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SUMMARY

The primary aim of this research has been the investigation of the role
of water structuring effects in the widely different extents of irritancy
displayed by certain antibiotics.

The compounds involved were members of the Lincomycin group of antiblotics.
The aqueous solution behaviour of these compounds was studied using

techniques such as vapour pressure osmometry and differential scanning
calorimetry (D.5.C.)e

The effects of the entibiotics on water structure in hydrogel membrane
preparations in which the equilibrium water content (E.W.C.) and consti-
tuent amounts of freezing and non-freezing water were varied were

elso investigated using D.S.C. The permeability of water swollen hydrogel
preparations to agueous antibiotic solutions as well as other solutes
were studied. A series of hydrogel preparations into which the antiblo-
tics had been incorporated during polymerisation were developed and used
in studies of the effects of the antibiotics and their water structure
modifications on the permeation of a range of solutes.
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CHAPTER I

- INTRODUCTION AND BACKGROUND TO WATER STRUCTURE

AND THE ANTIBIOTICS STUDIED

I.1 General Introduction

Ordinary water of the type with which we are all familia; and rnraiv
pause to give a second thought to is far from being the well understood
substance we miﬁht have assumed it to be, s many authors have in the
past pointed uutj'z'B"”5 It is most certainly indispensible for the

maintenance of life but can hardly be considered to be sbundant in the

ecosphere in a suitable form for such a purposa.

Although many measurements of the physical properties of water have been
made over many years, which revealed many of the anomolous properties

of water, the structure of water has not been precisely determined.

The properties of water and agueous solutions must ultimately be

described in terms of the intermolecular forces present. The literature,
however, contains several contradictory theories of the structure of

pure liquid water and, in addition, the structure of ice i1s also far

from being straightforward. If the structure of pure liguid water is
unclear then even less is known about the structure of water in moderately

concentrated aqueous solutions and the structure of water near interfaces.

These difficulties have in recent years led to something of a divide
between theorists and experimentalists with few workers managing to
bridge the gap. This situation although by no means satisfactory is
nevertheless understandable since the complex interactions occcurring in
physico-chemical and biological systems aslatudlad by experimentalists

are not suitable for the work of theoretical physicists and mathematicians.



In order to make at lesast some progress both camps have continued their

separate ways despite attempts to reconcile-them.

The term “"water structuring® refers ib modifications of the three-

dimensional network of water molecules by different Eegéees of hvdrngen
bonding to ions, macromolecules ér surfaces. .fhe ﬁropeftiai-uf uatar. ‘
in such systems can be so drastically affected that distinct water
fractions can be identified. The types of water structure are complex
and have been described later but can be considered to fall between two
extreme situations. These are often known as the "bulk" or "free® and
"bound" water states. Bulk water is that which behaves "normally®, for
example, it freezes at 273K. The bound water state is that in which the
properties of water, as measured by various techniques, are markedly
different from those of "normal®™ water. It will, for example, not -
freeze even if cooled to the temperature of ligquid nitrogen (about 77K).
The definitions vary both in the way they describe the types of water -

involved and in the way they are determined. AR

These different states of water have been identified in lnért model
systems and biological systems alike and have been implicated in the
control of Eallular prucaaaea§'7'8 It was in this context that the
studies reported here were originally proposed., The work concerned

the study of Lincomycin antibiotica which were almost 1ﬁenticai in
chemical structure but which were reported to produce uidaiv dlffaraﬁt‘

extents of 1rr1tan:y? Unfortunately the most potentially effective of

the compounds studied was elso the most irritant.

Since only small changes in the chemical natuie of these compounds
resulted in large differences in irritancy the irritant effects were

considered to be of physico-chemical rather than purely chemical origine.



Bearing in mind the types of water structure modifications already
described that are found in aqueous solutions and biological systems,
an investigation of the water structuring effects of the antiblotice
concerned here was proposed with a view to explaining the differing

extents of irritancy of the compounds in terms of their water structuring

capabilities.

