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THE CONTROLLED RELEASE OF MACROMOLECULES FROM MACROPOROUS
HYDROPHILIC POLYMER MATRICES

This work has used novel polymer design and fabrication
technology to generate bead form polymer based systems, with
variable, yet controlled release properties, specifically for the
delivery of macromolecules, essentially peptides of therapeutic
interest. The work involved investigation of the potential
interaction between matrix ultrastructural morphology, in vitro
release kinetics, bioactivity and immunoreactivity of selected
macromolecules with limited hydrolytic stability, delivered from
controlled release vehicles.

The underlying principle involved photo-polymerisation of the
monomer, hydroxyethyl methacrylate, around frozen ice crystals,
leading to the production of a macroporous hydrophilic matrix.
Bead form matrices were fabricated in controllable size ranges in
the region of 100um - 3mm in diameter. The initial stages of
the project involved the study of how variables, delivery speed
of the monomer and stirring speed of the non solvent, affected
the formation of macroporous bead form matrices. From this an
optimal bench system for bead production was developed. Careful
selection of monomer, solvents, crosslinking agent and
polymerisation conditions led to a variable but controllable
distribution of pore sizes (0.5 - 4um).

Release of surrogate macromolecules, bovine serum albumin and
FITC-linked dextrans, enabled factors relating to the size and
solubility of the macromolecule on the rate of release to be
studied. Incorporation of bioactive macromolecules allowed
retained bioactivity to be determined (glucose oxidase and
interleukin-2), whilst the release of insulin enabled
determination of both biocactivity (using rat epididymal fat pad)
and immunoreactivity (RIA).

The work carried out has led to the generation of macroporous
bead form matrices, fabricated from a tissue biocompatible
hydrogel, capable of the sustained, controlled release of
biologically active peptides, with potential wuse in the
pharmaceutical and agrochemical industries.
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Macroporous hydrophilic polymer matrices.

no



DEDICATION

This thesis 1is dedicated to my parents, Patrick and
Lesley, and my sister, Katherine. A million thanks

for your love and support.

Also, to the memory of my Grandparents.




ACKNOWLEDGEMENTS

Grateful thanks to my Supervisor, Dr T W Atkins for
all his help, advice and encouragement. Many thanks
to Mr J Elston and Mr K Mynett for their invaluable
technical assistance throughout the course of this
work. Thanks also to the following people for their

help: -

Drs. B J Tighe and S M Murphy, Speciality Materials
Research Group, for their advice on polymeric

formulations.

Dr. A J H Gearing, N.I.B.S.C., for the assay of

interleukin-2.

Members of the technical staff in the Bilology
Division, Department of Pharmaceutical Scilences, for

all their assistance.

Drs. R Armstrong and P Hanson for their advice on the

statistical analyses used in this work.

Finally, many thanks to Mrs Lesley June McCallion for
typing this thesis and to Ms Elizabeth Graves for the

help she gave to her.



CONTENTS

Summary

Dedication

Acknowledgements

Contents

List of Tables, Figures and Plates

CHAPTER 1 - INTRODUCTION

1.1

1.2

1.4

Introduction to controlled delivery.

Polymer based controlled delivery
devices.

1.2.1 Diffusion controlled delivery
systems.

1.2.2 Chemically controlled delivery
systems.

1.2.3 Swelling controlled delivery
systems.

1.2.4 Magnetically controlled
delivery systems.

Criteria for the selection of synthetic
polymers for implantable controlled
delivery devices.

Properties of hydrogel polymers.

1.4.1 Synthetic non-ionic hydrogels.

1.4.2 Properties of synthetic non-ionic
hydrogels.

Factors which have the potential to
affect the rate of release of
macromolecules from macroporous
polyHEMA hydrogels.

Aims of this work.

[0

10

11

12

17

27

35

36

39

45

46

49

58

o7




CHAPTER 2 - GENERAL MATERIALS AND METHODS

Materials.

2.1.1 Animals.
2.1.2 Sources of Chemicals.

The production of macroporous
polyHEMA beads.

2.2.1 The purification of HEMA monomer.

2.2.2 Optimum bench process for the
fabrication of polyHEMA beads.

2.2.3 The loading of surrogate and
clinically significant
macromolecules into polyHEMA
beads.

2.2.4 Release monitoring protocol.

Determination of bovine serum albumin

concentration using bicinchoninic acid.

2.3.1 Preparation of reagents for BCA
protein assays.

2.3.2 Protocols for the measurement of
BSA concentration by BCA protein
assay.

The determination of fluorescein
isothiocyanate concentration by direct
spectrophotometric assay.

The determination of glucose oxidase
(GOD, EC 1.1.3.4) concentration.

2.5.1 Reagents for GOD assay.
2.5.2 GOD assay procedure.

Insulin radioimmunoassay.

2.6.1 The double antibody method of
insulin radioimmunoassay.

2.6.2 Insulin radioimmunoassay by
the ethanol precipitation
method.

PAGE
74
75

75
75
77

77

78

86

87

89

91

92

97

102

103
103
104

105

121



2.6.3 Comparison of the double
antibody and ethanol
precipitation methods of
insulin radioimmunoassay.

AN
~J

Assessment of the biological activity
of insulin released from polyHEMA
beads, using the rate of insulin
stimulated glucose oxidation by rat
epididymal fat pad.

2.7.1 Procedure for the biological
assay of insulin using rat
epididymal fat pad.

2.8 The cytotoxicity testing of macroporous
polyHEMA beads using cultured cells.

2.8.1 Maintenance of stock cell
cultures.

2.8.2 MEM Elution test.

2.9 Statistical analysis of results.

CHAPTER 3 - DEVELOPMENT OF THE METHOD FOR
THE PRODUCTION OF MACROPOROUS
POLYHEMA BEADS.

3.1 The development of the method for the
production of macroporous polyHEMA
beads.

3.2 Parameters affecting the size
distribution of polyHEMA beads.

3.2.1 Use of a Watson/Marlow
peristaltic pump for the
delivery of monomer solution.

3.2.2 Use of a 'Brand Multispenser'
automatic dispenser for the
delivery of monomer solution.

3.3 The incorporation of physiological
buffers into polyHEMA beads.

3.4 Characterisation of polyHEMA beads by
measurement of the equilibrium water
content and ultrastructural examination

using scanning electron microscopy.

3.4.1 Equilibrium water content.

7

PAGE

129

129

132

141

149

152

154

157

162

164

167

183

187

187




PAGE

3.4.2 The ultrastructural morphology:of 191
macroporous polyHEMA beads
determined by scanning electron
microscopy.

3.5 Cytoxicity testing of polyHEMA beads 202
fabricated by freeze-thaw polymerisation.

CHAPTER 4 - THE RELEASE OF SURROGATE 210
PROTEIN MACROMOLECULES
FROM MACROPOROUS
POLYHEMA BEADS.

4.1 The release of bovine serum albumin 211
from macroporous polyHEMA beads.

4.1.1 The effect of drying procedure on 212
the release of BSA from macroporous
polyHEMA beads.

4.1.2 The effect of agitation on the 214
release of BSA from freeze-dried
macroporous polyHEMA beads.

4.2 The release of fluoresceiln isothiocyanate- 216
linked dextrans (FITC-linked dextrans) from
macroporous polyHEMA beads.

4.2.1 The effect of bead size and 218
incubation temperature on the
release of FITC-linked dextrans
from macroporous polyHEMA beads.

4.2.2 The effect of molecular weight on 222
the release of FITC~linked dextrans
from macroporous polyHEMA beads.

4.3 The release of the enzyme glucose oxidase 225
(EC 1.1.3.4) from macroporous polyHEMA
beads.

4.4 The release of interleukin-2 from 227

macroporous polyHEMA beads.

CHAPTER 5 ~ THE CONTROLLED RELEASE OF BOVINE 234
INSULIN FROM MACROPOROUS POLYHEMA
BEADS.

5.1 The effects of agitation and bead size on 238

the release of insulin from 0.4% insulin
loaded polyHEMA beads incubated at room
temperature.




PAGE

5.2 The effects of incubation temperature and 241
preservative on the release of insulin
from polyHEMA beads.

5.2.1 The effects of incubation temperature 242
and preservative on the release of
insulin from 0.02% insulin loaded
beads.

5.2.2 The effects of incubation 245
temperature and preservative
on the release of insulin from
0.004% insulin loaded beads.

5.3 The effect of monomer:solvent ratio 248
on the release of insulin from 0.004%
insulin loaded beads.

5.4 The assessment of the biological 254
activity of insulin released from
macroporous polyHEMA beads.

CHAPTER 6 - GENERAL DISCUSSION 260
REFERENCES 293
APPEND%CIES: 315
Appendix Al The preparation of buffers. 316
Appendix A2 Decay correction curve for TEETL 318
Appendix A3 Typical printouts for insulin 319
radioimmunoassay.
Appendix A4 Performance characteristics 323

of the Union Carbide Handi
Freeze tray when inserted into
a 35HC freezer neck tube.




LIST OF TABLES, FIGURES AND PLATES

TABLES

No Page No Page No Page
1.1 15 2.4 115 3.2 168
1.2 16 2.5 117 3.3 189
1.3 57 2.6 121 5.1 236
2.1 79 2.7 127 5.2 256
2.2 93 2.8 128 5.3 258
2.3 110 3.1 163

FIGURES

1.1 59 3.2 165 4.3 219
2.1 84 3.3 170 4.4 220
2.2 94 3.4 172 4.5 223
2.3 95 3.5 175 4.6 226
2.4 96 3.6 176 4.7 231
2.5 99 3.7 178 5.1 239
2.6 100 3.8 180 5.2 243
2.7 113 3.9 182 5.3 247
2.8 120 3.10 204 5.4 249
2.9 126 3.11 205 5.5 250
2.10 136 3.12 207 5.6 251
2.11 138 3.13 208 5.7 252
2.12 146 4.1 213

3.1 158 4.2 215

PLATES

2.1 717 3.2 193 3.6 197
2.2 80 3.3 194 3.7 198
2.3 82 3.4 195 3.8 200
3.1 192 3.5 196

10




CHAPTER 1

INTRODUCTION




1.1 INTRODUCTION TO CONTROLLED DELIVERY

Biologically active molecules, when used
therapeutically are generally administered in a cyclic
fashion, by periodic injections or via oral dosage
forms. This 1s not always a satisfactory means of
delivery, since great fluctuations in the systemic
concentration of the biocactive agent can occur between
administrations. Typically, when a bioactive agent is
injected or ingested as a basis for clinical therapy
the systemic 1level initially achieved exceeds the
therapeutic level for a brief period and subsequently
declines from therapeutic to ineffective levels until
the next dose 1s administered. This method of
application is undesirable, since the kinetics are
difficult to control and the fluctuating
concentrations can make treatment unreliable,
particularly when toxic and therapeutic concentrations
of the bioactive agent are of the same order (1).
Continuously maintained plasma levels can also enhance
the therapeutic actions of certain clinically employed

bicactive agents.

Once a therapeutic agent has entered the systemic
circulation, the time course of its effects are
entirely determined by its intrinsic rate of action,

degradation and excretion. Therefore, controlling the
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rate at which the biocactive agent enters the systemic
circulation, ie the bioavailability of  the agent,
provides the only practical means for the control of
the safety and effectiveness of a therapeutic agent
(2). To achieve and maintain a steady therapeutic
level, devices must be designed which deliver the
biocactive agent at controlled rates over extended
periods of time. The controlled delivery of a
biocactive agent, refers specifically to the precise
control of the dose, based on the predetermined and
controllable rate at which a particular bioactive
agent is released, unchanged, from a delivery vehicle
over an extended time period. This differs from a
sustalned delivery device, which simply prolongs the
dosage from a depot, with little control and often

over only a short time period.

Controlled delivery devices assume particular
importance for the administration of bioactive agents
with short plasma half lives, especially if the agent
must Dbe administered by injection and/or the
therapeutic range is narrow. This work is
specifically concerned with the controlled delivery of
macromolecules, especially peptides of therapeutic
interest, from a polymeric delivery system.
Biotechnology has made available an increasing number

and quantity of clinically significant peptides, such
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as hormones, growth factors and cytokines, of high
specific activity, which must be injected to avoid
hydrolytic breakdown in the stomach, often have short
plasma half lives and toxic side effects at
concentrations close to their therapeutic level. The
potential of these macromolecules in clinical
application would be improved if devices were designed
for their controlled delivery, in an active form,
close to their site of action. However, these
macromolecules are generally so prone to thermal and
hydrolytic instability that their incorporation into
controlled delivery devices is difficult.
Immobilisation of biologically active polypeptides
within a polymeric delivery system is often difficult
due to the ease with which some macromolecules
denature when exposed to organic solvents or to
temperatures appreciably higher than room temperature.
The high molecular weight of many biologically active
macromolecules often further prohibits their delivery
from currently employed polymeric delivery devices,
the majority of which are only capable of the delivery

of relatively small molecules.

Controlled delivery systems can be broadly defined as
either chemical or mechanical devices, as shown in
Table 1.1, designed to deliver bioactive agents into

a system at a predetermined rate. It is the polymeric
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devices with which this work is concerned. The
development of controlled delivery systems re@uires a
knowledge not only of the physical and chemical
properties of the biocactive agent and the condition to
be treated, but of the physical and chemical
properties of the delivery vehicle and its method of

fabrication.

Table 1.1 The main classes of controlled delivery
systems.

MECHANICAL DEVICES CHEMICAL DEVICES
Infusion Pumps Prodrug design
Osmotic Pumps Biological devices

Polymeric devices

1.2 POLYMER BASED CONTROLLED DELIVERY DEVICES.

Synthetic polymer based delivery devices are highly
developed forms of biocactive agent delivery system.
Delivery devices have been constructed from inert,
biocerodible and biodegradable polymers. Langer and
colleagues (3,4) have attempted a classification of
the wvarious types of polymeric vehicle used for
controlled release, based upon the mechanisms of

release, as shown in Table 1.2.
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Table 1.2: Broad classification; of the types of
polymer based drug delivery devices available, based
upon the mechanism by which release is effeCted.

MECHANISM OF RELEASE TYPE OF SYSTEM

Diffusion Controlled Matrix system
Reservoilr system

Chemically Controlled Bioerodible/
biodegradable system.
Pendent chain system.

Swelling Controlled Swelling controlled
system.

Magnetically Controlled Magnetically controlled
system.

Although these categories are greatly oversimplified,
they represent a useful summary of the wide varilety of
the potential polymer based delivery devices
available. However, 1t must be remembered that any
one delivery device may exhibit a combination of

mechanisms by which release is effected.




1.2.1 Diffusion controlled delivery systems

The first category suggested by Langer and colleagues
(3,4), described polymeric delivery devices in which
the rate of diffusion of the bicactive agent through
the polymer is the controlling factor in the rate of
release of a Dbiocactive agent from the device.
Diffusion controlled systems may be further subdivided

into either reservoir, or matrix type systems.

(a) Reservoir systems

In a reservoir system, a core of bioactive agent is
surrounded by a diffusion-rate limiting polymer. This
category may include the encapsulation of biocactive
agents by polymeric membranes, forming nanoparticles
and microcapsules, film 'sandwiches' in which a layer
of biocactive agent is sandwiched between two polymeric
membranes, or larger, monolith-type devices.
Reservoir systems may be constructed from inert,

biocerodible or biodegradable polymers.

The inert polymers most widely used for reservoir

system are poly 2-hydroxyethyl methacrylate (polyHEMA)
yi

ethylene-vinly acetate copolymer (EVAc) and silicone

rubber (3), in the form of a non-porous or microporous

film, in which water is homogenously dispersed. Two
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basic mechanisms have been proposed to explain the
transport of a solute, such as an incorporated
bicactive agent in solution, through an homogenous
polymeric membrane, either via a pore mechanism, in
the case of a microporous membrane, or by a partition
mechanism in a non-porous membrane. In the pore
mechanism of release, the core of bicactive agent
starts dissolving at its outside edge first, in
response to an influx of agqueous environmental medium
(if the Dbiocactive agent is incorporated 1in a
crystalline form) and solute transport then occurs
through micropores in the polymeric membrane (5). 1In
the partition mechanism the transport of bioactive
agent 1s thought to occur by dissolution of the
bicactive agent within the polymer, followed by its
diffusion between and along polymer chains (5).
However, non-porous and microporous inert polymer
films are generally only permeable to low molecular

weight species (MW<600).

The principle advantage of a reservoir system is the
ease with which it can be designed to release the
biocactive agent at a zero-order release rate, 1le a
constant amount of bioactive agent released per day.
This can be achieved by 1loading the reservoir,
encompassed by the polymer, with a solid core of

bicactive agent, far above the level of its solubility
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in the environmental medium. The influx of aqueous
medium, such as tissue fluid on implantation, causes
the biocactive agent to be dissolved first around the
outer edges of the core and only the amount required
to reach saturation concentration can be dissolved at
any one time. Therefore, as long as the bioactive
agent 1s available in its solid form its concentration
at the internal wall of the membrane will be its
saturation concentration and the rate of release from
the membrane will be constant. If the biocactive agent
is encapsulated in solution, as is the case with some
nanoparticles and microcapsules, the kinetics of
release will tend to be first order, decreasing with
time as the reservoir of biocactive agent is quickly
depleted. ©Such systems tend to be designed for short
term delivery and are employed more to protect the
biocactive agent or to reduce its toxicity than to
provide sustained delivery of the bioactive agent over
long periods of time. Under these circumstances zero-

order release kinetics are not of prime importance.

In general, the rate of diffusion of a solute through
a microporous membrane depends on the molecular
diameter of the solute, smaller molecules are
transported guicker than larger molecules. Diffusion
through a 'non porous' partition mechanism membrane

depends on the affinity of the solute for the polymer
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and its ability to move between polymeric chains (6)-.
The diffusion of a solute through any one particular
polymer may be by either pore flow or partition
mechanism or by both, depending upon the composition
of the polymer. For example, it has been shown that
the permeation of steroids through a polyHEMA matrix,
without crosslinker, occurs predominantly by the pore
mechanism, with about a 20% contribution from the
partition mechanism, the amount dependant upon the
solute. However, when ethylene dimethacrylate was
added as a crosslinking agent, permeation occurred via
the partition mechanism (7). Release rates can also
be altered by varying the membrane thickness and
geomerty of the device. Mathematical models
describing the rates of release of bioactive agents
from different reservoir devices have been well

documented (3-5).

Non-porous reservoir devices have been marketed
commercially by the Alza Corporation (California -
USA). Progestasert™(8,9) and Ocusert™(10,11) are
fabricated from non-degradable, hydrophobic ethylene-
vinyl acetate (EVAc) copolymer. Such hydrophobic
polymers tend to have a minimal water content and show
relatively high permeation for 1lipophilic bioactive
agents. Progestasert 1s a T-shaped intrauterine
device composed of a microcrystalline progesterone

reservoir, within a liguid poly dimethyl siloxane
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core, surrounded by an EVAc membrane. Progesterone
diffuses by partition through the EVAc membrane, then
into the uterine £fluid. The diffusion of the
progesterone out of the device is slow compared with
its more rapid dissipation into the uterine fluid and
hence a negative concentration gradient is maintained.
Such devices release about 65ug of progesterone per
day in utero at a nearly constant rate for one year
(8,9). This type of intrauterine device has
advantages over oral methods of contraception since
the required doses of the hormone are very much
reduced and compliance 1is improved. Ocusert was
designed to deliver pilocarpine continuously over a
one week period for the treatment of glaucoma. Two
devices, fabricated using EVAc were designed to
release either 20 or 40ug of pilocarpine per hour
directly into the eye from its position under the
lower eyelid (10,11). The mechanism of release 1is
similar in principle to the Progestasert system.
Pilocarpine 1is released at a near =zero order rate
after an initial burst release covering the first hour
of insertion. Using Ocusert, a reduced amount of
pilocarpine is required to reduce intraocular pressure

and the device improves patient compliance.

Reservoir systems have a number of disadvantages; they
are unsuitable for the controlled delivery of high

molecular weight biocactive agents because of the
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microporous or non-porous nature of the membranes
employed. They are potentially dangerous if a rupture
should occur in the polymeric membrane because the
contents would be rapidly released. Reservoir devices
also tend to be more difficult to fabricate and hence
more expensive to produce than other types of
polymeric delivery devices. As a rule, their use and
development has tended to be towards the treatment of
acute conditions of specific duration rather than
chronic conditions which regquire routine long term

treatment.

(b) Matrix systems

In matrix systems, the bioactive agent is dispersed
uniformly throughout the polymeric structure. In
common with reservoir systems, the diffusion of
biocactive agent through the polymer matrix is usually
the rate-limiting process. Many different types of
matrix systems have been investigated involving inert,
biocerodible and biodegradable polymers. In inert
matrices, the bioactive agent may be either dispersed
or dissolved within a non-porous oOr microporous
polymer, such as EVAc or polyHEMA. Diffusion out of
the vehicle occurs via a pore-flow or a partition
mechanism, as described for reservoir systems.
However, 1f a non-porous or microporous polymer 1is

employed the matrix device will generally only be
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suitable for the delivery of low molecular weight

compounds.

In contrast to reservoir systems, matrix systems have
been designed to facilitate the long term delivery of
macromolecules such as insulin. One approach has been
to incorporate crystalline macromolecules in solvent
cast polymers such as EVAc, which 1is wusually
impermeable to macromolecules (12). In these studies,
casting solutions of EVAc were made by dissolving the
copolymer 1in methylene chloride at 37°C. The
macromolecule was then added to the solution in a
powdered form and the solution poured into moulds.
The solvent was evaporated off, under a mild wvacuum
(60 mmHg), leaving the macromolecule trapped within
the polymer matrix. When exposed to agueous medium,
the EVAC pellets released the incorporated
macromolecules for over 100 days (13). The
reproducibility of the release kinetics was poor, due
to settling of the powdered macromolecules in the
polymer solution, however, low temperature (-80°C)
casting and two step drying, at -20°C and then 20°C
has subsequently improved the reliability of this

vehicle (14).

Macromolecules are too large to dissolve through the
EVAc and the presence of the powdered macromolecule

forms a network of channels throughout the polymer.
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Thus, in contact with aqueous environmental medium,the
macromolecules at the surface of the device diffuse
away first leaving open pores in the polymer. As the
medium penetrates further into the polymer, more
macromolecule dissolves and diffuses out of the device
via the gaps vacated by the dissolved macromolecule at
the surface. A network of interconnecting pores is
thereby created, allowing the eventual diffusion of
all the incorporated macromolecule. The release
profiles obtained from these devices reveal three
phases; an initial 'burst' release due to the rapid
dissolution and diffusion of the macromolecule from
the surface of the device, a second, extended pericd,
when release rates approach zero-order and a final
period, 1in which the rate of release gradually
declines due to the depletion of the incorporated
macromolecule (14). Macromolecules incorporated into
these matrix systems have included bovine serum
albumin (MW 68,000), B8-lactoglobulin (Mw 18,000),
lysozyme (MW 14,400), alkaline phosphatase (MW 88,000)
and catalase (MW 250,000) (12-14). Biologically active
bovine insulin (MW 5640) has been delivered by this
type of solvent-cast EVAc matrix system, at a rate of
2 - 5U/day when implanted subcutaneously into diabetic
rats, achieving normoglycaemia for 30 - 100 days (15-
8). There is some suggestion that in vitro release
experiments carried out with this type of matrix

system can accurately predict the rates of release of
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the macromolecules in vivo, at least over the two

month period release rates were compared (19).

A number of factors have been found to affect the
rates of release of macromolecules from these solvent-
cast matrix systems. These include the particle size
of the macromolecule and the percentage loading of the
macromolecule into the polymer solution (14). High
loading levels of macromolecule and a large particle
size create a wider pore diameter and more extensive
porous network within the polymer and allow the
macromolecule to diffuse out faster (20). The degree
of solubility of the macromolecule in the release
medium is another important factor (16,21,22). For
example, studies have shown that sodium insulin
(solubility = 120mg/ml pH7.4) is released 7.5 times
faster than =zinc insulin (solubility = 0.33mg/ml
pH7.4) from comparable matrices (16). It is evident
that a simple diffusion model alone cannot account for
the varying rates of release of different
macromolecules from this type of matrix system, since
there is no clear relationship between the molecular
weight of an incorporated macromolecule and its rate
of release (12,14). However, the molecular weight of
the EVAc itself has been shown to influence the rate
of release of incorporated bovine serum albumin (BSA).
The higher the molecular weight of the polymer, the

slower the rate of release of the macromolecule. It
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is thought that bovine serum albumin particles swell
in the environmental medium more easily in a lower
molecular weight, easily deformable matrix, opening up

larger pores and hence producing a faster release rate

(23).

An alternative approach to the delivery of bioactive
macromolecules, is to utilise synthetic polymer based,
macroporous hydrophilic matrix systems, through which
an incorporated macromolecule can diffuse. Such a
system may be achieved by the heterogenous dispersion
of water within a hydrogel polymer, using a freeze-
thaw method of polymerisation, described by Haldon and
Lee (24). This yields a polymer in which water is
heterogenously dispersed between a polymeric network
of low water content and a porous network in which
water molecules predominate, through which
macromolecules can diffuse. It is the formulation of
such a delivery vehicle with which the present work is
principally concerned, more specifically, the use of
bead formed, hydrophilic macroporous matrices composed
of polyHEMA for the controlled delivery of

macromolecules.

The main advantage of the use of matrix type systems
is their relative ease of fabrication. The most often
perceived disadvantage in the use of such systems is

difficulty in obtaining zero-order release rates of
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biocactive agent, particularly when slab shaped devices
are used (3). However, manoceuvres such as coating the
device with a second, bioerodible or biodegradable
polymer, to provide an additional rate controlling
layer, or changing the geometry of the device to a
sphere or hemisphere, have facilitated zero-order

release of biloactive agents (3,4,17).

1.2.2 Chemically controlled delivery systems

The main factor controlling the release of an
incorporated biocactive agent is the chemical cleavage
of the polymer by one of a number of chemical
mechanisms. The rate of chemical cleavage of the
polymer is not necessarily the rate limiting step for
the release of the biocactive agent, diffusion of the
incorporated biocactive agent as the polymer cleaves
may also be an important factor. Chemically
controlled systems can be further subdivided into
bicerodible and biodegradable polymer based delivery

systems and pendent chain systems.

(a) Bioerodible and biodegradable systems

Bioerodible and biodegradable polymers can be used to
fabricate a matrix-type delivery system in which the
biocactive agent is uniformly dispersed throughout the
polymer. The difference between

bioerodible/biocdegradable polymer based systems and
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diffusion controlled matrix systems 1s that, in the
latter, the polymer remains chemically unchanged with
time and the diffusion of the bicactive agent is the
rate limiting process for release. However, in
biocerodible/biodegradable systems the polymer degrades
with time, by any one of a number of mechanisms, and
the rate and extent of cleavage of the polymer chains
is an important factor in the control of the release
rate. There is often little distinction made between
the use of the terms bicerodible and biodegradable and
where the terms are defined, they often vary between
authors. Biodegradation has been defined as the
biological breakdown of the polymer as opposed to
simple hydrolytic cleavage (25,26) or any polymer
which undergoes in vivo degradation (27). Bioerosion
has been variously described as the dissolution and
diffusion away of the soluble product (28), the
conversion of a water insoluble to a water soluble
material (29) or the ability of the rate of erosion of
the polymer to control the rate of release of a
biocactive agent (30). A more precise definition is to
consider biodegradation as the enzymatic, hydrolytic
or bacteriological cleavage of a polymer in which the
physical form of the polymer is not necessarily
altered during the release period and in which the
rate of diffusion of an incorporated biocactive agent
out of the device 1is the rate controlling step.

