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Preface

This second edition of Novel Drug Delivery Systems has maintained the same ob-
jective as that of the first edition: to present a comprehensive, coherent treatment of
the science, technology, and regulation of rate-controlled administration of thera-
peutic agents, with comprehensive coverage of the basic concepts, fundamental prin-
ciples, biomedical rationales, and potential applications.

Since the successful introduction of the first edition in 1982, much progress has
been made in the science and technology of rate-controlled drug administration. It
was my intention to rewrite this well-received book with incorporation of all the
important scientific discoveries in recent years into the second edition. All the chap-
ters have been extensively rewritten and updated, and new chapters have been added
on the rate-controlled delivery of drugs across various mucosae and digestive tract
membranes. A special chapter has been added on the issues associated with the sys-
temic delivery of peptide/protein drugs, a new generation of therapeutic agents, via
parenteral and nonparenteral routes of administration.

Over the years, the responses we have received from the readers have been very
encouraging and have demonstrated to us that the book has been successful in pro-
viding a useful source of scientific information for biomedical researchers and phar-
maceutical R&D scientists/managers with diverse backgrounds who need to acquire
the core knowledge critical to the conceptualization, development, and optimization
of rate-controlled drug delivery. In addition, I also received several constructive
comments and suggestions that I have implemented in writing this new edition to
further enhance the quality of the book. One example of such changes is that the
chapter on the fundamental aspects of rate-controlled drug delivery has been moved
to the beginning of the book, preceding the chapters on rate-controlled drug delivery
through various routes of administration. Also, the chapter on regulatory consider-
ations in controlled drug delivery has been expanded to incorporate new guidelines
used in the regulatory approval process.

Overall, the objective set for writing this new edition has been the same as for
the first edition, that is, to provide the readers with a broad spectrum of scientific
information in a concise, systematic manner, but with new vision and wider scope.

Yie W. Chien

1 4
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Concepts and System Design for
Rate-Controlled Drug Delivery

I. INTRODUCTION

For many decades treatment of an acute disease or a chronic illness has been mostly
accomplished by delivery of drugs to patients using various pharmaceutical dosage
forms, including tablets, capsules, pills, suppositories, creams, ointments, liquids,
aerosols, and injectables, as drug carriers. Even today these conventional drug de-
livery systems are the primary pharmaceutical products commonly seen in the pre-
scription and over-the-counter drug marketplace. This type of drug delivery system
is known to provide a prompt release of drug. Therefore, to achieve as well as to
maintain the drug concentration within the therapeutically effective range needed for
treatment, it is often necessary to take this type of drug delivery system several times
a day. This results in a significant fluctuation in drug levels (Figure 1).

Recently, several technical advancements have been made. They have resulted
in the development of new techniques for drug delivery. These techniques are ca-
pable of controlling the rate of drug delivery, sustaining the duration of therapeutic
activity, and/or targeting the delivery of drug to a tissue (1-4). Although these
advancements have led to the development of several novel drug delivery systems
that could revolutionalize the method of medication and provide a number of ther-
apeutic benefits, they also create some confusion in the terminology between “con-
trolled release” and “sustained release.” Unfortunately these terms have been often
used interchangeably in the scientific literature and technical presentations over the
years.

The term “sustained release” is known to have existed in the medical and phar-
maceutical literature for many decades. It has been constantly used to describe a
pharmaceutical dosage form formulated to retard the release of a therapeutic agent
such that its appearance in the systemic circulation is delayed and/or prolonged and
its plasma profile is sustained in duration. The onset of its pharmacologic action is
often delayed, and the duration of its therapeutic effect is sustained.

The term “controlled release,” on the other hand, has a meaning that goes be-
yond the scope of sustained drug action. It also implies a predictability and repro-
ducibility in the drug release kinetics, which means that the release of drug ingre-

1
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Figure 1 Hypothetical drug concentration profiles in the systemic circulation resulting from
the consecutive administration of multiple doses of an immediate-release drug delivery system
(A, A, . . ) compared to the ideal drug concentration profile (B) required for treatment.
(Adapted from Reference 1.)

dient(s) from a controlled-release drug delivery system proceeds at a rate profile that
is not only predictable kinetically, but also reproducible from one unit to another
(1,4).

The difference between controlled-release and sustained-release drug delivery is
illustrated in Figure 2, in which the plasma profiles of phenylpropanolamine in hu-
mans taking Acutrim, a controlled-release drug delivery system (which is prepared
on the basis of osmotic pumping technology), and Dexatrim, a sustained-release drug
delivery system (which is prepared on the basis of spansule coating technology), are
compared. Dexatrim yields a sustained (but not constant) plasma profile with a du-
ration longer than that achieved by solution formulation; Acutrim produces a constant
steady-state plasma level with further prolongation in the duration.

II. CLASSIFICATION OF RATE-CONTROLLED DRUG DELIVERY
SYSTEMS

Based on their technical sophistication controlled-release drug delivery systems that
have recently been marketed or are under active development can be classified (Fig-
ure 3) as

Rate-preprogrammed drug delivery systems
Activation-modulated drug delivery systems
Feedback-regulated drug delivery systems
Site-targeting drug delivery systems

Sl S
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Figure 2 Comparative plasma profiles of phenylpropranolamine (PPA) in 18 healthy human
volunteers resulted from oral administration of PPA in solution formulation and delivery by
sustained-release Dexatrim or controlled-release Acutrim.

In this chapter, the fundamental concepts and technical principles behind the devel-
opment of various controlled-release drug delivery systems in each category are out-
lined and discussed.

IMI. RATE-PREPROGRAMMED DRUG DELIVERY SYSTEMS

In this group of controlled-release drug delivery systems, the release of drug mol-
ecules from the delivery systems has been preprogrammed at specific rate profiles.
This was accomplished by system design, which controls the molecular diffusion of
drug molecules in and/or across the barrier medium within or surrounding the de-
livery system. Fick’s laws of diffusion are often followed. These systems can be
further classified as follows.

A. Polymer Membrane Permeation-Controlled Drug Delivery Systems

In this type of preprogrammed drug delivery systems, a drug formulation is totally
or partially encapsulated within a drug reservoir compartment. Its drug release sur-
face is covered by a rate-controlling polymeric membrane having a specific per-
meability. The drug reservoir may exist in solid, suspension, or solution form. The
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Figure 3 The four major classes of controlled-release drug delivery systems.

polymeric membrane can be fabricated from a nonporous (homogeneous or hetero-
geneous) polymeric material or a microporous (or semipermeable) membrane. The
encapsulation of drug formulation inside the reservoir compartment is accomplished
by injection molding, spray coating, capsulation, microencapsulation, or other tech-
niques. Different shapes and sizes of drug delivery systems can be fabricated (Figure
4).

The rate of drug release Q /¢ from this polymer membrane permeation-controlled
drug delivery system should be a constant value and is defined by

Q Km/rKa/deDm

= _ C (1)
t  KnpDyhy + KuwDahy

where K,,;, and K, are the partition coefficients for the interfacial partitioning of
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Figure 4 Various types of polymer membrane permeation-controlled drug delivery systems:
(a) sphere, (b) cylinder, and (c) sheet. Both polymeric membrane, which is either porous or
nonporous, and diffusion layer have a controlled thickness (4, and hy,, respectively).

drug molecules from the reservoir to the rate-controlling membrane and from the
membrane to the surrounding aqueous diffusion layer, respectively; and D,, and D,
are the diffusion coefficients in the rate-controlling membrane (with thickness #4,,)
and in the aqueous diffusion layer (with thickness 4,). For a microporous or semi-
permeable membrane, the porosity and tortuosity of the pores in the membrane should
be included in the determination of D,, and #,,. Cy is the drug concentration in the
reservoir compartment.

The release of drug molecules from this type of rate-controlled drug delivery
systems is controlled at a preprogrammed rate by controlling the partition coefficient
and diffusivity of the drug molecule and the thickness of the rate-controlling mem-
brane. Representatives of this type of drug delivery system are as follows:

In the Progestasert IUD, an intrauterine device, the drug reservoir is a suspen-
sion of progesterone crystals in silicone medical fluid and is encapsulated in the
vertical limb of a T-shaped device walled by a nonporous membrane of ethylene-
vinyl acetate copolymer. It is engineered to deliver natural progesterone continuously
in the uterine cavity at a daily dosage rate of at least 65 ug/day to achieve contra-
ception for 1 year (Figure 5).

The Norplant subdermal implant is fabricated from nonporous silicone medi-
cal-grade tubing (with both ends sealed with silicone medical-grade adhesive) to
encapsulate either levonorgestrel crystals alone (generation I) or a solid disper-
sion of levonorgestrel in silicone elastomer matrix (generation II). It is designed
for the continuous subcutaneous release of levonorgestrel at a daily dosage rate of
30 ug, to each subject (6 units of I or 2 units of II) for up to 7 years (Figure 6) (5—
8).

In the Ocusert system (an ocular insert) the drug reservoir is a thin disk of pilo-
carpine alginate complex sandwiched between two transparent sheets of microporous
ethylene-vinyl acetate copolymer membrane (Figure 7). The microporous membranes
permit the tear fluid to penetrate into the drug reservoir compartment to dissolve-
pilocarpine from the complex. By system design, pilocarpine molecules are then
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Figare 5 (a) Various structural components of Progestasert lUD. (b) The in vitro and in vivo
release rate profiles of progesterone from the progestasert IUD for up to 400 days.

released at a constant rate of either 20 or 40 pg/hr for the management of glaucoma
for up to 7 days (1,4,9).

Transderm-Nitro is a transdermal therapeutic system in which the drug reservoir,
a dispersion of nitroglycerin-lactose triturate in the silicone medical fluid, is encap-
sulated in a thin ellipsoidal patch. The transdermal patch is constructed from a drug-
impermeable metallic plastic laminate as the backing membrane and a constant sur-
face of rate-controlling microporous membrane of ethylene-vinyl acetate copolymer
as the drug-releasing surface (Figure 8). This device is fabricated by an injection
molding process. Additionally, a thin layer of pressure-sensitive silicone adhesive
polymer is coated on the surface of the rate-controlling membrane to achieve an
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Figure 6 Subcutaneous implantation of Norplant subdermal implants in female volunteers for up to 6 years. The subcutaneous release profile
of levonorgestrel and the resultant plasma profile are compared to those obtained by oral administration. (Adapted from References 5-8.)
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Figure 7 Various structural components of Ocusert and the ocular release rate profile of
pilocarpine from Ocusert Pilo-20. (Replotted with modification from Reference 9.)

intimate contact of the drug release surface with the skin. It is engineered to deliver
nitroglycerin at dosage rate of 0.5 mg/cm”/day for transdermal absorption to provide
daily relief of anginal attacks (10,11). The same technology has also been recently
utilized in the development of (1) Estraderm, which administers a controlled dose
of estradiol transdermally over 3—4 days for the relief of postmenopausal syndrome
(12,13); (2) Transderm-Scop, which provides a transdermal controlled administration
of scopolamine for 72 hr prevention of motion-induced nausea (14,15), and (3) Ca-
tapres-TTS, which controls the transdermal permeation of clonidine for 7 days in
the treatment of hypertension (16). Some variations have been made in the system
design. In the Estraderm system, for example, estradiol is dissolved in ethanolic
solution to form a solution drug reservoir, whereas with Transderm-Scop and Ca-
tapres-TTS the drug is directly dispersed in the adhesive polymer [e.g.,
poly(isobutylene) adhesive] to form a solid drug reservoir.

B. Polymer Matrix Diffusion-Controlled Drug Delivery Systems

In this type of preprogrammed drug delivery system the drug reservoir is prepared
by homogeneously dispersing drug particles in a rate-controlling polymer matrix fab-
ricated from either a lipophilic or a hydrophilic polymer. The drug dispersion in the
polymer matrix is accomplished by either (1) blending a therapeutic dose of finely
ground drug particles with a liquid polymer or a highly viscous base polymer, fol-
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lowed by cross-linking of the polymer chains, or (2) mixing drug solids with a rub-
bery polymer at an elevated temperature. The resultant drug-polymer dispersion is
then molded or extruded to form a drug delivery device of various shapes and sizes
designed for specific application (Figure 9). It can also be fabricated by dissolving
the drug and the polymer in a common solvent, followed by solvent evaporation at
an elevated temperature and/or under a vacuum.

The rate of drug release from this polymer matrix diffusion-controlled drug de-
livery system is time dependent and is defined at steady state by

;% = 2ACDp)"? )

Drug reservoir

Drug - impermeable
metallic plastic laminate

'::::':':“:: OCMOAF O S

Rate - controlling
* + + polymeric membrane

Adhesive layer

0.25

0.20

0.15

0.10

0.05

PLASMA NITROGLYCERIN CONC. {ng/ml £ SD)

0 5 10 15 20 25
TIME (hr)

Figure 8§ Cross-sectional view of Transderm-Nitro showing various structural components
and the 24 hr plasma concentration profiles of nitroglycerin in 14 human volunteers, each
receiving one unit of Transderm-Nitro (20 cm” with a daily dosage rate of 10 mg/day) for
1 day. (Based on References 9 and 10.)
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@ Drug Depletion {}
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Drug Release

Figure 9 A polymer matrix diffusion-controlled drug delivery systems with a drug reservoir
exists as a homogeneous dispersion in (a) a lipophilic, nonswellable polymer matrix with a
growing thickness of the drug depletion zone or (b) a hydrophilic, swellable polymer matrix
with a growing thickness of the drug-depleted gel layer, which resulted from drug release
from the drug-dispersing polymer matrix.

where A is the initial drug loading dose in the polymer matrix; Cy is the drug sol-
ubility in the polymer, which is also the drug reservoir concentration in the system,
and D, is the diffusivity of the drug molecules in the polymer matrix.

The release of drug molecules from this type of controlled release drug delivery
systems is controlled at a preprogrammed rate by controlling the loading dose, poly-
mer solubility of the drug, and its diffusivity in the polymer matrix. Representatives
of this type of drug delivery system are as follows:

Nitro-Dur is a transdermal drug delivery (TDD) system fabricated by first heat-
ing an aqueous solution of water-soluble polymer, glycerol, and polyvinyl alcohol.
The temperature of the solution is then gradually lowered and nitroglycerin and lac-
tose triturate are dispersed just above the congealing temperature of the solution. The
mixture is solidified in a mold at or below room temperature and then sliced to form
a medicated polymer disk. After assembly onto a drug-impermeable metallic plastic
laminate, a patch-type TDD system is produced with an adhesive rim surrounding
the medicated disk (Figure 10). It is designed for application onto intact skin for 24
hr to provide a continuous transdermal infusion of nitroglycerin at a dosage rate of
0.5 mg/cm’/day for the treatment of angina pectoris (10,17,18).

The drug reservoir can also be formulated by directly dispersing the drug in a
pressure-sensitive adhesive polymer, e.g., poly(isobutylene)- or poly(acrylate)-based
adhesive polymer, and then spreading the medicated adhesive polymer by solvent
casting onto a flat sheet of drug-impermeable backing support to form a single layer
or multiple layers of drug reservoir. This type of controlled-release TDD system is
best illustrated by the development and marketing of an isosorbide dinitrate-dispersed
poly(acrylate)-based TDD system in Japan (Frandol tape by Toaeiyo-Yamanouchi)
and of nitroglycerin-dispersed poly(acrylate)-based TDD system in the United States
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Figure 10  Cross-sectional view of Nitro-Dur showing various structural components and the
24 hr plasma nitroglycerin concentration profiles in 24 healthy male volunteers, each receiving
randomly one unit of Nitro-Dur (20 cm?® with a delivery rate of 10 mg/day) over the chest
for 24 h. (Based on References 10 and 18.)

(Nitro-Dur II system by Key) for once-a-day medication of angina pectoris. This
second generation of TDD system (NitroDur II) has recently received FDA approval
for marketing. Nitro-Dur II compares favorably with Nitro-Dur (Figure 11) and has
gradually replaced the first-generation Nitro-Dur in the marketplace.

The Compudose subdermal implant is fabricated by dispersing micronized es-
tradiol crystals in a viscous silicone elastomer and then coating the estradiol-dis-
persing polymer around a rigid (drug-free) silicone rod by extrusion to form a cy-
lindrical implant (Figure 12). This subdermal implant is developed for subcutaneous
implantation in steers for growth promotion and to release a controlled dose of es-
tradiol for as long as 200 or 400 days (19).

To improve the Q versus '/? drug release profiles [Eq. (2)] this polymer matrix
diffusion-controlled drug delivery system can be modified to have the drug loading
level varied in an incremental manner to form a gradient of drug reservoir to com-
pensate for the increase in diffusional path. The rate of drug release from this drug
reservoir gradient-controlled drug delivery systems is defined by

dQ _ Ka/rDa
di b

Cy(ha) (3)
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Figure 11  Cross-sectional view of Nitro-Dur II showing various structural components and
the comparative 24 hr plasma nitroglycerin concentration profiles in 24 healthy male vol-
unteers, each receiving randomly one unit of Nitro-Dur II (open circle) or Nitro-Dur (closed
circle), 20 cm? each with a delivery rate of 10 mg/day, over the chest for 24 h (the arrow
indicates unit removal). (Based on Reference 18.)

In Equation (3) the thickness of the diffusional path through which drug molecules
diffuse increased with time (2,(¢)). To compensate, the loading level and /or the poly-
mer solubility of the impregnated drug are increased in proportion (C,(h,)). A con-
stant drug release profile is thus obtained. This type of controlled-release drug de-
livery system is best illustrated by the development of the nitroglycerin-releasing
Deponit system (Figure 13) by Pharma-Schwartz/Lohmann in Europe (20). Wyeth-
Ayerst has received FDA approval for marketing this system in the United States.

Furthermore, it was recently demonstrated that the release of a drug, such as
propranolol, from the multilaminate adhesive-based TDD system can be maintained
at zero-order kinetics by varying the particle size distribution of drug crystals in the
various laminates of adhesive matrix (21).

C. Microreservoir Partition-Controlled Drug Delivery Systems

In this type of preprogrammed drug delivery systems the drug reservoir is fabricated
by microdispersion of an aqueous suspension of drug using a high-energy dispersion
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Figure 12 The Compudose subdermal implant and subcutancous release profiles of estradiol
from the implants in rats.

technique (22—24) in a biocompatible polymer, such as silicone elastomers, to form
a homogeneous dispersion of many discrete, unleachable, microscopic drug reser-
voirs. Different shapes and sizes of drug delivery devices can be fabricated from this
microreservoir drug delivery system by molding or extrusion. Depending upon the
physicochemical properties of drugs and the desired rate of drug release, the device
can be further coated with a layer of biocompatible polymer to modify the mecha-
nism and the rate of drug release.

The rate of drug release dQ /dt from this type of drug delivery systems is defined
by

dQ D,DmK, { DS(1 — n) <1 1 )]
P O U S— I’lSp RS —

dt D, + DhmK, h, K, K,

“)
where m = a/b and n is the ratio of drug concentration at the inner edge of the
interfacial barrier over the drug solubility in the polymer matrix (1). a is the ratio
of drug concentration in the bulk of elution solution over drug solubility in the same
medium, and b is the ratio of drug concentration at the outer edge of the polymer-
coating membrane over drug solubility in the same polymer. K;, K,,, and K, are the
partition coefficients for the interfacial partitioning of drug from the liquid com-
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Figure 13 Cross-sectional view of Deponit showing various structural components and the
24 hr plasma nitroglycerin concentration profiles in six human volunteers, each receiving one
unit of Deponit (16 cm’® with a daily dosage rate of 5 mg/day) for 24 h. (Plasma profiles are
plotted from data in Reference 20.)

partments to the polymer matrix, from the polymer matrix to the polymer-coating
membrane, and from the polymer-coating membrane to the elution solution, respec-
tively. D,, D,, and D, are the diffusivities of the drug in the liquid layer surrounding
the drug particles, the polymer-coating membrane enveloping the polymer matrix,
and the hydrodynamic diffusion layer surrounding the polymer-coating membrane
with thickness #,, h,, and A, S; and §, are the solubilities of the drug in the liquid
compartments and in the polymer matrix, respectively.

Release of drug molecules from this type of controlled-release drug delivery
system can follow either a dissolution- or a matrix diffusion-controlled process de-
pending upon the relative magnitude of S, and §, (25). The rate of release is con-
trolled at a preprogrammed rate by controlling various physicochemical parameters
in Equation (4). Representatives of this type of drug delivery systems are as follows:

In the transdermal Nitrodisc system (Figure 14) the drug reservoir is formed by
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Figure 14 Cross-sectional view of Nitrodisc showing various structural components and the
32 hr plasma nitroglycerin concentration profiles in 12 human volunteers each receiving one
unit of Nitrodisc (16 cm® with a dialy dosage rate of 10 mg/day) for 32 h. (Plasma profiles
are plotted from data in Reference 23.)

first preparing a suspension of nitroglycerin and lactose triturate in an aqueous so-
lution of 40% polyethylene glycol 400 and dispersing it homogeneously with iso-
propyl palmitate, as dispersing agent, in a mixture of viscous silicone elastomer by
high-energy mixing and then cross-linking the polymer chains by catalyst (26). The
resultant drug-polymer dispersion is then molded to form a solid medicated disk in
situ on a drug-impermeable metallic plastic laminate, with surrounding adhesive rim,
by injection molding under instantaneous heating. It is engineered to provide a trans-
dermal administration of nitroglycerin at a daily dosage of 0.5 mg/cm® for once-a-
day medication of angina pectoris (27,28). A Q versus ¢'/> (matrix diffusion-con-
trolled) release profile is obtained.

The transdermal contraceptive device is based on a patentable micro-drug-res-
ervoir technique (29) to achieve a dual-controlled release of levonorgestrel, a potent
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Figure 15 (Above) The 4 week serum levonorgestrel profiles in 12 human volunteers, each
receiving one or two units of a transdermal contraceptive system (10 cm® with daily dosage
of 28.3 ug/day) once a week, consecutively for 3 weeks, and the same size of placebo on
week 4. (Below) Comparative serum concentration profiles of progesterone during the pre-
treatment and treatment cycles in two subjects, each as the representative for group A (re-
ceiving 10 ¢cm?) and group B (receiving 20 cm?), respectively. The suppression of proges-
terone peak during the treatment cycle is an indication of effective fertility control.

synthetic progestin, and estradiol, a natural estrogen, at constant and enhanced rates
continuously for a period of 7 days (30-35). By applying one unit (10 or 20 cm?)
of transdermal contraceptive device per week, beginning on day 5 of the individual’s
cycle, for 3 consecutive weeks (3 weeks on and 1 week off), steady-state serum
levels of levonorgestrel were obtained and progesterone peak was effectively sup-
pressed (Figure 15).

The subdermal Syncro-Mate-C implant is fabricated by dispersing the drug res-
ervoir, which is a suspension of norgestomet in an aqueous solution of PEG 400, in
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a viscous mixture of silicone elastomers by high-energy dispersion. After the addition
of catalyst the suspension is delivered into silicone medical-grade tubing, which serves
as the mold as well as the coating membrane, and then polymerized in situ. The
polymerized drug-polymer composition is then cut into a cylindrical drug delivery
device with open ends (Figure 16). This tiny cylindrical implant is designed to be
inserted into the subcutaneous tissue of the livestock’s ear flap and to release nor-
gestomet for up to 20 days for the control and synchronization of estrus and ovulation
as well as for up to 160 days for growth promotion. A constant Q versus ¢ (disso-
lution-controlled) release profile is achieved compared to the Q versus 7'/? release
profile (matrix diffusion-controlled drug release) for Nitrodisc.

IV. ACTIVATION-MODULATED DRUG DELIVERY SYSTEMS

In this group of controlled-release drug delivery systems the release of drug mole-
cules from the delivery systems is activated by some physical, chemical, or bio-
chemical processes and/or facilitated by the energy supplied externally (Figure 3).
The rate of drug release is then controlled by regulating the process applied or energy
input. Based on the nature of the process applied or the type of energy used, these
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Figure 16 Cross-sectional view of the Syncro-Mate-C subdermal implant fabricated from the
microreservoir dissolution-controlled drug delivery system, and the subcutaneous controlled
release of Norgestomet, a potent synthetic progestin, at a constant rate for up to 18 days (with
80% loading dose released). The open ends on the implant do not affect the zero-order in
vivo drug release profile. (Adapted from Reference 25.)
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activation-modulated drug delivery systems (DDS) can be classified into the follow-
ing categories:

1. Physical means
Osmotic pressure-activated DDS
Hydrodynamic pressure-activated DDS
Vapor pressure-activated DDS
Mechanically activated DDS
Magnetically activated DDS
Sonophoresis-activated DDS
Tontophoresis-activated DDS
. Hydration-activated DDS
2. Chemical means

a. pH-activated DDS

b. lon-activated DDS

c. Hydrolysis-activated DDS
3. Biochemical means

a. Enzyme-activated DDS

b. Biochemical-activated DDS

SRS an o

Several systems have been successfully developed and applied clinically to the con-
trolled delivery of pharmaceuticals. These are outlined and discussed in the following
sections.

A. Osmotic Pressure-Activated Drug Delivery Systems

This type of activation-controlled drug delivery system depends on osmotic pressure
to activate the release of drug. In this system the drug reservoir, which can be either
a solution or a solid formulation, is contained within a semipermeable housing with
controlled water permeability. The drug is activated to release in solution form at a
constant rate through a special delivery orifice. The rate of drug release is modulated
by controlling the gradient of osmotic pressure.

For the drug delivery system containing a solution formulation, the intrinsic rate
of drug release Q/t is defined by

0 P,A,
t h,,

(s — ) (5)

For the drug delivery system containing a solid formulation, the intrinsic rate of
drug release should also be a constant and is defined by

Q PLA,
t h,,

(’n.s - We)Sd (6)

where P,, A,,, and A, are the water permeability, the effective surface area, and the
thickness of the semipermeable housing, respectively; 7, — #, is the differential
osmotic pressure between the drug delivery system with osmotic pressure 77, and the
environment with osmotic pressure 7,; and S, is the aqueous solubility of the drug
contained in the solid formulation.

The release of drug molecules from this type of controlled-release drug delivery



Concepts and System Design 19

system is activated by osmotic pressure and controlled at a rate determined by the
water permeability and the effective surface area of the semipermeable housing as
well as the osmotic pressure gradient. Representatives of this type of drug delivery
systems are as follows:

In the implantable or insertable Alzer osmotic pump the drug reservoir, which is
normally a solution formulation, is contained within a collapsible, impermeable poly-
ester bag whose external surface is coated with a layer of osmotically active salt,
such as sodium chloride. This reservoir compartment is then completely sealed inside
a rigid housing walled with a semipermeable membrane (Figure 17). At the im-
plantation site the water component in the tissue fluid penetrates through the semi-
permeable housing at a rate determined by P, A,,/h,, to dissolve the osmotically ac-
tive salt. This creates an osmotic pressure 7, in the narrow spacing between the
flexible reservoir compartment wall and the rigid semipermeable housing. Under the
osmotic pressure differential created (w, — 7,), the reservoir compartment is forced
to reduce its volume and the drug solution is delivered at a controlled rate {Eq. (5)]
through the flow moderator in the system (36,37). By varying the drug concentration
in the solution, different doses of drug can be delivered at a constant rate for a period
of 1-4 weeks.

In addition to its application in the subcutaneous controlled administration of
drugs, such as vasopressin (Figure 17), for pharmacological studies, this technology
has recently been extended to the controlled administration of drugs in the rectum
by zero-order kinetics. The hepatic first-pass metabolism of drugs is thus bypassed
(38).

Acutrim tablet, an oral rate-controlled drug delivery device, is a solid tablet of
water-soluble and osmotically active phenylpropanolamine (PPA) HCI enclosed within
a semipermeable membrane made from cellulose triacetate (39,40). The surface of
the semipermeable membrane is further coated with a thin layer of PPA dose for
immediate release (Figure 18). In the gastrointestinal tract the gastrointestional fluid
dissolves the immediately releasable PPA layer, which provides an initial dose of
PPA, and its water component then penetrates through the semipermeable membrane
at a rate determined by P,A,,/A, to dissolve the controlled-release dose of PPA.
Under the osmotic pressure differential created (7, — 7r,), the PPA solution is de-
livered continuously at a controlled rate [Eq. (6)] through an orifice predrilled by a
laser beam (36,37). It is designed to provide a controlled delivery of PPA over a
duration of 16 hr for appetite suppression in a weight control program (41). The
same delivery system has also been utilized for the oral controlled delivery of in-
domethacin. An extension of this technology is the development of a pushup os-
motically-controlled drug delivery system (37) for the oral controlled delivery of
nifedipine and metroprolol.

B. Hydrodynamic Pressure-Activated Drug Delivery Systems

In addition to the osmotic pressure already discussed, hydrodynamic pressure has
also been explored as the possible source of energy to activate the delivery of ther-
apeutic agents (39,42).

A hydrodynamic pressure-activated drug delivery system can be fabricated by
enclosing a collapsible, impermeable container, which contains a liquid drug for-
mulation to form a drug reservoir compartment, inside a rigid shape-retaining hous-
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Figure 18 Cross-sectional view of the Acutrim tablet, an osmotic pressure-activated drug
delivery system, and the effect of increased osmotic pressure in the delivery system on the
release profiles of phenylpropanolamine HCI from the Acutrim tablet at intestinal condition.
(Adapted from References 39 and 41.)

ing (Figure 19). A composite laminate of an absorbent layer and a swellable, hy-
drophilic polymer layer is sandwiched between the drug reservoir compartment and
the housing. In the gastrointestinal tract the laminate absorbs the gastrointestinal fluid
through the annular openings at the lower end of the housing and becomes increas-
ingly swollen, which generates hydrodynamic pressure in the system. The hydro-
dynamic pressure thus created forces the drug reservoir compartment to reduce in
volume and causes the liquid drug formulation to release through the delivery orifice
at a rate defined by

Q _ PfAm
t h,

where P, A,,, and h,, are the fluid permeability, the effective surface area, and the

(0, — 6.) (7)
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Figure 19 Cross-sectional view of a hydrodynamic pressure-activated drug delivery system
showing various structural components. (Reproduced from References 39 and 42.)

thickness of the wall with annular openings, respectively; and 6, — 6, is the differ-
ence in hydrodynamic pressure between the drug delivery system (6,) and the en-
vironment (6,).

The release of drug molecules from this type of controlled-release drug delivery
system is activated by hydrodynamic pressure and controlled at a rate determined by
the fluid permeability and effective surface area of the wall with annular openings
as well as by the hydrodynamic pressure gradient.

C. Vapor Pressure-Activated Drug Delivery Systems

Vapor pressure has also been discovered as a potential energy source to activate the
delivery of therapeutic agents (43). In this type of drug delivery system the drug
reservoir, which also exists as a solution formulation, is contained inside the infusion
compartment. It is physically separated from the pumping compartment by a freely
movable partition (Figure 20). The pumping compartment contains a fluorocarbon
fluid that vaporizes at body temperature at the implantation site and creates a vapor
pressure. Under the vapor pressure created the partition moves upward. This forces
the drug solution in the infusion compartment to be delivered through a series of
flow regulator and delivery cannula into the blood circulation at a constant flow rate
(1,43). The rate of delivery Q/¢ is defined by

0 _d'(P.- P

8
t 40.74ul ®

where d and [ are the inner diameter and the length of the delivery cannula, re-
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Figure 20 Cross-sectional view of Infusaid, a vapor pressure-activated drug delivery system,
and daily heparin dose (mean * SEM) delivered to 25 dogs for 6 months and to 7 dogs for
12 months. (1) Flow regulator, (2) silicone polymer coating, (3) partition, (4) pumping com-
partment, (5) infusate compartment, (6) fluorocarbon fluid filling tube (permanently sealed),
(7) filter assembly, (8) inlet septum for percutaneous refill of infusate, (9) needle stop. (Adapted
from Reference 44.)

spectively; P, — P, is the difference between the vapor pressure in the pumping
compartment P, and the pressure at the implantation site P,; and w is the viscosity
of the drug formulation used.

The release of drug from this type of controlled-release drug delivery system is
activated by vapor pressure and controlled at a rate determined by the differential
vapor pressure, the formulation viscosity and the size of the delivery cannula.

A typical example is the development of an implantable infusion pump (Infusaid
by Metal Bellows) for the constant infusion of heparin in anticoagulation treatment
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Figure 21 Cross-sectional view of the pumping system for metered-dose nebulizers, me-
chanically activated drug delivery systems, for the intranasal delivery of a precise dose of
peptide solution; The pharmacokinetic profiles of buserelin, a peptide drug, following nasal
absorption and its biological effects. (Adapted from Reference 46.)

(44), of insulin in antidiabetic medication (43), and of morphine for patients suffering
from the intense pain of terminal cancer (45).

D. Mechanically Activated Drug Delivery Systems

In this type of activation-controlled drug delivery system the drug reservoir is a so-
lution formulation retained in a container equipped with a mechanically activated
pumping system. A measured dose of drug formulation is reproducibly delivered
into a body cavity, for example the nose, through the spray head upon manual ac-
tivation of the drug delivery pumping system. The volume of solution delivered is
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controllable, as small as 10~100 ul, and is independent of the force and duration of
activation applied as well as the solution volume in the container.

A typical example of this type of rate-controlled drug delivery system is the
development of a metered-dose nebulizer (Figure 21) for the intranasal administration
of a precision dose of buserelin, a synthetic analog of luteinizing hormone releasing
hormone (LHRH) and insulin. Through nasal absorption the hepatic first-pass elim-
ination of these peptide-based pharmaceuticals is thus avoided (46).

E. Magnetically Activated Drug Delivery Systems

In this type of activation-controlled drug delivery system the drug reservoir is a dis-
persion of peptide or protein powders in a polymer matrix from which macromo-
lecular drug can be delivered only at a relatively slow rate. This low rate of delivery
can be improved by incorporating an electromagnetically triggered vibration mech-
anism into the polymeric delivery device. Combined with a hemispherical design, a
zero-order drug delivery profile is achievd (47). A subdermally implantable, mag-
netically activated drug delivery device is fabricated by first positioning a tiny mag-
net ring in the core of a hemispherical drug-dispersing polymer matrix and then
coating its external surface with a drug-impermeable polymer, such as ethylene-vinyl
acetate copolymer or silicone elastomers, except one cavity at the center of the flat
surface. This uncoated cavity is positioned directly above the magnet ring, which
permits a peptide drug to be released (Figure 22).

The hemispherical magnetic delivery device produced has been used to deliver
protein drugs, such as bovine serum albumin, at a low basal rate, by a simple dif-
fusion process under nontriggering conditions (Figure 22). As the magnet is activated
to vibrate by an external electromagnetic field, the drug molecules are delivered at
a much higher rate.

