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viii

SUMMARY

Non-aqueous size exclusion chromatography was used to determine
Mark-Houwink constants and to characterize the molecular weight
distribution of PHB. The SEC column was calibrated using an universal
method and an iterative algorithm enabled the Mark-Houwink constants
for PHB to be determined from polydisperse samples of polymer. The
SEC assay was used to study the catalytic degradation of PHB in non-
aqueous solution and the degradation of PHB films in the presence of
aqueous solutions. Random chain scission of PHB occured in non-aqueous
solution. Degradation of PHB and P(HB/HV) films in the presence of
water occured by surface hydrolysis with no change in molecular weight
or crystallinity of the bulk film. The rate of surface hydrolysis was
influenced by pH, temperature and copolymer composition. Hydroxyl

ions catalysed the degradation of all polymers studied.

Release of methyl red from cast films was characterised according to
the theory of release by diffusion from matrices. Surface erosion of
polymers played a minor part in influencing release of methyl red from
polymer films. Release rate was influenced by loading of methyl red and

by the composition of the polymer used.
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GENERAL INTRODUCTION



Chapter 1

POLYMERIC MATERIALS AND DRUG DELIVERY

1.1 Introduction.

Polymeric materials have been used for many years in the
formulation of medicines as suspending and emulsifying agents,
flocculating agents, adhesives, packaging and coating materials. Many
traditional materials have been of natural origin or have been semi-
synthetic derivatives of natural products, such as cellulose derivatives.
However, the availability of synthetic polymers and a desire to improve
the control of drug release from medicines have led to a rapid expansion
in the use of polymers in pharmacy. In early developments, drugs were
coated with slowly dissolving barrier materials (such as shellac)
permitting formulation as unit dosage forms with prolonged activity
(Hawkins and Thompson, 1953). However, the release of drug from such
systems was neither precisely nor completely controlled. For example,
the rate of dissolution of the coating material varied according to the pH
of gastrointestinal tract (Levy and Hollister, 1965). Various terms were
used to describe the release of drugs from this generation of delayed
release preparations, such as sustained release, prolonged action and
repeat-action.

De Haan and Lerk (1984) have defined each products as follows:

e A prolonged action product provides a slow release of a drug
at a rate sufficient to cause a therapeutic response over a period

of time, measurable increased in length when compared to the

usual single dose.



e A sustained release dosage form provides an amount of drug
initially made available to the body to cause the desired
therapeutic response, followed by a constant release of

medication for maintenance of activity over a period of time.

e A repeat-action product is considered to provide a dose
which is relcased immediately upon administration and a
second dose which is released some time after administration.
A repeat-action product is considered to have no therapeutic
advantage over individually administered single doses since the
drug profile of concentration in the blood against time is
similar to those produced after repeated administration of

conventional dosage forms (Figure 1.1).

Since these first generation systems for drug optimization
were significantly influenced by the physiology and local mileau of the
gastro intestinal tract, a second generation of products, often called
controlled reléase systems have been developed. Controlled release
systems have been defined as those which result in the delivery of an
active agent from a device 1o a target site at a rate and for a duration that
are controlled by the device itself (Mills and Davis, 1987). Such
device-controlled delivery may offer scveral important advantages over
conventional therapy. These advantages are rapidly becoming widely

appreciated and accepted. They include:-

e maintenance of optimal drug concentrations in body tissues,

resulting in greater efficacy of treatment.

e avoidance of peaks and troughs in drug concentration resulting

in fewer side-effects and enhanced safety.

e ability 1o administer drugs with narrow therapeutic indices or



) (4

%



short biological half-lives.

e greater patient convenience and compliance resulting from the

use of fewer administrations per unit time.

The above considerations have motivated both academic and
industrial scientists to study a wide variety of controlled release
delivery systems. These take the form of transdermal systems and
implants as well as systems for oral administration. However the term
controlled delivery should be used with caution. Thus far there are
few examples of declivery systems which allow modification of release
rate in vivo , that is after the product has been administered. In the
future, one expects a third generation of devices to develop with this
extra dimension of control to provide a higher quality of drug therapy
which will permit adjustment of dosage rate in response to the course of

disease.