Bioerosion is considered to necessitate physical
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weight loss from the device following eilther
homogenous or heterogenous (surface) erosion and where
the incorporated bioactive agent is released only with

physical loss of the polymer (31).

In addition to matrix-1like systems, in which the
biocactive agent is uniformly dispersed throughout the
polymer, biocerodible and biodegradable polymers may be
used to fabricate reservoir-type microcapsules,
nanoparticles, or they may be used to coat devices to
provide an additional rate controlling barrier to the
release of the incorporated biocactive agent. The use
of biodegradable and biocerodible polymers 1in the
fabrication of vehicles for the delivery of bioactive
agents has been the subject of a large number of
reviews (3-5,28,30-32). Most have been directed
towards the delivery of relatively low molecular
weight biocactive agents such as steroids and narcotic
antagonists (32-35), however, biodegradable and
biocerodible polymers have also been successfully
employed in the fabrication of delivery vehicles for
macromolecules. Torchilin and coworkers have used the
bioerodible polymer polyvinyl pyrrolidone, crosslinked
with N, N-methylene bisacrylamide, to entrap the
enzyme &L -chymotrypsin (E.C. 3.4.4.5) (36). These
workers synthesised microspheres comprised of a range
of polymeric formulations with characteristics which

ranged from complete solubility of the poly vinyl
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pyrrolidone in 0.05M phosphate buffer, pH8.2 (37°C) in
several days, yielding rapid release of the enzyme, to
virtual insolubility of devices composed of more than
about 1% N, N-methylene bisacrylamide. Bioerosion
within wuseful time periods occurred only at low
crosslinking densities and the resultant polymers were
quite hydrophilic. Therefore, this type of system is
only useful for the release of macromolecules of low
solubility in the medium into which they are to be
released, since soluble compounds rapidly leach out of
the matrix, independant of the rate of erosion of the
polymer. TIf the crosslinking density of the polymer
is increased to a level sufficient to trap the soluble
macromolecule, the erosion rate 1is too slow to be
practicable. Heller and Baker (37), confirmed these
observations when they used devices of the same
formulation to release bovine serum albumin (BSA) and
concluded that more easily erodible polymers would
need to be employed to immobilise macromolecules
within the matrix and only allow release to occur with

concomitant erosion of the polymer.

Heller, Helwing, Baker and Tuttle have described the
controlled release of BSA into agitated tris-buffered
saline (pH7.4, 37°C) from biocerodible hydrogel
microspheres (38). The devices were based on water-

soluble, unsaturated polyesters which released
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incorporated macromolecule as the ester 1linkages
hydrolysed. Their results showed good immobilisation
of BSA within the polymeric matrix and controllable
release rates dependant upon the type and amount of
crosslinking agent or acid group, incorporated to
enhance hydrolysis of the poly ethylene glycol based
polymer. For example, approximately 20% of the
incorporated BSA was released over about 45 days from
a hydrogel consisting of poly ethylene glycol, fumaric
acid and 60% N-vinly pyrrolidone, as a crosslinking
agent. When the crosslinking agent was reduced to 20%
about 40% of the incorporated BSA was released over
the same time period. When fumaric acid was replaced
with a 4:1 ratio of ketomalonic: fumaric acid (to
enhance hydrolysis), the release of BSA increased to
100% in less than 20 days. Heller et al concluded
that the rate of release of BSA from these
microspheres was controlled principally by the rate of
erosion of the polymer and not by the rate of
diffusion of the macromolecule. However, these
matrices do not degrade to metabolites normally found

in the body (38).

During implantation, matrices composed of hydrophilic
biodegradable and bioerodible polymers and copolymers,
such as the biodegradable poly glycolic acid (39-44)

and poly lactic acid (45,46) generally erode in a
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homogenous manner from the entire matrix and not just
at the surface of the device. A progressive loosening
of the matrix occurs, causing an increase in the
permeability and a decrease in the mechanical strength
of the device. A more useful device 1s one which
undergoes surface erosion only, leading to zero order
release of an incorporated biocactive agent provided
that release of the molecule due to diffusion alone is
minimal and the geometry of the device is such that
the surface area remains fairly constant throughout
the useful life of the device (generally a slab) (47).
Poly n-alkyl & -cyanoacrylates are another group of
biocerodible polymers which have been investigated for
use in the fabrication of controlled delivery devices
for macromolecules. These polymers are thought to
degrade by surface erosion which is dependant upon pH,
length of the alkyl side chains of the monomer,
molecular weight and molecular weight distribution of
the polymer as well as polymer particle size and
surface area (48). These polymers have been used to
fabricate nanoparticles for use as colloidal carriers
for clinically useful molecules such as insulin and
actionmycin D (49,50). Laurencin and coworkers have
investigated polyphosphazenes for the release of
macromolecules (51). The polyphosphazenes are high
molecular weight polymers with backbones composed of
nitrogen and phosphorous atoms. Many side chain

constituents, such as amino acid and alkyl esters
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confer hydrolytic instability to the polymer backbone
(52) and the degradation products consist of ammonia,
phosphate, water and side chain substituents (53).
The biocompatibility of these polymers has been
reported to be good (54) and no adverse reactions have
been observed after implantation into rats (51)
Laurencin et al demonstrated the sustained release of
BSA for up to 1000 hours and both in vitro and in vivo
release of progesterone for up to 1000 hours from poly

imedazole-methyl phenoxy phosphazene, in rats (51).

The major potential advantage of the use of any
bioerodible and/or biodegradable controlled delivery
systems is that surgical removal of the matrix,
depleted of biocactive agent should not be required.
On the other hand, in some clinical situations, the
physician may wish to retrieve the implant to alter or
discontinue therapy and this is a potential
disadvantage when employing biocerodible and/or
biodegradable system. The possibility of long term
toxicity or carcionogenicity of the breakdown
products, particularly those which do not naturally

occur in the body must also be carefully considered.

(b) Pendent chain systems

In its simplest form a pendent chain system is a

biocactive agent, attached to a polymeric backbone.
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These systems are so called since the
pharmacologically active agent is present as pendent
side chains of the polymer backbone. The biocactive
agent is chemically bound to the polymer, which may
be soluble or insoluble and the agent may exert its
biological effect whilst bound to the polymer or may
require hydrolytic or enzymatic cleavage from the
polymer to exert its biological effect. These systems
are not designed for long Eerm delivery, but for short
term release to reduce the toxicity of the bioactive
agent, as in the case of cancer chemotherapy agents
(55,56). They are also designed to increase the
agent's therapeutic efficiency and/or to target the
agent towards specific cells or organs. There appears
to be little evidence of the delivery ot
macromolecules by pendent chain systems, indeed, the
attachment of macromolecules to a polymer backbone in
pendent chain systems appears to be used only in an
attempt to target a second bioactive agent to its site
of action. Site specific targeting of bioactive
agents 1s only 1likely with the attachment of
'recognition ligands' such as enzymes, hormones and
immunoglobulins to the polymer backbone (56). Rowland
and coworkers bound cytotoxic -phenylenediamine
mustard to the polymer backbone of poly L- glutamic
acid, along with rabbit immunoglobulin against mouse
lymphoma (57). They reported this system to have

greater activity against mouse lymphoma than the
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individual components alone. There are a number of
limitations to the use of pendent chain systems such
as possible immunogenicity, and uptake by cells of the
reticuloendothelial system. The biocactive agent 1is
chemically bound in pendent chain systems, unlike
other devices and this limits the number of molecules

which can be successfully delivered.

1.2.3 Swelling controlled delivery systems

In swelling controlled systems, the bioactive agent is
dispersed within an initially glassy, hydrophilic
polymer and is unable to diffuse out until contact
with aqueous medium causes swelling of the polymer.
The rate of release of the biocactive agent from these
systems 1s determined by the rate of influx of the
agueous medium and hence the rate of swelling of the
polymer. Polymers which may be employed include poly
vinyl alcohol and its copolymers with vinyl acetate
and methyl methacrylate, poly N-vinyl pyrrolidone and
its copolymers with wvinyl acetate and various
acrylates, polyHEMA and its copolymers with methyl
methacrylate and vinyl acetate and other polymers of
hydroxyethyl methacrylates and their copolymers (58).
The rate of release of a biocactive agent from the
polymer is dependant upon two simultaneous processes,
the penetration of agqueous medium into the polymer and

the diffusion of the biocactive agent out of the gel
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phase (59). Since the biocactive agent must diffuse
out through the non-porous or microporous gel these
systems are only suitable for the delivery of low
molecular weight molecules. In addition, Theat
treatment up to 80°C is often used in the fabrication
of these devices and this necessarily restricts the
number of bioactive agents which can be successfully

incorporated (60).

1.2.4 Magnetically controlled delivery systems

Magnetically modulated systems have been developed by
Hsieh and coworkers for the delivery of biologically
active macromolecules from ethylene-vinyl acetate
copolymer (EVAc) matrices. In this type of system,
powdered bioactive agent and small magnetic steel
beads are wuniformly dispersed within the polymer
matrix. On exposure to agueous medium, the biocactive
agent 1s released in a fashion typical of the EVAc
diffusion controlled matrices described earlier

(Pages 23-26). However, upon exposure to an external
oscillating magnetic field the biocactive agent 1is
released at a much higher rate (61). No such effect
was observed when the devices were exposed to a
continuous magnetic field. 1Initial experiments using
bovine serum albumin (BSA) as a marker macromolecule
showed that these matrices released up to 100% more

BSA over a six hour period when exposed to an
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oscillating (18 cycles per min.) magnetic field (1,000
gauss) than they did over six hours in the absence of
an externally applied magnetic field (62). The
biocompatibility of this device was tested by
implantation in the rabbit cornea and no significant
inflammation was detected (61). Work investigating
the mechanism of magnetically modulated release has
shown a number of parameters to be important in
controlling release rates. These are, the strength of
the applied oscillating magnetic field (63), the
frequency of the magnetic field (64), magnetic
strength, orientation of the magnetic field and the
position of the embedded magnet in the polymer film
(64). The composition of the EVAc was an additional
factor 1in controlling the rate of release of
macromolecules from the polymeric matrix, increasing
the vinyl acetate content of the copolymer increased
the amount of magnetically modulated release obtained
(65). It is thought that the movement of the magnets
in response to the magnetic field is responsible for
the alternating dilation and compression of pores
within the EVAc, caused by the physical presence of
the powdered macromolecule. The pulsatile stimulus
caused by the oscillation of the magnetic field is
thought to cause a piston-like motion, forcing the
bloactive agent out of the pores. It 1is also
recognised that the movement of the magnets may cause

alterations to the porous network such as causing
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connections to form between pores (64). 50% vinyl
acetate copolymer was the mechanically weakest polymer
tested, offering least resistance to the motion of the
magnets and hence, showing the greatest modulated
release rates (65). Kost and coworkers have evaluated
this type of magnetically modulated release device in
vivo for the controlled delivery of insulin into
diabetic rats (66). These workers found that a basal
level of released insulin 41uU/ml, was increased to
126uU/ml on application of an external oscillating
magnetic field, decreasing the blood glucose levels
of diabetic rats by a further 30%. Magnetically
modulated release devices have the advantage that
external control of the rate of release of the
bioactive agent can be achieved, even after
implantation and a modulated release pattern can be
achieved. This type of device has potential use for
the treatment of diabetes where a basal rate of
insulin release would be supplemented by 'triggering'
an additional bolus to counteract post-prandial
hyperglycaemia. These devices however do have a
number of potential problems, for instance, it would
be important to ensure protection from adjacent or
neighbouring magnetic fields which could produce an
unintentional burst of therapeutic agent from the
device. It is also possible that movement of the
implant in vivo may change the orientation of the

magnets in relation to the field, changing the
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expected rate of release. The long term
biocompatibility of these devices also requires
monitoring, not only in relation to the polymer, but

also in terms of the integrity of the magnetic beads

in vivo.

1.3 CRITERIA FOR THE SELECTION OF SYNTHETIC POLYMERS
FOR IMPLANTABLE CONTROLLED DELIVERY DEVICES.

The selection of a suitable synthetic polymer
formulation is critical in the development of a
controlled delivery system. Candidate polymers must
comply with a range of requirements which may arise
from either the structure of the polymer, the nature
of the Dbiologically active macromolecule to be
delivered, or the environment in which the device is

required for use.

Critical to the development of an implantable
controlled delivery device is the biocompatibility of
the proposed polymer formulation. It is important to
establish the biocompatibility of the polymer before
a delivery device is developed, saving time and money
if the polymer should ©prove unsuitable. A
biocompatible polymer may be defined as one which can
exist in a physiological environment without adversely
affecting the recipient and is not itself adversely
affected by conditions in the body (67).

Incompatibility may occur as a short term, acute
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response or as a long term, chronic affect, either at

local or systemic levels.

The most common cause of acute incompatibility of a
polymer is the presence of biologically active toxic
leachable substances in or on the material. These
leachables may be intentional components of a polymer
fomulation such as residual monomers and catalysts, or
unintentional contaminants introduced in the
fabrication or sterilization process. Toxic
leachables can usually be eliminated from polymers by
modification of the fabrication processes and careful
attention to washing and sterilization procedures.
Toxic leachables, absorbed into the circulation may
cause systemic toxicity, the degree of which will
depend on dose. HEMA monomer causes intradermal
irritation in rats which is dose dependant, although,
at low concentrations (<1%) 1little irritation is
observed (68). Cathers and colleagues have compared
the response obtained in the peritoneal cavity of rats
to HEMA which had been prepolymerised and washed for
two months and to HEMA polymerised in situ.
Significantly higher inflammatory cell counts were
obtained from the rats with HEMA polymerised in situ.
On the basis of these observations it was suggested
that HEMA monomer could cause toxic effects in cells
by the eventual production of formaldehyde (69). In

vitro tissue culture testing is the most sensitive
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indicator of the presence of toxic leachables within
a polymer. The actual degree of toxicity observed
does tend to be dependant upon the cell line used,
although if a range of substances were to Dbe ranked
from most to least toxic, their order would tend to
be the same, irrespective of the cell 1line used.
However, tissue culture experiments cannot evaluate
the degree of inflammatory response to any possible
leachables and therefore in vivo tests are also
required to test the suitablity of a polymer
formulation for use as an implant. The muscle is
often the chosen site for the implantation of test
materials as this tends to be a more sensitive area
than the abdominal cavity where washing away of the
toxic substances can more easily occur (7Q) .
Lawrence has provided an extensive summary of both the
in wvivo and 1in vitro tests available for the
evaluation of biomaterials for the presence of toxic

leachables (71).

If the results of short term acute toxicity testing of
a polymer are favourable, long term, chronic
implications of implantation can then be considered.
Long term contact of a polymer material with living
tissues and biological fluids may result in the
biodegradation of the polymer, even those polymers
which are nominally stable may be susceptible to

hydrolysis in vivo (72,73). It is therefore
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important that inert deviceé’aé well as bioerodible
and biodegradable matrices are considered in the
context of their breakdown products' ability to induce
tumours or other effects due to cumulative toxicity,
particularly if the degradation products are unlikely
to be metabolised. Carcinogenesis is an important
problem to be considered as regards the long term
implantation of polymers. This may be induced by the
presence of a carcinogen in the polymer (74) by
generation of a carcinogen through degradation or

through physical 'solid-state carcinogenesis' (75).

Since the first description of the suitability of some
hydrogels for biological applications by Wichterle and
Lim in 1960, (76), polvyHEMA biocompatibility has been
the subject of extensive research. Many reports have
confirmed the tissue biocompatibility of polyHEMA
(13,77-82). Langer and colleagues have wused the
rabbit cornea as the implantation site for in vivo
testing of polymers (13,82) since the cornea is known
to be very sensitive to inflammatory stimuli (83,84).
These authors noted that a milder reaction may be seen
in other tissues. Polyacrylamide, polyvinyl
pyrrolidone, and poly vinyl alcohol caused significant
inflammation, whilst ethylene-vinyl acetate copolymer
caused mild inflammation over a two month test period.
An extensive washing procedure (100 changes of alcohol

at 37°C, minimum of 3 hours per change of alcohol) was
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required to obtain a 100% inflammation free response
from ethylene-vinyl acetate copolymer, completely
unsuitable for the incorporation of biologically
active peptides. Of all the polymers thus tested,
only polyHEMA produced no inflammation in any test
cornea and no washing procedure was required (82). It
is the proven biocompatibility of polyHEMA which makes
it the polymer of choice for use in the present work.
However, there have been some problems associated with
the long term implantation of polyHEMA. Winter and
Simpson found evidence of woven bone formation in
pieces of macroporous polyHEMA sponges implanted for
over two months in young pigs, an effect which was
easily reproducible (85). Sprincl and colleagues
investigated the effects of porosity of a hyrdogel
implant on its calcification (86-88). Homogenous
hydrogels and porous hydrogels with a water content of
less than 70% healed as normal with encapsulation with
a thin fibrous capsule and no calcification was seen.
Implants containing 70% water, or more were surrounded
by a much thinner fibrous capsule and newly formed
blood capillaries penetrated the implant.
Mineralisation was attributed to the necrosis of cells
penetrating the implant, the more porous the implant,
the more extensive the effect. It would, therefore,
seem appropriate to limit the water content of the
POlyHEMA matrices used in the present work to less

than 70%. Hydrogels of high water content tend to be
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mechanically weak, so this precaution 1is also

advantageous in minimising the risk of structural
breakdown of the device. Investigation into the
removal of residual contaminants from polyHEMA
crosslinked with ethylene dimethacrylate showed an
unindentified compound leached from the matrix after
some months (89). Brynda and colleagues suggested
that the polymer matrix was being hydrolytically
degraded. The unidentified degradation product
produced no irritating response when tested
intradermally on rats . It can be concluded that
polyHEMA 1s a suitable candidate polymer for the
design of implantable delivery devices. A macroporous
network should allow both the delivery of
macromolecules and any residual contaminants to be

easily washed out of the network.

Biocompatibility, although critical is not the only
aspect of a polymer which needs to be considered in
controlled release applications. Mechanical strength
of the polymer should be considered since a dangerous
surge of biocactive agent could occur if the implant
were to break up 1in vivo. It is also important to
prevent interaction between the bioactive agent and
polymer or any other constituent, such as buffers,
which may be required for the incorporation of the
bioactive agent. The biocactive macromolecule must be

released in a biologically active form. Chemical
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reactions between the bioactive agent and constituents
of the monomer solution such as polymerisation
initiators may bring about denaturation of an
incorporated protein. The long term storage and
sterilization of the device are also factors to be

considered if the device is to be used surgically.
1.4 PROPERTIES OF HYDROGEL POLYMERS

A hydrogel is a polymer gel, hydrophilic in character
which can imbibe water and retain a significant
fraction of this water within its structure without
dissolution of the polymer matrix (90). A variety of
materials from plant and animal origin and synthetic
polymeric materials may be classed as hydrogels.

Three types of hydrogel have been defined (91).

(1) Non-ionic hydrogels

In non-ionic hydrogels, the matrix is formed by
primary chemical bonds between chains of monomer,
such as the hydrogels of poly 2-hydroxyethyl-
methacrylate (polyHEMA), crosslinked with

ethylene dimethacrylate (EDM).
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(ii) Thermally reversible hydrogels

The matrix structure of thermally reversible

hydrogels is held together by weak secondary
forces, eg hydrogen bonding. The hydrogels of
polyelectrolyte complexes such as poly
vinlybenzyl trimethyl-ammonium chloride (Ioplex
101) and polystyrene sulfonate, are examples of

thermally reversible hydrogels.

(iii) Novel microcrystal hydrogels

Novel microcrystal hydrogels contain discrete
colloidal particles of microcrystals, such as
gels of collagen, cellulose and nylon.

All three types of hydrogel have been utilised in
biomedical applications, however, it 1is the
synthetic non-ionic hydrogels, specifically
pPolyHEMA crosslinked with EDM, which are relevant

to the present work.

1.4.1 Synthetic non-ionic hydrogels

Most synthetic non-ionic hydrogels are made by
the polymerisation of hydrophilic monomers. A
number of monomers have been used for the
synthesis of non ionic hydrogels, including the
arcylamides, methacrylamides, N-vinyl lactams and
the hydroxyalkyl acrylates and methacrylates, the

most important of these methacrylate monomers
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being hydroxyethyl methacrylate, which has the

following structure (92).

CH,
H.C=C hydroxyethyl
~c=0 methacrylate.
e (HEMA)
0]
CH,CH_,OH

Crosslinking agents are employed to hold the gel
together, one of the most important, ethylene

dimethacrylate, has the following structure (92).

H,C=C

Ethylene dimethacrylate
CH. (EDM)

The present work utilised POlyHEMA hydrogels, prepared
by free radical polymerisation of HEMA monomer in the
presence of the hydrophobic divinyl crosslinking agent
EDM. A number of solvents have been used in the

polymerisation of HEMA (93) although an aqueous
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solvent, usually water or buffer, is most common if
the polymer is intended for biomedical applications.
The free radicals for the;polymerisation reaction may
be generated by chemical initiators such as ammonium
persulphate and benzoyl peroxide, ionizing radiation
or ultraviolet (UV) radiation in the presence of a
photosensitive chemical. The kinetics of these
polymerisation reactions have been discussed in detail
by Peppas and Mikos (94). Throughout the course of
this work polymerisation of polyHEMA crosslinked with

EDM was effected using UV light with uranyl nitrate as

the photoinitiator.

The choice and concentration of the solvent used in
the polymerisation of polyHEMA determines whether the
gel will be homogeﬁ?us or heterogeé%us in nature. If
HEMA monomer and crosslinking agent, such as EDM, is
polymerised in a good solvent for both monomer and
polymer (such as ethylene glycol or glycerine) an
homogenous gel will result (90). If the monomer and
crosslinking agent is polymerised in a poor solvent
system for the polymer a heterogeﬁgus gel is formed.
Since HEMA monomer is a good solvent for PolyHEMA, if
the concentration of water is less than about 45%
(water is a non-solvent for POlyHEMA) an homogeﬁ%us
gel will result (95). This critical concentration for

water has been variously reported, ranging from
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40 - 60% (95). The specific“ﬁature of the water
within a hydrogel 1is one of 1its most important
properties, related to the permeability,
biocompatibility and the mechanical strength of the

hydrogel.

1.4.2 Properties of synthetic, non-ionic hydrogels

In 1960, Wichterle and Lim indicated that polyHEMA was
indifferent to biological materials and could
withstand heat sterilization without damage (76). It
is also known to be resistant to acid hydrolysis,
resistant to reaction with amines (96) and, by
extension of the data for a similar polymer, to incur
alkaline hydrolysis only at high pH and temperature
(97). One of the greatest advantages of polyHEMA over
many other hydrogels, such as acrylamide, is its
stability to varying conditions of tonicity, pH and

temperature (98).

Hydrophilicity of a hydrogel, ie the affinity for
water, is one of its most important properties since
it is integrally related to the mechanical strength,
permeability and biocompatibility of the polymer.
Hydrophilicity 1is the result of the presence of
hydrophilic groups (for example the hydroxyl groups in
polyHEMA) on the polymeric chains and enables the

swelling of crosslinked hydrogels when they are
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equilibrated with water. The amount of water absorbed
by a hydrogel can be expressed as the equilibrium

water content (EWC) (98) and is represented by the

egquation:
EWC = Weight of water in the hydrogel X 100%
Total weight of hydrated hydrogel
[at 20°C]

The EWC of a hydrogel 1is controllable, since it
depends on the hydrophilicity of the polymer and the
experimental conditions used in the preparation of the
hydrogel. Water is a poor solvent for HEMA, about 45%
miscible at room temperature and an EWC of
approximately the same amount 1is expected for an
homogenous polyHEMA hydrogel (99). The fact that
water is a poor solvent for HEMA is thought to be the
predominant factor controlling the EWC of the
homogenous hydrogel and tends to overshadow other
determinants which may influence the EWC of other
hydrogels such as crosslinking density and initial
dilution of the monomer (99). The EWC of homogenéis
PolyHEMA has been shown to be insensitive to the
concentration of cross-linking agent in the range
0-4mol% and to vary little with changing temperature
and pH (100,101).

The presence of some solutes in the hydrating medium
may have some effect on the swelling behaviour of
polyHEMA. For example, NaClO, causes an increase in
the EWC compared to that obtained with pure water

whilst NaCl and NasSO, cause a decrease (102,103). It
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has been proposed, based on the insensitivity of the
EWC of homogenous polyHEMA to the concentration of
crosslinking agent and anomalous swelling behaviour in
the presence of urea and other solutes (104), that a
secondary, non-covalent structure exists within the
polymer network. This secondary structure is proposed
to consist of hydrogen bonded hydroxyl groups,
stabilized by the exclusion of water molecules from
the regions containing the bonds (104). Increased
swelling, in response to a solute such as urea has
been explained by assuming the breaking of the
hydrophobic bonds in the polymer, whilst the
deswelling effect of electrolytes such as chlorides
and sulphates has been attributed to the ability of
these electrolytes to decrease the solubility of
polyHEMA segments in water (salting out effect)
strengthening the hydrophobic bonds in the polymer

(102).

The EWC of a hydrogel gives no indication of the
various possible states in which this water may exist
in the hydrogel and there has been some dispute as to
the precise nature of this water. It has been
suggested that the specific nature of the water within
a hydrogel and the relative amounts of each type of
water have a conslderable bearing on the permeability
and biocompatability of the hydrogel (105). A three-

state model for the distribution of water within
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hydrogels has been proposéd (106) and determined
experimentally (107), comprising, bound water (non-
freezing), interfacial water (intermediate) and bulk
water (free or freezing water). The bulk water is a
free fraction, which does not take part in direct
hydrogen bonding with the polymer. The bound water
fraction is strongly associated with the polymer,
bound by hydrogen bonding and the interfacial water is
thought to represent a form of water intermediate
between the two groups, indicating a continuum of
water states between the bound water and water

unaffected (bulk) by the polymer (108).

Hydrophilic solutes diffuse primarily by a 'pore flow'
mechanism through the bulk water fraction of the
hydrogel (109). The 'pore flow' mechanism is also a
major means for the diffusion of hydrophobic solutes
through hydrogels but these solutes will also diffuse
by a 'partition mechanism' by associating with the
bound and interfacial water and diffusing along
polymer chains (110). Lee, Johon and Andrade (107)
showed that a homogeé%us polyHEMA gel, made with 20%
water contained mostly bound water, whilst the gel
tested by these workers to have the most bulk water
(free) was made with 50% water, a heterogeﬁzus
hydrogel and these workers indicated that the amount
of bulk water increased with increasing water content

above 35-40%. The fraction of interfacial water
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appeared to reach a maximumxafzaﬁbut 12% of the total
water. However, the way in which water is structured
in homogenous polyHEMA has been disputed. Roorda and
colleagues have indicated that it is unlikely that any
bulk water can exist in a homogeé?us gel because of
the small amount of total water within the polymer
(111). These authors found no evidence for the
structuring of water in polyvHEMA gels made with 35%
water and regarded the water to have a continuous
distribution. This work however does not necessarily
contradict the observations of either Lee et al (107)
or Pedley and Tighe (108) since significant bulk water

has only been found in heterogeﬁ%us gels.

