Aston University

Some pages of this thesis may have been removed for copyright restrictions.

If you have discovered material in AURA which is unlawful e.g. breaches copyright, (either
yours or that of a third party) or any other law, including but not limited to those relating to
patent, trademark, confidentiality, data protection, obscenity, defamation, libel, then please
read our Takedown Policy and contact the service immediately




Protein Deposition
at
Polymer Surfaces:
The Bulk and Surface Structure-Property Effects

of Hydrogels.

By

David Baker.

A thesis submitted fcr the degree of: -
Doctor of Philosophy
in the University of Aston in Birmingham,

June, 1982.

(1)



General Key for the Scatter-graphs:

@-poly(HEMA) purified.
- poly(HEMA)commercial.
O-HEMA/STY copolymers
A-HEMA/EMA
>-HEMA/EDMA
W-HEMA/NVP
@-HEMA/ACM

/MACM
-HEMA/DAACM
-HEMA/MA A
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SUMMARY

The primary objective of this research has been to
investigate the interfacial phenomenon of protein adsorption
in relation to the bulk and surface structure-property effects
of hydrogel polymers. In order to achieve this it was
first necessary to characterise the bulk and surface
properties of the hydrogels, with regard to the structural
chemistry of their component monomers. The bulk properties
of the hydrogels were established using equilibrium water
content measurements, together with water-binding studies
by differential scanning calorimetry (D.S.C.). Hamilton and
captive air bubble-contact angle techniques were employed to
characterise the hydrogel-water interface and from which by
a mathematical derivation, the interfacial free energy
and the syrFace free energy components (J psur éfdsu!‘ﬂsu)
were obtained.

)

Sw

From the adsorption studies using the radio labelled
iodinated (1291) proteins of human serum albumin (HeS«A.) and
human fibrinogen (H.Fb.), it was found that multilayered
adsorption was occurring and that the rate and type of this
adsorption was dependent on the physico-chemical behaviour
of the adsorbing protein (and its bulk concentration in
solution), together with the surface energetics of the
adsaorbent polymer., A potential method for the invitro
evaluation of a material's 'biocompatibility' was also
investigated, based on an empirically observed relationship
between the adsorption of albumin and fibrinogen and the
'biocompatibility' of polymeric materials. Furthermore,
some consideration was also given to the biocompatibility
problem of proteinaceous deposit formation an hydrophilic
'soft' contact lenses and in addition a number of potential
continual wear contact lens formulations now undergoing
clinical trials, were characterised by the above techniques.
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GLOSSAaRY OF ABBREYIATIONS

The units of surface/interfacial free energy given in
this work are in accordance uwith
surface chemistry (C.G.S.) nomenclature of dvnes. cm.~

lto the S.I, nomenclature polease

however,

2-Hydroxy ethyl methacrylate
2-Hydroxy propyl acrylate
Methyl methacrylate

Ethyl methacrylate

Styrene

N-vinyl pyrrolidone

Acrylamide

Methacrylamide

Diacetone acrylamide

N,N', Methylene-bis-acrylamide
Ethylene glycol dimethacrylate
Methacrylic acid

Acrylic acid

Amino ethyl methacrylate
Equilibrium water content
Human serum albumin

Human fibrinogen

Surface free energy dispersive component

Surface free energy polar component

Total surface free energy

Interfacial free energy (tension)

with respect

note that dynes. cm.”" - =nN, m.~*,

(xiii)

the traditional
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l.1 Zeneral Introcduction

The current widespread us

]

ef paolymeric materizls
in many biomedicz2l applications can he
attributed to their wide range of material procerties
their ready fabrication into many different forms,
and their ease of chemical modification, (especially
on the surface). Unfortunately, up until 10 - 1S
years ago, the majority of polymeric materials us=d
in biomedical applications were chosen somewhat
empirically from commercially available materials, with
sometimes disasterous conseguerces. In general there
are two major problems associated with the bulk pro-

perties of such polymers:

(i) leaching of unreacted bulk fabrication sroducts,

which may cause local or systemic body reactions.
(ii) susceptibility to hydrolysis and/ar enzymic

attack in the body, deteriorzting their physical

properties, as well as releasing their degradation

products into the body.

im

ven with the introcuction of 'msdiczl grade!

3]
4]

polymeric materials, (with high biostatiliiy and very
low lsachable impurities), many deliterisus e
rasulted, simply cdue to the intzrface induced cezciione
when exposed to body fluids. ‘ithen ths morce 'traditisonal!
hydrochobic solymers core iﬁto cantsc
intense interactions czn 2ccur =2%t ths inter®ace which

jectian re=zctions such 23

may ultim=2tely leacd to re



excessive inflammation, extensive encapsulatian,
thrombosis and.carcinogenesis. The ~eed For more

'"biocompatible' materials was soon evid

m

nt houever,
the someuhat intangible complexities involved in
actually defining and measuring the composite functinnzal
properties of the term 'biocompatibility', have made
progress very difficult.

dith the advent of hydrophilic polymeric
materials (hydrogels), for biomedical applications,
the inherent advantages of this type of material
(such as soft tissue compatibility and high gas perm-
eability), overcame many of the zbove disadvantages
of the hydrophobic materials. Some background knsuledge
of biomedically useful hydrogels and their =znolicaticns
will be covered in the latter part of this chapter.
Further details with regards the bulk and surface
properties of hyarogels are covered mcre Tully in
Chapters 4 and S, respectively.

A well-known phenomenon which is common to
both types of material, and also to any foreign
materials of natural or synthetic origin, is the
interfacial phenomenon of protein adsorption. 2s
early as 1925 research uorkegézéhoued that vzrious
materials when immersed in 2 protein contzaining
solution adsorbed these proteins onto their surfaces.
There are many examples, in the normal ccurse of day
to day events, in which materials come into contact
with various biological solutisns {e.g5., tlood, salivs,

tears, sez-water) and in so doing -Zemonstrate this



phenomenon of protein adsorption. This primary =dsorpiion

i

process then exerts a profound influence over sub-
sequent events in the relevant biologiczl environment
and gives rise to such well recognised processes as
thrombus formation (in blood}? the formation of

dental plaque (in saliuafkgnd marine fouling (in
sea—uaterf?) In addition, it appears that there is

now good evidence to show that the phenomenon plays

a role in fertility control by intrauterine devices
(I.U.D.'s{?] To this list must now be added the
progressive formation of deposits on contact lenseé?] This
latter problem has only been highlighted during recent
years in the contact lens field, following the increased
use of hydrophilic 'soft' contact lenses. A more com=-
plete discussion of this problem together with specific
considerations relating solely to hydrophilic 'soft!
contact lens wear, is given in Chapter 7.

To date most studies of these manifestations of the
interfacial phenaomenon of protein adsorption, have beenl
in the field of blood contact materials, in particular
with relation to the thromboresistance or 'biocompatibility'
of the materials. Because of the apparent similarity of
these various types of interactions of materials with
biological environments, it is obvious that an under-
standing of one area will facilitate progress in another.
In particular the following overview of the 'problem of
biéccmpatibility' will aim to relate the above knoun
blood contact behaviour to the associatecd problems

of biocompatibility in 'soft! contact lens wear.



1.2 The Problem of Biocompatibility

l.2.1 Biocompatibility

The terms biocompatibility and throm-oresistance
are not synonymous with each other, however, “hsy are
often mistakenly interchanged; biocompatibility is a2
very inprecise term which is used tz ascribe zppzrent
biological inertness of a specific material, relative
to a particular biological =s:wironment; uheress
thromboresistance refers specifically to the cormpztitility
(i.e., does not evoke thrombus formation) cf a matsri=l
in 9lo0d contact. For example, a2 material with the
requisite apparent tiocompatibility for a saft tissue

im

13

nlant, may not be sufficiently biozomcztible for use zs
2 hlood contact material. 3iocompatibility for z blood
contact material (i.e., thromboresistance) is not in
itself =z definitive entity but is variable dependinrg
on the prevailing haemodynamics in uhich the material
must function. These prevailing haemodynamics are in
the main a composite function of:
(i) blood vessel calibre (ii) 5lood velocity

(iii) blood density and (iv) blood viscosity.

The variability of Siccompatibility is serhaps more

L

0]
(98

E taly illustrazted 2y the schemztic rscresenteation

.0

1)

n in Fig 1.1
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Jincomoatibility

The higher the rfelative Siocomzatibility =g greates the
aumber of criteria that thz matesriasl must "ulfdill, Ths
'ide=1' biomaterizl may be trought zf as sxhibiiting the

SYichest biocompatibility or thromborssistance

static or slow moving venous envizasnmenz,., “lternztively

(8)

8ruck, defir=ad the 'idez2l' bismaterizl 2s bsing a materizl
that does nat nroduce the following 22vsrcse effzctis:

l., Thrcombosis

2. Des*ruction of cellular elements

3a 1lteration of plasma proteins

4. Destruction of enzymes

S. Depletion of electrolytes

6. Afdverse immune respcnses

7. Damage to =djacent tissue

8. Carcinogenesis

9. Toxic or 2llsrgic resactiens

Te date noc ore synthstic material fFully satisfies
these criteriz. In addition, nec single test m=thod 7ar
evaluatinc biomateriale iz c2pz2tle cf measuring this wile

material. *lthaough the majority of testing crocedurss
For the svaluation of biological performance of dctential

biomaterials zre far “rom ideal, som= kngulz=-ges 37 Inhe
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2 @averial Por bismedizal amsslicatisng, Tha fzsts

amploved can be 2ividad in%s ithz thraee gczts=ag-ics

Sociee
(i) Invive (ii) Exvivo (iii) Invitro:
(i) Invivo

\ , (9 _. )
(a Vena Cava Ring Test: 2ings mads of, or ccated by,
tha test mzterial are imol=nted ir the infercicr vena
cava (canine) for test periacds of 2 hours, z2ncd 2 weexs.

After this time the =znimals are sacrificed z2nd the

rings are evaluated for the decree of thrombus formatian.
The test does not distinguish betueen m=zterials which
are truely non-thrcmbogenic and those which cause
thrombus formation bBut are rmron-thrombecacherent.

(10)
(1) Rena2l Embolus Ring Test: 3Rings of test material

ate implanted in the descending zorta (canine) just

above the renal arteries. ? constriction of the aorta
below the renal arteries is made and *this ensures that a
large fraction of ths blood flow through the test ring

is directed into the kidneys. After 3 to 6 days the animeals
are sacraficed and the rings are examined for adherent
thrombi and the kidneys are dissected and examineZ for
embolic infarcts. ﬂlmést all materials to date have

shown some renal infarction.

(112,13) _
(c) Soft Tissue Comoatibility Tests: Tes: materials

are implanted in soft tissus arcas (not in Jdirect con-

+

tact with Hlood). Intramuscular implantztion is cited

[~

as being the most sensitive site for evaluzticn g

]
r

responses. '"e majority of these types of tasis 4o na:



Follow any standardised test procedures, anc are very
sub jective in nature.
(ii) Exvivo

(14,15)

(2) Stagnation Point Flow Tset: In this test venous

blood directly from animal or human subjects is shunted
into a buffer-filled test-chamber (with the test material
in situ) and is then disconnected from the venous supply,
and sealed. An index of thromboresistance is derived fron
the time taken for thrombus formation to occur.

(iii) Invitro

16)
(2) Lee White Test: Coagulation times of recalcified

whole blood in test-tubes made of or coated with, the

test material are contrasted agains£ the coagulaticn time
of blood in a standard control tube (usually glass).

From this an index of thromboresistance is derived.

The test is apt to wide experimental variations. Criticism
is also often drawun to the large blood-air interface

which is present and which is believed to potentiate the
clotting process;

(17N : . i
(b) Lindholm Test: This test is but a variant of the

above Lee White test, however, in this test the
material is in sheet form and is held in a test chamber.
"o substantial benefits are derived, over zncd above those
of the Lee Jhite test and agzin the same wice experimental
variations apply.

Cf the above tests, the invivo animzl-testing of

Fad

materials is by far the best technigue for evzluating

a materizl's potential, unfortunately the tests

o
P —

[4¥]

expensive and time consuming. B8y far ths mcst common

investigative methads =2re ths invitro tests houever,



these Ltests are unfortunately the least

m

oresentativy

wm

of the narmz2l physiclagical envircrment in which the
maéerials must ultimately function. In additiaon to
whole blood tests on materials, a largs number of
adjuvant invitro investigative technigues h=ve btezn
employed to characterise materials. 2 number of whizh
are given below:

(18)

1. Cell culture evaluation

(19-26)
2. Platelet Adhesiveness Tests

3. Protein Adsorption Studies (sce text)

(3,27
4, Multiple Attenuated Internal Reflection (MAIR)

infra-red spectroscopy

S Ellipsametrﬁlz&zq}

30-32
6. Electron Nicroscopg 032l

7. Contact Angle Neasuramentéizla}am

Some of the problems associated with the
characterisation of surfaces by the above latter invitro
physico-chemical surface techniques, are discussed in

the following section.

l.2.2 The Characterisation of Natural and Synthetic

Surfaces

The characterisation of solid surfaces presents
several problems. B8iological surfaces are, of course,
only part of the total system and disturbance or re-
moval of these surfaces in order to make measurements
will inevitably cause some change to tzke place. This
is particularly important in the case of the internal
surface (intima) of blood vessels, for example. In
addition, the nature of different types of surface
varies so widely that complete characterisation is 3n

extremely complex process. There are therefaore a range



of chemical, physical and mechanical technicuss which
must be taken togsther in order ic prﬁvide a complete
characterisation. These include the chemical con-
stitution of the surface, its rugosity or roughness,
surface morphology, elasticity and the presence cof
ionic charges.

Surface science parameters such as, surface

' (8,36-40)
charge and density, critical surface tension and surface

free energ&?ﬁmﬁﬁogether with surface rugusitg%#mhave all
been assessed Fﬁr their contributions towards the bio-
compatibility problem, and although some crude degree

of correlation canbe achieved with certain subsets

of materials, to date no general correlations have beaen
agreed upon.

One concept that has proved fairly useful however,
is that of surface free energy. The most convenient
way to describe this is in terms of the critical
surface tension of the solid surface. & more detailed
discussion of surface free energy and critical surface
tension is given in Chapter 5, but for convenience a
simplified definition of critical surface tension is
as follows:

The critical surface tension of a solid surface is
defined as the surface tension of a liguid that will
just wet the surface and spread, instead of forming
droplets on the surface. !Jhen an interface is formed
between any ligquid and a solid, the difference betueen
the critical surfzce tension aof the salid surface and the

surface tension of the liguid is known as the irter-

facial tension, (or interfacial free energy). The inter-



.Facial tension is often used by workers to describe
the relationship betuween 3 surface and a biological fluid.

1.2.2 (i). Cell Surface Models

The cell surface is a highly cemplex organicsed
surface, with many chemical groups presert. 2lthough
the chemical nature of some of the major cell surface
components are knou#%mmjijlustratedlin Figure 1.2,
little detasiled information exists zbout the invivo
organisation of these components on thz outer cell
surface. Electron microscopy of endothelial cells
often reveals a filamentous coat outside the cell
membrane, composed of the oligosaccharide side chains
of membrane glycoproteins togsther with the oligo-
saccharide head groups of the neutral glycosphingo-
lipids. This cell coat is often referred to as the
glycocalyx. These carbohydrate moieties, extending
outwards into the extra-cellular fluid, have numerous
hydroxyl groupings which are highly hydrated and it is
believed that the water structuring around these groups
determines the cellular recognition and antigenic
respanses of the cellé?m Much uwork has yet to be
carried out to elucidate the problems of the oligo-
saccharide structure/response relationships of cell
surfaces, before any real attempts can be made to
synthesise a model-cell surface with knoun éntigenic
respanses.

1.2.2 (ii). Surface Science Criteriz for Biccompatibility

Considerable conflict exists however, as ts what

criteria are necessary for defining 2 biocompatible

material. It would seem reasonable to assume that to

10



Figure 1.2

CELL SURFACE MCODEL

> (a)

(b)

_ Ei >

(a) Outermost layer (100-300 %) containing hydrated
oligosaccharide chzains of cglycoproteins anc

glycolipids together with mucopolysacchzrides

(b) Lipid 3ilayer

(e¢) Globular Froteins



~k+ain the idesl interfacial or sur®scs caramatsros

theece should te modelled =-n the natural schstrate

uhich *hey are tcying to emulate, (i.e., the

endsthelial cell surface). Severzl groucs RLavs cezchsd
5 cgnclusiaJS*SA}uhicﬁ may be expressed =s the

'Minimum Interfacial Energy'- hypothesis. This suzzestis

that it is necessary for a material tc exhibit z lau
interfacial tension (of the order aof S dynes. cm o
or lsss) with the biological system in order %2 zchieve
maximum biocompatibility. HoFFma#E}belieues chat this
lou iqterfacial tension between a hydrocel and an
acueous phase should reduce the tendency af plasma
proteins to adsorb and =1lso to reduce conformational
changes in the secondary and tertiary structure of the
globular proteins, when they adsorb.

An alternative approach to this '"Minimzl
Interfacial Energy'- hypothesis, which rests on
theoretical considerations, is that of Baier et af}km
This is based on the study and physico-chemical surface
science measurements of.materials that had successfully
undergone long term inplantation, in areas of high
thrombogenicity. From their studies, using multiple
attenuated internal reflection (MAIR) infra-red
spectroscopy and contact angle measurements, they
found that materials exhibiting thromboresistance were
all coated with a thin film of glycoprotein and this
film had a critical surface tension of between 20

-1
and 30 dynes. cm . Similar studies were czrried

12



out by the same croup, on the intercnal suc-fzce of

hlood vessels {(endothelium), uhcse crtitical surface
tensions also fell uithin the range of 2C-30 dynes.
-1
m .

{ il
[

They observed also that the intima sucface
chemistry was dominated by methyl groupings. Ffrom this
they deduced that for a material to exhibit thrombo-
resistance (blood biocompatibility), it must hzve a
critical surface tension in the zbove range. This is
known as the "Moderate Surfacz Energy'- hypothessis.

The difficulties of this type of experimental
work have been mentioned previously. Chzracterisation
of the intima of blood vessels (or any other naturally
hydrated material), by such surface science measurements
in which the material under study must be in a dehydrated
state, and thus far removed from the normal hydrated
physiological state, provides information that must be
interpreted with caution. It can be assumed, for
example, that on dehydration a certain amount of chain
rotation will have taken place, presenting the hydro-
phobic, methyl groups to the air/solid interface. At
the same time the more hvdrophilic (polar) groups
(i.e., hydroxyl groupings normally associated with the
carbohydrate glycocalyx) will turn into the matrix
thus giving rise to a more stable tharmocdynamic con-
formation. ‘'hen hydr=ztion takes place the reverse
conformational changes wnuld occur, precenting exterior
hydrophilic groups with the hydrophobic grcupings nou
Ridde~ in the interior. Thus the invivo surface is
more wettable (hydrophilic) than surface science

measurements uszuld predict.

13
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=lecvrolytes, clobular praoteins, licids =2nd zachobydrates
tojethar with zn assarirent of ce2llulzr el=ments in
suspension, 211 of which cocntributs Sy camplex inter-
2ctions tc its biochemical and ghvsiclsgicel intescity.

sur=z 1.3 THE COMPOSITION OF BLEOD

2 -
— Meutroghils
Platelots B tiroohl :
’"ellu1~réEfYth‘:o:vtss S CaRRLLE
= [}
£1 ; Leucocytes T P
Llements

rionocy:tesc

Water, which accounts for zpproximately 907 of
this system, is generally assumed to be a pzssive medium
in which bicchemical and physiological processes occur.
€nly in fairly recent years has it become clear ~ouevsar,
that the fundamental HQC unit is capztle of existinc

f =

in a range of structured forms which decend, “or =2xznnle,

an the presznce cof dissclved soecies and ite s-~viranmznt,

k)]

These forms play a3 vital role in m=any biolocicz]l sracezse

_ ) o (51-53,56) oy
gspeci=lly at interfaces. Some aporeciation of tre

conplexity of this apoarzsntly simple mclscule mz2y te

ram the Fzct that 3 Five volume wore entitled

g2ired

i

'n Comgretersive Treatise an Yater! (edited by Felix
Franks) was published in the 1970!'s,

It is apoparent than that much of thes water in



blood (toqether with other extracellular fluids,:i.e.,
tears) bears little or no resemblance td normal 'bulk!
water. Water structured in, and around, proteins (and
also in hydrogels) can conveniently be considered as
being cumpriséd of the three types listed belou:

(i) 'Bulk' or 'free' water which is indistinguishable
in properties from normal water and exists, for example, in
large pores in biological and synthetic systems.

(ii) 'Bound' water which is electrostatically
attracted to and structured around ionic and polar group-
ings. It behaves more as an extension of these groupings
than as water per se.

(iii) 'Interfacial' water which consists of a caﬁtinuum
of water molecules intermediate in behaviour between
'bound! and !'free'. An examp;e is water structured into
ice-like configurations by hydrophobic (apolar) groups.

Further aspects concerning hydrogels and water
structure may be found in Chapter 4.

In relation to the problems associated with the
contact lens field, the composition of tears may be thought more
8imple than that of blood plasma. In fact each has its
own elements of complexity together with certain
similarities. !Jhereas the general composition of
tears has been established for several years, mors
recent research has indicated a greater comolexity of
minor protein components than was oreviously appreciated.
Table 1.1, tazken from Alder's Treatisé?mgiues a gocd
general picture of the similarities =2nd differences in the
overall composition of blood plasma and tears. 4 nore

detailed discussion of the physico-chemistry of tezcs

and the related problem of bDiocompatibility in the cantact

Iemy rieldTw=given in Chapter 7
15
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l.2.4 The Blood Clotting Frzcess

The clotting of blood a2t interfzces is an
extrzmely complex orocess which, suserfici=lly, tsars no
resemblance to ths deposition proccesses occursrting 21 the
surface of contact lenses. Thers =ar=s sevar=zl =2nzlogies
between the two processes however, and despite the f

that blood clotting is a much more complex process, its

sejuential stages, beginning with proteinacequs adsorption,

have certain analogies with deposition from tear fluid.
This necessarily brief description of the clotting

process (thrombus formation) centres on two processes,

namely, protein adsorption and platelet aggregation.

1.2.4 (i). Protein Adsorption

It has been demonstrated that within a few seconds
first exposure to blood, all non-physioclogical materials

acquire a rapidly thickening film of essentially pure

protein (normally fibrinogen), which an adserption altercs

the surface texture, charge, and chemistry of these
21,28,59-63)

materials. Uncé a peak film thickness of

(21,32) (21,28,60-63)
some 200 % has been established, Yroman et al,

32, 64,65
and otherstzﬁ &3} have shown that it does nat remain

static, but is constantly charging, being altered,
or replaced by other plasmz proteinrs,
Wageman's factor (Factor XII1). The part that this

fzctor and fibrinogen play in the classiczl extrineicz

and intrcinsic (casczde) clotting systsms, =are

. . . (66,67) X C s

illustratad in Figure 1.4, ‘hermodynamic studies
; .4 = e (68)

carried out by Zillman et al, characterisses *his

acsorptien s3s beinc of two farms: ~ns ¢

17
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Figure 1.4
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philic, exothermic, and reversitle and the other hydro-

|,—.l-
'.Jv
r
—
[11]
f
-

pheobic, endothermic, a2nd strongly bound (irrev

(™
=

S

The 'reversibility' of protein adso:zgsticn is cZe

I
m

L

-
or

i

~a

L

and is very much dependent on the physico-chemistry
of the adsorbing protein, together with the surfzce
chemistry of the adsorbent material. The stability
of proteins in solution depends upon them being
able to retain their specific characteristic shapes,
thus 'reversible' adsorption takes place with no change
in shape (i.e., native conformation). Strong
irreversible adsorption however involves some change
in the nature, shape or conformation of the protein.
When a protein adsorbs onto a2 surface the strength
of its adhesion to the surface is due to the cumulative
effects of the multiple points of contact.

The conformational changes in structure that
proteins undergo in response to their environment
has been the subject of many studieng69J6] Conflict
still exists as to the precise conformational changes
that occur on adsorption, although the configurational
states and anchorage sites of adsorbed proteins have
been shouwn to differ depending on temperature, pH and
cancentration in solution. {orrisssy e< a{flﬁ) who
used infra-red measurements on bound fractions to
determine the carbonyl exchange sites, found that
the internal bonding of glebular prcteins, altumin
and prothrombin were sufficient to hold them in
their natural native or bulk conformation, but for

fibrinogen this was not evident.
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irary
albumin adsorction leads tc creatsr compatitility
" & - . (19-26) ,
tnan Titrinogen adsorotion. 1+ apcears that ths
orinciple of cdesizgning a surfacs %o oreferentizlly

znviranment is a preoemising way of designin
compatible surfaces for various apolications. °

more detailed examination of the above intz=c-fa

A
[

chenomenon cof protein adsorotion is covered in CThzzoter

Lh

L]

1.2.4 (ii). Platelet Aggregation =2rg¢ Th-ombus Formatian

The majority of expserimental weork noints to there
being a mandatory conditioning film of zrotein which

when established a3llows plateslets to =zchere z2nd rsacth

'l

specifically and individually with the surface of
.. (3,19-26,28,59-63)

mzaterial.
The platelet nopulation demsity in the fi:c-st

incompletely packed layer urdergoes a morpholozical

B2

=

series of changes (or lack of) which then tri s

(9]
(1]

a thrombogenic (or thfomboresistant) response. ."is
latter trigger mechanism is part of both the intrinsic
and extrinsic clotting mechanisms, and the cart that
it plays together with that olayed by the surface
activation of the plasma proteins (the 'intrinsic!'
clotting mechanism) is complex, involving several
intermediate steps?agqugure 1.4).

On adhesion, platelets flatten, degranulate and
become sticky towards subsegquent arriving olztelets *thus

s

forming an aggregate. These aggregates grow in cyramidal

20



shapes out into the blood flow and ars modelled
according o the prevailing haemodyramics at thzat
location. "pproximately four minutes after initial
centact of the material with the blood, uvhite blaiod
cells drawn by chemotaxis, adhere to the grouing
platelet aggregate, giving rise to a 'uhite' thrombus.
Perturbation of the lamellar blood flouw ensues, and
this together with chemical modification of de-
granulating platelets and surface activation of the
clatting factors, accelerates the coagulation-process,
forming fibrin strands, that enmesh red blocod cells
(erythrocytes) giving rise to z 'pale' thrombus
g . , ; -(59'67'77]
(arterial) or 'red' thrombus {vencus). The
proportion cf fibrin deposited in a 'pale! thrombus
is dependent on the rate of blood flou, tc which it
has an inverse relatianshi;?7)

The induction of platelet aggregation has been
attributed to various factors, such as chénges in
water stru.cturing”a} and high negative charge densitie!.s'{g'am
In some agreement with the above the present day vieu
is that platelet aggregation (and to some extent
adhesion) is due to an unstable prostaglandin-like
substance, called thromboxane 32, synthesizec by the
nlatelets. B8y contrast the endothelisl cells lining
the blood vessels protect themselves against platélets
by forming prostacyclin, another unstzble prostaglandin-
like substance which inhibits platelat adhesion and
aggregatio&?7}

With regard to the mechanism of platelet adhesion,

it is postulated by some research workers that for

21



so that membrane associated platelet zlycosyl iransfzrca:2s

may interact with %their carbohydrate meietias and sn

+

bring about platslet surface fixation.,' }o some extent
the above hypothesis is sucported by the well recogrised

L

y exhisited by adsorbsd

e

-

contrasting thramb

0
o

enic

“ibrinogen and ¥ -glcbulins (with carbohydra

ct

moisties), and ths thromboresistance of adsorbed
albumin (with no carbohydrate moietiss).

l1.2.5 Surface Modifications %Yo Improve Blood Sizcomoasibility

It can be zppreciated from the orevious refererces
to the role that carbohydrate moieties play in cell/
cell recognition and antigenic responses, together
with the belief that units of similar type affect
platelet adhesion, that the order, or coding, of the
carbohydrate units in a polysaccharide is of vital
importance in determining the specificity and
functional ability of molecules containing carbo-
hydrate chains. This has recently tesn shoun in the
anti-coagulant action cf the blcod Fg:tor "heparin',

which is a strongly acidic polysaccharide distributed

cr

throughout the body in mast cells. Traditicnally i
is believed to be a pelymer composec of tetrasaccharicic

=egm o

Ll ]
1]
0

ing units, hou=aver, :the lates:

[si]
ck
[

e

indiczte tha*t t%e nart of the moleculs resocnsible
(83)
For its anti-coagulani actiasm is zomewhat mare comnlex.

Inhibitian by hepsarin of isvive snd inviirco blosd

22



ts inter

Coagulzation is believed to be due to i
antithrom

Wwith a polasma nrotein callzd
i 1t

sudseguently inhibi
the anti-coagulant action is duz to
o) that heparin

that much of
the strong electro-negative charge
ileutralisation of the negative charge by

possesses. He
electrapositive substances completely inhibits its anti-
cozgulant =action.
Yhen heparin is adsorbed or incorporated onto
2 substrate, it produces a high negatively charged
which in accordance with the Sauyer cell-

surface,
(39,40) L.
should mimic the surface charge
Ooubts have been cast

surface model,

the blood vessel intima.
sole parameter

it mzy be that

of
on the use of surface-charge as the
however, and

for thromboresistance,
once again the order of specificity of the highly

hydrated carbohydrate segments of the molecule determine
Recognition of the anti-coagulant

its interactions.,.
actions of heparin has led to it being incorporated
to

(84-87)

induce biocompatibility.
been rather limited.

onto the surfaces of materials in an attempt
Success to date has,

In the short term,
with

cr

[

well bu

.
L
culue

ct

h

n

however,
incorporation of heparin uvorks

time it will gradually leach out a2ncd thus

technicue will not be suitable for long term
a more perm=nent fixation process

im=-

nuntil

8lantation
is develoaced.

This latter croblem is =21so evident in =

cimilar technicuz for rendering surfaces thromho-

23



(88,89) .
2N, =5

=

rcs

stant, thzt of enzymes immobilisati

=

immobilising 2 fibrinclytic enzyme {i.e., plzemino

oF

an

N
i
Q

0 a s

C

rfacs 5

suld ensure that fibrinogen dnes nat

adsorb and golymeriszs o form fibrin strards and thus

8]

na thrombus should develop. This is houever rather
an oversimplification of the clotting process.

It i

w0

apparent from numercus papers on toth
(19-26,33,81,82,90)
s

ms

nlatelet adhesion and protsin adsorotion studie
than an index of thromboresistance or blood bio-
compatibility can be obtained from the premise thst
preferential adsorption of zlbumin over that of
fibrinogen is indicative of a thromboresistant surface
(or vice versa). As previously stated albumin has no
carbohydrate moiety and therefore it cannot undergo
reaction with platelet transferases which may zccount
o - . ., (91,92) .
‘or its observed biocompatibility. fccordingly,
if a surface can be coated with z2lbumin it should
exhibit a degree of thromboresistance. Once agzin
howuever the problem is that of achieving permanent
fixation of albumin to a surface without loss of
biological integrity, slthough some progress has
been made in this field.

To date when an implantzd material (tiomedical
prosthesis), .exhibits thromboresista=nce, it would
seem that it cdoes so bty undercoing one of two favourablsa
nutccmesgsg)

(i) the original layer of adherent platelets

do not become acherent to =rriving sibtlings. Through

3 poorly understood secondary adhesicn of uhite blood

24
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(ii) implants of sufficiertly larcg

(L

W

ar in a region of sufficiently high flow r=te, 32 uvhich
the original layer of platel=st thrombus (with or
without fibrin strands and enmeshed eryihrocvies),
remodels to form a smooth fitrin layer, or to su2port

c2llular ingrowth (normally by endothelial cells of

the blood vessel intima), to prcovide a passive pseuco-

intima.
Somewhat paradoxically the production of the
above pseudo-intima can be achieved by the use of

thrombogenic hydrophobic polymers such as poly
(ethylene terephthalate), polypropylene and poly-
urethanes, fabricated into woven mesh tubing
1893-97)

(conduits). Of these polymer types, to date poly
(ethylene terephthalate), in the form of 'Dacron!
(U.S.A.) or '"Terylene' (U.K.) conduits, is often
used successfully, in vascular surgery (such as

arterial by-pass grafts and aortic repair grafts

S
-

Successful 'endothelialisation' of these corzZult is
largely governed by the mesh size and also whether

it is possitble to pre-clot the zornduit ip th
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(9]
x

"Jidespread resea is presently in crogrzsss to

overcome the zbove limi

cr

ations and oroduce =z

successful synthetic

3]
P-ﬂ
—

m

w

arterizl srosthesis.
Furthermore, it is belizved that the inhsrent ch=rzcter-
istics of hydrogels will ellicit the necessary surface
parameters to produce a2 thrombeoresistant biaomaterial.
%lthough the presence of imbibed water wi‘hin a
polymeric system is not a guarantee of 5lood bio-
compatibility (thromboresistance), it is telieved

that the relatively large fractian of water withir

[N

certain hydrogel materials (and in particular the
way in which it is structured) is intrinsically
related to their high biocompatibility. Housver,
these highly hydrated and water-plasticised polyme:
networks are usually mechanically weak. furthermsre,
the higher the water content of the gel, the poorer
the mechanical properties of the gel become.
Fortunately, severzal technigques are available to
minimise this latter problem. With regard to the
above, the general background of hydrogels and their
biomedical applications are given further consideration
in the following section.

1.2 Synthetic Hydrozels and their B8icmedical Apslications

l.2.1 Hvdreogels: Scme General Consicderations

Hydrogels can be defined as polymeric materizls,

which have the ability t 11 in water and retain a

@}

Su

0]

fraction within its three dimensional

1.

significant
setwork. Thezy can 5Se natural or modified natural
biopolymers as well as synthetic polymerz. 1In this

study it is the latler synthetic hydrozels uhich will

26



be under consideration and which uere originally
devzloped as potential tiomateri=ls, due to their
similarity to living soft tissue.

Due to the unigueness of the hydrogel siructure,
they have a real advantage over other polymeric materials,
in that, because of their expanded gel network, they
have an inherent permeability to small molecules. This
allows artefacts of polymerisation (i.e., excess
initiator 2nd products, solvent and excess monomer
etc.) to be eliminated prior to the hydrogels coming
into contact with living system;?a) Leaching of
fabrication additives, hés been cited as a cause of
inflammation and ultimate rejection in the production
of materials for biomedical aleicationé?m An example
of this being the phthalate plasticiser used in the
fabrication of poly (vinyl chlcride;?m}Fcr medical
tubing and blood-bags: The phthalate was shoun to
produce a decrease in albumin adsorption and an
increase in glycoprotein (fibrinogen and ¥ -globulin)
adsorption, which is indicative of a thrombogenic
agent.

Another distinct advantage of hydrogels, due
to their above structure, is that it is possible to
incorporate drugs into their gel-network, which when
implanted (or administered), will give a controlled
leaching or release of that drug, at a particular
desired site of administration. This technique
is of particular advantage for anti-tumour chemotherapy,
where the maximum dose is delivered directly to the

region of tumour growth by implantation, thereby

27



minimising the normal systemic action of cytotoxic
drugs used in chemotherapquZ]

The most intriquing of the potential advantaces
for hydrogels is the low interfacial tension which may
be exhibited between a hydrogel surface and an
aqueous solution. As previously mentioned, this low
interfacial tension should reduce the tendency of the
proteins in body fluids éa adsorb, or to unfold upon
adsorption@sl Surface adsorption and denaturation of
proteins has been shown to ellicit a thrombogenic
response and thus the use of hydrogels should minimise
this problem. A comprehensive revieu of hydrogels =2s
biomaterials. is given by Rafner anc HGF?ﬂaéﬁwand from
this review a list of hydrogel biomedical applicztions

is given in Table 1.2

1.3.2 Biomedically Useful Hydrogels

It is possible to synthesise innumerable
permutations of hydrogel compositions, suita@le for
biomedical applications, from either monomers or
conversion of preformed polymers, each of which will
possess its own individual characteristic properties.
It is not feasible however, to consider these in
their entirety and for this reason only the more
important commonly utilised classes of hydrogel will
be discussed, and in particular those of interest to

this project.

1.3.2 (i). Poly (hvcroxy alkyl methacrylates ancd =crylates)

\

OF this class poly (2-hydroxy ethyl methacrylate),

(poly (HEMa)), is probably ke most widely used =nc¢

—

studied of 2ll synthetic hydrogels. TIthoucgh ericinally
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(103)

prepared in 1938, by bBu Pont scizntists, it w=2s not
; s . (104
until the early 196C's that Wichterle arg lea ] poly-

merised the monomer in an aqueous medis with a2 cross-
linking agent, and from this beginning czme the advent
of hydrogels for biomedical applicztions., If polymerised
in a good solvent for the monomesr and polymer, 2n optically
transparent, homogengous hydrogel is obt=zined. If however,
the solvent system is poor, an opaque, spongy uhite
(heterogeneous) hydrogel results. This latter problem
can be negated by simply performing a bulk-polymerisation
reaction (with cross-linking agent), in which the monomer
acts as its own solvent, and produces z dehydrated
hydrophilic polymer (Xerogel) which on hydration becomes
an optically traﬁsparent, homogeneous hydrogel.

One of the problems encountered in the synthesis
of poly (HEMA) for biomedical applications, is the
presence of impurities in the monomer, such as meth-
acrylic acid (MAA), ethylene glycol dimethacrylate (EDMA),
and ethylene glycol (EG)fﬂthLhére the intrinsic. bio-
compatibility, can be overshadouwed by these lou levels
of monomeric impurity. This problem was encountered to
some extent, by our own research group whilst trying
to prepare linear (uncross-linked) poly (HEMA), which
because of the above impuritiés, tended to undergo
cross-linking to a slight degree. This has now been
rectified by subjecting the monomer (HEMA) to a complex
purification procedure, prior to polymerisation, (as
outlined in Chapter 2).

Although poly (HEMA), (as with all synthetic hydro-

gels) is mechanically weak, it does possess properties
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that are necessary for a biomedical material, in that it
is chemically stable at extremes of pH and temperature
(i.e., resistant to acid hydrolysis and reaction with
amines). Indesd, one of the main priorities for a bio-
medical prosthetic device is that it can be steam
sterilized (autoclaued){j%-ma]

Of this same class as poly (HEMA) is poly (2-
hydroxy propyl acrylate), poly (HPR), which is the isomer
of poly (HEMA). 1t possesses slightly weaker mechanical
properties than poly (HEMA) and also has a maximum
permissible water content of ~~ 50% (homogeneous com-
position), whereas poly (HEMA) has a maximum water
content of ~A~437%. Due to the low glass transition
temperature (Tg) of poly (HPA8) its use is somewhat limited.

Poly (2-hydroxy propyl methacrylate) and poly
(glyceryl methacrylate) hydrogels have not.received
as much attention as poly (HEMA) gelé?Q)Both these
materials exhibit different water binding characteristics
as compared with poly (HEMA). Poly (2-hydroxy propyl
methacrylate) showing a lower water content and poly
(glyceryl methacrylate) exhibiting a cansiderably higher
(110-112)

water content.

1.3.2 (ii). Poly (fcrylamide) =and Deriv=tives

The monomers of this class of hydrogel are
crystalline solids at room temperature, and they are also
of low solubility in o*her monomers. The solubility
poses something of a problem, but it can be partially
overcome by the addition of a2 small quantity of water

and by a rise in Ctemperature of the solven: monomers.
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Alternatively the solution polymerisation 0f =zguecus bassz=
acrylamide. can be used to produce very high water cortent
gels (> 95%), which alsc unfortunately possess lcw mech-
anical strength. For this reason, the former technigue
utilises both acrylamide and its derivatives {meth-
acrylamide and diacetone acrylamide) zs an ad juvani in
hydrogel compositions, to boost the water content of the
gels. 'Yater content with this class is dependent an the
cross-linking agent content in the system, unlike that
of homogeneous paoly (HEMA) gel systems.

A praoblem associated with this class is that
although they are stable under physiological conditions
of pH and temperature, they tend to hydrolyse at
extremes of pH and temperature and therefore problems
would be encountered with steam sterilizatiog?}MS]Better
hydrolytic stability is exhibited by the N-substituted
acrylamidesv16] The thrombogenicity of poly (acrylamide)
hydrogels has been investigated and has been found to
be dependent on the purity of the monome;P7)Brch?8)

cites that multiple recrystallization of acrylamide(s),

‘markedly increases their thromboresistance.

1.3.2 (iii). Poly (N-Vinyl Pyrrolidane)

‘ Poly (N-vinyl pyrrolidone), pcly (NYP), in an
uncross-linked, linear form is highly soluble in both
polar solvents (such as water) and alsoc many non-
polar solvents. Because of its strong interaction with
water it can be used to prepare gels of high water content.
However, to produce a homogeneous poly (MNVP) cel, it is
necessary to incorporate some 5 - 20% (w/uw) cross-

linking agent to produce a mechanically stable hydrogel,
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unFartunately houever, monomer excass is always =2 preblem,
Generally therefore, NVP is used 2s an adjuvant
or modifying group to both increase water content and
to some extent the strength of the resultant gel, due
to its hydrogen bonding capacity.
In the past poly (NVP) has been used as a plasma
expanderiﬂa]at present however, dextrans have replaced
it because they are retained better in the circulation,
1% uas”found that linear poly (NYP) plasma expanders
tended fa leak ouf of the circulation and to accumulate
within organs (due to the fact that they are extremely
stable and are not metabolised}fﬂq) Cther uses of poly
(NVP) include, blood preservatives, tablet bSinder and
coatings for solubilisation and stebilisation of drugéﬁkl
The thrombogenicity of poly (NUP) 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 UYhite test!“7)

1.3.2 (iv). Anionic and Cationic Hydrogels

These hydrogels are generally added to a composition
in very.lou concentrations to alter the charge character-
istics of a material. In the case of the anionic meth-
acrylic acid (MAA), (which is found as an impurity in
HEMA), it is capable of hydrogzan bonding and. thus will
both increase the strength of 2 hydrogel composition as
well as producing a negatively charged sucrface.

(39,40)
3dased on the Sauyer model o

=
i

the blood vessel
intimal charge, it is believeZd thzt neg=ztively chzrged
surfaces should. be less thrombogenic than positively

(109)

charged ones, and experiments hzve been performed
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which support this view. Youzsver, resulis indicating

=
i

ok
1]

positively charsgsd s ces, (using thz cation direthy?
amino ethyl methacrylate) have been suggesied z2s an

important factor with respect %o the thrombogenicity o

120
2 surFacaj . At present the importance of sucfazace
charge in blood-hydrogel interactions is nct at all
(S4)
clear.

1.3.3 Methods to Graft Hydrocels

3y grafting a hydrogel to the surface of another
polymer a new composite material is formed whose mechanical
properties more closely resemble those of the base polymer
than the thin grafted hydrogel layer. This technigue
has the advantage of both minimising the problem of the inher-
ent lowy mechanical strength of hydrogels whilst endowing
the base polymer with the desirable surface properties
of the hydrogels. Some techniques tc coat surfaces with
hydrogels are given beloupzﬂ
(i) Dip-coat in pre-polymer and solvent.
(ii) Dip in monomer(s) (¢ solvent, polymer) then
polymerise using catalyst I heat.
(iii) Pre-activate surface ('active vapor', ionising
radiation in gas) then contact with monomer(s)
I heat to polymerise.
(iv) Irradiate with ionising radiation while in
contact with vapour or liquid solution of
monomer(s).

