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SUMMARY

The work described in this thesis can be hinadly divided into two
sections. The first being the characterisation of hydrogel
polymers in both their hydrated and dehvidrated states and the
second some aspects of the structural m»lification of polymers.

The characterisation of hydrogel polymers in thei? dehydrated
state (xerogels) involves such techniques as elemental analysis,
pyrolysis gas liquid chromatography, infra-red spectroscopy,
density determination and surface characterisation by contact
angle measurements. The characterisation of some commercially
available hydrogel materials was undertaken using such techniques
and the results obtained were compared to laboratory synthesised
systems in an attempt to assess the valur of the combination of
techniques employed. In the characterisation of hydrated polymers
the amount and nature of water present is the single most important
factor. The most convenient method of characterising this water
involves the use of differential scanning calorimetry (DSC),
coupled with total equilibrium water content measurements. DSC
distinguishes between non-freezing and freezing water but in
addition provides some information on the continuum of states in
the freezing water fraction.

Two aspects of the structural modification of hydrogel polymers
were studied. The first involved the incorporation of acrylamide
and substituted acrylamide monomers into a copolymer system and
an examination of the effect of this on the amino acid interaction
of the polymers. The second was the attempted synthesis of cell
surface analogues by the attachment of sugar type molecules to

the polymer using a variety of reaction methods.
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CHAPTER ONE
INTRODUCTION

Hydrogel polymers can be broadly defined as polymeric materials
which exhibit the ability to swell in water and retain a
significant amount of water absorbed within their structure.
The amount of water absorbed can vary over a fairly wide range
and will tend to affect the physical properties of the polymer
without causing dissolution in water. This general definition
of a hydrogel includes a wide range of materials both natural
and synthetic in origin. The work described in this thesis is
concemed with some aspects of the characterisation and
modification of synthetic hydrogel materials in both hydrated

and dehydrated forms.

Hydrogel materials have found applications in a wide variety of
fields and are particularly useful in biomedical applications{l).
In all applications, the success with which a hydrogel can be
employed is govemed by the properties exhibited by the material
in question. This is especially true in the case of biomedical
applications in which the hydrogel is in contact with a
physiological environment. This introductory chapter presents

a brief overall view of the nature, properties and applications
of synthetic hydrogels particularly in relation to their use

in biomedicine. Properties of interest in these applications

may be broadly classified as:




(1) surface properties: which govern the interfacial

phenomena (such as blood clotting) when a hydrogel is in
contact with a biological environment,

(ii)  transport properties: which are important if the material

is to be used as a semi-permeable membrane (eg in
dialysis membranes, contact lenses and liver support

systems), and

(iii) mechanical properties: such as rigidity, tear strength

and tensile strength.

As can be readily appreciated, there is a significant requirement
to match the properties and structure of a hydrogel material to
a given application, this being of particular importance in the
field of biomedicine. In order to fulfil this requirement the
need to characterise materials with respect to their structure
and properties becomes apparent. This in itself is not
necessarily an easy process because the basis for hydrogel
synthesis is vinyl polymerisation and hydrogels are usually
copolymers of two or more monomers, hence, such factors as
reactivity ratios and monomer residuals will affect the ultimate
composition of any polymer produced. In discussing the
characterisation of hydrogel polymers, it is convenient to

divide the methods employed into two categories.

(a) Characterisation of structure

In this category, it is convenient to class such techniques as



the detection of any monomer residuals in the polymer and also
the determination of polymer composition in relation to monomer

feed ratio.

(b) Determination of properties

This category comprises both properties that are dependent on

both the chemical composition (eg density) and also the broader
spectrum of physical behaviour (eg mechani n1 properties) . The
measurement of the amount and nature of witer in a hydrogel networl
is of considerable importance within this section as this is the

single most important factor in governing hydrogel properties.

This thesis then is concemned with the characterisation in the
broadest sense of hydrogel polymers and also some synthetic
routes for the modification of materials, particularly

modi fication of the surface behaviour.

1.1 Development and Application of Hydrogel Materials

The usage of synthetic polymeric materials in medical applications
is a comparatively recent development and it is only within the
last thirty years that some commercially available polymers

have been found suitable, in some circumstances, for use as
surgical implants and protheses. During the last ten to fifteen
years, however, the use of synthetic polymers in medical

applications has increased markedly. It is during this time that



hydrogel materials have emerged and gained importance in the
biomedical field due to their enhanced compatibility with

surrounding tissue and interesting transport properties.

The first detailed work on synthetic hydrogel polymers was

teported by Wichterle et al in 1960(2). Wichterle claimed that
covalently cross-linked water swollen glycol methacrylates such
as poly(ethylene glycol methacrylate) (as shown below) werc most

suitable for use in biomedical applications becasue:

(1) the hydrogel hydrolyses only with difficulty, even under
severe conditions,

(ii) it is relatively unaffected by biological systems,

(iii) it can withstand heat sterilisation with little damage, /nd

(iv) it's water content and mechanical properties can be

adjusted.
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Hydrogel polymers resemble living tis-ue in their physical
characteristics more so than do other ' .pes of material used in
biomedical applications. The main reas.m for this enhanced
resemblance to tissue is the inherent water content of the gel
which influences its mechanical, bulk and surface behaviour.
Although the presence of water within # I'vdrogel does not in
itself guarantee biocompatibility, it is believed that the
relatively large fraction of water present is related to their
biocompatibility(3). With reference to the water content of a
hydrogel, it has been found that if the water content of a
polymer is increased then the mechanical properties of the gel
tend to be affected due to the plastisiﬁngeffect of water within
the network. The nature or states of water within the network
are, however, of importance in both these aspects of hydrogel

behaviour. This point is discussed in greater detail at a later

stage.

As previously described, the initial work on cross-linked hydrogcl
polymers was reported by Wichterle et al and was based on cross-
linked glycol methacrylate gels. Following this work, a wide
variety of hydrogel polymers have been synthesised utilising a
range of differing monomers such as those discussed in the

[ollowing section,

Poly (hydroxy alkyl acrylates and methacrylates)

Included in this group of polymers are poly(2-hydroxyethyl




methacrylate) (PHEMA), poly(glyceryl methacrylate) and poly-
(hydroxypropyl acrylate) (PHPA)(d}.

Poly(2-hydroxyethyl methacrylate) hydrogels were first synthesised
by Wichterle and Lim in an aqueous medium in the presence of a
cross-linking agent. This polymer had been prepared as early

as 1936 by Du Pont(s) but was not synthesised in the presence of
a cross-linking agent. The synthesis and properties of polyHEMA
have been described by Refojo and Yasuda(ﬁ]r If the monomer is
polymerised in the presence of a good solvent for both monomer
and polymer, then a homogeneous transparent polymer is formed.

If the polymerisation is carried out in the presence of a poor
solvent, then the resulting polymer will be heterogeneous and
opaque. During polymerisation, if the water content of the HEM\/
water mixture is 40% or less, then a homogeneous transparent

polymer will be fb;med(7’8).

One of the major problems encountered in the preparation of
polyHEMA hydrogels is that of impurities in the monomer. These
impurities include methacrylic acid, ethylene glycol and
ethylene glycol dimethacrylate. The monomer can be purified

by a procedure involving extraction with hexane,distillation
under vacuum and treatment with alumina(g’lo). Even after this
lengthy purification, impurities still remain present at low
levels in the monomer. It has been suggested that lack of
reproducibility in the measurement of thrombogenicity of PHEMA

materials in 'in vivo' tests may be due to as yet unidentified



impurities in HEMA monomer.

PHEMA hydrogels have been found to be particularly useful in
. biomedical applications due to their high degree of chemical
stability. PHEMA gels are resistant to hydrolysis even under
severe conditions and are relatiyely temperature stable(ll’lz).
Hydrogels made from HEMA can also be heal sterilised without apparent

damage(13).

One of the principal uses for PHEMA gels has been
in the manufacture of hydrophilic 'soft' contact lenses. Many
studies have been published examining the usage of PHEMA gels

as soft contact lens materials and indeed many patents exist on
the manufacture of PHEMA contact 1enses(14). A number of
drawbacks have, however, been observed in the uses of hydrophilic
contact lenses. These include inadequate permeability of some
materials, low visual acuity as compared to conventional hard

- lenses, susceptibility to mechanical damage and the need for

frequent sterilisation(15’16).

)(1?) and poly(glyceryl

Poly (hydroxypropyl methacrylate
methacrylate) hydrogels have not received as much attention as
PHEMA gels. Both these materials exhibit different water
binding characteristics as compared with PHEMA. Poly (hydroxy-
propyl methacrylate) showing a lower water content and
poly(glyceryl methacrylate) exhibiting a considerably higher

water content(ls-zo).



Poly(acrylamide) and Derivatiyes

Hydrogels of poly(acrylamide) and of some N-substituted
derivatives of poly(acrylamide) can be prepared in an aqueous
medium containing a small amount of cross-linking agent. The
hydrogels are mechanically weak, optically transparent and have

a water content in the order of 90%.

Studies have been carried out on the hydrol,tic stability of
acrylamide and methacrylamide hydrogels{ZI-ZS). Some hydrolysis
has been observed at elevated temperatures under acidic or basic
conditions. However, within physiological conditions of
temperature and pH acrylamide gels have been shown to be
relatively stable. The tissue compatihility of poly(N-SUbstirufﬂd
acrylamides) has been studies, these materials being used in
preference to poly(acrylamide) due to their improved hydrolytic

(E4) These studies have shown that subcutaneously

stability
implanted materials of this type are well tolerated and do not
provoke unfavourable reactions in test animals. The long term
biological characteristics of implants of these hydrogels has
been described as being similar to responses shown with PIEMA
hydrogels. The thrombogenicity of poly(acrylamide) hydrogels
has been investigated and has been found to be dependent on the
pﬁrity of the monomer used, the purer the monomer, the less

. 25
thrombogenic reaction observed( ).




Poly (N=vinyl-2-pyrrolidone)

Poly(N—Yinyl-Z—pyrrolidone), poly (NVP) exhibits a significant
difference to the two previously discusscd groups of polymers
in that in an uncross-linked state it is extremely soluble in
water and in many other solvents. Poly(NVP) hydrogels exhibit
high water contents and hence high cross-link concentrations arc

required to produce hydrogels with useful mechanical properties.

Poly(NVP) has found applications in the biomedical field most
importantly as a plasma expander(26]. Poly (NVP) infused
intravenously is non-toxic and non-thrombogenic and can usefully
be used to maintain fluid volume within the body in cases of scvcic
injury and trauma. At present, poly(NVP) is not used as a
plasma expander as in humans as it is not metabolised and is

not retained in circulation as well as other expanders availablc'?7!

The thrombogenicity of poly(NVP) gels has been studied and
residual NVP monomer has been found to have an adverse effect

on blood clotting times as measured by the Lee-White test(zs).

Other hydrogel materials have been synthesised from a range of
monomers and examined in various applications. Table 1
illustrates some typical examples of the monomers [rom which

hydrogel polymers have been synthesised.



Table 1 Typical monomers used in hydrogel synthesis

Hydrophilic monomers

| 3
Hydroxyalkyl methacrylates CI-{2=(13
?=O
OR
R = -QH,CH,0H , -CH,~CH , -CH,-CH-CH,-OH
CH3 OH
.
Acrylamide derivatives (fjiz—?
(f=0
R,
Ry
R =-H, -G,
RZ’R3 = ~H , —(]-13 . _CZHS - C‘-IzCl-iOHCH3
' i
I
N-vinyl pyrrolidone Oi={|3
N
Hzi ?=O
HZ(‘—_CHZ
IR
_ I
Acrylic acid derivatives 0-12=(|j
(]3=0
OH
= -H , -CHg

10

Continued ...




Hydrophobic monomers (used as comonomers)

| 3
Methyl methacrylate (HZ=|

(|J=O

0,
Styrene 0412=(;H

11




- 1.2 Biomedical Applications of Synthetic Hydrogels

Some typical biomedical applications of synthetic hydrogels
are illustrated in Table 2. As can be appreciated from Table
2, there are a wide variety of applications in which hydrogel
polymers are of value. Due to this wide spectrum of biomedicil
uses, it is of value to subdivide the field into applications,

some specific requirements of which are discussed below.

Oesophagus prothesis: It has been fr'md that for a successful

oesophageal substitution, it is necessary for the implant to

have a sufficient degree of rigidity to prevent stricture,
combined with a degree of flexibility to allow movement and
manipulation. Moulded cylinders of hydron (PHEMA) reinforced with
* Dacron fibre have been used for this purpose(zg)._ Such implants
have only achieved limited success and failure was found to he
due to the Dacron or Teflon reinforcement, it would therefore
seem that hydron appears to be a good material for use in

prostheses.

Ureter prothesis: A ureter prosthesis should conduct urine

satisfactorily and be non-irritating and in such applications
tubc of knitted polyester fibre encased in a layer of a glycol
(29)

methacrylate gel has been used The polyester fibre was

used to increase rigidity and to facilitate suture fixation.

The hydrophilicity of the glycol methacrylate gel coupled with

the use of a knitted polyester fabric enables water to be

12
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transferred from the isotonic tissue fluids to the hypertonic
urine and this slight flow of water into the prothesis helps

to prevent incrustation.

Bile duct prothesis: Once again, a Hydron gel tube has been

used for bile duct protheses in dogs and it has been shown that
animals with such replacements have survived six months or
more. Hydron gel was used because of its good permeability and

hydrophilic nature(3®,

Sutures: It has been found that bare polyamide fibres used as
sutures have a toxic effect on cell multiplication and appearancc,
however if the same material is coated with hydron gel cell
appearance is wnaltered and cell multiplication is little
affected(31). Surgical sutures made of terylene caused blood
clotting and tissue rejection in dogs, however if the sutures
were coated in Hydron, nearly all such bodily reactions could be

eliminated with no apparent effect on the mechanical properties

of the fibre(sz].
Plastic surgery: Transplants of fatty tissue used in breast
surgery are often unsatisfactory due to resowption and scarving

)

and for this reason Illydron has been uscdl33 . llydron is
permeable to fluids and is therefore preferable to other plastic
materials such as poly(vinyl alcohol) and silicones (which are
hydrophobic) and tend to act as impermeable barriers to

physiolbgical processes and fluid transfer. Hydron is also

14



inert, relatiyely biocompatible and has good mechanical

resistance.

Drug delivery systems: Poly(glycol metlincrylate) gels permit

a controlled release of drugs into their surroundings and
therefore are suitable where the requii¢' ‘- mcentration cannot

be delivered by other mean5(34’35J.

[*r « smple, they may be
used in the area of the respiratory tract and in the middle car
Cavity(36]. In the simplest drug delivery system, the hydrogel
can be saturated with a solution of the diug which will leach
out into the surrounding tissue on subsequent implantation. With
simple homogeneous hydrogels saturated with a drug solution, thc
rate of drug delivery generally decreases rapidly. By using a
hydrogel membrane device filled with a drug in the form of a

pure liquid, constant drug delivery rates and extended treatment

times can be obtained(ST).

Ocular surgery: Hydrogels have been used for vitreous implants

due to their good biocompatiblity, permeability and optical
properties. Hydrogels tend to be difficult to suture and
attachment to the cornea has been found to be more successful
when cyanmcrylate adhesives are used. The optical propertics
of hydrogels are very similar to those of the gel found within
the eye and hydrogels have the advantage that they can be
implanted in a dehydrated state 58, On implantation, the
polymer will absorb moisture and swell, filling the available

cavity. Poly(2-hydroxyethyl methacrylate) has been used in

15



ocular experiments involving the implantation of glaucoma

drainage strips in the eyes of rabbits (39,

The strips allow
slow drainage of fluid by means of capillary channels and swell

on hydration to plug the surgical incission.

Artificial kidney dialysis membranes: The aim of the artificial

kidney machine is to remove waste toxins from the blood, thus
carrying out the action which a diseased or deficient kidney is
not able to perform. This is carried out by dialysis in which
the unpurified blood is separated from the dialysing fluid by

a semi-permeable membrane. The most commonly used membranes nre
based on cellulosic films, such as xanthate derivatives or
cuprophane. These function by sieving the smaller species,

such as water molecules, glucose, urea and other ionic particles.
The process which largely depends on the pore size and thickness
of the film, removes both impurities and also some biologically
essential components which have to be replaced by back-diffusion
from the dialysing fluid. Non-ionic hydrogels have been
suggested as possible materials for use as kidney dialysis
membranes (eg poly(glycol methacrylates)(do’ql)). These
materials have potential advantages such as chemical stability,
pood biocompatibility and relatively good mechanical stability.
Despite the seemingly advantageous properties of these polymers,

they do not give a significant improvement over the materials

already in use.

Artificial liver support systems: The area of artificial liver support

16



systems is a more complex field than that of artificial kidney
dialysis membranes. The artificial kidney dialysis membrane
separatesmolecules. according to their size by a simple sieving
mechanism, while an artificial liver support system must remove

specific toxins from the blood(42’43).

In many cases where

the liver has been damaged, for example in a drug overdose, an
artificial liver support system may be of value to remove
specific blood toxins, whilst the liver recovers sufficiently to
enable it to resume its normal biological functions. Anion
exchange and uncharged resin colums have been used to remove
protein bound cholephilic anions from plasma, these are normally
excreted in bile. An example of a resin used for this purpose

is Dowex 1X4, a polystyrene/divinyl benzene copolymer, substituted
with quaternary ammonium groups with 4% cross-linking, which wds
converted to the bicarbonate form and then washed with distillcd
water to neutrality. Although resins of this type have produced
some limited success in experiments with animals, they also
produced some adverse effects. 'In vitro' studies have indicated
that little haemolysis took place during the passage of canine

or human blood through such resins and erythrocyte counts did not
change. Leucocyte counts decreased and platelet counts were
markedly lower in addition fragmentation of red blood cells has
also been observed. The use of activated charcoal for liver
support systems has also produced a loss of white blood cells and
platelets. A coating of poly(HEMA) has been shown to reduce the
loss of cells whilst not affecting the absorption properties of

the charcoal(44).

17



1.3 Properties of Hydrogel Polymers

Although it is apparent that the presence of water within a
hydrogel network will affect the mechanical properties(ds}
simply because of the role of water as a plasticiser, there

are other factors which need to be taken into consideration.