In contrast to homoge@%us polyHEMA, the EWC of
heterogenous polyHEMA gels strongly depends on the
amount of water present during the polymerisation
reaction. The EWC of the polymer increases linearly
with increasing initial monomer dilution (99). This
dependance of the EWC is thought to be associated with
increasing the bulk water fraction in a heterogeq?us
gel when the amount of bound water has reached a
maximum. Increasing the cross-linking density of a
heterogeﬁ%us gel decreases the EWC and is thought to
increase the amounts of bound and interfacial water
and to decrease the amount of bulk water in the

polymer (112).
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The surface characteristics of a  hydrogel are
important factors for consideration in terms of the
biocompatibility of the gel; Chain mobility, ie the
ability of the polymeric chains to rotate within the
gel is an important parameter and Holly and Refojo
have demonstrated that polyHEMA chains can undergo
significant rotation (113). If the polymer surface
is in contact with water, the hydroxyl groups are
orientated out towards the water phase, in air, methyl
groups are exposed due to the thermodynamic force
which attempts to direct the system towards the
minimisation of interfacial energy (114). Low
interfacial tension between the hydrogel and
biological fluid (eg serum, tissue fluid) is thought
to reduce the tendancy of porteins to adsorb to the
surface and to unfold on adsorption (115). Chain
mobility also minimises the opportunity for multipoint
attachment, thought to be required for protein
adsorption (116). Minimal protein interaction between
the hydrogel and the surrounding fluid may Dbe
important for the biological tolerance of the material
since the denaturation of protein at foreign surfaces
may serve as triggers for either the initiation of
thrombosis or phagocytic attack (117). In vitro
studies using whole blood and plasma have shown that
proteins (fibrinogen, ¥ -globulin, haemoglobin,
albumin) adsorb less readily to hydrogel than non-

hydrogel surfaces and that the higher the water
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content of the hydrogel the less protein is adsorbed
(116,118). Protein also desorbs more easily from
hydrogel surfaces, suggesting that proteins which are

adsorbed are not tightly bound and are hence less

likely to be denatured.

Heterogenous polyHEMA hydrogels have the advantage
over homogenous polyHEMA in that they have a high
water content (>40%) and hence the potential for good
permeability and biocompatibility, however, their high
water content gives them the disadvantage of poor
mechanical strength. Ethylene glycol is a better
solvent for the polymer than water and its addition to
the monomer solution makes it possible to obtain
homogenous gels with increased water content (119).
The addition of a crosslinking agent such as EDM also
allows more water to be tolerated by the system
without phase separation occurring and gives the gels
produced greater mechanical strength. However,

these increased water content homogenous gels have no
macroporous structure and the delivery of
macromolecules through the bulk water of the polymer

cannot be achieved.

One way of Iincreasing the effective pore size of
polymers, SO as to allow the rassage of

macromolecules, is to polymerise the monomers around




a crystalline matrix that is subsequently dispersed or

dissolved to leave an interconnected meshwork of

macropores. Although the application of this
technique to polyHEMA was noted by Haldon and Lee
(24), the underlying principles have not been greatly
explored nor its potential for the controlled delivery
of macromolecules exploited. The significance of the
technique for hydrophilic monomers lies in the fact
that agqueous systems can be used to form ice-based
crystalline matrices by rapid cooling of homogenous
solutions of these hydrophilic monomers, offering the
possibility of incorporating water soluble or
dispersable macromolecules into the macroporous matrix

for subsequent controlled release.

For the formation of macroporous polyHEMA polymers by
this method of freeze~thaw polymerisation, the
presence of EDM in the monomer solution is critical
since it 1is only in the presence of the hydrophobic
crosslinking agent that sufficient phase separation
will occur on freezing to allow ice crystals to
separate out, yielding the macroporous structure (24).
The amount of EDM which can be tolerated by a HEMA
monomer solution of various concentrations at room
temperature has previously been established by Skelly
(120) and is shown quantitatively in Table 1.3. The
addition of ethylene glycol (EG) to the monomer

solution allows more EDM to be dissolved without phase
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separation of the = monomer solution occurring.

Increasing the temperature of the solution also
enables more EDM to be dissolved, but a hot solution

would undergo phase separation before freezing (120).

Table 1.3: Maximum concentrations of EDM which can be
tolerated by HEMA:EDM systems, at various monomer :
solvent ratios, without phase separation occuring at
22°C (120).

MONOMER : SOLVENT SOLVENT RATIO | LOWEST MOLAR RATIO
RATIO H.O : EG OBTAINABLE
HEMA : H.O HEMA : EDM
30 : 70 100 : O 96.6 : 3.4
40 : 60 100 : O 95.0 : 5.0
50 : 50 100 : O 93.6 6.4
60 : 40 100 : O 92.0 8.0
30 : 70 80 : 20 95.5 4.5
40 : 60 80 :+ 20 4.1 -+ .9
50 : 50 80 : 20 90:0 10.0
60 : 40 80 : 20 86.9 13.1

Phase separation of the monomer mixture before
freezing would result in a non-homogenous mixture of
monomer solution constituents. However, the absence
of phase separation before feeezing will allow
bioactive macromolecules to be incorporated into the
macroporous polymer via the aqueous phase of the
monomer solution in an homogenous mixture. This will

eénsure an even distribution of the macromolecule

whilst allowing Macroporous hydrogels of high water
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content and acceptable mechanical strength to be
fabricated. A number of factors may govern the
porosity and permeability of hydrogels to bioactive
macromolecules. These and other factors which may
affect the rates of release of incorporated
macromolecules such as peptides have been considered
below:

1.5 FACTORS WHICH HAVE THE POTENTIAL TO AFFECT THE
RATE OF RELEASE OF MACROMOLECULES FROM
MACROPOROUS POLYHEMA HYDROGELS.

Factors which may influence the rate of release of an
incorporated macromolecule from macroporous polyHEMA
are related to the physical and chemical nature of the
matrix polymer, the type and properties of the
incorporated macromolecule and possibly the character
of the environment into which the macromolecule is
released.

An important parameter which may govern the rate of

release of an incorporated macromolecule is the size

and direction of the pores in the polymer matrix.

Pore size in homogenous POlyHEMA 1is essentially a

theoretical concept. There are no true, discrete

pores, only a randomly fluctuating system of hydrated
polymer chains. Diffusion of solutes occurs across
homogenous polyHEMA along and between the hydrated
polymer chains, only by relatively small molecular
weight substances. Large, discrete pores must be
generated in the polymer matrix to allow the passage

of macromolecules (MW>1500) . Using the technique of
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freeze-thaw polymerisation, Haldon and Lee obtained

the most porous films by employing rapid cooling,

spreading the monomer solution on a plate which had

been pre-cooled to =-60°C (24). When the resulting

film was compared with a slowly cooled film, in which
the monomer solution was spread onto the plate at room
temperature and subsequently cooled to -60°C, it was
found that the pores were small and random in nature.
The rapid cooling process yielded unidirectional pores
at right angles to the surface of the membrane.
Increasing the proportion of monomer in the monomer
solution led to the production of films with fewer,
smaller pores and a lower EWC than films of a lower
monomer concentration. The diffusion rates through
the films were reduced, hence the higher the monomer
concentration the lower the permeability of
macroporous polyHEMA:EDM films as illustrated in
Figure 1.1 Dbelow:

Figure 1.1: The effect of monomer concentration on

the permeability coefficient (K) of a macropor
' ous
POlyHEMA film (EDM 15.5% fast frozen) (24). .

Motomers «n solution (wt - %)
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Skelly (120) confirmed  these observations for

macroporous HEMA:EDM films made by freeze-thaw

; o
polymerisation, reporting a decrease 1n EWC from 56%
at a monomer:solvent ratio of 45:55 to an EWC of 36.5%

at a ratio of 68:32 (solvent, EG:H:0 ratio 1l:4,
HEMA:EDM 90:10). The EWC of HEMA:EDM prepared in this
way is not directly proportional to the water content
of the monomer solution, since, for comparable
freezing conditions, ice will separate from different
solution concentrations at different temperatures
(24). Measurement of the EWC provides a good
indication of the permeability of a hydrogel since
most solutes diffuse by pore flow, through the bulk

water of the polymer (109) and the bulk water fraction

increases with increasing water content (107).

The amount of crosslinking agent used may also affect
the rate of release of an incorporated macromolecule.
The effect of crosslinking agent on the permeability
of macroporous HEMA:EDM fabricated by freeze-thaw
polymerisation differs from the effect it has on
homogenous and non-macroporous heterogenous HEMA : EDM
polymers. Increasing the crosslinking density leads
to a decrease in the permeability of HEMA:EDM gels not
fabricated by freeze-thaw polymerisation (121). This

1s thought to be due to a reduction in polymer chain

mobilit ! i
Y and average 'pore size' and a reduction in
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the amount of bulk water in the polymer (122).

However, in macroporous HEMA:EDM, the permeability of

the hydrogel increases with increasing EDM content up

to a value of 10% EDM, but beyond 10% EDM the

permeability remains fairly constant (24). The

presence of EDM in the monomer solution is critical
for sufficient phase separation to occur on freezing
to allow the formation of the crystalline ice matrix
leading to the production of macropores. At very low
EDM concentrations, no macropores are formed.
However, ice can separate more easily from solutions
of high EDM content due to the hydrophobic nature of
EDM, hence, increasing the amount of crosslinking
agent 1increases the macroporous nature of the
hydrogel. This effect becomes 1limiting at a 10%
concentration of EDM. There is, however, no effect of
increasing the crosslinking agent concentration on the

EWC (24,120).

The amount of ethylene glycol in the solvent prhase of
the monomer solution has also been shown to affect the
permeability of macroporous HEMA:EDM. Increasing the
ethylene glycol content of the solvent leads to a
decrease both in the permeability and EWC of the film.

Increasing the H>0:EG ratio results in a lower

freezable content of the solvent (effectively reducing

water content) and also results in a slower rate of
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cooling which also leads to a decrease 1 the

permeability of the hydrogel (24). However, the
presence of ethylene glycol, at a ratio of 1:4 in the
solvent phase is required to allow sufficient EDM

the

(10%) to be dissolved in the monomer solution for
production of a good macroporous structure (Table 1.3,
Page 57). It can be concluded that an optimum
formulation for the production of macroporous
polyHEMA:EDM would contain 10% EDM, an ethylene
glycol:water ratio of 1:4 and that the main factors
controlling the macroporosity of the matrix are the

rate of freezing and the monomer:solvent ratio.

The level of loading of the macromolecule into the
polymer via the aqueous phase of the monomer solution
may also affect the rate of release of the bioactive
agent. It might be expected that higher loading
levels would give greater release rates, simply due to
the presence of more biocactive agent within the
matrix. However, since the macromolecule is to be
loaded into the polymer via the solvent phase, the
effects of the macromolecule on the formation of ice
crystals and hence pore formation must be considered.
High levels of bioactive agent may cause a significant
decrease in the freezing temperature of the solvent,
resulting in the production of fewer,

smaller pores

due to a reduced freezing rate.
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The geometry of the fabricated device 1s another

factor to be considered with regard to the rate of

release of macromolecules. Most matrix-type release

devices have been designed as rectangular films or
slabs and it has been established that the cumulative
release of the Dbioactive agent 1s inversely
proportional to the square root of time (123). Zero-
order release rates are not obtained because of the
rapid decrease in the concentration gradient of the
biocactive agent with time. The surface area of a film
is large and bioactive agent associated with the
surface of the film is released first. With time,
however, decreasing amounts of bioactive agent are
available in the interior of the film and this must
diffuse a greater distance prior to being released,
hence reducing the release rate (3). A spherical, or
bead-shaped device may give release rates approaching
zero-order, at least in the early stages of release,
since the surface area to volume ratio is reduced from
that of a film. Various geometries have been
investigated in an attempt to obtain zero-order
release rates, including spheres, «c¢ylinders and
biconvex shapes (124,125). However, alteration of the
shape of the device alone has been unsuccessful in
obtaining zero-order release rates. The ease of
fabrication of a device is an important consideration
and simple geometries are likely to be more easy to

fabricate than complex shaped devices.
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i i are
zero-order release rates from a polymeric device

more easily achieved by the employment of a diffusion
rate limiting barrier surrounding the polymer. Lee
and colleagues used a highly crosslinked coating of

EDM, which had a much lower permeability to solute

than the central HEMA or methoxyethoxyethyl

methacrylate (MEEMA) matrix (126). These authors
demonstrated =zero-order release from rod-shaped
devices with this highly crosslinked coating. A
number of Dbicerodible and biodegradable polymeric
formulations could be considered as coatings to
provide an additional rate limiting barrier to the
diffusion of macromolecules from a macroporous
POolyHEMA:EDM device. Polymers which could be
considered include poly glycolic acid, poly lactic
acid and their copolymers poly hydroxybutyrate and
other hydrolytically unstable polymers. Inert
polymeric coatings are unlikely to be of use in the
controlled delivery of macromolecules since
macromolecular diffusion could not occur through the
coating. Hsieh, Rhine and Langer utilised both
geometrical and coating approaches to produce a
hemispherical shaped device, covered in an impermeable
coating, except for a small cavity cut into the centre
of the flat surface (123). This device was reported

to give zero-order release of bovine serum albumin for

up to 60 days.
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The nature of the incorporated macromolecule itself

ease
will exert some influence on the rate of rel

obtained. Wisniewski and Kim found that for

hydrophilic non electrolytes and inorganic chloride

salts, with a molecular weight in the range 20 - 500,

the diffusion rate decreased exponentially with
increasing molecular weight in a HEMA gel containing
45% water and 1 mol% EDM (109). However, Langer and
colleagues found no simple relationship between the
rate of release of a macromolecule from ethylene vinyl
acetate copolymers and the molecular weight of
macromolecule (12-14). Refojo and Leong investigated
the permeation of macromolecules into ‘'microporous'
PolyHEMA and other hydrogel membranes (127). It was
found that an FITC-linked dextran with a molecular
weight of 150,000 (smallest radius 19&) was capable of
some penetration into a polyHEMA film with a 41.05%
water content, whereas, bovine serum albumin (MW
69,000, smallest radius 50R) did not penetrate the
hydrogel. It was suggested by the authors that it is
the molecular radius of the macromolecule, rather than
its molecular weight which might be important in the

diffusion of macromolecules through hydrogel matrices.

The solubility of 3 Mmacromolecule in the medium
hydrating the polymeric vehicle will also be a factor
in dictating the rate of release of the macromolecule

A molecule with low solubility in the release medium
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will be released at a much slower rate than one with

good solubility. If the incorporated macromolecule

has a very low solublity, its release rate will tend
to be more dependant on its rate of dissolution into
the release medium than on the nature of the polymeric
matrix in which it is contained (128). Any
interaction between the macromolecule and the polymer
would also need to be considered when investigating
the factors which may affect release rates. For
example, it is known that proteins can adsorb to the
surface of polyHEMA, although the higher the water
content of the hydrogel the less protein is adsorbed

(116,118).

Environmental conditions surrounding the polymeric
device may also influence release rates. The pH of
the release medium may exert an influence on the
solubility of the macromolecule and hence its release
rate (129). It is possible that the alteration in EWC
caused by certain sqlutes such as chloride or acetate
anions (102,103) may also influence the rate of
release of an incorporated macromolecule. Physical
environmental conditions =such as temperature and
agitation also have the potential to influence the
rate of release of an incorporated macromolecule due
to affects on the diffusion rate of the macromolecule.

Agitation of the environmental medium can lead to an
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increased solvent flow through the polymer and hence’
may lead to an increased rate of release while
increasing the incubation temperature may lead to an

increased rate of diffusion of the macromolecule.

1.6 AIMS OF THIS WORK

The present work sets out to utilise a representative,
biocompatible hydrogel, polyHEMA, with a view to its
use in the fabrication of a vehicle for the controlled
delivery of |Dbiologically active macromolecules,
particularly peptides of therapeutic interest. It is
intended to develop a system, using novel polymer
design and fabrication technology to generate
macroporous bead formed polymer based delivery systems
with variable, but controlled release properties. The
bicactive macromolecules at which this work is
principally aimed are the clinically significant
peptides, produced in increasing number, quantity and
specific activity by the biotechnology industry.
These macromolecules are generally so prone to thermal
and hydrolytic instability that the use of a
conventional techniques to bring about incorporation

into a polymeric matrix is not feasible.

The formation of macroporous polyHEMA matrices, by the

freeze-thaw technique (24) consists, in pPrinciple of

freezing the monomer solution to create a system which
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consists of a solid (frozen) monomer matrlx around and

between solvent crystals. This monomer matrix 1S

polymerised and the solvent subsequently removed by
thawing. For successful development of macroporosity
it is essential that phase separation of the monomer
solution does not occur before ice crystallization
takes place. The presence of EDM in the HEMA monomer
solution will allow sufficient phase separation to
occur on cooling to allow ice crystals to separate
out, vyielding a macroporous structure. Ethylene
glycol is added to the agueous phase of the monomer
solution at a ratio of 1:4 to allow the incorporation
of an optimum amount of EDM (10%) in the monomer
solution without phase separation occuring (120).
Photopolymerisation of the polymer will be carried out
using the photoinitiator wuranyl nitrate and UV

radiation.

The first objective of this study will be to develop
and ascertain the practical requirements of a
reproducible method for the production of macroporous
POlYHEMA bead formed vehicles. The main requirement
for the formation of Macroporous polyHEMA beads is the
maintenance of frozen monomer droplets in a non
solvent phase until polymerisation is complete.
Hexane at a temperature of -7Q0°c will be used as the
non-solvent phase throughout the course of this work.

The effect of the delivery speed of the monomer
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solution to the surface of the hexane and the effect
of the stirring speed of the hexane will Dbe
investigated with respect to the yield, size
distribution of the product beads and the
reproducibility of the process. The method of bead
production will be scaled up to produce 1large
quantities of beads with well defined physical and
chemical characteristics. The ultrastructure of all
beads produced will be examined and pore size measured
by scanning electron microscopy and the EWC of all
beads produced will be routinely monitored. These
characterisation procedures will be conducted to test
the effects of the alteration in solvent composition
and content on the nature of the macropores and the

hydrophilicity of the macroporous polyHEMA beads.

Since the biologically active macromolecules to be
incorporated into the ©bead form vehicles are
hydrolytically unstable and sensitive to pH they must
be incorporated into the monomer solution 1in
physiological buffers. A number of buffers will be
used as the aqueous proportion of the solvent phase
and their impact on the homogeneity of the monomer
solution, polymer bead size distribution and yield,
EWC and macropore size and structure will Dbe
evaluated.

In order to determine whether the polyHEMA bead formed

matrices contain any leachable toxic contaminants such
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as uranyl nitrate, hexane or unreacted HEMA ‘monomer:;
which might influence their future use as implants in
animals and man, the cytotoxicity of the beads will be
examined using cell culture testing of polyHEMA bead

eluates.

Initial studies involving the incorporation of
macromolecules into macroporous pPOlyHEMA beads will
involve the incorporation of an easily monitored
surrogate protein macromolecule, bovine serum albumin
(BSA). The macromolecule will be loaded into the
macroporous matrix by incorporation in the agqueous
phase of the monomer solution. Release of BSA will be
monitored over an extended time period. The effect of
freeze drying as opposed to air drying BSA loaded
beads on the subsequent rate of release of protein
will be investigated with a view to establishing the
subsequent means of future storage of the bead formed
matrices. The effect of agitation on the rate of
release of BSA will also be investigated to determine
the extent to which the external environment
influences the rate of release of a macromolecule from
this type of macroporous hydrogel matrix. The effect
of the molecular weight of an incorporated
macromolecule on its subsequent rate of release will
be examined using a relatively low molecular weight
(MW 17,500) and a high molecular weight (MW 148,900)

FITC-1linked dextran. These FITC-linked dextrans were
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selected for use as surrogate macromolecules since
they are available with a range of molecular weights
and their concentration can be reliably monitored by
direct spectrophotometry. Thé influence of the mean
diameter of the bead formed vehicles on the rates of
release of FITC-linked dextrans will be investigated
in order to establish if the surface area to volume
ratio of the device is an imporant parameter affecting
the release of an incorporated macromolecule. In
addition, the temperature at which the FITC-1linked
dextran loaded matrices are incubated will be varied
to examine the influence of environmental temperature

on the rates of releacse.

The first biologically active macromolecule to be
incorporated into macroporous polyHEMA vehicles will
be the enzyme, glucose oxidase (GOD). This enzyme was
selected for study since its assay, by its very nature
depends on the biological activity of the
macromolecule and hence, only enzyme released from the
polymer vehicle in a biologically active form will be
measured. The influence of the diameter of the bead
formed matrices on the rate of macromolecule release
will be further investigated by monitoring the release
of GOD from beads in the size range 355 - 500um and
500 - 1000um. The first clinically useful
macromolecule to be incorporated into polyHEMA bead

formed devices will be interleukin-2 (IL-2). The

71




polypeptide cytokine will be assayed ‘using the IL-2
dependant cell line CTL-L2 and hence only cytokine
which has remained biologically active on
incorporation and release from the POlyHEMA matrices
will be assayed. The effect of bead diameter of the

rate of release of IL-2 will also be further examined.

In order to investigate more closely the possibility
of releasing a clinically important, hydrolytically
unstable macromolecule, bovine insulin will De
incorporated in neutral buffered solution and its rate
of release monitored over an extended period. Three
loading levels of insulin (0.4, 0.02 and 0.004% of
polymer weight) will be incorporated to establish the
effect of percentage loading of the macromolecule on
its rate of release. The influence of the
environmental conditions of incubation temperature and
agitation of the incubation medium and the effect of
the presence of a preservative in the incubation
medium on the rate of insulin release will be
examined. Studies will be carried out aimed at
controlling the rate of release of insulin from
polyHEMA bead formed matrices by manipulation of the
ratio of monomer to solvent in the monomer solution.
Insulin release from polyHEMA beads will routinely be
measured by radioimmunoassay. However, the
immunoreactivity of the insulin molecule 1is not

necessarily indicative of its biological activity.
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In order to estimate the biological activity of the
insulin released from the POlyHEMA vehicles the
concentration of biologically active insulin in the
incubation medium will be determined using an assay
which measures the insulin stimulated rate of D-
[U**C]-glucose oxidation to *%CO0., wusing isolated

pieces of rat epididymal fat pad.
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2.1 MATERIALS

2.1.1 Animals

Male Wistar rats, 150 - 2009, fed ad libitum were used
in insulin bioassay studies.

2.1.2 Sources of Chemicals

Reagents of analytical grade and double distilled
water were used throughout this work unless otherwise
stated. The principle chemicals, tissue culture
plastic and sundries used and their sources were as
follows: -

Interleukin-2 was a gift from Biotest-Folex Ltd. UK,
(obtained by N.I.B.S.C., South Mimms, Herts - UK).
2-hydroxyethyl methacrylate, ethylene dimethacrylate,
ethylene glycol, trichloroacetic acid and 95% (v/v)
ethanol were supplied by BDH Chemical Ltd., Poole,
Dorset - UK. Bovine insulin (0.5% zinc), bovine serum
albumin (Fraction V) fluorescein isothiocyanate linked
dextrans, 4, 4'dicarboxy 2,2' biquinoline, disodium
salt (BCA-NA.), glucose oxidase, peroxidase,
o-dianisidine and B-D-glucose were purchased from
Sigma Chemical Co Ltd., Poole, Dorset - UK.
Monocomponant porcine insulin was supplied by Novo
Research Institute, Novo Laboratories Limited,
Basingstoke, Hampshire - UK, whilst anti-porcine
insulin guinea-pig serum and “*°I labelled porcine
insulin was supplied by Novo Biolabs, Novo Research
Novo Laboratories Ltd.,Bagsraerd,Denmark.

Institute,

Insulin binding reagent and human insulin standards
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were purchased from Wellcome Reagents Ltd., Wellcome
Research Laboratories, Beckenham - UK. D-(U-%%C)-
glucose and Na**°I were supplied by Amersham
International Plc, Aylesbury, Buckinghamshire - UK and
NE260 scintillant was obtained from Nuclear
Enterprises Ltd., Sighthill, Edinburgh, Scotland - UK.
Pencillin-streptomycin (5000 1U/5000uU0/ml) solution,
foetal calf serum and Earle's minimum essential medium
(modified) with Earle's salts and non-essential amino
acids (powder) were supplied by Flow Laboratories,
Irvine, Scotland - UK. Trypsin (0.05% w/v)/EDTA(0.02%
w/v) solution, 50ml tissue culture flasks, vented
petri dishes (60 X 15mm) and 1.2ml cryo-ampoules were
supplied by Gibco Life Technologies Incorporated,
Paisley, Scotland - UK. 200ml Costar tissue culture
flasks were obtained from Northumbria Biologicals,
Cramlington, Northumberland - UK. Sterivex-GS 0.22um
filter units with £filling bell were obtained from
Millipore UK Ltd., Harrow, Middlesex - UK and LP3
tubes from LIP Ltd., Shipley, West Yorkshire - UK. G50

Sephadex was supplied by Pharmacia Ltd. Central Milton

Keynes, Bucks. - UK.

Uranyl nitrate hexane, chloramine-T, sodium

metabisulphite and other chemicals, used 1in the
Fison's

preparation of buffers were all obtained from

Plc, Loughborough, Leicestershire - UK.




2.2 THE PRODUCTION OF MACROPOROUS POLYHEMA BEADS

2.2.1 The Purification of HEMA monomer

HEMA monomer was supplied containing 0.02% (w/v)
4-methoxyphenol to prevent the polymerisation of
monomer  during storage. Prior to the bench
manufacture of polyHEMA beads, the monomer was
purified in small quantities by vacuum distillation
using the apparatus shown in Plate 2.1 below:

Plate 2.1 The vacuum distillation of HEMA monomer
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200ml of HEMA monomer was pPlaced in the round bottomed
flask, fitted with a fine air bleed and a small amount
of copper chloride was added to prevent the
polymerisation of the monomer under the influence of
heat. Distillate was collected over ice, wusing an
ice/salt bath. The vacuum pump was protected from
distillate by employing a cold trap 1in series,

utilising solid CO,/acetone.

The HEMA monomer was distilled at a temperature of
approximately 90°C and a small stream of air passed
through the HEMA whilst retaining the vacuum at around
5mmHg. Higher temperatures resulted in polymerisation
of the monomer. 1In some cases, distillate condensed
in the neck of the distillation flask, causing it to
reflux back into the impure monomer. To avoid this,
the neck of the distillation flask was insulated with
glass wool to maintain the distillation temperature.

After distillation, purified monomer was decanted into
a dark Dbottle to avoid polymerisation under the

influence of ultra violet (UV) light and stored at 4°C

until required.

2.2.2 Optimum bench process for the fabrication of
polvHEMA beads

Macroporous beads used in this work were generated by

freeze-thaw polymerisation. Beads were fabricated

using the monomer 2-hydroxyethyl methacrylate
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(HEMA) ,crosslinked with hydrophobic ethylene
dimethacrylate (EDM) which facilitated  the
heterogenous dispersal of water throughout the
polymer. The method of bead production described
below represented the optimum bench system for the
fabrication of beads containing a monomer: solvent
molar ratio of 50:50. The experimental procedures
leading to the development of this system have been

described in Chapter 3 (Pages 155-182).

