Hence, the value of extensive prefiltration in order to reduce the overall initial
bioburden of the product being treated cannot be over emphasized.

 

S

 

TERILIZATION

 

 M

 

ETHODS

 

Bearing in mind the previous discussion, there are basic official or unofficial steril-
ization procedures, all of which are overkills, designed to kill or get rid of the very
last and most resistant organism in the system being treated. Filtration is, of course,
designed to physically remove all bacteria present. It does not usually remove viruses
or mycoplasms and, as noted above, some of the assumptions made during a filtration
process need to be very carefully evaluated by the operator.

The basic sterilization procedures involve the application of dry or moist heat,
the use of sterilizing radiation or, more recently, the use of intense bright light. A
valuable source of information is the section on Sterilization and Sterility Assurance
of Compendial Articles in the General Information Chapter (

 

<

 

1211

 

>

 

) of the United
States Pharmacopeia, now in its 28th revision. Since it is now revised on an annual
basis the interested reader is referred to the latest edition for up-to-date information.

 

Moist Heat

 

The cookery book approach to heat sterilization simply dictated that the product be
heated (in an autoclave) at 121

 

°

 

C for 15 minutes. Looking at the process more
carefully, one can see that, as the product starts to warm up, enzymic processes in the
contaminating bacteria will also speed up their activity until, ultimately, the hydrogen
bonding holding the molecule together is affected. The protein is unable to stay in
solution and becomes denatured. As the temperature continues to rise the proteins in
general become dysfunctional, together with the DNA and RNA in the bacterial cells.
However, these processes proceed at different rates and the one that is more readily
affected than the others can be said to be rate limiting. Since the cell is now unable
to function for all intents and purposes it can be said to be dead although the process
is designed to be an overkill, thereby preventing recovery at any later stage. Marker
organisms are sometimes used to ensure that the process is functioning as designed.
One example is the use of 

 

Geobacillus stearothermophilus

 

 endospores, which are
known to be more resistant to moist heat than most average microorganisms. Unfor-
tunately, there is now evidence that other organisms in nature are much more resistant
to heat, such as those found in natural geysers and deep sea underwater hot vents.
However, for all intents and purposes these are unlikely to be encountered in practice.

 

Dry Heat

 

Dry heat sterilization, carried out in an oven, is defined exposing the product to at
least 150

 

°

 

C for 1 hour and is required for the sterilization of surfaces, such as metal
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components, glassware, and some stoppers. Here the marker organisms are
endospores of 

 

Bacillus atropheaus 

 

(formerly known as 

 

Bacillus subtilis

 

, var.

 

 niger

 

)
and the process is probably more efficient than moist heat since it is more rapidly
applied. Obviously the surface is also desiccated thoroughly which destroys func-
tionality of most of the internal and external cellular proteins, but there is likely to
be some considerable degree of oxidation involved and this will also interfere with
functionality. This method is applied for the most part to the sterilization of surfaces
of glass or metal such as components which are to be subsequentally used in the
aseptic assembly of a product. The process is also applied to the depyrogenation of
glass and metal surfaces. However, it should be noted that oils and hydrophobic
products which are not readily destroyed by oxidation under these conditions are
also treated in this manner (Groves and Groves 1991).

 

Sterilizing Gases

 

The use of dry heat for the most part is too destructive to be used on anything other
than metal or glass surfaces that are not affected by the heat process. Gases such as
ozone, formaldehyde, chlorine, ethylene oxide, or hydrogen peroxide can be used to
sterilize materials such as surgical dressings and other labile substances. The process
can be carried out at ambient room temperature but is affected by temperature and
humidity as well as the length of time the gas is in contact with the surface. Normally
gas sterilization is carried out in a sealed vessel such as a modified autoclave and the
gas is allowed to be in contact with the product for up to 6 hours. After this the gas
is substantially removed by exposure to vacuum, preferably overnight. The important
stage in the process is the subsequent removal of unreacted gas by the application of
repeated cycles of reduced pressure and, often, exposure to ambient conditions over
time (for example, storage in a warehouse for several weeks following the sterilization
in order to allow the gas to dissipate). In some cases the gas is also flushed out with
sterile-filtered carbon dioxide or nitrogen.

Because these sterilizing gases are very reactive chemically, their uncontrolled
use could be hazardous to the operators of the process and any residual gas could
irritate the patient or affect any product that it comes into contact with. Other gases
have been introduced such as chlorine dioxide but the main issue remains that of
the residual gas and, in some cases, their degradation products. Hydrogen peroxide
has some advantages since the degradation product is water. Moreover, ethylene
oxide and high concentrations of hydrogen peroxide represent a considerable explo-
sion hazard and precautions must be taken to prevent this. Ethylene oxide, for
example, is usually supplied diluted with carbon dioxide. The use of sterilizing gases
is therefore usually best avoided unless there is no other alternative.

 

Ionizing Radiation

 

Heat is only one form of radiant energy and other forms of energy can also be used
to kill microorganisms. A wide range of electromagnetic radiation can be applied
to the sterilization of pharmaceutical products, ranging from low-frequency ultravi-
olet radiation through x-rays to the hard, high-frequency gamma rays. Gamma
irradiation is becoming more widely used because, although expensive from the
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installed capital point of view, it is readily applied on a continuous basis that reduces
per item costs.

The main use for ionizing radiation is for the sterilization of dressings and plastic
syringes. In practice a major advantage is that sealed paper or plastic packages can
be sterilized 

 

in situ

 

 unopened. Radiation usually produces free radicals in solutions
which may increase the degradation rate of the product and often causes discoloration
of glasses. For this reason radiation is only rarely applied to ampouled products.
Glass itself is also usually discolored although this color often fades with time.
Doses of absorbed radiation are generally at the level of 25 kGrays (kGy), 2.5 mega
rads, but lower doses have been used successfully in practice.

Recently an alternative form of radiation has been offered, namely the use of
an intense source of bright white light. The claims made for this process are impres-
sive although whether or not it proves to be practical in the real world has yet to be
demonstrated. 

 

Sterile Filtration

 

Many of the drugs produced by the new biotechnology have proved to be labile and
can only be sterilized by cold filtration. These methods depend critically on physi-
cally removing microorganisms and general debris from the product by passage
through an appropriate filtration medium, often a porous membrane. The membrane
itself requires to be supported in a suitable holder made of plastic, glass or stainless
steel and the assembly needs to be considered as a whole rather than just the porous
membrane by itself. As noted by Groves (1998), the criteria for an ideal filtration
medium depend to some extent on the nature of the product being filtered but it is
probably reasonable to consider the following attributes as being generally desirable.

1. The filtration matrix should be absolute in the sense that there should be
a predetermined and known limit to the diameter of particles in the filtrate.

2. An independent method for checking or validating the performance of the
filter.

3. The efficiency of the filtration process should not be significantly affected
by the pressure differential across the surface of the membrane or pressure
fluctuations produced by the pumping of fluids through it.

4. The filtration medium should not produce any extractibles or otherwise
affect the product being passed through it.

5. The filtration system as a whole (i.e., the filtration membrane and its
supporting system) should be capable of being sterilized prior to being
exposed to the product. This usually involves the application of dry heat,
moist heat, or, in some cases, sterilizing gases.