The investigation involved not only the study of the water structuring
effects of the antibiotics in agueous sclution but alsoc their influence
on established water structures in model systems. The model systems
employed were hydrogel preparations which are water swollen polymer
networks. The type of water environment in hydrogele cen be controlled
by the selection of sppropriate monomers or comonomers in the polymerisa=-
tion mixture. The use of such model systems simplifiea the evaluation

of the uaﬁer structuring effects of the antibiotics which could be
considered to be of a more complex nature in biological systems. Another
advantage of the use of hydrogels as model systems was that in recent
years the properties of such water swollen polymer networks have been
extensively characterised by members of this research gruup.m’“'12'13'11"15’16
The use of such model systems allowed direct comparisons of the antiblotic/
water interactions of almost identical compounds to be made in a range of

water environments. These studies therefore have a direct relevance to

the types of interactions that could occur in biological systems in which

the antibiotics are present. The importance of water in such systems was

stressed by Szent-Gyorgy:i who described it as the "matrix of 11fn‘37

It has taken a long time for theories involving water structuring to gein

credibility, even after the importance of water in the functioning of

biological systems had been recognised. Perhaps the reason for this lies



in the words of Sir Oliver Lodge who reportedly said that the very last

thing & deep~-sea fish would discover is uater!17

I.2 The Structure and Properties of Water

Water has been shown for many years to demonstrate a large number of

unexpected properties. Some of the more widely known properties will be
mentioned here but for an extensive treatment of the subject the reader
ia recommended to the Qurk of Franka!a There are other monographs to be
found such as those of Havanauz9 Jellinakzu and Droat-ﬂanaenz each af

which places a slightly different emphasis on the type of system in which

water properties are discussed, the most recent of such collections being

21

those of Rowland” ' and Drost-Hansen and Clegggz

I.2.1 Physical Properties of Water and "Bulk® Water Structure

The following are some of the more notable physical properties of uater:3
(1) Negative volume of melting
(11) Density maximum in the normal liquid range (at 4°c)

(111) Isothermal cgmpressibility minimum in the normal liguid
: range (at 46 C)

(1v)  Numerous crystalline polymorphs (at least nine, including
those formed at elevated pressure)

(v) High dielectric constant

(vi) Anomolously high melting, boiling and criticel temperatures
for a low molecular weight non-iocnic, non-metallic substance

(vii) Increasing fluidity with increasing pressure

and (viil) High mobility transport for H' and OH™ ions.

ARs has been already mentioned the occurrence of so many peculiarities
must eventually be explained in terms of the intermolecular forces present

and the key to understanding the properties of water lies in the concept

of the hydrogen bond. Hydrogen bonds between electronegative atoms such



as nitrogen, oxygen, fluorine or chlorine and hydrogen atoms are weak -
electrostatic chemical bonds that are strongly directional. The
chemical bond containing the hydrogen atom that is donated to the
hydrogen bond points directly at the nucleus of the hydrogen accepting
electronegative atom. The strengths of such bonds are intermediate |

—

between Van der Waal's interactions (about 0.3 kcal mol€-1) and cavalent

1

bonds (about 100 kcal moli  )e Units of kcal mol =) are frequently used

=1
in the literature, hence, their use here although S.I. units of kJ moll

are more appropriate (1 cal = 4L.184 J).

A single water molecule may be attracted to adjacent molecules by zero,
one, two, three or four hydrogen bonds, the non-linear water molecule

able to act both as a donor and acceptor of hydrogens. These abilitles
result in the structure of ordinary hexagonal ice as seen in Figure I ().
In this crystal structure each water molecule has four nearest neighbours
to which it 1s hydrogen bonded in a tetrahedral manner. The bond angle
of the free water molecule (10&.50)3 is actually less than the @déal

tetrahedral angle (109.5°) required for strictly linear hydrogen bonding

in an ice crystal,

The more highly developed hydrogen bond network of water than found

for HF and NH; thus leads to its high melting point. Bifurcated and even
trifurcated hydrogen bonds have been postulated to exist in some systems
where the formation of almulianenun hydrogen bonds to two or more
acceptor atoms occurs. Quantum mechanical calculations have been widely

