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Foreword

The ACS SyMpOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.
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Preface

CONTROLLED-RELEASE TECHNOLOGY HAS RAPIDLY EMERGED over the
past decade as a new interdisciplinary science that offers novel approaches
to the delivery of bioactive agents. These agents include pharmaceutical,
agricultural, and veterinary compounds. By achieving predictable and
reproducible release rates of bioactive agents, particularly pharmaceuticals,
to the target environment for an extended time, controlled-release delivery
systems can achieve optimum therapeutic responses, prolonged efficacy,
and decreased toxicity. Many delivery systems have already been devel-
oped; some of them have proven commercially successful in many fields,
including medicine, agriculture, forestry, and consumer products. However,
the pharmaceutical area has gained the most significant growth and rapid
advances in recent years, as evidenced by the proliferation of publications,
patents, and controlled-release products in this area.

This expanding field represents an interdisciplinary effort that requires
input from chemistry, materials science, engineering, pharmacology, and
other related biological sciences. Controlled release has been the subject of
many books. However, most of them are published with a specific group of
readers in mind, usually pharmaceutical, agricultural, or biological
scientists. Because many of the disciplines needed in the area of controlled-
release research are related to chemistry (including polymer chemistry;
polymer physics; organic, medicinal, physical, and analytical chemistry, as
well as chemical engineering), this publication, addressed to chemically
oriented scientists, is timely. A review of the current status and future
prospect of the field is provided.

The symposium on which this book is based represented an effort to
examine recent advances in the field with particular emphasis on pharma-
ceutical applications within the context of basic science and engineering.
The chapters in this book are selected from the 33 papers presented at the
symposium. Each manuscript was thoroughly reviewed by leading experts
in the field, edited for content and style, and revised by the authors as
needed. The interdisciplinary nature of controlled-release technology is
reflected in the diversity of subject areas presented here. To provide focus
and cohesiveness, the chapters have been divided into six general areas. In
addition, an overview chapter is included to provide perspectives on the
current status and future prospects of the pharmaceutical applications of
controlled-release technology.

In Controlled-Release Technology; Lee, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



The editors thank all contributing authors whose cooperation and
effort made this book possible. We also acknowledge support for the
symposium from the American Chemical Society’s Division of Industrial
and Engineering Chemistry.

PING 1. LEE

WiLLIAM R. GooD
Ciba-Geigy Corporation
Ardsley, NY 10502

February 19, 1987

In Controlled-Release Technology; Lee, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Chapter 1

Overview of Controlled-Release Drug Delivery

Ping L. Lee and William R. Good
Ciba-Geigy Corporation, Ardsley, NY 10502

During the past two decades, significant advances have been made in
the area of controlled release as evidenced by an increasing number
of patents, publications, as well as commercial controlled-release
products for the delivery of a variety of bioactive agents ranging
from pharmaceutical to agricultural and veterinary compounds. This
proliferation of interest is a reflection of the growing awareness
that by achieving predictable and reproducible release rates of bio-
active agents, particularly pharmaceuticals, to the target environ-
ment for a desired duration, optimum biological responses, prolonged
efficacy, decreased toxicity as well as reduction of required dose
level as compared to the conventional mode of delivery can be effec-
tively achieved.

So far, the controlled-release pharmaceutical area has gained
the most significant growth as a result of intense interdisciplinary
efforts involving contributions from chemistry, material science,
engineering, pharmacology and other related biological sciences. By
improving the way in which drugs are delivered to the target organ,
a controlled-release drug delivery system is capable of achieving
the following benefits: (1) maintenance of optimum therapeutic drug
concentration in the blood with minimum fluctuation; (2) predictable
and reproducible release rates for extended duration; (3) enhance-
ment of activity duration for short half-life drugs; (4) elimination
of side effects, frequent dosing, and waste of drug; and (5) opti~-
mized therapy and better patient compliance. A number of control-
led-release drug delivery systems have been developed and some are
already commercialized. These include, for example, transdermal
nitroglycerin delivery systems for the prevention of angina and oral
osmotic pump devices for the delivery of a variety of therapeutic
agents.

The purpose of this overview chapter is to provide perspectives
in the current status and future prospects of controlled release
drug delivery. This is accomplished by examining various delivery
systems from a mechanistic point of view, exploring applications of
these systems, and discussing relevant biopharmaceutical parameters.
A major section of this book is devoted to fundamental issues and
applications of transdermal and transmucosal delivery systems
(Chapter 6,8,17-23). Other developing systems of future potential
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CONTROLLED-RELEASE TECHNOLOGY

are addressed by various Chapters of this book involving self-regu-
lating insulin delivery systems (Chapter 13), hydrogels (Chapters
5,10-12), drug-polymer conjugates (Chapter 14), and biodegradable
microspheres (Chapters 15,16). To provide a broader scope on the
physicochemical basis of controlled release, the fundamental aspects
of diffusion in polymers (Chapters 2-4), polymer and delivery system
characterization (Chapters 7,9) as well as other related applica-
tions of delivery systems (Chapters 24,25) are also discussed.

Classification of Controlled-Release Drug Delivery Systems.

An ideal drug delivery system is one which provides the drug
only when and where it is needed, and in the minimum dose level
required to elicit the desired therapeutic effects. In practice,
such a system should provide a programmmable concentration-time
profile that produces optimum therapeutic responses. This goal can
only be achieved to a limited extent with conventional dosage forms.

Recent development in polymeric delivery systems for the con-
trolled release of therapeutic agents has demonstrated that these
systems not only can improve drug stability both in vitro and in
vivo by protecting labile drugs from harmful conditions in the body,
but also can increase residence time at the application site and
enhance the activity duration of short half-life drugs. Therefore,
compounds which otherwise would have to be discarded due to stabil-
ity and bioavailability problems may be rendered useful through a
proper choice of polymeric delivery system.

A useful classification of controlled-release polymeric system
based on the mechanism controlling the drug release is as follows:

A. Chemically-controlled systems

a, Bioerodible systems
b. Drug-polymer conjugates
B. Diffusion-controlled systems
a. Membrane-reservoir systems
- Solution-diffusion
— Osmotic pumping
b. Matrix systems
- Matrix diffusion
- Polymer erosion
- Polymer swelling
- Geometry
-~ Concentration distribution

Most of the delivery systems described in this book can be

described by one of the above classifications.

Chemically-Controlled Systems

Bioerodible Systems. In this system, the polymer matrix contains
hydrolytically or enzymatically labile bonds and uniformly dissolved
or dispersed drug. As the polymer erodes by hydrolysis or enzymatic
cleavage, the drug is released to the surrounding environment. One
major advantage of such an approach is the elimination of the need
to surgically remove the device after application. However, depend-
ing on the specific polymer used, the erosion/degradation products
may have different degree of toxicity. As a result of research on
improved absorbable sutures, poly (lactic acid), poly (glycolic
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1. LEE AND GOOD Overview of Controlled-Release Drug Delivery 3

acid), and lactic/glycolic acid copolymers, which hydrolyze to natu-
ral metabolites, have been developed for drug delivery purposes (1).

Often the terms "bioerodible" and "biodegradable'" are used in-
terchangeable. However, "bioerodible" is usually reserved for sys-
tems where the polymer erosion occurs in a time scale similar to
that of the drug release. In other words, the erosion process has a
direct effect on the drug release. On the other hand, "biodegrad-
able" polymer is for systems where the polymer degradation occurs
after the drug release is long completed. In this case, the degrada-
tion process has no direct effect on the drug release.

As pointed out by Heller (2), polymer erosion can be controlled
by the following three types of mechanisms: (1) water-soluble poly-
mers insolubilized by hydrolytically unstable cross-links; (2)
water-insoluble polymers solubilized by hydrolysis, ionization, or
protonation of pendant groups; (3) hydrophobic polymers solubilized
by backbone cleavage to small water soluble molecules. These mecha-
nisms represent extreme cases; the actual erosion may occur by a
combination of mechanisms. In addition to poly (lactic acid), poly
(glycolic acid), and lactic/glycolic acid copolymers, other commonly
used bioerodible/biodegradable polymers include polyorthoesters,
polycaprolactone, polyaminoacids, polyanhydrides, and half esters of
methyl vinyl ether-maleic anhydride copolymers (3).

With respect to the mechanism of drug release, it is important
to distinguish between two types of hydrolytic erosion of water-in-
soluble polymers. On one hand, homogeneous erosion occurs by having
hydrolysis at a uniform rate throughout the matrix. This is often
referred to as bulk erosion which is capable of increasing the drug
permeability through the polymer as time proceeds and thereby pro-
ducing an accelerated release via a combination of diffusion and
erosion. On the other hand, heterogeneous erosion confines the hy-
drolysis to the surface of the device and therefore commonly refer-
red to as surface erosion. This process is capable of giving rise
to a zero-order drug release for devices with constant surface area.

Mathematical analysis of surface bioerodible systems has been
presented by Lee (i)who recently also investigated the effect of
non-uniform initial drug concentration distribution on the kinetics
of drug release from polymer matrices of various geometries (5).

Drug-Polymer Conjugates. This system involves drug molecules
chemically bounded to a polymer backbone. The drug will be released
through hydrolytic or enzymatic cleavage. Such polymeric drug car-
riers are also referred to as polymeric prodrugs. The attachment of
drugs to macromolecular carriers alters their rate of excretion from
the body and provides the possiblity for controlled release over a
prolonged period. Furthermore, it limits the uptake of drug by
cells to the process of endocytosis, thus providing the opportunity
to target the drug to the particular cell-type where its activity is
needed (6).

Both natural polymers such as polysaccharides and synthetic
polymers such as polylysine, polyglutamic acid, polyphosphazenes,
copolymers of vinylpyrrolidone, copolymers of 2-hydroxypropylmeth-
acrylamide, and etc. have been used as drug carriers. The structure
of these polymers can be modified by the incorporation of hydro-
phobic units, sugar residues, or sulfonyl groups to achieve a speci-
fic tissue affinity.
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CONTROLLED-RELEASE TECHNOLOGY

The drug-polymer linkage may be covalent, ionic, or through
some weaker secondary molecular forces. The polymer backbone may be
either bilodegradable or non-biodegradable. The drug can be part of
the polymeric backbone or attached to the side-chain either directly
or through a spacer group. The spacer group is generally selected
in such a way that it may be hydrolyzed or degraded enzymatically
under specific environmental conditions. Examples of such drug-
polymer conjugates include the attachment of ampicillin, 6-amino-
penicillanic acid, daunomycin, and puromycin to N-(2-hydroxypropyl)-
methacrylamide copolymers (7,8), methotrexate to poly (L-lysine)
(9), and norethindrone to poly(hydroxyalkyl)-L-glutamine (10). In
addition to diffusion rate limitations as described in the next
section, the drug release rate is primarily governed by the rate of
cleavage of the drug from the polymer.

Diffusion-Controlled System

Membrane-Reservoir Systems. Diffusion controlled polymeric delivery
systems are finding increasing applications in the area of control-
led release pharmaceuticals. To achieve optimum therapeutic effects
especially for drugs with short biological half-lives, it is often
desirable to have a zero-order drug release. Membrane-reservoir
devices, where the drug core is surrounded by a rate~controlling
membrane, are often employed for this purpose. The presence of a
saturated reservoir in this case is essential to maintain a constant
rate of drug release.

The kinetics of drug release from such membrane-reservoir
systems generally follows either a solution-diffusion mechanism or
an osmotic pumping mechanism. In the solution-diffusion mechanism,
the drug transport occurs by first dissolving in the membrane at one
interface followed by diffusion down a chemical potential gradient
across the membrane and eventually released from the second inter-
face into the external medium. Such solution~diffusion mechanism is
typically observed in non-porous membranes. A similar mechanism is
also responsible for drug permeation through swollen hydrogel mem-
branes as well as porous membranes. In the latter case the drug
permeation takes place by diffusion through the solvent filled
porous network,

Under steady state conditions, a membrane device having a sat-
urated drug reservoir can maintain a constant thermodynamic activity
gradient across the membrane for an extended period of time. As a
result, a constant rate of drug release sometimes referred to as
"zero-order release" of the drug is established. The rate of re-
lease from such a system is generally dependent on the device geo-
metry and the nature, thickness and area of the membrane, whereas
the duration of the release is governed by the size of the drug res-
ervoir. The mathematical analysis of the kinetics of drug release
from membrane-reservoir systems has been discussed extensively in
the literature (11,12).

Before the establishment of a steady state, the membrane-reser-
voir device will exhibit initial release rate higher or lower than
the steady state value, depending on the prior history of the de-
vice., Thus, immediately after fabrication, a finite time lag will
be required to establish the steady-state concentration profile

In Controlled-Release Technology; Lee, P., et al.;
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1. LEE AND GOOD Overview of Controlled-Release Drug Delivery 5

within the membrane. However, after the device is stored for some
time, drug will saturate the membrane and subsequently give rise to
an initial release rate higher than the steady state value. This is
the so-called burst effect. The magnitude of these transient ef-
fects 1s related to the drug diffusion coefficient in the membrane
and the membrane thickness.

Membrane-~reservoir systems based on solution~diffusion mecha-
nism have been utilized in different forms for the controlled de-
livery of therapeutic agents. These systems including membrane de-
vices, microcapsules, liposomes, and hollow fibres have been applied
to a number of areas ranging from birth control, transdermal deliv-
ery, to cancer therapy. Various polymeric materials including sili-
cone rubber, ethylene vinylacetate copolymers, polyurethanes, and
hydrogels have been employed in the fabrication of such membrane-
reservoir systems (13).

In addition to the solution-diffusion mechanism discussed
above, the drug release from a membrane-reservoir device can also
take place through an orifice in the membrane via an osmotic pumping
mechanism, where a semipermeable membrane such as cellulose acetate
is utilized to regulate the osmotic permeation of water (lﬂ). For a
system of constant reservoir volume, the device delivers a volume of
drug solution equal to the volume of osmotic water uptake within any
given time interval. The rate of osmotic water influx and therefore
the rate of drug delivery by the system will be constant as long as
a constant thermodynamic activity gradient, usually derived from a
saturated reservolr with excess solid, is maintained across the mem-
brane. However, the rate declines parabolically once the reservoir
concentration falls below saturation.

Such an osmotic delivery system is capable of providing not
only a prolonged zero-order release but also a delivery rate much
higher than that achievable by the solution-diffusion mechanism.

The system is also capable of delivering drugs with a wide range of
molecular weight and chemical composition which are normally diffi-
cult to deliver by the solution-diffusion mechanism. The delivery
rate from such devices is generally regulated by the osmotic pres-
sure of the drug core formulation and by the water permeability of
the semipermeable membrane. Equations for predicting release rate
from osmotic pumping devices have been discussed by Theeuwes (15).

Matrix Systems

Matrix Diffusion. Historically, the most popular diffusion-con-
trolled delivery system has been the matrix system, such as tablet
and granules, where the drug is uniformly dissolved or dispersed,
because of its low cost and ease of fabrication. However, the
inherent drawback of the matrix system is its first—order release
behavior with continuously diminishing release rate. This is a
result of the increasing diffusional resistance and decreasing area
at the penetrating diffusion front as matrix diffusion proceeds.
The kinetics of drug release from matrix devices containing
uniformly dissolved or dispersed drug are well documented. 1In a
flat sheet geometry, where the surface area is relatively constant,
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CONTROLLED-RELEASE TECHNOLOGY

the amount of drug release follows a square-root-of-time relation-
ship. For systems containing dissolved drug, the fractional drug
release M/Mm can be expressed as (l1)

MM = (4/2) [Dt/m)} %

where M is the amount of drug released at time t, M_ the total
amount of drug released, % the thickness of the sheet, and D the
drug diffusion coefficient in the matrix. Equation (1) is accurate
to within 1% for up to approximately 607 of the total amount re-
leased.

For systems containing dispersed drug, where the drug loading
per unit volume, A, is greater than the drug solubility in the
matrix, C , the drug release kinetics can be analyzed by the famil-
iar Higucﬁi equation (16):

- 3
M= [CS(ZA—CS)Dt] (2)

However, because of the pseudosteady state assumptions involved,
Higuchi's equation is only valid when the drug loading is in excess
of the drug solubility (A>>C ). At the limit of A-C_, Higuchi's
equation gives a result 11.3% smaller than the exact solution. Lee
(4)recently presented a simple analytical solution for this problem
which 1s uniformly valid over all A/Cs values:

M H

CS(1+H)[Dt/3H] (3)

where

-1 2 2.3
H Cs [5A+(A -CS ) ]-4
When Equation (3) is applied to drug release, the deviations from
the exact results are consistently one order of magnitude smaller
than those of Higuchi's equation. As A/C >1.04, Equation (3) has an
accuracy within 17 of the exact solution.® Therefore, Equation (3)
is much more accurate than Equation (2), particularly at low A/C
values. The latter case occurs quite often in delivery systems
involving hydrophilic polymers and drugs of high water solubility.

In cases where well-defined pores ranging in sizes from a few
hundredths to several hundred microns exist throughout the matrix,
the kinetics of drug release can still be described by Equations
(1)-(3) provided that an effective diffusion coefficient is used.
When the drug diffusion only takes place through the solvent filled
porous network, the effective diffusion coefficient is further
related to the matrix structure by:

D == (4)

where ¢ is the porosity expressed as the volume fraction of the void
space in the matrix, 1t the tortuosity factor expressed as the ratio
of the effective average bath length in the porous medium to the
shortest distance measured along the direction of mass flow, and Ds
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1. LEE AND GOOD Overview of Controlled-Release Drug Delivery 7

the diffusion coefficient of the drug in the pore solvent. Since
the ratio e/t is equivalent to the fractional area available for

drug release, an increase in porosity or a decrease in tortuosity
will certainly increase the amount of drug released at any given

time.

Polymer Erosion. The release of a dissolved or dispersed drug from
an erodible polymer matrix can be controlled by a variety of
mechanisms ranging from hydrolysis/enzymatic cleavage as discussed
in the previous section to swelling and dissolution. The situation
where polymer erodes by a purely heterogeneous process, namely sur-
face erosion, is of special interest because the drug release from
such devices having constant geometry (sheet geometry) will be of
constant rate (2). Unfortunately, the corresponding releases from
both the cylindrical and spherical geometries all exhibit decreasing
rates with time (17).

In cases where the diffusional contribution is present in addi-
tion to surface erosion, it has been shown (4)that the release from
sheet geometry generally starts with typical first order kinetics
then shifts toward zero-order kinetics. Apparently, a synchroniza-
tion of both the diffusion and erosion front velocities at large
time gives rise to the observed constant rate of drug release. Re-
cently, Lee (5)has shown that by building in a non-uniform initial
drug concentration distribution, a variety of release profiles rang-
ing from zero-order to pulsatile delivery can be achieved from sur-
face erosion controlled matrices in various geometries.

Geometry Factors. To overcome the inherent first-order release
behavior with continuously diminishing release rate from matrix sys-
tems, geometry factors have been utilized to compensate for the in-
creasing diffusional distance and decreasing area at the penetrating
diffusion front generally encountered in matrix systems.

A hemispherical polymer matrix that is coated on all surfaces
with an impermeable coating except for an aperture in the center
face has been demonstrated to provide near constant rate release
profiles (18). Another approach consists of a cylinder with imper-
meable wall and a cavity having a circular sector cross section.

The center of the circular sector lies outside the cylinder, thereby
producing a slit for drug release from the drug containing matrix in
the cavity. The release profiles from this system also show a sub-
stantial constant rate region (19,20). It is clear that, in both
systems, the increase in diffusional distance and consequently the
decrease in diffusion rate have been balanced by the increase in
area at the diffusion front thereby giving rise to a near constant
rate region.

Polymer Swelling. Swelling phenomena are generally encountered in
both the hydrophilic and hydrophobic polymer matrices during the
release of entrapped water soluble drug in an aqueous environment.
If the polymer is crosslinked either chemically through covalent
bonding or physically through extensive entanglement or crystallite
formation, the swelling will continue to some equilibrium state at
which the elastic and swelling (or osmotic) forces balance each
other.
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ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



8 CONTROLLED-RELEASE TECHNOLOGY

Depending on the relative magnitude of the rate of polymer
swelling to the rate of drug diffusion, various release profiles may
be possible. The situation where the polymer structural rearrange-
ment takes place rapidly in response to the swelling solvent as
compared to drug diffusion generally leads to typical Fickian dif-
fusion characteristics and the so-called first-order release behav-
ior. The case of particular interest is the glassy hydrogel system
where, upon water penetration, a slow macromolecular relaxation
process at the glass/rubbery swelling front in addition to diffusion
provides an additional mechanism to alter the release kinetics from
the inherent first-order behavior. The prospect of having zero-
order release kinetics from glassy polymer matrices via such a
swelling controlled mechanism has stimulated an increasing number of
research studies, publications and patents in this area involving
the controlled~release of both small molecular weight and macro-
molecular bioactive compounds (21-28).

Mechanistically, as water penetrates a glassy hydrogel matrix
containing dissolved or dispersed drug, the polymer swells and its
glass transition temperature is lowered, and the dissolved drug
diffuses through the swollen rubbery phase into the external re-
leasing medium. At the same time, a sharp penetrating solvent front
separating the glassy from the rubbery phase in addition to volume
swelling is observed during the initial stage of the dynamic swell-
ing process. Depending on the relative magnitude of the rate of
polymer relaxation at the penetrating solvent front and the rate of
diffusion of the dissolved drug, the drug release behavior may range
from first to zero-order (21).

Various analyses and criteria have been reported in the litera-
ture for predicting whether drug release from swelling-controlled
polymer matrices will be first or zero-order (diffusion or relaxa-
tion~controlled) (22). However, they have been successful only for
limited situations of very low drug loading. In general, the drug
loading level has a definitive effect on the release kinetics from
swelling—controlled polymer matrices. Experimental evidences have
shown that the presence of an additional component, namely the water
soluble drug, alters both the swelling osmotic pressure and the
associated time~dependent relaxation of the hydrogel network during
the simultaneous absorption of water and desorption of drug (25).

As a result, the drug release and solvent front penetration are
observed to behave more Fickian as drug loading level increases.
Such transition can be considered as a change of relative importance
of the diffusion process versus the polymer relaxation as a function
of drug loading.

Concentration Distribution. Despite the theoretical prospect of
having a totally relaxation-controlled situation thereby achieving
zero-order release from a glassy polymer matrix, hydrogels with pure
relaxation-controlled (Case II) swelling kinetics are yet to be de-
monstrated experimentally. In addition, the inevitable geometry
limitations and deviations from relaxation-controlled kinetics at
higher drug loading levels further impair the flexibility in alter-
ing the release kinetics in such systems. This difficulty can be
overcome by a recently reported, novel approach to constant rate of
drug release from glassy hydrogel matrices via an immobolized
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1. LEE AND GOOD Overview of Controlled-Release Drug Delivery 9

non-uniform drug concentration distribution (30,31). Hydrogel
polymers are particularly suitable for this application because they
are glassy in the dehydrated state capable of immobolizing any
non-uniform drug distribution introduced prior to the dehydration
step. The drug release will not occur until the hydrogel is swollen
by water at the time of use.

As a result of this study, the effect of non-uniform initial
drug concentration distribution on the kinetics of drug release from
polymer matrices of different geometries has been analyzed in detail
(3). Concentration profiles capable of generating zero-order
release characteristics have also been identified. The impact of
this approach 1is really profound since the concept of utilizing
non-uniform initial drug concentration distribution as a mechanism
for regulating drug release from both diffusion~controlled and
surface erosion-controlled polymer matrices offers a unique
opportunity to achieve programmable (including zero-order and
pulsatile) drug delivery in meeting a specific temporal therapeutic
requirement. This is particularly attractive in view of the
experimental flexibility in achieving essentially an unlimited
number of non~uniform drug concentration distribution in polymer
systems.

Unlike membrane-reservoir systems, the concentration distribu-
tion approach does not require a saturated reservoir and a rate-con-
trolling membrane to achieve a constant rate of drug release. 1In
addition, the onset of constant-rate release in the present approach
can be almost instantaneous and the constant-rate releasing period
can be relatively short. These are difficult to achieve in conven-
tional membrane-reservoir systems.

Biopharmaceutical Considerations

The most important attribute of a controlled release drug
delivery system is its capability to maintain a therapeutically
effective rate of drug delivery over a reasonably long period of
time. The duration of such controlled delivery must be compatible
with physiological constraints and the route of administration. For
example, while a duration of several months may be appropriate for a
polymer implant, it is much too long a time frame to consider for an
oral dosage form. Similarly, a constant rate of drug delivery may
provide little real advantage over well controlled first-order
release under certain biopharmaceutic conditions, especially when
the biological half-life of the drug is long. In some situations,
an oscillatory or pulsatile drug release may be needed in order to
simulate in vivo secretory patterns or to avoid tachyphylaxis. In
the following sections, criteria for system selection and relevant
biopharmaceutical considerations will be briefly discussed within
the realm of oral and transdermal delivery systems. Similar consid-
erations can certainly be extended to other types of delivery
systems.,

Oral Delivery Systems. The oral route of drug administration has
been the most popular one, however, it is not without problems and
constrains. TFirst of all, the total gastrointestinal residence time
limits the time frame or "window" for oral absorption. The
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situation can become more complicated if the drug in question is
only absorbed in certain segments of the GI tract (32). Realizing
the potential inter-subject variability and the effect of food on GI
residence time and mobility patterns (33,34), a reasonable duration
constrain in the GI tract is approximately 24 hours taking into
consideration the gastric emptying mechanism and its duration as
well as small and large intestinal transit times. Another time
constrain is associated with drug absorption through the GI mucosa
into the general hepatic circulation. In order to control the de-
livery of drug to the ultimate target organ via the general circu-
lation, it is essential to have the system releasing its content at
a slower rate than the physiological absorption rate. In addition,
when the gut wall and first pass liver metabolism are significant,
the rate of drug delivery to the GI tract may have profound effects
on the amount of unchanged drug which reaches the peripheral circu-
lation and the rate which metabolism takes place. Understandably,
the excretion rate or clearance of the drug from peripheral circu-
lation and/or any tissue compartments will also affect the selection
and design of the drug delivery system.