6. In use, the system should be easy to use and economical.

Unfortunately, in practice there is no ideal filtration medium and as described
by Groves (1998) and Olson (1998), the whole arena has been confused by over
enthusiastic salesman and underqualified consultants. The neophyte coming into this
subject should be careful when reviewing sales literature.
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Physically one can envisage the movement of particles suspended in a liquid
passing through a porous matrix until the pores become too small to allow any further
passage. This has become known as the sieving mechanism and, intuitively, makes
the process easy to envisage. Another adsorptive mechanism also exists in which
charged particles adhere to sites of opposite charge on the walls of the filtration matrix.
Depending on the pH or constitution of the medium, this mechanism may become
dominant so that a filter will collect particles much smaller than the nominal pore size
of the filter itself. Membrane filters are now available in a wide variety of materials,
including cellulosic derivatives and polymers and come with a variety of compatibil-
ities, pore diameters, and available surface for filtration. Usually there is a spread of
pore diameters but it is usually prudent to select a filter in which the largest pores
present are unlikely to allow the passage of any undesirable particulate materials. This
would suggest that selection of a matrix with a narrow size distribution would be
desirable although methods for the evaluation of this parameter are not necessarily
well developed. The subject is well reviewed by Jornitz and Meltzer (2004).

Validation of filter performance has remained an issue for some years but is
now approaching some sort of resolution. The consensus is that a filter should
prevent the passage of the microform 

 

Berkholderia 

 

or 

 

Brevundimonas diminuta, 

 

an
organism which grows to a diameter of around 250–300 nm under selected envi-
ronmental conditions. This is obviously a worst-case scenario but, as discussed by
Olson (1998) and others, if a filter is challenged with more than 60 organisms per
cm

 

2

 

, the chances of microorganisms passing through the filter are enhanced. Passage
of particles can be considered to be a probabilistic process, the higher the number
of particles per unit volume challenging the surface, the more likely it is that some
will pass completely through.

This situation is analogous to the heat sterilization situation in that, the cleaner
the solution presented to the sterilizing filter, the less likely are particles (microor-
ganisms) to pass through. The initial or final bioburden of the product become major
issues. Industrially it has become a routine practice to pass the solution through at
least two filters. This covers the possibility of a filter breaking or leaking but, more
to the point, the first filter acts as a prefilter so that the final filtrate has a greater
chance of producing sterile filtrate.

In recent years the collective wisdom of producers and regulators has been that
sterility will be achieved using filters with mean pore diameters from 200–250 nm.
This was a step up from the situation 20 years ago or so when it was believed that
filters with nominal diameters of 450 nm would achieve sterility. As noted by Jornitz
and Meltzer (2004), there may be situations that require 100 nm porous filters but
this causes problems with the flow rates which may become very low on a large scale.

Using 

 

B. diminuta

 

 was sufficient to demonstrate that small microorganisms could
pass through any particular filter. The use of 450 nm filters therefore fell into disuse.
However, recently Trotter et al. (2002) have raised the possibility of using 450 nm
filters as prefilters. They demonstrated how different 450 nm filters could signifi-
cantly reduce the initial bioburden which would therefore provide a better prefilter
to a final 200 nm filter. These authors demonstrated the importance of controlling
the pressure differential across the filter, removing 
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 and may indicate the importance of having a higher bioburden
to close off some of the pores in the filter. Nevertheless, this approach is more attractive
than having a 200 nm prefilter and a 100 nm filter in terms of cost, effectiveness, and
flow rate of product. Sight should not be lost of the fact that nonbacterial organisms
may, or may not, be removed from a product. Few claims to remove viruses, for
example, have been substantiated and there is little doubt that sterile filtration cannot
be considered to be an absolute process. 

 

The Concept of “Size” as Related to a Filtration Process

 

Most bacteria have “sizes” larger than 1 µm, but spherical forms of microorganisms
are rare in nature and spherical equivalents are not always easy to measure. A general
exception may be found in some bacterial endospores approximate in shape to
spheres, with diameters varying from 400 nm to 1 µm. Viruses are considerably
smaller, with diameters from 50 to 100 nm and fungi are much larger than 20 µm.
Thus, over three orders of magnitude need to be considered when designing a
filtration sterilization process although it must be admitted that removing smaller
viruses offers a considerable challenge. This consideration immediately suggests
that the solid phase separation requires to be carried out in stages, removing the
larger particles, first with one screen and the smaller ones with another, smaller,
screen. The work of Trotter et al. (2002) noted above would certainly be consistent
with this philosophy. The size quoted for a sterile filtration porous medium should
be that of the largest pores present although some producers talk about a mean size
which may be misleading.

However, large holes or tears can be introduced into an otherwise effective
sterilizing filter and performance tests have to be designed to ensure that the complete
assembly of the filter membrane and its supporting equipment are devoid of imper-
fections. These include bubble testing in which gas is forced under pressure through
the wetted filter and the pressure required for bubbles to first appear measured. In
principle this identifies the largest hole present in the complete system.

Some microorganisms are capable of growing through a filter if allowed enough
contact time. Protoplasts lack the rigid walls associated with most bacterial cells
and are also capable of passing through a membrane filter. This is one reason why
100 nm filters are being evaluated, especially in the biopharmaceutical industry, and
it is considered that at least large viral particles can be substantially removed from
a product. Smaller pore size filters are available but the flow rates through them are
miniscule and not helpful for large scale production methods.

Overall it will be evident that filtration methods are not necessarily absolute and
the best that can be claimed for the process is that it is aseptic.

 

Aseptic Assembly

 

There are situations where the application of energy in any form is impractical
because the formulation or the active ingredient is extremely labile and is not be
able to withstand an otherwise effective sterilization process. Under these constraints
an alternative would be to sterilize all the components of the product separately and
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assemble them in an aseptic environment. For example, all glass or metal components
could be sterilized by dry heat, rubber or plastic by hydrogen peroxide or ozone,
and the solution packaged by filtration repeatedly through appropriate presterilized
filters directly into the cooled containers.

The assembly itself would be carried out in an isolator designed to provide a
clear separation of the human operators and the product, at least until such time as
the container is sealed. Ideally, robotic assembly, using machines to carry out all
the assembly stages under thoroughly, sterile, filtered air cover is used, again in an
isolator. However, for most practical purposes this is rarely used because the batch
sizes are too small and the mix of product for the assembly line is too large to justify
the often considerable capital expenditure. The object of the exercise is to avoid or
at best minimize exposure of the product to the human operative because they are
usually the major sources of airborne particulate matter and dust. Operators are
suitably dressed to reduce the contamination but the risk associated with human
handling of the product is always finite and must be minimized. Newer designs of
isolator are now allowing operators to wear street clothing because they work outside
the isolator, manipulating product through porthole gloves. These appear to be more
successful at protecting the product and are more popular with the workers who can
work comfortably without the constraints of special clothing and procedures. It is
generally accepted that under properly controlled operations, a modern aseptic
process will result in a product that will have a very low probability of containing
contaminating microorganisms. As noted earlier, this does not mean that the product
is sterile in the absolute sense.

In recent years the tendency has been to move toward the use of various plastic
containers. They are lighter and cheaper than glass containers and are not as easily
broken. Factors such as water transpiration rates and surface adsorption of formulation
components need to be monitored when investigating the practicality of using any
particular plastic as an alternative container. If the product volume throughput justifies
again the considerable capital cost of the machine a useful packaging system would
be the use of a “form-fill-seal” device, sometimes called a “blow-fill-seal” machine.
Available for the past 40 years, the pharmaceutical industry has been slow to accept
this technology, although there are signs that this cautious approach is changing.