The existence of water in differing states within a hydrogel is
derived from different monomer systems in terms of the equilibrium
water content and also the wide divergence in polymer structure
which can be synthesised{aﬁ). These effects combine to produce

a polymer in which the mechanical properties may not be readily
predicted from a knowledge of the water content and may vary
widely depending on such factors as cross-link density and

molecular structure.

The term mechanical property in the case of hydrogels encompasses

a variety of types of strength which are not simply interrelated.
Various conventional test methods exist for the determination of

the mechanical behaviour of hydrogel polymers and these include:

Tensile test: A polymer specimen if subjected to tensile stress
will undergo elongation. Conventionally, the tensile test 1is
carried out with a tensometer and the resultant stress-strain
relationship affords considerable information as to the

mechanical properties of the material under test.

18



(i) the ultimate tensile strength of the material wunder
test,
(ii) the elongation to break of the material,

(iii) the elastic modulus of the miterial as determined
from the initial slope of the stress-strain curve,
and

(iv) the toughness of the material as determined by the

area under the stress-strain curve.

Tear strength: The tear strength of a miterial is defined as
the force required to propagate a tear in a notched specimen

of the material under test. Tear strength is expressed as the
force per unit length of the resultant teuar and depends on
factors such as the depth of notch, m i~ nf application of the
tearing force, the thickness of the specimen and the temperatiiic

at which the test is carried out.

Hardness: Hardness can be expressed as the resistance of a
test specimen to penetration. In hardness tests, an indentor
of a hard material is pressed into the surface of the test
specimen and the extent to which it penetrates as a function of
time and under a given pressure is an inverse measure of

hardness.

Flexural testing: In flexural testing the specimen is repeatedly

flexed until it fractures. The number of flex cycles to break

can be used to asses the flexural strength of the material under

19



test.
Creep test: Plastics often tend to deform if they are constant]yv
loaded. A creep test records the deforma'ion of a test specimen

as a function of time for a constant applied stress.

The surface propertics of a hydrogel material both in the

dehydrated and hydrated states are important factors for
differing reasons. In the case of dehvdrated hydrogels, the
surface properties are of interest in the fabrication process.
In moulding the particles of a polymer are fused into a
continuous phase which must then be made sufficiently fluid

to flow into the mould shape. On cooling, the forces of
cohesion between the polymer chains must be greater than the
forces of adhesion between the solid and the mould in order to
allow release from the mould. This relenrse cannot be achieved
by the use of processing aids and lubricants as they would
subsequently come into contact with a biological environment.
In the hydrated state, the surface properties are of interest
as the relationship of the properties of the polymer to any
interactions with the environment into which hydrogels are
placed are inportant. It is therefore important to investigate
the effect of chemical structure on surface properties and
conversely whether it is possible to relate observed surface
phenomena to the bulk structure of the p-lymer. In the case of
hydrated hydrogels, the principle area of interest is that of

biocompatibility and many workers have attemped to correlate the

20



surface properties of hydrogels with their biocompatibility.
This aspect of the determination of surface properties is
discussed later in this thesis as is the relationship of surface
properties with the behaviour of hydrogels in a biological

environment.

One property that is particularly dependent on the nature and
quantity of water present in a hydroge! is that of its

permeability or transport behaviour. There are in general two

distinct types of requirement in the design of hydrogels which
possess specific transport behaviour. The first and more obvious
requirement is for hydrogels that are capable of transporting

a permeant (such as oxygen or other dissolved metabolites(47))
across a menmbrane as quickly and efficiently as possible. #n
application in which this type of behaviour is typified is that

(48’49). Such lenses would be

of the extended wear contact lens
required to be wormn for extended time periods including times
when the eye is closed. The comea is avascular and so relics
on oxygen dissolved in the tear fluid in order to respire. In
cases where a contact lens is fitted, oxygen would be required
to diffuse through the polymer in order to maintain comeal

metabolism and so a polymer with relatively high oxygen

permeability would be required.

The second requirement is the phenomenon known as permselectivity,
that is the preferential transport of one species with respect to

another. The most common example of this type of behaviour is
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illustrated by the reverse osmosis membrane. A typical application
of such a membrane is in the desalination of sea water. Such
membranes need to have properties which are predominantly

governed by the nature of water within the hydrogel(so). The
nature of water contained in hydrogels can be determined using
differential scanning calorimetry and this aspect will be

discussed in greater detail in a later chapter.

1.4 Modification of Hydrogel Polymers

Hydrogels, in many respects, are well suited for use as starting
materials in the making of biologically active biomedical
materials. There are a number of advantages in using hydrogels

in these types of system. Small molecules, eg drugs, can dif(usc
through hydrogels and the rate of diffusion can be controlled by
copolymerising the hydrogel in varying ratios with other monomers.
Hydrogels may interact less strongly than more hydrophobic
materials with molecules which are immobilised on or within them,
thus leaving a larger proportion of the molecules active(gl).
tHydrogels can be left in contact with blood or tissue for

extended periods of time without causing adverse reactions making
them useful for devices to be used in long term treatment of
various conditions. Hydrogels usually have a large number of pola:
reactive sites on which molecules can be immobilised by relatively
simple chemistries. Biologically active molecules can be
immobilised within hydrogels both on a temporary or permanent

basis. If the hydrogel is designed to release the attached
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active molecule at a predetermined rate then these materials are
well suited to applications as drug delivery devices. In the
simplest of such devices, the hydrogel can be swollen in
solutions of various drugs which will leach out into the
surrounding tissue on implantation. In such systems the rate
of drug delivery generally decreases rapidly. By using a
hydrogel membrane device, filled with a drug in the form of a
pure liquid or solid, constant drug «iclivery rates and extended
treatment times can be obtained. An even more sophisticated
approach to this problem involves the catalytic release of

drugs from specifically designed pojymers(SZ}.

Many biomolecules have been bound to supports such as Sephadex
and Sepharose (modified polysaccharides) which allow large
amounts of active biomolecules to be immobilised but which would
not be expected to show significant biocompatibility. Devices
designed for the immobilisation of enzymes to be used in contact
with blood have been made from such materials as poly(methyl
methacrylate), poly(vinyl chloride) and polycar%onates(ss_ss),
all of which are considered to have rather thrombogenic
surfaces. Hoffman et al have studied the immobilisation of
albumin and heparin to hydrogels based on PHEMA and PNVP.
Nguyen and Wilkes have also reported the grafting of enzymes
onto a polymer utilising acrylic acid and N-acryloyl-para-
pheny lene diamine[ss]. Another approach to preparing a blood
compatible surface based on the immobilisation of biomolecules

has been described by Lee et 31(56)' They prepared a three
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layered support material and onto the sinface esterified first
half cholesterol esters of dicarboxylic acids and next, the half
sialic acid ester of a longer chain dicarboxylic acid. Finally
the surface was treated with a tissue culture medium to condition
it with salts and proteins found in the blood. Despite the
complex construction of such materials, vena cava ring tests have
indicated that these surfaces have generally poor thromoresistance.
A number of chemical techniques have be'n developed for the
coupling of biomolecules to hydrogels (Table 3) and some
specific aspects of this type of reactirm are discussed in a

later chapter.

1.5 Scope of Present Work

Because no previous attempt has been made to collect together
and examine techniques that might be applicable to the particulan
problem of hydrogel characterisation as outlined above, the first
and major objective of the work described here was to do this.

In particular, it was hoped to examine the extent to which the
chemical structure of commercially available hydrogels could be
determined by a collection of such techniques. In addition, it
was hoped to characterise the surface properties and the water
binding properties of hydrogels in orde; to provide a basis that
would enable differences in behaviour (transport and
biocompatibility) between apparently similar hydrogels to be
understood. Finally, since the bulk properties of hydrogels

are determined by the nature and quantity of water contained in
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the gel network (and since changes in buik and chemical structure
affect this) attempts were made to medity the surface structure

of hydrogels without necessarily altering the bulk properties.
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(HAPTER TWO

EXPERIMENTAL METHODS

2.1 Source and Purification of Monomers and Reagents

Monomers

The monomers shown in Table 4 were purified by conventional
methods. The purified monomers were stored in a refrigerator

until required for polymer synthesis.

Catalysts, Initiators and Solvents

Uranyl nitrate, supplied by Hopkin and “illiams was used as

supplied.

Benzoyl peroxide, supplied by Fisons was purified by

recrystallisation from chloroform.

a-Azo-isobutyronitrile, supplied by BIH was used without further

puriflication.

The following solvents were used as supplied by the manufacturers

and without further purification:
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Table 4 Monomers used in polymer sy1ilnesis

Monomer - Structure Supplier
g
2-Hydroxyethyl methacrylate CH2={|I BIH
(HEMA) C=0
(I)G{ZCHZOH
03!
Hydroxypropyl acrylate (Hz=(;‘. Wychem Itd
(HPA) C=0
élCHZUIZCHZOH
N-vinyl pyrrolidone CH2={|}[ Koch Light
(NVP) N\ Chemicnls
Hz([{ (|3=O
H,C— U,
?‘13
Methacrylic acid CHZ=1C BIH
(MAA) [l3=0
OH
o
Glycidyl methacrylate (Hff BDH
(GMA) C=0
‘OCHZLE I}"H2
0
Acrylamide CHZ=CH Koch Light
(AQVM) C=0 Chemicals
, .
Continued ...
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Table 4 Continued

Methacrylamide
(MAQY)

Diacetone acrylamide

(DAAQY)

N-methyl acrylamide
(NMACM)

Methyl methacrylate
(MMA)

Styrene

(STY)

Koch Light

Chemicals

Koch Light

Chemicals

Koch 1igpht

Chemicals

BIH

BDH

Continued ...



Table 4 Continued

Acryloyl chloride

Ethylene glycol
dimethacrylate (EDMA)

31
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Toluene BIH

Chloroform BIH
DMF BIDH
THF BIH

1,4-Dioxan was purified using the standard technique described

by ngel(S?).

2.2 Experimental Techniques

2.2.1 Mnalytical Techniques

Infra-red spectra: These were obtained using a Perkin Elmer

infra-red spectrophotometer (Model 457). Sample details are

given with individual spectra.

Microanalysis: Elemental analysis for quantitative determinaticn

of carbon, hydrogen and nitrogen was carried out on a Perkin

Elmer Analyser (Model 240).

Gas liquid chiromatography: Chromatogramswere obtained using a

Pye Series 104 Model 24/34 gas chromatograph. A general
purpose silicone gum SE30 colum was used in conjunction with a

flame ionisation detector.

Pyrolysis gas chromatography: Chromatograms were obtained using

a Perkin Elmer Fl1 gas chromatograph. A fluoro silicone oil
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colum was used with a flame ionisation detector.

Differential scanning calorimetry: Traces were obtained using

a Perkin Elmer (Model DSC 2) calorimeter. Sample details and

experimental conditions are given with individual results.

2.2.2 Polymer Synthesis

Polymers were prepared by both bulk and.soiution techniques. In
the case of hulk polymerisation, polymers were synthesised in

rod and membrane form.

Solution polymerisation

Free radical solution polymerisations were carried out on &

0.5 litre scale using normal techniques and precautions.

In a'typical homopolymerisation, 13.0 g (0.1 M) 2-hydroxyethyl
methacrylate and 1% by weight AZBN were dissolved in 250 ml of
1,4-dioxan contained in a 3-necked 500 ml flask which was equipp:/
with a stirrer, condenser, thermometer and a nitrogen bleed.
Polymerisation was carried out wunder a nitrogen blanket in a
water bath at 60°C for 8 hours. The contents of the [lask were
then allowed to cool and added dropwise to 2.5 litres of stirred
ether. The precipitate obtained was filtered, washed with ether

and dried in a vacuum oven at GOOC.
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Bulk polymerisation

As previously mentioned, both rods and membranes were produced

by bulk polymerisation.

Rod form: Rods were pfepared by polymerising a mixture of
monomers in ithe presence of a free radical initiator and a
cross-linking agent. Polyethylene tubes were used to carry out
the polymerisations as it has been found that they facilitate

the removal of polymerised rods.

In a typical polymerisation, a mixture of 2-hydroxyethyl
methacrylate, methyl methacrylate and methacrylic acid in a
molar ratio of 80 : 17 : 3 and AZBN (0.1% by weight) were weighed
into a polyethylene tube sealed at one end. The mixture was
flushed with nitrogen and the tube sealed with a rubber bung
covered with a thin polyethylene film and secured with adhesive
tape. Polymerisation was carried out in a water bath at 65°C
for 24 hours and finally in an oven at 90°C to ensure complete
polymerisation. The rod was easily removed by cutting away the

polyethylene tube.

Membrane form: Hydrogel membranes were prepared by bulk

polymerisation in a glass mould. Two glass plates (12.5 cm x
10 cm) each covered with a sheet of Melinex (polyethylene
terephthalate) on one side were separated by a polyethylene

gasket. The mould was held together by six spring clips (Fig 1 1.
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Polyethylene
Gasket i

Glass
Plates
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Fig 1 Polymerisation cell for synthesis of polymers in membranc

form
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In a typical synthesis, a monomer mixture f Z-hydroxyethyl
methacrylate, methyl methacrylate and wethacrylic acid in a
molar ratio of 80 : 17 : 3 and AZBN (0.1% by weight) was purged
with nitrogen and introduced into the would by means of a
syringe taking care to avoid the inclusion of air bubbles in

the mould. The mould was placed in an oven at 65°C for 72 hours
followed by 2 hours post-curing at 90°C. When the polymerisation
was complete, the spring clips were removed and the mould halves
separed leaving the polymer sheet adheiing to only one of the
halves. This was then placed in distilled water to hydrate. The
hydrogel in its hydrated state could the» he easily removed from

the poly(ethylene terephthalate) cover~d ylass plate.

2.3 Polymer Properties

2.3.1 Equilibrium Water Content

Hydrogels were conveniently characterised by their water contents
when swollen to equilibrium in distilled water at room

temperature.

The equilibrium water content (EWC) of o hydrogel membrance was
measured after allowing the menbrane to hydrate in distilled
water for at least three weeks. Not less than three samples
were then cut using a cork borer (1 cm in diameter) from the
hydrated membrane. The surface water of each sample was

carefully removed with a tissue and the sample transferred to
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and weighed in a closed weighing bottl: - inown weight. The 1id
of the weighing bottle was then partially opened and the sample
dehydrated to constant weight in a vacuum oven at 60°C. When a
constant weight was reached, this was noted and the EWC calculated

by the equation shown below:

FWC = weight of hydrated sample - weight of d“hXﬁIﬁﬁ?ﬁmﬁﬁﬂlﬂF

weight of hydrat«d sample * R

The EWC's of at least three samples were nmeasured and an average

EWC calculated.

2.3.2 Contact Angles

Contact angles were measured using the (% n= and.Wéndt{Sg]
technique for dehydrated polymers and the Hamilton technique(sgl

for hydrated samples.

Owens and Wendt technique: Prior to contact angle measurements,

the polymer surfaces were cleaned by washing with a detergent
solution followed by thorough rinsing in distilled water and

subsequent drying in a vacuum desiccator.

A sessile drop of water was formed on the surface of the polymer
using a G.25 hypodermic needle, the position of which could be
accurately controlled using a Prior micromanipulator. The
polymer sample was supported in a glass cell with optically flat

sides in an atmosphere saturated with water vapour in order to

37



eliminate eyaporation (Fig 2). The volume of the drop was
controlled by an fAgla micrometer syringe and was slowly
increased to enable several measurements of the advancing
contact angle to be made. The contact angle could be measured
directly using a goniometer eyepiece fitted to a cathetometer
or by photographing the image of the drop projected on a back
projection screen (Plates 1 and 2). Having obtained a photopiaph
the contact angle can be determined by drawing a tanget to the
drop surface at the three-phase interface and measuring the
contact angle with a protractor. In all contact angle
determinations, at least six measurements were made on each
polymer sample and each measurement was the average of the
contact angles on either side of the sessile drop. In the Owens
and Wendt technique contact angles are measured using distilled
water and methylene iodide and the results inserted into the
equation of Owens and Wendt. This procedure yields an estimate
of the polar and dispersive components of surface energy of the
hydrogel surface. In order to assist in the processing of this

data a computer programme has been developed.

Hamiliton's technique: This technique involves the measurement

of octane contact angles on surface whilst under water. It is
therefore apparent that this would be a valuable method for
studying hydrogel surfaces. The hydrogels remain in their
hydrated state and the problems associated with the removal of
surface water would be eliminated. Hamilton's technique has

been adapted for use with hydrogel polymers using the following
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Fig 2 Layout of apparatus for the determination of contact

angles for hydrogels in the dehydrated state
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Layout of contact angle apparatus

Plate 1
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Fig 3 Layout of apparatus for the determination of contact

angles for hydrogels in the hydrated state
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procedure. Hydrogel samples were cut fi«w 4 hydrated membrane
and stuck to microscope cover slips usin -anoacrylate
adhesive. The hydrogel surfaces were tlvn ' leaned using a
detergent solution followed by a theorou;! rinsing with

distilled water. The samples were then «ilowed to re-equilibrate

in distilled water for several hours.

The cover slips with the samples attached were supported in a
glass cell containing octane saturated wiieor., Sessile drops of
octane were formed on the hydrogel suitacc by releasing octane
drops from a syringe through a bent hyjdermic needle as shown

in Fig 3. As octane has a lower density than that of water, the
octane droplets float upwards to the wlyi1r surface and form

the interface. An enlarged image of the sessile drops formed c:n
then be projected and the contact angles measured or the angle

can be observed directly using a goniometer eyepiece in conjunrtiwﬂ

with a low power microscope.
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(HAPTER THREE

GIARACTERISATION OF SOME COMMERCIALLY AVAILABLE HYDROGEL

POLYMERS IN THE DEHYDRATED STATE

As mentioned in Chapter One, one of the main aspects of the work
described in this thesis is the application of a number of
techniques to the characterisation of hydrogel polymers. In

this C(hapter, some of the techniques applicable to dehydrated
hydrogels will be discussed with reference to the use of these
techniques in the characterisation of some commercially availablc
hydrogel polymers. The techniques described are primarily for vsce
with dehydrated polymers and although the equilibrium water
content is used as a characterisation technique in this Chapter,
the water binding properties of hydrogels are not discussed as
this aspect is dealt with in more detail in the following Chapter.
As a basis for investigation, some hydrogel polymers used for solt
contact lens applications were selected and the techniques

described were applied to each.