The quantities of each constituent in the monomer
solution used to manufacture one batch of pPolyHEMA
beads with a monomer:solvent ratio of 50:50 and a
water: ethylene glycol ratio of 4:1 is shown in Table
2.1. For experimental work the production of a x4
batch of polyHEMA beads was often the most convenient
and economical. The optimum bench system was used for
the production of all polyHEMA beads loaded with
macromolecules.

Table 2.1: Constituents of the monomer solution for

the fabrication of polyHEMA beads with a 50:50
monomer :solvent molar ratio

Constituent Weight (g)
HEMA 10.035
EDM 1.526
ETHYLENE GLYCOL 2.312
WATER 9.249
URANYL NITRATE 0.251

79




10.035g of HEMA was mixed with 1.526g of EDM and these
were added to the solvent phase, comprising 9.249g of
water and with 2.312g of ethylene glycol. 0.251g
uranyl nitrate (2%) was then added to the solution as
a photoinitiator. The addition of the monomer
solution constituents in this order avoided any phase
separation. The monomer solution was filtered and
transferred to the reservoir, seen to the left of the

apparatus shown in Plate 2.2.

Plate 2.2. The optimum bench system for the
fabrication of polyHEMA beads.
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The maln criterion for the production of macroporous

POlYHEMA Dbeads by the freeze-thaw polymerisation

process is the maintenance of frozen monomer beads in
suspension in a non solvent phase until polymerisation
is complete. The bench system used for the production

of bead formed matrices was set up in a fume cupboard

and is shown in Plate 2.2.

The central 5L dewar flask contained the non-solvent
phase, hexane, cooled to a temperature of -70°C by the
addition of powdered carbon dioxide. Care was taken
during this addition to prevent excess effervescence
of the hexane since this caused spillage and
deformation of beads produced due to turbulence. The
hexane was stirred with an anchor shaped glass paddle
using a Citenco stirrer motor (Type KQPS/21, 200-
250V, 60W) set at a stirring speed of 300 rpm, as

measured with the use of a stroboscope.
The monomer solution was delivered to the surface of

the hexane, via a polyethylene catheter (Plate 2.3)

using a Brand Multispenser automatic dispenser.
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Plate 2.3. Proximity o / i
surface of the hexané% =the deliver

Y nozzle to the

A delivery speed of 9.8ml/sec (speed IV) was found to
be optimum for the fabrication of beads at a stirrer
speed of 300rpm. Polymerisation of the suspended
frozen beads was carried out with a compact high

energy UV light source (250W, 250V, 3-pin glass type
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Osram GEC ME/D). The temééfétﬂrgwof £he héxane was
checked periodically, since it tended to risejduriﬁg
the 13 hour polymerisation time due to the heat
generated by the UV lamp. Immediately after use, the
delivery system was thoroughly flushed through with
x2 distilled water, and the flow directed to a waste
reservoir, in order to remove any residual monomer
solution remaining in the dispenser which might

subsequently polymerise and cause blockage.

After a period of 13 hours, polymerisation was judged
to the complete. The resultant polyHEMA beads were
harvested by draining off the hexane from the base of
the dewar, via the spring loaded tap. Beads were
collected in a fine mesh sieve (100um) and the hexane
was filtered and stored for subsequent reuse. The
resultant beads were washed thoroughly in x2 distilled
water to remove contaminants such as small particles
of dry ice, ethylene glycol, residual uranyl nitrate
and hexane. The beads were then freeze dried
overnight at -65°C and 0.2 atmospheres, using an
Edwards 4K Modulyo freeze-drier. The freeze-dried

dehydrated beads were white in colour and of good

spherical shape.

The size range of the freeze dried dehydrated beads

was established using stacked Endicott sieves of

varying mesh sizes (1700 - 106um). The beads
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FIGURE 2.1: Typical /m"ezafn:j»be,’,eia size di-strib.ution
obtalnedd using the optimum bench system,
expressed as the percentage dry weight of the
total bead yield (Mean values ¢+ SEM, n=10) .
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retained in each 'sieve were weighed and the
percentage, by weight, of the total yield of beads
determined. The typical size distribution of the
beads produced, expressed as a percentage of the total
yleld of beads and fabricated using a monomer:solvent
ratio of 50:50 is shown in Figure 2.1. The largest
proportion of beads separated in the 500 - 1000um size
range.

The mean total bead yield obtained in each batch was
calculated, using the following equation:-

Total weight of beads produced X 100%
Total weight of monomer used

The mean total bead yield was 76.79% + 3.75% (n = 10).

The equilibrium water content (EWC) of the polyHEMA
beads was routinely established, by determining the
hydrated weight of a sample of beads, which had been
rehydrated in x2 distilled water for seven days, then
drying them to constant weight at room temperature and

re~weighing. The EWC was then calculated using the

equation below:

EWC = Weight of water in beads X 100%
Total weight of rehydrated beads (at 20°C)

The mean EWC of unloaded polyHEMA beads, fabricated

using a monomer:solvent ratio of 50:50 was found to be

60.02 + 0.13% (n = 15).
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The internal ultrastructural“‘morphology and  the
external topography of POlyHEMA beads was determined
by scanning electron microscopy (SEM), using freeze
dried beads mounted on stubs and coated with a goild
electron conducting coating. Samples were stored in a
vacuum desiccator, over silica gel and only removed
just prior to examination, over a magnification range
of X100 - X5000. Black and white photomicrographs
taken and examined for the presence and distribution

of macropores.

2.2.3 The 1loading of surrogate and clinically
significant macromolecules into polyHEMA
beads.

Macromolecules were loaded into polyHEMA beads by
dissolving the required macromolecule in the water or
buffer component of the agqueous phase of the monomer
solution. This was carried out immediately prior to
mixing the components of the monomer solution for
subsequent bead fabrication in order to minimise the
possibility of degradation of the macromolecule. The
percentage loading level of the macromolecule was
expressed as a percentage of the dry weight of polymer
used, assuming 100% incorporation. Fabricated beads
Joaded with macromolecule were washed for either 5 or
10 minutes in x2 distilled water. The wash time was
tant in order to try and standardise any loss

kept cons

of macromolecule from the surface of the beads.
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2.2.4 Release monitoring protocol.

Generally beads from a number of batch productions
were pooled for use in release experiments. A unit
weight of 1g of dehydrated beads was used: for release
studies with an incubation volume of 10ml of either
x2 distilled water or buffer. Before setting up the
release experiment the small amount of incubation
medium required for the complete rehydration of 1g of
the appropriate beads was calculated using the known
EWC as shown below. This allowed for the 'dead
volume' of water within the beads and ensured that the
amount of incubation medium in contact with the beads
and available for sampling remained at 10ml. This
water of rehydration was added to the incubation of

volume on the first day of the release experiment.

Water of = Wet weight of beads-Dry weight of beads
rehydration
Wet weight = Dry Weight
of Beads 1 - EWC
100

1g of dehydrated beads, loaded or unloaded, were
inserted into each of a number of 25ml siliconised
flasks. The flasks were siliconised in order to
minimise the adsorption of the macromolecule to the

glass. 10ml of water or the appropriate buffer (plus

water of rehydration on the first day) was added to

each of the flasks. The flasks were sealed to avoid

water loss through evaporation and maintained at

either 4°C, 37°C or room temperature, under static or

agitated conditions.
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After 24 hours incubation, a sambié of the medium was
transferred to an LP3 tube and immediatély frozen for
subsequent assay. The remainder of the medium ‘was
aspirated off and discarded. The flasks containing
beads were then replenished with 10ml of fresh
incubation medium. This routine sampling and
replacement was continued daily throughout the course
of the experiments. This procedure was selected as
the standard method of monitoring the release kinetics
of macromolecules, to provide 'sink' conditions of
release as far as possible and to 1limit the
possibility of microbial contamination of the released

macromolecule in solution.

Cumulative profiles for the release of each
macromolecule were constructed by summating the amount
of macromolecule released per day, per 10ml of
incubation medium per gramme of beads. Approximation
of the cumulative rate of release of the macromolecule
to zero order kinetics was computed using linear
regression. The proportion of the total loading
released over the time period of the experiment,

expressed as a percentage of the total load was then

computed and recorded alongside each release profile

constructed.

Changes in the size distribution, EWC or

ultrastructure of beads, caused by the incorporation
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of a specific macromolecule havéibeen.discussed'in the
appropriate section. Bovine serum albumin, the first
surrogate macromolecule to be used was incorporatea
via the water portion of the solvent phase of the
monomer solution. FITC-linked dextrans needed to be
buffered both during incorporation and during release
studies since their absorbance maxima were affected by
changes in pH. Glucose oxidase, insulin and
interleukin-2, biologically active macromolecules,
required buffering at physiological pH7.4. Both
glucose oxidase and insulin were incorporated using a
0.01M sodium acetate/0.12M sodium chloride buffer
pH7.4, while interleukin-2 was incorporated using a

0.01M phosphate buffer.

2.3 DETERMINATION OF BOVINE SERUM ALBUMIN
CONCENTRATION USING BICINCHONINIC ACID

The bicinchoninic acid (BCA) method of protein
determination (130) was used for the assay of BSA in
preference to the Folin-Lowry method (131). This was

because the BCA method has been found to accurately

detect the presence of protein at much lower

concentrations than the Folin-Lowry method, ie. 0.5

Lg/ml compared with 40 pg/ml minimum detection point

for the Folin-Lowry method (130). The BCA method is

also reputed to Dbe unaffected by a non-ionic

detergents and some simple buffer salts which

interfere with the colour reaction in the Folin-Lowry

assay. In addition, the instability of the
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Folin-Ciocalteau reagent in alkéiinefSolution.demands
that exacting technique be exercised in the timing of
both reagent addition and mixing with the sample in
order to obtain accurate results. The assay response
is also known to fall considerably upon storage of the
working Folin-Ciocalteau reagent and fresh reagent
must be prepared daily. 1In contrast, the BCA reagent
is stable for at least one week at room temperature
and the stability of the chromaphore in the reaction
allows for a simple, one step analysis and flexibility

in protocol selection.

In the form of its water soluble sodium salt, BCA is
a sensitive, stable and highly specific reagent for
cuprous ion CU'" , forming an intense purple complex
with cu™ in an alkaline environment. This colour
generation forms the basis of an analytical method,
capable of monitoring the amount of Cu™™ produced when
the peptide bonds of a protein complex with alkaline
cu®* (biuret reaction). The purple colour produced
from the BCA reaction is stable and its intensity at
562nm increases proportionally over a broad range (0.5

- 1200ug/ml) of increasing protein concentrations

(130).

The incubation temperature chosen for colour
development in the standard BCA assay depended upon

the concentration of BSA judged to be present in the
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test sample. For the deterﬁihation' of protein
concentrations in the range 100-1200ug/ml a "standard
protocol" was used. When lower BSA concentratioes
were to Dbe assayed (5-250pg/ml) a "standard
microprotocol" was selected. Extremely dilute BSA
solutions, 0.5-10pg/ml could be assayed using a
"microassay" which employed more concentrated reagents

than in the standard assays.

2.3.1 Preparation of reagents for BCA protein
assays

(a) "Standard protocol" and "Standard Microprotocol"
reagents

Reagent A: consisted of solution of 1% BCA-Na,,

2% Na,CO, .H,0, 0.16% Na,C,H,O0, 0.4% NaOH and
0.95% NaHCO, in deionised water. When required,
50% NaOH was added to adjust the pH to 11.25.

Reagent B: consisted of 4% CuSO,.5H,0 in

deionised water.

Standard working reagent (SWR): was prepared by

the addition of reagent A to reagent B at a ratio

of 50:1 (vol/vol).

(b) '"Microassay' reagents

Micro-reagent A (MA); consisted of a solution of

8% Na,CO, .H;0, 1.6% NaOH, 1.6% Na,C.H.Os

in deionised water and sufficient NaCH to adjust

the pH to 11.25.
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Micro-reagent B (MB); consisted of 4% BCA - Na,
in deionised water.

Micro-reagent C (MC); consisted of a 4% solution

of CuSO, 5H,0 added to MB at a ratio of 1:25
(vol/vol).

Micro-working reagent (MWR) ; was made up from MC

and MA using a ratio of 50:50 (vol/vol).

Reagents A, B and SWR, used in the "standard
protocols" and reagents MA and MB, used in the
"microassay" were stable at room temperature for
at least one week, however, reagents MC and MWR

were prepared as required.

2.3.2 Protocols for the measurement of BSA
concentration by BCA protein assay

In both the '"standard protocol” and "standard
microprotocol", 2ml of SWR was added to 0.1lml of the
sample or standard solution to be assayed, in an LP3
tube. The tubes were then vortex mixed and incubated
in a water bath at either 37°C or 60°C for thirty
minutes, as shown in Table 2.2. For measurement of
BSA concentrations by the "microassay" method, 0.5ml

of sample or standard solution was added to 0.5ml MWR

in an LP3 tube. The tubes were vortex mixed and

incubated in a water bath at 60°C for 60 minutes

(Table 2.2).
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FIGURE 2.2: Standard
using the BCA standard
+ SEM, n=6).

CI,\\ )/,4,"“
e

- ,\//,,,s -
- ,m

e

0.8 1

0.6

ABSORBANCE AT 562 nm

0.44

o

L

0.2

0.0 T T \ T
0 500 1000 150G

CONCENTRATION BSA (ug/ml)

uz'x

L

94



FIGURE 2.3: Standard cu
using BCA "standard microprotocol

. (Mean values * SEM, n=6). .
0.8 1
/
\ w . ' 0.6 (R=1)

~
. o
tn
B
=4

23] 0.4—
:
/M
&~

O ]
2

" 0.2 ‘
- | [
¥
OO ¥ H T T Y 1
0 100 200 300
CONCENTRATION BSA (pg/ml)

.

e

i
i

95




FIGURE 2.4: Standard curve fo‘r BSA assay
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After incubation, samples /wére cooled to

room

temperature and their absorbance measured‘at 562nm,
using a programmable IKB ultrospec K 4053 kinetic
spectrophotometer, with reference to a1 reagent blank
comprising 2ml of SWR or 0.5ml of MWR to which 0.1 or

0.5ml of deionised water had been added respectively.

The amount of BSA in each sample was computed by
reference to standard curves, constructed using the
range of BSA concentrations appropriate to each assay
protocol, versus the absorbance. Three typical
standard curves obtained, covering the three ranges of
protein concentration are shown in Figures 2.2, 2.3

and 2.4. These standard curves were programmed into
the spectrophotometer so that the BSA concentration in

the samples could be obtained directly.

2.4 THE DETERMINATION OF  FITC-LINKED  DEXTRAN

CONCENTRATION BY DIRECT SPECTROPHOTOMETRIC ASSAY
Fluorescein isothiocyanate (FITC) linked dextrans of
low (FD-20S) and high (FD-150) molecular weight were
incorporated as surrogate macromolecules to
investigate the effect of molecular weight on the
release of macromolecules from macroporous polyHEMA
beads. FITC-linked dextrans are high molecular weight
molecules, consisting of repeating glucose units

linked by glycosidic bonding to FITC, a fluorescent

dye, enabling direct monitoring of dextran
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concentration by spectrophotometry, providing the

linkage remains intact.

FD-20S (MW 17,500) had a degree of FITC substitution
of 0.010 moles of FITC/mole glucose residue while FD-
150 (MW 148,900) had a substitution of 0.005 moles of
FITC/mole glucose residue. The absorbance maxima of
FITC linked dextrans in solution were sensitive to
changes in pH (132). Preliminary experiments
indicated that the pH of water, adjusted to 7.4,
increased to around pH8 when used to incubate beads
loaded with FITC-linked dextrans. A buffering system
was required which would maintain the pH at 7.4 and
vet would be compatible with the other constituents of
the monomer solution. 0.2M boric acid-borate buffer,
pH7.4 was selected for this use (Appendix Al). This
buffer has a buffering capacity of pH7.4 - pH9 and
caused no adverse effects either 1in the monomer
solution or the structure of the macroporous matrix.
In addition, the buffer did not significantly effect
the EWC of polyHEMA beads (Table 3.3, Page 189). The
absorbance maxima of FD-20S and FD-150, determined in
boric acid-borate buffer, pH7.4, were 491nm and 495
respectively. Standard curves were constructed using

the absorbance values of a range of FD-20S and FD-150

concentrations (0.005-0.40 mg/l) in boric acid-borate

buffer, pH7.4. Typical standard curves obtained are

shown in Figures 2.5 and 2.6. These standard curves
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were programmed into an LKB Ultrospec K 4053 kinetic
spectrophotometer and the concentrations of FITC-

linked dextran samples subsequently obtained from the

spectrophotometer directly.

The amount of free FITC in the FITC-linked dextrans
used in this work, was measured, both in freshly
prepared solutions and samples of the incubation
buffer 1into which FITC-linked dextran had been
released from polyHEMA beads, in order to establish if
incorporation into polyHEMA beads resulted in any
damage to the FITC linkage. Free FITC was separated
from FITC-linked dextran by elution on a G50 Sephadex
column (flow rate 0.22ml/min) and measuring the
absorbance of 10 minute fractions at either 491lnm

(FD-20S) or 495nm (FD-150), appropriately. FITC-
linked dextran was eluted from the column first, by
fraction 6 in the case of FD-150 and fraction 16 for
FD-20S. Free FITC was displayed by a peak in
absorbance at fractions 23-27. The amount of free
FITC present in the fresh FITC-linked dextran samples
was 3.6% in FD-20S and 3.4% in FD-150. In samples
released from polyHEMA beads the percentage of free
FITC was increased to 8.36% in FD-20S and 8.27% in FD-
150. This result would suggest that bead fabrication
did cause some dissociation of FITC from the FITC-

linked dextrans, although the proportion was

relatively small. Allowance was made for the
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proportion of free FITC when computing the release

profiles for FD-20S and FD-150 dextrans.

2.5 THE DETERMINATION OF GLUCOSE OXIDASE
CONCENTRATION (GOD, EC 1.1.3.4)

The opportunity to incorporate enzyme protein (ie GOD)
into a macroporous matrix and the monitoring of its
subsequent release provided a convenient and direct
assessment of whether bead incorporation would produce
any deleterious effect on the biological activity of
a protein macromolecule. Released GOD was assayed,
using a kinetic assay procedure, such that only enzyme
which remained biologically active after release would
be assayed (133). The principle of the assay reaction

is summarised in the scheme below:-

B-D-Glucose + O,+H.,O GOD 3 D-Gluconic acid + H,O,

H,0+0O-Dianisidine POD 3 O-Dianisidine + H.O
- (reduced) (oxidised)
(Colourless) (Red Colour)

POD = Peroxidase (EC 1.11.1.7)

One unit (uMU) GOD will oxidise 1.0umol B-D-glucose to
D-gluconic acid and H.O0. per minute at pH5.1 and

35°C. 1lg of solid GOD supplied contained 128,000

units of enzyme activity.
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2.5.1 Reagents for GoDp assay

(a) 0.5M sodium acetate buffer, pH5.1 at 35°¢

6.81g sodium acetate trihydrate was dissolved in 900ml
deionised water and the PH adjusted to 5.1 at 35°C

with 1M HCl. The buffer was then made upto 1L with

deionised water.

(b) o-dianisidine solution (0.21mM)

13.2mg o-dianisidine was dissolved in 2ml deionised
water. 1ml of this solution was then diluted to 100ml

with 0.05M sodium acetate buffer, pH5.1 at 35°C.

(c) B-D-Glucose solution (10% w/v)

lg B-D-glucose was dissolved in 10ml deionised water.

(d) Peroxidase solution (POD)

A solution of ©POD was prepared containing 60
purpurogallin units per ml deionised water.

Peroxide was supplied containing 80pu/mg solid and 1
purpurogallin unit will form lmg of purpurogallin from

pyrogallol in 20 seconds at pH6.0 and 20°C.

2.5.2 GOD assay procedure

2.4m1 of dye-buffer solution, 0.5ml of glucose
solution and 0.1lml POD solution were pipetted into a

guartz curvet (lcm light path), mixed and equilibrated
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at 35°cC. The absorbance was monitored at 500nm;

against air, until constant: At zero time, 0.1ml of
glucose oxidase sample was quickly added, mixed and
the increase in the absorbance at 500nm against air,
monitored for two minutes, using a Spectrophotometer
and chart recorder. The rate of change of absorbance
per minute at 500nm was obtained from the maximum
linear rate and used to calculate the concentration of

glucose oxidase present in the solution as follows: -

UM units/ml GOD = AA500/min x 3.1
7.5 x 0.1

Where: AA500/min = change of absorbance per
minute at 500nm

3.1ml = volume of reaction
mixture

7.5mmol " *cm™t = millimolar extinction
coefficient for the
oxidised o-dianiside
chromophore.

0.1ml = volume of glucose

oxidase sample.

Multiplying by 10 gave the number of units (uMU)

released by lg of beads into 10ml of incubation

buffer.
2.6 INSULIN RADIOIMMUNOASSAY
The release of immunoreactive insulin from macroporous

polyHEMA beads was initially monitored using double

antibody radioimmunoassay (134). However, during the

course of this work the double antibody to insulin
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ceased to be commercially available, it therefore

became necessary to establish an alternative

radioimmunoassay method for the determination of

insulin concentrations and the ethanol precipitation
method was selected for use (135). The principle of
radioimmunoassay depends upon the competition between
labelled and unlabelled antigen for binding sites on
specific antibodies. Increasing the amount of
unlabelled antigen in the sample produces a
proportional decrease in the binding of 1labelled
antigen to the antibody (136). Therefore, the level
of radioactivity associated with the antibody -
antigen complex 1is inversely proportional to the
concentration of unlabelled antigen in the sample. A
number of procedures for the radioimmunoassay of
insulin have been developed, differing principally in
the technique used to separate the free hormone from
the antibody-insulin complex. These include
electrophoretic separation (136,137); sodium sulphite
precipitation (138); by means of a second antibody
reaction between the insulin-antibody complex and
anti- ¥ -globulin (134,140,141); and by precipitation

with 80% ethanol (135,142).

2.6.1 The double antibody method of insulin

radloimmunoassay

The antibody system used in the double antibody method

of radioimmunoassay consisted of an anti-insulin

antibody (first antibody), raised against porcine
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insulin in guinea pigs and é second antibody,; anti-
guinea pig globulin, raised in rabbits, which was used
to precipitate the soluble pPrimary antibody-antigen
complex. As the binding reaction approached
completion the antibody bound insulin was separated
from the free insulin by centrifugation and the
distribution of radioactivity (*2°®I) was determined
by gamma counting. The binding of labelled insulin to
the antibody is progressively inhibited by increasing
amounts of insulin in the sample to be assayed, due to
competition between the 1labelled and unlabelled
insulin for specific binding sites on the antibody.
The concentration of insulin in the test sample was
determined by reference to a standard curve of log,,
of a range of standard insulin concentrations plotted
against counts per minute (cpm), constructed at the

same time as the assays were performed.

The preparation of **°I labelled insulin for use in
the double antibody method of insulin
radioimmunoassay.

Radioiodine is convenient for the preparation of
labelled insulin since it can be readily substituted
into the tyrosine residues of proteins and peptides.

Two gamma-emitting isotopes of iodine are widely

R | 1257 was the isotope chosen

available **°I and

for use in this work since it has a longer half life
than *2*1 (60 days, as compared with 8 days) and a
greater counting efficiency (>90%) .
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It is desirable to obtain an average incorporation of
one “*°I atom per protein molecule. This ensures a
high specific activity with a minimum alteration to
the insulin molecule, minimising the effect of the
substitution on the biological and immunological
activity of the 1labelled insulin. The chloramine-T
method of radioiodination, first described by Hunter
and Greenwood for the radioiodination of human growth
hormone (143), was routinely used for the preparation

of *?°I 1labelled insulin, for use in the double

antibody method of insulin radioimmunoassay.

Chloramine~T, the sodium salt of the N-monochloro
derivative of p-toluene sulphonamide, breaks down in
solution to form hypochlorous acid (a mild oxidising
agent). At pH7.4, in the presence of chloramine-T,

125+
I

Na*?>I is oxidised to form cationic iodine . At
this pH, the tyrosine residues of the insulin will be
slightly anionic and the iodination reaction proceeds
through this small proportion of ionised groups. The
iodine atom is substituted at the ortho-position to
the hydroxyl group on the phenolic ring of tyrosine.
80% of the iodine is incorporated into tyrosine 14 on

the A chain of the insulin molecule, the remaining 20%

iodinates tyrosines Bl6 and B26 (144). *?®I-insulin,

iodinated at tyrosine Al4, is known to retain the full

immunological and biological activity of the native

insulin (145).
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The amount of chloramine

=T used in the iodination

reaction was dependant upon the particular batch of
Na*?*®I and the amount of insulin to be ‘iodinated.
Excess chloramine-T in the reaction is reduced by the
addition of sodium metabisulphite and free iodine is
reduced to iodide. Bovine serum albumin (BSA) is
included in the reaction volume to act as a carrier
for labelled insulin. The concentration of
chloramine-T was kept low and the reaction time short,
in order to minimise damage to the insulin molecule

(143).

Reagents for the iodination of porcine insulin

1 0.5M and 0.05M phosphate buffer, pH 7.4
(Appendix Al).

2 Column eluant:

0.5 BSA and 0.1% sodium azide (as a

o\w

preservative) dissolved in 0.05M phosphate buffer
and pH adjusted to 7.4.

3 Column primer:

2.5% BSA in 0.05M phosphate buffer and adjusted

to pH 7.4.

4 Monocomponant porcine insulin (Novo) :

0.25mg of porcine insulin was dissolved in 1ml of
0.05M phosphate buffer. 40pl of this solution
was aliguoted into each of 25 microfuge tubes
(polystyrene, 500ul capacity), frozen and stored

at -20°Cc. A fresh tube of insulin was thawed for

each iodination.
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5 Chloramine-T and sodium~metabisulphite:

25mg  of chloramine-T and 50mg  of © sodium
metabisulphite were welghed out into separate LP3
polystyrene tubes which were then wrapped in foil
to exclude the effect of light (146).
Immediately prior to the iodination each was
diluted in 100ml of 0.05M phosphate buffer pH7.4
to provide working concentrations of 0.25mg/ml
chloramine-T (Chl-T) and 0.5mg/ml sodium

metabisulphite (SMB).

6 Na*“®T (1mCi): (IMS 30)

10pl of Na**®I was supplied by Amersham
International UK in a small reactivial. The
Na’*®I was supplied in dilute sodium hydroxide,
pH 7-11. 100ul of 0.5M phosphate buffer was added
to the reactivial to bring the pH close to 7.4,

the optimum required for the chloramine-T

reaction.

Procedure for the iodination of insulin

The iodination of porcine insulin was carried out one
to two days after Na*?®I batch synthesis. TIodinations
were carried out in the conical glass reactivial
supplied, in a fume cupboard, behind a lead screen.
The gquantities of insulin and chloramine-T used in the

125
reaction were dependant upon the age of the Na I.

The 10ul aliquot of Na*®°I employed for the iodination
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of insulin had a projected actiﬁity of ImCi on the
'activity reference day', 15 days after batch
synthesis. Therefore, on days two and three after
batch synthesis, the activity of the Na**°T was in
excess of 1mCi. The concentrations of insulin and

chloramine-T were therefore adjusted accordingly, as

shown in Table 2.3 below:

Table 2.3: Relative proportions of porcine insulin
and chloramine-T required in the iodination
reaction,1-3 days after Na'*"1 batch synthesis.