For the rational design of a controlled-release oral delivery
system, one obviously would have to take into consideration pharma-
cokinetic rate parameters for the absorption, distribution, and
elimination of a specific drug in question as well as the drug de-
livery rate profile from the delivery system. In the latter case,
practical limitations in delivery system design such as finite total
dose, decreasing reservoir concentrations, and/or increasing dif=-
fusional resistance would have to be taken into account. Such an
approach has recently been applied to the design of controlled-re-
lease oral delivery systems (11,35). Excellent agreement has been
demonstrated between experimental data and predicted performance
both in vitro and in vivo.

Transdermal Delivery Systems. Transdermal delivery of drugs over
extended periods of time for systemic therapy has received
significant attention. The importance and future prospects of this
field are further reflected in the section on Transdermal and
Transmucosal Delivery Systems (Chapters 17-23). Intact human skin,
once thought to be an impermeable barrier, was realized as a poten-
tial portal of entry for systemic drug therapy only recently.

Unlike the GI tract, the perfusion of skin structures is supplied by
post-hepatic blood flow. Therefore, drugs absorbed through the skin
do not undergo extensive first pass metabolism. Although protein
binding of drugs (36) as well as active metabolism in skin (37) have
been reported, they are generally minor in effects compared to that
due to liver metabolism. Additional advantages to transdermal
delivery can be realized from its inherent non-invasive character as
well as the ability to rapidly remove the dosage form at any time, a
significant safety feature not available in oral or parenteral
routes of administration.

The upper layers of epidermis, the stratum corneum, is a
principal barrier to transdermal drug delivery. It consists of a
heterogeneous structure made up of keratinized cells and lipids.
Drug permeation is believed to occur by either polar or lipophilic
pathways depending on the hydrophilicity or lipophilicity of the
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drug (38). The fundamental question to be answered before designing
a transdermal system is whether delivery-rate control must be part
of the system or whether it is more desirable simply to allow the
skin to serve as the principle barrier to transport. In either
case, rate of drug absorption is dependent on both skin permeability
and the physico-chemical properties of the system. The degree of
control desired is dictated by the pharmacological profile of the
drug.

A good comparison can be illustrated by the difference in
design considerations between transdermal scopolamine and trans-
dermal nitroglycerin systems (11,39). Scopolamine is a potent drug
with modest skin permeability and a wide range of side effects
associated with increasing blood levels. Therefore, in order to
treat motion sickness without producing side effects, it is
necessary to produce therapeutically effective input rate by pre-
cisely controlling the rate at which it is transported from the
system to the skin., In contrast, nitroglycerin has a fairly wide
therapeutic index, and a substantial skin permeability with large
variability among individuals. Given nitroglycerin's short half-
life, its input rate should be maintained at a reasonably high level
in order to maintain efficacy. Therefore, the control of nitrogly-
cerin delivery rate is merely to ensure an upper bound being set by
the system for individuals even with extreme skin permeability.

Such design criteria have been successfully utilized in commercially
available membrane-reservoir type of transdermal delivery systems
for scopolamine, nitroglycerin, and more recently, estradiol
(40,41).
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Chapter 2

Microstructural Models for Diffusive Transport
in Porous Polymers

W. Mark Saltzman’3, Stephen H. Pasternak2¢ and Robert Langer?

Division of Health Sciences and Technology, Harvard University/Massachusetts
Institute of Technology, Cambridge, MA 02139
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The controlled release of macromolecules from non-
erodible, hydrophobic polymeric matrices is
modelled as a discrete diffusion process with the
release of solute occuring through distinct pores
in the polymer which are formed as solid particles
of molecule dissolve. In order to formulate
predictive models of the release behavior of these
devices, quantitative information on the micro-
geometry of the system is required. We present a
computer-based system for obtaining estimates of
the system porosity, isotropy, particle shape, and
particle size distribution from observations on
two-dimensional sections from the polymer matrix.
Our algorithms were verified by analyzing images
from computer generated three-dimensional
structures.

Problems of transport through heterogeneous media occur in many
disciplines. The movement of fluid through porous geological
material (1) and the diffusion of gases into catalyst pellets (2)
have been studied by physicists and engineers for many years. Many
problems of physiological interest also involve conduction in
heterogeneous environments: for example, the conduction of
electrical impulses through cardiac tissue or the movement of heat
or solutes through densely packed cellular material. Current
biomedical technology, which employs natural and artificial
polymeric membranes for a host of applications, presents another
example of this fundamental problem. In many applications of
polymeric membrane technology, movement of solute through the porous
membrane environment represents the rate-limiting step in the
process. Clear descriptions of the dynamics of solute movement
through complicated geometries should provide the key to
understanding and exploiting these membrane phenomena.
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2. SALTZMAN ET AL. Models for Diffusive Transport in Porous Polymers 17

An important example of these processes is the controlled
release of bicactive molecules from polymeric membranes. Many
pharmaceutically active agents have been released at controlled
rates from hydrophobic polymer carriers. These formulations provide
a means for releasing small quantities of drug directly into the
body at a constant rate for a long period of time. 1In 1976 it was
demonstrated that hydrophobic polymers, in particular ethylene-vinyl
acetate copolymer (EVAc), could be used to release molecules with
molecular weights greater than 1000 (3). Many new biocactive agents
are now being produced by genetic engineering; these agents are
commonly polypeptides and are quickly consumed by the body's
metabolic processes if administered by conventional methods (4). By
encapsulating these labile drugs in hydrophobic controlled release
systems: i) the drugs are released constantly for several months and
ii) the unreleased drugs are protected from the body's catabolic
enzymer. Without a drug delivery system, many of the novel
compounds now being produced will have little pharmacological
utility. While many different macromolecules, comprising a wide
range of physical properties, have been reproducibly released from
EVAc matrices, the existance of a predictive model of the release
behavior would greatly facilitate the further development of these
systems.

This report briefly reviews previous attempts to model this
process and discusses their inability to explicitly evaluate the
complex environment through which release must occur. Our
hypothesis for the mechanism of release of large molecular weight
drugs from hydrophobic matrices is then presented; this hypothesis
suggests that the heterogeneous geometry of the drug delivery
systems is an important factor in influencing release rates. As
encountered in other problems of transport in porous systems (3),
quantitative description of the microgeometry is an essential
ingredient for complete model development. A computer-based
approach for identifying important features of the complex geometry
is presented. This quantitative approach will permit the
development of models of the diffusive release of macromolecules
from non-erodible polymer matrices: models which will be applicable
to a general class of water soluble drugs. While we demonstrate our
techniques by considering novel drug delivery devices, this
quantitative approach for examining the complex geometry of
polymeric membrane systems may have application in a number of
evolving disciplines.

Theory

Previous models of release behavior. The release of large molecular
weight drugs from inert, hydrophobic polymer vehicles occurs in
spite of two observations: i) large molecular weight drugs do not
permeate through the pure polymer phase (3) and i1i) water does not
enter the polymer phase (8). Previous descriptions of the release
of macromolecules from non-erodible hydrophobic matrices assume that
the continuum diffusion equation applies at every point in the
matrix (7=8). Consider, for example, a typical drug delivery
system, fabricated as a thin slab. Since the depth of the slab is
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18 CONTROLLED-RELEASE TECHNOLOGY

small in comparison to its diameter, release of macromolecules
occurs primarily through the top and bottom faces of the slab.
Assuming Fick's law of diffusion yields:
3?c
@€ - p (1)

Jt eff 9x2

where x is the direction normal to the top and bottom face of the
slab, t is time since initiation of release, C is the concentration
at position x and time t, and Doggr the effective diffusivity of the
drug in the slab. Boundary and initial conditions for this geometry
are:
C = Co ; <
cC=0 ; x =0, L t >0

A
=
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=
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o

(2)

where C, is the initial concentration of drug in the slab and sink
conditions hold at the slab boundaries (x = 0 and L). The effective
diffusivity is related to the molecular diffusion coefficient of the
drug by:

Deff = D,/ t (3)

where D, is the diffusion coefficient of the drug in water and 7 is
the tortuosity. 2An effective diffusivity is required since the
macromolecules do not diffuse through the pure polymer phase, but
instead must find a tortuous, water-filled path through the slab.

Solutions to Equations (1) through (3) have been fit to
experimental release data for several different model
macromolecules. With one adjustable parameter, T, the fits to
individual release profiles, representing a single drug and fixed
fabrication conditions (loading and particle size range), are
excellent (7-8). Unfortunately, the tortuosities predicted by these
fits are uncorrelated with the fabrication conditions; extrapolation
of the results to new drugs or different fabrications is often
tenuous. In addition, the predicted tortuosities are quite
high--greater than 100 in all cases and often as large as 10,000.
The tortuosity term is intended to account for increases in
diffusional path length due to windiness. Classical descriptions of
the tortuosity predict a value of 1 to 3 for random porous media
(9) . Since the tortuosities inferred by these models are orders of
magnitude greater than expected, other physical properties of the
system must be important in determining release rates. Since
continuum diffusion models provide an incomplete description of the
release from these devices, the microscopic details of the system
must be considered explicitly.

Discrete models of release behavior. A schematic cross-section of a
drug delivery system is shown in Figure 1; we hypothesize that
release of drug occurs as follows. Prior to release, solid
particles of the drug are dispersed in a continuous polymer phase.
Since the depth of the device is typically 1 mm and each particle is
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approximately 100 pm, a small number of discrete particles are
required to span the entire depth of the device. Release of drug
must occur as follows. Upon exposure to an aqueous environment,
water enters particles which are near the matrix surface (i.e.
particles 2, 4, 10, 12, 18, and 19 in Figure 1l). These particles
dissolve, creating water-filled pores through which molecules may
diffuse. Molecules can then leave the matrix through these pores
allowing water to enter other particles (i.e. particles 5, 6, 9, 11,
15) which contact the exterior pores. These particles also dissolve
and molecules diffuse through the network of pores which is formed
as water penetrates further into the system. Particles of drug
which are totally incarcerated by the polymer matrix (i.e. particles
1, 13, 16, 20, 21, 22) will never release their contents.

This hypothesis of release suggests that the nature of the
system, discrete particles embedded in a finite continuous phase, is
an important factor in determining release rates. An analytical
description of this process 1s best formulated by a mathematical
approach which explicitly considers each pore of the evolving porous
network. The entire network is described:

Ci) - i

N
g%i = E ( wijCj - Wji

where Ci is the concentration of drug in pore i, LI is the mass
conductance from pore j to pore i, and S; accounts %or any sources
or sinks in the network. For example, a surface pore has a nonzero
sink term to account for drug molecules which diffuse out of the
matrix. This equation is written for every pore in the network; for
a system of N pores, this results in N equations in the N unknown
pore concentrations. Several valid approaches for solving this
series of equations, including semianalytical methods (10) and
numerical simulation {(l1l), have been described.

In order to solve this system of equations the mass conductance
terms, ”ij' must be known. For pores which are far apart, Wi s is
zero. For pores in close proximity, the value of this term will
depend on the individual geometries of the two pores and their
relative positions and orientations in the network. For contiguous
pores, numerical values for the mass conductance can be determined
by solving the diffusion equation in relevant single pore geometries
or, equivalently, by simulating macromolecular random walks in
relevent geometries (12-13). This approach, which applies the
continuum diffusion equation only on a microscopic level, depends on
a detailed, quantitative understanding of the microgeometry of the
porous network. The remainder of this report describes an automated
system for acquiring this quantitative information. Since this
three-dimensional quantitative microstructural information was
obtained from measurements on two-dimensional images from the drug
delivery systems, we first briefly introduce the statistical theory
which relates two-dimensional spatial measurements to three-—
dimensional structural properties.
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Stereological analysis of three-dimensional materials. Stereology,
or quantitative microscopy, provides statistical relationships which
permit the estimation of three-dimensional properties of a sample
based on observations from two- dimensional images (l1l4). By
measuring spatial properties of a series of two-dimensional images
and applying statistical relationships from stereology, the
three-dimensional properties of a sample can be predicted. Results
of this analysis will be employed in the development of models for
diffusive transport in porous polymers, as described above.
Therefore, the three-dimensional properties of interest are: i)
porosity (or volume fraction of drug particles) in the sample, ii)
the extent of drug particle orientation or anisotropy, and iii) the
distribution of drug particle size.

An oriented lineal analysis permits the determination of
porosity and extent of orientation from an individual image. When a
parallel grid of test lines are superimposed on a circular section
of an image, as shown in Figure 2, two spatial properties of the
image are measured: the fraction of total test line which falls in
the particulate phase, Ly, and the number of intersections of test
line with phase boundary per length of test line, Pp. The first
measurement is an estimate of the particle porosity, e (also called
Vy in the stereology literature) (l4), and the second measurement is
related to the surface to volume ratio of the drug particles, Sy:

e = Vy = Lp (3)
Sy = 2Py (6)

The measurement of L; and Py may be performed for any orientation
of the test grid on the same circular section of the image. By
observing a circular section of the image, the measurement at
different orientations is made on the same sample space; differences
in the measurement are therefore attributable to anisotropy, or
preferred orientation, in the two dimensional image. An extent of
orientation in the image, representing deviation from randomness, is
defined in terms of the maximum and minimum values of Py when all
orientations are considered. For oriented materials, the number of
intersections per test line length is a maximum when the test lines
are perpendicular to the principle direction and a minimum when the
test lines are parallel to the principle direction. The extent of
orientation, Q, is then defined (l4):

Q = (PLmax _ PLmin) / (PLmax + 0_571PLmin) (7)

and varies from 0 for unoriented images (PLmax = PLmln) to 1 for
completely oriented images (PLmln - 0).

Each two-dimensional sample from a three-dimensional system
represents the intersection of a test plane with the sample. The
relationships described above are useful for predicting mean
properties of the three-dimensional image based on measurements from
planar samples. To predict more detailed properties, such as the
distribution of particle size in a two phase material, more
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Figure 1: Schematic cross-section of a drug delivery system. A
circular slab, cut in half in the plane parallel to release, is
shown in the background. The exposed internal face is blown up
in the foreground, revealing discrete particles of solid molecule
dispersed in a continuous polymer phase.

Figure 2: Digital image from an ethylene-vinyl acetate/lysozyme
chloride drug delivery system. The pore space has been opened,

the polymer stained light gray, and residual protein stained
black.
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sophisticated techniques are required. A planar intersection with a
particulate system shows many profiles of intersection with
individual particles. Cataloging these profiles according to size
and shape yields a distribution of profile characteristics. By
assuming that the particles in the system have a common shape (i.e.
that they are all spherical or ellipsoidal), the distribution of
three-dimensional particle size and shape can be predicted from
these observed profiles. Methods for performing this prediction
when the particles are assumed to be biaxial ellipsoids have been
presented (15-16).

Methods

Fabrication of delivery systems. The fabrication of EVAc drug
delivery systems by solvent evaporation has been described (17).
Briefly, pure EVAc (Elvax40; DuPont) was washed in alcohol and water
and then dissolved in an organic solvent, methylene chloride, to a
concentration of 10% (w/v). Solid particles of macromolecular model
drug (e.g. bovine serum albumin or lysozyme chloride (Sigma) were
employed as model compounds) were added to the polymer solution in
sufficient mass to produce the desired drug loading in the final
device (fractional drug loading = mass of drug particles / combined
mass of drug particles and polymer). The solid particles were
mechanically sieved to a desired range of particle size before
addition to the polymer solution. The macromolecular drug did not
dissolve in the polymer solution; a homogeneous suspension was
formed. This suspension was poured into a glass mold which was
prechilled to -80°C on dry ice. The suspension solidified very
quickly with no apparent changes in homogeneity. The solid device
was then removed from the mold and kept at -20°C for the first
stages of solvent evaporation; after several days the device was
moved to a vacuum at room temperature where solvent evaporation was
completed. The resulting slab was approximately 4 cm x 4 cm on each
side and approximately 1 mm deep. Smaller slabs were punched from
this large slab with a cork bore. The resulting drug delivery
system was 1 cm in diameter and 1 mm deep.

A drug delivery system, 20%
lysozyme chloride in EVAc with lysozyme particles presieved to
75-150 pm, was cut into 10 um sections serially through the entire
matrix. Sectioning was performed with a cryomicrotome at
temperatures below -20°C, the glass transition temperature of the
EVAc. Individual sections were mounted on glass slides and
cataloged according to their position from the top face of the
original matrix. Each section was carefully rinsed with distilled
water to remove the protein from the pore structure. The sections
were exposed to osmium tetroxide vapors by suspending them over a 1%
osmium tetroxide solution for more than 24 hours. The osmium
tetroxide staining produced sections with good contrast; the open
pore space was transparent, the EVAc was stained a light gray, and
residual protein was stained black.

Image processing. Digital images of the prepared sections were
acquired by light microscopy. The light microscope (Zeiss Universal
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Photomicroscope) was equipped with a video camera which sent an
analog video signal to a frame buffer (Datacube; Peabody, MA) where
it was digitized. The frame buffer was controlled by a VAX 11/750;
subsequent image processing and analysis was done on the VAX. An
image from the digitizing frame buffer is shown in Figure 3. The
image had a resolution of 512 x 512 pixels and each pixel was
assigned a gray level on a scale from 0 to 255. Image segmentation
was performed by: i) enhancing the contrast by histogram
modification (18), ii) detecting edges with a nonlinear Sobel edge
detector (19) or manually with a digitizing tablet (Summagraphics),
and iii) segmenting (converting into a binary image) based on image
outlines. A binary image, segmented into the two phases of
interest, is shown in Figure 4. The pore, or particle, phase is
solid white and the polymer phase is solid black. Each image was
stored in the computer in two equivalent forms: a black and white
image (as in Figure 3) and the X,y boundary coordinates of
individual pore profiles in the image. These two forms were used
for different aspects of the analysis to follow.

Computer generation of images from random structures. The
stereological measurements described above provide a method for
estimating three- dimensional properties from observations on
two-dimensional images. Unfortunately, the quality of these
estimates is sometimes difficult to assess. In order to verify the
correctness of our method and to determine the minimum number of
samples which must be observed to obtain satisfactory estimates,
computer generated random structures were examined.

Ensembles of ellipsoids were computer generated: ellipsoids
with a random distribution of size were distributed in a cubic
volume element. The ellipsoids were randomly positioned in space
and assigned a random orientation with respect to the cartesian
coordinate system describing the volume element. Two-dimensional
images were acquired by computing the intersection of the
ensemble of ellipsoids with parallel planes. Using this method,
square images (with 512x512 pixel resolution) were generated from
different positions in the cubic volume element. The dimensions of
the generated structures were selected to best represent a drug
delivery system. Each generated image from this simulation was
input to the stereological analysis, described below. Since the
structures were generated by computer, the actual properties of the
structure were known and were compared to the estimates.

Estimation of three-dimensional properties. Images obtained from
computer generated random structures and from drug delivery devices
were analyzed for porosity, extent of orientation, and distribution
of particle size. 1In addition, the images from the drug delivery
device were examined for individual drug particle shape.

For each image, an oriented lineal analysis was performed. The
measurement, PL and LL, was performed once, at a reference angle of
0 degrees, and an estimate of the porosity computed according to
Equation (5). The grid of test lines was then rotated to a new
angle and the measurement of P; repeated. By performing this same
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Figure 3: A binary image obtained by edge detection and
segmentation of Figure 2.

& [ 4

Figure 4: A circular grid of parallel test lines superimposed on
an image, the grid can be rotated to any orientation.
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measurement at a number of angles between 0 and 180 degrees, extent
of orientation, £, for the two-dimensional image was determined
according to Equation (7).

The two measurements described above were performed on the
entire black and white image. The distribution of particle size in
the three-dimensional sample was predicted by observing the
aggregate of two-dimensional pore profiles from all the images. The
distribution was predicted by assuming that the pores were all
ellipsoidal; profiles of pores on two-dimensional images
were therefore considered elliptical. The x,y coordinates of each
observed profile was fit, by a least squares technique, to an
ellipse: the minor and major semiaxes of the ellipse were computed.
The major and minor axis lengths for all the observed ellipses were
discretized into a bivariate distribution. With this observed
distribution as input, three-dimensional particle size distributions
were predicted using the method of Cruz Orive (15-16).

To qualitatively identify the shape of individual particles in
the drug delivery system, single particles were identified on ten
serial microscopic sections. The profiles of the particle on each
section were digitized and the consecutive two-dimensional profiles
were reconstructed in three dimensions using a SpaceGraph 3D display
(Genisco). The display permitted qualitative examination of the
reconstructed particle in all directions.

Details of all these algorithms, including stereological
measurements and the methods for simulating random three-dimensional
structures, are presented in a forthcoming paper (20).

Results

Verificatjon of methods with computer generated images. Eighteen
parallel images, from parallel planes of intersection,were obtained
from a single computer generated structure. Figure 5 shows the
estimate of porosity obtained for each image plotted as a function
of the distance from the top face of the volume element. The actual
volume fraction of the structure is 0.15 (15%); the mean volume
fraction estimated from all the individual images, shown by the line
in Figure 5, is 0.13 (13%). Although the individual estimates of
porosity show a distribution around the actual value, the mean of
all 18 estimates provides a good estimate of the volume fraction. A
regression analysis of porosity on distance revealed a slope not
significantly different from zero, indicating no variation in
porosity with position in the device, as expected.

The extent of orientation was determined for each image from
this randomly oriented sample. In all cases, the extent of
orientation for these images was between 1 and 15%. This result was
contrasted with measurements from individual images with known
orientations. When the generated structure was provided a preferred
directionality, by aligning the randomly placed ellipsoids along a
principal axis, the images obtained by intersection had extents of
orientation between 15 and 50%.This indicates that for these images,
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Figure 5: Porosity estimates (each point represents an
individual image) versus position in the structure obtained from
parallel intersections with a randomly generated ensemble of
ellipsoids. The line is the mean of the eighteen estimates.

In Controlled-Release Technology; Lee, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



2. SALTZMAN ET AL. Models for Diffusive Transport in Porous Polymers 27

extents of orientation less than 15% are insignificant. This result
is consistent with observations made by examining images of
trabecular bone; deviations in Py, the raw measurement from which
extent of orientation was calculated, were as large as 20% for
neighboring regions of the same image (21).

The two-dimensional ellipsoidal profiles from all the images
(491 profiles total) were classified, discretized, and analyzed for
three-dimensional particle size distribution. The three-dimensional
distribution of particle size in the sample is shown in Figure 6
where the number of ellipsoids per unit volume is plotted against
the minor semiaxis length of the ellipsoid. The actual distribution
of size in the generated sample is shown by the plain bars; the
predicted distribution is shown by the hatched bars. The ellipsoids
in the sample were normally distributed in size. The estimated
distribution agrees well with the known distribution. Due to the
nature of the matrix inversion algorithm used to predict the
particle size distribution, the finite resolution threshold of the
digital imaging techniques, and the finite sample size employed in
the estimation, negative values of number per volume were
occassionally predicted; this effect has been observed in other
studies (22). Although this effect can be reduced by increasing the
sample size, these results demonstrate that with a manageable number
of images (i.e. 18) and profiles (i.e. 491) satisfactory results can
be obtained.

Application to drug delivery systems. Twenty-eight images of the
EVA-lysozyme chloride drug delivery system were analyzed. The
images were obtained from sixteen different sections from the
matrix; multiple images, representing independent fields of view,
were obtained from four of the sections. The porosity estimate from
each image is plotted versus distance into the matrix in Figure 7.
The dotted line in the figure indicates the mean of these estimates,
21%, in good agreement with the initial loading of the device, 20%
by weight. A regression analysis of porosity on distance in the
device indicated no significant gradient in porosity through the
matrix. By this analysis the device appears homogeneous, with no
significant variation in porosity that can be attributed to
position. Each individual image was analyzed for extent of
orientation in two-dimensions: extent of orientation varied between
2 and 15%. As inferred from the orientation results on known random
structures, extents of orientation less than 15% are not
significant.

