University of Strathclyde
Glasgow

Department of Pharmaceutical Sciences

Formulation Strategies In Developing

An Oil-Filled Capsule For

Time-Delayed Release

Lee Ann Hodges
MPharm (Hons)

Ph.D Thesis
May 2005



DECLARATION

The copyright of this thesis belongs to the author under the terms of the United
Kingdom Copyright Acts as qualified by University of Strathclyde Regulation

3.49. Due acknowledgement must always be made of the use of any material

contained in, or derived from, this thesis.



This PhD thesis is dedicated to my Mum and Dad,

who allowed me to spread my wings and experience new pastures,

for all their prayers, love and support throughout my life.

11



ACKNOWLEDGEMENTS

All glory and honour to God, who was and who is and who is to come. My Rock

and my Redeemer, the pillar of my salvation and my eternal strength.

Love and thanks to my parents, John and Poh Sim Hodges, who encouraged me

to reach for the stars, and never ceased to help me get there.

My heartfelt thanks and deep appreciation to

Protessor Howard Stevens and Dr Alex Mullen who were not merely academic

supervisors but good, dependable friends as well.

Pastor Winston and Sister Eunice Lee, my spiritual parents throughout my time

in Glasgow, for their guidance, love and care.

Pui Ee Wong, Chin Thye Lee, Yvonne Hu, Ashley Liew, David Foo, Patrick Shi,
Joseph Chew, Donna Shek, Su Yin Lim, Chris and Eileen Lim, Gideon and
Annie Ho, Willy and Lynn Tee, my spiritual brothers and sisters here in

Glasgow, who were always there when I needed them.

Jaclyn Lee, Michelle Tan, Terri Kong and Su Leen Ho, my best friends in

Malaysia whose love and support have always traversed the miles.
Linda Wong, my kindred spirit.

Alistair Ross, Fiona Mclnnes, Jobina Lee, Sigrunn Osmundsen, Joshua Boateng,
Maria Cristina Coelho, Hardik Shah, Doungkamol Leaokittikul, Leigh Dixon,
Bee Koen Low, Jason McConville, Raymond Ng, Vu Dang Hoang and Shiow
Fern Ng, for making SIBS 218 a great place to work.

Anne Goudie, Steve Steer, Peter Constable, Tommy McGrory, Ian Simpson,

John Nevin and Richard Pratt for excellent technical help.

111



Liz Carruthers and Allison Reid, for help in printing out this thesis and

especially for all the encouragement over the years.

Laurence Tetley, Margaret Mullen and Eoin Robertson at the Institute of

Biological Life Sciences, University of Glasgow, for help with SEM.

1V



ABSTRACT

A rational approach was adopted in the design of a novel controlled release
system aimed at delivering hydrophobic drugs in a wholly time-dependent
manner. A swellable, rupturable system in which hydrophobic drugs were
solubilised in vegetable oils was proposed. Two main components of the system,
the swelling agent low-substituted hydroxypropylcellulose (grade LH-21) and
brittle outer coating of ethylcellulose (EC) were individually characterised. Upon
contact with water, LH-21 swelled rapidly and to a great extent, exemplified by
using simple apparatus to measure water uptake and swelling force. Mixing it
with other excipients such as vegetable oils, surfactants and drugs tended to
decrease LH-21 water uptake rate and subsequent force generation rate.
Solution-cast EC films enabled thorough investigations into the mechanical
integrity and physicochemical properties of the proposed outer coating of the
capsule, Plastit:isation decreased the strength while increasing the malleability of
the film while increasing polymer content toughened the film and increased its
elastic modulus. These findings were extrapolated to the construction of the
dosage form in its two configurations. The first involved filling a hard gelatin
capsule with a dispersion of LH-21 in corn oil and coating it with EC. In the
second, a gelatin-based tablet separated LH-21 and com oil. Burst release
following a lag time was obtained with both configurations. In general,
decreasing the LH-21 concentration and increasing the EC coating level
prolonged the lag time. A limit of LH-21 concentration was identified below
which more sustained release was observed indicating sufficient LH-21 was
required to efficiently expel the capsule fill. Problems with leakage of the oil
component were addressed 1n the hope of manufacturing reproducible dosage

forms. Improvements to the construction process are essential if successful drug

delivery 1s to be achieved.
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CHAPTER 1

INTRODUCTION

The efficacy of controlled release drug delivery systems hinges on their ability to
accurately reproduce the desired drug release profile. This property is especially
imperative in the chronopharmaceutical arm of drug delivery, where literally, ‘timing

1s everything’.

The following review considers the current trends in controlled release in general,
while placing emphasis on chronopharmaceutics. It also details the utilisation of
various GRAS excipients in other controlled release dosage forms and infers the
possibilities of incorporating them into our drug delivery system. A comprehensive

discussion on certain excipients and processing equipment selected for our system

concludes the chapter.

1.1 Oral controlled release drug delivery systems

The need for controlled release (CR) technology in the field of drug delivery today is
undeniable. While CR systems with high in-built technology still do not command a

great proportion of market share, all the signs point to this fact being rapidly reversed.

The limitations of conventional drug delivery systems are becoming all the more
apparent. For instance, the fluctuating and sub-optimal drug levels from these systems
result in reduced therapeutic efficacy possibly leading to excessive use of drug

(Vergnaud, 1993). Their efficiency is also restricted by the reliability of the patient in
complying with the recommended dosing regimen. Improper formulation techniques

may also compromise the potency of certain drugs.

Hence the trend now is to look towards specialised delivery systems that offer the
advantage of lowering the amount of drug required by improving bioavailability
through programmed drug release, for example. With less drug ingested, the

possibility of side effects occurring simultaneously decreases. Devices with timed-



release characteristics enable reduced frequency of administration thereby allowing
for improvement of patient compliance. Nevertheless, CR systems need to release the
total amount of drug within the timeframe afforded by the gastrointestinal transit time

which may range from 2 to 12 hours.