3.1 Experimental Techniques and Their Application to Hydrogel Sysi<n.

Density: The densities of the various lens materials in both

the dehydrated and hydrated states were measured using a

density gradient colum calibrated using glass floats of known
density. In the case of dehydrated samples, small samples of the

: v . 0 )
material in question were placed in a vacuum oven at 60 C for o
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week in order to dehydrate thoroughly. On removal from the oven,
the sample was placed in the density gradient colum. The
progress of the sample down the coluim was observed and when :n
equilibrium position was reached, a reading of the sample position
within the column was made, enabling the density of the sample to
be readily calculated from the calibration curve. To measure
the density of hydrated polymers, the samples were first placcd
in distilled water for two weeks to hydrate thoroughly. The
samples were then removed from distilled water and any surfuace
moisture removed using a tissue. The procedure used for
dehydrated samples was then followed. In the measurement of
polymer density using a density gradient colum care has to be
taken in the preparation and storage of the colums in ovder to
ensure good results. It has been shown that the readings for
dehydrated polymers can alter as a function of time in the

colum and, therefore, readings have to be taken as soon as
equilibrium is reached(ﬁol. Care is also necessary to ensure
that saﬁples are thoroughly dehydrated so that any discrepancics

due to residual water are kept to a minimum.

Elemental analysis: Carbon, hydrogen and nitrogen were quantitively

determined using the instrument described in Chapter Two. The
accuracy with which GIN analysis can be applied to polymers

is limited by the fact that the analysis requires complete

combustion of the sample and in the case of polymers this is somctimes
not achieved. In addition, the hygroscopic properties of

hydrogels in the dehydrated state can lead to errors.
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Infra-red spectroscopy: The polymer w#= ground into a fine

powder using a fine grade of glass ps, . The resulting powder
was mixed with potassium bromide, a disc prepared and an infra-
red spectrum recorded on the instrument :!-=cribed in Chapter
Two. Two difficulties were encounter~d in obtaining infra-rcd
spectra of the polymers. Firstly it was difficult to obtain a
homogeneous dispersion of the polymer in potassium bromide and
secondly it was difficult to remove all traces of water from the
samples as indicated by absorbtion bands in the resulting

infra-red spectra.

X-ray diffraction: Diffraction patteins for polymeric matcrials

are generally poorer in quality than tlinse obtained for other
solid materials, tending to show broad patterns. The diffraction
pattems shown by amorphous polymers fend to give rise to
diffuse haloes and those of crystalline polymers sharper ciicles.
The sample was ground to a fine powder and exposed to X-rays [
six hours in a Debye Scherrer camera. For the reasons outlincd
above it was not possible to draw any !irm conclusions from the

pattems obtained as they were too diffuse to be of any value.

Equilibrium water content: The equlibrium water content of a

hydrogel can be defined as:

= weight of hydrated sample
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The polymer samples were hydrated in d:slilled water or saline
solution for two weeks at room temperature. The samples were
then removed from the hydrating mediivm, excess surface moistur:
removed and the sample placed in a clo=~d weighing bottle and
weighed. The sample was then placed in » vacuum oven at 60°C
and dried to constant weight. The above procedure was repeated

on at least three samples of each mateiiai,

Contact angle measurements: Contact anples were obtained using

the Owens and Wendt technique as described in Chapter Two. The
calculation of surface free energy from ¢mtact angle data is

shown below:

2 dd.! I y 1
Cos 8+ 1=x7y (vivs)?*+ (1,12

where 6 = contact angle
yLV = surface tension of wetting liquid
Y? = dispersive component of suiface free energy ol wetfing
liquid
Yds = dispersive component of surface free energy of solid
surfaces
Y1 = polar component of surface free encrgy ol wetting liguid

polar component of surface fier energy of solid surface

=)
=
wn
1]

This method relies on having two wetting liquids both fully
characterised in terms of polar and dispersive component and

solving the resulting simultaneous equations for yps and Yds.

r

Lo
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Prior to the measurement of contact angles, the polymer surfaces
were polished using a fine grade of glass paper. The surfaces
were then washed using a dilute detergent solution and thorouchly
rinsed using distilled water. Finally the samples were dried

in vacuo at 60°C and subsequently carefully handled to avoid anv
contamination of the surfaces. The primary difficuity encounte rexd
is that of obtaining a smooth surface 1 hich to determine a
contact angle. It has been shmm(ﬁ'l ) that the contact angle is
related to surface roughness and in order to obtain consistent

results, it is necessary to obtain a smooth surface.

Pyrolysis gas chromatography: Non-volifile substances may be

studied by gas chromatography if they 11~ first themmally
degraded and the degradation products then flushed into the

carrier gas flow of a chromatograph.

A Perkin Elmer F11 gas chromatograph fitted with a Fluorosilicon
0il FS1265 colum was used in conjunction with a flame ionisation
detector and associated recorder. The inlet part of the chromat
graph was suitably modified to allow a pyrolysis (ilament to hc
fitted. A small piece of the polymer sample was placed on a
helical platinum (ilament which was inserted into the inlet part
The filament was then heated electrically to a temperature of
500°C. The pyrolysates were then swept into the colum by the
nitrogen carrier gas, the pyrolysis was continued for 10 seconds
to afford complete pyrolysis of the sample. After pyrélysis, the

column was heated at a rate of 10°C per minute from a temperaturc
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of 50°C to 170°C. Prior to the inyesti;a* ton of unknown polymer
samples, chromatograms of the polymers ti«ght to be present in
the commercial materials were obtained in order to obtain the
basis for a 'finger printing' technique. In addition, preliminary

work was often carried out with the colrmn held at 80—1OOOC.

Whereas the application of these techmijes (eg elemental
analysis and infra-red spectroscopy) to hydrogel characterisation
is so obvious as to require no further ~rplanation, others
present special problems and advantages. In particular, density
measurement and pyrolysis gas liquid chiomatography require
preliminary comment. Some indication [ the combined value
problems of these techniques may be obtained by examining thc

results for 2-hydroxyethyl methacrylate (IIEMA) copolymers.

A series of such copolymers was prepared in membrane form
(Chapter Two) by bulk copolymerisation of various proportions

of the monomers, styrene and HEMA, in the presence of O.5%
azobisisobutyronitrile at 60°C. To each combination, a

nominal cross-link density was introduced by incorporating 1%
by weight of ethylene glycol dimethacrylate. The menbranes we e
hydrated to equilibrium (changing the hvdration medium severil
times to ensure complete removal of any residuals) after which
the water content together with the density of the hydrated

and dehydrated materials.

A suitable density gradient colum was prepared from carbon
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tetrachloride and xylene (mixed isomcisi n the following
manner. E]even solutions were prepar. i (cvering a range of

densities by mixing the two liquids in ti yolume ratios indicatcl

1 °2 '3 "4 's "6 7 B 9 10 1
CCl, M)100 90 8 70 60 SO0 40 30 20 10 " O
Xylene m1)O0 10 20 30 40 50 60 70 8 90 100

The solutions were geﬁtly poured down a glass rod into a suitable
cylinder starting with the most dense. T1h~ colum was finally
stirred with a rotating motion. The calibintion was carried out
using coloured floats of accurately known ('our decimal places)
density. The Davenport density gradient colum has a facility
for mixing and introducing the liquids automatically but requiies
similar calibration using standard floils. Once a height versus
density calibration was made the samples were introduced. [Iig |
shows the results obtained for the styiouc/HEMA copolymers
described above. In addition to the experimental points calculatecd
on the basis of the measured water contents, assuming that the
density of water is 1.0. Two points are apparent. Firstly, the
measurement of density of hydrated and d.hydrated samples of
these copolymers provides a valuable m~thrd of identifying a
copolymer of unknown styrene : HEMA ratin. The second point
applies to the difference between experimental and calculated
values. Thereisno problem in the case of dehydrated materials
which show no more than expected experimental variation from the

line joining the density of the individual homopolymers. Sinpe
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the materials are non-crystalline, this is in accordance with
expectation. The difference between experimental and calculated
values of the hydrated materials is quite marked, however, and
appears to be related in some way 1o the water content. One
possible explanation for this lies in the different states in
which it is possible for water to exist in hydrogels (Chapter
Four). 1If the so called 'bound' or 'non-freezing' water i=
considered to exhibit a somewhat higher apparent density than tha
free water, the problem disappears. This point will be
elaborated in Chapter Four. Suffice it to say that if the quimtity
of non-freezing water in an unknown hydrogel is mecasured (cg

by differential scanning calorimetry and total water content
measurements) the differences between experimental and calculated

density can apparently be resolved.

The problems arising with pyrolysis gas liquid chromatography
arise firstly from the fact that the hydrophilic monomers uscd

in hydrogels frequently complicate the pyrolysis pattern of the
resultant polymers. Typical examples are found in Figs 5 and 6.
These are pyrolyses carried out at 500°C in conjunction with
isothermal chromatography. In the case of PHEMA  (Fig 5 )

the cxplanation of the shape of the chromatogram is reasonably
simple. listers are well known to undergo a B-climination reaction
at pyrolysis temperatures, involving the hydrogen attached to

the B-carbon of the alcohol residue.
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Fig 5 Pyrolysis gas liquid chromatogram of PHEMA at 500°C

(pyrolysis). Fluoro silicone o0il colum at 150°C.
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Fig 6 Pyrolysis gas liquid chromatogr:m of poly(N-vinyl pyrrolidone)
at 500°C (pyrolysis). Fluoro silicone oil colum at 150"(.
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For example:

RCDOG—IZCHZR' + R-C=0., = ROOOH

.

3
0 / 3
N\ _di
H, N Rt R'QH =QH,

In the case of 2-hydroxyethyl methacr: ! :fe the products are
methacrylic acid and vinyl alcohol which, of course, rearrangcs
to acetaldehyde. This reaction competes with the depolymerisation
and the major products are therefore monomer, methacrylic acid
and acetaldehyde. Of these three, it is methacrylic acid thot

is longest retained showing a characteristic tailed peak.
Poly(vinyl pyrrolidone) (Fig 6) again undergoes concurrent
fragmentation and depolymerisation. ‘Il longest retained pcak
in this case corresponding to vinyl pyriolidone monomer. In

both cases the size of monomer peak pivivced is very much smiller
than that obtained from a polymer that pioduces almost
quantitative yields of monomer on depolivwerisation, such as

poly(methyl methacrylate) (Fig 7).

Although for convenience, isothermal chromatograms are shown, it
will be appreciated that problems of peak overlap arvise in thi«
situation. By [irst carrying out an isolthcrmal run and
subsequently a temperature programmed run (which produces a
much more extended chromatogram) the individual components of
copolymers are resolvable. In some cases, variatidﬂs of

pyrolysis temperature, which modifies the finger pﬁnt pattern,
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Fig 7 Pyrolysis gas liquid chromatogram of poly(methyl
methacrylate) at 500°C (pyrolysis). Fluoro silicone
0il colum at 1509C.
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provides a useful additional method of iecs lving the copolymer

composition.

In contrast to the precise analytical value of density and
pyrolysis gas liquid chromatography m-asurements, allowing the
provisos indicated above, surface characterisation does not
generally give precise information abecrt the bulk composition of
unknown copolymers. The problem is twn fold. In the first place
the surface properties of the copolymer are not directly
representative of bulk composition. Secondly the surface
properties relating to a particular composition may often he
modified by fabrication techniques and =i face contamination.

In the best instances, however, where i < polymer of widely
different monomers that do not mutually interact is under
consideration. The surface properties mv give some indication
of composition. Such a case is that of styrene and HEMA (Tahlc
and even here the determined value of polir and dispersive

components do not vary in a simple addiiive manner down the

polymer series.

3.2 Application of Characterisation Techniques to Unknown Copolyi :rs

A particularly severe test of the combind characterisation
techniques discussed previously is fown! in the analysis ofl
commercially available contact lens materials. This more than
any other field is one in which a range of hydrogel composition:

are employed. A selection of commercially available contact lcns
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materials was collected and examined using the aboye mentioned

techniques. The results are presented in Table 6.

Discussiqg

The application of the various charactervisation techniques
described is perhaps best discussed with reference to the results
obtained from their application to commer~-ially available
hydrogel materials. Although the techniques give more accuiite
information when applied to purpose made polymers of known
composition, a more realistic assessment of their value is to he
gained from their application to polymers of a more complex

nature.

The infra-red spectra of the commercially available materials
show a characteristic carbonyl absorption, the position of which

depends on the type of carbonyl group present.

Absorbtion
0
/ ~1
o R = Gy, OH,CH,OH = 1720 cm
3 00
\
0-R
/0
—c/ ~ 1680 cm |
N
N_

The position of the carbonyl absorbtion in the infra-red spectrum
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therefore affords information as to the jw3sible presence of
nitrogen in the sample. This carbony] sl'soabtion is shown by
materials such as Sauflon 70, Consoft @ and Sauflex. Although
infra-red spectroscopy gives an indication of the presence of
nitrogen, it is not possible solely on the basis of infra-red
spectroscopy to deduce the nature of the nitrogen containing
monomer. In these three cases, the presence of N-vinyl
pyrrolidone is indicated by pyrolysis gas liquid chromatography
and also by the relatively high water crntents of polymers
containing vinyl pyrrolidone. An examinition of the elementil
analyses obtained, shows that there is some relationship betwcen
the amount of nitrogen present on elemental analysis and the

proportion of vinyl pyrrolidone present i1 the polymer.

Errors can arise, however, particularly from incomplete
combustion and the presence of residual monomer (usually vinyl
pyrrolidone rather than methacrylates). A useful way of inter-
preting (IN and density results together in the construction ol
a graph of the form shown in Fig 8. 'his shows expected
elemental analysis figures together with hydrated and dehydrated
densities for the complete composition range of a pair of
comonomers (in this case methyl methacrylate and vinyl

"“pyrrolidone).

Also shown on the graph are the range of vinyl pyrrolidone
contents indicated by all results for the five vinyl pyrrolidonc-

containing materials. The shaded region in each case shows the

61



% Element

13

Fig 8 Summary of data obtained from density measurements and
elemental analysis of nitrogen containing soft contact
lens materials
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most reliable range of values. It is noticeable that the
dehydrated density is the least reliable (and reproducible)
property because of swelling of_the polymer as it passes down
the colum together with the effect of residual monomer. The

indicated vinyl pyrrolidone contents of the materials are:

Sauflex (50-55%)
Consoft 60 (57-62%)
Sauflon 70 (64-69%)
Duragel (63-68%)
Igel (69-74%)

The last two materials listed are open to more doubt as thev
appear to be slightly more complicated compositions. The only
other N-containing material is Hydrocurve which appears to be
PHEMA  yith a small proportion of a nitrogeneous comonomer. The
remaining materials are substantially PHEMA  containing variou:

amounts of methacrylic acid (incorporated deliberately or as

impurity).

''he detection of methacrylic acid in hydrogels is complicated hy
the act that it is one of the degradation products ol it

at the temperatures at which pyrolysis gas liquid
chromatography is carried out and so this technique cannot be
relied upon to detect its presence as a deliberately added
comonomer. Two of the commercial polymers examined are known

to contain small quantities of methacrylic acid. This is used
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to increase the water content by treating the polymers (Flexol 35
and Flexol 72) with sodium bicarbonate tn form the sodiwm salt of
methacrylic acid which is considerably more hydrophilic than the
free acid. In the case of Flexol 7'2., fhe water content shown in
Table 6 can be increased to 72% on treatment with sodium
bicarbonate solution. The only reliable method for the estimation
of m_ethacxylic acid content is titration (eg with sodium

hydroxide).

The detection of other alkyl methacrylates is complicated by peak
overlap in the pyrolysis gas liquid chromitograms and in cases

where another alkyl methacrylate in small quantity is present, it

is often difficult to distinguish between it and wnmodified

PIIEMA. In the Flexol materials, it is known that there is anothe:
alkyl methacrylate present, however, it is not possible to confiym

it's nature or presence from the results obtained in this woil.

As can be seen from Table 5 there is a tendency for the water
contact angle to increase with increasing styrene content. With
all polymers, the surface structure and the effects caused by the
surface are dictated by interactions which occur in the bulk.
The values observed for surface free energy are functions of the
amount of freedom the polymer chains have in taking up any
preferential orientation under the constraints of such factors
as inter and intramolecular bonding, ease of packing of any side
chains and the amount of any cross-linking which has occured.

with hydrophilic monomers present, there is a possibility of lary~
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amounts of both intra and inter molecu'sr i drogen bonding and
this will tend to lead to the non random piisentation of groups
at the surface. With large amounts of I -irogen bonding, it is
expected that the surface free energy will be reduced because
the amount of polar groups which are available to form-the surfuc:
will be reduced by the bonding. In the ci = of styrene/HEMA
copolymers, there would appear to be more pnlar groups at the
surface than would be expected by adding together the surface
energies of the two homopolymers in the correct proportions.

This increase in the polar component of suiface energy is
probably due to some kind of packing res!raint imposed on the
hydrophilic monomer by the styrene molecnie. The difficulty ol
packing the phenyl group and the hydroxyl containing side chains
which occurs on HEMA could then lead to tiic exclusion of the side
chain which would then be relatively free to form a surface of
polar hydroxyl groups. The application ! contact angle
measurements to €lucidate surface properties is a useful
technique in controlled systems such as fhie styrene/HEMA polymers
described. With reference to the commercial polymers, however,
the usefulness of the data obtained is much more limited. ‘Ihe
contact angles measured on the commercially available matcrials
seem markedly higher than would be expected for polymers with
compositions similar to those shown. ’liis could be duc to
surface contamination of some kind (eg residual monomers) and so

the results obtained are not necessarily indicative of the

surface properties of the polymers.
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The techniques described when used in combination can provide
useful information as to the composition of hydrogels. Naturally
all the information obtained is of interest but it is important
to realise the limitations of the methods used. The techniques
used are at present of greater value in a controlled situation
but as has been shown, can provide useful indications as to the
composition of commercially available and more complex systems.
With modification and refinement, there is no reason why more
accurate characterisationsof commercialﬂnﬂterials cannot be

undertaken.
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(HAPTER FOUR

WATER BINDING PROPERTIES OF HYDROGEL i 7{ERS

Although it has been suggested that the most important single
property of a hydrogel is it's equilibrium water content, this
statement requires further qualification. In addition to the
total amount of water present within a hydrogel, as measured in
terms of equilibrium water content, the nature or organisation
of the water present is important, espccially with respect to
any specific interactions that this may induce. Water in the
hydrogel network can exist in more than one state and it is this
phenomenon of hydrogel structure/property relationships which
governs many aspects of the behaviour of the material in a given
environment. In this Chapter some aspects of the nature of wat:
within synthetic hydrogels is discussed with reference to som
of the techniques available to investigate water binding
properties, the major technique discussed being the application

of differential scanning calorimetry (DSC).