F. Sonophoresis-Activated Drug Delivery Systems

This type of activation-controlled drug delivery systems utilizes ultrasonic energy to
activate (or trigger) the delivery of drugs from a polymeric drug delivery device
(Figure 23). The system can be fabricated from either a nondegradable polymer,
such as ethylene-vinyl acetate copolymer, or a bioerodible polymer, such as poly[bis(p-
carboxyphenoxy)alkane anhydride] (48). The potential application of sonophoresis
(or phonophoresis) to regulate the delivery of drugs was recently reviewed (49).

G. lontophoresis-Activated Drug Delivery Systemns

This type of activation-controlled drug delivery systems uses electrical current to
activate and to modulate the diffusion of a charged drug molecule across a biological
membrane, like the skin, in a manner similar to passive diffusion under a concen-
tration gradient, but at a much facilitated rate. The iontophoresis-facilitated skin per-
meation rate of a charged molecule i consists of three components and is expressed
by

JP =+ o+ ©9)
where:

J? = passive skin permeation flux

dcC
= K,D, o (10)

§
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Figure 22 Cross-sectional view of hemispheric magnetically activated drug delivery system
showing various structural components, and magnetic modulation of the release rate of bovine
serum albumin, a protein molecule of 69,000 daltons. (Reproduced from Reference 47.)

J? = electrical current-driven permeation flux

ZDF _dE
=== (11)
RT ' h,

J° = Convective flow-driven skin permeation flux
= kC,1, (12)
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Figure 23 Application of ultrasound to activate the transdermal delivery of a hydrophilic
molecule, like mannitol, across the intact rat skin.

and where:
K, = partition coefficient for interfacial partitioning from donor solution to
stratum corneum
D, = diffusivity across the skin
D; = diffusivity of ionic species i in the skin
C; = donor concentration of ionic species i in the skin
C = concentration in the skin tissue

N

1

electrical potential gradient across the skin

=&

“
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jdhg = concentration gradient across the skin
o)

Z = electrical valence of ionic species i

iy = current density applied

F = faraday constant

k = proportionality constant

R = gas constant

T = absolute temperature

A typical example of this type of activation-controlled drug delivery system is the
development of an iontophoretic drug delivery system (Phoresor by Motion Control)
to facilitate the percutaneous penetration of anti-inflammatory drugs, such as dex-
amethasone sodium phosphate (50-52), to surface tissues.

Further development of the iontophoresis-activated drug delivery technique has
recently yielded a new design of iontophoretic drug delivery system, the transdermal
periodic iontotherapeutic system (TPIS). This new system, which is capable of de-
livering a physiologically acceptable pulsed direct current in a periodic manner with
a special combination of waveform, intensity, frequency, and on/off ratio, for pro-
grammed duration. It has significantly improved the efficiency of transdermal de-
livery of peptide and protein drugs (53). A typical example is the iontophoretic trans-
dermal delivery of insulin, a protein drug, in the control of hyperglycemia in diabetic
animals (Figure 24). More extensive discussion will be found in Chapter 11.

H. Hydration-Activated Drug Delivery Systems

This type of activation-controlled drug delivery systems depends on the hydration-
induced swelling process to activate the release of drug. In this system the drug
reservoir is homogeneously dispersed in a swellable polymer matrix fabricated from
a hydrophilic polymer. The release of drug is controlled by the rate of swelling of
the polymer matrix. Representatives of this type of hydration-activated drug delivery
systems are as follows.

The Syncro-Mate-B implant is fabricated by dissolving norgestomet, a potent
progestin, in the alcoholic solution of a linear ethylene glycomethacrylate polymer
(Hydron S). The polymer chain is then cross-linked with ethylene dimethacrylate, a
cross-linking agent, to form a solid cylindrical drug-dispersed Hydron implant (54).
This tiny subdermal implant is engineered to release norgestomet upon hydration in
the subcutaneous tissue at a rate of 504 ug/cm’/day'/? for up to 16 days for the
control and synchronization of estrus in livestock (55).

The Valrelease tablet is prepared by a simple pharmaceutical granulation process
of homogeneous dispersion of Valium, a tranquilizer, in hydrocolloid and pharma-
ceutical excipients. The granules are then compressed to form a compressed tablet.
After oral intake the hydrocolloid in the tablet absorbs gastric fluid and forms a
colloidal gel that starts from the tablet surface and grows inward (Figure 25). The
release of Valium molecules is then controlled by matrix diffusion through this gel
barrier; the tablet remains buoyant in the stomach as a result of the density difference
between the gastric fluid (d > 1) and the gelling tablet (d < 1) (2,39).

In addition to the hydrophilic polymers, lipophilic polymers, such as silicone
elastomer, can also be modified to have swelling properties (56—60). This is achieved
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Figure 24 Application of the transdermal periodic iontotherapeutic system (TPIS), an ion-
tophoresis-activated drug delivery system, for the transdermal controlled delivery of insulin
to diabetic rabbits and the reduction in blood glucose level from the hyperglycemic state
compared to conventional subcutaneous administration. (Reproduced from Reference 53.)

by impregnating a water-miscible liquid, such as glycerol, and/or a water-soluble
salt, such as sodium chloride, in the lipophilic polymer matrix. When it contacts
with an aqueous medium, the modified lipophilic polymer becomes swollen as a
result of continuous absorption of water by the hydrophilic additives in the polymer
matrix. This activates the release of drugs, peptide and nonpeptide, at a significantly
enhanced rate.
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Figure 25 (Top) The Valrelease tablet, a hydration-activated drug delivery system, and the
hydration-induced formation of a colloid gel barrier, (Bottom) Comparative gastric retention
profiles of the Valrelease and Valium tablets.

I. pH-Activated Drug Delivery Systems

This type of activation-controlled drug delivery system permits targetting the delivery
of a drug only in the region with a selected pH range (39). It is fabricated by coating
the drug-containing core with a pH-sensitive polymer combination. For instance, a
gastric fluid-labile drug is protected by encapsulating it inside a polymer membrane
that resists the degradative action of gastric pH, such as the combination of ethyl-
cellulose and hydroxylmethylcellulose phthalate (Figure 26).

In the stomach, the coating membrane resists the action of gastric fluid (pH <
3) and the drug molecules are thus protected from acid degradation. After gastric
emptying the drug delivery system travels to the small intestine and the intestinal
fluid (pH > 7.5) activates the erosion of the intestinal fluid-soluble hydroxylme-
thylcellulose phthalate component from the coating membrane. This leaves a micro-
porous membrane constructed from the intestinal fluid-insoluble polymer of ethyl-
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Figure 26 A pH-activated drug delivery system and the pH-dependent formation of micro-
porous membrane in the intestinal tract.

cellulose, which controls the release of drug from the core tablet. The drug solute
is thus delivered at a controlled manner in the intestine by a combination of drug
dissolution and pore-channel diffusion. By adjusting the ratio of the intestinal fluid-
soluble polymer to the intestinal fluid-insoluble polymer, the membrane permeability
of a drug can be regulated as desired.

J.  lon-Activated Drug Delivery Systems

In addition to the iontophoresis-activated drug delivery system just discussed, an
ionic or a charged drug can be delivered by an jon-activated drug delivery system
(39).

Such a system is prepared by first complexing an ionic drug with an ion-ex-
change resin containing a suitable counterion, for example, by forming a complex
between a cationic drug with a resin having a SO; group or between an anionic drug
with a resin having a N(CH,); group. The granules of drug-resin complex are first
treated with an impregnating agent, such as polyethylene glycol 4000, to reduce the
rate of swelling in an aqueous environment and then coated, by air suspension coat-
ing, with a water-insoluble but water-permeable polymeric membrane, such as ethyl-
cellulose. This membrane serves as a rate-controlling barrier to modulate the influx
of ions as well as the release of drug from the system. In an electrolyte medium,
such as gastric fluid, ions diffuse into the system, react with the drug-resin complex,
and trigger the release of ionic drug (Figure 27).

This system is exemplified by the development of Pennkinetic (by Pennwalt
Pharmaceuticals), which permits the formulation of liguid suspension dosage forms
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Figure 27 Cross-sectional view of an ion-activated drug delivery system showing various
structural components, with a diagram of ion-activated drug release. (Adapted from Reference
39.)

with sustained drug release properties for oral administration (61-63). Since the gas-
trointestinal fluid regularly maintains a relatively constant level of ions (i.e., constant
ionic strength), theoretically the delivery of drug from this ion-activated oral drug
delivery system can be maintained at a relatively constant rate.

K. Hydrolysis-Activated Drug Delivery Systems

This type of activation-controlled drug delivery system depends on the hydrolysis
process to activate the release of drug molecules. In this system the drug reservoir
is either encapsulated in microcapsules or homogeneously dispersed in microspheres
or nanoparticles for injection. It can also be fabricated as an implantable device. All
these systems are prepared from a bioerodible or biodegradable polymer, such as
co(lactic-glycolic)polymer, poly(orthoester), or poly(anhydride). The release of a drug
from the polymer matrix is activated by the hydrolysis-induced degradation of poly-
mer chains and controlled by the rate of polymer degradation (64). A typical example
of a hydrolysis-activated drug delivery system is the development of LHRH-releasing
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biodegradable subdermal implant, which is designed to deliver goserelin, a synthetic
LHRH analog, for once-a-month treatment of prostate carcinoma (Figure 28).

L. Enzyme-Activated Drug Delivery Systems

This type of activation-controlled drug delivery system depends on the enzymatic
process to activate the release of drug. In this system the drug reservoir is either
physically entrapped in microspheres or chemically bound to polymer chains from
biopolymers, such as albumins or polypeptides. The release of drugs is activated by
the enzymatic hydrolysis of the biopolymers by a specific enzyme in the target tissue
(65-67). A typical example of this enzyme-activated drug delivery system is the
development of albumin microspheres that release 5-fluorouracil in a controlled man-
ner by protease-activated biodegradation.

V. FEEDBACK-REGULATED DRUG DELIVERY SYSTEMS

In this group of controlled-release drug delivery systems the release of drug mole-
cules from the delivery systems is activated by a triggering agent, such as a bio-
chemical substance, in the body and also regulated by its concentration via some
feedback mechanisms (Figure 3). The rate of drug release is then controlled by the
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Figure 28 Amino acid sequence of goserelin, a synthetic LHRH, and the effect of subcuta-
neous controlled release of goserelin from the biodegradable poly(lactide-glycolide) subdermal
implant on the serum levels of LH and testosterone.
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concentration of triggering agent detected by a sensor in the feedback-regulated
mechanism.

A. Bioerosion-Regulated Drug Delivery System

The feedback-regulated drug delivery concept was applied to the development of a
bioerosion-regulated drug delivery system by Heller and Trescony (68). The system
consisted of drug-dispersed bioerodible matrix fabricated from poly(vinyl methyl ether)
half-ester, which was coated with a layer of immobilized urease (Figure 29). In a
solution with near neutral pH, the polymer only erodes very slowly. In the presence
of urea, urease at the surface of drug delivery system metabolizes urea to form am-
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Figure 29 Cross-sectional view of a bioerosion-regulated hydrocortisone delivery system, a
feedback-regulated drug delivery system, showing the drug-dispersed monolithic bioerodible
polymer matrix with surface-immobilized ureases. The mechanism of release and time course
for the urea-activated release of hydrocortisone are also shown. (Based on Reference 68.)
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monia. This causes the pH to increase and a rapid degradation of polymer matrix as
well as the release of drug molecules.

B. Bioresponsive Drug Delivery Systems

The feedback-regulated drug delivery concept has also been applied to the devel-
opment of a bioresponsive drug delivery system by Horbett et al. (69). In this system
the drug reservoir is contained in a device enclosed by a bioresponsive polymeric
membrane whose drug permeability is controlled by the concentration of a biochem-
ical agent in the tissuc where the system is located.

A typical example of this bioresponsive drug delivery system is the development
of a glucose-triggered insulin delivery system in which the insulin reservoir is en-
capsulated within a hydrogel membrane having pendant NR, groups (Figure 30). In
alkaline solution the —NR, groups are neutral and the membrane is unswollen and
impermeable to insulin. As glucose, a triggering agent, penetrates into the mem-
brane, it is oxidized enzymatically by the glucose oxidase entrapped in the membrane
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Figure 30 Cross-sectional view of a bioresponsive insulin delivery system, a feedback-reg-
ulated drug delivery system, showing the glucose oxidase-entrapped hydrogel membrane con-
structed from amine-containing hydrophilic polymer. The mechanism of insulin release in
response to the influx of glucose is also illustrated. (Based on Reference 69.)
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to form gluconic acid. The —NR, groups are protonated to form —NR,H", and the
hydrogel membrane then becomes swollen and permeable to insulin molecules (Fig-
ure 30). The amount of insulin delivered is thus bioresponsive to the concentration
of glucose penetrating the insulin delivery system.

C. Self-Regulating Drug Delivery Systems

This type of feedback-regulated drug delivery systems depends on a reversible and
competitive binding mechanism to activate and to regulate the release of drug. In
this system the drug reservoir is a drug complex encapsulated within a semipermeable
polymeric membrane. The release of drug from the delivery system is activated by
the membrane permeation of a biochemical agent from the tissue in which the system
is located.

Kim et al. (70) first applied the mechanism of reversible binding of sugar mol-
ecules by lectin into the design of self-regulating drug delivery systems. It first in-
volves the preparation of biologically active insulin derivatives in which insulin is
coupled with a sugar (e.g., maltose) and this into an insulin-sugar-lectin complex.
The complex is then encapsulated within a semipermeable membrane. As blood glu-
cose diffuses into the device and competitively binds at the sugar binding sites in
lectin molecules, this activates the release of bound insulin-sugar derivatives. The
released insulin-sugar derivatives then diffuse out of the device, and the amount of
insulin-sugar derivatives released depends on the glucose concentration. Thus a self-
regulating drug delivery is achieved. However, a potential problem exists: that is,
the release of insulin is nonlinear in response to the changes in glucose level (71).
For instances, a glucose level of 500 mg/dl triggers the release of insulin at only
twice the rate of that at 50 mg/dl.

Further development of the self-regulating insulin delivery system utilized the
complex of glycosylated insulin-concanavalin A, which is encapsulated inside a polymer
membrane (72). As glucose, the triggering agent, penetrates the system, it activates
the release of glycosylated insulin from the complex for controlled delivery out of
the system (Figure 31). The amount of insulin delivered is thus self-regulated by the
concentration of glucose penetrating the insulin delivery system.

VI. SUMMARY

The controlled-release drug delivery systems outlined here have been steadily intro-
duced into the biomedical community since the middle of the 1970s. There is a
growing belief that many more of the conventional drug delivery systems we have
been using for many decades will be gradually replaced in coming years by these
controlled-release drug delivery systems based on high technology.

Delivery of a drug to a target tissue that needs medication is known to be a
complex process consisting of multiple steps of diffusion and partitioning. The con-
trolled-release drug delivery systems outlined here generally address only the first
step of this complex process. They have been designed to control the rate of drug
release from the delivery systems, but the path for the transport of drug molecules
from the delivery system to the target tissue remains largely uncontrolled.

Ideally, the path of drug transport should also be under control. Then, the ul-
timate goal of optimal treatment with maximal safety can be reached. This can be
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Figure 31 Various components of a self-regulating insulin delivery system, a feedback-reg-
ulated drug delivery system, and its control of blood glucose level in pancreatectomized dogs.
(Based on Reference 72.)

reasonably accomplished by the development of site-targeting controlled-release drug
delivery systems (Figure 3). An ideal site-targeting drug delivery system has been
proposed by Ringsdorf (73). A model is shown in Figure 32. It is constructed from
a nonimmunogenic and biodegradable polymer backbone having three types of at-
tached functional groups: (1) a site-specific targeting moiety that leads the drug de-
livery system to the vicinity of a target tissue (or cell); (2) a solubilizer that enables
the drug delivery system to be transported to and preferentially taken up by a target
tissue, and (3) a drug moiety that is convalently bonded to the polymer backbone
through a spacer and contains a cleavalbe group that can be cleaved only by a specific
enzyme(s) at the target tissue. Unfortunately, this ideal site-targeting controlled-re-
lease drug delivery system is only in the conceptual stage. Its construction remains
a largely unresolved, challenging task for the biomedical and pharmaceutical sci-
ences.
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Figure 32 An ideal site-targeting controlled-release drug delivery. (Based on Reference 73.)
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2
Fundamentals of Rate-Controlled
Drug Delivery

I. INTRODUCTION

In Chapter 1 the concept of rate-controlled drug delivery was introduced. This laid
the foundation for the development of various controlled-release drug delivery sys-
tems.

Depending upon the sophistication of the technology in use, controlled-release
drug delivery systems can be classified into the following three categories:

1. Rate-preprogrammed drug delivery systems
2. Activation-modulated drug delivery systems
3. Feedback-regulated drug delivery systems

All three categories of controlled-release drug delivery systems (Figure 1) consist of
the following common structural features:

Drug reservoir compartment
Rate-controlling element
3. Energy source

[\

As discussed in Chapter 1, the rate-preprogrammed drug delivery system can be
viewed as the first generation of controlled-release drug delivery systems (DDS),
providing the technological basis for the later development of activation-modulated
drug delivery systems, as the second generation of controlled-release DDS, and of
feedback-regulated drug delivery systems, as the third generation of controlled-re-
lease DDS. Therefore, analysis of the mechanisms and fundamentals involved in the
rate-controlled delivery of drugs from rate-preprogrammed drug delivery systems
will assist us in gaining a basic understanding of the scientific principles and tech-
nological foundation behind various types of controlled-release DDS and in laying
the framework for the development of activation-modulated and feedback-regulated
drug delivery systems. The knowledge gained will also aid the rational design of an
ideal site-targeting controlled-release drug delivery system in the future.

13
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1) Rate-preprogrammed DDS 2) Activation-modulated DDS

Rate-controlling Rate-controlling

Drug reservoir Surface | Drug reservoir Surface

Energy Sensor

3) Feedback-regulated DDS

. Rate-controlling
Drug reservoir Surface

Biochemical responsive/
Energy Sensor

Figure 1 Various classes of controlled-release drug delivery systems. (Modified from Baker,
1987.)

Essentially, rate-preprogrammed drug delivery systems are constructed from the
following two basic types of controlled-release drug delivery systems.

A. Polymer Membrane Permeation-Controlled Drug Delivery Systems

Examples are the progesterone-releasing intrauterine device (IUD) for yearly intra-
uterine contraception, the pilocarpine-releasing ocular insert for 4—7 day continuous
glaucoma treatment, the nitroglycerin-releasing Transderm-Nitro therapeutic system
for daily prophylaxis or therapy of angina pectoris, and the levonorgestrel-releasing
subdermal implant for 3—7 year subcutaneous fertility control. In this type of con-
trolled-release drug delivery system the drug reservoir compartment is encapsulated
inside a polymeric membrane, which acts as a rate-controlling element, and the re-
lease of drug is controlled by its permeation through the rate-controlling membrane
(Figure 2).

B. Polymer Matrix Diffusion-Controlled Drug Delivery Systems

Examples are the nitroglycerin-releasing Nitro-Dur therapeutic systems for the pro-
phylaxis or therapy of angina pectoris, the medroxyprogesterone acetate-releasing
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Figure 2 The controlled release of drug molecules from a membrane permeation-controlled
reservoir-type drug delivery device of various shapes in which drug is contained in a
reservoir compartment enclosed by a polymer membrane. Cg, drug concentration in the
drug reservoir compartment; C,, the solubility of drug in the polymer phase; C,,., the con-
centration of drug at the polymer/solution interface; C, the concentration of drug at the
solution/polymer interface; C,, the concentration of drug in the bulk of elution solu-
tion; A,,, thickness of the membrane wall; and A,, thickness of the hydrodynamic diffusion
layer.

vaginal ring for cyclic contraception, and the norgestomet-releasing subdermal hy-
drophilic implants for controlled estrus synchronization. In this type of controlled-
release drug delivery system the drug reservoir is homogeneously dispersed through-
out a polymer matrix, which acts as rate-controlling element, and the release of drug
is thus controlled by its diffusion through the rate-controlling polymer matrix (Figure
3).

Theoretically, the controlled release of drugs from both membrane permeation-
and matrix diffusion-controlled drug delivery systems is governed by Fick’s laws of
diffusion (1), which define the flux of diffusion J, across a plane surface of unit
area as follows:

Jp = Ddc o))
b dx

where D is the diffusivity of drug molecule in a medium of solid, solution, or gas;
dc/dx is the concentration gradient of the drug molecule across a diffusional path

with thickness dx; and a negative sign is used to define the direction of diffusion
from a region with high concentration to a region with low concentration. The drug
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Figure 3 The controlled release of drug molecules from a polymer matrix diffusion-con-
trolled dispersion-type drug delivery device in which solid drug is homogeneously dispersed
in the polymer matrix. A, the initial amount of drug solids impregnated in a unit volume of
polymer matrix; C, the reservoir concentration or saturated concentration of drug in the poly-
mer phase; D,, the diffusivity of drug in the polymer matrix; %, and h,, the thicknesses of
the drug depletion zone in the matrix and of the hydrodynamic diffusion layer on the im-
mediate surface of the device, respectively; and d(h,), the differential thickness of the de-
pletion zone formed following the release of more drug solids.

concentration gradient acts as the energy element for the diffusion of drug molecules.

Kinetically, however, the release of drug molecules from these two types of drug
delivery system is essentially controlled by two different mechanistic patterns that
result from the time dependency of the diffusional flux J, [Equation (1)]. In the case
of the membrane permeation-controlled drug delivery devices, the drug concentration
gradient dc/dx across a constant thickness of polymer membrane is essentially con-
stant and thus is invariable with time (Figure 2). On the other hand, the concentration
gradient in matrix diffusion-controlled drug delivery devices is time dependent and
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decreases progressively in response to the growing increase in the thickness of the
diffusional path dx (Figure 3) as time goes on (2).

Therefore, mechanistic analysis should be conducted using different physical
models for gaining fundamental understanding of the rate-controlled delivery of drugs
from these basic types of controlled-release drug delivery systems.

II. MECHANISTIC ANALYSIS OF CONTROLLED-RELEASE DRUG
DELIVERY

For the mechanistic analysis of rate-controlled drug release from both membrane
permeation-controlled and matrix diffusion-controlled drug delivery systems and their
hybrids, the following assumptions must be established:

1. Dissolution of drug crystals into their surrounding medium is the first step of
the drug release process.

2. A pseudo-steady state exists in the process of controlled drug release.

3. The diffusion coefficient of a drug molecule in a given medium is invariable
with time and distance.

4. The interfacial partitioning of a drug molecule from polymer toward solution is
related to its solubilities in polymer (C,) and in solution (C;) as defined by

K== 2
where K is defined as the distribution (or partition) coefficient.

A. Polymer Membrane Permeation-Controlled Drug Delivery Systems

The release of drug molecules from a drug delivery device having a rate-controlling
polymer membrane can be visualized schematically as in Figure 2. A reservoir of
drug particles is encapsulated in a compartment of various shapes with walls made
from rate-controlling polymer membranes with a well-defined thickness 4,,. Mic-
roscopically the drug molecules on the outermost layer of particles must dissociate
themselves from the crystal state and dissolve in the surrounding medium, partition
and diffuse through the polymer structure, and finally partition into the elution me-
dium surrounding the device. A thickness h, of the hydrodynamic diffusion layer, a
stagnant solution layer in which drug molecules diffuse by natural convection under
a concentration gradient, is also present on the immediate surface of the device (3).
If the thickness of the hydrodynamic diffusion layer is maintained constantly small
in magnitude than the surface area of the device available for the diffusion of drug
molecules, the diffusion of drug molecules to and from the device surface across the
hydrodynamic diffusion layer may be treated, for simplicity, as one-dimensional dif-
fusion to a plane surface (4).

The cumulative amount of drug Q released from a unit surface area of a polymer
membrane permeation-controlled drug delivery device can be described by the math-
ematical expression

C,KD,D,, D,,D, '
= t— Cb(t)dt
KD, + Dby KDgh, + Dyhy J,

3
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where C, is the solubility of drug in the polymer phase, K was defined earlier by
Equation (2); D, and D, are the diffusivities in the polymer membrane with thickness
h,, and in the aqueous solution in the hydrodynamic diffusion layer with thickness
hy, respectively, Cy, is the concentration of drug in the interface of diffusion layer/
bulk solution, 7 is time, and df is a differential length of time.

If a sink condition is maintained throughout the course of controlled drug release,
i.e., Cppy = 0 or C; > Cy,, Equation (3) can be reduced to

C,KD,D,,

KD, + D, h, @

Equation (4) suggests that the controlled release of drug molecules from polymer
membrane permeation-controlled drug delivery devices should yield a constant drug
release profile. The rate of drug release is defined by

Q0  C,KD,D,

S (5)
t KDy, + D,h,

This Q versus ¢ relationship is also followed fairly well in the controlled release
of progesterone from a Progestasert IUD, which contains a suspension of proges-
terone crystals in membrane-impermeable silicone medical fluid as a drug reservoir
in which progesterone molecules must be dissolved in the suspending medium before
partitioning onto the nonporous membrane of the ethylene-vinyl acetate copolymer
(Chapter 10); in the controlled release of nitroglycerin from the Transderm-Nitro
system, in which nitroglycerin molecules are also dissolved in the silicone medical
fluid partition and diffuse through the liquid-filled microporous membrane of the
ethylene-vinyl acetate copolymer and silicone adhesive layer (Chapter 7); and in the
controlled release of pilocarpine from the Ocusert ophthalmic insert, in which pilo-
carpine-alginate, the drug reservoir core, is encapsulated in a semipermeable mem-
brane of an ethylene-vinyl acetate copolymer and pilocarpine molecules must be
dissolved in the tear fluid, which penetrates into the device, before being diffused
out of the drug delivery device (Chapter 6). From a system design viewpoint, the
Progestasert, Transderm-Nitro, and Ocusert controlled-release drug delivery systems
are extensions of the polymer membrane permeation-controlled drug delivery sys-
tem. A typical set of results is illustrated by the controlled release of nitroglycerin
from the Transderm-Nitro system (Figure 4), in which the intrinsic rate of drug re-
lease is described by

Q Km/rKa/mDaDm
= Cr (6)
t KyppDuho + KopnDohy,

where K,,,, and K, are the partition coefficients for the interfacial partitioning of
drug molecules from the drug reservoir to the rate-controlling membrane and from
the membrane to the surface adhesive layer, respectively; D,, and D, are the diffusion
coefficients in the rate-controlling membrane (with thickness 4,,) and in the adhesive
layer (with thickness h,), respectively. Since it is a microporous membrane, the po-
rosity and tortuosity of the pores in the membrane should be included in the deter-
mination of D,, and h,,. Cy is the drug concentration in the reservoir compartment.

The constant drug release profile (Q versus ¢ linearity) is maintained as long as
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Figure 4 Comparative release profiles of nitroglycerin from the Transderm-Nitro system, a
membrane permeation-controlled reservoir-type drug delivery device, and from the Nitro-Dur
system, a polymer matrix diffusion-controlled dispersion-type drug delivery device.

the release of drugs is under membrane permeation control and the concentration of
drug stays at the saturation level.

Two extreme conditions may exist for Equation (5), depending upon the relative

magnitude of the KDk, term compared with the D, A, term.

Condition 1. If the KD, term is significantly greater than the D, A, term, as in a

thick polymer membrane (A,) and/or a membrane fabricated from a polymer
material with an extremely low drug diffusivity (D,,), Equation (5) is simplified
to Equation (7):

0 C,D,
t h,,

Under this condition the release of drug molecules is governed by the membrane-
modulated permeation process and the rate of drug release is a function of the

polymer solubility C, and membrane diffusivity D,, and is inversely proportional
to the thickness of the polymer membrane #,,.

)

Condition 2. If the KD, term is substantially smaller than the D, h, term, as in

a drug species with a very low interfacial partition coefficient (X) or a thick
hydrodynamic diffusion layer (#,), Equation (5) can be reduced to Equation (8):

Q KD,C,
t hy,

(8a)
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or, since KC, = C;,

Q _Cst

iy (8b)

Under this condition the release of drug molecules is governed by the diffusion
layer-limiting partition-controlled process and the rate of drug release is a linear
function of both the solution solubility C, and solution diffusivity D, in the dif-
fusion layer and is inversely proportional to the thickness of the hydrodynamic
diffusion layer A, Close examination of Equations (7) and (8b) indicates that
both equations share the same features of those of Fick’s expression for diffu-
sional flux [Equation (1)].

B. Polymer Matrix Diffusion-Controlled Drug Delivery Systems

In this type of drug delivery device the drug reservoir compartment is a homogeneous
dispersion of drug as discrete crystals (or solid particles) in a matrix environment
formed by the cross-linking of linear polymer chains. The dispersing drug crystals
(or particles) cannot move away from their individual positions in the polymer ma-
trix. It is believed that the drug molecules can elute out of the matrix only by, first,
dissolution in the surrounding polymer and then diffusion through the polymer struc-
ture. It is visualized that, microscopically, the drug solids in the layer closer to the
surface of the device are the first to elute, and when this layer becomes depleted the
drug solids in the next layer then begin to dissolute and elute. This is schematically
illustrated in Figure 3C. There exists a drug depletion zone with a thickness 4,. This
thickness becomes greater and greater as more drug solids elute out of the device,
leading to inward advancement of the interface of the drug dispersion zone/drug
depletion zone farther into the core of the device for another thickness d(#,).

Microscopically there also exists a thin layer of stagnant solution, known as the
hydrodynamic diffusion layer, on the immediate surface of the device. The thickness
h, of this stagnant solution layer varies with the hydrodynamics of the solution in
which the device is immersed. If this thickness is controlled at a finite and constant
value, which can be achieved by rotating the device at a constant angular rotation
(6), and is smaller than the surface area of the device available for the diffusion of
drug molecules, the diffusion of drug molecules to and from the device surface may
also be treated, for simplicity, as one-dimensional diffusion to a plane surface (4).

The cumulative amount of drug Q released from a thickness of drug dispersion
zone h, in the polymer matrix diffusion-controlled drug delivery system is defined
by

(), 9
Q~ 2 D ()

where A is the initial amount of drug solid impregnated in a unit volume of polymer
matrix (mg/cm’) and A, is a time-dependent variable. Its magnitude depends on the
physicochemical interactions between drug molecules and polymer matrix as ex-
pressed mathematically by the complicated relationship

- 24 = C)DJuh, _ 2C,D,
" (A-C,/2)DAK A -C,/2

(10)



Fundamentals of Rate-Controlled Delivery 51

where £ is a constant that accounts for the relative magnitude of the concentration
gradients in both diffusion layer and depletion zone. The other terms have the same
meaning as defined in Equations (3) through (9).

The complicated relationship of Equation (10) can be simplified if the following
conditions exist.

Condition 1. At the very early stage of drug release process, only a small amount
of drug has been released from the surface layers of drug-dispersed polymer
matrix so the thickness of depletion zone 4, is so small that the following con-
dition exists:

, _ 24 = Dby

<€ = 11
" (A - C,/2)D kK (h
and Equation (10) is reduced to
kD,KC
hy=——L (12)
A = C)hy
Substituting Equation (12) for the h, term in Equation (9) gives
kD,KC
0= i t (13a)
hy
or
kD,C,
= t (13b)
ha

sinceA - C,=A — C,/2 = A and KC, = C..

The same drug release pattern (Q versus # profile) is also observed if the
magnitude of the partition coefficient K is so small and/or the thickness of the
hydrodynamic diffusion layer £, is so large that the condition defined by Equa-
tion (11) exists throughout the whole course of a drug release process (7). This
results in a constant drug release rate as described by

Q  kD,C,

t hy

The similarity of Equation (14) to Equation (8b) suggests that, under the
diffusion layer-limiting partition-controlled process, both membrane permeation-
and matrix diffusion-controlled drug delivery systems produce essentially a con-
stant drug release profile. The presence of the k term in Equation (14) implies
that polymer matrix diffusion-controlled drug delivery devices are more sensitive
than polymer membrane permeation-controlled drug delivery systems to the rel-
ative difference in the concentration gradients between the depletion zone and
the diffusion layer.

Condition 2. If the magnitude of the partition coefficient K is very large and/or
the thickness of the diffusion layer A, is rather small, or the thickness of the
drug depletion zone #,, after a finite time has passed, becomes substantially large
in its magnitude, the following condition exists:

2 24~ CIDh,
"7 (A - C,/2)D kLK

(14)

(15)
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so Equation (10) is reduced to

1/2
2C,D
h, = (_u_ t) (16)
A—-C,/2
Substituting Equation (16) for the A, term in Equation (9) yields
0 =[(2A - C,)C,D 11" (17)

Equation (17) indicates that, after a finite period of drug elution, a matrix dif-
fusion-controlled process becomes the predominant step in determining the rate
of drug release from the drug-dispersing polymer matrix; The cumulative amount
of drug Q released from a unit surface area of a polymer matrix diffusion-con-
trolled drug delivery device becomes directly proportional to the square root of
time 7'/2. This Q versus ¢'/? relationship has been demonstrated in the intravaginal
controlled release of progestins from various types of vaginal rings (Chapter 9),
in the transdermal controlled release of nitroglycerin from the Nitro-Dur trans-
dermal infusion system (Chapter 7), and in the subcutaneous controlled release
of norgestomet from Hydron subdermal implants (Chapter 8). A typical set of
results for the Q versus ¢'/? drug release profile is shown in Figure 4. The flux
of drug release is defined by

Q _ 1

i [(2A — C)C,D,] (18)

Kinetically, a remarkable difference in the patterns of drug release profiles is
expected between the matrix-controlled process [Equation (17)] and the diffusion
layer-limiting partition-controlled process [Equation (13b)], as well as in the rates
of drug release at steady state from the polymer matrix diffusion-controlled drug
delivery system [Equation (18)] and from the polymer membrane permeation-con-
trolled drug delivery system [Equations (7) and (8)]. This is demonstrated by the
difference in the release profiles of nitroglycerin from the Transderm-Nitro and Ni-
tro-Dur systems (Figure 4).

The release of drugs from semisolid ointment (8) and solid wax matrix (9) sys-
tems was also reported to follow the Q versus 7'/* relationship as defined by Equation
7.

The transition between a partition-controlled process and a matrix-controlled pro-
cess was investigated in great detail using a homologous series of the esters of p-
aminobenzoic acid (10). It was observed that the transition time f,,, at which the
diffusional resistances across the hydrodynamic diffusion layer 4, and across the drug
depletion zone 4, in the polymer matrix are equal in their magnitudes, is defined by

387 1
fpans = —— T 19
‘ a KC, 19
where K and C; are as defined earlier and « and B are defined by the expressions
2AD,e
a = (20)
0
AD he
B= s 21

D0
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where € and § are the porosity and tortuosity of the polymer matrix, A, D,, D,, and
h, are as defined earlier.