With the advent of novel polymers and devices, the popularity of oral CR systems,
specifically, 1s on the rise (Fassihi and Ritschel, 1993). Another impetus for the
development of oral CR systems is the improved understanding of formulation and
physiological limitations as applicable to oral drug delivery. Barriers to optimal
formulation include the physico-chemical properties of the drug such as solubility,
polymorphism, compressibility and its crystalline/amorphous nature. Physiological
constraints mainly relate to the inherent nature of the gastrointestinal tract with

regards to permeability, transit time, pH and effects of the fed and fasted state.

Economic considerations come into play with the expiration of existing patents as
well as the prohibitively high cost of developing new chemical entities. The rationale

1s to formulate CR dosage forms of approved drugs in order to improve therapeutic

efficacy rather than develop new drugs which will have to undergo years of testing

before being approved by the relevant authorities.

CR systems generally produce two types of plasma drug level — time profiles; the
rate-controlled type and the time-controlled (delayed release) type (Hirayama and
Uekama, 1999). The rate-controlled profiles can be further subdivided into

immediate-release, prolonged-release and modified-release. These profiles are

llustrated in Figure 1.1 (a-d).



Plasma drug concentration Plasma drug concentration

(a) (b)

Time » 11Me

Plasma drug concentration Plasma drug concentration

(c) (d)

y, T1Me Time

Figure 1.1: Typical drug release profiles following drug administration from

dosage forms with (a) immediate release, (b) prolonged / sustained release, (c)

modified release and (d) delayed release characteristics.

In order to give a brief overview of CR systems they are classified here in terms of
their mechanism of drug release. Langer (1980) puts them into four categories, some
with further subcategories, shown in Figure 1.2. It must be noted however, that not all
systems can be clearly defined in one category as some may depend on more than one

mechanism for drug release.



Oral CR systems

Diffusion- Chemically- Swelling- Magnetically-
controlled controlled controlled controlled
Bioerodible Pendant
chain
Reservoir Matrix
Osmotically-
controlled

Figure 1.2: Classification of oral CR systems based on drug release mechanisms.

1.1.1 Diffusion-controlled systems

The rate-limiting step in this type of CR system, as evident from the name itself, is the
diffusion of drug through polymer. Two subdivisions exist: one in which the drug is

separate from the polymer and another where the drug is dispersed in the polymer. By
definition, diffusion is the transfer of matter from one region to another, usually from
an area of high concentration to one of lower concentration, as a result of random
molecular motion. To achieve a constant release rate, three parameters need to,

theoretically, be kept constant: diffusional pathlength, area for diffusion and drug

concentration (Lee and Robinson, 1978).

Drug release from these systems generally abides by Fick’s first law (Equation 1.1),

which describes the diffusion process at steady state 1.e. the concentration gradient

does not change with time. It can be rewritten as Equation 1.2 when the diffusion

coefficient and membrane thickness are assumed to be constant.

dcC,
dx

J=-D

(Equation 1.1)

AC

J=D l”’ (Equation 1.2)




Where J = flux (mol m™ s'l), C,» = drug concentration in membrane (mol m'3), dC,/dx
= concentration gradient where x is in m, D = drug diffusion coefficient in the
membrane (m” s™') and / = membrane thickness (m).

D is a measure of the rate at which molecules move within the polymer. The value of
D increases with increments in the environmental temperature and reduction in the
molecular weight of the dissolving particle (solute). The concentration gradient
reflects the total number of molecules undergoing transport at a given time. It must
also be noted that the thickness of the membrane film is really the distance from the
edge of the polymer sheet to a point in the matrix where undissolved drug particles

exist (Thombre and Cardinal, 1990). This point gradually moves inward as the device

is depleted of drug.
1.1.1.1 Reservoir systems

The basic structure of these systems is that of a drug core surrounded by a polymer
(Figure 1.3a, b).

8 Drug molecules
released

Polymeric
membrane
Drug core
® ©
(a) (b)

Figure 1.3: (a) Typical membrane-enclosed reservoir system; and (b) Diffusion of

drug from core through polymeric membrane once in solution.

When considering permeation through membranes, the basic preposition is that, in
thermodynamic terms, pressure, temperature, concentration and electromotive force
are intercalated and the chemical potential gradient is the main driving force for

movement of the permeant (Wiymans and Baker, 1995). A solution-diffusion or



partition mechanism governs drug release whereby solute dissolves in the membrane,

then diffuses along and between polymer segments.

Derived from Fick’s first law, Equation 1.3 describes the release rate from a typical

reservoir device (Thombre and Cardinal, 1990).

_ ADK,C,t

M!
H

(Equation 1.3)

M, = amount released at time, ¢ (mol)

A = surface area (m?)

D = drug diffusion coefficient (m®s™)

K, = partition coefficient of drug between polymer and reservoir (unitless)

C, = saturation solubility of drug in reservoir compartment (mol m™)
H = thickness of diffusing layer (m)

f = time (S)

This equation 1s based on the assumptions that steady state and sink conditions exist
and that the polymer coat is homogeneous and non-porous. In this type of system,
transport 1s assumed to occur only within the polymer, not through solvent-filled
channels within the film. If the drug loading in the polymer film is high or if
porosigens (materials that dissolve and diffuse over time) are added to the system,

molecules are able to diffuse out through these channels which develop when the

porosigens create void spaces that eventually fill with solvent.

The assumption that the rate of drug diffusion through the membrane is the sole
determinant of drug release does not hold true in practice. There exists a boundary
diffusional layer on the outer surface of the membrane adjacent to the surrounding
solvent which effectively constitutes a “dead zone” and hinders molecular transport.

The thickness of this zone depends on the rate of stirring or agitation of the

surrounding medium for dissolution.

While this type of system can be quite easily designed for near-zero order release, at

least two scenarios may arise, resulting in the achievement of zero order release only



in the steady state. Firstly, if the device is prepared and used immediately, the
membrane has yet to be saturated with drug and concentration of drug in the
membrane is therefore far below the saturation solubility of the drug in the membrane.
A time lag prior to initial drug release i1s then observed, dependent on the rate at

which equilibration of drug concentration between the core and the polymeric

membrane occurs, establishing a concentration gradient to drive diffusion.