4.1 Nature and Determination of Water Binding Properties

It has long been recognised that water in biological systems cin
exist in more than one form. The relationship between water and
biological macronblecules is one of the most important of all
natural processes, connective tissue for example depends upon it's

association with water for unique and specific mechanical
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properties. Despite the obvious importance, many aspects of

the structural protein-water interactir rvemain unresolved. [his
is largely due to the complex chemical witure of the protein
molecule and the equally complex structure of connective tissue.
It is because of the complex nature of the problem that the

(62 ). In the

spectrum of interactions observed varies widely
study of water binding properties in proteins, the water associafed
with the protein has been described as structural, bound and e
water. X-ray diffraction data can provide information as to the
spatial arrangement of water molecules located within a protein
cyrstal and the structural water associated with the crystal can
be described by a specific stoichiometry. The term bound water
has been used to describe water in both the aqueous solution and in
the hydrated condensed state. The best definition perhaps bcing
considered as one in which bound water is considered as having
properties that are measurably different from those of bulk

(free) water as measured by the same tcchnique. Water molecules
that are in the vicinity and interact strongly with macromoleculay
surfaces have been found to exhibit properties that are measuiahly
-different from those shown in the bulk(63’64). These water |
molecules exhibit a lower vapour pressuic, lower mobility and
greatly reduced freezing point. Such water has been referred to
as bound water, however, this definition has limitations. Watcer
molecules considered bound by some experimental methods miy not

be by others. Despite the obvious difficulties and limitations
concemned with the definitions of water within biological

systems, it is generally accepted that water molecules adjacent
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to macromolecules exhibit different properties to those in the

hulk.

In a synthetic system, the study of water binding properties is
open to a much wider and more detailed examination. The problem-
of disturbing a biological environment as is the case with
animal.tissue, for instance, does not arise. The fact that
synthetic systems are free of the constraints imposed by
natural systems, although being an advantage in many ways, also
has inherent disadvantages. In many natural systems, an active
mechanism has been proposed to account for observed behavioin
this being the case with the transport of metabolites in
solution across some naturally occurring membranes. For this
reason, the way in which water binding is related to polymer
properties in purely synthetic systems is not necessarily
concurrent with observations made in nature. The work
described in this thesis is confined to the investigation of

water binding properties in synthetic systems.

There is now considerable evidence to suggest that watcr
molecules absorbed within synthetic hydrogel polymers may

exist in two or more different for'ms{64 - 79)' Of these statos,
one probably consists of water which is bound to the polymer
through hydrogen bonding. The rest of the water does not take
part in hydrogen bonding (free water) and has a greater mobilitv.
The relative amounts of bound and free are thought to have a

considerable influence on many of the properties of hydrogels.
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A number of terms have come into use when referring to the state
of water within hydrogels and these ai* -hown in Table 7
Although these. terms are often used to describe the state of
water within hydrogels, it is doubtfu' if any of the descriptioms
of the states of water are strictly coriect. Perhaps the best
way to describe the water present in hydingels is to view the
water as existing as acontinuum consicting of highly bound water
molecules interacting directly with the hydrophilic sites on

the polymer, surrounded by successive hydration shells of less
highly bound water. The concept of water existing in two states
(bound and free) within a hydrogel is certainly an over-
simplification, but is frequently used hecause of its simplicity
and convenience. A number of techniques exist for the study of
water binding properties in polymers and this can lead to
differences as to the quantity of a particular type of water
present dependent on the experimental technique used. This i<

because each technique may have a bearing on different aspect:

of water, eg thermodynamic, dynamic and structural.

The techniques used for the study of th~ states of water within
)(8]]

. 85
nuclear magnetic resonance (NMR)( 82), infra-red f:pvctrosr(':py[ ;

(74)

hydrogels include differential scanning calorimetry (ISC

(]ilatcmlotry{ ?4), specific conductivity and dielectric
studies( 7). Of these techniques, differential scanning
calorimetry and nuclear magnetic resonance have been the most

widely used.
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Table 7 Terms used to describe the siiles of water in water

swollen polymer systems

Bound Free

Non-freezing Freezing

Primary Secondary
Z Y X
Lt " Y
Bound Interfacial Bulk

i)
Primary Secondary
Free Bulk

Bond Bond
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NMR provides one of the simplest way: fo ulhserve the different
states of water and has been used cxten iveiy to study the state
of water in biological systems. Two kiids of NMR are used,
pulse and broadline, the broadline teclnique being similar in
principle to the pulse technique although in practice the
samples, instrumentation and results, are quite different. The
important difference being that the brondline technique can be
used for the study ol the solid state whoicas the pulse method
is better for the liquid state. Both techniques yield
information mainly about the relative mobilities of the difflcring
water states. Bound water being distinguished from free watc:
because of its limited mobility as compai~d to free water. NMR
also indicates that while bound water is iclatively immobile
compared to free water, it is still moirc mobile than pure ice
and that there can be a rapid exchange I»tween the bound and

free water states.

When a thermal transition takes place in a material, the reaction
associated with the transition is either exothermic or
endothermic. DISC measures the amount of heat evolved or absorbe(
when a thermal event such as melting or freezing occurs. During
such a transition the instrument senses hent absorbed or evolved
by the sample and alters the distribution of heating encrgy
between the sample holder and reference material so as to
maintain a thermal balance. In DSC the distance moved by the
recorder pen from the base line is directly proportional to the

rate of energy absorbtion or release and the area under the
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+ themogram measures the heat of transition. DSC when applied
to the study of absorbed water in polymers can be used to
quantitatively determine the amount of water which freezes ncaor
the freezing point of pure water. From a knowledge of the total
water content of the system and the weight of the sample used
the fraction of water that does not freeze at very low
temperatures, typically —?OOC, can be calculated. On this bhasis,
non-freezing (bound) water can be taken to be water which is
strongly associated with the polymer and freezing (free) water
can be interpreted as that which is less strongly associated
with the polymer and hence free to freeze at a temperature

close to that shown by pure water.

The freezing and non-freezing water contents of hydrogel films
(prepared by the method described in Chapter Two) were obtaincd
using a Perkin-Elmer (DSC 2) differential scanning calorimeter
in conjunction with a Servoscribe potentiometric recorder
fitted with an integrator and event marker. The operating
range of the instrument being -175°C to + 725°C. In a typical
experiment, the samples to be studied by DSC were wiped with
tissue to remove surface water and then hermetrically sealed in
aluminium sample pans, the sample size being typically 3-7 mg.
The sample pans were cooled to -50°C and then heated at
1.25%C/min or 5°C/min to 20°C, at least three samples of each

material were used. Fig 9 shows a typical trace obtained
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from the above procedure. The area wier the melting peak was
measured and the amount of freezing water from a calibration
graph obtained by measuring the peak areas produced by distilled
water samples of known weight. It has been shown that the.heat
of fusion of freezing water contained inwiter swo''cn polymers is
virtually identical to the heat of fusion of pure water( 68 » 0 1,
The freezing water content was expressed n3 a percentage of the
weight of hydrated polymer. The amount of non-freezing water
being taken as the difference between the total water content of

the sample and the amount of freezing water.

Although the area under the melting endotherm is a measure of
the total freezing water, it is interesting to examine in morc
detail the shape of these curves. Work carried out in these
laboratories has shown a fine structure to the DSC curves
obtained. Mny of the fesults obtained do not show the simple
melting behaviour exhibited by pure water but are more
complicated which would tend to indicate that freezing water
may exist in a number of states of water shown in Table 7.
Two examples of this fine structure are illustrated in Figs 10
and 11, 1In the first example, a typical DSC trace is shown
and on this trace it is apparent that there are two peaks at
approximately 273 and 274 K in the melting endotherm.
Temperature cycling between 223 and 293 K gives rise to a slight
increase in the total area under the peaks but more importantly
an increase in the size of the peak at 274 K is observed,

combined with a corresponding decrease in the peak at 273 K. LE
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the area under the peak at 274 K is tak ' to be associated with
the "pure' water in the system, then temperature cycling can be
seen to increase the size of this peak and would tend to indicate
that the amount of pure water is increased on cycling. There is
evidence to suggest the existence of water pores in hydrogel.s{s4 'SSJ
Given the presence of water pores in the gel the effect of
temperature cycling is not difficult to yisualise in terms of
increasced perfection of crystallisation of the water in the ;wl;

In a typical freezing exotherm (Fig 12 ) there is a

sharp peak and a broader more complex peak at a much lower
temperature which may be indicative of a multiple nucleation
process. From these observations, it is apparent that there is

a difference between the descriptions of water states shown

in Table 7 and the experimental results described above,

because the descriptions in Table 7  are theoretical concepts
which do not necessarily correlate with the results of any

specific experimental technique. It is our belief that our

results are consistent with the concept of a continuum of witer
states between water which is hydrogen bonded to functional gioips
in the polymer and water that is relatively unaffected by it's
polymeric environment. The latter type of water crystallises at

274 X in the manner of pure water. There is then a continuum

of water states whose behaviour is affected by the environment

and in which crystallisation occurs more slowly.

The water binding process in hydrogels is a complex phenomenon,

however, an understanding of this process is important because
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of the profound influence that this pince<s has on the behaviour
of the material itself and consequently the applications in
which a given material may be utilised. Properties of hydrosrl
polymers which depend on the water binding process include:
permeability (salt rejection), biocompatibility and mechanical

properties.

The permeability of hydrogel polymers has been stﬁdied with
particular reference to the use of hydrogel polymers as reverse
osmosis membranes for desalination purposes and PHEMA has been

the most widely studied polymer in this field. The structure of
PHEMA suggests that it may have semipermeable characteristics
similar to those shown by cellulose acetate. Like cellulose
acetate, it has both ester and hydroxyl groups and has the
consideraBle advantage of being relatively resistant to hydrolysis.
Baddour et 31(86 ) prepared copolymers of HEMA, ethyl methacrylate
and ethylene glycol dimethacrylate (cross-linking agent), in the
form of thin films. Using this system, the number of hydroxy!
groups could be varied as could the cross-link density. The

sait rejection of PHEMA was found to increase to a maximum of

80% as the membrane was more tightly cross-linked and then to
decrease rapidly. The salt rejection of membranes containing
ethyl methacrylate was found to be very low. The truc
permeabilities of these membranes could not be accurately
determined because of the fact that filter paper was used to
reinforce the membranes at the polymerisation stage. Subsequent

work( 6b) on cross-linked PHEMA membranes has led to more
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encouraging results. In reverse osmosis <vperiments, the salt
rejections of these membranes was found to increase to a

maximum of 94% as the amount of cross-linking agent was incrcascd,
-although water fluxes decreased rapidly for even relatively smill
amounts of cross-linking agent. A variety of other systems have
been studied and these include the preparation of thin solution

cast membranes from uncross-linked PHEMA(S?)

using a suitable
supporting material to form a composite material. Two
disadvantages of uncross-linked PHEMA are apparent; firstly, the
low mechanical strength of these materials and secondly, the

fact that uncross-linked PHEMA is too hydrophilic to allow any
marked salt rejection. To overcome this difficulty, HEMA has
been copolymerised with a hydrophobic monomertﬁs). In reveisc
osmosis tests with these hydrophilic/hydrophobic type membranc:,
some very high salt rejections have been cbserved (98%).
Hoffman et al have suggested that improved performance in tcrm
of salt rejection and water flux should be possible by the
correct selection of type and concentration of the hydrophilic,
hydrophobic monomers and the cross-linking agent. Although the
performance of this type of membrane may be superior to that of
say cellulose acetate, it still remains to prepare such

membranes that will give a performance (in terms of water flux)

approaching that of cellulose acetate menbranes.

In addition to the physical construction of a membrane for
permselective (eg reverse osmosis) applications, the nature of

the water within the membrane is now accepted as the major
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factor in controlling permselectivity. hocause of its interiction
with the hydrophilic sites on the polymr, hmmd water is unable
to appreciably solvate any salts and consequently salt
permeation is prevented. The bound water molecules can, however,
still form hydrogen bonds with free water molecules and so
permit the migration of free water from site to site within thce
membrane. The need, therefore, is for a membrane with good
mechanical properties whilst maintaining a high permeability of
water. This system therefore requires a r~latively high water
content with a large proportion of such water being in the bound
state to allow transport of water but with a low free water

content to discourage the passage of salts. ;

The biocompatibility is another property of a hydrogel materi:l|
which is dependent not only on the amount of water present within
a hydrogel but also on the nature of such imbibed water,

The performance of hydrogel materials in a biological environmcn!
is now thought to be a function of the relative amounts of Irce
and bound water in the gel network, although there his been

no evidence of any hard relationship being established bctween
the water binding properties of a hydrogel and its observed

biocompatibility.

Previously it has been mentioned that the mechanical properties
of a hydrogel tend to be adversely affected with increasing
water content. This, however, is not strictly speaking true.

. Once again the mechanical properties of a hydrogel are dependent
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not only on the amount of water present |t also the nature of
such water. A hydrogel can have a relatively high water content
and still maintain good mechanical properties if the amount of
bound water within the gel is sufficiently high, as is desirable
in the reverse osmosis membrane. The ratio of bound to free
water can be easily varied by altering the cross-link density
of the material and this aspect is discussed in a later section
with reference to PHEMA hydrogels with varying cross-link

densities.

4.3 The Relationship between Water Binding Properties and

Hydrogel Structure

In this section some aspects of the relationship between water
binding properties and hydrogel structure will be discussed with
reference to a variety of hydrogel systems of differing
hydrophilic/hydrophobic characteristics. The effect of cross-
link density on water binding will also be discussed with
reference to PHEMA hydrogels. The commonest synthetic hydropcl
systems are those based on PHEMA and a variety of studies have
been carried out. Perhaps surprisingly there is no substantial
agreement in the results obtained as regards the amount of free
gnd bound water present in a given system. This lack of
agreement is picbably a function of both the large number of
definitions that have come into use for describing water absorbed
in hydrogels and also the number of techniques that have béen

used to investigate the water binding process. More important
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than the precise state of the water p:  ~cnt is the way in which
the ratio of free to bound water in a c¢iven system, as defined
by one particular experimental technique, varies as a function

of hydrogel structure.

In the work described in this Chapter, measurements of freezing
and non-freezing water were made using differential scanning
calorimetry (DSC). The amount of freezing water expressed as
~a fraction of the total hydrated weight of the polymer is taken
as a measure of the free water present. The amount of non-
freezing (bound water) can then be calculated from a knowledge of
the equilibrium water content of the material in question. All
observations are therefore expressed in terms of freezing and
non-freezing water as defined above. All the polymer membiimc:
studied in this Chapter ﬁere synthesised using the standard
methods as described in Chapter 2, the iuC thermograms being

obtained as described in an earlier section of this Chapter.

4.3.1 Hydrophilic/Hydrophobic Systems

As an example of one of the above systems, a copolymer based

on IIEMA with the incorporation of varying amounts of styrene

was studied.  'The addition ol a hydrophobic wonomer, in this
case styrene, to reduce the hydrophilicity of a hydrogel has been
a widely used technique in order to synthesise a hydrogel with
specific properties (eg rigidity). The effect of the

incorporation of styrene on the equilibrium water content of
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HEMA/styrene hydrogels is shown in Fig i3 and as can be scon,
as the amount of styrene incorporated increases, the equilibrium
water content (EWC) of the copolymer falls from 40% (i) to

0% in the case of polystyrene homopolymer. Of greater
importance than the reduction of the equilibrium water content

due to styrene incorporation is the effect that this has on the

amount of freezing water within the hydrogel. In the case of
HEMA/styrene copolymers, PHEMA has an BWC of 40% of which provious
work has indicated 23% is freezing woter and 17% is non-freezine

water{81’95) The incorporation of 10 mole % of styrene in the
copolymer reduces the EWC to 23% of which 4% is freezing watocr
the remaining 19% being non-freezing water. With styrene contenis
of 20 mole % and above no freezing water is observed. The
complete set of results with respect to the water binding
properties observed in this type of system are presented in

Figs 14 and 15 . Fig 14 shows the rejationship betwv&n

the HEMA content of the copolymers describ~d and the equilibrium |
and freezing water contents observed. Fig 15 shows the total
number and number of non-freezing water molecules associated with

each HEMA unit in the copolymer system.

It ié apparent that the incorporation of a bulky hydrophohic
monomer evén in relatively small amounts, has a marked influence
on the amount and more importantly .the nature of water present
within the hydrogel. Non freezing water consists of water
molecules which are hydrogen bonded to hydrophilic groups on

the polymer chain. Freezing water molecules, however, are
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only hydrogen bonded to themselves or i+ 1:"1-freezing water
molecules. The pendant hydrophilic gionp: —n the polymer chain
(hydroxyl groups in the case of PHEMA)} a:~ surrounded by a shell

of non-freezing water molecules around which freezing water
molecules exist. Using this concept of hydration shells it is
possible to envisage the presence of miny hydration shells aroun:
each hydrophilic site on the polymer chain. If a relatively

bulky hydrohpobic group, such as the phenyl group in the case of styrine
is incornorated, thon its presence will tend to affect the freczing
water molecules as these are the water nriecules present in the
outer hydration shells. The phenyl groip although relatively
bulky and comparatively large does not ajyproach the hydrophilic
groups close enough to have any signiiicant effect on the non-

freezing water present.