By far the most permanent made of fixation of

hydrogels to a surface is by covalently bonding (grafting).
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«4 Scope of Thesis

Although the inherent characteristics of hydrophilic
polymeric materials (hydrogels) do go some way touarZs
a thromboresistant or 'biocompatiblz' materiz=l (%he
'ideal' biomaterial), the previously outlined problems
associated with contact of biomaterials with body fluids,
is still evident and requires much further study. iore-
over it is the intention of this project to primarily
examine and characterise the bulk and surface structure-
property effects of selected hydrogel formulations in
particular, with respect to their adsorption of specific
plasma proteins, based on the previously discussed
relationship of certain plasma proteins (albumin and

fibrinogen) adsaorption, %tc biocomoatibility. 1In so Zoing,
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CHAPTER 2

EXPERIMENTAL I

- HYDROGEL SYNTHESIS

AND CHARACTERISATICN

TECHNIQUES
2.1 Reagents:

All the monomers and catalysts used in the synthesis

of the hydrogel polymers in this project are listed,

with their suppliers, belou:
Monomers

Hydroxyethyl Methacrylate
Hydroxypropyl Acrylaté
Ethyl Methacrylate

Ethylene Glycol Dimethacrylate
Methacrylic Acid

2-Amino Ethyl Methacrylate
N-Vinyl Pyrrolidone
Acrylamide

Methacrylamide

Diacetone Acrylamide

Styrene

N,N' Methylene-bis-Acrylamide

113, Trihydroperfluoropropyl Methacryl-

ate

Hexafluoroisopropyl Methacrylate

Catalysts

s ! Azobis-isobutyronitrile
Ammonium Persulphate ({Qué)?sﬂj

2.2 Purification of Monomers

(B8

\
/

Supplier(s)

BDH Ltd/Vidor Woolfe

B. P. Chemicals
I1.Cel.
B.0O.H. Ltd
Koch=Light Ltd.
Polysciences Inc.
Koch-Light Ltd.
Koch=-Light Ltd.
Koch-Light Ltd.
Koch=-Light Ltd.
B.0.H. Ltd.
Koch-Light Ltd/

Sigma Ltd.

Polysciences Inc,

Polysciences Inc.

Supplier(s)

B.D.H. Ltd.

Fisons Ltd.

411 monomers were purified by the conventional

vacuum distillation or recrystallisation technigues,
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where applicable. Additional purification procedures
were carried out for Hydroxy esthyl Methacrylate and
Acrylamide, as follous:

2.2.1 Purification of Hydroxy ethyl Methacrylate (H.E.M.A.)

Conventional purification procedures previously
adopted for H.E.M.A., uere found to be inadequate in the
removal of the more polar impurities, (especially
Melhacrylic acid (M.A.A.)). Neutralisation of the M.A.A.
in the H.E.M.A., was brought about by the titration of
Sodium hydroxide solution until a pH of at least 7 was
attained. Then the H.E.M.A. solution is passed through
an anionic exchange resin (Dowex X-4 previously washed
and regenerated). The total process is schematically
illustrated in Fig. 2.1. The yield of purified H.E.M.A.
by this technique (developed in our laboratories), was
found to be approximately S50%. Analysis was determined
by G.L.C., and the product was then stored refrigerated
in a darkened bottle.

2.2.2 Purification of Acrylamide (A.C.M.)

Using ethyl acetate (A.R.) as the solvent, multiple-
recrystallisation was carried out, as opposed to the
standard single-recrystallisation purification method.
Vacuum-sublimation was also undertaken, as a comparative
purification procedure. This technigue is often used
in the pharmaceutics industry for drug purification.

A larger than normal vacuum-sublimation apparatus was
constructed (using pyrex glass). The purified monomer

was analysed using both G.L.C. and infra red spectroscopy
and subsequently stored in the dark in a vacuum-dessicator.

N.B. Caution must be exercised in the handling of all the
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Figure 2.1

FLOYW DIAGRAM OF H.E.M.A. PURIFICATICYN

Impure H.E.M.A.

Aqueous H.E.M.A. solution{vl:l volume/volume)

+ Sodium Hydroxide (NaOH) solution

Alkaline H.E.M.A. solution (> pH 7.0)

Douwex X=-4 anion exchange resin

Methacrylic acid as Methacrylate
ion

Aqueous H.E.M.A. solution

Neutralised (Non-polar) extractions (4:1/Cyclohexane: Carbon
tetrachloride (CEHS/CGQ))’

3 Ethylene Glycol Dimethacrylate

b

H.E.N.n./Hzﬂ

+ Sodium Chloride (NaCl)

| "
L

H.E.M.A. /\ H,O0

|
+ Methylene Chloride (MeClz)

A\ H,0

\

H.E.M.A.

‘Alumina column

Polar impurities

N

H.E.M.A.

Vacuum Distillation (Hg-pumpj; Vapour pressure £ 0.1 mm hgs

CuprciF Chloride Inhibitor). N2 - atmosphere

Pure H.E.M.A.
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monomers due to their deleterious biological effects.
Special care must be taken with the crystalline acrylamide(s)

s . 125
which is g known neurotcxini ]

2.3 Analysis

The purity of the purified liquid monomers uvere
determined by Gas-Liquid Chromatography (G.L.C.) and
the purified crystalline monomers by infra-red spectroscopy.
Previous methodology for the quantitative analysis
of M.A.A., relied on standardised alkali titration,
which was both inaccurate and time consuming. Good
reproducible quantitative and qualitative G.L.C. analysis
was developed for M.A.A., during this project, using the
G.L.C. operating conditions as laid down in Appendix 1l.
These operating conditions also gave much improved
G.L.C. resolution for other acrylic/vinyl monomers.
The conventional analysis of acrylamide by infra-
red spectroscopy can often give ambiguous results because
of water interference (due to the inherent hygroscopic
nature of acrylamide), and which makes for difficult inter-
pretation of the results. Good qualitative and quantitative
analysis of acrylamide was obtained by injection of
acrylamide/methanol solutions onto the G.L.C. column,
using the same operating conditions as above.

2.4 Preparation of Hydrogel Films

The crosslinked polymer films were synthesised by
thermal free-radical addition polymerisation using either
the technique of bulk-polymerisation or solution-

polymerisation. Both techniques employed the use of
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prepared polymerisation cells, one of uhich is illustrated
in Fig. 2.2. The cell is composed of a sanduich of
glass-plates, G, with polyethylene tererhthalate (Melinex),
M, sheets, to improve mould release, and a central

G2000 - polyethylene gasket, P, all held together

by spring-clips.

2.4.]1 Bulk-Polymerisation

The monomeric compositions which were made-
up typically included 1 molar % of E.D.M.A., as a
cross-linking agent and 0.1% by weight of AZBN. See
Appendix 3 for the compositions. These solutions
were subsequently degassed, by bubbling nitrogen
through them, to minimise oxygen inhibition of the
pclymerisatiun.1ko¥ﬁmmﬁkl monomers with added catalyst
and cross=-linker were then injected through G22 syringe
needles into the prepared polymerisation cells, which
were then placed in an oven at 60°C for three days,
followed by a post-cure of two hours at 90°cC.

2.4.2 Solution-Polymerisation

Agueous solutions of crystalline monomers,

together with catalyst and cross-linker were degassed

and injected into the polymerisation cells. Typically

3 30 : 70 ACM/HZU solution was made up and 1 molar

of the cross-linking agent methylene-bis-acrylamide

was added together with 0.57% by weight of the catalyst

(NH&)28208. See Appendix 3 for details of the compositions.
The solutions were subjected to centrifucgation

(for 15 mins. 15,000 rev/min), and then degassed (with

N2)’ and injected into previously warmed polymerisation
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Figure 2.2 Schematic Illustration of Polymerisation

Cell
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cells, which were then placed in an oven at 6c°C for one
hour to enable polymerisation to occur.

2.4.3 Hydration of the Prepared Dehydrated Polymer Films

Following both the bulk and solution polymerisation,
the formed polymer films were carefully removed from
between the melinex sheets and then placed in distilled
water to hydrate. If difficulty was encountered in
releasing the films from the melinex sheets, soaking in
distilled water allowed the hydrogel film to swell
of f the melinex. Hydration of the hydrogel films
was allowed to take place for approximately four weeks,
during which time‘Frequent changes of water facilitated
the elimination of small molecular weight artefacts
of polymerisation, as well as ensuring the complete
hydration of the gel(s). Subseguent to this the hydro-
gels were either stored ready for use indistilled water
or were allowed to further re-equilibrate in a
physiological-Kreb's solution for two weeks, with
frequent changes of the solution, and then stored in
sterile sealed bottles.

2.4. 4 Preparation of samples

All procedures were carried out using disposable
sterile rubber gloves to minimise biological surface
contamination. At no time were any of the polymer
films, dehydrated or otherwise, allowed to come into
contact with ungloved hands. For the characterisation
of the hydrogels together with the static protein
adsorption studies, discs were cut using a 12 mm dia

Cork-borer (No. 7). For the dynamic adsorption system
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studies rectanguiar films ( S x 2 cms) were cut using

a scalpel. The handling and storage procedures minimised
any contamination of the samples or their solutions,

and therefore obviated the need far cleaning with
detergent solutions, which in themselves would have in-
duced chemical contamination of the samples.

2.5 Hydrogel Characterisation Technigues

Several techniques were used to investigate both
the surface and bulk properties of the prepared hydrated
hydrogel samples.

2.9 1 Contact Angle Measurements

Contact angle measurements were carried out by
various techniques to characterise the hydrated hydrogel
surface.

2.5.1 (i) Hamilton's Method

The apparatus used for this technique is illustrated
in Fige. 2.3. Surface water was wiped from one side of
the sample, S, and the sample was then glued using an
oc-cyanoacrylate glue, (See Appendix 1 for the method of
adhesion), to a glass cover-slip, G, which was then
suspended inverted in the optical cell, C. The cell
was filled with either distilled water or Kreb's solution,
both having been previously saturated with n-octane.

The G25 syringe needle, N, was controlled by
a "Prior"-micromanipulator and the wetting liquid,
n-octane, was delivered from an 'Agla' microsyringe
and micrometer, which enabled small volumes of liquid
to be accurately placed on the sample surface. The
syringe needle point was removed by grinding, in order

that the drop was formed symmetrically on the surface of
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/
n-octane droplet.

Figure 2.3 Hamilton's Method

o



the sample.

Angular measurements were taken for both the
left and right contacting drop interface ard then
averaged. This was then repeated for at least three
different n-octane droplets and the overall average
value was taken. Contact angle measurements uwere
made optically using a travelling telescope with a
goniometer eyepiece equipped with a cross-wire and
angular scale.

2.5.1 (ii) Captive Air Bubble Technicue

In this technique a hydrogel sample is set up
underuater exactly the same as in the Hamilton method,
however,instead of n-octane droplets, air bubbles are
released onto the sample surface. It is essential
that the hydrogel surface is maintained in a horizontal
plane for this technique. The smallest:commercially
available syringe needle was found to be too large to
meet the experimental needs of this technique and it
was therefore necessary to cbtain.a specially made
curved G35 needle (2.032 x 10°% m. dia) from a local
manufacturing company (Aston Needles Ltd).

Using this needle in conjunction with the "Prior"-
micromanipulator enables an air bubble to be delivered
onto the sample surface, from a microsyringe, in such
a way that the needle can be inserted into an air bubble
so that its volume can be precisely controlled. The air
bubble is enlarged to a diameter of approximately S5 - 6
m.m. and then reduced down to a size of 2 m.m., and the

needle retracted. The contact angle measurements are
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then taken in a similar manner to that used in the
Hamilton method, and an average value taken.

2.5.2 Protein Adsorption Studies

This technigque constitutes the main theme of the
project, and it is made mention of here because it
represents a somewhat novel approach to characterising
the surface properties of a material in an aqgueous
environment. The theory and experimental procedures
of this technique are fully discussed in later chapters.

2.5.3 Equilibrium Water Content (E.W.C.) - measurements

The E.W.C. of each hydrogel polymer prepared by
bulk and solution polymerisation was measured after
allowing sufficient time for complete hydration to
occur, (see 2.4.3), either in distilled water and/or
Kreb's solution.

Three samples were taken from each of the prepared
hydrogel compositions, and surface water on each sample
was carefully wiped off using filter paper and the
sample quickly transferred to a preweighed glass vial
for weighing. The samples were then dehydrated at
65°C in a vacuum oven until a constant weight was
obtained and noted. This procedure generally took from
4 - 5 days.

From the known hydrated sample weight, U and the

2!

dehydrated sample weight, U the % E.W.C. can be

11

derived from the equation:

£.W.C. (%) = Y -VUW, 00

The E.4J.C."'s of the samples were determined by

this method and an average value taken.
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2.5.4 Freezing and Non-Freezing Water - Content Measurements,

The freezing (unbound) and non-freezing (bound)
water content measurements uere détermined by differential
scanning calorimetry (D.S.C.), using a Perkin-Elmer
D.5.C. = model DSC-2, fitted with a liquid nitrogen
subambient accessory. For the operating conditions
see Appendix l. Areas under the melting peak were
obtained from an integrater trace. The freezing com-
ponent was computed from a calibration curve obtained
by measuring melting peak areas from weighed samples
of distilled water. The amount of the non-freezing
component of the hydrogel sample was calculated from

the difference between the freezing water content and

the total E.W.C.
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CHAPTER 3

EXPERIMENTAL II - PROTEIN ADSORPTION TECHNIQUES

5 | Reagents

All main reagents used in the adsorption studies

are listed, together with their supplier, below.

Reagents Supplier
Human Serum Albumin (fraction V; Sigma Ltd.

96 - 999 pure, remainder 1 - 4%
mostly globulins)

Human Fibrinogen (fraction I;) 0% Sigma Ltd..
of protein is clottable)

lodinated (12°

1) Human Albumin The Radiochemical
Injection (Specific Activity = Centre, Amersham.
2.5 Ci/mg Albumin)

Iodinated (1251) Human Fibrinogen The Radiochemical
Injection. (specific activity Centre, Amersham.
> 100u Ci/mg Fibrinogen)

"Sigma 7 - gfin, (Tris (hydroxy- Sigma Ltd.
methyl) aminomethane)

All protein solutions were made up in 'Physiological'-
Kreb's solution, pH 7.4, as necessary, and its com-
position together with further technical information
pertaining to the radiolabelled protein preparations,

can be found in Appendix 2.

3.2 Preparation of Protein Solutions

3.2.1 Preparation of Human Serum Albumin (H.S.4.)

Solutions

This product was supplied in 2 crystalline,
freeze-dried preparation. Conventional procedures
were followed to mszke up the H.S.A. in Kreb's solution,
using a magnetic stirrer to fully dissolve the albumin,
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3.2.2 Preoaration of Human Fibrinogen (H.Fb) solutions

The commercially prepared H.Fb preparations are
obtained by 'salting-out' of solution and then freeze-
drying. Due to the low solubility of the commercially
prepared H.Fb, some difficulty was experienced in
preparing a H.Fb solution. The louw solubilicty
was due in part to the high salt concentration in the
preparation, from the 'saltig-out' process, and also
the inherent chemical nature of the fibrinogen molecule.

This problem was resolved by the following procedure:
the powder is scraped out of the bottle(s) as completely
as possible and pulverised with a mortar and pestle.

The remainder is rinsed out with 37°C Tris-NaCl buffer,
pH 7.4, and the total amount is suspended in the latter
using about S50 ml per gram of fibrinogen. The suspension
is stirred on a magnetic stirrer for about 30 minutes

and then transferred to 'visking' - tubing, for

dialysis against a Tris-NaCl buffer, pH 7.4, using 2
litres of buffer per 100 mls of fibrinogen suspenéion/
solution. (There is a considerable amount of undissolved
material at this time). Dialysis is carried out at

room temperature on a large magnetic stirrer, the heat
from this produces some advantageous warming of the
dialysis medium.

The dialysis 'visking'-tubing (tied at both ends)
was frequently inverted in the initial period of
dialysis, to aid in dispersal of the suspension.

After some four hours a fresh buffer was substituted
and further dialysis continued for 3 - 4 hours,

after which the concentrated H.Fb solution was filtered
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and stored frozen. The % clottability of these human

(126)
preparations is believed to be above 95%.
3.2.3 Preparation of Iodinated (1251) - H.S5.., solutions

Each vial of 125I-H.S.ﬂ;. from the supplier,

contained 200 mg of albumin and at the specified
reference date this had an overall activity of S00u Ci/
10 ml, giving an effective specific activity of 2.5x Ci/
mg albumin. It was found from experimentation that

an optimum cost-effective specific activity of
approximately 1.67 Ci/mg albumin was necessary for

good reproduciblé results. Typically the standard
radiolabelled H.S.A. solution was made up from 200 mg

of lzsl-H.S.A., together with 100 mg H.S5.A., in 200 mls

of Kreb's solution, to give an overall 150 mg% solution.

3.2.4 Preparation of Iodinated (1251)-H.F - solutians
125

Each vial of I-H.Fb from the supplier, con-
tained on average 0.8 mg of freeze-dried fibrinogen.
This was uer§ easily solubilised in Kreb's solution
and was added to a 200 ml volumetric flask together
with subsequent rinsings from the vial. H.Fb solution
of known concentration and volume was added to the
flask, with a pipette, and a 20 mg% solution was made
up. The total activity at the specified reference date
was llU/gCi and a specific activity of l33a Ci/mg
Fibrinogen. It was found by experimentation that the
optimum specific activity necessary for these studies
was 2.75u Ci/mg fibrinogen. The concentration of the
concentrated frozen stock fibrinogen solution was
determined following thawing and centrifuging, by
ultraviolet spectroscopy (at 280 nm. and assuming

1%

v 15.8), using a Unican SP 1700 Ultraviolet
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spectrometer.

3.3 Static Adsorption System

For each hydrogel composition under investigation,
samples were taken and a quantitative measure of protein
adsorption with time, was made.

To obtain the optimum cost-effective use of the
expensive radioisotopes, for each 200 ml batch of the
radiolabelled protein solution, the maximum permissible
number of 12 experimental study times, with staggered
starts, were carried out. The apparatus used in these
studies was of a simple design and construction, as
illustrated in Fig. 3.1.

Each sample was placed in a vial (20 ml), to which
was added 2 mls of Kreb's solution from an automatic
"zipette"-dispenser, followed by 2 mls of radiolabelled
protein solution, using a Gilson variable automatic
pipette (&£ 1000 ul), and the times were noted. At
this point in time 3 x lDQpl aliquots were taken from
the radiolabelled protein '"stock' solution to be used
later as internal counting standards.

Prior to the addition of the radiolabelled
protein solution the sample should be checked in order
to eonfirm that it ds tatally submerged beneath the
Kreb's solution.

The vials were sealed and stored in the dark at
room temperature (™ ZDDC), until the prescribed
time(s) had elapsed, where upon the radiolabelled
solution in each vial (4 mls) was displaced from the °

samples by a volume displacement method using 500 mls
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Figure 3.1

Static Adsorption System

—_— —_—
S
vial+sample +Kreb's solution +ra olabelllg
ein solufion
/ Adsorp’rion
study-time.
- S
Kreb's radioactive
saluﬂon_1 waste.
(100 ml.min. )
-
Washing-
procedure,
W s—
D-Coun‘l’ing
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of Kreb's solution, at room temperature, and at a
flou rate of 100 mls/min. The prescribed flouw rate
was attained using a Watson-Marlow multi-channelled
"Delta" - Peristaltic pump, and had been ascertained
by experimentation to be effective in eliminating all
the radiolabelled solution(s) from the vial(s),
leaving the sample(s) suspended in Kreb's solution.
Aliquots, of 1.0 ml, were taken from this latter suspending
Kreb's solution, to constantly monitor the efficiency
of the 'washing' procedure.

The samples were then very carefully transferred
to counting vials and sealed, in preparation for ¥-
counting.

The above experimental procedure was developed only
after many preliminary experimental studies were

carried out, for both 125I-H.S.A. and 125

I-H.Fb, in
order to establish the various criteria necessary

to characterise hydrogels by this technique, such as
protein concentrations, specific activities of solution

and specific activities of adsorption etc.

3.4 Dynamic "Flowing" Adsorption System

As an adjunct to the previous 'cruder' static
system, an improved more quantitatively accurate system,
capable of both static and dynamic adsorption studies
was designed and constructed during the course of
this project. The construction and experimental
methods of this system are dealt with belou.

3.4+1 Construction

Initially one flow-cell was designed and constructed
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to meet predetermined design criteria. After experimental
testing five subsequent modified flow-cells, of

improved design, were constructed. Each cell uas
constructed of pyrex-glass tubing (2.5 cm 0.D. and

1.5 cm 1.D.), draun out at each end to form the inlet
(0.5 cm 1.D.) and the outlet(0.3 em I.D.) of the cell.
Two parallel diametrically opposing flat plane surfaces
were then produced on each side of the main body of

the cell, by grinding, and which effectively produced
'windows' in each side of the cell. The innermost

edges of these 'windous' were shaped to prevent
subsequent tearing of the hydrogel films under test,
(which had occurred with the earlier cell). The surface
area for each cell window was determined and is given

in Appendix 2.

The cells were cleansed by conventional techniqgues
using chromic acid and subsequently subjected to a
siliconising process, by immersion in a bath of
"Repelcote R'“, air dried, and then washed with distilled
water.

The materials under test in film form(s), are
clamped between the cell windows and G2000-polyethylene
gasket, G, by means of a purpose built perspex clamp,

C, as illustrated in Fig. 3.2 3y means of a system

of medical grade polypropylene 3-way taps and medical
grade 'Portex' silicone rubber tubing, an effective
closed loop could be formed in which each cell could

be alternatively perfused with Kreb's solution and then

radiolabelled protein solution and finally Kreb's solution
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Figure 3.2 Exploded view of Flow-cell
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once acain, without the test material ever coming intc
contact with the air/protein solution interface,
and the implications thereof.

A perspex tank was also constructed to hold and
contain the five flou=-cells, filled with Kreb's solution.
It's purpose was to maintain hydration 2f the samples on
long time exposures, and also to act as a temperature
bath. Each cell was labelled from 4 through to E, and
each window I or II, to aveoid any confusion. Perfusion
was again by way of the Watson-Marlow multichannelled
peristaltic pump.

3.4.2 Experimental method

The hydrogel films under test are cut into
approximately 5 x 2 cms rectanqular samples, S, and
then each sample plus its gasket, G, backing, is
positioned across the cell windows and firmly held in
position by the clamp, C. Care must be taken to ensure
that the clamping pressure is equally distributed across
the rather fragile samples, otherwise lezks may develap.

The overall experimental procedure is best
illustrated schematically in Fig. 3.3.

When the prescribed time(s) had elapsed, the
experiment was ended By 'washing' through with Kreb's
solution (n~ 500 mls) at a flow rate of 100 mls/min,

Finally the Kreb's solution is displaced by air
and the samples carefully transferred to counting vials
and sealed in preparation for Y -ﬁounting.

After each experiment the whole apparatus is washed

through with a 1% solution of Triton X-100 in borax p= 5.2
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(0.2m H,B0, titrated with 10% NaOH), and alloued to

stand for a period of approximately 24 hours, where

upon it is thoroughly rinsed out with hot water, followed
by distilled water in readiness for the next experiment.
(1251)

3.5 Radioisotope - Counting Technigues

All samples ready for counting were loaded
into the ¥ -counter, a Nuclear Enterprises Type:
8312 ¥ /f =-counter, together with internal standards
and a requisite number of blanks, for the estimation
of background radiation and to act as experimental con-
trols. The 8312 ¥ /f -counter is a solid crystal
Nal (T4 )-scintillation counter with a total sample
capacity of 400 samples (10 trays). Machine counting

efficiency was determined for the 125

l-isotope by the
conventional procedures and from which the optimum
operating conditions were obtained, See 2ppendix 2
for details. Each sample was automatically counted
for up to 2 x 105 counts or 600 seconds, which ever
elapsed first, and the counts and time were printed
out by teletype.

The standard radiochemical technique for the
quantitative estimation of a material is by correcting
the experimentally observed sample counts (using the
_machine counting efficiency), to give the theoretical
counts (disintegrations per second), and then the
quantity can be determined from the known theoretical
specific activity of the material ing Ci/mg (disintegrations
per second/mg). This technique also requires correctian

for the decay of the radioisotope witn time. The big

advantage of using internal counting standards, as used
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Figure 3.3
SCHEMATIC FLOW DIAGRAM FOR DYNAMIC 22SCRPTICN EXPERIMENTAL

PROCEDURES
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time cf approximately six hours, for 80 samples, the
decay during this period isinsignificant, 2ncd it vill
therefore make no difference to the results, whether
the internal standards are counted first or last in
the counting run.

The calculated method is illustrated helouw:

Average internal standard = : o
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Correction for 2ackground radiation (50’690> = X-2
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CHAPTER 4

HYDROGEL-YATER: STRUCTURE-PROPERTY RELATICMNSHIPS

4.1 Introduction

The intention of this chapter is to give some in-
sight into those properties exhibited by hydrogels,
as a direct consequence of their chemical structure
and interactions with water. In the main this discussion
will be centred on the hydrophilic properties of hydro-
gels, as determined by equilibrium water content and
differential scanning calorimetry, water binding
measurements. However, as an adjuct and to give a
more complete scenario, other hydrogel properties,
such as permeability, mechanical strength, surface/
interfacial chemistry, optical and biocompatibility,
will also be given some consideration.

Also included in Section 4.3 of this chapter
are the results of the monomer purification pro-
cedures, outlined in Chapter 2. The purification
ﬁF 2-hydroxy ethyl methacrylate is of particular
interest, because it forms the basis for the majority
of copolymer compositions in this project, and as
such this data will allow true structure-property
effects to be determined.

There is good evidence to suggest that mnany
of the above hydrogel properties are directly related
to the way in which the water is structured within
the hydrogel-netuwork, and therefore it would seem of
value to give some consideration as to what is implied

by the term 'water structuring'.
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4.2 \ater Structuring

The term structured water is used to describe
a three dimensional network of aggregated water
molecules held together with different degrees of
rigidity by different degrees of hydrogen-bonding,
(a special type of dipole-dipole interaction). A
single molecule can be attracted to adjacent molecules
by zero, one, two, three or four hydrogen-bonds.
The greater the number of mutually shared bonds the
greater the degree of structuring. The use of nuclear
magnetic resonance (N.M.R.), has clearly indicated
that water in biological systems is far more structured
than water in the bulk (i.e., normal liquid uater§?7}
The term bulk water is used to refer to such relatively
unstructured water, however this term does not imply
that there is no structuring present in the bulk water,
since all water has some degree of structuring.
Normally in bulk water hydrogen-bonds have

i secondsl,

an extremely short half-life (fse5; 30
however in structured water considerably longer half-
lives would be expected.

The structure of water in any system can be
influenced and changed by a number of factors, some

(128)
of which are presented in Table 4.1. (See Over),
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Table 4.1

Factors Which Influence Water Structuring in Biological

Systems“zm

A) Factoré which increase the deqree of Structuring:

l.

Non=-polar molecules
Non-polar segments of macromolecules
Polar ions such as H30+, Na+, Ca2+

Conformational changes of protein towards
a random coil conformation

Decreasing distance between adjacent
surfaces

Decreasing temperature

Decreasing pH

B) Factors which decrease the degree of Structuring:

1.

Polar molecules such as K+ and NHa+

Small non=-polar ions which can break hydro-
phobic bonds i.e., urea and vitaminC,

Polar segments of macromolecules

Conformational changes of protein towards a
globular conformation

Increasing distance betueen adjacent surfaces
Increasing temperature

Increasing pH

These factors can strengthen, weaken or com-

pletely break water structure. Depending on the

efrect of a solute on water structure, the solute

is referred to as either a structure maker or a

structure breaker.

Transfer of apolar molecules into an aqueous
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environment is accompanied by a net negativs entropy
of hydration. This obseruation led to the suggestion
that inert solutes, promote the structuring of nei;h-
bouring water molecules into clathrates (i.e., 'ice-
bergqg! eFFectf?qéo that hydrophobic, Van der waals
interactions of apolar molecules could be regarded

as a partial reversal of the thermodynamically un-
favourable process of solution. The water within these
structures has a very low dielectric constant and in
most ways it behaves more like a non-polar or lipid-
phase, than a polar-phase. In this way complex
aggregates, such as micelles, bimolecular layers and
lamellar structures can exist, depending on the nature
of the aggregating species. 0On a more complex level,
water structuring due to apolar residues attached to a
common polymeric backbone, can promote conformational
changes of which the folding of globular proteins is

the best known example, as illustrated below in Fig. 4.1.

Figure 4.1 Protein Conformation
: globular protein
random coil conformation folding
(non-agueous environment) (agueous environment)
ﬂ

4 \

apolar group Hydroohobic bonding

Due to the above conformational changes, the
hydrophilic (polar) groups of the globular proteins,
will tend to be exposed to the aqueous environment and

will become hydrated to a depth of only a few molecules.
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In contrast to this fibrous proteins in the rzndom-coil
conformation, tend to become hydrated to a depth of a
few thousand moleculgg?}in other words conformational
changes of proteins will create changes in water
structure.

Molecules with centres of high charge densities
or inorganic ions cause the formation of so-called
'soft-ice' structures in their hydration shells. The
well known binding of water molecules to potassium ions
is a simple example of such a structure. Again the
water in such hydration shells shous more lipoidal
properties than bulk water properties. Solid surfaces
have been shown to influence water structuring and
water molecules adsorb onto these surfaces in multiple
layers in accordance with the B.E.T. multiple adsorption
equatinanZT

Water molecules which interact strongly with
macromolecular surfaces have been found to exhibit
properties that are measurably different from those
in the bulg?xﬂ%hesa water molecules exhibit a lower
vapour pressure, lower mobility and greatly reduced
freezing point.

Considerable evidence now suggests that water
molecules within hydrogel polymers, may exist in

(52,735-149)
two or more different states. O0Of these, one probably
consists of water bound to the polymer through hydrogen-
bonding, sometimes referred to as 'bound' or non-freezing

water. All other water which does not take part in

direct hydrogen-bonding with the polymer has a high
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degree of mobility and is knouwn as 'free' or freezing
water. From nuclear magnetic¢ resonance data (n.m.r.)
of Andrade et aFfSEt was deduced that structured water
in hydrogels takes the form of 'bulk', 'interfacial!
and 'bound' water. In which the term 'bulk', refers
to that water imbibed in large pores as normal uvater,
'interfacial' describes that water structured around
hydrophobic groups in clathrate cages, and 'bound!
defines the water structured around charged ionic
groups or orientated around hydrogen-bonding groups
or other dipoles. It has been suggested that the
nature and relative amounts of the types of water have
a considerable bearing on many of the properties of
hydrogels. For hydrophilic polymers, water plays an
important fole in their interactions with blood and it
is considered that there may be a correlation betueen
the nature of water in a hydrogel and its hiocumpatibilgﬂffﬁm
Perhaps the best way to describe water present in hydrogels
is to view the water as existing in a continuum, uwith
highly bound water molecules interacting directly with
polar (hydrophilic) sites on the polymer and surrounded
by successive hydration shells of less highly bound water,
interfacing with which are hydrophobic clathrate
structured water, producing short and long range stabilising
effects.

A variety of techniques exist for the study of
water binding in polymers and this can lead to confusian
as the quantity of a particular state of water is dependent

on the experimental technique used. This is because

each technigue may have a bearing on different aspects
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of the properties of water, i.=2., thermodynamic,
dynamic and structuralqsmThe freezing 2ehaviour of
water-swollen polymers has been shown by a number of
workers to be anomalous in the sense that only part
of the available water shous a phase transition even
doun to very lou temperatures. In partially dehydrated
material often no phase transition is observed at all.
Moreover, a considerable hysteresis of freeze-thauw
behaviour is common?sm

The use of differential scanning calorimetry
(D.5.C.) thus enables a quantitative determination of
the relative amounts of 'freezing' and 'non-freezing'

water, to be made.

4,3 Monomer Purification Analysis

One of the main drawbacks in the use of 2-
hydroxy ethyl methacrylate (HEMA) is the difficulty in
attaining the monomer in a suitably purified state.
Commercial preparations have been found inadequate for
biomedical applications, due to their unpredictable
characteristics. Two major impurities, methacrylic
acid (MAA) and ethylene glycol dimethacrylate (EDMA)
have been citeJ?Mtu account for the unpredictability
of poly (HEMA) biomedical devices.

Commercial HEMA preparations were investigated
for these impurities during this project, using the
C.L.C. operating conditions as laid down in Appoendix 1l.

From these measurements it was determined that
the commercial Dreparationg contained impurity levels

as high as 5.3% by weight of EDMA and 4.7% by weight of
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MAA. Following the purification procedure, given in
Chapter 2, subsequent G.L.C. analysis determined tha*®
these levels had been reduced to & 0.5% (by weight)
of EDMA and € 0.1% by weight of MAA, and these levels
of contamination were deemed to be acceptable for
experimental purposes.

It was found that the two purification techniques
for acrylamide (ACM), were of comparable efficiency,
producing acrylic acid levels of &< 0.05% by weight.
However due to the difficulties involved with large
scale production by vacuum sublimation, the multiple
recrystallisation technique was the adopted purification
procedure used in this project.

Hydrogel-Water Interactions and their Relationship to

Hydrogel Structure and Properties?$

4,4 Introduction

Hydrogels have been defined as polymeric materials
which have the ability to swell in water, génerally in
an isctrupié manner, to form an expanded three dimensional
gel-network. The way in which hydrogelé swell, or
hydrate, is generally accountable, to their inherent
capability of hydrogen-bonding with water. Such a
capability, infers that the polymer-solvent interactions
are comparable to the polymer-polymer interactions.
Thus a study of the bulk polymer-solvent interactions,
by means of eaquilibrium water content determinations,
can effectively be thought of as a means of characterising
these polymers. Towards this end a rumber of different
hydrogel copolymer series were synthesised by methods

described in Chapter 2.
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In addition to tne total amount of water present
within a hydrogel, as measured by equilibrium water content,
the nature or organisation of the water is of great
importance in relation to those properties exhibited
by the hydrogel. Water within the hydrogel network
has been shown to exist in more than one state, and it
is this phenomencnof hydrogel-water/structure-property
relationships which governs many of the interactiaons
of hydrogels in a given environment.

The majority of past work covering the subject
of hydrogel-water interactions, has been based on
those properties exhibited by the hydrogels in a
distilled-water environment, making data analysis a
much simpler task. The validity of these results, when
predicting the properties of such materials when in
a physiological environment, is somewhat suspect,
and this is indeed of particular merit when considering
ionic hydrogels. To enable a better understanding
of the behaviour of hydrogels in a physiological 'like!
environment, characterisation of hydrogels by water con-
tent both in physiological Kreb's solution and in
distilled-water were undertaken. To complement these
studies differential scanning calorimétry measurements
were carried out on a limited number of the polymer
compositions, in order to determine the uwater
structuring within their networks. To present a more
complete discussion, the relevant findings of previous
studies, concerning equilibrium water contents and
differential scanning calorimetry measurements will
also be included with those results obtained during

the course of this research.

-
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4.4,1 Hydrophilic/Hydrophobic Copolymer Interactions

All the bulk polymerised compositions in this
series were based on purified 2-hydroxy ethyl methacrylate
(HEMA) as the hydrophilic component, with the exception
of those copolymers where N-vinyl pyrrolidone (NVP) was
used in place of HEMA.

The equilibrium water contents of hydrogels
prepared by copolymerising a hydroxyl substituted un-
saturated aliphatic ester with monomers of varying
hydrophilic and/or hydrophobic characters, has previously
been reported?snnlthough simple 2-hydroxy propyl acrylate
(HPA) copolymers have not been utilized in this present
project, (due to low glass transition temperature (Tq)
and poor mold release characteristics), they have been
included in this discussion, because they enable
structure/property comparisons with their isomeric
counterparts, plus they represent one of the components
of the complex hydrogel formulation for continual
wear soft contact lenses, as discussed in Chapter 7.

1t can be seen from Graph 4.1, that 2-hydroxy
propyl acrylate (HPA) is more hydrophilic than its
structural isomer 2-hydroxy ethyl methacrylate (HEMA).
However the results also indicate a comparable
dramatic depression of water content for both isomers
when progressive amounts of the hydrophobic monomer,
styrene, are added to the compositions. This progrescsive
depression would apoear to be more marked for the
HPA copolymers until at approximately 65:35 (moles %)
of hydroxyester to styrene, the HPA-copolymers are

of lower hydrophilicity than their HEMA-cooolymer
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counterparts. These obs=rvations may be nerhaps
explained by a consideration of the monomer strictures
given in Figure 4;2 and Figure 4.3, 3Sue %to the

X -methyl substituent on the backoone of HIMa,

these copolymers exoerience greater steric hincrancs
to water absorption than the case of their structural
isomer HPA. HPA-copolymers would appear to possess a
higher water content due to the lower steric hindrance
induced by its penden%t side chain methyl croug.

Inclusion of the hydrophcbic monomers, styrene
or ethyl methacrylate can be seen to produce a progressive
decrease in the equilibrium water contents, but of the
two, styrene produces by far the more dramatic effects.

This can be attributed to the bulky phenyl group
of styrene, attached to the polymer backbone, limiting
the accumulation of water within the gel-network
by steric hindrance. The less dramatic decrease in
water content observed with ethyl methacrylate is
attributed to the smaller size of the pendant acrylate
side chain; producing a smaller degree of steric
hindrance together with its greater polarity (hydro-
philicity), due to its ester and carbonyl groups.

The greater efficiency in lowering water content
observed in the HP&/STY copolymers, may also bs attributed
to the side chain methyl group of HPA (in the 2-position)
being able to more gasily undergo hydrophobic, Van der
Jaals interactions (bonding), with the phenyl group of
styrene. These interactions are made easier by the
greater freedaom of movement of the FPA side chain
methyl group as opposed to the restricted movement

of the oL -methyl group of HEMA.
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Figure 4.2

HYDROPHILIC MONOMER STRUCTURES
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Figure 4.3

HYDROPHOBIC MONOMER STRUCTURES
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It is perhaps of interest to consider the water-
hydrogen bonding capacity of the so called 'hydrophobic!
methaﬁrylate and acrylate structures. Figure 4.4 illustrates
a water ester-carbonyl hydrogen bonded bridge, as seen
in poly methymethacrylate.

Figure 4.4 Poly Methyl Methacrylate Ester-Carbonyl

Hydrogen-baonded Water Bridge

fx/'\./'\szc_‘ CéEHz
C=a I|:H:s
HSC—EI__.. 1|3
“.H H D=T}
\0/ e s
CH.,

As the alkyl chain length is increased however,
so the molecule loses its water binding properties,
due to the ester group becoming progressively more
sterically hindered, and thus a commensurate increase
in its hydrophobic characteristics. This being so,
it does indicate that even 'hydrophobic' polymers may
bind water, and that the term hydrophobic is not an
absolute. Even highly hydrophobic polymers, such as
polyethylene, polypropylene and even poly (tetra-
fluoroethylene) have been observed to bind water in
small amounts (™ 6 mg per 100 g of polymer), at
normal temperatures?sz}

Substitution of the highly hydroohiliﬁ N-vinyl
pyrrolidone (NVP) for 2-hydroxy ethyl methacrylate
(HEMA), in the HEMS/EMA compositions, produced similar
trends in water content. The choice of this cooolymer

composition was based on the need for a hydrogel of

high equilibrium water content and with different
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expected interfacial parameters to those of the high
water content acrylamide copolymers. ©No otservable
variations were encountered for the NVP/EI"1 copolynmer
equilibrium water contents, as measured in either
Physiological 'Krebs' solution or distilled water.
One very interesting observation was noticed however,
regarding the unexpected strength of the NVUP/EMA
(75:25 moles %) composition (~ 71% ELUC). This aspect
will be dealt with in the relevant section concerning
mechanical properties, however it would seem likely
that strong interchain interactions are at work in
this material, inspite of its high water content.
Unfortunately no data yet exists as to the water
structuring present in this copolymer, houever it
would seem very probable that a high non-freezing
content would be measurable.

Having discussed the pronounced modifying
effects of hydrophobic monomers on the general
hydration patterns of hydrophilic polymers, to complete
the picture we need to know whether these effects will
affect the bound and free-water in a similar manner.

A study has been carried out in our laboratories, using
differential scanning calorimetry to determine the
freezing (free) and the non-freezing (bound) uater
components of a series of HEMA/STY copolymers. Poly
(2-hydroxy ethyl methacrylate) with a water content

of approximately 407 has previously been shown to be

(153)
comprised of 227 freezing and 177 non-freezing water.
P a

The incorporation of 10 moles < of styrene in the copolymer
was shown to reduce the water content to ~ 23 of uwhich

4% is freezing and 19% is non-freezing water. At
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approximately HEMA/STY (85:15 moles ) and =bove,
it can be observed from the Table 4.2, that the water
in the hydrogel is now totally bound. It is also of
interest to note that at approximately this same
monomer ratio, marked changes in the bulk properties
of permeability and mechanical strength are ellicited.
Such bulk effects would be expected to also exert an
influence on the surface properties of hydrogels, and
this will be one of the main areas of interest featured
in the subsequent chapter concerning surface measurement.
From the concept of freezing water surrounding
the bound (non-freezing) water in hydration shells,
it can be envisaged that when the bulky hydrophobic
phényl group of styrene is introduced, its presence
will tend to affect those freezing water molecules,
near at hand in the outer hydration shells. The
phenyl group due to its hydrophobic and steric
characteristics appears to be decreasing the freezing

water content simply by steric exclusion.

(See overleaf for Table 4.2)
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As one would expect the freezing water # change is
decreasing with the ¥ change in equilibrium water content
(EUC), but in a more pronounced manner. Similarly the ¥
change in the non-freezing water rises to a peak at the 80:10
ratio, before falling off to a fairly constant value (See
Tablg 4.,2). This would therefore seem to indicate that
in fact the styrene molecule is structuring the water
to some extent, (up toas 90:10 moles %), probably into
the previously mentioned clathrate cages, which then
tend to play a part in stabilising the hydration shells
of the hydrogen-bonding polar groups, and thus raise
the non-freezing water content. This is not evident
simply from examining the bound/free ratio. Ffurther
increase in the styrene content above 10 moles %
would seem to destabilise this previous structure,
leading to a reduction in the non-freezing (bound)
content.

A study of the measured water contents for neutral
copolymers (See Appendix 3), hydrated in physiological
solution or distilled water, would seem to indicate
no significant changes in hydration interactions betueen
the polymer and its two different aqueous environments.,
It would therefore seem safe to assume that the ionic
moieties present in the physiological sclution, do not
markedly effect the neutral-polymer-aqueous hydratiaon
phenaomena. However what cannot be determined from this
data is whether the component ions influence the other
bulk properties, by modifying the water structuring

properties of the hydrogel.
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All water-binding data on the physiologically
hydrated hydrogels were corrected for the effects of
the electrolytes, and thus should be comparable to
measurements taken in distilled water. Therefore,
no bound water should be directly attributable to the
electrolytes present, however, there is the possibility
that they will enhance or detract from the hydrogels
own structuring effects indirectly. It should be
emphasised that it is those hydrogel bulk properties
exhibited in a physiological 'like' environment that
this study is concerned with, and therefore the com-
parative differences between hydrogels hydrated in
distilled water or physiological 'Krebs' solution,
are of secondary importance.

From differential scanning calorimetry measurements
obtained during the course of this research, large,
as yet unexplained differences in the water binding
properties are seen to have occurred, when compared
to previous data, on supposed similar formulations.
Non-freezing (bound) water in poly (HEMA) was found to
be very high, 0.83F0f the total EWC, compared to a
previous figure of (Q.425 bound fraction. Two alternative
theories are available to explain this phenomena,
first that the electrolytes present in the hydrating
medium has influenced the structuring of the water
by themselves or in combination with the inherent
structuring of the hydrogel they have enhanced the
bound content. The second alternative may be attributed

to the much improved purity of the poly (HEMA), the
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disruptive influence of the impurities, particularly
methacrylic acid, has been eliminated, permitiinc a
greater stability of the non-freezing (bound) hydratign
shells, and thus increasing the bound fraction. Con-
cerning this alternative it should also be noted that
the bound-free measurements of the physiologically
hydrated commercial poly (HENA) preparations gave a
very large increace in the freezing water content, with
a decrease in thes bound content, uhicﬁ would seem to
indicate the truth of the second alternative, and

these together with the freezing water contents,

which were obtained for the copolymers of HEMA/

EMA, are given in Table 4.3.