Equation (19) suggests that the transition time t,,,; is dependent upon a number
of system parameters, such as drug loading A; the diffusivities D, and D,, solution
solubility C,, and partition coefficient K of the drug; the porosity € and tortousity 6
of the polymer matrix; and the thickness of the hydrodynamic diffusion layer A,.

The controlled release of drug molecules from a matrix-type drug delivery sys-
tem fabricated from a biodegradable or bioerodible polymer is more complicated and
can be viewed as the result of two concurrent kinetic processes: the diffusion of drug
molecules in the polymer matrix and the first-order hydrolytic erosion (or degrada-
tion) of the polymer (Chapter 8).

C. (Membrane-Matrix) Hybrid Drug Delivery Systems

Recently, several (membrane-matrix) hybrid (or sandwich) drug delivery systems
were developed with the objective of combining the constant drug release kinetics
of polymer membrane permeation-controlled drug delivery systems with the me-
chanical superiority of polymer matrix diffusion-controlled drug delivery systems.
The hybrid system is exemplified by the development of clonidine-releasing and
scopolamine-releasing transdermal therapeutic systems (Catapres-TTS and Trans-
derm-Scop, Chapter 7), levonorgestrel-releasing subdermal implants (Norplant II,
Chapter 8), and the d-norgestrel-releasing vaginal ring (Chapter 9), in which a rate-
controlling nonmedicated polymeric membrane is added to coat the surface of the
drug-dispersing polymer matrix, and the release of drug molecules thus becomes
controlled by membrane permeation instead of matrix diffusion.

The release profile of drug from a sandwich drug delivery system (Figure 5) is
constant, and the instantaneous rate of drug release is defined by

doQ AC,D,

dt [D,K,(1/P, + 1/P)) + 4AC,Dt">
where A is the initial amount of drug solid impregnated in a unit volume of polymer
matrix with solubility C, and diffusivity D,; K,, is the partition coefficient for the
interfacial partitioning of drug molecules from polymer matrix toward polymer coat-
ing membrane; P,, is the permeability coefficient of the polymer coating membrane
with thickness #,,; and P, is the permeability coefficient of the hydrodynamic dif-
fusion layer with thickness A,,.

At the initial stage of the drug release process, the thickness of the drug depletion
zone h,(¢) is very small in magnitude and the rate-controlling step in the release of
drug from a sandwich drug delivery system resides in the polymer coating membrane
(and the hydrodynamic diffusion layer). In such a circumstance Equation (22) can
be reduced to

(22)

dQ  C,P,P,

A zero-order (Q versus ?) drug release profile results, and the rate of drug release
is described by
0 C,P.P,

e 24
t KP,+P) @9

(23)
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Figure 5 The controlled release of drug molecules from a (membrane-matrix) hybrid (or
sandwich)-type drug delivery system in which solid drug is homogeneously dispersed in a
polymer matrix, which is then encapsulated inside a polymeric membrane, where D, P, and
h are the diffusivity, permeability, and thickness, respectively, and the subscripts p, m, and
d denote the drug depletion zone in the polymer matrix, polymer coating membrane, and
diffusion layer, respectively.

As the duration of drug release is prolonged, the receding interface of the drug
depletion zone/drug dispersion zone progresses to the extent that the diffusion pro-
cess through the drug depletion zone becomes the predominant step in determining
the release of drug molecules from the sandwich drug delivery system. In this sit-
uation Equation (22) is simplified to

o 1 (ACPDP>]/2

a2\ t 23)
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and a non-zero—order (Q versus s 2 drug release profile results and the flux of drug
release is described by

;% = (2AC,D,)'" (26)

D. Microreservoir Dissolution-Controlled Drug Delivery Systems

Another approach to achieve a constant drug release profile from a matrix-type drug
delivery system is illustrated by the development of microreservoir dissolution-con-
trolled drug delivery systems (MDD) (11). MDD are composed of a homogeneous
dispersion of numerous microscopic spheres (<30 um) of drug suspension in a solid
polymer matrix. These drug-containing spheres exist homogeneously throughout the
cross-linked polymer matrix as a discrete, immobilized, unleachable liquid com-
partment (Figure 6). The drug molecules can elute out of the MDD only by, first,
dissolution in the liquid compartment and partitioning into and diffusion through the
polymer matrix, and then partitioning into the surrounding elution solution. Mech-

microreservoir
D H
Drug
particle D D Dy .
p P perfect sink
m d (Cp=0)
Polymer matrix Polymer Diffusion Solution bulk
coating  layer
membrane

Figure 6 A cross-section of a microreservoir dissolution-controlled drug delivery system.
The microscopic liquid compartments, which encapsulate drug particles, are homogeneously
dispersed as discrete, immobilized, unleachable spheres (with diameter = 30 um) in a cross-
linked polymer matrix. D, P, and & are the diffusivity, permeability, and thickness, respec-
tively, and the subscripts p, m, and d denote the polymer matrix, polymer coating membrane,
and diffusion layer, respectively.
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anistic analysis suggested that drug release from MDD can be expressed by the re-
lationship

0 D,,DmK,, [c D@u—m<1+1) .
Y _ nC. — 2 WA
t Dph,+Dsh,mK,| ° h K, K @7

p
where m = a/b, in which a is the ratio of drug concentration in the bulk of elution
solution over drug solubility in the same medium and b is the ratio of drug concen-
tration at the outer edge of the polymer coating membrane over drug solubility in
the same polymer. #n is the ratio of drug concentration at the inner edge of the in-
terfacial barrier over the drug solubility in the polymer matrix. K;, K,, and K,, are
the partition coefficients for the interfacial partitioning of drug from the microres-
ervoir compartments to the polymer matrix, from the polymer matrix to the polymer
coating membrane, and from the polymer coating membrane to the elution solution,
respectively. D,, D,,, and D, are the diffusivities of the drug in the liquid layer sur-
rounding the drug particles, polymer coating membrane surrounding the polymer
matrix, and the hydrodynamic diffusion layer surrounding the polymer coating mem-
brane, respectively, with thickness h;, h,,, and h,, respectively. S, and C, are the
solubilities of the drug in the microreservoir compartments and in the polymer ma-
trix, respectively.

Equation (27) suggests that the controlled release of drug from MDD is zero
order as illustrated by the linear Q versus t relationship. This is exemplified by the
subcutaneous controlled release of norgestomet from subdermal MDD implants in
heifers and cows (Chapter 8) and the subcutaneous controlled release of desoxycor-
ticosterone acetate in rats for up to 129 days (12).

The mathematical expression of Equation (27) can be simplified if

nC, > | 22— — (28)
K, K, K,

then

D,D, K, mnC
e_ D 2 (29)
t Du,K,m~+ D,h,

This situation can exist if X, and K,,, the partition coefficient for the interfacial
partitioning of drug molecules from microreservoir compartment toward polymer matrix
and from polymer matrix toward polymer coating membrane, respectively, are high
while S;, the solubility of drug molecules in the microreservoir compartment, is very
low but C,, the solubility of drug molecules in the polymer matrix, is extremely
high.

Equation (29) is very similar to Equation (5) and can also be simplified under
the following conditions.

Condition 1. If the D,h,mK,, term is substantially greater than the D, A, term, as
when a thick polymer coating membrane (4,) exists on the surface of a medi-
cated polymer matrix or the drug diffusivity D,, in the polymer coating mem-
brane is extremely low, Equation (29) can be reduced to
Q nD,C,

— 30a
t h, (302)
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or, since C, = C,/K,,
g nD,C, nD,C,

t  h,K, K, h,

(30b)

Under this condition the release of drug molecules from the microreservoir dis-
solution-controlled drug delivery system is governed by the membrane-con-
trolled permeation process and the rate of drug release is a linear function of the
diffusivity D,, and solubility C,, of drug in the polymer coating membrane. It is
also inversely proportional to the thickness of the polymer coating membrane #,),
and the partition coefficient K, for the interfacial partitioning of drug molecules
from polymer matrix toward polymer coating membrane. In the case of MDD,
n, the ratio of drug concentration at the inner edge of the interfacial barrier over
drug solubility in the polymer matrix, also plays a rate-limiting role in the con-
trolled release of drugs.

Condition 2. If, on the other hand, the D;h,mK,, term is significantly smaller than
the D, h, term, as when a thick hydrodynamic diffusion layer (h,) exists or the
drug molecules have a very low partition coefficient K,,, Equation (29) can be
simplified to

D mnK,,C
2 _ DamnkiG, (31a)
t hy,
or, since K,,C, = C;,

nmD,;C, D,C,
Q_nmbD.C, D (31b)
t hy h,

Under this condition the release of drug molecules from a microreservoir dis-
solution-controlled drug delivery system is governed by the diffusion layer-lim-
iting partition-controlled process and the rate of drug release is linearly propor-
tional to the solution diffusivity D, and solution solubility C; and is inversely
proportional to the thickness 4, of the hydrodynamic diffusion layer. In the case
of MDD, n and m also play rate-limiting roles in the controlled release of drugs.

Equations (30) and (31) are closely related to Equations (7) and (8). They all
share features common to Fick’s expression for diffusional flux [Equation (1)].

II. EFFECTS OF SYSTEM PARAMETERS ON CONTROLLED-
RELEASE DRUG DELIVERY

The mechanistic analysis of controlled-release drug delivery conducted in Section II
revealed that the partition coefficient, diffusivity, solubility, diffusional path thick-
ness, and other system parameters play varying degrees of rate-limiting roles in
controlling the release of drug molecules from membrane permeation-, matrix dif-
fusion-, (membrane-matrix) hybrid-, or microreservoir-type rate-preprogrammed drug
delivery systems. The importance of these system (physicochemical) parameters in
controlling drug release was illustrated in the subcutaneous release of progestins from
silicone capsules in rats (5,12). A fairly good agreement was established between
the rates of subcutaneous drug release and the rates calculated from Equation (5)
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using the literature values for the partition coefficient, diffusivities, polymer solu-
bility, and polymer wall thickness. In this calculation a physiological diffusion layer
(hy, which is not measurable) of 80 um is assumed to exist on the surface of sub-
dermal implants (Table 1). A good correlation was also reported to exist between
the in vitro release rates for the release of steroids from matrix-type silicone devices
and the values calculated from Equation (17) in a matrix diffusion-controlled process
(13). A typical set of results is illustrated in Table 2.

In this section these rate-controlling system parameters are singled out, and the
effects of each parameter on the overall controlled drug release profiles are analyzed
and discussed.

A. Polymer Solubility

In the controlled release of a drug species from either polymer membrane permea-
tion-controlled or polymer matrix diffusion-controlled drug delivery devices or other
rate-preprogrammed drug delivery devices, the drug particles are visualized as not
being releasable from the device until the drug molecules on the outermost surface
layer of a drug particle dissociate from their crystal lattice structure, dissolve or
partition into the surrounding polymer (in membrane or matrix form), diffuse through
it, and finally partition into the elution medium surrounding the drug delivery device
(Figures 2, 3, 5, and 6). This mechanistic analysis suggests that the solubility of a
drug species in a rate-controlling polymer membrane or matrix plays a rate-control-
ling role in its release from a polymeric device. To release at an appropriate rate
the drug requires adequate polymer solubility. The importance of polymer solubility
in determining the rate of drug release from membrane permeation-, matrix dif-
fusion-, (membrane-matrix) hybrid-, and microreservoir-type drug delivery systems
can be appreciated by examining Equations (5), (17), (22), and (27), respectively.

Equation (5) indicates that the rate of drug release Q/¢ from a polymer membrane
permeation-controlled drug delivery system is directly proportional to the magnitude
of polymer solubility (C, or C,). The linear relationship between Q/t and C, is
illustrated in Figure 7. This linear relationship should also be followed in the con-
trolled release of drug from a (membrane-matrix) hybrid-type drug delivery device
[Equation (22)], as well as from a microreservoir-type drug delivery device [C,, in
Equation (30b)].

On the other hand, in the controlled release of drugs from a polymer matrix
diffusion-controlled drug delivery system the magnitude of Q/ 1'% values is a function
of the square root of polymer solubility [C,"? in Equation (17)]. The linear depen-
dence of Q/ 1 on C ,1,/ ? is illustrated in the controlled release of progesterone deriv-
atives from matrix-type silicone devices (Figure 8).

The difference in polymer solubilities among drugs is very striking. For ex-
ample, the solubility of steroids in silicone polymer can range from 1.2 pg/ml to
as high as 1511.8 ug/ml (Table 3). This dramatic difference in polymer solubility
among drugs is very much dependent on the difference in their chemical structures.
Variation in functional groups and their stereochemical configurations greatly affects
the magnitude of the polymer solubility of drugs. A typical example is demonstrated
by the addition of one or more hydroxyl groups to positions 11, 17, and 21 on the
progesterone skeleton (Table 3). The polymer solubility of progesterone in the li-
pophilic silicone polymer is significantly reduced with the addition of one OH group,



Table 1 Comparison Between the Observed In Vivo Release Rate from a Capsule-Type Silicone-Based Subdermal Implant and the Rate
Calculated from Various Physicochemical Parameters

Physicochemical Parameters o/t
Dd Dp Cp hd hm (Mg/cmz/da}’)
Progestins K (cm2 /day X 10%) (cm? /day X 10%) (rg/ml) (cm) (cm) Calculated® Observed
Progesterone 0.022 4.99 14.26 513 0.008 0.080 65.40 64.50
Norgestomet 0.115 3.64 2.31 166 0.008  0.065 35.03 45.72
Chlormadinone acetate 0.122 2.42 2.45 82 0.008 0.080 13.70 18.10
Medroxyprogesterone acetate ~ 0.037 3.60 3.21 87 0.008  0.080 10.24 9.20

*Calculated from Equation (5).

Source: Compiled from the data by Chien, Chem. Pharm. Bull., 24:1471 (1976).
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Table 2 Comparison Between the Observed In Vitro Release Rates of Ethynodiol
Diacetate from a Matrix-Type Silicone Device and the Rates Calculated from Various
Physicochemical Parameters

Cosolvent® Q/1(ug/cm’/day) 0/1"? (mg/cm’®/day'/?)
(%v/v) Calculated® Observed Calculated® Observed
Partition control
20 65.5 82.6
30 114.2 109.8
40 176.1 141.3
50 273.7 245.7
55 344.7 360.0
Matrix control
65 3.09 2.99
70 3.09 3.12
73 3.09 3.09
o 3.09 3.04
8 3.09 3.05

*Volume fraction of polyethylene glycol 400 as cosolvent system in aqueous elution solution.
Calculated from Equation (14).
‘Calculated from Equation (18).
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Figure 7 Linear relationship between the subcutaneous release rates of progestins (Q/1) from
reservoir-type drug delivery devices and the magnitude of their polymer solubilities C,,.
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Figure 8 Linear relationship between the release flux Q/r'/> of progestins from matrix sil-

icone devices and the square root of drug solubility in a liquid silicone polymer C;/ 2. [Re-
produced, with permission, from Roseman; J. Pharm. Sci., 61:46 (1972).]

which varies in the extent of reduction depending upon the position where the OH
group is added. The polymer solubility of progesterone derivatives is further reduced
with the substitution of two or more hydroxyl groups. On the other hand, the es-
terification of these hydrophilic OH groups tends to improve the polymer solubility
of steroids substantially. This is exemplified by the esterification of B-estradiol to
form 17-valerate and 3,17-dipropionate. The solubility of B-estradiol in silicone polymer
has been enhanced 9- and 80-fold, respectively (16).

It is common practice to incorporate various quantities of finely ground fillers,
such as siliceous earth, into silicone elastomers to enforce the mechanical strength
of the elastomers. The presence of fillers was reported to increase the polymer sol-
ubility C, of drugs as a result of the Langmuir adsorption of drug molecules onto
the filler particles.

If polymer is treated, microscopically, as a solid solution, then the mole fraction
solubility C'p of a drug in the polymer composition (17) can be described by

AH,, T,-T,
2.303RT, T,

log C, = log C—:)—(— = —logr,

P P

(32)
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Table 3 Polymer Solubility of Steroids in a Silicone Polymer

Polymer solubility®

Steroids (pg/mi)
Androgen family
Testosterone 134.7
17a-Methyltestosterone 190.5
17a-Ethynyltestosterone 4.8
Testosterone-17-benzoate 106.9
Testosterone-17-acetate 518.8
Testosterone-17-propionate 564.1
19-Nortestosterone 134.4
17-Ethyl-19-nortestosterone 180.0
17a-Ethynyl-19-nortestosterone 14.7
17«-Ethynyl-19-nortestosterone-3, 1 7-diacetate 1511.8
Estrogen family
B-Estradiol 16.3
17a-Ethynylestradiol 74.5
Estradiol-3-methyl ether 736.8
17a-Ethynylestradiol-3-methyl ether 179.1
Estradiol-3-benzoate 36.8
Estradiol-17-valerate 150.2
Estradiol-3,17-dipropionate 1282.3
Progestogen family
Progesterone 594.7
21-Hydroxyprogesterone 205.9
17a-Hydroxyprogesterone 26.5
11a-Hydroxyprogesterone 9.1
17@,21-Dihydroxyprogesterone 1.5
11e,21-Dihydroxyprogesterone 1.2

*In silicone medical fluid (DC 360) at 37°C.
Source: Compiled from the data by Chien, ACS Symposium Series 33: 53 (1976), and
Chien et al., J. Pharm. Sci., 68:689 (1979).

where X, is the mole fraction of the polymer composition; r, is the activity coefficient
of the drug solute in the polymer structure; AHj, is the molar heat of fusion absorbed
when the drug crystals melt into the polymer structure; T, is the melting point tem-
perature; and 7 is the temperature of the system investigated.

Microscopically, the solution process of a drug crystal in a polymer composition
can be visualized as consisting of two consecutive steps: (i) the dissociation of drug
molecules from their crystal lattice structure, and (ii) the solvation of these disso-
ciated drug molecules into the polymer structure. The first step requires a dissociation
energy and is a T,-dependent process; the second step requires a solvation energy
and thus depends upon 7. If this is the case, then the energy term in Equation (32)
may be split as follows:
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AH, 1  AH’ 1
2.303RT, 2.303RT,

log C, = —logr, + (33)
where AH, is the energy required in the process of dissociation of the drug molecules
from their crystal lattice structure, and AH? is the energy required in the process of
solvation of the drug molecules into the polymer structure.

Under controlled conditions both the log r, and AH,/2.303RT,, terms are con-
stant values for a given drug species, and Equation (33) can be reduced to Equation
(34) to define the dependence of the mole fraction polymer solubility C‘p on the
system temperature 7

AH? 1
2.303R T,

log C, = constant — (34)

This linear dependence of polymer solubility on 7, ' has frequently been ob-
served experimentally (15,16). A typical example is illustrated by the dissolution of
norgestomet in silicone polymer (Figure 9). A AH?Y value of 6.60 kcal/mol was
calculated as the energy required in the solvation of norgestomet in the short-chained
silicone polymer. The magnitude of the AH? value was observed to be sensitive to
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Figure 9 Exponential relationship between the mole fraction solubility C, of norgestomet in
silicone medical fluid and the reciprocal of the system temperature T,. [Reproduced, with
permission, from Chien; ACS Symposium Series, 33:53 (1976).]
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the addition of hydroxyl groups and their number and location on the progesterone
skeleton (Table 4). The physical state of the polymer also affects the magnitude of
the AH? values.

If the variation in the log r, and AH%/2.303RT; values are negligibly small among
a homologous series of drug analog, Equation (33) can also be simplified to

2.303RT, (33)

log C, = constant +

which suggests that the mole fraction solubility C, of a drug species is exponentially
dependent upon the reciprocal of its melting point temperature 7,,'. A typical ex-
ample is illustrated by the dissolution of 27 steroids in silicone polymer (Figure 10).
A AH, value of 14.12 kcal/mol was calculated as the energy required for the dis-
sociation of steroid molecules from their crystal lattice structure (16).

B. Solution Solubility

Kincl and his associates observed that the release of progesterone from silicone cap-
sules, a polymer membrane permeation-controlled drug delivery device, into distilled
water was decreased by one-half when the volume of distilled water was reduced
from 100 to 25 ml (18). It was also reported that the in vitro release rates of nor-
gestrel and megestrel acetate through silicone capsules was greater when the elution
medium was plasma than when it was distilled water (19). Schuhman and Taubert
(20) carried out a comparative study of the in vitro release of various steroids from
silicone capsules and discovered that the release rates in human plasma were 2—15
times greater than those in normal saline (Table 5). This increase in the rate of steroid
release was rationalized as the result of enhancement in the solubility of steroids in
the elution medium by protein binding. These studies also point to the importance
of the solution solubility C; in determining the rate of drug release from a drug
delivery system.

Because in vivo a sink condition is effectively maintained by active hemoper-

Table 4 Energies AH? Required for Solvation of a Progesterone Derivative in
Silicone Polymer

AH? (kcal/mol)

Progesterone derivatives Liquid state® Solid state®
Progesterone 5.49 4.86
21-Hydroxyprogesterone 8.80 7.18
17a-Hydroxyprogesterone 8.27 2.11
11a-Hydroxyprogesterone 7.88 8.07
17a,21-Dihydroxyprogesterone 8.72 12.58
1183,21-Dihydroxyprogesterone 12.99 13.18
118,17«,21-Trihydroxyprogesterone 12.71 3.01

*In silicone medical fluid (DC 360, 20 cv) at 37°C.
®In cross-linked silicone elastomer 382 at 37°C.
Source: Compiled from the data by Chien et al., J. Pharm. Sci., 68:689 (1979).
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Figure 10 Exponential relationship between the mole fraction solubility C, of androgens (O),
progestins ((J), and estrogens (A) in silicone medical fluid and the reciprocal of their melting
point temperatures 7,,. [Reproduced, with permission, from Chien, ACS Symposium Series,
33:53 (1976).]

fusion, it is logical to have all in vitro drug release studies conducted under perfect
sink conditions. In this way the in vivo condition is better simulated and correlation
of in vitro drug release profiles with in vivo drug administrations can thus be achieved.

To gain a better understanding of the mechanisms of controlled drug release from
membrane permeation-, matrix diffusion-, (membrane-matrix) hybrid-, and/or mi-
croreservoir-type drug delivery systems, it is necessary to maintain a sink condition
so that the release of drug is solely controlled by the delivery system and is not
affected or complicated by the solution solubility factor already discussed. This sink
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Table 5 Effect of Human Plasma on the In Vitro Release Rate of Various Steroids from a
Silicone Capsule

Q/t(ug/cm?®/day)® Enhancement®

Steroids Normal saline Human plasma (%)
Progesterone 186 276 148
17a-OH-progesterone 63 182 289
17a-OH-progesterone capronate 22 180 818
Gestonorcapronate 14 200 1429
Norgestrel 27 250 926
Medroxyprogesterone acetate 200 236 118
Methylnortestosterone 107 280 1667
17a-Ethynyl-19-nortestosterone 15 250 177
17a-Ethynyl-19-nortestosterone acetate 113 200

At 37°C.
*Enhancement (%) = (Q/Dsiasms/(Q/Dsatine X 100%.
Source: Compiled from the data by Schuhman and Taubert, Acta Biol. Med. Germ., 24:897 (1970).

condition may be satisfactorily accomplished either by maintaining the drug con-
centration in the bulk solution (C, in Figures 2, 3, 5, and 6) very close to zero or
by making solution solubility much greater than the bulk solution concentration (C;
> C,) (7). In practice, the first approach has been extensively utilized in many con-
ventional dissolution and drug elution studies and is best illustrated by the use of a
large volume (60 L /day) of distilled water as the circulating elution solution in study-
ing the release of medroxyprogesterone acetate (with C of 3.25 wg/ml) from matrix-
type silicone devices (21).

The second approach was developed by using a water-miscible cosolvent as a
solubilizer and addition of the cosolvent into the elution solution to increase the
solution solubility of drugs (13). A small volume (100-200 ml!) of aqueous solution
of polyethylene glycol 400, a water-soluble hydrophilic polymer, was used to en-
hance the aqueous solubility of ethynodiol diacetate (with C, of 13.7 ug/ml), which
achieved a 3- to 584-fold enhancement in aqueous solubility (22). The solution sol-
ubility was enhanced exponentially as a function of the volume fraction of cosolvent
added (Figure 11). The same phenomenon was also reported for progestins, estro-
gens, and androgens (23) using one or more cosolvents.

The aqueous solubility of drugs varies remarkably from one drug species to an-
other. Similar to polymer solubility, as illustrated in Table 3, the difference in aqueous
solubility among drugs is also very much dependent upon the difference in their
chemical structure, the types and physicochemical nature of the functional groups,
and the variations in their stereochemical configurations (Table 6). The aqueous sol-
ubility of testosterone and nandrolone was reportedly reduced by esterification of
their 17-OH group (24). The aqueous solubility of testosterone esters and nanod-
rolone esters was found to be correlated with their molar volume in an exponential
relationship (Figure 12).

The aqueous solubility of most steroids is very low (Table 6), and this low
solubility usually presents a difficult task for investigators in their attempts to main-
tain a perfect sink condition in conducting in vitro drug release studies. Several phar-
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Figure 11 Exponential increase in the solution solubility of ethynodiol diacetate with the
addition of varying volume fractions of polyethylene glycol 400 as the cosolvent in the elution
solution at 25°C (Q) and 37°C (@®). [Reproduced, with permission, from Chien et al.; J.
Pharm. Sci., 63:365 (1974).]

Table 6 Aqueous Solubility of Steroids

Solubility®
Steroids (ng/ml) Reference”
Cortisol 543 1
Progesterone 27 1
Testosterone 25 1
Norgestomet 19.0 2
6a-Methyl-118-hydroxyprogesterone 16.6 3
Ethynodiol diacetate 13.7 4
19-Norprogesterone 12.0 1
Chlormadinone acetate 10.0 5
Norethindrone 9.0 1
17a-Hydroxyprogesterone 8.1 3
Estradiol 5.0 1
Norgestrel 5.0 1
Medroxyprogesterone acetate 33 3
Melengestrol acetate 3.0 1
Megestrol acetate 2.0 1
Mestranol 1.5 1

*In distilled water at 37°C

*Compiled from the data by (1) Sundaram and Kincl; Steroids, 12:517 (1968); (2) Chien;
Chem. Pharm. Bull., 24:1471 (1976); (3) Roseman; J. Pharm. Sci., 61:46 (1972); (4)
Chien et al.; J. Pharm. Sci., 63:365 (1974); (5) Haleblian et al.; J. Pharm. Sci., 60:541
(1971).
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Figure 12 Semilogarithmic relationship between the aqueous solubilities of (®) testosterone
esters and (O) nandrolone esters and their molar volumes. [Plotted from the data by Chaudry
and James; J. Med. Chem., 17:157 (1974).]

maceutical approaches can be applied to improve the aqueous solubility of poorly
soluble drugs, such as micelle formation (25), complexation (26), and cosolvency
(23,24,27,28), without chemically modifying the drug molecules.

Solubilization of poorly soluble drugs in aqueous solution can be effectively
accomplished by using multiple cosolvent systems. This was demonstrated by the
solubilization of steroids (23) and metronidazole (28). It was reported that the aqueous
solubility of steroids, which are lipophilic in nature, could be remarkably enhanced
by the addition of a combination of more than one miscible cosolvent into distilled
water (23). The apparent (gross) solubility of a steroid in various multiple cosolvent
systems is described by the following relationships:

1. Binary cosolvent system:

log C, =log C,, + e.f. (36)
2. Ternary cosolvent system:

logC,,=logC, + e.f, + e.f, 37
3. Quaternary cosolvent system:

log C,, =logC, + e.f. + erfy + e.f: (38)

where C’s are the apparent solubilities of a steroid in distilled water w and aqueous
solutions of various cosolvents a, b, and/or x; and e’s are the slopes for the semi-
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logarithmic relationship between solubility and the volume fraction f of a specific
cosolvent (Figure 11).

In the case of metronidazole, a polar drug, the exponential linearity between its
solution solubilities and the volume fractions of various cosolvent combinations was
followed very closely until a maximum solubility was reached (29). This maximum
solubility was observed to occur in an aqueous solution with a dielectric constant of
41.5 *+ 1.8. Beyond this maximum solubility, any increase in the volume fraction
of a cosolvent yielded a reduction in solution solubility (Figure 13), which showed
a linear decline (with a negative e, value). The phenomenon of maximum solubility
at optimum dielectric constant was observed in all the cosolvent combinations tested
that had a dielectric constant very close to that of metronidazole.

The solution solubility C, was reported to affect the magnitude of drug release
profiles from polymer membrane permeation-controlled drug delivery systems (5).
It was observed that the cumulative amount of norgestomet released from silicone
capsules, a membrane permeation-controlled drug delivery device, increased with
the increase in the solution solubility of the drug in the elution media (Figure 14).
This solution solubility dependence of drug release profiles is predictable from the
theoretical expression of Equation (8b).

Similarly, the magnitude of drug release rates Q /¢ from membrane-matrix hybrid
and microreservoir-type drug delivery devices should also be a function of drug sol-
ubility in an elution solution [Equation (31b)]. Equations (8b) and (31b) can be ex-
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Figure 13 Biphasic semilogarithmic relationship between the aqueous solubility of metron-
idazole and the volume fraction of ethanol in the ethanol-water cosolvent system.
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Figure 14 Dependence of the controlled release profiles of norgestomet from silicone cap-
sules on its solution solubility. Solubility (mg/ml): (A) 0.104, (B) 0.239, (C) 1.968, and (D)
2.682. [Reproduced, with permission, from Chien; Chem. Pharm. Bull., 24:1471 (1976).}

pressed alternatively as follows to define the effect of solution solubility C; on the
rates of drug release from both membrane permeation- and microreservoir-type drug
delivery systems:

D
log e_ log — + log C, (39
t h,
Q D,
log — = log| nm — | + log C; (40)
t h,

The linear relationship between log (Q/f) and log C, is demonstrated by the con-
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trolled release of norgestomet from silicone capsules and from microsealed drug de-
livery devices (Figure 15).

In matrix-type drug delivery systems, the effect of solution solubility on con-
trolled drug release profiles is more complex in nature. It was reported that solution
solubility affects both the mechanisms and the rate profiles of controlled drug release
from matrix-type drug delivery systems (7,13,22). When the solution solubility of
ethynodiol diacetate was maintained at a level below 200 wg/ml, the release of
ethynodiol diacetate was observed to follow a partition-controlled process, and a
constant (Q versus f) release pattern resulted as predicted from Equation (14). The
rate of drug release O/t was directly proportional to the magnitude of the C, values
(Table 7). On the other hand, as the solution solubility was further increased to a
level beyond 780 ug/ml, a matrix-controlled process became predominant and Q
versus t1/2release pattern was observed as expected from Equation (17). The Q/r1/2
values were essentially constant and independent of the variation in solution solubility
(Table 7).

The controlled release of drugs from matrix-type drug delivery devices prepared
from hydrophilic polymers shows a dependence on solution solubility different from
that of the devices prepared from lipophilic polymers. Instead of giving biphasic
drug release profiles as discussed earlier, the controlled release of drugs from a drug-
dispersing hydrophilic polymer matrix shows the Q versus 7'/* release pattern from
the beginning as a result of the increase in the diffusional path thickness in response
to the uptake of elution solution by the polymer. The effect of solution solubility on
such a hydrophilic drug delivery system is illustrated by the controlled release of
norgestomet from Hydron implants (Syncro-Mate-B implants, Chapter 8). The mag-

2.0}
1.8
o|+
S 16+
o
]
1.4~
1.2 1 L 1 L 1
2.2 2.6 3.0 3.4 3.8
LOG CS

Figure 15 Effect of solution solubility C; in the elution medium on the release rates Q/t of
norgestomet from (M) a silicone capsule and (@) a microsealed drug delivery system.
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Table 7 Effect of Solution Solubility C, on the Mechanisms and
Rate Profiles of Ethynodiol Diacetate Release from a Matrix-Type

Silicone Device

c. o/t /1"
(pg/ml) (ug/cm’/day) (mg/cm’/day'?)
Partition control

37 82.6
65 109.8

100 141.3

156 245.7

196 360.0

Transition phase
437
648
Matrix control
780
1390
2430
4450
8000

2.99
3.12
3.09
3.04
3.05

*The aqueous solubility of ethynodiol diacetate at 37°C is 13.7 pg/ml.

(Q/t”z); {u g/cm2 per min 1/2)

A

Cs1/2 (ug1/2

30

/em

60

Figure 16 Effect of solution solubility on the initial release profiles (Q/¢/%); of norgestomet
from a matrix-type hydrophilic drug delivery device.
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nitude of Q/r"/? values increases linearly with the square root of the solution solu-
bility C!/? (Figure 16). After reaching a peak value, the Q/7"/ value decreases in a
manner that is directly proportional to the increase in the Ci/ * value.
Thermodynamically, the dissolution of drug crystals in an aqueous solution is
also an energy-dependent process. The temperature dependence of the solution sol-
ubility, as represented by mole fraction solubility C,, is expressed by the relationship

AHp, 1
= 41)
2.303R T,

log C, = constant —

The linear relationship between log €, and 7', ' was illustrated by the dissolution
of norgestomet crystals in distilled water and various aqueous solutions of polyeth-
ylene glycol 400 (16). A typical example is shown in Figure 17. The energy of
solvation AH,, required for the dissolution of norgestomet in distilled water was
calculated to be only 5.88 kcal/mol. The incorporation of 10-100% (v/v) of poly-
ethylene glycol 400, a water-miscible polymer, into the distilled water was found to
affect the energy of solvation (Figure 18).

10740 0
c
10‘5r.
13
B
108
S |
29 35

1000/Tg

Figure 17 Temperature dependence of the mole fraction solubility C, of norgestomet in var-
ious aqueous solutions of polyethylene glycol (PEG) 400. (A) Distilled water alone; (B) 20%
w/v), (C) 40% (v/v), and (D) 60% (v/v) of PEG 400 in aqueous solution. [Reproduced,
with permission, from Chien; ACS Symposium Series, 33:53 (1976).]



74 Chapter 2

100

— 80F
<]
£
N

< 6.0
o
xX
N’

o a0
[
I
<

20

0 1 _1 1 | ] 4

0 0.2 0.4 0.6 0.8 1.0
Voiume Fraction of PEG 400

Figure 18 Effect of polyethylene glycol (PEG) 400 on the energy of solvation AHy for the
dissolution of norgestomet in various aqueous PEG 400 solutions.