If however, the device is stored for a period of time before administration, an initial
burst release 1s to be expected as the membrane has been gradually saturated with

drug. The molecules on the outer surface of the membrane dissolve in the solvent and

quickly diffuse out.

While reservoir systems are able to produce near-zero order release rates at steady
state, their main disadvantage is that “dose-dumping” is a serious threat to the

patient’s well being if a leakage arises from poor membrane integrity and the entire

dose is released at once.

Drug delivery by diffusion-controlled membrane-enclosed reservoir systems is
undoubtedly flexible and dependable but the rate of delivery is limited in magnitude,
with an upper limit of about 0.2ugem™'hr! (Theeuwes, 1975). This, and other
constraints as described above, led to the advent of a spin-off: the osmotically-
controlled device. A core of drug and osmotically-active solid agent is encapsulated

by a rate-controlling, semi-permeable membrane in which a single, minute orifice is

(usually) laser-drilled.

The mechanism of drug release 1s as follows: the osmotic pressure gradient due to the
high osmotic force within the system results in water ingress, which dissolves the
drug. Consequently, the drug solution is pumped out through the orifice in amounts
volumetrically equal to the volume of solvent uptake, provided the internal volume is
constant. Hence the rate of drug delivery is most affected by the osmotic pressure of
the internal environment of the system, the membrane permeability and the size of the

orifice.



Bearing in mind that controlling water uptake effectively controls the rate of drug
delivery, a greater osmotic pressure generated by the use of more osmotically-active
core excipients increases the rate of pumping out drug solution. The hydrostatic
pressure difference is affected by the size of the orifice, whereby dimensions that are
too small result in the build up of hydrostatic pressure internally, impeding the
achievement of a zero order release rate in two ways. Firstly, excessive internal
hydrostatic pressure decreases the net osmotic influx, and secondly, it increases the
volume of the system (Theeuwes, 1975). During the time period of volume increment,
the outtlow 1s less than the inflow, therefore depressing the release rate. However,
while the orifice size must be sufficiently large, it must also not exceed an upper limit
in order to minimise the possibility that the drug simply diffuses out rather than being
pumped out at a controlled rate. The membrane permeability determines the rate of

solvent influx and a higher permeability contributes to increased delivery rates.

I'wo versions of the basic osmotic device exist: the miniosmotic pump and the

elementary osmotic pump (Figures 1.4a and b).

Osmotic delivery
orifice

/. Core of drug and
7 osmotic agent

Figure 1.4(a): Cross-section of elementary osmotic pump.

L B . %

N N N N S NN NN NN NN NN S \\ -

| Osmotic
agent
! /

&\\\\\\\\\\\\\\\\\\\\\\\\\

Pump housing

———— Delivery orifice

Movable partition

Figure 1.4(b): Miniosmotic pump.



The miniosmotic pump separates the drug and the osmotic agent with a movable
partition, while in the elementary osmotic pump, the drug and the osmotic agent are

mixed together to form the core.

Delivery rate is relatively easily and accurately predicted while considering influences
from other factors. It is important to appreciate that the delivery rate is independent of

stirring rate, pH and delivery port sizes, within predictable limits (Theeuwes, 1975).

Excellent in vivo — in vitro correlations are obtained from these systems.

Zero-order release 1s possible as long as the drug concentration in the osmotic core 1is

less than saturation solubility; once it dips below this value, the release rate declines

exponentially, as shown in Figure 1.5.

Delivery rate

Concentration in tablet less than
saturation solubility

Time

Figure 1.5: Theoretical release rate from elementary osmotic pump.

1.1.1.2 Matrix systems

Matrix systems are made up of the same components as that of the reservoir systems
but in a different orientation (Figure 1.6). They are monolithic in nature i.e. the drug
is dissolved or dispersed in the polymer therefore solution-diffusion does not
constitute the only rate-limiting parameter; the solubility of the drug in the polymer

has to be taken into consideration as well (Peppas, 1984).



Drug
molecules

diffuse out

Drug
dispersed /
dissolved
in polymer

(a) (b)

Figure 1.6: Idealised diagram of cross-section of spherical / cylindrical matrix

system in the (a) dry state and (b) when immersed in water (Langer, 1980).

Different mathematical models are applied to the system depending on whether the
drug is dissolved or dispersed in the polymer, and when it is dispersed, whether the
drug is loaded above or below its saturation solubility in the polymer. Nevertheless,
the basic diffusion mechanism still applies. As the dosage form comes into contact

with a liquid, the liquid enters the polymer and dissolves the drug allowing the drug to
diffuse out through the liquid in the dosage form.

When the matrix-type system is placed in an aqueous environment, hydration of the
polymer occurs from the outside in and results in the formation of two states of
polymer within the same system. At the outermost region, the polymer is hydrated

and 1s hence in a rubbery state, whereas moving inwards towards the core, the

polymer remains in the dry, glassy state (Figure 1.7).
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Figure 1.7: Diagram of glassy and rubbery regions within a matrix-type dosage

form.

Drug molecules in the different states of polymer tend to follow slightly different
mechanisms of diffusion mainly due to the physical properties of the two polymer
states. When rubbery, it responds rapidly to changes in its condition i.e. the polymer
chains are able to adjust very rapidly to the presence of liquid molecules (Vergnaud,
1993). Here the diffusion rate is far lower than the rate of relaxation of polymer
chains and the diffusion 1s Fickian in nature. Under these conditions, the diffusion is
of the Case I type. At time, £, the amount of diffusing substance absorbed or desorbed,

M,, can be determined from Equation 1.4:

M, =kt  (Equation 1.4)

where k i1s a constant dependent on total drug loading, polymer shape and diffusivity.

This only holds true when A, 1s significantly lower than the total drug loading.

Case II diffusion occurs mainly when the polymer is in the glassy state whereby the
rigidity of the polymer chains in space restricts the decay of the stress generated from
stretching the polymer. Therefore, the rate of relaxation of the polymer is far lower

than the rate of diffusion of solute molecules. The amount of liquid absorbed at time, ¢

(M,), is given by Equation 1.5.
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M, =kt (Equation 1.5)

While Case II diffusion is still of the Fickian type, Case III is regarded as non-Fickian
or anomalous. This occurs when the relaxation rate is equal to the diffusion rate. M 1s
now directly proportional to t" (where %2 < n < 1) in the relationship shown in

Equation 1.6.