Available from a number of sources (e.g., Rommelag, Edison, NJ; APL Engi-
neering, Woodstock, IL; or Weiler Engineering, Elgin, IL), this machine takes plastic
granules, melts them and forms a bottle inside a mold by blowing in sterile-filtered
air. The filtered product is then filled into the resulting cavity which has the effect
of cooling the body of the bottle. The neck is then sealed and the filled bottle ejected.
The whole operation is carried out in an atmosphere of sterile-filtered air. Validation
studies have demonstrated that these systems, operated correctly, are capable of
producing sterile product with a very high throughput. Filling volumes down to 0.2
mL and up to 50 or 100 mL, these machines require considerable capital investment
and are difficult to adjust for optimal efficiency. However, once functional, at no
time during the filling and sealing process is it necessary for an operator to become
involved. Indeed, manpower requirements are low since one operator can monitor
several machines and, ultimately, this saves costs.

 

PH1873_C007.fm  Page 191  Thursday, June 30, 2005  10:27 AM

© 2006 by Taylor & Francis Group, LLC



 

192

 

Pharmaceutical Biotechnology

 

It should be noted that aseptic assembly of a sterile product becomes difficult
with large volume containers and the Food and Drug Administration, for example,
would be unlikely to approve an aseptic process for container volumes in excess of
100 mL, i.e., by definition only small volume injectables are acceptable for aseptic
assembly.
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Like all pharmaceutical products, parenterals require quality tests designed to ensure
they contain the correct ingredients in the appropriate doses. Stability of the product
is measured and suitability for its stated purpose determined. In some quarters this
is a definition of “quality.” Perhaps it should be pointed out that this definition does
not go far enough. There are nonquantifiable issues associated with this definition.
An example would be automobiles since, intuitively, one can perceive the difference
between, say, an Aston Martin and a Ford Focus, both, as it happens, made by the
Ford organization. They certainly are suitable for their stated purpose with engine,
wheels, and other factors associated with an automobile but, intuitively and given
the choice, the average person would be likely to choose the Aston Martin because
of a perceived 

 

higher quality.

 

However, parenterals have other requirements in that they must be sterile and
free from pyrogens. Sterility testing, especially when the initial bioburden has been
lowered by repeated filtration, becomes very problematic. The statistics of sampling
as well as the methodologies for detecting small numbers of bacteria ensure that the
chances of detecting a contaminated container are very low. The only real value of
the so-called sterility tests is to satisfy regulatory authorities although, in fairness,
it has to be admitted that the tests might detect a situation when a batch has not
been heated at all or where the heat treatment is inadequate. Parametric release,
where a product is exempted from the lengthy and rather dubious sterility testing,
is allowed if it can be shown that the process will successfully result in a sterilized
product. Generally applied to high throughput large volume parenterals such as saline
or dextrose solutions, it can be applied to any product if the batch size is sufficiently
large as to justify the validation processes required.

Sterility testing is designed to detect bacterial contamination. Although viruses
and other small microorganisms will pass through filters they are not usually tested
for unless the product has a special requirement that demands this additional testing.

Combined with testing for bacteria, the pyrogen test has become important,
especially now that exquisitely sensitive methods for 

 

measuring 

 

pyrogens are avail-
able. Although not all bacteria produce pyrogenic materials, low levels of pyrogen
in the final product provides additional assurance that the initial bioburden in the
product, prior to any applied sterilization process, was correspondingly low.

Finally, additional quality test being applied to many but not all pharmacopoeial
parenteral solutions are the instrumental tests for particulate matter. Although almost
impossible to remove in its entirety, particulate matter, however it is defined, are
another direct measure of “quality,” the lower the number per unit volume the higher
the quality. Fortunately instruments are now available that will accurately count the
numbers of suspended particles in a solution down to 2.0 µm diameter. The interested
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reader is referred to 

 

<

 

788

 

>

 

 in the current USP for a complete account of the
methodology and standards. 
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Lyophilization is a process in which a solution of a drug is frozen to a solid and the
solvent, usually water, removed by sublimation on exposure to a vacuum. The
process has been studied intensively because it can be applied to the preservation
of labile drugs or materials such as proteins which would otherwise be adversely
affected by the solvent over a period of time.

In practice the entire process is required to be carried out under aseptic condi-
tions, including operating in an atmosphere of filtered sterile air. This provides for
difficulties in the design and application of suitable equipment although the situation
is slowly improving in practice, mainly at the insistence of the FDA.

In the operation, a sterile-filtered solution of the drug together with appropriate
formulation aids and bulking agents such as mannitol or lactose is pumped into a
presterilized container and the sterile closure placed loosely on the neck of the vial.
The vial is then placed on a shelf that is hollow in cross-section or has cooling coils
underneath to allow the circulation of a refrigerant or heating fluid. The contents of
the vial are then cooled to at least −40°C, enough to freeze the liquid contents to a
solid cake. This is then exposed to a vacuum of around 0.1 Torr (mm Hg) and the
shelf temperature allowed to warm up above the melting point of the solid in order
to start the sublimation process. The water vapor is allowed to condense on a cold
surface at some distance from the vial. This is often designed to be the walls of the
chamber which are maintained at −60°C. All environmental conditions inside the
chamber are monitored to ensure that the contents of the vial do not go above the so-
called triple point, the point at which there is an equilibrium between solid, liquid,
and gas phases of the solvent. Below this point the solid sublimes directly to the
gaseous phases without melting. A challenge here is to prevent the solid cake inside
the vial from melting or approaching the melting point since the ideal characteristics
of a dried powder cake are affected, including appearance and ease of solution when
being reconstituted.

If the process is carried out correctly, a dry, porous solid cake will be produced
that essentially retains the shape of the original solution. Often a secondary heating
stage is applied to the solid cake in order to remove the final traces of water. Since
the cake is effectively formed there is no need to worry about the solid structure
changing and conditions can be allowed to rise above the triple point. This stage is
limited by the need to avoid thermal damage to the product and the shelf temperature
under these conditions will rise to as much as 40°C, before the final traces of water
are driven off. The overall process is slow, taking as much as 3 days for the drying
to go to completion.

The need for two stages in the lyophilization process is that the free water, frozen
to crystals, is readily removed under low pressure by sublimation. However, water
bound by hydrogen-bonding to the crystalline lattice or molecular matrix of the
product, especially if it is proteinaceous, is more difficult to remove and requires a
much longer time and increased heat exposure.
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After the drying is judged to be complete the closures are pressed into place by
hand or by hydraulically raising the shelf to the roof or adjacent shelf. The retaining
metal bands or rims are then fixed into place. However, until this final stage, the
whole process has to be maintained under a laminar flow of sterile filtered air at a
carefully controlled temperature and humidity.

As noted, lyophilization has been subjected to a number of academic studies,
which have helped to understand the basic physics of the process. Many of the
observed effects are subtle and sometimes difficult to explain. Loss of biological
activity of proteins has been observed and this may be due to conformational changes
that occur during the drying process or subsequent storage and handling (Chi et al.
2003). Some proteins dimerize or aggregate to higher molecular weight forms, even
forming denatured or insoluble compounds. These reactions usually take place
during the initial drying stage. Selection of a different bulking agent or different
environmental conditions during the freezing or drying process will often overcome
these issues. However, when dealing with a new product or even a reformulated
product it will be evident that a considerable amount of investigational work is
required to ensure a successful outcome. 