0.5M
) Phosphate
Days Na™I Insulin Chl-T SMB | buffer
after (mC1i) (ul) (nl) (Ll) (2.5%
Synthesis BSA)
(nl)
1 1.176 11.76 23.52 20 200
(2.94ng) | (5.88ng)
2 1.162 11.62 23.24 20 200
(2.91ng) | (5.82ng9)
3 1.149 11.49 22.98 20 200
(2.87ng) | (5.78ng)

In order to minimise the introduction of more than one
atom of *?°I per insulin molecule, iodination was
performed with [*?®I]/[Insulin] in molar equivalents
of 1/10 (147). The iodination of insulin was

generally carried out two days after batch synthesis

and the quantities of insulin and chloramine-T used in

the reaction mixture described are for iodinations on

day 2.
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100ul of 0.5M phosphate buffer pH7.4 and 11.62u1 of

porcine insulin (2.91ng), taken from the stock insulin

solution (40ul) were added to the reaction vial

containing 10ul of Na*?°57T. 23.24u1 of chloramine-T

(5.82ng) was then added and the vial gently inverted
twice, to mix the contents. aAfter 20 seconds reaction
time, 20ul of sodium metabisulphite (10ng) was added
and the vial was again gently inverted twice. After
a further 15 seconds (stabilization time), 200ul of
0.05M phosphate buffer, pH7.4 containing 2.5% BSA was
added. The labelled insulin was separated from the
damaged insulin and free iodide by gel filtration on
a Sephadex G50 (fine) column (Pharmacia). The column
was first primed with 8ml of 0.05M phosphate buffer,
pPH7.4 containing 2.5% BSA, 1in order to purge the
column of any material remaining from previous
iodinations and to prevent the adsorption of freshly
prepared labelled insulin onto the column. A 10ul
aliquot of the labelled insulin was removed from the
reaction vial immediately after iodination, for the
assessment of the percentage incorporation of the **°I

into the insulin, the percentage damage and the

specific activity.

The remainder of the reaction mixture was transferred

to the top of the Sephadex column. The reaction vial

was then washed with a further 180pl1 of 0.05M

phosphate buffer, pH7.4 containing 2.5% BSA and this
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too was transferred to the ﬁdphof the column. The
column reservoir was then secured and'fiiled with
column eluant buffer (0.05M phosphate buffer, pH7.4
containing 0.1% sodium azide and 0.5% BSA). The
reaction mixture was then eluted at a flow rate of 1ml
per minute. Sixty, one minute fractions were
collected in LP3 tubes using a Serva Linear 2 fraction
collector. The *?°I activity in each tube was counted
for three seconds on a ICN Tracerlab gamma counter

with a counting efficiency of 72%.

Four well defined peaks of radioactivity could be
identified in the elution profile, as shown in

Figure 2.7. Peak I represented a high molecular
weight fraction containing aggregates of the insulin
molecule and was generally contained in fractions 14-
18. Peak II (fractions 19-30) contained monoiodinated
insulin and demonstrated the maximum 1levels of
radioactivity associated with the elution profile.
Peak III was thought to represent free unreacted “*°I
mixed with small damaged insulin fragments and was
usually located in fractions 31-36. Peak IV contained
free unreacted *2°I and was associated with fractions
37-40. Four to six fractions, representing the apex
of Peak II (monoiodinated insulin), were selected and
e in order to

10pul aliguots removed from each tub

assess the percentage of damaged insulin.
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FIGURE 2.7: Tyg_)ical’/ elution profile of
iodinated fractions, separated on Sephadex G50
(flm.a) «_from the chloramine-T iodination of
porcine insulin. ' o
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Assessment of the specifie

activityyand integrity of

25 3
+T*>T-Insulin Preparations.

The 10wl aliquot taken from the reaction Qi;i
immediately after the iodination reaction was used to
assess the percentage incorporation of *251 into
insulin and the specific activity of the preparation.
0.5ml of eluant  buffer and 0.5ml of 10%
trichloroacetic acid (TCA) were added to the 10ul
aliquot. The TCA formed a visible precipitate with
the BSA present, which co-precipitated the undamaged
*#°I insulin. The radiocactivity of the total sample
was then determined before centrifugation of the tube
for 10 minutes at 2000 rpm (MSE Mistral A4L). The

+251 was

supernatant, containing predominantly free
aspirated and the radioactivity associated with the
precipitate determined. The percentage incorporation

of **°I into undamaged insulin was calculated by the

use of the equation below:-

o)

% Incorporation =

Radioactivity count of precipi?ate X 100%
Radicactivity count of total mixture

Since the total amount of **°I present in the reaction

mixture and the percentage radioactivity incorporated

into the insulin were known, the specific activity

could be calculated from the following formula:

Specific
activity (uCi/mng) =

of Iin reaction mixture(uci)

%incorporation x amount
Amount of insulln presen

t in reaction mixture (ng)

&
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The 10ul aliquots taken from the

fractions

representing the apex of peak II were also assessed
for the percentage of damaged insulin using the TCA
precipitation method previously described. The tubes
which contained less than 1% damaged insulin were then
selected and their contents pooled. 50ul aliquots of
the label were then dispensed into ILp3 tubes, frozen
and stored at -20°C until required for use in the
insulin radioimmunoassays. A typical iodination
generated about 40 tubes of **°I labelled insulin,
with typical iodination characteristics as shown in
Table 2.4:

125

Table 2.4: Mean percentage incorporation of I into
porcine insulin, percentage of undamaged insulin and

specific activity of "I Insulin

Iodination n= Mean + SEM
Characteristics

% incorporation of 6 63.4% + 3.92
Y231 into insulin

% undamaged insulin 6 95. 4% + 1.96
Specific activity 6 252 + 15.03
(RCi/ug)
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The preparation of reagents fdf use in the double

antibody method of insu

1

(€3

lin radioimmunoassay.

Radioimmunoassay (RIA) diluent buffer pH7.4

(Appendix Al).

Insulin binding reagent (Wellcome)

The reagent was supplied in a lyophilised form
and was reconstituted with 8ml of deionised water

on the day of assay.

+257 labelled insulin

*2°I insulin was prepared by the chloramine-T

method as described previously (Page 106). The
specific activity of a 50ul aliquot was reduced
to 50uCi/ug by the addition of unlabelled porcine
insulin, the exact amount calculated from the
known original specific activity and by reference
to an **°I decay curve (Appendix 2). The count
rate of the label was then reduced with RIA
diluent buffer, such that a 50ul aliquot, used in

the assay, provided 9,500 - 11,000 cpm.

Insulin standards (Wellcome)

The contents of one bottle of human insulin

standard (2.5 - 3.5mU) was dissolved in 2.5 -
3.5m1 of RIA diluent buffer to yield a

concentration of 1mU/ml. 0.2ml aliquots of this

stock solution were dispensed into LP3 tubes,
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frozen and stored at -205C.

On the day of assay,

one tube was diluted with 0.8ml of diluent buffer
to provide a top standard insulin concentration

of 200ul/ml. Five further serial dilutions were

made of this standard, to yield a range of
insulin concentrations from 6.25 - 200uU/ml. The
release of bovine insulin from POlyHEMA beads was

expressed in human insulin equivalents.

Procedure for the radioimmunoassay of insulin

Reagents were added to LP3 tubes in the order
indicated in the protocol summary below (Table 2.5):

Table 2.5: Protocol for the addition of reagents in
the double antibody of radioimmunoassay of insulin.

Tube Tube Initial Binding [|**®I Insulin
Description| Number ] Reactants| Reagent
[Antibody]
Total 1-3 - - +
Counts
Blanks 4-6 RIA RIA +
Diluent Diluent
Buffer Buffer
Insulin 7-9 6.25 + +
Standards 10-12 12.5 + +
(Ll/ml) 13-15 25 + +
16-18 50 + +
19-21 100 + +
22-24 200 + +
Zeros 25-27 RIA + +
Diluent
Buffer N
Unknown 28-n + +
Samples

411 reactants were added in 50nl aliguots.
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Insulin standards, total cdun£s4(125

I insulin only),

blanks (no insulin standards or binding reagent) and
zeros (no insulin Standards), were assayed in
triplicate, although samples were generally determined
in duplicate. 50ul  of each standard insulin
concentration and each sample were dispensed into LP3
tubes and 50ul of binding reagent adde%. The contents
of each tube was then vortex mixed and incubated at
4°C for 4 hours. A 50ul aliquot of *2°I insulin
(50uCi/ug, 9,500 - 11,000 cpm) was then added to each
tube, the contents vortex mixed and incubated for a

further 18 hours at 4°cC.

After the second incubation, 0.5ml of diluent RIA
buffer was added to all tubes, except the total counts
and the contents again mixed. Free and antibody bound
insulin were separated by centrifugation at 2,900 rpm
for 30 minutes at room temperature (MSE Mistral 4L).
The supernatant, containing free insulin was decanted
off and any remaining drops of buffer were aspirated
from the neck of the tube. The tubes were then

inverted and left to dry, at room temperature, for 4

hours. The 25T activity associated with the
precipitate was then counted for one minute, using an

LKB 1282 Compugamma Universal gamma counter, with a

counting efficiency of 92%.
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Computation of results:

The construction of standard

curves and the

computation of results was performed using a RIA

package associated with the gamma counter. Log,, of
the standard insulin concentration was plotted against
the counts per minute of the bound fraction of *2°5T
insulin and the unknown sample insulin concentration
was determined automatically by direct extrapolation
from the graph. A  typical standard curve is
illustrated in Figure 2.8. (A copy of a typical

printout is shown in Appendix A3).

Quality control assessment of the data obtained in six
typical assays 1s shown in Table 2.6. The double
antibody method of insulin radioimmunoassay was found
to have an intra and inter-assay coefficient of
variation (CV%) of 5.17% and 10.04% respectively. The
amount of non-specific binding of the 1labelled
insulin, ie that which was not antibody bound, was
calculated by dividing the blank counts obtalned by

the total counts (4.6%). The minimum detectable

concentration of insulin sample, or the minlmum

sensitivity of the assay, usually defined as that

amount of sample two standard deviations away from the

zero dose response (148), was found to be 5.02uU0/ml.
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Table 2.§: Quality ‘contr

. - ol /assessment of dat
obtained in six typical insulin. o —cata,
the double antibody method 7 ralelmmunoassgzgfgz

Parameter Mean t* SD CV%
Intra-assay variation - 5.17
Inter-assay variation - 10.04
Non-specific binding 4.60 * 0.82 14.60
Minimum Sensitivity 5.02uU0/ml -

The criteria used for the assessment of a satisfactory
assay:

There must be good agreement between replicate values.
Replicates differing by more than 200 cpm were
discarded. The most common causes of poor precision
were inaccurate pipetting, mixing or a bad decanting
technique. The value obtained for non-specific binding
of the labelled insulin identified the efficiency of

the buffer wash and this value was routinely less than

5% of the total counts.

2.6.2 Insulin radioimmunocassay by the ethanol
precipitation method.

The ethanol precipitation method of insulin

radioimmunoassay, first described by Heding (135), was

selected for use as the replacement for the double

antibody method. In the ethanol precipitation method,
free and antibody bound insulin were separated by the

addition of 95% (v/v) ethanol. It has been shown that
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free 1insulin remains completely soluble when 95%

ethanol makes up as much as 842 of the assay volume,

whereas, when it contributes 79% of the assay volume,

precipitation of the insulin-antibody complex  is
complete (135). A concentration of 95% ethanol which
contributed 80% of the total assay volume was chosen
for wuse in this assay. This concentration was
sufficient to separate antibody bound complex by
precipitation from free insulin which remained in
solution (135). The antibody used in this technique
was a single, first antibody of anti-porcine insulin
serum, raised in guinea-pigs (Novo) with an original
binding capacity of 3U/ml. When this antiserum was
diluted in accordance with the manufacturer's
instructions (1:18,000), the maximum binding capacity
of the working solution was 160uU/ml. This assay
could not therefore be used for the determination of
insulin concentrations above 160uU/ml, consequently
the value of the highest standard concentration was
reduced from 200uU/ml to 100uU/ml. The **°I labelled
insulin used in this assay was supplied by Novo

(Al4,Tyr**®I-insulin) and recommended for use, 1in

conjunction with their anti-insulin serum.

Monoiodinated 1257 Ipsulin was prepared by Novo

according to the method of Jorgensen and Binder (149).

Buffer used for the dilution of insulin standards and

i double
samples was the same as that used in the

antibody method (Appendix Al) except that it contained
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20mmol/1 sodium chloride to

eénsure  complete

precipitation of the insulin~antibody complex (142)§

The 1insulin concentration in ‘test samples = was

determined by reference to a standard curve, prepared

using a range (6.25 - 100uU/ml) of human insulin

concentrations.

The_ preparation of reagents for wuse in the
radlglmmungassay of insulin by the ethanol
precipitation method

1 Diluent phosphate buffer, pH7.4 (Appendix Al).

2 Anti-porcine insulin guinea-pig serum (Novo)

The single insulin antibody was supplied in
lyophilised form and reconstituted in 1.4ml x 2
distilled water. 1ml of this stock solution was
then diluted with 59ml1 of diluent phosphate
buffer. 10ml aliquots of the working solution
were dispensed into universal containers
(Sterilin) frozen and stored at -20°C.

3 257 Jabelled insulin (Novo)

25T Jabelled insulin (20-30pCi/pg), was supplied
as 20mU of total insulin, combined with 10mg of
albumin in a freeze dried form. On the day of

receipt, the material was reconstituted in 1.4ml

x2 distilled water. iml of this solution was

diluted with 144ml of diluent buffer and 10ml

aliquots were dispensed into universal

containers, frozen and stored at -20°C.
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4 Human insulin standard soiutions (Wellcome)

A range of human insulin standards (6.25

100nU/ml)

was prepared by serial dilution as

described for the double antibody method of

insulin radioimmunoassay (Page 116) using diluent

phosphate buffer.
5 95% (v/v) ethanol (BDH)

%) Buffer wash

960ml of 95% (v/v) ethanol, 162 ml of x2
distilled water and 18ml of diluent phosphate

buffer were combined.

Procedure for the radioimmunoassay of insulin by the
ethanol precipitation method

Reagents were added to LP3 tubes 1in the order
indicated in the double antibody method protocol
summary shown previously (Table 2.5, Page 117).
However, 1in the ethanol precipitation method the
200pU/ml insulin standard could not be used and the
reactants were added in 100ul, rather than 50ul
aliquots. Insulin standards, total counts, blanks and
zeros were assayed in triplicate and samples were
determined in duplicate. 100ul of each standard
insulin concentration or sample was dispensed into LP3

tubes and 100ul of anti-insulin serum added. The

contents of each tube was vortex mixed and incubated

at 4°C for 24 hours, to allow the binding reaction to

i °I i in (=15-18,000
reach eguilibrium. 100ul of 1257 jipsulin (=15

cpm) was then added to each tube, maintained at 4°C
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over lice. The contents were then vortex Miad oo

incubated for a further 24 hours at 4°c.

After the second incubation, 1.6ml of 95% (v/v)
ethanol was then added to each tube, the contents
vortex mixed and centrifuged at 4,000 rpm for 30
minutes. The addition of ethanol to the tubes was
performed at room temperature, since it has been shown
that co-precipitation of free insulin is increased
below 10°C (135). The supernatant was discarded and
2ml of buffer wash was added to each tube. The tubes
were then centrifuged for a further 30 minutes at
4,000 rpm. The wash solution was then discarded and
the tubes inverted and allowed to dry at room
temperature. The *?°I activity, associated with the
precipitate was then counted for one minute, using an
LKB 1282 Compugamma Universal gamma counter, with a
counting efficiency of 92%. The computation of
results was performed in the same way as for the
double antibody method of assay (Page 119). A
typical standard curve, of 1logio of the standard
insulin concentration against counts per minute, for
the ethanol precipitation method of  insulin
radioimmunoassay is shown in Figure 2.9. (A copy of
a typical printout is shown in Appendix 3). Quality

control assessment of the data obtained from six

typical assays is shown in Table 2.7.
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Table 2.7: Quality control aséésément of data obtained

from six typical insulin radioimm :
e ioi = pes
ethanol precipitation methogq. Treassays by th?\

ot

BBy st

e

Parameter Mean + 8D CV% :
Intra-Assay Variation - 5.04 %
Inter—-Assay Variation - 9.86
Non-Specific Binding 3.70 £ 0.3 . 12.89
Minimum Sensitivity 4.89 puU/ml -

The ethanol precipitation method of insulin
radioimmunoassay was found to have an intra and inter
assay coefficient of variation of 5.04% and 9.86%
respectively, with a non-specific binding level of

3.7% and a minimum sensitivity of 4.89uU/ml

The criteria used for the assessment of a satisfactory v
assay were the same as for the double antibody method
of insulin radioimmunoassay (Page 121). However, the 4
concentration of any protein, other than insulin, in
the sample can affect the values obtained by the

ethanol precipitation method of insulin

radioimmunoassay. A high albumin concentration in the

diluent buffer, reagents or samples causes increased

precipitation of free insulin (135). Therefore, the

protein concentration in the standards and samples

should be as close as possible. The buffer wash was

employed to minimise the co-precipitation of free

insulin.
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2.6.3 Comparison  of théz/déuble

25 g ¢ antibody and
ethanol precipitation methods of i%sulihf

radioimmuncassay.

There was no significant difference found between a
range of standard insulin concentrations, assayed by

both the double antibody and ethanol precipitation

methods, as shown in Table 2.8.

The ethanol precipitation method was therefore used as
a direct replacement for the double antibody method of
radioimmunoassay for the measurement of insulin
released from polyHEMA beads.

2.7 ASSESSMENT OF THE BIOLOGICAL ACTIVITY OF INSULIN
RELEASED FROM POLYHEMA BEADS, USING THE RATE OF
INSULIN STIMULATED GLUCOSE OXIDATION BY RAT
EPIDIDYMAL FAT PAD

The radioimmunoassay of insulin measures the
immunoreactivity of insulin molecules, however,
immunoreactivity of a peptide does not necessarily
equate with the Dbiological activity of the
macromolecule. The biological activity of
incorporated and subsequently released insulin was
determined using a well established bioassay and the
results obtained, compared with those obtained by

double antibody insulin radioimmunoassay method. The

major tissue sites of insulin action are the liver,

adipose tissue and skeletal muscle, and insulin

receptors have been characterised on the plasma

membranes of all these cell types (150-152). The

immediate effects of insulin involve alteratlons 1n

the cellular metabolism of glucose and lipids, through

changes in the activity of enzymes and membrane
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transporters. Insulin rapidly promotes glucose uptake

into muscle and fat cells. 1In muscle cells glycogen

production is greatly enhanced and in fat cells,
glucose 1s converted mainly to glycerol and fatty acid
moieties of triacylglycerol and lipolysis is reduced.
Currently, the primary action of insulin is considered
to be an acceleration of glucose transport into the
cells of skeletal muscle and adipose tissue (153,154)
although the mechanism of the process is poorly
understood.

Adipose tissue has long been used for the in vitro
estimation of insulin concentration, since insulin
causes a marked increase in the rate of glucose
oxidation, the conversion of D-glucose to carbon
dioxide and water, by the tissue. Two methods are
currently available for the measurement of the rate
of glucose oxidation employing the measurement of
either **CO., production from D[**C] glucose or °“H,O0
production from D[®H] glucose (155). The
stoichiometry of both these reactions is illustrated
below:

*4Cc0, Production

[29C=Cy] Hy.0e+60,7——=""C0,+5C0,+6H-0 + Erg:afglj
[AG®! = -686
kcal mol™]

H.0 Production

o 31— + E
C6[3H—H11]Os+602 pr—— 6CO,+["H HO]+5H20[AG1:1’e£g¥686

kcal mol™]
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In the present study,

the assay of biocactive insulin

concentration chosen, involved the measurement of the

rate of insulin stimulated *%C0, production. This

method of measurement has been confirmed to give valid
results and work has shown that there is no response
by adipose tissue to either the addition of glucose
alone, or to insulin in the absence of glucose
(156,157). The epididymal fat pad of the rat was
chosen for this work. Winegrad and Renold
demonstrated that the response of the epididymal fat
to insulin was much greater than that obtained with
mesenteric and perinephric fat (156). These authors
also concluded that the basal activity and magnitude
of the insulin effect was markedly reduced by handling
and since the epididymal fat pads are discrete and
easily removed they are thought to be the most
suitable source of adipose tissue for use in the
biocassay of insulin concentration. It has been
reported that the sensitivity of the different
segments of the fan-shaped fat pad to insulin varies,
so that the thin, distal part produces a greater
response than the thick proximal portion per unit
weight (158). Therefore in the current work only the

distal portions of the fat pads were used in insulin

bioassays. It has also been shown that the steepness
of the slope of the standard curve, that is, the

sensitivity of the dose response of the adipose tissue

to a range of insulin concentrations, 18 dependent
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upon the body weight of 'ﬁhe

animals and their

nutritional regime (159). The most insulin Sensitigéu
adipose tissue is obtained from rats weighing about
110g (159), however, rats of this weight yield only
small amounts of tissue for experimental purposes. Fat
pads from larger rats, weighing over 300g demonstrated
a reduced sensitivity to insulin possibly associated
with the ageing process (160). 1In addition, adipose
tissue obtained from fasting animals has been
demonstrated to be less sensitive to insulin than
tissue obtained from rats fed ad 1libitum. Indeed,
dose response curves have been found to be linear over
the range 5 - 250uU/ml of insulin when using non-
fasted rats (159). The minimum accurate sensitivity of

the assay is generally accepted to be of the order of

10uU/ml of insulin (161,162).

2.7.1 Procedure for the biological assay of
insulin using rat epididymal fat pad

Modified, oxygenated Kreb's biocarbonate buffer, pH7.4
at 37°C (Appendix Al), containing 1mg/ml glucose was
used as the incubation medium for the biocassay. The

buffer was warmed to 37°C in a water bath and

oxygenated (95% O-; 5% CO,), for 30 minutes. After

oxygenation, the pH of the buffer was checked and

routinely found to be 7.4. The Kreb's buffer

contained only half the standard amount of calcium in

order to avold the formation of insoluble calclum

phosphates on standing.
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_ _1a - // .
D U c] glucose of high specific activity
(200uCi/ml) was added to 100ml of warm buffer at a

concentration of 0.2pci/ml. Sterilin plastic tubes

(8cm x 1.5cm) were cut to 3.5cm in depth and
positioned upright in standard scintillation vials, to
act as reaction tubes. 1.8ml of Kreb's buffer,
containing labelled glucose was then added to each of
the inner plastic reaction tubes and the whole
assembly maintained at 37°C in a water bath with
intermittent oxygenation prior to the addition of the

adipose tissue.

Free fed rats (150-200g), were killed by stunning and
subsequent cervical dislocation. Both epididymal fat
pads were excised immediately after death and placed
in a petri dish containing oxygenated Kreb's buffer,
pH7.4 at 37°C. Extraneous tissue, such as blood
vessels and parts of the caput epididymis were
dissected away. The thick proximal portion of each
fat pad was then removed by a single cut and

discarded. The fan-shaped distal portion was cut

longitudinally into pieces of 20-40mg in weight. A

thorough mixing of the distal pieces of fat from

different animals was carried out to limit the effect

of individual variation and 3 rats produced sufficient

r approximately 35 incubations. Three pieces

dry filter paper,

tissue fo

of fat were rapidly blotted on

weighed and quickly transferred to buffer in the inner




reaction tube of each scintiliétiOn vial.

f) .
200ul of the appropriate unknown insulin sample,

control sample or known standard insulin concentration
was then added to the reaction vials containing the
tissue. Known standard bovine insulin concentrations
of 5, 50 and 500ng/ml were prepared in advance, 200ul
of which, when added to the 1.8ml of buffer in the
reaction vial, provided working standard insulin
concentrations of 0.5, 5 and 50ng/ml of insulin (12.5,
125 and 1,250uU/ml). Blank vials, which received
200ul of buffer alone, were also set up to determine
the basal rate of glucose oxidation by adipose tissue,
in the absence of exogenous insulin. These controls
allow for the possible activity of endogenous insulin
present in the pieces of fat. All unknown samples and
standard insulin concentrations were assayed in
triplicate and standard insulin concentrations were
included in every assay. After the addition of the
insulin, each vial was gquickly oxygenated and sealed
with a rubber suba-seal to ensure an air-tight system.
The vials were then incubated for one hour in a water

path at 37°C with vigorous shaking (100 cycles/min).

After this time, the reaction was quickly terminated

by the careful addition of 0.4ml of 10M HC1l, injected

into the inner reaction tube via a needle extended

through the suba-seal. Immediately after the addition

of the acid, 0.5ml of 3M NaOH was added to the bottom

of the scintillation vial, around the reaction tube,
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agaln, using a needle extended_through the Suba-seai

The vials were then left overnight in order tO'aIlbw'wly

all the **CO. produced to be absorbed by the NaOH.\
After this time the internal reaction tubes were then
carefully removed, avoiding spillage and 10ml of
toluene based scintillant (NE260 Nuclear Enterprises
Limited) was added to each vial. NE260 a micellar
scintillant, was chosen because it can accommodate a
large agueous phase. Background vials were set up,
containing only NaOH and scintillant. The
scintillation vials were capped and left overnight in
the dark to reduce any chemoluminescence. Each vial
was the counted for ten minutes on a Packard Tri Carb
2660 Liguid Scintillation System B-counter. The
chloroform quench curve used is illustrated in Figure
2.10 and the counting efficiency was always greater

than 97%.

The mean background counts (=400 dpm) were subtracted

from the counts obtained for each vial, standards and

samples and the dpm per mg fat in each tube was

calculated. The rate of glucose oxidation (umol) per

mg of fat per hour was calculated from the following

eguation:

. . _ 14
Rate of glucose oxidation = 1400, formed (dpm)

(umol glucose/mg fat/hr) specific activity of

glucose (dpm/umol)
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The theoretical g ; -/’j/ . ’, ,
pm of 1uCi is 2.22 x 10° dpm. ‘Since

labelled glucose was added at a concentration of

0.2uCi per ml there were 0.36uCi of glucose per

reaction tube (1.8ml of buffer x 0.2uci). The

theoretical dpm of 0.36uci is 7.9 x 10° dpm (0.36uci
X 2.22 x 10° dpm). Therefore, the rate of glucose

oxidation can be calculated since the *%co, formed

(dpm) per umol glucose and the specific activity of
the glucose is known (5.6 x 10*dpm/umol).

Therefore:

7.9 x 10° = 141 dpm per 1lumol D - [U-** C]-glucose
5.6 x 107 oxidised

The rate of glucose oxidation by the fat tissue in the
absence of exogenous insulin sample, 1ie. the basal
rate of glucose oxidation was deducted from the rate
of glucose oxidation obtained for each standard and
sample and a standard curve was constructed in which
the rate of insulin stimulated glucose oxidation above
basal was plotted against a range of known insulin
concentrations. The insulin concentration present in

ecach sample was determined by direct reference to this

standard curve. A typical standard curve is shown in

Figure 2.11.

Criteria for a satisfactory assay

The handling of the fat pads was kept to a minimum

since the response to insulin is known to decrease

when the fat 1is subjected to excessive manipulation

(156).
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1 hour. The terminatidﬁ*dfjt

of the mean. A 50ng/
standard curve
and the standard curve

above an insulin concentz:

12ng/ml. The basal rate of glucos

distal portions of the epldldymal
absence of exogenous 1nsul

of the -order:of 9umo

established (13,77~ 82)s/ loweve lylncompatlblllty of
blopolymers is 'often caused by the presence cf

contamlnants derlved from the fabrlcatlon process,
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which render thé?v,
contaminants can be’”iéaeheds frsm,
implantation causing cell trauma] gn_
leading to injury or Q?ch ~

and in vivo tests have;béen5d,
tissue biocompatibi lit’y: of po

surgical implantation (163).