M, =kt" (Equation 1.6)

{

Reservoir-dispersed and porous matrix systems are described by Cardinal (1984). The
former is simply a combination of both the reservoir and matrix characteristics
whereby the drug is dispersed in the polymer and encased by a polymer of lower
permeability than the inner-core matrix, acting as a further rate-limiting barrier to
water 1ngress. Porous matrix devices are so named because of the continuous
macroscopic channels or pores that develop in the polymer matrix once the dissolved
drug leaches out of the system. Therefore, release rates are dependent on transport via

these solvent-filled channels as well as diffusion through the polymer.
By comparison, matrix-type systems are generally easier to manufacture with a lower

degree of quality control required than reservoir systems due to the decreased risk of

dose-dumping (Huang and Brazel, 2001).

1.1.2 Chemically-controlled systems

In the previous section, the mechanism of drug release relied mainly on controlling
physical parameters. There exist drug delivery systems that are dependent on the
making and/or breaking of chemical bonds for drug release. Currently there are two

types of chemically-controlled systems: the bioerodible and the pendant-chain.

1.1.2.1 Bioerodible systems

Bioerodible systems are similar to matrix systems in that the drug is dispersed

uniformly within the polymer, but unlike their matrix-type counterparts, bioerodible
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systems behave exactly as their name implies: they erode and disappear over time.

Figure 1.8 illustrates how this process occurs.

Released

Drug

dispersed Shrinking
in bioerodible
polymer system

Figure 1.8: Idealised diagram of drug release from a bioerodible system when

immersed in water.

These polymeric systems offer the advantage over conventional nonbiodegradable
matrix systems in that they are eventually absorbed by the body. This necessitates the

prerequisite that the degradation products must be non-toxic, non-immunogenic and

non-carcinogenic.

In an ideal situation, drug release from this type of system should be solely dependent
on erosion of the polymer, allowing drug molecules to dissolve and diffuse into the
surrounding medium only as they become exposed to the aqueous environment.

However, in practice, this does not occur as simple dissolution-diffusion of the drug

may also contribute to drug release.

In order to achieve near-zero order release, the effect of drug dissolution on drug
release rate must be minimised. This can be achieved by choosing a drug that is
suitable for this type of system i.e. one that has limited permeability and solubility
within the polymer matrix (Thombre and Cardinal, 1990). Furthermore, the level of
drug loading should also be low. A highly crystalline polymer (c.f. in Type II

diffusion in glassy polymers) will also limit the effect of drug dissolution and

diffusion on drug release.
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Classifying bioerodible systems by virtue of the mechanism of polymer erosion seems
to be a convenient way of describing these systems in detail. Heller (1984) names
them Type 1, 2 and 3, which in fact are not segregated per se in practice but most

bioerodible systems release drug via a combination of these three mechanisms.

Type 1 erosion is displayed by water-soluble polymers which have been made non-
soluble by cross-linking them with chains that are susceptible to hydrolysis. When
initially placed in an aqueous environment, the polymer chains are mobile, causing
swelling of the network but only to a limit permissible by the cross-links present.
Hydrolysis of the cross-links results in decreasing cross-link density and the matrix

swells until 1t eventually dissolves once the majority of the cross-links are cleaved
(Figure 1.9).

Polymer chains

hydrolysis o o

Drug

Hydrolysable
cross-linker

Figure 1.9: Type 1 degradation mechanism.

A system predominantly reliant on this mechanism has at least two possible failings.
One, initial matrix swelling may not be tolerated in certain cases because of the
increase in actual physical dimensions. Secondly, since the polymer is itself water-
soluble (minus the cross-links), the swollen system is in fact a hydrogel hence is
completely permeated by water. Therefore, drugs of low molecular weight and of

appreciable hydrophilicity are poor candidates for this system.

Nevertheless, applications have been found whereby the drug to be delivered is of low

solubility and/or 1s a macromolecule that becomes physically entangled with the
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cross-linked hydrogel matrix thereby restricting its outward diffusion despite its

inherent water solubility.

Type 2 erosion proceeds through conversion of a water-insoluble polymer to a water-

soluble one by hydrolysing, 1onising or protonating a pendant group (Figure 1.10). No

significant dimensional changes are observed because backbone cleavage does not

happen.
X Y

X = hydrophobic substituent

Y — Z requires hydrolysis, ionisation or protonation

Figure 1.10: Type 2 degradation mechanism.

Type 3 erosion mechanism is reflected by the conversion of high-molecular weight

water-insoluble macromolecules to small, water-insoluble molecules through

hydrolytic cleavage of labile bonds in the polymer’s backbone (Heller, 1984; Figure
1.11).

Polymer backbone

Labile bonds

Figure 1.11: Type 3 degradation mechanism.

This type of erosion mechanism has been applied in (a) diffusional systems which are
encapsulated by an eroding rate-limiting barrier, (b) bioerodible microcapsules, (c)
monolithic devices in which the drug is dispersed or dissolved and (d) bioerodible
polymers with active groups chemically bonded to the polymer backbone. The most

widely used polymer in these systems is polylactide-co-glycolide.
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After considering these three types of erosion mechanisms separately and appreciating
that in practice, they do not operate independently of each other within a system, it is
also necessary to examine the actual mechanism of drug release from specific
bioerodible systems. If the bioerodible polymer component of the system is present as
a rate-limiting barrier membrane surrounding the drug core, it is foreseeable that

membrane thickness 1s one of the main controllers of drug release rate.

Monolithic devices with drug dispersed in the bioerodible polymer network are
usually diffusion and/or erosion-dependent. If diffusion predominates, the Higuchi
model explains the release kinetics well, i.e. the drug at the outermost surface diffuses
out rapidly leaving behind a drug-depleted layer increasing gradually in thickness.

This layer provides resistance to further drug diffusion hence the release rate declines

continuously.