(See overleaf for Table 4.3)

80



*C*y 8rqe] 104

aj0ujo004 8ag

*

v*0w| L°9L £°82 671 4 4 L°69 0°6<2 GZ:SL YW3/YW3H

¢2°01| 9°88 L7Ck 189 A £°98 6°SE S:G6 YW3I/YW3H
(3and)

$8°L = 6°9¢ e L* % 2 9°1v 0:00T VW3H
(1erorswwo])

6L6°0 L9 £°82 6°719 6°8¢ SPLET Z°LS 0:00T1 YW3IH

punog) * * .| J,0Crv3eE
orjey * % CERY o} »

CERG abuey) A%v 48380 sbuey) AR% umuwa abueyg _mnmux_ (3 8tow) oryey cnﬂmﬂwQMEou

/punog % mwMﬂmuu % Butrzaasay % Cﬂu%mu J3Wwouoj 18boapAH

IN3IINOD ¥3LvMm-334Y4 OGNV ONNOB

NO AL3IOW 31VIAYIVHLIIW TAHLI IJIB0OHHOYOAH 3HL 40 33N3NT4ANTI 3JHL HLIIM ¥3H13001

‘SITLTIYNdWI "VW3H TVIJY3IWWOD 3HL 40 3IN3INTANT 3HL

¢ v 8l1q=]

81



It would appear that the impurities present in the
commercial poly (HEMA), (i.e., MAA and EDMA), produce a
vast disproportionate rise in the freszing water compared
to the overall rise in water content, as determined
from the % change values. This can be attributed to
the interaction between the carboxylate anion of MAA and
the Na+ cation in solution, producing a commensurate
hydration in accordance with the hydrophilic cation.

With the HEMA/EMA copolymers, the previously
reported action of the hydrophobic ethyl methacrylate
on water content, can be seen to be reducing the
water content of the gels, mainly by its effects on the
free-water. Thus with increasing ethyl methacrylate
content, the increasing hydrophobic content of the copolymers
would appear to be a major factor in excluding the free
(freezing) water. From the previously discussed con-
siderations of the structural difference betueen ethyl
methacrylate and styrene, this would appear anomalous
with the structure enhancing properties attributed
to styrene, and maybe these latter results uere a con-
sequence of interactions between the styreme and
impurities present in the HEMA, and not as a direct
result of the styrene molecule.

The incorporation of ethyl methacrylate into
copolymers of HEMA would therefore seem to enable
the much desired properties of highbound/low free-

water content, necessary for a reverse osmosis membrane

as used in desalination trestment of sea-water, to be

(136)
achieved.
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Even poly (HEM2), which has previously been cited
as having low potential in the above technique, may be
shown to be of value, subseguent to more =ffizient
purification of its monomer. Perhaps with 3 more
hydrophilic monomer then HEMA, addition of ethyl
methacrylate may provide even more desirable properties.
To a certain extent this has been observed with even a
high equilibrium water content of v 717 for the NUP/EMa
75:25 (moles %) copolymer, which exhibited greater
strength than the NV 40% EWC poly (HEMA) counterpart,
and this may well be attributable to a very high bound
water content, unfortunately this cannot be confirmed
at present because to date no water binding data is
available on this compositian.

4.4.2 Hydrophilic/Hydrophilic Copolymer Interactions

In contrast to the previous section, this
section will be concerned with the hydrogel-water interactions
of copolymers, where both monomer components are of high
polarity (hydrophilicity), and hence can exhibit high
levels of both polymer-polymer and pélymer-uater inter=-
actions. A series of copolymers were synthesised, again
using purified HEMA as the basic hydrophilic component
and to it were added monomers with a variety of
hydrophilicities. A study of the variance of equilibrium
water content with structure for copolymers of 2-hydroxy
ethyl methacrylate, with acrylamide and its derivatives,
was undertaken. No experimentally significant variations
in water content were observed for these cepolymers, in

either hydrating medium (See Appendix 3 for data), and

so Graph 4.2 is representative of trends set in both
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. . . (154,155)
distilled water (for this work and others ) and

physiological Krebs solution. The strong hycdrcgen boncing
capacity of amides is also a characteristic featurs 2of
acrylamide, (2CM), due to the polar nature of its

carbonyl and amine groups. Strong interactions take

place between these groups and water, giving rise to

very high water_-content gels. Accordingly the polymer-
polymer interactions tend to be of lesser importance,

but they do contribute significantly to the strength of
these high water content gels.

Copolymers of HEMA/ACM tend not to undergo
significant interchain hydrogen bonding, between their
pendant polar side groups, due to the shielding of their
carbanyl groups, and therefore a progressive increase
in the acrylamide content gives a virtual linear rise
in the equilibrium water content. The trends for the
water contents of these copolymers are shown in
Graph 4.2, and the differences in behaviour of the ACM
copolymers and those of its derivatives are clearly
illustrated. In the graph extrapolation of these copolymer®
towards the solution polymerised poly acrylamide, poly
methacrylamide, and poly (diacetone acrylamide) has been
made, to show the expected trend, based on the reported
findings of other uorkerspsaJSS) Zulk polymerised copoly-
mers of HEMA with acrylamide and its derivatives has
limitations due to the low solubility of the acrylamide
derivatives in the HEMA.

Substitution of acrylamide by methacrylamide in
these HEMA copolymers can be seen to cause a small

initial depression in the water content trend, before a
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near linear rise is indicated. Similarly this trend is
also observed when diacetone acrylamide is substituted
for acrylamide, as previously reported by I. Middletogjssy
From an examination of the chemical structures of the
acrylamide molecule and its derivatives in Fig. 4.2
a possible interpretation of these results is made
possible.

Inclusion of methacrylamide in place of acrylamide,
as previously stated, produces an initial depression of
water content until at a certain concentration of amide
groups, the inherent greater polarity (hydrophilicity) of
methacrylamide as compared to HEMA, causes a near linear
increase in equilibrium water content. The initial
depression is quite probably due to hydrophobic, Van
der Waals interchain interactions betueen the &€ -methyl
substituents on the methacrylamide and 2-hydroxy ethyl
methacrylate backbones, together with dipole-dipole
interactions of the pendant side chain groups. With
increasing methacrylamide so these constraining inter-
actions are overcome by the high polarity of the amine
group, and thus the equilibrium water content is increased
accordingly.

The pronounced depression seen with the diacetaone
acrylamide copolymers can be attributed to the replacement
of a hydrogen in the amine group by the 1,1 dimethyl 3-
oxy-butyl group. This group can not only undergo hydrophobic,
Van der Waals interactions with®-methyl substituent of
HEMA units, but also it tends to shield the hydrophilic
amine group. It is therefore not surprising that substitution
of a hydrophobic group at the polar amine group site is

more effective in causing depression of the water content
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than the ot -methyl substituent of methacrylamide.

As the diacetone acrylamide is increased above
the 50:50 moles % a gradual increase in water content
occurs until it reaches the water content of poly (DAACM)
(~ 357)+ Simply on the evidence of the equilibrium water
contents for the solution polymerised poly (ACM), poly
(MACM) and poly (DAACM), the effectiveness of these
hydrophobic substitutions are demonstrated.

Similar studies have been.carried out using the
structural isomer of HEMA, hydroxy propyl acrylataQSS}
and these results are reproduced in Graph 4.3. For all
intents and purpose the trends for these copolymers, seem
to be identical for each of its HEMA-copolymer counterparts,
except that with the HPA/DAACM composition, no rise in
water content at 50:50 (Moles %) is observed. This is
somewhat surprising, in that previously HPA had been shoun
to be of greater hydrophilicity than its structural isomer.
However, as with the trend seen with the HPA/STY and
HEMA/STY copolymers, this can perhaps be attributed to
the greater freedom of movement of the pendant 2-methyl
group of HPA being able to more easily undergo hydrophobic,
Van der Waals interactions with the hydrophobic 1,1,
dimethyl 3-oxy-butyl group, together with possible
dipole-dipole interchain interactions, which effectively
exclude water uptake more efficiently than the HEMA/DAACM
copolymer structure.

To investigate further the effects of hydrophilic/
hydrophilic interactions, a similar hydrophilic monomer
to substitute for acrylamide was chosen, this being N-
vinyl pyrrolidone, (NVP). The structure of N-vinyl

pyrrolidone is given in Fig. 4.2. Due to the imide group

87



(%310W)'Vd'H

e 09 0L 08 06 00L
] ; : . 0z
P
~0E
~0Y
0§
; 09
‘.\@\ . WOVVA/¥dH - O
7 WOYW/¥dH - .
saawA1odod WOY/¥dH - ‘. i
(van) Atod - M _ 0
—A3N

(0CH-PaNUSIP)' (%) I M3

jusjuop I93eM [2boapAy uo (s8@AT3RATISQ pur) SpTWETAIDY JO aduanTIUuT

*€'ydedy

88



present in the pyrrolidone ring, a large dipole moment
exists, producing a very polar, hydrophilic molecule,

as indicated below in Fig. 4.5.

Figure 4.5
ﬂAﬁWﬁH2C-__“ CH—~"N\A~ Dipole-moment on
NF g4 the N-VP imide
/,///' \\“QQ_J7
EH2 B rou
\ |
CHZ——————-—-CH2

Water uptake in cross-=linked poly N-vinyl prrq}idcne
has been shoun?gz}to be endothermic up to a 50:50 moles %
of poly (NUP):Hzo, and then subsequently becomes exothermic
as a dilute solution is produced. High water solubility
of this polymer is indicated by its use in a linear form
as a completely soluble plasma expandeé?a}Uater molecules
would be expected to bridge the carbonyl groups of
adjacent pyrrolidone ringsy ( Fig. 4.6).

Figure 4.6 Poly (NVP)-Hydrogen-bonded water molecules

'VV\AAJ\\‘C/fwﬁﬁ “Af\\C2”HM‘ M”\C/’”“““f”‘
I | |
JD,Z _,D%% ‘“pn“

HOOW e

0 ' 0
Poly N-vinyl pyrrolidone has supposed 'structure
making' characteristics on water, because of the partial
anionic centre (oxygen atom) and the partial cationic
centre (Nitrogen atom), together with the hydrophobic alkyl

groups of the pyrrolidone ring.
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From the Graph 4.2, an initial small sharp rise in
the equilibrium water content at the HEMA/NVP; 95:5S(moles %)
composition, can be observed. It would seesm likely that a
small amount of NVUP molecules has a disruotive structure
breaking effect on the poly (HEMA) composition, so that
the stabilising hydrophobic, Van der Waals and dipole-
dipole interchain interactions are disrupted, giving
initially a higher water binding capacity than the
NVP content would justify. Subseguent increase in the
NVP content produces a near linear rise in wvater content
as seen with the HEMA/ACM copolymers. Although no data
is at present available on the bound and free water
contents of these NUP/HEMA compositions, a DSC study,
using NVP/acrylic acid copolymers, found similar
disruption of poly acrylic acid interchain interactions
by very small amounts of NUP.“SG] (See Graph 4.4).

Strong interchain Hydrogen-bonding in the poly acrylic
acid netuwork is known to occur between pendant carboxylic
acid groups, as illustrated below in Fig. 4.7

Figure 4.7 Poly acrylic acid Interchain Hydrogen-bonding

C
7\
P
oW
l 5

0

0
\ /
C

Disruption of these bonds was seen to be accompanied

by an increase in the bound water fraction with increasing
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Graph.4.4:

Water-binding Data for NVP/AA Copolymers
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equilibrium water content, but with further increase

in the NVUP content, the water structuring effects de-
creased. Similarly for the HEMA/NUP copolymers it is
expected that the initial increase in water contz~: would
be as a direct consequence of the interchain disruption
giving rise to an inéreased water binding/structure
making effect.

Based on the previous discussion concerning the
influence of structural medifications of the acrylamide
molecule on water content, similar predictable differences
are observed for the water-binding characteristics of

these copolymers, as illustrated in Table 4.4.

(See overleaf for Table 4.4) --
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tuuatiun or acrylamide to poly (HIMa) is observed
0 increase the equilibrium water content “rom 41,67 g
49.7%, a change of 119.57 but similar changes are not
seen for the freezing (free) wster content, which is
observed to change by 342.57. This data would seem %o
indicate that although the acrylamide molecule is uéry
hydrophilic (polar), and is capable of giving much higher
equilibrium water contents than HEMAS, it would seem that
it does not possess the Hecessary structure (hydro-
ohobic groups ?), to stabilise the large hydrztion shells
that it possesses, in order to give a higher non-
freezing water content. Thus it would appear that in
this example the acrylamide unit has had a net 'structure
bresking' effect (i.e., decreased bound/free ratio),
on water, similar to the 'soft-ice' structuring reported
for the cation, potassiunﬂzmIt should be noted that these
terms are only of a relative nature however.

Addition of the o -methyl group to the acrylamide
backbone to produce methacrylamide would seem to limit
the above structuring effects of acrylamide. It too,
however, is unable to match the water-binding properties
of the HEMA-unit, as indicated by the lower bound/free
ratic for approximately the same equilibrium water contents.
2" somewhzat different trend is apparent with the HEMA/
D2aCM (75:25) copolymer, as a relatively small 7 change
in EYUC, is accompanied by a large reduction in the freezing
water content, together with a very small decrease in bound
content. This is quite obviously attributsble to the su:z-
stitution of the 1,1 dimethyl 3-oxy butyl group, which has
the ability to exclude the freezing water by steric

hindrance and due to its hydrophobic inter=ctions, in = similar

9



manner to the hydrophcbic monomer ethyl methacrcylate.
Similar trends are observed for the solution polymerisd
poly acrylamide, poly methacrylamide and z£oly diacetcne
acrylamide, where increasing bound/fres ratio is
observed, respectively.

4.4,3 Effects of Ionic Groups

Amionic and cationic monomers ars generally
present as impurities in other neutral =onomer cre-
parstions, however they may be used in low concentratioans
to alter the charge characteristics of a material.
One very commonly used anionic monomer is methacrylic
acid (MAA) previously cited in this chapter as =
major contaminant of 2-hydroxy ethyl methacrylate and
other methacrylates. Similarly the parent acid cf
acrylamide, acrylic acid (2A), also presents contamination
problems, and its use is generally avoided, due to its
tendency to form copolymers which behave as poly-
electrolytes, giving water content instability with

(157,158)

variation in pH. Jhilst acrylic acid is therefore
Qnsatisfactory for use in potentizl biomedical applications,
its use in research to give structure/property com-
parisons with methacrylic acid, is necessary, and
accordingly some reference will be made to it. The
structures of these acids together with %the basic,
2-amino ethyl methacrylate is given in Fig. 4.8

The trends of equilibrium water content with
structure for copolymers of HEMA/MAA, HEMA/AA, 2CM/MAaA,

(154)

and A4CM/AA have been previously reported, and these

results are given in Graph 4.5.
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Figure 4.8

STRUCTURES QOF TH=E aCIDIC 2ND 2aSIiC FCNOMERS
fcid Monomers
H,C ==CH CH. H.C==CH
| e = |
/C\ -. /C\
D/// OH D/// 0~
neutral ionized
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/CH CH
HoC =E 2 OH. H2C=C/ ?
| 5 |
7\ | N
D/// OH O/// 0~
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CH CH
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One of the main uses which has previously
distinguished methacrylic acid for use in contact lens
applications, is its ability %o undergo strong hydrogen
bonding, as seen in poly methacrylic acid, and which
will invariable increase the strength of the hydrogel.
See Fig. 4.9.

Figure 4.9 Interchain Hydrogen-baonding Interactions

Exhibited by Poly methacrylic acid
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Both the HEMA and the ACM copolymer results given
in Graph 4.5, can be explained by an increase in inter-
chain polymer hydrogen bonding with increasing acid
monomer content. The observable differences betueen
the mathacrylic acid and acrylic acid copolymers
can be attributed to the o< -methyl group in the methacrylic
acid molecule. This group would appear to be able to
induce a greater depression of equilibrium water content,
due to its hydrophobic Van der Waals interactions,
together with its ability to sterically hinder chain

rotation about the polymer backbone, which would allow
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preferential arrangement for water absorption, =s
seen with acrylic. acid. The results for the HEMZ/
MAA copolymers in this project, hzve been found to
substantiate the previous workers findings, with a
minimum equilibrium water content in distilled-
water at approximately HEMA/MA3, 60:40 (Moles 7),
respectively. This is illustrated in Grach 4.6.

The depression in water content can, as presviously
stated, be attributed to the hydrogen-bonding betueen the
pendant side chain hydroxyl and carbonyl groups of HEVA
and MAA, as illustrated below in Fig. 4.19.

Figure 4.10 Idealised Structure in HEMA/M2n (50:40) for

Preferential (Max) Hydrogen-bondinag

CH CH
/3 P
WWHZC Ii; CH 5 TW
C C
D/ \o,. 0/ \h
[ e
(CH,) 5, g
| :
0
| /
e (sz)z
é J—— Hersorseansense [ 0
\\E \C/
s l
«rvxdﬂme2C /p CH2 //:__Av\/wmdﬁ_
CH< E:H:5

Jith increasing methacrylic acid the above
structure is disrupted allowing greater water inter-

actions with the increasing carboxylic units present.
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An alternative theory to account for the cepression
in water content, that should also be considered, is that
as thg MAA units are increased, so a preferential
spatial arrangement is attained at the HEM2/MAA £0:4C
(Moles %), where one molecule of water is caompetitively
shared between two or three, possible polymer hydrogen-
bonding sites, thus reducing the water binding capacity
of the system. This type of water-binding has been
reported for the molecule of papain?so}and may also
apply to the results given earlier for acrylamide
and its derivatives.

When the same HEMA/MAA copolymer series was
hydrated in physiological Kreb's solution, very
significant changes in equilibrium water content took
place, as illustrated in Graph 4.6. A reversal of
the above equilibrium water content depression phenomena
is seen, with a massive rise in water content, reaching
a peak of 87.5% at the HEMA/MAA 60:40 (Moles %) composition.
Due to the high buffering capacity of the double-
buffered Krebs solution, a pH7.4 is maintained and
produces ionisation of the methacrylic acid to form
the carboxylate anion. The double-buffer system is

composed of the conjugate acid-base pair H PDa - HPDd

2
(pk = 7.2) and the bicarbonate buffer system

H2C03

buffer system that normal blood maintains a pH 7.4.

- HCO, (pk = 3.8), and it is by this double-

The ionisation effect will by itself produce an
increase in water content, due to disruption of the
polymer-polymer hydrogen-bonding and the hydrophilic

nature of the carboxylate anion. However the major
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rise in water content is mainly attributed to the
interaction between the carboxylate anion and the pre-
dominate cationic specie present in solution, the
sodium cation, which because of its high charge density,
is very hydrophilic.

Water structuring by the solvated sodium-carboxylate
groups will tend to limit the number of Na+ ions that can
enter into the gel matrii?B]This would aopear to be
occurring at thes peak water content HEMA/MAaA 60:40
(Moles %) composition, where maximum hydrogen-bond
disruption, by the above sodium-carboxylate system,
would be indicated. With further increase in the
methacrylic acid content, so the carboxylate groups
would seem to be undergoing reformation of their
interchain hydrogen-bonds as seen for poly methacrylic
acid in Fig. 4.9, and accordingly a drop in water content
is observed. The increased hydrogen-bonding capacity
of the system may be thought of as being due to the
electrochemical constraints imposed on ionisation within
the gel-matrix by the nature of the water structuring
and ionic species already present.

Divalent cations M92+ and C32+ can cause bridging
between adjacent carboxylate anions, leading to a
decrease in water content, however studies by =z number
of research groups, has indicated that divalent ions
of Mg2+ and Caz+ are unlikely to displace the monovalent
sodium ions which are associated with the carboxylate

(154,155)
gQroups, and therefore this problem should not be of
significance.

From the water binding data in Table 4.5 and

illustrated in Graph 4.7, it is of interest to naote
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that whzsre the maximum equilibrium water peak occurs, s2
the non-fre=szirng (bound) water also attains its oeak.
The reduction in wster content fzllowing this ceszk
eqguilibrium water content to 80.6, can be seen to
coincide with a fairly substantial decrezse i~ non-
freezing (bound) uater, together with a rise in
freezing (free) water. Therefore it woulcd seem that
as the equilibrium water content decreases, interchain
hydrogen-bonding is re-established and accordingly the
potential water binding sites are diminished and non-
freezing water content is correspondingly diminished.
This being so, the interchain hydrogen-bonded
carbonyl groups do still represent very weak binding
or attractive sites, which will tend to polarise the
water molecules around them, without binding, and so
they give rise to the increased freezing (free) content
with increasing methacrylic acid content.

The above trends, observed with increasing meth-
acrylic acid content, are not so clearly defined in
the solution polymerised acrylamide (ACM) : methacrylic
acid (NAH)'copnlymers (as illustrated in Graph 4.8).
Before discussing these results, it should be perhaps
pointed out that small 5hange in equilibrium
water content, at very high water content is a more
significant indicator of structure/property effects
than similar < change at low eguilibrium water content,
due simply to the method of derivation of equilibrium
water content. Inherent experimental variations may
however offset the significance of such fine variations

in equilibrium uwater content, and therefore these results
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Graph. &4.7;

Water-binding Data for HEMA/MAA
Copolymers
Water content (%)
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can really only give a somewhat tentative nrzdic:isn of
structure/property effects.,

With the initial introduction of "ethacrylic acid
(one mole %) the deoression of SUC (distilled 'HEO)’ may
be attributed to an increased colymer-polymer hycrozen=-
bonding, as previously cited for bulk polymerised HEMA/
MAA snd ACM/MAA, however, as this trend does not continue,
another possible alternative is that the methacrylic
acid in low concentration, produces steric-disrupticn
of the acrylamide water binding capacity. Subsequent
increases in methacrylic acid content would be
expected to ellicit the hydrogen-bonding-depressed
equilibrium water content phenomena, as oreviously seen
for the bulk polymerised AC*/MAA 40:60 (Moles ™)
copolymer (Graoh 4.5). Due to the inherent very high
hydrophilicity of the neutral poly acrylamide, further
hydration by the sodium carboxylate grouc in physiological
Krebs solution, will be limited by the hycdro-dynamic,
constraints imposed by the covalent, cross-link density,
and therefore no great rise inphysiological equilibrium
water content would be expected. Physiologically
hydrated 2CM/MAA copolymers of the above type, do however
seem to exhibit reduced mechanical strength, compared
to the neutral poly =2crylamid gels, and this czn perhacs
be attributed to the disruption of amine-carbonyl
hydragen-bonds, (as illustrated in Fig. 4.11), a number
of these can normally be expected to exist in the poly

acrylamide gel.
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Figure 4.11 Poly-acrylamide amide-carbonyl hyZdrogen-
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Similar studies on the behaviour of the basic
monomer 2-amino ethyl methacrylate (AEMA), have been
carried out. The structure of this monomer is given in
fig. 4.8, and it perhaps should be noted that this
molecule will be ionized both in distilled-water
(pH 6.5), and at physiological pH 7.4, (due to its
high pK' value), and therefore it will be positively
charged (i.e., cationic). A very small initial rise in
water content both in distilled water and physiological
solution may be seen as disruption of the hydrogen-
bonding of poly acrylamide, following this at the ACM/
AEMA (90:10 Moles %) composition a fall in the water
content may be possibly due to an ionic-dipole interaction
between the carbonyl group of acrylamide and the
quaternary ammonium ion:of 2-amino-ethyl methacrylate.
Possible dipole interactions with the carbonyl group
of 2-amino ethyl methacrylate will tend to be limited
due to the shielding effect of the ethyl group.

This data analysis houwever is somewhat of a speculative
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nature, there being no orevious comparzble work knoun,
to date.

It is perhaps of interest to note a generally
disregarded fact that methacrylic acid will be
significantly ionized even in distilled water (pH 5.3),
due to its low pK' value, and uwater behaving as
conjugate acid-base-pair.

The obvious complexity of ionic monomers structure/
property relationship require much greater study in order
to elucidate some of the above reported findings.

4.4,4 Extent of Cross-linking on Water Content and Structuring

From a consideration of the structural formulae of
the cross-linking agents ethylene glycol dimethacrylate
and N,N' methylene-bis-acrylamide, it should be possible
to predict that the ethylene glycol dimethacrylate
would decrease equilibrium water content more efficiently,
due to its lower hydrophilicity (polarity), See Fig.

4.12,

Figure 4.12 Structures of the Cross-linking Agents
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(EDMA) (msacm)
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This however is no* observed for the copolymers
under consideration in this study, (See Graz> 4.9).
Initially an increase from 1 to 5 moles 7 of ‘he cross-
linking agents concentration, produces approximately
the same rate of change of water content with respect
to the concentration of both cross-linking agents.
Subsequent to the initial sharp decrease in equilibrium
water contents; both cross-linking agents are seen to
be less efficient in further reducing the equilibrium
water contents over the concentration range of 5 - 10
Moles % of cross-linking agent. This decrease in the
efficiency of formation of cross-links with high con-
centrations of the cross-linking agents, would seem
to confirm the idea that, the internal structure of
hydrogels does not necessarily conform to the simple
concept that each cross-link molecule incorporated
into the network structure, produces one independent
craoss-link. Many such cross-links are wasted simply
producing larger chains. Others occur too close to
gach other, and may only serve to extend the region
which will mechanically act as a single cross-1link,
all covalent cross-links in that region acting as one.
Hence many hydrogels react as though they had far feuer
effective cross-links than apparently incorporated
and as though they had much wider interchain openings
('pores') in them, than would be suspected from the
amount of hydrogel substance present. Such effects
would also be expected to modify the surface characteristics
of a gel accordingly. Some confirmation of these ideas
has come from lasar scattering results and some recent

. ; (159)
permeability studies from gels.
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Graph.4.9:
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In the concentiration rznse of 5 - 10 moles <
of cross-linking agents, in fact NyN'-methylene tis-
acrylamide shows a marginally greater efficiency in
depressing the equilibrium water content of the gels.
This may well be attributed to the high free/lou
bound water present in the high water content NyN?
methylene-bis-acrylamide gels and the louw free/high
bound water present in the low water content ethylene
9lycol dimethacrylate gels. Therefore increasing the
cross-link density would be expected to sterically
hinder water uptake by the N,N' methylene-bis-acrylamide
gels, more so than the ethylene glycol dimethacrylate
gels. However an alternative reason in line with the
earlier ideas in cross-link efficiency, concerns the
possibility that ethylene glycal dimethacrylate in
high concentrations, will have a greater tendency,
than the other cross-linking agent, to undergo intra-
molecular cross-link formation (cyclisation). A schematic
representation of this is illustrated in Fig. 4.13. This
will inevitably lead to impérfections in the gel-netuwork
and the apparent homogeneous gel, will contain large
micropores, which do not give rise to phase separation,
possibly because of the low equilibrium water content
and the highly bound nature of the uaterTSEKM) This has
to some extent been confirmed by the reported increased
'pore' size of poly (2-hydroxy ethyl methacrylate),
when cross-linked by high concentrations of ethylene
glycol dimethacrylate (EDNA)Uéi) These polymers were
ascertained to have average 'pore' radii of up to lBAD

for gels of less than 30% water content, whereas normal

poly (2-hydroxy ethyl methacylate) gels with 1 mole % of
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Figure 4.13

SCHEMATIC REPRESEMTATIC" OF 2208585-LINK
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net pore-size distribution.
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<

HEMA:EDMA 85:15 (Moles %)

Non=-isotropic cross-link distribution creates
) ) ) o (1617)
average pore-size distributions of ar 187, Intra-
molecular cross-links (cyclisation) produce significant

effects, due to increased numbers per unit volume and

uneven cross-link distribution.
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cross-linking agent (EUC ~v 4077) hzve average 'oore!
fajii of approximately 41
From the water-binding data available on :the acrylamice:
N,N' methylene-bis-acrylamide copolvmars (5r2ph 4.12 &
Table 4.4), increasing the cross-linking agsnt is
seen to not only effectively decrease the water content,
but to also decrease the freezing water content whilst

=

at the same time increase the non-freezing (bound) content.
This may simply bz attributed to the steric exclusion
of free water by the increasing cross-link density houwever,
as the efficiency of the cross-linking agent decreases
with increasing concentration, so a more marked effect
on the bound water content should be apparent. This
does appear to be occurring, since tne eguilibrium water
content for the 90:10 (moles %) ACM/MSACM copolymer has
only decreased by 81.1%, houever the free water has
decreased by a much larger degree to 63.1%, and the bound
(non-freezing) content has risen to 139.6Y from the
original ACM/MBACM 99:1 (Moles ) copolymer. This is
quite obviously indicative of an increased structuring
of the wvater into the non-freezing type by the N,N'
methylene-bis-acrylamide molecule, and not simply steric
hindrance to the free wzter uotzke. These studies uere
carried out on physiologically hycratecd hydrogels,
corrected for the salt content.

Jater-binding studies have been carried out on
a series of 2-hydroxy ethyl methacrylats: ethylene
glycol dimethacrylate conolymers, hydratsd in distilled

(156)
water in our l=boratories, anc these results are
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Graph. 4.10:

Water-binding Data for ACM/MBACM
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3iven in Sraph 4.11. In these studies attention was

drawn to the fact that the presence of the impurities
methacrylic acid and ethylene clycol dimethacrylate in
2-hydroxy ethyl methacrylate, may effect the bound/

free water content measurements that were obtained.

This problem has previously been @lucidated in this
chapter, and to some extent would bear out these convictions.

From these studies, it was deduced that over the
range between 1 - 10 moles % of the cross-linking
agent, ethylene glycol dimethacrylate, the amount of
freezing water present, is markedly affected. This was
attributed to the increasing cross-link density,
sterically excluding the free water, conversely it was
shown that for the same range no real change in non-
freezing (bound) water was occurring, but that at higher
concentrations of ethylene glycol dimethacrylate, reduction
in non-freezing water did occur.

These observations do show a marked variation from
the bound/free water contents, as determined for HEMA/EDMA,
99:1 (Mole %) copolymer in this project. The raised
freezing content is presumably a direct conseguence of
the hydrogen-bonding interactions, due to the methacrytlic
acid impurities, as previously observed for the HEM:A/MAA
copolymers in distilled water. It should not be forgotten
however that ethylene glycol dimethacrylate is also an
impurity ( £ 5.3 Mole %) and accorcingly an envisaged
'"true' or corrected, bound 2nd free water-binding data
is given in Granh 4.12, uwhere Graph 4.11 is transposed
to the right by the ethylene glycol dimethacrylate

impurity level (taken as A~ 4 Moles ), and corrected
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for the envisaged modifying influence of tha methacrylic
acid content. Diffesrential scanning calorime‘r
measurements on the purified HEMA/EDFA cocolymers has yet
to be undertaken, anc until then the above uoul3 seem

a reasonable working-hypothesis. From this envisageZ
data, the rate of decrease of the bound (non-Freezing)
water is directly parallel with the rate of decrease of
equilibrium water content. This effect occurs for two
reasoné, ane is the increase in cross-link densitiy and
the other is due to the low hydrophilic nature of the
ethylene glycol dimethacrylate molecule. Eventually
this trend disappears at 15 - 20 Moles %, to give rise
to structuring effects due to imperfectizrs in cross-
links, as observed with high cross-linking =acent con-
centrati:n.ussJe&1m}

In concluding this section it should be stressed
that, covalent cross-linking effects are not thes only
type of cross-linking, previously mentioned interchain
hydrogen-bonding, ionic, dipole-dipole and hydrophobic
Van der Waals intefactions are all valid cross-links
and in as much, they will influence the hydrogel
oroperties in a similar, but more transient manner to

their covalent counterparts.

4.5 Permeability

Due to uniqueness of their structure, hydrocels
have a real advantage cver other colymeric materials,
in that, because of their expanded gel netuwork, they
have an inherent oermeability to small molecules. frcm
the point of view of their biomedical applications, such

as dialysis, ultrafiltration, haemoperfusion =bsorktent
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for toxins, crug delivery systems, and low tissue
toxicity (due to prior elimination of artefacts

of polymerisation), their permeability characteristics
are invaluable.

A theory has been proposed, for the permeatiscn of
solutes through 3 water-swollen membranepé3}lt was
suggested that the diffusion of solutes through a
water-swollen membrane can be related to the product
of a pcre size distributicon factor, the free volume
fraction of water in the polymer and the diffusion
coefficient for the solute in pure water. Thus the
diffusion coefficients in the hydrogel membrane (Dh),
and in pure water (Dw), would be related in the following

manners:

%E- = g q2 exp. ["'B (Q2/UFsl) (% - 1) ]

where the term # qp2 describes the sieve mechanism by which
molecules of greater cross-section than that of available
pores (qz) are rejected. UF,l is the free volume of

pure water, B, a proportiohality factor and H is the
equilibrium water content fraction.

Homogeneous hydrogels in which the water is
dispersed isotropically throughout the gel-network do not
therefore behave as porous membranes, but as a randomly
fluctuating system of hydrated polymer chains. The flou
behaviour of methacrylate hydrogels has been shown to
justify a linear correlation between swelling ratin
(1/1-H) and the average paore radiunggnd this relation-
ship is illustrated in Graph 4.13. Pore size in hydrogels

is a theoretical concept, never the less it does enable

the prediction of permeability of a solute molecule, oased
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Graph.ma; Dependence of Calculated Radius on
Swelling Ratio of Methacrylate Hydrogels
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on its size. Towards this enc the copolymesr seriss cro-
duced in this project have been char=zcteriszad, from their
equilibrium water contents (physiclsgical) for their
average pore radius by the above graphical felationshin,
(See Appendix 3).

It should be pointed out that the above derivaticn

of average pore radius is based on the relationship by

(164)
Ferry

r = J—§E7§?_(uhere the term r, defines the average
pore radius, K is the permeability co-
efficient and S is the specific water
content),

and that the pore size may be too small, due to the following
assumptions:

l. The uater flow is determined by Poiseuillet*s lau.

2. All pores are open to the surface.

3., There is no significant amounts of immobilised

or bound water lining the walls of the pores.

Obviously not all these assumptions are vzlid for

hydrogels?el

Using the Ferry equation, ReFGjOPGZ}ascertained

that for a homogeneous poly (2-hydroxy ethyl methacgylate)
0f approximately 397 waer caﬁtent, an average pore '
radius of 3 - S 2% uas evident. “owever, somewha:
anomalously, Haldon and Leeq6nfound that with increasing
cross-linking agent instead of descreasing the pore

L

size, it actuslly increased the average pore rzdius up to

12 192 for s noly (HEM2) gel of less thzn 399 esuilibrium
.. (169)
water content. In =2 more recent report cy Refojo, e

roports on the penetration of large biopolymers (ooly-

122



zaccharides znd protein molecules), intc hyzrogel

networks and also attributes poly (HEMA) =2s Saving pore
. ; o

size af at least 30 A”., The implications of thies an

IS L

b=

the protein adsorption studies carrie? ou:t Zurin

o

project will be considered in the relevant Cha

ie|

ter B.

m

The effects of equilibrium water conten: znd
temperature on dissolved oxygen permezbility through
hydrogels has been reported?ﬁmand as expected cermeability
was observed to increase with increasing water content
and temperature. High oxygen permeability is an essential
criterion for a continuous wear contact lens. ~&n interesting
phenomenonwas observed by the same research grougéabhen
considering the effects of bound (non-freezing)/free
(freezing) water contents on dissolved oxygen permeability
through HENH/STY copolymers. As previously discussed these
copolymers exhibit an equilibrium water content which is
completely bound at approximately 85:15 (Moles <) HEMA/

STY reépectiuely, and in some agreement with this, it

was observed that a rise in the free (freezing) water
content, corresponded well with an observed vast increase
in permeability (See Graph 4.14).

Other permeability studies on hydrogels have
attempted to ascertain their applicability in the field
of reverse osmosis membranes. In this application the
hydrogel must function as a2 semipermeable membrane allowing
only the tranmsport of water, while rejecting any dissolved
species, which in the case of desalination, the best
known example, is sodium chloride. This can be achieved
by the correct combination of hydrophilic and hydrophobic

monomers, to attain a near totally bound water content,

with high equilibrium water content. The most successful
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Graph.4.14: oxygen Permeability of HEMA/STY Copolymers
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material to date, for both reverse osmaosis and kidney
dialysis, has been cellulose acetate, with an equilibrium
water content of 15% and a freezing water content of

(153)
less than 1%.

Copolymers of HEMA/EMA have shown very good salt
rejection as the ethyl methacrylate content is increased,
giving greater than 99% salt rejection, but with lou
water Flux?gnHoueuer on the basis of the results obtained
in this project for the HEMA/EMA copolymers, (Table
4.3), very lou freezing water contents and relatively high
equilibrium water contents, as compared to cellulose
acetate, were obtained. This is undoubtedly due to the
improved purity of the 2-hydroxy ethyl me%hacrylate
preparation.

Although water is a necessary criterion for hydrogels,
it would appear that it is the way in which the wster
is structured, that is to say the ratio of Sound to free
water, which will ultimately determine the permeability,
for a given pore size.

”

4,6 Mechanical Properties

For most biomedical applications of hydrogels, their
inherent mechanical weakness, makes then an inappropriate
choice of material., This disadvantage may ﬁo some
extent be overcome by (radiation) grafting the hycrogels
onto a strong supporting material. It has been suggested
however that the low elasticity/rididity moduli exhibited
by hydrogels is a prerequisite for goocd blood compatibility,
and also it is a necessary criteria for their applicatian

: . (168)
in soft tissue implants.
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One barticular ciomedical zpplicztion in which

grafting is unfeasible, is in the field of sa’= contact

lenses, and it is in this field that the mecharical
properties of hydrogels ares most imcortant. In relation

to soft contact lenses, although tensils strencth is

relevant to the general durability 2nd resistance to

m

handling of a hydrogel, the shear and compressivs
forces due to eyelid motion, produce a quits Z2ifferen*
type of deformation. Indentation work under eyelid lo=2

-2 16
conditions (2.5 «x 104 dynes. cm 2?.9}

has shoun =
correlation with clinical studies. Although the ideal
elastic behaviour exhibited by synthetic elastomers,
under these low loads is preferable, appreciable
deviations from this situation still produce acceptable
clinical behaviour. Thus materials whose deformation
characteristics are more time-dependent, exhibiting
'damped' curves, produce acceptable visual stzbili‘y
levels in lenses, provided that the overall deformation
is not larger than 2 um deformation under eyelid load,
3s seen with poly (HEMA) lenses. Hydrogels whese de-
formation behaviour is characterised by large (v Sum)
and rapid initial deformation give rise to lenses whose
visual stability is unscceptable. Such behaviour is
typically associated with hydrogels of fairly high
equilibrium water content (> 50%7) and low '=ffective' cross-
link density. This 'effective' cross-link density is
governed not only by the conventional covalent cross-
links, but alsa ionic, hydrogen-bonding, Zisole-dipole
and hydrophobic-Van der UWaals interchain-int=racticns.

The general inverse relationship bYetween decreasing
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mechanical strength and increasing eguilibrium water
content, can therefore to some extent be of set Sy the
above interchain interactions. Strong hydrezen-bonding
characteristics of the neutral acrylamide and its
derivatives thereof, together with N-vinyl pyrrolidone,
makes high water content gels with comparable strength

to poly (HEMA), a distinct possibility. Previous work

by Dusek and Janacek?okound thzt by increasing the

amide content of copolymers of 2-hydroxy ethyl methacrylate,
with acrylamide and methacrylamide, high water content
gels with comparable tensile strength to that of poly
(HEMA), were formed and this they attributed to hydrogen-
bonding. In more recent studies concerning the
development of continual wear lenses in gur own
laboratories by I. Middleton and in conjunction with
Kelvin Lenses Ltd. (See Chapter 7), much improved
deformational characteristics over and above

those shown by poly (HEMA) have been attained as ill-

ustrated in Table 4.6

(See overleaf for Table 4.6)
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Table 4.6 THE INFLUENCE 0F HYDROGEN-230%DING ON DEFQRMATICN

(155)
CHARRCTERISTICS

Hydrogel Monomer EWC 2 Mass Fof. Force (dywes.cm-2)
Composition Ratio 7 F“dezg§ma“l°” for 24m indsntation
HEMA 100:0 39 0.108 1956
HEMA/DAACH 50: 50 27.5 0.278 273
HEMa/D2ACH 67:33 26.4 0.284 279
HEMA/MACM 67:33 39.6 0.339 3332
HEM2/MACM 75:25 3642 0.531 521
HPA/ACM 67:33 71.3 0.679 666

These much improved mechanical properties observed
with the strong hydrogen-bonding non-ionic copolymers has
allowed the formulation of hydrogels with the requisite
high water content, high oxygen permeability and
mechanical stability, necessary for a continual wear soft
contact lens, (for further details see Chapter T »

Differential scanning calorimetry studies in our
laboratories, on the water-binding properties of hydrogels
have alsao observed marked changes in mechanical properties
(tensile strength, rigidity modulus, tear strength),
with changes in the bound and free water contents.
Increased deformational behaviour is seen with high
freszing water content gels, due to the very goc:
glasticizing properties of free water. Generally ths
higher the bound water content for = particular
equilibrium water content, then the greater the mechanical
properties exhibited. This is a conseguence of the fact
+hat those polymers exhibiting good water binding properties

also possess good polymer-polymer interactions and thereby
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increase their strength. There is also a very real
possibility that bound water, fixes the polyme: chzin
and prevents chain rotation and thus reduces the strain
on any polymer-polymer interchain-interacticns, =2n< therety
stabilises and effectively increases the mechanical
strength of the polymer.

The hydrogel compositions used in this project
have been assigned comparative strength values, based
simply on physical examination, and these are civen in
Appendix 3. UWhat is apparent from this classification
is that the anionic methacrylic acid, far from incfeasing
the strength, (uwhen physiologically hydrated), due to
its strong hydrogen-bonding capacity, has infact de-
creased the strength. It should of course be noted
that this decrease in strength is accompanied by a
vast increase in water content. DOimensional instability
has also been attributed to methacrylic acid uwhen
subject to changes in temperature, due to autoclauingfs}
It would therefore seem that the biomedical use of
compositions containing methacrylic acid or all anionic
monomers, should be severely limited, until full knowledge
of their behaviour is known.

The unexpected high strength exhibited by the N-
vinyl pyrrolidone : ethyl methacrylate 75:25 (Moles %)
copolymer has been attributed to strong interchain
interactions and a very high bound water content.

This is perhaps not too surprising when one con=-
siders the structure of the N-vinyl pyrrolidone, Fig.

4.5, comprised of a hydrophobic alkyl ring and very

strong dipole moments on the oxygen and nitrogen atoms.
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Very powerful hydrophobic-Van der Waals, cipole-dipole
and hydrogen-bonding interactions, would be expected
betueen these groups and the ethyl methacrylate molzcule,
and the commensurate incrzased mechanical st rength woul“
then be expected. Houwever, one other possitly somewhat
speculative alternative exists and this is based on the
low reactivity ratio of N-vinyl pyrrolidone. If

during the polymerisation process only a small 7 of the
N-vinyl pyrrolidone enters into reaction with the

ethyl methacrylate, block copolymers of ethyl meth-
acrylate will occur, interspersed with a few N-vinyl
pyrrolidone molecules. 0Ouring the later stzges of the
polymerisation and the post-cure procedures (as given

in Chapter 2), this primary polymer network will

be effectively swollen in the excess N-vinyl pyrrolidone,
and this may then allow a secondary N-vinyl pyrrolidone
polymer network to be set-up within the primary network.
Thus a low hydrophilic polymer network with its merits of
good mechanical properties will have its network inter-
spersed by a very hydrophilic polymeric netuwork, held
together by simple physical chain entanglement and/or
chemical interactions.

This is known =2s an interpenet-ating polymer
network, and several workers have cemonstirated en-
hanced mechanical ,r.Jch;:Jerties{,ﬂir together with high water
colnter'lts(:I )

Obviously comcositions of the above type require a

far greater in-depth study, which is outside the scoce of

this project.
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Lastly with regards the cocolymers of “EVMA/I0fa,

1% was previously costulatsz *ha

cr

imcerfecticns in zZel-
network occur with increasing cross-linking =zent,

due to non-isotropic distribution of the cross-links

(by 2 mechanism oroposed in Chacter £.3.3). ficro-
indentation studies were carried out in our lakoraicries
which established that with increasing cross-linking
agent concentration, so 2 proportional rise in strength
was exhibited. This would seem to indicate that although
these cross-links are not evenly distributed throughout
the bulk, they can still effectively raise the total
bulk mechanical properties. Alternatively the increase
in strength may be attributable to the rise in the bound
water to free water ratio, exhibited by these gels with
increasing concentration of cross-linking agent.