DRUG DELIVERY THROUGH THE SKIN

SKIN 

The skin is the largest organ of the body and offers a lot of opportunities for passive
delivery of drugs under appropriate conditions into the underlying systemic circu-
lation. The surface area of the skin for a typical adult weighing, say, 90 kg and 180
cm tall is approximately 2 m2 (data derived from the Geigy Scientific Tables, 3,
1981). Not all of the skin is of equal thickness as will be evident when comparing,
for example, the sole of the foot with the scrotum. There are other advantages
associated with delivery of drugs through the skin. For example, first pass metabolic
effects seen on passage through the liver are generally avoided and constant levels
of drug in the bloodstream are often maintained for prolonged periods of time. If
these levels are below levels that manifest toxicity, side effects associated with the
drug are often avoided or at least minimized. In turn this allows the administration
of lower doses and bioavailability is enhanced. This often increases patient compli-
ance. On the other hand, once delivery has commenced it is not easy to terminate
delivery of the drug if unwanted side effects are seen following initial administration
and, as with all drugs, there is always the possibility of skin irritation or local
sensitivity reactions.

Structurally, the skin consists of the outermost epidermis which is essentially com-
posed of dead squamous cells sloughed off from the underlying dermis (Figure 7.1).
The dermis lies on top of subdermal layers, which further down gives access to
nerve endings and capillaries of the circulatory system.

The stratum corneum, located as a discrete layer just underneath the outermost
part of the epidermis, offers the main resistance to water loss from the body and to
the ingress of toxic materials such as solvents or other insults from the external
environment. The skin as a whole offers a natural resistance to the application of

PH1873_C007.fm  Page 194  Thursday, June 30, 2005  10:27 AM

© 2006 by Taylor & Francis Group, LLC



Formulation of Proteins and Peptides 195

externally applied drugs or toxins but there are alternative pathways for the move-
ment of materials applied to the skin, for example, down the sweat glands or hair
follicles. Some drugs applied in oleaginous vehicles such as ointments and creams
are known to penetrate through the skin layers, reaching the peripheral blood vessels
and then the systemic circulation.

Scientifically, however, one would like to have greater control over the absorption
process. This means applying external materials or drugs to a defined area of the
skin surface where the diffusion process would be more likely to be uniform and
therefore more controllable. Individuals vary considerably in their body hair, as one
example, and obviously there are additional differences between men and women
from this perspective. Some materials readily penetrate the skin but a more system-
atic exploration of the factors influencing skin permeability over the past two decades
has determined many of the properties of materials that influence the movement of
drugs through the skin. Intuitively, for example, properties such as charge, molecular
weight, solubility in oil or water (or the o/w distribution coefficient), area of appli-
cation, concentration of the applied drug, and specific biological activity on a mg/kg
basis would all have some influence and, for the most part, this has proved to be
correct experimentally.

This area of exploration and development has resulted in the successful clinical
and commercial development of a number of transdermally applied drugs. Some of
these are shown in Table 7.1, but it will be noted that there appears to be a limiting
molecular weigh below approximately 500 Da.

Most of the drugs shown in Table 7.1 are administered passively in the now
familiar skin “patches.” These devices are carefully engineered in order to ensure
that the drug is released at a predetermined rate, often with the use of rate-controlling

FIGURE 7.1 Cross-section of human skin showing drug pathways.
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membranes. There are basically three major types of patch or transdermal drug
delivery system (TDDS) as shown in Figure 7.2, adapted from Hopp (2002). These
are all based on the technology associated with spreading materials on a base layer
of plastic sheet or paper and consists of the drug dispersed or dissolved in a suitable
solvent, the rate-limiting membrane, and an adhesive to ensure that the drug delivery
device is maintained in intimate contact with the skin surface to which it is applied.
The actual identity of the materials composing the patch are usually determined by
the nature and properties of the drug involved.

The familiar use of creams or ointments as alternative means of delivering drugs
to the skin has been systematically explored in the case of, for example, nitroglycerin
where the controlling factor in delivering a known, controlled, and reproducible dose
is the area of application. Generally, if the drug is effectively an insoluble solid
dispersed in a matrix such as petrolatum or oil-in-water cream, we find that the
particle diameter of the dispersed insoluble drug begins to exert an influence as well
as that of the vehicle. Oil droplets in water-miscible creams are between 10 and 100
µm diameter. Droplets in excess of 100 µm diameter tend to remain on the surface
of the skin but those below 3 µm can penetrate down hair follicles at random. There
have therefore been reports in the literature that submicron emulsion systems improve

TABLE 7.1
The Molecular Weights of Drugs Delivered Transdermally, 
Either Commercially or Under Clinical Evaluation

Drug
Molecular Weight 

(Daltons)

Nicotine 162
Ibuprofen 206
Nitroglycerine 227
Clonidine 230
Methylphenidate 233
Lidocaine 234
Flurbiprofen 244
Estradiol 272
Testosterone 288
Diclofenac 296
Ethinylestradiol 296
Scopolamine 303
Dihydrotestosterone 322
Norelgestromin 327
Fentanyl 337
Alprostadil 354
Oxbutynin 358
Dextroamphetamine 369
Dexamethazone 392
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drug penetration through the skin. The stratum corneum is hydrated, allowing the
formation of gaps in this protective layer through which the small emulsion particles
can penetrate to form a drug reservoir within the skin. These observations do not
appear to have been exploited commercially but clearly the approach could be
promising given a suitable drug candidate.

As recently reviewed by Gupta and Garge (2002), there are some materials
known to penetrate the skin readily and appear to be capable of acting as penetration
enhancers for certain selected drugs. These enhancers sometimes work more effec-
tively in the presence of solvents such as ethanol or propylene glycol. A well-known
example is the use of the insect repelent DEET (N,N diethyl-m-toluamide) as an
enhancer for corticosteroids or the use of isopropyl myristate and propylene glycol
for diclofenac sodium. Indeed, cyclodextrins have also been employed as penetration
enhancers for hydrocortisone although how this system functions is not easy to
visualize (see later section on cyclodextrins).

When considering transdermal delivery of proteins it is likely that the strongest
and controlling influence would be the size of the molecule. The use of enhancers
such as DEET has been claimed to considerably broaden the range of molecular
weights of penetrating compounds (Walters 1989). Experimentally it has proved
possible to drive some complex proteins and other immunologically active materials
such as vaccines into and through the skin but, as yet, none have been utilized on
a large scale in the clinic. However, it must be said that some methods look extremely
promising.

FIGURE 7.2 Typical transdermal drug delivery system.
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lontophoresis

Iontophoresis is a method for assisting the transport of materials through the intact
skin by applying a mild electrical field of opposite sign to that of the diffusate (Guy,
1998). The diffusing species must therefore carry a charge under the optimal con-
ditions and many low molecular weight polypeptides such as insulin have been
successfully administered to the body in this fashion. Controlling the exact dose is
not easy but the prospect for the design of electronically controlled feedback drug
delivery systems is promising. In the case of insulin, for example, glucose excreted
through the skin can be measured before applying enough insulin back through the
skin to correct the situation. Prototypes for this type of device have been constructed
and demonstrated clinically so obviously these systems are, indeed, successfully
approaching the marketplace and should provide a valuable function in the future.
Claims have been made for the successful application of electrical currents to
increase the natural closures between cells, to open up gaps through which externally
applied drugs can pass. Reading some of these claims raise doubts as to their likely
application in the future. For example, high although transitory currents are required
and there is always the prospect for causing pain to the patient which will affect the
compliance to a given therapy. 

MULTIPHASE DRUG DELIVERY SYSTEMS

MICROEMULSIONS 

Microemulsions have been controversial since they were first defined by Schulman
in 1959, although Schulman himself had first described such a system in 1943
(Rosano and Clausse 1987). Various authors have offered different explanations for
the spontaneous formation of thermodynamically stable, isotropic, transparent com-
positions when mixtures of surfactant, oil, and water are titrated with a cosurfactant,
usually a medium chain aliphatic alcohol. These systems, not always formed with
pharmaceutically acceptable surfactants, have proved to be of exceptional interest
to the oil-drilling industry but recently have started to be explored pharmaceutically.
At least one microemulsion system is being used commercially to deliver the excep-
tionally hydrophobic cyclic oligopeptide drug cyclosporine and similar drug delivery
systems were being evaluated at the time of writing.