In cases where the drug is well immobilised in the solid matrix so that diffusion is
limited and erosion is relatively fast, erosion thus becomes the major mechanism for
drug release. However, two types of erosion exist: homogeneous and heterogeneous
(or more commonly known as surface erosion). While at first glance, homogeneous
erosion i.e. hydrolysis occurring at a similar pace throughout the matrix may seem
desirable, close inspection reveals that this is not the case. As a result of overall
matrix changes throughout the process, permeability of drug in polymer may increase
with time. Therefore, initially decreased release rates as predicted by Higuchi’s
relationship will be superseded by increased drug release when polymer permeability
offsets this decline. In extreme cases, if the matrix completely disintegrates before the

drug reservoir 1S exhausted, a burst release will be observed. Clearly it will be more

difficult to control drug release in the case of homogeneous erosion.

A heterogeneous, or surface, erosion process limits the erosion to the outermost
surface allowing for more predictable near-zero order release rates provided the

erosion is uniform, although as erosion continues, the surface area of the system

becomes significantly lower and release rate decreases.

16



1.1.2.2 Pendant-chain systems

These systems are chemically constructed to comprise a polymer backbone to which

drug molecules are attached. Drug release proceeds by way of hydrolytic or

enzymatic cleavage, thereby liberating the drug from the polymer for consequent

absorption (Figure 1.12).
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Hydroly51s or
enzymatic
cleavage

Drug molecule

O

Figure 1.12: Drug release from pendant-chain systems.

Both short and long term therapeutic applications are possible with these systems; the
time span being fundamentally dependent on (a) the susceptibility of the binding
group to cleavage and (b) the solubility of the polymer backbone in the media within

which it 1s contained.

1.1.3 Swelling-controlled systems

Swelling upon hydration has been the mainstay in many controlled release systems as
a means of regulating e.g. tablet disintegration and capsule rupture, and therefore,
drug release rate. The most attractive facet of swelling-controlled release systems is

the relative ease of delivering drugs at constant rates over an extended period of time.

Drug delivery rate 1s determined by the net effect of three main driving forces for
transport within these systems i.e. penetrant/solvent concentration gradient, polymer
stress-relaxation gradient and osmotic forces (which are due to the high concentration

of drug; Brazel and Peppas, 1999). These systems are also capable of delivering drugs
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according to zero-order kinetics through the manipulation of the transport properties

of the device and the synthesis of novel, specific polymer carriers.

The swelling of several cellulose derivatives such as hydroxypropylmethylcellulose,
methylcellulose and hydroxypropylcellulose has been studied in order to ascertain its
mechanistic and molecular aspects. This is of particular interest as it has been

identified that rate and mechanism of drug release from these polymers are highly

dependent on the rate and extent of swelling, subsequent drug diffusion through the

outer layer and the change in matrix area exposed to water (Kojima et al., 1998).

The swelling process (Figure 1.13) has been investigated by many workers and many

valuable contributions have been made in this area.

Unswollen Swelling  Disentangling Released Polymer in release
polymer polymer  polymer chains polymer medium

Figure 1.13: The swelling process.

The basic mechanism of drug release for most swellable and gel-forming matrices is
the fast hydration upon contact with water resulting in the formation of a diffusion-
limiting pseudogel layer at the polymer-water interface which then retards drug
release and impedes further water penetration. Design and selection of a polymer with
optimal properties for a controlled release system necessitates in-depth understanding
of factors relating to the structure and morphology of the polymer and its properties

related to its interaction with the aqueous environment (Panomsuk et al., 1996).

The first step of the mechanism, water uptake, is possibly rate-limiting and can be

analysed mathematically by the Washburn equation which describes the penetration

of liquid into a tablet (Equation 1.7).
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dL rycoso

— = Equation 1.7)
dt 4n (k4

Where L is the penetration length of the capillary (m), ¢ the time over which the
penetration was measured (s), r the radius of the capillary (m), 7 the viscosity of the

liquid (Nsm™"), @the angle of contact (*) and ythe surface tension of the liquid (Nm™).
Examples of swelling-controlled systems will be discussed in Section 6.1.
1.1.4 Magnetically-controlled systems

In these systems, drug and small magnetic beads are contained within a polymer
matrix. Application of an external oscillating magnetic field greatly increases the rate
of drug release over and above the basal rate which is mostly dependent on simple
diffusion of drug particles out of the matrix (Langer, 1980). The actual mechanism of
drug release for this type of system has yet to be ascertained. However, it is possible

that the external magnetic field causes the beads to alternately compress and expand

channels within the polymer matrix and decrease the structural integrity of the matrix

thereby facilitating drug diffusion. However, none of these systems are currently

being marketed.

™

The Enterion’™ capsule was developed by Phaeton Research, Nottingham, UK, to

enable targeting of drug delivery to specific regions of the gastrointestinal tract,
mainly for absorption studies. The capsule itself is 32mm in length and is round at one
end, containing a drug reservoir with a volumetric capacity of ImL. Solid or liquid
formulations can be filled into the capsule and subsequently sealed by a push-on cap

fitted with a silicone O-ring.

Gamma scintigraphy 1s used to track the capsule in vivo, following the path of an
embedded radioactive marker. Once it has travelled to the desired site, an oscillating
magnetic field (in the low MHz region) is applied. The strength of this field is low

enough to prevent absorption by human tissue but is sufficient to induce usable power

in a tuned coil antenna located in the capsule wall. This power is conducted to a tiny
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heater resistor which is in direct contact with a restraining filament composed of high
tensile strength polymer. The heat generated softens and breaks the filament which 1s
connected to a spring and the ejection piston. Hence the sudden increase in internal
pressure forces off the O-ring sealed cap and quickly releases the drug. Movement of
the piston operates a switch which diverts some of the electrical energy away from the
heater and induces a weak radio signal of a specific frequency. The detection of the

signal confirms that the capsule has opened successfully.