C. Partition Coefficient

The partition coefficient K of a drug for its interfacial partitioning from the surface
of a drug delivery device toward an elution medium is, as defined in Equation (2),
the ratio of its solubility in the elution solution C; over its solubility in the polymer
composition C, of the device. Any variation in either the C, or the C, value results
in an increase or decrease in the magnitude of the K value. A typical example is
illustrated by the in vitro release of norgestomet from silicone capsules into elution
media with varying solution solubilities (Figure 14). By changing the solubility of
norgestomet in the elution solution the magnitude of the partition coefficient thus
varies, leading to a variation in the drug release rate. As expected from Equation
(8a), the magnitude of the Q/t values is a linear function of K (Figure 19).

The effect of the partition coefficient on the controlled release of drugs from a
matrix-type drug delivery device was reported to be biphasic: both the mechanism
and the rate profile of drug release were dependent upon the variation in the partition
coefficient (22). A typical example has been illustrated by the controlled release of
ethynodiol diacetate from matrix-type silicone devices. The release profiles in Figure
20 indicate that when the magnitude of the partition coefficient is small, a Q versus
t release profile results and the magnitude of the Q/r values increases linearly with
the increase in the partition coefficient. This region is defined as governed by a
partition-controlled process and is described by Equation (13a). When the partition
coefficient is increased beyond a critical point (K = 0.5), the matrix-controlled
mechanism became predominant and a Q versus 7'/? release profile is then observed.
As predicted by Equation (17), the magnitude of the Q/7'/? values is virtually in-
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Figure 19 Linear dependence of the in vitro release rate Q/t of norgestomet from silicone
capsules on the partition coefficient K. [Reproduced, with permission, from Chien; Chem.
Pharm. Bull., 24:1471 (1976).]

dependent of any variation in the partition coefficient. This behavior is obviously
quite different from the observation discussed earlier on the controlled release of
drug from membrane-encapsulated reservoir-type drug delivery devices (Figures 2
and 19).

Between the partition-control and matrix-control regions there exists a transition
phase. As indicated by Equation (19), t,,,,, the time at which the drug release profile
undergoes transition from a partition-controlled process to matrix-controlled process,
is inversely proportional to the partition coefficient. This is exemplified by the con-
trolled release of a homologous series of alkyl-p-aminobenzoates from matrix-type
silicone devices (Table 8). As the alkyl chain length of the ester increases, the par-
tition coefficient of p-aminobenzoates from the silicone device toward the elution
solution decreases and the time for the transition ¢, from the partition-controlled
process to the matrix-controlled process becomes longer. The dependence of the
transition time on the partition coefficient can be appreciated by converting Equation
(19) to Equation (42):

1 =] —2 +1 *——1 (42
08 fians = 10 o 4

s

Equation (42) suggests that a linear relationship should exist between 10g £,
and log (1/KC,) with slope equal to unity (Figure 21). Experimentally this linearity
is followed irrespective of a variation in drug loading doses in polymeric devices.
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Figure 20 Effect of the partition coefficient K on the mechanism and the rate profile R of
the controlled release of ethynodiol diacetate from matrix-type silicone devices. In the region
of the partition-controlled process the Q/f value increases linearly as the partition coefficient
increases. In the region of the matrix-controlled process the Q/¢'/* value is independent of
the variation in the partition coefficient. [Reproduced, with permission, from Chien and Lam-
bert; J. Pharm. Sci., 63:515 (1974).]

Table 8 Dependence of Transition Time 7,,,, on Partition
Coefficient K

t!ransa

p-Aminobenzoates (min) 1/K

Methyl ester 3.82 x 1072 2.08 x 107!
Ethyl ester 3.37 x 107! 8.17 x 107!
Propyl ester 2.28 x 10° 2.75 x 10°
Butyl ester 2.15 x 10 1.03 x 10*
Pentyl ester 2.95 X 10? 3.95 x 10!
Hexyl ester 3.10 x 10° 1.05 X 10?
Heptyl ester 4.75 x 10* 4.00 x 10°

*Loading dose of alkyl-p-aminobenzoates is 5% (w/w).
Source: Compiled from the data by Roseman and Yalkowsky; ACS
Symposium Series 33: 33 (1976).
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Figure 21 Linear logarithmic relationship between f,, and 1/KC, at various drug loading
levels: (A) 1%, (O) 5%, and ((J) 10%. [Plotted from the data by Roseman and Yalkowsky;
ACS Symposium Series, 33:33 (1976).]

The effect of alkyl chain length on the magnitude of the partition coefficient is
exponential, as defined by Equation (43):

log K, = log K, — nmcy, (43)

where K, is the partition coefficient for the compound with an alkyl chain length of
n CH, groups; K| is the y-axis intercept at zero carbon number; and 7y, is the slope
of the log K, versus n plots (Figure 22). The attainment of a negative slope results
from the fact that as alkyl chain length increases, the polymer solubility C, of alkyl
p-aminobenzoates is enhanced at the expense of their solution solubility C,, leading
to a reduction in the partition coefficient K,,.

On the other hand, the addition of hydrophilic functional groups, such as hy-
droxyl groups, to a drug molecule tends to improve the solution solubility at the
expense of the polymer solubility in a lipophilic polymer (15). A typical example is
demonstrated by the effect of the addition of hydroxyl groups on the solubility of
progesterone in silicone polymer and elution solution (Table 9). This results in a
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Figure 22 Semilogarithmic relationship between the partition coefficient of alkyl-p-aminob-
enzoates and the length of alkyl chain. [Reproduced, with permission, from Chien; in: Sus-
tained and Controlled Release Drug Delivery Systems (Robinson, Ed.), Dekker, New York,
1978, Chapter 4.]

Table 9 Effect of Hydroxy Groups on the Solubility and Partition Coefficient

Solubilities (g/ml)

Partition
Progesterone derivatives (o cpP coefficient”
Progesterone 353.3 594.7 0.6
21-Hydroxyprogesterone 1402.1 205.9 6.8
17a-Hydroxyprogesterone 442.0 26.5 16.7
11a-Hydroxyprogesterone 575.0 9.1 63.2
17a,21-Dihydroxyprogesterone 994.1 1.5 671.7
1183,21-Dihydroxyprogesterone 839.0 1.2 682.1
118,17a,21-Trihydroxyprogesterone 3987.6 3.8 1054.9

*Solution solubility C, in 50% (v/v) polyethylene glycol 400 in water at 37°C.
"Polymer solubility C, in silicone medical fluid 360 at 37°C.
“Calculated on the basis of Equation (2).
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progressive increase in the partition coefficient in response to the addition of OH
groups to the progesterone molecule. This yields an exponential dependence of the
partition coefficient Koy on the number n of hydroxyl groups which follows the
relationship

log Koy = log K, + nmoy (44)

where K, and Koy are the partition coefficients of progesterone and its hydroxyl
derivatives, respectively; n is the number of OH groups added; and oy is the slope
of the log Koy versus n plots (Figure 23). A positive slope value is obtained because
the addition of hydroxy groups improves the hydrophilicity of progesterone and thus
enhances the interfacial partitioning behavior of a progesterone molecule from a li-
pophilic silicone polymer toward the aqueous solution.

The variation in the magnitude of partition coefficients among drugs is striking;
a several thousandfold difference in values was demonstrated in steroids with change
in functional groups around the steroidal skeleton (Table 10). The partition coeffi-
cient was also reported to vary greatly from one type of biomedical polymer to an-
other (Table 11).

Since partitioning is a process involving molecular equilibrium at the interface,

log K,

Figure 23 Dependence of log Koy, the (solution /polymer) partition coefficient, on the num-
ber of hydroxy groups n on the progesterone molecule. [Reproduced, with permission, from
Chien et al.; J. Pharm. Sci., 68:689 (1979).]
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Table 10 Partition Coefficient of Steroids from
Silicone Polymer Toward Water at 37°C

Steroids Partition coefficient”
Cortisol 181
Estradiol 1.25
Norethindrone 0.818
Norgestrel 0.313
Testosterone 0.232
Melengestrol acetate 0.053
Progesterone 0.044
19-Norprogesterone 0.030
Megestrol acetate 0.028
Mestranol 0.010

“Calculated from the solubility at 37°C data by
Sundaram and Kincl; Steroids, 12:517 (1968).

a partition coefficient is therefore an equilibrium constant directly related to the stan-
dard Gibbs free energy AF, of desorption, i.e., the energy gained by a molecule on
desorption from the polymer phase into the elution solution (30):

AF,= —RTInK (45)

A number of data indicate that when two structurally closely related molecules
are partitioning in the same system of two immiscible phases, the difference in the
free energies of interfacial transfer AF for these molecules is directly related to a
specific structural modification (31-34). This generality has been found applicable
to compounds that form a regular solution in both immiscible phases, which can be
expressed mathematically by

AF;, = —2.303RT (log Kcrivative ~ 108 Kppren) (46)

where AFy, is the free energy of partitioning for a particular functional group in the
derivative and is theoretically related to the lipophilicity g, of this functional group,
as follows:

AF,

L — 47
2 2.303RT (47

Table 11 Partition Coefficient of Progesterone from Various Biomedical
Polymers Toward Water

Polymers Partition coefficient”
Regenerated cellulose (Cuprophan) 1.49
Hydroxyethyl methacrylate (Hydron) 7.75 x 1073
with ethylene glycol dimethacrylate® 0.75% 6.62 X 107°
3.75% 6.21 x 1077
5.25% 4.31 x 107°
Polydimethylsiloxane (Silicone) 5.56 x 1073
Polyurethane 1 (Biomer) 474 x 107*
Polyurethane II (Pellethane) 2.00 x 107*

*As cross-linking agent at three levels.
*Calculated at 25°C from the data by Zentner et al.; J. Pharm. Sci., 67:1347 and 1352
(1978).
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The partition coefficient for a derivative, Kgeivaive, can be estimated from the partition
coefficient of the parent compound, K, ..., by Equation (48) and the m, values for
all the functional groups present:

log Kderivative = lOg Kparenl + wag (48)

Application of this concept of summation of constituent properties [Equation
(48)] to estimate or to approximate the physicochemical properties of the whole mol-
ecule has recently gained some acceptance. It has been successfully applied to
correlate the pharmacological activities of a series of drug analogs with their mo-
lecular structures (31-37). Sufficient evidence has also been accumulated on the
additive-constitutive character of the partition coefficient (31,33,34). A typical ex-
ample has recently been illustrated by the establishment of a good correlation be-
tween the calculated and experimentally determined lipophilicities of 45 corticoste-
roids (34).

The lipophilicity of a functional group 7, can be calculated using Equation (48)
from any two analogs whose structures are different by only one functional group.
The magnitude of 7, values varies from one type of functional group to another and
also changes substantially as the functional group moves from one position to another
(Table 12). For example, at position 16«, the chloro group is more lipophilic than
the methyl group, which in turn is more lipophilic than the fluoro group. The methyl
group is slightly more lipophilic at position 168 than at 16a, and the fluoro group
is more lipophilic at position 6« than at 16«, which in turn is slightly more lipophilic
than at position 9a. On replacement of the methyl, fluoro, or chloro group at position
16 with a hydroxy group, the hydrophilicity of corticosteroids increases at the ex-
pense of lipophilicity.

Table 12 Lipophilicity of Various Functional Groups on

Corticosteroids
Functional groups Position Lipophilicity®
Methyl 6a 0.456
16« 0.403
168 0.493
Fluoro 6c 0.248
9« 0.149
16« 0.176
Chloro 16c 0.696
Acetate 17 0.456
21 1.286
Desoxy 11 1.061
17 0.609
21 0.895
Hydroxy 1la —0.820
16 —0.305
17 —0.469
21 —-0.472
*Calculated from the partition coefficient data using Equations (43)
and (44).

Source: Compiled from the data by Flynn; J. Pharm. Sci., 60:345
(1971).
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Figure 24 Correlation of observed oy values with calculated Emoy values for various hy-
droxy derivatives of progesterone. The calculated 2oy values were computed from the sum-
mation of the 7, data for hydroxy groups at various positions (Table 12), and the observed
oy values were determined in an n-octanol/phosphate buffer (pH 7.4) system at room
temperature.

The additive-constitutive character of 7, values is illustrated in Figure 24. A
fairly good correlation is achieved between the experimentally observed oy values
for the progesterone derivatives with multiple OH substitutions and the values cal-
culated from the 7oy values for each OH group at different positions (Table 12) by
the concept of summation.

It was reported earlier (Section IID) that a cosolvent system has been used in
microreservoir dissolution-controlied drug delivery systems (MDD) to form a ho-
mogeneous dispersion of microscopic drug-saturated liquid compartments in a solid
polymer matrix (Figure 6). Variation in the composition of this cosolvent system
results in a change in drug solubility [Equations (36) through (38)] and, hence, a
increase or decrease in the partition coefficient K, for the interfacial partitioning of
drug molecules from the liquid compartment toward the polymer matrix [Equation
(27)]. The final outcome of this sequence of variation is a change in the controlled
release rate profile of drug from this type of drug delivery system.

The effect of a cosolvent on the permeation of drugs across a polymer membrane
was investigated in depth (38). It was observed that the steady-state permeability of
p-aminoacetophenone, as the model drug, across silicone membranes from a binary
cosolvent system of propylene glycol and water was controlled primarily by the ther-
modynamic activity of the drug in the applied phase. When the applied phase con-
tains a saturated drug solution, the rate of membrane permeation is independent of
the volume fraction of propylene glycol in the solution and, thus, the saturation
solubility of the drug at a given propylene glycol concentration (Table 13). On the
other hand, if the applied phase contains a nonsaturated solution with a constant
concentration of p-aminoacetophenone, the rate of membrane permeation of p-ami-
noacetophenone was seen to decrease proportionally as the volume fraction of pro-
pylene glycol increased (Figure 25). This decrease in membrane permeability in re-
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Table 13 Effect of Propylene Glycol on the Membrane
Permeation of p-Aminoaceto-phenone from Saturated

Solution

Propylene glycol® C, o/ x 10°
(v/v) (mg/ml) (mg/cm®/sec)
0.05 12.71 1.39
0.10 15.60 1.43
0.15 18.99 1.42
0.20 23.47 1.37
0.25 28.80 1.48
0.30 35.58 1.47
0.35 44.14 1.53
0.40 56.08 1.47
0.45 71.16 1.48
0.50 85.64 1.41

*Volume fraction of propylene glycol in aqueous solution.
®Permeation through a silicone membrane.

Source: Compiled from the data by Flynn and Smith; J. Pharm. Sci.,
61:61 (1972).
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Figure 25 Effect of the volume fraction of propylene glycol in solution on the permeation
of p-aminoacetophenone across a silicone membrane from a nonsaturated solution with a
constant drug concentration. [Plotted from the data by Flynn and Smith; J. Pharm. Sci., 61:61
(1972).]
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sponse to the increase in the volume fraction of a cosolvent can be rationalized as
due to the decline in the degree of saturation. The addition of propylene glycol was
observed to have no effect on the polymer membrane diffusivity D,

Membrane permeability P, is defined as

P, = D,K, (49)

where K, the partition coefficient for the interfacial partitioning of drug molecules
from an applied phase toward a polymer membrane, is related to the solution sol-
ubility C; of the drug in the applied phase as follows:

log K; = log C, — log C,
=logC, — log C, — e.f, (50)

where C,,, e,, and f, are as defined in Equation (36) for a binary cosolvent system;
and log C, and log C,, are constants under a given condition.

As defined in Equation (50), the partition coefficient K; of p-aminoacetophenone
from the propylene glycol-water system toward the silicone membrane is expected
to decrease in an exponential fashion as one increases the volume fraction f, of pro-
pylene glycol. This exponential relationship between K; and f; is followed perfectly
in both drug-saturated and nonsaturated solutions (Figure 26). The e, value from the
saturated solution (1.834) was found to be approximately two-fold the e, value ob-
tained in the nonsaturated solution (0.795). The difference in e, values was attributed
thermodynamically to the occurrence of a significant solute-solute interaction in the
saturated drug solution, which results in an increase in the entropy and a decrease
in the activity coefficient of drug molecules in the solution phase.

Addition of a cosolvent system into a drug solution could also affect the mem-
brane permeability of drug molecules as a result of its effect on the interfacial par-
titioning of drug molecules from a drug solution toward a polymer membrane (K)).
The effect of a cosolvent system on the membrane permeability P,, of a drug species
can be visualized theoretically by substituting Equation (50) for the K, term in Equa-
tion (48) to give

log P,, = (log D,C, — log C,) — e.f, (51)

where log D,C, and log C,, are constants for a given drug. Equation (51) suggests
that the membrane permeability P, of drug molecules from a cosolvent-H,O com-
bination decreases in an exponential manner as the volume fraction f, of the cosolvent
in the aqueous solution increases. This exponential relationship between P,, and f,
is followed very well in both drug-saturated and nonsaturated solutions (Figure 27).
Again, a different e, value has been obtained for saturated and nonsaturated drug
solutions. As in partitioning, the e, value from the saturated solution is approximately
twice the e, value found in a nonsaturated solution. The observation indicates that
the effect of a cosolvent system on the membrane permeability P, is due to its effect
on interfacial partitioning K,, not on membrane diffusivity D, [Equation (49) and
(50)]. The same phenomenon was also observed in the release of drugs with low
aqueous solubility from the polymer matrix (39).

The linear relationship between membrane permeability P,, and the partition
coefficient K, as defined by Equation (49) is also applicable to the biological envi-
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Figure 26 Effect of the volume fraction of propylene glycol in solution on the partition
coefficient K, of p-aminoacetophenone from aqueous solution toward a silicone membrane.
(A) Saturated drug solution, and (B) nonsaturated solution with constant drug concentration.
[Plotted from the data by Flynn and Smith; J. Pharm. Sci., 61:61 (1972).]

ronment. A typical example is demonstrated later in the discussion of the transdermal
permeation of steroids (Chapter 7, Figure 15).

The addition of cosolvent in drug formulations was also reported to affect the
absorption and pharmacological responses of drugs. A typical example was illus-
trated by the effect of propylene glycol in topical formulations on the in vitro per-
cutaneous permeability and in vivo vasoconstrictive responses of fluocinolone ace-
tonide and its acetate (Figure 28) (40). The exponential relationship between
permeability and the volume fraction of a cosolvent system was also followed quite
well. A positive e, value was seen before a maximum permeability was reached at
a vehicle composition containing the minimum volume fraction of cosolvent to so-
lubilize all the drug dose in the formulation (Figure 28A). Beyond the maximum
permeability, a further increase in the volume fraction of cosolvent resulted in the
formation of a nonsaturated drug solution, and thus a negative e, value, as predicted
in Equation (51), was obtained. The observation of a positive e, value before the
maximum permeability is reached can be rationalized as follows: an increase in the
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Figure 27 Effect of the volume fraction of propylene glycol in aqueous solution on the mem-
brane permeability P,, of p-aminoacetophenone across a silicone membrane. (A) Saturated
solution, and (B) nonsaturated solution with constant drug concentration. [Plotted from the
data by Flynn and Smith; J. Pharm. Sci., 61:61 (1972).]

volume fraction of cosolvent in a formulation with a constant drug dose results in
an increase in the saturation solubility of the drug in the vehicle and, hence, an
increase in the drug concentration on the skin surface at equilibrium, which yields
an increase in percutaneous absorption.

D. Polymer Diffusivity D,

The diffusion of small molecules in a polymer structure is an energy-activated pro-
cess in which the diffusant molecules move to a successive series of equilibrium
positions when a sufficient amount of energy, called the energy of activation for
diffusion E,, has been acquired by the diffusant and its surrounding polymer matrix
(1). This energy-activated diffusion process is frequently described by the following
Arrhenius relationship:

D, = Doe”®/*D (52)

where D, is a temperature-independent frequency factor; E, is the energy of acti-



&

=

&

3

0 =]

&>

1.9} SN

°f &

g

= ® 18f Q
: : :
Z 2f & S,
(o} [
£ $ 1af &

o o
: g S
c 1 ® N =
{ < <
C = 1.6} 3
& @ g
0.5F
1.5p
0-2 1 A A e A 1.4 4 e e e S W
0 20 40 60 80 100 0 20 40 60 80 100
Volume Fraction of Propylene Glycol (%) % Propylene Glycol in Vehicle

Figure 28 Effect of propylene glycol in topical formulations on the permeability of fluocinolone acetonide (O) and its acetate (@) through
the human abdominal skin and their in vivo vasoconstrictive response in humans. Maximal permeability and vasoconstrictive activity were
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vation for polymer diffusion, distributed throughout many degrees of freedom in the
system; and R and 7 have their usual thermodynamic meaning.

This energy-activated diffusion process is best described by the activared state
model of Brandt (Figure 29). In this model the activated state, for the simplicity of
model calculation, is visualized as involving only two neighboring polymer chains
that have moved apart to permit the passage of a diffusant molecule. The molecular
motions that lead to this activated state are assumed to involve: (i) the bending of
polymer chains to make room for the diffusing molecule; (ii) the intermolecular re-
pulsion from their neighboring polymer chains and, simultaneously, the intramole-
cular resistance from the rigid bond distances and bond angles within the molecule,
which have made the bending polymer chains to seek alternate routes and produced
a partial rotation of chain units out of their equilibrium position against a hindering
potential of internal rotation; the resultant total torsional strain is evenly distributed
over the entire polymer chain segment; and (iii) the number of degrees of freedom
found in a segment of the polymer chain is proportional to the length of the segment
41).

The energy of activation for polymer diffusion E, is thus the sum of the energy
of intramolecular bending E, and the energy of intermolecular repulsion E,:

E,=E,+E, (53)

The results of model calculation indicated that the magnitude of E, is very high
for short segments of polymer chain but decreases as the polymer chain becomes
Ionger. On the other hand, FE, increases steadily as the polymer chain becomes longer;
i.e., the degree of freedom becomes larger. A consequence is that the E, value goes
through a distinct minimum at a moderate length of polymer chain segment. It was
also suggested that the molecular diameter of the diffusant affects very strongly the
magnitude of E;. On the other hand, certain features of the molecular structure of
the polymer, such as the shape of the potential barrier for hindered rotation and the

polymer _#
chains S
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chains \’w

Figure 29 Brandt’s activated-state models for the diffusion of a small molecule in a polymer
structure. (a) Symmetrical model and (b) unsymmetrical model. [Reproduced with permission
from Brandt; J. Phys. Chem., 63:1080 (1959).]
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number of degrees of freedom per monomer unit, have only a small effect on the
diffusion profiles.

The self-diffusion coefficient of liquid silicone polymers with varying molecular
weights can be determined using the nuclear magnetic resonance spin-echo technique
(42). It was found that the magnitude of the self-diffusion coefficient of silicone
polymers decreases remarkably as the length of the linear polydimethylsiloxane chain
is increased (Figure 30).

By comparing the diffusivities of simple gas molecules in a silicone polymer
with the self-diffusion coefficient of the linear silicone polymer chain (Figure 30),
it was revealed that the diffusion of simple gas molecules, such as O,, N,, and CO,,
requires motion of a segment of the silicone polymer chain of the order of three
monomer units in length (43). Applying the same approach, it was later estimated
that the diffusion of larger molecules, such as ethynodiol diacetate, medroxypro-
gesterone acetate, and chlormadinone acetate, in a silicone polymer matrix structure
requires the molecular motion of a silicone chain segment of the order of 10 mono-
mer units in length to create an opening sufficiently large for the progestin molecules
to diffuse (14).

Both the model calculation and diffusion measurements just discussed emphasize
the critical importance of the molecular diameter of a diffusant in determining the
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Figure 30 Dependence of the diffusion coefficient D for the self-diffusion of liquid silicone
polymer on the number n of dimethylsiloxane monomer [OSi(CHs),] units in
(CH,)3Si[0Si(CHs),],,-,08i(CH,); at room temperature. [Reproduced, with permission, from
Robb; Ann. N.Y. Acad. Sci., 146:119 (1968).]
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magnitude of its polymer diffusivity. In such cases the polymer diffusivity of a dif-
fusant molecule must be inversely proportional to the cube root of its molecular
weight (44). This relationship was demonstrated in the diffusion of antitumor drugs
across the hydroxyethyl methacrylate polymer membrane (45). The polymer diffu-
sivities of these antitumor drugs were found, as expected, in linear proportion with
the reciprocal of the cube root of their molecular weights (Figure 31).

The results in Figure 31 suggest that the diffusion of a diffusant in a polymer
structure is also very sensitive to the composition of the polymer. As a fraction of
hydroxyethyl methacrylate is replaced by butyl methacrylate, the dependence of polymer
diffusivity on molecular weight is still followed, but the magnitude of polymer dif-
fusivity is reduced significantly. As suggested by the theory of Cohen and Turnbull
(46), the diffusion process in the polymer structure is governed by the segmental
motion of the polymer chain; the bulkier the functional groups attached to the poly-
mer chain, the more difficult the segmental motion is and the lower the polymer
diffusivity. This was illustrated by the effect of phenyl replacement in a silicone
polymer on the polymer diffusivity of small gas molecules (43). The polymer dif-
fusivity of gas molecules, such as H,, O,, N,, and CO,, was considerably reduced

cm?/sec, x 107

Dr,

o L 1 | | - J
0.14 0.16 0.18 0.20 0.22 0.24

173

MOL. WT.

Figure 31 Linear dependence of the polymer diffusivity D, of antitumor drugs in hydrophilic
polymer on the reciprocal of the cubic root of their molecular weight (MW): (A) 100% hy-
droxyethyl methacrylate membrane; (B) 92.5% hydroxyethyl methacrylate-7.5% butyl meth-
acrylate membrane. [Plotted from the data by Drobnik et al.; J. Biomed. Mater. Res., 8:45
(1974).]
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Table 14 Dependence of Polymer Diffusivity on the Chemical Composition of Silicone
Polymer

Composition of side-chain

s D, x 10° 2
groups on silicon atom P 0° (cm”/sec)

Methyl Phenyl H, 0, N, CO,
100 0 42.5 15.5 14.7 11.1
95 5 — 11.6 10.7 —
80 20 12.5 3.3 2.6 2.5
67 33 5.1 1.2 0.74 1.0
50 50 2.9 0.37 0.25 —
33 67 0.8 0.09 0.04 0.07
20 80 0.8 0.05 0.02 0.04

Source: Compiled from the data by Robb; Ann. N.Y. Acad. Sci., 146:119 (1968).

as the methyl groups attached to the silicone atom were replaced by the bulkier
phenyl groups. The extent of reduction in polymer diffusivity was found to be in
proportion to the percentage of phenyl replacement (Table 14). The reduction in
polymer diffusivity also appeared to be dependent upon the type and molecular di-
ameter of the diffusants. The magnitude of polymer diffusivity varies greatly from
one type of polymer to another (Table 15) and is also sensitive to the composition
of the copolymer (Tables 16 and 17).

The magnitude of polymer diffusivity D, is also dependent upon the type of
functional group and their stereochemical positions in the diffusant molecule. This
is demonstrated by the effect of hydroxyl groups on the polymer diffusivity of pro-
gesterone derivatives in a silicone polymer matrix (Table 18).

1. Effect of Cross-Linking

During the polymerization of hydrogel, varying amounts of ethylene glycol dime-
thacrylate, a cross-linking agent, are added to the solution of a linear polymr to
produce a three-dimensional ethylene glycomethacrylate gel with various degrees of
cross-linkage (47,48). The diffusivity of progestins in the hydrogel matrix was ob-
served to be reduced in response to the addition of a cross-linking agent (49,50).
The reduction in polymer diffusivity D, was found to be a linear function of the
reciprocal of the extent of cross-linkage (Figure 32). It was rationalized that the

Table 15 Polymer Diffusivity of Progesterone in Various
Biomedical Polymers

D,
Polymers (cm?/sec)
Regenerated cellulose (Cuprophan) 5.39 x 1077
Polydimethylsiloxane (Silicone) 2.15 x 107%
Hydroxyethyl methacrylate (Hydron) 4.38 x 107°
Polyurethane I (Biomer) 4.74 x 10710
Polyurethane II (Pellethan) 5.75 x 10712

Source: Compiled from the 25°C data by Zentner et al.; J. Pharm.
Sci., 67:1347 (1978).
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Table 16 Polymer Diffusivity of Progesterone in
Copolymers of Hydroxyethyl Methacrylates

Copolymers of methacrylate (%)* D, X 10°
A B C (cm?/sec)
100 — — 4.38
80 20 — 0.98
67 33 — 0.90
34 — 66 7.67
— - 100 12.70

*A, hydroxyethyl methacrylate; B, methoxyethyl methacry-
late; C, methoxyethoxyethyl methacrylate.

Source: Compiled from the data by Zentner et al.; J. Pharm.
Sci., 67:1352 (1978).

Table 17 Polymer Diffusivity of Tetracycline in Co (Hydroxyethyl Methacrylate-
Methyl Methacrylate)Polymers

Copolymer composition (mole ratio) D, X 10°
2
Hydroxyethyl methacrylate Methyl methacrylate (em®/sec + SD)
2 98 8.0 (x 4.7)
14 86 12.0 (= 2.1)
22 78 25.1 (£ 11.0)
63 37 43.2 (£ 8.9)

Source: Compiled from the data by Olanoff et al.; J. Pharm. Sci., 68:1147 (1979).

addition of a cross-linking agent results in the cross-linkage of some polymer chains,
which leads to a reduction in the mobility of the polymer chain and consequently a
decrease in porosity € as well as an increase in tortuosity 6 for the diffusioin of drug
molecules in the polymer structure (49). The combination of reduced porosity and
increased tortuosity resulted in a reduction in polymer diffusivity as expected from
the relationship

Table 18 Dependence of Polymer Diffusivity on the Position of
Hydroxy Groups in the Progesterone Molecule

D, X 10° (cm?/sec)

Silicone Silicone adhesive®
Diffusants clastomer® A B
Progesterone 1.76 7.06 7.94
21-Hydroxyprogesterone 1.25 9.72 11.21
11-Hydroxyprogesterone 0.82 6.12 5.32
17-Hydroxyprogesterone 0.51 1.10 0.89

*Calculated from the data determined in silicone polymer matrix at 45°C [Chien
et al.; J. Pharm. Sci., 68:689 (1979)].

°®Compiled from the data determined in silicone adhesives at 37°C: A = X7-2920
and B = DC-355 [Toddywala and Chien; J. Control. Release, 14: 29-41 (1990)].
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Figure 32 Linear dependence of the polymer diffusivity D, of norgestomet in a hydrogel
matrix on the extent of cross-linkage XL ™' of the hydrogel. [Plotted from the data by Chien
and Lau; J. Pharm. Sci., 65:488 (1976).]

-p& (54)
6

where D is the intrinsic diffusivity of a diffusant molecule (1).

The effect of cross-linking on polymer diffusivity was also observed for a simple
gas molecule like N, (1). Along with the reduction in polymer diffusivity, both the
energy of activation for polymer diffusion £, and the frequency factor D, were found
to increase in proportion to the increase in the extent of cross-linkage (Table 19).
These findings suggested that the cross-linking process yields a reduction in the mo-
bility of a polymer chain, which in turn requires a higher energy of activation and
a greater frequency factor for its motion.

Table 19 Effect of Cross-Linking on the Diffusion of N,
in Natural Rubber

xr D, x 10° E,
(%) (cm?/sec) D, (kcal/mol)
1.7 1.08 0.74 8.0
2.9 0.80 1.26 8.5
7.2 0.27 3.24 9.7
11.3 0.11 12.00 11.0

‘Extent of cross-linking.
Source: Compiled from the data by Barrer and Skirrow; J. Polym.
Sci., 3:549 (1948).



94 Chapter 2

Table 20 Dependence of In Vitro and In Vivo Release
Profiles of Norgestomet and Polymer Diffusivities on Extent of
Cross-Linkage in Hydrogel Implants

XL? D, x 10° Release flux (mg/cm?/day'’?)
2
(%) (em”/day) In Vitro In Vivo®
1.2 97.2 0.605 0.640
4.8 24.2 0.396 0.504
9.6 12.1 0.185 —
12.0 9.7 0.133 —_
14.4 8.1 0.101 —
16.8 6.9 0.074 —
19.2 6.1 0.058 0.129

*Extent of cross-linkage.

"Results from the subcutaneous release studies of norgestomet-releasing
Hydron implants in 39 cows for 16 days.

Source: Compiled from the data by Chien and Lau; J. Pharm. Sci., 65:488
(1976).

As the result of the reduction in polymer diffusivity, the release profiles of drugs
from hydrogel-based drug delivery systems was observed to decrease as the degree
of cross-linking increased (49,50). A typical example is demonstrated in the con-
trolled release of norgestomet, in vitro and in vivo, from hydrogel-based subdermal
implants (Table 20). As expected from Equation (17), a linear relationship exists
between the drug release flux Q/¢'/? and D) (Figure 33).

0.4+

0.2

an’ (mg/cm’/day%)

0.1

1 1 i 1
0 0.05 0.10 0.15 0.20

Dp'/2 (cm/day‘/z)

Figure 33 Linear relationship between the in vitro release flux Q/r'/* of norgestomet from

hydrogel implants and the square root of polymer diffusivity D;/ *. [Plotted from the data by
Chien and Lau; J. Pharm. Sci., 65:488 (1976).]
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The effect of cross-linking agents and copolymer compositions on the polymer
diffusivity of drugs in hydrophilic polymers was found to be related to the water
content in the polymers (50,51). Permeation across a water-swollen polymer mem-
brane can be visualized as primarily by diffusion through the microscopic, water-
saturated pore channels within the polymer structure (52,53), and the polymer dif-
fusivity is exponentially dependent upon the reciprocal of the degree of hydration of
the hydrophilic copolymer (Figure 34). The addition of a cross-linking agent results
in a decrease in porosity and an increase in tortuosity of these pore channels, leading
to a reduction in polymer diffusivity [Equation (48)].