The term “microemulsion” has been disputed by a number of authors. A consen-
sus is slowly appearing although some authors prefer the terms “transparent emul-
sion,” “micellar emulsion,” or “swollen micellar emulsion.” As Rosano and Clausse
(1987) pointed out, “microemulsion” is most often used to describe any multicom-
ponent fluid made of water (or a saline solution), a hydrophobic liquid (oil), and one
or several surfactants. The resulting systems are stable, isotropic, and transparent and
have low viscosities. In addition, microemulsions can themselves be compounded to
be hydrophilic or hydrophobic in which the continuous phase can be either water or
oil, respectively. Indeed, some authors have described waterless systems as micro-
emulsions or media where formamide or glycerol have been used instead of water.
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From the pharmaceutical perspective it should be noted that although appropriate
systems may be very stable, they are strongly dependent upon the composition of
the system, usually characterized in the form of a tertiary or quaternary phase
diagram. In addition, most systems contain high concentrations of at least one of
the surfactants present. When the composition is changed, in some cases even
slightly, the microemulsion structure and properties are changed, no longer being
isotropic or transparent and increasing in viscosity. Although they have been claimed
to be valuable drug delivery systems, when injected or administered orally into an
aqueous environment the systems rapidly destabilize as their composition moves to
the point represented as 100% water on the phase diagram (Figure 7.3). An important
formulation issue is that the order of mixing is an essential requirement during
manufacture and this should be determined at a very early stage of development.
This consideration brings to mind the comment by Schulman that the cosurfactant
requires to be added by titration.

Microemulsions form spontaneously in much the same way as structural ele-
ments, such as surfactant micelles, rearrange themselves following the addition of
the cosurfactant. Because the water may be incorporated into the hydrophilic struc-
tures of reverse micelles, when examined by x-ray analysis spherical droplets with
diameters of 6–80 nm have been reported.

In an attempt to explain the spontaneous movement Schulman introduced the
concept of negative interfacial tension. This was used to explain why the positive

FIGURE 7.3 Hypothetical three-phase diagram of surfactant/oil/water composition illustrat-
ing the rapid change in the constitution as a microemulsion phase is diluted in water.
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interfacial tension suddenly dropped to zero or, at least, very low values when the
order of mixing to the same composition point was changed. The same concept has
been used to explain the spontaneous formation of emulsion systems and is discussed
under that heading. Basically, it was suggested that there was a point in the composition
of the interface between the oil and water at which the cosurfactant, usually a short
chain acyl alcohol, readily penetrated and redistributed itself between the aqueous and
oily phases. Negative interfacial tensions have been reported in some situations,
although this can only be understood as an extension of positive surface pressures.

All things being equal, microemulsions only form under very specific conditions
and compositions. Temperature is a critical condition as is the initial composition
of surfactant, oil, and water. The cosurfactant and manner of mixing are both critical
to the formation of a microemulsion but, once it is formed, the system will be
remarkably stable. However, microemulsions are adversely affected by any attempt
to dilute the composition with one of its components such as oil or water. Again,
from a pharmaceutical perspective, the fact that the composition almost invariably
contains a high concentration of the main surfactant is generally not favorable to
either the cost of the basic admixture or to the probable toxicity because concentrated
surfactants can be irritating when applied to the skin or irritating on or around an
injection site. Once applied to the skin, injected or ingested the composition changes
in its identity and is no longer structurally a microemulsion. Considerable care is
therefore required when selecting a suitable surfactant for a particular purpose,
especially when considered from the aspect of toxicity.

Indeed, the selection of raw materials from the pharmaceutical perspective is
severely restricted by toxicity concerns, and Attwood and Florence (1998) suggested
that only a few nonionic surfactants such as polysorbates 80 and 20 may be suitable
for oral administration, with the possibility of some phospholipids serving the same
function. Since that time a small number of other nonionic surfactants (e.g., cremo-
phores) have been evaluated.

At issue here is the question of toxicity and the willingness of manufacturers to
undertake the extensive and costly testing required by regulatory agencies. There may
be other suitable materials but the perceived need and economic return on investments,
of necessity, control whether new materials will appear on the market place.

The review by Attwood and Florence (1998) is valuable because it provides a
comprehensive survey of the earlier pharmaceutical literature. From this we can
learn that microemulsions are formed spontaneously from fixed compositions of
surfactant(s), oil, and water but these compositions change with temperature. As a
stable system is diluted progressively with, for example, water, the microemulsion
phase will spontaneously revert to other phases on the diagram, including unstable
emulsions or a solution. This becomes relevant when considering what happens to
the system when it is administered. No matter how it is administered the micro-
emulsion phase will be diluted, most likely with water in some form or another, and
revert to some other composition in the body.

Some authors have claimed that their system survived as microemulsions almost
down to the 100% water point on the triple-phase diagram. Unfortunately this claim
does not appear to be substantiated by the published phase diagrams and the claim
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is counterintuitive. Experimentally there are considerable practical difficulties in
establishing an accurate phase boundary with a viscous component and this question
must remain open for the present.

Microemulsions as Particulate Systems

There has been a tendency to defend the definition of a microemulsion as a system—
composition of matter—that consists of a stable dispersion of small (or water)
droplets with diameters of 50–140 µm in a matrix usually consisting of of a surfactant/
cosurfactant admixture. This definition ignores the importance of the high surfactant
concentration in the subsequent performance of the system, and some authors have
attempted to measure the droplet size by diluting the system down with water before
analysis, thereby totally ignoring the significance of the phase composition. Interest-
ingly, these studies suggested that the resultant emulsion particles were indeed small
(~150 nm), but whether these particles were in the initial matrix is questionable.

These types of studies illustrate the confusion amongst scientists that has existed
for generations and it is essential that these issues are resolved as we study the in
vivo and in vitro behavior of drug delivery formulations based on microemulsions.

Spontaneous Microemulsion Formation

There are two main characteristics of microemulsions that are interesting to the
pharmaceutical formulator, assuming all other attributes are acceptable such as the
toxicity of the component materials. The first is the spontaneous formation and
dispersion of small (<1 µm) oil droplets in the continuum as soon as the water
concentration has reached an optimum value during a mixing process. This compo-
sition is remarkably stable isothermally but does revert to other structures if the
temperature is significantly changed one way or another.

The other significant factor concerns the viscosity of the transparent system
which is low although, as one group claimed, it is unlikely to be non-Newtonian.
Whether these considerations are relevant to the formation of spontaneous emulsions
(later) remains to be seen but this whole area is one of considerable scientific interest,
quite apart from its pharmaceutical application as drug delivery systems.

PROTEIN COMPACTION

Tablets or compacted powders and granules are widely utilized for the oral delivery
of drugs. In addition, tablets may also be used for delivery to other body sites such
as the vagina or as sterile implants.

The subject of protein compaction started to become of interest when some
proteinaceous enzymes were offered as oral treatments for indigestion and resulted
in published studies of the effects of compaction on biological activity.

More recently the use of compacted bovine somatotropin pellets has been intro-
duced. These have been administered to cattle by using a compressed air gun to shoot
the pellets into intramuscular tissues. This was a major advantage since the drug could
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be administered at a distance, cows being notoriously shy of individuals in white coats
waving syringes. In addition, compressed hormonal pellets are used for pigs and fowl
and this has become a new venture for both human and veterinary medicine.