Oo et al. (2003) have used the Enterion'™ capsule to determine the pharmacokinetic
variability of oseltamivir, used in the treatment of influenza A and B, when delivered
to specific sites of the small intestine and colon. Once the capsule reached the desired
target site, it was triggered to release the drug in the human volunteers and venous
blood samples were collected at specific time points after that. They concluded that
absorption from any region in the small intestine was comparable but absorption from
the colon was significantly reduced. However, they proposed that the colonic

absorption was sufficiently substantial to supplement small intestine absorption.

Fujimori et al. (1995) employed magnetism in an alternative manner. They developed
a magnetic tablet which could be retained in the stomach by an externally applied
magnetic field. Here, the aim was to control gastric emptying time in order to achieve
more predictable or improved drug bioavailability. Bilayered magnetic tablets were
made by separate direct compression i.e. the drug layer and the magnetic layer were
prepared separately and then combined using a cyanoacrylate-type adhesive. They
conducted their studies in beagle dogs and came to the conclusion that delaying
gastric emptying time by magnetically retaining the formulation in the stomach
improved bioavailability of the model drugs, acetaminophen and theophylline, and

increased mean residence time.

These systems described here however are mainly used for investigational purposes
¢.g. absorption studies rather than as pharmacotherapy. The feasibility of
magnetically-controlled systems is limited by the fact that an essential component is

an external generator of a magnetic field.
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1.2 Biopolymers used in oral drug delivery systems

Characterising polymers for use in oral drug delivery systems by virtue of their
biodegradability and non-biodegradability is a convenient method as it alludes to the
function of the individual polymers as well. Biodegradable polymers slowly degrade,
erode and dissolve and these polymers are often used in dissolution-controlled and
erosion-controlled systems. On the other hand, polymers that do not degrade are
utilised to limit the diffusion and/or dissolution of the drug. Drug can be dispersed in
the polymer or encapsulated by a film of the non-biodegradable polymer. Thombre

and Cardinal (1990) further subdivided the polymers into the following classes.

1.2.1 Non-biodegradable hydrophobic polymers

These polymers are generally inert at the site of administration, exerting their effects
mainly through the creation of a physical barrier to solvent ingress and solute
dissolution and diffusion. Their insolubility and resistance to degradation result in
their being eliminated intact upon passing through the gastrointestinal tract. Examples
of these polymers include polyethylene vinyl acetate, polydimethyl siloxane,

polyether urethane, ethylcellulose, cellulose acetate, polyethylene and polyvinyl

chloride.

Schultz and Kleinbudde (1997) reported the design of a multiparticulate delayed
release system consisting of a water-soluble core film-coated with cellulose acetate.
Upon water ingress, internal volume increases and the pressure generated results in

the formation of pores through which the dissolved drug diffuses out.

Khan et al. (2000) devised a gastrointestinal therapeutic system (GITS) in the form of
an osmotically-controlled coated tablet for the delivery of captopril. Cellulose acetate
(CA), applied as a pseudolatex (definition in Section 1.8.2.2), was used as a film coat
while the core of the tablet was a bilayer, containing a drug and an osmotic layer
(Figure 1.14). An orifice was pierced through the CA layer to allow for controlled

pumping out of drug solution.
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Drug layer = captopril + Polyox® or Carbopol®

Osmotic layer = Polyox® or Carbopol® or sodium
chloride and magnesium stearate

Cellulose acetate

Figure 1.14: GITS of Khan ef al. (2000).

1.2.2 Hydrogels

A polymer 1s defined as a hydrogel 1f it swells but does not dissolve in contact with
water. It should not, however, be misconstrued as being the same as a gel. They are
both polymeric networks that are chemically similar but their main differences lie in
their physical properties. Definition-wise, gels are semi-solid systems made up of
small quantities of solid, dispersed in relatively large amounts of liquid but retaining

more solid-like rather than liquid-like properties (Gupta et al., 2002).

The simplest means of differentiating ‘gel’ and ‘hydrogel’ is that hydrogels are
capable of absorbing large amounts of water and consequently swell yet maintaining
their three-dimensional structure. Conversely, gels have already been swollen to
equilibrium and further addition of fluids only causes dilution of the polymeric

network.

Hydrogel networks are either homopolymers or copolymers, dependent on the method
of preparation, and are insoluble as a result of the presence of chemical cross-links
(tie-points, junctions) or physical cross-links (entanglements, crystallites; Peppas ef
al., 2000). The physical cross-links impart network structure and physical integrity.
Their elasticity arises from the inherent memorised reference configuration to which

they return despite long-term deformation (Gupta ef al., 2002).

Hydrogels can be considered the most similar to living tissue as compared to other
synthetic biomaterials due to their high water content and soft consistency. These
polymers may be used for the delivery of drugs, peptides and proteins, as targeting
agents for site-specific delivery or as components in the preparation of protein or

enzyme conjugates. Examples include poly(hydroxyethyl methacrylate) (the first
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hydrogel used for biomedical application in 1961), cross-linked polyvinyl alcohol,
cross-linked polyvinyl pyrrolidone and polyacrylamide.

Controlled release of drug from hydrogel-based systems can be achieved by
manipulation of the cross-linking density of the polymers as shown by Blanco et al.
(1997). Release rates of cytarabine from poly(2-hydroxyethyl methacrylate-co-N-
vinyl-2-pyrrolidone) hydrogels cross-linked with ethylene glycol dimethacrylate were
dependent on the ratio of cross-linking agent to polymer. Increasing this ratio resulted

in prolonged sustained release.

Drug release from hydrogels occurs primarily via diffusion through space available
between macromolecular chains, often termed ‘pores’. Hence, hydrogels can be
classified as macro-porous, micro-porous or non-porous, wholly dependent on the
average size of the pore (Peppas er al., 2000). The rate of diffusion is generally
controlled by the resistance of the polymer to an increase in volume and change in
shape (Gupta et al., 2002). Microscopically, solvent penetration into a glassy polymer
occurs 1n the free spaces between the macromolecular chains. Upon accumulation of a
sufficient amount of water within the matrix, the glass transition temperature of the
polymer drops to the temperature at which the process is being conducted. Stresses
which develop from the presence of solvent in the glassy polymer are accommodated
by an increase in the radius of gyration and end-to-end distance of polymer molecules,

i.e. the polymer swells.