2. Effect of Crystallinity

It is known that low-density polyethylene (LDPE) has a higher degree of side-chain
branching than high-density polyethylene (HDPE). Therefore, LDPE has a lower
degree of crystallinity than does HDPE. The crystallites act similarly to the cross-
linking agents just discussed. The crystallinity introduces regions of very low dif-
fusion relative to the diffusion in the surrounding amorphous structure, which leads
to a significant reduction in gross polymer diffusivity. The effect of density on poly-
mer diffusion is illustrated in Table 21, in which polymer diffusivity decreases as
the density of the polyethylene membrane is increased. The effect of density on
polymer diffusivity was also demonstrated in simple gas molecules (54). The poly-

100 -

50+

10

Dp (10° cm¥sec )

Figure 34 Semilogarithmic relationship between the polymer diffusivity D, of tetracycline
and the reciprocal of the degree of hydration (H)™' of the co(2-hydroxyethyl methacrylate-
methyl methacrylate)polymer. [Plotted from the data by Olanoff et al.; J. Pharm. Sci., 68:1147
(1979).]
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Table 21 Effect of
Density in Polyethylene
Membrane on the Polymer
Diffusivity of Ethylene

Oxide

Density D, x 10°
(g/cm®) (cm?/sec)
0.913 6.17
0.917 3.52
0.930 1.83
0.963 1.30

Source: Compiled from the 23°C
data by White and Bradley; J.
Pharm. Sci., 62:1634 (1973).

mer diffusivity D, of gas molecules in LDPE is much greater than that in HDPE
(Table 22). However, the activation energy for polymer diffusion E, was observed
to be slightly higher for low-density polyethylene than for high-density polyethylene,
and the frequency factor D, was also found to be much greater for low- than for
high-density polyethylene. These observations can be attributed to the higher degree
of side-chain branching in LDPE, which requires a high energy of activation for the
motion of polymer chains and also a greater frequency factor in response to the
increase in the entropy of activation AS,, as expected from the relationship

AS,
2.303R

log Dy = constant + (55)
Thermodynamically, the energy of activation for diffusion E,; and the entropy of
activation AS, are linearly related (1).

3.  Effects of Fillers

Fillers are often incorporated into a polymer to enhance its mechanical strength. For
example, very pure and finely ground silica (or diatomaceous earth) particles are
usually added as fillers to silicone elastomers in an amount as high as 20-25% to
enforce the mechanical strength of the elastomers. The effect of fillers on polymer
diffusion is more complicated than the effect of crystallinity and cross-linking already

Table 22 Dependence of Polymer Diffusion on the Density of Polyethylene Membrane

D, X 105 (cm?/sec) E, (kcal/mol) D,
Diffusants LDPE? HDPE® LDPE HDPE LDPE HDPE
H. 6.8 3.07 5.9 5.6 0.13 0.04
(0 0.46 0.17 9.6 8.8 4.48 0.43
CcO 0.33 0.096 9.5 8.8 2.82 0.25
CO, 0.37 0.124 9.2 8.5 1.85 0.19
CH, 0.19 0.057 10.9 10.4 17.2 2.19

*Density of low-density polyethylene (LDPE) = 0.910-0.935 g/cm®.
°Density of high-density polyethylene (HDPE) = 0.940-0.965 g/cm’.
Source: Compiled from the data by Michaels and Bixler; J. Polym. Sci., 50:393 (1961).
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Table 23 Effect of Siliceous Earth Filler on the Polymer Diffusivity of
Steroids in Silicone Polymer Matrix

D, x 107 (cm®/sec)

Steroids No filler With filler
Progesterone 5.78 4.50
17a-Hydroxyprogesterone 5.65 3.88
6a-Methyl-17-acetoxyprogesterone 4.17 3.36

Source: Compiled from the data by Roseman; J. Pharm. Sci., 61:46 (1972).

discussed. The presence of fillers was reported to affect polymer diffusivity as de-
termined by lag time techniques (55).

The effect of fillers was noted in the matrix diffusion of steroids in silicone
elastomer containing siliceous earth fillers (56). A reduction in polymer diffusivity
by 19-31% was observed with some steroids (Table 23). This reduction can be at-
tributed to the Langmuir adsorption of steroid molecules onto filler particles (57),
leading to a prolongation of lag time and, hence, a lower estimated value of diffusion
coefficient (56). The reduction in diffusivity is thus a function of filler content in
the polymer and can run as high as 15 times in the presence of as little as 25% filler
(Table 24).

Diffusion through a homogeneous (i.e., fillerless) polymer may be characterized
as Fickian, but diffusion through a heterogeneous (filler-containing) polymer is made
complex because of the Langmuir adsorption of diffusant molecules onto the active
filler. The role of active filler in the reduction of polymer diffusivity can be quan-
titated by assessing the effect of Langmuir adsorption on the movement of diffusant
molecules in a heterogeneous polymer structure (58,59). The apparent polymer dif-
fusivity D, in a filler-containing polymer can be related to the effective polymer
diffusivity D, in a fillerless polymer by the relationship (57)

=—+-Ly, (56)

Table 24 Dependence of
Polymer Diffusivity of Ethyl-p-
Aminobenzoate on the Content
of Silica Filler in a Silicone

Membrane
Filler content D, x 10°
(% w/w) (cm?*/sec)
0.0 1.78
12.5 0.24
15.0 0.15
25.0 0.12

Source: Compiled from the data by
Most; J. Appl. Polym. Sci., 14:1019
(1970).
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Table 25 Adsorption Capacity K; of Silica

Filler

Diffusants K;
Ethyl-p-aminobenzoate 111.04
17-Hydroxyprogesterone 3.56
Progesterone 2.22
Medroxyprogesterone acetate 1.88

where K, is the adsorption capacity of the filler and V; is its volume fraction in the
polymer. According to Equation (56), a plot of 1/D,, - versus V; should yield a straight
line with an intercept of 1/D, and a slope of K;/D,. From the values of intercept
and slope, the adsorption capacity K, of a filler for various drugs can be determined
(Table 25). The adsorption capacity of a filler varies greatly from one drug to an-
other.

4. Determination of Polymer Diffusivity
The diffusivity of a drug molecule through the rate-controlling membrane of a poly-
mer membrane permeation-controlled drug delivery system can be determined from
the relationship

D i

"= ot (57)

where ¢, is the time-axis intercept of the extrapolation through the steady-state drug
release data (Figure 35). This time lag effect is usually observed in a freshly fab-
ricated drug delivery device (1), and it should be treated carefully. The extrapolation
should be drawn through those steady-state release data generated after a period of
at least two lag times #;; otherwise, significant errors may result in the determination
of extrapolated lag time and in the computation of polymer diffusivity (6,60).

Very often drug delivery devices are stored for varying lengths of time before
being used. The release of drug from such shelved devices usually results in a burst
effect phenomenon due to the instantaneous release of drug molecules accumulated
on the device surface during storage (61). The polymer diffusivity D, in such an
aged device can be determined from the relationship

_h

D (58)

P
where 7, is the negative time-axis intercept of the extrapolation through the steady-
state release data (Figure 35).

As discussed earlier, elastomeric polymers often contain very pure and finely
ground filler particles to enforce their mechanical strength. In such cases the polymer
diffusivity D, , may be determined by the following relationships [Equations (59)
through (61)].

1. If the filler is inert and its presence adds only a tortuosity factor 9 to the diffusion
process,
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Figure 35 Approaching the steady-state release profile of norgestomet from a silicone cap-
sule subjected to (O) a time lag effect or (@) a burst effect. [Reproduced, with permission,
from Chien; in: Sustained and Controlled Release Drug Delivery Systems (Robinson, Ed.),
Dekker, New York, 1978, Chapter 4.}

b - on; (59)
» ey
2. If the filler is active and has a constant adsorption capacity Kj,
n (1 KV
D,;=- (— + —L> (60)
n \4 2KC.D,

3. If the filler is active and its adsorption capacity K; is in direct proportion with
the local concentration of diffusant molecules,

2
D,;=-"(V,+ KV) (61)
61

where V), and V; are the volume fractions of the polymer and the filler, respec-
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tively; K, is the true partition coefficient for the interfacial partitioning of drug
from the solution medium toward the polymer phase; and C, is the concentration
of diffusant in the applied solution medium.

On the other hand, the diffusivity of a drug species through the polymer matrix
of a polymer matrix diffusion-controlled drug delivery device cannot be determined
from lag time and burst effect techniques. However, it can be conveniently calculated
from the linear 0/ '/ versus [(2A — CP)CP]I/ 2 plots (Figure 36), and diffusivity of
drug molecules in the polymer matrix can be determined by

1/252
e .
(A — C)C))

E. Solution Diffusivity D,

The diffusion of solute molecules in a solution medium may be considered to result
from the random motion of molecules. Under a concentration gradient molecules
diffuse spontaneously from a region of higher concentration to a region of lower
concentration until the concentration in the whole solution medium becomes uniform
throughout.

The solution diffusion process is, microscopically, slightly different from the
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Figure 36 Linear relationship between the release flux Q/7'/? of desoxycorticosterone acetate
from a matrix-type silicone device and [(2A — p)Cp]” 2 values. [Reproduced, with permis-

sion, from Chien et al.; ACS Symposium Series, 33:72 (1976).]
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Figure 37 Bueche’s void occupation model. Drug molecule X jumps from its own void to
a new equilibrium position in the adjacent void.

polymer diffusion discussed in the last section. The model of void occupation pro-
posed by Bueche (62) and the theory of free volume by Kumins and Kwei (63) can
be applied to the analysis of the solution diffusion process.

Let us consider a simple solution of a drug species. In the solution medium each
drug molecule is confined to a cell defined by a group of solvent molecules, like
the one shown in Figure 37. Motion of the center of mass of drug molecule X may
take place in a number of ways. Suppose one of the neighboring cells becomes vacant
for some reason and during the same time interval, if drug molecule X acquires
sufficient thermal energy and also moves in the proper direction, drug molecule X
can jump from its own cell to a new equilibrium position in the neighboring cell.
Such a dislocation gives rise to diffusive motion if another drug molecule jumps into
the vacancy left by molecule X before X can return to its original position. The
solution diffusivity D, is thus related to the jump frequency v and the jump distance
A by

1 2
D, =-vA (63)
6

The variation in solution diffusivity from system to system, often many orders
of magnitude, is primarily a result of the difference in jump frequencies v.

The probability that a diffusional jump takes place is proportional to the prob-
ability that a hole of sufficient size is adjacent to molecule X. The probability that
the presence of a hole with size V), can be located is, according to the Boltzmann
distribution, proportional to ¢~ “”/%"_ Therefore, the solution diffusivity may also be
defined by the relationship

D, = Dye” /D (64)

where Dy, the preexponential factor, is assigned to take into account the jump dis-
tance and the entropy of activation associated with hole formation (64). A molecule
ordinarily vibrates around its equilibrium position at a frequency of 10-10" vi-
brations/sec.

For a solute whose molar volume is equal to or greater than the molar volume
of water molecules, the diffusivity of the solute molecules in the aqueous solution
(at 25°C) is inversely proportional to the cube root of their molar volume. The molar
volume of a solute molecule is an additive property of its constituent atoms and
functional groups. It is possible to estimate with reasonable accuracy the molar vol-
vume of a drug molecule from its chemical formula by summation of the partial
molar volumes of its constituent atoms and functional groups (Table 26).
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Table 26 Partial Molar Volume of Some Common Atoms and Groups

Partial molar Partial molar
volume volume

Atom (A*/molecule) Group (A®/molecule)
CH, 26.90
H 5.15 CH,; 32.04
H* —7.47 NH, 12.78
N 2.49 N(CH,); 110.08
N* 13.95 COO~ 19.09
C 16.44 COOH 31.55
O (=0 or-0-) 9.13 C,H;s 58.61
O (-OH) 3.82 C;H, 85.84
O (diol) 0.66 CHo 112.73
S 25.73 CsH 5 166.53
P 28.23 CgHy; 220.32
P* 47.32 CioHn 274.12
Li* —8.63 CoHos 327.91
Na® —9.46 C4Hy 381.70
K* 7.47 OCH,CH, 62.93
Cl- 37.02 One ring —13.45
Br~ 48.48 Two fused rings —43.83
1~ 67.74 Steroid rings 317.12

Source: Calculated from the data by Flynn et al.; J. Pharm. Sci., 63:479 (1974).

When the solution diffusivities of various chemical classes are compared on the
basis of molecular volume, the alkanes are the most rapidly diffusing chemicals,
with the relative rates of diffusion: alkanes > alcohols > amides > acids > amino
acids > dicarboxylic acids. This order of solution diffusivity is anticipated when one
considers the increase in the hydrodynamic volume of traveling diffusant molecules
whose —COOH, —NH,, or —OH groups are tightly hydrogen bonded with water
molecules (65). The effect of such hydration is proportionally smaller for larger mol-
ecules.

The diffusivity of a solute molecule in an aqueous solution usually decreases as
its concentration increases. This reduction is frequently related to the increase in
solution viscosity that usually accompanies the increase in solute concentration. In
general, however, diffusivity determined at a concentration below 0.10 M is very
close to the value determined by extrapolation to infinite dilution (65).

The effect of viscosity on the solution diffusivity D; can be described by the
simple relationship

D=2 (65)

where w is a proportionality constant and u is a viscosity coefficient. Equation (65)
indicates that when all the other parameters are constant the solution diffusivity is
inversely proportional to the viscosity coefficient of the aqueous solution. The vis-
cosity coefficient may be determined by the Poiseuille equation,

wAPd*
128Vl

= ; (66)
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where ¢ is the time required for the V ml of a solution to flow through a capillary
tube of length / and diameter d under applied pressure AP, and 7 is a constant.

When an aqueous solution contains various volume fractions of a cosolvent, such
as polyethylene glycols, to enhance the aqueous solubility of a drug species [Equa-
tions (36) through (38) and Figure 11], the intrinsic viscosity u* of a cosolvent
system can be estimated from the relationship

¥ = lim =2 67)
F-0
by plotting the values of w,/f,, the ratio of the specific viscosity u,, over its cor-
responding volume fraction f,, against the volume fractions of a cosolvent in a series
of aqueous solutions and then extrapolating this linear relation to the zero volume
fraction, i.e., pure distilled water. The values of specific viscosity for various co-
solvent-water combinations can be determined from the relationship
Mo

My =——1 (68)
Hay

where p, and u,, are the viscosities of an aqueous solution containing x volume
fraction of a cosolvent system and pure water, respectively. Pure water has a w,,
value of 8.95 X 107 g/cm - sec at 25°C.

The viscosity of most liquids decreases with an increase in temperature. This is
expected from the void occupation and of free volume models discussed earlier. This
temperature-dependent reduction in viscosity gives an increase in solution diffusivity
[Equation (65)]. The temperature dependence of the solution diffusivity D, can be
derived from Equation (64):

E, 1
- (69)
2.303RT

The energy of activation for solution diffusion E, calculated from the diffusion
data in aqueous solutions is generally between 4.5 and 5.0 kcal/mol. These values
are very close to the 4.2 kcal/mol value for the viscous flow of water (65).

F. Thickness of Polymer Diffusional Path h,

The controlled release of a drug species from both polymer membrane- and polymer
matrix-controlled drug delivery systems is essentially governed by the same physi-
cochemical principle as defined by Fick’s law of diffusion [Equation (1)]. The ob-
served difference in their drug release patterns [Equations (4) and (17)] is a result
of the difference in the time dependence of the thickness of their polymer diffusional
paths 4,. For the polymer membrane-controlled reservoir-type drug delivery devices
fabricated from nonbiodegradable and nonswollen polymers, such as silicone elas-
tomer, the A, value is defined by a polymer wall with a constant thickness that is
invariable with the time span (Figure 2). On the other hand, in matrix-type drug
delivery devices fabricated from nonbiodegradable polymers the thickness of the dif-
fusional path in the polymer matrix as defined by drug depletion zone (Figure 3)
grows progressively in proportion to the square root of time [Equation (16) and Fig-
ure 38]. The rate of growth in the 4, value can be defined mathematically by Equa-
tion (70):

1/2
& = <M) (70)
M \A-¢,/2

log D, = log D, —
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Figure 38 Linear relationship between the thickness of the drug depletion zone 4, in a matrix-
type silicone device and the square root of time.

Equation (70) indicates that the rate of growth in the thickness of the drug depletion
zone (polymer diffusional path), h,/ 1'%, is dependent upon the solubility C,, dif-
fusivity D,, and loading dose A of the drug in the polymer. Theoretically, the
h, /1'% values, estimated from the slope of the linear A, versus ¢'/2 plots, should be
a linear function of the reciprocal of the square root of A — C,/2 (Figure 39).

In the matrix-type drug delivery devices fabricated from a biodegradable poly-
mer, such as co(lactide-glycolide)polymer, the h, versus £'/? and h,/1'? versus
(A — C,/2)""/* relationships is complicated by the concurrent biodegradation of the
polymer matrix (Chapter 8). In matrix-type drug delivery devices fabricated from
nonbiodegradable, hydrophilic polymers, such as hydroxyethyl methacrylates, these
relationships should also be followed after the equilibrium hydration state is reached
(Figure 3).

Effect of the time-invariant polymer diffusional path (with constant membrane
thickness) on the controlled release of a drug species from reservoir- and hybrid-
type drug delivery systems (Figures 2 and 5) can be appreciated by examining Equa-
tions (7) and (30), respectively. The effect of membrane thickness was observed
experimentally in the membrane permeation of megestrol acetate (18) and chlor-
madinone acetate (66) across the lipophilic silicone polymers, antineoplastic 5-fluo-
rouracil across hydrophilic Hydron membranes, and naltrexone from biodegradable
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Figure 39 Linear relationship between the rate of growth in the thickness of the drug de-
pletion zone A, /1'% in a matrix-type silicone device and the reciprocal of the square root of
A - C,/2.

copolymer-coated co(lactide-glycolide)polymer beads (67). The Q versus ¢ linearity
is followed for all membranes with varying thickness (Figure 40). As expected from
Equation (7), the rate of membrane permeation Q/¢ is linearly dependent upon the
reciprocal of membrane thickness (Figure 41). The thickness of the polymer mem-
brane also affects, as suggested by Equation (57), the lag time #, for membrane per-
meation (Figure 42). The linear Q/t versus h, "and 1, versus hf, relationships provide
the possibility of altering the rate of drug release from the reservoir- and hybrid-type
drug delivery systems by varying the thickness of the polymer membrane %,. This
was applied in the subcutaneous controlled release of steroids from silicone capsules
in rats (Chapter 8) and in the 90 day intravaginal controlled administration of pro-
gesterone from silicone vaginal rings (Figure 43). The rates of in vivo drug release
were reduced in proportion to the increase in the thickness of the polymer membrane.

G. Thickness of Hydrodynamic Diffusion Layer hy

The rate-limiting role of the hydrodynamic diffusion layer A, in determining drug
release profiles can be visualized by considering that as a device is immersed in a
stationary position in a solution, a stagnant layer is established on the immediate
surface of the device. The effective thickness of this stagnant layer is dependent on
the solution diffusivity D, and varies with the square root of time (3):

(ha)w = (@D 1/ (71)



106 Chapter 2

0 ) 10 15 20 25
Time (Hours)

Figure 40 Linear Q versus ¢ relationship for the permeation of 5-fluorouracil across Hydron
membranes of varying thickness 4,,: (A) 0.15 mm, (B) 0.60 mm, (C) 1.0 mm, and (D) 2.50
mm.

where the subscript nr refers to the stationary (or, nonrotationary) state and 7 is a
constant.

If the device is forced to rotate at a constant speed, convection results. The
convective diffusion of the drug molecules to and from the surface of the device is
much greater than when natural diffusion (under the concentration gradient) operates
on a statiopary device because the concentration gradient {C, — C,,]/h, of the drug
now extends over a thinner stagnant layer (68). The effective thickness of the hy-
drodynamic diffusion layer on the rotating device becomes time independent and is
now defined by the Levich equation,

(hy), = 1-62D§/3V1/6W‘1/2 .

where the subscript r stands for the rotation state and V and W represent the kinematic
viscosity of the elution medium and the angular rotation speed of the drug delivery
device, respectively. Equation (72) allows the calculation of (4,), on a rotating device
if D;, V, and W are known or predetermined.

It was discussed earlier that in the subcutaneous controlled administration of
progestins from silicone capsules in rats (5,12) a fairly good agreement can be es-
tablished between the rates of subcutaneous drug release and the rates calculated
from Equation (5) using the literature values for the partition coefficient, diffusivity,
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Figure 41 Linear dependence of the in vitro release rate Q/t of megestrol acetate from sil-
icone capsules on the reciprocal of wall thickness 4,,. [Plotted from the data by Kincl et al.;
Steroids, 11:673 (1968).]

polymer solubility, and polymer wall thickness if a physiological diffusion layer (4,,
which is not measurable) of 80 um is assumed to exist on the surface of subdermal
implants (Table 1). It was also reported that a better in vivo-in vitro correlation can
be achieved for the intravaginal controlled release of medroxyprogesterone acetate
from a silicone vaginal ring if a physiological diffusion layer of 580 um is presumed
to exist on the vaginal ring in situ (21). The observed difference in the magnitude
of the physiological diffusion layers can be attributed to the degree of contact be-
tween the drug delivery device inserted and the tissue at the site of insertion (or
implantation), the diffusivity of drug molecules in the tissue fluid surrounding the
inserted (implanted) device, the kinematic viscosity of the tissue fluid (69), and the
motion of the device at the insertion (or implantation) site.

The rate-limiting role of A, in determining the rates of controlied release of drug
from reservoir- and hybrid-type drug delivery systems becomes apparent when one
examines Equations (5) and (22). The effect of the hydrodynamic diffusion layer on
the drug release profiles Q/1'? from a matrix-type polymeric device was not con-
sidered in the derivation of Equation (18) because of the assumption that the diffusion
of drug molecules in the polymer structure is the rate-determining step. Experimen-
tally it was observed, however, that the drug release profile Q/ /7 is a function of
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Figure 42 Linear relationship between lag time #,, for the membrane permeation of p-ami-
noacetophenone and the square of silicone membrane thickness 42,. {Plotted from the data by
Flynn and Roseman; J. Pharm. Sci., 60:1788 (1971).]

the variation in the thickness of the hydrodynamic diffusion layer on the surface of
a matrix-type drug delivery device (70). The magnitude of Q/7'/? values decreases
as the thickness of hydrodynamic diffusion layer A, is increased, although the linear
Q versus 1'/* drug release pattern is followed irrespective of the change in the fluid
hydrodynamics around drug delivery devices in the elution solution (Figure 44).

For in vitro release studies of a drug species from a drug delivery device, the
thickness of the hydrodynamic diffusion layer h, on the immediate surface of the
device should be controlied at a very small but constant magnitude, via the control
of the angular rotation speed W [Equation (72)]; thus the real mechanism and rate
profiles of membrane permeation can be better understood by minimizing the com-
plication from the effect of hydrodynamic diffusion properties. This was analyzed
and demonstrated by the use of a polymeric membrane-covered varying-speed ro-
tating-disk electrode technique (6).

The physiological hydrodynamics for the diffusion of drug molecule after its
release from an inserted (or implanted) drug delivery device are analyzed in depth
using the complex multibarrier flow coordinate model of Scheuplein (71). This model
has been applied to in vitro membrane transport (72) as well as to the subcutaneous
(73) and intravaginal absorption (70) of drugs delivered by matrix-type drug delivery
devices.

H. Drug Loading Dose A

In the preparation of a drug delivery device varying loading doses of drug are in-
corporated into the device as required for different lengths of treatment.
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Figure 43 Effect of the thickness h, of a silicone membrane on the 90 day intravaginal
controlled release of progesterone from a silicone vaginal ring. [Plotted from the data by
Burton et al.; Contraception, 17:221 (1978).]

Equation (17) indicates that variation in the drug loading dose A in matrix-type
drug delivery systems also affects the magnitude of the drug release flux Q/7'/>. The
effect of drug loading on Q/7'/? values is observed in drug release studies both in
vitro (Figure 45) and in vivo (Figure 46). The results suggest that any intention to
prolong the duration of medication by incorporating a higher loading dose of a ther-
apeutic agent into a matrix-type drug delivery device also inevitably produces a greater
value for the drug release flux Q/ 2

Variation in drug loading doses was also found to influence the drug release
profiles from matrix-type drug delivery devices fabricated from biodegradable
co(lactide-glycolide)polymers (67).

On the other hand, the rate of drug release from a membrane permeation-con-
trolled reservoir-type polymeric drug delivery device is independent of the drug load-
ing dose [Equation (5)]. The independence of the drug release rate Q/¢ from the
drug loading dose in reservoir-type drug delivery systems has been observed ex-
perimentally (Table 27). Variation in loading doses results only in a change in the
duration of constant drug release profiles (Figure 47). The release rate of norgestri-
enone from silicone capsules with a loading dose of 2.5 mg/cm is essentially the
same as that from capsules with a loading level of either 7.5 or 12.5 mg/cm for a
duration of 180 days. After this period almost no steroid remains in the capsules.
On the other hand, the release rates of norgestrienone from capsules with loading
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Figure 44 Effect of the hydrodynamic diffusion layer on the linear Q versus #'/? relation-
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doses of 7.5 and 12.5 mg/cm show no difference for a period of more than 1 year
74).

Furthermore, it has been reported that the drug loading level in matrix-type drug
delivery systems also affects the time required for the transition of drug release pro-
files from a partition-controlled process [Equations (13) and (14)] to a matrix-con-
trolled process [Equation (18)]. The transition time f,,,, was found to be prolonged
as the drug loading dose in the devices was increased (Figure 48). The effect of drug
loading dose on the transition time can be realized by substituting Equations (20)
and (21) for « and B in Equation (19) to form

3D, hje 4

73
2D?9 73)

ttrans/(KCS)’ 1=

where K is the partition coefficient for the interfacial partitioning of drug from poly-
mer toward elution solution; C; is the solubility of drug in the elution solution; D,
and D, are the diffusivities of drug in polymer and elution solution, respectively; A,
is the thickness of the hydrodynamic diffusion layer; and € and o are the porosity
and the tortousity of the polymer structure.

I. Surface Area

The dependence of the rate of drug release on the surface area of a drug delivery
device is well known theoretically and experimentally. A typical example is illus-
trated in Figure 49. Both the in vitro and in vivo rates of drug release are observed
to be dependent upon the surface area of drug delivery device.

For the sake of comparison, therefore, the contribution of surface area to the
release profiles of a drug from various controlled-release drug delivery systems has
been taken into consideration in the mathematical derivation of Equations (5), (17),
(22), and others and built into the calculation of the Q value, which by definition
is the cumulative amount of drug released from a unit surface area of the device

(mg/cm’).

IV. EVALUATIONS OF CONTROLLED-RELEASE DRUG DELIVERY

A. In Vitro Evaluations

A review of the current literature has revealed that a formidable task facing a re-
searcher in his or her successful development of a viable controlled-release drug
delivery device and experimental assessments of the delivery rate profiles of drugs
from the device is the proper design of an in vitro drug elution system that permits
the accurate evaluation and mechanistic analysis of controlled drug release profiles.
Such variables as the specificity and sensitivity of the assay, maintenance of the sink
condition throughout the duration of a study, the hydrodynamic characteristics of the
solution, and the reproducibility of sampling, as well as the volume and temperature
of the system, must be carefully evaluated during the initial stage of design and
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Figure 46 Effect of drug loading dose A on the intravaginal controlled release flux Q/r'/?
of norgestrel from matrix-type silicone vaginal rings in humans. [Plotted from the data by
Mishell et al.; Contraception, 12:253 (1975).1

Table 27 Independence of the In Vitro Release Rate of
Methyl-CCNNU from a Silicone Capsule from the Variation in
Drug Loading Dose

Drug loading dose

b

Weight? __Q~/t_____
(mg/capsule) Packing extent (mg/cm?*/day)

4.0 Very loose 0.598

6.8 Firm 0.518

7.8 Firm 0.598

8.0 Firm 0.558

8.2 Firm 0.598

8.3 Firm 0.677

10.9 Very firm 0.637

0.598 (=8.6%)

*Inside a capsule of 2 mm (ID) X 2.5 mm (length).

In vitro release into normal saline at 37°C.

Source: Compiled from the data by Rosenblum et al.; Cancer Res., 33:906
(1973).
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Figure 47 In vitro release profiles of norgestrienone from silicone capsules loaded with dif-
ferent doses of steroid: (O) 12.5 mg/cm, ((J) 7.5 mg/cm, and (A) 2.5 mg/cm. [Reproduced,
with permission, from Nash et al.; Contraception, 18:367 (1978).]

precisely controlled during operation. Many designs of in vitro drug elution systems
have been devised and used (18,20,21,75). Considering that most of them have been
designed for the same purposes, the diversity in their designs is remarkable. In this
section only two in vitro drug elution systems, which have been assessed and found
to fulfill most of these criteria, are discussed.

1. Drug Elution Systems

Continuous Flow Apparatus. The continuous flow apparatuses designed and used
by Kalkwarf et al. (75) and Roseman and Higuchi (21) are very similar in principle.
A typical setup is illustrated in Figure 50. The prototype of a drug delivery device
under development is positioned in a thermostated drug elution column and exposed
to a continuous flow of an elution solution, such as distilled water, isotonic saline,
or an isotonic solution of bovine serum albumin (3%). The flow rate of the elution
solution can be regulated to maintain solution hydrodynamics that simulate various
rates of drug uptake in the body. Samples of the effluent drug solution are then
collected and assayed at various time intervals (75,76).

As the flow rate of the elution solution is increased, the rate of drug release
from the device also increases and eventually reaches a plateau level (Figure 51).
Beyond this level any increase in the rate of solution flow does not produce en-
hancement of the rate of drug delivery. This value represents the maximum rate of
drug delivery from the drug delivery device since the thickness of the hydrodynamic
diffusional layer has been reduced to the minimum (Section IIIG) and the sink con-
dition is maintained throughout the study (Sections IIIB). Using this continuous flow
apparatus the in vitro release of progesterone from a matrix-type polyethylene-based
drug delivery device was investigated and found to be under a matrix diffusion-
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Figure 48 Effect of the loading dose A of p-aminobenzoic acid esters on the transition time
Leans @S defined in Equation (73). [Plotted from the data by Roseman and Yalkowsky, ACS
Symposium Series, 33:33 (1976).]

controlled process, as defined by Equation (17), and a Q versus 172 drug release
profile was obtained irrespective of the type of elution solution used (Figure 52).
This release profile was achieved with a very high flow rate of elution solution
(300 ml/min or 432 L/day). With this flow rate the use of either a 3% bovine serum
albumin (BSA) solution or an isotonic saline solution as the elution medium was
observed to yield only a less than 6% difference in drug release profiles (the Q/1"/?
value was 0.313 mg/day'/> for BSA solution and 0.296 mg/day'? for isotonic
saline). The results suggest that sink conditions have been maintained. It was re-
ported that the in vitro drug release data determined by this continuous flow appa-
ratus simulate closely, in terms of the mechanism and rate profiles of drug release,
the intrauterine and the intraperitoneal controlled release of progesterone from ma-
trix-type polyethylene-based drug delivery systems (75).

Because of the low aqueous solubility commonly observed in many therapeutic
agents, particularly the steroidal drugs (Table 6), a large volume of an elution so-
lution must be used in in vitro drug release studies to maintain a sink condition (e.g.,
300 ml/min or 432 L/day for progesterone). The direct assay of drug concentrations
in the elution solution becomes extremely difficult and labor intensive, although it
can be done by special analytic instrumentations, e.g., radioactivity measurement.
The release profiles have therefore been alternatively determined by assaying the
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Figure 49 Effect of surface area on the release rate Q/r of 1-(2-chloroethyl)-3-(trans-4-meth-
ylcyclohexy)-1-nitrosourea from silicone capsules: (@) in vivo release in rats; (O) in vitro
release in normal saline at 37°C. [Plotted from the data by Rosenblum et al.; Cancer Res.,
33:906 (1975).1

residual drug content in drug delivery devices (75). The precision of analysis of the
kinetics of drug release profiles may be jeopardized (6,77,78).

The same mechanical principles were also applied to the construction of a con-
tinuous circulation drug elution system to investigate the controlled release of pro-
gesterone and its derivatives from matrix-type medicated vaginal rings fabricated
from silicone elastomer (21,56). The controlled release of progestins from matrix-
type silicone devices was also found to follow the Q versus 7'/? relationship when
the devices were exposed to the continuous circulation of 60 L/day of distilled water
(Figure 53). The difference in the drug release flux Q/7'/? of progestins from drug-
dispersing matrix-type polymeric devices can be attributed to the difference in their
polymer solubility C, and polymer diffusivity D, [Equation (18)| when a constant
drug loading dose A is used. Experimentally, the magnitude of Q/r'/? values was
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Figure 50 The experimental setup for an in vitro drug release study using a continuous flow
apparatus. (Courtesy of Dr. D. R. Kalkwarf, Battelle Pacific Northwest Laboratories.)
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Figure 51 The daily amount of progesterone released from a polyethylene-based drug de-
livery device as a function of the flow rate (ml/min) of the elution solution in the continuous
flow apparatus. (Courtesy of Dr. D. R. Kalkwarf, Battelle Pacific Northwest Laboratories.)
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Figure 52 Release profiles of progesterone from a polyethylene-based drug delivery device
studied by the continuous flow apparatus with (O) a 3% bovine serum albumin solution or
(1) an isotonic normal saline solution (300 ml/min) as the elution solution. [Plotted from
the data by Kalkwarf et al.; Contraception, 6:423 (1972).]

found to be linearly dependent upon the square root of the polymer solubilities of
these progestins (Figure 8). The effect of polymer solubility and polymer diffusivity
on drug delivery rate profiles has been analyzed in Sections IIIA and IIID, respec-
tively.

The continuous flow or circulation apparatus is also applicable to in vitro studies
of controlled release rate profiles of drugs from membrane permeation-controlled and
(membrane-matrix) hybrid drug delivery systems.

Constant Rotation Apparatus. A primary concemn in the in vitro evaluations of a
potential drug delivery system before initiation of costly animal testing is the de-
velopment of an in vitro method that permits determination of the mechanisms and
rates of drug delivery reliably and rapidly. The in vitro method developed should
also make possible the direct assessment of drug release flux. With these consid-
erations in mind, Chien and his associates (14) developed a constant rotation ap-
paratus that is relatively simple in design and easy to construct (Figure 54). The
polymeric drug delivery device is mounted in circular shape in a plexiglass holder
(with a spin bar at the center of the holder) and then rotates in the elution medium,
maintained under a sink condition, at a constant angular rotation speed to achieve
the constant solution hydrodynamics required [Equation (72)]. This in vitro drug
elution system permits the maintenance of a constant thickness of the hydrodynamic
diffusion layer 4, on the immediate surface of the drug delivery device and a ho-
mogeneous drug concentration in the bulk of the elution solution. The effect of h,
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Figure 53 Release profiles of progestins from medicated silicone-based vaginal rings as de-
termined by the continuous circulation apparatus: (A) progesterone, (B) medroxyprogester-
one, (C) 6a-methyl-118-hydroxyprogesterone, and (D) 17a-hydroxyprogesterone. [Plotted from
the data by Roseman; J. Pharm. Sci., 61:46 (1972).]

172 was discussed earlier (Section 111G,

on the magnitude of the drug release flux Q/r
Figure 44).