The analysis of particle size distribution required an
assumption of particle shape; all encapsulated particles were
assumed to be ellipsoids. To verify this assumption, single
particles were reconstructed in three-dimensions. The reconstructed
particles were remarkably symmetrical; no significant spurs or
convexities were observed. In these observations of
three-dimensional in situ matrix particles, no geometries
inconsistent with ellipsoids were discovered. Therefore, for the
analysis of particle size distribution, all particles were assumed
to be ellipsoidal.
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Figure 6: Particle size distribution for the generated
structure. The plain bars show the actual distribution of
ellipsoid size in the structure; the hatched bars show the
prediction based on the observation of 491 intersection profiles.
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Figure 7: Porosity estimates versus position in the device for a
EVAc/lysozyme chloride drug delivery system. The dotted line is
the mean of all the estimates.
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The two-dimensional pore profiles on all twenty-eight images
(over 900 profiles total) were classified, discretized, and analyzed
for distribution of particle size; the results are shown in Figure
8. The number of ellipsoids per volume is plotted versus the minor
semiaxis length of the ellipsoid. Prior to encapsulation in EVAc,
the solid particles of lysozyme chloride were sieved to a size range
of 75 to 150 Mm; the corresponding range of minor semiaxis length
for these particles was therefore 38 to 75 pum. Since the volume of
individual ellipsoid particles varies as the semiaxis length cubed,
the volume fraction of ellipsoids with semiaxis lengths between 30
and 75 um was computed from this prediction as 15% (of the total
volume fraction, 20%). The analysis also predicts a large number of
particles with small semiaxis length. This suggests that a fraction
of the large particles were broken into smaller particles during
fabrication. Qualitative microscopic observations of isolated
lysozyme chloride particles before and after contact with methylene
chloride demonstrated a similar shift towards smaller particle size.

Conclusions

In order to formulate general, predictive models of the release
of macromolecules from non-erodible, hydrophobic polymer matrices a
detailed understanding of the microgeometry of the porous system is
necessary. Experimental evidence accumulated to date suggests that
diffusion in a water-filled phase is the rate determining step in
drug release (23). Preliminary microscopic examinations of the pore
structure have revealed a characteristic geometry for the porous
network of water-filled channels in the polymer: the geometry
consists of large pores, formed by dissolution of encapsulated drug
particles, interconnected by narrow throats. Recent theoretical
studies of diffusion in these characteristic geometries have
demonstrated that these geometrical considerations are sufficient to
explain the slowness of drug release (12-13). In this report, we
present a discrete model of diffusion through porous networks; the
discrete model assumes that molecular diffusion occurs only at the
level of a single matrix pore. By this method, rates of transport
in individual pores are combined into a total description of the
release process. Successful application of this model to drug
delivery systems requires a quantitative understanding of the
microgeometry in the polymer matrix.

We have presented a computer-based method for quantitatively
defining the microgeometry of polymeric membranes. The method
required serial sectioning of the polymer devices. Digital images
of the sectioned material were acquired by video microscopy. Image
analysis of these digital images permitted the quantitative
identification of several microscopic features: porosity,
orientation, and particle size distribution.The analysis techniques
have been verified by a novel method: images from random, computer-
generated structures were numerically acquired and analyzed. The
analysis results were compared to the known microstructure of the
generated structures.
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The results from this analysis can now be used to construct
geometrically accurate models of the diffusive transport in porous
polymers. Previous models of diffusion in these polymers have used
an empirically determined tortuosity factor as a lumped parameter to
account for the retardation of release by all mechanisms (I1=8).

More recent investigations suggest that many different mechanisms
(for example: path windiness, pore geometry, or concentration
dependant diffusion) may be important (24). By casting the
diffusion equation in the appropriate geometry, the physical
mechanisms of release can be elucidated without resort to any simple
empirical factors.

Recently, theoretical studies of transport in porous media have
been invigorated by the application of percolation theory: a
literature in statistical physics that describes disordered media.
Our Equation (4) is an expression of dynamic percolation in a
network of water-filled sites. The use of percolation theory to
evaluate transport phenomena in heterogeneuos environments is a
promising one. The primary obstacle in applying percolation theory
to real systems is that quantitative descriptions of the geometry
are not available. We have described an automated method for
defining the microgeometry of porous polymeric materials and applied
it to a real problem. This methodology should be relevant to many
other applications of transport in disordered media.
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Chapter 3

Diffusion in Heterogeneous Media

Bret Berner, J. C. Keister/, and Eugene R. Cooper!
Ciba-Geigy Corporation, Ardsley, NY 10502

The solution to three heterogeneous media permeation
problems are discussed: (a) nonsteady-state
diffusion through oil-water multilaminates, (b)
desorption from an oil-water-multilaminate, and (c)
steady-state permeation through a membrane with a thin
discontinuous impermeable surface coating., In the
nonsteady-state, oil-water multilaminates demonstrate
a remarkable capacity to separate permeants
exponentially based on partition coefficient and
diffusion constant. In contrast, in the desorption
problem, multilamination has 1little effect.
Permeation through films with discontinuous surface
coatings depends on the ratio of the coating strip
width to the membrane thickness as well as the area
fraction of holes.

The widespread application of problems involving diffusion in heter-
ogeneous media to biological transport and to materials science, in
particular, to polymer science, has attracted the attention of scien-
tists for over one hundred years. An extensive body of literature
exists and a good summary of this field has been given by Barrer
(1). A typical approach has been to develop approximation methods
or solutions for classes of heterogeneous media diffusion problems.
These methods applied to complex practical problems are often slow
or laborious and the approximation methods often lack sufficient
accuracy. By concentrating on the method of solution and the com-
plexity of the problem, the surprising physical properties and sim-~
plicity of the solutions are often overlooked.

In this paper, solutions to three important heterogeneous dif-
fusion problems are presented, and their implications for transport
in biological systems are discussed. While the detailed methods of
solutions and subtleties are presented in other papers (2-6), the
asymptotic solutions are easily described, and they define the im-
portant physics of diffusion for most of the ranges of interest. In
particular, a) nonsteady-state diffusion through oil-water multilami-
nates (glg); b) desorption from oil-water multilaminates (ﬁ); and
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c) steady-state permeation through a membrane with a discontinuous
impermeable surface coating are examined (5,6).

Nonsteady-state diffusion through oil-water multilaminates has
been used extensively as a model for the optimal biological response
of a series of congeners with respect to partition coefficient (3,7,
8). Actual solution of this model reveals the deficiencies of
multilaminates as a model for biological transport, but it does show
the extraordinary separation factors of these multilaminates in the
nonsteady-state regime.

The second diffusion problem, desorption from oil-water multi-
laminates, is considered as a model for (a) controlled release from
liposomes and lipid multilayers and (b) for transport through bio-
logical laminates such as stratum corneum. In contrast to nonsteady-
state transport across multilaminates, desorption from laminates
depends only on the outermost layers.

Finally, we study the effect of thin discontinuous coatings on
transport across membranes. Permeation through discontinuous imperme-
able surface coatings is particularly important for (a) the use of
surface coatings in packaging films, (b) predicting the effects of
occlusive skin conditioning agents, (c) protective barrier films for
skin, and (d) controlled release devices QD. Perhaps equally im-
portant, this diffusion problem is the simplest case of a singulari-
ty at a re-entrant corner (l10,11). In recent years, percolation
theory and effective medium theory (12-14), have being successfully
applied to the polymer and controlled-release areas. Accurate
applications of these theories to complex heterogeneous systems con-
taining singularities at corners will require adroit treatment of
these singularities based on understanding of the simpler cases (5,
10).

Nonsteady-State Permeation Through Oil-Water Multilaminates

The remarkable capability of oil-water multilaminates to separate
permeants in the nonsteady state can be best demonstrated by study-
ing the asymptotic solutions of the simultaneous diffusion equations
leg). An alternating series of n oil and n-1 water laminates (Fig-
ure 1) separate a well-stirred, infinite aqueous source compartment
of solute concentration C_ and an aqueous receptor compartment of
zero solute concentration.’ Within the ith membrane phase, the sol-
ute concentration, Ci obeys Fick's second law,

BCi 3 Ci

08
at 3x

D, equals D or D depending on the composition of that phase. The
pérmeant has an oll-water partition coefficient, P, and the thick-
ness of each oil and water laminate is 1 and 1 , respectively. We
solve for C_(t), the total amount transpo%ted th¥ough the last lami-
nate as a function of time t. That is,

£ b

Cp(t) = S dv J5 4 (2)
0

where Jgn-l is the flux through the last laminate.
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The solutiou to this series of diffusion equations demonstrates
(Figure 2) the extraordinary capability of these oil-water multilam-
inates to separate permeants based on partition coefficient. Let
P be the partition coefficient for maximum transport. For
P¥é¥ » the total transport C_(t) depends exponentially on, the
number of oil layers; for P>>PR , CR(t) depends exponentially on
n-1, the number of water laminates.

To understand the origin of this exponential separation, let us
study the concentration profiles at times shorter than the lag time.
For small partition coefficients, @®<<p ), the lag time for a sin-
gle 0il laminate is short compared to tgéxtime to change the concen-
tration of the surrounding water phases. Consequently, one expects
(a) the concentration profiles across each o0il barrier to resemble
steady state, (i.e., the concentration should be a linear function
of distance,) and (b) the concentration in each water phase should
almost be constant. In Figure 3, a typical concentration profile
for an n=2 oil-water multilaminate is shown to demonstrate these two
features.

The assumption of a steady-state profile in the oil laminates
and small concentration drops in the water layers may be used to
derive asymptotic solutions for the permeation problem. It may be
shown that (2) for P¢¢p and t¢t, (where t. is the time lag for

. = MAX L L
the multilaminate),
n

1w DoPt
Cp(t) = = [1 - ] C, (3)

ow

Note that the amount transported, C,(t), depends exponentially on D
as well as P. The concentration prg%ile shown in Figure 3 shows how
successive separation processes in the nonsteady state can markedly
reduce the flux and thus reflect the exponential behavior described
in equation 3.

In an analogous fashion, for P>’P and t‘t. the assumptions
about o0il and water barriers may be interchanged aéa it may be shown
that,

n-1
[t ] %

|_1>101w (n-1)!

under the above conditions, the separation depends exponentially on
D and P ~ to the power of the number of water barriers.

An estimate of P » P for optimal transport, can be found from
the intersection of %%% asymptotic solutions (Figure 4). In the
limit of large n,

CR(t) (4)

. 5
Pyax = (0,/D) (5)

for a homologous series of compounds, that structure which satisfies

equation 5 will be optimally transported. The asymptotic solutions

agree quite well with the numerical solution over the range of inter-

est (Figure 4) and thus the value of P from equation 5 is quite
R MAX

reliable.
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1 2 3 2n-

Source | Oil {Water| Oil Oil Receptor
Co || e Crft)
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Figure 1. Model for permeation through oil-water multilaminate of
2n-1 membranes. (Reproduced with permission from Ref. 3.
Copyright 1984 American Pharmaceutical Association.)

Log Cr(t)

Log P

Figure 2. Log C_(t) vcrsus log P for n=2 (A), 3 (B), and 4 (C).
t=7142s and D —% x 107° ¢cm /s (Reproduced with permission from
Ref. 3. Copyright 1984 American Pharmaceutical Association.)
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Figure 3. Concentration profile across oil-water multilaminate for n=2,
P=10'4, and t=71390 s. (Reproduced with permission from Ref. 2.
Copyright 1983 Elsevier.)
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Figure 4. Comparison of the asymptotic and numerical solutions for
n=3 and t=7142 s. The intersection of the two asymptotes is P .
(Reproduced with permission from Ref. 2. Copyright 1983 Elsevier.;
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Although the exponential separation capability persists only
for times shorter than the lag time, t., the lag time for such lami-
nates is greatly extended by the par%ition coefficient (1). That
is, in the large n limit for P((P

MAX’

12

tL = T6PD (6)
o]
and for P>>PMAX’

p1?
Yot @

w

where 1 is the total thickness of the multilaminate. Consequently,
the lag time for these laminated systems may be of the order of
months to years, while the lag time for the same thickness of mem-
brane materials arranged in a form which is not laminated may be on
the order of a day. The exponential separation of these multilami-
nates might be used to exclude some permeant almost totally for a
relatively long time or to purify materials.

Permeation through a series of oil-water multilaminates has
been used as a model for the optimal biological response of a series
of congeners with respect to partition coefficient (3,7,8). While
the nonsteady-state diffusion model of multilaminates predicts expo-
nential separation based on partition coefficient to the power of
the number of barrier laminates, i.e., a power much greater than
one, typical biological response curves exhibit exponents on the
order of one (3,15). The simple multilaminate transport model is a
poor approximation for the treatment of biological response phenom-
ena, and the inclusion of shunt pathways through the multilaminates
might explain discrepancies between the model and the data (16,17).

Desorption From An Oil-Water Multilaminate

Desorption from an oil-water multilaminate should be an accurate
model for controlled release from liposomes and 1lipid multilayers
and may be helpful to understand transport through naturally occur-
ring biological laminates such as stratum corneum. Asymptotic solu-
tions based upon simple assumptions about the concentration profile
may also be used to understand the desorption properties.

The model for desorption from an oil-water multilaminate is
shown in Figure 5. Only the boundary and initial conditions change
from the earlier diffusion problem. Both source and receptor com-
partments are now maintained under sink conditions. At time zero,
each 0il layer contains initial concentration PC_ of solute and the
concentration of each aqueous layer is C . To d2termine the amount
of material per unit area, N , that hag left the laminate at time
t, the flux at x=o, Jl’ is iﬁ%ﬁgrated over time,

t
a
Ny = 280 dtl I (8)
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In an analogous manner to the nonsteady-state problem, for P((l, we
assume steady state obtains in the oil layers and the aqueous layers
behave as reservoirs. Using these assumptions, it is observed that,

2DOPC t
out = —2—O (9)

1
o

that is, for P((¢l, desorption depends only on the outermost oil
laminates and is linear with time. In contrast, the nonsteady-state
flux across multilaminates depends exponentially on the number of
laminates.
For the case with Py;1, the assumptions may be interchanged and

it is found that,

N 2DwC°t

OUt = e + 2PC°10 (10)

1
w

The rate of material exiting the composite is governed by steady-
state permeation across the outermost water layers; the initial
burst (second term in equation 10) is the amount of permeant in the
two outer oil layers.

Since desorption depends only on the outer barrier layers, mul-
tiple lamination offers no advantage in controlled release other
than perhaps a safety factor. That is, damage to a single laminate
might produce catastrophic dumping, while damage to the outer layer
of a multilaminate would only result in a minor disruption of the
release. Provided vesicles do not fuse or burst, liposomes and uni-
lamellar vesicles should have identical release properties.

It is instructive to contrast this model for desorption through
multilaminates with the desorption properties of naturally occurring
biological laminates, in particular, stratum corneum. While desorp-
tion from model multilaminates should be linear with time, desorp-
tion from the stratum corneum in spite of its microscopic laminate
appearance, is linear with the square root of time (lg). This re-
sult forms some of the best evidence that shunt pathways dominate
skin transport (18).

Steady-State Permeation Through Discontinuous Surface Coatings

There are numerous practical applications of membranes coated with a
very thin, nearly impermeable surface layer. Such thin coatings
often have holes in the surface film causing the coatings to exist
as flakes or strips with spaces between strips. For simplicity, we
solve a two dimensional lattice model (Figure 6).

A membrane of thickness, L, is covered by an infinitely thin,
impermeable surface film with cracks (5,6). A symmetry unit of a
single repeat in the lattice is shown in Figure 6A. The length of
the symmetry unit is b and the length of a continuous portion of the
impermeable surface coating is 2q (Figure 6B). Within the membrane,
Laplace's equation describes the steady state diffusion process,

—_t— = 0 (11)
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1 2 3 2n-1
Receptor Receptor
C=0 Oil {Water| Oil oil | C=0
P P P
Do | Dw Do Do
a b a b a b

Figure 5. The model for desorption out of an oil-water multilaminate
of 2n-1 membranes. (Reproduced with permission from Ref. 4.
Copyright 1984 Elsevier.)
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Y \ Q_C____ 0 D_C____ D_C__: 0 " L
l A x ay 2 x
C=1

Figure 6. A, one symmetry unit (% lattice repeat) in a lattice consisting
of a membrane with a discontinuous surface coating. B, the same unit
with appropriate boundary conditions. (Reproduced with permission
from Ref. 5. Copyright 1986 Elsevier.)
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The x direction is parallel to the strip and the y direction is in
the direction of the membrane thickness. The boundary conditions
are shown in Figure 6B.

Some of the more interesting features of this diffusion problem
may be defined in terms of C_,, the concentration in the middle of
the strip (b,0), and H, the ratio of the flux through the crack to
the total flux that would be present if there were no surface coat-
ing present. That is,

b-q
L %C— y=0]dx (12)
y
H = 0
5

H and C, are best studied in terms of two parameters: (a) AH’ the
area fraction of holes, which is defined as,

Ay o L;L (13)

and (b) S, the ratio of the strip width to the membrane thickness,

s = __LZL (14)

The interesting physics of this diffusion problem results from
the existence of a singularity at the corner of the coating (b-q,
0). At this point, the flux approaches infinity and much of the
flux from the occluded portion may "pour" around the corner and flow
through the hole. To study corner flow, we define the normalized
corner flow function, Z,

7 = HoAy (15)
I8y
notice Z=1 when all of the flow from the occluded portion can "whip"
around the corner and Z=0 when none of the flow from the covered
portion enters the hole.

Classical simple approximations in which the system is divided
sequentially into series and parallel components (Figure 7) give
divergent results for this type of diffusion problem. 1In particular,
parallel-series averaging (Figure 7B) predicts Z=1 while series-par-
allel averaging (Figure 7C) predicts Z=0. The appropriate methods
of solution of this problem employ conformal mapping, and the de-
tails may be found in the earlier publication (5).

A sample concentration profile is shown in Figure 8. These
profiles have a number of typical features. Under the middle of the
strip near C,, there is a stagnant region at high concentration. The
concentration profile becomes increasingly steep near and the flow
is infinite at the edge or corner of the strip (b-q, 0). 1In the
center of the hole and over much of the hole the profile is nearly
undisturbed from the 1linear profile of the unoccluded case. The
flow characteristics of these partially coated membranes may be gener-
alized to include two contributions: (a) a hole flow, Yy, and (b) a

In Controlled-Release Technology; Lee, P., et al.;
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Figure 7. Simple averaging methods. A, the membrane with a
discontinuous surface coating of a finite thickness (d). B, parallel-
series averaging. C, series-parallel averaging. (Reproduced with
permission from Ref. 5. Copyright 1986 Elsevier.)

Cm
[ S— | 2 -
{b-q.0)}
X i 7 /b} C=0 (O o)

4—\}’;[

AR
/\
O O
1l O
o It o
- )
~ O
o ©
N
3]
TIITTI00e i doeenee o 7iss
}—(———L—)-{

C=1

Figure 8. A typical concentration profile for large A For this profile,
S=1 and A_=0.67. (Reproduced with permission from Ref. 3.
Copyright l9§‘6 Elsevier.)
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corner flow, y (Figure 9). For large , the hole can accommodate
the corner flow without disrupting the hole flow. That is, for
large > Y. 1s independent of y and therefore, Z is independent of
A.. At smailer values of AH’ the holes choke with material and Yo
depends on vy.

The asymptotic solutions for Z and CM at large AH are:

—S%— 21ln [cosh (Z—S")]
lim
Aoy 2= St (15)
2
Um , _ 1,1 -1 [sioh® &3 1 (16)
Aa1 M3t 3 2

cosh (2—2)

utilizing the independence of y and y_ at large ,» we observe that
these asymptotic solutions are accurafe to within'5% even for as
small as 0.3. A plot of Z and C,, for the range 0.3 s £ 1 is shown
in Figure 10. In accordance wigg one's intuition, C, ~ 1 and Z ~ O
when the film is nearly continuous (S,,1.25). f% the film is
extremely discontinuous (S¢¢1.25), C, ~ 0 and Z ~ 1, Only when
Sy31.25 is the amount transported reduced to by the surface coat-
ing. The curves for C, and Z cross over when S ~ 1.25., In this
region of intermediate %, C,, can increase significantly although Z
is still greater than 0.5. That is, in this region there may be
large changes in the concentration profile while there are only
small reductions in flux. For example, for S = 1 and AH = 0.3, CM ~
0.46, but the reduced flux is only H ~ 0.8.

In the 1limit of small , a self-consistent approximation meth-
od may be used to give upper and lower bounds for Z (5),

Ll
Zupper bound = T * S {1n2 - n/2 - lnAH} (17)
Ll
Zlower bound = m+ S {ln2 - lnAH} s
These bounds and Z for = 0.1 and = 10—3 are plotted in
Figure 11. While the result is sandwiched even at = 0.1, the
approximations are good to within a couple of percent by = 0.001.
As decreases the hole chokes up because it cannot accommodate the

corner flow, 1.e., Z decreases. In fact, Z approaches =zero as
-r/81 . Nevertheless, this approach to zero 1is logarithmic and
even at small area fractions, the role of film continuity is still
important. Although Z approaches zero faster than at larger Ag, the
contribution of Z to the reduced flux, H, is proportionately larger
at small AH' That is, for small AH (from equation 15),

H~2Z+ AH (19)
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Figure 9. Flow diagram of the diffusion problem. (Reproduced with
permission from Ref. 5. Copyright 1986 Elsevier.)
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Figure 10. Z and C versus S for 0.3 < A, < 0.99. (Reproduced with
permission from Ref. 5. Copyright 1986 Efs{cvicr.)
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Figure 11. Z versus S for small A_. The actual values are represented
by the solid lines. Other symb&s represent the lower and upper
bounds of Z. (Reproduced with permission from Ref. 5. Copyright
1986 Elsevier.)
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Consequently, film discontinuity effects can be sizeable even at

small .

AA%ilm can appear completely coated even though the flux is
virtually unaffected if S for the film is very small. Perhaps the
simplest way to study the role of film continuity is to determine as
a function of the value of S for which corner flow changes from
being negligible to important. As a measure of this transition, we
plot 8 (Z=0.5) ,versus log AH in Figure 12. Note over four orders of
magnitude (10 < <€ 1), S (Z=0.5) shifts only from 0.4 to 1.5.
That is, for most practical s, film continuity becomes an important
factor whenever the continuous regions of the film are small compar-
ed to the film thickness. To design effective coatings which reduce
the flux to close to Ag, the continuous regions of the coatings
should be much greater than the film thickness. If the film thick-
ness is much greater that the strip width, the coating will general-
ly be totally ineffective. In the intermediate S region, there can
be significant alterations in the concentration profile within the
membrane with only small alterations in flux.

Results in Ref. 6 have shown that the particular diffusion prob-
lem of interest can be modeled as electrical analogs, that is, by
measuring voltages and currents using a tank of water to "mock up"
the geometry of the problem. In this analog model, currents corre-
spond to the fluxes while voltages correspond to concentration lev-
els. The apparatus consisted of aluminum plates in a tank of water,
as shown schematically in Figure 13, The current and voltage mea-
surements were normalized to produce experimental values of Z and
CM’ while positions and lengths were measured to produce values for
Ag and S. A comparison of these experimental results with the pre-
viously discussed theoretical results is shown in Figure l4. As can
be seen, the agreement is good to within 3-5% accuracy. This analog
approach may be the simplest method of solving more complex diffu-
sion problems in heterogeneous media.

5(2=0.5)

°r

0 ! 1 1 A L ! ) 1 L )
2 4

~L.OG (AREA FRACTION OF HOLES)

Figure 12. That value of S for which Z=0.5 versus —log AH.
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Figure 13. A schematic of the water tank used to mock up the
diffusion problem.
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Figure 14. A comparison of the experimental electrical values with the
diffusion theory.
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Chapter 4

Estimation of Rates of Drug Diffusion in Polymers

C. G. Pitt, A. L. Andrady, Y. T. Bao, and N. K. P. Samuel
Research Triangle Institute, P.O. Box 12194, Research Triangle Park, NC 27709

A method of estimating the solubility of drugs in rub-
bery polymers, based on the octanol-water partition
coefficient of the drug, is described. This method,
when combined knowledge of the drug diffusion coef-
ficient D, permits calculation of diffusion controlled
release rates. Studies of the relationship between the
solute structure and D are reviewed, to support the
conclusion that D can be estimated from the solute
molecular size or molecular weight; alternatively, D
may be treated as a constant for a given polymer pro-
vided the molecular weight of the drug falls in the
range of 250 - 350 au. Earlier methods of calculating
the drug solubility in a polymer using drug melting
points and solubility parameters are described. The
present method is based on the correlation:

log P(polymer) = a log P(octanol) + b,

which is shown to apply for poly(dimethylsiloxane),
poly(€-caprolactone), poly{ethylene-co-vinyl acetate),
and poly(e€-caprolactam-co-e-caprolactone), using a
series of nine basic and steroidal drugs. When combined
with the known or estimated drug water solubility, the
correlation provides a simple method of estimating
drug-polymer solubility and diffusion rates. Examples
of the method are provided.

The majority of controlled drug delivery systems now being marketed
or under development are based on diffusion of the drug through a
semipermeable membrane to achieve the requisite release rate. Dif-
fusion control is particularly important to transdermal delivery,
where biodegradation and dissolution are not viable mechanisms of
controlling the release rate. Provided the process is Fickian, the
rate of diffusion through the semipermeable polymer is determined by

0097-6156/87/0348—-0049%06.50/0
© 1987 American Chemical Society
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Fick's first law; that is, the rate of diffusion is directly pro-
portional to the diffusion coefficient (D) and the concentration
gradient (dC/dx) of the drug in the polymer (Equation 1). For a
transdermal patch or a subdermal cylindrical capsule of unit length,
the rates of diffusional drug release are given by equations 2 and
3, respectively (1).

dM/dt = -D.dC/dx (1)
M/M = DC At/h (2)
« p
M/M°° = 2n Dcpt/ln(ro/ri) (3)
(h = membrane thickness; A = membrane area; C_ = drug solubi-
lity in polymer, r, ,r = inner,outer cylindeg radii, M, M°° =

drug mass diffusedlatotimes t and infinity)

That is, within the geometric constraints of the delivery system,
the feasibility of using diffusion to achieve a practical rate of
delivery with a particular drug/polymer combination depends on the
values of D and C_ . This article will briefly review methods of
estimating these tgo properties (2), and introduce the idea of using
partition coefficients as a source of Cp values.