employed in the study of water structure &s well as monte carlo simula=-

tions of solute/water avatema33’2k'25 Studies of water atrhcture using

x=ray diffractlon?s neutron diffraction®’
28,29

end various spectroscopic

methods ere to be found as well as extensive use of dialectr1c30'31'32'33



; aorn . !y “
and nuclear magnetic raaonanca techniquea?k 135,36 The use of differential

scanning calorimetry (D.S.C.) haa been dia:uaaed latar, hut this technique

enables the determlnation of the freazing water content uf a givcn sampla.

The equilibrium freezing of sn sgquecus system requires that an ice crystesl

nucleus be made available at the equilibrium freezing point of the system

FIGURE I (1)

THE BICYCLIC DCTﬁHER OF HEXAGONAL ICE (Ih)23
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and that appreciable temperature differences do not exist. If these
requirements are not met then supercooling may arise. The non-equilibrium
freezing behaviour of aguecus systems will be discussed in Chapter IV but
the supercooling of water can lead .to homogeneous nucleation at about
-41%°71%8  gt1311nger® comments on the work of Angell which shous that
virtually all the measured physical properties of water point to an-

anomoly at about -ksnc, Just below the limit of attainable supercoolinge.

This is known as the Lambda ahumaly.

v R

The various models developed to account for the properties of water have
been summarised by Safford and Leung (1971) and their work was reproduced
by Drmlt-.--Harlsan‘.l.'Jl Such models can be roughly divided into three groups,
continuum madels, specific structural models and cluster models. Bernal

and Fowler's irregular four co-ordinated tetrshedrel structure of



hydrogen bonding falls into the continuum model catagnrv.1 Samollov's
model (see reference 17) was a specific structural model, water having
a distorted or expanded ice 1h (hexagonal or "normal® ice) structure in

which defects can occur through which other water molecules may pass and
take up interstitial positions. An example of a cluster model is that of
Frank and Uan39 in which the formation of hydrogen bonds is co-operative,
short-lived (10-10, 10'11 seconds) ice-like "flickering clusters" of
varying extent were proposed.’ The co-operativity process depends on ' :
changes in the charge distribution of the water molecules involved in:
hydrogen bonding so that the hydrogen acceptor molecule becomes poten= -

tially an even better hydrogen donor than before, ie successive hydrogen

bonding reinforcement encourages the formation of clusters of water

molecules.

For the purpose of progressing to a discussion of structured water systems
it can be said that it is generally accepted that long-lived water ’
structura; do not exist in bulk water but a certain smount of inter-
molecular order similar to that found in ice is present. Co-operativity
of .hydrogen bond formation is alsc generally accepted, and increased
stability of one cluster, perhaps by a water structure promoting region,
could also increase the stability of a neighbouring cluster. Such an

effect could be propagated some distance, a concept utilised by Faullng&u

I.2.11 Structured Water Systems

There are many factora which can influence water structure. These can
strengthen, weaken or completely break water structure and so ﬁepending
on the effect of a "solute" on water structure it can be classified as
either a-structure maker or a structure braaker&1 Water around non-polar
molecules or non-polar segments of macromolecules which act as structure

makers, forms cage-like "clathrates®. Molecules with centres of high



charge density or inorganic ions cause the formation of so-called
*soft-ice" structures when in water. These ions can also act at &

greater distance as structure breekers whilst acting locally as structure

mekers.

An increase in water structure will increase the chemical potential of
solutes within that water fraction. If the chemical potentisl of a

species 1s greater in one area of a system than another it will migrate
down the chemical potential gradient. The result of auch'a process is

that water structure "makers" and "breakers" cen determine the distribution

of solutes and the solution properties of the system.