The effect of the incorporation of styir-i in the HEMA/styrenc
series of copolymers is therefore two-iuld. Firstly, the
equilibrium water content of the system is decreased as the
proportion of styrene present is increased because of the
hydrophobic nature of styrene as a monomer. Secondly and
perhaps more importantly the proportion of Ireezing water
present is decreased with increasing styrene content as
discussed carlier.  Both these observed o (fects would seem to
be due to the hydrophobic nature of the styrene molecule and

not to any other more complex interactions. :

The consequences of this behaviour can be seen with reference

88



to the effect on a number of observed pr~perties. Firstly, the
difference between the cdalculated and 1 sured densities of

these copolymers suggests that the non-ficezing (bound) water

has a slightly different density than that of freezing (free)
water. The results shown in Fig 4 ((hapter 3 ) suggests
that non-freezing water has a density of approximately 1.1 g cnf3.
Although this is entirely speculative at this moment, it does
provide a means of interpreting obscrved results. Secondly,

the oxygen permeability of these materinls, which has been

( 96), shows a draruric increase as the

reported elsewhere
amount of freezing water in the hyd -  increases as shown
in Fig 16. The oxygen molecule apjnently has a hydration
shell ﬁontaining an average of 2.6 moles of water associate«
with it{g7 ). This hydration shell both increases the

effective size of the diffusing specic= and also affects the
water exchange interactions that provide a basis for understanding
the rejection of hydrated species by hydrogel membranes. Finally
the mechanical properties of the material change markedly at a
molar composition of 90:10 (HEMA : styrene). This is illustrated
by the relationship between flexibility and polymer composition

which shows the same trends as those observed in the

relationship between oxygen permeability and polymer composition

4.3,2 Hydrophilic/Hydrophilic Systems

In contrast to the previously mentioned system, both monomers

in a hydrophilic/hydrophilic system are hydrophilic in their
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own right. Therefore both monomers hav~ the capability to
hydrogen bond with themselves or with water molecules within

the hydrogel.

A series of coﬁolyrners based on HEMA and acrylic acid (AA) werc
synthesised and the water binding chajacteristics studied by
differential scanning calorimetry. The equilibrium water
content (EWC) was also measured and the effect of

increasing HEMA content in the coj: v r is shown in Fig 17.
As can be seen, the EWC of the copolym~r decreases from 73%
(polyacrylic acid) to 40% for PHEMA. Acrylic acid being a more
hydrophilic monomer than HEMA. The amwmt of freezing water
present in the gel was measured and the effect of

the incorporation of HEMA is shown in Fig 18. The curve shown
(Fig 18) follows the trend set by the EWC curve and shows no
unusual features with respect to the waler binding propertics

of the system.

In this system, both the monomers used are relatively weak in
terms of their ability to form hydrogen bonds. There is
therefore no strong competition between the monomers to foim
intermolecular hydrogen bonds with each other as opposcd to the
formation of hydrogen bonds with water molecules within the

hydrogel network.
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| The hydrophilic/hydrophilic group of cu,mi:mers allows scope for
systems inyolving stronger hydrogn bond® g *o be synthesised.
These systems show a number of interesting propérties and it is
possible to make a polymer with a high i 1ibrium water content,
a large fraction of which is present in i»~ non-freezing (bound)
state. Polymers with high non-freezing wnter content can be i
to have good mechanical properties, (eg ri:idity) and consequent ly
can be used in applications such as reverse osmosis where a high
non-freezing water content is desirable for salt rejection and
mechanical strength is required because of the water pressurcs
inyolved. During the course of this resrarch, the effect of
incorporating stronger hydrogen bonding monomers, in a copolyner
system, on water binding properties has been examined. The eflc t
of the incorporation of a hydrophobic wmer (stytrene) into a
hydrophilic/hydrophilic system has also been investigated with
respect to the resultant water binding properties. Some
interesting results have been obtained from such systems and

these are discussed in the following section.

One type of hydrophilic/hydrophilic system based on IT;OI‘IOHICI'S with
stronger mutual hydrogen bondingcamatility is illustrated by the
system acrylic acid (AA) -co- N-vinyl pyrrolidone (NVP). A

series of copolymers using varying amounts of the above mononcis
with 1% cross-linking agent, was synthesised in membrane fomm
using the standard method described in Chapter 2. The equilibrium
water contents and freezing water contents of these copolymers

were determined by the methods previously described. Fig 19
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shows the relationship between the equilil*rium water content of
the copolymers as a function of the amount of NVP present. Two
curves are shown (Fig 19 ) describing th' equilibrium water
content both in terms of the amount of N'." 1 the feed and also
the amount of NVP as determined by elementsl analysis, incorpornt:|
in the resultant polymer. Fig 20 shows lie freezing water
contents of the AA/NVP system with respect to the feed ratio

and also the amount of NVP present in the polymer. The equilibritm
water content curves (Fig 19) show an i rease as the amount

of NVP present is increased. This is to '~ expected due to the
hydrophilic nature of NVP and although less NVP is incorporated
than would be expected on the basis of the feed ratio (because

of the low reactivity ratio of NVP) no unexpected results are

observed in the curve for the polymer which was analysed.

The freezing water content curves (Fig 20 ) however show
interesting minima at small NVP concentrations. Although the
equilibrium water content of the copolymers increases with
increasing NVP content, the freezing water content decreases
and then rises and hence the bound water content must increase
correspondingly. One reason for this could be the competition
between interchain hydrogen bonding and water binding, however,
in view of the small amounts of NVP requircd to cause the
decrease in freezing water content, this may not be the case.
Another possibility is that when present in small amounts, NVP
causes the water to be structured to a certain extent, perhaps

incorporated in some interchain hydrogen bonding, causing the
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amount of freezing water present in ti pel to fall. As the
‘amount of NVP present in the system in<icases, this structuring
effect disappears and the hydrophilic m:#iine of NVP becomes the
dominant effect, consequently the amount of free water present
in the system increases following the trend set by the

equilibrium water content.

An alternative way of expressing this wonld be to say that the
incorporation of NVP into apolyacrylicacid network begins to

disrupt the hydrogen bonding between csrboxyl groups:

ol e Was

7 \
0

'ﬁto 0
X

~anC A

OH

The net result in the initial stages of the incorporation is

to make a greater proportion of carborii groups available for
direct water binding. Thus, although the incorporation of

the more hydrophilic NVP causes the totai water content of the
system to rise, it also causes an initial disproportionate
increase in hydrogen bonded (non-freezing) water and, consequently,
a decrease in freezing water. As the amount of NVP in the

network is increased, the balance of wat~r stages shows a

smooth composiition-dependent variation.

This structuring effect would seem to i~ the best explanation
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of the results obtained from this type system where the second
monomer incorporated exhibits a somewhat stronger H-bonding
(donor or acceptor) capability than the mcuvomer forming the
basis of the gel. There is a difference, (~r example, between
NVP and HEMA in the strength of their hyd:gen bonding
capability with acrylic acid. Thus incorporation of HEMA into
an acrylic acid system simply produces a smooth change in water
content with no abnormal structuring effects. There is therefore
a clear difference between the AA/NVP system and the AA/HEMA
system, in the former the presence of a stronger hydrogen
bonding monomer (NVP) causes the effects described above,

whilst in the latter system, there is no evidence of the monomers
causing any unusual effects on the water binding properties of

the hydrogel.

The third type of system studied, within ti hydrophilic/
hydrophilic groupings, was a system in which both monomers uscd
show strong hydrogen bonding tendencies. Such a system is
illustrated by copolymers of acrylamide (ACM) and methacrylic
acid (MM). A series of such copolymers with 1% cross-linking
agent, was synthesised in membrane form according to the method
previously described. Fig2l shows the 1clationship between
the equilibrium water content of these copolymers with respect
to the acrylamide coment(g:g ). Although monomers used in this
system are very hydrophilic, cross-linked (1% EDMA) homopolymers

of MAA and ACM showing equilibrium water contents of 73% and

84% respectively, there is an interesting minimum in the
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equilibrium water content when both ir .« ers are present in
approximately equimolar proportions. i.is effect is believed
to be due to the competition between i« chain hydrogen
bonding and water binding. In this 1 gion, it would seem that
strong hydrogen bonding occurs between the pendant carboxyl and
amine groups resulting in a tightly bouni nétwork structure
from which water is partially excluded. Also in this region,
the polymers have similar equilibrium water contents to that of
poly (2-hydroxyethyl methacrylate) (PIii\) but show improved
mechanical properties (eg tensile stieng h and rigidity). This
is partially due to the interchain hydrogen bonding and is also
related to the differing plasticising pi~perties of freezing

and non-freezing water.

Given this effect on equilibrium wate: c-utent, ACM:MAA provid:
a useful system on which to base modifi« 2tions which would give
a relatively high equilibrium water content, coupled with a
low freezing water content. Table 8 <=hows the equilibrium
freezing and non-freezing water contents for an ACM/MAA serics
of copolymers in which the ratio of MAA to ACM is constant
(equimolar) throughout, and in which the effect of adding
increasing amounts of a hydrophobic mowmer (styrene) to the
system is investigated. Tig 22 shows the relationship
between the equilibrium water content o the copolymer series
(Table 8) with respect to the amount of styrene present in
the system. With reference to this curve, it can be seen that

there is a decrease in the equilibrium water content, falling to
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a minimum at a styrene content of approvimitely 5 mole %, this
1s to be expected due to the hydrophobic nature of the styrene
molecule. The equilibrium water content then shows an unexpected

rise as the styrene content is increased.

In the region -0 to 5 mole % of styrene, Fig 22 shows a
similar trend to that seen in Fig 13 for i/ '\/styrene copolyim:is.
In HEMA/styrene copoliymers, the incorporation of 5 mole $ of
styrene results in a decrease of equilibrium water content [rom
around 40% to approximately 30%. In the case of the MAA/ACM
series, 5 mole % of styrene reduces the equilibrium water conteni
from 39.6% to about 29%. In this respect, it would appear thit
small amounts of styrene are acting in a similar manner to the

behaviour observed for HEMA/styrene copolymers.

However, when the amount of styrene present is increased beyond

5 mole %, the equilibrium water contents of the MAA/ACM hydropels
show a marked difference from the behaviour of the HEMA bascd
system. The key difference between the two systems being the
presence of two monomers (ACM and MAA), both of which possess
strong hydrogen bonding tendencies. The occurrence of a

minimum in the equilibrium water content suggests that two
different, competing effects are being exhibited. The initial
decrease in the equilibrium water content (O to 5 mole % styrene)
can be explained by styrene, a hydrophobic monomer, causing a
decrease in the hydrophilicity of the system. The rise in

equilibrium water content for styrene contents above 5 mole %
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is thought to be due to the distuptive ~ifect of styrene on
interchain hydrogen bonding. The pre:ciie of a greater number
of styrene molecules in the system c1d lead to a reduction
in the hydrogen bonding between the pen.unt groups in the
polymer chains, thereby making more wat-r binding sites
available within the gel. Therefore, in the region of 5 to

10 mole % of styrene, the decrease in « 'librium water content
caused by the hydrophobic effect of styrene would seem to be
more than compensated for by the accompanying decrease in
interchain hydrogen bonding resulting in a rise in equilibrium

water content.

The observed rise in equilibrium wate' content is seen to rcach
a limiting value with styrene contents «f between 10 and 15 mol~
%. This would seem to be due to the ivchanism observed with
small amownts of styrene where the hyuicphobicity of this
monomer is the controlling factor and Ll disruptive effect it
has on interchain hydrogen bonding is nnt a determining

influence.

The freezing water contents of the copoiymers of MAA/ACM
(Table 8 ) are shown in Fig 23 with respect to the amount
of styrene present. Fig 23 shows an interesting effect in
that the observed rise in equilibrium vater content of these
copolymers is not associated with a rise in the amount of
freezing water present. The curve shows a steady decrease in

the amount of freezing water present. As the equilibrium water
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content rises over the range 5 to 10 mole % styrene and the
freezing water content is decreasing over the same range, there
must be an increase in the amount of non-freezing water present
in the system. The decrease in the amownt of interchain
hydrogen bonding caused by incorporation of styrene, therefore,
affects only the amount of bound watcr, tn any appreciable

degree.

To summarise it is perhaps useful to contrast the ACM/MAA
system with styrene incorporated with the HEMA/styrene system.
In both cases, styrene is present as a hydrophobic monower,
however, its influence on the behaviour of the system is
profoundly different. In the simple hydrophilic/hydrophobic
system as illustrated by HEMA/styrene, there are no strong
interchain hydrogen bonding tendencies and the incorporation ol
styrene simply causes a decrease in both the equilibrium wate:
content and freezing water content of the polymer series which
is a result of the net decrease in hydrophilicity. In the MA\/
ACM system, however, there are two competing effects in
operation. These are the ability of the pendant groups on the
polymer chain to form interchain hydrogen bonds and their ahility to
bind to water. It is because of this competition that styicne
has the previously described interesting effects on this system
and .most importantly on the amount of non-freezing water

present within such a system.
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4.3.3 Macroporous Systems

In addition to the =ystems described euslier in this section,
all of which are homogeneous, hydrogeis that are heterogeneoi:
and macroporous systems can be made. [ii10oporous gels are known

to possess good mechanical and watey flus properties and it is

possible to make them with various climical structures, therchy
producing a thin homogeneous layer wilih varying salt retention
properties.

Macroporous hydrogels have been prepnied using a technique

(90)

deveioped by Haldon and Lee A wexinre of monomers,

2-hydroxethyl methacrylate (HEMA) and ~thylene glycol dimethacryl:to

(EDMA) (cross-linking agent) were adacd to a solvent, aqueous cthylenc
glycol, containing uranyl nitrate as - photosensitiser. ‘This

mixture was injected into a glass mnld and placed in conticl

with powdered solid carbon dioxide. Whrn freezing had occinred,

the mould was inveited onto a tray confaining dry ice and the
mixture was photopolymerised for 15 wminutes using an ultri-
violet lamp. The menbrane was snlwseq':-ntly removed [rom the
mould and hydrated in distilled water to equilibrium (at least
two weeks). The water being changed frequently to ensure
complete removal of the ethylene glycol. Table 9 shows the

formulations used in the synthesis ci m«croporous hydrogels.

In all the above formulations, the monomer content refers to the

total HEMA and EDMA, with EDMA present as 15.5 weight % of HEMW.
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Table 9 Formulations of Macic,» s Hydrogels

Monomer ‘(weight %) Solvent (weight %)
68 "2
60 gty
50 50
45 55
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The solvent was a 4:1 mixture (by vo:tw.i of water : ethvlene
glycol. The amount of uranyl nitrutc «woioed was 2% by weight

of the total monomer content.

To date, no attempt has been made to ¢ . ne the water binding
properties of macroporous gels with fiiws: of a homogeneous
system with comparable cross-link densil.,. 1In order to

investigate this, » series of poly(2-hyiroxyethyl methacrylate)

(PHEMA) hydrogels having cross-link densities between 1 and
- 20% were prepared in membrane form n:ivy the method previously
described (Chapter 2). Fig 24 sho.s 11~ relationship betwecn
the equilibrium water content of the w» v¢jnious gels and the
percentage monomer in the monomer/sclv ! mixture. Figs 25

and 26 show the corresponding freczing .nd non-freezing

water contents respectively. Fig 27 siwws the relationship
between equilibrium water content im+i t:03s-link density ol tho
homogeneous gels and Figs 28 and 2Y the corresponding Ao ts

of freezing and non-freezing water 1-=pe.tively.

With reference to the homogeneous systeu, it can be seen from
Fig 27 that the equilibrium water con' ot of the system
decreases steadily with increasing amemts ol cross=linking as
the system becomes less hydrophilic. ihe corvesponding hreezine
and non-freezing water content curves (i1ps 28  and 29 )
show evidence that the amount of cross-iinxing agent present

is acting in two ways on the water binding properties of the

system as a whole. Taking Fig 28 it can be seen that in the
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initial stages (1 - 10% cross-linking) the amount of freezing
water present is markedly affected by the cross-link density.
This can be attributed to the fact that the cross-linking is
tightening the network of the gel, thereby decreasing the space
available for freezing water. As the cross-link density is
increased, this network effect would sec" to have less
influence on the system and therefore the freezing water
content decreases gradually'fbllbwing the equilibrium water
content curve. It is interesting to note that at 20% cross-
linking, there is only a shall amount (1.9%) of freezing
water present. The non-freezing water content (Fig 29 )
shows that in the initial stages the amount of cross-linking
agent present has a less pronounced effect on the non-freczing
water present than on the freezing water. This is believed

to be due to the fact that in this region, the amount of cro:=-
linking agent is not sufficient to disrupt the ability of the
gel to bind water. At higher cross-link densities, the amount
of cross-linking agent present is sufficient to affect the
water binding of the gel and consequently the non-freezingwat v
content is seen to decrease in a more pronounced manner. . In fhis
respect, the cross-linking agent is acting as a hydrophobic
monomer to a certain degree (although not so efficiently) and
so the general hydrophilicity of the system would be expected
to decrease and this coupled with the increase in cross-link

density would account for the observed decrease in non-freezing

water present.
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Comparing the homogeneous system with th» macroporous system,
there is one obvious difference. Whereas in the homogeneous
system the non-freezing water content decreases with increasing
cross-linking, in the macroporous system this is not the case.

Fig 26 shows that the amount of non-freezing water in such n
system remains fairly constant despite the decrease in both
equilibrium and freezing water content (Figs 24 and 25 ) as the
amount of monomer present in the monomer/solvent mixturc increases.
This would tend to indicate that the non-freezing water is

present predominantly in the gel network as opposed to the

pores in the system. This view is supported by the fact that

at a given monomer/solvent ratio and comparable cross-link

density the amounts of non-freezing water present in the
homogeneous and macroporous gels are similar, approximately 200
and 22.5% respectively for a 65% monomer concentration and &
cross-link density of 15.5%. It is interesting to note that the
amount of non-freezing water present in the macroporous systrm,
under these conditions, is slightly higher than that shown by
homogeneous system. One explanation for this could be that
although fhe majority of the non-freezing water in a macro-

porous system is present in the gel network, there could be = smill
amount of water which is bound to the inner surfaces of the

pores. As this difference is so small, more detailed work will
need to be undertaken in order to ascertain whether there is a
larger amount of bound water in a macroporous gel by investipating
gels of differing cross-link densities and comparing the results

obtained with homogeneous gels of similar cross-link density.
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Comparing the freezing water contents of the macroporous
system (65% monomer in the monomer/solvent mixture), with the
homogeneous system at 15.5% cross-linking it is observed that
the macroporous system has more freozing water present. The
freezing water in a macroporous system would therefore seem to
be present mainly in the pores. As the cross-link density is
constant, the observed decrease in freezing and equilibrium
water content can P~ accounted for by the fact that as the
monomer present in (he monomer/solvent mixture increases, the
structure of the system becomes less porous and so the freczing
water content decreases. This effect can be likened to the
network effect of cross-link density on a homogeneous system

in the initial stages of cross-linking (1 - 10%).