Before discussing the effects of pressure on biological activity it will be neces-
sary to briefly review the behavior of powders or granules under applied pressure.
Powder and granular particles tend to compact in three main stages.

1. Particle rearrangement and closer packing as the available volume becomes
reduced

2. As they move closer together the particles undergo plastic and elastic defor-
mation, and, finally

3. There is cold working in which the particles begin to adhere to each other,
with or without fragmentation

At the onset of the compression cycle, particles undergo some rearrangements to
reduce particle–particle distances without undergoing excessive deformation. This
initial movement results in the decrease of spaces or voids between particles. As the
applied compactional stress is increased, the available volume becomes less and the
individual particles begin to deform, thereby filling inter- and intraparticular spaces.
At this stage there is a progressive increase in the compact density and bonds can
form between adjacent particles so that, should the compaction be removed, the
shape of the final compacted space will be retained. Further increase in the com-
paction pressure will result in more particle fracture, the formation of more inter-
particulate bonds, and reduction of the void spaces between particles. Ultimately
there is irreversible work hardening as the voids disappear altogether.

However, it should be noted that these processes may not be sequential and will
often occur simultaneously within the same compact bed. In some formulations the
plasticity is such that deformation and adhesion stages will be influenced and the
compact—the shape of the compaction volume that the composition forms—is
retained more readily. 

Several processes for the formation of compacts have been proposed as it will
be evident that links or bonds can only form across adjacent surfaces. Some of these
mechanisms for bond formation are

1. Mechanical interlocking
2. Formation of solid bridges by the fusion of adjacent crystals (“cold weld-

ing”)
3. Adhesive and cohesive forces at binder bridges which are not freely

movable
4. Dispersion forces being available between particles
5. Interfacial forces and capillary pressures become available through access

to freely movable liquid surfaces

Groves and Teng (1992) investigated the effect of compactional pressure on bio-
logically active proteinaceous enzymes such as α-amylase, β-glucuronidase, lipase,
and urease. Assaying the “activity” of these enzymes before and after the compaction
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process was relatively straightforward. These materials were amorphous and were
compacted at pressures in excess of those normally used to prepare formulated
powders containing diluents, lubricants, and other compaction aids. Mechanically
stable compacts were formed and it seems reasonable to conclude that these were
due to the bonds formed from molecular dispersion forces.

The pressure applied was sufficient to remove most if not all voids from the
compacts. The original protein particles could be thought of as molecular aggregates,
not individual molecules. However, the properties of the aggregates themselves
needed to be considered since interparticular voids will exist and may also collapse
during the compaction process.

Another important factor proved to be the influence of trace quantities of mois-
ture in the compacts, from both the environment and also within the protein itself.
“Dry” proteins adsorb water with avidity because of the exposed hydrophilic regions
within the protein structure, changing the properties of the hydrogen bonding within
the structure and, therefore, the flexibility of the overall structure. Excessive drying,
on the other hand, can result in the collapse of an otherwise water-soluble protein
to the point where it is effectively denatured and will no longer dissolve.

Evaluation of the data obtained by Groves and Teng (1992) suggested that
biological activity was not lost initially during the initial compaction process but in
most cases was suddenly lost over a critical compaction pressure range. This indi-
cated that activity did not begin to be lost until most of the void spaces had been
lost and there was an increase in the particle interfacial reactions. Earlier work had
suggested that thermal inactivation was involved but while energy is undoubtedly
released during the compaction process in the form of heat as surfaces slid over
each other, this effect was not confirmed as an inactivation factor. Detailed exami-
nation suggested that different, nonthermal, interactions were involved.

It should be pointed out that these studies were carried out on pure proteins,
without the benefit of formulation aids. Additives such as diluents and lubricants
would certainly function to reduce the energy applied during the compaction process.
However, although suitable for oral use, many orally acceptable diluents are toxic
when used parenterally. Thus, the only variable that could be utilized for the com-
paction of a pure protein might be the residual water level in the protein itself. This
information would probably be needed when formulating a compressed pellet for
subdermal administration or some other parenteral route.

SELF-EMULSIFYING DRUG DELIVERY SYSTEMS

Self-emulsifying drug delivery systems (SEDDS) are anhydrous solutions of the
drug in oil containing surfactant and cosurfactant, which spontaneously emulsify
when added to an excess of water.

When used as drug delivery systems these formulations have advantages because
it is not necessary to transport water from the production facility to the application
site, the drug is not exposed to an aqueous environment until immediately before
application, or, in the case of a SEDDS–filled gelatin capsule, after swallowing. The
final product is generally a finely divided submicron emulsion that forms very rapidly
when added to water. Thus, stability to hydrolysis is increased during storage and
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transportation of the anhydrous oil phase. In addition, the oily vehicle can be
designed to dissolve hydrophobic drugs. Because the droplets form so quickly and
are so small, mass-transfer from oil to water phase is usually very rapid.

This phenomenon of self-emulsification was first observed by Johannes Gad in
1878 when he gently layered a solution of lauric acid on top of an aqueous alkaline
solution, thereby making a soap in situ but also forming an emulsion without the
aid of external agitation. A laboratory curiosity for the next 50 or so years, the
principle became recognized as being valuable for the formulation of herbicides and
insecticides such as DDT. The concentrate could be reconstituted with ditch water
and sprayed without the need to carry water to the site.

Spontaneous emulsification of oils carrying drugs make SEDDS good candidates
for the oral delivery of hydrophobic drugs with adequate oil solubility since the drug
will be presented as a fine (submicron) emulsion that has a large surface area across
which diffusion can take place rapidly, thereby facilitating absorption into the body.

For drugs subject to dissolution rate limited absorption such as solid dosage
forms, SEDDS may offer improvement in both the rate and the extent of absorption
(Constantinides 1995). In at least one published example, for the experimental drug
WIN 54954 (Charman et al. 1992) both the dissolution rate and the pharmacokinetic
parameters on oral administration to nonfasted dogs from a SEDDS were improved.
Spontaneous emulsions may be formed with mild agitation when added to water in
order to ensure uniformity of mixing but when given orally in a soft gelatin capsule,
SEDDS tend to be mixed with the aqueous environment by the normal motility of
the stomach and the intestine.

SEDDS have their main advantage when delivering drugs such as peptides which
are otherwise hydrolyzed or degraded by moisture or bulk water. They are particularly
useful for the formulation and presentation of drugs such as proteins and peptides
which would otherwise become degraded by the extreme temperatures and shearing
conditions encountered during homogenization. A SEDDS can be made by simple,
direct mixing under low shear conditions and packed into soft gelatin capsules without
undergoing exposure to extreme conditions. A major difference between SEDDS and
microemulsions would appear to be that the order of mixing for the SEDDS concen-
trate is unimportant since there are no structures formed at this stage.

Indeed, recently SEDDS themselves have been delivered as liquids absorbed
onto powders such as colloidal silicon dioxide or microcrystalline cellulose (Nazzal
et al., 2002). Selection of the absorbent was obviously critical to the performance
of the system but, as an aside, it seems that this approach negates the rapid release
properties of a SEDDS. It will be interesting to follow the future of this technology.

EVALUATION OF SEDDS PERFORMANCE PARAMETERS

Few methods exist in the literature for evaluation of performance parameters of
SEDDS although some basic evaluations have been published (Groves and Mustafa,
1973). The ability of a SEDDS formulation to form small droplets on dilution is
an essential feature because this determines the rates of both drug release and
extent of the absorption process. This parameter is largely controlled by the nature
and concentration of the primary emulsifier. Thus, phase diagrams at ambient
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temperature have become useful as a means of identifying compositions with
optimal performance.