Clathrate hydrates have been known for over 150 years. -They are solid
solutions of a minor component in a water lattice which becomes stabilised
on forming cages around small solute molecules with no dipole moment.
Another widely known interaction is that of hydrophobic bond formation.
This was at firat attributed to purely Van der Waal's forces between -
non-polar groups. However, the introduction of non-polar moieties into
agueocus systems has been shown to result in unfavourable entropy changes
which are postulated to result from changes in the hydrogen bonding and
water molecule arrangement about solute mulaculaa&z The phenomena is
known as 'Hydfuphnbic Hydration* and the formation of a hydrophobic bond
between nén-pnlar residues can fhua be regﬁrded as a partisl reversal of .
the above process and so would be thermodynamically favnured&a'uh Such
processes are important in the tertiary structure of proteins aﬁeh as

haemoglobin, myoglobin and lysosymes.

Water structure near an interface is alsoc different from bulk water
structure and two extreme views of the number and extent of molecules

affected by proximity to a surface tend to be 1:aluam:£'5'l'E



(1) The surface perturbe water molecules for only two or three
molecular diameters where normal bulk properties are resumed, or
(11) The surface can exert an influence on water structure up

to 0.1 pm into the liquid phase.

Long range water structure concepts are generally unpopular, partly because
of the "polywater or "anomolous® water episode where the strange proper-
ties of water condensed into smell quartz capillaries were ascribed to

the long range effects of the quartz surface upon water structure. Such

observations were later found to be due to 1mpuritian§

In addition to such types of water structure there is another level of
structuring which results in "bound® water. Bound water does not exhibit
the properties associated with bulk water and since there can be no sharp
dividing line between bound and bulk or *free* water states, values af
the amﬁunta of these water types present in samples are very much depen-
dant on the experimental techniques and definitions used. The various
definitions of bound water have been summarised by Berendaen:hv

(1)  Water bound in equilibrium at a certain relative humidity

and temperature or water retalned after & certein drying
procedure.

(11) water that does not freeze at the normal freezing point of
water,

(111) Uuwater that gives no prientational contribution to the

dielectric constant at high frequencies and hence is not
free to rotate.

(iv) uwater that shows a slower rate of rotation as measured by
magnetic resonance technigues.

and (v)  Water that can be shown by infra-red or Raman spectroscopy

to be engaged in hydrogen bonding to @ wmacromolecule.

However, different results may be obtained by using different technigues

since different amspects of the properties of water may be employed,



These have again been considered by Barzndaen:h7
(a) THERMODYNAMIC ASPECTS - enthalpies and entropies of interactions
between macromolecules and water and influences on the activity

of solutes (ceses (1) and (ii) above).

(b) DYNAMIC ASPECTS - raﬁging from detalls of molecular motion to
hydrodynamic properties (cases (iii) and (iv) ebove).

and (c) STRUCTURAL ASPECTS - relating to the average positions and
orientations of water molecules with respect to each other
and macromplecules (case (v) sbove).
A wealth of evidence on the importance of water structuring in relation
to various phenomena has accumulated in recent years and & number of terms
describing the variocus states of water have come into use. As can be seen
from Teble I.A, states of water in between the "free" and “bound" water
states have been puatufatud and will be considered here under the term
"interfacisl®™ water although such water can also be described as "vicinal®

water,

TABLE 1.R'C

Bound Free .
Non-Freezing Freezing '
Primary Secondary
4 Y X
Us Uy W
Bound Interfacial Bulk
Primary Secondary Free Bulk
Bound Bound

Nuclear magnetic resanance (n.m.r) and differential scanning calorimetry
(D.S.C.) are perhaps the two most common techniques used to study bound
waters The nem.r. technique detects tﬁe mobility of protons in various
energy efatea, hydrogen atoms in bound water being at a different energy

level from hydrogen atoms in free water due to the reduced mobility of

10



bound water relative to free water. Broadline and pulse n.m.r. techniques
may be encountered and, whilst the principles involved are similar, the
types of samples used, the instrumentation and the results are different.
The broadline technigque can be used for the study of samples in the solid
state whereas the pulse method 1s better for samples in the liquid state.
Nem.r. measurements may be made at many temperatures but the equipment is
expensive and considerable sample preparation is required. It is important
to realiae_that bound water as measured by n;m.r., whilst being relatively
immobile as compared to free water, is still more mobile than pure ice

and that there can be rapld exchange between the bound and free water

states.