At low cross-link densities, in the region of 1%, there is some
doubt as to the precise amounts of freezing and non-freezing
water present in a homogeneous PHEMA system. In this region, the
purity of the monomer used is of import:ince as ény impuritice
present (eg methacrylic acid or ethylene glycol dimethacrylate)
can lead to discrepancies in the actual cross-link density and
hence alter the freezing and non-freezing water contents. In thi-
respect, further work is necessary on PHIEMA pels at Tow cross
link density, using rigorously purified wonomer in order to
elucidate more fully the water binding properties of gels wnde:

these conditions.
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4.4 Some Mechanical Properties of Poly(2-hydroxyethyl methacrylatc)

Hydrogels

At this stage in the work it was conveni-nt to carry out a
preliminary investigation into the mechanical properties of
PHEMA gels of vari~us cross-link densitirs with respect to their
water binding properties. The deformation behaviour of the
hydrogels was examined using a microindentation apparatus :nd
the results are sumarised in Fig 30. Ihis shows the load
applied to the specimen plotted against ‘v depth of indentation
on a logarithmic basis. For comparative purposes it is convenicnt
to measure the load required to produce a given indentation, in
this case, 2 micron. Fig 31 shows the relationship between
cross-link density and load to 2 micron indentation and Fig 32
the relationship between equilibrium water content and load I
2 micron indentation. As would be expected, the load to 2 micion
indentation increases with increasing cross-link density as tlv
material becomes more rigid (Fig 31) and decreases with
increasing equilibrium water content as the plasticising eflcct
of the water prec nt becomes more apparent (Fig 32). Fig 35
shows the effect of freezing water content (corresponding to
the cross-1ink densities of the gels) on the load to 2 micron
deformation. As can be seen from this curve, the eflfect of
freezing water is more pronounced in the initial stages (up to
5%) and then the curve becomes less severe with increasing
freezing water content. This can be accounted for by the fact

that the freezing water has a marked effect as a plasticiser in
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the initial stages causing the material to be more readily
deformed. However, as the freezing water content increases, so
does the non-freezing water content and therefore the overall
water content of th~ system which would tend to compensate for
the initial dramatic effect observed. Fig 34 shows the effoct
of the ratio of non-freezing to freezing water content on the
load to 2 micron deformation. As this 1atio increases, as a
reuslt of increasing cross-link density, the load to 2 micron
deformation increascs, this can be attriluted to the fact that
as the amount of non-freezing water inciruses, there is less
[reezing water available to act as a plasticiser and the systcm

becomes more rigid.

These results, although limited in their scope, provide an
interesting basis for the understanding of the effect of cross-
link density on the mechanical behaviour of PHEMA gels. The
mechanical properties of the material can be related to the
equilibrium water content in terms of the cross-link density.
Also the water binding properties can be related to the
mechanical behaviour of the system in terms of the amounts

of freezing water and non-freezing water present. In

order to determine the precise effect of cross-link density

on the water binding properties and therefore the mechanical
behaviour of these gels, it would be necessary to measure the
cross-link density of the system after polymerisation as opposed
to the amount of cross-linking agent added to the monomer feed
this would be especially important at low cross-link densities

where the purity of the monomer used would be an important factor.
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CHAPTER FIVE

MODIFICATION OF HYDROGEL POLYMERS: [Ii'('KP(O'WE MODIFICAT ION AND

AMINO ACID ADSORPTION

In this Chapter, the effect of backbeiv - ~lification on the
adsorption and release of amino acids 1: «~scribed. Backbone
modification alfords a direct and sin. thod of altering the
water binding prope:ties of hydrogels. wugh this is a bulk
property there is some feeling that s smter binding may
influence protein adsorption and ther ¢ = hiocompatibility. ‘lho
experiments described were designed t« i ‘eruine whether individual

amino acids interact in different ways with hydrogel polymers

having modified structures.

5.1 Adsorption and Interaction Process:s

The development of hydrophilic polyme:ic materials for biomedic:!
applications has brought not only the inh rent advantages ol this
type of material over conventional hyd:phobic polymers but also
certain disadvantages. One such disadvintage of major importance
associated with the prolonged contact of a1 synthetic material

with biological systems is thatlof the [tmation of deposits on
and within the expanded gel network. These deposits have been
widely studied and have been found to be essentially proteinaceous
in nature( o) The problem of protein deposition on biomedical

materials has been highlighted in the contact lens field although
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the deposition of proteins is a well-known interfacial
phenomenon which would seem to involve all situations where
foreign bodies of both natural and synthetic origin are in

contact with a proteinaceous environment.

The adsorption or deposition process of proteins has been shown
to be similar to that of the adsorption of gas molecules onto
solid surface in which a mono layer of gaseous molecules is 1aid
down in a manner described by Langmuir's adsorption isotherm.
There are many examples in which materials come into contact with
various biological solutions (eg blood, saliva, tears, sea watcr)
and in so doing, demonstrate the phenomenon of protein adsorption.
This primary adsorption process of proteins exerts a considerable
influence over subsequent events in a given biological environmnt
and gives rise to processes such as thrombus formation (in blood],
the formation of dental plaque (in saliva) and marine fouling (in
sea water). To date most studies of protein adsorption have been
largely confined to the area of blood contact materials with

particular reference to thromboresistance and biocompatibility.

It has been demonstrated that within a few seconds of first
exposure to blood, all non-physiological materials acquire a
rapidly thickening film of essentially pure protein (most likely
fibrinogen), which on adsorption alters both the physical and
chemical properties of the surface[ 923. Studies carried out

on this adsorption process lead to the theory that there are two

types of adsorption, one that is hydrophilic, exothermic and
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reversible and the other that is hydrophobic, endothermic and
irreversible. The stability of proteins in solution depends upon
them being able to i1~tain their specific rharacteristic shapes,
thus reversible adsoiption takes place wi:l no change in shape
(conformation). Strong irreversible adsorption, however, involves
some change in nature or conformation of the protein resulting

in it being strongly bound to the surface. The precise
conformational chanys that occur on adsorption have not yet been
fully resolved, although the configiratiom:1 states and

anchorage sites of adsorbed proteins have heen shown to differ
depending on the temperature, pH and concentration in solution.

It appears that the principle of designing a surface to
preferentially adsorb a particular protein from a given biological
environment is a promising way of designing biocompatible surface:,

for various applications.

In order to study one aspect of the adsorption process at
hydrogel surfaces, amino acids were used #s models for piotein
deposition. A series of hydrogel polymers were synthesised md
the adsorption/desorption characteristics of the materials wis
studied with respect to the polymer composition and equilibrivm

water content.
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5.2 Experimental Procedures-

5.2.1 Polymer Synthesis

Polymer membranes were prepared using tlv method described in

Chapter Two. In general the compositiins tere based on hydrovy-

propyl acrylate (HPA), methyl methaciv:* + and a third monomcr.
Details of copolymer compositions ai- n in Table 10 .

All the polymer compositions shown in » 10 contained 1% by
weight of ethylene glycol dimethacryls®  1f¥I\) as a cross-linling
agent.

A further series of PHEMA ‘hydrog~ic wrre synthesised using

EDMA and trimethyl propane trimethacrylate as cross-linking agen! s
in varying concentrations. All the m b .nes were hydrated in
distilled water, which was frequently «iged, for at least two

weeks before any observations were und 1i:ken.

5.2.2 Amino Acid Desorption Measuremen! :

lydrated samples of the hyd'rogelé were sooked in a 0.5% solution

ol c.uch ol the amino acids shown below 1ur at least a week.
1
I
Aspartic acid }K.OC—G{Z,—?-(DOH
N,
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|
Phenyl alanine © —CHZ-(’I—(DOH
NH2

H
G (
Glutamic acid HOC-CHy -, - - 000H
|
NH,
After allowing the samples to hydraie in the amino acid solution
for at least one weely o rectangular sample of a size to Fi the
side of a spectiropholonicter cell was cut (vom each matervial.  ‘The
samples were then stained using a 0.5% solution of triketohydrincie

hydrate (ninhydrin) which reacts on heating with ¢-amino acids to

produce a blue coloration.

00] CO

N ~2H,0 \
O /C(OHZJ +  N,HGHRAOOH ———9_2002 /(,=Nm_,|z
@ m
ninhydrin
m (0
% H.0 \ _ B
@:/C—N=(}{R Ay C-NH,RaHo  MYdLIn
/ / T
c d
I l
OH OH
CO 0oC
LI
-N-C
4 N
? 0C
OH blue
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The initial optical density of the stained film was measured on
a Higer Watts spectrophotometer at 579 nm, using the following
procedure. The sample of material was blotted to remove excess
moisture and placed on the inside face of a spectrometer cell, a
reading of the optical density (arbhitrary units) was then taken
using distilled water as a standar!. In order to follow the
desorption of amino acid from the sample the following method wis
used. The polyme: sample was plac1 in sulficient distilled
water (5 ml) to fiil a spectrometer ¢« 1} ind the desorption of
amino acid was folluwed by measuring tlv orease in optical
density of the solution as a function of time. Distilled water
was again used as a standard. The equilibriim water contents ol
the polymers was determined using the mcthod described in

Chapter Two. All measurements were carried out at room temperalurc.

5.3 Results and Discussion

The effect of polymer composition on equilibrium water content s
shown in Table 10 and Fig 35. As can be seen, the equilibriim
water content of the copolymers decreases as follows:

No third monomer > acrylamide > methacrylamide > N-methylol
acrylamide > diacetone aérylamide > styrene giving some indication
as to the relative hydrophilicity of each monomer. It is the
relationship between the water binding properties and the rate

of amino acid desorption that is of primary interest.

The results of the optical density measurements are shown in
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Table 11 Effect of polymer composition on equilibrium water

content
Third Monomer Equilibrium Water Content (%)
Acrylamide 55.0
Methacrylamide 43.0
N-methylol acrylamide 40.5
Diacetone acrylamide 31.0
No third monomer 33.0
Styrene 27.0
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Tables 12 and 13. Figure 36 shows the way in which the
optical density at a given time expressed as shown varies as a
function of time. All the amino acids used show similar
desorption characteristics. From the graph of optical density'
versus time, it is apparent that there ar~ marked differences in
the rate of desorption between the copolymers containing
acrylamide type monomers and those with either no third mononcr
or styrene as the tIird monomer. All the polymers containing
acrylamide type monomers show a desorptirn profile similar to that
shown for the acrylimide containing copely '« r whereas the styrenc
containing polymer and the polymer with no (hird monomer show
markedly more rapid rates of desorption. Before considering Lhe
reasons for these differences, it is useful to note two factors
conceming the styrene containing polymer. Firstly, the
equilibrium water content of the styrene nolymer is considerahly
less than that of the acryiamide type copolymers and secondly,

as discussed in a prior Chapter, the amount of free water in the

styrene polymer is very much less than that of the acrylamide

type polymers.

The reasons for the differing rates of desorption would appear to
be twofold. Firstly, the amino acid is probably absorbed to a
certain degree by the hydrogel and this absorption would be moic
apparent in a hydrogel with a higher water content as in the casc
of acrylamide containing polymers. This however does not afford
a total explanation as the difference in total water content

between a copolymer containing diacetone acrylamide and a
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copolymer containing styrene is only 4% being 31% as opposed to
27%. Secondly and more importantly, there is the question of
interaction between the amino acid and the polymer resulting in
hydrogen bonding of the amino acid to the acrylamide containing
polymer. This interaction appears to be present even in cases
such as the one indivated above in which the total water content
of the gels is not appreciably different. The difference being not
in the total water content but in the free water content of the
gel. It would seem that the interactions of the amino acid are
more apparent in polymers where although the equilibrium water
contents may be similar the amount of free water is markedly
different. Interactions appear to be strong in a polymer
containing acrylamide for instance because the free (freezing)
water content is appreciably higher than that of a polymer
containing styrene. Relatively small amounts of styrene arc
required to alter the amount of freezing water present in a
polymer and this phenomenon has been discussed in a previous
Chapter. Although a series of copolymers using both EIMA and
TMPTMA, in various concentrations, was prepared, there seemed to
be no firm relationship between the amount and functionality of
the cross-linking agent present and the rate of amino acid
desorption.  This would tend to suggest that the trends observed

are predominantly a result of backbone modification of the

polymer.

In conclusion, an examination of the results obtained would tend

to indicate that the water binding properties of the hydrogels
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exert an effect on the adsorption/desc.,lion rates of the amino
acids studied. The use of individual amino acids as models for
more complex protein molecules would aij~ar to be a useful approach
in attempting to relate the chemical «i'ucture, by its effect on
the water binding properties to the «<' i ze behaviour as observed
by amino acid desorption. This relali:: hip being of particula)
interest because of the effect of sur!+ ‘- properties of a

hydrogel on its biocompatibility.
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CHAPTER SIX

MODIFICATION OF HYDROGEL POLYMERS: Tiii S WTHESIS OF

GLYCOPROTEIN ANALOGUES

Hydrogel polymers by virtue of their iniv.ient water content tend
to exhibit a certain degree of biocorp' :lility. There is,
however, always a tissue response to » weric implant even in
the case when the material is chemical.. rt. It is,
therefore, important in the design of miterials for implant

applications that any tissue response i kept to a minimum.

A foreign body response can be defined as any response of the
host tissue that results from the inticiiction of an alien
material to the tissue environment(31 4 Foreign body reacticn

can conveniently be divided into three categories:

(i) Reactions due to physical chara teristics of the implant: d

material, for example epithelial encapsulation of the

polymer and thickening of the crmective tissue fibrous
capsule.
(i1) Reactions due to the chemical pioperties of the implant

for example epithelial hypertropiiy and connective

tissuve inflammation.

(iii) Immune responses for example the invasion of the epithelinm
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by leucocytes and increased inflammitory tissue.

The effects of plastic implants in pigs, ¢ s and one human
( 31)

volunteer have been investigated by Ocum » and Lee
In this study, two types of implant were us:d, these were
implants which penetrated through the skin. ie percutaneous and
implants placed wholly below the skin, ie ‘hcutaneous. Such
implanted devices were made from graphite, !~Fflon,

polyurethane and etched annealed and unti~ ted Teflon.
Percutaneous implants consisted of a disc-shaped flange inserted
just below the skin with a projecting conduit through the skin.
Subcutaneous implants were generally 'dogbone' shaped bars. Il

human volunteer received a subcutaneous flange shaped like a

button.

Reactions of the type first described above, due to physical
characteristics of the implanted material, were generally found tu
be associated with implants of Teflon, polyurethane and graphite
Epithelial encapsulation was found in implants which did not hive
steep angles were made of relatively inert materials and were
free of infection. Excessive formation of keratin, usually
found in response to pressure, was found at the angle betwecen

the conduit and the skirt. A fibrous capsule was formed around
the implant and was found to be thicker at the conduit-skirt
junctions. At sharp angled tips of the subcutaneous bars both
glycoprotein and mucopolysaccharide substances were to be more

prevalent than near other surfaces of the implant. Giant cells
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were found to be formed at irregular surfaces of implants and

at the convex surface of the human implant, the reason for this
cell formation is not known. There appeared to be no inflammation.
infection or necrosis, which would be indicative of a chemical

reaction.

Adverse conditions due to the chemical properties of the implani
were associated with polyelectrolyte coated plastics and certain
epoxy resins which produced an inflammatory reaction. Signs of
necrosis were also found to be present and fibrous capsules when

present were outside the necrotic regions.

Reactions due to immme responses were found to be associated
with implants which had projecting shafts through the skin.

These implants produced chronic signs of infection at the skin-
shaft interface. The reactions produced under these circumstin . s
seem to have been due to the absence of sterile conditions :nd

not due to the physical or chemical nature of the polymer.

From the above account of some of the reactions invoked by the
implantation of conventional polymers into a physiological
environment, it can be appreciated that the situation is open

to improvement. Hydrogel polymers exhibit biocompatibility which
is a considerable improyement on results achieved with hydrophobic
materials. Although hydrogel polymers exhibit a limited degree
of biocompatibility, the situation is far from ideal, it is

therefore desirable to modify hydrogel polymers to enhance their
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inherent biocompatibility.

Polymers for use in biomedical applications require a varicty ol
specific properties in order to be of value in a physiologica
environment. A useful approach to the problem of biocompatibilily
would be to appraise the reactions not only between a hydropnl
and a surrounding environment but also between the cells in the
environment which form the basis for any successful biomedical
application. Such interactions include cell aggregation and
differentiation and a polymér containing components capable

of mimicking these processes.would be useful in a biomedicnl

situation.

6.1 Factors Involved in Intercellular Processes

Cells are those units of protoplasm which are controlled hy
single nucleus and the boundaries of which are limited by &

(93"94-). Most cells are in the order |

cytoplasmic membrane
10 1t in diameter and the organisation of a typical cell is

shown below.

e Colgti boy

Mitochondrion
' Vacuole
Nucleus Ribosome: el
Polysome:
Endoplnsmic
reticulum
Microtubules

Glycogen granuies
Lysosomces
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Intercellular interactions would sec: in itvulve only the

membrane surface(95 ) and it is theioior wparent that this
surface is of primary interest in celi - interactions. It ha
been observed that cells of different '.. . “hen randomly mixed
will move about, recognise each other a<i g oup selectively,

but some completely different types of + 1= will aggregate
together. This would tend to suggest tiwii “he adhesive
mechanisms may be similar for dilfereni cell types with subt e
differences within the cell membrane ' i ling as to whether or

not different cells will aggregate.

Miscle proteins (actin and myosin) have ' found in a varicty

of cells and are thought to be respon«<iivle for cell mobility ind
other movements within the cell. The i.i2e shape changes shoun hy
platelets before aggregation are though! to depend on actin ind
myosin combining in solution to increasc the amount of functional
actomyosin. It has recently been confiiuwa that both actin and
myosin are present in cell membranes and th—ir presence would

explain movements of the cell surface.