4.7 Hydrocel Surface/Interfacial Properties

Traditionally the surface of a material is con-
sidered as a geometrically abrupt change from the interior
substance to the external environment, however in reality
a hydrogel interfacial zone would be no more sharply
defined than the mean distance between cross-links in
the bulk. The region between these cross-links, at
the gel 'surface' is composed of freely coiling chain
segments, which terminate at the gel surface/interface,
effectively smoothing out the coarse grain of the cross-
link density distribution. 1In general it is these mobile
chain segments coupled with the constraints placed cn
their mobility to rotate, by the cross-1link density

distribution, *that will ultimately govern their surface/
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interfacial properties. Dependent on the environment
with which they interface, these mdbile chain segments,
will when possible, attempt to rotate to minimise the
interfacial free energy of the system. Their ability to
do just that will be as a direct consequence of the
constraints imposed on these interfacial chain segments
by the bulk properties, as characterised by water con-
tent and water-binding-studies. In turn their ability

to attain this minimal interfacial free enerqgy, will
determine just to what extent the interfacial water will
be structured. The implications of these bulk properties
to the measured hydrated surface/interfacial properties
will be the subject of discussion in the subseguent chaoter.

4.8 0Optical Properties of Hydrogels

In brief the necessary optical criteria that a
potential soft contact lens must fulfill are:

1, It should swell in uwater, isotropically, toc form
a homogeneous gel-network, in order that no microphase
dispersion occurs, which would lead to diffraction and
translucency.

2. It should possess a similar refractive index
to that of the cornea (i.e., 1.37).

3. It should possess sufficient mechanical pro-
perties (that mimic the cornea), and be able to resist
the deforming forces of the eyelid during the blink
cycle and yet b2 elasticelly deformable zand ranicly
recoverable in order to mirimise mechanical pressure
on the eye and avoid visual instability.T”Uisual acuity

of such lens systems will genesrally aluays be slightly

inferior to those achieved for hard lenses and spectzcles.
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Loss of visual acuity and increasing wearer discomfaort
Nas been reported with soft lenses, due to *he build-
up of proteinaceous depnsitSFTMThis latter problem will
be looked at in more detail in Chapter 7.

All compositions synthesised fcr this project
were transparent, except for the solution polymerissd
poly (diacetone acrylamide), which appeared opaque cue
to microphase separation.

4.9 Biocompatibility Properties

Various methods for the attempted determination
of this parameter have been.giuen in the introductory
chapter. It is really a very indistinct property, but
to some extent it may be thought of as a composite
Function of the afore-mentioned hydrogel properties,
hydrophilicity, permeability, mechanical strencth and
probably the most important aspect, the surface/
interfacial properties. However to date, a physical
measure of biocompatibility is possible only by comparative
tests, which leave much to be desired, and therefore it

remains a somewhat intangible property to evaluate.
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CHAPTER S

CHARECTERISATICH CF HYCRATED SURFaACes

5.1 Intrnduction

Important differences have besn chserve? Seiueen
the surface characteristics o7 hydrated and dshydrat=d
palymersj?mSince both surface and interfacial tensians
are free energy properties, they will tend to minimise
through molecular orientation and this is narticul=srly
evident when considering hydrccels with mixed polar
(hydrophilic) and apolar (hydrophobic) surfaces. In
the dehydrated state the surface free energy is minimised
by the orientation of low energy methyl groups touwards
the vapour phase, and the high energy polar groups
towards the hydrogel interior, due to bulk inter-
actions. Increasing the alkyl side chain length will
tend to raise the surface free energy due to the
surface presence of slightly higher energy methylene
groups. It can be appreciated that these orientations
will be markedly altered when considering hydrogels in
an agueous environment. As previously méntioned in
Chapter 4.2, hydration of apolar (hydrophobic) groups
is thermodynamically unfavourable and in order £o
compensate the groups tend tc undergo hycrophobic -
Van der Waals interactions, tc minimise their interface
with the nolar aqueous environment. A2ccordingly when
hydrogels are ir an zqueous environment, the majority
of apolar groups will be located within the bBulk andg
similarly polar groups will tend %to orientate zwzy

From the bulk.
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It should be remembered houever, that the atove
will be reduced by a factor dependent on the amounts of
bound and free water present within the hydrogel bulk.

The surface/interfacial free energy of a hydrogel
will be determined by the orientation of the polar/
apolar composition of the mobile chain segments near
to the surface. The ability of these chain segments
to undergo orientation to minimise interfacial free
energy ( ¥s.), will be directly related to the con-
straints imposed by covalent cross-iink density and
other bulk interactions (i.e., hydrogen-bonding, dipole-
dipole, ionic and Van der Wazals interactions).

A number of workers have attempted to cqrrelate
critical surface tension ( Xc), and surface polar
(X: ) and dispersive (X: ) components with biological

- (176,177)
interactions of dehydrated polymers, but as seen from
the afore-mentioned section, the little success achieved
in these studies is understandable. Therefore contact
angle methods which take into account the presence of
an aqueous interface in a biological environment, may
be of more relevance to biomaterial surface energy
evaluation, and especially when considering hydrogels.

(178,179) ) _
Two such techniques, the '"Hamilton' and 'Captive 2ir

Bubbfg?:szaue been developed, and normally these two
techniques will enable the polar ( 3;) suface companent
and surface wettability, respectiﬁely, to be determined.
Surface wettability is a composite function of both
dispersive and polar surface components =2nd therefore

(183) .
by a theoretical consideration, to be given later, the

two techniques may be combined to determine the totazal
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d
surface free energy (¥s ), dispersive component (¥, )

and the interfacial free enercgy (XSL) for the hydrste

L

surface.

The proposed characterisation o hydrogels by the
protein adsorption studies, cutlinec In Chacter 2
necessitated the use of a physiological 'like' environ-
ment to maintain the proteins in as near a native
conformation as possible. Therefore in order to estzblish
any possible relationship that may exist between protein
adsorption and hydrogel surface/interfacial chemistry,
all hydrogel surface measurements were taken in ohysiological
Krebs solution. From previous published results by Hoff-
man et aluﬁgnd Van der Scheer et angﬁj;uas detertired
that insignificant changes in contact angle data occurs,
when measurements are taken in either distilled water or
a physiological 'like' salt solution and that no significant
. change in surface free energy (X“) with increasing salt
content, would be expected for a neutral polymer. Uhile
no attempt has been made to verify these findings, (and
they have been assumed true) this study has been sclely
concerned with those hydrogel properties exhibitec in
a physiological solution and confirmation of their
validity is therefore inconseguenti=l, as regards this
study.

nlthough traditional surface chemistry measurement
techniques, have been found inappropriate for the
evaluation of hydrated surface characteristics, the
fFundamental theoretical derivations of surface chemistry
from contact angle measurements, remains valid for
hydrated surfaces. Therefore it is apparent that some

knowledge of these theoretical derivations is necessary.
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5.2 Derivation of Solid Surface Free Enercies from

- Contact Angle Measurements

When a drop of liquid is placed on a flat solic
surface, it may spread completely over the surface,
or more likely it may remain as a drop having a definite
angle of contact with the solid surface, as illustrated
in Fig. S5.1. Assuming that the various surfzace forces
can be represanted by surface tensions acting in the
direction of the surfaces, then, equating the horizontal
components of these tensions yields the Young ecuatiogag

Yoo Ssi = Bv-c0sB L iLiiiiiiieeeene.. (1)

Dupréi?7gemonstraged that the worx of adhesion (Wa)

could be defined in terms of Young's eguztion:
Was Yok By whisesssssusssnssvirsas 02)

Combininé equations (1) ancd (2), in terms of the
interfacial tension, yields the Young—Dupré equation:

Wa-3,= B cosO= gsv_‘gsl_.......... ()

This well known formula is based on a twc dimensional
horizontal force balance at the point of contact, assuming
the system is in equilibrium. There are two experimental
systems for measuring contact angles, liquic/air/solid
systems and liquid/liquid/solid systems. Estimation

X

[[]
mn

of solid surface free energy ( 85) from contz2ct an
measurements presents oroblems, because this can oanly
be achieved for a solid in a high vacuum. The differsnce
between solid surface free energy ( 3s ) and the solic-
vapour interfacial free energy (stj is known 2s the
equilibrium spreading pressure (Ke ):

Re = XS-XSV e EEEEEE S U e LA

and

\35 = svt ’K?— = BLV-COSG + y;s‘*ﬂ......... (g)
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Jith low energy solids, such as polymeric materials
it has been shown that the equilibrium spreading preésure
(T;,), tends towards zero, when the ligquid forms a finite
contact angle on the solid surfacegael

Since the solid-liquid interfacial free energy (Xg)
is generally not measurable, the best expression is

given by:

%5 x¥3,= X|_\,'.u:f.'nsg+ 35._ RO W < )

(see overleaf for Figure 5.1)
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Figure 5.1

VECTDR COMPENENTS DF SU2FACE F2EE TNERCY

L

vaPouR (V)

5 LITUID (L)

Sv SL
e R R R R RN R AR R R R LR
soLIn (s)

XLV= Surface tension of the liquid in eguilibrium with

its own vapour.

oL
[
4

I

= The interfacial tension of the solid-liquid
interface.

st’= The solid "surface-tension" (“ree energy

per unit area), in esguilibrium with its ouwn

vapour, plus the vapour of the liguid.
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S¢.3 Critical Surface Tension

. (189-192) " .
Zisman et al, proposed the "critical surface

tension of wetting", ( J.), as a measure of solid surface
free energies. 1In this technique the contact zngles of
a homologous series of ligquids are measurad on 2 solid
polymeric surface, and a plot of the surface tensions

( XU) of the series of liquids against the cosinz of

the contact angles is then made. Extrapolation of *he
graph to cos® = 1 (i.e., © = 0°) is made, and at this
intersect point a value for the critical surface tension
( yc) is obtained, as illustrated in Graph S5.1. The
critical surface tension of wetting ( Xc) is the
theoretical surface tension (surface free energy), of

a hypothetical liquid which will just spread on that
particular solid surface. Variations in the values of
critical surface tension will be obtained if different
series of liquids (i.e., polar or apolar), are used,

and it is therefore reasonable to assume that the liquid
series most "like" the substrate polymer surface, will
yield the most accurate and realistic estimation of
critical surface tension (XC') (See Graph 5.2).

This technique represents the best documented
approach to characterisation of solid surfaces, however
it is applicable only to dehydrated solids. Therefore,
aithough this technique may be applied to Xerogels
(dehydrated hydrogels), it will not give a true indication
of the hydrated-surface characteristics exhibited by

hydrogels.
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S.4 Components of Solid Surface Free Enerqgy

o (193-195)
Girifalco and Good , developed a molecular theory

for work of adhesion (Wa) (free energy of adhesion) basecd
on the geometric mean of the free energies of cohesion
of twuo separate phases:

Moo= doe ¢ ¥ o ¥ = 208 Y07 e (D)
This equation was found to be inadequate for polar
force interactions across the interface and so wuas
improved accordingly:

Wa= ¥, + ¥ -8 =28 (X,_\,.XS)% ceeeeas. (8)
where the bonding efficiency factor (4) is equal to the
product of B, - g, (uhereA= Attractive inter-
molecular interaction parameter and Vv = Molzr volume of
the two phases)

The term ﬂg may be expressed as the geometric
means of the polar (P).a”d dispersive (d ) fractions

196)
of the energy density of the adjacent phases:

1

ﬂp. = (CL.A?_)% + (Fl'Pl)_z e s 000 (9).
Generally it is assumed that the molar volumes
of the two phases are roughly equal and therefore ﬁv

tends towards unity. Thus equation (8) may be rewritten as:

Wa=  2( gw_ }15)% ((4.,42)5’ - (P,,Pl)']f) avesss (207

197
Independently to this Foukeé, guggested that fog

liguid-liquid or liquid-sclid interfaces, across which
only dispersive forces were significant, the work of

d
adhesion (WA ) was equal to:

d d yd o &
WA= Z(X'.Xa)z LI I I T T I T I T T (ll)
_which fa2r a liquid-liguid interface: ; ;
d
wA = (8[_\()1"‘ (3|_v}2_ - yl_‘j_/;g_ = ?((XLV)1°(\6LV}£ }i R (12)
and for a licuid-solid interface:

4 et wdiold
WA:' XLV*- xs—' SL:‘:(BLV-XS}‘ s e e e (l

(A

)
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Using this knowledge a number of liguids hzave bheen

characterised into

where:

d P
Xva XLV+ 3Lv

LI I IR A I ]

their disoersive and polar compznents

Some examples of which are given in Table 5.1.

Table 5.1
Dispersion and Polar Contributions to some Liguid
Surface Tensions (T = 20°¢)(1981%)
7 -
‘81-\1 XLV Xl.\(
I dynes. dynese. dyngs.
S cm,-1 cm. 1 cm 'ﬁ'
Water 72.8 21.8 51.0
Glycerol 63.4 370 26.4
Formamide 98.2 39.5 18.7
Methylene lIodide 50.8 48.5 2.3
N-Hexadecane Zd =8 27.6 0.0
N=0Octane 218 21.8 0.0
Carbon Tetrachloride 27.0 27.0 .0

The work of adhesion between a liquid and a polymer

will often have both polar and dispersive energy com-

ponents,

and others,

to account for this Owens and Uendt,

(196,199,200)

have evolved an eguation:

Wy = XLV‘*' XS - 85; = 2( Xivﬁi)% 2y X:,‘,Bi)% ceeas

Kaelble

This equation can then be applied to the Young-

Duprg equation (3), to yield:

cos B, v = 2( yi,.

d\%

5 /

+ Z(X:v.ﬁg)%

[f contact angle measurements are now taken for

d P
5 series of liquids (of knoun BLvand XLV), on a solid

surface, the dispersive and polar components of surface

free enerqgy may be deduced.
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are generally chosen for this task, znd often these will
be purified water and methylene iodidé?on tgain, as with
the Zisman derivation of critical surcface tension, the
above technique is limited to dehydrated surfaces.

Total surface free energy ( 35) of a polymer can
be further sub-divided up into ioﬁic (X; ), hydrogen-
bonding (X; ), dipole-dipole and dipole-induced dipole
( 32) giving: . 3 .

};)5 = X:+ 85 - Xs - Xs v GLE)

Hydrogen baonding and polar interactions are basically
similar and are generally combined in 32 to give:

P d i

35 = Xs + xs + 33 cecececesacsseas-(18)

The work of adhesion in such a situation is
given by: J »

4

w= 203 8ot w208 ¥+ Toli.. (o)

It can be seen that this last term l,, complicates
the separation 6f surface free energy terms when the
ionic interactions contribute:.significantly. Generally
the ionic forces (I:L) are ignored in the literature,
since most polymeric solids exhibit neutral characteristics,
and their small ionic content, due to impurities, will

. . (202)
not contribute significantly.

178,179
5.5 YHamiltcn's Techniqu; /

The experimental procedure for this technigue has
been outlined in Chapter 2.

Hamilton proposed the contact 2ngle measurements aof
small dropolets* of n-octane at a solid-water interface, =as

illustrated in Figure 5.2.

. . . (183)
1gsumption that gravity is negligible for small droclets.
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To which he applied the following theaory:

include stabilisation at the interfzce by non-dispersion
forces:
d d 1
Ysl.: Hs'!‘ 8’-—\/- Z(YS‘ XLV)E iy I.SL""". (20)
Stabilisation by polar forces
P 4 X
ISL= 2(88.XLV)2 ® & & 8 0 3 % 8 & 8 & B 0 e e " a0t e (21)
¥, -1
The 8,y for n-octane and water (i.e., 21.8 dynes,cm, )
are fortuitously the same, and these effectively cancel
the sguare-root terms in E£qg, (20). Hamilton combined
£q. (20) with Young's Eq.(1l), to derive an expression
for the polar stabilisation parzmeter ( Jg,)
_ \
Ism" L.JV—XOV-XOU"EOSG * s s 80 08 a8 s (22)
By solving the above Ec. (22) fcr Isw: the polar

P
surface companent (ﬂs ¥ may be determined from Eqe (21).
-1

Hamilton attributed a value =2f 51.& dynes. cm

h}gmn (the surface tension of n-octane saturated water)

(204)
however this has been disputed by El-Shimi and Goddard
1183, 205) YN
and others, who stated that the value for dwv, is
5

very close to the value for pure water, 72.8 dynes. cm,” .
Solubility of n-octane in water is less than 1 ppm and
accordingly it is assumed thet- d;ﬂﬂ Xmu (72.8 dynes.
cm.'l).

4 calibration curve for the Hamilton technique
was cons:ructed, using the value of 72.8 dynes. cm. "1
or va(Sep Craph 5.3). -It should perhaps be pointed out,
that often even the contact angle value is utilised in
ranking surfaces in order of increasing polar component
(i.e., the nearer 8 is to 180° the more polar will be
the surface).
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Figqure 5.2

HAPTLTON TECHNICUES SURFSLE FRES ENESZY HEECTCAS

'solid' (s) (Hydrogel)
YA AR L
Sw
So

Jater Lu)

4,

w

Figure 5.3

CAPTIVE AIR BUBBLE TECHNIGUEs SURFACE FREE ENERIY

VECTORS

'solid' (s) (Hydrogel)

MR AR R W A
Usy =

Air

(v) -

Water (w)

ng= solid-wuater interfacial free energ

Bga= solid-0il interfacial free energy

30w= oil-water interfacial frze energy
Xsm BSV = solid surface free energy

va= surface tension of uwater (free energy)
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= . L ) (180-182)
«5 Captive fir Bubbles Technigue

ul

The standard experimental Drécedure For this technicce
was outlined in Chapter 2.

When making a contact angle measurement with
hydrated hydrogels or biopolymers in air, protlems are
encountered. O0One of the main problems is ensuring tha®
the surface does not dehydrate, whilst at the same time
rec-oducible efficient removal of surface films of water
must be obtained.

The phenomena of hysteresis has been encountered
in measurements made by the above madé306hhich have been
attributed to the ability of hydrogels to change their
free energy by reorientation of the polymer side chains
and chain segments depending on the adjacent phase. This
phenaména may in some part be due to the problems of de-
hydration, however it is also possible that the kinetics
of gel-deformation?eﬂmay also plzy a part. This later
problem is seen to occur with low rigidity moduli hydrogels
and high surface tensioﬁ liquids.

The advantages of the captive air bubble and
Hamilton's techniques over the above traditional contact
angle methods is that the gel surface is fully hydrated
and may be placed in either distilled-uater or a
physiological solution to perform the measurements.

A1so in the conventional method the composition of the
vapour phase and its interactizn wuith the solid,presents
~roblems, however, these praoblems are eliminated using
the captive air bubtle technigue.

The contact angles measurements from this technigue

149



give a2 valid comparativa measure 37 surfzce yetitabhility
which is a composite furnctian of the surfacs Zispersicn

2nd polar forces. The surface tension faocces 2t clay

are illustrated in Fig. 5.3.

5.7 Theoretical Derivation for =2ydrogel Suc-®ace/Inter=-

. X P d X
facial free Enercy Comoonents, Osv , Osv, Osv , Sw.

Hydrogels are of considerable int=rest as Slood
=nd tissue interfacing materials =2nd Fz2r many other
biomedical applicationé?k}They also sre of interest as
models for the study of cell surfaceé?” S5tudy of hydrogel
systems should enable the 'minimum interfacial Ffree
energy’ hypothesiéshsﬁfor protein adsorption and bio-
compatibility to be tested. This hypothesis, however
is dependent on being able to measure the interfacial
free energy and on the ability to prepare hydrogels with
differing gel-water interfacial free energies (ng)°
The hydrogél—aqueous interface is a very difficult
subject to study, and the conventional classical
surface chemistry assumptions do not =zpply. Houwever,
captive air bubble and Hamilton cantact angle data can
be used to estimate st, X;L, Bﬁv and Ogy, for the
hydrogel-aquesus inter?aceqsa)by the follouing
theoretic2l considerations. Zefore embactking on this
i+ should be rzmembered from Eqg. (&) that 35Q3 st
when 1(3 is tending towards zero, however it would seen
more appropriate for a hydrogel, :to consiger >gv' Secause
35 has no physical significance for the experimental
ﬁonditicns. Boeprsgdingly; BLV has beer substitutez
in the equations orevicusly written as ys-

“rom Young's Eq. (1) we have

}Jsv" Bsw"' va-cosg\ (uhere gsi_: ysw}
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Taking the vzlue of yuvto be 72.% dynes. cm -1
at 20°C and 9\ is the captive bubble contact angle,
20plication to Eg. (1) yields ( X&K'YSu)t kacun as
the z2dhesion tension. Application aof *the %rea:ments
used in the derivation of the Hamilton Eq. [27),

gives the polar stabilisation parameter

ISu)= Xuv- XOV —Xow_cose........-... (2?)

: 198,199
Using the data supplied in Table 5.f a#d

elseuhere“aﬂ we have

va = 72.8 dynes. cm 71., gov= 21.% dynes. cm.”%
and Xmu= 51 dynes. cm.-l

Eq. (22) then becomes

Jeu= 510 (1 = c05B) eevernernenannas (23)

Thus the polar stabilisation parameter (Isw)’
also known as the polar work of adhesion, may be more
easily derived.

From Eq. (15) for the work of adhesion, an.
expression for the adhesion tension ( }Lv" Xsw ),
derived from Young's Eg. (1) using the captive air
bubble technique can now be given:

( BSV X‘?w = 2( X.<>‘v° Hmv)z * 2(\&.5\!- Luv - Xuv ceeee (24)

The above Eq. (24) may be simplified somewhat by

i
2

the substitution oF‘ISwFor the polar cgeometric mean

expression, as previously seen in Eqg. (21), to give

¢ W - W) =3 }f:\,, va) # Loy - Yoy ceveveeens (25)
To derive the dispersive comoonent ¢ 3:) of the

hydrogel, Eg. (25) may be transposed to give

ysdv _ [( dsy - stm( )Xw-.fsu . Sty ] 2

. 8 P e 8800 (26)
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P
The polar component (st) of the hydrogel surface
free energy (st) can now be simply derived by trans-

‘position of Eg. (21) to give
P

2 P
Yoy = Lou 704 ¥uy) vevnernenneennnnns (27)
Computed values for ( BSU- Xsw)! ISM, yﬁg, ng

quand ng are given in Appendix 4.

5.8 Results and Discussion

S.8.1 Surface/lInterfacial free enerqyv compzrisons for

the Hydrophilic/Hydrophobic Conclymer Svstems

All contact angle data so derived from the captive
air bubble and Hamilton technigques, together with the
computed values for surface free energy components
( XW, Y:V, 8:\; ) and interfzacial free energy (3&,),
are given in tabular form in Appendix 4. Jhere necessary
this data will be reproduced in the text, however,
generally the discussion will be aided by reference to
graphical representations of this said data.

It should also be noted that unless otheruwise
stated, the results and discussion will refer to those
measurements derived in physiological 'Krebs' solution.

The contact angle data derived purely from the
captive air bubble technigue, by itself gives only an
indication of the comparative wettsbility (hydrophilicity)
of the various hydrogel surfaces. It is 2 measure of both
the dispersive and the polar components of surface free
energy, of these hydrogel copolyme: systems., What X
does not do houwever, is tc give a value to these can-

ponents oOr to differentiate Sestuween ther.
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In order to study the effects of monomer structure
and composition on the wettability of the 2-hydraxy ethyl
methacrylate copolymer series, a plot of captive air
bubble contact angles against monomer compositicn was
made, as depicted in Graph 5.4.

As can be observed from the graph, additiaons of the
various adjuvant monomers to 2-hydroxy ethyl methacrylate,
leads to some very complex permutations of wet*ability.
Considering the hydrophilic/hydrophobic compositions, it
is perhaps not unreasonable to assume that additions of a
hydrophobic type constituent to a hydrophilic one, would
lead to a progressively diminishing wettability, with
observable increasing contact angle. It can be seen
houever, that for the HEMA/STY copolymer compositions,
initially the addition of a small 7 of the very hydro-
.phobic sfyrene molecule, tends to sharply increase
wettability, reaching a maximum at HEMA/STY 95:5 (Moles 7).
A further small increasepin styrene content, ellicits an
equally sharp decrease in wettability, up to the HEMA/STY
85:15 (Moles %) composition, where after a small rise
in wettability, is followed by the expected trend of
decreasing wettability with increasing hydrophobic content.

This pattern of behaviour is to some extent repeated
in the Hamilton data (See Graph&S5) and although.for the
HENQ/ST? copclfmers, the pattern does seem more complex,
generally the trends are commensurate to those nbserved
for wettability.

surface/interfacial free energy data for these

hydrophiliC/hydrUpthic compositions are reproduced in

Table 5.2, from fppendix 4.
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From this data it can be seen that the shzrp increase
in wettability observable with the HEMA/STY 95:5 (Moles %)
i P
is attributable to 8&:= 24,7 dynes. cm, . and E;¢= % N

dynes. cm. giving a raised total surface free energy
(xsv) of 62.4 dynes. em .~ 1. Similarly the subsequent drop
in wettability, seen with HEMA/STY 85:15 (Moles %), is
attribgtable to a very low dispersive comgonent (qu) of
1.5 dynes. fgm,-l and a high polar component (ng) of

42.1 dynes. -cm}fl; giving a total surface free energy

of 42.1 dynes. cmfl ” As would be expected it would seem
that wettability is .directly related to the surface free
energy of the hydrogel ()év), however it is perhaps
somewhat anomalous that very high polar components (Xi;)
coupled to a very low dispersive component (Siﬂ, do not
raise the wettability. |

When palar (8:,) and dispersive (X;,) companents are
plotted against the 2-hydroxy ethyl methacrylate copolymer
compositions, as depicted in Graph 5.6, a large disparity
betwueen these components, does seem to correspond well
with decreased wettability. Conversely, when the components
B;{and X:,are tending towards each other, increasing uett-
ability is generally observed for most copolymers.

IJhat is perhaps even more interesting is that where
the aﬁoua trends for the poiar snd dispersive components
exist, corresponding maxima and minima for interfacial
tension (free energy), are also observed (See Graph 5.7).
This is not really very surprising when one considers

that water uwettability is a measure of the interfacial

tension (>Lu)'
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Graph.S 6. Components of Surface Free Energy (¥ P

dynes.cﬁﬁ

sv’

3

(Hydrophilic/Hydrophobic Compositions)

K

_...E_Yf'- cf. Graph 5.4.

75 50 25

H.E.M.A.(Male%)
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The relationship betueen surface free ensrgy
and interfacial tension (free energy) ca2n be descrits= =s a2
composite function of the r=ztio between the oroducts 3¢
the surface polar (XEV) and dispersive {Xiv) free energy
components and the total surface free erergy (BSV), (is8e,

X;r Xi/ Sﬂ). It can be seen from Graph 5.8, that althgugh
some scattier is observed for the HEMA/STY caompositians,
generally the hydrogels exhibited interfacial tensions
in fairly close agreement with the above relationship.

The interfacial free energy changes observed in the
2-hydroxy ethyl methacrylate:styrene copolymers with
increasing styrene content can be explzined, bssed on
the bulk constraints imposed on their surface chain
segment reorientation.

With the HEMA/STY 95:5 (Moles %) composition,
it would seem that the addition of the styrene has dis-
rupted the bulk hydrophobic - Van der Jaals and dipole-
diﬁole interactions of poly (HEMA), and in so doing has
reduced the bulk constfaints to chain rotation thereby
allowing a reduction in the interfacial free energy.

With further increase in the styrene content of these
copolymers a large rise in interfacial free energy is
observed. It has previously been discussed in Chapter
4, that increases in the hydrophebic content of a
hydrogel, will tend to raise the level of bulk hydrophobic
_ VUan der Waals interactions.

Effectively therefore, azll hydrophobic groups (ie€4y
methyl, methylene,qhenyl) will e held within the bulk,
whereas the polar, hydroxyl and cartonyl groups will be

excluded where possible, thereby raising the polar andg

lowering the dispersive surface free energy components.
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This being so it is then understandable why =2 lcu
surface dispersive cn@panent and high surface polar com-
ponent is observed for the HEMA/STY 85:15 (Moles %) com-
position.

From the water-binding data given in Chapter 4 for
the above HEMA/STY copolymers, it can be seen that for the
HEMA/STY- 95:5 (Moles %) composition, chain rotation to
minimise interﬁgcial free energy, will be possible, due to
the plasticising effects of the free water. The water in
the HEMA/STY 85:15 (Moles %) composition has been
showun to be completely bound, therefore chain rotation will
be severely limited and the above observed high interfacial
tension due to bulk constraints, would seem to be confirmed.

A somewhat different trend is observed for the
surFace/inte?Facial free energies of the HEMA/EFM: copolymers.
With the HEMﬂ/ENQ.QS:S (Moles ®) composition, .the small
contentiof ethyl methacrylaté is seen to cause a large
increase in the surface polar component.(_;) and 2
decrease in dispersive component (}g;). This pattern,
when seen in the HEMA/STY copolymers, resulted in an |
increased interfacial tension (Xhﬂ, and as can be seen
in 'Graph 5.7 a small increase in interfacial tension is
observed for this composition. Probably because of the
small size aﬁd polarity of the ethyl methacrylate side
chain group, in comparison to styrene, and due to the
similarities'in size and structure to 2-hydroxy ethyl
methacrylate, ethyl methacrylate does not disrupt the
poly (HENH) bulk interactions, to the same extent as the

styrene molecule. Accordingly, increasing numbers of

hydrophobic - Van der Waals interactions will occur in the
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bulk, aod as seen with the HEZMA/STY compositions, raised
Polar and lowered dispersive surface free energy com-
ponents result, (See Graph 5.6). Yith further increase

in the ethyl methacrylate content a greater disruption of
the poly (HEMA) bulk interactions would appear to be
occurring, as evident from the lowered interfacial tension
with the HEMA/EMA 75:25 (Moles %) composition. Further
increase in the ethyl methacrylate again raises the inter-
facial tension as would be expected by a hydrophobic
composition. It should be noted that simply by examination
of the wetting characteristics and surface polarity given
in Graphs 5.4 and 5.5 respectively, many but not all of the
above trends may be deduced.

A number of research uorkerléa'zmlzoai'zaue observed that
HEMA/EMA coqolymer compasitions of approximately 75:25
(Moles %), ﬁr fhereabouts, exhibited good thromboresistance
and decreased cell adhesion in tissue culture, superior
to both poly (HENA) and poly (EMA). This perhaps may be
directl} attributable to the louered interfacial tension
( 350) -

Water binding data for the above HEMA/EMA copolymers,
shows'that they possess a high bound fraction; houwever, free
water is still available to act as a plasticiser and allow
chain rotatidn to minimise the interfacial free energy.
From this it would seem that the surface chemistry of
HEMA/EMA 75:55 (Moles %) is either less dependent on
bulk interactions than its HEMA/STY counterpart, or
that it inherently possesses the correct polar and dis-

persive surface free energy components, to minimise inter-
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facial tension without chain rotation. Some degree of
overlap between these alternatives, uould be expected.

With the NVP/EMA copolymers, substitution of the
hydrophilic 2-hydroxy ethyl methacrylate by the VETy
hydrophilic N-vinyl pyrrolidone can be observed to markedly
elevate the total surface free energy (XSV) of the hydrogel
composition, and not unexpectedly louer the interfacial
tension ( 330). (See Table 5.2). Direct comparisons of
the effect of ethyl methacrylate on poly (NVP) as was under-
taken for the poly (HEMA), is not possible because poly
(NVP) cannot be synthesised at a controlled cross-link
density. | |

Increasing the ethyl methacrylate content from the
NUP/EMA 95:5 (Moles %) to the NVUP/EMA 75:25 (Moles %)
composition can be observed to markedly reduce the
dlsper81ue (l.e., hydrophobic) surface. free energy component
(Esv) with very little change in the polar surface free
energy component (st). This may be attributed to the
increased formation of hydrophobic - Van der Waals inter-
actions between the pyrrolidone ring and the ethyl meth-
acrylate, (methyl and ethyl graups), within the bulk,
thereby reducing the surface dispersive groups. The
high equilibrium water content (v 717) exhibited by the
NUP/EMA 75:25 tﬁoles 7), composition is somewhat anomalous
to its high mechanical strength and low plasticityj this
would therefore seem to be indicative of a very high
ree of bulk polymer-polymer z=nd polymer-uater

deg

. . —
jnteractions, which would to some extent confirm the

surface data analysis.
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5.8.2 Hydrophilic/Hydrophilic Copolymer Systems

From Graphs 5.9 & 5.10, together with the data
in Table 5.3, it can be observed that the addition of the
hydrophilic monomer, acrylamide, to the paly {(HEMA)
structure, results in a predictable increase in wettability,
but ng significant change in surface polarity, for the
HEMA/ACM 95:5 (Moles %) ccmpnsition. The increased
surface free energy (¥5V==63.4 dynes. cm._l),
this composition is due to a very high dispersive
component (Xs\, = 29.4 dynes. cm.;l), which can itself be
attributed to the acrylamide molecule having a structure-
breaking effect on the hydrophobic - Van der WUaals inter-
actioﬁs within the poly (HEMA) bulk, together with a
structure-enhancing effect on bulk interchain dipole-
dipole interactions. This will effectively exclude from
the bulk, Eh;sé.uc-ﬁethyl groubs of 2-hydroxy ethyl meth-
acrylate, re51d1ng near to the gel surface and thereby
raise the dlsper51ue surface free energy component (%Ev)
Incr9351ng the acrylamide content to the HEMA/ACM 75:25
(Moles ¥) composition, can be seen to raise surface
polarity and lower surface dispersion forces, which can
he seen as an isotropic increase in polar-groups and a
corresponding isotropic diminution in hydrophobic groups,
in both fhe bﬁlk and surface, which is an expected‘trend.
In accordahce with these trends interfacial tension (BLW)

is seen td-he progressively reduced.
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Substitution of acrylamide by methacrylamide into
the HEMA/ACM 75:25 (Moles ) composition, can be seen to
reduce the total surface free energy (xsv), as would
be expected. This it achieves by increasing the
surface polar component and decreasing the surface
dispersive componentj this would not be expected based
on the known lower hydrophilicity of methacrylamide
compared to acrylamide. However, it is reasonable to
assume that the aa-méthyl group aof the substituted
methacrylamide, will be capable of hydrophobic - Van
der 'Jaals interactions with the & -methyl groups of 2-
hydroxy ethyl methacrylate, thereby reducing the surface
methyl groups and increasing surface hydroxyl znd amide
groups accordingly.

Similarly with substitution of acrylamide by
diacetone acrylamide to give a HEMA/DAACM 75:2S
(Moles ¢) composition, the observed fall in both the
polar and dispersive surface free energy components can
be directly attributed to the structure and positioning
of its 1,1, dimethyl 3-oxy-butyl substituent amide
grouns. In the above HEMA/MACM 75:25 (Moles ¥
composition it was proposed that when the methacrylamide
molecules take part in hydrophobic bulk interaction,
+he side chain amide groups are then free to orientate
towards the gel-aqueous interface, thereby increasing
surface polarity. This however, is not the case for
diacetone acrylamide, because when its large hydrophabic
1,1 dimethyl 3-oxy-butyl group undergoes similar

hydrophobic - Van der 'Jaals inte-action, it very effectively
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shields and fixes the polar amide group within the bulk,
thereby giving the above stated surface effects.

Surface free energy data on the solution polymerised
acryiamide derivatives are included in Table 5.3, and
these would tend to confirm the surface effects ohserved
with structural modifications to the acrylamide molecule,
in the HEMt/ACM copolymers.

The degree of bulk interactions as determined
from water-binding data (See Chapter 4), would seem
to correlate very well with the computed interfacial
tension data (85w) for the acrylamide derivatives in
both the bulk and solution polymerised copolymer
preparations, 1in that the lower the bound water content
(i.e., reduced bulk interactions) the lower the inter-
Facial free energy, (See Tables 4.4 and 5.3).

This would appear to further re-emphasise the im-
portance of bulk interactions on the surface chemistry
of hydrogels, and to make one more aware of the direct
relationship that exists between them.

To further investigate the effects of monomer
structure on surface properties and bulk-surface inter-
actions, the hydrophilic monomer N-vinyl pyrrolidone
was substituted for acrylamide in the 2-hydroxy ethyl
methacrylate copolymers. Although N-vinyl pyrrolidone
is of similaf hydrophilicity (polarity) to acrylamide,
it would not appear to exhibit similar surface effects
uhen incoroorated into poly (HEM™?2) coaalymers. The

. ] 3 = -
gurface wettability and polarity measurements for the

HEMA/NVUP copolymers exhibit very different trends to

those obtained for their HEMA/ACF counterparts. Uith

the HEMA/NUP 95:5 (Moles @) it can be seen that a small
| 170



N-vinyl pyrrolidone content, louwers the wettability and
dramatically increases the surface polarity (See Grashs
5.9 and 5.10). From the data given in Table 5.3 =2nd
Graph 5.11, it can be observed that the above, rproduces
a large disparity between the surface polar and dispersive
components, which seem to generate a large interfacial
tensian (XSQ). This effect was earlier observed with
the HEMA/STY and HEMA/EMA copolymers. UUith reference
to Graph 5.11, it can be observed, that the change in
the surface free energy components, produced by the
;ddition of hydrophilic N-vinyl pyrrelidone, to give
the HEMA/NVUP 95:5 (Moles ) composition, gave rise to
very similar surface effects, as exhibited by its
hydrophobic ethyl methacrylate, HEMA/EMA 95:5 (Moles ¥)
copulymér counterpart. Similarly the surface effects
observed Far.the HEMA/NVP 95:5 (Moles %) composition,
can be attributed te enhanced hydrophobic - Van der
jaals interactions within the bulk, as previously pro-
posed for the HEMA/EMA 95:5 (voles %), surface effects.
Jith increasing N-vinyl pyrralidone content these
hydrophobic bulk-interactions would appear to be reduced,
as indicated by the rise in the surface dispersive com-
nonent, and as 3 direct consecuence of the decrease in
the number of oL -methyl groups =~vailable for interaction.
the previous hydration data in Chapter 4, the abave

From

same composition was shoun to exhibhit a larger than

expected jnterzction with water, (indicative of 3 high
hound water content), and because of these bulk inter-
ctions, constraints would be imposed, which would tend
:_:! [

+o limit the ability of the surface chain segments to

m



Graph.5.11: Components of Surface Free Energy (XPSV, dev
dynes.c;ﬁ:‘ (Hydrophilic/Hydrophilic Compositions)
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orientate to minimise the interfacial tension. This
would appear to be confirmed by the large interfacial
tension ( 8&g= 10.0 dynes. Em.-l), exhibited by this
composition, as illustrated in Graph 5.12.

The last hydrnphilic/ﬁydrophilic copolymer com-
positions to be considered in this section are the
HEMA/MAA copolymers. With increasing methacrylic acid
ﬁontent, progressive increases in surface wettability
and surface polarity can be observed, which can be
correlated with the increasing bulk hydrophilicity
observed in the previous hydration studies (Chapter 4),
and as a consequence of the formation of the methacrylic-
sodium carboxylate groups. Although these HEMZ/MAA
copolymers do exhibit greater bulk hydrophilicity than
comparable HENA/QCM copolymers, the initial increase in
surface ue£tability is less pronounced. This would seem
to indicate that the sodium-carboxylate groups have a
ﬁuch greater effect within the bulk, rather than at
the surface. _ |

With regards to Graph 5.11, it can be observed
that the surface free energy components for these
compositions initially exhibit very similar trends to
those of the HEMA/NVP and HEMA/EMA copolymers. It is
orobable that similar but less pronounced hydrophobic
bulk interactions occur between the &L -methyl groups_oF
2—hyd;0xy ethyl methacrylate and methacrylic acid.

3ulk interactions of this type, together with
the increased bound water interactions, would account

for the very small increase in interfacial energy
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observad for HEMA/Mar 32:10 (Foles ™). 1 7

o
I
1

| o
3J
L)
"y
o
U
w
m

in the freezinc (free) water cantent is cbserve® for t-

o

methacrylic =2cid content (See Tzcle 4.5), due “c the
hydrophilic sodium carboxylate group, but esven sc,

the plasticising effects of this free water, cannct
overcome the bulk interactions, which effectively raise
the interfacial tension. O0Only when the methacrylic
acid content is raised to HEMA/MAR 50:50 (Moles <), is
a substantial drop in interfacial tension abservecd,
(Graph 5.12), presumably due to further increases in

"

free water content and a net reduction in bulk interactions.

S5.8.3 Surface Chemistry Effects of the Divalent Fthylene

Clycol Dimethzcrylate ang '{M'-Meikylsne-bis-

acrylamids Cross-1linking =gents

1: would be expected that z2n increase in the crcss-
linking agent content of a gel would effectively linit
the ability of the surfzce chain sezments 2 crient=zte
tq minimise intecfacial tension, in much the same way
as other types of bulk interacticns. Therefore with
imcreasing content one would excect 2 rise in the inter-
facial tension.

From Table 5.4 it can te observed that this vould

far the * MEAaCH comnositiogns, bu: not
seem o be true fOor Ire \cM/ <,

o

sgr :he HEMA/ESM? caoapolvmers. Frevicus

hydration studies of Chapter 4, both cross-linking
agents were showun to be o comoarable efficliency in
lowerirg equilibrium water cortent, and thal witn

jncreasing cantent, so this s7ficiency was odservecd to

decline. This decline was atTribateg o imper
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in the cross-link density, and to some extent, “hese
bulk defects can explain some of the observec su-face
effects, especially concerning the HE"A/£Ci'A copolymers.
The surface dzta for the NN' Methylene-bis-
acrylamide copolymers would appear to fcllow a predictatle
pattern. Total surface free energy (st) is seen to
decrease, due to a net reduction in both the polar
and dispersive surface free enercy components. Pre-
viously it was shown that as the il' Methylene-bis-
acrylamide content increases so the equilibrium wster
caoantent decreases, as a direct result of steric hindrance
to the freezing (free) water. Over the same range of
ACM/MBACM copolymers the bound water content was observed
to increase, and such structuring would be expected
to perhaps raise the interfacial tension. This can
be seén to be true, but-the increase is only very small
and not comparéble to the increase in the bound water
cnntent.;.It would therefore seem likely that, either
the large free uwater content, still present in the
ACM/MBACM 90:10 (Moles %) composition, can still help
plasticise the polymer.chains, or that with the increase
in cross-link density imperfections, competition exists
between its effects and those of the bound water znd
offectively a net reduction in the bulk constraints on

chain segment orientation, results.

(See overleaf for Table S.4)
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An examination of the surface data in Table 5.4,
indicates quite clearly that the Ethylene Glycol
Dimethacrylate cross-linked-copolymers, exhibit quite
different surface characteristics, to those observed
with the MNtMethy1ene—bis—acrylamide copolymers. The
trends would appear to be completely anomalous with
the prédicted actions of a cross-linking agent.

Surface wettability and surface polarity are shoun

to increase in Graphs 5.4 and 5.5 respectively, which

if based on the hydrophobic structure of ethylene glycol
dimethacrylate, would have been expected to decrease.
However we can see that from Table 5.4 and as illustrated
in Graph 5.6, both the dispersive as well as the polar
surface free energy ccmponent, show marked increase,
giuing,rise to a progressive increase in the total
surface free energy (&N), a complete reversal of
the_frends set by NN' Methylene-bis-acrylamide.