The development of drug delivery systems has depended on an
understanding of diffusion in polymeric materials. This is considered in
section 1.2. A brief review of the variety of different delivery systems
(section 1.3) is foHowed by a summary of the scope of the present study

(section 1.4).

1.2 Diffusion through polymeric materials.

Diffusion can be defined as the tendency for particles to move
spontaneously from a region of higher concentration to a region of lower
concentration until equilibrium occurs. The mechanism of release from
controlled delivery systems often involves diffusion across polymeric
membranes. Transport of drugs through membranes occurs by a process
in which the solute first dissolves in the membrane and then diffuses

through the membrane in a direction towards the lower solute



concentration. The diffusion process is described by an expression known
as Fick’s first law which states that the rate of diffusion across a plane
perpendicular to the direction of diffusion is proportional to the
concentration gradient across the plane (Crank, 1975). Mathematically
Fick’s first lJaw is given by equation 1.1

dQ dc

% T (1.1)

where
Q is the mass of material diffusing,

t is the unit time.
Thus dQ/dt represents the rate of mass transfer and dc/dx represents the

change in concentration per unit distance.

Using D as the proportionality constant, Fick’s first law can be

written as

d—?- = —DE- ..... (1.2)
where D is defined as the diffusion coefficient (or diffusivity). The

negative value of D indicates that diffusion occurs in a direction opposite
to that of increasing concentration. Equation 1.2 implies unit area flux,
that is dQ/dt must be divided by the surface area, A as follows:

dQ _ _ dc
=5 DAH ..... (1.3)

When diffusion across a polymer membrane is of interest,

dc _ AC
dx 1
_ Gr—Cp
- 1
Thus
dQ Cp—Cr
T PA




where Cp and Cp, represent concentration of the drug on the receptor side

and donor side of the membrane respectively.

Chien (1980) observed that the release rates of various steroids
from silicone capsules were slower in vitro than they were in
vivo.These results were attributed to the lack of sink conditions in vitro
demonstrating the importance of their maintenance during in vitro/in
vivo correlation experiments. Sink conditions are met by setting the
concentration of drug in the bulk solution (receptor phase) very close to
zero. When this condition is met, equation 1.3 can be approximated to

dQ_DAC
dt 1

where C is the concentration of drug in the membrane at the donor surface.

e (1.4)

When the concentration of drug on the donor side is maintained by
a suspension of drug, as in many reservoir devices, then a saturated solution
of drug will be present on the donor side of the membrane and C can be
taken to the solubility of drug in the polymer membrane. When C is a

constant, integration of equation 1.4 gives equation 1.5

where Cp is the solubility of the drug in the membrane. In the special case
represented by Equation 1.5, maintenance of the terms on the right hand
side of the equation will generate a constant rate of drug release, that is
dQ/dt = K, which is the aim of many reservoir-controlled delivery systems.
By reference to equation 1.4, it can be seen that the rate of diffusion through
a polymer membrane is governed by two factors: the diffusion coefficient (or
diffusivity) of the drug and its solubility in the polymer, both of which
will be influenced by the chemistry of the polymer and the drug. Smith
and Lonsdale (1985) in their review have highlighted



factors that affected the diffusion coefficient:- the solute molecular
weight, the glass transition temperature of the polymer and the
crystallinity of the polymer. Figure 1.2 shows the empirical correlation
between diffusion coeflicient and solute molecular weight reported by the
previous authors. Increasc in solute molecular weight results in a lower

diffusion coeflicient.