Three main lines of research have demi.i;ated the presence of
glycosubstances at cell surfaces, these n1e the electrophoresis
of intact cells, immmological studies i microscopical
investigations using appropriate staining techniques. It has
been proposed that the initial adheéion nt cells could involve
either a glycoprotein-enzyme interaétion or a glycoprotein-
(95)

glycoprotein interaction The glveoprotein-enzyme
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interactions: would involve glycosyltiwii:ferase (enzyme) on the
surface of one cell attaching to a pi.!'iuding carbohydrate on
the surface of another cell. This ¢,« 'rotein-enzyme type of
interaction would explain the specifi: !+ of many aggregation

processes but due to the fact that s i a process would involve

transfer of a sugar unit to the glvcej - 1ein, cleavage of the
enzyme glycoprotein bond would follo i completion of the
carbohydrate chain. Therefore such a {1+ rss does not fully

explain the formation of permanent adhinsien on aggregation.

An alternative mc hanism to that of tiw enzyme route is that
adhesion procerds through a glycoj:r«fein glycoprotein
interactian(gq 5 Glycoproteins on i surfaces of adjacent
cells could form hydrogen bonds and tiw ~verall strength of
interaction would depend on the numbe: »( hydrogen bonds.
Similar glycoproteins would be expected Lo have a large numbrr
of intermolecular hydrogen bonds and woul/l interact strongly
while structurally dissimilar glycoproteins would have fewer

hydrogen bonds and weaker interactions.

Available evidence, therefore, suggests that both specific and
non-specific aggregation involve bonding between the branched
glycoprotein residues found at the cell swurface and that the
arrangement of carbohydrates within the heterosaccharide chains
governs the adhesive specificity on agspi~gation. The exact
mechanism of aggregation is not known but could involve either

a glycoprotein-enzyme interaction or glycoprotein-glycoprotein
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interaction, in which case specificity of aggregation may depcnd
on the ease of formation of hydrogen bon:: between the

polysaccharide chains.

6.1.1 Assessment of Biocompatibility

Due to the fact that a hydrogel in a biomedical application is

in contact with a living system, the biological properties of

the hydrogel are extremely important. Terms such as 'biocompatihle!
and 'non-thrombogenic' are often confused in the description ol
biological responses to a foreign material. Bruck has itemiscd

a number of factors which can be detrimental to the long term
performance of a biomedical material( 3). Based on his
description, the ideal biomaterial could be defined as one which
does not cause thrombosis, destruction of cells, alteration of
plasma proteins, destruction of enzymes, depletion of electrolyles,
adverse immme reactions, damage to adjacent tissue, céncer and
toxic or allergic reactions. No synthetic material developed tn
date has been shown to fully satisfy all these conditions. Onc
of the other problems encountered when discussing biological
responses to materials is that there is no single test method
available which is capable of evaluating all the above factors.

Several methods can be used in the evaluation and some are

discussed below.

In vitro'coagulation assays: The Lee White test compares the

coagulation time of whole blood in a test tube made or coated
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with the material under test, with tiie coagulation time of blood
in a control tube (usually made of glass). Several variables
can affect the results obtained from this technique and these
include changing the donor, storage time of the blood and in

the experimental technique used to m«:-ure the clotting times.

Vena Cava ring test: This method inv~lves the implantation of

streamlined rings made of 0% coated with the material under
test into the vana cava of dogs, usually for 2 hours or 2 wecek
test periods. The materials are then examined for thrombus
formation and can be described in terms of the time taken for
thrombus formation. This test does not distinguish between
materials that are truly non-thrombogenic and those which cairic

thrombus formation but are non-thramboadherent(96 ),

Renal embolus ring test: Rings of the material under test ai~

implanted in the canine descenting aorta just above the renal
arteries. A construction is made in the aorta below the renil
arteries to force a large fraction of the blood flowing thronwh
the test ring into the kidneys. After a period of imnplantation,
the rings are examined for adhering thrombi and the kidneys -
dissected and examined for infarcts presumably causced by thronii
originating [rom the test ting surface. 'Thus this test should

be able to distinguish between materials which are truly non-
thrombogenic and those which are only non-thromboadherent.

Almost all materials tested to date have shown some kidney damage

to the test animal.
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Soft tissue compatibility tests: These tests are used to eviluate

response to a material implanted in soft tissue areas, ie not in
direct contact with the bloodstream. Au'i~ m has suggested in

97)

literature review that intramuscula: implantation may he th
most sensitive site for evaluation of tiss'» response. In
general, there is no standardised test procedure for soft tis=uc
compatibility tests but a material can b« said to be 'tissuc
compatible' if on implantation it shows a normal acute

inflammation reaction and then rapidly 'heals in' to a passivc

state.

6.2 Synthetic Routes to Glycoprotein Analogues

In order to prepare a polymer with side chains containing thiol
groups, which can then be reacted with sugar molecules, it i«
necessary to appraise two factors. Firstly, the available
methods for preparing polymeric molecules containing thiol groips
within the side chain and secondly the preparative routes to

1-thioglycosides which could be applied to this situation.

6.2.1 Preparation of Polymers Containing Thiol Groups on Side (hiiin.

It is possible to produce a side chain containing a thiol groip
by carrying out reactions with active groups, such as -OH groups
present either in the monomer or the polymer chain. In the casc
where the thiol group is attached to the monomer, the modified

monomer must then be polymerised or copolymerised to form thiol
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containing polymers. Two routes for :ne insertion of thiol groups

have been examined.

Reaction of glycidyl methacrylate witi «i ‘hio acids

Thioglycollic acid has been shown to ¢t with glycidyl

methacrylate as shown below( R .

(H CH

| |
(i,=C + HS-Gi, (i » (Hy=C
' l
(D-OCHZ-CI\{}CHZ CO—O—{HZCI‘.II(TI -0,
0 (O]
A similar reaction has been carried 't n=ing a copolymer of

methyl methacrylate and glycidyl metiviciviite. This copolymw:r
was prepared in bulk at 80°C using bew peroxide as a f{rec
radical initiator. Ten parts of redistilied thioglycollic aci

were added to ten parts of polymer dis<nlved in 150 parts of

chlorobenzene. The mixture was flushe: with nitrogen and kcpt ot

100°C for 30 hours. The polymer was then precipitated by slow
addition to cold nitrogen flushed hexane. The spacing of the
thiol groups on the polymer backbone conld be varied by alterine
the proportions of a-thio acid, or by ciimging the composition of

the copolymer.
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6.2.2 Reaction of Sulphur Containing Heterocycles with Vinyl

Monomers Containing -OH Groups

H

-0
AR
/

S——-C0

O + ROH » ROCO-GH,-Sii + (0,

This type of reaction has been found to occur with a number of

different sulphur containing hetero"}'r*].es( 99) .

12 7

I
CeHg(H,0H + R -C-Q0 > C,H (JI.O(D{IJ-SH + 00,

\ 5.2
7 g
-0

S

I

H

= (H

where: Py =R
S R 3
Ry = Hy By = lig
From the above two illustrations it is apparent that there ure
a mmber of available methods for atta hing a thiol group eithor
to a polymer chain or to a vinyl wonoir r.  Another possible ronte
which was considered was the use of aciyloyl chloride, a vinvl
monomer containing an acid chloride functional group. It wis
thought that the acid chloride group in acryloyl chloride could

be reacted with the amino group on a sugar type molecule such

as glucosamine.
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H OH :
| \
G&#J + G}PI&I + HCl
OH OH |
C=0 NH
NH

I 2 I

C1 C=0
I
?=G{2
H

During the course of this work, two possible routes to the

modi fication of hydiugels have been studied. Firstly reactions
involving thioglycollic acid with glycidyl methacrylate to
produce either a reactive monomer or a polymer with reactive
sites. In both these cases, the product could be reacted with
a sugar type molecule and in the case of the monomer it conld
subsequently be polymerised. Secondly, the reactions involving
the use of acryloyl chloride which could be reacted with a .
molecule such as giucosamine to produce a monomer with a supir

residue attached.

6.3 Experimental Procedures and Results

6.3.1 Reactions Involving Thioglycollic Acid

In this section, reactions of the types shown below are

described.
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(1). (1'113 | (IHS %‘HSJ
C=(i =C|3 C=C
thioglycollic, giveosyl (L
(I:-_—O acid < (|:=0 ]l:ldln lﬂd_e—} IJ:O
H :ll}lz El)}l ?
- (H
\ [% |2
/O H-C-0H H-C-OH
L g A0
I S 2 OAc
H (
. A
/‘n ‘e rise
ety
-(C-C-C
(l |
C=0
|
8]
I
t'Hz
R
S Ac
AcO
AcO
OAc
J:?AC 0
S 1S- s A
(ii) Ac ) + HS-CH, 000H — . S, 000N
AcO r AcO
Ac 5 OAc .
A copolymer
(., (11
I 3
e
-{l.—{l.—(,—(,—‘}-n
(II-OH
(|3 AcO
CnS OAc
A
0
AcO

155




Reaction of thioglycollic acid with g!y «i-1methacrylate

Glycidyl methacrylate 14.2 g (0.1 Mol .. w1 thioglycollic acid
0.92 g (0.1 Moles) were mixed at room tesperature and allowed to
react for 24 hours. The clear soluticon became opaque forming a
solid. This was washed and shaken with drv acetone to produce

a white powdery solid.

Reaction of thioglywollic acid with coty lglucose
Pentaacetylglucose (2,50 g) was dissc!  in 12.5 ml of thioglyvenllic
acid containing anhydrous zinc chloy:« . 'The reaction was cirricd

out in a refrigerater for 12 hours. AMficr this time no solid
had formed and ether was added to preriiiate a sticky white

solid.

Reaction of thioglycollic acid with dcetobromoglucose

Acetobromoglucose (0.7882 g) and silver carbonate were added to
2 ml of thioglycollic acid and shaken ! 1 hour. The mixtuic
was warmed and filtered and washed witi «ry acetone. The acclonn
solution was concentrated and allowed Lo crystallise in a

relrigerator.

The above reactions represent attempts I« react thioglycollic
acid with glycidyl methacrylate and with two glycosyl compounds.

Another line of investigation would be to prepare a thiol
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polymer and then to react this polymer with glycosyl compounds.

Reaction of a HEMA/CMA copolymer with thioglycollic acid

The reaction shown below was carried out with a 50 : 50 HEMA/GMA
copolymer in membrsne form which was described by the method in
Chapter 2.

CHS 1113 CH CH

‘ 3 | 3
[J-G‘iz—(l}-ﬂ-lz“?")n +HSCHZU]OH + (—0'12-?-(}[2—(].:—)“

c0 0 -0 G0
|
0 Oai,a0H 0 0aL,aL0
(Hy M
ol H-C~EH,000CH, i
/ 1
0 OH
\ "
9

A piece of the copolymer membrane was placed in a small flask
containing 15 ml of chlorobenzene. Thioglycollic acid was
added énd the mixture was heated under reflux conditions at
100°C for 30 hours. During the course of the reaction, the
polymer was observed to swell. The solution was decanted and
the polymer washed with acetone and then dried in a vacuum oven

at 60°C.
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Reaction of the thiol polymer with potas:ium hydroxide

I't was apparent that the product from (i abnve reaction contained
thiol groups. In order to react these groups with monosaccharid.
molecules it is necessary to convert the :hiol groups to sulphidc

groups.

I 3 I 5 O | 3 I 3
OG-ty s e o
2 2 | n p) |' 2 i n
R ' R
]
SH R o

A piece of the thiol polymer membrane i added to a 0.1 M

solution of potassium hydroxide in mciluwl. On stirring the
polymer broke up and both the polyme: 'l the solution becane
yellow. The solution was decanted of{ i rhe polymer was
washed with methanol and dried in a variwm oven. It was apparcnt

that decomposition of the polymer had «:curred. The reaction
was repeated, the po]ymef being added t» n 0.1 M solution ofl
potassium hydroxide in water. In this case the polymer did not
break up and the solution remained cienr. The polymer was

removed and dried in a vacuum oven.

Reactions of the thiol polymer with viiious glycosyl compounds

The reaction of thioglycollic acid with the 50 : 50 GMA/HEMA

copolymer has apparently produced a polymer containing thiol
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grouwps. Table 14 summarises the reac’ vcn=: of the thiol polymers

with some glycosyl compounds.

6.3.2 Reactions Involving Acryloyl (Qiloride

As mentioned previously, it is possiblc that acryloyl chloride

could react in the manner shown below.

Preparation of glucosamine

Glucosamine hydrochloride was converted to glucosamine by rcaction
with diethylamine at room temperature in ethanol. The diethyl-
amine hydrochloride formed was solubl+ in ethanol and so easily
separable from the glucosamine which 1viins insoluble in

ethanol. The product was washed thoroighlv with ethanol and dried
at room temperature in a vacuum oven. (ilucosamine decomposes at

102°C and has a melting point of 104-105°C.
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Reactions between glucosamine and aci; !l chloride were carricd
our under various conditions. Some L. pical examples being

shown in Table 15.

In all cases, the yield obtained was !:r and the products were

sensitive to moisture and difficult to i.olate.

6.4 Attempted Synthesis of Glycoprotcin Analogues: Discussion

Reaction between thinglycollic acid and glycidyl methacrylate

This reaction was intented to produce # wvomer containing a
thiol group to which a sugar molecule ¢-wiid be attached and the

monomer produced could then be copolymerised as required.

CH:5 GIS

G-I2=C + [iSCHz(DOH -—7012=[]3

(]:._.0 C=0
|
(I) O(‘Hz—(l}i—(}[ZOG)CHZSH
/{I{
(H
O\ | 3
[}{2 (Hz"T
AcO
(‘]=0 l N—
" AcO
gogolmrlse -(H-CH.O00(H.. S- I
glycosyl polymer OCHZ ICH 2 2 \l | DA\
OH AcO
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The above reaction however did not take place, instead
polymerisation occurred with thioglyccllic acid being incorporited
in the product. The product does n+'t 'ppear to contain thiol
groups and it therefore seems probabl: that radical scission of
the S-H bond has taken place produciny the observed polymerisiticn.
The polymer does not contain pendan! thinl groups and hence conll
not be used for the preparation of Lirog! coside polymers. The
addition of an inhibitor such as p-brnzequinone may prevent

polymerisation and enable the desir<d reaction to take place.

Reaction of thioglycollic acid with prrtaacetylglucose

It was hoped that the reaction would produce a thioglycoside
containing a pendant thiol group which could be reacted with a

glydicyl containing polymer.

OAc OAc
" T\ S, 000H
Acy + HS-QH,Q00H - ‘f-"»“-)[ 2
AcO Y—{ 0Ac AcO T
Ac Ac) —
[ HC-CH,
\/
0

[SAc

0
M

Ac
AcO

The only products observed were thioglyrollic acid and
pentaacetylglucose as well as a high melting point solid which

was insoluble in organic solvents. The failure of this reaction
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could be due to the presence of a caibc:! group in the thiol.

Reaction between acetobromoglucose and (liioglycollic acid

The object of the reaction was to producc a thioglycoside

containing a pendant carboxylate group.

OAc 0Ac
Ag2003 OAO
A + HSCH,000H —=——= =
- By 2 AO SQt, COOH
AcO Ac
The above reactions however did not ap,::r to take place. In

fact methylation of thioglycollic acid takes place and there i«
no evidence of a sugar residue. It is wssible that methylation
of the thioglycollic acid could have involved either acetone, in
which the reaction was carried out, or ihe acetyl groups of the

acetobromoglucose.

Reaction between HEMA/GMA copolymer with thioglycollic acid

It was thought that one mole of thioglyrnllic acid would react
with one mole of polymer. 1In fact the final weight of the
polymer would tend to indicate that two moles of thioglycollic

acid have reacted. A possible reaction is shown below.
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excess

H-H, monoop  H-GH,-00C-(H,-SH
N/ 2 I

0

OOC—CHZ—SH

The reaction could proceed as shown below:

H-H, + HOC-CH,SH »  (H-(H,-00C-CH.,SH
2 2 2 2
N
0 OH
l II(D(,(}IZSII

C'H— CHZ-OOC(}iZ-—SH + HZO

OOC_ G’iz“SH

In this reaction, initially one mole of the thioacid adds to the
epoxide followed by esterification of the resulting hydroxyl
group with another mole of thioglycollic acid. It would seem
that esterification of the hydroxyethyl methacrylate hés not
occurred as if this reaction had occurred three moles of
thioglycollic acid would have been taken up by the polymer.
Analytical results indicate that two moles of thioacid have
reacted with the polymer but do not indicate whether the compoini’
contains thiol or sulphide groups which could have been formed
by oxidation of the thiol. The infra-red spectrum of thiol
containing polymers contain a peak at 2560 cm_l indicating S-lI.
The observation of this peak provides a qualitative indication

as to whether oxidation or reaction of the thiol groups has

taken place.
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Reaction of thiopolymer with potassium hydroxide

It was intended that the postassium salt of the thiol polymer
would be formed by the reaction between the polymer and potassiim
hydroxide and the product could then be reacted with a glycosyl
halide. When the reaction was carried o' in methanol, the
solution became yellow and thioglycollic »vid was apparent aftc:
the reaction. The product could have undergone base catalvscd

hydrolysis to produce thioglycollic acid.

OOCCHZSH OH

(H-CH, 00C- CH,,-SH hydrolysis itﬂ-mz-oomzsn

+

HSCHZCDOH

Hydrolysis could possibly remove a second molecule of

thioglycollic acid to produce a diol or epoxide. Treatment with
hydrochloric acid causes the thiol group to reappear would tend

to indicate that the second molecule is not cleaved. When the
reaction was carried out with aqueous potassium hydroxide, no

free thioglycollic acid was formed and the formation of a potassiim

salt was indicated by the infra-red spectrum.

Reactions of thiopolymer with acetobromoglucose

The reactions shown in Table 14 all involve the attempted

reaction of the pendant thiol group on the polymer with
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acetobromoglucose, usually in the pi.u uo- of silver carbonate
which is expected to react with the hi 1o en bromide produced

as shown below.

OAc
0, AgZCoK .
+ Ac —_— Tz AC +AgBr+H(‘.u
NOE—— “ 23
LS H he o
AcO OAc
From the infra-red spectra and the wri.»  of the polymer bhefore
and after reaction. it is apparent that o reaction has taken

place in any of the reactions. The i1¢action of acetobromogli i
with the thiol polymer in acetone follwus a literature method for
" the reaction of acetobromoglucose wilth wnter and it is possibilc

that the insoluble nature of the polyme: accounted for the [:ilu

of this reaction. No suitable solveni c¢cnld be found for the
polymer and although a number of solviui= seemed to swell the
polymer reaction did not take place. Al higher reaction

temperatures it can be assumed that decomposition of acetobiim
glucose occurred. Also longer reacticon periods either at low

temperatures or at room temperature did not seem to be benefici:nl.