In order to establish the bicompatibility of
macroporous polyHEMA beads manufactured by freeze-
thaw polymerisation the beads were subjected to short-
term cytotoxicity testing using cultured cells. The
basic cytotoxicity test used was a modification of the
Minimum Essential Medium (MEM) elution test, developed

from the_works .of Wilsnack (164,165). . This is_an

- e -

extremely sensitive test cultured cells are

directly exposed /to;za&icbncentrated extract <b£~“m'

substances which might be leached from the matri
The cell line chosen for use in this study ‘
L-929 mouse fibroblasts, chosen~in:accd 
recommendations of the safety;evaluétiénag‘
North American SciencegASSDér ies ncbfpéréﬁ§59(N_‘SAg
Ohio - USsa). L-929 cel ‘ ’
clone 929 (strain L), ° / : from C3H mouse
areolar and adipose t';sue 66) /*Thea cells are
fibroblast and attachment dependant, _;formiﬁg
epithelial-like monolayeré/in éulture; - The =929 cell

line is suggested for use by NAmMSA in~most,caSesi

140



of cytotoxicity testir

and the supply of célls is unlimitéd an"d’p'

2.8.1 Mailntenance of4s;9¢k;cell.cultures

Stock cultures of L-929 <cells were routinely
maintained in Eagle's minimum essential medium
(modified) with Earle's salts and non-essential amino
acids (EMEMA). The medium was supplemented with 10%
foetal calf serum, 100pg/ml streptomycin and 100IU/ml
penicillin. The stock cell cultures were maintained
in 250ml Costar tissue culture flasks at 37°C in an

humidified atmosphere of 95% air, 5% CO..

Media preparation

Eagle's minimum essential (modified) with Earle's
salts and non-essential amino acids, was supplied in‘
powdered form. sufficient powder to make up'llwﬁf\
medium was dissolved in 800ml of x 2 distilled”wé£ér'
at room temperature and 0.85g of sodium bicarbonate
added. The pH of the media was adjusted to 0.25 units
below the desired final pH of 7.4 with 1M HC1l, since
the pH of the medium increased 0.2-0.3 wunits on
filtering. The total volume of the medium, was ‘then
made up to 1L with x 2 distilled water. 20ml/1 of a
solution of penicillin (5,000IU/ml) and streptomycin

(5,000pg/ml) was added to the medium and sterilization
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effected by membrane fi
(Millipore UK Sterivex - GS, incorporating
bell) and aseptic collection into 250ml béitleSﬁu~
foetal calf serum (FCS) was added to each 250ml bottle

just prior to use.

Cell passaging

Adherent cells were brought into suspension for
subculture, or passaging when the monolayer attained
confluence and a few cells began to detach. Passaging
was effected using a combined solution of trypsin and
EDTA. Flasks to be passaged were first rocked gently
to free any loose or dead cells and then spent medium
was removed and replaced with 9ml trypsin (0.05%
w/v)/EDTA (0.02% w/v). Each flask was then maintained
at room temperature for one minute and the
trypsin/EDTA poured off. A further iml of
trypsin/EDTA was then added and the flasks were then
incubated at 37°C (humidified air/5% COs) for a
further 6-10 minutes to effect the complete detachment
of cells. The action of trypsin was inhibited by the
subsequent addition of 9ml of FCS supplemented EMEMA
culture medium. The cell suspension was then
centrifuged at 1,500 rpm (MSE Chillspin), for three
minutes and the supernatant decanted off. The cell
pellet was resuspended in 5ml of FCS supplemented

culture medium and the number of live cells were
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enumerated by trypan~ ‘eXClﬁSignif

haemocytometer. L-929 cells were5 re;"

average density of 4 x 10° Cellsmper.éﬁﬂmg

culture flask, containing

20ml of FCS supplemented

EMEMA culture medium;/routiﬁéiy}passaged once weekly
and the passage number noted. Twice weekly, the spent
culture medium was removed and ‘replaced with fresh
medium. The cell cultures were maintained at 37°C in
humidified air/5% CO,, using a temperature controlled
incubator (Flow Laboratories, UK).

Plating efficiency

To determine the plating efficiency of L-929 cells,
ie the percentage of individual cells which give rise
to colonies when innoculated into new culture vessels
after passaging, 2-3 x 10° cells from freshly
trypsinised stocks were seeded into Nunc vented petri
dishes (60 x 15mm) and incubated for 24 hours. The
culture medium was then decanted off the monolayer and
the number of cells in the supernatant was determined
using a haemocytometer. The plating efficiendy,\Py of“

the L-929 cells was calculated using the fdllowing

eqguation:
P = T - S
T x 100
Where: T = cell count in initial innoculum
g = cell count in the supernatant

The plating efficiency of L-929 cells was found to be
87.2 + 3.7% (n = 6).
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Kinetics of cell

When cells: are pasSaged fromﬂa'cdnflue‘
culture, there is an initial lag*phaseeof_som-

to days before growth/eo@ﬁiﬁees,‘ The length of the:

lag phase is dependant,upehiﬁheiee}l strain and the
growth conditions employed. The”grewth of the cells
then proceeds steadilyrie/an exponential fashion, ie
the cells enter log phase groﬁth;(167). At the end
of the log phase, the maximum population size is
achieved and the cells enter the stationary phase
(168). The stationary phase is the result oﬁ a
combination of two factors, overcrowding, leading to
a build up of toxic metabolites and nutrient

depletion. During 1log phase growth, the cell

population increases according to the equation below:-

N = No 2*%

Where No = Number of cells in the initial
innoculum
t = time v
N = Number of cells at timeUt

k a regression constant.

The term kt describes the generation number defined as
the number of generations involved in the increase by
doubling at each cell generation, from No to N. It
follows that the mean generation, or doubling time, T,

is represented by the inverse of k.
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Rearranging the equat

log No + kt log 2

Log N
Log N - log No = kt log 2

since 1 = 3,32
log 2

It follows that:
3.32 (log N - log No) = kt

Therefore k = 3.32 (log N = log No)
t

and T = 1
k

This calculation assumes that all the cells in the
population divide and do so at the same rate. This
can be assumed to be true for most cell cultures

during log phase growth (168).

Growth curve for L-929 cellé

The growth curve of L-929 cells was monitored over a
five day period by counting the increase in cell
number with time. 1.2 x 10® cells from freshly

trypsinised stocks (stationary phase) were plated*ihtdi

50ml Nunc tissue culture flasks  con£ain1ﬁg‘
supplemented medium and were maintained at 37°C in
humidified air/5% CO.. Four,_flagks per day were
trypsinised and the number rgf iiive cells were
enumerated by trypan bluéaéé%clusion, using a
haemocytometer. Any remaining flasks were replenished
with fresh medium on days 3 and 5. The growth curve of
L-929 cells can be seen in Figure 2.12 and shows the

three classical stages of growth. The lag phase was
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factors by the initial innoculum;fa-préc-s-
to as conditioning (16833,;$héilog phase:of“growthmcah
be used to calculate thedeublingktime of the ecells by
direct extrapolation from the graph (14 hours);
however, the equation (Pagef145)~forﬂcalcﬁlation of
doubling time was more accurate since no curve fitting
procedures were employed and the doubling time of L~
929 cells was found to be 16.7 hours. The stationary
phase observed was likely to be the result of
overcrowding and detachment of cells since nutrient
repletion failed to restore the cells to log phase

growth.

Cryopreservation of L-929 cell stocks

The preservation of cells in the frozen state allows
multiple experiments to be performed upon cells'from
the same stock and allows effective storagei:and 
transportation of cells. When cells are cooled to
below 0°C changes occur which depend upon the raﬁe of
cooling of the cells. In slowly cooled systems, the
build up of ice crystals spreads -throughout the
extracelluar solution. A build-up in extracelluar
osmolarity occurs and the cells lose water by osmotic
shrinkage. Slowly cooled cells become dehydrated but

do not freeze intracellularly. Very rapid cooling
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does not allow significan

cells and intracellular freeZihg-oCc&fS@° ‘
of cooling is sufficiently slow that‘iﬁﬁ?éceﬁq
does not form to any great extent, but sufficiently
rapid to ensure that cellsraré not damaged by high
solute concentration or shrinkage the cells will
survive the freezing and thawing process (169). Rapid
thawing is required to prevent the conversion of the
small ice crystals, formed at this intermediate
cooling rate, into 1larger crystals, known as the
recrystallisation of ice crystals (170). The rate of
cooling suitable for survival depends on the cell
type. The most commonly used cryoprotectant is
dimethyl sulphoxide (DMSO) and this agent widens the
'‘preservation temperature window' particularly in the
direction of overcoming injury caused by slow cooling.
DMSO exerts its cryoprotective effect by preventing
excessive increases in intracellular - electrolyte

concentrations (171-173).

(a) Freezing-down L-929 cells

4-6 x 10° L-929 cells from freshly trypsinised stocks,
in the log phase of growth were suspended in 1ml of
FCS supplemented EMEMA culture medium, containing 10%
DMSO in 1.2ml Nunc cryo-ampoules. The cryo-ampoules
were then prechilled in a refrigerator at 4°C for 20-

30 minutes to allow equilibration of the DMSO. The
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chilled cryo-ampoules we

n loaded Qﬁt@xafﬁand,

Freeze 35 HC ' freezing tray

Indianapolis USA) set at position 3.5. When placed

into a Union Carbide 35HC 1ligquid nitrogen freezer;
this position provided ra freezing rate of
approximately 3.5°C per minute (Data supplied by the
manufacturer, shown in Appendix 4). After 20 minutes,
the cryo-ampoules, maintained at approximately =65°C
were loaded onto canes and plunged into -liquid

nitrogen at -196°C for storage.

(b) Thawing frozen cells

When frozen cells were required for culture, cryo-
ampoules were rapidly thawed in a shaking water bath
at 37°cC. Thawing was complete 1in three minutes
(thawing rate 80°C per minute). The contents of an
ampoule was transferred into a 250ml tissue culture
flask, containing 30ml of EMEMA culture medium,
supplemented with 10% FCS. This, resulted in the
dilution of the DMSO content to 0.3%. After 24 hours,
the medium was replaced and cells subsequently

cultured in the usual way.

2.8.2 MEM elution test

The basis of the MEM elution test is that the test
material is extracted in cell culture medium,

containing serum to simulate body fluids. Cell
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cultures are then exposed:t®4 his extract and examined

for cell death after 24, 28 ahd. 72 ‘hours;mﬁ Km

safety evaluation guidelines). The 'dhéiéé 5Cfs
extraction time and temperature is dependant upon the
intended use of the device: USPpermits  the
extraction of biomaterials at 121°C for 1 hour, 70°C
for 24 hours or 50°C for 72 hours (NAmSa, safety
evaluation guidelines), selected upon the basis of the
resistance of the material to high temperatures.
However, unless the product is to be autoclaved, these
represent exaggerated conditions of extraction. The
tests performed in the course of this work were not
designed to conform to these exaggerated conditions,
employed to allow a wide margin of error in
biocompatibility assessment, but rather to investigate
the possibility of toxic substances being leached from
the beads under normal working conditions. Therefore,
the extraction conditions chosen were 37°C for 24

hours and 4°C for 120 hours.

Preparation of test medium

Unloaded polyHEMA beads (500-1000um) were washed  for
5 minutes in x2 distilled water after fabrication and
freeze-dried, then washed briefly in ethanol and
rehydrated in sterile EMEMA tissue culture medium for
24 hours. 1g of beads was then transferred to 100ml of
fresh culture medium and statically eluted for either

24 nours at 37°C or 120 hours at 4°C.




Preparation of cell cultures

A confluent layer of L-929 cells was trypsinisédnéna<\
seeded into 50ml tissue culture flasks containing
EMEMA medium, at a cell density of approximately 1.2
x 10° cells per flask. The cultures were incubated
for 72 hours to allow establishment of the freshly
trypsinised «cells, facilitating significant cell
multiplication and the log phase of culture growth to
commence. Prior to experimental work, the cells in
six of the flasks were trypsinised and enumerated
(time=0). This enumeration allowed the variation in
the number of cells per flask, which arises from
natural variation to be assessed before test or

control medium was added to the cultures.

Experimental procedure

The test cell culture medium, containing eluates from
the polyHEMA beads were fed to cultured cells during
log phase growth (t=0). Live cell numbers were
enumerated after 24, 48 and 72 hours using trypan blue
exclusion. Control cell cultures were processed in
the same way but were exposed to fresh culture medium
alone. Positive control experiments were also set up
to test the effect of HEMA monomer concentration on
the growth of cultured cells. Cultured L-929 cells
were exposed to EMEMA tissue culture medium containing

either 1:1,000 or 1:100,000 distilled HEMA monomer and
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live cell numbers were déterminéd over 24, 48 and 72
hours. The effects of eluate extract test,médium and
HEMA monomer were illustrated by plottiné\tﬁe méan
live cell number against time compared with control

flask mean live cell numbers.
2.9 STATISTICAL ANALYSIS OF RESULTS

Results were generally expressed as mean values t+ the
standard error of the mean (+ SEM). In order to
establish whether there was any significant difference
between the proportions of beads obtained in each size
category for a particular bead fabrication procedure,
two-way analysis of variance (174) (Two-way ANOVAR)
was performed using a 'Statview™' software package on
an Apple Macintosh Plus™ microcomputer (175). This
analysis could not however, confirm which of the size
of categories were significantly different from each
other. Therefore, when two-way ANOVAR provided a
significant difference, Newan-Keuls multiple
comparison test (176) was performed to establish which
of the size categories were significantly different

from each other.

To establish the effect of changing the fabrication
parameters on the size distribution of the beads
obtained, each size category was compared using either

Student's unpaired t-test (177) (peristaltic pump
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experiments), or one—wéitAN6V§R (178), followed by
Newan-Keuls multiple comparison test (Bfand dispggSer\“
experiments). One-way ANOVAR and Student;s t—tééts
were also performed using the 'Statview™' package.
Any differences Dbetween mean total bead yields
obtained from different manufacturing processes were
confirmed using one-way ANOVAR. The effect of any
alterations in monomer:solvent ratio or in percentage
loading on the EWC of beads was established using one-
way  ANOVAR, followed by Newman-Keuls multiple
comparison test.

The differences in the rates of release of BSA and GOD
from polyHEMA beads under different experimental
conditions were confirmed using Student's unpaired t-
tests. The statistical comparison Dbetween the
concentration of insulin, as determined by RIA, in
fresh and freeze dried samples and in the
concentrations of insulin assayed by the two different
means of RIA were also established using Student's
unpaired t-tests, as were the differences in the
concentration of insulin in samples assayed by RIA and
bicassay.

The statistical significance of the differences in the
rates of release of different molecular weight FITC-
linked dextrans and the rates of release of insulin
exposed to different experimental conditions was
established using two factorial ANOVAR (179),

performed on a BBC microcomputer.
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The main regquirement for the!préduction~of bead form
matrices by freeze-thaw = polymerisation is the
maintenance of frozen monomer beads in suspension
until polymerisation is complete. The medium in which
the monomer beads are suspended must be a non-solvent
for the matrix monomers and must remain liquid when
subjected to the very low temperatures required for
freezing the monomer solution. The most suitable non-
solvent liquids with these properties are the liquid
hydrocarbons and n-hexane, cooled with powdered dry
ice (solid CO.,), was the non-solvent used throughout

the course of this work.

The basic pileces of egquipment required for the
production of polyHEMA beads by this method were a
robust dewar flask for the safe containment of the
hexane and frozen monomer beads at low temperatures,
fitted with a 1low temperature thermometer. An
automated delivery device was required to transfer the
monomer solution rapidly from a monomer reservoir to
the non-solvent as a discrete jet, which would allow
the formation of frozen monomer droplets on contact
with the cold hexane. It was necessary to stir the
hexane in order to maintain the frozen monomer beads
in suspension and a high power ultra-violet (UV)lamp
was required to effect reliable photopolymerisation

of the frozen beads.
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The monomer used throughout the course of this work
was 2-hydroxyethyl methacrylate (HEMA) crosslinked
with ethylene dimethacrylate (EDM). x2 distilled water
was the basic solvent used in the production of
unloaded beads, containing ethvlene glycol (EG) at a
ratio of 80:20, H_O:EG, the latter facilitated the
incorporation of EDM without phase separation 1in the
monomer solution and the depression of the freezing
point of the solvent phase. For the successful
production of macroporous beads it was important that
all constituents of the monomer solution should remain
in solution until separation of the phases occurred on
freezing. Uranyl nitrate (UN) was selected as the
photoinitiator since it was known to be water soluble

and easily removed from the polymer matrix by washing.

Initial experiments designed to 1investigate the
parameters governing bead size distribution and
macromolecule release were carried out wusing a
monomer: solvent molar ratio of 50:50 and a HEMA:EDM
molar ratio of 10:1. These values were chosen in order
to generate beads with an anticipated equilibrium
water content of around 50% with good biocompatibility
and an extensive macroporous network. During the
course of this work a small <change in EDM
concentration was effected in order to accommodate a
higher or lower solvent concentration whilst avoiding

phase separation of the monomer solution these details
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have been summarised in Table 1.3, (Page 57).

3.1 THE DEVELOPMENT OF THE METHOD FOR THE
PRODUCTION OF MACROPOROUS POLYHEMA BEADS

For 1initial 1investigations 1into the method of
production of macroporous polyHEMA beads and the
parameters important in their fabrication, a basic
experimental system was designed using the simple
equipment illustrated in Figure 3.1. The production
system was constructed and operated 1in a fume
cupboard. Modifications were then made to this basic
system to optimise bead production. The aim of the
investigation was to develop a reproducible
fabrication process, which would give a high yield of
macroporous beads, of good spherical shape, within a
predictable size range. Many modifications were made
to the basic system as the fabrication technigque
evolved.

The non-solvent, hexane, was cooled to a temperature
of -70°C by the addition of powdered dry ice. The
temperature was checked routinely since it tended to
increase during the polymerisation process, under the
influence of heat generated by the UV lamp (250W.
250V, 3 pin glass type. Osram GEC ME/D). The quantity
of each constituent of the monomer solution required
to make one batch of beads with a HEMA:EDM molar ratio

of 10:1 and monomer:solvent ratio of 50:50, have been

157



C _J C ) | ( -

1////1
77777777 I9IITIS
oT3oubel
7 ﬁuoo>|v\\x\\\\\\w
— SueXoH
dureT AN
\\\\\\w Ioj2wowIay,,
IodEed OTIPoSN_ 2,0Z1L- i
TE 81D \ ol
V'
e—e—

uoT3INTOS
IOUIOUOKW

— abuTtiksg

POSTIO}ION

ITOAISS9Y

*speaq vwaHATOd
snoxodoioew jo uorjonpoid oyjz I0J wolsAs yousq [ejuswrriadxs OIsed :|°¢ HINODIL




summarised in Table 2.1, (Page 79). 1.526g of EDM was
added to 10.035g of HEMA and the two mixed. 2.312g
of EG was combined with 9.249g of H.O and this solvent
phase mixed with the monomers. 0.251g (2%) of UN was
dissolved in the monomer solution and the whole
transferred to the monomer reservoir. A Fison's
motorised syringe (type LFA/10) was initially used
for the rapid delivery of the monomer solution. In
order to deliver the monomer solution to the surface
of the hexane as a discrete jet, a G118 needle was
attached to the exit tubing from the motorised syringe
and clamped close to the surface of the hexane. The
hexane was stirred continuously by means of a magnetic
stirrer and follower. The monomer solution was

ejected into the hexane at the rate of 1.7ml/sec.

Polymerisation of the stirred, frozen droplets was
effected with a compact UV 1light source, positioned
30cm away from the 3L beaker. Immediately after use
the delivery system nozzle and tubing were thoroughly
washed out with water to remove any residual monomer
solution and prevent blockage. After 1% Thours
polymerisation was Jjudged to be complete and the
product was harvested by decanting off the hexane
through a 100um mesh sieve. The hexane was then

filtered and stored for subsequent reuse.



No satisfactorily shaped beads were produced by this
means. This was because, during delivery, the jet of
monomer solution hit the bottom of the beaker and
formed a thick, frozen 'mat' which impeded the
movement of the magnetic follower and encouraged
further build up of fused polymer. It was clear that
the 3L beaker was too small a vessel for use with the
Fison's motorised syringe and the magnetic stirrer and
follower proved to be an inadequate means of stirring.
The contents of the 3L beaker was also subject to
great fluctuations in temperature due to lack of

thermal insulation.

The 3L beaker was replaced with a large vacuum sealed,
double walled dewar flask with a capacity of 7L. The
magnetic stirrer was replaced with a stirrer rod,
powered by a Citenco motor (type KQPS/21 200-250V

60W), capable of stirrer speeds of between 100 and 600
rpm. The stirrer rod was fitted with an anchor shaped
glass paddle, a style found to be optimal for bead
formation by Atwal (180). The rest of the equipment
used in the Dbasic system was retained. Bead
production, using this modified system, was carried

out using stirrer speeds of 100, 150 and 300 rpm.

No problems of 'mat' formation were encountered but
very few polymer beads were produced at any of the

stirrer speeds. At 300 rpm large amounts of debris
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were harvested, comprised of 'small threads of
polymeric material suspended 'in hexane. This was
presumably the result of the high stirrer speed
causing a break-up of the frozen particles. When: the
stirring speed was reduced to 100 rpm most of the
product proved to be polymeric debris, containing
small clumps of fused beads. This suggested that the
stirrer speed was too slow to keep the beads apart.
Increasing the stirrer speed to 150 rpm did result in
a small number of beads, with an average diameter of
350um, although the bulk of the product consisted of

thread-like debris.

The Fison's motorised syringe produced an
intermittent, 'spurting' delivery due to air locks in
the feed line and this was judged to be the cause of
much of the polymer debris. The Fison's motorised
syringe was subsequently replaced by more reliable
delivery systems. During bead fabrication, the 7L
dewar flask was found to be extremely cumbersome,
harvesting polymer beads by decanting off the cold
hexane proved very difficult and could not be
accomplished with safety. In order to facilitate
harvesting a smaller purpose built dewar flask (5L)
was designed and constructed. The dewar was fitted
with a spring loaded exit tap at its base, a lower
'skirt' to improve stability and improved vacuum

between the inner and outer walls. This prevented the
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hexane warming up too quickly under the influence of
the high power UV 1lamp and thus minimised the
effervescence of cold hexane on the addition of
powdered dry ice during polymerisation. The 5L dewar
was of sufficient depth to allow high speed delivery
of the monomer solution without the problem of 'mat’
formation. It also allowed the fabrication of large
batches of beads, whilst retaining the ease of
harvesting associated with a smaller, manageable

vessel.

3.2 PARAMETERS AFFECTING THE SIZE DISTRIBUTION OF
POLYHEMA BEADS

Preliminary experiments confirmed that a discrete,
continuous Jjet of monomer solution was required for
the production of bead form matrices. In addition, a
sufficiently high stirrer speed was required to
maintain the frozen monomer beads 1in suspension
without fracture or clumping, until polymerisation was
complete. Further work was conducted to establish more
precisely, the contributions made by the rate of
delivery of the monomer solution, the influence of
stirrer speed and the ratio of monomer to solvent on
the gross morphology, size distribution and total
yield of the polymer beads. These experiments were
also designed to assist in the establishment of an
automated bench-scale manufacturing process which
would ensure reproducible bead size ranges and yields
and provide an optimal system for the production of
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bead formed polyHEMA matrices. ‘A ‘summary of the
various parameters investigated is shown in Table 3.1.
Table 3.1 A summary of the different delivery speeds,

stirrer speeds and monomer:solvent ratios used in
evaluating the size distribution of polyHEMA beads.

Delivery Stirrer Monomer :
Dispenser Speed Speed Solvent
(ml/sec) (rpm) Ratio

Watson/Marlow

Peristaltic

Pump 0.3 150 50:50
wWatson/Marlow

Peristaltic

Pump 0.3 200 50:50
Brand dispenser

Speed I 7.1 300 50:50
Brand dispenser

Speed I 7.1 250 50:50
Brand dispenser

Speed IV 9.8 250 50:50
Brand dispenser

Speed 1V 9.8 400 50:50
Brand dispenser

Speed 1V 9.8 300 50:50
Brand dispenser

Speed IV 9.8 300 40:60
Brand dispenser

Speed IV 9.8 300 60:40




3.2.1 Use of a Watson/Mariow peristaltic pump for
the delivery of monomer solution.

The use of a Watson/Marlow peristaltic pump was
considered for the delivery of monomer solution. This
pump provided a slow, continuous delivery of 0.3ml/sec
without aeration, using autoanalyser tubing (2.05mm
ID) and led to a greatly reduced debris formation.
Bead fabrication was carried out at stirrer speeds of
150 and 200 rpm. In all experiments, polymerisation,
harvesting and bead size range determination were
carried out as described in Chapter 2 for the

definitive method of bead production. (Pages 78-85).

The mean bead size (um) distributions obtained using
the peristaltic pump are shown in Figure 3.2. The
size distributions obtained proved to be reproducible
with a mean yield of >90%. Using a stirrer speed of
150 rpm there was an overall significant difference
(P<0.001) between the proportions of beads 1in each
size category and all proportions in each size
category were found to be significantly different from
each other (P<0.001). Most beads (55.8%) generated
were greater than 1700um in diameter whilst the
smallest percentage of total yield was represented by
355-500um beads (2.1%), Figure 3.2. When the stirrer
speed was increased to 200 rpm there was an overall
significant difference in the percentage of beads in
each size category (P<0.001). There was, however no
significant difference between the proportion of beads
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FIGURE 3.2: The effect of stirrer speed on the

mean size distribution of beads produced using

the penstaltic pump at a delivery speed of

0.3ml/sec. (Mean values * SEM, n=6).
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greater than 1700um in diameter (35.4%) and the
proportion of beads in the 1000-1700um category
(34.7%). The remaining two size categories (500-1000
and 355-500um) contained significantly fewer beads
than were found in the size range >1700um and 1000-
1700um (P<0.001). The smallest proportion (8.6%) of
the total vyield appeared in the 355-500um size

category (P<0.001), Figure 3.2.

Increasing the stirrer speed from 150 - 200 rpm
significantly increased the proportion of beads in the
355 - 500 and 500 - 1000um categories (P<0.001),
Figure 3.2, but reduced the proportion of large beads
(>1700 um). However, increasing the stirrer speed did
not significantly influence the proportion of beads in
the 1000 - 1700um category. When using the peristaltic
pump, there was a tendency to produce large beads,

1 - 3mm in diameter. Few of these beads were
spherical, most were irregular in shape and many were
'pear shaped' possessing well defined projecting
'tails'. These 'talls' were formed when the large
droplets of monomer, produced by the very slow
delivery speed of the peristaltic pump, did not freeze
instantaneously on contact with the cold hexane. This
resulted in monomer droplets travelling down and
around the flask before freezing, causing distortion
of the bead shape. The tails tended to break from the

beads increasing the proportion of debris. A stirrer

[
N
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speed of 150 rpm was not adequate to keep the beads
separated in the cold hexane during polymerisation.
This led to the clumping of beads and their subsequent
retention in the 1700um mesh sieve. Increasing the
stirrer speed to 200 rpm, increased the depth of the
stirrer vortex and improved the separation of beads,

reducing the proportion in the >1700um size category.