The flexibility of the polymer also determines the diffusion
coefficient. As indicated in Figure 1.2, polystyrene in the glassy state at
25°C was associated with the lowest diffusivities and greatest dependence
on solute molecular weight. Two other polystyrenes, whicﬁ were in a
rubbery state, were associated with high diffusivities and less dependence
on solute molecular weight. Smith and Lonsdale (1985) explain that
rubbery polymers exhibit much greater chain flexibility than do glassy
polymers and therefore permit higher diffusivities especially for large
solute molecules. Diffusion of solutes in low molecular weight liquids,
such as water, is very much more rapid than diffusion in polymers as

indicated by Figure 1.2.

Polymer crystallinity also influences solute diffusivity. Crystalline
or semi-crystalline bulk polymers contain crystallites which consists of
regions of ordered, tight chain packing. Solute molecules cannot usually
penetrate polymer crystallites (i.e. they have very low solubility in
crystallites) and are therefore confined to diffuse in the amorphous
regions between crystallites. Crystallinity thus reduces diffusivity in
bulk polymers by causing diffusion to take place by way of irregular,
tortuous pathways. This effect is demonstrated in Figure 1.2 . Solutes
have a higher diffusivity in low density polyethylene, which is 50%
crystalline, than they do in high density polyethylene, which is

approximately 75% crystalline.
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An experimental study on diffusion from an aqueous solution
through a polymer film has been reported by Pitt et al. (1979). In their
diffusional study of poly ( € - caprolactone), poly ( dl- lactate ) and their
copolymer films, the steady state diffusion coefficient was obtained by
considering the presence of an aqueous boundary layer at the surface of
the polymer film. The concentration of a drug in the polymer was taken
as the product of the partition coefficient, K, and the aqueous solubility of
the drug in the aqueous boundary layer. Thus the boundary layer may

well play a significant part in the overall rate of mass transfer.

In some circumstances, drug is encapsulated within the bulk
polymer itself which leads to a different mode of delivery. Devices of
this type are usually referred to as matrix systems; Drug release from
matrix systems is highly dependent on the efficiency of entrapment of
the drug and the permeability of the polymer system to the surrounding
medium. Release from reservoir systems and matrix devices are

discussed separately in sections 1.3.1 and 1.3.2.

1.3 Drug delivery devices and mechanisms of drug release.

1.3.1. Reservoir systems.

Reservoir systems consist of a reservoir of an active ingredient
enclosed by a polymeric membrane. Drug release is controlled by
diffusion through the polymeric membrane and will be constant at steady

state as predicted by Equation 1.5.

In practice, reservoir systems will not deliver drugs at a constant
rate initially or towards the end of their working life due to two non-
steady state conditions. During the initial period, the release rate can
either be higher or lower than steady state release rate depending on the
storage history of the device. For example, if the membrane device is

stored for a long period of time, under conditions during which release
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docs not occur, then the membrane will become saturated with the
drug and the initial release rate will be higher than the steady state
release. This is often referred to as the burst effect (Hadgraft and Guy,»
1987). If the device is used immediately after manufacture, there may
be a slow relcase until the steady state is achieved after a lag time. If
the drug concentration in the reservoir falls bclow saturation towards the
end of its life, then, as drug release continues, the driving force for
diffusion through the membrane decreases and the release rate decreases

with time (Smith and Lonsdale, 1985).

Examples of commercially produced reservoir systems are
Progestasert® and Ocusert® . Progestasert® was a uterine contraceptive
system which was capable of delivering progesterone to the uterus for a
duration of one year (Brenner et al. , 1975). The system consisted of a
drug reservoir of progesterone in silicone oil together with barium
sulphate being enclosed by ethylene/vinyl acetate copolymer membrane.
Drug release from this device was reproduc'ible but the device is no
longer used due to problems associated with its presence in the uterus.
The Ocusert® therapeutic system delivers pilocarpine to the eye for the
treatment of glaucoma. The drug delivery device consists of an
ethylene/vinyl acetate copolymer barrier membrane which encloses the

drug dispersed in an alginic acid vehicle.