Methods of Estimating Diffusion Coefficients

Methods of estimating diffusion coefficients originate with the
earlier studies of gas transport in semipermeable membranes. Diffus-
ion can be treated as a thermally activated process, the temperature
dependence of which is given by an Arrhenius type of equation (Equa-
tion 4). The activation energy (Ed) is a constant for a polymer/dif-
fusant combination,

D = Doexp("Ed/RT) (4)

and is the energy required to separate two polymer chains suffi-
ciently to permit the diffusant to pass through. Using polyethylene,
Michaels and Bixler (3) showed that the diffusion constants of elev-
en gases varying in size from oxygen to sulfur hexafluoride exhibit
the temperature dependence expressed by equation 4. In this mile-
stone paper, the authors demonstrated that there is a semi-logarith-
mic correlation of D with the reduced molecular diameter of the
diffusant (Equation 5). Here, d is the diameter of the gas molecule,
and 0.5 ¢!/2 is approximately equal to the mean unoccupied dist-
ance between two chain segments. The experimental correlation is
shown in Figure 1.

1n(p/d?%) = K(d - 0.5 ¢1/2) (5)

Krevelen (4) has summarized much of the published data on gas dif-
fusion, including the graphic relationship between the activation
energy of diffusion, E,, the relative size of the diffusing mole-
cule, (dN,/dX)?, and ghe glass transition temperature (Tg) of
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Figure 1. Correlation of diffusion coefficients (D*) of small gaseous
molecules in amorphous polyethylene (natural rubber) with their
reduced molecular diameters (d-0.5 ¢7). (Reproduced with
permission from Ref. 3. Copyright 1961 John Wiley & Sons.)
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the polymer (Figure 2). Here, the term dN,/dX refers to the dia-
meters of nitrogen gas and the molecule X. This permits the estima-
tion of the diffusion coefficient of the molecule X provided the Tg
of the polymer is known. Similar correlations between D and permeate
size have been established for larger organic solutes, using the
molecular volume or molecular weight in place of the molecular dia-
meter (5,6). For example, the values of E, in polystyrene for eight
alkyl and aryl derivatives were proporgional to their molecular
volumes (Figure 3). As the size of the diffusant increases it is
possible to use the molecular weight as an approximation of molecu-
lar volume. Thus, Baker and Lonsdale (1) noted that there is an
approximate log-log relationship between the diffusion coefficient
and molecular weights for halogenated paraffins in polystyrene and
azonapthalene dyes in natural rubber (7-9). A log-log relation-
ship (Figure 4) is also observed for the diffusion of low molecular
weight siloxanes in polydimethylsiloxane fluid (10) while, for four

anticancer drugs, Chien (2) has notcd the diffusion coefficient in a

methacrylate hydrogel is proportional to Mw-¢.,33,

It has been suggested that, since many drugs fall into a simi-
lar size range, it is possible to treat D as a constant for a given
drug class in a specific polymer. As an example, most steroids have
in common a tetracyclic skeleton, and differ primarily in their
substitution pattern. Some literature values of diffusion coeffici-
ents in steroids in semipermeable nmembranes are listed in Table I
and provide support for the validity of using an average diffusion
coefficient., Table I lists the diffusion coefficients of several
narcotics studied in our laboratory; here also the values of D fall
in the same relatively narrow range.

The importance of the Tg of the polymer in determining permea-
bility is evident from the relationship in Figure 2. In most cases,
the Tg is available from literature compilations (11). Methods of
estimating Tg from substituent group contributions have been des-
cribed (12,13). Some qualitative guidelines for predicting the
change in Tg with polymer structure are:

1. Chains based on Si-0, P-N, C-C, and C-0 links are flexible and
have low Tg's. Ring structures e.g. p-phenylene groups, in the
chain increase the Tg. Substituents, particularly rigid, po-
lar, or branched structures, increase Tg by impeding intramole-
cular motion or increasing intermolecular interaction by van
der Waals forces, dipolar interaction, or hydrogen bonding.
Long chain alkyl substituents can reduce Tg by self-plasticiza-
tion.

2. The structural features which influence the Tg of a polymer are
similar to those that determine its crystallinity. In fact the
relationship (Eq. 6) is often observed.

Tg = 2/3T‘(°K) unsymmetrical polymers (6a)
Tg = 1/2Tm(°K) symmetrical polymers (6b)
3. If information on Tg is not available, the density can be used

as an estimate of the free volume of the polymer. The lower the
density, the greater the permeability.
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Figure 3. Relationship between the activation energy for diffusion in
polystyrene and the molar volume of 10 organic substrates; measured
at temperatures greater than T . (Reproduced with permission from
Ref. 4. Copyright 1976 Elseviet)
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Figure 4. Plot of Ln D versus Ln (molecular weight) for a series of
low-molecular-weight linear dimethylsiloxanes in polydimethylsiloxane
fluid. Numbers at each data point refer to N, defined by chemical
formula. Data from Ref. 10.
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4. Crosslinking will increase the Tg, reducing the diffusion coef-
ficient.
5. Plasticizer will often reduce the Tg; both water and drug may

serve this function.

Because diffusion is limited to the amorphous phase of semi-
crystalline polymers, and the crystalline phase can additionally
restrict chain motion in the amorphous phase, the value of D is
dependent on the degree of crystallinity of the polymer. To a first
approximation, this effect may be expressed by equation 7, where x
is the crystalline volume fraction and D is the diffusion coeffi-
cient of the totally amorphous polymer. For example, diffusion
coefficients for high density polyethylene are lower than for low
density polyethylene (3).

D= Da(l—x) (7)
Fillers such as silica Iin silicone rubber have the same effect as
crystallinity, reducing polymer motion by physical crosslinking and

increasing the tortuosity of the diffusion path (14,15).

Estimation of the Drug Solubility (Cpl

The estimation of the solubility of a drug in a polymer has general-
ly been approached using Hildebrand's theory of micro-solutes. Qua-
litatively, comparison of the solubility parameters (§) of the ste-
roid and drug is a useful means of assessing the likely miscibility
of a polymer-drug combination. The values of § may be calculated
from the part structures of the polymer and the drug using published
tables of group contributions (4,16). The more similar the values of
§, the greater the compatability of the drug and polymer.

It is possible to determine C quantitatively using Hilde-
brand's theory of microsolutes. An exgmple of the accuracy that can
be achieved is provided by the calculation of the solubilities of a
series of p-aminobenzoate esters in hexane (17,18). Michaels, et al.
(19) used this approach to estimate the solubility of steroids in
various polymers. The solubilities of seven steroids in six poly-
mers were calculated from the steroid melting points, heats of fus-
ion, and solubility parameters. Equation 8 was derived, where J
is the maximum steady state flux, h is the membrane thickness, X 1s
the product of V, the molar volume of the liquid drug, and the
square of the difference in the solubility parameters of the drug
and polymer, o is the steroid density, T_ is melting point (°K), T
is the temperature of the environment, R 1is the gas constant, and

AHf and ASf are the enthalpy and entropy of fusion, respectively.

In [Jlln.h.exp(1+x)] = AHf(I/T—I/Tm)/R + 1n oD (8)
Also, since AHf = TmASf,

In (3, -h.exp(1+x)] = Asf(T-/T—l)/R + 1ln oD (9)

Both the heat of fusion, AH,, and the entropy of fusion, AS_ , vary
with the steroid structure,” although ASf is more nearly constant.

In Controlled-Release Technology; Lee, P., et al.;
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Consequently, from equation 9, a plot of 1n[J .h.exp(1+x)] versus
(T /T-1) is expected to be approximately linear. This was found to
be the case (Figure 5§). Using equation 9, and assuming average val-
ues of AS_ and D, it was possible to calculate the permeability of
any stero;d/polyner combination in the series to within a factor of
two.

This approach to estimating solubilities and diffusion rates
has not been applied to other classes of solutes, even though the
solubility parameters can be easily estimated by group contribution
methods and AHf and T can be determined by differential scanning
calorimetry. n

The possibility of simplifying the method further arises if X
contributes little to the relationship and can be treated as a con-
stant. With this assumption, and because Jlinh = CpD, Equation 9
may be rewritten as equations 10-12.

1n [Jli.h.exp(1+x)/o.D] = Asf(Tm/T—l)/R (10)

1n Cp +(1+x)-1lnp = —ASf(Tn/T—l)/R (11)

InC =aT + b (12)
P n

That is, the logarithm of the drug solubility is directly propor-
tional to the drug melting point.

This relationship was shown to hold approximately for the ste-
roid solubilities in EVA and polyetherurethane listed in Table I
(20). A semilog plot of the steroid solubility (C_) versus steroid
melting point is shown in Figure 6. The stat?stics of a least
squares correlation are:

In(C ) = —0.0198Tm + 5.225 EVA Series
Ph=9 r =10.79

In(C ) = ~0.0198T. + 6.148 Polyether-Urethane Series
Phayg r ="0.82

The low correlation coefficients reflect the approximations made in
Equation 12.
In a different theoretical treatment, Chien (21) used the Van't
Hoff equation to derive the relationship (Eq. 13) between 1/Tm and
C .
p

log C_ = log[s = - - - .303RT 13
og p og{ p/(sp+xp)] log Yp AHf(l T/Tn)/a (13)

Here, C_ is the mole fraction solubility of the drug, S_ is the mole
fractloﬂ of the drug, X is the mole fraction of the pogyner, and ¥

is the activity coeffic?ent of the drug in the polymer. Thil
relationship is equivalent to equation 8, in assuming that AH

rather than AS_ is constant. The correlation was tested using the
solubility of steroids in silicone rubber (Figure 7). The relation-

ships in List I, for families of testosterone, progesterone, and

estradiol derivatives, were observed.
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Figure 6. Semilogarithmic correlation of the solubility (C ) of a series
of steroids in polyethylene-co-vinyl acetate, 40% vinyl acgtate, and the
steroid melting point. Data from Ref. 20.
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Figure 7. Semilogarithmic relationship between the mole fraction
solubility (C ) of testosterone (o), progesterone (O), and estradiol (4)
derivatives ih polydimethylsiloxane and the reciprocal of the melting
point (T;). (Reproduced from Ref. 21. Copyright 1976 American

Chemical Society.)
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List I. Relationships Between lcg Ep and Melting Point of Steroids

Steroid Family Relationship

Testosterone Derivatives log C = 2.855/T_ - 9.631
n=11 Pr=0.87

Progesterone Derivatives log C_ = 3.668/T_ - 11.469
n=9 Pr=0.79

Estradiol Derivatives log C_ = 3.644/T_ - 11.763
n=7 Pr=0.94

All compounds log € = 3.085/T_ - 10.249

n=27 Pr=0.85

The correlation coefficients of these Ep—T- relationships are also
low.

The Use of Partition Coefficients

If the solubility (Cs) of a drug in a low molecular weight solvent
is known, it follows from equation 14 that the drug solubility in a
polymer can be derived from the distribution of the drug between the

Cp/cs =P (14)

low molecular weight solvent and the polymer. Determination of the
partition coefficient (P) eliminates the need to evaluate terms
relating to the solid to liquid phase change of the drug, i.e. mp,
enthalpy, entropy of fusion. Since the agueous solubility of most
common drugs is either known, easily determined or estimated, water
is the obvious choice for the low molecular weight solvent, and the
determination of C_ is reduced to determination or estimation of the
polymer/water part?tlon coefficient.

An advantage of defining the problem in this manner is that the
partition coefficient has become a central property in quantitative
structure-activity relationships (QSAR) and a large data base of P
values is available in the medicinal chemistry literature (22-24).
In particular, if a correlation (Equation 15) between the polymer-
water and octanol-water partition coefficients can be established
for a series of solutes, it becomes possible to utilize log P (oc-
tanol/water) value as a reference point from which to calculate the
polymer-water value.

log P (polymer) = a log P (octanol) + b (15)

In Controlled-Release Technology; Lee, P., et al.;
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Correlations of log P for a number of different low molecular
weight solvent pairs, for example octanol/water vs ether/water and
oleyl alcohol/water, have been established (22-24) and provide a
precedent for the application to high molecular weight solvents.
The log P values can be deduced for an even greater variety of
structures by use of the method of substituent group contributions
(25,26). As with the calculation of solubility parameters using
group contributions, the method is based on use of characteristic 1
values which represent the additive contributions of substituent
groups (X) to the log P value of the parent compound {Equation 186).

log P(RX) = log P{RH) + ¥ m(X) (16)

The calculation of log P (octanol) is facilitated by the avail-
ability of computer programs that use the group contribution method
(27,28). The derivation of log P (octanol) values from relative HPLC
retention times (29-31), and from atomic charge densities calculated
using semi-empirical molecular orbital methods has also been des-
cribed (32).

Several laboratories have measured solubilities and/or parti-
tion coefficients of solutes in higher molecular weight media, and
their data provides a test of this approach to estimating polymer
solubilities. Flynn and Yalkowsky (17,18) studied the transport and
solubility properties of a series of p-aminobenzoate esters, p-
H,NC,H,COOR, R = methyl to hexyl, in poly(dimethylsiloxane)
fluid (PDMS). We find that their values of log P(PDMS) correlate
well with reported (33) values of log P values of the same series of
solutes in oleyl alcohol/water, as illustrated by the plot in Figure
8 and the correlation statistics (Equation 17).

log P(PDMS) = 1.04 log P (oleyl alcohol)-1.83 (17)
n =8 r = 0.999

By combining the data on solubilities from different laboratories
(34,35), and assuming P is the ratio of the solubilities, it is
possible to test the correlation of log P for octanol/water versus
PDMS/water (Figure 9). Although the data are restricted to six ste-
roids, the correlation is excellent (Equation 18).

log P(PDMS)
n==~6 r

1.79 log P (octanol) - 5.14 (18)
0.981

1

The solubility data in Table I may be used to test the log P corre-
lations in poly(ethylene-co-vinyl acetate) and polyether-urethanes.
The correlations in Equations 19 and 20 are derived by combining
this data with the reported (20) water solubilities and octanol-
water partition coefficients of the steroids (22-24).

log P (EVA) = 0.936 log P (octanol) - 0.535 (19)
n =4 r = 0.97
log P (EU) = 0.809 log P (octanol) + 0.124 (20)
n =4 r = 0.99
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The correlations, which are limited to those steroids in Table I for
which log P (octanol) values have been determined, are very good
considering the fact that the experimental data on the polymer solu-
bilities were derived indirectly from the analysis of diffusion
kinetics.

These preliminary analyses have encouraged an evaluation of a
wider range of drugs and polymers. The five polymers in Table II are
being used to determine the polymer-water partition coefficients
directly. Pour of these polymers are commonly used for drug deli-
very. Their solubility parameters range from 15.1 to 22.9
J1/2cm-3‘2, which covers most of the polarity range of common
polymers. Preliminary results in our laboratory using four of these
polymers and a series of drugs which included both steroids and
nitrogen bases suggest these correlations are quite general (Figure
10, Table III). There was no evidence that the partition coeffici-
ents of the drugs studied were dependent on their concentrations in
the two phases. The correlation for PDMS in Table II1 is considered
more accurate than the correlation in Equation 18, the latter having
been derived by combining solubility data from different labora-
tories with the assumption that P is the ratio of the reported solu-
bilities.

This approach to estimating C_ does not require the water solu-
bility be known or determined expgri-entally. Several laboratories
have studied the relationship between the water solubility of a
compound and its log P (octanol) value. Hansch, et al. (36) showed
that for 156 organic liquids, the molar water solubilities (S ) were
correlated to P by equation 2la. The correlation coefficient was
increased to as high as 0.99 by segregating compounds by chemical

-log Sw = 1.339 (10.07)log P - 0.978 (10.15) (21a)
r = 0.935 n = 156
~log Sw = 1.07 log P - 0.67 (21b)
r = 0.954
class, eg, alcohols, alkanes, etc. Using more recent experimental
solubility and partition data, Yaikowsky and Morozowich (37) report-
ed that Equation 21b is a more accurate correlation. This correla-

tion of liquids is not complicated by differences in the contribu-
tions of heats of fusion of crystalline solids. Despite the varia-
bility of AH_., Yalkowsky, et al. (38) have shown that even with
crystalline solids it is possible to derive a good correlation be-
tween mp, C_ and P. Equation 22 (where S = molar aqueous solubi-
lity) was sHown to apply to a set of 36 ﬁon—electrolytes and weak
electrolytes lacking a long flexible polymethylene chain. This
correlation is shown in Figure 11.

log S, = -0.01 mp (°C) - log P + 1.05 (22)
r=0.955 n = 36

The use of these correlations can be illustrated by comparing
the experimental polymer solubilities of progesterone and naltrexone
with the values derived using equation 22 to calculate the water

In Controlled-Release Technology; Lee, P., et al.;
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Table II. Polymers and their Solubility Parameters for which
Log P Correlations are being Studied

Solubility
Polymer Parameter
(J}/2¢m-372)

poly(dimethylsiloxane) 15.1
poly(ethylene), low density 17.5
poly(ethylene-co-vinyl acetate) 20.0
poly(e-caprolactone) 20.9
poly(e-caprolactam-co-g~caprolactone) 22.9

Table III. Preliminary Correlations of Log P (Octanol) Versus
Log P (Polymer) for Poly(dimethylsiloxane), Poly(ethy-
lene-co-vinyl acetate), 40% VA, Poly(e-caprolactone},
and Poly(e-caprolactam-co-g-caprolactone)

Log P (PDMS) 1.41 Log P (Octanol) - 2.95
n=238 r = 0.98

Log P (EVA) = 1.14 Log P (Octanol) - 1.16
n = 10 r = 0.98
Log P (PCL) = 0.91 Log P (Octanol) - 0.50

n = 10 r = 0.97

"

Log P (PAE)
n

0.59 Log P (Octanol) + 0.78
8 r = 0.93

H

Solutes: codeine, cortisone, corticosterone, naltrexone, amo-
barbital, meperidine, androst-4-ene-3,17-dione, testo-
sterone, progesterone, methadone.
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Correlation of Log P(Esteramide) and Log P(PDMS)

Versus Log P(Octanof)

3
E
>
©
j=
a
o
Q
-
2 o T T T
1 2 3 4 5
Log P{Octanol)
Correlation of Log P(EVA) and Log P(PDMS)
Versus Log P(Octanol)
4
3 -4
2 4
3
£
s
=
o
2 01
-
-1 4
’2 . T T T

3
Log P(Octanol)

Figure 10. Correlation of log P of the solvent pairs, poly(e-
caprolactone-co—e—caprolactam)—~water, poly(cthylene—co-vinyl ace-
tate), polydimethylsiloxane-water, and octanol-water. Unpublished
results.
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Figure 11. Observed and predicted aqueous solubilities of
nonelectrolytes (o) and weak e¢lectrolytes (o). The solid line is the
theoretical line described by Equation 22. The dashed line is the
regression line of the experimental data. (Reproduced with permission
from Ref. 38. Copyright 1983 American Pharmaceutical Association.)
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solubility and Figure 10 to calculate the polymer solubility. This
comparison is shown in Table IV, where it can be seen that there is
good agreement between the calculated and experimental values.

Table IV. Calculated and Experimental Solubilities (mg/ml) of
Progesterone and Naltrexone in Water, Poly(e-capro-
lactone) and Poly(ethylene-co-vinyl acetate)

Calculated (Experimental) Solubility

Progesterone Naltrexone
Water 29.3 (14.1) x 1073 0.94 (1.33)
PCL 20.8 (14.7) 13.5 (16.4)
EVA 39.6 8.71 (9.2)

It is not necessary to know or derive the water solubility of
the drug in order to make use of the partition coefficient data.
For example, it follows from equation 23 that, for any drug, the
vertical displacement of the two correlation lines in Figure 10 is a
measure of the ratio of the drug solubility in the two polymers.

log (Cp/Cp‘) = log (Cp/Cw)(Cw/Cp') = log P (pol)-log P(pol') (23)

Given information on the characteristic diffusion coefficients of
the two polymers, it is then possible to estimate their relative
permeabilities. The slope of the correlation line is a measure of
the polarity of the polymer; the lower the slope, the greater the
solubility of a hydrophilic drug. The anticipated correlation be-
tween the slope and the solubility parameter of the polymer is ap-
proximately observed (cf Tables II, III).

1t is important to recognize that these correlations only apply
to a specific polymer and, as discussed above, will be sensitive to
changes in the polymer crystallinity, the inclusion of filler, and
the exact chemical composition. The sensitivity of solubility in
polydimethylsiloxane to the filler content has been noted (14,15)
and the correlation in Table III for PDMS applies ony to the unfil-
led fluid. The crystallinity of many polymers depends on their
molecular weight, and may change if the polymer is subject to biode-
gradation. The solubility parameter, i.e. the polarity, of polyure-
thanes, is sensitive to the nature and ratio of the ether (or ester)
and urethane segments.
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Conclusions

The various approaches to estimating diffusion coefficients and
solubilities of drugs in polymers have been reviewed. The polymers
typically used for drug delivery have diffusion coefficients that
are characteristic of the polymer and relatively constant for drugs
of a similar molecular size. Drug solubilities in a polymer can be
estimated from the solubility parameters and melting points (ste-
roids), from the melting point alone, or from the correlation of
partition coefficients.
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Chapter 5

Interpretation of Drug-Release Kinetics
from Hydrogel Matrices in Terms of Time-Dependent
Diffusion Coefficients

Ping 1. Lee
Ciba-Geigy Corporation, Ardsley, NY 10502

The swelling behavior and drug release kinetics in
glassy hydrogels are interpreted in terms of time-
dependent diffusion coefficients. By incorporating
the time dependence explicitly into the drug diffusion
coefficient to reflect the time-dependent polymer
relaxation, we have demonstrated that various release
behavior of hydrogel matrices containing either
dissolved or dispersed drug can be described by the
analytical solutions to the corresponding moving
boundary problem. The predicted release behavior,
ranging from Fickian to zero-order (or Case II), is
consistent with both experimental observations and the
Deborah number concept. The Deborah number utilized
here is essentially a measure of the relative
importance of polymer relaxation versus drug dif-
fusion.

Hydrogel drug delivery systems have attracted significant attention
recently. In addition to hydrogel's inertness and good biocompati-
bility, their ability to release entrapped drug in aqueous medium
and the ease of regulating such drug release by controlling water
swelling and crosslinking density make hydrogels particularly suit-
able as drug carriers in the controlled release of pharmaceuticals
(1-3).

" For many specific applications such as oral delivery, drug-
loaded hydrogels are generally stored in the dehydrated, glassy
state before usage because of stability considerations. The release
of water soluble drugs from initially dehydrated hydrogel matrices
generally involves simultaneous absorption of water and desorption
of drug via a swelling-controlled diffusion mechanism (ﬁ:Z)' Phe~
nomenologically, as water penetrates a glassy hydrogel matrix
containing dispersed drug, a sharp penetrating solvent front sepa-
rating the glassy from the rubbery swollen phase in addition to a
volume swelling is generally observed. In most cases, this solvent
front also separates the undissolved core from the partially ex-
tracted region with the dissolved drug diffusing through the swollen
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rubbery phase into the external releasing medium. Such diffusion
and swelling generally do not follow a Fickian diffusion mechanism.
The existence of some molecular relaxation process in addition to
diffusion is believed to be responsible for the observed non-Fickian
behavior.

We have recently shown (5) that the swelling behavior and drug
release kinetics in glassy hydrogels are affected significantly by
the local drug concentration. The presence of a water soluble drug
alters both the swelling osmotic pressure and the associated time
dependent relaxation of the network during the simultaneous absorp-
tion of water and release of drug. Although the diffusion of single
penetrant in glassy polymers has been studied extensively, only few
attempts have been made to model such swelling-controlled drug re-
lease systems with limited success.

In this article, we demonstrate that by incorporating time
dependence explicitly into the drug diffusion coefficient to reflect
the time-dependent polymer relaxation, various release behavior in
hydrogel matrices containing either dissolved or dispersed drug can
be described by the analytical solutions to the corresponding moving
boundary problem. The predicted release behavior, ranging from
Fickian to zero order (or Case II), is consistent with both physical
observations and the Deborah number concept.

Kinetic Considerations

It is well known that the sorption of water in glassy hydrogels
generally do not conform to the behavior expected from the classicsal
Fickian diffusion (8). The slow reorientation of polymer molecules
in order to accommodate the penetrating solvent molecules can lead
to a wide variety of anomalous sorption behavior, particularly when
the experimental temperatures are near or below the glass transition
temperature of the hydrogel. Depending on the rate of polymer re-
laxation at the glass/rubbery sorption front, the swelling process
and the assoclated drug release may exhibit Fickian or non-Fickian
behavior. Typically, for a hydrogel slab, Fickian diffusion is
characterized by a square root time dependence in both the amount
diffused and the penetrating diffusion front position from the
surface. On the other hand, Case II trnasport, which is completely
governed by the rate of polymer relaxation, 1s characterized by a
linear time dependence in both the amount diffused and the penetrat-
ing swelling front position from the surface. In most cases, the
intermediate situation, often termed as non-Fickian or anomalous
diffusion, will prevail whenever the rates of diffusion and polymer
relaxation are comparable. Here both the amount diffused and the
penetrating diffusion front position from the surface will have an
exponent in the time dependence larger than 0.5.