The failure of these reactions would se~m to be due to the in=oluhic
nature of the polymer or to a steric effect which might prevent
reaction due to the large size of the u ~tobromoglucose molecule.
The configuration of the polymer backixme and of the long side
chain to which the thiol group is attached would be expected to

have some effect on the ease of approa:h of the sugar molecule
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to the thiol group. An interaction could arise from hydrogen
bonding between the hydroxyl groups of the HEMA and neighbouring
carbonyl groups. A high degree of hydrogen bonding involving
the thiol groups may.explain the very low equilibrium water
content found in the thiol polymer as such hydrogen bonding would

constitute a form of cross-linking hence lowering the water cont: nt.

Reaction of the potassium salt of the thio polymer with

i
acetobromoglucose

This reaction follows a literature reaction in which acetobronri-

glucose is reacted with the potassium salt of a thiol.

Ac
OAc 0
- + 0
R-S™ + K [OAc — R-SNQAC + KBr
P Br OAc
C AcO AcO

It is possible that the thiosugar has been formed and subsequently
decomposed to give the thiol, this however would not be expectcd
as the C-S bond of the thiosugar should not be cleaved under the
comparatively mild reaction conditions. It is more likely that
the thiol has been formed by hydrolysis due to the presence of

water.

170



1),

Ac
—-I'—‘ 0] .,.1,1‘4._
kY + BrJQOAC — 3 "*'-f"‘CA + KBr
A OAc 11 0Ac

AcO

H.O \J/ hydrolysis

J: 0Ac
I OAc

SH + OH + KBr

Reaction of thiopolymer with pentancc: . lucose

This reaction follwws a literature icn 1 for the preparation
of thioglycosides which is known to give variable yields.
Once again the failure of this reacti:v 1y be attributed to the

insoluble nature of the polymer.

In conclusion it has been shown that cc;lymers of GMA and i1\
can be reacted via the epokide groups in the polymer can be roictedd
with thioglycollic acid and this would =< wm to be a promising
route to the attachment of sugar molectii~s to hydrogel polyuer:
Although the position of attachment of the thiol is not known,

it has been shown that two moles of thioglycollic acid attach to
each mole of epoxide thus it would be ¢¥pected that two moles

ol a glycoside could be attached. The ottempted preparations ol
thioglycosides in which the polymer was |~nctfd with acetobromo
glucose were unsuccessful under all conditions used. 'This is
probably due to the insoluble nature «i tie polymer, coupled with
steric effects which prevent the appicarih of the glycoside to the
thiol groups in the polymer. Also the fict that acetobromogluc: »

is known to undergo hydrolysis is of inj«wrtance as it is difficult
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to remove all traces of water from hydrogel polymers. The
reactions described above all involve the attachment of a spacer :im
to the polymer followed by reaction of tle end group with a
glycosyl compound. Attempts at attaching the spacer am to the
glycoside before reaction with the polymer and at attaching the
spacer arm to the monomer (GMA) before jlymerisation all proved
to be unsuccessful, the latter because dissnaciation ol the spacor
amm (thioglycollic acid) occurred producing polymerisation ol the
monomer. In the case of reactions of aciyloyl chloride reactions
the major difficulties encountered aie two {old. Firstly the
need to find a snl. nt system for the 1caction and secondly the
need to exclude wn‘ .1 from the system and so prevent hydrolysis

of the acid chlovi' group.
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CHAPTER SEVEN

CONCLUDING DISCUSSION AND SUGGESTIONS T ' siTRTHER WORK

7.1 Concluding Discussion

The work described in this thesis can I'» hoadly divided into two
categories. Firstly, the characterisati'n of some hydrogel materiols
(both commercially available and laboratory synthesised) using i
combination of techniques in order to elucidate the structural
features of the materials. Secondly, s~ uwe aspects of the
modification of hydrogels which may be of value in enhancing the

properties required for their use in bicuedical applications.

Although hydrogel polymers have been ki for some time, theit
characterisation has not been studied in » :<herent manner. The
work described in this thesis has attcwpted to approach the
problem of characteiisation by investigating the properties of
the gel as a whole and the equally impritont structural
properties of the polymer backbone. The iine of hydrophilic
monomers creates problems in characteris.iion due to the virying
radical reactivity ratios ol the monomers used ((ree radical
polymerisation being the most common m<ihod of synthesis). This
is complicated by the fact that the;polymvr is swollen in water
subsequent to synthesis and at this stap: hyvdrophilic residucs
not bound into the network may be removed. One of the most
important monomers in this respect is N-vinyl pyrrolidone which
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is a widely used constituent of hydrogel materials. Attempts to

incorporate more of this monomer into cope~=rciallv available

polymers (eg contact lens materials) oft« 'nvolves the use ol a
thorinnl postcure and the net result of thi: 1= the formation ol
low molecular weight poly(N-vinyl pyrrolidon~) fragments which

are removed along with N-vinyl pyrrolidone m-nomer when the gel
is hydrated. There is frequently, theref~i~, no simple
relationship betw: s the structure of the hydrogel backbone :ind
the monomer feed userd in the synthesis. On the other hand, theic
are advantages in the characterisation of hvdrogels and these arc
typified by the different techniques available for the character-
isation of the material in both the hydrat«« and dehydrated

state which provide two methods of approaching the problem.

The application of a variety of characteric<.tion techniques to
sone commercially available hydrogel mateiials was described in
Chapter 3. The results obtained indicate that the combination of
techniques employed (eg pyrolysis gas liquid chromatography,
elemental analysis and density) provide a simple but powe?(u]
means of assessing the compositions of the materials studied.
The techniques used have been shown to be more accurate when
applied to laboratory synthesised as opposed to commercially
available materials and this is probably due to the wide variety
of substances which may be incorporated into commercial systems.
During part of the work, the equilibrium water content of the
hydrogels was used as a characterisation technique. However,

more important than the amount of water present in a gel is the

nature of that water.

174



The characterisation of water in hycdinir 'z presents problems and
these have been investigated in previwi studies on biological
systems which lead to the expectaticn 'hai water could exist in
more than one state in synthetic gels. Cecveral techniques have
previously been applied to the study «f{ water in hydrogels (eg
NMR spectroscopy, di~lectric and conuii 'ivily measurements).
However, as is often the case, research groups that have been
concerned with this work have specialised in the techniques
available for studying water and have not involved themselves in
synthetic chemistyv. For this reason, most of the studies of
water in synthetic hydrogels have been «onfined to poly(2-hydroxy-
ethyl methacrylate) which is widely avsiible commercially. ‘i~
importance of the characterisation of wrter in hydrogels

cannot be over-emphasised. The states of water present within

a gel are known to exert a profound ef{sct on the biocompatibility.
permeability and permselectivity of hy.cyels. These studies «re
as yet in their infancy and it is important to establish a set ol
reliable characterisation techniques to jinvide a basis for

the interpretation of results as they bocome available. A singl
example of the importance of the states of water present in gels
is typified by the fact that virtually nothing is known at pres=ent
about the permeahility and permselectiviiy of pels with respect

to ammonia and amines. However, such ¢f(ccts are of great
potential importance in the design of nrrhranes for artifical
liver support systems and for semi-conductor sensors in the ficld

of water bomme pollutants.
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During the course of this work, diffcreniial scanning calorimetry
(DSC) was used to identify water as bwing ficezing or non-
freezing depending upon its strength ©. .zsociation with the
polymer network. A number of systems w1~ investigated using
differing combinations of hydrophilic and hydrophobic monomers.
The water bindine properties of these systems have been shown

to be related to the structure of the wmoncmers used and also to
the relative amounts of monomer present in a copolymer system.
The results obtained were interesting in that they did not alwmns
show simple reiationships between polynri composition and the

observed water binding properties.

This was the case when hydrophilic mvu w1 pairs having strony
hydrogen bonding tendencies were cop-i:miised. In this type of
system, there was evidence of competing ~ffects, ie hydrogen
bonding between the monomers and their Ivdrogen bonding to the
water present in the system. By using suitably chosen monour i
it is possible to vary the relative awrmts of each type of
water present and so design a polymer having the water binding
characteristics required to suit a particvlar application. An
example of this is found in reverse osursis where the salt
rejection propertics together with a degree ol water Flux

associated exclusively with non-freczing water are required.

The effect of cross-link density on the water binding properties
of some poly(2-hydroxyethyl methacrylate) (PHEMA) gels was

investigated. The results from this work have shown two princip:|
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features of this type of system. Fir .y, at low cross-link
densities (1-5%), it has been shown v increasing the
cross-1ink density has a dramatic efl-ci 1 the amount of

freezing water present and after this stnge as the cross-linl

density is increased the effect on tiv " cezing water content is
less pronounced. On the other hand, the non-freezing water
content has heen shown to decreasce gradundly over the repion | to
LO% cross=linking and then decrease nore rapidly as the cross-

link density is increased. Secondly, this work has shown that
there is a need to investigate more (1iii: the water binding
behaviour of this system at cross-link -wnsities (below 1% This
is necessary as there is some doubt a- to the relative amounts of
freezing and non-freezing water present in this region and this
is thought to be due to impurities in i1 monomers used which
could lead to inaccuracies in the cross-link density present aud
hence affect the observed water bindiny jrperties.

Macroporous hydrogels provide an intcicsling method of obtaining
higher permeability to solutes that air oo large to diffuse
readily through the restricted pore nefvovk of conventional
homogeneous hydrogels. Whereas pore sizes in the latter are
controlled by water content but with diaw ters typically of the
order of 10-20 A for a 60% water content gel, those in the foymer

lie in the micron range.

The water binding properties of a typical macroporous system

(which have not been previously studied in this respect) were
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compared to those of a homogeneous PHEMA at similar cross-link
densities. These two systems provided an interesting contrast

in water binding properties because in a macroporous system the
non-freezing water content is relatively constant despite
changing the conditions (monomer in monomer solvent feed) under
which the- gel is made whilst the freezing water content incicises
if the structure is made more porous in this way. In a homogrneons
system, however, both the freezing and non-freezing water contcnls
of the material vary as a function of th¢ cross-link density in
the manner previously described. Fairly high (5-15%) cross-Tink
densities are required for the preparaticn of macroporous gels nnd
at similar cross-link densities, it is ir'eicsting to note thii!
the non-freezing water contents of these fwn types of system
comparable with the macroporous system hoving a slightly higher
non-freezing water content. This was thoight to be due to the
fact that although the majority of the non-freezing water would
be associated with the polymer matriv, the fice water existing
predominantly in the pores of the system, there may be a smill
amount of water that is bound to the imner surfaces of the porcc
In order to clarify this explanation, it would be necessary to
carry out further comparisons of water binding behaviour between
homogeneous and macroporous systems at a range of cross-link

densities and perhaps using a different hydrogel composition.

The mechanical properties of PHEMA gels with various cross-
link densities were investigated with respect to their deformation

behaviour and water binding properties. The results from this
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work indicate that freezing water acts as a plasticiser.
Therefore, at low cross-link densities where the ratio of non-
freezing to freezing water is low, th» miterial is easily
deformed and flexible, as the ratio of nui-freezing to freezing
water increases with increasing cross-lii' density, the material
becomes more rigid and less deformable. (nce again, there is a
need to investigate the mechanical properi s of PHEMA gels at
low cross-link densities in order to disco or the effects of

water binding on the mechanical behaviour.

In broad terms, it has been shown tha!' IV - on provide valuahle
information on existence of water inithe freezing and non-freczings
states. In addition, DSC shows the fine structure of the
continuum of water states normally collected under the heading of
'freezing' water. It is important when interpreting the results
of these studies to have a precise kn-wlcdge of the structuic of
the dehydrated polymer rather than simply the feed ratio of the
monomers used. This illustrates one aspect of the importance of
the characterisation techniques mentioned and how all the

techniques available for characterisation can be interrelated.

The different states of water in hydrogel polymers is also
important in relation to other surface and bulk properties. In
addition to this, the chemical nature of the dehydrated polymer
is capable of exerting a profound effect on these properties.
Some preliminary studies of the effect of backbone structure on

the behaviour of the hydrated and this was investigated with
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respect to the absorption/adsorption wui 1elease of amino acids
from various polymers (Chapter 5). ‘ihe ackhone modification of
some hydrogel polymers was achieved by the incorporation of
different acrylamide type monomers infc the copolymer system
described in Chapter 5 and studied b~ liic relative release rilcs
of these mateiinis with polymers containing styrene as the third
monomer in the system. The results shoved a much slower rate of
amino acir release than a polymer containing styrene. This is
believed to be related to the interaction between the nitrogen
containing monomers and the amino acid uird and also possibly

to the states of water present in the hydrated polymer. Amino
acids were used in this work in order to model the behaviour ol
proteins on hydrogel surfaces as they piovide results which are
more readily inteipreted than the more ¢ mplex processes which

are known to occur st protein/polymer inicrfaces.

An extremely important area of immense jw»tential is the modificaricn
of hydrogel surfaces by the covalent attariment of certain
biologically important species to the polymer matrix. The
potential importance of this work is made clear by the increasing
interest in the use of synthetic hydrogels as substrates for cell
ntiMios(loo’IO]]. As yet, only poly(2-hyhoxycethyl wmethacrylate)
has been studied (because of its ready aviilability) and there

is obviously considerable potential foi the use of other

hydrogel polymers. For this reason, an investigation into

methods of attaching a sugar type molecule to some hydrogels

was undertaken.
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The attempted synthesis of glycoprotein -malogues was described in
Chapter 6 and it was in this area that roblems were encountered.
Two principal routes to the modificat:w of hydrogels were
investigated and both of these presente: problems which were
only partially resolved during the couize of this work. The
first route made use of a thiol inte: ‘iate in the modification
process and was essentially a two-step i1~action. Firstly, a
suitable thiol intermediate has to be mnde and this is
subsequently reacted with a sugar type molecule to produce the
modified polymer. Although difficulties were encountered, it

was finally found possible to attach thiol groups to the polym r

backbone.

The reaction of the thiol polymer with 2 sugar type molecule,
however, proved:to be less successful. This is believed .to ho
due to a number of factors and these include the insoluble naturc
of the polymer and possibly steric elf<rts which prevent the
reaction from occurring. Also the known susceptibility of sug:ir
such as acetobromoglucose to hydrolysis is probably.impnrtant
because it is very difficult to remove all traces of watcer [rom
hydrogel polymers. The problems associsted with this type ol
modi lication route may be overcome by the use ol a soluble
polymer containing thiol groups which could then be reacted
with a sugar type molecule under anhydrous conditions. This is
itself may be difficult because the preparation of a soluble
polymer containing glycidyl methacrylate is hindered by the

cross-linking between epoxide groups.
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The second route used in the attempted modification of hydrogels
by the attachment of sugar-type molecules makes use of

aCI}1oﬂL chloride, a reactive vinyl monomer containing an acid
chloride functional group. It was proposed to react this group
with a nitrogen containing sugar molecule such as glucosamine
thereby binding a sugar molecule to the hydrogel structure. The
problems encountercd with this system were two-fold. Firstly,
the need to find a suitable solvent for the renction and
secondly overcoming the problems associated with keeping the
reaction system fre~ from moisture during the course of the
reaction. The solvent problem arises because it was difficult
to find a solvent in which glucosamine is soluble at low
temperatures. This is necessary because at higher temperaturcs
the sugar decomposes. This is coupled with the problem of
excluding moisture from the system which causes hydrolysis of Il
acryolyl chloride in the system. Bearing in mind the problcm.
associated with the use of acryloyl chloride, it was decided 1hat
future work if undertaken should make use of a material which is
less unpleasant due to itslachrymatory effects and also less
subject to hydrolysis. Although the results obtained (rom this
section of the work were not entirely successful in terms of the
attachment of a sugar molecule to a hydrogel, they have served
to highlight the difficulties encountered in this type ol

synthesis and provide a basis for further work in this field.

Taking an overview of the work described in this thesis as a

whole, the single most important factor in governing a wide
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variety of the observed behaviour of l.scdingels is the nature of

the water contained within the gel. " -~ ral examples in which
the nature of water is important are ' ‘i“trated by transport
phenomena and biocrupatibility which « iiso related to the worl

described on hydrogel modification. The oxygen permeability of
hydrogels has been shown to be dependert «m water content for
high equilibrium water ccntents(ﬁo) [ it lower water contents
there is evidence that there is greate: « pendence on polyme:
structure and the nature of the water jn1esent. In the case of
reverse osmosis meni ranes, the question of permselectivity is
important. This phenomenon has been <h-in to be affected by
the nature of the water present and in thts application, a high
water content is desirable but with a 1.ige fraction of the
water being non-freezing (bound). This is necessary to promoke
salt rejection and increase the mechanical strength of the
membrane. For hydrogels in biomedical ujvications the surface
properties, are of importance and it wns for this reason that
the investigation into the modificaticn of hydrogels was
wndertaken. In addition to the surface joperties it has bhcon
suggested that the blood compatibility of the hydrogel matcrial

is related not only to the water content of the gel but also

in some way to the nature of the water posent.
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7.2 Suggestions for Further Work

Arising from this work, several suggesti n: for further work aic

made as follows:

(1)

(2)

(3)

The investigation of water binding properties should he
continued examining new polymers = they become available.
The temperature of hydration is Inmm to affect the
equilibrium water content of hyd:oeels. The effect of

hydration temperature on the relative amounts of freezing
and non-freezing water should be « ~#mined as should the
effect of the incorporation of innizable monomers

(eg methacrylic acid).

Possible ncw routes to the attacinwit of biologically
important molecules to hydrogels chould be studied in the
light of the work described in this thesis. Additionally,
it would be interesting to extend this study to investig
the effect of modified hydrogels on their interaction with

amines, amino acids and proteins.

In order to resolve the apparent anomalies in the obserived
water binding properties of PHEMA gels at low cross-link
densities (in the order of 1%) further work should be

carried out using carefully purificd systems.
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(4)

(5)

The study of the water binding prop-rties of homogeneous
hydrogels in comparison with heterogeneous macroporous
gels should be extended to include a vaiiety of materials

at different cross-link densi'ies.
The characte)isation techniques described for use with

dehydrated hydrogels should be refined and improved with

special reference to pyrolysis gas liqui.l chromatography.
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