The DeS.C. technigue is simpler and more convenient than n.m.r. The
technique is described in detail in Chapter II but suffice it to say that
DeS.C. measures the amount of heat absorbed or evolved during a thermsal
trangition in a sample and that with sultable calibration the gmuunt of
freezing water can be determined. The amount of bound or "non-freezing"
water can be fuund by differance if tﬁe total water content of the sample
1s knoun, Slnﬁe the D.S.C. technique was extensively used during this
research the free and bound water states will often be rerérrad to as
"freezing" and “nnn-freézing' water respectively and a continuum of water

states between these extremes is envisaged (see later) L

I.2.441 Structured Water in Biological Systems

One of the most important properties of water is the density maximum -
at 4°¢ which allows the freezing of rivers and lakes to take place from
the surface dounwards. The effect of this 1é.to allow life to continue
undisturbed by climatic changes below an insulating ice layer. UWater is

also important in biochemicel reactions @ssociated with metabolism and

11



in the correct folding of enzymes necessary for their activity. Uater
also stabilises the double helix of D.N.A. In fact over 60% of human
body weight is made up of water. Brain and muscle tissues have the
highest water contents whilst bone and fat tissues have the lowest water

contents. Approximately 20% of tissue water cen be demonstrated to be

non=-freezing.

The dnpeﬁdgncé-of matabolic activitv on hydrﬁtion level haa.heen shown by
a8 number of workers who demunatratad that varying amounts of water can
be removed ffom bacterial and mammalian cells without atnpping celi
division Qnd growth, c1agge demonstrated three metabolic domains of
hydration dapeﬁdant metabolic events in artemia cysts, These were:
0=-30aqg qullua g dried cyst,ametabolic
30 - 60 g-HZDIIDB g dried cyst,restricted metabolism

60 =140 g Hzﬁllnﬂ g dried cyst,coventional metabolism

Wiggins has prodﬁced much work concerning the selectivity cuefficignta

of silica gel, toad bladder and rat renal cortex (see Ehﬁptar vI) fur
potassium and sodium ions. .Selentiva K uptakaluver Na® was demonstrated
ﬁnd a mndellfor a universal mechanism of active transport invﬁlving changes
in the solvent properties of intracellular water ua; developed (see

Chapter VII). The selectivity studies also deﬁﬁnstrated maxima at
temperatures nf 15“8, 3068 and 45°C. Such maxima Qere also observed by

48,49

Peschel and Adlfinger for the disjoining pressure and viscosity of

water between two highly polished quartz plates., Drost-Hansen has also

reported abrupt changes in the growth behaviour of many biological species

at these same characteristic tamparatureasu‘51'52 and Trincher developed

8 "mathemetic-thermodynamic” basis to these anomolies based on quasi-

crystalline, fluid and ice-relic cnmpunenta53

12



All known proteins hydrate, globular proteins hydrating & single layer
of water due to internal saturation of the bulk of backbone NH and CO
groups whereas fibrous protaeins absorb more water than can be accounted
for by thei; polar side chains. These features have been used by

Lingsl"ss'56 in his “Association = Induction® hypothesis. This is based

on long range order of water molecules and permits the models to demon-
atrgte an all-ur-ﬁune type of permeablility change as proteins co=-
operatively alter their conformations end liberate water in a reversible
manner. A feedback process was slso anticipated whereby water could
impress its structure on polypeptide conformation. UWhen in an appropriate
conformation multiple layers of cell water would be polarised by the
proteins which could specifically absorb or exclude solutes depending on
their hydration requirements (see Chapter VI). The co-operatively linked

protdplasmic protein-water-sclute assembly would function as a unit.