When the fractional drug release from an initially dehydrated
hydrogel sheet is plotted as a function of square root of time as
shown in Figure 1 for thiamine HCl release from a poly(2-hydroxyethyl
methacrylate) sheet, linearity in the plot is observed only at large
times. This illustrates the non-Fickian and time-dependent nature
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of the initial swelling period. As water penetrates a glassy hydro-
gel matrix containing dissolved or dispersed drug, it requires a
finite amount of time for the polymer molecules to rearrange to an
equilibrium state in order to accommodate the penetrating solvent
molecules. Once the hydrogel matrix 1s significantly hydrated, drug
release becomes Fickian giving rise to the linearity in Figure 1 at
large times.

The relative rates of diffusion and polymer relaxation can
conveniently be examined using the diffusion Deborah number (9)
defined as:

Am
(DEB)D = —

%

where Am is s mean relaxation time of the polymer/solvent system
directly related to its shear relaxation modulus and ©_ a charcter-
istic diffusion time defined by 22/D, with £ the sample thickness
and D, the diffusion coefficient of diffusing species i. Since the
samplé dimension as well as concentration and temperature are
important factors affecting the value of (DEB)_, it 1s clear that a
single value of the Deborah number at least provides an average
value over the range of these experimental parameters. For moderate
to large Deborah numbers, (DEB). = 1 or > 1, non-Fickian (anomalous)
diffusion including the special case of Case II transport can be
expected depending on whether the rate of rearrangement of polymer
molecules is comparable to or smaller than the diffusion rate. On
the other hand classical Fickian diffusion in either the rubbery or
glassy state can be expected in the limit of either very small or
very large Deborah numbers, i.e. (DEB)_ << 1 or (DEB)_ >> 1.

Most of the existing theories on Biffusion in glassy polymers
consider the transport of a single penetrant, namely the solvent.
The interpretation of various observed anomalous sorption kinetics
is generally based on one of the following three approaches (a)
Diffusion with convection model; where a constant swelling front
velocity due to Case II diffusion is incorporated either into the
boundary condition or into the diffusion equation as a convective
term (10-11); (b) Differential swelling stress model; where the
velocity of the swelling front is related to the swelling stress
exerted by the penetrating solvent on the glassy matrix at the
moving front (12-13); and (c) Molecular relaxation model; where the
relatively slow penetrant-induced polymer molecular relaxation
process is taken into account through the use of a variable surface
concentration, a time-dependent diffusion coefficient, or a time-
dependent solubility coefficient (l4-17).

In the case of a drug~loaded hydrogel matrix, the release
kinetics and swelling behavior are further complicated by the
presence of a third component, namely the drug (5). Unlike the
situation with a single penetrant, the presence of the water soluble
drug alters both the swelling osmotic pressure and the associated
time-dependent relaxation of the polymer network during the simul-~
taneous absorption of water and release of drug. Only few attempts
have been made to model such swelling-controlled release systems
with limited success. For example, Good (4) employed a time-
dependent diffusion coefficient which was set to be proportional to
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the fractional solvent absorption. The results were used to fit
drug release data from initially dry hydrogels. Lee (18-19) ana-
lyzed drug release from polymer matrices involving moving boundaries
generated by both the polymer swelling and erosion. Accurate
approximate analytical solutions for various geometries were pre-
sented. Korsmeyer and Peppas (20) developed mathematical models
based on a drug diffusion coefficient which depends on the concen-
tration of absorbed solvent in a functional form consistent with the
free-volume theory.

Although the importance of polymer relaxation on drug release
from swelling-controlled hydrogels has been recognized for some
time, it has not been taken into account appropriately in the
governing diffusion equations. To interpret observed anomalous
sorption kinetics of penetrant in polymers, Crank (14) first
introduced a time-dependent (or history-dependent) diffusion
coefficient, which is affected partly by an instantaneous response
attributable to fast local movements of individual molecular groups
or small segments of chains and partly by a slow drifting response
resulted from the relatively slow uncoiling and rearrangement of
large segments of the polymer chains. Good agreement between the
model and experimental results was then demonstrated for a single
penetrant system.

By adopting a similar time-dependent diffusion coefficient (§),
we will demonstrate in the following section that various drug
release behaviors from glassy hydrogels can also be consistently
described. The rationale of employing a time-dependent diffusion
coefficient is quite evident in that the various observed anomalous
diffusion behaviors all share a common physical origin, namely, the
slow penetrant~induced polymers molecular relaxation. In addition,
it can be shown that the drug diffusion coefficient defined in a
polymer-fixed frame of reference which is encountered in describing
a system with considerable volume swelling is proportional to the
square of the polymer volume fraction. Since the polymer volume
fraction is a strong function of time during the swelling process,
one can expect a significant contribution from it to the overall
time dependence of the drug diffusion coefficient.

Theory

To examine the effect of time-dependent diffusion coefficient on the
release behavior from a swellable polymer system containing dissolv-
ed or dispersed drug, we consider a polymer sheet with half thick-
ness £, an initial drug loading A, a drug solubility in the polymer
matrix C , and a time~dependent drug diffusion coefficient of the
following form:

D(t) = Di + (Dw— Di)(1~exp(— kt)) (1)

which takes into account the time-dependent, penetrant-induced poly-
mer relaxation, where D, is the instantaneous part of the drug
diffusion coefficient, Bw the drug diffusion coefficient at swelling
equilibrium, and k the average relaxation constant controlling the
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approach to equilibrium characteristic to the specific polymer-drug-
solvent combination. Equation 1l is equivalent to the history de-
pendent diffusion coefficient introduced by Crnk [Eqn. (11.6) of
Ref. 14], however the concentration dependence is neglected for the
sake of simplicity. By defining a new time variable

dT = D(t)dt

D:
1
where T = Dyt - (1- Di) 1 (I-exp(~ kt))] (2)

the transient diffusion equation reduces to a form similar to that
for a constant diffusion coefficient. This can readily be solved
analytically for both the dissolved and dispersed systems in terms
of fractional drug release as a function of time.

Dissolved Systems (A<C )
[=)

The exact solution for the swellable dissolved system can easily be
shown to be:

o0

Bote £ —3—expl-(nt0 5)%n? e kg ?
Mo n=0(2n41) 252 p 3) e T-(1- 5;);57{1*exp<‘ 5;— )11} (3)

where Dt

‘[‘ Qo
= —7
2

For small times, equation 3 can be approximated by:

D.
[t-(1- 55

> (4)

3,»—-,1-\

M
Moo kl

Dispersed System (A>C )

By solving the moving boundary problem associated with a swellable
dispersed system, the following analytical solution results:

D, o 2
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The relative penetration of the diffusion front which separates
the dissolved region from the undissolved core is expressed as:

D. D 2 1
£ -1 ) 7 [um(—%r)n? ™

Where £ is the penetration distance and n is evaluated from
equation 6.

Results and Discussion

Using equations 3-7, it is possible to describe various observed
release behavior in glassy hydrogels based on the Deborah number
concept discussed earlier. Parameter Dw/kz2 utilized in equations
3-7 is essentially the Deborah number for the release systems g?ich
describes the relative magnitude of polymer relaxation time (k ) to
the characteristic diffusion time (zz/Dw). The general dependence
of release behavior on Deborah number as summarized in Table I can
be realized from the corresponding time dependence of the diffusion
coefficient defined in equation 1. As illustrated qualitatively in
Figure 2, when the Deborah number is very small, the diffusion
coefficient D quickly approaches the constant equilibrium diffusion
coefficient D_, giving rise to a Fickian diffusion behavior. At the
other extreme, when the Deborah number is very large, the diffusion
coefficient remains to be essentially the constant instantaneous
portion of the diffusion coefficient D,, and a slower Fickian
diffusion will occur. 1In the intermediate range of Deborah number,
the diffusion coefficient requires a finite amount of time to
approach its equilibrium value resulting in a time-dependent
anomalous diffusion behavior. In fact, the smaller the Deborah
number, the faster it will approach the constant equilibrium
diffusion coefficient and therefore the earlier it will exhibit
Fickian diffusion behavior.

The fractional releases as predicted from equation 3-7 are
plotted in Figures 3 and 4 as a function of the square root of the
reduced time variable. It can be seen that for both the dissolved
and dispersed systems, the release behavior exhibits the so called
rubbery-state Fickian for Dw/kl2 = 0 as charcterized by the linear
dependence in the square-root-of-time plot, where the polymer
molecular relaxation process is fast compared to the diffusive
transport. For Dm/k22=1 or >1 the release behavior shifts to
anomalous diffusion (including Case II); where the molecular
relaxation process occurs in a comparable or slightly slower time
scale than that of the diffusive transport process. When Dw/k£2>>1,
there is effectively no time variation of the polymer structure
during the diffusion process and the release behavior approached the
so—called glassy-state Fickian diffusion as characterized again by
the linear dependence in the square-root-of-time plot. As pointed
out previously, this glassy-state Fickian diffusion is governed by
the constant instantaneous portion of the diffusion coefficient, D
This also implies that a non-zero instantaneous diffusion
coefficient is a prerequisite for the glassy-state Fickian

1
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Figure 1. Effect of loading on the fractional release of thia-
mine HC1 from initially dehydrated PHEMA sheets at 37. 5 C.
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Figure 2, Effect of Deborah number (DEB) on the Characteristic
time-dependent diffusion coefficient.
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Figure 3. Fractional release vs. square root of dimensionless
time as a function of release Deborah number, Da/kiz, for a
swellable polymer sheet containing dissolved drug.
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Figure 4. Fractional release vs. square root of dimensionless
time as a function of release Deborah number, D /kg?, for a
swellable polymer sheet containing dispersed drug;y : solvent
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diffusion. These predicitions are certainly consistent with
physical obhservations reported in the literature (9-13).

The magnitude of D, in relation to D also has a profound
effect on the overall rélease behavior. As shown in Figures 5 and
6, where the time dependence of fractional release is plotted as a
function of D /Dm for both the dissolved and dispersed systems at
Dm/kJL2 = 10, as Di/Dm+1 the release behavior becomes more Fickian
and as D./Dm+0 the release behavior becomes more zero-order (or Case
II). Sifice most reported data on drug release from swelling
controlled systems show intermediate release behavior (20,21), it is
reasonable to believe that the instantaneous part of the diffusion
coefficient, D,, exists and plays an important role in determining
the observed drug release behavior.

Another interesting observation is from Figure 7, where the
fractional release from a dispersed system is plotted as a function
of the drug loading to drug solubility ratio, A/C_, while Dm/kzzis
maintained at 1. The release pattern is almost linear for low drug
loading (A/C_ = 1) as one would expect from the Deborah number and
is seen to approach Fickian behavior (with more curvature) as the
drug loading level increases. This is consistent with our previous
experimental findings (i) that the release of thiamine HCl1l from an
initially dehydrated poly~HEMA hydrogel becomes more Fickian as the
loading level of thiamine HCl is increased.

As a result of treating the dispersed system as a moving
boundary problem, the relative penetration of the diffusion front is
obtained and shown in Figure 8 for the case of D, = 0. For the
first time, a full spectrum of penetration behavior ranging from
Fickian at Dm/kJL2 = 0 to Case II (constant-rate) at Dm/k22>1 is
obtained from the solution to Fick's second law using the general
time-dependent diffusion coefficient defined by equation l. Again
the dependence on Dm/kzz, the Deborah number for the release system,
is consistent with the diffusion characteristics described in Table
I. Previously, the derivation of Case JI penetration behavior from
Fickian diffusion was regarded as not possible because of its
inherent lack of a relaxation contribution. Approaches in the
literature have been limited to simply assuming a constant front
velocity as in the diffusion and convection model described earlier.

To further illustrate the utility of the present time-dependent
diffusion coefficient approach, data from Reference 21 for the
thismine HCl release from initially dehydrated poly-HEMA sheets with
different loading levels are analyzed with equations 3-7. The
results are shown in Figure 9 and Table II. It has to be emphasized

TABLE I. General Dependance of Release Behavior on
Deborah Number

Do
(DEB)p << 1: 02 -0, DD, Fickian Diffusion

(DEB)p =1 or >1: Anomalous Diffusion
0 (including Case II)
(DEB)p >> 1: kg2 » =, DDy Fickian Diffusion

(Glassy State)
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Figure 9. Effect of loading on the fractional release of thia-
mine HCl from initially dehydrated PHEMA sheets at 37. 5°C. Data
points calculated from equations 3-6.
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that this analysis is not a pure curve-fitting exercise. Rather,
the equilibrium diffusion coefficient, Dm, is first calculated from
the latter part of the experimental release curve using the
large-time approximation to the solution to the Fickian diffusion
equation. This is a reasonable approach, since at large time the
hydrogel matrix is already fully swollen by the solvent while the
diffusion of the drug is still taking place. The obtained
experimental D_ is then used in conjunction with equations 3-6, the
A/C_ value, and the experimental release curve to calculate the
corresponding Dm/kJL2 and k values. Indeed, as shown in Table II,
the average polymer relaxation constant, k, so obtained increases
with the drug loading level indicating that Fickian diffusion will
be the rate limited step under high drug loading situation. Again
this is in agreement with our previous experimental findings that
the release of thiamine HCl from an initially dehydrated poly-HEMA
hydrogel bead becomes more Fickian as the loading level of thiamine
HCl is increased (5).

TABLE II. Characteristics of Thiamine HCl Release from
poly-HEMA Sheets

A - D, _ -
Cs D, {10 7em’ /sec) el k[10 *sec ']
1 2.13 0.33 2.40
1.17 3.84 0.20 7.21
1.70 5.55 0.17 12,51
D.

2 1
1 = 0.0516cm , J_ = 0.01
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Chapter 6

Physicochemical Models for Percutaneous Absorption

J. Hadgraft’! and Richard H. Guy?

"'Welsh School of Pharmacy, UWIST, P.O. Box 13, Cardiff, CF1 3XF, United Kingdom
2School of Pharmacy, University of California, San Francisco, CA 94143

A mathematical model which predicts the process of
percutaneous absorption based on the physicochemical
properties of the permeant 1is described. Its
relevance in predicting transdermal drug delivery is
assessed using nitroglycerin as an example. The model
has the flexibility to allow for drug loss by
processes such as volatilisation, microbial
degradation, enzyme metabolism. The kinetic steps
involved in skin penetration are modified by the
presence of penetration enhancers. The model allows a
nechanistic interpretation of the potential role of
such percutaneous promoters in transdermal drug
delivery. The modelling can also be modified to
describe dermal absorption in the neonate where it has
been used successfully to predict the transdermal
delivery of theophylline.

Materials have been applied to the skin for many years to obtain
medical benefit. There are reports that the Egyptians applied
ointments to the skin but it took until the late nineteenth century
to establish that compounds such as salicylic acid could be absorbed
percutaneously and that toxic effects could be produced from agents
supplied to the skin surface [1](2]. Throughout the first half of
the twentieth century many advances were made with regard to an
understanding of topical drug delivery for local effect but it has
only been in the last decade that drug delivery through the skin for
systemic effect has been seriously considered. In order to
understand the advantages and disadvantages of transdermal drug
delivery it is important to have a thorough comprehension of the
physicochemical parameters which control percutaneous absorption. It
is these factors and how they may be modelled which this chapter
addresses,
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Route of penetration

In defining a model for percutaneous absorption it is necessary to
identify the route by which a drug molecule crosses the skin. For
all but the most 1lipophilic materials, the principal barrier to
penetration is the stratum corneum. There are, however, a number of
routes a diffusing drug molecule can take in traversing this
outermost layer of the epidermis. These are depicted schematically
in Figure 1.

The layer of sebum on the skin surface does not act as a
barrier and can largely be ignored for assessing percutaneous
absorption. Shunt diffusion through the appendages has been
suggested as being significant [3], particularly during the period
immediately after drug application. However the small surface area
available for diffusion indicates that large concentrations of drug
are not transported via this route. The eccrine glands are
certainly of no significance. There has been limited documentation
in which the pilosebaceous system has been implicated where the
formulation contains high concentrations of surfactant [4].

The principal routes of penetration are thus transcellular and
intercellular., Currently there is considerable debate as to which
of these predominates. Work with esters of nicotinic acid has shown
that the intercellular channels are significant [5] and considerable
effort is being conducted to identify their exact nature and role.
Microscopic examination shows that they contain structured lipids
the chemical nature of which is complex [6]. Cholesterol esters,
cerebrosides and sphingomyelins are present in association with
other 1lipids in smaller concentrations. It is likely that the main
barrier to skin penetration resides in the channels and that a
diffusing drug molecule experiences a lipid environment which has
considerable structure. Penetration enhancers may act by
temporarily altering the nature of the structured lipids, perhaps by
lowering their normal phase transition temperature which occurs
around 38°cC,

When a drug has diffused through the stratum corneum it must
partition from a primarily lipid rich environment to one which is
predominantly aqueous in nature, the viable epidermis. It is
possible that this partitioning process can control the overall
transfer of a drug to the systemic circulation. Consequently any
assessment of the physicochemical parameters which influence
percutaneous absorption must also take into account the partitioning
characteristics of the drug. It is also feasible that penetration
enhancers may act, not only by affecting the structured lipid
barrier, but also in aiding partitioning at the stratum corneum
-viable tissue interface.

Kinetic description of percutaneous absorption

The different steps involved in drug transfer from a delivery system
to the cutaneous circulation are shown in Figure 2 [7-10]. Drugs
diffusing through the skin may be subject to various loss processes
which are difficult to quantify but will be discussed. The first
step in the total transfer process is diffusion from the device. In
its simplest form, the 'device' could be an ointment base which will
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Figure 1. Potential routes of drug transfer across skin.
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Figure 2, Schematic kinetic representation of drug transfer
across the skin and associated loss processes.

In Controlled-Release Technology; Lee, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



6. HADGRAFT AND GUY Percutaneous Absorption 87

release drug to the skin surface with first order kineties (k;). In
a membrane moderated transdermal system there will be two input
functions describing drug delivery to the skin. The contact
adhesive which contains a loading dose of the drug will release its
payload with first order kineties (k,), in a similar fashion to a
conventional topical dose. The membrane moderation will also ensure
that drug is released for a prolonged period of time with zero order
kineties (ko). The total amount arriving at the skin surface will
be the sum of the two. A third type of device releases drug with
'square root of time' kinetics and constant blood levels of the drug
are reliant on the skin itself being the rate determining step in
delivery to the systemic circulation.

At the junction between the device and the skin surface the
drug will experience a phase change and hence a partitioning step.
The design of polymeric and adhesive systems in transdermal drug
delivery should ensure that this step is thermodynamically
favourable, i.e. the drug partitions well into the stratum corneum
lipids. Once into the stratum corneum the drug diffuses at a slow
rate. Transfer through the skin is slowest in this region and a
first order constant, kq, can be written to describe this in terms
of the diffusion coefficient of the drug Dge, and the diffusional
path length lg,.

kq = Dgg/1244 (1)

Diffusion then continues through the viable tissue at a faster rate
and a second rate constant, kp, can be written in a similar manner

kp = Dye/1%y¢ (2)

where the subscripts now refer to the viable epidermis. In previous
work it has been shown that these rate constants are related to the
molecular size and hence molecular weight (M) of the diffusant [11].
The rate constants can be predicted based on previous data for
benzoic acid and for substances with molecular weights of less than
500 Da,

kq(h=1) = 0.91M~1/3 (3)

ko(h=1) = 14.36M-1/3 (4)

From Figure 2, it is apparent that there is also a partitioning step
as the drug diffuses from the stratum corneum to the viable tissue,
this can be described by a backward rate constant, k3. Empirically
it has been shown that the ratio k3/kp can be related to the
octanol-water (pH 7.4) partition coefficient of the drug divided by
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5 [11]. Thus drugs which are very lipophilic may be held back in
the stratum corneum. Transfer across both layers of skin will be
facilitated for drugs which have balanced partitioning behaviour and
reasonable solubility in both o0il and water phases.

When the drug arrives at the cutaneous vasculature it
equilibrates rapidly into the systemic circulation which has a
volume of distribution, V. Elimination from this compartment 1is
described by another first order rate constant ky (although this
could be made more complex) which is the classic pharmacokinetic
rate of elimination.

Using the above rate constants it is possible to write
equations describing the plasma concentration (Cp), time (t) course
of a transdermally applied drug [9]1[12][13]. A simple analytic
solution is possible in the case of the zero and first order release
which is:-

Cp = £ (kg) + £ (ko) (5)
f(ky) = Mkgkiko exp(-at) + exp(-gt)
v (8-a) (a=w) (o) (a=g) (g=w) (g=1))
exp(-wt) + exp(-yt) )
(o~w) (w=B) (w=1) (o) (u=8) (=) (6)

f(ky) = Akokiko ( 1 - exp(—yt)
ofe a(a-g)(a-g)
- exp(-gt) - exp(~-t)
g(B=)(g-¢) E(E'OL)(E'B) (7

Where M is the amount of drug in the adhesive, A is the surface area
of the device,

wy = kak1; (w+u) = ka+kr+k1
aB = koky; (g+B) = ko+kz+ky
€ = k1+kr.
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The loss processes

Figure 2 also shows that various loss processes are also possible.
From the surface of the skin there are two potential methods by
which a drug can be lost. If it is not covered, it may disappear as
a result of surface abrasion, on to, for example clothing. Volatile
materials may evaporate and this process is not easily quantified.
It is apparent that either zero order, first order or a combination
of both may occur in the volatilisation of an active ingredient.
The rates have not been quantified in many instances and will be
subject to a large number of variables. Although equations can be
derived to predict the significance of these loss processes they are
difficult to justify in light of the current paucity of experimental
data [14][15].

A further potential loss process involves metabolism of the
drug by micro-organisms on the skin surface. Healthy skin supports
a wide range of micro organisms, the most common commensal being
Staphylococcus epidermidis. This organism is capable of
metabolising drugs such as steroid esters [16] and nitroglycerin
(GTN) [17]. Thus drugs intended for both local and systemic effect
may be deactivated before they even partition into the outer layers
of the skin. This effect can be quantified and theoretical results
indicate that blood 1levels of topically applied GTN can be
significantly reduced [18].

Within the stratum corneum drug loss can occur by binding to
components of the skin. Little work has assessed the magnitude of
such effects but some investigations have attributed the formation
of steroid reservoirs to binding phenomena. Binding may occur as a
result of van der Waals interactions or hydrogen bonding.

Another important loss process is that of metabolism by enzymes
within the skin. Many non specific enzymes have been shown to be
present in the skin. These include esterases, oxidases and
reductases [19][20]. Thus there are a number of potential processes
which may deactivate the drug as it diffuses. This deactivation can
be quantified but again there is lack of specific data [21][22].
Further work is required to monitor the location and concentration
of the enzymes present and to provide guidelines about the exact
kinetics of the metabolic processes., This step is not necessarily
disadvantageous since for some drugs it is possible to synthesise
prodrugs. These possess the correct physicochemical properties to
optimise skin penetration and during the diffusion process they are
metabolically cleaved to produce the active drug at the site at
which it is required [24-26].

Transdermal delivery of nitroglycerin

Since nitroglycerin has been one of the most widely studied drugs
which have been delivered by the transdermal route, the utility of
the model will be illustrated for this compound. One membrane
moderated device releases drug with well defined characteristics
that have been measured in vitro [27]. There is an initial first
order release of GIN (2mg) from the adhesive with an estimated rate
constant of 1.3 h~! over a surface area 10 cm?. The 2zero order
release from this device has been determined as 36]Jg/cm2/h. The
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design of this system is such that GTN partitions favourably from
the adhesive into the stratum corneum. Consequently a small value
of k. has been chosen (10-4%n-1) such that partitioning does not
influence the release characteristics of the device. Estimates of
kq. kp and k3 have been assessed from the physicochemical properties
of GTN using equations (3) and (4). They are, respectively, 0.15,
2.36 and 53 h-1. The rate of elimination of GTN from the systemic
circulation, ky is 18.2h~1 with a volume of distribution of 231 1
[12]. Using these parameters and equations (6) and (7) gives the
theoretical profile shown in Figure 3. This illustrates the
relative importance of the first and zero order processes. Also
included on the graph are experimental data showing plasma levels of
GTN following transdermal drug delivery [28]. There is good
agreement between the theoretical calculations and the experimental
data. In other membrane moderated systems for the delivery of
clonidine [13] and estradiol [29], equally good agreement can be
obtained by estimating plasma levels from the physicochemical
properties of the drug and the relevant equations given above.

Other transdermal systems give rates of release which are
proportional to the square root of time. In order to model this
behaviour it is possible to write a series of linear differential
equations to describe transfer from the device and across the skin.
However unlike the cases of first and zero order input, g1/2 input
does not produce a simple analytical solution of the type given in
equation (5)., Plasma levels have therefore been calculated using a
numerical approach and by solving the equations using the
Runge-Kutta method. For GTN delivery, identical rate constants to
those described above have been used for k¢, kp, k3 and ky with an
input constant of 500 ug/cmz/h°-5 over a surface area of 8 cm?, The
drug reservoir contains 16 mg of GTN. The predicted profile is
reproduced in Figure 4, The plasma levels are not as constant as in
the zero order case but there is still reasonable agreement between
the theoretical profile and published data [30].