Farther to this, it can be observed in Graph 5.7
that with increasing ethylene glycol dimethacrylate
content in the HEMA/EDF: copolymers, a substantial re-
auctign in interfacial tension occurs, which exceeds
the reduction exhibited by the HEMA3/1CM copolymers,
for the same range. 8 continuaticn of this trend,
would be expected to lead to a hydrogel which would
exhibit a very louw interfacial tension (~ 0.1 dynes.
cm .-l), even with low eguilibrium water content {~+207),
Imper%BCtiOHS in the gel-network of the above copolymers
yere previously cited in Chapter 4, as the reason for

LI ahs ith i NS & -
increased 'pore' size, observed with increasing craoss
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linking zgent concentratior. Trese imcerfections

were attributed to cross-link density anomzlies, which
gave rise to non-isotropic distribution of cross-links,
together with possible intramolecular (cyclisaticn)
cross-links formation. The effects of this aon 'pore!
size was illustrated schematically in Fig. 4.13. The
non-isotropic cross-link distribution may be attributable
to increasing ebthylene glycol dimethacrylate bulk inter-
actions during the polymerisation, forming non-random
block polymerisation, which increase with increasing
concentration. Such effects, understandably would

lead to an increased chain length and accordingly
greater freedom of mobility, which would zllow the
surface chain segments to orientate to minimise inter-
facial tension, as is observed from the surface data

for the HEMA/EDMA copolymers.

5.8.4 Some General Consideratiaons of Surface-Chemistryv

and Bulk-lUater Cnntent_ﬂglatiﬁhéﬁips

A plot of both Hamiltén contact angles (@) and
the cosine of the captive air contact angles (@') against
equilibrium water content, as depicted in Graphs 5.13
and S5.14 respectively, indicates a general relationship
hetween the measured surface and bulk properties of
the polymers under study. Although scatter is apparent
in each, there are definite gross surface property
trends apparent across the spectrum of copolymer cnm-
positions, with increasing équilibrium water content.
s one would expect both surface wettability and

surface polarity increase with increasing bulk water

anter'lt.
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It was generally observed in the previous chapter
that the higher the equilibrium water content, the
more freezing (free) to non-freezing (bound) water
is present in the bulk. Therefore with an increase
in the free to bound water content, a presumable increass
in chain segment mobility would occur due to both the
plasticising action of the free water and the rscuction
in bulk constraints due to the reduction in the bound
water. Thus high water content gels as a direc: con-
sequence of their high degree o7 chain mobility, would
be expected to exhibit lou interfacial tensions, and
as can be observed from Sreph 5.13, this generally
holds true. What is perhaps somewuhat surprising is the
ability of some of the lou water content gels to also
reduce their interfacial tension.

Previously it was noted that when the polar and
dispersive surface free energy components, tended
towards each other, the interfacial tension was aob=-
served to decrease, and zccordingly when these com-
ponents exhibited increased disparity the interfacial
tension was raised. These gross observations do not
give a clear indication of what is actually occurring
at the hydrogel interface. If we consider t-e
nypothetical case of a surface chain s=gmen:t, with

no bulk constraining forces acting on it, it will be

L
[

]

absclutely free to orientate to minimise t-2 interfacial

free energy (tension), and in asrder to do *4i= i: must

present the optimum ratio of polsr *e¢ disoesrsive com-
i - 3 .

ponents towards the acueous exteriar. Mo Setter pelar
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we reconsider Srashs S
can be seen thz=t uhen thsse valuez =2r= zc-roached,
20 the interfacial tension is recuced. It is there
understandable that as the hydrocel ua
increases, so it z2pproximates more to tre =bove polar/
dispersive criteria, anc we see measured dscreases in
surface wettability and polarity. However, we have
noted that the low water content cels also exhibit
louwer than expected interfacial tensions, even with
low free wat=sr contents. Therefore it would seem
passible that the above optimum surface free energy
components are attainatle based purely on the palar/
dispersive structural chemistry of the hydrogels.

Only the bulk constraints of polymer-polymer
and polymer-water interactions will limit this ability,
and it would appear that this factor is of prime im=-
portance throughout the complete range of equilibrium
water contents, in determining the interfacial
tgnsion of the gels. Thus although hydrogels possess
a hypothetical ability to attain *the ootimum surface
free energy components, it is their chemical structure
which determines the bulk interactions and ultimately
their resultant interfacisl tension.

5.9 Conclusigns

The determination of the polar and disp=rsive

surface free energy components, by the Hamilton anZ
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captive =2ir bubble technicues, can be directly related

ta thz2 hydrogel mcnomer structure .and compositicn

o
@]

ration. It was also found that the ratio of tound
Free water in the hydrogel bulk, czn influence the
hydrogel interfacial free energy. 3Sound water tends
to increase the interfzcial tension by restricting
the mobility of surface chain segmentis, whereas free
water will tend to decrease the interfacial tencsion by
way of its plasticising effects. Thus the relationships
between surface/interfacial effects and bulk interactions
can be seen as a composite function of polymer-polymer
and polymer-water interactions, both of which are
determined by the hydrogel monomer structure and com-
position ratio. A general gross ccrrelation was
observed between surface free energy (ESV) and inter-
facial free energy (XSQ), however a more precise
relationshio is exhibited by the exoression:

: B)Sm oL ( X‘E\, 8.:\:)/ 83'\/_

Senerally it was observed that high water content
hydrogels exhibited both high surface nolarity and high
surface wettability, together with a low interfacial
tension, as would be expected. Houwever, perhaps some-
what surorisingly, certain louw water con:tent hydrogel
compositions, also exhibited the ability to reduce
their interfacial ténsions. inis was faourd to he

oarticularly true for the corolymars of 2=-hydroxy
ethyl methacrylate and =thylene glycol dimzthacrylate,
and which was attributed to the increzsinc non-isotrozicz

distrisution of cross-links, wiz> increasing =ihylene

Slycol dimethacrylate conceniraticn,
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CHAPT
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m

.

[

Yvydrogel Structure-Propsrtv EFffecte =2nd Ths

Relationshin to the Int=rfacial Phenomenonof Br-at2in dsarnticn

S

Introduction

wn
.

The biocompatibility of materials is =2 pr-e-recuisics

for their !

o8

iomedic=21 annlications 2nd this is especi=lly true

C

when considering materials for tlood-contzct applications such
as haemodialysis and haemoperfusion. 7o d=te no invitro
technigues including classical surface chemistry measurements
have fully characterised the biocompatibility of a material.
Invivo or exvivo animal technigues are perhaos the next

hest experimental model to actual clinical testing of
materials however, both from a practical point of visu =2nd
also perhass on humanitarian grounds, larce scale analysis af
materials by these techniques zre not Feaéible.

Frdm.meﬁy early invivo and invitco experiments there
emerged the somewhat empirical relationship th=at fibrinogen
adsorption was indicative of low biocompatibility (high
thrombogenicity), whereas preferential albumin adsorption
seemed to indicate a high biocompatibility (low thrombogenic-
ity), (See Chapter 1): as previously cutlined in Chapter
1l the surface activated blood coagulation procssses are
believed to be meciated by adsaorbed proteins, such =as
fibrinogen, which because. of their carbohydrate moiesties,
2nables platelét-édhesian and subsecuent thrombus formation
to occur.

somewhat novel approach was envisaged to characterise

hydrogel surface properties based on the adsorptinn of
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proteins 0f knouwn physico-chemistry. It w=2s hoped thsat
this technigue together with other surface-chemistry
measurements would give a viable and reproduceables index of
surFacelgroperties relating to the structure-properiy effects
of the constituent monomers. 3y inference fram the above
biocompatibility relationships between fibrinogen and
albumin, it was bzlieved that their respective adsorption
levels would also give some indications as to the potential
future use of these materials in biomedical applications.
It will therefore be the intention of this Chapter
to attempt to relate human fibrinogen and human serum
albumin adsorption levels both to their respective
individual physico-chemical properties and the bulk
and surface structure-property effects as discussed. pre-
viously in Chapters 4 and 5.

6.2 General Principles of Adsornotion

The unbalanced attractive forces which exist at
solid surfaﬁes give rise to their characteristic property
of adsorption. When a gas or vapour is brought into con-
tact with a clean solid surface some of it will become
attached to the surface in the form of an adsorbed layer(s).
The solid is generally referred to as the adsorbent, and
the gas ar vapour as the adsorbate. It is possible that
uniform absorption intoc the bulk af the solid might also
take olace, and, since adsorption and absorption cannot
aluays be distinguis%ed experimentzlly, tke ceneric ternm
sorption, is sometimes used to describs the general
phenomenon of gas uptake by solids.

"dsocption tends to reduce the imbzlance of atiractive

forces (polar and dispersive), =2t = surface, and hencs
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reduces the interfacial/surface free energizss of ths
system.

The forces involved in adsorption by solids have
traditionally been classified as non-specific (Van de:
''2als) forces, similar to the forces involved in ligue=
Faction; or stronger more specific forces, such as those
which are operative in the formation of chemical honds.
The former are responsible for physiczl adsorption and the
latter for chemisorption. \hen adsorption tzkes place,
the adsorbed molecules are restricted to tuwo-dimensionzl
motion and accordingly a decrease in entropy is observed.
Since adsorptiaon also involves a decrease in free energy,
then from the thermodynamic relztionship for change in
3ibb's “ree zrergy: ( G}

Ds = D = T.05 ciiiiiiiennenneees (6.1)
the heat of adsorption, enthalpy { é}Hads}, will be negative
and thus an exothermic process. This argument does not
necessarily hold for solute adsorotion from solution,
since a certain amount of destructuring may occur giving

. L (209,2100_ = .
rise to a positive net entropy change. This is often

seen with conformational changes in protein moleculeé?")
Multilayer adsorption has been observed for a

numbar of adsorbates, attributable to physic=2l adsorption.

Cnly monomolecular chemisorbed layers are feasible for simple

gas molecules, :but this may not be so for complex acdsorbed

macromolecules such as oroteins.

The heats of physical adsorption zre very much smaller

than those faor chemisorbed molecules. Chem

=

gsorption is 1
specific process, which unlike physical adsorpiion, may
reguire an activation energy and will therefaore be rzlatively
slou and not readily reversible. It is very likely thst
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shysical adsorption is 3 prececquisite o chemiscrpiion, by
eroducing 2 rtediction in the activaktian energy, which %hen

L . . (209, 210)
enables the transition %o chemisorption t2 oczcur.

- (212) a
Zrunauer clessi

ctr
0o
11}

izd adsorpticn iso *me dints the

(hn

Fivs characteristic types dericted in Fi B

)
-

Figure 6.1
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these adsorption isotherms which makes i~

T

difficult. In addition there ar= some isotherms which do

not fit into Brumzuer's classification, the most notable
(213)

being the step-wise isotherms as depicted in Fig. £.2

Figure 6.2

A

Each step is indicative of

a successive monolayer on

Vads

top of the first.

Y

(214)
Langmuir developed a mathematical expression fraom

postulated adsorption mechanisms to fit the experimental
isotherm curves aof type I. He was of the ooinion :that,

because intermolecular
distance, adsorbed layers are-'not likely ta He mcre t-~2n

one molecular layer in thickness.

This view is generzlly =2cceptad Fnr chemicarntianm ang
For physiczl adsorption =t low crescsures =n= no~=z-=z=talv
(209,210)
high temper=tures. The Lamgrmulr adsa-piian featrerm i

ty

W

based on the assumniions that (2 only manamglecul
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o

adsorption tzkes alace, (b) adsorotion is lscalised an
(c) the hea* of zdso-ption is independent aof surfzace
coverage. Lzngnuir's expression is ZJercived by
equating the velocities of adsorption and descrption
together. The velocity of adsorpticn dependcs oan (a)
rate o cellision of molecules with the sclid suzface,
which is proportional to pressure {(concentration),

(b) the probzbility of striking a vacani site (1 - Y/um)
and (c) adsorption activation en=rgy t=crm (exp. (-E/3T).
IDE velocity c® desorption is dependent on (a) fraction
of the surface which is covered, Y/Um, and (b) a de-
sorption activaetion energy term exp. (-El/RT). From the

above the following expression was derived:

ol i V/Vm
(l""U/Um) LI TR B I O I N I B I B I A (6!2)
or v = Um e SR

(L4 @p) . weewresosasansssesssssss L On3)

where V equals the equilibrium volume of gas adsorbed
per unit mass of adsorbent at a pressure, p, and the term
‘a, 1is a constant dependent on temperature, but independent
of surface coverage. '

r"n extension of Langmuir's treatment was proposed by

(132)

3runauer, Emmeit and Teller to allow For multilayer
adsorption on non-porous solid surfaces. The BET
eguation, as'it is caommaonly kncwn, is derived by equating

the -ates af

evaporation ard condensatiaon for the various
adsorbed melscular layers. It is based an the a2ssumption
that =2 characteristic hea* of adsocption, /\4, anclies

to the first monolayer, whilst the hezt of lizue-
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fFzction ZBHL of the vacour under study, apnplies to adsorption
in the subtseguent successive monolayers. The exzraessicn is

Siven by:

o - (C-1)p
e ————— i + ;
‘J (pn-p) Umc ‘I-!m: ps & & & B & & 0 0 8 8 0w (6."’4)
where C= exp (( ZSHL - é}Hl)/RT}. Cenerally this

equatian is used to describe the type II isotherms.

The most notable criticism of both Langmuir's
and the BET adsorption equations, concerns the simplifying
assumption that the heat of adsorption is independent of
surface coverage.

The heats of both monolayer physical adsorption and
chemisorption would be expected to became.signiFicantly
less exothermic as the surface coverage increases, due to
depletion of the more active sites of a heterogeneous solid
surFacé. The initial adsorption isotherm slope would be
steeper than predicted by either of the above equations,
but as the adsorption proceeds mdnolayer coverage becomes
increasingly more difficult. To some extent this trend will
be offset against the increasing lateral molecular
interactions with increase in the monolayer coverage, and
which would be expected to raise the exothermic heat of
adsorption. |

Generally there is a greater tendency for the
initial monol?yer fo be completed, if it is significantly
more exothermié than for further successive layers, but
little tendency for the second monolayer to be comoleted
prior to adsorption into the third and subseguent layers.

The theoretical treatment of adsorption from solution

is generally more complicated than that of gas adsorption,
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since adsorption from solution will aluays involve somz
degree of competition between solute(s) and solvent for
the available adsorption sites. The amount of adsorption
of each will be directly dependent on their ability to
concentrate at the solid-solution interface and the
solute c:t:mt':el'ltrati.cr\5209'2'Im

Adsorption from solution can often be predicted
in terms of the polar-nonpolar nature of the solid and
of the solution components. A polar solute will be
adsorbed strongly by a polar solid and a non-polar
solute weakly, and vice versa. In addition, polar
solutes will tend to be adsorbed strongly from non-polar
solvents and weakly from polar solvents, and vice versa.
Solute adsorption is often restricted to a monomolecular
layer, however multilayer has been observed in a number
of cases, being euideﬁt from the shape of the adsarption
isotherms and from the calculated guantitative maximum
value for a monolayer per unitﬁarea, based on the area
per adsorbed molecﬁle. Both the Langmuir and BET expressions
are normally applied to solution adsorpticn.

The general fheore;ical treatments for adsorption of
small solute molecules may not be applicable when con-
sidering large amphiphilic macromolscules, such as oroteins,
which when in solution can undergo conformaticral changes
to mimic the polar/nan-palar characteristics of the solvent
and so increzse éulubility and reduce the interfacial free
energy. In éddition, they have the tendency to concentrate
at an interface by conformaticnal changes to exposes the
appropriate polar/non-polar groups, and thereby &ffectively
reduce the interfacial/surface free energies of the system.

Such materials are termed surface active and are kneown as

f .
surfactants 193



€3 The Phenomencn 9of Protein "dsnorction 3t Ints-facss

6.2«1 Introduction

The subject of proteins at initerfaces is an extremely
“road field of stucdy, encompassing very mz2ny s=zemingly
Jdiverse fields of ressearch, exhibiting apparently un-
related phenomena. MMany events csuch as maritime fouling,
thrombus formatizsn, and dental plajue attachment =are 2ll

: ) 1

Yo
very fiuch denendent on cellular adhesion. It has b

(8]

2n
observed in general that adhesion ir = btiologiceal
environment of blood, saliva, sea-water, is directly
attributable to 2 preconditioning film of protein, which
mediates the adhesive intersctions with arriving cells.
It is the amphiphilic characteristics of protsins, re-
sulting from their mixture of polar and non-polar sicde
chains, which causes them to adsorb at interfaces, and so
influence thé above events. In order that some under-
standing of the fundamental relztionship betuwsen these
biological events and protein adsorption can be achieved,
this section will endeavour to present the phenomenon

of interfacial protein adsqrption from 2 physico-chemical
appraoach. |

6.3.2 Mechanism of ~Adsorption

L

In order that a protein molecul2 can adsorb =nZ
exert its influence at a phase boundary or take g=rt
in an interfacial reacfion, it must first arrive =2t the
inter?éce by a diffusion process. If it is assumed
that there =2re nc constraints to adsorctizsn ather thzan
diffusion, simpls diffusion theory may bSe appli=d to pre-

dict the rate o0f =2dsorotion. Using this treatment it

fFallows that all the praotein molecules in the imnedizte
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vizipity of ar Anterfzce will =z vepicddly sgdegrbhss zrd
Agceordingly the sratein garseatzation in 2 Juxtzpsgitinnec
i~terfaci=l sublsyesr, of ceavsrzl molecular Zi=mgtsre i-
thickness, will bes reduced t2 zesro. 2 4if4=ign aracszs
will then occur from the bulk solutisn prass inta Ehe subt-
lzyer. The rate of adsorption, dn/dt, will then be Zi.zn
. . . (215)
by the classical diffusion theory expression
L oA

grifet = Be (OK)CE™% susnnssensasmvenwssssssss LB:5)

whers the term To is the bulk concentration, T is the

diffusion ccefficient, t the time 2nd n is the number

W

=
(3N
—

of molecules adsorbed. (7( = 3

8y integrating Ea. (E.5), an exoression “ar the

number of molecules adsorbed with respect to *ims (%)

mn

can be ohtained.

n 2 Co (Dt/7f)% R e es s s s s s i e (5G]

This equation was applied to =2dsorption of bovine
serum albumin (BS2) from soluticns of different concentrations
at an air/uater interFace? b For the higher concentrations
close’agreement with the Eq. (6.6) was found, but for the
lower concentrations, higher adsorption rates than expected
were observed and these were attributed to convection.

The Eq. (6.6) will be valid when there is an un-
disturbed fluid layer adjacent to the interface where mass
transport occurs only by diffusion, this layer is often
referred to as the stationary or boundary layer for
mass transfer. Its width depends on the naturs of the
fluid and on condi*tions such as temoerature fluid-

(217,218)

dynamics, ancd the porooerties of the interfaci=2l filn.

Application of Zg. (5.6) to adsorption st the sclid/

4]

o

water interf=ce, was Faund to sxhioit agreement Hetusen

1]

- (219)
the r2*es of adsorption and the prezdicted rates of Ziffusion.
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16)
Results for the air/uater interface shouw thzt ance
a close-pzcked monolayer is present at the interfzace,

the rate of adsorption progressively fzlls below the rate

r
(7]

o]

1
e

of diffusion, indicating the presence of an enercy

i)
,..’
1y

to adsorptian. This barrier is knouwn as the interfacisl
pressure barrier, and is the enercy necessary to compress
molecules slready adsorbed against the interfacial pressure

IT , to create an areaof interface, /\", egual %o

220
that required for the molecule tc move in té. ] Severzl
(216221222}
studies have determined that thsse interfacizl

areas ( [Sﬂ), are considerably smaller than those
expected from the areas of molecules in =ither their
native solution conformation or their zir-water inter-
facial conformation. They fall within relatively narrocu
limits of 50 - 20092 - which bear no relation to the
molecular sizes of the proteins under study. For
example the interfacial area (/\3), for human serum
albumin (HSA); was found to be 100825 however from its
(223) |

native conformational dimensions in solution, it has
a minimum cross-sectional area of approximately 110082,
It was concluded from these studies that once a small
portion of a protein molecule sf sufficient energy to
penetrate the interface has cleéred the recuisite inter-
facial area ( éﬁﬂ), its area grous spontaneously until
the whole melecule has unfolded into its interf=cial
confarmation.

The requisite interfacial arez, /\?, necsss~ry ferc

2dsarption to proceed vas alsc shoun to Se diractly

densndent on bulk concentr=tion, temperature an?

L)

eglectrical zh=2rge.
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'‘Jhen a protein adsorbs freom g solutizn in cvhich ine

oH is close to its iscelectiric 2c :

§ AL R,
e | PR

«F

it

0

kY

U]

is controllsd by the rate of diffusion *t

(w]
(&
r

inte

{}]

1y
w
N
m

and the interfascial pressure barrisr. Mcuever when t-e
protein molecule tzkes on a net electrical charge, an
additional barrier to adsorption is observed as a2 con-
sequence of the electriczal potential set up 2t the
interfsce, by the adsorbed protein.‘zz‘hnﬂ
The rates of asdsorption as measured in the fluid/
fluid interface studies outlined abave, can to some extent
be correlated with the isoelectric points of proteins.
However, the effects of counter ions in solution 2nd
changes in the isocelectric point on adsorpticn will in
certzain cases cloud the issue, and must therefore also be

a consideration.

6.3.3 Protein Conformation

In its native state each type of protein molecule
has a characteristic three-dimensional shape, referred to
as its conformation. Depending on their conformation

-

proteins can be placed in two major classes, fibrous and
globular. The globular pgoteins with which this study is
concerned, have their polypeptide chains tightly folded
into compact spherical or globular sh=2pes. This native
conformation has four main types of weak interactions or
bonds which stabilise the structure; (i) hydrogen bonding
hetueen peptide groups; -(ii) hydrogen bonding betuween
substituent groups; (iii) hydrophobic interzctions;

(iv) ionic bonds.

From studies on the relative contributions of each aof

adesorn:i

these four types of interaction to the :totzl conformational
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nt oan

in contrast to thesse studies, {"orrissesy =nd Strombecg,
using in fferential spesciroscopy, Found that the
intern=al bznding nf globular proteins sorothrombin and
albumin was sufficient to retain = near native 'like!
conformation on adsorption onto silica, however for
fibrinogen the converse was true. ~s a conseguence of Ihe
diversity of both protein structure and solid surfaces,

it would seem that no one theory can account for protein
conformational changes that occur on adsorption, for zll
situations.

Studies of synthetic zolymer zdsorption have shoun

th

v

t an adsorbed flexible pclymer molecule may be
divided into three parts: (i) the trains, which are
segments adsorbed at the interface; (ii) the loops, uwhich
are segments of the chain that extend into the adjacent
bulk phase(s); and (iii) the tails, the two segments at
the two ends of each polymer chain; these tend to have
lower free energies of adsorption than othsr segments and
thus tend to extend into the bulk phzse. The importance

(-]

27 tail segments decrezses with increasing molecul=zr weight.

The fres energies of adsorptiaon of the treins, lecocs

and tail segments, together with their chain flexibility,

will determine their distribution at an interface. The

majority cf these studies have Seen carried zut 2t the

solid/liguid interfacs, and th=orsticzl trea*me~ts have
(228-230)

been developed.

-t
ng ac

bae

The high free energy of adsorpition of crote

fluid/fluid interfaces, results in practically =211 seiments
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. . _ (231)
ceing at the iInterface at low interfacial pressures. Hou=-

ever comprescsiaon of = monolayer causes displacement cf
segments, which is made evident by a decrease of intsr-
facial pressure with time at a constant area or alternatively
a decrease in area with time at a fixed interfacial pressure.
It was Poling L the above stiidy Ehat a biain of mces E30°

( A1), for albumin, was equivalent to the area occupied at
the interface by 3-4 amino acid units, and that this are=

is equivalent to the area of one turn of an oK -helix,

It is well knouwn that certain segments of globular proteins
contaim o - helices in their secondary structure, houever
whether the adsorbed protein molecules retain this structure N
adsorption has to date, yet to be determined.

Much evidance suggests that the fold=sd, native con-
Formation of globular proteins is only slightly morz stable
than the unfolded, or denatured conFormation}23n Previagusly
it had bsen assumed thet the native conformation was aof
a lower fr=se energy than the unfolded random-coil
form, under binlogical conditions, and that therefore

it should exhibit higher stability. Tais

w

=)

m

umption
however, may naot be true for all proteins and it is the
subject of much debats and study.

Proteins that's:sntanenusly refold intec their native

fFarr, may indezd be more stzable thza~ their ZJenatured forms

On the ntter hard, the rancom coil

=~ i 4 —— -~
have less Tree ensrgy :than the native Fo-m (Sse Fige €.3).
In zuzh cases the un®olded Torm will not rzadily. revsrt
to thz native conformation (i.e., icreversible). Much

adsor-tion a~d it =gain would aops=ar th=zt no ons tneory

- -

can account foz- =211 situations.
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5.3.%2 Protein 2dseoratinn Studiss at +he Solid/Li-uvid

t

Interface

Traditionally the study of =2dsorpticn =2t the sslid/
ligquid interf=zce hzs baen experimentally more difficult than
at the fluid/fluid interface. In recent yzars houever,
there has been a great impetus to the study of protzin
adsorption at the sclid/licuid interface, largely motivated

by biomedical oroblemz. Fany diversified technigues h=v

m

been applied which yield a wider range of information =nd
allow measurements of adsorption isotherms at these inter-
faces (See next Section).

1 great desl of conflict exists in the literature
to date as to the exact type of adsorption isotherm. Early

(233,234)
0

workars bserved that thz co

3

centraticn dependence aof
adsorption followed a type I, thzat is a Langmuir type iso-

therm of a single monomolecular layer. Relatively few recent

(68)

studiss however have caonfirmed this. £ serigs of radiotracer

m

studies employed by Kim and Lee et al deduced that adsorption
: ) (27,90,235237)

isotherms was of the Lzangmuir type. Houever based on the
calculated weight per unit area as derived in this study

(See Appendix 5 for the method of calculation), and from

(64,68,105,238,239) .
other workers for a monolayer coverage for various

(n

14]

plasma praoteins, it is obvious from their results (Ss
Table 6.1), that in fact multiple layering is occurrirg
and 211 that is similar between their isotherm results
and Langmuir zdsorption isotherms is the ska2pe of the

(132)
isotherm mcdel

isotherm curve. fpplication of the SE
would perhaps therefore seem more zpgropriate however,
with this =2s with the Langmuir isotherm model, therzs has

been a tendency to doubt the applic=bility o0 thes= mocels
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of adsorption, because of the apparent irreuersibilit)‘;zz'na'um

Desorption from a solid/liquid interface is generally
very difficult, houever certain studies{,6k'65'75'm5'209'2“'2”)
have demonstrated some degree of desorption. Extensive hyster-
esis  was evident for the adsorption/desorption nrocess,

and often chemical surfactants and even ultrasnundukﬂ
agitation, were used in an attempt to desorb the proteins.

In the series of studies by Vroman et affh2&6wsﬂsing
Ellipsometry measurements, and B8rash and Samaé2k3}using

a dual-labelled radiotracer technigue, they shou

a dynamic exchange process is occuring at the interface under
steady state conditions. The latter groups results indicated
however that only a fraction of the surface shows reversibility
and the remainder exhibits irreversitle binding, this

fraction being depencdent on the conditions. The authors

suggest that this tehaviour may reflect heterogeneity in the
binding energies of different sites. G5imilar conclusions

have been rzached by Dillman and Millsr£6a who deduced that

the adsaorpticn of bovine serum albumin, K -globulin and
fFibrinogen onto various polymersurfaces, takes place in

two separate and distinct ways, evicdently a result of tuo

types of adsorption sites. 0Cne, called type 1, was charzcterised
by being ea=zily 'reversible', hydrophilic, and excthermic

.. . -1 -
with ésﬂads value of approximately =40 xImol ~. The other

-

type 2 adsorption, was characterised as being tightly bnund

(irreversible), of hydroshohic, and encdothermic with a

AL

: ' -1 :
vzlue varying betuween 20 - 3C kimol ~. Their

W
(7]

exnerimental determination of this data was not by direct

microcalorimetry mezsurements and is somewhat susoect.
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The free energy of adsorptio~ can e expressed Gty

the Jibb's excression:
q = H = T 3
DS . Dy - T4

where élH:ds &_éﬁSadq are respsztively, the net changes

{50}

’ -
® 8 & 8 " 8 8 08w \ L B |

dg?

w
C

wn
41}

of enthalpy a2nd entropy in the adscrotion process. Each
of the three components, interface, protein, and solvent
make their own contributions to both [SHads and AS_yq-
For adsorption to occur a net negative value for £§Gads
must be evident, and the larger the negative value,
the greater the driving force for adsorption.
. . ) . (238,240) !

Thermodynamic studies by Chui and Nyilas, using
microcalorimetry deduced that adsorption was not of =2
Langmuir isotherm type and was in fact of the multilayer
type and irreversible. They found adsorption was highly

exothermic ( ésHads 10 - 15 x lekcal/Fcle), for fisrinogen

on a hydrophilic glass surface, znd less exothermic on

[#)}

LTI carbon ( éSHads 3 - 4 x 107kcal/Mole) for fibrinogen

indicativs of less confaormationzl change. Similar rezults
were also obtained fer ¥ -glzbulin..

Various other workers have =z=lsc attemptsed theoretical

i o . . , , . (45,55,73)
treatments for protein z2dsorption thermodynamics.

“ultilayer adsorption has bzen shaun to cccur “or bath

. (4,5,30,6472,105,238-240, 244)
hydzophilic and hydrozhohic surfases,

+

A greater adsorption rate iIs ceen %to occur at hydrochobi

interfaces than 2t hydrcohilic ones 2ver the fi-st mono-

, (64,265-247) . _

layer. “owevsr as the multilayers ZJevelgp ths hydroo-
ohobic surface would appesr tc reach 3 sgiteady statis
(ecuilibrium? Td7 2 oarticulas a-otein coa~zerpbra®ian

very quickly, uwhereas, the "ydrsehilic surfaces zeegz on
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slouwly adsorbing with times until they greatly sxcesd :h=

hydrophobic steady state leuel!skl

. (64)
ak

Srash,Uniya! and
Sam found that higher adsorption occcurrec uith hydro-
philic oxyethylene-urethane copolymers than Yydroshobic
oxypropylene-urethane copolymers.with multilayers, tut
for a study just covering 2 time for a monolayer to =apcea:
(247) .. N - -
the converse was true. Similar results were found for
the hydrophilic hydrogels of poly (HER") and copolymers
. (105) .
thereof and poly (NVP) by Horbet:, however neither =°
these two graups commented on the z2bove phenomena.
Rpart from the above adsorptiicn studies, at the
solid/ligquid interface, adscrpticn ha2s been shoun to
. . . . . (68,70
increase at the isoelectric peint of the proteins, !
Scanning electron microscopy (S.E.M.) sztudies cn fibrinegen
. . - L. (30,32) |
have 21so tended to confirm multilayer formatinn, cogether
with large zdsorbec films seen with immersion in sea-
(5) ? B . . (&)
water (8008) after 1500 mins. and dental pellicles
(IUUDH) due to adsorbed salivary proteins =2nc glycoproteins.
Many of these studies show wide variation in their
adsorption study times (and bulk protein concentrations)
and many show grezt reluctance to admit to multilayer
formation, and deliberately concentrate on the louw protein
concentrations and very short =dsorption times in crder
that the monolayer criteriz is not exceeded. Zrash and
. (64) . . ;i
Univyal, reported that adsorption on toc the hyd-ophobic
paolymer polyethylene was not seen tc produce multilavers

at 10mg ” of albumin, but that ztove this concent:stion,

with time, multilayersdid develop.
. ... (238,240)
Chui and Nyilas proposed that the ressuctian

in enthalpy with the second and subsequent multilayers
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yas svidsnce for a change in the Sindiag ~echznism o>
the adsarbed sroteins, z3nd this uculd gs3s50 btz hs dues t5 =
tine depnendent change in the adegthbed iniiizl meonslayer.
Other warkess have also notisad 2 tiss depands~t
(34)

. -~ LA .
~hange ir a-dsorted pretein susface fo=e ensrgy (teaeizn)
g% dntarfices, as wall 88 shedges in sdgsrotisn Jus s

(70, 239)
1 ent :
bulk concentration.
5.4 Some Considerations 0f the Pzraretecs Zaowvarpnirs the
Experimantal Desicn of the idsocptiasn Sustans,

ue to certain interfacial phenorena it was necessary

for both the static and dynamic =2dsorptisn systems te emplev

experimental procedures which eliminatsd the zir/solution
interfzace Tromthe test material.

- : (248-250) :

tarly experiments had determined that thz passzazcs

0f a solid through zn air/solution interface produczad

an adsorotion of the solute cnto the solid: this ohenormenon
is often referred to as Langmuir-8lodgett transfer, z2fter
the workers. Their early work was mainly concerned with
long chain fatty acids, but subsequently their results

and others confirmed that this ohenomenenwas alsc occurring
with protein solutionst.u'zm-zsa)

Due to their surface active amphoteric nature, proteins
have the tendency to concentrate at an interface and in so
doing reduce the interfacial tension. Cepending on the
hydrophilic/hydrophobic characteristics of the materials,
the above researchers observed both transfer and stripping
of adsorbed protein films on immersion and withdrausal

(34) (254)

.t and Jroman

| F]

from these orotein solutiaons. Zoth :

(

Faund that adsorbed albumin and fibri-nogen films Zue to

the Langmuir-2lodgett transfer, remain adherent to hydro-
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photic poly (methyl methacrylats), =2vsn after ex:csnsivs

J
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C
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Ll
(1]
.

washing with solutions of irisodium sh
CTuantitatively many of these resulis were varizbls z=nd
depended on the speed of immersign znc withdzzwal 2f the
test material through the air/solutisn interf=csz, and
theraefore because of the unpredictzble nature =f this
phenomenos, both the static and dynamic zdsor2tiisn systems
were designed to eliminate Zhis problem

Chapter 3). The washing procedure tc disnlzce rotein

or

i

(]
e

solution by a physiological buffer, both eliminatec the
above problem and also the problem of contamination associated
with the rediotracer technigues of protein adsorpticn
measurements(.zss}ﬁenerally speaking the most convenient and
sensitive method of quantifying protein adsorption is by
radiolabelling of the proteins. However as with any-tacging
af moleculeé either by a radio isotope or =z fluorescent
dye, questions are raised as to whether the labelling
techniques madify the physichchemical tehaviour of the
protein molecule. Studies on the antigenic specificity of
131 125

proteins labelled with I or I . isntopes s=zem to incicate

that no significant change has occurred and that they can

¢t
Q

be assumed to be biologically identic=l

256-25
mnleculet 2

thea untagged

Radiotracer technigues have been uszZ fcr ma2ny vears
as a technigue to study polymer adsorotiaon. 7Trhey h=zve been

especially valuable. in that the adsorbing surfzce c2- be

(518
ek
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y, eliminating the ne=sZ faor hich sur
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techniques. Such technigues =28 fluorzszsnt i-=zer

(262) (263)

imrunoelesctrogchoresis, ans isotachorchoresis =11 deceni
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on cuantitative 2nd guzlitative ana2lysis of ths desco3ed
vashings, but Secausz of the oroblsm recarding the 'revsceitility!

of protein 2dsorption their uee is guestianable., 2

(264)
measurement by ellipsometry cannot be us=sd for hydraczsl
mzterials, bzscause of the similarity between the -zfractivs
indices of hydrogels and proteins. Similarly multinls

(265)
attenuated internal reflection (M2IR), infra-ted speciroscocoy

is feasible only for dehydrated specimens anc is only semi-

[{1]

guzntitative. 0Jnre very premising technigque for direct

measurement of protein adsorption is by multiple internal
) (266,267) _, . -

reflectiaon fluorescence spectroscopy. This technicue

however is still in its infancy and as yet no knoun

cammercial equipment is available.

(268-272)
6.5 Hum=2n Serum "ltumin (HSA).

The narmal physiological level of HSA is within the

el =
range 35 - 50g.l. -, (with 2 mean value of 42g.l. l). i
comprises some S0 of 3ll plasm=2 proteins and acccunts

For 2lmost all of the colloidal osmotic pressure of the

plasma, which is about 25mm Hg. HEA is synthesized

in the liver from the amino-acid pool which is maintained

Dy dietary proteins. During prafein starvation, HS" is

formed at the expense of tissue proteins. In disease,

the 4S8 level often falls whilst that of globulins increase.

Cnly about 407 af the total albumin produced in the livzs

is contained within the circulaticn at any one timee.Albumin is found
innearly every fluid or secretion cf the body to same extent.

cof

'n estimated of the circulating FS2 leavass the Llood

E T =

each hour tc be returned (via the lymphztics), during the

next 24 - 28 hours,
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Physicochemica

floumin has be=n az model protein for physiczl chemistis,

who have probec its behaviour by every concsivable tschninue.

w
(1

Selected physico-chemical datz so cbiained are list in

223,273-279
Table 6.2.( )

Compared.with other proteins, albumin is characterizec
by smaller size but greater sclubility, total charge,
net negative charge, stabilitiy, flexibility and diersity
of ligand-binding affinities. A proposed multiple locp-
like pattern illustrated in Fig. 6.4, gives the amino-
acid sequence and primary structure for HS? and to some
extent explains the flexibility or conformational adapt-
abilité?n}From recent amino-acid composition and seguence
analysis, as given in Fig. 6.4, a precise molecular weight
determination of 66,248 daltons was obtained for HSA.
Hydrodynamic studies have ascertained that at pH 5 to 8
HSA is a prolate ellipsoid with major and minor axes of

223
150 and_aaﬂf )

From spectral analysis of albumin it uwas
determined that the secondary structure contains 50 - 55%
o¢ -helix, about 157 P -pleated sheet and the remainder
random c:oil:wg)lt has been proposed that the numerous
disulphide bridges (17 in HSA) impose considerable
restraints which stabilize this secondary structurefz801
The tertiary structure of HS2 has not been fully eluciceated
bty X-rzy crystallography, but it has been assumed that
strong interacticne hotween aZjacent loops are rasponzible
for the caompact glohular molecule nbserved =t neutr-=-1 M,

issociations 97 these loops into glonbular s=rts sr dormains

at neutrz1 pH have been postulated, as given in Fig. 6.5
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Table =%
F_ﬂ\‘-.jlr--\_,-_;:—.’—n« r_ﬂ::--nv'-:-—Eq-‘- i~ v ANy oo 5 L
Ay oS trs = Ay Faim oAy
L T R AT
Procercty Yzlos Rzferzncs
frzm aming- S50, 253 273
s
Ssgimentation constant S,, x 16°" 275
20, u
"anamer 443 "
lim:.- '::;E Ll
e L 7 ,
Ciffusion constznt. D04 3 1.5 Gaeld n
;‘.U,U
Bartial spacititc vUoline. Uzg R, THE n
Intrinsic viscosity N 3.042 ”
Crietiangl watia FfMFs 1. 28 "
dvcersll dimensions * 38 % 185 223
Isgelectsic agint &7 it
Isionic point 5.2 "
Flectrophoretic mobility pH 2.5 -%.9 27k
Refraciive index increment (57%nm) ) 276
% 1
1 :_,m,«'l
Optical absarbhznce T\279 nm 0531 277,278
Estimated O¢c =helix 48 279
ﬁ = 1 e n

1N




(273)

lustration removed for copyright restrictions

Aston University

~ (212

Aston University

Hustration removed for copyright restrictions
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Cver 207 oositive snd negativz zhs22gas distributsg
over the HS®* molescule cive a hydronhilic zhzrzctier zns
contribute to its high solukility in znuecues msiia,

Titration curves of =lbumins i-dicate that it iz =2 etrong
tufFfer at pH 4 or 10 but a weak one =%t ¢gH 7. ‘tiguzriteless
H3" does help to a small degree in buffering tlood plasmz t3
a near constant pH ?.4;

The =ability of HSA to interact with, =2nc tind a

myriad of smzller moleculess, is of becth physiclogizzl =2ns

4 " S 5 : ~ 2+
asharmacological important. The bindings of c=2tisns, CTa”™ ,
2 2% + 2+ 2+ 5
Eu™", Mi~ 4 g 4 Hg™ ; Zn etc., does occur but is far

less dramatic than its binding of anions. The anionic long
chain fFatty acids are very insoluble st pH 7.4, anc their
presence in plasma is .largely due tc their binding to
albumin. The association of Fétty acids with albumin also

causes conformational changes that help to incresesse the

stability of the protein molecule and this is probably true

' (272)
" for most tightly bound ligands. - Defatted albumins
(281)
are notably unstable on storage. Table 6.2 illustrates

(272)
same of the many physiological anicns which bind to HSA,

Bilirubin molecules are less soluble thzn Fatty acids
at neutral pH, and in addition, are highly unstable,

The affinity of HSA for bilirubin is very high, even so

J
('8
e

fatty acids compete for binding sites with bilirubin under

u

physiolagical concitions. HSA binds thvroxine =nd
numeraus steroid hormones, but to a2 lesssr exizsnt than do
the specific 5inding proteins such as thyroxins=-bincing
globulin and cortisol-binding globulin. The HS? z2is as
an overflow reservoir when the primary binding protein be-

comes saturated or nearly so.
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txamples of druc-binding L5 HS% zr= listed in T=tle
5.4, It is believed tha? hydrophaobic 2liahatic chaine zre
inserted into hydrophobic clefts in the HE" molecule withoul
2ny significant loss in the hydrophilicity 2° the =27,

269,270,282
5.5 Human Fibrinogen: (HFb){ deeed

The essential reaction in coagulaticn of bloaod is
the conversion of the soluble protein fibrinogen into the
insoluble scleroprotein, fibrin, by means of an enzyre,
thrombin. This process may be activated by way of either
the intrinsic clotting system due to surface activation
by foreign material, or via the extrinsic clotting system
arising from tissue factors released following cellular
injury, as outlined in the introductory chapter. 2s like
many other plasma proteins, Fibrinogen is synthesised by the
liver.

Physico-chemistry:

Many experimental techniques have been brought
to bear, in an effart to elucidate the size and shape of
the fibrinogen molecule. In the main these studies have
been aimed at‘humaﬁ and bovine fibrinogen ancd there is
general agreement that the native moleculzr weight is
340,000 : 20,000 daltons, based on sedimentation-
diffusion data and on light scattering measurements, anc
that the native molecule is 2 dimerEZSZ}

The physiﬁo-chemical parameters as detz=rmined for
human and bovine fibrinogen are listed in Table Z.:Z5.

To dzte no clezr agreement exists as %tz th=s zenera

shape or size of the HFb molecule. 2% o~z sxiremsz, if the
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molecule is not in the least hyzZrztsd, then the hydro-
dynamic data are most consistent with 2 orolate ellipsoid

of 500 x 30%. 8%t the ather ex

P

-

in

m= a hizhly hydrateg
molecule behavzss as a sphere of =2haut 2007 diameterx.
Ancillary data however would se2n to indicate a ccmpromise
structure resembling 2 prolate ellipsoid of 450 x so7, (see
Figure 6.62). Electron microscopy studies have shoun that
the molecule is compased of three linearly attached
globules, as illustrated in Fig. 6.6b. Fibrinogen is
an unusually unstable, easily denatured molecule, and it
obviously exhibits different conformational structures
under different conditions of pH, ionic strength and
temperature etc. Observations made under many conditions
may have no bearing on the true native cenformaticon, =znd
the only ones which have any significance are those
determined under near physioclogical conditions,

HFb molecules ccntain abzout 47 carbohydrate
moieties, conéisting of 19 galacitcse residues, 22
mannoses, lglglucusamines and 6 sialic acid groups for
(284,285)
every 340,000 moleculzar weight. Various studies have.
indicatsd that all sulfhycdryl groups of cysteine enter
into disulphide bridge formation, but even here estimates

' (282)
range from 21 to 34 disulphide bridges per molecule.

Amino acid terminal snralysis hzs shown that the natiuvs
moclecule is a3 dimer, e=ch particle of 243,707 moleculzr:

. . (286)
weight having 3 pairs of non-idzntic=l polypeptiide chairs.
Tuo of the three diffare~t chains were found to undergo
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r

of the fibrinopeptidzs A and B. 2y convention, the chzirs
which lose the fibrinopeptides " a2rs the ™ -chaine anc
those which lose the fibrincpeptides £ zrz the p-:hains

-~

he ch=2ir whosz amino terminal resicdue

L]
m
L
1]
FJ

rs unchanged

s tarmed the ¥ -chain.

|

Secause of the unstable nature of the molecule,
full elucidation of its primary, seccndary z2n< tertiary

tructures, has yet to be reelised.