Additionally, the sink conditions required for in vitro drug release studies are
maintained in the constant rotation apparatus by the use of a water-miscible cosolvent
compatible with the drugs and the polymeric drug delivery devices investigated to
enhance the aqueous solubility of relatively insoluble therapeutic agents, such as
steroidal drugs (Section IIIB). The effect of the addition of a cosolvent in the water
on the aqueous solubility was defined in Equations (36) through (38) and demon-
strated in Figure 11 and Table 13. Using cosolvent systems a perfect sink condition
can be maintained throughout the in vitro drug elution studies, and only a small
volume (e.g., 100-150 ml) of an elution solution is required. The drug concentra-
tions in the solution are sufficiently high that hourly or daily direct assays become
feasible and drug release profiles can be closely monitored and rapidly assessed. The
combination of constant rotation and cosolvency thus developed provides a rapid
methodology for reliable characterization of the mechanisms and rate profiles of con-
trolled-release drug delivery from polymer-based drug delivery devices.
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Figure 54 A unit of the drug elution cells in the constant rotation apparatus used to measure
in vitro drug release profiles from a polymeric drug delivery device. (1) Sampling holes with
Teflon stopcocks; (2) water-jacketed cell; (3) plexiglass holder; (4) Teflon-coated spin bar;
(5) a ring-shaped polymeric device; and (6) a magnetic stirrer. Up to six cells can be con-
nected in series and thermostated at 37°C. [Reproduced, with permission, from Chien et al.;
J. Pharm. Sci., 63:365 (1974).]

Several drug elution cells can be connected in series and thermostated at the
same temperature for in vitro evaluations of several drug delivery devices under the
same experimental conditions.

The in vitro evaluations conducted in the constant rotation apparatus indicated
that the release of desoxycorticosterone acetate from a matrix-type silicone pellet
follows a matrix diffusion-controlled process and, as defined in Equation (17), a Q
versus 1'/? drug release pattern (Figure 55). On the other hand, the release of the
same steroidal drug from a silicone pellet (11,12,79) fabricated from microreservoir
dissolution-controlled drug delivery systems (Section IID) shows a Q versus r drug
release pattern (Figure 56) as projected from Equation (27). The difference in the
controlled drug release patterns between matrix- and microreservoir-type drug de-
livery systems is remarkable when the daily release data are compared (Figure 57).
The daily dose of desoxycorticosterone acetate released from the matrix-type drug
delivery device is much higher than from the microreservoir-type drug delivery de-
vice initially, resulting from burst release, and then gradually decreases with time
(12). On the other hand, the microreservoir-type drug delivery device maintained a
constant drug release profile (Figure 57).

Drug elution studies of a membrane permeation-controlled reservoir-type drug
delivery system (Section IIA) in the constant rotation apparatus also give a constant
drug release profile (Q versus ) as defined by Equation (4) (Figure 58). A similar
drug release pattern was also observed when the same drug was released from the
membrane-matrix hybrid drug delivery system.
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Figure 55 Release profile of desoxycorticosterone acetate from a matrix-type silicone im-
plant determined in the constant rotation apparatus. [Reproduced, with permission, from the
data by Chien et al.; ACS Symposium Series, 33:72 (1976).]

The rate profiles of drug release determined in the constant rotation apparatus
can be varied to simulate various in vivo hydrodynamic conditions by changing the
solution solubility of drugs in the elution medium (Figure 14 and Table 7). The
solution solubility of a drug can be easily controlled by varying the volume fraction
of cosolvent incorporated into the elution solution [Figure 11 and Equations (36)
through (38)], leading to a variation in the mechanism and rate profiles of drug
release from the matrix-type drug delivery system (Table 2).

The constant rotation apparatus approach was also applied to the design of other
similar apparatuses for the in vitro study of the mechanisms and rate profiles of drug
release from other controlled-release drug delivery devices, such as transdermal drug
delivery systems (80—83), intravaginal drug delivery systems (84,85), and oral drug
delivery systems (86). These in vitro drug release apparatuses were analyzed (87),
and their hydrodynamic characteristics were determined theoretically and experi-
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Figure 56 Release profile of desoxycorticosterone acetate from an MDD-type silicone im-
plant determined in the constant rotation apparatus. [Reproduced, with permission, from the
data by Chien et al.; J. Pharm. Sci., 67:214 (1978).]
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Figure 57 Daily release profiles of desoxycorticosterone acetate from (O) a matrix-type sil-
icone implant and (®) a MDD-type silicone implant. (Both have the same surface area and
loading dose.) [Reproduced, with permission, from the data by Chien et al.; J. Pharm. Sci.,
67:214 (1978).]
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Figure 58 Release profile of norgestomet from a membrane permeation-controlled reservoir-
type silicone device determined in the constant rotation apparatus. {Reproduced, with per-
mission, from the data by Chien; in Sustained and Controlled Release Drug Delivery Systems
(J. Robinson, Ed.), Dekker, New York (1978), Chapter 4.]

mentally (88). These in vitro apparatus are discussed individually in each pertinent
chapter.

Continuous Flow Apparatus versus Constant Rotation Apparatus. Using medrox-
yprogesterone acetate as the model drug, the in vitro drug release profiles from a
matrix-type drug delivery system, as determined by a continuous flow apparatus and
a constant rotation apparatus, were compared with the data estimated from theoretical
calculations using Equation (18) and literature data (14). The result indicated that in
vitro drug elution studies conducted in both a continuous flow apparatus and a con-
stant rotation apparatus produce the same drug release pattern (linear Q versus 7'/2
relationship), and the Q /1'/? data obtained are comparable to the theoretical value
(Table 28).

In conclusion, both drug elution systems are ideal for the measurements of in
vitro drug release rate profiles, especially the constant rotation apparatus. Both these
techniques are capable of maintaining a sink condition to better simulate the biolog-
ical sink resulting from hemoperfusion. By doing so, a better in vitro-in vivo cor-
relation can be achieved, and the in vitro-in vivo correlation can then be applied to
the development and optimization of a controlled-release drug delivery device.

2. Thermodynamics of Controlled-Release Drug Delivery

In in vitro drug elution studies in vitro the drug elution system is normally ther-
mostated at 37°C to simulate the body temperature. The rate-limiting role of tem-
perature in the in vivo controlled release of drugs is demonstrated in the 9 day sub-
cutaneous controlled administration of norgestomet, a potent estrus-synchronizing
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Table 28 Comparison in the Calculated and
Experimental Release Fluxes of Medroxyprogesterone
Acetate from Matrix-Type Silicone Devices

Q / tl /2
Methods (mg/cm?/day'’?)
Theoretical calculation 0.241°
Experimental determination
Continuous flow apparatus 0.282°
Constant rotation apparatus 0.218°

*Calculated from Equation (18) using literature data on C,, D,
and A.

*Determined from the data by Roseman and Higuchi; J. Pharm.
Sci., 59:353 (1970).

‘Determined from the data by Chien et al.; J. Pharm. Sci., 63:365
(1974).

progestin, in heifers (Chapter 8). Because of the subzero temperatures encountered
during the winter of 1977, the subcutaneous release rates of norgestomet from three
subdermal implant formulations in the heifers were found to be lower than the pro-
jected release rates by as much as 26—36% (Table 29). On the other hand, the results
obtained from the same formulations conducted in the autumn months with mild
temperatures (above 14°C) were in perfect agreement with the projected rates of
release. The effect of field temperature on the subcutaneous controlled delivery of
norgestomet was also found to produce a reduction in the biological effectiveness of
MDD implants in terms of the suppression of estrus during implantation and estrus
synchronization after implant removal. A similar reduction in the rates of subcuta-
neous release and in the biological efficacy, in terms of the percentage of cows in
estrus and in pregnancy, was also observed with the animals stabled in hilltop barns
compared to those in barns located in the valley. Again, this may have resulted from
the reduction in temperature at the top of the hill due to a windchill effect.

To further determine the effect of temperature on the in vivo controlled delivery
of drugs, the subcutaneous release of 178-estradiol from MDD subdermal implants
was evaluated in a group of eight heifers that were either stabled in the barn with
temperature maintained at approximately 10°C or subjected to the subzero winter
temperatures in the open field. The release rate of 178-estradiol was noted to de-
crease from 21.96 + 5.34 ug/cm’/day when they were stabled inside the barn to
8.70 + 3.08 ug/cm’/day when they stayed outside in the field. The temperature
dependency of the in vivo drug release rate can be correlated with the in vitro drug
release rate profiles by an Arrhenius relationship (Figure 59). By doing so, the tem-
perature at the site of implantation (e.g., the dorsal surface of the ears), which is
regulated by hemoperfusion, can be estimated and was found to be 18.74 and 1.27°C,
respectively, for animals housed in the barn with room temperature controlled at
approximately 10°C and those free in the field at subzero winter temperatures.

The results from these investigations clearly indicate that the controlled release
of drugs from a drug delivery device is a temperature-dependent, energy-requiring
process. This temperature dependence operates both in vitro and in vivo. From the
Arrhenius relationship in Figure 59, the energy requirements for the controlled de-
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Table 29 Effect of Field Temperature on Subcutaneous Release Rates of Norgestomet from Subdermal Implants in Heifers and Their

Biological Effectiveness

Biological effectiveness? (%)

Q/t (mg/day)
Implant Observed® Estrus suppression® Estrus synchronization®
formulations® Projected” Autumn Winter Autumn Winter Autumn Winter
A 143.4 139.2 92.4 92.9 65.0 85.7 55.0
B 217.3 218.9 155.7 100.0 72.2 87.5 50.0
C 286.7 291.7 211.9 100.0 100.0 100.0 46.7

“Developed from a microsealed drug delivery system (Chien and Lambert, U.S. Patent 4,053,580).
*Projected rates based on in vitro drug release studies at 37°C.
‘Field temperature (mean of dew point temperatures measured every 3 hr by the National Climatic Center): autumn (8/26-9/20)/77: 13.97 to 15.17°C; winter

(11/26-12/30)/77: —7.51 to —12.34°C.
Observations made by veterinarians (Dr. A. Peterson, Searle Animal Sciences).
‘Percentage of heifers with estrus in suppression during the 9 day subcutaneous administration of implants in the ears.

‘Percentage of heifers with estrus synchronized within 2 days following the removal of implants.

Z ydey)
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Figure 59 Effect of temperature on the controlled release of 178-estradiol from MDD sub-
dermal implants. Key: (O) in vitro release and (®) subcutaneous release in heifers.

livery of drugs from drug delivery systems can be calculated. Values of 4.94 and
8.49 kcal/mol, respectively, were found to be required for the controlled release of
norgestomet and 17B-estradiol from MDD drug delivery devices.

Using norgestomet as the model drug, the thermodynamics of controlled drug
release from a matrix-type silicone device was investigated (16). As described by
Equation (14), drug release profiles at the initial state are predominantly governed
by the diffusion layer-limiting partition-controlled process, and as expected, a con-
stant (zero-order) drug release pattern was observed (Figure 60). This linear O versus
t relationship was followed at all temperatures studied, and the rate of drug release
Q/t was observed to increase approximately four times as the temperature of the
elution solution was raised from 30 to 50°C (16). The temperature dependence of
the Q/t value is theoretically linked to two energy-activated processes, the solvation
and diffusion of drug molecules in the elution solution [Equations (41) and (69)], as
defined by the relationship

E,+ AH;, 1

74
2.303R T, (4

Q
log — = constant —
t

where E), is the activation energy for solution diffusion, AH; is the energy of sol-
vation in the elution solution, and T is the temperature of the elution solution.

At steady state the matrix diffusion-controlled process outweighs the partition-
controlled process and becomes the rate-limiting step that dictates the whole course
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Figure 60 Initial-state release profiles of norgestomet from a matrix-type silicone device at
various temperatures. [Reproduced, with permission, from the data by Chien, ACS Sym-
posium Series, 33:53 (1976).]

of controlled drug release from the polymer. So, at the steady state, a Q versus /2
release pattern is expected [Equation (17)]. This linear Q versus ¢/ drug release
profile was also observed to be temperature dependent (Figure 61). The magnitude
of drug release flux Q/1"/? was seen to increase by approximately twofold as the
temperature of the elution solution was raised from 30 to 50°C. This temperature
dependence of Q/r'? values is also theoretically related to two energy-activated pro-
cesses, the solvation and diffusion of drug molecules in the polymer structure [Equa-
tions (34) and (52)], and is defined by the relationship

E,+AH,, 1
‘1—/2 = constant - — —
t 4,606R T,

where E, is the activation energy for matrix diffusion and AH,, is the energy of
solvation in the polymer.

The Arrhenius relationship for the temperature dependence of Q/r and Q/¢'/?
values, as defined in Equations (74) and (75), is shown in Figure 62. The results
suggest that the energy requirements for an interfacial partition-controlled process
(at initial state) and a matrix diffusion-controlled process (at steady state) are dif-
ferent in magnitude and vary from one type of polymeric device to another (Table
30). The energies required for various microscopic steps, i.e., diffusion and solva-
tion, in the controlled release of norgestomet under matrix diffusion- and interfacial
partition-controlled processes are outlined in Table 31.

log (75)
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Figure 61 Steady-state release profiles of norgestomet from a matrix-type silicone device at
various temperatures. [Reproduced, with permission, from the data by Chien; ACS Sympo-
sium Series, 33:53 (1976).]

The controlled release of norgestomet from a hydrophilic polymer matrix system
was also studied under in vitro conditions (49). The Q versus 7/2 release pattern was
observed at both initial and steady states. The magnitude of the Q/¢'/* values was
also found to be temperature dependent. The energy required for the release of li-
pophilic drugs, like norgestomet, from hydrophilic hydrogel-based drug delivery de-
vices at steady state was found to be slightly higher than that from lipophilic silicone
elastomer-based polymeric devices (Table 30). The controlied release of progester-
one and its six hydroxy derivatives from silicone devices was investigated, and the
results suggested that it requires an energy in the range of 15.25--23.62 kcal/mol
(15).

B. In Vivo Evaluations

In the development of a controlled-release drug delivery system for long-term rate-
controlled administration of a therapeutic agent, it becomes necessary to conduct the
in vivo evaluations once a satisfactory in vitro drug release profile has been achieved.
The in vivo studies of the mechanisms and rate profiles of drug release at the target
site(s) should be performed in appropriate animal models to establish the in vitro-in
vivo correlation. The established correlation can then be utilized to standardize the
in vitro experimental setup and conditions for drug elution studies. The standardized
in vitro drug elution system and experimental conditions can then be utilized for



128 Chapter 2

2.0 2.0
1.0 1.0
0.8} -40.8
. o0sp Hdos B
N =
> =
-] 3
he] =
o o4f —Ho04 @
K] E)
o 0
£ €
— Q
- 3
r\“ \N
3 3
] 0.2b -~02 =
0.1 | 1 s 1 0.1
2.9 3.0 3.1 3.2 3.2 3.4
1000/T

Figure 62 Temperature dependence of the initial-state (®) and steady-state (O) release pro-
files of norgestomet from a matrix-type silicone device as defined in Equations (74) and (75).
[Reproduced, with permission, from the data by Chien; ACS Symposium Series, 33:53 (1976).]

formulation optimization and to refine the controlled release characteristics of the
drug delivery system.

The in vivo evaluation of controlled-release drug delivery systems can vary from
one type of drug delivery system to another. Depending on the projected biomedical
applications, proper animal models and site(s) of administration must be selected.
Numerous examples can be found in Chapters 3 through 10 for nasal, ocular, oral,
rectal, vaginal, uterine, transdermal, parenteral, and subcutaneous controlled drug
administrations. To avoid any redundancy, the in vivo evaluations of a particular
drug delivery system for a specific biomedical application should be referred to the
chapter related to that biomedical area.

Table 30 Comparison of Energy Requirements for the
Controlled Release of Norgestomet from Matrix-Type Drug
Delivery Systems

Energy requirements (kcal/mol)

Drug delivery systems Initial state Steady state
Silicone devices 12.67 10.30
Hydrogel devices 12.18 16.48

Source: Compiled from the data by Chien; ACS Symposium Series, 33:53
(1976); and Chien and Lau; J. Pharm. Sci., 65:488 (1976).
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Table 31 Comparison of Energies Required for the Controlled Release of Norgestomet
from Silicone Matrix Devices

Diffusion energies Solution energies
(kcal /mol) (kcal /mol)
Processes E, E, AH,, AHqp
Matrix diffusion con-
trolled 3.70 — 6.60 —
Interfacial partition
controlled — 3.85 — 8.82

Source: Compiled from the data by Chien; ACS Symposium Series, 33:53 (1976).

C. In Vitro-In Vivo Correlations

In establishing a good in vitro-in vivo correlation, one has to consider not only the
pharmaceutics aspects of controlled-release drug delivery systems, but also the bio-
pharmaceutics and pharmacokinetics of the therapeutic agent in the body after its
delivery from a drug delivery system, as well as the pharmacodynamics of the ther-
apeutic agent at the site of drug actions (scheme 1). As illustrated in scheme 2, the
pathways which the drug molecules take after their release from a drug delivery
system in situ consist of a number of intermediate steps in series, and each of these
steps may determine to varying degrees the time course and bioavailability of the
drug to the target tissue and, hence, the onset, intensity, and duration of its phar-
macological activities.

In scheme 2, the drug molecules, which are released from a drug delivery system
in situ at a controlled rate, are visualized to dissolve, first, in the tissue fluid at the
site of administration before they are absorbed, at a rate constant of k, and trans-

Drug —»| Dosage > Plasma —| Target —p| Pharmacologic
Substances Form Drug Level Tissue Activity
{} Onset
— " T Intensit:
strength disintegration distribution drug-receptor Duratio)rll
excipients dissolution metabolism interactions
processes absorption excretion
! plasma binding
Controlied tissue binding
1 Rel
Formulations
dose controlled drug
controlled release release dynamics
delivery systems localized absorption
processes tissue specificity
<ﬁ IN VITRO > < IN VIVO >
. Biopharmaceutics Pharmacodynamics
Pharmaceutics ———»<4—— o2 macokinetics > Clinical pharmacology

Scheme 1
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ported through a series of biological barriers to reach the microcirculation network;
through the capillary blood vessel the drug molecules are then transported to the
central compartment, a biological sink, by active hemoperfusion. The drug mole-
cules in the systemic circulation are rapidly distributed to targt tissue(s) through re-
versible diffusion processes at rate constants k., and k.. In the target tissue(s) the
drug molecules interact with the receptor sites to produce pharmacological responses.
This sequence of absorption, distribution, and drug action steps is the primary path-
way for therapeutic agents delivered by drug delivery systems administered by a
nasal, buccal, oral, parenteral, or transdermal route of administration.

For drug delivery systems administered by an ocular, uterine, or topical route,
the drug molecules absorbed are transported directly to the target tissue(s) in the
vicinity of the site of administration to execute their pharmacological activities before
being distributed to the central compartment.

In vaginal and rectal controlled drug administration, both pathways are possible
depending upon the mechanisms of drug action and the location of the target tissues
relative to the site of drug delivery. Similarly, for controlled drug administrations
by implantation, either pathway is possible depending upon the proximity of the
target tissue to the site of implantation.

In any of these situations the rate of drug permeation (dQ/dr), across a unit
surface area of a biological barrier is directly proportional to the drug concentration
in the tissue fluid C, at the site of administration and inversely proportional to the
total diffusional resistance =R that the drug molecules must overcome during the
course of permeation through the biological barrier:

(). 5 @
dt), SR

Based on the complex multibarrier flow coordinate model of Scheuplein (71),
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2R can be defined as the sum of the diffusional resistances across multiple layers
of biological barriers 2R,; and the aqueous diffusion layers on the absorption side
R, and on the circulation (or target tissue) side R, of the barriers; that is,

SR=R,+ D, R, +R, (717

i=1

where ZR,,; is the gross diffusional resistance across the ith layers of biological bar-
riers withi =1,2,3,. . ., n
Alternatively, Equation (77) can be expressed as

S, g 8y 5,
Y
D,Kyjo 51 DuiKiyi D K,

2R = (78)

where 8, D, and K represent the thickness, diffusivity, and partition coefficient across
two phases in intimate contact, respectively; and the subscripts bi, a, and ¢ are the
ith layer of biological barriers and the physiological diffusion layers on the absorption
and the circulatory hemoperfusion sides of the barriers, respectively. The 8, and 8.
terms are hydrodynamic quantities that depend inter alia on the rate of shear near
the surface of the biological barrier and the kinematic viscosity of the tissue fluids
interfacing with the biological barrier (69). Equation (78) is a simplified form of
Scheuplein’s model after considering that only the biological barriers per se and the
physiological diffusion layers contribute significantly to the total diffusional resis-
tance 2R.

The total diffusional resistance across cellular membranes under normal physi-
ological conditions was found to range from 1.43 to 33.3 X 10 sec/cm (89). In
fact, the magnitude of 2R is also dependent upon the lipophilicity or hydrophilicity
of the drug molecules in permeation and can be varied from 5 x 10’ to 2 X 10’
sec/cm as the partition coefficient of the drug species increases from 107> for ex-
tremely hydrophilic (polar) molecules to 10° for very lipophilic (nonpolar) molecules
(71). It was reported that the physiological diffusion layers 8, and 8, could become
the principle diffusional resistance to the permeation of nonpolar molecules (71),
which was illustrated in the vaginal absorption of progesterone and estrone (Chapter
9). On the other hand, for drugs like testosterone or hydrocortisone, vaginal uptake
was found to be determined predominantly by molecular transport across the vaginal
membrane.

The complex multibarrier flow coordinate model of Scheuplein [Equation (78)]
was first applied to mechanistic analyses of the vaginal absorption of steroidal drugs
from a vaginal device in rabbits to derive a simple mathematical expression for the
in vitro-in vivo correlation (70). Development of a simple in vitro-in vivo relation-
ship is critically important in view of the complex biological processes involved in
the absorption, distribution, and pharmacological action of a therapeutic agent fol-
lowing its release from a drug delivery system (scheme 1). These efforts were also
extended later to the subcutaneous controlled administration of drugs from subdermal
implants in rats (73). The development of such an in vitro-in vivo relationship can
be illustrated as follows.



132 Chapter 2

The instantaneous rate of drug release from a matrix-type polymeric device at
time ¢ is defined by Equation (79):

@ _1 [(ZA — CP)DpCp}I/Z

d 2 t 79

At steady state, the rate of drug permeation [Equation (76)] should be in equi-
librium with the rate of drug release at the site of administration [Equation (79)];
this yields

2C"? = SRI(2A — C,)D,C,1"? (80)

Equation (80) suggests that the drug concentration C, in the tissue fluid sur-
rounding the drug delivery system should decrease with the square root of time #'/2
as the drug molecules are absorbed and actively transported to the biological sink
by hemoperfusion; that is, because the release of drug molecules from the drug de-
livery system is a rate-limiting step in scheme 2, the magnitude of 2C, 12 value is
a constant (since both the =R and [2A — C,)D,C,]'* terms are constant values
under controlled conditions). Equation (80) also suggests that the magnitude of C,
at a given time point may be varied with the magnitude of 2R when the [(24 —
C,)D,C,]'* term is a constant. In other words, the 2C,7"/* value varies when the
same drug delivery system is applied to a different animal or a different tissue of
the same animal (a different value of 2R is expected to exist for different animals
or different tissues). Experimentally, the values of 2R, which can neither be easily
nor directly measured, can be estimated alternatively from in vivo drug release pro-
files by the relationship

2C,1'7?

2Rinvivo = oA CoD,Colil o w
or
2C,1'?
2R wvo = iy .

provided that the drug concentration C, in the tissue fluid is known or measurable.

In in vitro drug elution studies, on the other hand, attempts are made to maintain
the elution solution at perfect sink conditions throughout the studies (Section IVA1).
In this situation there exists only a thickness A, of hydrodynamic diffusion layer
between the surface of the drug delivery system and the bulk of the elution solution
maintained under sink conditions. Equation (78) is thus reduced to Equation (82) to
define the in vitro diffusional resistance Ry, ;,, across the hydrodynamic diffusion
layer:

hy

EIein vitro — EY (82)
if 8, = hy, D, = D,, and K,,;,, = 1. Furthermore, the 2R;, ..., value can be calculated
from in vitro drug release data by the relationship

20,12

2“Rin vitro —
(Q/tl/z)‘m vitro

(83)
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A simple in vitro-in vivo relationship can be established by conducting simul-
taneously in vitro and in vivo evaluations of a potential drug delivery system. When
the mechanism of in vivo drug release is proven to be in good agreement with that
observed in in vitro drug elution studies, an in vitro-in vivo correlation factor y can
be determined from the relationship

_ (Co tl/z)zRin vitro

=l TR 84a
y (Cotl/z)zRin vivo ( )

or
. (Q/tl/z)in vivo
’ (Q/tl/z)in vitro

Now it becomes possible to estimate the magnitude of the in vivo drug release
profile (Q/1'/%in vivo from an in vitro drug elution study by the equation

(Q/1in vivo = Y@/ Pin viro (85)

Using Equation (84b) the -y values can be calculated from comparative studies of in
vitro and in vivo drug release profiles. Some results calculated from the literature
data are illustrated in Table 32. The calculated vy values can be used to standardize
the in vitro drug elution system. As soon as the drug elution system is standardized,
the vy values can be utilized to refine the controlled release characteristics of the drug
delivery system under development and also to predict long-term in vivo drug release
profiles from a short-term in vitro drug elution study [Equation (85)]. This can be
achieved when in vitro drug elution studies are conducted under well-controlled con-

(84b)

Table 32 In Vitro-In Vivo Correlation Factor y for Various Matrix-Type Drug Delivery
Systems

Q / l’l /2
Drug delivery systems Drugs Studies (mg/cm?/day'/?) v
Silicone devices Desoxycorticosterone  In vitro 1.072
acetate Subcutaneous® 1.025 0.96
Ethynodiol diacetate  In vitro 3.16 0.66
Intravaginal® 2.100
Hydron implants® Norgestomet
1.2% In vitro 0.605
Subcutaneous® 0.640 1.08
4.8% In vitro 0.396
Subcutaneous® 0.504 1.27
19.2% In vitro 0.058
Subcutaneous® 0.129 2.22
Polyethylene devices Progesterone In vitro 0.313
Intrauterine or
intraperitoneal 0.250° 0.80
*Cross-linked with different amounts of cross-linking agent {Chien and Lau; J. Pharm. Sci., 65:488
(1976)].

"A 104 day subcutaneous implantation in rats [Chien et al.; ACS Symposium Series, 33:72 (1976)].
“A 52 day intravaginal insertion in rabbits [Chien et al.; J. Pharm. Sci., 64:1776 (1975)].

A 16 day subcutaneous implantation in cows [Chein and Lau; J. Pharm. Sci., 65:488 (1976)].
‘Calculated from the data by Kalkwarf et al.; Contraception, 6:423 (1972).
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Table 33 In Vitro-In Vivo Correlation Factor y for Various Drug Delivery Systems with
Constant Drug Release Profiles

Q/1
Drug delivery systems Drugs Studies (ug/cm®/day) v
Silicone capsules Norgestomet In vitro 52.4 0.87
Subcutaneous® 45.7 ’
MDD devices Norgestomet In vitro 100.0
Subcutaneous” 82.6 0.83
Desoxycorticosterone  In vitro 49.3 1.09
acetate Subcutaneous® 53.7 ’
17°-Estradiol In vitro 72.0
Subcutaneous® 22.0 0.31
Subcutaneous® 8.7 0.12
Testosterone In vitro 40.25
Transdermal® 21.82 0-54

“A 32 day subcutaneous implantation in heifers [Chien; Chem. Pharm. Bull., 24:1471 (1976)].
®A 9 day subcutaneous implantation of four formulations in heifers (Chapter 8).

°A 49 day subcutaneous implantation in rats [Chien et al.; J. Pharm. Sci., 67:214 (1978)].

“A 56 day subcutaneous implantation in heifers exposed to either 10°C or subzero temperature.
°A 32 day topical application in monkeys (determined from urinary radioactivity excretion data).

ditions, under which a constant ZR,, ., value [Equation (83)] is maintained and
reproducible (Q /tl/ %) viro data are obtained. This was demonstrated in the studies
by Chien et al. (70,73), who used Equation (85) as the working equation to predict,
from 7 day in vitro drug release data, the 104 day subcutaneous controlled admin-
istration of desoxycorticosterone acetate in rats (Chapter 8) and the 56 day vaginal
release of ethynodiol diacetate in rabbits (Chapter 9).

For membrane permeation-controlled reservoir-type and membrane-matrix hy-
brid drug delivery systems a similar relationship can also be derived to correlate in
vivo and in vitro drug release data:

(Q/I)in vivo 'Y(Q/t)in vitro (86)

The vy values calculated from the literature data of (Q/);, viwo and (Q/Din vivo are
summarized in Table 33. The data suggest that -y values are dependent upon the sites
of administration and the environmental conditions to which the animals are exposed
during treatment.

In any case, Equations (85) and (86) provide a simple but practical relationship
between in vivo and in vitro drug release rate profiles. They can be used as the
working equations for optimization of the controlled drug release profile of a drug
delivery system.
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Oral Drug Delivery and
Delivery Systems

I. INTRODUCTION

Oral drug delivery has been known for decades as the most widely utilized route of
administration among all the routes that have been explored for the systemic delivery
of drugs via various pharmaceutical products of different dosage forms. The reasons
that the oral route achieved such popularity may be in part attributed to its ease of
administration as well as the traditional belief that by oral administration the drug
is as well absorbed as the foodstuffs that are ingested daily. In fact, the development
of a pharmaceutical product for oral delivery, irrespective of its physical form (solid,
semisolid, or liquid dosage form), involves varying extents of optimization of dosage
form characteristics within the inherent constraints of gastrointestinal (GI) physiol-
ogy.

Pharmaceutical products designed for oral delivery and currently available on
the prescription and over-the-counter markets are mostly the immediate-release
type, which are designed for immediate release of drug for rapid absorption. Because
of their clinical advantages over immediate-release pharmaceutical products contain-
ing the same drugs, sustained-release pharmaceutical products, such as those for-
mulated on the basis of spansule coating technology, have over the past decade grad-
ually gained medical acceptance and popularity since their introduction into the
marketplace. Recently, a new generation of pharmaceutical products, called con-
trolled-release drug delivery systems, such as those developed from the osmotic
pressure-activated drug delivery system, have recently received regulatory approval
for marketing, and their pharmaceutical superiority and clinical benefits over the
sustained-release and immediate-release pharmaceutical products have been increas-
ingly recognized (1).

All the pharmaceutical products formulated for systemic delivery via the oral
route of administration, irrespective of the mode of delivery (immediate, sustained,
or controlled release) and the design of dosage forms (either solid, dispersion, or
liquid), must be developed within the intrinsic characteristics of GI physiology.
Therefore, a fundamental understanding of various disciplines, including GI physi-
ology, pharmacokinetics, pharmacodynamics, and formulation design, is essential to
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achieve a systematic approach to the successful development of an oral pharmaceu-
tical dosage form (or drug delivery system). The more sophisticated a delivery sys-
tem, the greater is the complexity of these various disciplines involved in the design
and optimization of the system. In any case, the scientific framework required for
the successful development of an oral drug delivery system consists of a basic un-
derstanding of the following three aspects: (i) physicochemical, pharmacokinetic,
and pharmacodynamic characteristics of the drug, (ii) the anatomic and physiologic
characteristics of the gastrointestinal tract (Table 1), and (iii) physicomechanical
characteristics and the drug delivery mode of the dosage form to be designed.

Although it is often impractical to alter the physicochemical, pharmacokinetic,
and/or pharmacodynamic characteristics of a drug to be delivered by a chemical
approach, such as the synthesis of an analog, or medically undesirable to modify
the anatomic and physiologic characteristics of the gastrointestinal tract, the design
of a controlled-release oral dosage form by optimization of dosage form character-
istics with GI anatomy and physiology taken into consideration could provide some
opportunity to rationalize the systemic delivery of drugs and maximize their thera-
peutic benefits.

The term “controlled-release oral dosage form” is not new to most people work-
ing in various fields of pharmaceutical research and development. In fact, approx-
imately 30 years ago, the U.S. Food and Drug Administration (FDA) published reg-
ulatory requirements for controlled-release products. Unfortunately, there has been
a proliferation of controlled-release dosage forms on the marketplace that may have
little rationale and provide no advantages over the same drugs in conventional dosage
forms. Over the last decades there has also been an increase in the (possibly un-
warranted) use of controlled-release labeling claims (2).

As defined in Chapter 1, controlled-release drug administration means not only
prolongation of the duration of drug delivery, similar to the objective in sustained
release and prolonged release, but the term also implies the predictability and re-
producibility of drug release kinetics (2). Oral controlled-release drug delivery is
thus a drug delivery system that provides the continuous oral delivery of drugs at

Table 1 Gastrointestinal Tract: Physical Dimensions and Dynamics

Surface Transit time
area Length Digestible

Region (m%) (m) Fluid® Solid
Gastrointestinal tract 200 — — —
Stomach® 0.1-0.2 — 50 min 8 hr¢
Small intestine 100 3.0 2—6 hr 4-9 hr*

4500°
Large intestine 0.5-1.0 1.5 2-6 hr 3 hr to 3 days

*Isotonic saline solution, SO0 ml, was ingested.

"Residual volume = 50 ml.

“Taking intestinal microvilli area into account.

4Solid food, 50 g, was ingested.

*Food first appeared at the cecum after 4 hr and all indigestible material entered the large intestine within
9 hr.
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predictable and reproducible kinetics for a predetermined period throughout the course
of GI transit. Also included are systems that target the delivery of a drug to a specific
region within the GI tract for either a local or a systemic action.

For the oral controlied administration of drugs, several research and development
activities have shown encouraging signs of progress in the development of program-
mable controlled-release dosage forms as well as in the search for new approaches
to overcome the potential problems associated with oral drug administration. These
potential developments and new approaches are discussed in this chapter along with
an overview of GI physiology. Since an understanding of the basic concepts involved
in the development of various controlled-release drug delivery systems is vital for
the future development of a new generation or a more sophisticated novel drug de-
livery system, particular emphasis is placed on the rationale of system design and
the mechanism of drug delivery for such controlled-release oral drug delivery sys-
tems developed in relationship to the GI environment and dynamics.

In the exploration of oral controlled-release drug administration, one encounters
three areas of potential challenge (2):

1. Development of a drug delivery system: to develop a viable oral controlled-
release drug delivery system capable of delivering a drug at a therapeutically
effective rate to a desirable site for a duration required for optimal treatment.

2. Modulation of gastrointestinal transit time: to modulate the GI transit time so
that the drug delivery system developed can be transported to a target site or to
the vicinity of an absorption site and reside there for a prolonged period of time
to maximize the delivery of a drug dose.

3. Minimization of hepatic first-pass elimination: if the drug to be delivered is
subjected to extensive hepatic first-pass elimination, preventive measures should
be devised to either bypass or minimize the extent of hepatic metabolic effect.