"~ An alternative model has been put forward by clegga based on & co~
ordinating system of networks of "vicinal® water structures generated by
intracellular surfaces. Since the surfaces are under cellular control,
sc are the water networks. The model uses the widely demonstrated water
structures at interfaces in which macromolecules are purported to have
more affinity for "vicinal® water than "bulk" water. THe molecules would
be retained within the ordered water layer for an appreciable time on a
molecular scale and this would allow close association of some or sll of

the components of a given enzyme pathway,.

Concepts such as those of Ling and Clegg rely heavily on the presence

of intracellular interfaces which have recently been identified by electron
microscopy. Such studies were initiated by the consideration of

cytoplasmic integration by Petera.sv Keller and Rileysa later observed

13



large numbers of microfilaments throughout the nuclei of some eukaryotic
cells and the massive surface area of such networks and their modifica-

tion during cellular activity suggested an important cellular function.

Etzler and Drnst-Hansen52 expanded earlier theories and suggested a
mechanism whereby metabolic pathways could be regulated in a manner which

explained the snomolous behaviour of many systems at 15“0, 3DuE,‘h5uC and
60°C. When the cell involved was not near one of these transition
temperatures for "vicinal" water cellular metabolism Qaa considered to

be orderly. Enzymes would be in complexes near various intracellular
interfaces and bulk water "channels" exist for the transport of small
molecules within the cell. UWhen the temperature of the cell approaches
vicinal water transition temperatures the enzyme complexes dissociate and
the bulk water "channels" become less well defined. Hence metabolism
would slow down and result in the observed growth minima at these tempera=-
tures. Upon passing through a transition zone new enzyme complexes would
form and metabolism would become orderly again but the "vicinal® water

structure would be different to the previous one.

There are other theories of the importance of water and water structures

in biological systems to be found in the literature. One such recent
repart was that of Macovachi®> who proposed the existence of "Blostructured"
water. In the 'Bipatructural“ concept water in living tissue exists in
free, biostructured(not to be Ennfused with interfacial water) and bound
states. However, dead tlssue only has free and bound water, the
biostructured water being water that is integrated into iivlng tissues

and can apparently be shown to be distinct from free water end yet is

released when the tissue dies.

New theories of the role of structured water and its properties are

14



usually greeted with scepticism bearing in mind the lessons learnt from
the "Polywater® episode. However, it was in this context that the .
importance of water structure in the integrity of cellular processes and
the effects of Lincomycin antibiotics on water structure wes investigated.
Differing antibiotic water structuring effects might provide the basis of
an explanation of the different extents of irritancy of these very - -
gimilar compounds since any influence on or disruption of water structure
in biological systems could lead to the breakdown of membrane processes,

uncontrolled metabolism and eventually -irritation.

1.3 An Introduction to the Antibiotics Concerned

Drugninduced irritation is a widespread problem, aapecially-uith
compounds that are administered paranterallﬁ.(external to the 1nta§£ina).
Huweﬁer, the antibiotics studied during this research were an example of
cases in which compounds although of similar structure or general .°

classification lead to quite different extents of 1rr1tancv.'~

It was the needltu investigate the physihn-chemical basia”nf such effects
that led to the 1n;nlvament with Uﬁjnhn Limited in the study of
lincomyciﬁ'hvdrucﬁiuride (L/M), clindamycin-hydrnchlnride (C/M) and
clindamycin phuspﬁate (C/M/P) ss ueil as limited studies 1nvulvihg
erythromycin lectoblonate (E/M/L) and erythromycin glutamate (E/M/G).
The étructurea of these compounds and physlcal-cﬁémical properties are

breaanted in Chapter II and Chapter III respectively.

The erythromycins were used as reference materials with which to compare
the properties of the other antibliotics. Throughout this thesis
lincomycin hydrochloride has often been referred to as Lincomycin or

Lincomycin.HC1l and clindamycin hydrochloride as ﬁlindamycin or
Clindamynin;HCI.