This kinetic approach to describe transdermal drug delivery for
a range of input functions can be usefully employed and, in view of
the good correlations with in vivo data, can be used predictively.

Physicochemical requirements for transdermal delivery

The stratum corneum forms an excellent barrier to penetration and
thus transdermal delivery is only feasible for drugs where the total
daily dose is less than one or two milligrams, This corresponds to
plasma concentrations of the order of nanograms per milliliter.
There is thus a restriction that the drug must be very potent.
Using the above model it is possible to identify further constraints
which are based on the physicochemical properties of the drug.
Firstly the drug must partition into the lipids of the stratum
corneum. Thus ionic compounds will not be successful unless they
can be formulated as ion pairs. It is important, therefore, to
consider only drugs or their complexes which have appropriate
physicochemical properties for partitioning from the topical
formulation into the skin 1lipids. Assuming this process is
favourable are there any further constraints? These can be
identified by considering two drugs which are potential candidates
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Figure 3, Prediction of GTN plasma concentration following
transdermal delivery from a membrane moderated system. Curve F
represents the contribution from the loading dose in the
adhesive, curve Z, the zero order delivery and curve T the sum
of the two. Corresponding in vivo data were obtained (solid
cirecles) from ref. [28].

plasma
cone. (ng/ml)

0.4

time (hours)

Figure 4, Prediction of GTN plasma concentration following
transdermal delivery from a system which releases with t1/2
kinetics. Corresponding in vivo data were obtained (solid
circles) from ref. [28].
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for transdermal delivery, propranolol and chlordiazepoxide. The
relevant kinetic parameters [lg] for these are given in Table 1.

Table 1
Kinetic and biological parameters for propranolol and
chlordiazepoxide
propranolol chlordiazepoxide

molecular weight 259 300
log octanol-water

partition coefficient 1.17 2.5
target plasma conc.(ng/ml) 20 700
ko (ug em=2h=1) 35 30
ky (h=1) 1.3 1.3
kp (h=1) 10-4 10-4
ky (b1 0.143 0.136
ko (n=1) 2.26 2.15
k3 (h=T) 6.67 136
ky (h=1) 0.18 0.07
v (1) 273 21
A (cm?) 30 50
M (mg) 30 100

Figures (5) and (6) show respectively the predicted profiles
for propranolol and chlordiazepoxide. It is immediately apparent
that propranolol is a drug candidate which could be considered for
delivery using this route of administration. The delivery of
chlordiazepoxide 1is, however, unlikely to succeed. The primary
reason for this is the large value of k3 such that drug transfer out
of the stratum corneum is slow. Thus drugs which are very
lipophilic in nature can partition well into the stratum corneum but
transfer out of this region impedes the arrival of the drug at the
cutaneous vasculature. The only method of circumventing this
problem is by the use of a penetration enhancer which will modify
the partitioning characteristics at the stratum corneum-viable
epidermis interface.

Penetration enhancers

In order to increase the number of drugs which can be administered
transdermally, the barrier function of the skin must be reduced.
The kinetic model can be used to assess the role of a penetration
enhancer as a function of the physicochemical properties of the
drug. In its simplest form a penetration enhancer may be considered
to act in one of two ways. Firstly it may increase the permeability
of the skin and, secondly, it may additionally modify the
partitioning characteristics at the stratum corneum-viable tissue
interface. For 1illustration, two enhancers have been arbitrarily
chosen, the first PE1 increases the permeability by a factor of 10,
i.e. k1 is increased ten fold. The second, PE2, increases kq by a
factor of 10 and decreases k3 by a similar amount . Thus PE2
additionally reduces the partition coefficient by a factor of 10.
The relative effects can be seen by considering two model drug
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Figure 5. Predicted plasma concentration profile for the
transdermal delivery of propranolol.
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Figure 6. Predicted plasma concentration profile for the
transdermal delivery of chlordiazepoxide.
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compounds D1 and D2 which have identical characteristics except for
their octanol-water partition coefficients. D1 and D2 have a
molecular weight of 250 Da, they are delivered from identical
delivery systems (10 cm2) at a rate of 20 ug/cmz/h. Their
biological half-lives are 0.5h and they distribute into 100 1.
However their octanol-water partition coefficients are

D1, K = 10; D2, K = 1000

Simulations representing these conditions are presented in
Figures (7) and (8). Both PE1 and PE2 have similar effects on the
transdermal delivery of drug D1 as compared with the control. They
enhance delivery but PE2 has little advantage. However, in the case
of D2, PE1 is ineffective in increasing drug delivery whereas PE2
has considerable effect. Thus the optimal effect that a penetration
enhancer should have will be dependent on the physicochemical
properties of the drug. For drugs with reasonably balanced
partition coefficients (log K ¢ 1.5) the promoter should increase
the permeability of the stratum corneum. For hydrophobic drugs (log
K 3 2), the enhancer must increase the permeability and also
increase the partitioning of the drug from the stratum corneum into
the viable tissue. This may be achieved by including co-solvents in
the formulation which diffuse into the skin 1lipids due to the
enhanced permeability and therefore alter their hydrophobic nature

[31].

Transdermal delivery to the neonate

In some instances the barrier function of the stratum corneum may be
negligible, This will be the case for damaged skin and also has
been observed in new born premature infants. At a gestational age
of 28 weeks the newly born infant has no observable stratum corneum.
This region remains relatively permeable for a period of days during
which time the stratum corneum begins to form. Until the barrier
function is complete, transdermal drug delivery is an attractive
route of drug administration. Delivery to the neonate can be
modelled in a similar kinetic fashion to that described above but k4
will be very large and k3 will describe partitioning between the
device and the viable tissue [32]. It can be compared with k, in
the full kinetic scheme.

The advantages of transdermal delivery can be summarised as
follows. Oral absorption in the neonate is unpredictable leading to
variable drug levels in the plasma and drug input cannot be readily
terminated after oral dosage. Intravenous therapy is complicated by
the large dead volume of the access line compared to the small drug
and plasma volume in preterm infants.

One commonly administered drug in these infants is theophylline
which is used in the treatment of apnoea. 1In order to examine the
feasibility of delivering this drug, a simple gel formulation
containing 15% theophylline sodium glycinate in 5% hydroxymethyl
cellulose was prepared [33]. This formulation was chosen using the
kinetic model such that the input rate of theophylline produced
plasma levels in the therapeutic range 4 to 12 mg/l. Thirteen
infants were studied and in all but two cases therapeutic levels
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Figure 7. Simulation of the plasma concentration profile for a
hydrophilic drug with two penetration enhancers PE1 and PE2
compared to a control,
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Figure 8. Simulation of the plasma concentration profile for a
hydrophobic drug with two penetration enhancers PE1 and PE2
compared to a control.
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were attained. It took from 9 to 30 hours to reach 4 mg/l a
function of the long biological half 1life of theophylline in the
neonate. It is possible that there are other drugs whose biological
parameters in the preterm infant are more suited to this route of
administration, Thus this area should be a fertile and useful
research topic for further investigation.

Conclusions

A description of transdermal drug delivery has been produced which
is based on the physicochemical properties of the permeant. At
this time transdermal delivery is limited to the administration of
potent drugs. Higher doses may be accessible if penetration
enhancers are incorporated into the formulation. The kinetic model
shows what properties these should have and that they are a
function of the physico-chemical properties of the drug. Various
loss processes, e.g. mnicrobial biotransformation, skin enzyme
metabolism can be identified but cannot, as yet, be quantified.

The desirability of continuous sustained levels of drug in the
plasma is questionable, Tachyphylaxis and/or tolerance cannot be
predicted from the physicochemical properties. Neither can the
occurrence of irritant or allergic responses although recent studies
have investigated the relationship between chemical structure and
irritancy [34].

Transdermal drug delivery 1is an attractive route of drug
administration and will continue to proliferate in the following
years., In the developmental stages it 1is important to have
predictive models and to be able to identify suitable drug
candidates. Although still in its infancy, the approach described
above can be used predictively and as the mechanisms involved in
percutaneous absorption are better understood and quantified the
model can be refined accordingly.
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Chapter 7

Surface Chemical Analysis of Polymeric Drug Delivery
Systems by Static Secondary Ion Mass Spectrometry
(SSIMS) and SIMS Imaging

M. C. Davies’ and A. Brown?

'Department of Pharmacy, University of Nottingham, Nottingham NG7 2RD,
United Kingdom
2Surface Analysis Unit, Department of Chemistry, UMIST, Manchester M60 1QD,
United Kingdom

A knowledge of the surface chemical composition is
important in the characterization of pharmaceutical
dosage forms both in terms of drug release rates and
polymer biocompatibility. However, the surface
analysis of drug delivery systems has been largely
ignored to date. In this work we report on the
application of static secondary ion mass spectrometry
(SSIMS) to the <characterization of biomedical
polymers and the elucidation of the surface
orientation of drugs in polymeric drug delivery
systems. The potential of SIMS imaging for the
characterization of drug distribution on the surface
of polymeric matrices is illustrated. The
implications of these findings will be discussed in
the context of controlled release delivery.

The interest in the surface chemical characterization of polymeric
drug delivery systems is primarily two-fold: firstly, the
development of an understanding of the relationship between surface
chemical morphology and the polymeric biocompatibility, ie protein
and cellular adhesion, and subsequent capsule formation in vivo;
secondly, more in 1line with product characterization and the
production process, the evaluation of the 1lateral and bulk
distribution of drugs within a polymeric delivery system. Such
studies will naturally be of value to all spheres of controlled
release technology. However, it is interesting to note that while
the study of polymer surface chemistry and hence polymer
biocompatibility has been the subject of intense research for some
years (1-2), the study of the surface chemical composition of drug
delivery systems has largely been overlooked.

The primary technique for the surface analysis of polymers (3-
4), including biomaterials (5-6) over the last decade has been X-
ray photoelectron spectroscopy (XPS or ESCA). The technique has
been employed to study the interfacial orientation, contamination,
modifications, eg plasma treatments (7) and protein deposition on
biomedical polymers (8). While XPS provides valuable multi-element
(except hydrogen) and chemical state information, the limited range
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7. DAVIES AND BROWN Analysis of Polymeric Drug Delivery Systems 101

of core level shifts has led to the utilization of derivatization
procedures for functional group labelling (9), and the development
of sophisticated computer modelling packages for the deconvolution
of XPS peak envelopes, in an attempt to elucidate molecular
structure of polymer surfaces. Both procedures have significant
disadvantages (10) and unfortunately do not ultimately permit the
unequivocal identification of surface functional groups.

This lack of molecular specificity led a number of workers to
pursue static secondary ion mass spectrometry (SSIMS) as an
alternative or additional technique for the analysis of polymer
surfaces (11-18). In the SSIMS process, a surface fragmentation
pattern is generated where cluster ions as well as elemental ions
are emitted. Hence, SSIMS should provide not only elemental
composition but also important information on the molecular
structure of the surface where the fragmentation pathways may be
interpreted using conventional mass spectrometry rules. In a
classic series of papers, the molecular specificity of the SSIMS
technique has been convincingly demonstrated for a range of
polymers of widely differing structure in both the positive (11-17)
and negative ion modes (18). The outstanding feature of these
studies was the acquisition of distinct "fingerprint"™ spectra where
the dominant ions were characteristic of the molecular structure of
the side chain and backbone of the polymers. Similarly, the advent
of liquid metal ion sources with spot sizes typically < 0.5 um has
permitted the high spatial resolution chemical imaging of polymeric
surfaces by static SIMS imaging (14,16).

It is apparent that due to their high degree of molecular
specificity, static SIMS and SIMS imaging have considerable
potential in the study of biomaterials and controlled release
systems in general. Therefore, we report on the novel application
of these techniques to a number of specific pharmaceutical systems:
firstly the surface characterization of typical polymers employed
in drug delivery, hydroxypropylcellulose (HPC) and hydroxypropyl-
methylcellulose (HPMC); secondly, the elucidation of surface
orientation of a drug, indomethacin, in a polymer bead formulation;
and finally, the chemical mapping of the lateral drug distribution
and membrane continuity for specific polymeric systems. In this
discussion, the overall relevance of these findings to controlled
release delivery will be emphasized.

Instrumentation

Static SIMS. Static SIMS spectra were obtained using a VG SIMSLAB
instrument. The essential components of which are described in
detail elsewhere (17) but consist of an ion/atom gun (19), a
secondary ion energy analyzer after the design of Wittmaack (20)
and a quadrupole mass spectrometer (VGMM 12-12, 0-1200 Daltons).
The pertinent operating conditions were as follows: samples
are placed on a sample holder 1 cm in diameter and transferred via
a railway system and vacuum lock from atmospheric pressure to ultra
high vacuum within thﬁF minutes approximately. The base pressure
of the system was _10 but conventional operational pressure was
approximately 10° Torr of argon. A precision manipulator
allowed the movement of the sample in X, Y and Z directions within
the chamber. A mass filtered beam of argon atoms (0.5-2 keV) was
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gegerated from the ion/atom source striking the sample surface at
30 ins}dence to the surface plane and focused into an area of
0.3 cm “. Where sample charging occurred,_fn electron flood gun
(VG LEG 31, 500 eV energy, 0.1 nA-10 uA c¢m current density) was
available for the stabilization of surface potential.

A PDPll based computer system was used for the acquisition,
manipulation and storage of secondary ion mass spectra. With the
combined setting up and spectral acquisition time of 600 seconds
typically, the total dose for bothlfnsitive and negative ions per
sample was of the order of 2 x 10 atoms per sample. This atom
influence falls within established limits for static SIMS spectr of
"undamaged"” polymer surfaces (1ll).

SIMS Imaging. The SIMS imaging experiments were carried out using
a VG MIG100 gallium Jliquid metal ion source (LMIS). The source
provides a beam of Ga ions of energy 0.5-10 keV and beam current
1 pA-100 nA. A minimum spot size of 0.2 um is possible with sub nA
currents operating at 10 keV. Chemical SIMS maps were produced by
rastering the Ga beam across the surface using a digital scan
unit. The output of the scan unit was projected on the X and Y
axis of a high resolution oscilloscope and images photographed
directly from the screen.

Sample Preparations

All materials were used as received with no further purification or
extraction.

HPC (Klucel E5, Hercules; hydroxypropyl molar substitution,
MS-3) and HPMC (Methocel El15, Colorcon; hydroxypropyl molar
subsitution, MS-0.23: degree of methoxyl substitution DS-1.88) were
studied as a thin film of approximate thickness of 5-10 um cast
from an aqueous solution onto a clean aluminium substrate and
allowing the solvent to evaporate. Scanning electron microscopy of
films prepared in this manner revealed a continuous surface free
from cracks and aberrations.

Indomethacin and paracetamol loaded spheroids/beads were
prepared by a standard spheronization technique employing an
Alexanderwert extruder and a Caleva spheronizer fitted with an 8.5
inch radial plate and a base spheroid composition of 50:50
microcrystalline cellulose (Avicel PH101l, FMC) and Lactose BP (Wey
Products Ltd), respectively. The average diameter of the spheroids
was of the order of 1.1 mm as determined by light microscopy. For
the SSIMS analysis the spheroids were placed in a close-packed
arrangement on the sample holder secured by double sided adhesive
tape.

A commercial controlled release, polymer coated spheroid/bead
product (Slophyllin, Rona) was used as received. The spheroids
were microtomed to expose a cross-sectional area of the inner drug-
laden core and the surrounding polymer film coating, and
subsequently mounted on the sample holder using conductive silver
paint with the microtomed surface uppermost.
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Results and Discussion

Polymer surface characterization. The positive and negative ion
SSIMS spectra of the HPC film are shown in Figures 1 and 2.

The positive ion spectra is typical of many organic species
being dominated by the C H clusters, particularly c2 and
C,, in the lower mass range. There is, however, clear evidence
within the SSIMS spectrum of significant characteristic ions of
both the base cellulosic backbone and the substitu&ed side chain.
The intense ions at 99 and 117D (C_O_H and C_OH
respectively) may be assigned to the fragmentation of the repeating
unit of the cellulosic molecule. Similas_ly, the ions of 59, 73 and

87D ( CH_CHOHCH_, OCHCOHCH and +CH OCHCOHCH
respectively) "are diaghostic of the Zz—hydroxy-propyl substitueng
ether group. Conventional analysis of the cellulose by both

pyrolysis mass spectrometry (21) and SSIMS (22), and SSIMS analysis
of other cellulose ether materials with alternative substituent
groupings (22), has revealed little intensity in the 59 ion,
confirming the unequivocal assignment to the fragmentation of the
2-hydroxypropyl ion.

Previous work (11-16) has regarded the negative ion SSIMS
spectra as relatively uninformative in comparison to positive ion
emigsion. 1In this study we confirm very recent findings (18) that
important information on side chain and backbone structure may
indeed be obtained on analysis of the negative cluster ions which
both compliments and clarifies information previously only
obtainable from positive ion emission. The negative ion SSIMS
spectrum shows a large amount of structural information without the
confusing presence of intense cnﬂm species which abound in the
positive ion spectrum. _ _ _

In Figure 2,_the typical intense peaks of H, C_, CH,

CH (12-14D), O, OH (16, 17D), C and CH (24,
255) dominate the lower mass range. These lons relate ho direct
structural information although the ratio of CH /0O for

polymers may correlate with the overall C/0O atomic ratio of the
monomer repeat unit (14). However, ions directly attributable to
the polymer structure are found at higher mass. As seen in the
positive ion spectra above 90D, a number of signals (99, 113 and
133D _attributed to c5°2H7 ’ c6°2H9 and
CcC_O,H respectively) may be generated from the
fragmentation of the backbone structure. However, in contrast to
the positive ion spectrum, the negative emission reveals multiple
diagnostic peaks (41, 43, 57 and 75D assigned to C,OH,
CH_CHO , CH_COCH and CH_CHOHCH_O respectively)
for the 2-hydroxypropy31 substituent 6f the cealulose ether.

For comparison, the positive ion SSIMS spectra of the HPMC
molecule is shown in Figure 3. Despite the considerably lower
degree of hydroxypropyl substitution that exists for the previous
HPC molecule, the presence of the 59D ion is still clearly
distinguishable. More significantly, the higher degree of methoxyl
content is reflected in the intense 45D ion.

These findings afford a clear and unequivocal analysis of the
HPC and HPMC polymeric films. The elucidation of the surface
chemical functional groups of the substituted cellulosic material
is to a level previously unattainable by XPS. These results
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Negative ion SSIMS spectrum of HPC film.
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provide further evidence of the potential of SSIMS to furnish
"fingerprint®™ chemical analyses of the surfaces of polymeric
materials (11).

In the light of this study, it would appear that SSIMS could
play a significant role in the future evaluation of polymers
employed in drug delivery from a number of approaches. Firstly,
SSIMS could provide a detailed chemical characterization of the
nature and degree of chemical substitution. This has been
confirmed for a range of natural and synthetic biocompatible and
biodegradable polymers (22). Secondly, SSIMS will provide valuable
information on the surface properties of the polymeric drug
delivery system in situ in the film, matrixz pellet or particulate
geometry over a cross sectional area of am” down to the nanometer
range. The surface structure of a controlled delivery device
cannot be assumed to be representative of the bulk but rather it is
dependent on the mode of preparation and the surface against which
it was formed, or exposed to, during preparation (23). Finally,
SSIMS studies cannot only provide a detailed compositional chemical
analysis of the polymer itself but will also readily detect the
presence of surface contaminants, eg plasticizers, surfactants,
extraneous by-products of the production process, mould releasing
agents (24) etc, which may have significant bearing on the
subsequent polymer processing, drug release profile and the
resultant observed biocompatibility of the polymer in vivo.

Surface distribution of drugs. The positive ion SSIMS spectrum of
pure indomethacin film up to 400 amu is shown in Figure 4. The
protonated molecular ion, M+l, is clearly evident at 359D with an
intense signal at 139D which probably arises from the molecular
fragmentation of indomethacin as follows:

v :

CH

N
: > ol yar
CH.O CH2COOH

3

This static SIMS spectrum is interestingly in excellent qualitative
agreement with the chemical ionization (CI) mass spectrum of
indomethacin reported in the literature (25). The relative
dominance of the Czﬂ B C2H and C.H ions at
28, 29 and 43D together wié% the particular intensity of the 57,
69, 73 and 111D ions is consistent with both techniques.

The positive ion spectra of the control polymer beads is shown
in Pigure 5 and is dominated by the intense CnH clusters of
the cellulosic backbone with no significant detectable information
above 200D, In Figures 6 and 7 the positive SSIMS spectra of the
polymer beads containing 10% and 30% wt/wt (by bulk analysis) of
indomethacin are shown. In both cases the presence of the M+l and
139 ions is diagnostic of indomethacin molecule on the polymer bead
surface. In particular these ions dominate the positive ion
spectrum in Figure 7 for the highest indomethacin concentration.

The clear and unequivocal in situ surface chemical analysis of
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a controlled drug delivery system has not previously been reported.
The advantages of the drug analysis "in situ"™ within the delivery
device in contrast to the conventional "wet" analytical procedures
which rely on extraction of the active principle are significant,
not least of which are the simple and quick analysis, minimal
sample manipulation and the ready understanding and interpretation
of the analyses wusing conventional mass spectrometry rules.
Similarly, with careful maintenance of experimental conditions,
recent work has shown that quantitation of the surface drug levels
may be achieved (26). 1In the wider perspective, the application of
the "“fingerprint®™ SSIMS spectra to the drug delivery systems will
in principle permit not only the analysis of conventional drugs but
of alternative active agents eg proteins, peptides, polymeric drugs
etc (27) and excipients, eg plasticizers, surfactants, fillers etc
of the drug delivery system itself.

SIMS image of polymeric drug delivery systems. The SIMS image of
CZH- for 30% wt/wt paracetamol beads is shown in Figure 8. The
C H ion is not specific to the fragmentation of the
paracetamol molecule but rather contains an additional contribution
from the <chemical structure of the base polymer carrier
formulation, The image clearly displays the three dimensional
characterisation of the shape and integrity of the group of
paracetamol loaded beads to an extremely high lateral resolution
under these static SIMS conditions.

The SIMS image of the O  ions for the sectioned polymer
coated theophylline beads is shown in Figure 9. The distribution
of the O ions is primarily concentrated in the region of the
polymeric membrane coating and highlights the continuity of the
polymeric film.

The CN ion image of the same sectioned theophylline polymer
beads is shown in Figure 10. The principle contribution to the
intensity of the CN~ signal is the theophylline molecule itself:

H
i
N

CH
3
Therefore, it is not surprising that the localization of the CN
ions in the SIMS image resides in the signal from the exposed drug
laden bulk of the polymer bead rather than the outer membrane
coating. This differentiation between the inner drug laden polymer
core and the enveloping polymeric film further illustrates the
potential of SIMS imaging techniques to provide spatial mapping of
chemical state information with a high degree of resolution and
sensitivity.

The chemical mapping of the surface of a drug delivery system
by SIMS imaging has not previously been reported. The potential
applications of SIMS imaging to both conventional and advanced drug
delivery systems are legion. The ability to map the molecular
chemistry of surface layers and with depth profiling, to produce 3-
dimensional characterization, is beyond the power of alternative
surface analytical techniques and it is envisaged that SSIMS
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Figure 8. SIMS image of C2H— ions on 30% wt/wt paracetamol
loaded polymer beads (x 40 nominal magnification).

Figure 9. 0~ ion SIMS image of sectioned polymer coated
theophylline bead (x 80 nominal magnification).
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Figure 10. CN  ion SIMS image of sectioned polymer coated
theophylline bead (x 80 nominal magnification).

imaging will become a wvital tool in the future design and
development of controlled release devices.
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Chapter 8

Improved Method for Measuring In Vitro Diffusion
of Drugs Through Human Skin

L. R. Brown, J. F. Cline, C. L. Raleigh, and M. B. Henry
Moleculon, 230 Albany Street, Cambridge, MA 02139

We have made specific improvements to the
Bronaugh flow-through diffusion cell system
which have resulted in a comparatively
reproducible and convenient method for
measuring the diffusion of drugs through
human skin. Freshly-excised, full-thickness
human skin was generally obtained from 20 to
40 year old, healthy female subjects
undergoing reduction mammaplasty operations.
We have determined that the methodology for
preparing the skin to mount into the Teflon
flow-through diffusion cells is critical.
The diffusion cells were modified to minimize
damage to the stratum corneum layer of skin.
These were attached to a fraction collector,
whose timing mechanism was altered to allow
continuous sampling of 28 separate diffusion
cells with increased sample and timing
capacity. Radiolabeled drugs were used and
were measured in a liquid scintillation
counter directly interfaced to a computer
network. We describe the details of this
system which enable us to conduct
reproducible flow-through diffusion
experiments, assay the samples, and analyze
the data quickly and efficiently.

The in vitro methods used to study the percutaneous
absorption of drugs vary in the types of diffusion cells used, the
skin sources used, and the techniques used to prepare skin for in
vitro studies (l). We have attempted to improve the
reproducibility and efficiency of measuring the in vitro flux
rates of compounds through human skin when carrying out these
experiments on a large number of diffusion cells.