It is the intention of this chapter to review various potential developments and new
approaches that have been recently explored to meet these challenges.

II. DEVELOPMENT OF NOVEL DRUG DELIVERY SYSTEMS FOR
ORAL CONTROLLED-RELEASE DRUG ADMINISTRATION

A review of the literature has revealed the recent development of several novel drug
delivery system that can be utilized for the controlled delivery of drugs in the ali-
mentary canal. These potential developments are outlined and discussed in the fol-
lowing sections.

A. Osmotic Pressure-Controlled Gastrointestinal Delivery Systems

These are systems fabricated by encapsulating an osmotic drug core containing an
osmotically active drug (or a combination of an osmotically inactive drug with an
osmotically active salt, e.g., NaCl) within a semipermeable membrane made from
biocompatible polymer, €.g., cellulose acetate (Figure 1). A delivery orifice with a
controlled diameter is drilled, using a laser beam, through the coating membrane for
controlling the release of drug solutes (3-5).

This polymer membrane is not only semipermeable in nature but is also rigid
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OSMOTIC DELIVERY
ORIFICE

SEMIPERMEABIL.E OSMOTIC CORE
MEMBRANE CONTAINING DRUG

Figure 1 Osmotic pressure-controlled drug delivery system. (Adapted from Reference 3.)

and capable of maintaining the structural integrity of the gastrointestinal delivery
system during the course of drug release. Because of its semipermeable character-
istics, it is permeable to the influx of water in the gastrointestinal tract; on the other
hand, it is impermeable to drug solutes. When in use, water is continuously absorbed
into the drug reservoir compartment through the semipermeable membrane to dis-
solve the osmotically active drug and/or salt. A gradient of osmotic pressure is thus
created, under which the drug solutes are continuously pumped out over a prolonged
period of time through the delivery orifice at a rate defined by following relationship
3.4

P.A,
(%) = h (7Ts - 7Te)SD (1)

where P, A,,, and h,, are the water permeability, the effective surface area, and the
thickness of the semipermeable membrane, respectively; =, is the osmotic pressure
of the saturated solution of osmotically active drug or salt in the system; 7, is the
osmotic pressure of the gastrointestinal fluid; and S, is the solubility of the drug (4).

In principle this type of drug delivery system dispenses drug solutes continuously
at a zero-order rate until the concentration of the osmotically active ingredient in the
system drops to a level below the saturation solubility. A non-zero—order release
pattern then results at a rate described by

do _ ©/9.
di 1+ Q/0./SV, = L)

Where (Q/1), is the rate of zero-order drug release; V, is the total volume of the drug
reservoir compartment; £, is the total length of time in which the system delivers the
drug at a zero-order rate; and ¢, is the duration of residence time.

Equation (1) indicates that the rate for the zero-order release of drug from os-
motic pressure-controlled drug delivery systems can be programmed by varying the
thickness of the coating membrane 4, thereby controlling the duration of drug de-
livery (Figure 2). This equation also suggests that the rate of drug release is depen-
dent upon the differential osmotic pressure 7, — .. The greater the difference in
osmotic pressure, the higher is the rate of drug release (Figure 3).

)
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Figure 2 Effect of coating membrane thickness on the rate and duration of zero-order release
of indomethacin from osmotic pressure-controlled gastrointestinal delivery system.
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Figure 3 Effect of osmotic pressure 7, in the osmotic pressure-controlled gastrointestinal
delivery system on the rate of release of phenylpropanolamine.



144 Chapter 3

This osmotic pressure-controlled gastrointestinal delivery system has been ap-
plied to regulate the gastrointestinal delivery of indomethacin (3). The delivery pro-
files of indomethacin in the gastrointestinal tract from the gastrointestinal delivery
system (GIDS) with two delivery rates are evaluated clinically with indomethacin
capsules (6). The results compared in Figure 4, indicate that a prolonged delivery
of indomethacin is achieved by GIDS with a drug delivery profile bioequivalent to
that of a 12 hr indomethacin dose in capsules taken three times a day at 0, 4, and
8 hr. The data in Figure 4 also demonstrate that the GIDS also avoids the surge in
the systemic concentration of indomethacin observed with the oral delivery of a 12
hr indomethacin dose taken at once, which minimizes the potential adverse effect of
indomethacin.

The observed slower onset of drug delivery from this GIDS, which resulted from
the need for activation of the system, can be overcome by incorporating an imme-
diate-release dose to the GIDS. This is accomplished by dividing a therapeutic dose
into two fractions. One-third of the therapeutic dose is designated as the “immediate-
release” fraction and the remaining two-thirds as the “controlied-release” fraction.
The controlled-release fraction is encapsulated inside the semipermeable membrane
coating; the immediate-release fraction is used to coat the external surface of the
semipermeable membrane (Figure 5) to provide the initial dose upon oral adminis-
tration (1,7). This approach has been successfully applied to the development of the

25—
t‘q.
o" N\ 2 GITs-A
20— ; & Q GITS-B
! \ A& INDOMETHACIN CAPS (25mg at 0,4,& 8 hr)
: O INDOMETHACIN CAPS 3 x 25 mg

o
1

10—

o
1

o
l

AMOUNT OF INDOMETHACIN PRESENT IN THE BODY (mg)

TIME (HR)

Figure 4 Comparison of the time course for the amount of indomethacin delivered to humans
using various dosage forms. Indomethacin capsules: (O) 3 units taken at time O and (A) 1
unit each taken at time O, 4, and 8 hrs. Indomethacin-gastrointestinal therapeutic systems:
(M) 1 unit of system A (7 mg/hr) taken at time O, and ({J) 1 unit of system B (9 mg/hr)
taken at time 0.
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Figure 5 Comparison of the plasma profiles of phenylpropanolamine (PPA) in humans de-
livered from various dosage forms: (A) PPA in solution formulation, (O) PPA in Dexatrim
capsules, and (®) PPA in Acutrim tablets.

Acutrim tablet to achieve a 16 hr oral controlled delivery of phenylpropanolamine
(PPA) for the daily suppression of appetite. The plasma profile of PPA resulting
from the controlled-release delivery of PPA via once-a-day administration is com-
pared with that of the sustained-release delivery of PPA from the Dexatrim capsule
and that of the immediate-release delivery of PPA from the solution formulation in
Figure 5. The data clearly demonstrate that a steady-state plasma level of PPA is
attained by the controlled-release Acutrim tablet, not by the sustained-release Dex-
atrim capsule or the immediate-release solution formulation. The difference in clin-
ical performance in terms of the pharmacokinetic profiles of PPA between the Acu-
trim tablet, an osmotic pressure-based controlled-release drug delivery system, and
the Dexatrim capsule, a spansule technology-based sustained-release drug delivery
system, can be attributed to the difference in drug release profiles (7). Dissolution
studies indicated that, following the rapid release of the immediate-release dose, the
PPA dose in the controlled-release core in the Acutrim tablet is delivered continu-
ously in a controlled manner for a prolonged duration; the PPA dose from the Dex-
atrim tablet is released with only a slight prolongation in the drug release profile
(Figure 6).
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Figure 6 Comparison of the release profiles of phenylpropanolamine (PPA) from (B) Dex-
atrim capsule and (A) Acutim tablet in dissolution medium (simulated gastric fluid for the
first 2 hr and simulated intestinal fluid for the remaining 22 hr).

On the other hand, the external surface of the semipermeable membrane can also
be coated with a layer of bioerodible polymer, e.g., enteric coating, to regulate the
penetration of gastrointestinal fluid through the semipermeable membrane (8) and
target the delivery of a drug to the lower region of the gastrointestinal tract.

Furthermore, the coating membrane of the delivery system can also be con-
structed from a laminate of two or more semipermeable membranes with differential
permeabilities (9) or a laminate of a semipermeable membrane and a microporous
membrane (Great Britain Patent 1,556,149) to modulate the rate of water influx and
so program the rate of drug delivery.

The osmotic pressure-controlled gastrointestinal delivery system can be further
modified to constitute two compartments separated by a movable partition (Figure
7). The osmotically active compartment absorbs water from the gastrointestinal fluid
to create an osmotic pressure that acts on the partition and forces it to move upward
and to reduce the volume of the drug reservoir compartment and to release the drug
formulation through the delivery orifice (2). It should be pointed out that there is a
specific range of diameters in which the zero-order release rate is independent of the



Oral Drug Delivery 147

Drug delivery orifice

Drug reservoir

Osmotically active

compartment Movable partition

Semipermeable coating
(shape-retaining housing)

8
7._
g Average rate
© 6t
;A | - l‘ ______ 51 &
$6 °f il
i
cx ¢ IR 3.4
55 Iﬁf $-----t
TE 3t
Q
o 2
> Y T . 1.7
K] 1 TT L2l 4 *
0

1 i ) 1 1 i
02 04 06 08 1.0 12 14 16
Orifice diameter (mm)

Figure 7 (Top) Second generation of an osmotic pressure-controlled drug delivery system
having a drug reservoir compartment and an osmotically active compartment separated by a
movable partition (9).

(Bottom) Range of the diameter of a delivery orifice in which a constant rate of zero-order
release of nifedipine is maintained. Release rate (mg/hr)/loading dose (mg/system): (@) 1.7/
30, (A) 3.4/60, (M) 5.1/90. I = one half of the total standard deviation, that is, the sta-
tistical sum of standard deviations between and within systems.

diameter of the delivery orifice. The system has been applied to the development of
a gastrointestinal delivery system for the oral controlled delivery of nifedipine (10,11).
A zero-order release profile of nifedipine was attained, which maintained a fairly
constant plasma level of nifedipine throughout the course of 24 hr (Figure 8). An
excellent in vitro-in vivo correlation was also achieved for the release profiles of
nifedipine from a GIDS.

The clinical benefits of drugs delivered in a controlled-release manner are dem-
onstrated by the improvement in therapeutic efficacy as well as the reduction in side
effects. For example, by controlled delivery through a GIDS night pain and weight-
bearing pain have been relieved and functional activity has been significantly im-
proved (Figure 9), and the GI side effects have been substantially reduced (Figure
10), compared to conventional capsule dosage form.

The osmotic pressure-controlled gastrointestinal delivery system has also been
utilized for the gastrointestinal controlled administration of metoprolol and oxpren-
olol (12,13). Furthermore, a two-compartment GIDS (Figure 7) has been applied to
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Figure 8 Comparative pharmacokinetic profiles of nifedipine delivered from procardia XL,
an osmotic pressure-controlled drug delivery system, once-a-day versus that from procardia,
an immediate-release dosage form, taken on time O, 8 and 16 in human volunteers. (Modified
from Zaffaroni, 1991.)

the simultaneous gastrointestinal controlled delivery of two drugs, such as oxprenolol
sebacinate and hydralazine HCIl, from separate compartments, simultancously and
independently at different delivery rates (14).

B. Hydrodynamic Pressure-Controlled Gastrointestinal Delivery System

In addition to osmotic pressure, hydrodynamic pressure is also a potential energy
source for controlling the release of therapeutic agents (15). A hydrodynamic pres-
sure-controlled gastrointestinal drug delivery system can be fabricated by enclosing
a collapsible drug compartment inside a rigid shape-retaining housing (Figure 11).
The space between the drug compartment and the external housing contains a lam-
inate of swellable, hydrophilic cross-linked polymer, e.g., polyhydroxyalkyl meth-
acrylate, which absorbs the gastrointestinal fluid through the annular openings in the
bottom surface of the housing. This absorption causes the laminate to swell and
expand, which generates hydrodynamic pressure in the system and forces the drug
compartment to reduce in volume and induce the delivery of a liquid drug formu-
lation through the delivery orifice.

At steady state a zero-order drug release profile can be attained, with the rate
of drug release (Q/1), defined by

(9) i PR 3)
t)n h

m

where Py, A,,, and h,, are the fluid permeability, the effective surface area, and the
thickness of the annular openings, respectively; and 6, and 6, are the hydrodynamic
pressure in the system and in the gastrointestinal tract, respectively.
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Figure 9 Comparison of the efficiency of clinical improvement in night pain, weight-bearing
pain, and functional activity in patients during treatment with indomethacin delivered by os-
motic pressure-controlled Osmosin tablets (with delivery rate of 7 mg/hr) or by conventional
capsule formulation (25 mg dose). (Adapted from Reference 3.)

C. Membrane Permeation-Controlled Gastrointestinal Delivery Systems

The membrane permeation process has been successfully applied to the development
of controlled-release drug delivery systems for the transdermal controlled delivery
of nitroglycerin (Transderm-Nitro system), estradiol (Estraderm system), scopola-
mine (Transderm-Scop system), and clonidine (Catapres-TTS) through the intact skin
for systemic medication for 1-7 days (Chapter 7). It has also been utilized for the
controlled delivery of drugs for site-specific administration, such as ocular delivery
of pilocarpine for up to 7 days treatment of glaucoma (Chapter 6) and intrauterine
administration of progesterone for once-a-year contraception (Chapter 10). These
polymer membrane permeation-controlled drug delivery systems are known to use a
prefabricated microporous or nonporous membrane to meter the release of therapeu-
tic agents.

The membrane permeation process has also been utilized in the development of
oral controlled-release drug delivery systems in which the microporous membranes
are produced, during the course of transit in the gastrointestinal tract, directly from
a nonporous polymer coating. Several potential developments that have proven fea-
sible are outlined as follows.
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Figure 10 Comparison of the extent of gastrointestinal side effects experienced by osteoar-
thritis and rheumatoid arthritis patients during treatment with indomethacin delivered by os-
motic pressure-controlled Osmosin tablets (with delivery rate of 7 mg/hr), conventional cap-
sule formulation (25 mg dose), or placebo formulation. (Adapted from Reference 3.)

1. Microporous Membrane Permeation-Controlled Gastrointestinal
Delivery Device

This is prepared by first compressing the crystals (or particles) of a water-soluble
drug, in combination with appropriate pharmaceutical excipients, into a core tablet
and then coating the tablet with a layer of non-Gl—erodible polymer, e.g., a copol-
ymer of vinyl chloride and vinyl acetate. The polymer coating contains a small amount
of water-solube pore-forming inorganic agents, e.g., magnesium lauryl sulfate, which
create porosity when the tablet comes into contact with gastrointestinal fluid (Figure
12). The porosity of the polymer coating can be varied by controlling the loading

L—-—' drug delivery orifice

shape-retaining housing

liquid

drug collapsible drug container

formulation

absorbent/swellable hydro-

philic layers laminate
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t———— annular openings

Figure 11 Hydrodynamic pressure-controlled gastrointestinal drug delivery system.
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level of inorganic agent to give a slow or fast release at constant rates (Netherlands
Patent 7,313,696).

Alternatively, the core tablet may be coated with a layer of non-Gl—erodible
thermoplastic polymer, e.g., polyvinyl chloride, which contains a high loading of
plasticizer, e.g., dioctyl ophthalate. During the course of GI transit, this plasticizer
is dissolved away by gastrointestinal fluid, in a manner similar to that of the pore-
forming inorganic agent, to form a microporous membrane. The rate of drug release
can be controlled and predetermined by regulating the concentration of plasticizer in
the polymer coating (Belgium Patent 814,491). An example is shown in Figure 13.

2. Gastric Fluid-Resistant Intestine-Targeted Controlled-Release
Gastrointestinal Delivery Device
This device, which is designed to release a gastric fluid-labile drug only in the in-
testinal region at a controlled rate, is prepared by coating a core tablet of the drug
with a combination of an intestinal fluid-insoluble polymer, e.g., ethylcellulose, and
an intestinal fluid-soluble polymer, e.g., methylcellulose (or hydroxymethylcellulose
phthalate). Since both polymer components resist the attack of gastric fluid, this
gastrointestinal delivery system thus stays intact in the stomach to protect the drug.
When the device arrives in the intestinal tract, the intestinal fluid-soluble poly-
mer component is dissolved away by the intestinal fluid, leaving a microporous mem-
brane of intestinal fluid-insoluble polymer (Figure 14). This microporous membrane
renders a controlled release of drug in the intestine (Japanese Patent 8-0,018,694).
A typical example is illustrated by the controlled release of potassium chloride (Fig-
ure 15).

D. Gel Diffusion-Controlled Gastrointestinal Delivery Systems

This type of gastrointestinal delivery system is fabricated from gel-forming poly-
mers. It can be prepared by first dispersing the therapeutic dose of a drug in layers

poiymer coating

(pore - forming agent )

gastrointestinal

g O R gy L
r H microporous membrane

= tablet l
) - . - J

Figure 12 Microporous membrane permeation-controlled gastrointestinal drug delivery sys-
tem (11).
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Figure 13 Release profile of drug from the reservoir layer of hydroxypropylcellulose con-
taining 20% salicylic acid and the effect of hydroxypropylcellulose-polyvinyl acetate mem-
brane.

of water-soluble carboxymethylcellulose (CMC), sandwiching the drug-loaded CMC
layers between layers of cross-linked carboxymethylcellulose (which is water insol-
uble but water swellable) and then compressing these layers to form a multilaminated
device. This device can be further coated with a polymer coating material to form
a gastrointestinal delivery device (Figure 16). Furthermore, with incorporation of a
sealing layer two incompatible drugs can be formulated in the same device.

In the gastrointestinal tract the cross-linked CMC layers become swollen and
gelatinized to create a colloidal gel barrier, which controls the release of drug from
the CMC layers (16).
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Figure 16 A gastrointestinal drug delivery device consists of a gel-forming multilaminate
structure to control the release of drug.

E. pH-Controlled Gastrointestinal Delivery Systems

This type of gastrointestinal delivery system is designed for the controlled release
of acidic (or basic) drugs in the gastrointestinal tract at a rate independent of the
variation in gastrointestinal pH (Table 2). It is prepared by first blending an acidic
(or basic) drug with one or more buffering agents, e.g., a primary, secondary, or
tertiary salt of citric acid, granulating with appropriate pharmaceutical excipients to
form small granules, and then coating the granules with a gastrointestinal fluid-per-
meable film-forming polymer, e.g., cellulose derivatives (Figure 17).

The polymer coating controls the permeation of gastrointestinal fluid. The gas-
trointestinal fluid permeating into the device is adjusted by the buffering agents to
an appropriate constant pH, at which the drug dissolves and is delivered through the
membrane at a constant rate regardless of the location of the device in the alimentary
canal (Germany Patent 2,414,868).

Table 2 Gastrointestinal Tract: Physiologic Characteristics

Sensitivity to

Lumen absorption
Region pH constituents Osmolarity® Dilution promotor
Gastrointestine Varying — — — _
Stomach” 1.2-3.5 HCI Nonisoosmotic Large Low
Fasted 1-3 Mucus (variable)
Fed 3-5 Pepsin
Rennin
Cathepsin
Lipase
Intrinsic factor
Small intestine 4.7-6.5 Amylase Isoosmotic Large Medium
Duodenum 4.6-6.0  Bile acids (330 mOsmol)
Jejunum 8 Mucus
Glucohydrolase
Galactohydrolase
Lipase
Trypsin
Chymotrypsin
Large intestine 7.5-8.0  Mucus Nonisoosmotic Small High
Colon 5-7 Flora

“Relative to the osmolarity of the blood.
*Residual volume = 50 ml.
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Figure 17 pH-controlled gastrointestinal drug delivery device.

F. lon-Exchange—Controlled Gastrointestinal Delivery Systems

This type of gastrointestinal delivery system is designed to provide the controlled
release of an ionic (or ionizable) drug for intragastric delivery. It is prepared by first
absorbing an ionized drug onto the ion-exchange resin granules, such as codeine
base with Amberlite (RTM) IRP-69, and then, after filtration from the alcoholic
medium, coating the drug-resin complex granules with a water-permeable polymer,
e.g., a modified copolymer of polyacrylic and methacrylic ester, and then spray
drying the coated granules to produce the polymer-coated drug-resin preparation (Figure
18, top). This approach has been utilized in several patentable developments (17—
19).

Further improvement of this ion-exchange drug delivery system has resulted in
the development of the Pennkinetic system by Pennwalt Corporation (Figure 18,
middle). In this system the drug-resin complex granules are further treated with an
impregnating agent, e.g., polyethylene glycol 4000, to retard the rate of swelling in
the water and are then coated by an air suspension technique with a water-permeable
polymer membrane, e.g., ethylcellulose, to act as a rate-controlling barrier to reg-
ulate the release of drug from the system.

It is known that the ionic strength of the gastrointestinal fluid is normally main-
tained at a relatively constant level. In the GI tract ions diffuse through the ethyl-
cellulose membrane and react with the drug-resin complex to activate the release of
drug ions (Figure 18, bottom).

1. Cationic Drugs

A cationic drug forms a complex with an anionic ion-exchange resin, e.g., a resin
with a SO; group. In the GI tract hydronium ion (H") in the gastrointestinal fluid
penetrates the system and activates the release of cationic drug from the drug-resin
complex:

H* + resin — SO;drug” = resin — SO;H" + drug"

2. Amnionic Drugs

An anionic drug forms a complex with a cationic 1on-exchange resin, e.g., a resin
with a [N(CH,); ] group. In the GI tract the chloride ion (C17") in the gastrointestinal
fluid penetrates the system and activates the release of anionic drug from the drug-
resin complex:

Cl™ + resin — [N(CH,); Jdrug™ == resin — [N(CH,); ]C1™ + drug”
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Figure 18 Ion-exchange—controlled gastrointestinal drug delivery systems.

(Top) First generation.
(Middle) Second generation.
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(Bottom) Process involved in the ion-exchange—controlled release and GI absorption of ionic
drugs from the second generation of ion-exchange—controlled gastrointestinal drug delivery

systems (Pennkinetic system).

The free charged drug molecules then diffuse into the gastrointestinal fluid, through

the coating membrane, for GI absorption.

The advantages of this type of gastrointestinal drug delivery system are that (i)
the rate of drug release is not dependent upon the pH conditions, enzyme activities,
temperature, or volume of the GI tract; (ii) the system is administered in the form
of a large number of particles, which may eliminate the effect of gastric emptying;
and (iii) it can be formulated as a stable liquid suspension-type pharmaceutical dos-

age form.
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By combining different ratios of polymer-coated and uncoated granules in the
formulation, a range of dissolution profiles and blood levels can be achieved (Figure
19). Uncoated granules serve as the immediate-release component to provide the
initial dose for rapid absorption, and coated granules serve as the sustained-release
component to provide the maintenance dose for maintaining a prolonged systemic
drug level.

. MODULATION OF GASTROINTESTINAL TRANSIT TIME

All the oral controlled-release drug delivery systems already discussed have only
limited utilization in the gastrointestinal controlled administration of drugs if the
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Figure 19 In vitro dissolution profiles and blood concentration profiles in 10 human subjects
of dextromethorphan delivered by the Pennkinetic system containing various combinations of
immediate-release and sustained-release components (% /%): (A) 100/0, (B) 77.5/22.5, (C)
55/45, (D) 27.5/72.5, and (E) 0/100.
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systems canpot remain in the vicinity of the absorption site for the lifetime of the
drug delivery.

The transit time for the mouth to the anus varies from one person to another. It
also depends upon the physical properties of the object ingested and the physiological
conditions of the alimentary canal (Table 1). A study conducted by Hinton and his
associates (20) suggested that the alimentary canal transit time for an indigestible
object can vary by as much as 8—62 hr, which shows a pyramidal curve with a peak
excretion rate of approximately 40% at around 27 hr (Figure 20). Analysis of the
data indicates that 50% of human subjects excrete the object within 24 hr (z5,).
Therefore, the majority of the oral controlled-release or sustained-release drug de-
livery systems designed for drug delivery in the gastrointestinal tract are subjected
to the restriction of this physiological residence time.

Furthermore, there also exists an absorption surface in the upper small intestine
region that is known to have a transit time of only 2-3 hr (21). A concept called
anatomic reserve length was recently introduced by Ho et al. (22) to define the length
of the small intestine still available for absorption of drugs.

To successfully modulate the GI transit time of a drug delivery system for max-
imal gastrointestinal absorption of drugs, one needs to have a good fundamental
understanding of the anatomic and physiological characteristics of the human gas-
trointestinal tract (Figure 21). To date, the design of oral drug delivery systems has
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Figure 20 Cumulative excretion profile of an indigestible marker following oral administra-
tion in humans and the time course for transit of the marker in the alimentary canal. (Plotted
from the data in Reference 25.)
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Figure 21 The human digestive system and associated organs. (Reproduced from Jacob and
Francone, 1970.)

largely been based on an empirical understanding of GI anatomy and physiology.
However, for successful development of a long-acting oral pharmaceutical dosage
form, especially a controlled-release gastrointestinal drug delivery system, it is
critically important to gain some basic understanding of those physiological fac-
tors in the GI tract that may affect the performance of a gastrointestinal drug de-
livery system. These are outlined and briefly discussed in the following sec-
tions.

A. Gastrointestinal Anatomy and Dynamics

A schematic illustration of the human gastrointestinal tract is shown in Figure 21.
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1. Anatomy

The stomach is an organ with a capacity for storage and mixing. Its fundus and body
regions are capable of displaying a large expansion to accommodate food without
much increase in the intragastric pressure. The stomach lining is devoid of villi but
consists of a considerable number of gastric pits that contribute to the storage ca-
pacity of the stomach. The antrum region is known to be responsible for the mixing
and grinding of gastric contents. Under fasting conditions the stomach is a collapsed
bag with a residual volume of 50 ml and contains a small amount of gastric fluid
(pH 1-3) and air (Tables 1 and 2). There are two main secretions, mucus and acid,
produced by specializied cells in the stomach lining. Mucus is secreted by goblet
cells and gastric acid by oxyntic (parietal) cells. The mucus spreads and covers the
mucosal surface of the stomach as well as the rest of the GI tract. The thickness of
this mucus coating varies from one region of the GI tract to another.

Under physiological conditions, the gastric absorption of most drugs is insig-
nificant as a result of its limited surface area (0.1-0.2 m®) covered by a thick layer
of mucous coating, the lack of villi on the mucosal surface, and the short residence
time of most drugs in the stomach.

The contents of the stomach are emptied through the pylorus into the proximal
duodenal region of the small intestine. In humans the gastroduodenal junction con-
trols the unidirectional passage from the stomach to the duodenum, even though a
duodenogastric reflux occurs in some animals. In the proximal duodenum the con-
tents of the gallbladder (e.g., bile) and pancreas as well as some duodenal secretions,
including bicarbonate, are emptied. The pancreatic juice contributes lipolytic, pro-
teolytic, and carbohydrate splitting enzymes (Table 2). Several enzymes in the in-
testinal secretion, including leucine aminopeptidase, were actually found to reside
on the striated border of the intestinal absorptive cells as integral parts of the mi-
crovilli of the brush border. Following transit through the small intestine, which has
a length of approximately 3 m, the contents are passed through the terminal ileum
into the colon via a junction known as the ileocecal valve.

Unlike the stomach, the small intestine is a tubular viscous organ and has enor-
mous numbers of villi on its mucosal surface that create a huge surface area (4500
m’ compared to only 0.1-0.2 m” for the stomach). These villi are minute fingerlike
projections of the mucosa and have a length of 0.5-1.5 mm, depending upon the
degree of distention the intestinal wall and the state of contraction of smooth muscle
fibers in their own interiors. They cover the entire surface of the mucosa, with num-
bers varying from 10 to 40 mm >. They are most numerous in the duodenum and
proximal jejunum. It should be noted that there is a progressive decrease in surface
area from the proximal to the distal region of the small intestine and colon (Table
1). As a result the proximal small intestine is the region with the most efficient
absorption. For maximal systemic bioavailability the drug should be targeted for
delivery in the vicinity of this region.

The colon lacks villi, and its primary function is to store indigestible food res-
idue. It also contains a variety of flora that are normal residents of the GI tract and
may degrade the contents of the colon.

2. Dynamics

It should be recognized that the gastrointestinal tract is always in a state of continuous
motility. There are two modes of motility pattern: the digestive mode and the in-
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terdigestive mode (23) involved in the digestion of food. The interdigestive GI mo-
tility is characterized by a cyclic pattern that originates in the foregut and propagates
to the terminal ileum and consists of four distinct phases:

Phase 1. Period of no contraction

Phase II.  Period of intermittent contractions

Phase III. Period of regular contractions at the maximal frequency that migrate
distally

Phase IV. Period of transition between phase III and phase I

A complete cycle of these four phases has an average duration of 90—-120 min
in both human and dog. Certain disease states, such as bacterial overgrowth, mental
stress, and diurnal variation, or their combinations, can influence the duration of
each individual phase as well as the total cycle (24,25). Phase III has a housekeeping
role and serves to clear all indigestible materials from the stomach and the small
intestine. Consequently, any controlled-release gastrointestinal drug delivery system
designed to stay during the fasted state should be capable of resisting the house-
keeping action of phase III if one intends to prolong the GI retention time. The
bioadhesive properties added to the gastrointestinal drug delivery system must be
capable of adhering to the mucosal membrane strongly enough to withstand the shear
forces produced in this phase.

The cyclic motor activity of interdigestive GI motility is also associated with the
gastric, pancreatic, and biliary secretory activities of GI tract; both the migratory
and secretory activities constitute two aspects of the same periodicity (26). Under
fasting conditions, both the migratory and secretory activities of the stomach, small
and large intestines, pancreas, and liver change periodically to provide the mechan-
ical and chemical means required for GI housekeeping.

Feeding has been reported to yield an interruption of the interdigestive motility
cycle and the appearance of a continuous pattern of contraction, called postprandial
contraction, which can be induced in dogs by a gastric content with a volume as
small as 150 ml water (27). A normal meal can change the motility pattern from a
fasted state to a fed state for a duration of up to 8 hr, depending upon the caloric
content of the food ingested (28).

3. GI Transit

The transit time of a gastrointestinal drug delivery system along the GI tract is the
most limiting physiological factor in the development of a controlled-release gas-
trointestinal drug delivery system that is targeted to once-a-day medication. Like the
motility pattern, the patterns of GI transit depend on whether the person is in a fasted
or fed state. In addition, the physical state of the drug delivery system, either a solid
or a liquid, also influences the transit time through the GI tract (Table 1).

Fasted State. The gastric emptying of liquids in the fasted state is a function of
the volume administered (27). For a small volume (<100 ml), this is controlled by
the existing phasic activity and liquids are emptied at the onset of phase II; most of
them are gone before the arrival of phase IIL. For volumes larger than 150 ml, liquids
are emptied by characteristic discharge kinetics irrespective of phasic activity. The
half-life of discharge in dogs is 40—50 min for a small volume of liquids but only
8—12 min for a larger volume. The observed difference in transit behavior could be
due to the fact that a small volume does not affect the existing motility pattern in



162 Chapter 3

the stommach, but a large volume converts the fasted state to a fed state, which in
turn creates the fed-state motility pattern. The fasted-state emptying pattern of liquids
is independent of the presence of any indigestible solids in the stomach (29). Based
on these observations, for prolonged gastric emptying the gastrointestinal drug de-
livery system should be administered with a small volume of liquid.

Indigestible solids are emptied from the stomach as a function of their physical
size. Solids of small particle size (<1 mm) can be emptied with the liquid; solids
of 2 mm or greater do not empty until the arrival of phase III activity, at which time
they are emptied as a bolus (29). In a fasted dog the gastric emptying of solids is
independent of size, density, and surface characteristics (30). Depending upon prox-
imity of the time of ingestion to the next phase III activity, a solid dosage form can
therefore stay in a fasted stomach for a duration anywhere in the range of 0-120
min.

During phase I, when contractions are at a minimum, there is little or no move-
ment of liquid or solids through the intestine. In phases II and III, on the other hand,
the flow of materials in the intestinal lumen becomes progressively faster. The seg-
regation of liquids and solids also occurs, and liquids tend to migrate during phase
II and solids during phase III. The motor activity of the small intestine during the
fasted state may not be sufficiently strong to move the solids.

During the fasted state there is relative motion between the dosage form in the
small intestine and the luminal fluid content. Shear forces and constant fluid move-
ment around the dosage form may attribute to the difference between the in vivo
bioavailability and the in vitro release of drug from the dosage form. For multiunit
dosage forms, once the particles have been emptied from the stomach as a bolus
there is little, if any, further spreading of particles in the intestine (31). However,
once in the colon particles show some tendency to disperse, perhaps as a result of
the high viscosity of the luminal contents in this region.

Fed State. Following feeding the fundus of the stomach expands to accommodate
food without an appreciable increase in the intragastric pressure. Once in the stomach
food begin emptying almost immediately. Liquids are emptied at a rate faster than
that of solids, and the rate is controlled by feedback mechanisms from the duodenum
and ileum. Solids are not emptied in the fed state unless they have been ground to
a particular size of 2 mm or less. There is a sieving mechanism in the fed stomach,
which is influenced by the viscosity of the meal. Since grinding and mixing take
place in the antral area, dosage forms tend to reside in this area if they are large.
Multiunit dosage forms, however, disperse and empty with food and thus achieve a
considerable degree of distribution (32).

Gastric secretion also starts following the ingestion of food, and its volume de-
pends upon the nature and volume of the ingested food. The volume emptied is
replaced by gastric secretion, and thus the gastric volume may actually remain con-
stant during the first hour of gastric emptying. The total time for gastric emptying
varies in the range of 2—6 hr.

In the small intestine, the contents move faster in the fed state than the phase
III transit in the fasted state, which helps the transit of smaller particles but not larger
particles. The intestinal transit time for both liquids and solids, regardless of their
nature, is around 3—4 hr in both the fasted and the fed states. This constancy in
intestinal transit can be important in colon-targeted drug delivery.



Oral Drug Delivery 163

Studies of the GI transit of dosage forms, such as tablets, capsules, and particles,
have demonstrated a transit pattern similar to that of nutrients. Most dosage forms
taken orally in the fasted state empty within 90 min. In the fed state nondisintegrating
tablets and capsules stay in the stomach for 2—6 hr and are discharged only at the
onset of the fasted state. However, disintegrating dosage forms and small particles
are emptied together with the food. In all instances the transit time for the small
intestine is 3—4 hr (32). Recent studies conducted in five healthy subjects taking a
standard breakfast discovered that coadministration of the ammonium salt of myristic
acid (a saturated fatty acid and a constituent of fat-rich food) led to an average in-
crease of 23.8% in drug absorption from a conventional capsule-shaped dosage form,
which could be due to the delaying effect of ammonium myristate on GI passage
(33).

In summary, the total transit time of foods and dosage forms in humans from
stomach to the ileocecal junction is approximately 3—6 hr in the fasted state and 6—
10 hr in the fed state. This sets an approximately 10 hr limit for the delivery of
drugs absorbed solely from the small intestine region.

4. Ileocecal Junction

This serves mainly to ensure the unidirectional flow of the luminal contents from
the small to the large intestine.