The rate and extent of emulsion formation, the spontaneity, is important although
there are no widely accepted methods suitable for measurement of this parameter.
A standardized visual test was proposed by the Collaborative Pesticide Analytical
Committee of Europe (CPAC) and the United Nations Food and Agricultural Orga-
nization (FAO). Groves and Mustafa (1973) devised a laser-light scattering device
attached to a flowing fluid system in which the time of transit was measured
volumetrically. This allowed a transit time to be determined with some precision as
the dispersing emulsion was being carried through the tube, thereby allowing a
dispersion time, or spontaneity, to be measured. Iranloye and Pilpel (1984) used a
simple laser nephelometer to measure the change in intensity of light as the system
was being gently mixed and a similar system was used by Pouton (1985). These authors
considered this method to be simple and suitable for comparing the self-emulsifying
ability of various SEDDS.

Emulsion droplets formed by the aqueous dilution process are often weakly
charged and the origin of this charge is usually the free lipid acids in the oil or
nonionic surfactant employed in the system. Cells in the body are generally nega-
tively charged, and Gershanik and Benita (2000) showed that positively charged
emulsion droplets formed from a SEDDS electrostatically interacted with the
mucosal lining of an inverted rat intestine. The formulation was then shown to
enhance the oral bioavailability of progesterone when compared with a correspond-
ing but negatively charged formulation.

The polarity of the oil phase may also influence biological behavior by affecting
the rate of dispersion in to the aqueous phase. Polarity is determined by the length
of the acyl or lipid chains, the degree of unsaturation and the molecular weight of
the hydrophilic portion of the molecule and the concentration of the emulsifier. In
effect the polarity reflects the ability of the drug to interact with the oil initially and
then the water/oil combination after emulsification. Constantinides (1995) suggested
that optimum drug release parameters would be obtained by a combination of small
droplet size and a low oil/water partition coefficient.

Emulsion stability of SEDDS is usually good because the droplets are small and
have narrow size distributions. However, stability can be measured by determining
the flocculation rates, degree of separation, or changes in the diameter of droplets
formed on dilution over time during storage under various conditions.

The final performance characteristic of any formulation, including SEDDS, is
the effect produced physiologically in terms of the drug absorption. The extent of
adsorption might be determined by the metabolism of the oil once ingested, the
droplet size and charge and the resultant partition of the drug between the oil droplets
and the excess of the aqueous phase. 

SELECTION OF COMPONENTS FOR A SEDDS

To some degree the selection of components for a SEDDS will be determined by
the properties of the drug itself but, ideally, the final system concentrate prior to
dilution should be 
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1. Composed of readily available, nontoxic ingredients
2. Transparent and monophasic at ambient temperature
3. Providing a solvent for the drug, not as a suspension

For these reasons the selection of an appropriate oil is limited to some extent by the
need to use metabolizable long-chain triglycerides. These are represented by natural
oils such as olive or soy oil or the short-chain triglycerides obtained from coconut
oils. The chain length and degree of unsaturation of the oil, as well as the molecular
weight, influence the droplet diameter and polarity once formed.

Initial work on self-emulsifying oils suggested that two surfactants may be
required, one slightly hydrophilic and the other slightly hydrophobic. In the phos-
phated systems evaluated by Groves (1978) an interaction between the two surfactants
could be detected as anomalies in the respective phase diagrams and the lowering of
the surface tension between the two. However, many modern systems use ethanol as
the cosurfactant and current pharmaceutical systems tend to use only a single surfac-
tant. Surfactants used in modern pharmaceutical SEDDS mainly consist of ethoxy-
lated nonionic long-chain derivatives. This is claimed to be because these materials
are more stable, have low irritation potential, and generally do not need a cosurfactant.
Wakerly et al. (1986) screened a number of medium-chain and long-chain surfactants
for their ability to form pharmaceutically acceptable SEDDS and found that the most
efficient were surfactants with predominantly unsaturated acyl chains. Oleates with
HLBs (hydrophil–lypophil balance) of around II were found to be effective, as were
sorbitan esters and the ethoxylated triglycerides such as Tagat TO. 

POSSIBLE MECHANISMS FOR THE FORMATION OF SELF-EMULSIFIED EMULSIONS

What is intriguing about spontaneous emulsions is the fact that they form dispersed
system with very small droplets over a short time span, usually within seconds, so
that a series of complex events, requiring internal energy sources, must take place
as soon as the oil concentrate is added to an excess of water. Emphasis here must
be on the excess of water since, if only relatively small amounts of water are involved,
the dispersing system rearranges itself and forms a part of the concentrated phase
diagram without necessarily forming droplets. The question then arises as to what
is actually going on at the very rapidly expanding interfacial area between the oil
phase and the water.

Based on the 19th century work of Gad, Gopal (1968) in his review suggested
that three main mechanisms were taking place simultaneously, as follows:

1. Agitation of the interface, resulting in the formation of lamellae that break
up into small droplets

2. Diffusion of one phase into the other so that solute droplets become stranded
3. Areas of negative interfacial tension develop between the two phases,

causing spontaneous breakup of the disperse phase

On their own, these descriptions are insufficient and do not provide an explanation of
the energy source. In the 1950s Schulman and coworkers had offered the explanation
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of negative interfacial tension as part of an explanation for the spontaneous formation
of microemulsions but, again, this suffers from a lack of reality.

Groves (1978) provided an intuitive explanation based on a mechanical model
in which water penetrates into the oil/surfactant system, forming liquid crystals but,
more to the point, considerably expanding the interface. This is the reason why it
is necessary to postulate that water is inconsiderable excess. The surface expands
so that instead of a negative interfacial tension what we have is a positive surface
pressure. At this point it is not unreasonable to visualize the surface expanding and
stranding as postulated in the Gopal model.

At this stage Groves (1978) suggested that hexagonal liquid crystalline systems
were rapidly forming from the surfactant molecules, the lipid esters, and the water.
The net effect is the conversion of a disordered, random mixture of the essential
components into an organized, ordered interfacial structure which can continue
growing until the components are no longer available or are taking too long to diffuse
from the interior of the droplet. The explosive instability due to the rapid increase in
the surface area comes to a stop when the constitution of the liquid crystalline phase
changes from an easily penetrated hexagonal structure to a laminar phase which is
less easy to penetrate and does not easily spread. This laminar phase forms the interfacial
structure of the final, stabilized, emulsion droplets.

Here, the source of the energy for these interactions is supposed to come from
internal molecular forces such as the free energy of mixing that occurs during the
violent mass transfer. One of the main characteristics of a spontaneously emulsifying
system is that there is no requirement for the application of external energy.

In recent years some SEDDS containing ethanol have been explored and have
proved to be useful in the case of cyclosporine. There is insufficient evidence at
present to connect these ethanol-containing systems and the more classic self-
emulsifying systems but again the possibility exists that the self-emulsification is
another manifestation of the free energy of mixing but mainly involving the surfac-
tants since the oil is not very water soluble. An intuitive depiction of this process is
illustrated in Figure 7.4.