Heilman (1984) showed that the in vivo release rate of progesterone
from Progestasert® was not constant but decreased with time. The
release rate decreased by about 25% from its predicted rate over the
course of a year. This decrease was due to a decrease in the volume of
reservoir solution and the consequent decrease in membrane surface area

contacted.
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Chandrasekaran et al. (1978) showed that in vitro relcase rate
of progesterone from the Progestasert® dcevice was higher than the in
vivo release rate. This was explained by the presence of a boundary -
layer (hydrodynamic layer) around the device in vivo which was caused

by an insuflicient rate of drug removal from the membrane surface.

Since Equation 1.5 does not take into consideration the contribution
of the hydrodynamic layer towards diffusion, Chien (1980) put forward
a modified equation for diffusion which is shown below

C,KD,D,
= 1
KD,h,+D,hg

where

Q is the cumulative amount of drug released from a unit

surface area of a capsule type delivery device

Cp is the solubility of drug in the polymeric membrane

K is the partition coefficient of drug between polymeric device

and surrounding tissues fluid
D, is the diffusion coefficient of drug in the surrounding tissues

Dp is the diffusion coefficient of drug in the polymeric

membrane
hp is the thickness of the polymeric membrane

hd is the thickness of the hydrodynamic diffusion layer
When KDShp is very much higher than Dphd , then Equation 1.6 is
reduced 1o Equation 1.5 and the release of drug is controlled only by the

membrane.
1.3.2 Matrix systems

Generally, the term matrix is used to describe drug delivery
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systems in which the drug is dispersed, either molecularly or as
solid drug particles, within a polymer network. The major
advantages of matrix devices are the ease of manufacture and the fact
that drug cannot be released rapidly by mechanical damage. Rapid
releasc or dumping of the contents can be a serious pi"oblem upon rupture
of a recservoir device. An example of a matrix drug delivery
system is the transdermal Scopoderm® TTS which delivers
scopolamine 1o treat Kinetosis or motion sickness. Scopoderm® TTS is
applied on the skin and provides 72 hour protection against dizziness,

nausea and vomitting.

When a drug is trapped in .a polymer which is impermeable to the
surrounding medium the encapsulated drug particles cannot be released
until they undergo the following process (Chien, 1980). The outermost
surface layer of the drug must dissociate from the crystal lattice,
dissolve-into the surrounding polymer structure, diffuse through it and
finally partition into the elution medium surrounding the delivery device.
Following his studies on the release of various steroids from silicone
polymers, Chien (1980) found that the rate limiting step was the
solvation of drug and that this process was very dependent on the

chemical structure of the steroid.

However, release of drug from matrix systems does not always
occur by diffusion of the drug through the polymer. When the loading
of drug is high, penetration of water can often take place by gradual
dissolution of adjacent crystals of water-soluble drug (Siegel and Langer,
1984; Hsu and Langer, 1985), the rate of release is determined by
diffusion through aqueous pores formed in the polymer matrix. This
is the basis of sustained release from many dosage forms for oral

delivery which are compacts of drug and polymer prepared by
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tabletting. Such matrices usually contain more drug than polymer and
drug release is designed 10 be comparatively rapid (less than 24 hours)

(Korsatko et al., 1983).

Systems for implantation are designed to release their drug content
over a longer time period and usually contain a lower loading of drug.
Release may be by aqueous pore diffusion or by diffusion through the
polymer. The nature of the entrapment and loading of drug will affect
crucially the mechanism of release. The cumulative release of drugs
from matrix systems can often be represented by Higuchi’s well-known
equation (Higuchi, 1961).

Q=[(2A—C,)C,D, 1% ... (1.7)
where

Q is the cumulative mass of drug released from a plane of unit

area containing a homogenous dispersion of drug.

A is the initial amount of drug incorporated in a unit volume

of the matrix device

Cp is the solubility of drug in the polymer phase

‘ Dp is the diffusivity of drug in the polymer matrix structure.