5. Colon and Gut Flora

Because of the high water absorption capacity of the colon, the colonic contents are
considerably viscous and their mixing is not efficient. Thus the availability of most
drugs to the absorptive membrane is low.

The human colon has over 400 distinct species of bacteria as resident flora, a
possible population of up to 10" bacteria per gram of colonic content (34). Among
the reactions carried out by these gut flora are azoreduction and enzymatic cleavage,
i.e., glycosidases (35). These metabolic processes may be responsible for the me-
tabolism of many drugs and may also be applied to colon-targeted drug delivery.
For example, the azoreduction process has been utilized in the colon-targeted deliv-
ery of peptide-based macromolecules, like insulin, by oral administration (Chapter
11). Enzymatic cleavage has been applied to the colon site-specific delivery of drugs
by forming ester-type macromolecular prodrugs of carboxylic acid-containing drugs,
like naprozen, with dextran (36).

6. GI Mucus

Mucus is continuously secreted by specialized goblet cells located throughout the GI
tract. Fresh mucus on the mucosal surface is very thick and becomes diluted and
less viscous as it nears the lumen. Its thickness varies depending upon the region of
the GI tract.

The primary function of mucus appears to be protection of the surface mucosal
cells from gastric acid and peptidase as well as a barrier to antigens, bacteria, and
virus. It also acts as a lubricant to assist the passage of solids.

Chemically, mucus is a glycoprotein network that consists of oligosaccharide
chains with sialic acid (pK, = 2.6) and holds a varying amount of bound water. The
presence of mucus on the GI tract has presented an opportunity to prolong transit
time by application of bio(muco)adhesive polymer technology (32,37).



164 Chapter 3

B. Prolongation of GI Retention

Several approaches have recently been developed to extend gastrointestinal transit
time by prolonging the residence time of drug delivery systems in the stomach.

1. Hydrodynamically Balanced Intragastric Delivery System

The hydrodynamically balanced gastrointestinal drug delivery system, in either cap-
sule or tablet form, is designed to prolong GI residence time in an area of the GI
tract to maximize drug reaching its absorption site in the solution state and, hence,
ready for absorption. It is prepared by incorporating a high level (20-75% w/w) of
one or more gel-forming hydrocolloids, e.g., hydroxyethylcellulose, hydroxypro-
pylcellulose, hydroxypropylmethylcellulose, and sodium carboxymethylcellulose, into
the formulation and then compressing these granules into a tablet (or encapsulating
into capsules) (38). Formulation of this device must comply with the following cri-
teria:

It must have sufficient structure to form a cohesive gel barrier.

It must maintain an overall specific gravity lower than that of the gastric contents
(1.004-1.010).

3. It should dissolve slowly enough to serve s a drug reservoir.

[N

On contact with gastric fluid the hydrocolloid in this intragastric floating device
starts to become hydrated and forms a colloid gel barrier around its surface with
thickness growing with time (Figure 22). This gel barrier controls the rate of solvent
penetration into the device and the rate of drug release from the device. It maintains
a bulk density of less than 1 and thus remains buoyant in the gastric fluid inside the
stomach for up to 6 hr (Figure 23); conventional dosage forms disintegrate com-
pletely within 60 min and are emptied totally from the stomach shortly afterward

hydrocolioids
(20-75% “w)

gastric fluid (d>1)

2
<:——‘__ colloid gel barrier

Figure 22 Hydrodynamically balanced intragastric drug delivery device before and after con-
tact with gastric fluid, which activates the formation of the colloid gel barrier.
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After 2 min

Figure 23 Computerized output of radioactivity from a *™Tc-labeled hydrodynamically bal-
anced intragastric drug delivery device (A) and a conventional tablet (B) swallowed simul-
taneously with 200 ml of '''In-labeled water in a human volunteer at 2 min and 4 hr post-
ingestion. The stomach outline is illustrated by the '''In-labeled water. the disproportion between
the size of drug delivery systems A and B and the size of the stomach resulted from the
intensity of the ®™Tc label, which created a greater scatter of radioactivity. (Reproduced from
Reference 45.)
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(39,40). Radioactivity measurement by scintigraphy also showed that the gastric re-
tention was substantially prolonged (Figure 24).

The in vivo performance of the hydrodynamically balanced intragastric floating
drug delivery system was further assessed by comparing the plasma profiles of di-
azepam following the oral administration of Valrelease capsule, the hydrodynami-
cally balanced gastrointestinal delivery system containing 15 mg diazepam as a single
dose in fasted and fed subjects, and of Valium tablets in the conventional dosage
form, each containing 5 mg diazepam, three times a day at 5 hr intervals. The results
shown in Figure 25 demonstrate that a Valrelease capsule administered in both fasted
and fed states attained a steady plasma level; Valium tablets produce a saw-toothed
pattern plasma profile that shows peaks and valleys in response to each dosing. The
data also suggest that the ingestion of food delays the attainment of a peak plasma
level of diazepam for the Valrelease capsule (40).

The mechanism of drug release from the hydrodynamically balanced gastroin-
testinal delivery system (GIDS) was investigated using chlordiazepoxide HCI, which
shows a 4000-fold difference in aqueous solubility as pH is varied from 3 to 6 (40).
In vitro release studies indicated that the release of drug from the hydrodynamically
balanced GIDS follows the matrix diffusion-controlled release process in the first 4—
6 hr and a Q versus 7'/ linearity is attained (Figure 26A). The observed  versus
1'/? relationship could be attributed to the time-dependent growth in the thickness of
the colloid gel barrier (Figure 22).
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Figure 24 comparison of radioactivity retained in the stomach of a human volunteer between
the hydrodynamically balanced intragastric drug delivery device and a conventional tablet;
both were *™Tc-labeled and measured by external scintigraphy. (Replotted from the data in
Reference 45.)
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Figure 25 Comparison of plasma concentration profiles of diazepam following single-dose
administration of a Valerase capsule, a hydrodynamically balanced intragastric drug delivery
device, in fasted and fed subjects, a multidose administration of a Valium tablet, a conven-
tional dosage form, three times a day at 0, 5, and 10 hr. (Replotted from the data in Reference
45.)

In vivo studies of the hydrodynamically balanced GIDS demonstrated that the
percentage of the maximum plasma concentration of chlordiazepoxide also shows a
linear dependence on the square root of time (Figure 26B), with a slope value in
good agreement with that of the in vitro drug release profile (33.63 versus 35.02%/
hr'/?). This in vitro-in vivo agreement suggests that the plasma drug concentration
in the initial perioid of oral administration is dependent primarily upn drug release
characteristics (matrix diffusion-controlled release of drug through the colloidal gel
barrier). The in vitro-in vivo correlation is further substantiated by the linear rela-
tionship observed between the percentage of the maximal plasma concentration at-
tained and the percentage of drug release, which yields a slope value of 1.01 com-
pared to the theoretical value of unity (40).

A bilayer tablet can also be prepared to contain one immediate-release layer and
one sustained-release layer. After the initial dose is delivered by the immediate-
release layer, the sustained-release layer absorbs the gastric fluid and forms a col-
loidal gel barrier on its surface. This produces a bulk density less than that of the
gastric fluid and remains buoyant in the stomach for an extended period of time (41).
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Figure 26 (A) In vitro release profile of chlordiazepoxide from the hydrodynamically bal-
anced intragastric delivery device. (B) Time course for the percentage maximum plasma con-
centration of chlordiazepoxide delivered by the hydrodynamically balanced intragastric de-
livery device. There is linear dependence of the percentage maximum plasma concentration
on the square root of time. (Replotted from the data in Reference 45.)

2. Intragastric Floating Gastrointestinal Drug Delivery System

A gastrointestinal drug delivery system (GIDS) can be made to float in the stomach
by incorporating a floatation chamber, which may be a vacum or filled with air or
a harmless gas (Figure 27).

A drug reservoir is encapsulated inside a microporous compartment with aper-
tures along its top and bottom walls. The peripheral walls of the drug reservoir com-
partment are completely sealed to prevent any direct contact of the stomach mucosal
surface with the undissolved drug.

In the stomach the floatation chamber causes the GIDS to float in the gastric
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Figure 27 Intragastric floating drug delivery device.

fluids. Fluids enter through the apertures, dissolve the drug, and carry the drug sol-
utes out of the drug delivery system for continuous transport to the intestine for
absorption (42).

3. Inflatable Gastrointestinal Drug Delivery System

The residence time of the drug delivery device in the stomach can also be sustained
by incorporation of an inflatable chamber, which contains a liquid, e.g., ether, that
gasifies at body temperaure to cause the chamber to inflate in the stomach (Figure
28).

The inflatable gastrointestinal drug delivery system is fabricated by loading the
inflatable chamber with a drug reservoir, which can be a drug-impregnated polymeric
matrix, and then encapsulating the unit in a gelatin capsule. After oral ingestion the
capsule dissolves to release the drug reservoir compartment together with the in-
flatable chamber. The inflatable chamber automatically inflates and retains the drug
reservoir compartment in the stomach. The drug solutes are continuously released
from the reservoir into the gastric fluid.

The inflatable chamber also contains a bioerodible polymer filament, e.g., a
copolymer of polyvinyl alcohol and polyethylene, that gradually dissolves in the
gastric fluid and finally causes the inflatable chamber to release the gas and become
collapsed after a predetermined time period to permit the spontaneous ejection of the
inflatable GIDS from the stomach (43).

4. Intragastric Osmotically Controlled Drug Delivery System

The osmotic pressure-controlled drug release mechanism discussed earlier can also
be incorporated in the inflatable GIDS to control the release of drug in the stomach
(Figure 29).

drug reservoir

capsule

bioerodible inflatable chamber

polymer filament

Figure 28 Inflatable gastrointestinal drug delivery device.
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Figure 29 Intragastric osmotically controlled drug delivery system. (Replotted from Refer-
ence 49.)

It is comprised of an osmotic pressure-controlled drug delivery device and an
inflatable floating support in a bioerodible capsule. When the drug delivery device
reaches the site of drug administration, e.g., the stomach, the capsule quickly dis-
integrates to release the intragastric osmotically-controlled drug delivery device.

The inflatable floating support is made from a deformable holow polymeric bag
that contains a liquid that gasifies at body temperature to inflate the bag.

The osmotic pressure-controlled drug delivery device consists of two compart-
ments: (i) a drug reservoir compartment, and (ii) an osmotically active compartment.
The drug reservoir compartment is enclosed by a pressure-responsive collapsible bag,
which is impermeable to vapor and liquid and has a drug delivery orifice. The os-
motically active compartment contains an osmoticially active salt and is enclosed
within a semipermeable housing. In the stomach the water in the gastric fluid is
continuously absorbed through the semipermeable membrane into the osmotically
active compartment to dissolve the osmotically active salt. An osmotic pressure is
thus created, which acts on the collapsible bag and, in turn, forces the drug reservoir
compartment to reduce its volume and activate the release of a drug solution for-
mulation through the delivery orifice (44).

The floating support is also made to contain a bioerodible plug that erodes after
a predetermined time to deflate the support. The deflated drug delivery system is
then excreted from the stomach.

5. Intrarumen Controlled-Release Drug Delivery Device

This is designed for intraruminal controlled delivery of veterinary drugs in a ruminant
animal. It is prepared by compressing a layer of medicated polymer matrix between
two layers of water-insoluble polymer film to form a sandwich composition. The
laminate is then rolled into a configuration by a gelatin band for easy oral admin-
istration. In the rumen the band is dissolved to regenerate the original configuration
of the drug delivery device to prolong retention in the rumen (Figure 30).
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Figure 30 Intrarumen controlled-release drug delivery system.

The medicated polymer matrix is prepared by blending a homogeneous mixture
of a water-soluble drug and a water-insoluble polymer, e.g., ethylene-vinyl acetate
copolymer, at 100°C and then compressing the mixture into a sheet-shaped drug-
dispersed matrix-type polymeric device.

The nonmedicated coating polymer film is prepared by blending a homogeneous
mixture of a water-insoluble ethylene-vinyl acetate copolymer and a water-degrad-
able filler, e.g., lactose, also at 100°C, and then compressing the mixture to form
the film-shaped polymer coating. after lamination with the medicated polymer matrix
to form a sandwich-type drug delivery device, the film coatings control the rate of
drug release depending upon the loading levels of the water-degradable filler (Bel-
gium Patent 867,692).

6. Bio(muco)adhesive Gastrointestinal Drug Delivery Systems

Another potential approach to extend the gastrointestinal residence time is the de-
velopment of a bio(muco)adhesive polymer-based drug delivery system, which has
been conceptualized on the basis of a GI self-protective mechanism.

It is known that the surface epithelium of the stomach and intestine retains its
integrity throughout the course of its lifetime, even though it is constantly exposed
to a high concentration of hydrochloric acid (as high as 0.16 N) and powerful protein-
splitting enzymes, like pepsin. This self-protective mechanism is due to the fact that
the specialized goblet cells located in the stomach, duodenum, and transverse colon
continuously secrete a large amount of mucus that remains closely applied to the
surface epithelium. The mucus contains mucin, an oligosaccharide chain with ter-
minal sialic acid (pKa = 2.6), which is capable of neutralizing the hydrochloric acid
and withstanding the action of pepsin and thus protects the epithelial cell membrane.
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The surface epithelium adhesive properties of mucin have been recognized and
recently applied to the development of gastrointestinal drug delivery devices based
on bio(muco)adhesive polymers.

The concept of using mucoadhesive polymer to extend the GI transit time is
shown in Figure 31. The drug delivery system coated with mucoadhesive polymer
binds to the mucin molecules in the mucus lining and is therefore retained on the
surface epithelium for extended periods of time. The drug molecules contained in
the drug delivery device coated with mucoadhesive polymer are constantly released
for absorption.

A bio(muco)adhesive polymer is a natural or a synthetic polymer capable of
producing an adhesive interaction with a biological membrane, which is then called
a bioadhesive polymer, or with the mucus lining on the GI mucosal membrane,
which is thus called a mucoadhesive polymer. A bio(muco)adhesive polymer is known
to have the following molecular characteristics:

1. It has molecular flexibility.
2. It contains hydrophilic functional groups.
3. It poses a specific molecular weight, chain length, and conformation.

A number of commonly used macromolecular pharmaceutical excipients have
been evaluated and found to have bio(muco)adhesive properties (Table 3). From the
rank order of bioadhesion (45—47), it appears that polyanions with a high charge
density are highly active. Among the various polyanions evaluated, it was found that
the polymers containing carboxylic groups, such as polyacrylic polymer, show a high
level of bicadhesion (48). Using a tensiometer and fresh pig intestine, Dittgen and
Oestereich (49) measured the bioadhesive properties of polyacrylic polymer and co-

Gastrointestinal Tract
mucosa |, lumen

-4

Release

Mucoadhesive Drug
Delivery System

Mucus lining

Epithelial surface

Figure 31 Interaction of a mucoadhesive drug delivery system (ma-DDS) with the mucus
layer on the gastrointestinal surface epithelium.
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Table 3 Relative Mucoadhesive Performance of Some Potential
Bio(Muco)adhesive Pharmaceutical Polymers

Relative Qualitative

mucoadhesive bioadhesion
Polymers force® property®
Carboxymethylcellulose 193 Excellent
Carbopol 185 Excellent
Polycarbophil — Excellent
Tragacanth 154 Excellent
Na alginate 126 Excellent
HPMC 125 Excelient
Gelatin 116 Fair
Pectin 100 Poor
Acacia 98 Poor
Providone 98 Poor

*Percentage of a standard, tested in vitro [Smart et al.; (1984). J. Pharm. Sci.,
36:295.]

"Assessed in vivo [Chen and Cyr; in: Adhesion in Biological Systems (R. S.
Manly, Ed.), Academic Press, New York, 1970, pp. 161-181.]

polymers. They observed that the bioadhesion A, of polyacrylate to pig intestine
shows a bell shaped dependent on polymer concentration C,,, which can be described
by the quadratic equation

A, = ayg + a,Cy, + a,Cs, 4)

where a,, a, and a, are constants.

From the data summarized in Figure 32, the maxima of bicadhesion and the
minimal polymer concentration needed to attain the maximal bioadhesion are deter-
mined and compared in Table 4. The results indicate that the most hydrophilic po-
lyacrylic polymer, carbopol 934, is the most active bioadhesive polymer with the
maxima of bioadhesion (399P,) attained at a polymer concentration of only 0.15%.
The copolymerization of polyacrylic acid reduces the bioadhesive capacity of po-
lyacrylic polymer, and copolymers thus require a higher polymer concentration to
achieve the maxima of bioadhesion. The most hydrophobic polyacrylate ternary co-
polymer, scopacryl D340, appears to be more bioadhesive than the medium hydro-
philic binary copolymer, scopacryl D339. Both are, however, active bioadhesives
at a polymer concentration much higher than that of carbopol (Figure 32, top). It
was also observed that the addition of pharmaceutical excipients into the bioadhesive
polyacrylate polymer tends to reduce the bioadhesion, which is dependent upon the
type and concentration of excipients added (Figure 32, bottom).

The systemic bioavailability of drugs taken orally may be limited by the gas-
trointestinal transit time of the drug delivery system used (21). Especially for drugs
absorbed only from the small intestine, their systemic bioavailability is limited by
the residence time of the drug in or upstream of the small intestine. Scintigraphic
studies have shown that pharmaceutical dosage forms have a gastric emptying time
of under 2 hr in the fasted state and up to 4 hr in the fed state; the small intestinal
transit time is generally in the range of 2—6 hr irrespective of whether the subject
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Figure 32 (Top) Relationship between the measured bioadhesion of an aqueous solution of
polyacrylic acid (PAA), a binary (BCP), and a ternary (TCP) polyacrylic copolymer and the
concentration of polymer (or copolymer). (Adapted from Reference 55.)

(Bottom) Effect of excipients on the measured bioadhesion of an aqueous solution of a ternary
polyacrylic copolymer (TCP) and its dependence on excipient concentration. TCP, = TCP
+ lactose; TCP, = TCP + potato starch; and TCP, = TCP + microcrystalline cellulose.

is fasted or fed (50). For drugs that are absorbed only from the small intestine, a
release time of longer than 4-8 hr, as in the case of oral controlled-release dosage
forms, is likely to prove ineffective (51).

Recently, Harris et al. (51) investigated the feasibility of using bio(muco)adhesive
polymers to extend the GI transit time in rats and humans. The results obtained in
rats indicated that among the polymers investigated, polyacrylic polymers, such as
carbopol and polycarbophil, are most likely to be of use in delaying gastrointestinal
transit; however, the major delay is due to a decrease in the gastric emptying time
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Table 4 Bioadhesion of Polyacrylate Polymer and Copolymers to Pig Intestine

Maxima of bioadhesion®

Neutralizing Polymer
capacity® Removing force Concentration

Polyacrylate (ml/g) P, (%ow /)
Carbopol 934

(homopolymer) 14.1 399 0.15
Scopacryl D339

(binary copolymer) 3.75 301 2.9
Scopacryl D340

(ternary copolymer) 0 421 3.3

*Volume of ammonia solution required to neutralize the carboxylic acid groups in 1 g of the polyacrylate
solution (or suspension).

"The maxima of bioadhesion is expressed as the maximal removing force achieved with the minimal
polymer concentration indicated.

Source: From Dittgen and Oestereich (1989).

(Table 5). On the other hand, transit through the upper small intestine is much more
rapid than transit through the lower small intestine. Additionally, the concentration
and physical state of a bioadhesive polymer tends to affect the GI transit time. How-
ever, the results generated in humans were not conclusive (Table 6).

Several approaches have been applied to incorporate drug into bio(muco)adhesive
polymers for the preparation of oral drug delivery systems. For water-soluble poly-
mers it is possible to use polymers to coat the surface, totally or partially, of a sheet
or macro- or micro-size capsule-shaped drug delivery device. In this case the du-
ration of retention on the mucosal tissues is generally controlled by the dissolution
rate of the bio(muco)adhesive polymer. A cross-linked bio(muco)adhesive polymer
must first be hydrated to become an effective bio(muco)adhesive, and when it is, it
often separates from the rate-controlling drug delivery system or causes a premature

Table 5 Effect of Some Adhesive Polymers on the Gastrointestinal Transit of *'Cr-
Labeled Microspheres in Rat

Emptying half-life (hr)

Small intestine

Dosage Concentration

Polymer Form (%) Stomach Upper Lower
Carbopol 934 Solution 0.2 1.01 0.83 3.32
Solution 4.0 3.21 0.24 3.05
Solution 5.0 3.21 0.24 3.05
Capsule 5.0 1.49 0.86 1.94
Polycarbophil Solution 7.5 3.21 0.24 2.23
Hyaluronic acid Solution 1.0 1.49 0.35 2.45
Hydroxyethyl- Solution 1.5 1.49 0.86 2.81
cellulose Capsule 1.5 1.01 0.83 3.32
Capsule 7.5 1.99 0.36 2.81

Source: From Harris et al. (1989).
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Table 6 Effect of Polyacrylate on the Gastrointestinal Transit of *™Tc-labeled Amberlite
Resin in Fasting Male Subjects

. Colon
Emptying half-life arrival
Amberlite (min * SEM) time
Formulation particle size Stomach Intestine (min + SEM)
Control
Lactose 5-50 31 (14) 111 (13) 142 (22)
750—-1000 25 (11) 137 (11) 162 (16)
Polyacrylate
Polycarbophil 5-50 25 (11) 165 (20) 191 (25)
750-1000 36 (11) 147 (20) 183 (24)
Carbopol 934 5-50 45 (16) 145 (29) 190 (21)
750-1000 82 (50) 137 (1D 170 (19)

Source: From Harris et al. (1989).

release of drug, especially water-soluble drugs. A drug that is only sparingly soluble
in water can simply be trapped within the gelling polymer for slow release as a result
of reduced diffusivity, so the problem is substantially reduced (52). On the other
hand, the drug can be directly dispersed in the bio(muco)adhesive polymer to form
a bio(muco)adhesive matrix-type drug delivery system, or the matrix-type drug de-
livery system can be further coated with a layer of bio(muco)adhesive polymer with
a similar or different structure (53).

A mucoadhesive gastrointestinal drug delivery system was recently developed
(54). This system is a mucoadhesive microsphere (100—500 wm) that consists of a
drug-dispersed hydrogel matrix fabricated from polyhydroxy methacrylate (p-HEMA)
by suspension polymerization and a mucoadhesive coating, a Carbopol 943 /Eudragit
RL-100 (9:1) blend by an air-suspension process. Using an in situ perfused rat ileal
loop model, the intestinal transit of this bioadhesive microcapsule system was in-
vestigated. The results, compared in Figure 33, demonstrate that the intestinal transit
time of the microspheres was substantially extended by microadhesive coating, with
the mean residence time improved by twofold when compared to uncoated micro-
spheres (48.4 = 5.8 versus 23.6 = 7.3 min). The adhesive interaction of the mi-
crosphere with the intestinal mucosa was further studied using an in vitro vertically
perfused intestinal loop model, and the results showed that the mucoadhesive poly-
mer-coated microspheres clearly adhered to the mucosal tissue, whereas the non-
coated microspheres circulated freely in the solution. However, the mucoadhesive
effect was observed to last for about 2 hr, even though the coating remained intact
for more than 6 hr during perfusion. The incorporation of Eudragit RL-100, a water-
insoluble polyacrylic copolymer, by up to 10% increased the mechanical stability of
the coating without adversely affecting the mucoadhesive strength of Carbopol 934.
In aqueous media the mucoadhesive coating swells immediately up to a thickness of
about 50 pum.

A similar concept was utilized in the development of bioadhesive polycarbophil-
coated albumin beads for affecting the gastrointestinal transit time (55). The results,
compared in Figure 34, indicate that the gastric retention time was substantially pro-
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Figure 33 (Top) Micrograph of a mucoadhesive-coated microsphere in the swollen state.
The microsphere was prepared from p-HEMA hydrogel and coated with mucoadhesive poly-
mer (90% Carbopol 934 + 10% Eudragit RL 100).

(Bottom) Residence profiles of mucoadhesive-coated microspheres (n = 6) and noncoated
microspheres (n = 7) in an in situ perfused rat intestinal loop (Adapted from Reference 58.)

longed by the bioadhesive coating and that the systemic bioavailability of drug was
significantly improved with a greater enhancement in the plasma drug concentration.

7. Coadministration with GI Motility-Reducing Drugs

A number of antimuscarinic drugs are known to reduce gastrointestinal motility and
gastric secretion and induce the drying of mucous membranes (56). Several reports
have demonstrated that coadministration with the antimuscarinic drugs, such as pro-
pantheline, could slow gastric emptying and intestinal transit. The enhanced oral
bioavailability of several drugs, such as hydrochlorothiazide, was achieved (57,58).

IV. OVERCOMING HEPATIC FIRST-PASS ELIMINATION

A gastrointestinal transit-physiological dynamic model is presented in Figure 35 as
a physical model for the GI segment of the digestive system (Figure 21). It outlines
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Figure 34 (Top) Distribution of albumin beads in the rat gastrointestinal tract at 6 hr postad-
ministration: (A) bioadhesive polycarbophil-coated albumin beads; (O) noncoated albumin
beads.
(Bottom) Plasma profiles of chlorothiazide in rats following oral administration of (/) drug
in powder; (O) drug in albumin beads; (®) drug in bioadhesive polycarbophil-coated albumin
beads.
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Figure 35 Physical model used to illustrate various physiologic processes encountered by an
orally administered drug during the course of GI transit. (Modified from Robinson, 1985.)

various GI physiological processes that a drug molecule encounters during its GI
transit, which include complexation, binding to mucin in the mucous lining, and
hydrolytic, enzymatic, and/or microbial degradation, as well as absorption.

Following absorption through the mucosal membrane in the various segments of
the GI tract, with the exception of the rectum (lower and middle surfaces), all the
drug molecules absorbed are pooled in the portal circulatory system and liver, where
the drug molecules are subjected to a hepatic first-pass elimination process before
they are transported to the heart via the hepatic vein and inferior vena cava for sys-
temic circulation throughout the whole body (Figure 36).

If a drug is subjected to extensive hepatic first-pass elimination, oral adminis-
tration of the drug delivered by a controlled- or sustained-release process produces
no advantage over administration via a conventional immediate-release dosage form.
It should be pointed out that by controlled-release or sustained-release drug admin-
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Figure 36 Various circulatory pathways that a drug molecule takes following its absorption
from the various segments of gastrointestinal tract.

istration drug molecules may be subjected to a greater extent of hepatic first-pass
elimination (59).

A typical example is the metabolism of acetaminophen by the microsomal en-
zymes in the liver into glucuronide (major metabolite) and sulfate (minor) for elim-
ination through the urinary excretion (Figure 37). This hepatic first-pass metabolism
accounts for 90—100% of the elimination of an oral dose of acetaminophen, which
means that less than 10% of the acetaminophen remains intact and pharmacologically
active (60).

A survey of literature has suggested that very few peptide-based drugs are orally
active and numerous organic-based drugs have been reported to have low oral bioa-
vailability as a result of low GI absorption (Table 7) or extensive metabolism (Table
8). Peptide-based pharmaceuticals are mostly difficult to maintain in a bioactive form
when taken orally, but the organic-based pharmaceuticals can be made orally active
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Figure 37 (a) Hepatic first-pass metabolism of drugs, such as the phenolic hydroxy group
in the acetaminophen molecule, which under the action of microsomal enzymes, conjugates

with glucuronic acid to form glucoronide and is excreted through the urine.

(b) Coadministration with the drug having the phenolic hydroxy group, such as the opiate
narcotic agonists or antagonists; acetaminophen is preferentially metabolized because of its
lower oxidation-reduction potential and thus protects narcotic drugs from hepatic metabolism.
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Table 7 Organic-based Pharmaceuticals Known to
Have Low Oral Absorption®

Drugs Fraction of dose absorbed
Acebutolol 0.4
Ampicillin 0.5
Hydralazine

Fast acetylator 0.22

Slow acetylator 0.38
Kanamycin 0.0
Meperidine 0.5
Mezlocillin 0.0
Morphine 0.4
Nadolol 0.4
Penicillin G 0.3
Penicillin V 0.4
Propoxyphene 0.2
Propranolo] 0.35
Streptomycin 0.0
Verapamil 0.15

"Drugs with oral absorption less than 0.5.

by administering an excess dose to compensate for the drug loss due to hepato-
gastrointestinal first-pass metabolism, by parenteral administration, or by delivery
through other nonparenteral routes (e.g., nitroglycerin by transdermal delivery and
progesterone by intrauterine administration). The following approaches have been
found useful in improving the oral bioavailability of organic-based pharmaceuticals.

A. Biochemical Approaches

The hepatic first-pass metabolism of acetaminophen discussed earlier can be utilized
productively to protect the metabolism of some drugs having a liable phenolic OH
group (61). An example is the protection of opiate narcotic drugs from the metab-
olism by the UDP-glucuronyltransferase in the intestinal and hepatic microsomes
using the mechanism of competitive metabolism (Figure 37). Because of the pref-
erential metabolism of acetaminophen, the metabolic elimination of narcotic drugs
is significantly reduced, thereby greatly enhancing their oral bioavailability and phar-
macological activity.

B. Chemical Approaches

On the other hand, the hepatic first-pass elimination of narcotic drugs can also be
minimized via the formation of prodrug aspirin derivatives by chemical synthesis.
Following gastrointestinal absorption the prodrug narcotic aspirinate is converted via
hepatic first-pass elimination (Figure 38) back to narcotic drugs and aspirin to achieve
a synergistic analgesic activity.

C. Physiological Approaches

As discussed in Chapter 4, delivery of drugs via the mucosal membranes, like the
oral and rectal mucosae, has the advantage of bypassing the hepato-gastrointestinal
first-pass elimination associated with oral administration.
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Table 8 Organic-based Pharmaceuticals Known to Be Eliminated
Extensively in Metabolized Forms

Fraction of dose metabolized®

Drugs® (%)
Amitriptyline 99.5
Carbamazepine 99
Chlordiazepoxide ~100
Desipramine 90
Dicumarol 99
Digitoxin 92
Glutethimide 99.8
Hexobarbital ~100
Hydralazine (with fast acetylator) 98
Imipramine ~100
Lorazepam 99
Meperidine 90
Meprobamate 90
Mexiletine 90
Morphine 90
Nitrazepam 99
Oxazepam 98
Pentobarbital 99
Phenylbutazone ~100
Phenytoin 95
Primidone 90
Probenecid 95
Propoxyphene 98.5
Propranolol 99
Theophylline 92
Timolol 90

*Drugs with extent of metabolism greater than 90%.
°In urinary excretion.

1. Oral Mucosal Drug Delivery

It has been known for centuries that after buccal and sublingual administration drug
solutes are rapidly absorbed into the reticulated vein, which lies underneath the oral
mucosa, and transported through the facial veins, internal jugular vein, and braci-
ocephalic vein and are then drained into the systemic circulation. Therefore, the
buccal and sublingual routes of administration can be utilized to bypass the hepatic
first-pass elimination of drugs.

Oral mucosal delivery has been practiced for many years as evidenced by the
development of such pharmaceutical dosage forms as sublingual tablets and loz-
enges. These oral products have been available for several decades and are com-
monly used for delivering organic-based pharmaceuticals to the oral mucosa for either
local or systemic medication.

The human oral mucosa is a lining tissue that serves to protect the underlying
structures. It consists of two parts: the epithelium and the underlying connective
tissues. The oral epithelium shows several distinct patterns of maturation that may
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Figure 38 The hepatic first-pass metabolism of opiate narcotic agonists or antagonists can
be reduced by protecting the enzyme-labile phenolic hydroxy group by forming a prodrug
aspirin derivative that regenerates the parent drugs during transit through the liver in the
hepatic first-pass process.

be related to the different functions of the mucosa in the various regions of the oral
cavity. The thickness of the epithelium and its extent of keratinization vary from one
region of oral mucosa to another, and in some regions keratinized epithelium may
coexist with, or be replaced by, parakeratinized epithelium.

Sublingual absorption is mostly rapid in action, but also short-acting in duration.
Nitroglycerin, for example, is an effective antianginal drug but is extensively me-
tabolized when taking orally (>90%). It is rapidly absorbed through the sublingual
mucosa, and its peak plasma level is reached within 1-2 min. Because of its short
biological half-life (3—5 min), however, the blood concentration of nitroglyerin de-
clines rapidly to the level below the therapeutic concentration within 10-15 min
(Figure 39). Hence a short duration of hemodynamic activities results. Recently a
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Figure 39 Blood concentration profiles of nitroglycerin following sublingual administration
and the time course for its hemodynamic responses. (Plotted from data by Armstrong et al.,
1979.)

nitroglycerin-delivering lingual aerosol formulation (nitroglycerin in propellants) in
a metered-dose spraying pump, Nitrolingual Spray, was developed. It delivers ni-
troglycerin by spraying onto or under the tongue in the form of spray droplets. A
pharmacokinetic study conducted in 13 healthy men showed that the peak plasma
concentration occurs within 4 min and the apparent plasma half-life is approximately
5 min, which is not statistically different from that attained by sublingual nitrogly-
cerin tablets at equal doses (0.8 mg). In a randomized, double-blind study in patients
with exertional angina pectoris, a dose-related increase in exercise tolerance was
observed following doses of 0.2~0.8 mg nitroglycerin delivered by metered spray.

On the other hand, the buccal route has all the advantages of the sublingual
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route. In addition, the buccal mucosa permits a prolonged retention of a dosage form.
Several oral mucosa bioadhesive drug delivery systems have been developed to take
advantage of the unique properties of buccal mucosa to sustain the duration of trans-
mucosal drug delivery.

The oral mucosa bioadhesive drug delivery system is designed to be applied to
an oral mucosa site. It consists of a polymeric adhesive composition that, in contact
with saliva, becomes adhesive and renders the system attached to the oral mucosa.
The system can be designed to stay in a fixed position on the oral mucosa for a
duration of up to 12 hr, during which the drug solutes are continuously released into
the oral cavity for transmucosal absorption into the systemic circulation.

Several polymeric adhesive compositions have been developed: (i) hydroxypro-
pylcellulose (=80%) and ethycellulose (=20%) combinations (United Kingdom (Great
Britian) patent 1,279,214; Zambia patent 7,805,528); (ii) hydroxypropylcellulose (0.02~
2%) and polyacrylic acid-sodium salt (0.2%) combinations (Japanese Patent 5-
4,041,320); (iii) sodium polyacrylate (10-60%) compositions (J. Patent 7-9,038,168);
and (iv) alkyl acrylate (<30%) and acrylamide-vinyl pyrrolidone (>70%) combi-
nations (G.B. patent 2,021,610) (2). A typical example of the application of these
polymeric adhesive compositions in the formulation of saliva-activated oral mucosa
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