Some hydrogels exhibit varying responsiveness dependent on the external
environment and these are termed physiologically-sensitive hydrogels. These ‘smart’
or ‘intelligent’ hydrogels are capable of changing their gel structure in response to
environmental stimuli in order to control drug release (Qiu and Park, 2001). This is
effected through reversible volume phase transitions or gel-sol phase transitions upon
minute changes in terms of temperature, electric fields, solvent composition, light,
pressure, sound, magnetic fields, pH, ions or specific molecular recognition events.

Examples of polymers which are sensitive to these physical and chemical stimuli are

detailed in Table 1.1.
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Table 1.1: Polymers used in synthesis of environmentally-sensitive hydrogels.

Environmental stimuli Polymer for ‘smart’ hydrogel

Temperature Poly(N-isopropylacrylamide)
Poly(N,N’-diethylacrylamide)

pH Poly(acrylic acid)
Poly(N,N’-diethylaminoethyl methacrylate)

Glucose Poly[3-(acrylamido) phenylboronic acid]

Electrical signal Poly(2-acrylamido-2-methylpropane sulfonic acid-co-n-
butylmethacrylate)

1.2.3 Soluble polymers

Polymers in this class are generally of a moderate molecular weight i.e. <75000
daltons. Since they do not possess cross-links, their water solubility is appreciable.
These polymers are either used alone or in conjunction with other, more hydrophobic,
polymers in order to control drug release by slow erosion. Examples include
polyethylene glycol, uncross-linked poly(vinyl pyrrolidone) or polyvinyl chloride and
hydroxypropylmethylcellulose (HPMC).

HPMC is one of the most widely utilised and hence, one of the most important
hydrophilic carrier materials for the development of oral controlled release systems
(Siepmann and Peppas, 2001). It is a propylene glycol ether of methylcellulose and its
physicochemical properties are strongly governed by the methoxy group content, the

hydroxypropoxy group content and the molecular weight. HPMC is subclassified by
the USP into four groups: HPMC 1828, HPMC 2208, HPMC 2906 and HPMC 2910.

The first two numbers reflect the percentage of methoxy groups while the last two

numbers, the percentage of hydroxypropoxy groups, determined after drying at 105°C

for 2 hours.

The high swellability of HPMC impacts greatly on the release kinetics of the
incorporated drug. Although no universal drug release mechanism exists for HPMC-
based systems, a general mechanism involves several common phenomena. Initially,

steep water concentration gradients are formed at the polymer/water interface and as a
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result, water ingress occurs. Water functions as a plasticiser, lowering the glass
transition temperature (T,) of the polymer. When the T, reaches the temperature of
the overall system, the polymer converts from the glassy to the rubbery state. The
HPMC swells and this changes the polymer and drug concentrations to a great extent
and causes macroscopic dimensional increments. Drug diffuses out after dissolving in
the water that has penetrated the device. As water content of the matrix increases, the
drug diffusion coefficient increases accordingly. If the initial drug loading is high,
diffusion of drug consequently leaves behind large channels or pores which
compromise the integrity of the matrix and less restriction to drug diffusion is
observed. Most devices that contain HPMC as the main rate-controlling excipient rely

on polymer swelling, drug dissolution, drug diffusion or combinations of these as a

mechanism for controlling drug release.

An example of HPMC utilised in time-delayed release is the Chronotopic® system
which targets release specifically to the colon. Here, a drug-loaded core is coated with
a swellable hydrophilic polymer (HPMC) and over that is applied a gastroresistant
film (Sangalli et al., 2001). In an aqueous environment, HPMC changes from glassy
to rubbery and in the latter state, becomes more permeable, dissolves and/or erodes.
Dependent on the physicochemical properties and the thickness of the HPMC layer, it
is this transition from glassy to rubbery that impedes water ingress and incorporates
the lag phase prior to drug release. The presence of the gastroresistant layer obviates
the variations in gastric emptying time and colon-specific time-delayed release is
possible due to the relative consistency in small intestinal transit time. Good in vivo in

vitro correlation was obtained from both scintigraphic studies and pharmacokinetic

studies of salivary concentrations of the model drug, antipyrine.

1.2.4 Biodegradable polymers

These polymers, as their name suggests, slowly disappear from the site of
administration through degradation mechanisms such as hydrolysis which form
biocompatible, non-toxic degradation products. The average molecular weight of
these polymers decrease over time through surface erosion and it is this that controls

drug release. Polylactide, polyglycolide and poly(caprolactone) are some of the more

Common examples of biodegradable polymers.
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The lactide and glycolide polymers and copolymers can be considered the most
utilised of the biodegradable polymers. These are aliphatic polyesters, which degrade
slowly, hydrolytically, to lactic and glycolic acid which are natural body metabolites.
Their biocompatibility is exemplified by the little or no systemic toxicity reported on

human administration.

Strictly speaking, the correct terminology for the high molecular weight polymers are
polylactide (PL), polyglycolide (PG) and poly(lactide-co-glycolide) (PLG) simply
because they are derived from the dimers lactide and glycolide rather than directly

from lactic acid and glycolic acid.

: Catalyst
1 CCHRO H
Heat
C n

O

R=H — glycolide; R=CH3 — lactide

Figure 1.15: Basic polymerisation reaction for polymers of lactide and glycolide.

The essential polymerisation reaction is shown in Figure 1.15 and this occurs in both
homo- and copolymerisation of the two dimers. The presence of a methyl group in PL
renders the carbonyl of the ester linkage less susceptible to hydrolytic attack.
Therefore, PL 1s more hydrolytically stable in comparison to PG. Nevertheless, the
copolymers (PLG) tend to exhibit a higher rate of degradation in comparison to the

homopolymers as copolymerisation reduces overall crystallinity resulting in a more

open structure for moisture penetration.