3
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6.7 Kesults and Discussion

All adsorption study data has been tabulated in
RAppendix S, and in order to facilitate their analysis and
interpretation, “he majority of the saic data has teen
transcribed into a graphical format within tne text. The
hydrogel poly (2-hydroxy ethyl methacrylate), is by
far the most commonly utilised hydrogel material, both
for commercial and research purposes, and it was trerefore
chosen as the basic starting material for these studies.
The structure-property effects of additions of adjuvant
monomers, with a specttum of chemical structures, to form
2-hydroxy-ethyl methacrylate (HEMa) copolymers, have
been investigated. Of particular interest, especially with
regards the viability of these materials in biomedical
applications, is their structure-property effects on the
interfacial phenomenon of protein adsorption. In order
that comparative adsnrption studies for these copolymers
may be undertaken, some general principles of human
fibrinogen (HFb) and human serum albumin (HSA) adsorption
onto poly (2-hydroxy ethyl methacrylate), must first be
considered.

6.7.1 Poly (2-hydroxy ethyl methacrylate)

It can be observed from Graph 6.1 (i) that the
way in which HFb and HSA adsorb onto the purified and
commercial poly (HEMA) preparations, differ markedly,
The initial rate of adsorptior, dA/dt, as determined
from the slope, for HFb onto both types of poly (HEMA)
is fairly rapid over the first hour or so, but this

very quickly slows, to give a step or shoulder in the
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curve, which persists for approximately 5 hours. The

curve then proceeds to increase for a considerable time,
before once again slowing to a steady state or 'near'’

steady state plateau at approximately 70 hours. From the
previously mentioned calculated weight per unit area for a
complete monolayer coverage of HFb molecules of native

or near native conformation, (~ within the range (13-21)

X lD_Bg,cm._Z), it can be seen that multiple layering is
accurring, and that the initial small step in the curve,
would appear to correspond to an initial monomolecular
coverage of HFb molecules. It would appear that the com-
pletion of the monolayer coverage is a time dependent or
rate limiting step, after which each successive adsorbed
layer becomes progressively easier, This time dependent
step can be attributed to the progressive increase in the
interfacial pressure TT, which will accompany the developing
HFb monolayer coverage. This energy barrier to asdsorption
will attain a maximum value at or near complete monolayer
coverage, and its value will be a function of its own
physico-chemistry and that of the adsorbent material,

and the bulk protein concentratiog?klReduction in the inter-
facial pressure, TI, of adsorbed proteins at fluid-fluid
interfaces with time have been reported?zm and this has been
attributed to the displacement of segments. It may well be
that this interpretation can be applied to the above HFb
monolayer coverage, in that before further successive
layering can occur a time-dependent modification ar

restructuring must take place in the adsorbed protein film,

before new adsorption sites become available. Alternatively,
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if we consider that as monolayer coverage is attained so
the more active hydrophilic adsorption sites are deoleted
and the enthalpy of adsorption will become significantly
less exothermic ( /\G—e=+ve). It is knoun that
monolayers of HFb molecules at fluid-fluid interfaces
undergo lateral molecular interactions, which are time-
dependent forming a pseudo-fibrin polymer like Film.uaj}

If this is occurring at the solid-solution interface in

the afore-mentioned adsorption study, it would be expected
to then raise the exothermic enthalpy (net /G = -ve),
for adsorption, enabling the second monc<layer to adsorb onto
the first monolayer. As previously stated in Section 6.2
there will be a greater tendency for the initial monolayer
to be completed, if it is significantly more exothermic,

( /NG = -ve), than for further successive layers, but little
tendency for the second monolayer to be completed prior to
adsorption into the third and subsequent layers. Ffrom the
sigmoidal adsorption curves for HFb onto both types of

poly (HEMA) preparations, the above would seem to be true,
and if so, monolayer coverage for these materials would seem
to be enthalpically driven, rather than entropically. Thus
a low entropic component would seem to indicate little
conformational change in the adsorbing HFb molecule onto
hydrophilic poly (HEMA).

If the values for HFb adsorption onto the commercial
ooly (HEMA), (~r 475 x lD-Bg.cm.-z), and the purified poly
(HEMA) preparation, (~B65 x lUiag.cm.-2), are considered as
being at or near a steady state value, (~ 70 hours), the
relatively greater hydrophobic nature of the purified pre-

paration can be observed to adsorb far higher levels of Hfb.
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This is perhaps indicative of the preference of HFb
molecules to undergo hydrophobic interactions, as well
3s the more exothermic hydrophilic interactions of
hydrogen-bonding and dipole-dipole, common to most

proteins. The influence of bulk concentration on the multi-

layer formation can be ascertained from the data in Appendix 5

Lhen the concentration is reduced, a much reduced multi-
layer level is euident.wm

The effects of temperature on the adsorption of HFb
molecules onto purified poly (HEMA) was investigated.

"he results illustrated in Graph 6.1 (ii), indicate a
significant rise in the multilayer adsorption level with
increasing temperature. However, over the same

temperature range, no appreciable change in the rate of
fFormation of the initial time dependent monolayer coverage
is evident. This would seem to reaffirm that the monolayer
formation is of an exothermic nature.

The rate of adsorption will of course also be governed
by the temperature dependent diffusion constant for the
molecular specie concerned, and this is indicated in
Graph 6.1 (ii) by the increase slope with increasing temp-
erature.

It can be seen in Graph 6.1 (i), that HSA adsorption
onto the two types of poly (HEMA), preparation, are of a
similar parabolic pattern to each other, in contrast to the
sigmoidal pattern exhibited with the HFb adsorption.

The difference may be a function of the higher
diffusion constant of HSA compared to HFb, which would
mean that a higher adsorption rate is possible. Thnis

coupled with the higher bulk concentration of HS4 tc Hfb,
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Graph 6.1(i1): Influence of Temperature on Adsorption
Adsorbed HFb(x108g.ci?)
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(both arenfl/SUth physiological concentrations of plasma),
makes identification of a rate-limiting step for the mono-
layer coverage impossible, without furiher detailed study.
Alternatively, houwever, this difference between HSA and
HFb adsorption, may be attributed to the chemical difrferences
between the two molecules. Substantial differences in
surface/interfacial chemistry for these two proteins, have
been reported for adsorption at fluid-fluid interfaces.
HFb molecules in contrast to HSA molecules, tend to undergo
time-dependent lateral interactions which increases the
cohesive strength of the adsorbed Fil;ﬁg”HDueuer all protein
solution interfaces are known to undergo some form of
time-dependent changes in.the interfacial pressure of the
adsorbed Film.a It is perhaps therefore simpler to
ascribe the observable differences in the adsorotion curves
for HFb and HSA as being directly attributable to their oun
particular physico-chemistry.

Again from the previously mentioned calculated weight
per unit area for a complete monolayer coverage of HSA
molecules of native or 'near' native conformation,

8g.cm.-z), would indicate that multilayer

fiseasA20 x 10
adsorption is occurring. It is of interest to note that
the adsorbed levels of HSA on the commercial poly (HEMA)
preparation, (~ 300 x lD-BQ.Cm.'z) and purified poly
(HEMA) preparation (~ 175 x lo'ag.cm.'z), are of a much
lower value and are the reverse of those fnund with HFb
adsorption. Conformational studieswg have shown that the
albumin molecule possesses a far greater inherent con-

formational stability compared to fibrinogen molecules.

With this information at hand, it is not hard to understand
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why HFb molecules will tend to undergo greater conformaiional
changes on adsorption, than HSA, and in so doing will tend
to raise their multilayer adsorption due to entropic factors.
3ecause of the greater molecular size of HFb it will have
a greater number of interactions per molecule than the
smaller HSA molecule and accordingly the increase in
intramolecular strain due to these interactive forces will
be greatest for HFb, and consequently results in its low
stability. Of course the above adsorption process is
also a surface-dependent phenomencn,and it will be the
surface/interfacial chemistry of the adsorbent, which
will determine the degree of interactions with a specific
molecular specie. The greater HSA adsarption with the
relatively more hydrophilic commercial poly (HEMA)
(containing carboxyl group impurities) is precisely what
would have been expected, based on the known highly
hydrophilic, ligand-binding characteristics of the albumin
molecule. Accordingly, from its lower solubility the
HFb molecule will tend to show a greater preference for
hydrophobic interactions than would the HSA molecule,
and thus accounts for the higher level of adsorption of
HFb on the purified poly (HEMA) with a lowered hydrophilicity.
It should be pointed out that in no way can the
adsorption characteristics of either fibrinogen or albumin
molecules, be simply classified under the respective general
headings of hydrophobic or hydrophilic interactions. Both
molecules possess many polar and non-polar groups along
their polypeptide chains, fibrinogen for example also con-
tain very hydrophilic carbohydrate moieties (47 by ueight).
Therefore the adsorption phenomena for each individual
molecule is an extremely complex array of interactions which
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can consist of nydroohobic (eft:api:),Uan der _Jaals, hydroagen-
bonding, dipole-dipole, dipole-induced dioole, ionic, and

in some circumstances possible covalent disulphide inter-
actions will occur.

6.7.2 Hydrophilic-Hydrophobic Copolymers

Incorporation of an increasing percentage of the

very hvdrophobic monomer, styrene, to form HEMA/STY copo-
lymers, somewhat in contrast to the findings for the
-commercial and purified poly (HEMA) preparations, produces
a progressive decrease in the adsorption of HFb (Graph
6.2(i)). On closer examination of the HFb adsorption on
these HEMA/STY copolymers, it is evident that not only is
the HFb adsorption level decreasing as the hydrophobic
content increases, but that the sigmoidal shape associated
with the hydrophilic material(s), becomes modified to

give a more parabolic curve. This latter aspect is re-
inforced by the HFb adsorption exhibited by the hydrophabic
polymers of poly tetra-fluoroethylene (PTFE), polyethylene-
terepthalate (melinex) and poly dimethyl-siloxane-rubber
(silicone rubber), as depicted in Graph 6.2(ii). These
hydrophobic materials exhibit a lou level steady state

(of between (140-175) x lﬂ-ag.cm._z), which is attained
very rapidly in contrast to the slow build-up observed with
the hydrophilic materials so far examined. The theoretical
monomolecular adsorption level for HFb in its native
conformation, lies somewhere in the range of (12-21)

-8

x 10 l;;.c:rn."2 (See Appendix 5), and it would therefore appear

that far less multilayer formation is occurring on the
more hydrophobic polymers/copolymers. This may simply be
attributed to the low enthalpy-endothermic interactions

which occur between hydrophobic groupings, however,
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Gram1626} Adsorption data for the HEMA/STY copolymers
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Graph 6.2(ii): Adsorption data for hydrophobic copolymers
Adsorbed HFb(x108g.cm?)
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alternatively it is very likely that large conformational
chan22s take place in the adsorbing HFb molecule, due to
mainly entropic interactions (factors), which have the
tendency to spread the molecule, and in so doing a theoretical
monolayer coverage of 1.0 x J.E]-Elg'.c:ﬂw..-2 or lsss, is feasible.
Thus hydrophobic HFb multilayer formation may well be com-
parable to that observed with hydrophilic materials,

however, direct comparisons of this nature are perhaps
inadvisable, when considering the above somewhat obscure
complexities of the adsorption phenomenon.

In Graph 6.2(iii), the values for adsorption at
approximately 70 hours (which within the limits of exper-
imental error can be taken as the steady-state value), for
HFb and HSA adsorption onto HEMA/STY and HEMA/EMA copolymers,
were plotted against the content of hydrophobic monomer
(Moles Z). It is interesting to note that certain of the
trends in adsorption for the hydrophilic/hydrophobic copo-
lymers do show correlation with the previously determined
trends in bulk and surface structure-property effects.
HFb adsorption decreases progressively with the progressive
increase in styrene, until a 15-20 moles % content is
achieved, after which further increase in the styrene
content produces no apparent change in adsorption. As
perhaps would be expected from the bulk and surface

structure-property effects, the progressive increase
of the less hydrophobic monomer ethyl methacrylate pro-
duces very similar effects on HFb adsorption, if less
dramatic in nature than styrene.

Similarly, gross correlations can be observed for

these hydrophilic/hydrophobic copolymers, in the rather
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complex series of scatter diagrams, Graprs 6.5 to £.10,
relating their adsorption of HFb and HSA to their bulk and
surface properties., The observed reduction in adsorbed =Fb
with increasing hydrophobic content can be correlated
with a progressive decrease in water conten: (EWCT;
a gross decrease in total surface free enerqgy (B’sv)’ and
aross overall increases in the bound-water fraction and
interfacial free energy (¥ su)'
The adsorption of HSA onto the HEMA/STY coirolymers,
as depicted in Graph 6.2(iv), exhibits quite substantial
differences to those of HFb adsorption. The adsorption
mechanism for HSA is believed to be a very different
process from the adsorption of HFb molecules, in that albumin
possesses sufficient internal bonding to stabilise and
hold its native globular conformation, even on hydrophobic
surfacesfﬁw This parameter of HSA's physico-chemistry
should render a far simpler interpretation of the adsorption
data, in contrast to the problems encountered as a direct
result of the dimensional instability of the HFb molecule?au
Previously in Chapter 5, it was found that an initial
small percentage addition of styrene to poly (HEMA),
instead of reducing surface wettability and surface free
energy (% SU), actually increased these parameters to above
that observed for poly (HEMA). With still further increase
in the styrene content, the expected reduction in wettability
and free energy wosre elicited. From Graph 6.2(iii), very
similar gross effects can be seen for the HSA adsorption
onto these HEMA/STY copoly~ers, and it would therefore

seem very likely that the raised level of HSA adsorption

over the range 5-20 (Moles %) STY content, was due in the
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Graph 6.2 (iv): Adsorption data for HEMA/STY copolymers
Adsorbed HSA (x108g.cm2)

KE Y:-
@®- roly (EEMR)
(O - HEMA/STY copolymers
N.B. numerical suffix denotes the 5
STY content (Mole %)
300-
5
(«)
200- ‘[
25
()
1004 25
)
25
o
0 10 20 30 40 50 60 70

Time(hours)

233



main to hydrophilic, exothermic interacticns. Since
adsorption of HSA attains a maximum on HEMA/STY 90:10
(Moles %), and based on the surface chemistry analysis
(Chapter 5), it would seem that although hydrophilic
interactions predominate, hydrophobic interactions cannot
be discounted, for it would appear that maximum adsorption
occurs at the most preferential ratio of hydrophilic
(polar) - hydrophobic (non-polar) interactions feasible,
and not solely at the maximum surface concentration of
hydrophilic groupings, (i.e., HEMA/STY 90:10 (Mole %)
Y

¥ dsv = 18.0 dynes. cm.” 1 and‘ﬁpsU = 30.8c¢ynes. cm.
With further increase in the hydrophobic content of
the HEMA/STY copolymers, the observed decrease in the HSA
adsorption onto the highly hydrophobic material, involves
no entropic conformational changes and is simply due to a
net decrease in interactions, as the adsorption process
tends towards being exclusively endothermic-hydrophobic
interactions. ngain, similar, if less pronounced changes
in the adsorption phenomena are seen to occur, when the
smaller ethyl methacrylate molecule is substituted for
the bulky highly hydrophobic phenyl group of styrene.
In contrast to the adsorption of HFb molecules, HSA
adsorption does appear to follou a more precise correlation
with the surface chemistry parameters of, total surface

)

and the surface active bulk chemistry parameters of water

free energy (E su) and interfacial free energy (K U

content (EWC %) and bound water-fraction measurements,
(Graphs 6.6 to 6.10), for the hydrophilic/hydrophabic

copolymers of HEMA/STY and HEMA/EMA.
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With the substitution of 2-hydroxy ethyl methacrylate
by the very much more hydrophilic N=vinyl pyrrolidone
molecule, to form NVRB/EMA copclymers, the unusual chemical
characteristics of this monomer (discussed earlier in
Chapters 4 and 5) do seem to greatly influence the
adsorption of both HFb and HSA (See Appendix S for values),
and results in far greater adsorption levels than its
HEMA counterparts. These very high water content copo-
lymer compositions of 95:5 and 75:25 (Moles %) NVP/EMA,
although fitting into the criteria for the hydrogel material
subset of hydrophilic/hydrophobic copolymers, they shou
quite different adsorption patterns, as compared to the
other members of this subset so far discussed. Addition
of the hydrophobic EMA dramatically increases the protein
binding potential of this class of hydrogels, both for
HFb and HSA. Again a maximum binding potential would be
expected at the most preferential hydrophilic/hydrophobic
ratio. Further increase in the EMA content, would be
expected to produce a reduction in the adsorption level
for both HFb and HSA, in a similar fashion as to that
exhibited by the copolymers of HEMA/STY and HEMA/EMA.

6.7.3 Hydrophilic-Hydrophilic Copolymers

The previously described sigmoidal H%b adsorption
pattern evident with hydrophilic poly (HEMA), is again
observed for the HEMA/ACM (and ACM derivatives), and is
indicative of multiple layering of the adsorbed HFb
molecules, (as depicted in Graph 6.3(i)). Also depicted
on this graph is the adsorption with time of HSA onto the

above copolymers, and as previously observed with poly (HEMA),
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Graph 6.3(i): Adsorption data for the ACM derivatives
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these show a more parabolic pattern, and multiple 1=
is self-evident, based on the ad=2orped cuan*tities (%S4 mono-
layer coverage as previously derived ~ 20 «x lD—Bg.cm."z)
Using the adsorption values at approximately 70 hours
as the steady state values, these have been plotted against
the HEMA content (Mole %) in the various copolymers of
this hydrogel subset for both HFb and HSA, in Graphs
6.3(ii) and 6.3(iii) respectively.
From Graphs 6.3(i) and (ii) the addition of the
monomer ACM, can be seen to reduce the adsorbed level of
HFb quite drastically at first, but with further increass
to a HEMA/ACM 75:25 (Moles %) composition the additional
ACM molecules would seem to exhibit less surface activity,
perhaps due to preferential bulk interactions. Extrapolation
of the adsorption of HFb onto these HEMA/ACM copolymers
is made possible by using the adsorption data for the
solution polymerised poly (ACM). This seems to indicate
that above the 50:50 Moles ratio, further additions of
ACM once again are very effective in lowering the adsorbed
level of HFb. It would therefore seem likely that, as
previously mooted, HFb molecules tend to prefer hydrophobic
interactions and that with the progressive increase in
the surface hydrophilicity, due to ACM, an overall gross
reduction in surface binding potential takes place. The
reduction in surface binding potential for the HFb molecule,
can also be attributed to the decrease in chain segment
density per unit volume that occurs with high water content
gels, such as poly (ACM). Effectively the exponential in-
crease in pore size (See Chapter 4) with increasing water

content will reduce the surface concentration of hydrophilic
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and hydroohobic groupings on the chain segment backbone

and side-chains, and the resultant spatial distribution

of these hydrophilic/hydrophobic groups, tends towards a
reduction in the total number of surface interactions possible,
per unit area. Following on from this concept, it would
appear that for maximum adsorption of a particular protein,
not only must a preferential ration of hydrophilic/
hydrophobic groupings be present, but that they must co-
exist in the "correct" preferential spatial arrangement(s)
both on the "surface" of the adsorbent polymeric material
and the adsorbing protein molecule. The adsorption level
is of course also dependent on the strength or degree of
intermolecular interactions, which are themselves dependent
on the types of hydrophilic/hydrophobic chemical structures
present; and this aspect is clearly evident, when the 4C™
derivatives, MACM and DAACM are substituted for ACM, in

the HEMA/ACM copolymers depicted in Graph 6.3(ii).

The greater the hydrophobic character of these monomers,
the stronger their interactions, and the greater their
resultant net HFb adsorption level. Addition of the hydro-
phobic methyl group to the ACM backbone, to form MACHM,
shows in the HEMA/MACM 75:25 (Moles %) copolymer, a raised
adsorption level in comparison to its HEMA/ACM counterpart.
Similarly when the bulky hydrophobic 1,1 dimethyl-3-
oxy-butyl substituent of DAACM is introduced, 2z still
greater adsorption level is seen, as compared to either of
its HEMA/ACM, HEMA/MACM counterparts. Extrapolation of
the adsorption levels of these copolymers to that of their
own respective solution polymerised poly (MaCM) and poly

(DAACM), indicates a net overall reduction in adsorbed Hfb,
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as previously seen with the ACM copolymers.

As would perhaps be expected, the decrease in Hfb
adsorption, resulting from the progressive increase of
ACM, MACM and DAACM, can be seen to be accomoanied by a
rise in surface wettability and a commensu-ate fall in
interfacial tension () su)° (See Appendix 4 for data).

The opaque nature of the poly (DAACM), is indicative
of phase-separation of the bulk-water and heterogeneity
of the gel, and a possible anomalously large pore size,
which would be expected to raise the adsorption level
above that of its homogeneous counterpart. This would not
be expected to greatly influence the adsorption of the
large HFb molecule, but its effects on the smaller HSA
molecule may well be significant.

In marked contrast to the adsorption of HFb, the
adsorption of HSA onto the copolymers of HEMA/ACM,
shows a significant rise in adsorption with 2 small §
(Mole %) increase in the ACM content of the copolymers,
as depicted in Graph 6.3(iii).

Further increase in the ACM content, is less effective
in raising the HSA adsorption level, somewhat similar in
nature to the reduced surface activity seen with the HFDb
adsorption, and again perhaps this may be attributed to
the bulk interactions of the ACM molecule. Extrapolation
of the adsorption data to that for poly (ACM), would seem to
indicate that a fairly massive rise in HSA adsorptiaon
occurs with still further increases in ACM content.
Although the rise in HSA adsorption with increase in
ACM content 1is predictable, based on the preference of
HSA to undergo hydrophilic-exothermic interactions; the

"adsorption" of HSA onto the very high water content poly
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(aCMm) (~93% EUC), is somewhat suspect.

With such high water centent gels, a fall in adsorption
was to be expected, based on the previously discussed
reduction in chain segment density and the accompanying
reduction in surface interactions per unit area. However,
this fall in adsorption is not observed and it may be that
the very hydrophilic 1 mole % cross-linked poly (ACM)
has the most preferential chemical arrangement for HSA
adsorption. At such high water contents, an exponential
increase in pore size is affected, and a theoretical pore
size is produced larve enough to enable the HSA molecule
to penetrate or absorb into the gel matrix. The actual
penetration or absorption of the HSA molecule into such high
water content gels is therefore a distinct possibility, and
will therefore be considered in the more appropriate
section of this chapter concerning the cross-linking
agents.

The introduction of the methyl group of MACM and the
1,1 dimethyl-3-oxy-butyl group of DAACM, as would be
expected, produces less HSA adsorption than their ACM
counterparts, as depicted in Graph 6.3(iii). Somewhat
unexpectedly however, increasing the DAACM content would
seem to progressively raise the adsorption level, whereas
an increase in the MACM content, not unlike its bulk
effects on uwater content (See Chapter 4), causes an initial
depression of adsorption level prior to produciny a net
rise in adsorption, as determined by extrapolation to poly
(macm). It would appear that the hydrophobic 1,1 dimethyl-
3-oxy=-butyl and hydrophilic-amide substituent groups
forming the long flexible side-chain of DAACM, confer a

much greater potential for interaction with the amphoteric
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H5A molecule, than the rather fixed hydrophobic backbone
methyl group and side-chain amide group of MACM.

Substitution of ACM by the equally hydrophilic NVP
molecule, to give HEMA/NVP copolymers, produces quite a
different pattern of HFb adsorption, from that observed
For ACM and its derivatives. From Graph 6.3(ii) it can
be observed that a small content of S5 Mole % of NVUP
produces a significant fall in adsorbed HFb, but that
further increase in NVUP content effects an equally dramatic
rise in the HFb adsorption level. This rather anomalous
adsorption behaviour, does seem to bear out the equally
anomalous surface chemistry structure-property effects
discussed in Chapter 5.

From these surface chemistry measurements it was
observed by comparison with poly (HEMA) that for the
HEMA/NVP 95:5 (Mole %) copolymer, a fall in wettability
and surface dispersive component (ﬁ dsu) had occurred,
together with a large rise in interfacial tension (¥ su)

With further increase in the NVP content, a reverse
in these trends was noted. It is very likely that if this
copolymer series was extended, higher concentrations of
NVP would inevitably raise surface wettability and lower
interfacial tension, as a direct consequence of its very
hydrophilic nature.

In conjunction with this, the accompanying rise in
water content and resultant reduction in the chain segment
densities, coupled with the change in hydrophilic/hydrophaobic
spatial distribution, a net reduction in surface binding

potential takes place and thus the adsorption level falls.
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This is born out to some extent by the copolymers
of NVP/EMA, which shou a fall in both HFb and HSA
adsorption with an increase in the NVP content to give
the high water content NVP/EMA 95:5 (Mcle %) copoclymer
composition, (A~ 90% EWC).

The adsorption of HSA onto the HEMA/NVUP copolymers,
as evident from Graph 6.3(iii), follows a very similar
trend ta that observed with the HEMA/ACM copolymers.

The addition of the monomer NUP can be seen to
increase the adsorbed level of HSA, quite drastically at
first, but with increase to give a HEMA/NVP, 75:25 (Moles %)
composition, the additional NVP molecules would appear
to exhibit less surface activity. This latter effect
may well be attributable to bulk interactions, as previouslv
proposed for the similar trend observed with ACM copolymers.
Further increase in the NVP content to 50 Mole %, produces
a substantial increase in adsorption and it is reasonable
to assume that after reaching a peak adsorption level, even
higher NVP content will subsequently produce a decrease in
adsorption, in a similar manner to the previously
described NVP/EMA copolymers. Extension of the HEMA/NVP
copolymer series is necessary to confirm or disprove
this hypothesis Powever, limitations will be imposed on this
series by the problem of differentiating between actual
adsorption or absorption of HSA, and both of which may occur
wilh the high. water content gels of 90% ZWC anc above.

6.7.4 The Influence of Cross-Link Density on the Protein

Adsorption of Poly (HEMA) and Poly (ACM) Hydrogels

6.7.4(i): Poly (HEMA)

Graph 6.4(i) shous the adsorption of HFb with time,

244



onto the copolymers of HEMA/ED™A, and that an increase in

the EDMA content effectively reduces the HfFb adsorption. This
#rand i+ perhaps more clearly illustrated by Grapkh 6.4(ii),
which also depicts the HSA adsorption for these copoclym=rs.
It can be observed that initially a very marked reduction

in HFb adsorption occurs when the EDMA content is raised

to 5 Mole %, however, on further increase in the EDMA

content its effectiveness in depressing the adsorption

level, rapidly declines. Further increase in content

above that for the HEMA/EDMA 85:15 (Mole %) copolymer,

would not be expected to appreciably lower the HFb

adsorption level. It is perhaps not unreasonable to assume
that at a high enough EDMA content the "hydrogel" copolymers
would exhibit similar adsorption profiles to those of the
hydrophobic polymers discussed earlier. However, over the
copolymer range covered in this project, the reduction in

HFb adsorption levels is likely to be due to a very different
mechanism from that postulated for the hydrophobic monomers
of STY and EMA. Tﬁis is to some extent reinforced by

the rather remarkable surface data outlined in Chapter 5,

in which it was discovered that progressive increase in

the EDMA content produced a somewhat paradoxical increase

in surface wettability, surface polarity (% psv) and total
surface free energy (¥ su)’ together with a reduction in

)

These surface effects were previously postulated as

interfacial free energy (v'su

being attributable to the progressively non-random cross-
link formation with increase in the EDMA content. This

is believed to lead to anomalously large pore sizes, (4 369 dia),
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Graph 6.4(ji). Influence of EDMA on Adsorption
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and long flexible chain secments, which allow re-orientzation
of the hydroxy ethyl side chains to present a higher thzn
expected surface wettability.

This explanation can then fully justify both the faz2ll
in the HFb adsorption levels and also the rise in the
HSA adsorption levels for these copolymers.

The peak HSA adsorption level observed with the
HEM2/EDMA 90:10 (Moles %) copolymer, can be attributed
in the main to hydrophilic-exothermic interactions.
Subsequent increase in the EDMA content however, produces
an increase in surface polarity/wettability, but a reduction
in HSA adsorgtion and this would seem to reinforce the
view that certain hydrophobic-low enthalpy interactions
are also necessary for maximum HSA adsorption to occur.

6.7.4(ii) Poly (ACM)

The adsorption of HFb onto the copolymers of ACM/
MBACM, as evident from Graph 6.4(iii), follouws the
similar sigmoidal multiple-layering trend as observed
for the other hydrophilic copolymers so far discussed.

In contrast to other hydrophilic copolymers, the
ACM/MBACM copolymers show very low HFb adsorption, as
too does the ACM derivative, MACM/MBACM copolymer.

Addition of the MBACM cross-linking agent to
poly (ACM), can be seen to produce only a relatively
small increment in HFb adsorption, see Graph 6.4(iv).
This rise may be attributable to the reduction
in the surface polarity/wettability and/or, as a result
of the increase in chain-segment density accompanying a
reduction in wvater content, both of which will afford a

greater degree of interaction with HFb molecules. In
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Graph 6.4(iii): Influence of Cross-linking on Adsorption
Adsorbed HFb(x10'Bg.crﬁ.2)

2004 KEY-
(- ACM/MBACM copolymers
._ MACM/MBACM
N.B. numerical suffix denotes MBACM
content (Mole %) 10
150-
100-
504
0 10 20 30 40 50 60 70

Time(hours)

249



Influence of MBACM on

Graph 6.4(iv): Adsorption
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contrast to the mechanism outlined for EDMA, the behaviour
of MBACM would appear to be simply like that of a
hydrophobic monomer. This is perhaps not too surprising
when considering the high unbound 'bulk' water content
of poly (ACM) as compared to that of poly (HEM:),.

As previously mentioned, penetration or absorption
of HSA molecules into the gel-matrix of the 93% EUWC,
poly (ACM) is a distinct possibility and therefore perhaps
sorption may be a more appropriate term for such high
water content gels. Based on the relationship betueen
pore size and water content, as discussed in Chapter 4,
then certainly the reduction in water content with increase
in MBACM, should effectively exclude the penetration of
HSA molecules and eliminate the problem of differentiating
betueen adsorption and absorption. Some indication of this
is given by the low HSA sorption evident with the 90% EWC
NVP/EMA copolymer and by analogy, any absorption by the
82% EWC poly (ACM) will be insignificant. If this is then
the case, the reduction in HSA sorption as depicted in
Graph 6.4(iv), will be for the most part a reduction in
adsorption, with reduction in absorption being prominent only
over the high water content gel range above 90% EUWC.

This reduction in HSA adsorption may therefore be
ascribed to the increase in the hydrophobic nature of
the gels and the commensurate decrease in protein-
polymer interactions.

The very large standard deviations observed with HSA
adsorption from a 75mag % solution, onto these copolymers,

was not a feature of the HSA adsorption from a lower 50mg %
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solution (3ee Appendix 5 for data), and this would seem *o
indicate that very high adsorbed multiple layers of HSa

are unstable and perhaps therefore more prone to experimental
erTor.

6.7.5 The lonic Hydrophilic Copolvmers

In contrast to the adsorption mechanisms so far post-
ulated for the neutral hydrogels, the adsorption data for
the ionic hydrogels as depicted in Graphs 6.5(i) and
(ii), shows that for an increase in the ionic components
both very low and HFb and HSA adsorption levels are attained,
and these trends would seem to indicate that a substantially
different adsorption mechanism is predominant for ionic
hydrogels. From the known net negative charges possessed
by both HSA and HFb at a physiological pH 7.4, it is
believed that this adsorption mechanism is directly
attributable to electrical double-layer effects which in
turn produce a unifying electrostatic barrier to the
phenomenon of multiple layer adsorption.

When the ionic copolymers are introduced into the
physiological buffered Kreb's solution, they acquire a
surface electric charge; possible charging mechanisms
being ionisation, ion adsorption and ion dissolution.

The surface charge influences the distribution of nearby
ions in the asgqueous medium, Ions of opposite charge
(counter-ions), are attracted towards the surface and
ions of like charge (co-ions) are repelled away frem the
surface. This, together with the mixing tendency of

thermal motion leads to the formation of an electric
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Influence of MAA on

Graph 6.5(i): Adsorption
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double layer, made up of the charced hydrogel 'surface!
and a neutralising excess of counter-ions over co-ions
distributed in a diffuse manner in the aqgueous mediumjzom
The electric double layer can be regarded generally as
consisting of two regions: an inner region which may
include specifically adsorbed ions attached to the
surface by electrostatic and/or Van der Waals forces
strongly enough to overcome thermal agitation, and an
outer region in which ions are distributed according

to the influence of electrical forces and random thermal
motion.

Surfaces in contact with aqueous media are more often
negatively charged than positively charged. This is a
caonsequence of the fact that cations are generally more
hydrated than anions and so have the greater tendency
to reside in the bulk aqueous medium, whereas the
smaller, less hydrated and more polarising anions have
the greater tendency to be specifically adsorbed?omSurFaces
which are already charged by iaonisation, uéually show a
preferential tendency to adsorb counter-ions, and it is
possible that counter-ion adsorption can cause a reversal
of surface charge.

If the negatively charged HSA and HFb molecules are
considered as co-ions, then accordingly electrostatic
repulsions would be expected to considerably reduce their
adsorption onto a anionic hydrogel. This electrical double
layer effect would seem to fit the adsorption data given for

the HEMA/MAA copolymers in Graph 6.5(i). Why the HSA

adsorption should increase with the increase in MAA content
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to form the HEMA/MAA 25:75 (Mole %) copolymer is uncertain
however, it is of interest to note that the ®SA adsorption
trends for these copolymers do seem to correlate with tne
decreases observed in EWC and bound fraction and perhaps
indicates a reduction in ionisation.

In theory the ionisation of the HEMA/MAA copolymers
would lead to a negative charge together with a commensurate
rise in wettability and EWC plus fall in interfacial tension,
all directly attributable to specifically sorbed highly
hydrated sodium ions (the predominant counter-ions in
solution).

The experimentally determined trends in surface and
bulk characteristics of the HEMA/MAA copolymer series do
seem to show some interesting, if somewhat complex correlation
with the above postulated HFb and HSA adsorption mechanisms,
as is illustrated in the series of scatter diagrams
Graphs 6.6 to 6.17.

Inclusion of MAA (1 Mole %) and AEMA (1 Mole %)
into the 93% EWC poly (ACM) composition produces similar
dramatic reduction in both HFb and HSA adsorbed levels,
as indicated in Graphs 6.5(i) and (ii). In fact because
these ACM/MAA and ACM/AEMA copolymers have greater water
contents, and by inference greater pore sizes than poly
(ACM), it would seem that inclusion of these ionic moieties
not only decreases adsorption but effectively decreases or
eliminates any HSA absorption into the highly porous gel-
matrix., It is likely that the above trends are again

attributable to the electric double layer mechanism outlined
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for the HEMA/MAQ copolymers, however, by analogy the &CM/
AEMA copolymers should show a raised adserption. These
somewhat anomalous findings may be explained by the
argument that anions specifically-adsorb by way of electro-
static and/or Van der Waals forces to convert the surface
to a negative charge.

As a direct consequence of their small hydraticn
shells and higher polarity, anions have a greater ‘endency
than cations to adsorb and produce this conversion of
surface charge.

The ordering of ions by the electric double layer
effect, together with their specific hydration shells, is
not incompatible with the view that it is the water
structuring effects of hydrogels that determines their
adsorption. Similarly it is not incompatible with
the above, that the changes in adsorption observed with
these ionic hydrogels, is a feature of electrostatically
induced intramolecular-strain in the conformation of the
adsorbing protein molecules.

b.7.6 Bulk and Surface Effects

In an attempt to illustrate some of the previously
mentioned correlations betwsen bulk and surface characteristics
and adsorbed HSA énd HFb, a series of scatter-diagrams
have been constructed, Graphs 6.6 to 6.10. Both the bulk
and surface data and the adsorption data, are each of a
somewhat diverse complex nature in their own right, and
any attempt at their correlation will only be successful

in all feasibility when limited to general trends or

principles.
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l. Bulk Effects

l.1 Egquilibrium uwater Content (Graphs 6.6(i) and (ii)

The relationship between HF: adsorption and EJC is
illustrated in Graph 6.6(i). A somewhat empirical division
of this data into three distinct types of adsorption is
given below:

Region 1 - This consists of the low water content
hydrogels (< 30% EWC) which have very small 'pore' size,
high chain segment density and high surface concentration of
hydrophobic groups. Very low HFb adsorption is evident
and this may be attributed to mainly low enthalpy hydrophobic
Van der Waals interactions, which are entropically driven by
the conformational instability of the relatively hydroohobic

HFb molecule.

Region 2 - These gels have moderatély high hydrophilicities

within the ~s range 30-60% EWC and accordingly small 'pore!
size (v & 108 dia), high chain segment density and high
surface concentration of both polar and non-polar groupingse.
Maximum adsorption is attained for these hydrogels due to
their high surface binding potentials. Adsorption is
driven by a combination of exothermic (high enthalpy)
hydrophilic (polar) interactions together with the more
low enthalpy hydrophobic interactions. Some entropic drive
may also be present.

Region 3 - This region consists of very high water

content gels (> 70% EWC), (moderate to large 'pore' sizes,

~ 20-200% dia), chain segment density and surface concentration

of predominant hydrophilic groups are avariable feature,
dependent on the pore dimensions, Low HFb adsorption is the
feature of this region and results from both low enthalpy

hydrophilic interactions and low entropy resulting from

apparqﬂE“EEnFormational stability of adsorbing HFb molecules.
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Relationship of Bulk Water to

Graph 6.6(1): Adsorptiosn
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General Key for the Scatter-graphs:
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These three regions are not in comolets isolatior f-nm
each other and in fact a degree of continuity between the
regions is indeed indicated, as would be expected.

The someuhat anomalous results observed with “he NYP
copolymers can be related to the substantially different
structure property effects of the pyrrolidone ring. By
extrapolation of the data from these NUP copaolymer
compositions it would seem that a very high adsorption
peak similar to the type 2 region of the HEMA copolymers,
will occur, but in the 65-80% EWC range.

The HSA adsorption data given in Graph 6.6(ii),
would seem to indicate that with the exception of the
ionic hydrogels, the majority of hydrogels show an overall
rise in adsorption with increase in hydrophilicity over
the range 0-90% EWC. Above this value the problem in
differentiating between true zdsorption and absorption arises
and further complicates data analysis. Individual
variations are evident particularly for the hydrophilic/
hydrophobic copolymer compositions and HEMA/EDMA copolymers
in the 20-35% EWUC range.

Many past stucdies have reached the conclusion that
in contrast to HFb, HSA has sufficient conformational
stability to resist significant changes in its native
globular state. Low HSA adsorption levels may therefore
be regarded as being due to both low enthalpy and lou
entropy driven surface interactions betueen the hydrophobic
(non-polar) 'gel'-surfaces and the few hydrophobic and
predominant hydrophilic exterior groups of the HSA molecule.

As bulk hydrophilicity (i.e., EWC) increases so

generally does the surface hydrophilicity/wettability, and
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Relationship of Bulk Water to
Adsorption
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because of this a progressive increase in exothermic-
hydrophilic interactions between tne gel-surface and the
HSA molecules results in substantial increase in the
adsorption levels.

The low adsorption observed with the ionic hydrogels
do not fit into the above trends becaucse as postulated
in the text, electrostatic forces due to electric double
layer effects produce a barrier to adsorption.

Fall in the adsorption levels for the NYP/EMA
copolymers with increase in EJC, may be indicative of the
reductions in surface interactions due to increased pore
size and reduction in chain segment density, similar in
nature to the cansiderations for the low HfFb adsorption
onto high water content gels.

1.2 Bound Fractian

8ound fraction = non-freezing (bound) water content
Esllely

Although a relationship between bulk structuring and
adsorption does exist, it is a very crude and someuwhat
tenuous correlation. It is the surface structured water
that influences the adsorption process and although
bulk structuring effects will influence the surface
structuring they will not be necessarily identical in
nature. Thus DSC measurement of the total freezing
and non-freezing water contents is heavily ueighted
touards the predominant bulk structured water and will

overshadow the very much smaller surface structured uater.

Until techniques exist to solely measure this surface
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. Relationship of Bound fraction
Graph 6.7(i): to Adsorption
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structured water, precise correlations with adsorbed
proteins will not be feasible.

From Graph 6.7(i), adsorotion of HFb in relation *o
bound fraction values can be seen to be comparable to the
EUC trends, and as would be expected, Region 1 type 'gels!
have a very high bound fraction value and low adsorbed Hfb
levels; Region 2-type gels tend towards high bound fraction
values and high adsorbed HfFb levels, and Region 3-type
high water content gels as expected have low bound fraction
values and low adsorbed HFb,

Similarly the general trends exhibited in Graph
6.7(ii) fFor HSA adsorption in relation to bound fraction
values tends to be comparable with their EWC trends.

Individual variations in trends for the different
hydrogel copolymer subsets may be attributed to the inherent
low sensitivity of the experimental DSC technique to
surface structured water.

Taking all the above bulk features into consideration,
it would seem that although hydrophilicity (EWC) is an
important parameter, essentially it is the inherent water
structuring of the constituent chemical groups, particularly
those of the surface, which will directly influence both
adsorption and absorption of proteins.

2. Surface Effects

Because no known techniques exist to directly
quantify total surface free energy (% su) and interfacial
free energy (B8 SU), (for hydrated materials) the mathematical
derivation of their data produces values which are somewhat

artificial in nature. Direct use of the air bubble contact
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angle data can in its own right be a useful technique for
following trends in the relationship between surface
hydrophilicity (wettability) and adsorption. Although
from the scatter diagrams, Craphs 6.8 to 6.10, individual
trends for the copolymer subsets are evident, a unifying
trend for all hydrogels is somewhat more difficult to
postulate due to these same individual variations.
Accordingly, these graphs for the most part can give only
an impression of the relationships between surface properties
and adsorbed HFb and HSA levels. Due to surface hydrophilicity,
g -\ and Esu being so closely interrelated, the scatter graphs
are also of a similar nature and as such will be considered
together.

In accordance with the bulk structure-property
effects on surface chemistry parameters as discussed in
the text of Chapter 5, it is not too surprising that both
the HFb and HSA adsorption relationships to surface hydro-

philicity, ¥ and}fau, shows virtually identical trends

SV
to those observed for the bulk properties of EWC and bound
fraction. The three hydrogel categories (regions) of
HFb adsorption types are given below but are not now so
clearly demarcated as observed with the EWC data, (See
Graphs 6.8(i), 6.9(i) and 6.10(i)).

Region 1 - low adsorption: total surface free
energies (E.su) are belou~ 45 dynes. cm.-l: low surface

wettability (> 55° air contact angle) and tend towards high

interfacial free energies (tensions) and accordingly high

conformational changes are expected.
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Relationship of ¥ = to

Graph 6.8(1i): -8 2 Adsorption 25
Adsorbed HSA(x10"g.cm?) [(P=1988]

. KEY:— cf, Graph 6.6(1i) Q

800- ;
4

600+
5

400+

200-

¢ 20 30 40 50 60 70
Total surface free energy ()’sv),(dynes.crﬁ!)

269



) reirationsnip of Surface Wettability
Graph 6.9(i): to Adsorption
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Relationship of Surface Wettability
Graph 6.9(ii): to Adsorption

Adsorbed HSA (x108g.cm2)
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Relationship of & to
Graph 6.10(i): Sv
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Relationship of B'Sw 4]
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Region 2 - rizh adsorption: moderate to hign total
surface free enercy (45-62 dynes. cm.-l); moZerate to nizch
surface wettability (55°-299)% and low interfacial ©-:=e
energies (< 4 dynes. cm.-l).