Equation 1.7 was derived for a matrix with the geometry of a slab or
film using the following assumptions. A region of depleted drug
gradually forms at the surface and begins to penetrate the matrix. The
rate of diffusion per unit area throughout this depleted region is
independent of position. Equation. 1.7 implies that the rate of drug
release is dependent on the square root of time. In a subsequent paper,
Higuchi (1963) considered the release of drug from spherical matrices.
He found that the release of drug from these systems was also given by
Equation 1.7 provided that the initial drug loading, A, was very much

higher than the solubility of the drug in the



14

polymer (i.e. A >> Cp ).

However, Brophy and Deasy (1987) obscrved that Higuchi’s equation
can only be used for drug release over a short duration. These authors
modified Higuchi’s equation by considering the extension of the depleted
drug zone for a microparticulate system. Their modified equation is

shown below

Q=B, t*—B, t ..... (1.8)

where
B, =[(2A—Cp)Cprt]V2 as in equation 1.7

-1
B,=4 -2 2A -
2=4/9c¢C D (3A-2C ) (2A-C)
where ¢ = 24 X the original length of a cube.

Brophy and Deasy (1987) used their model to study the release
of sulphamethiazole from poly( B-hydroxybutyrate) microparticles.
They observed that equation 1.8 modelled experimental results more
completely than Higuchi’s original equation. These authors recommend
that Equation 1.8 can be used to represeﬁt drug release from matrices of

any geometrical shape.

1.3.3 Degradable systems

There is much interest in the use of degradable polymers as the
bases for implant devices largely because surgical removal of the device
would not be required if the polymer were degraded and eliminated from
the body. The release of drugs from matrices based on degradable
polymers can be complicated by the degradation of the polymer (Wise
et al. , 1979); indeed there is the possibility that the polymer degradation

itself could be used to control drug delivery. Several polyesters are
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already used as surgical sutures (Gilding, 1980) and recently many authors
have suggested that these polymers could be used in sustained delivery of
polypeptides (Wise et al. , 1987; Hutchinson and Furr, 1987). One such
product, Zoladex® , entered the British market in 1987 (Pharmaceutical
Journal, 1987). However the mechanisms controlling drug release from such
systems are not well known and this is a major consideration of the
current study (Part III). Hence the use of biodegradable systems is

reviewed in detail in Chapter S of this thesis.

1.3.4. Particulate systems.

Current research trends in drug delivery involve the use of microparticles
for delivery of drugs directly to their site of action. Particulate systems
can be injected locally, for instance into joints for the treatment of
arthritis (Ratcliffe er al. , 1984), or can be directed to certain organs after
intravenous injection. The latter organ-specific delivery has been termed
passive targetting (Tomlinson ez al. 1984). Particulate systems themselves
are varied in their design and manufacture and may release their content as
a reservoir, as in the case of microencapsulated systems, or more commonly
as matrices. Another advantage of particulate polymeric systems is that they
can protect a labile drug, such as a polypeptide, from enzymatic degradation.
Thus biodegradable particulate systems have great potential for controlled
delivery of peptides (Wheatley and Langer, 1987). The advantage of ‘a colloidal
suspension is clear in that an injectable system could be formulated for
intramuscular or subcutaneous use. This would obviate the need for a surgical
implantation procedure. Particulate systems are best produced by emulsion
polymerisation which leads to controlled size although this technique can only
be used for certain polymers, such as acrylates (Douglas et al. , 1987; Louvreur

et al., 1986).
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Most degradable particulate systems have been produced by solvent
evaporation techniques (Bissery et al. ,1984) which are convenient on a
laboratory scale but could not be used commercially. No commercial
techniques are currently in use although spray drying of polymer
solutions has potential (Deasy, 1984). A full review of the use of
particulate systems is beyond the scope of this report although it is
~ interesting to note that biodcgradable polycsters increasingly are being
used as particulate systems (Juni and Nakano, 1987b) and recently poly(
B-hydroxybutyrate) (PHB) has been prepared as a particulate system
(Brophy and Deasy 1986, 1987; Bissery et al., 1984).