Perrin and English (1997) describe five fundamental steps in the degradation of PG,
PL and PLG in drug delivery devices implanted in the body. The first stage,
hydration, proceeds by way of the device absorbing water and diffusion occurs
dependent on the mass and surface area. Depolymerisation ensues: chemical cleavage

of the polymer backbone causes a decrease in mechanical strength. Mass integrity
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decreases substantially resulting in a loss of cohesive strength and the polymer
fragments into pieces of low molecular weight polymer. Further hydrolysis forms
fragments which are absorbed, either assimilated by phagocytes or by dissolution of
soluble monomeric (lactate or glycolate) anions into intercellular fluids. Elimination
of L-lactate and glycolate occurs. The former 1s converted to carbon dioxide (exhaled
during respiration) and pyruvate (enters the Krebs cycle through acetylation of CoA).
Glycolate is partially eliminated through the urine and the rest is oxidised to
glyoxylate which is then converted to glycine, serine and pyruvate. It i1s therefore
possible to incorporate drug into this slowly degrading matrix to allow for sustained

release, dependent also on the physicochemical properties of the drug itself.

1.3 Principles of time-delayed drug delivery

After considering the field of controlled release in general, the focus is now diverted
to time-delayed drug delivery, chronotherapeutics. The recent emergence of drug
delivery systems with “built-in timers” can be attributed to the realisation and greater
understanding of circadian rhythm, postulated to be controlled by a negative feedback
loop in clock genes (Miyazaki et al., 2001).

- 1.3.1 Circadian rhythm

Rhythmicity is ubiquitous in the daily lives of all eukaryotes and even some
prokaryotes (Hastings, 1997). In man, the main and most obvious temporal cycle is

that of sleep and wakefulness but 1t must be appreciated that the internal environment

is also 1n a constant state of flux.

For example, just before falling asleep, the secretion of melatonin from the pineal
gland increases and the core body temperature decreases irrespective of the current

locomotor activity. As one prepares to awaken, the adrenal glands secrete higher

levels of corticosteroids in anticipation of the new day.

This example of a cyclical variation in hormonal secretions is just one of many that

conform to the phenomenon of circadian rhythm. Circa which means “about” and
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dies, referring to “daily”, reflect the almost exactly 24-hourly patterns by which

metabolic, behavioural and physiological responses adhere.

Lemmer (1996) proposed that the endogenous clock in humans naturally runs slower
than 24 hours, about 25 hours in fact. This occurs only in free-running conditions, 1.e.
when the body is not exposed to any environmental cues known as ‘zeitgebers’. The

function of zeitgebers (e.g. light, temperature) is to precisely entrain the circadian

rhythm to 24 hours.

This exact synchronisation is reliant on small daily adjustments to the endogenous
clock (Hastings, 1997). Consequently, rhythms are set in a particular temporal order
or phase relationship whereby the circadian cycle is divided into subjective day and
subjective night during which typical diurnal and nocturnal activities respectively, are
performed. The most potent entrainment cue is the light-dark cycle arising from the

regular spin of the earth on its axis.

After discussing the various cues for synchronisation of circadian rhythm, it is apt
now to define the criteria of endogenous circadian “clocks” that inherently regulate

rhythmicity in the body.

Hastings (1997) sets down four:
i.  Removal of the structure compromises free-running circadian rhythms.

ii.  In isolation from the animal, the structure exhibits circadian rhythmicity in
vivo and in vitro.

iii.  The structure reinstates free-running circadian rhythms when transplanted into

lesioned animals.

1v.  The structure responds to cues known to affect entrainment.
Some structures in the vertebrate can be considered possible circadian oscillators by

virtue of fulfilling some or all of these conditions and they include the retina, the

pineal gland and the suprachiasmatic nuclei.
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1.3.2 Influence of circadian rhythm on drug delivery

Derivation of scientific terms with the prefix chrono- has been occurring since the
1970s. The term chronopharmacology refers to the study of how the effects of drugs
vary with biological timing and endogenous periodicities (Reinberg, 1992). The main
aim of this field 1s to improve understanding of the mechanistic aspect of circadian-

type variations 1n both desired and undesired effects of medications.

Spin-off terms from chronopharmacology which impact greatly on drug delivery

include chronokinetics, chronesthesy, chronergy and eventually, chronotherapy.

1.3.2.1 Chronokinetics

Chronokinetics detalls how measurements of pharmacokinetic parameters e.g.
maximum concentration (Cpax), time to reach Cpa (tmax), area under the
concentration-time curve (AUC) and half-life (t;;) are dependent on the time of
dosing. These time-dependent variations which may be age-, sex- or phenotype-
related, are likely to be a consequence of circadian rhythm exhibited by body systems

associated with absorption, distribution, metabolism and excretion of exogenously-

applied drug.

For example, 1t has been shown that liver enzymes, specifically the monooxygenases,
display functional rhythmicity therefore the metabolism of drugs such as imipramine

and hexobarbital through oxidative reactions catalysed by this system is consequently

dependent on the time of day (Reinberg, 1992).

1.3.2.2 Chronesthesy

Initially chronesthesy was defined as the rhythmic changes in susceptibility of a target
system to a drug, not covered by the chronokinetic theory. However, now it is taken to
be the chronopharmacologic counterpart of pharmacodynamics (Reinberg, 1992).
Developments in this field, along with those in chronokinetics have effectively
nullified “the flatter the better” theory as relating to plasma drug concentration-time
profiles. Not only does constant rate infusion of drug not result in constant plasma

levels, constant plasma levels do not equate to constant drug effects.
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Furthermore chronesthesy highlights the importance of dosing time, deeming 1t as

important as the quantity of the dose itself.
1.3.2.3 Chronergy

Chronergy is a more empirical term, describing the temporal variations of both the
desired (therapeutic) and undesired (toxic, tolerance) eftects of drugs on the organism

as a whole. It encompasses both the chronokinetic and chronesthetic aspects.
1.3.2.4 Chronotherapy

Practical application of all these “chrono” aspects of drug delivery culminates in the

use of chronotherapy: the design of a dosing regimen or dosage form that best exploits

chronokinetics and chronesthesy. While 1t is of the essence to deliver the drug at a

time of optimal absorption and maximal effect, it is also imperative that the issue of

toxicity and avoidance of tolerance not be neglected.
1.3.3 Chronotherapeutic applications in disease states

The exacerbation of some diseases 