Region 3 - low adsorption: high total surface free
energy (~55-70 dynes. cm.'l); high surface wettability
(ﬁ’éDD-lBO); and very low interfacial free energies (4< 1
dynes. cm._l)-

Similar wide overlap is evident for the HSA adsorption
data qiven in Graphs 6.8(ii), 6.9(ii) and 5.10(ii), and
again ignoring the ionic hydrogels, the general trend would
appear to be that a low adsorption is observed for those
polymers tending to be hydrophobic in nature {(i.e.,
¥ 4, & 45 dynes. cm._l) and having lou surface wettability
and high interfacial free energies (¥ Su): Progressive in=-
crease in tstal surface free energy and wettability,
together with commensurate decrease in interfacia® tension,
then tends to progressively increase HSA adsorption levels,
due to the postulated increase in hydrophilic-exothermic
(enthalpy driven) surface interactions.

6.7.7 Dynamic "Flowing"-Adsorption System

The design and construction of this system, as
outlined in Chapter 3, was intended to provide an adjunct
to, or even supersede the previous static technique.
However many problems were encountered with the practical
implementation of this flowing system. Not least of
these problems was due to the inherent mechanical w=akness
of the hydrogels. Clamping these very friable materials
over the windouws of the 'flow'-cells was a someuhat time

consuming and laborizus procedure, often requiring re-
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p-tition due to leaks develcping. This was faund to occur
when the clamping pressure was unevenly distributed

and also tended to result in tearing of the hvdrogels,

To offset this latter problem hydrogels #f increased
thickness were synthesized., In order that data may be
treated statistically, it was necessary to carry out

5 or more 'flow'-cells in series for each adsorption time
for each material. As a consequence, more time must be
spent synthesizing large amounts of hydrogel membranes.
This makes large scale analysis of a series of copolymers
unfeasible due to the time consuming nature of the
experimental procedure, and also because this technigue
requires much greater quantities of the radiolabelled
protein than the static technique, the technique is very
much less cost effective.

Unfortunately due to the above problems with this
technigue, only one statistically viable set of results
was achieved for poly (HEMA). This data cannot therefore
be directly compared with the static data, but it does
show very similar sigmoidal multilayer HFb adsorption
as previously observed for poly (HEMA), See Appendix S for
data.

Where this technique does score over the simpler
static technique is that both static and dynamic studies may be
Carried out, together with more precise measurements of
adsorption per unit area; and it is likely that dynamic
adsorption studies will be of greater relevance to bio-
medical material applications thanm its static counterpart.
This is particularly so, when considering the electrostatic
charge effects of flowing agueous solutions on materials,

n=rticularly lonic hydrogels, for blood conta2ct applications.
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CHAPTER 7

TOWARDS A CONTIMNUAL WEAR CONTACT LENS:

PROBLEMS OF BIOCOMPATIBILITY

7.1 Introduction

The advent of hydrophilic polymeric materials for
contact lens wear, brought not only the inherent advantages
of this type of material over the conveintional hydrophobic
'hard' lens material (such as wearer comfort and high gas
permeability), but also certain disadvantages. 0One such
disadvantage which is associated with the prolonged
contact of a synthetic material with biological systems,
is the formation of deposits on and within the expanded
gel na+ua-k, This can of course present a serious problem
to contact lens wearers, because the deposits build up
with time and a loss in visual acuity occurs, together
with increasing wearer disccmForanJThese Jeposits have
been quite widely studied and found to be essentially protein-
aceous in nature, but mucopolysaccharides, lipid and ionic
species are also known to be present.) Although this problem
has only been highlighted during recent years in the con-
tact lens field, the deposition of protein is a well known
interfacial phenomenon which seems to encompass all situations
where foreign bodies of both natural and synthetic
origin are in contact with a proteinaceous solution. Thus
the deposition of tear fluid constituents on contact
lenses, the clotting of blood at foreign surfaces, the
formation of dental plague and marine fouling are all
examples that illustrate the same interfacial phenomenon:
the adsorption of protein at solid surfaces.

In order to obtain a clearer insight into the

276



adsorption phenomena taking place at the tear film/
hydrophilic contact lens interface, backoround and
information regarding both the historical development
and design characteristics of daily wear contact lenses
are given, together with the physico-chemical parameters
of the tear film and cornea.

The very latest innovative programmes of contact
lens research and development have been devoted to the
formulation of continual wear contact lenses. UWith
these lenses it is essential that the above problem of
protein adsorption is either eliminated or, at the very
least, minimised. In the text some consideration of
the problem of protein adsorption/deposition is given
to a number of continual wear contact lens formulations
now undergoing clinical trials by Kelvin Lenses Ltd.,
and also to a number of currently available commercial
hydrogel contact lenses. Possible surface modifications
of hydrogels to meet the requirements for a continuous
wear contact lens are also discussed.

7.2 Function and Historical Development of Contact Lenses

The actual concept of a contact lens may be traced
back to Leonardo da Vinci almost 500 years agéf&”hnueuer,
it was not until 1887 that the first examples of lenses
being fitted to a human eye can be found. The primary
application of a contact lens is to correct visual
defects such as: myopia (short sightedness) in which
light from an object focusses in front of the retina
due to the focal length of the eye being too short since

the eye-ball is too long, or conversely, hypermetropia

(long sightedness) for the opposite reasons given for
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mYopia, and astigmatism in which the image is focussed on
the retina but in differing planes due to widely differing
curvatures of the cornea. In practice however, these
primary applications may be a secondary consideration to
their more desirable aesthetic cosmetic appearance and
functional convenience (i.e., for sports purposes) as
compared with spectacle-wear.

All early lenses were individually ground from
glass and it was not until the 1940's that poly (methyl-
methacrylate) began to gain favour as a contact lens
material, first in srleral form and finally as corneal
lenses in l94é?8m

The choice of poly (methyl methacrylate) as the
thermoplastic to supercede glass, was scmewhat empirically
based upon its properties of toughness, 'apparent!
physiological inactivity and ease of processabilitJ?g}

Both the rigidity and impermeability to oxygen of
this polymer make it necessary for contact lenses
fabricated from this material to be worn on a daily wear
basis and to be removed prior to sleep. In vieuw of
these disadvantages poly (methyl methacrylate) is
known as a hydrophobic 'hard' contact lens material and
must be fitted in such a way as to promote the flow of
oxygen to the cornea, by rocking on a pre-corneal layer
of tear fluid which transports dissolved oxygen via a
pumping motioé?gmzm}

This problem has encouraged the development of
rigid thermoplastics such as poly (4-methyl pent-l-ene)

and cellulose acetate butyrate having a far greater

oxygen permeability than that of poly (methyl methacrylate).
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These materials have failed to supercede poly (methyl
methacrylate) as the most widely used hard contact lens
material due to other complications arising from their
structures?am The surface characteristics of poly (methyl
methacrylate) are such that a coherent layer of tear
fluid may be sustained on the lens giving rise to a greater
degree of physiological compatibility than that of poly
(4-methyl pent-l-ene) which is not wettable by tear
fluid unless first sub jected to a surface treatment uwhich
raises its surface hydrophilicity. This problem does not
arise with certain varieties of cellulose acetate butyrate,
but, due to the dimensional instability of this material,
difficulties arise in obtaining correctly fitted lenses?gm

With time epithelial erosion of the cornea is
often a feature with all types of hydrophobic 'hard'
contact lens wear and is a direct consequence of the
inherent rigidity of the materials. Although the
corneal epithelium is capable of rapid regeneration,
prolonged irritation by a rigid 'hard' lens material
may lead to permanent damage to the Bouman's membrane
(See Fig. 7.1, Section 7.3). As a conseguence of this,
often certain patients find it necessary to resort to
spectacle wear after having been fitted with hard lenses.

This problem has led to the development of polymers
for potential 'soft!' contact lens materials having a
far greater degree of comfort. Tuwo types of polymer
that have been widely investigated as potential 'soft!
contact lens materials are synthetic elastomers, of which
the most studiec example is silicone rubber (poly(dimethyl-

siloxane)), and hydrogels, namely poly (2-hydroxy ethyl

maethacrv late) .
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Table 7.1 shows a comparison of the mechanical
properties of these materials with those of poly (methyl
methacrylate) and the cornea itself. e The main drawback
to the use of silicone rubber and other synthetic
elastomers as 'soft' contact lens materials is that,
like poly (4-methyl pent-l-ene), a surface treatment is
required to render the material wettable by tear fluid.
This problem does not arise with hydrogel polymers due
to their inherent surface hydrophilicity however,
as discussed in the text this inherent characteristic
presents the further problem of lens deposits. Since the
earliest patent by Uichterlg Jn the application of poly
(2-hydroxy ethyl methacrylate) as a contact lens material
in 1961, a vast number of claims have been filed citing
numerous hydrogel compositions and methods of preparation.
An extensive review of the patent literature relating to
the use of hydrogels as contact lens materials has recently
been compiled by Pedley, Skelly and Tighe?ga} The majority
of '"soft'! contact lens materials have been based on poly
(2-hydroxy ethyl methacrylate) and have a water content
of approximately 40 per cent. More recently houwever a
number of commercial concerns throughout the world have
been marketing 'soft' contact lenses manufactured from
high water content hydrogel polymers, which offer suitable
compatibility for extended periods of wear. A summary
of some of these materials that are currently 'on the
market' are illustrated in Table 7.2. The much
improved comfort and tissue compatibility offered by these

materials encourages the prospect of continuous wear contact

lenses.
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Table 7.1

MECHANICAL PROPERTIES OF POTENTIAL CONTACT LENS
7
MATERIALS COMPARED TO THAT O0OF THE CURNEA“ 3
Modulus of | Tensile Tear
Material rigigity strength | strength
(Nm™*%) (Nm=2) (Kg/mm)
Cornea 1 x 107 s x 10° 1.5
Poly (methyl 9 7 Strong, but
methacrylate) L & 18 > x 10 brittle |
Poly (2-hydroxy 7 : 2 !
ethyl methacrylate) |0.5 x 10 5 x 10 1w 307
Silicone rubber 0.8 x 107 |1 x 107 2.0
Table 7.2
COMMERCIAL HIGH WATER CONTENT HYDROGEL CONTACT LENS
MATERIALS
Product Component % Water
Name Manufacturer Monomers cdntent Reference
Ouragel Cooper-Vision Amido-Amino T35 (295, 296)
optics copolymer
Flexol Burton Parsons HEMA, AMA, Tz (297,298)
MAA
Permalens | Cooper-Vision NVP, HEMA, 72 (299)
optics MAA
SP-77 Contact Lens undisclosed I =
Manufacturing
Scanlens Scanlens Amido-Amino 1349 (295, 296)
copolymer
Yumecon Tokyo Contact undisclosed 70 (300)
l_.ens Research
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7.3 Towards a Continunus Jear Contact Lens

The popularity of contact lenses has shoun a
definite upsurgence over the past decade or so, even so
it is expacted that spectacles will remain for sometime
as the major optical appliance for correction of visual
refractive defects.

The past problems of wearer discomfort associated
with the hydrophobic 'hard' contact lens materials together
with the friability and deposition groblems of current
daily and extended wear hydrophilic 'soft' contact lens
preparations, has not endeared the product to the general
public. In addition both the troublesome removal and
application procedures of daily wear contact lenses
before and after sleep periods, is not the most con-
ducive aspect of contact lens wear.

The majority of these above problems may be over-
come to a certain extent by the use of a suitable
hydrophilic 'soft' contact lens material in a continual-
Wwear regime.

Such a continual wear lens would not only have a
mandatory high degree of tissue compatibility (i.e.,
biocompatibility) and hence minimal wearer discomfort,
but also the continual wear regime ensures that the
risks of bacterial contamination, rupture and loss
due to handling procedures would be considerably reduced
if not eliminated.

As with any biomedical applicable material,
continual wear contact lenses should meet the requirements
as listed in Chapter 1. In addition a continuous wear

lens should meet the following functional criteria for
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: (301)
'the ideal contact lzas':-

1) Comfort and safety

2) Visual acuity

3) Ease of wearing

4) Dimensional and optical stability

S) Simple care procedure

Since a continuous wear lens may be considered as an
extension of the cornea any material used for this application
should possess three other properties of major importance
in addition to the fundamental feature of optical clarity:-

a) oxygen permeability in excess of 200 «x lIZI']‘U cm.3

mm. cm.” % sec. T cmng.—ltBUZ)

b) surface properties which discourage the accumulation
of proteinaceous depasitéi&uut allou wetting by tears.

c) sufficient mechanical stability to resist the
deforming forces of the eyelid during the blink cycle,
and yet be easily elastically deformable and rapidly re-
coverable in order to minimise mechanical pressure on the
eye aﬁd avoid visual instability?7m

The cornea is avascular and in the main acquires
oxygen directly from the atmosphere and the minimum
oxygen tension to maintain normal optical clarity and
corneal respiration is of the order of 12 - 18 mm Hg?oy
This criteria may be met by the requisite oxygen permeability
given in a) above. In addition to direct permeation
through the lens, oxygen may also be transported to the
cornea via an air saturated reservoir of tear fluid which
lies betueen the lens and the eye. Therefore it is necessary

that the lens material is sufficiently hydrophilic (i.e.,

wettable) in order that the lachrymal fluid may wet the lens
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sufficiently to maintain a continuous tear film.
As was discussed in Chapter 4, the oxygen permeability

of hydrogels increases exponentially with increasing water
(166,304)
content, and it has been concluded from these studies
that in the case where no tear fluid transports oxygen
behind the lens, a hydrogel suitable as a continuous
wear material should have an equilibrium water content
of 70 per cent or more. At such high water contents
the mechanical strength of the majority of hydrogels
falls far below that required for use as a contact lens
material, however, recent advances in the field of con-
tinual wear contact lenses by I. P. Middletonug}has
succeeded in eliminating many of the inherent weaknesses
of previous high.uater content contact lens formulations.
The concept of a continuous wear contact lens as
an extension of the cornea is in practise very difficult
to achieve in that the cornea is comprised of a complex
array of structural elements which govern its
properties. The bulk properties are generally governed
by the stroma whereas the epithelium is responsible for
the characteristics of the corneal surface, as is evident
from the sectional view of the cornea, Fig. T.ljﬂm)SOme
of the more relevant features dF thc cornea that would
be desirable to model a continuous wear lens material

[169)
are summarised in Table 7.3.
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Table 7.3

PROPERTIES OF THE CORMEA TO BE APPROACHED BY AN

EXTENJDED WEAR CONTACT LENS”GQ]
Water content ~ 81% (17% free, 65% bound)
Critical Surface Tension | ¥ 30 dynes. cm. =t
Refractive index LS
Mechanical Properties Linear viscoelastic material

at low stress modulus of
rigidity. ~ 1.3 x 108
dynes. cm,-2 %

Oxygen Permeability &~ 300 x 10-10 cm.3 mm. cm.~2
s:l cm., Hg.~

Oxygen Consumption ~ (3.5 - 7) x 10% 1. em.-2 h.'lz
Minimal Oxygen-Tension 12 - 1Bmm, Hg.

Normal Oxygen-— 155mm. Hg. (open eye)

Tension in tear fluid 55mm. Hg. (closed eye)

Figure 7.1 SECTIONAL VIEW OF THE CORNEA

Epithelium (0.04mm)

. Bowman's membrane (10 - l3fbm)

Stroma (0.45mm)

Descemet's Membrage (5 - lU!u“)
A AAC AT AC A F Endothelium Equm
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7.4 Chemistry and Function of the Pre-corn=z! T=2ar Fih#méﬁqa}

The pre-corneal tear film may be thought of as
being composed of three layers; the superficial lipid
layer, intermediate agueous layer and a deep mucoidal
layer, as illustrated in Fig. 7.2.

7.4.1 The superficial lipid layer! 308!

The presence of large 'tree-like' glands in the
human eyelid was noted by Meibomuis in 1666. The upper
lid commonly has from 30 to 40 of these glands, whereas
the lower lid contains only 20 to 30 glands which are
somewhat smaller. Each gland has an orifice at the lid
margin on the inner aspect of th2 intermarsira’ su'cus.
Because the meibomian glands are located between the
tarsal plates in each lid, the simple act of blinking
is sufficient to spread their secreted lipid material onto
the tear film. The function of this secreted lipid are
thought to be:

1) Lubrication between the lid margin and the cornea

2) Provision of a limiting hydrophebic barrier at
the lid margins for the tear film

3) Reduction of the rate of water loss by evaporation
from the underlying aqueous phase.

In addition, an increase in the optical properties
of the tear film by producing a smooth anterior surface,
has been cited.

The composition of these lipid meibomian secretions

consist of principally cholesterol ester and lecithin

with minor amounts of fatty acids, cholesterol and some
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Figure 7.2

1

10%-10° R | | | | —Lipid Phase

||
@\Q_ﬁg\_ﬁv,\g,\gw;l;_&%\_ —Lipid/Mucin Complex

;
)
55

= an-lfJS R4 [~ m i —Aqueous

AT o~ =2 | —Mucin Rich Phase

—Adsorbed Mucin

~=| —Corneal Epithelium

Figure 7.2 Schematic Representation of Tear Film
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unidentified phospholipids. Dispersal of this lipid
phase over the intermediate agueous phase is believed

to be due to the surfactant properties of mucin (muco-
polysaccharides), or possibly the proteins (i.2., albumin)
in solution.

7.4.2 The Intermediate Agueous phaséBUPNB}

Normal secretion of tears by the lacrimal gland
situated in the upper 1lid is necessary for nutriticn
of the cornea and for the formation of an optically
stable, continuous fluid film over the cornea. The
fluid layer of the pre-corneal tear film (mainly aqueous)
was found to be 6 - 7Mm thick betwueen blinks. Both
the secretion rate and composition of human tears is
variable depending on age, sex and health, and to this
list must now also be added the wearing of contact lenses.
Tears contain 98.2% water and only 1.8% solids
in solution. The osmotic pressure of tears is approximately
the same as for blood plasma, being isotonic with a
0.9% saline solution and having a pH value of 7.4 to
7.5. Proteins are the major constituents of the solids
and are comprised mainly of three types: albumin (serum
albumin and tear albumin), globulins (o<, \ﬁ and ¥ ,
including IgA, IgG and IgM) and lvsozyme. The ratio of
these principal protein fractions in stimulated and

unstimulated (normal) human tears is given below in Table 7.4.

Table 7.4B1ﬂ
p in F : Tears
rotein Fraction Normal (%) Stimulated (%)
Albumin 5842 20,2
Globulin 23.9 56.9
Lysozyme 17.9 22.9 i
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In addition appreciable amounts of unidentified
glycoproteins have also been found, together with mucopoly-
saccharides (mucin). The residual dissolved solid material
of the tear film (aqueous) consists of lipids, glucose,
amino acids and inorganic electrolytes such as sodium
and potassium chlioride.

The cornea is maintained in an optically stable
deturgescent state by an ATPas3 Na' /k* pump mechanism
which actively extrudes water from the corneal stroma
and thus one of the more important functions of the pre-
corneal tear film is to supply nutrient oxygen and glucose
to maintain corneal-metabolic homeostasis. Another important
function of the tear fluid is its lubricating effect which
allows the eyelid to sweep across the cornea, removing
any unwanted 'foreign' debris.

The tear film is also responsible for the natural
immune defenses of the eye.TmThis immunity is both of
the acquired humoral type due to immunoglobulins,

Ig, (i.e., antibodies), in solution or by the non-
specific bacteriocidal action of the enzyme lysozyme,
which acts by way of a p (1-4) hydrolysis of mucopoly-
saccharide portionsof bacterial cell walls.

31,314)
7.4.3 The Deep Mucoidal Layeg

The majority of the adsorbed mucins of this layer
are derived from the goblet cells of the conjunctiva,
although some may be secreted by the cocneal epithelial
cells themselves. These same mucins are also found in
the aqueous phase and also in complex with the surface

lipids of the tear film. They range from mucopoly-
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saccharides (high in carbohydrate content and lou protein
content), through to glycoproteins (low carbohydrate
content and high protein content). Often the terminal
carbohydrate groups are sialic acid (i.e., N-acetyl
neuraminic acid), which is completely ionised at a physiol-
ogical pH, and contributes a high negative charge density
and hydrophilic nature. The main role of mucins was
always assumed to be the protection of the delicate
membrane surfaces in the body. This function is
achieved by formation of a protective viscous aqueous
layer over the epithelial surfaces of mucous membranes,
such as is seen with the corneal epithelium. More
recently the function of mucins as surface active

agents (surfactants) has also been investigated, and
their mechanism of action as regards the tear film/
cornea interface is discussed in the following section.

7.5 The Tear Film/Cornea Interfaceﬁ1m

In order to understand the interactions taking
place at the tear film/contact lens interface, it is
necessary to first consider the nature of the tear
film/cornea interface.

In the normal open eye situation, a stable thin
tear film (6-10 um), is established over the cornea
and conjunctival epithelium. This film is not homo-
geneous but consists of various phases (i.e., lipid,
aqueous, mucoidal), as given previously. The corneal
epithelium is relatively hydrophobic in nature with a

critical surface tension of approximately 30 dynes. cm.~ L,
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In order that a stable tear film should be maintained
the liquid film must completely wet the corneal surface.
This would normally mean that it must have a surface
tension not less than the critical surface tension of
the cornea. The main constituent of tear fluid is water
which has a high surface tension (72.8 dynes. cm._l).
Synthetic wetting agents which are capable of reducing the
surface tension of water to 30 dynes. cm.'l, also have
the inherent disadvantage of lowering the interfacial
tension of 0il and water to zero, which would lead to
spontaneous emulsification and solubilisation of cell
membrane lipids. The natural wetting agents found in tear
fluid, the mucins (namely mucopolysaccharides), cannot
louer the surface tension so dramatically, but neither
do they cause this undesirable lipid solubilisation at their
normal physiological levels. In simplistic terms, they
may be regarded as acting in two combined ways to bring
about epithelial wetting:

(i) by reduction of surface tension of the water
component of tears = 40 - 46 dynes. cm.-l, and

(ii) by increasing the critical surface tension of
the cornea to ~40 dynes. cm. 1 by adsorption on to its
surface.

Once the tear film is established, the anterior
superficial lipid layer is believed to play a large
part in stabilising the film, and this itself is thought
to be stabilised by the mucins in the aqueous phase.

{Fide Te2)s
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7.6 Protein Adsorption and the Hydrophilic 'Soft! Contac:

Lens

7.6.1 GCeneral Considerations

Attempts to deal with the problems of deposition
on hydrophilic 'soft' contact lenses have been centred
on the use of the detergent effect of surfactants to clean
the lenses, and also more recently, oxidative and enzymic
cleaning preparations. The cleaning properties of these
polymeric surfactants depend on their ability to louwer
the surface tension of the oil-water or solid-water
interface. 1Ideally a surfactant should be of a viscosity
which will protect the lens surface from rubbing and
friction during cleaning, and it should not penetrate
the lens matrix and therefore must be of a high molecular
weight. This latter point is of particular concern with
regard to the new formulations of high water content
contact lenses, and probably to date the varied range of
cnﬁmarcial surfactants do not meet this requirement.
Surfactants have been found to have very little effect
when the deposits have become firmly established and
their role is now primarily seen as a prophylactic pre-
ventative measure. Although chemically oxidative
cleaning regimes have had some success in dealing with
the problem, they also tend to produce detrimental changes
in the polymer structure and therefore their use in the
long term usually produces problems. Their use has in fact
been cited as producing even greater problems with deposit
Formation}3W) Some success has been achieved with

enzymic preparations, based on the peptide hydrolysing
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action of papain, but again it alleviates and does not
eliminate the deposition problem. OQOcular sensitization

due to the enzymic cleaning preparations ar the hydrolised
protein fragments, is the greatest drawback to this mode

of cleaning. Coupled with this the absorption and
adsorption of the hydrolysed protein fragments may in

fact generate still further problems in deposit formation
with repetitive use of these enzymic cleaning preparations.

Although poly (HEMA), (like most synthetic hydrogels),
is mechanically weak, it does possess properties that
are valuable in a biomedical material, in that it is
chemically stable at extremes of pH and temperature. One
of the procedures that a prosthetic device should normally
undergo is steam sterilization (autoclaving). The
problem of protein deposition on 'soft' lenses is
often compounded by this type of sterilization procedure.
This is discussed by UEdlertyv} who cites a possible
hypothesis for the deposition, involving two steps:

(1) Proteins and lipids deposit on the hydrophilic
lens, via polar lipid-head groups or the ionic amino acid
side chains of proteins.

(2) Routine heat sterilization denatures the layer
of proteins exposing apolar interior groups to lipids,
and this then allows disulphide linkages to occur betueen
peptide chains, thus producing cross-linked denatured
protein subunits.

As stated previously, the methods to eradicate
the problem of deposits on lenses, have relied mainly

on action after the event. 1t would therefore seem

logical to tackle the problem at its outset, which in
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this case involves both the constituent monomeric comoonen:s
and fabrication techniques us2d in contact lens manufacture.
It is these factors that influence the surface properties

of lenses and it is these properties that are ultimately
responsible for deposition problems. The surface
characterisation of various polymer systems by protein
adsorption studies is therefore of prime importance in the
search for improved 'soft' lens materials for daily and
extended wear.

The most common technique of 'soft! lens fabrication
is by the lathe cutting of dehydrated xerogel in rod form,
to give the necessary optical radii, followed by a
polishing procedure to remove surface irregularities.

Both the lathe cutting and the polishing procedure are
liable to contaminate the lens surface with lipid like
materials. During the polishing process the 'lens' is
affixed to a lath-chuck by wax and polished by way of
particulate polishing compounds based on aluminium oxide
lubricated with paraffin or silicone 0il. B8oth the wax

and oil are normally removed by washing with an appropriate
solvent, however, depending on the efficiency of this
washing procedure, variable degrees of surface contamination
can lead to lens fitting problems and uearer_discumfurtBTm
and ultimately these contaminants may serve to enhance

the deposition problem.

One other common mode of surface contamination of
contact lenses worthy of mention accurs during the routine
handling of the lens by the wearer or his/her optician.
Sebaceous lipid secretions from the skin are very likely

to contaminate the lens surface if a poor handling procedure
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is adopted, (i.e., unuwashed hands). The more polar lipid
components of the sebaceous secretions are liable to bind
irreversibly to the hydrophilic lens surface in a somewhat
random distributioA?wLnd in so doing may pctentiate the
deposition problem.

A very limited test was carried out in support
of these latter views, whereby three hydrogel compositions;
poly (HEMA), poly (ACM), and NVP/EMA, 75:25 (Moles %
copolymer, previously characterised by protein adsorption
studies in Chapter 6, were deliberately contaminated by
sebaceous skin secretions prior to subjecting them to
similar HFb adsorption studies. The results of this
test are given in Table 7.5
Table 7.5

THE AFFECT OF LIPID CONTAMINATION

(Sebaceous Secretions) ON FIBRINOGEN ADSORPTION

HFb - Adsorption*

Monomer
Hydrogel Ratio EWC % Uncontaminated Lipi
il ipid
Composition | (Moles %) | (Krebs) (x 10-8g cm.~2) Contamgnated 2
x 10- CiMis =
S s o (_+9
% g
HEMA 100:0 41.6 864.5 ¢t 72.8 s88.9 ¥ 32,5
NVP:EMA T9: 2% TLe6 2090.6 ¥ 321.3 [3769.9 t 272.9
ACM 100:0 93.3 117.4 T 13.0 1012 T 109:0

=
- As at the plateau time of ~ 70 hours.

These polymers were chosen simply based on both their

water content distribution and common commercial usage of

their monomers. However, guite obviously from these results
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the effects of lipid surface contamination are related

to the surface interactions of the constituent monomers

(as discussed in Chapter 5), and not simply to the bulk
hydrophilicity of the polymers. Althouah detailed analysis
of these results is not feasible they do go some way to
supporting the previous vieuw that surface contamination by
lipids de23 in"luence protein adsorption_and should

therefore be considered as playing a possible role in the
multifactorial deposition problem.

It can be appreciated therefore that continual
(extended) wear contact lenses would go some way *a
minimising many of the previously discussed problems;
simply based on the decreased need to clean/sterilize/
handle the lenses, should both improve the life expectancy
of the 'soft' lens and the associated deposition problem.

7.6.2 Continual Wear Contact Lenses

In this section the surface characterisation and
protein adsorption studies of two potential continual wear
contact lens formulations are discussed. Both the surface
characterisation and protein adsorption studies are based
on the relevant techniques previously outlined in Chapter
S and 6, respectively. The monomeric compositions of
these two formulations (i.e., Kelvin-1 and Kelvin-2)
are tabulated overleaf in Table 7.6, together with their
respective equilibrium water contents in Krebs solution.

Samples of these compositions were provided by Or
I. P. Middleton and were formulated as part of a coll-
aborative continual wear research and development programme

between the aforementioned and Kelvin Lenses Ltd. The
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relevant functional criteria for these contact lens
formulations (i.e., optical stability, mechanical strength
etc.) have been previously covered by Dr I. P. Middletonq59
Normally these formulations would be fabricated in
a dehydrated (Xerogel)-rod form in order that they may
be easily lathe-cut into lenses, however, in this study
the compositions were fabricated as for the previously
studied bulk-membrane polymerised hydrogels of this project.
It is likely therefore that some slight differences in
surface characters will exist betwueen the surfaces of
the 'membrane' and 'rod'-bulk polymerised forms. For
practical purposes however, the differences cannot be
measured simply because of the surface treatment necessary
to process the rod-form into lenses.
The surface data for these two formulations are
given in Table 7.7. Quite obviously from the very complex
compositions of these two continual wear formulations,
attributing the surface characters to particular monomer
structure-property relationships is somewhat unrealistic.
However, from the data in Table 7.7 it can be seen that
Kelvin-1 possesses a higher surface wettability than
its counterpart, Kelvin-2, and that in accordance with
this Kelvin-1 also possesses a higher total surface free
enerqgy (3§ sy)s and a lower interfacial free energy (H'SU)
than Kelvin-2. These changes in surface characters may
be attributed to the partial substitution of ACM and NVP
by the less hydrophilic monomers of MACM and DAACHM,
thereby making the Kelvin-2 formulation more 'hydrophobic!

in character. A comparison of the individual polar and
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Table 7.6

Kelvin-1 5 Kelvin-2 l
Composition | Monomer i Compositian Monomer
(EWC = 77.2% ratio (EWC = 76.3%) ratio
(Krebs) (Moles %) (Krebs) (Moles %)
ACM 33 | acw 20 |
NVP 47 | MACHM 10
HP A 10 | DAACM 10
STY 10 i NVP 40
MAA 1% by |HPA 10
weight gy 10
iy 2% by weight
Table 7.7
. ;) 0 d
Continual wear Air n-Octane ¥ sv ¥ gy gy -
formulation contact contact dynes. | dynes. | dynes. | dynes.
angle angle cm.~ cm.”~ cm.~ cm."
Kelvin-1 42.2%3.8 | 148.2%1.3 | 12.0 43.6 55.7 s 7
Kelvin=-2 54.2%¥2.8 | 150.3%2.2 4.6 44.5 49,2 6.5
Table 7.8
t
EantinUal uBar ndSDrbEd HFb P{dSUrbed HSQ
Formulation Time | (x 10-8g.cm.=2) || Time (x 10-8g.cm:?
(Hours) X $a9n-1 (Hours) x ¥fgn-1
|
Kelvin-1 3.17 10.1%1.2 69.33 191.4%32.3
6.83 18.4%2.1
42.08 663.1%95.1 !
69,33 830.2%89.7 |
Kelvin=-2 | 69.4 419.2%49.5 7249 534,2%170.4
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dispersive parameters of surface free energy for Kelvin-l anc
2, would seem to indicate that these more 'hydropnobic!
monomers of MACM and DAYCM undergo bulk interactions,
thereby reducing the surface dispersive component (X csu)
of the Kelvin-2 formulation. Bulk hydrophilicity in :he
Kelvin-2 forumlation would seem to be apparently maintained
by the additional 1% by weight increase in the MAA content.
The data for the HFb and HSA adsorption studies oer-
formed on these two compositions are given in Table 7.8.
From the data for the HFb adsorption onto the Kelvin-1
formulation it is evident that a time dependent, multiple-
layered (sigmoidal) type adsorption is occurring, as
found with other hydrophilic materials. For comparison
purposes adsorbed protein levels will be taken at approximately
70 hours, which for all intents and purposes can be regarded
as the steady state pleteau value. Ffrom Table 7.8 it is
evident that the adsorbed HFb for the Kelvin-1l formulation
is very much greater than for the Kelvin-2 formulation, whereas
quite the reverse is true for the adsorbed HSA levels with
Kelvin-2 showing very high HSA adsorption.
From the surface data given in Table 7.7 it is
apparent that the above adsorption results for these two
materials are not in total agreement with the previous
gross relationships between surface characteristics and
adsorbed HFb and HSA levels, as discussed in Chapter 6.
Compared to the majority of the hydrogels pteviously
considered these materials do show markedly louer surface
free energies (¥ sv) and surface wettability, not in

agreement with their highly hydrophilic bulk characteristics
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(i.e., high water contents). The fall in HFb-adsorption
coupled with the seeming preferential adsorption of HSAa
by the Kelvin-2 formulation, would seem to go someway
towards the ideal blood contact material: with regard
to the contact lens materials the above adsorption criteria
should also be ideal, because fibrinogen, although not
present in normal tear fluid, can be used as a model to
represent the less stable proteinaceous components (i.e.,
lysozyme, ¥ -globulins, glycoproteins etc.), of the tears
which give rise to the deposition problem. Thus to minimise
the HFb interactions whilst maximising the conformationally
stable HSA interactions should in theory help to minimise
if not eliminate the problem of deposition on 'soft!' lensss.
Both the Kelvin-1 and Kelvin-2 continual wear
formulations have been the subject of extended wear
clinical trials conducted by Kelvin Lenses Ltd.; they
are not yet houwever, intended for commercial marketing.
The adsorption of HFb onto these lenses and other commercially
available contact lenses i3 given in Table 7.9. It
is apparent from these results that both the Kelvin-1
and Kelvin-2 formulations in contact lens form, show
reduced adsorption levels as compared with their bulk-
membrane polymerised forms.
As previously discussed, this can be attributed to
the surface treatment(s) necessary to fabricate lenses, and
therefore it is to be assumed that the other commercial
contact lenses will be equally affected.
With this in mind a comparison of these results

does seem to show that both Kelvin-1l and Kelvin-2 should
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fair favourably with the majority of the marke+ opposition,
with regard to the problem of protein deposition. In
‘fact from the clinical trials on these tuwo formulations,
Kelvin-l appeared to have a greater incidence of deposits
than the earlier marketed daily-wear Eurolens compositian,
whereas the Kelvin-2 faired much better than either?tsl
These clinical findings would seem to be in very close
agreement with the observed relationship between the HFb
adsorption for these lenses as given in Table 7.9,
and would seem to indicate the usefulness of the protein
adsorption technique for invitro assessment of a
material's "bio-potential", (biocompatibility).

The Kelvin-2 formulation although showing a marked
improvement over comparable commercial formulations,
does not however completely resolve the problem of
protein deposition on 'soft' lenses. It is believed that
the introduction of 'hydrophilic' lenses effectively con-
verts the surface chemistry of the cornea from hydrophobic
to hydrophilic and in sodoing, disturbs the normal chemistry
and functions of the tear-film and thereby contributes to
the random deposit formation on lenses. This concept is

more fully discussed in the following section.
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Table 7.9

COMME=CTAL 'SQOFT! cOMTACT  LENSES
Product
Manufacturer or i £
Name supplier . Component 'EwC Adsorbed =fFb*
' Monomers (%) (x 10-8g.cm.=2
Duragel Duralens/Cooper | Amido-amino | 73.5 1?5?.2f2a9.2
Vision optics . copolymer
|
Eurolens Kelvin Lens Ltd iHEMH 4a0.1 370.8%47.3
Kelvin-1 Kelvin Lens Ltd %As given in |73.6 506.9%95,0
i text
Kelvin-2 Kelvin Lens Ltd |As given in |[76.3 | 332.3%54.2
i text
Fermalens Cooper vision { HEMA, NVP, 72.0 479.5%43.7
optics | MAA
Sauflon- Contact lens | NVP, MMA 50.0 |l1461tg4.5
75 manufacturing
Sauflon- Contact lens INVP, MMA 50.0 |1323%g8.?2
85 manufacturing 5
Adsorption study times ~ 70 hours
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7.6.3 A Possible Hypothesis for Deposit Formaticn an Lenseémm

One of the problems in relating the cgeneral oroposition
that protein adsorption is the precursor tc tne formation
of deposits on contact lens surfaces, lies in producing an
explanation for the fact that such deposits are not uniformly
distributed over the lens surface. It is with this aspect
of the problem that the present hypothesis is concerned.

It would seem less than speculative, after considering
the composition and structuring of the normal tear film,
to assume that the introduction of a hydrophilic material
into this environment, may produce a disruption in the
tear film stability. Work by Zisman et af?ggn another
context has shown that a thin aqueous film coating a
hydrophilic surface can be made to rupture and recede
by the migration of polar lipid-like compounds placed
on the water surface. Even if these compounds are relatively
immiscible with water, eventually sufficient migrate
to the interface and adsorb there, giving localised
hydrophobic areas and increasing the interfacial tension.
On the basis of this mddel it would seem likely that the
more polar components of the lipid phase of tear fluid,
would migrate to the surface of the hydrophilic 'soft!
lens.

Elevated dissolved mucin levels are likely to occur
due to the anterior hydrophilic surface now presented to
the tear film, as opposed to the normal hydrophobic
surface of the cornea. Such increase in the dissolved
mucin levels may tend to favour the formation of mucin-
lipid complexes, and these together with albumin-lipid

complexes may enhance the above lipid migration phenomenan.
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Maintenance of a stable film over a surface is knoun
to be dependent on the film thickness and the nature of
the surface and tear film thickness is much less than
the critical film thickness of liquids over hydrophobic
surFaces?1mIt is therefore feasible that 'dry spot!
formation on hydrophilic 'soft' lenses could follow from
a combination of the above factors. Moreover, it is also
likely that the blink-reflex will re-establish the tear
film and these abnormal areas will either be washed off
or reuetted by mucin. Repeated cycles of the above process
may, however, eventually give rise to stable hydrophobic
areas on the lens surface. If this interfacial phenamenan
of lipid migration and adsorption does take place, the
interfacial tension would be locally raised producing an
increased likelihood of protein adsorption and conformational
change and the formation of strongly and irreversibly
bound deposits. In conjunction with this repeated 'dry
spot' cycles will produce the profound conformational
changes in the adsorbed protein species as has been
reported for protein adsorption at air/solution interfaces
and this will serve to merely compound the problan?zm

A schematic representation of this hypothesis based
on earlier depictions of 'dry spot' formation on the

(320)
cornea is shown in Fig. 7.3.
A mechanism of this type is not in conflict witn

the previously discussed phenomenon of protein adsorption
at polymer surfaces. The rapid initial monolayer formation
observed for hydrophobic materials, will begin the process
of surface modification and the subsequent competitive
protein deposition would be expected to affect the rate

at which lipid interactions, by the mechanism described in
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he above model, could take place. €qually, lipid and
protein accumulation will continue as competitive processes,
the individual rates of which will deoend -atn on the na‘ure
of the modified surface that has been built uo =a2nd upon
various factors associated with the tear film. These latter
factors will, of course, encompass the tear film chemistry
of the individual wearer and any changes that it may undergo.
Aléhuugh a variety of species (for example lysozyme, glyco-
proteins, mucopolysaccharides and lipids) have been
identified in lens deposits, it is in the nature of the
initial interaction of the material with tear proteins

that the origin of these deposits lies. Furthermore,
despite the fact that any attempt (such as the one

discussed here) to describe the mechanism of local accum-
ulation of deposits must, at present be speculative,

it is apparent that careful physico-chemical design of

the lens surface is an important factor in minimising
deposit formation.

7.6.4 Incorporation of Fluorinated Monomers to Produce

Hydrophilic '"soft' Lenses of Reduced Surface Enerqy

With regard to the previous discussion concerning
the problems of 'dry spot' formation on hydrophilic 'soft!
lenseé?sgttempts to alleviate this problem have centred
on the modification of the continual wear formulations to
ellicit a reduced surface enerqgy more in keeping with the
Nnatural corneal surface chemistry.

Polymers containing a number of fluoro substituents
are known to exhibit low intermolecular forces at the air-

solid interface and hence give rise to reduced surface

_ (168,321) . i
adhesive characteristics. This has encouraged the
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study of copolymers of hydrogels and fluorinated monomers,
carried out in these laboratories by Barneé%m}FrOm these
studies it was found that the inclusion o fluorinated
species within a hydrogel (Xerogel)-structure does indeed
yield a material of lower surface energy, with respect

to that of the corresponding homopolymer containing no
fluoro groups, due to the reduction produced in the polar
component. This would indicate that an appreciable number
of fluorinated groups are positioned within the surface
structural layers of the polymer. Measurement of the surface
polar components (by the Hamilton Contact Angle technique)
of these polymers in hydrated form, determined that the
surface polar components of the fluoro-derivatives had
substantially increased upon hydration, as opposesd to only
slight increase with the non-fluorinated homopclymergsajon
These findings have been explained as being due to the
chain rotation of the polymer back-bone, leading to a
re-orientation of the fluorinated substituents from the
surface layers into the bulk of the hydrated gel and

their replacement by hydrophilic groups.

The above studies were unable to ascertain the surface
dispersive components (5 dsu) of the hydrated gels and
accordingly the total surface free energy (Y SU) could
not be derived, and further comment on the subject was
not attempted. The effects of the hydrophobic fluoro-
monomers on the bulk nydrophilicity of continual wear
formulations has been studied SS)and from these studies
it was determined that up to 3% by weight of the fluoro-
monomer could be incorporated, without too adverse a

reduction in the water content criteria necessary for a con-
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tinual wear formulation (i.e., > 70% €WC at room temoeratuce).

Both the Kelvin-1 and Kelvin-2 continual wear
formulations were modified in these studies by the adcitionr
of two types of fluorinated-monomer; hexaflucro isopropyl
methacrylate (HFIPMA) and 1,1,3 Trihydrope:zfluoro orooyl
methacrylate (1,1,3THPFPMA). The structural formulae of
these fluoro-monomers are given in Fig. 7.4, Clinical trials
of these fluorinated versions of the Kelvin-1 and Kelvin-2
contact lenses are now in progress and to date problems
with deposit formation have been minimaltms}

Surface characterisation and HFb adsorption studies
have been carried out on fluoro-derivatives of the Kelvin-l
formulation and the pertinent results, together with the
water contents of these compositions, are civen in Table
7.10 and 7.11 respectively.

From a comparison cof the water content and surface
dat » given in Table 7.10, it can be obsesrved that the
addition of these fluoro-monomers to the Kelvin-l
formulation produces some very interesting and significant
surface-bulk structure-property =ffects.

Incorporation of 1,1,3 THPFPMA (1% by weight) can be
seen to unexpectedly raise the water content, however the

)

corresponding rise in the surface dispersive component (% dsu
seems to corrobaorate this finding. It appears that from

the structural formulae of 1,1,3 THPFPMA the flexible
side-chain, fluoro-group is capable of concentrating at

the hydrogel surface, and as a consequence the more
hydrophilic groups are forced into the bulk, producing

a concomitant rise in water content, together with a

raised surface wettability and total surface free energy (% SU).
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Fig- 7.4

STRUCTURES OF FLUORINATED MONOMERS
CH
H2C——'=-"—-——'—C/ 3
I
C 0 Hexafluoro isopropyl
] methacrylate
11:1 (HFIPMA)
/////Eﬂ\\\x
F3C CF3
CH
H,C —_— 1,1,3 Trihydroperfluoro
] propyl methacrylate
[1:-—=D (1,1,3 THPFPMA).
0
l
EH2 CF2 CFZH
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Further increase in the content of this fluoro-monomer
to 2% by weight, can be observed to reverse this trend
with restoration of the water content (i.e., 77.2%) to
that of the non-fluorinated formulation. Reduction of both

surface wettability and polar component (E'ps ), together

v
with the total surface free energy (X'SU) can be attributed
to the fluoro-monomer acting both at the surface and

within the bulk of the hydrogel.