The size of the microparticles is important in determining
their distribution after intravenous injection. This has been
demonstrated by many authors with a variety of colloidal systems
(Willmott et al. , 1984 ; Sjoholm and Edman, 1984; Couvreur et al. ,
1986). Bissery et al. (1984) have injected microparticles of PHB of
less than 15 um intravenously. These particles were distributed to
the fixed macrophages of the lung, liver and spleen in a similar manner
to other particulate systems (Artursson, 1987). Thus PHB particles
could be used for delivery of antiparasitic or macrophage stimulants to

the reticulo-endothelial system.

1.3.5. Other polymeric drug delivery systems

As well as implant and oral drug delivery systems previously
described in sections 1.3.1 and 1.3.2, in terms of their reservoir or matrix
design, there are other specialised delivery systems in which polymers
have a vital role to play. These delivery systems will be reviewed briefly

in this section.

An important class of controlled delivery systems have used osmotic
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pressure to facilitate zcro order relcase. These are generally referred to as
osmotic pumps (Eckenhoff and Yum, 1981; Fara, 1985). Osmotic pumps
are used as implants for toxicological testing in animals and have been
manufactured as tablets for oral administration. An elementary osmotic
tablet consists of a core reservoir of drug and in most cases, an additional
excipient to assist in creating osmotic pressure. The core is coated with a
semipermeable membrane, permeable to water but not the drug, which is

continuous but for a single hole drilled into the membrane using a laser.

The release of drug occurs as follows. Osmotic activity ensures
that water from the gastrointestinal tract penetrates the system
through the semipermeable membrane. The influx of water is constant
and its rate is determined by the large mass of drug which maintains a
saturated solution within the core. The influx of water forces the
saturated solution out through the laser-drilled orifice at a constant rate.
The uptake of water and thus the release of drug in a saturated solution
remains constant as long as there is an excess of undissolved substance
in the reservoir. When no more solid drug remains and thé saturated
drug solution becomes diluted by the continued influx of water, the rate
of release steadily declines in a manner similar to that of a first order

release.

The first commercial product of this type contained indomethacin
for treating autoimmune diseases. However, due to the incidence of
localised irritation to the mucosal surface which led to peptic
ulceration and bleeding, the product was withdrawn (Heilmann,
1984). This was a major setback to the use of osmotic pumps
although recently a salbutamol formulation of this type has been

introduced (Pharmaceutical Journal, 1988).
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Another delivery system in which polymers determine the rate of
rclease is the transdermal therapeutic systems. A transdermal
therapeutic system has the appcarance of a plaster patch. Such systems
deliver drugs at a controlled rate to the surface of the skin. As long as
the drug is absorbed to a great cnough extent through the skin, these
systems can be used to deliver drugs at a zero-order rate to the systemic
circulation (Shaw, 1985). The benefits of transdermal therapeutic

systems can be summarized as follow:

e improved patient compliance especially in cases which would

require relatively frequent oral administration.
e Avoidance of hepatic-first-pass mctabolism.

e constant level of drug in biological fluids achieved at steady-

state.

The main disadvantage of this type of drug delivery system is the
significant barrier presented by the stratum corneum, the outermost layer
of skin, which limits the number of drugs which can be administered by

the route (Hadgraft, 1985).

There has been considerable interest in recent years in targetting
of drugs by way of soluble polymeric carriers to which drugs are
covalently linked. Macromolecular drug-carrier sysiems are able to
modify the pharmacokinetic distribution of drugs such that the effects
of drugs at a desired site of action are enhanced relative to their
unwanted effects (Kopecek and Duncan, 1987). Detail examples of
carriers to which drugs have been bound and their crosslinking agents
were reviewed by Poznansky and Cleland (1980). These applications
of polymers in drug delivery are likely to be of great importance in the

future but are outside the scope of the current project.
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