These initial experiments suggested that stirrer speed
was an important parameter which affected both the
integrity and size distribution of the beads produced.
More specifically, the stirrer speed appeared to have
a pronounced effect on the proportion of beads
generated at the two extremes of the size range
distribution. Due to the production of large beads of
irregular shape, the peristaltic pump was considered
to be inappropriate for bead formation. Indeed, a
means of delivery was required which would generate
relatively smaller, spherical beads, over a variable,
yet reproducible size range. The peristaltic pump was
subsequently replaced with a 'Brand Multispenser'

automatic dispenser.

3.2.2. Use of a 'Brand Multispenser' automatic
dispenser for the delivery of monomer
solution.

The 'Brand Multispenser' automatic dispenser provided
a more rapid delivery of the monomer solution than any

other delivery system used previously in this work.
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The speed of delivery could be precisely controlled
using four speed settings and calibration was carried
out using a fixed (20ml) volume of water. The actual
delivery speeds were calculated as shown in Table 3.2

below: -

Table 3.2: Ca;ibration of the delivery speed using
the 'Brand Multispenser' automatic dispenser.

Speed n= Mean Time to Mean Delivery
Setting Dispense 20ml Speed + SEM
water (sec) (ml/sec)
I 20 2.80 7.10 £ 0.03
II 20 2.50 8.0 + 0.02
III 20 2.30 8.73 + 0.02
v 20 2.04 9.80 * 0.03

PolyHEMA beads were generated using the fabrication
process previously described (Pages 78-85)
incorporating the Brand dispenser, set at a delivery
speed setting of I (7.1lml/sec) or IV (9.8ml/sec). The
monomer solution was dispensed in 10ml aliquots,
perpendicular to the plane of the surface of the
hexane, ensuring that the delivery nozzle was placed
as close to the surface of the hexane as possible,
without freezing the monomer solution in the tip of
the tube. The stirrer motor speed was varied over the

range 250 - 400 rpm, Table 3.1, (Page 163).
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Figure 3.3 shows the effect of stirrer speed on the
mean size distribution of beads produced using the
Brand dispenser set at delivery Speed I (7.1 ml/sec).
There were overall significant differences (P<0.001)
between the proportions of beads produced in each size
category at speeds of 250 and 300 rpm. At a stirrer
speed of 250 rpm each size category was significantly
different (P<0.001), from the next and the following
bead distribution was produced according to the scheme

below:

1000~-1700um > 500-1000um > >1700um > 355-500um > 106-

250um

No beads smaller than 106um were generated at this
stirrer speed, Figure 3.3. Beads harvested in the
>1700um (13%) category were actually fused clumps of
smaller beads that had not been separated by the 250
rpm stirrer speed. When the stirring speed was
increased to 300 rpm a markedly different size
distribution was obtained, Figure 3.3. The
proportions of beads in each size range were
significantly different from each other (P<0.001). A

stirrer speed of 300 rpm generated the following bead

size distribution;

500-1000um > 355-500um > 250-355um > 106-250um > 1000~

1700um > <106um > >1700um
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BEAD SIZE RANGE (pm)

FIGURE 3.3: The effect of stirrer speed on

the mean _size distribution of beads
proc_iuced using the Brand dispenser at
delivery speed I. (7.1ml/sec). ' '
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Bead clumping was eliminated and few (2.3%) very large
peads were produced (>1700um) because the stirring
speed was sufficiently fast to stop the coagulation of
smaller beads prior to polymerisation. In contrast to
the profile obtained with a stirrer speed of 250 rpm,
material was also harvested in the <106um category
(6.2%) Figure 3.3. This was not made up of beads but
rather consisted of threads of debris, possibly caused
by the collision of beads when subjected to the higher

stirrer rate.

Significantly higher proportions of beads were
obtained in the lower size ranges (<106- 500-1000um)
using the 300 rpm stirrer speed as shown in Figure 3.3
and hence increasing the stirrer speed from 250 to 300
rpm decreased the proportion of larger beads. No
significant difference was found between the mean
total bead yields obtained with each stirrer speed.

In order to change the bead size distribution and to
investigate further the ceffects of stirrer speed and
delivery speed on the bead size distribution the
delivery speed was increased to 9.8ml/sec (Speed 1IV).

Figure 3.4.

There were significantly (P<0.001) different

proportions of beads in the different size categories

at stirrer speeds of both 250 and 300 rpm with the new

delivery speed. At a stirring speed of 250 rpm all
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BEAD SIZE RANGE (pm)

FIGURE 3.4: The effect of stirrer speed on
the mean size distribution  of beads
produced using the Brand dispenser at
delivery speed IV. (9.8ml/sec).

(Mean values * SEM, n=9).
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pead categories contained significantly different

proportions of Dbeads according to the following

distribution:

500-1000um >1000-1700um >355-500um >>1700um >250-

355um >106-250um ><106um.

Using a stirrer speed of 300 rpm beads were produced

in the categoriles according to the following scheme

500-1000um >1000-1700um >355-500um >250-355um = 106-

250um = >1700um > <106um.

No significant difference was observed between the
mean total bead yields obtained at stirrer speeds of
250 and 300 rpm with speed setting IV on the Brand

dispenser.

Increasing the stirring speed from 250-300 rpm
significantly (P<0.05) increased the proportion of
beads in the 250-355um category alone, from 4.7 to
6.9% as shown in Figure 3.4. The difference in stirrer
speed was probably too small to influence the bead
size distribution in the larger bead size categories.

At 300 rpm some clumping of beads was observed in the

larger size categories, but very little debris (<106um

category) was produced (0.7%). The beads were

generally discrete and spherical and 300 rpm was
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subsequently taken as the optimum stirrer speed for a

monomer solution delivery rate of 9.8 ml/sec.

The stirrer speed was increased to 400 rpm at delivery
speed IV (9.8ml/sec) in an attempt to eliminate the
clumping of beads in the larger size categories and
alter the size distribution to provide a greater
proportion of small Dbeads. The results of this
manoeuvre are summarised in Figure 3.5. There were
significant differences between the proportions of
beads in each size category using a stirrer speed of
400 rpm (P<0.001). The proportions of beads in each

size category showed the following distribution:

500-1000um >355-500um >250-355um = 1000-1700um >106-

250um = <106um > >1700um

There was a significant increase (P<0.001) in the
proportion of beads in the smaller size categories
(<106 - 355-500um) when the stirrer speed was
increased from 300 to 400 rpm and a decrease (P<0.001)
in the proportion in the larger bead categories (1000-
1700um - <1700um) as shown in Figure 3.5. Increasing

the stirrer speed to 400 rpm did not significantly

change the mean total bead yield. However, at this

higher stirrer speed a larger proportion of debris

(6.8%) was produced, in the <106um category. The

o

increased stirrer speed led to surface abrasion and
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FIGURE 3.5: Tbe effect of stirrer speed on the
mean size distribution of beads prbdﬁcéd>
using the Brand dispenser at delivery S ééd
IV. (9.8 ml/sec). (Mean values + SEM, ngg) ‘
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FIGURE 3.6: The effect of stirrer  speed on
the mean size distribution of beads produced
using the Brand dispenser at delivery speed
IV. (9.8ml/sec). (Mean values *+ SEM, n= 9).
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the breaking up of some of the frozen monomer

droplets.

Increasing the stirrer speed did not significantly
influence the proportion of beads in the 500-1000um
category Figure 3.5. This confirmed earlier
observations suggesting that alteration in the stirrer
speed only tended to influence the proportion of beads
in the low and high size ranges. This effect 1is
confirmed when the mean size distributions of beads
obtained at 250 and 400rpm at a delivery speed of
9.8ml/sec are compared in Figure 3.6. It was therefore
concluded that stirrer speed had a significant effect
upon the size distribution and integrity of the beads
produced but no significant effect on the mean total

bead yield obtained.

In order to determine if the speed of delivery of the
monomer solution was an important parameter
influencing the size distribution of the beads
generated, the speed of delivery was investigated at
7.1ml/sec (Speed I) and 9.8ml/sec (Speed IV) whilst
the stirrer speed was maintained at 250 rpm as shown
in Figure 3.7. Increasing the delivery speed from 7.1
to 9.8ml/sec significantly decreased the proportion of
larger beads, in the 1000-1700um - >1700um categories

but generally had no significant effect on the
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BEAD SIZE RANGE (pm)

FIGURE 3.7: The effect of delivery speed on

the mean size distribution of beads produced

using the Brand dispenser and a stirrer

speed of 250 rpm. (Mean values * SEM, n= 6).
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proportions of beads generated in the middle size
ranges (<106-250-355-500um). However, there was a
significantly increased proportion of 500-1000um and
<106um beads, Figure 3.7, when the delivery speed was

increased to 9.8ml/sec.

clumping of beads was not observed using the higher
delivery speed. It appears that the fast delivery
causes the jet of monomer solution to break up into
small droplets, reducing the propensity to clumping at
slow stirrer speeds and 1in turn significantly
increasing the proportion of beads in the 500-1000um
size range. Increasing the delivery speed did not
significantly influence the total mean bead yield,

Figure 3.7.

When the stirrer speed was increased to 300 rpm the
rate of delivery took on greater significance as
regards the integrity of the beads produced. A
delivery speed of 7.1lml/sec (Speed I) was too slow and
a large amount of polymeric debris (<106um, <5% total
vield) was produced, Figure 3.8. A delivery speed of
9.8ml/sec (Speed setting IV), was more suited to a
stirrer speed of 300 rpm with a much reduced
production of debris and a bias towards the production
of larger bead sizes, Figure 3.8.

Since altering stirrer speed and delivery speed did

not significantly influence the total yvield of beads
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FIGURE 3.8: The effect of delivery speed on
the mean size distribution of beads produced
using the Brand dispenser and a stirrer
speed of 300 rpm. (Mean values * SEM, n=6).
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produced using the Brand dispenser, the mean total
bead yield was not an important criterion for the
determination of the optimum conditions of bead
production. The reproducibility of the bead size
profile, as judged by the size and variation in the
standard error of the mean (*SEM) for each bead
category proved to be good. A delivery speed of
9.8ml/sec (Speed IV) and a stirrer speed of 300 rpm
was chosen for future bead production since the bulk
of the yield was obtained in the middle size ranges
and little debris was harvested. This enabled much of
the bead harvest to be used in experimental work and

little was discarded.

During the course of this development work the
monomer : solvent ratios were altered to investigate the
effects of monomer and solvent concentration on the
macroporosity of the matrix and the release rates of
incorporated macromolecules. In order to investigate
the effect of monomer:solvent ratio on the bead size
distribution, unloaded beads were fabricated, using
standard conditions, ie. a delivery speed of 9.8ml/sec
(Speed 1IV), a stirrer speed of 300 rpm and
monomer:solvent ratios of 40:60, 50:50 and 60:40.
Changing of the monomer:solvent ratio over the range
50:50, 40:60 and 60:40 had no significant effect on
either the proportion of beads in each size category

or the total mean bead yield, Figure 3.9.
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FIGQRE 3.9: The effect of monomer:-solvent
ratio on the mean size distribution of beads
produced using the Brand dispenser at speed
setting IV (9.8ml/sec) and a stirrer speed of
300 rpm. (Mean values * SEM, n=9).

.
> 1700

/7///////////// 7

ARSI LTI IATIES,

708 % SIS A

= 57 ’ / > / / //

L L

1000-1700

500-1000

7,

E Vi /
= B e i
w J
lD >y / /
E ﬂ?§5a2255b944
355-500 V0
<
—
2] 1
/N ) o
E !,/Oﬁ Mean yield 50:50 = 76.79 % 3.75% i
2 250355 [/} Mean yield 40:60 = 79.14 ¢ 4.05%
Mean yield 60:40 = 68.76 * 1.60% W
}
7
10 7
6-250 774 50:50
A 40:60
60:40
<106
1 Y T d T T T d T v ]
0 10 20 30 40 50
MEAN PERCENTAGE OF TOTAL YIELD

182




3.3 THE INCORPORATION OF PHYSIOLOGICAL BUFFERS INTO
POLYHEMA BEADS.

In order to  incorporate biologically active
macromolecules into polyHEMA beads, in solution and in
a stable state, they must Dbe incorporated in
appropriate physiological buffers which maintain
optimal pH and provide the molecule with some
protection against hydrolytic degradation. The
supporting buffer 1is required to fulfil a number of
criteria depending on the nature of the macromolecule
itself and the chemical composition of the monomer
solution. The buffer should not react chemically with
any constituent of the monomer solution or interfere
with either the photopolymerisation process or the
formation of the macroporous matrix. A number of
buffers were considered to be potentially useful
carriers for biologically active macromolecules such
as glucose oxidase, insulin and interleukin-2. The
buffers selected for study were 0.04M phosphate
buffer, 0.2M phosphate buffer and 0.01M sodium
acetate/0.12M sodium chloride buffer. Their chemical
compositions are given in Appendix Al. All buffers
were freshly prepared and adjusted to physiological
pPH7.4 before use by the addition of either 1M HC1 or

NaOH as appropriate.

0.04M phosphate buffer pH7.4

This buffer is commonly used as the diluent buffer for

the dilution of insulin standards and samples in the
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radioimmunioassay of insulin and as such was thought
to be suitable for buffering insulin solutions. Since
the H,PO, - HPO,®  system is a major intracellular
puffer, 1t was considered likely that this buffer
would be suiltable for the incorporation of a large
number of biologically active peptide macromolecules

including glucose oxidase and interleukin-2.

0.2M phosphate buffer pH7.4

This buffer has a stronger buffering capacity than
0.04M phosphate buffer and had the capacity to buffer
the 1M HC1 initially used to take up insulin prior to

the preparation of insulin solutions.

0.01M sodium acetate/0.12M sodium chloride buffer
pH7.4

This buffer is wused in commercially available

injectable insulin preparations (Boots).

Bead fabrication was carried out as previously
described and the appropriate buffer added as part of
the agueous phase in the monomer solution, ie 9.249g
of buffer in a x 1 batch (as described in Table 2.1,
Page 79) PolyHEMA beads were generated using the bench
scale, standard apparatus as described in Chapter 2
(Pages 78-85). The general appearance of the combined
monomer solution containing buffer was noted prior to
polymerisation in order to check for signs of phase
separation. After fabrication, the proportion
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of beads produced in each size category was determined
as described (Page 83). The equilibrium water content
and morphology of the beads was also recorded. (See

section 3.4, Page 187).

0.2M phosphate buffer pH7.4

The use of 0.2M phosphate buffer in the agueous phase
of the monomer solution resulted in the formation of
a white precipitate. Bead fabrication was attempted,
but the HEMA failed to polymerise, even after extended
(3 hours) exposure to UV light. The phosphate present
in the Dbuffer caused the photoinitiator, uranyl
nitrate, to precipitate out of solution as uranyl
phosphate and this buffer was therefore judged
unsuitable for bead manufacture unless used with an

alternative photoinitiator.

0.04M phosphate buffer pH7.4

The substitution of 0.04M phosphate buffer for the
water content of the agueous phase also resulted in a
small amount of uranyl phosphate precipitation.
However, the amount of precipitate was Vvery much
reduced and beads were successfully fabricated after
an extended photopolymerisation time (3 hours).
Despite this, it was concluded that this buffer would
be unsuitable for the routine incorporation of peptide
macromolecules because the precipitation of uranyl

phosphate might lead to an uneven distribution of
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inadegquately buffered macromolecule in the bead. In
addition, nitric acid is a bi-product of the reaction
petween uranyl nitrate and sodium phosphate and this

could lead to the denaturation of the protein in

solution.

gince phosphate buffers are widely used as
physiological buffers, attempts were made to secure an
alternative photolnitiator to uranyl nitrate. Three
photoinitiators, known to bring about the successful
polymerisation of HEMA, namely, benzoin,
phenanthraguinone and benzil, were investigated. The
initiators were used at the same concentration in the
monomer solution as uranyl nitrate (2%). Benzil
failed to bring about the polymerisation of HEMA in
the presence of phosphate buffer. Benzoin and
phenanthragquinone initiated the polymerisation of the
monomer solution containing phosphate buffer. However,
neither of these photoinitiators is water soluble and
the final product required rigorous washing with
dimethyl sulphoxide to remove the residual
photoinitiator after polymerisation. Therefore, the
distinct advantage of using an easily removable, water
soluble photoinitiator, ie uranyl nitrate, would be
lost if phosphate buffers were to be employed for
peptide incorporation and it was therefore decided to
avoid the use of phosphate buffers wherever possible

in subsequent experimental work.
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0.01M sodium acetate/0.12M sodium chloride buffer
pH7.4

No change in the physical appearance of the monomer
solution occurred when this buffer was included in the
agqueous phase. Photopolymerisation +time was not
affected and beads were successfully fabricated with
characteristic shape and size distribution. This
puffer was subsequently used for the incorporation of
insulin and other |biologically active peptide

macromolecules into macroporous polyHEMA beads.

These experiments highlight the importance of testing
for chemical compatibility between any additions to
the basic formulation and the monomer solution itself.
It may be that the addition of buffers or the
incorporation of macromolecule may influence the
matrix structure of the beads and release kinetics.
Each new constituent to the monomer solution may exert
a different effect, which must be established. The
equilibrium water content of all beads produced was
routinely established and an ultrastructural
examination of the macroporous matrix was carried out
on all beads manufactured.
3.4 CHARACTERISATION OF POLYHEMA BEADS BY MEASUREMENT
OF THE EQUILIBRIUM WATER CONTENT AND

ULTRASTRUCTURAL EXAMINATION  USING SCANNING
ELECTRON MICROSCOPY

3.4.1 Equilibrium water content

The Equilibrium Water Content (EWC) of a hydrogel is

a very important characteristic since it may influence
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the permeability (hence possibly release kinetics),
piocompatibility, mechanical and surface properties
of the polymer (98). The EWC of all batches of beads
was determined routinely by measuring the wet weight
of a 7 days fully rehydrated sample of beads (in x2
distilled water), drying to constant weight and re-
weighing. The EWC of the polymer was then calculated
using the eguation below (Chapter 2, Page 85).

EWC = Weight of water in beads x 100%
Total weight of hydrated beads

[At 20°C]

Any significant changes in the EWC of batches of
beads, loaded or unloaded, generated using different
bead formulations was confirmed statistically, using
One-way ANOVAR and Newman-Keuls multiple comparison
tests. Table 3.3 summarises the mean EWCs of batches
of polyHEMA beads produced throughout the course of
this work. In each case the EWC values obtained have
been compared with those of unloaded beads, fabricated
using a monomer:solvent ratio of 50:50, a solvent:
ethylene glycol ratio of 4:1 and a HEMA EDM ratio of
10:1 (Standard EWC).

Increasing the proportion of HEMA monomer to solvent
in the monomer solution led to a significant decrease
in the EWC of the product polymer and vice versa.
These observations are consistent with results
obtained by other workers and it is well established

that the EWC of heterogenous hydrogels is strongly
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dependent on the monomer:solvent ratio (24,99,120).

poric acid-borate buffer, pH7.4, had no significant
cffect on the EWC of polyHEMA beads, either alone, or
when used to 1incorporate FITC-linked dextrans.
However, the addition of sodium acetate/sodium
chloride Dbuffer to the HEMA monomer solution
significantly increased the EWC of the product
hydrogel. This effect has been shown to be a maximum
at low (<0.2M) acetate concentrations (102). It has
been suggested that acetate ions are adsorbed onto the
polymer network and at low concentrations, the
repulsive forces between acetate anions induce network
swellings. At higher concentrations of acetate the
charges may be shielded from one another, reducing the
effect. Oon the other hand, chloride ions tend to
reduce the EWC of polyHEMA, causing a strengthening of
hydrophobic bonds in the polymer (102). However, at a
concentration of 0.12M (0.7%) sodium chloride, the
deswelling effect of the chloride anion 1is slight
(103) and when the two anions are present together it
appears that acetate exerts the greater effect,
cancelling out the deswelling influence of the
chloride ions and producing an overall increase in

EWC.

The incorporation of macromolecules (insulin and

glucose oxidase) into polyHEMA beads with sodium
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scetate/sodium chloride buffer did not significantly
affect the EWC of the beads, compared to the EWC of
the beads fabricated using buffer alone. Alteration
of the monomer solvent ratio had no significant effect
on the EWC of ©beads fabricated with sodium
acetate/sodium chloride buffer. The tendancy of the
acetate anion to cause matrix swelling was presumably
greater than the ability of the solvent concentration

to alter the EWC of the polymer.

Loading beads with BSA at a level of 5% of the total
matrix weight was found to significantly decrease the
EWC of the polymer. The albumin may be acting in an
occlusive fashion, blocking the ingress of water. This
effect would be exaggerated with high concentrations

of albumin which produce viscous solutions in water.

3.4.2 The ultrastructural morphology of
macroporous polyHEMA beads determined using
scanning electron miCroscopy.

Stereo scan electron microscopy (SEM) was employed to
characterise the surface topography of the polyHEMA
beads and to verify the extent and integrity of the
macroporous structure. Routine monitoring of beads by
SEM, allowed the impact of macromolecule incorporation
on bead structure and macroporosity to be assessed.
Methods for the processing and preparation of beads

for SEM have been described in Chapter 2 (Page 86) .
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plate 3.1: Interior of 50:50 monomer :solvent ratio

unloaded polyHEMA bead. Mag X 5000.

Plate 3.1 shows the macroporous structure of an
unloaded bead fabricated using a monomer:solvent ratio
of 50:50. The mean pore diameter in the interior of
the bead was estimated to be of the order of 1.9%um,
although pore sizes ranged from 1.5 to 2.9um.

Plate 3.2 shows the sponge-like surface topography of

a bead of the same compositilon.
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Plate 3.2: surface topography of 50:50
monomer :solvent ratio unloaded polyHEMA bead. Mag X

100

In this case, the magnification was rather too low to
allow an accurate assessment of pore size to be made.
However, the general appearance of the bead is
illustrated, the surface of the bead is rough and
undulating and the pores appear to be situated within
distinct domains. This is seen more clearly on Plate
3.3 which shows the same bead at a higher

magnification.
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plate 3.3: Surface of 50:50 monomer:solvent rgtio
unloaded polvyHEMA bead showing surface pore domalns.

Mag x 2000.

The average pore size was estimated to be 1.4um with
a range of 0.9 - 2.l1lum. The pores within the ridged
domains at the surface of the bead appear to be 1less
widespread than the continuous pores in the interior.
There is some indication that pores at the surface are
somewhat smaller than those in the interior (1.4

compared to 1.9%9um). It may be that the instantaneous
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freezing of the bead on contact with the cold hexane
during fabrication may not have allowed sufficient
time for complete separation of the monomeric and

agqueous phases to occur near the surface, reducing the

size and frequency of the pores.

plates 3.4 and 3.5 illustrate the effect of increasing
the proportion of monomer to solvent from 50:50 to
60:40 on the size and extent of the pores at the
surface and in the interior of the beads.

Plate 3.4. Interior pores of a polyHEMA bead

manufactured using a monomer:solvent ratio of 60:40.
Mag x 5000




The mean interior pore size, Plate 3.4, was estimated

to be 0.7um and ranged from 0.5 to 0.9um. The range

of values was substantially lower than that recorded

for beads manufactured with a 50:50 monomer:solvent

ratio, Plate 3.1.

plate 3.5. Surface pore domains of a polyHEMA bead
manufactured using a monomer :solvent ratio of 60:40.

Mag x 2000.

The surface topography of a 60:40 monomer:solvent

ratio bead is shown in Plate 3.5. Pore sizes ranged

from 0.5 to 0.8um and averaged 0.7um. This value was
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much lower than the estimate of 1.4um obtained for
peads containing a 50:50 monomer:solvent ratio (Plate
3.2). There was no difference between the estimated
pore size in the interior and at the surface of these
beads. However, a comparison of Plates 3.4 and 3.5
shows that the macroporous network is much more
extensive in the interior of the bead (Plate 3.4) than
at the surface (Plate 3.5). The interior of an
unloaded bead fabricated using a 40:60 monomer : solvent

ratio is shown in Plate 3.6.

Plate 3.6. Interior of an unloaded polyHEMA bead
fabricated using a 40:60 monomer:solvent ratio. Mag x

2000,




The mean pore size was estimated to be 2.6um with a
range of 1.9 to 3.9um. The pore diameter in the
interior of beads generated using a 40:60 ratio was
considerably larger than that observed for beads
fapbricated using a 50:50 (Plate 3.1) and 60:40 (Plate

3.4) monomer:solvent ratio.

Plate 3.7. Surface topography of an unloaded polyHEMA
bead fabricated using a 20:60 monomer:solvent ratio.

Mag x 1000.
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The mean pore diameter at the surface of beads
formulated using monomer:solvent ratio of 40:60 (Plate
3.7) was 2.6um and ranged from 1.9 to 3.8um and were
of the same order as those in the interior of beads of
this formulation. However comparison of Plates 3.6
and 3.7 shows that there were far fewer pores at the

surface of these beads than in the interior.

In general terms, these ultrastructural studies
indicate that increasing the monomer concentration in
relation to the solvent concentration, leads to a
reduction in the number and diameter of macropores in
the matrix. Comparison of Plates 3.1, 3.4 and 3.6
also indicate that at high (60%) solvent
concentrations the path of the macropores through the
bead become more ordered in appearance and have a less

tortuous path.

Whilst the addition of sodium acetate/sodium chloride
buffer to the monomer solution significantly increased
the EWC of beads and caused a swelling of the matrix
this buffer did not appear to affect the

macroporosity, Plate 3.8.
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A beads
3.8 surface topography of poﬁnggtio cacs
B .d.uving a 50:50 monomer solven T
fagit;azietage/sodium chloride buffer presen
SO

solvent phase. Mag x 2000.

In this case (Plate 3.8) the mean pore size was found
to be 1.2um with a range of 0.6 - 1.8um, not
dissimilar from the pore diameters present at the
surface of beads fabricated using distilled water in

the solvent phase (0.9 - 2.1um, Plate 3.3).
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The ultrastructural morphology of all batches of beads
produced during the course of this work was routinely
monitored using SEM. The incorporation of
macromolecules did not appear to affect the

macroporosity of the matrix.

The parameters of stirrer speed and monomer delivery
speed have been established as important factors
controlling the size range of beads produced by

freeze-thaw polymerisation and a reproducible and
controllable bench system has been developed for the
production of macroporous polyHEMA beads. The
macroporosity of the beads has been confirmed by SEM.
Although the EWC of the polymer may be affected by
buffers such as sodium acetate/sodium chloride, the
addition of buffers and macromolecules do not appear

to affect the macroporous structure of the beads.

It is of paramount importance that vehicles formulated
for the delivery of clinically useful macromolecules
with potential for use as deep seated or subcutaneous
implants, should be tissue biocompatible.  PolyHEMA
has been extensively tested and found to exhibit good
biocompatibility

(13,77-82). However, it is often the fabrication
pProcedures which render a polymeric vehicle

incompatible in vivo, rather than the nature of the

polymer itself. With this in mind, the cytotoxicity
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of macroporous pPolyHEMA beads was evaluated using MEM

elution testing, Chapter 2 (Pages 149-152).