INCLUSION COMPOUNDS AND CYCLODEXTRINS 
AS DELIVERY SYSTEMS

It is probably fair to suggest that drugs with poor water solubilities are poorly absorbed
in vivo and have low bioavailabilities. One way of improving the bioavailability of
such compounds is to reduce the particle diameter, thereby increasing the surface
area for solution to take place. A classical example of this approach was the almost
insoluble drug griseofulvin, the bioavailability of which is critically affected by the
mean crystal diameter. Chiou and Riegelman (1971) took this approach to the next
stage by forming a solid solution of griseofulvin and other water insoluble drugs in
polyethylene glycol, which was a true solution, unaffected by the inevitable lot-to-
lot variations that occur in the unformulated crystalline raw drug. These authors
coined the term solid dispersions for this type of solid solution. Chiou and his students
have explored the use of solid solvents such as succinic acid for this and other drugs.
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Drugs presented as solid solutions often have advantages in that the drug is absorbed
more rapidly and often more completely although the exact mechanism for absorption
is not always clearly defined. Some, for example, are complexes. Others are glass-
solutions or suspensions but most are metastable, readily forming brittle or unstable
materials on storage, especially in the presence of moisture.

FIGURE 7.4 Intuitive explanation of the spontaneous formation of emulsion droplets from
a SEDDS.
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Solid dispersions have been explored as drug delivery systems for over 30 years,
initially starting with various forms of polyethylene glycols, citric and succinic acids,
and sugars. However, more recent success has been achieved using hydroxypropy-
lcellulose (HPC), ethylcellulose (EC), and the commercial forms of methylacrylic
acids and their copolymers sold under the name Eudragits. In addition, chitosans
have been evaluated for this purpose.

In the meantime, attention has turned to the more stable inclusion compounds,
which are materials capable of binding or holding a second chemical species or
guest molecule inside their internal molecular structure. The host molecule usually
has cavities, channels, or tunnels within the structure that are capable of accepting
guest molecules within the hydrophilic space. There is no covalent bonding between
the two, just much weaker van der Waals forces so the guest molecules can escape
readily if the complex is placed in a solvent, for example. If the guest molecule is
completely trapped the complex is termed a clathrate or a cage compound. Widely
found in nature these materials are also called crown complexes and are rarely of
interest to the pharmaceutical formulator because they are toxic.

However, some inclusion compounds are of considerable interest to pharmacists.
For the most part these are cyclodextrins (CDs) as shown in Figure 7.5. Chemically
they are cyclic oligosaccharides containing 6, 7, or 8 glucopyranose units, respec-
tively, α, β, or γ-CDs. These compounds are hydrogen bonded internally to create
characteristic three-dimensional truncated cones (Figure 7.6). With different dimen-
sions, these cones are capable of accepting various other molecular entities according
to the available space inside the cone. Effectively another form of solid dispersion,
CDs have proved to be more durable than previous attempts to stabilize and enhance
the solubility of drugs with otherwise low intrinsic aqueous solubility.

Not all CDs are suitable for the required purpose and because they can also
absorb biological entities when administered to the body, the toxicity of some CDs
may be questionable. For example, β-CD has proved interesting and some products
containing this compound have appeared on the market. Unfortunately, parenterally

FIGURE 7.5 Natural cyclodextrins α, β, and γ. (Reprinted with the permission of Aster
Publishing Corp. These figures originally appeared in BioPharm., 1991, 4(10), 44–51.)
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it may have some direct renal toxicity and it has a relatively low aqueous solubilty,
1.8 g/100 mL. When formulated with garlic oil it produces a completely odorless
and tasteless inclusion compound, and other drugs are known to lose their bitterness
or unpleasant taste which makes them more acceptable to the consumer.

Recently some modified CDs have been offered on the market that appear to be
more useful as drug delivery systems. One of these, the Janssen hydroxypropyl
β-CD, appeared very promising but Janssen Pharmaceuticals are no longer in busi-
ness and although another company is offering this material, there may be unresolved
proprietory issues involved. An alternative compound, sulfobutyl ether β-CD, Cap-
tisol (CyDex), (SBE–CD), has a much larger capacity to dissolve insoluble com-
pounds (Table 7.2) and a significantly higher water solubility, 90 g/100 mL. More-
over, unlike β-cyclodextrin, this compound does not manifest parenteral toxicity.
Recently (October 2002) this cyclodextrin was approved by the FDA for the solu-
bilization of the Pfizer compound voriconazole and it has been approved for use in
other countries.

FIGURE 7.6 Truncated ionical form of cyclodextrins: (A) β-cyclodextrin; (B) basic feature
of cone. The hydroxyl rim is made up of hydroxyls attached to the C6 carbons, and the
secondary hydroxyl rim, of hydroxyls attached to the C2 and C3 carbons; (C) approximate
molecular dimensions of the three major cyclodextrins. (Reprinted with the permission of Aster
Publishing Corp. These figures originally appeared in BioPharm., 1991, 4(10), 44–51.)
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Drugs are incorporated into CDs by using a number of simple procedures such
as the direct addition of an aqueous solution or suspension of the drug to a solution
of the CD, followed by a period for equilibration and subsequent freeze drying. An
alternative process is to spray dry an aqueous suspension of the two components,
but direct mixing of the two powders with water and kneading together as a paste or
slurry before drying is feasible in most cases and attractive as a method for large
scale manufacture. If operated at temperatures above 100°C this method can produce
granules suitable for compression into tablets. Some compositions can also be made
by grinding and exposing the mixture to temperatures in the range of 60–90°C in a
closed vessel. A disadvantage of CDs is that the molecular cavities are too small to
incorporate significant quantities of drug in excess of a ratio of 1:1 on a weight or
molecular weight basis and this can result in large, bulky, formulations (Table 7.2).

One other possible disadvantage associated with the use of CDs is that they cannot
incorporate an entire protein molecule, Stratton (1991). This is relatively unimportant
if the hydrophilic sections of the protein molecule could be entrapped in the CD
cavity, thereby leaving the hydrophobic portions outside the CD (Figure 7.7). Exper-
imentally some exceptions to this rule have been noted, one being insulin entrapped

TABLE 7.2
Properties of Some Cyclodextrins (CDs)

Cyclodextrin α-CD β-CD γ-CD HPCD SBE-CD

Molecular Weight (Da) 973  1135 1297 ~1402  ~2160
Molarity (mol/L) 0.149 0.016 0.179 0.428 0.370
CD solubility (g/100 mL) 14.5 1.85 23.2 60  80
Maximum drug concentration, assuming 
a guest molecular weight of 500 Da and 
all cavities are filled (mg/g)

75 8 90 214 185

Adapted from Thompson, D. and Chaubal, M.V. (2002). Excipient update. Drug Delivery Technol.,
2(7), 34–38.

FIGURE 7.7 Amino acid side chain of a protein interacting with a cyclodextrin. (Reprinted
with the permission of Aster Publishing Corp. These figures originally appeared in BioPharm.,
1991, 4(10), 44–51.)
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in 2-hydroxypropyl–β-cyclodextrin. In this case not only is the protein incorporated
but the formulated drug is more stable and the solubility enhanced without affecting
the biological activity. This approach may find itself being used in the next generation
of implantable insulin pumps, which have been under development for the past decade.

Regulatory agencies in the United States, Japan, and Europe have approved the
use of cyclodextrins for the delivery of drugs by the parenteral, oral, and topical
routes. There are usually few proprietary protections such as composition of matter
claims, with the exception of the SBE–CD derivatives (above) and material can
generally be purchased from a number of suppliers in various grades of technical,
food, or pharmaceutical qualities. Care needs to be taken when selecting a material
for use in parenteral formulations. Since the association of drug and CD breaks up
as soon as it is delivered to the blood stream, formulations are approved on the basis
of a drug with CD, not as a drug/CD complex.
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