In contrast to 1,1,3 THPFPMA the addition of HFIPMA
produces the unwanted raising of the surface polar components
(K psu)’ as reported in previous studies?skzm)

From the depression of water content observed with
HFIPMA, it would seem likely that the less flexible
side-chain fluoro group of this fluoromonomer (as compared
with 1,1,3 THPFPMA), undergoes bulk hydrophobic inter-
actions and this would appear to be corroborated by the

)

marked reduction in the surface dispersive components (3 dsu

The overall effect of this fluoromonomer however, can be

seen to be a reduction in both surface wettability and total

surface free eneragy (S'SU), as observed for the HFIPMA

2% by weight composition. This latter composition can

be observed to exhibit a higher interfacian tension

(i.e., 12.4 dynes. cm.-l) than any of the hydrogels

so far studied by these surface chemistry technigues.
Generally the lower total surface free energy

materials normally designated as hydrophobic, have high

interfacial tensions (i.e., P.T.F.E., Melinex, Polyethylene,

silicone rubber - see Appendix 4), whereas for high

total free enz2r3y materials (i.e., hydrophilic) approximating

1

towards 70 dynes. cm. = the converse is true. Previously
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such high water content gels would have bsen assumed

to exhibit very low interfacial tensions however, in
Chapter 5 it was determined that this was only true

for a surface when both polar (Y% psv) and dispersive (Y dsu)
surface free energy components approached or approximated
to the respective surface free energy components of

wvater, and not simply to the total surface free enercy.
From the Hfb-adsorption data for these fluoro-compositions
given in Table 7.11, it can be seen that no one surface
parameter as discussed above, appears to be influencinc

the protein adsorption phenomen2r. Moreover, it is
apparent that the inclusion of the fluoro-monomers

appears to produce a substantial non-specific reduction

in HFb adsorption, seemingly unrelated to fluoro-monomer
type, concentration or surface activity. Quite obviously
the complex array of monomers incorporated into the Kelvin-1
formulation makes it very difficult to establish the
structure-property effects of the material and therefore,
further comment on the protein-polymer interactions would
be somewhat speculative in nature. However, one possible
argument which may lend itself to the nature of the non-
specific reduction in adsorption, is that the incorporation
of the fluoro-substituent groups effectively displaces

the negatively charged methacrylic acid groups towards the
hydrogel surface. This then sets up an electrical double
layer effect at the hydrogel surface and produces a con-
comitant electrostatic barrier to HFb adsorption, as
previously discussed in Chapter 6.

Clinical trials with these fluorinated continual wear

formulations have shoun reduced deposit formation in accordance
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Table 7.11

HFb ADSORPTION DATA FOR THE
FLUORINATED KELVIN-1 FORMULATIONS
HF - ;
Fluoro- . b Adsnrptlgn =5
Monomers Time (x 10 Qo Cle
(Hours x t ogn-1
None 6.83 18.4%2.1
69.33 830.2%89,7
1,1,3THPFPMA 6.6 7.5%1.9
1% by weight 69.2 276.0%46.5
1,1,3THPFPMA .
HFIPMA 6.0 7. 550.8
1% by weight 69.5 274.5%36.6
HFIPMA %
2% by weight 69.4 298.5-49.,5
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(318)
with their above invitro HFb adsorption levels. 1t

would seem therefore that the incorporation of lou con-
centrations of fluoro-monomers is justified but, whether
their influence on the surface properties of a3 material
is by a direct action or whether its effects are mediated
by other monomers within the formulation (i.e., Maa),

has still to be determined and this will govern their

future usage.
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CONCLUDING DISCUSSION &ND SUSGESTICNS £25 FUST-EZ LCRK

8.1 Concluding Discussinn

The aims of this thesis have heern primarily %o 2xamins
effects of hydrophilic polymeric materials (bydrogels),
and in particular to relate these saic effects to *the
previously discussed interfacial phenomenon of protein
adsorption.

Since the development of hydrogels in the early
1960's, many biomedical applications (and proposed
applications) of hydrogels have relied somewhat theoretically
cn the assumption that the inherent characteristics of
these materials, (such as similarity to soft tissues and
permeability to small molecules) are such that they are
endowed with the requisite properties necessary for a
biocompatible material.

Based on the interfacial adsorption of the plasma
proteins, albumin (HSA) and fibrinogen (HFb), and their
relationship to biocompatibility, (as previously outlined
in Chapter one) the study of HSA and HFb adsorption was
envisaged as being a somewhat novel approach to the
characterisation of hydrogel surfaces. To date no
previous study known to the author has attempted to
correlate the adsorption behaviour of these proteins,
based on their knoun physico-chemistry, to the surface
structure-proparty effects of the adsorbent material.

The material properties of hydrocels may be

considered as lying somewuhere between those properties
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exhibited by both solids and liquids. Th2refyre when con-
sicdering the surface/int=rfacial properties of aydrsgels
as with liguids, the bulk structure-property effects zreatly
influence the surface chemistry and must be taken into
account.

Although hydrogel polymers have been the subject
of many studies, in the main such studies have been re-
stricted to individual characteristic properties of
empiriCally derived hydrogel compositions. The work
described in this thesis has attempted to approach the
problem of characterisation by investigating the bulk
and surface properties of the gel(s) as a whole. Previously
no one study has attempted to correlate the relationships
between the monomeric structural chemistry of hydrogel
compasitions and both their bulk and surface properties.

In partircular the measurement of surface/interfacial free
energies of hydrated hydrophilic materials has presented

a considerable stumbling block to many previous studies in
this area.

Many of the above objectives in this thesis have been
successfully completed. Houever, because of the comprehensive
nature of these studies and the sometimes diverse complexities
associated with each area of study, it is perhaps warranted
that this discussion should reiterate some of the more
salient features evident in each of the relevant chapters
concerning bulk, surface and protein adsorption studies.
Moreover, this should help to clarify the bulk and surface
structure-property effects and their interrelationships

with the protein adsorption studies.

The investigations carried out in Chapter 4 on the
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bulk properties of hydrogels were restricted to the
characterisation by both hydration studies and water-
bindine (structuring) stuvies as measured oy differential
scanning calorimetry (D.S.C.). 1In these studies i: yas
found that the individual structural chemistry of :he
constituent monomeric components of hydrogels directly
influenced both the equilibrium water contents (E.W.C.)

of the gel(s) and their relative amounts of free (freezing)
and bound (non-Freezing) water contents,

The progressive introduction of the hydrophobic
monomers into the purified poly (2-hydroxy ethyl methacrylate)
(poly (HEMA)) gel structure, to form the hydrophilic/hydro-
phobic copolymer series was observed to procduce an equally
progressive depression in the water contents of these
gels. This depression of water caontent was observed to
be directly related to the relative hydrophcbicity of the
pendant side-chain groups of the adjuvant hyZ-ophobic
monomers, with the bulky hydrophobic phenyl group of
styrene (STY) producing a more drastic depression in
water content, than the less hydrophobic ethyl side-chain
group of ethyl methacrylate (EMA). From the discussion
on the hydration studies carried out on the copolymers of
both HEMA and its structural isomer 2-hydroxy propyl
acrylate (HPA), it became clear that not only were the
type(s) of chemical groups present in the monomer structure
important in relation to hydration, but also the intra-
molecular locations of the said groups. Ffor example,
whereas the flexible side-chain methyl group (in the 2-
position) of HPA could easily undergo hydrophobic, Van
der Waals interactions with adjacent hydrophobic groups,

the o< -methyl backbone group of HEMA produced a restriction

to both chain rotation and formation of hydrophobic
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interaztions. Thus, additions of hydropnosic monsmers 1
HPA produce a greatar depression in EUC than its =“EM:
counterparts, even though for the same structural con-
siderations given above, poly (HPA) possesses a nigher
water content (~ 50% EWC) than its structural isomer polv
(HEMA), (~40% EWC).

With regard to the water-binding data for the
hydrophilic/hydrophobic copolymers, the hyd-ation trends
were in the main believed to be attributable to the exclusion
of free water. Some increase however, in the bound water
content was observed for the HEMA/STY copolymers, unfortunately
these earliers water-binding studies in our laboratories
vere not performed using the o =if e¢d HEMY ~onpmo-, 23 y'ilised
ir thls work.lTherefore the above water structuring attributable
to STY, may be a conseguence of the interactions betuween
the STY and impurities present in thes HEMA, rather than as
a direct result of the STY molecule.

The influence of the monomeric impurities present in
the commercial 2-hydroxy ethyl methacrylate (HEMA),
(i.e., methacrylic acid (MAA) and ethylene glycol dimeth-
acrylate (EDMA)), were shoun to profoundly affect the water-
binding data of poly (HEMA) gels, and that following the
removal of these impurities substantial increase in the
bound (non-freezing) water content was possible.

Because of the raised bound water fraction of the
purified poly (HEMA), the incorporation of £MA was seen
to produce the much desired properties of high bouncg/lou
free water content deemed necessary for a reverse osmosis
membrane (as used in desaliration treatment). 1t was

further postulated that perhaps with a more hydrophilic
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monomer than HEMA, the addition of EMa may producs a
copolymer with a much improved bouns/free ration. To
some extent this was borne ocut by ths nign water content
NVP/EMA (~ 717 EWUC) copolymer, which exhibited an anomalously
greater strength than poly (HEMA), (~ 40% £WC), and which
was taken as being indicative of a very ri h berns to lau
free water content. Unfortunately however, ns vuvater-
binding data is available to suppart this view.

somewhat unexpectedly the initial inclusion of the
hydrophobic monomers into the poly (HEMA) structure produced
a rise in the total surface free enerqgy ('USV) and a
commensurate decrease in the interfacial free energy

(tension), (% These surface effects were ascribed to

su)'
the disruption of the bulk hydrophobic, Van der 'Yaals and
dipole-dipole interactions of poly (HEMA), and uhich resulted
in a reduction in the bulk constraints to chain rotation,
thereby allcwing the interfacial free energy to minimise.
From the abrupt increase in the interfacial tension,
together with a cnrrespondiﬁg abrupt change to a completely
bound water content, for the HEMA/STY (8%5:15 Mole %)
composition, it was summised that for the above chain
rotation to occur, free (freezing) water is necessary to
plasticise the chain segments. Moreover, the increase in
interfacial free energy (tension) cculd be shoun to
correspond with high bound water contents and which
correspondingly signified increased bulk constraints to
chain rotation.

Predictably the progressive introduction of hydroohilic

monomers into the poly (HEMA) structure, to prcduce the

hydrophilic/hydrophilic cooolymer series, was in general
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acccwpanied by an elavaticn in SUC iz
suhstantial increase in free (freezinz) wa*ter cortzn-
However, as otserved with the hyZraockehic ad

y¥arI msnoTers,

sunerimpased on ths more geresral tren

5
L

Were Fydegiies
patterns specific tc the individual structural gchemisg*-v
of the adjuvant hydrophilic moncmer. Ffor example, <ne

monomer acrylamide (ACM) was found to oroduce a n

n

ar
linear rise in water content due to a preconderance of
polymer-water interactions rather than polymer-polymer
interactions. However, for the ACM derivatives, methacrylamide
(maCM) and diacetone acrylamide (DAACM), polymer-polymer
interactions were postulated to be occurring in the form

of hydrophobic, Yan der Waals, interacticns between the
o<-methyl group of HEMA and the respective oK —-methyl

and 1,1 dimethyl 3-oxy-butyl groups of MACM and DAACM,

and these accounted for their initial depressionrs in water
content. Moreover, the extent of this depression and the
ultimate gel bulk hydropohilicity and water structuring,
were seen to be dependent both on the location and type

of these hydrophobic groupings within the monomer structure
and their resultant influence on the very hydrophilic side-
chain amine group. In some accord with the above bulk
structural chemistry considerations predictably, the
surface data for these hydrophilic compositions showed
general increases in surface wettability, total surface
free energy (E'SU) and reduction in interfacial free

energqy (XSU) :

In order to ascertain more accurately the potential
invivo performance of the aforementioned hydrcgels,
comparative hycdration studies were carried out using bath
'physiological' Kreb's solution and the more traditicnal

nydration medium of distilled-water. Only those hydrogel
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compositions containing appreciable jignic content, were
four? to shaow significant variations in E£.u.C.

The best stulied example of thz abave usas conducted
on the HEMA/¥a2 copolymers, which in distillec-uatsr
(and at a preferential ratio of £0:40 Mole %) w2z believe-
to undergo polymer-polymer interactions (hydrogan-bonding)
betueen adjacent carbonyl and hydroxyl croups, producing
a depression in E.W.C. When however, these sams copolymers
were hydrated in Kreb's solution, vast increasez in E.uw.C.
were observed, which were inversely proportional to those
in distilled-vater. These findings were ascribed to
disruption of the above polymer-polymer interactions by
the formation of methacrylic carboxylate anions (due to
ionisation) and the subsequent interaction of these
groups with the very hydrophilic sodium cations in
solution.

The bound (non-freezing) water contents for these
copolymers also followed the same parabolic pattern as
observed for the above hydration studies (in Kreb's solution)
whereas, the free (freezing) water contents were observed
to progressively increase in accordance with the increasing
gel MAA content. In some agreement with this free-
water bulk trend, the surface measurements of these copolymers
indicated that total surface free energy (% su)’ and surface
wettability also progressively increased, whereas inter-
facial free eneragy (E'SU) was inversely related to the bound-
water bulk trend. This latter relationship would seem to
support the view that the surface chemist-y of hydrogels
is inherently deoendent on the bulk interactions and that
it is the degree of bulk interactions or constraints (as
indicated by the bound-water content levels) that are

3



imposad on chain rotatior, which zZz*srmine ths abilisy of
hydrogel surface chain segments tg minimiss their interfacis

-+
free enesrgy (2 gy).

further evidence in suoport of this viey was ©rov

b |
(4]
@ &

'¥H

by the surface data for the HEM32/EDMA copolymers, whoers

]
Ly
~

somewhat paradoxically tha increasing conten: of the
hydrophobic cross-linking agent EDMA was actu=zlly

observed to produce an increase in both total surface free
energy (% sy) and surface wettability and a dec-ease in
the interfacial free energy (X g,)-

This phenom=non was believed to result from the non-
isotropic cross-link distribution of the EDMA molecules.
Such effects, understandably wouldbe expected to ©avour
an increase in chain segment length anZ accordingly nreater
freedom of chain mobility, which would then allouw the
surface chain segments to orientate to minimise the
interfacial free eneragy ('55u). Although som= contention
exists as to the exact water structuring of these copolymers
(due to monomer impurities), it is believed likely that a
reduction in bulk interactions (as indicated by a reduction
in bound water content) accompanies these surface manifest-
ations,

The choice of the plasma proteins, human serum
albumin (HSA) and human fibrinogen (HFb), for the
protein adsorption studies, was based on the premise
for biocompatibility as outlined in Chapter one, that is
high HSA and low HFb adsorption was indicative of a non-
thrombogenic (biocompatible) material (anc vice versa).
From these studies, it was hoped, that not only would the

surfaces in question be assessed for their possible bio-
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compatibility, “ut *“™a* in conjunction with *re suc-face-

measurement technicues as outlined in Craotsr “ive (i.=.,

the Hamilton and captive air bubble-contact angle techniques)

[=H

the surface/interfacial chemistry 5f hydregels

n a2 'ooysio-
logical' environment, may be more fully =lucidated.

Previous research has shown that the conformational
stability of HFb and HSA differed markedly. 1In some
contrast to HSA, HFb did not appear to possess sufficient
intramolecular stability to maintain its 'native'
globular conformation when adsorbed on to hydrophobic
materials. This instability of the HFb molecule did
present problems in this work, in assessing boih the
value for monomolecular coverage, and alsc the type(s)
of interactions that the molecule undergoes when it adsorbs.
With regard to this lztter aspect, significant variation in
HFb adsorption type w=< observed between the low water
cnntént (*hydrophobic', low surface free energy) gels (< 20%
EWC), and the higher water content ('hydrophilic', high
surface free energy) gels ( > 30% EUWC).

The HFb adsorption-time studies onto the hydrophilic
compositions( > 30% EWC) were observed to follow a
multilayered sigmoidal pattern. In particular, a2 time
dependant or rate limiting step was observed to be
occurring, approximating to the monomolecular coverage
value for the 'native' HFb molecule (~ within tre range
(13=21) =« lD'Bg_cm.'z). This was attribu*ed “c zan increase
in the interfacial pressure ( 77 ) which will accompany the
developing HFb monnlayer coverage, together with a time-
dependent modification or restructuring which Zecreases the

interfacial pressure (TT ) and thus enables successive
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monolayers te 2dsorb. Alternatively, based on ther-ocyna-i

considerations, it was pastulated that as the mcre energetic

hydrophilic adsorpticn sites are decleted, so tn2 enthaloy

of adsorption becomes sicnificantly less exothermic, and

then following time-dependent lateral intermolecular inter-

actions, a pseudo-fibrin polymer-like film is formed. This

produces further adsorption sites, raising the enthalpy

of adsorption and enabling a second monolayer to adsort

onto the first monodayer. Further successive monolayers

are then layed down until finmally a steady state plateau

is attained.

Increasing the hydrophobic content of the hydro-
p~ilic gels was ohserved to markedly reduce the steady state
plateau values. Also with the orogressive increase in the
hydrophobic content, so the sigmoidal nydrophilic acsorption-
time curve was progressively converted into a more para-
bolic shape, with loss of the time deoendent step, as

illustrated in Figure 8.1 belou.

Figqure 8.1

Adsorbed ‘HFb pAdsorbed HFb
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Y

N Hydrophilic N Eydracjcpic
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The truth of this trend was reinforced Dy the si=ilar
dF--adsorption patterns onto the very hydrophobic solymers
of P.T.F.E., Melinex and silicone rubber.

With these hydrophobic polymers, louw steady state
plateau values (~ (75-175) «x lD'Bg.:m.'z) were evident,
tocether with increased rates of adsorption. This adsorpticn
behaviour was ascribed to the disruption of the conformational
stability of the HFb molecule, leading to the entropically
driven adsorption of denatured molecules, and the formation
of multiple low enthalpy hydrophobic, Van der Waals inter-
actions between the protein and the hydraophobic surface. Due
to the substantially lower value for monolayer coverage
by danatured HFb molecules, multilayer formation (adsorption)
for these hydrophobic surfaces is presumed to be commensu-ate
with the hydrcphilic <omgositions.

As a result of the hydrophilic characteristics and
inherent corformational stability of the HSA molecule the
interactions of this protein with surfaces tended to be pre-
dominantly polar (exothermic) in naturse.

Thus an increase in the surface free energy of materials
Wwas observed in general to produce a corresponding increase
in the level of multilayer HSA-adsorption. It should be
remembered however, that the adsorption process for any
protein (or macromolecule) will be a composite function of
the many diffe-ent interaction types (i.e., hydrophobic,

Yan der Waals, ionic, dipole-dipole (polar) etc) together
with their population density and distribution and although
a specific intasraction type may predominate (as in the
above example), the cumulative effects of the other inter-

action types must also be considered.
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The somewhat empirical general relatisnsriss whicn
exist between the aforementioned hydrog=i(s) bulx an< suzface
structure-property effects and their protein adsorntion
behaviour, are given belou:

T he predominantly high bound fraction, lou watesr conten:
hydrogels (4130% EWC), which possess very small 'pore!
sizes (high chain segment density) and in general high
surface concentrations of non-polar (hydrophobic) groups,
tended to exhibit both low HFb and HSA adsorption, but for
markedly different reasons. The low HFb adsorption was
accountable %o the previous entropic stability considerations
for the molecule, whereas the low HSA adsorption may be
ascribed to low enthalpy interactions.

Individual variations in the surface properties of
these low water content gels have been attributed to the
gel ability to undergo chain rotation and thus, minimise
their interfacial free energy ( Ksu) and raise surface free
energy (Xsy). These surface manifestations are borne out
by the corresponding, accompanying rise in HSA adsorption.

As the bulk hydrophilicity is increased to give
hydrogels of 30 to 60% EWC, so accordingly, 'pore' size is
increased (~ <4 108 diam) and the chain segment censity
is decreased slightly. The surface chemistry of these
gels is comprised of high concentrations of both polar
and non-polar groups (& sy = 45-63 dynes.cm.~}) and the
interfacial free energies are reduced (¥ g, <4 dynes. em.~ 1),
s would be expected for these gels, HSA adsorption
progressively increases due to increasing polar (hydrophilic)
interactions over the range. In contrast HFb adsorption

was observed to increase abruptly, attaining a maximum pesak

value (B65 x lD'Bg,cm.'z), for the poly (HEMA) composition
326



(~40% EWC), after which the adsoroticn

levals were obseryer

to fall-off over the range. This asxinum can b= stk rinuted
to high enthalpy hydrophilic interactisnms o
low enthalpy hydrophobic intesractions, uith the
in interfacial free energy (X'SU), it is believed that
adsorbing HFb molecules can maintain their 'native!
conformation and accordingly the previously discussed
entropic mechanism for the adsorption of HFb mnlecules
will no longer be evident.

With still further increase in the bulk hydrophilicity
to form the low bound fraction, high water content gels
(> 70% EUC), moderate to large 'pore' sizes would be
expected (20-200% diam.), with the chain segment density
and surface concentration of predominantly polar groups
being inuersely proportional to the 'pore' dimensions.
Low HFb adsorption is a feature of these gels and
results from low enthalpy hydrophilic interactions. 1In
accordance with the progressive increase in bulk and
surface hydrophilicity, so the HSA adsorption is observed
to progressively increase.

Some contention exists however, as to whether
'adsorption' is occurring with high water content gels
(> 90% EWC), or due to the small molecular size of HSA
(38 x 1508), absorption. With the exoanential increase in
'pore' size and the corresponding decreasing chab segment
dencity and surface concentration of polar groups,
adsorption enthalpy similarly decreases; thus, in theory,
true adsorption of HSA would decrease in a similar manner
to that observed for HFb. The determination of the mole-
cular cut-off point and differentiation between adsorotion

and absorption for these high water content gels was out-
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siZe ths scope 3f :this pro

will be necessary tefore tre above issue can he rasal
Jith regard to the effectiveness of tmese azsarpii-n

studies as a potential invitra incdex 2 binmcnrpatin

it is perhaps of significance to note tha: very low adsorotion

levals of HSA and HFb was a fe2ature of the hizoh water con-

tent ionic hydrogel compositions, ancd compared favourable

to earlier Lee White blood clotting studies in our

laboratories (in collaboration with the _iver Sucpos:ct

Unit, King's College Hospital, London). In “‘hese studies

it was found that although neutral hycrogels increasez

the coagulation timss, by far the most significant

inccease in coagulation time was exhibited ty iaric (=z2cidic)

(e}

als.

The som2uhat unexpected reduction in interfacial
free energy (08 g,) observed for the lou water content
gels, correlated with their lowered H~b adsorgtion anc
raised HSA adsorption (indicating thromboresistance).
These findings would seem to support the '"Minim=z2l Inter-
facial Energy' hypothesis (as discussed in Chapter 1 uhich
postulated that a low interfacial free energy (?Ssu <5
dynes. cm.'l) was a prerequisite for a biocompatible
material. Some corroboration for the abovz is given
by previous research investigations an hydresnilic/hvdro-
phobic copolymers (namely HEM3/EMA); where it wzs founcd
that additions of the hydroohobic monomer (HEMA/EMA ~ 75:2S)
produced both a maximum reduction in invitro cellular

achesion together with a maximum increase in invivo

thromboresistance.
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Uith reference to the ccntact lens fisld nprohla~

s ’ - - N 3 = 3
of deposits on hydrophilic lences, a correlation uas

ohserved betwern the clinical in-idence of lens deozsite

on the commercial and continual wear formulations (as

discussed in Chapter 7) and “he HSA/HFb adsorotion st.die

il

For those hydrophilic lens formulations showing a low =F=
adsorption (with or without supporting high HSa2 adsorpzicn)
a corresponding low incidence of lens deposits was

noted. The rather unusual bulk and surface propec-ties
together with the anomalously high protein adsorpticn
exhibited by the N-vinyl pyrrolidone (NVP) containing coczlymers
(in particular NVP/EMA) has been discussed previously

as being a function of the water-structuring due to the
close proximity of the hydrophobic alkyl ring and the

large dipole-moment which exists on the imide group. It

is therefore not too surprising that the commercial lenses
containing significant amounts of NVP monomer, particularly
when in conjunction with hydrophobic monomers (i.e.,
Sauflon 75 and 85), tend to suffer from the problem of

lens deposits.

In conclusion the studies carried out in this thesis
have shown that both the bulk and surface structure-
property effects of hydrogels, may be specifically
related to the degree and type(s) of adsorption behaviour
of plasma proteins (HSA and HFb) with known ohysico-
chemical characteristics and that with this knouledge s»Te
indication of a material's biocompatibility may be
derived. Further to the above, the protein azsorpticn

studies performed in this work have indicated that the
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adsorction pracess was ©f a nmultilaysr adsaorptian tyae

and did not follow Langmuir's monolayer type isstnz=ms,
Yoreover, the maximum numerical l=vyel of Tultilaysr
adsorption was seen as a composite funztian af: (i) +ne
physico-chemistry of the adsorting protein spzcie; whicn
determines both its rate of diffusion to the su:-face an=

its degree and type of interaction with a surface and uwhich
in itself is influenced by its ocwn (ii) bulk protein concen-
tration (iii) surface/interfacial chemistry of the adsorbent
surface.

8.2 Sugegestions for Further Work

This work has in itself raised many interesting
issues which require further investigation. Several
suggestions for further work are as follous:

(1) Further investigation and extension of the
hydrophilic/hydrophobic compositions, in particular with
regard to the influence of the length of side chain alkyl
groups on the bulk properties (i.e., bound and free water
content/mechanical strength/permeability etc), together
with complementary surface characterisation as performed
in this work. Moreover, special attention should be given
to the unusual bulk and surface properties of N-Vinyl
pyrrolidone (NVP) contz2ining copolymers.

(2) In order to resolve the apparent anomalies
in the observzd water binding data of the HE®n/E074  and
HEMA/STY copolymers, further work should be performed using
the purified HEMA systems.

(3) Permeability studies on high water content gel
systems (> 70% EWC), with particular reference to tnhe mole-
cular cut-off points for various macromolecules, will enable

the differentiation between adsorption and absorption to be

made. 330



(4) The characterisation of neu c-oolymea- systzn
furtrher protein adosprtion studizs (in caniuncian

tulk and surface characteriscstizn) and with rsca-~ ¢4

1s by

potertial bicmedical apolications, the stucy of su-fa-g

grafted hydrogel compositions,

(5) In accordance

with the above investigaticns,

complementary invive animal testing of materials will ke

nzcessary to orove the usefulness of patential bicmaterial

compcsitions, as ascertained by the inviiro protein

adsorption technique advocated in this work.

(6) Water-binding
formulations may enable
facial structured water

studies will be greatly

studies on surface-grafted hydrogel
the derivation of surface2/inter-
however, the success of such

influenced by the analytical

sensitivity of differential scanning calorimetry,

(7) Refinement of

the experimental equipment design

for the dynamic adsorption 'flow-cell', followed by

dynamic adsorption studies with particular reference to the

flow charge characteristics of ionic and high dipole

moment polymers.
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poendix 1
nzlyelis = Zilecs O2erzting copdlitions
sgtrumenc: FCerkin=Elmezr F1ll, C,L.C. with Tlsmz $3-igatin~
detentor.
Column was packed with lGﬁD:a:b:vax N 5r CRmomseans Slz=_ned
i = : - o es ! e — e - — —'-..--Ju‘L
Setectar temperature = ?gD =8 LhilsSgcoig® nar-t teﬁjgjgjgjg\: 17772
Colunn temperzsure = 175°C. Sensitivityv 2-~-2e: ‘£ x 13215 x
la-_' N -t -
Cl=me icnizsation detector cases:-4_.~ 18 1b.O0 "; *ir~ 8 l':.[j".
Carrier gas: N, = S0 ml/ain, -
Sample size = l'ul Chari scead = 129 mm/hr
Fenomer resolufiogn times are givzsn belaw:
onomer Disktance Tige RzbignEign
i o= s
(minutes) Vaolums (1.
HeEoM: (1 41) 32.3 mm ~16.2 mins 0.510
£EoGmAa (1 ul) 40.5 mm ~20.3 mins 1.015
Mea.8. (1 ﬂl) 21.0 mm ~10,.5 mirs D4925
HoPoA. ( 1pl) 22.0 mm ~11 mins 0.580
ACM/methanol .
53.5 mm N26,8 mins 1,346
(1 yl)
A.A. (1 }11) 14.0 mm ~7 mins 0.350

D.5.Co

operating Caonditions

Perkin Elmer
Sample sizem~ 3 mg Cooling rate
Heating rate
Cooling/heating cycle repeated

D S4C- (model DSC- 2)
g/mln to -40 C
l 25 C/min to +10°C
3 times at both 1.25°C/min & 5 Oc/min

Hamilton's method: o -cyancacrylate glue-adhesion machanism:

This adhesiue is often used in experimental surgery

]

of s

tissue injuries, i.e., liver, spleen, kidreys etc., where
normal sutures are invalid. The adhesicn mechanism can take
nlace even in an aqueous envirosment anZ 1s thus of use in
bonding even very high water conien® hycrogels (£957)

+O a substrate backing. The adhesive mechznism s giver
elow =2 -
o-cyznoaccylate ( i = alkyl grous) u !
<
A — )
|
- R
The solymerisztion is notztle In =ppnarer.-y snpalving srishie
mechanism sven in agusous sclutior;
Ci il S T
Poe(l — (S +  CH=C—P~r~T- O Sl AoEpagaEian
= i = 7 =L A s@gzTinn
CCAR CCaAit CoaR CGa Y
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1t seems thzt the combined presence of the cCyano %X cster
grouos on the©®& -carbon atom serves to delocalisz ths snignic
charge from that ztom and so inhitit the exnectsed chzir-
terminating proton transfer reaction uith water,
e . -

p»v-—CHz r_:E + HZD_.,.p-w—C.“2 CH + O while tness Z

ED EG R groups an the

R 2 monomer,

activate it suff-
iciently to give
a bigh rate of

The strong polymer to tissue z=dhesion probably arises frax
the initiation of polymerisation by weakly basic groups cn the
tissue constituents (proteins, carbohydrates) so thzt polymer

chains become covalently attached to tissues.
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Appencix 2

'PHYSIOLOGICALY <M SEa1e 3p

Rsagant Concentzatisn (/1) Surnlior
Sodium Chloride (A.R.) 5.9 Fieon
Potassium Chloride (A.R.) 0.35 n
Magnesium Chloride (A.R.) 0.11 i
Sodium Hydrogen Carbonate i
(Q.R.) 2-].
dium diHyd Ph

S?ATET) iHydrogen osphate 0.14 "
Glucose (A.R.) 2.0 "
*Calcium Chloride (A.R.) 0.28 &

¥ N,B, CaCl, must be added to the solution after all other

reafents otherwise an insoluble precipitate will
form.

Technical Information on the lodinated (1251]—Drcteins
125I-HSA injection B.P.: Sterile saolution of human
albumin, iodinated to ensure uniformitv cf labelling.
Average iodire content not mc-e than latom/mol of
albumin, Solution contains 0,97 henzyl alcchol and is made
isotonic with scdium chloricde.
Protein concentration: 20mg/ml1 Purity: (5% free iodide
Storage: store at 2-4°C.
Supplied in multidose vials of S00u Ci at ref. date.
Radinactive corcant-ation - SOUCi/nl;
Specific activitys:s 2.54 Ci/mg alosumin.
125 v & ; . :
I-HFb injection: Freeze-dried preparation of
human fibrinogen iodinated to ensure uniformity of labelling.
Average iodine content 0.5 atom/mol fibrinogen. Contains
albumin together with sodium chloride and sodium citrate
which when constituted according to directicns vwill yield
isotonic solution.
Specific activity: > 100 #Ci/mg F%Erinagen
Purity: Not less than 80% of 1251 can be coagulated
With bovine thrombin in the presence of human plasma.
Note: fibrinogen used in this precaration is of a
grade that is licenced for therapeutic use in the
U.K. (i.e., Australian anticen -va).
Storage: at 2 - 49C in dark.
Supplied in vials of 1104Ci at ref. date.

Nuclear Enterp-ises Tvne - 8212 J/B Counter Coerating
Chonditiors

(1251 gecays with a half-life of 60 days and with tre
release of 35.5 keVU & or KX=-rays).

25 i >
; I-Machine Counting Efficiencv ~ £0%

m

Maximum Pulse Height Spectrum obtained with the window s=ttings
of £ = 0.5 & Ag,= 3.0.
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Counter set to cournt for 600

seconds or 2
¥ -mode.
Surface Areas of Dynamic 'flaw'-c2ll yindaus
Al = 4.13 DI = &e52
AIl = 4,59 DIT = 4,44
BI = 3.96 EI = 3.6%
BIT = 3.96 EII = 4,15
L = 3.55
CII = 3.41

335



"ppendix

=

=

I  SULK-POLYMERISES COMPGSITIONS
ELC £4C Nzo-
Monomer (%) (3) Frzezing | Freezing

Hydrogel ratio (Distillec) | 'Krebs! dates Water

1 3 af O -
Composition [(Moles %) (H g) 2t 20°C o =

atav 209C

HEMA .
(Commercial) 100:0 41.2=1.4 57.2¥0.8 28,3 28.9
HEMA N
(Purified) 100:0 |39.9%0.9 41.6%1.8 | 36.9 4,7
HEMAZSTY 95:5 |34.2%0.0 33,7504 4 »
HEMAZSTY 90:10 [29.371.6 30.071.5 - -
HEMAZSTY 85:15 |23.91.7 23.271.9 -
HEMA/STY 80: 20 19.930.9 18.9-1.3 - =
HEMAZSTY 75:25 |17.430.0 15,7503 -
HEMA/STY 50:50 | 9.5=1.3 97811 - =
HEMA /EMA 95:5 [36,1%0.7 35.970.9 | 32.7 3.2
HEMA/ZEMA 75:25 |26.971.1 29.071.1 | 28.3 07
HEMA/EMA 50:50 |13.4%0.4 12.7%0.8 . =
HEMA/EDMA 95:5 [31.930.5 31.121.0 -
HEMA/EDMA 90:10 [26.831.1 26.230.8 -
HEMA/EDMA 85:15 [21.9%1.5 22,0%1.9 "
HEMa/MAA 90:10 (32.371.1 74.571.5 | 37.6 36.9
HEMA/MAA 75:25 |27.930.7 86.370.5 | 40.5 45.8
HEMA/MA A 50:50 [27.430.6 86.930.3 | 39.7 47,2
HEMA/ACHM 95:5  [41.271.0 42.4%1.8 - -
HEMA/ACM 75:25 |[S0.020.6 49, 7=1.8 33.6 1642
HEMA/MACH 75:25 142.1%0.2 40.9%1.8 | 34.0 6.0
HEMA/D2ACM 75:98 [36.0%0.7 35.4%0.¢ | 33.9 1.5
HE® A /NUP 95:5 [44.511.0 46.020.5 - -
HEMA/NYP 75:25 |50.630.6 52.071.0 - L
HEMA/NUP 50:50 |64.7%0.9 &0 25047 < -
NVP/EM2 95:5 [91.2-1.0 90.121.8 - -
NVP/EMA 75:25 |70.9%0.8 7165141 - n -




“coendix 3

I  SCLUTICU-POLYYESISED ~~v0rgsTrsse
2n £ e .

e ey Monzmer (2 (=) T-CE;in1 s
tg;;ogitiO“ Ratio |(Distilles) | 'Kreos! CnEen” | Jasas

! " [(moles )| (=.3) 2t i 20°¢ o e

atmns 200C
ACH /"B ACH 99:1 92.a$0.5 9%,/300,2 22.9 71,3
ACH/MEACH 95:5 |80.530.1 32,350.9 | c4.¢ £,
AT /M3 1CH 90:10 |74.520.5 g oty h 22,7 45,7
MaCM/MBACH 99:1 |69.0%0.4 69.550.3 41.9 27.5
DAACH/MBACHM 99:1 35, 151.8 22.4 12.7
ACM/MAA 99:1 89.9$D.l 94.4%0.5 - -
ACM/MAA 90:10 |92.370.2 G4, 5503 , 5
ACM/MAA 75:25 |90.8%0.1 33.750.3 " .
ACM/AEMA 99:1 93.8$D.2 96.550.6 - -
ACM/AEMA 90:10 |89.830.4 54.720.4 - .
ACM/AEMA 75:25 |95.9-0.2 95.2-1.0 = %
ACM/MAA/ 90:2.5: |91.7%0.2 95.3%0.7 . .
LREMA 7: 8
ACM/MAA/ 99:5:5 |s8.9%0.3 95.50.9 - -
AEMA
ACM/MAA/ 50:7.5: |91.1%0.2 56.5%0.9 - -
nEMA 2.5

N.B. All Solution polymerised copolymers were cross-

linked by 1 Mole

cf

=

except for the ACM/MB*CM copolymers.

-

s

oy
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SULK-PCLYMERISES

Mionomer £.JC Calculazed Relz<iva
Hydrogel Ratio ) Por Mecranical
Composition (Moles %) "'Krabs! size Skrength

atea20°°C (Fa)

HEMA
(Commercial) 100:0 57.2 o 17 Moderate
HEMA 100:0 41.6 nJ B Moderate
(Purified)
HEMA/STY 95:5 e 7 Strong
HEMA/STY 90:10 30.0 N7 Jery strong
HEMA/STY 85215 23.2 Al 5.5 Very strong
HEMA/STY 80:20 18.9 e 540 Very strong
HEMA/STY TSs25 1547 At 4.5 Very strong
HEMA/STY 50350 BT nNoo4,0 Jery strong
HEMA/EMA 95:5 35.9 N7 Strong
HEMA/EMA 753525 29.0 N7 Very strong
HEMA/EMA 6040 17.9 o 5.0 Very strong
HEMA/EMA 50:50 127 AN 4,0 Very strong
HEMA/EDMA 95:5 31.1 N7 Streng
HEMA/EDMA 90:10 2542 N E very strong
HEMA/EDMA 85:15 2248 Ak B Jery strong
HEMA/MAA 90:10 4.5 N 25 seak
HEMA/MA 2 78425 86.3 nS 55 very wezk
HEMA/MA A 50:50 86.9 50 JETYy weak
HEMA/MAA 25275 80.6 nJ 35 weak
HEMA/ACM 9s:5S 42.4 AV 5trong
HEMA /ACM 75525 &9 4.7 nS 148 idcerate
HEMAa/MACHM 15325 40.9 n g Strong
HEMA/D24CM 75125 35.¢4 N7 3trong
HEM2/NYP 95,5 46.0 N2 Maderats
HEMA/NVP 75:25 52.5 NS Mozerzte
HEMA/NUP 50:50 5442 N LS “B3K
NVP/EMA 95:5 53,1 ar 1zc Jzak
NYP/EM? 75:25 71. 20 F4caty
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' Composition |(ioles 7) 'Krebs! S:ze kR B
eI o S PN o il = P
atA 202 . S 2
NCM/M3ACHK 9g9:1 9343 mr 150 -eak
ACH/IRGACH 85: < 8§2.3 4l imacderate
ACM/MBACH 90:10 P n 30 Roderate
MACM/MBACM 99:1 69.5 J 20 vicderats
DaaCM/MBACHM 9g:1 T | nJ 7 leak
ACM/MAA 99:1 84.4 v 200 Jery 'Jeak
ACM/MAA 90:10 94,5 Ao 200 Jery .eak
ACM/MAA 754258 93.7 nJ 180 Very Usak
ACM/RAEMA 99:1 96.5 v 200 Very Jeax
ACM/AEMA 90:10 94,7 v 200 Very uJeak
ACM/REMA 75225 95,2 o 200 Very dJeak
ACM/MAR/ 90:2,5: 95.1 o 200 Very uea
AEMA i TieD
ACM/MAA/ 90:5:5 95.5 o 200 Very .eak
REMA
ACM/MAA 90:7.5: 96.5 n 200 Very ijeak
AEMA 249
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ippendix 5
THEORETICAL DERIVATICN OF HS3 AND HF9 A~AJ309PTIQN

LEVELS FOR COMPLETE MONCLAYER £QCRanf

The derivation of both HSA an< HFb5 values ‘or monolayer
coverage is bas=d on the following assumptions: *“hat

(i) the proteins adsorb in their 'native'-ccnformation.

(ii) the proteins adsorb in a non-random closely packed

morolayer.

These assumptions ensure that complete monolayer
coverage is attained. However in practise it is likely
that they would not be fulfilled.

HSA: Molecular weight

66,248 daltons
Molecular dimensions

38 x 1508

inn

6.02217 x 1023 molecules
(Avagadros number)

1 mole of HSA (i.e., 56,24@9

therefore 1 HSA molecule = 1.10006 x lD'lgg
From the above dimensions 0§2HSA, the rectilinear area
for 1 HSA molecule = 5,700 i

1
(Lem.? = 1 x 10_°%%)
and therefore there are 1.7%238 x 1072 molecules cm.~*

and accordingly the adsorption Valug for camplete mono-
molecular HSA coverage = 19.3 x 10" c.cm,”

Unless the molecular packing density is very high,
which is unlikely, the prolate ellipsoid area may be equated
with the rectilinear area and for all practical purposes
the maximum value for complete monpolayer coverage may be
taken as being

~ 20 x 108

g{cm._z

340,000 £ 20,000

between 30 x 9007 to
450 x 90%
1 mole of HFb (i.e., 340,000) = 6.022%1 - 1%23 mnle%ulis
vagadros number

HFb: Molecular weight
Molecular dimensions

inn

-19
therefore 1 HFb molecule = 5.6458 x 10 g.

From the above range of dimensions of HFb molecules the
rectilinear area will be within the range

27, 00082 40,5008%

(lem. = 1 x 101692)
and therefore there will be between 2.46913 x 10* and
3.7037 x 10" molecules cm.”

thus for complete monolayer coverage the adsorption
value for HFb will lie within the range 2

: =8
13.0 x 10 8g.cm.”? to 21.0 x 107 "g.cm.
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Appendix 5

MISCELLANEOUS ADSORPTION DATS

Hydragel Monomer |EWC % '8ulk protein ?AQSorhed Fratein
Cornp_ms- ratio 'Krebs! 1concentration .{;Te) i(‘iéfé _2)'

ition Mole % (mg <) rs - tg ;2:1
HEMA 100:0 | 41.6 50mg % HSA 8.0 [15.5 |Z1.4
16.0 |18.5 [t1.2

32.8 (25.8 |21,2

54.0 |40.7 | .6

HEMA:EMA 95:5 | 35.9 img % HFb 3.33| 1.2 |30.3
6.17| 1.8 |*0.4

44.5 | ¢0.2 |£3,9

67.83| 59.0 |%4,9

75225 | 29.0 Img % HFb 3.17] 3.5 |0.8

6.0 2.5 (¥0.4

44,3 | 20.4 $3.2

67.67| 37.6 |£5.2

95:5 | 35.9 50mg % HSA 2.0 | 6.3 |%0.9

8.0 | $7.4 122.3

16.5 | 23.8 |S23.1

25.0 [ 31.4 |24.2

[ 71.0 | 37.3 | 2.0

75:25| 29.0 50mg S HSA 8.0 | 3.6 |20.3

16.5 | 23.5 |Z4.6

25.0 | 32:3 |24.2

71.0 | 61.2 |¥9.6

Silicone - ~0.0 50mg % HSA 17.0 | 17.0 31.9
F\'UDUBI‘ 2?00 2[}.5 "306
710 § 287 %241

ACM:MBACM 99:1 93.3 50mg % HSA 6.0 | 3.1 fl.o
16.0 | 4.4|71.0

4?.5 21.0 -a.?

71:5 | 20+8 [%£2.5

95:5 82.3 SOmg % HSA 17.0| 2.3 fo.a

27.01 3.9/21.0

Dynamic 'Flowing' Adsorption Data: 71.0| 12.3]-1.4
HEMA i 100:3 | 41.6 | 1.0 | 14.6 Ez.u
- : 4,0 | 27.6|=2.6

Flow rate ~ 10mls/min., | $5.0 1101.2 (£7.3
Bulk protein conc.~ 10mg % HFb. L 40.0 |363.41%26.5
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