The purpose of in vitro diffusion studies is to determine
the flux rates of particular molecules through the rate-limiting
diffusion layer of skin, the stratum corneum. Often, it is

0097-6156/87/0348-0113$06.00/0
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necessary to optimize a transdermal pharmaceutical formulation in
order to achieve an appropriate flux using in vitro diffusion
cells. We have tried to minimize the effects of the many vari-
ables involved in conducting in vitro transdermal experiments. The
human skin source for these diffusion experiments has been
standardized as much as possible. Modifications to a commercially
available flow-through diffusion cell have been made in order to
minimize damage to the skin mounted on these diffusion cells. The
sample collecting apparatus and assay procedures have been
interfaced to a computer network for quick and accurate data
reduction. The details of these experimental procedures and some
comparative experimental results are described below.

Methods

Skin Source. A surgically-removed human skin source is
used for all in vitro diffusion cell tests. Skin is obtained from
37 + 13 year-old healthy females undergoing reduction mammaplasty
operations. The epidermis-stratum corneum layer is separated from
full-thickness skin using published techniques (2). Briefly, the
full-thickness skin is immersed in distilled water heated to 60 +
1°C for 45 seconds. The epidermal-stratum corneum layers are then
peeled from the dermis. The epidermis-stratum corneum layers are
then excised with a cork borer into circular disks 1.4 cm in
diameter.

Flow-Through Diffusion Cells. The skin is then mounted into two
types of Teflon flow-through diffusion cell. The first type of
diffusion cell are those described by Bronaugh and Stewart (3) and
are commercially available from Vanguard International, Inc. of
Neptune, N.J. The skin sample of the donor portion of the
diffusion cell is secured in place by screwing it into the
receptor cell. A diagram of this screw-type diffusion cell is
shown in Figure 1A.

The second type of flow-through diffusion cell is a
modified version of the screw-type cell described above. A
spring-loaded mechanism is used to clamp down the donor
compartment which is held in place by the retaining screws shown
in Figure 1B. The spring-type diffusion cell has been designed so
that a simple five degree turn firmly fixes the skin loaded on the
donor cell to the receptor cell. A Teflon washer allows only the
clamping mechanism to turn the five degrees so that the skin
remains stationary. Thus, damage to the skin is prevented. The
diffusion cell inlets are all luer lock in design so that con-
necting tubing from the pump to the diffusion cell has been made
convenient.

The flow-through cell consists of a Teflon receptor cell
with an exposed skin surface area of 0.32 em? and a receptor cell
volume of 0.13 ml. Sink conditions are maintained by pumping
phosphate-buffered saline under the skin in the receptor cell at
about 3 ml/hr. Thus, the receptor volume is replaced about 23
times per hour. These cells are then mounted on a water—jacketed
bracket which maintains the receptor solution in the cells at
33°C. The receptor media which is pumped under the cells is
degassed in order to reduce air bubble formation under the skin.
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Bubble traps at the inlet of the cells are also added to trap
bubbles before they can become caught under the skin.

Continuous automatic sampling is carried out from these
cells into ordinary liquid scintillation vials by an ISCO brand
(Lincoln, N.E.) Retriever III fraction collector whose timing
mechanism has been altered so that nine timepoints can be sampled
in intervals of up to 99.0 hours for 14 diffusion cells.

Twenty eight of these diffusion cells are commonly run
simultaneously. Thus, a typical experiment of nine timepoints
generates at least 252 samples.

Sample Assays. The radiolabeled form of the pharmaceuticals under
investigation are generally used to assay the quantity of drug
which has diffused through the skin. The radiolabeled assay is
confirmed early on in these studies by additionally analyzing the
drug by HPLC. Once the radiolabeled assay is confirmed by the
HPLC method, all subsequent experiments are conducted using the
radiolabeled assay alone. Liquid scintillation fluor is added
directly to the sample vials so that they can be measured with
minimal liquid transfers and handling. The sample vials are then
loaded into an LKB model 1219 RackBeta "Spectral" scintillation
counter.

The counter is interfaced to a computer network. The data
is directly transferred without the possibility of transcription
errors. Data reduction computer programs have been written so
that the data can be quickly and easily expressed in a variety of
formats, such as cumulative diffusion and diffusion rate of the
radiolabeled drug versus time.

Statistics. The results of 367 flow-through diffusion cell tests
are presented. The standard deviation of the flux divided by the
mean flux or the coefficient of variation between different
flow-through cell types, pharmaceutical compounds, and different
technicians are compared (4). The coefficients of variation are
compared by analysis of variance (5) using the RS1 (BBN Research
Systems, Cambridge, MA) research statistics software.

Results

The diffusion kinetics which may indicate artifacts in a
flow-through experiment are described in Figure 2. In this
figure, the cumulative amount of drug which has diffused through a
skin sample in vitro is graphed versus time in hours. Normally we
would expect the diffusion of an infinite quantity of drug
through membranes such as human skin to be characterized by the
direct proportionality of cumulative diffusion versus time. A
large burst of drug through the skin relative to replicate samples
is characteristic of a hole which may have been introduced during
the skin preparation or when loading the skin into the diffusion
cell, Conversely, the continuous pumping of release media into
the diffusion cell may result in an air bubble becoming lodged
under the skin., Figure 2 shows that this decreased surface area
from the epidermis to the release media results in a noticeable
change in drug flus.

Analysis of 274 diffusion cell experiments results in an
acceptable diffusion cell survival rate of 81%. The examination
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of 367 separate flow-through cell diffusion experiments reveals
three basic patterns of variation among replicates. At least
three diffusion cell replicates were run in each experimental
group to calculate the coefficient of variation. Our results show
that 35% of the replicate flow-through diffusion cell runs have a
variability greater than 35%. Fifteen percent of the replicates
have a variability between 15 and 35% and 50% of the replicates
show less than 15% variability between replicates.

The within-experiment variability between the screw-type
diffusion cell versus the spring-type cell is shown in Table I. N
is the number of diffusion cells in the experiment.

TABLE I. Comparison of Variability Between Diffusion Cell Types

Diffusion Cell Type

Screw Spring
Coefficient of Variation (%) 24.5 19.2
N 123 74

A comparison of the coefficient of variation between the
screw-type cells described by Bronaugh (3) and the modified spring
clamped cells shows that there does appear to be a slight
reduction in variability using the spring clamped diffusion cell.
However, there is no statistical difference between the two types
of diffusion cells (p>0.5).

Table II shows the experimental variability among four
different technicians responsible for conducting these
flow-through diffusion experiments.

TABLE II. Comparison of Experimental Variability Among
Technicians

Technician Number
1 2 3 4

Coefficient of Variation (%) 23.2 22.4 27.7 21.9
N 46 97 56 55

Statistical analysis of our data shows that the within-
experiment coefficient of variation is independent of the
technician who does the experiment. Thus, we believe we have mini-
mized those portions of the in vitro diffusion of drugs through
human skin experiments which are prone to intertechnician
variability.

Table III shows the experimental variability among four
different pharmaceutical compounds.
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TABLE III. Comparison of Experimental Variability Between
Pharmaceutical Compounds

Pharmaceutical Compound
1 2 3 4

Coefficient of Variation (%) 22.4 25,6 23.8 24.5
N 97 40 138 92

This analysis shows that the within-experiment coefficient of
variation is also independent of any one of four pharmaceuticals
tested over a nine-month period consisting of 367 separate diffusion
cell analyses.

Finally, the coefficient of variation of the transdermal flux
for one particular pharmaceutical, chlorpheniramine base, is
compared within experiments and between experiments over a six month
period,

Within a given experiment, the coefficient of variation for
replicate samples was 24.6%. When replicates of the same chlor-
pheniramine base formulation were run on different days over a six
month period, the coefficient of variation was 30.6%. These results
are taken from over 238 flow-through diffusion cell experiments.

Discussion

The automatic flow-through diffusion cell system described is
designed to allow the rapid analysis of drug flux through human skin
in vitro with minimum variability.

The fresh surgical skin source enables us to obtain large,
homogeneous, hairless pieces of human skin from the same body
location, and from a relatively narrow age range of donors. The
careful attention paid to skin preparation techniques are also
critical in assuring reproducible results.

The modificatons we have made to the flow-through diffusion
cells described by Bronaugh and Stewart (3) result in a small
reduction in variability when performing the transdermal diffusion
experiments. We visually observe stretching and skin damage when
torque is applied to the screw-type donor portion of the diffusion
cell shown in Figure la. In contrast, the spring clamping
modification in Figure 1b minimizes the stretching of the skin when
the donor portion of the cell is attached. Identical springs are
used in each of the clamping mechanisms of the diffusion cells so
that the pressure on the skin sample is the same in all of the
modified diffusion cells. The screw type diffusion cells are
possibly subject to variations in applied torque by different
technicians.

The choice of a surgical skin source obtained from otherwise
healthy females undergoing elective surgery also minimizes the
biological hazards in handling human tissue among technicians
conducting these experiments. Standardizing the human skin source
with respect to donor age, sex and body location and carefully
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following the procedures to separate the stratum corneum-epidermal
skin layers result in our ability to reproduce a given experiment
with confidence at a later date.

Our results further show that the variability is not
significantly different among four different pharmaceuticals tested
and among four different technicians conducting these experiments.
The computer interfaced data collection and data reduction network
allows the completion of a 28 cell diffusion experiment in less than
25 hours with minimal labor.

Southwell et al. reported that the coefficient of variation
for carrying out an in vitro transdermal diffusion study with human
skin within an experiment was 43% and the variability in flux for
the same compound tested with different human skin sources was 66%
(6). We report the within-experiment variability to be 24.6% and
the between-experiments variability to be 30.6%. The differences in
variability between our work and Southwell et al. might be
attributable to the skin age and source differences. Southwell et
al. used abdominal cadaver skin obtained from individuals 71 + 14
years old. We report the exclusive use of surgically removed breast
skin from individuals 37 + 13 years old.

We believe that our data shows that the composite effect of
the skin source, the skin preparation techniques, the modified
flow-through diffusion cells, the automatic sampling and data
collection and data reduction systems result in an improved and
convenient method for carrying out in vitro transdermal diffusion
experiments.
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Chapter 9

Simplified Procedure for Measuring
Controlled-Release Kinetics

Charles G. Gebelein, Tahseen Mirza, and Robert R. Hartsough

Polymer and Biomaterials Laboratory, Department of Chemistry,
Youngstown State University, Youngstown, OH 44555

A simple technique is described which measures the
release kinetics of bioactive agents from a multicompo-
nent copolymer system. Copolymers of 1-(N-2-ethylmeth-
acrylcarbamoyl)-5-fluorouracil (EMCF) were prepared with
methyl acrylate or methyl methacrylate in the ratios of
25:75, 50:50 and 75:25. The hydrolytic release rates
vere determined by placing samples of these copolymers
in gas dispersion tubes which were immersed in a flask
fitted with a mechanical stirrer. The reaction was kept
at a constant temperature of 37°9C and the concentration
of the drug released vas measured spectrophotometrically
at 265 nm. The polymers studied shoved zero order re-
lease kinetics in this simplified procedure. In an
earlier study, (Hartsough & Gebelein), similar release
profiles were noted for the EMCF:MA copolymers using a
more complex technique involving a dialysis membrane in
a stainless steel mesh basket. The present technique is
easier to assemble and is capable of distinguishing
between copolymers with different rates of release of 5-
fluorouracil. In addition, this simple system is capable
of high reproducibility and the results can be corre-
lated with the earlier studies.

For many years our laboratory has been studying the preparation,
polymerization and copolymerization of monomers that contain various
therapeutic and/or herbicide agents. The work which has involved
anti-cancer agents has been summarized recently (1-6). During the
course of these studies we observed that certain of these monomers,
polymers and copolymers undervent hydrolysis in an aqueous medium to
release the active agent. Although it was obvious that these mate-
rials did not all hydrolyze at the same rate, quantitative data were
needed in order to determine the best materials for further study.
This was especially important for the polymeric systems which con-
tained anti-cancer agents because exact knowledge of their release
rates, and profiles, would be essential before any consideration
could be made of their use in this application.

0097-6156/87/0348-0120%$06.00/0
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Qur initial rate studies used a basket technique similar to some
that are described in the literature (7-9). These studies vere pri-
marily concerned with the release of 5-fluorouracil, (S-FUl, from
copolymers which contained this anti-cancer drug as a pendant unit
off of the polymeric backbone. These studies shovwed zero-order re-
lease of the S5-fluorouracil from our polymer and copolymer samples
(1,5,6). This basket-technique essentially consists of placing the
polymeric samples inside a dialysis membrane within a stainless steel
vire-mesh basket and then immersing this apparatus in water, with
stirring, while the apparatus was in a constant temperature bath at
370C. Although this technique did give good, reproducible results,
it is not easy to assemble the baskets. In this paper we will discuss
a simplier technique for making these hydrolytic release rate studies
uging gas dispersion tubes and we will compare this technique with
data from the previous studies using the basket method.

Experimental Section

Materials. The monomer 1-(N-2-ethylmethacrylcarbamoyl)-5-fluoroura-
cil, [EMCF], was prepared from S5-fluorouracil, [5-FU]l, and 2-isocya-
natoethylmethacrylate as described previously (4). Copolymers of
[EMCF] were prepared with methyl acrylate, [MA]l, and with methyl
methacrylate, [MMA], in dioxane solution using AIBN as the initiator.
The polymerization conditions have been described previously (1,35).
The copolymers used in this study had the monomer ratios shown belov.

EMCF:MNMA EMCF:MA
25:75 25:75
50:50 S50:50
75:25 75:25

Hydrolysis_Studies. The release of 5-FU from these systems vwas
studied using two different techniques: the dialysis membrane/wire
basket method described previously (1,5-9) and a nev method using gas
dispersion tubes (Filter-sticks). These gas dispersion tubes were
purchased from Ace Glass and had porosity of C, which corresponds to
a pore diameter of 25-50 microns. The special gas dispersion tubes
vere made by Ace Glass for our use and also had a porosity of C. 1In
each case, carefully weighed, sieved, (60-100 mesh) povdered samples
of the EMCF monomer or EMCF copolymers were placed in the baskets or
the tubes in a one-liter flask, fitted with a mechanical stirrer (300
or 600 RPM), 1in a constant temperature bath at 37°C. One liter of
distilled water was added and the system was stirred. The amount of
sample used was normally 0.5 g. in the vire baskets or 0.1 g. in the
gas dispersion tubes, although other sample sizes vere also studied.
(The samples were weighed on a precision balance that could measure
the necessary accuracy of 0.1000 g., etc..)

The gas dispersion tubes had a cavity of 2.5 mm diameter and a
height of 10.0 mm. for the sintered glass segment and this sintered
glass segment vas 3.75 mm thick. The cavity size was calculated to be
approximately 49 mm3. The size of the wire-baskets was about 25 mm
diameter and 50 mm high. Some preliminary studies have also been made
on special made gas dispersion tubes with a cavity diameter of 13.0
mm and a cavity height of 25.0 mm; the sintered glass thickness was
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still 3.75 mm. The small gas dispersion tubes can readily accommodate
a 0.1 g. sample wvhile the large gas dispersion tubes can hold samples
over 60 times as large. Pellets can be placed in the large gas
dispersion tubes or the wire baskets, but not in the small gas dis-
persion tubes.

Aliquots vwere removed from the flask periodically and vere as-
sayed for the released 5-FU at 265 nm using a Beckman DU-7 spectro-
photometer. These hydrolysis studies were run for several weeks. The
reproducibility of each technique vas determined by rerunning the
same sample at a different time. Most of these reproducibility stud-
ies were run using EMCF monomer because the release rates vere faster
than with the copolymers and because this EMCF monomer did not show
zero-order release kinetics. The copolymer hydrolysis rates were
determined at least two times and these results showed excellent
agreement with each other. No detailed studies vere made on any
effect the stirring speed might have on the observed release rates,
but the results obtained at either 300 or 600 RPM appeared to be the
same.

Results _and Discussion

The two experimental techniques showed excellent reproducibility for
both the EMCF monomer and the copolymer samples. Because the basket
technique has been previously discussed in detail (1), this discus-
sion will center primarily on the gas dispersion tube technique and
on comparisions between the two methods. Figure 1 shows the results
for tvo runs of ENCF monomer in the small gas dispersion tubes. These
results show this technique to be reproducible.

The exact amount of 5-FU released did, however, depend upon the
amount of sample used in the study. Much larger sample sizes could be
uged in the wire basket technique because the effective cavity was
very large (about 25 mm diameter x SO mm height). With the smaller
slze gas dispersion tubes, 0.1 g. proved to be the maximum amount of
sample that could be used; above this amount the cavity was over-
filled and the release rates tended to be identical with the 0.1 g.
data. (I.e., 0.2 g. of EMCF monomer would show the same initial
release rates as 0.1 g., but would continue to release at this level
for longer periods of time. Smaller sample sizes showed smaller
amounts of 5-FU released, as would be expected. These data are illus-
trated in Figure 2. (Note that only a single set of data are shown
here, and in most figures, to avoid clutter.) With the larger size
gas dispersion tubes, samples of 0.5 g., or larger, could be used
vithout overloading the cavity of the gas dispersion tube.

The experimental results with either technique showed that the
release of S-FU folloved zero order kinetics with all copolymers
studied and that the amount of 5-FU released from the copolymers
increased as the amount of EMCF increased in both the EMCF:MA and the
EMCF:MMA copolymers. This is shown in Figure 3 for some EMCF:MMA and
EMCF:MA copolymers in the gas dispersion tube technique.

The rate of release vas slightly higher in the MMA copolymers
than in the MA copolymers. Previous data (1,5,6) had shown that the
EMCF:MA copolymers released S-FU faster than did the EMCF:BA copoly-
mers, and that the rate of S-FU release also increased with the EMCF
content here as well. Basically, we can summarize this to note that
for equal molar amounts of EMCF in a copolymer, the rate of release
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Figure 1. Reproducibility of the release of 5-fluorouracil from EMCF
monomer in the small gas dispersion tubes. Twvo independent
sample runs are shown.
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Figure 2. The effect of sample size on the rate of release of
S-fluorouracil from EMCF monomer in the small gas
dispersion tubes. (A), 0.0500 g.; (1), 0.1000 g.;
(Q), 0.2000 g.
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vill follow zero-order kinetics and the release rate vwill increase in
the monomer order MMA>MA>BA. In other words, the hydrolysis release
rate increases as the glass transition temperature of the copolymer
decreases. This would suggest that the hydrolysis release rates would
increase as the copolymer Tg increased, if this vere the only factor
involved. Other factors are present, hovever. The butyl acrylate is
more hydrophobic than the methyl acrylate and this could also cause
the observed hydrolysis rate decrease because the rate of water pene-
tration into the polymeric matrix would be slover with the BA than
with the MA copolymers. We would not, however, expect the MMA copoly-
mers to be significantly more hydrophilic than the MA copolymers. In
this case, the Tg may be the predominate factor. We will need more
data on other related copolymer systems in order to separate these
effects more clearly. These studies are in progress.

A direct comparison can be made between the two techniques used
to study these release rates by normalizing the actual release data.
¥When the results for the small gas dispersion tubes, vith 0.1 g.
copolymer, was multiplied by five, the experimental data could be
fitted on the same straight line as the release data for 0.5 g. of
this copolymer in the wire-basket apparatus. These results are shown
in Figure 4. The fact that both types of technique produce the same
straight line strongly suggest that the tvwo techniques are measuring
the same thing and that the zero-order release rates are not an arti-
fact of the type of the measuring system used. We note also that the
data for different sample sizes, 1in either technique, can be nor-
malized in this same manner. For example, the S-FU release data for
0.1 g. samples can be co-plotted vwith the data for 0.0S g. samples if
the latter are multiplied by a factor of two. Although the results
are highly reproducible in either case, the exact amount of S-FU
released appears to depend on the total surface area of the sample. A
pellet weighing the same as the powdered sample will show a much
slower release of S-FU.

Conclusions

The gas dispersion tube technique is much easier to assemble and use
than the dialysis membrane/wire mesh basket assembly, but it gives
gimilar release profiles for S-FU from EMCF or copolymers of EMCF
vith either MA or MMA. The gas dispersion tube method only requires
0.1 gram of material for an accurate kinetic profile of these pro-
drugs. The small gas dispersion tubes are useful for studies involv-
ing povders, but pellets would not fit into these tubes. The large
size gas dispersion tubes or the wire basket technique could be used
for povders or pellets, and can accommodate larger sample sizes. In
gsummary: the gas dispersion tube technique is reproducible, easy to
assemble, easy to use, can distinguish polymers with different
release rates, and the results can be correlated with our earlier
studies.

The ENCF copolymers studied showed zero-order release kinetics in
this simplified procedure and showed identical release profiles as in
our earlier study (1) using the more complex dialysis membrane/
stainless steel mesh basket technique. The actual 5-FU releage rates
increased in the co-monomer order MMA>MA>BA. Within a given set of
copolymers, the release rate for S-FU increased as the EMCF content
increased.
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Figure 3. The release of S-fluorouracil from a series of EMCF:MMA
and EMCF:MA copolymers in the small gas diepersion tubes.
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Figure 4. A direct comparison of the gas dispersion tube technique
[(M); 0.1000 g. sample; data multiplied by 5] with the
basket technique {([J); 0.5000 g. samplel (1).
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Chapter 10

Thermally Reversible Gelation Characteristics

Poly(oxyethylene)-Poly(oxypropylene) Block Copolymer in Aqueous
Solution After Exposure to High-Energy Irradiation

D. Attwood, C. J. Tait, and J. H. Collett

Department of Pharmacy, University of Manchester, Manchester M13 9PL,
United Kingdom

y-irradiation affects the micellar properties and
gelation characteristics of the poly(oxyethylene)-poly-
(oxypropylene)-poly(oxyethylene) block copolymer,
Pluronic F127, in aqueous solution. Irradiation caused

a progressive increase of hydration of the poly(oxyethyl-
ene) chains of the poloxamer micelles in solutions at

40° C but no change in the number of monomers per
micelle. Exposure to irradiation induced gelation of the
poloxamer solutions at a lower concentration than in non-
irradiated systems. Increase of temperature of irradiated
solutions over the range 25~40° C caused an increase of
aggregation number and a concomitant decrease of micellar
hydration. 1In concentrated solutions such changes
resulted in the formation of thermally reversible gels.

The poly(oxyethylene)-poly(oxypropylene) ABA block copolymer, (pol-
oxamer) Pluronic F127, has been the subject of recent investigations
centering on its potential use in the controlled release of drugs.
Solutions of this poloxamer with concentrations greater than about
207% are reversibly transformed from low viscosity transparent sol-
utions to gels on warming to body temperature. Previous studies have
established the presence of micelles in dilute solution (1) and it
now seems likely that gelation is a result of interactions between the
poly{oxyethylene) chains of adjacent micelles in concentrated aqueous
solutions. These interactions become effective in linking together
the micellar units due to a temperature induced loss of the hydrating
water associated withthe chains (2-4). The gels have been shown by
x-ray diffraction, thermal polarizing microscopy and differential
scanning calorimetry to be constructed from a cubic array of micellar
subunits (5).

It is implicit in the use of parenteral products that a sterile
preparation is required. Several methods of sterilization can be used
including y-irradiation. However, the influence of y-irradiation on
the physico-chemical properties of this poloxamer are not known. The
work of Stafford (6) has shown that in the absence of oxygen, aqueous

0097-6156/87/0348-0128%06.00/0
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solutions of poly{oxyethylene) glycols cross-link to form gels.after
y-irradiation, provided that the concentration of the polymer 1is
above a certain critical concentration. The investigations of A%—
Saden and coworkers (7-8) have shown that there is a minimum ch§1?
length requirement of about 50 ethylene oxide units per hydrophilic
chain which must be exceeded 'if scission of the poly{oxyethylene)
chains is to be avoided. These workers successfully induced the
gelation of solutions of Pluronics F68, F87 and F88 by exposure to
y~irradiation.

In this present study we report the effect of graded doses of
y-irradiation on the properties of the micelles of Pluronic F127 and
on the temperature induced micellar changes which lead to the
eventual gelation of these solutions. In view of the batch variab-
ility of the micellar properties of poloxamers (3) comparisons have
been made with solutions of the same batch which have not been
subjected to irradiationm.

Materials and Methods

Materials. Pluronic F127 was a gift from Pechiney Ugine Kuhlmann and
was used as received. Pluronic F127 is an ABA poly(oxyethylene)-
poly (oxypropylene)-poly(oxyethylene) block copolymer containing app—
roximatelz 70% oxyethylene with a nominal molecular weight of

1.15 x 104,

Irradiation Procedure. 30% “/w solutions of poloxamer were prepared
in distilled water by the cold process and saturated with nitrous
oxide. This agent is a known scavenger of hydrated electrons and is
known to enhance crosslinking of poly(oxyethylene) chains (9). Vials
containing these solutions were irradiated at ambient temperature in
a 2000 ci 0co source at a dose rate of 0.5 Mrad h™! Physico-
chemical measurements were performed on solutions prepared by dilut-
ion of these irradiated samples.

Light Scattering Measurements. Total intensity light scattering
measurements were carried out using a Fica 42000 photogoniodiffuso-
meter at a wavelength of 546 nm. Solutions of poloxamer were
clarified by ultrafiltration through 0.22 um Millipore filters.
Temperature control was + 0.1° C. The refractive index increments
were measured by differential refractometry at 546 nm.