7.5 CYTOTOXICITY TESTING OF POLYHEMA BEADS FABRICA
BY FREEZE THAW POLYMERISATION TED

cytotoxicity, oOr tissue culture testing is a rapid,
economical, 1in vitro method of determining the
piocompatibility of materials intended for use in
medical devices. The cytotoxicity testing of
fabrication materials wused 1n the generation of
delivery vehicles involves the production of a
piomaterials extract. This is useful in establishing
whether there are potential 'leachables' present in
the vehicle that are capable of inducing a measurable
degree of systemic toxicity, localised tissue
irritation, sensitisation or other biological
response. Mammalian tissue culture systems are
extremely sensitive and results obtained which suggest
a material to be cytotoxic must be viewed 1in
conjunction with results of applicable in vivo studies
and in the light of the intended use of the product.
In the present study, the cytoUndcity testing of
polyHEMA beads and HEMA monomer was carried out using
minimum essential medium (MEM) elution tests 1in
accordance with North America Sclence Assoclates
Incorporated (NAmSA) Safety Evaluation Guidelines.

Three cell lines are used at NAmSA; L-929, mouse

fibroblast, WI-38, human embryonic lung and MRC-5,

human embryonic lung. The L-929 cell line has been
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suggested for use 1n most cases by NAmSA since it is
the easiest to culture, the supply is unlimited and is
very dependable. L-929 cells are a subclone of NCTC
cells, clone 929, Strain L, originating from C3H mouse
areolar and adipose tissue (166). The cells are
fibroblasts and attachment dependent, forming
epithelial-like monolayers in culture. Stock cell
cultures were routinely maintained in Eagles minimum
essential medium (modified) with Earle's salts, as
described previously in Chapter 2, (Pages 141-143) and
MEM elution tests were carried out as described,

Chapter 2, (Pages 149-152).

The effect of exposure of L-929 cells to one days
static bead eluant, obtained at 37°C is shown in
Figure 3.10. The eluant significantly reduced the
growth rate of L-929 cells after 48 and 72 hours by
25% and 24% respectively when compared to the growth
curve of control cells, but substantial cell growth
was still maintained. When 1,-929 cells were exposed
to 5 day low temperature eluate (4°C), no significant
change in log phase growth could be detected after 48
and 72 hours in culture, Figure 3.11, although there
was a marginal reduction in the numpber of cells
detected in culture after 24 hours. The results of the
cytotoxicity testing of polyHEMA peads suggest the

presence of a minimal amount of toxic leachable

substance in the polymeric matrix, probably introduced
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FIGURE 3.11: The effect of
a 5 day
from 1g polyHEMA beads per 100ml iégii; iizgge
on the growth of L929 cells. (Mean values + SEM n=6)
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at the fabrication stage of bead production. However,
the substance 1s not present at a concentration
sufficient to cause cell death and a significant
growth of L-929 cells was maintained. The addition of
HEMA monomer to the tissue culture medium at low
concentrations (1:1000 and 1:100,000) significantly
inhibited the growth of L-929 cells, Figures 3.12 and
3.13. Total cell death occurred within 48 hours of
the administration of HEMA monomer at a concentration
of one part per thousand, Figure 3.12. However the
cell line did show some recovery from exposure to one

part per hundred thousand HEMA monomer after 70 hours,

Figure 3.13.

These data do not indicate the precise nature of the
contaminant(s) leached from the beads which affected
cell growth in culture. It is possible that a range of
contaminants such as hexane, unreacted monomer, and
uranyl nitrate or ethylene glycol might be present at
very low concentrations, giving rise to a reduction in
the rate of growth of the cells. The toxicity of HEMA
monomer (69) is confirmed py these cell culture
experiments and the requirement for the complete

polymerisation of polyHEMA beads emphasised.

This study indicates that polyHEMA peads fabricated
using the method of free-thaw polymerisation reguire

more extensive washing than utilised here,
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CELLS PER FLASK (x109)

FIGURE

3.13:

The effect of one part per

hundred thousand HEMA monomer
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(5 minutes 1in x2 distilled water) to preserve cell
piocompatibility. Since the leaching of
contaminant(s) was greater at 37°C it may be that a
warm washing procedure (37°C) might be a more

efficient means for removing contaminants than the

room temperature x2 distilled water wash currently

emp 1oyed .
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CHAPTER 4

THE RELEASE OF SURROGATE PROTEIN MACROMOLECULES

FROM MACROPOROUS POLYHEMA BEADS

Lo
=
(o)



4.1 THE RELEASE OF BOVINE SERUM
MACROPOROUS POLYHEMA BEADS. ALBUMIN: FROM

Bovine serum albumin (BSA) fraction Vv (MW 68,000) was
considered a convenient surrogate macromolecule for
incorporation into polyHEMA beads because it 1is
relatively stable in solution and when frozen at

-20°C has a reasonable shelf life. BSA can be assayed
conveniently and sensitively using the bicinchoninic
acid assay procedure (Pages 89-97), as described in

Chapter 2.

BSA was loaded into polyHEMA beads by dissolving in
the water component of the agueous phase of the
monomer solution at a concentration of 60mg BSA per ml
water (5% of the total polymer matrix weight), and
beads were fabricated using the standard procedure

described previously (Pages 78-85).

After harvesting, beads were washed in X2 distilled
water at room temperature for five minutes. Half the
vield was air dried at room temperature (21°C) and

half was freeze-dried overnight at a temperature of

-65°C under a vacuum of 0.2 atmospheres (Edwards 4K

Modulyo freeze-drier). BSA containing beads from a

number of batch preparations Were similarly processed

and pooled for use€ in release€ BSA experiments.

Cumulative release profiles were constructed and

differences in the rates of release of BSA obtained in
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response to the various treatment conditions were

computed using Student's unpaired t-tests.

4.1.1 The effect of drying procedure on the release of
BSA from macroporous polyHEMA beads.

The release experiments were set up as described in
chapter 2 (Pages 87-88) using air and freeze-dried
peads in the 500-1000um size range. Water was used as
the incubation medium and BSA release was monitored
for 20 days. Control studies, using unloaded beads,
indicated the presence of some contaminant, apparently
leached from the polyHEMA beads into the incubation
medium, which affected the BCA assay used for protein
measurement. control samples showed an apparent
protein concentration of the order of 0.lmg/ml per
day. The cause of this effect could not be identified
as any constituent of the monomer solution, nor the
non-solvent, hexane. Therefore this control value was
subtracted from the measured amount of protein per
day.

Freeze drying significantly (P<0.001) increased the
rate of release of BSA from polyHEMA beads, Figure
4.1. TFreeze dried beads released about five times
more BSA than air dried beads over 4 20 day period.

After 18 days air dried beads ceased to release

detectable amounts of BSA. It may be that BSA

contained in air dried beads was either degraded

during the drying process OI dried to a water
resistant film. Lyophilised protein is more
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FIGURE 4.7: THE EFFECTOF FREEZE-DRYING
ON THE MEAN CUMULATIVE
RELEASE OF BSA FROM 5%
LOADED BEADS (500-1000pm)
(MEAN VALUES + SEM, n=9).
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pydrolytically stable than air dried protein, less
prone to degradation by microorganisms, and more

easily water soluble than air dried material.

Both freeze-dried and air dried beads showed a
characteristic burst release of BSA over the first few
days. This may be the result of the release of BSA
from the bead surface and superficial layers of the
matrix. It is also possible that some BSA may have
been sublimed through the matrix pores, to the surface
of the beads during the freeze drying process,

potentiating the prolonged burst release seen with

freeze driled beads.

The regression coefficients for the release profiles
of air dried and freeze dried beads were high and
approximated to zero order. These studies demonstrate
that the freeze drying of beads is a reliable means of
bead processing, prior to prolonged storage and
facilitates the dissolution and release of the
surrogate macromolecule on rehydration. In subsequent

experimental work, polyHEMA beads were freeze-dried

immediately after fabrication and stored at -20°C

until required.

4.1.2 The effect of a itation on the release of

BSA from freeze-dried mMacroporous polyHEMA

beads.

Freeze-dried beads loaded with 5% BSA were generated

and the release of BSA monitored as described in
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FIGURE 4.2: THE EFFECT OF AGITATION ON THE

MEAN CUMULATIVE RELEASE OF BSA

FROM 5% LOADED BEADS (500-1000
(MEAN VALUES * SEM, n=9). )
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chapter 2 (Pages 87-88). Half the flasks, each

containing 1g freeze-dried beads, were continuously
agitated at room temperature on a Luckhams RS200
Recipro-Shake Major (220/240V, 50/60 Hz) at 70 cpm.
The remaining flasks were maintained at room
temperature and not shaken.

Figure 4.2 shows the cumulative release of BSA from
agitated and statically incubated polyHEMA beads at
room temperature. Agitation significantly increased
(P<0.001) the rate of BSA release from polyHEMA beads
compared with static incubation. Both profiles showed
a marked burst release of BSA over the first 8 days
and agitation tended to exaggerate the burst effect.
Agitation probably increases the rate of diffusion of
the incubation medium in and out of the polymer
matrix, encouraging increased BSA efflux from the

beads.

4.2 THE RELEASE OF FLUORESCEIN ISOTHIOCYANATE
DEXTRANS (FITC-LINKED DEXTRANS) FROM MACROPOROUS

POLYHEMA BEADS

The rate of release of macromolecules by diffusion

through and from a hydrophilic matrix may be a

function of molecular weight. With this in mind,

polyHEMA beads were loaded with FITC-1linked dextrans

of differing molecular weights. The linking of FITC to

dextran allows direct monitoring of dextran

concentration by spectrophotometry. Two FITC-linked
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dextrans were selected for study, a relatively low
molecular weight species (FD-20S, MW = 17,500) and a
nigh molecular weight species (FD-150, MW = 148,900).
100mg of each FITC linked dextran was loaded into
polyHEMA beads (0.86% loading) in 0.2M boric acid -
porate buffer pH7.4 (Appendix Al) via the aqueous
phase of the monomer solution. This buffer was also
used as the incubation medium for release studies.
Boric acid-borate buffer (buffering capacity pH7.4 -
pH9) was used to specifically stabilise the absorption
maxima of the FITC-linked dextrans (132) and
incubation of the beads was carrled out in the dark
since FITC-linked dextran is light sensitive (132).
The absorption maxima of FD-20S and FD-150 in borate
buffer, pH7.4 were confirmed as 491nm and 495nm
respectively. FITC-linked dextran loaded beads were
fabricated in the usual way, and the release
experiments were set up as described previously
(Pages 87-88), using 355 - 500um and 500 - 1000um
beads. The effects of incubation temperature (4°C and
37°C) and bead size were investigated on the rate of
release of both FD-20S and FD-150 over a 20 day
period. Cumulative release profiles were constructed

and differences in the rates of release obtained 1n

response to the various treatment conditions were

computed using two factorial ANOVAR.
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4.2.1 The effect of bead size and incubation
temperature of the release of FITC-linked
Jdextrans from macroporous polyHEMA beads.

The effect of bead diameter and incubation temperature
on the rates of release of FD-150 and FD-20S are
summarised in Figures 4.3 and 4.4 respectively.

The mean cumulative release of FD-150 dextran was
significantly greater at 37°C than at 4°C irrespective
of bead size, over a period of 14 days, Figure 4.3.
The release profile for FD-150, was characterised by
a significant initial burst release lasting about 5
days. The rate of release then declined to very low
levels. After 14 days at 37°C, release of FD-150
ceased, whilst at 4°C a low level of release was
maintained up to the conclusion of the experiment at
21 days. A significantly greater proportion of the
total loading of FD-150 was released at 37°C than at

4°C irrespective of bead size, Figure 4.3.

Increasing the incubation temperature to 37°C

significantly elevated the rate of release of FD-20S

dextran from polyHEMA beads, Figure 4.4. L.ike FD-

150, the release profile for FD-20S was characterised

by an initial burst release 1asting approximately 5

days, followed by a 1lov level release for the

remainder of the time period up to 21 days. However,

unlike FD-150 dextran, beads loaded with FD-20S and
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incubated at 37°C continued to release dextran at a

1ow level for up to 21 days.

pPolyHEMA beads of 500 - 1000um diameter consistently
released a greater proportion of the total
incorporated FITC-linked dextran than smaller beads
(355 - 500um), irrespective of incubation temperature
and the molecular weight of the dextran, Figures 4.3
and 4.4. Analysis of the release data for FD-150
dextran showed that incubation temperature and bead
size had independent effect on the release rate, ie
there was no significant interaction between
incubation temperature and bead size, but this was not
the case for the release of FD-20S dextran. The
temperature induced elevation of FD-20S dextran
release was significantly greater from 500 - 1000um

beads than from 355 - 500um beads.

Although the dextrans used in these experiments were
of moderately high molecular weight, dextran molecules
tend to be filamentous in solution, resulting in long

chains of molecules, rather than a 'globular' shape as

is generally found with high molecular weight

proteins. This is probably the reason for the

relatively rapid release of FITC-linked dextrans from

. - n
the macroporous matrix. The increased rate of dextra

release at 37°C indicated that the rate of diffusion
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of the macromolecule was the main factor controlling

the release of FITC-linked dextran.

The fact that FITC-linked dextran release was greater
from 500 - 1000um beads than from 355 -500um beads was
rather surprising. The amount of dextran incorporated
into 1lg of beads was theoretically the same,
irrespective of the final size of the beads produced
and small beads would be expected to show faster
release rates than large beads due to their increased
total surface area. However, small beads were likely
to have lost a high proportion of their incorporated
dextran from their surface at the washing stage after
bead production. Larger beads have a reduced surface
area and greater reservoir capacity, hence, most of
the dextran in the larger beads will be 1in the
interior and potentially 1less at the surface,
protecting the bulk of the incorporated dextran from
elution at the washing stage. This would 1leave
proportionately more dextran within the larger beads

for release during incubation.

4.2.2 The effect of molecular weight on the
release of FITC-1linked dextrans from

macroporous polyHEMA beads.

Molecular weight Significantly influenced the rate of

FITC-linked dextran release from the polyHEMA beads,

Figure 4.5. At 4°C and 37°C a significantly greater

proportion of FD-20S dextran was released than
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FD-150 dextran. Clearly, low molecular weight dextran
diffuses out of the macroporous matrix significantly
faster than the high molecular weight dextran. This
observation is consistent with the rate of diffusion
the macromolecule being the main controlling factor
affecting the release of dextrans from macroporous
polyHEMA beads. There was no significant interaction
petween the effects of temperature and molecular
weight on the rate of FITC-1linked dextran release, le
cach parameter acted independently of the other in
affecting release rates.

studies so far have investigated the incorporation and
release of surrogate macromolecules with no relevant
biological activity. In order to investigate whether
the process of incorporation into polyHEMA beads
influences the biological activity of the subsequently
released macromolecule, Dbeads Wwere manufactured
containing the representative enzyme glucose oxidase,
EC 1.1.3.4. The assay of glucose oxidase provides
direct information on the biological activity of the

macromolecule. Preliminary attempts were also made to

incorporate and monitor the release of an important

immunomodulating peptide, interleukin-2. The tissue

culture bioassay of this cytokine provides direct

information concerning the biological potency of the

i i i uent
macromolecule after jncorporation into and subsed

release from a bead formed hydrophilic matrix.
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4.3 THE RELEASE OF THE ENZYME GLUCOSE OX '
1.1.3.4) FROM MACROPOROUS POLYHEMA Blgl}gs? Aelee

Enzyme determinations provide a direct measure of the
piological activity of an enzyme protein and the
cffect of bead incorporation on biological activity
after release from the polymeric matrix can be assayed
directly. The enzyme chosen for study was glucose
oxidase (EC 1.1.3.4, GOD). This enzyme is a specific
and commonly used enzyme for the determination of
glucose in biological fluids (MW 154,000). It is
employed extensively, either as a reagent solution or
immobilised on supporting surfaces in autoanalyser

systems.

GOD was incorporated into polyHEMA beads using 0.01M
sodium acetate/0.12M sodium chloride buffer, (Appendix
Al) at a loading level of 0.32% (19,200U0/x 4 batch) .
Beads were fabricated (Pages 78-85) and release
experiments set up as described previously

(Pages 87-88). Beads in the size range of 355 - 500um

and 500 - 1000um were used for the study and

incubation was carried out at room temperature. Units

of GOD released per day were determined using the GOD

enzyme assay method previously described

(Pages 102-104). cumulative release profiles were

constructed and differences in the rates of GOD

obtained in response O treatment condltlions were

computed using Student's unpaired t-test.
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pMU glucose oxidase released/g beads into 10ml buffer

FIGURE 4.6 THE EFFECT OF BEAD SIZE ON THE MEAN
CUMULATIVE RELEASE OF GLUCOSE OXTDASE

FROM 0.32% LOADED BEADS
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Bead size had no significant effect on the mean
cumulative release of GOD at room temperature as shown
in Figure 4.6. A marked burst release was observed
over the first 4 days but the rate quickly declined
thereafter, until by day 14, no further enzyme release
could be detected. Approximately 4% of the GOD load
was released over a 14 day period, irrespective of the
pead size used. This rather small proportion may have
peen the result of enzyme activity being destroyed by
the fabricatlion process, hydrolytic and/or microbial
degradation of the enzyme in solution, or enzyme
immobilisation in or on the polymeric matrix itself.
Clearly, significant GOD release from polyHEMA beads
could be monitored for at least 14 days and the enzyme

was released in a biologically active form.

4.4 THE RELEASE OF INTERLEUKIN-2  (IL-2) FROM
MACROPOROUS POLYHEMA BEADS

The term cytokine is an umbrella term used to describe
soluble proteins which influence cells of the immune

system . Cytokines are produced and act in extremely

low concentrations. Recombinant DNA technology has

enabled the production of jarge gquantities of pure

cytokines which are now available for physiological,

1 ' : i inical
biochemical, 1mmunochem1ca1 and clinil

investigation. cytokines have great potential 1n

controlling the extent and type of immune response

i nd
against tumours, infectious agents, tissue grafts a
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disorders affecting the immune system per se such as
leukaemias and immune deficiencies. Interleukin-2
(IL-Z) acts on T cells, B cells and macrophages and is
a polypeptide produced by activated T cells, with a
molecular weight of 14-16,000. The IL-2 molecule
contains a single disulphide bond between cystine
residues 58 and 105 and reduction of this bond leads
to a loss in biological activity (181). The present
study was carried out using highly purified human
IL.-2, with a molecular weight of 15,500, a monomer
ortho-glycosylated and generated via chromosome 4 (a
gift from Biotest-Folex Ltd, UK). The material was
supplied as a solution of specific activity 100K Units
per ml in 0.01M phosphate buffer, pH7.4, containing 1%
human serum albumin and 0.15M sodium chloride. The
manufacturer indicated that IL-2 activity may Dbe
significantly reduced on freeze-drying, something of
the order of an 8-10% reduction in activity, but the
small amount of IL-2 available for study and the
replacement expense of the cytokine did not allow
control tests to be performed.

Bead production was carried out in the usual way but

using half the normal batch quantities (Pages 78-85) .

IL-2 was loaded, via 0.01M phosphate buffer (Appendix

A1) into the agqueous phase of the monomer solution at

a level of 200K Units in oml 0.01M phosphate buffer
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(loading,0.003%) . Early studies indicated @ that
phosphate buffer was incompatible with the Dbead
production system, causing precipitation of uranyl
phosphate. However, the low molarity phosphate buffer
used here did not produce significant precipitation
prior to polymerisation and the morphology of the
product beads appeared normal. The IL-2 loaded beads
were briefly sterilised in 75% ethanol and release
studies were carried out using 0.5g rather than 1g
peads, incubated in 5ml of RPMI 1640 culture medium
supplemented with 10% foetal calf serum. The aspirated
culture medium was frozen for subsequent analysis and
replaced with fresh culture medium daily. The release
samples obtained were frozen with dry 1ice and
transported to Dr A J H Gearing at the National

Institute for Biological Standards and Controls, South

Mimms, for the assay of IL-2.

IL-2 was assayed using the 1L-2 dependent cell line
CTL-L2. 2 x 10° cells per ml were cultured in RPMI
1640 containing 10% foetal calf serum with and without

iml of 1 in 10 diluted I1-2 sample, for 18 hours.

Controls were used to account for the IL-2 content of

the foetal calf serum. The cells were then pulsed with

0.5uCi of [methyl-"HI thymidine (specific activity

5Ci/mmol, 5pcCi/pg) from 18 hours to 24 hours 1n

multiwells. The cells were then harvested on glass

) . Co : ter
fibre discs and counted 1n & scintillation coun
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(counting efficiency =40%). Cells cultured in the
presence of  IL-2  showed a graded thymidine
incorporation, measured in cpm x 10° and expressed as
y/ml of IL-2 by reference to a standard curve. The
assay maximum was 80 x 10°cpm.

At the time of assay, no standardised unit had been
confirmed for IL-2 so one unit was taken to be
equivalent to the reciprocal of the dilution factor
required to give 50% maximum incorporation of [methyl
-*H] thymidine into the CTL - L2 cell line. The rates
of release of IL-2 from small (250 - 355um) medium
(355 - 500um) and large beads (500 - 1000um) are shown
in Figure 4.7. Due to the expense of IL-2 and thus
the restricted availability of IL-2 loaded beads,
meaningful SEMS or statistical analysis could not be
computed. However, the cumulative release profiles
showed the familiar pattern of burst release for up to
6 days, followed by a significant and sustained low
level release which was maintained for at least 16
days. These studies confirmed the biological activity
of incorporated and subsequently released IL-2. The

small beads (250 - 355um) produced the highest burst

release of IL-2 which was presumably & function of the

: . .
increased surface area of polymer available fo

diffusional release. The percentage yield of

biologically active IL-2 released after 16 days was

85% (355 - 500um) and 1.98%

2.23% (250 - 355um), 1.

(500 - 1000um). These results suggest capacity to
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gustain a release rate of approximately 17.5U of

1.-2 per day for some considerable time. Although
statistical analysis of these results was not possible
due to the small sample size, this study did
demonstrate that significant sustained release of a
biologically active macromolecule was possible from
macroporous polyHEMA beads produced by the method

developed in this work.

The release profiles for j%‘\ll surrogate and
biologically active macromolecules studied so far have
demonstrated an initial burst release in the first few
days of incubation. This may have been due to the
presence of macromolecule at the surface of the bead
and in the superficial layers of the matrix. In order
to try and reduce this burst release,the washing
procedure was extended to 10 minutes in the hope that
the majority of the surface protein could be removed
before release experiments were initiated. A Dburst
release would be unacceptable if a device were to be

used as an implant for the delivery of clinically

useful macromolecules, since the dosage must be

constant and reliable, without a potentially dangerous

pulse of release.

To further evaluate the feasibility of using polyHEMA

beads as a controlled delivery device for clinically

. . : ected for
useful macromolecules, bovine insulin was sel
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study ?n detail. Insulin concentration is relatively
casy to measure in a large amount of samples, using
radioimmunoassay and a biological assay can also be
performed to confirm the bioactivity of the released

insulin molecule.
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CHAPTER 5

THE CONTROLLED RELEASE OF BOVINE INSULIN

FROM MACROPOROUS POLYHEMA BEADS




crystalline bovine insulin (MWS5660) consists of two
polypeptide chains, crosslinked by three disulphide
pridges. Native 1insulin from a number mammalian
species 1is structurally very similar to human insulin.
porcine insulin differs from human insulin only in the
substitution of an alanine for a threonine at B30 and
povine insulin, in addition to this substitution has
two further substitutions. Both these animal insulins
approach the biological potency of human insulin in
man and have been widely used for the treatment of

diabetes mellitus.

Prior to the fabrication of insulin loaded beads, the
cffect of freeze drying and subsequent storage at

-20°C on the integrity of insulin solutions, of known
concentration was determined. This was carried out in
order to investigate the suitability of freeze drying
and low temperature storage for insulin loaded beads

whilst retaining the immunoreactivity of the

incorporated insulin. A range (6.25-200uU/ml) of

neutral insulin concentrations was made up in 0.01M

sodium acetate/0.12M sodium chloride buffer, pH7.4.

(Appendix Al). The solutions were freeze dried and

stored at -20°c for one week, then thawed and

reconstituted with =x2 distilled water. 2 range of

freshly prepared insulin solutions was then prepared

in sodium acetate/sodium chloride puffer, pH7 .4
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in the same range of concentrations and the insulin
content of both sets of solutions was determined by

RIA for comparison.

Table‘S.l: Comparison of the insulin content of fresh
insulin solutlons and freeze-dried insulin solutions
stored at -20°C and reconstituted. ’

STANDARD INSULIN CONCENTRATION
INSULIN n=| DETERMINED BY RIA (:SEM) P
CONCENTRATION (LU/ml)
(uU/ml)
FREEZE
FRESH DRIED
6.25 6 5.59 + 0.8 9.67 + 2.6 | ns
12.5 6 17.82 + 3.7 12.87 + 1.4 | ns
25 6 28.74 + 1.6 37.53 + 2.7 | ns
50 6 53.96 + 2.4 62.02 + 3.5 | ns
100 6 106.41 + 2.8 | 118.81 t 5.7 | ns
200 6 201.68 * 3.9 | 212.80 t 4.2} ns

ns = No significant difference in values
(student's unpaired t-test).

Compared with fresh insulin solutions, freeze drying

and storage at -20°C for one week had no significant

deleterious effect upon the insulin content of

reconstituted solutions as determined by RIA,

Table 5.1.
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crystalline bovine 1nsulin was incorporated into bead
form matrices at loading levels of 0.004, 0.02 and
0.4% of the total weight of the polymer, ie. 2, 10 and
200mg of crystalline insulin per x 4 batch of beads
(page 79). The crystalline insulin was incorporated
in solution via 0.01M sodium acetate/0.12M sodium

chloride buffer, pH7.4 (Appendix Al).

For the incorporation of insulin as a neutral solution
the hormone was dissolved in a minimum of 0.01M
hydrochloric acid, 0.1M sodium hydroxide was then
added in a dropwise fashion and the insulin
precipitated out of solution at around pH7, but
redissolved as the pH was increased to approximately
pH8. The amount of buffer to replace the water part
of the solvent phase of the monomer solution (9.249g
per x 1 batch) was then added to the insulin solution
and the pH adjusted to 7.4 with 0.01M hydrochloric
acid, resulting in a solution of insulin at
physiological pH, 7.4. Once the insulin was in

buffered solution bead production was carried out in

the usual way (Pages 78-85). Fabricated beads were

washed for an extended period of 10 minutes, freeze

dried and stored in a desiccator over silica gel at

-20°C until required. peads from a number of

] se
fabrication batches were pooled for use 1n relea

; up as
experiments. Release experiments were set up

i e
described previously (Page g7-88). Insulln releas
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from POlyHEMA beads was routinely monitored by

radioimmunoassay (RIA). Control studies using
7

unloaded Dbeads, confirmed that no substances were
1eached from the polymeric matrix during incubation
which would affect the insulin RIA standard curve.
cumulative release profiles were constructed and
differences in the rates of insulin release obtained
in response to various treatment conditions were

computed using two factorial ANOVAR.

5.1 THE EFFECTS OF AGITATION AND BEAD SIZE ON THE
RELEASE OF INSULIN FROM 0.4% INSULIN LOADED
POLYHEMA BEADS, INCUBATED AT ROOM TEMPERATURE.

Figure 5.1 shows the cumulative release of insulin
over 30 days from 0.4% insulin loaded beads under
static and agitated (70cpm) conditions at room
temper