Quasi-elastic light scattering measurements were performed
using a Malvern K7027 correlator with 26 delay channels arranged in
geometric progression, in conjunction with a 2W Argon ion laser at
488 nm, All measurements were at an angle of 90° to the incident
beam. Solutions were clarified by ultrafiltration as described above.
Temperature control was + 0.1° C.

Viscosity Measurements. Previous studies (2) have shown that dilute
solutions of Pluronic F127 exhibit Newtonian flow characteristics
and consequently, it is permissible that the viscosity of these
solutions is measured by capillary viscometry. A suspended-level
viscometer was used and solutions were thermostatted to within
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+ 0.001°. Partial specific volumes were calculated from density
measurements on poloxamer solutions made using a digital density
meter (Paar DMA 02C).

Results and Discussion

Effect of Radiation Dose on Micellar Properties., Figure 1 shows the
concentration dependence of the micellar diffusion coefficient at

40° as determined by quasi-elastic light scattering (QELS) for
solutions subjected to radiation doses of up to 4.56 Mrad. Limiting
diffusion coefficients, Dy,were obtained by extrapolation of data for
dilute solutions (<0.05%) to zero concentration, the critical micelle
concentration (CMC) being negligibly low for this poloxamer (1).
Table 1 shows a gradual decrease of Do with increasing dose of y-
irradiation. Diffusion coefficients at infinite dilution, determined
in this manner, are not influenced by micellar interactions prevalent
at higher concentrations and may be converted to hydrodynamic radii,
rh, using the Stokes-Einstein equation (see Table 1). Micellar
sphericity has been assumed in this calculation.

m s

1.2 -1

D x 10

'y

0 5 10 15 20  7CONC

Figure 1. Micellar diffusion coefficient, D, at 40° C as a
function of poloxamer concentration, for solutions exposed to
irradiation doses of @@ , 0; O ., 1.52 A, 2.53; O, 3.55;
and W . 4.56 Mrad.
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Table 1. Effect of Radiation Dose on the Micellar Properties of
Pluronic F127 at 40° C

Radiation Do [n] KH 8 N rh* ra*

Dose (Mrad) (x1011n2s™1) ghHy0/gF127 (nm) (nm)
0 2.30 14,2 1.2 4.8 261 15.3 4.7
1.52 2.18 17.3 1.6 6.1 271 16.2 4.8
2.53 2.18 - - - - 16.2 -
3.55 2.1 - - - - 16.7 -
4.56 2.00 20.0 1.2 7.1 2621 17.6 4.7

*The uncertainty in the values of r, and r is estimated to be #0.1nm

The light scattering results are presented as plots of scattering
intensity at a scattering angle of 90°, Sgp, as a function of sol-
ution concentration, c, (see figure 2). Light scattering graphs for
solutions given different doses of irradiation were superimposable
within the limits of experimental error. There is thus no increase
of anhydrous radius, r,(calculated assuming micellar sphericity
from the micellar weight and partial specific volume) with increasing
radiation dose. The mean aggregation number, N, calculated from
these data was 26 * 1. The angular scattering envelopes for all
solutions were symmetrical between scattering angles of 30° and 150°
indicative of spheroidal micelles.

Viscosity data for these systems were plotted according to

_ 2
ngp/e = [n]+ [n]7Ke (m
where ngp is the specific viscosity, [n] is the intrinsic viscosity
and Ky is the Huggin's constant. (see figure 3). Micellar hydration,
§, was calculated from the intrinsic viscosity using the Oncley
equation,

S90
15 B
O
10}
st
0 0.2 5.4 5.6 7CONC

Figure 2. Concengration dependence of the light scattering
ratio. Sgq. at 40°C for solutions exposed to irradiation doses of
@ .0 (O, 1.52and W, 4.56 Mrad.
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Figure 3. Variation of reduced viscosity with concentration at
40°C for solutions exposed to irradiation doses of . , O
A - 1.52; and W, 4.56 Mrad.

[nl = v + &°) (2)

A value of 2.5 was assigned to the viscosity increment, v, assuming
micellar sphericity. The partial specific volume, v, was determined
from density measurements.

It is clear from Table 1 that the increase of the hydrated
radius of the micelle at the CMC as detected by QELS is due solely to
an increase in the level of micellar hydration with increase of
radiation dose, since there is no corresponding increase in the
number of monomers per micelle. The hydration level of the micelles
far exceeds that which can be accounted for by hydrogen-bonding of
solvent to the ethylene oxide groups of the poly(oxyethylene) chains
and most of the water of hydration is thought to be mechanically held
by the chain (2). The increased hydration following y-irradiation
suggests changes in configuration of the chains or the formation of
%ntramicellar links such that the extent of water entrapment is
increased.

The plots of diffusion coefficient against concentration
(Figure 1) show a very pronounced decrease of D as the concentration
exceeded about 3-5% "/w. Such an effect would result from increases
in micelle size and/or micellar interaction and these plots are ind-
icative of changes of micellar properties leading to the eventual
gelation of the solutions at higher concentrations. Exposure of the
solution to y-irradiation caused these changes to occur at lower
solution concentration than in non-irradiated systems. This promotion
of gelation by the y-irradiation is presumably a consequence of
induced crosslinking of the hydrophilic chains of adjacent micelles.
The radiation dosage used in this study was restricted such that gels
formed at high solution concentration still retained their revers-—
ibility. Thus the induced crosslinkage was not permanent and the
gels reverted to isotropic micellar solutions on cooling or dilution.
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The polydispersity of micellar sizes in the poloxamer solutions
was assessed by analysis of the QELS data using the exponential
sampling method proposed by Ostrowsky and cowarkers (10). The con-
centration dependent changes in diffusion coefficient have been int-
erpretted as changes in particle diameter, no attempt having been
made to correct for interparticle interaction in these concentrated
solutions. The particle size distributions derived for these systems
are subject to uncertainty arising from this assumption. Figure 4
shows size distribution curves generated by this analytical method
for a 10% solution. The progressive broadening of the size dis-
tribution curves with increase of radiation dose is typical of the
behaviour at other solution concentrations. Half peak widths at
selected concentrations are given in Table II. This table also shows
an increase in the half peak width with increase of concentration.

Table II. Effect of Radiation Dose on the Polydispersity of Micellar
Size in Solutions of Varying Concentration

Radiation Half Peak Width (nm)

Bose (Mrad) 1% 5% 10%
0 35 35 70
1.52 45 65 30
2.53 60 75 110
3.55 B0 75 200
4.56 105 85 365

Although this effect is noted at all concentrations it is most marked
in systems exposed to the highest radiation dose. These changes in
polydispersity may be related to changes in the concentration at
which micellar growth commences, (Figure 1); earlier onset of growth
leading to a greater polydispersity of micellar sizes at a given sol-
ution concentration.

B

_

300 3
Diameter (nm)
Figure 4. Micellar size distribution curves for a 10% %/y

solution of poloxamer at 40 C exposed to irradiation doses of A,
0; B, 1.52; C, 2.53; D, 3.55 and E, 4.56 Mrad.

200 400
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Effect of Temperature on Micellar Properties. Figure 5 compares the
influence of temperature on the diffusion properties of the micelles
in solutions previously irradiated with a dose of 4.56 Mrad with
those not subjected to radiation treatment. Hydrated radii
calculated from the limiting diffusion coefficients for micelles not
treated with radiation remain independent of temperature over the
range 25° to 40° (Table III).

Table III. Effect of Temperature on the Micellar Properties of
Irradiated and Non-irradiated solutions

Temp Radiation Do [n] KH § N - rh* ra*
°C  Dose(Mrad) (x10V1m2s~1) gHy0/ gF127 (nm)  (om)
25 0 1.60 19.6 0.6 7.0 41 15,4 2.6
4,56 1.54 27.7 0.5 10.2 9+1 16.0 3.3
30 0 1.83 18.2 0.6 6.4 16%1  15.3 4.0
4.56 1.75 24,4 0.7 8.9 221 16,0 4.4
35 0 - 17.2 0.8 6.0 28+1 - 4.8
4.56 - 22,2 0.9 8.0 25%1 - 4.6
40 0 2.30 14.2 1.2 4.8 261 15.3 4.7
4,56 2.00 20.0 1.2 7.1 261 17.6 4.7
*The uncertainty in the values of Ty and T, is estimated to be 0. 1inm
2.4¢
-~
2.C
r, 1.6
C\l::
F’?
® 1.2
[=]
0.3
0.4 N N —
0 5 10 15
7ZCONC

Figure 5. Micellar diffusion coefficient, D, as a function of
poloxamer concentration at ), 25°C; /A, 30°C; and [, 40°C.
Open symbols are for nonirradiated samples, closed symbols are
for samples irradiated with 4.56 Mrad.
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Figure 6. Concentration dependence of the light scattering
ratio, Sgq, at Q, 25°C; A, 30°C; v , 35°C; and [J, 40°C.
Open symbols are for nonirradiated samples, closed symbols are
for samples irradiated with 4.56 Mrad.

The results of Table III are in agreement with those of an earlier
study (2), the difference in the magnitude of the rp values to those
previously determined reflecting batch variation (3). The hydrated
radii of the irradiated micelles were higher than in non-irradiated
systems and not independent of temperature.

The total intensity light scattering plots (Figure 6) for both
irradiated and non-irradiated systems at 25° show evidence of
curvature indicative of micellar growth, Aggregation numbers of these
systems were derived by extrapolation of the nonlinear c/Sgo Vs C
plots to zero concentration. Further evidence for the growth of
micelles at this temperature is seen from the curvature of the diff-
usion plots (Figure 5) which is apparent even at low solution conc—
entration. Light scattering plots at higher temperatures were linear
over the limited concentration range of these measurements. A
similar lack of any pronounced curvature of the diffusion plots
suggests the formation of stable micelles in dilute solution. Table
III shows an increase of aggregation number with increase of temp-
erature in both irradiated and non-irradiated systems towards a
common value at 35° and 40° C. The mean size of the micelles in
irradiated systems was however higher than in the non-irradiated
systems over the lower temperature range.

The intrinsic viscosities of the irradiated solutions were

In Controlled-Release Technology; Lee, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



136 CONTROLLED-RELEASE TECHNOLOGY

higher than those of non-irradiated systems at corresponding temp-—
eratures (Figure 7). These increases of [n] have been attributed to
increased hydration rather than to any loss of micellar sphericity.
The evidence for this assumption comes from the lack of any signif-
icant change in Huggin's constant following irradiation and also the
failure to detect any appreciable asymmetry of the light scattering
envelopes for the irradiated solutions.

In both systems, an increase of temperature resulted in de-
hydration (Table III). In the non-irradiated solutions the tendency
for a decrease of micellar size due to loss of hydrating water was
counteracted by an increase of anhydrous radius due to the increased
number of monomers in the micelle, such that there was no overall
change in hydrated radius with increase of temperature. In the
irradiated systems this would appear to be so up to 30° C but there
is evidence of an overall increase of size at 40° C. Rassing and
coworkers (ﬁ) have attributed the cause of dehydration to conform-—
ational changes in the poly(oxypropylene) chains leading to the
expulsion of hydrating water. This temperature induced dehydration
is an important stage in the gelation process since the dehydrated
poly(oxyethylene) chains of adjacent micelles experience increased
friction on interaction, with a resulting tendency to form multi-
molecular units leading eventually to gel formation.

Nsp/c

304 A/A;‘;z;{
et st
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Figure 7. Variation of reduced viscosity with concentration at
O . 25°C; A , 30°C; v, 35°C; and [J, 40°C. Open symbols
are for nonirradiated samples, closed symbols are for samples
irradiated with a 4.56 Mrad.
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The effect of temperature on the distribution of micellar sizes
in a 10% irradiated solution is shown in Figure 8. This figure,
which 1is typical of size distribution curves obtained for all the
irradiated samples and also for non-irradiated samples with con-
centrations in excess of 5%, shows an initial narrowing of the size
distribution with temperature increase followed by a further
broadening as the temperature reaches 40° C. (see Table IV).

Table IV. Effect of Temperature on the Polydispersity of Irradiated
and Non-irradiated micelles

Conchl Radiation Half Peak widths (nm)

% Yiw dose (Mrad) 25° 30° 35° 40°

5 0 110 70 65 35
4,56 130 70 - 95

10 0 263 115 48 100
4,56 360 128 - 410

17 0 423 190 120 270

This behaviour may be more fully understood by reference to the
diffusion-concentration graphs of Figure 5. Solutions at 25° show
evidence of micellar growth even at low concentrations, as discussed
above. Such micellar growth leads to the presence of micelles of a
wide range of sizes. With increase of temperature, the diffusion
curves gradually become linear in dilute solution and the total
intensity light scattering curves show no evidence of micellar growth
over the limited concentration range studied by this technique. As a

——————
A

L i
0 200 400 600 800 1000
Diameter (nm)
Figure 8. Micellar size distribution curves at A, 25°C; B, 30°C
and C, 40°C for a 10% Y/y solution exposed to 4.56 Mrad.
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consequence of this more restricted micellar growth, the size dis-
tribution curves become narrower with temperature increase. At 40°
however, the diffusion coefficient declines steeply with concen-
tration increase indicative of very pronounced micellar growth, which
has the effect of broadening the size distribution curves once more.
This effect is particularly marked with the irradiated samples at
this temperature. The exception to this pattern of behaviour is the
57 non-irradiated sample in which a progressive narrowing of the size
distribution curve is noted over the whole temperature range.
Reference to Figure 5 shows this to be expected because of the
progressive decrease in the concentration dependence of diffusion
coefficient with temperature increase at this concentration.
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Chapter 11

Release and Delayed Release of Water-Soluble Drugs
from Polymer Beads with Low Water Swelling

Kar!l F. Mueller
Ciba-Geigy Corporation, Ardsley, NY 10502

Highly water soluble drugs, as they are typical for
oral administration, can be released from polymer
beads with low ( 10%) water- but high ethanol-
swelling capacity at controlled rates, for up to 8
hours. The release of oxprenolol-HCl (77% water
solubility) and diclofenac Na (2.6% water solubility)
from drug loaded monoliths is a function of water
content and crosslink density. By partial extraction
of the drug loaded beads the release can be further
slowed down and, in the case of oxprenolol-HCl,
delayed for several hours; the delay is dependent on
water content of the polymer and is the result of the
formation of a hydrophobic surface membrane.

Hydrogel beads have first been proposed by O. Wichterle (1) as drug
carriers in oral drug delivery. They make an attractive multi-
particulate oral dosage form because they can easily be synthesized,
have good biocompatibility and provide very reproducible, diffusion-
controlled release. However, the release of large doses of highly
water soluble drugs - conditions characteristic for oral delivery -
from typical hydrogels such as poly-2-hydroxyethyl methacrylate is
generally too fast and therefore limits the usefulness of such hydro-
gel beads to drugs with low water solubility or small dosages. To a
certain extent the release can be slowed down by increasing the bead
size; a doubling of bead diameter increases the half life for release
about threefold. But even beads with diameters as large as 1.0-1.5
mm, which is the upper practical size limit for suspension polymer-
ization, are not large enough to give practical release rates for
very water soluble drugs. Previous attempts to reduce release rates
include the synthesis of membrane covered and of gradient-beads by
diffusion controlled interfacial polycondensation and grafting (2).
Here the membranes delay the release by slowing down initial water
absorption, whereas the compositional gradients result in a corres-
ponding drug distribution gradient after drug loading and therefore
give periods of almost constant release, although at the expense of
total drug-loading.

0097-6156/87/0348—01393$06.00/0
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The initial rate of drug release from polymer monoliths can be
slowed down by surface extraction and several such methods have been
described (3,4). A controlled surface-extraction process leading to
a sigmoidal drug distribution and thereby achieving nearly constant
release of very water soluble drugs has been described by Lee (5, 6,
7.

Phase-separated hydrogel compositions with water swelling below
25% (8) were found to give practical release rates for drugs with
medium water solubility (Z 2%), but had the shortcoming of relatively
low swelling in organic solvents. Since during the cycle of drug-
loading and drug release the loading step and the attainable loading
level depends on the polymer's degree of swelling in the loading
solvent - usually a lower alcohol - whereas the release depends
inversely on the water uptake, we decided to prepare beads which
combined a high ethanol swelling capacity and therefore high drug-
loadability with a water-swelling capacity as low as practical. In
this paper we describe the synthesis and behavior of such beads as
carriers for very water soluble drugs.

Experimental

Materials. All monomers used for synthesis were free of inhibitors
and freshly distilled: 2-hydroxyethyl methacrylate (HEMA); dimethyl-
acrylamide (DMA); N-vinylpyrrolidone (NPV); methylmethacrylate (MMA);
2-ethylhexylacrylate (EHA); isopropylmethacrylate (IPMA); n~butyl-
acrylate (BA); ethyleneglycol-dimethacrylate (EGDMA); dimethacrylate
macromer obtained by reaction of 1 mol polytetramethylene oxide diol
(MW: 2000) with 2 mol 2,4,4~trimethyl-1,6-diisocyanatohexane and 2
mol HEMA (PX).

Active ingredients: Oxprenolol-HCl; (0X) MW 290; MP: 107°C; 77%
soluble in water. Diclofenac-Na (DCL); MW: 323; MP: 268°C; 2.65%
soluble in water at 25°C; both supplied by CIBA-GEIGY.

Methods: The polymer beads were synthesized by suspension polymer-
ization 1in concentrated aqueous NaCl solution using 0.1%Z (of mono-
mers) AIBN as initiator, a monomer/aqueous phase ratio of 2/5 and
freshly precipitated Mg(OH), as suspending agent (9). The beads
were Soxhlet extracted with ethanol for 24 hours and after drying
classified into mesh sizes. The 30 mesh (0.59-0.70 mm ¢) and 18
mesh (1.00-1.19 mm ¢) fractions were used for release experiments
(30 mesh for DC1l; 18 mesh for OX).

40% methanolic solutions of DCl and OX were used to load the
beads to equilibrium, followed by filtration, rinse and drying in
vacuo. Drug concentration was determined gravimetrically and by
total methanol extraction using an UV-spectrophotometer. Drug re-
lease was measured at 37.5°C in buffered saline solution (pH = 7)
circulating through an UV-spectrophotometer cell.

Following the process described in references 5,6 and 7 ex-
traction was done at ambient temperature with distilled water or
acetone by stirring the monolithically loaded beads in excess sol-
vent for a given time, followed by filtration and freeze-drying.

Optical microscopy to observe volume changes was done with a
Zeiss stereo microscope, using a 3 mm high round sample cell.

Ethanol and water swelling (% Eth, % H,0) as well as drug-
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loading are expressed as weight percent of swollen or drug loaded
polymer. The polymer compositions, their relevant physical proper-
ties, their loadings with DC1l and OX together with tog (time to 50%
release) are shown in Table I.

Polymer Compositions

In separate experiments we had determined that modification of
acrylic hydrogel compositions based on HEMA or DMA with alkyl-
acrylates and to a lesser extent, methacrylates with from four to

ten carbon atoms in the ester group results not only in lower water,
but sharply increased ethanol swelling for a given crosslink density
and hydrophobic comonomer content (10). The maximum degree of swel-
ling is usually 5 to 107 higher than ethanol swelling and occurs in
ethanol-water mixtures with~ 10% water, corresponding to a solubil-
ity parameter only slightly higher than that of ethanol. As shown in
Table I, the comonomer EHA disproportionally reduces the water con-
tent of 217 and 107 HEMA copolymers No. 9 and 10, probably by shield-
ing the OH-groups from water interactions; in contrast, the water
content of the 10% HEMA/89% MMA copolymer No. 13 is, as expected,
close to one tenth that of poly-HEMA (Table I, Pol. 3).

We chose EHA for its high hydrophobicity as main hydrophobic
comonomer, and MMA together with 1% EGDMA crosslinker as components
to prevent aglomeration during suspension polymerization and to
reduce surface tackiness. There is considerable room for improving
ethanol swelling by reducing crosslink-density or varying comonomers.

In Table I high water content (v 20%) hydrogels are grouped in
the first set, Pol. 1 to 5; all have high glass-transition temper-
atures (Tg). The low water content polymers are divided into medium-
low (7-10%, Pol. 6-8), low (~ 4%, Pol. 9) and very-low (X 2-3%, Pol.
10-13) water content beads. The medium-low and very-low groups are
ordered by increasing Tg, which parallels polymer polarity, water
content and, of course, EHA-content.

Drug Release from Monoliths

Release Rates and Volume Expansion. The release of diclofenac-Na
and oxprenolol-HCl follows a first order pattern typical for hydrogel
monolithic spheres with a fast release phase up to 70-80% cumulative
release, followed by a phase of slow release, often called 'tailing'
(Figures 1 and 2). The t_. time - at which half of the loaded drug
is released - is in these cases a good measure for the speed of the
initial, osmotically driven release phase; it 1s inversely propor-
tional to the polymer's equilibrium water content (Figure 3), even
if one takes the differences in drug loadings into account (Table 1).
Phase-separated Pol. 2 and 4 also show slower release than predicted
by their water content. Below v 4% water content the release becomes
increasingly influenced by the polymers glass transition temperature;
after an initial burst neither DCl nor OX is released from Pol. 10
beads, whose Tg is below the release temperature, while Pol. 11 and
12, which also have very low water content but higher Tg, show a
normal, osmotically driven release phase (Figure 4).

Similar to the observations by Lee (11,12), the beads undergo
great volume expansion during the initial release phase even with
poorly soluble DCl as a result of the osmotic driving force. The
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Figure 1: Release of diclofenac-Na as function of water
content of drug free polymer (30 mesh beads).
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Figure 2: Release of oxprenoclol-HCl as function of water
content of drug free polymer (18 mesh beads).
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Figure 3: t for diclofenac-Na release as function of
polymer water content (30 mesh beads).
T
80 Pol. 12: 2.9% H,0; Tg: 88°C
g Pol. 11: 2.1% H,0; Tg: 50°C
® 60+
7]
©
@
Q
T
S 40
a
20
Pol. 10: 1.8% H,0O; Tg: 30°C
s
c

o

Time {hours})

10

Figure 4: Release of diclofenac-Na from very low water
content beads. Effect of glass transition temperature

(30 mesh beads).
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extent of this expansion correlates more with ethanol swelling, which
is a better measure for crosslink-density, than with water swelling.
This is especially clear when one compares Pol. 3 (46% eth/39.5% HZO)
with Pol. 7 (60% Eth/7.4% HZO)' The time to reach maximal volume
expansion on the other hand correlates well with water swelling and
therefore tsg (Figure 5).

Membranization and Release Mechanism. The apparent ''locking-in" of
DC1l and OX in Pol. 10 can be explained in the following way: once a
thin surface region is depleted of the water soluble drug, the highly
mobile and extremely hydrophobic chains can collapse and fuse into a
barrier to further water transport. This occurs because the polymer
Tg is below extraction temperature and the drug's solubility in the
polymer itself, Cp is very low; it does not occur if polymer Tg is
above extraction temperature, as illustrated by the release profiles
for Pol. 11 and 12 (Figure 4). These polymers seem to retain a more
open, permeable structure during extraction, and, being more polar,
dissolve more of the drug. The effect of Tg and polarity is much
less obvious, but still noticeable in the medium-low water content
beads of Pol. 6, 7 and 8; for both drug is the release from the more
polar, high Tg beads faster (Table 1; Figure 6). Because of the
higher solubility of DCl in the more polar polymer, DCl-loaded Pol. 8
also swells faster and to a higher degree than DCl-loaded Pol. 6
(Figure 7) (see also chapter on partial extraction).

Once water penetrates, the release of both drugs is clearly
dominated by the first, osmotically driven phase. Since the polymer
swells during this phase well beyond its equilibrium - swelling in
the drug-free state, it is subject to the two competing forces of
expansion by osmotic pressure, which is highest at the drug-
dissolving boundary moving into the bead center, and contraction due
to its own hydrophobic inter-actions, which are strongest at the drug
depleted surface. The more hydrophobic the polymer is, the more it
resists expansion and slows down diffusion; yet even for the most
hydrophobic beads, the better they can respond to osmotic pressure
and absorb water -~ that is the higher their maximal degree of
swelling - the larger will be the percentage of drug released during
this first phase. This shows how important in hydrophobic polymers
retention of low crosslink density is not only for achieving high
loadings, but also for total drug release.

After all drug is dissolved, the osmotic pressure decays and
the beads shrink to their equilibrium swelling value, as observed
for beads with high water swelling (11,12); during this second
release phase normal Fickian diffusion kinetics becomes more impor-
tant, characterized by a very low rate which depends on the hydro-
philicity of the polymer.

Release from Non-Monoliths Obtained by Partial Extraction

The controlled-extraction procedure which has been studied by Lee

(6, 7) allows the transformation of monolithically loaded beads into
beads with drug concentration gradients, which are either parabolic
or sigmoidal in nature. Dependent on the gradient, the release is
predictably slowed down: from very hydrophilic hydrogel beads sig-
moidally distributed OX is released at an almost constant rate for up
to 3 hours (7). The extraction can be carried out with water or
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Figure 5: Volume changes during release of DCl from 30 mesh
beads with different water and ethanol swellings.
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Figure 6: Release of DCl1 before and after partial extraction
with water (see text).
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