15



Lincomycin and Clindamycin are chemically unlike any other antibacterial
preparations and the group is known @s the Lincomycins. Lincpmycin was
derived from an actinomycete = streptomyces lincolnensis var lincolnensis
nesp = by Lewis, Clapp and Grady in 196260 and Clindamycin was produced
by 7-chloro substitution of the 7=hydroxyl group of L!.m:nm\n:i.l'l.ﬁ"l . The.
antibacterial activity of a number of analogues of Lincomycin had been

studied but none were as active as Clindamycin.sz Clindamycin has the
same bacterial spectrum as Lincomycin but is more active in inn and

in vltro,63 unfortunately it is also more irritant than Lincomycin.g Ifhe
compounds are indicated in serious infections caused by susceptible

gram +ve organisms and can be used when penecillin is contra-indicated.
Rerobic gram-ve bacterial are nearly all resistant but activity sgainst

aneercbic gram-ve bacteria is important (eg the Bacteroides species).

The most common disadvantages of the antihiﬁfica are diarrhoea (which
can be severe) end colitis (which can be fatal) and so they are
advisedly used only in severe infections. Clindamycin is mainly
indicated in the treatment of severe anaerobic sepsis or pelvic
inflammatory disease where its range of antibacteriasl activity is
advantageous. It may also be very effective in severe infectlions caused

by multi-resistant staphylococci, especially where the site of infection

is the bone, into which high penetration is nbaarved.su'ﬁs'ss's7

The entibliotics may be injected intremuscularly fd enable prompt
absorption and later may be found widely distributed in the bodye.
Clindemycin's mode of action is the inhibition of the synthesis of
bacterial nucleic acids acting specifically on the 505 subunit of the
bacterial ribosome, probably affecting the process of peptide chain

initiation and thus causing a cessation of protein aynthaaia.e3'58
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Apart from the initial soreness about the site of an intramuscular injec=-
tion there is a later general degradation of muscle tissue which can be
followed by elevated levels of serum creatine kinaae.g Increased levels
of H+ loss from red blood cells incubated in Clindamycin containing buffer
than was found using Lincomycin conteining buffer has also been demonstra-

ted, the k* loss apparently occurring prior to cell lvsis.7

Serum protein binding studies have alsc been reported, antibiotic bound to
serum proteln has no antibacterial activity. Gordon, Regamey and Hirbvsg
showed that 72% of Lincomycin and 94% of Clindemycin was bound to serum

protein in thelir experiments.

Although tie actual extents of irritation due to Lincomycin and Clindamycin
are hard to quantify, for the purpose of comparison Lincomycin will be

regarded as "non-irritant" and Clindamycin as "irritant® throughout this

Worke-

I.4 Hydrogel Applications to Water Structuring Studies

Having to some extent implicated water structure in the smooth running
of cellular processes and having seen that certain typas of water
molecules possess their own water structuring abilities, the possible
water structuring effects of Lincomycin and Clindamycin required
investigation. Such studies were first carried out in agueous solution

but later studies employed model membrane systems. Such model systems

were water swollen polymer networks or hydrogels.

In recent years the majority of the work @ithin this research group has
concerned the general bilomedical applications of polymers and their

blocompatibility. This has centred on the exploitation of the ability

to produce hydrogels of desired water content and freezing/nan-freezing
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water composition by selection of appropriate monomers (hydrophilic and
hydrophobic) end crosa=linking agents « Hydrogels are widely used in
fields such as extended wear contact lens design, artificiel liver
support systems and reverse osmosis applications. The work of the group

to date has meant that hydrogel materials are well characterised and

understood.

The term "hydrogel®™ can be used to describe sny water containing
hydrophilic netuark and so includes gelatin, polysaccharides, polyelectrolyte
complexes, cross-linked polyacrylamide polymers, cross-=linked hydroxyl

containing methacrylic or acrylic ester polymers etc.

Water in hydrogels is generelly treated in terms of a three state model.
Bound water is strongly associated with the polymer, probably as water
hydrating the hydrophilic groups of the polymer and at the other extreme
free water has properties very similar to bulk water in aqueous solution.
It is generally accepted that some form of interfacial water exists
between these two states and has been proposed to be assocliated with
hydrophobic interactions between polymer segments. However, work carrled
out within this research group suggested a continuum of water states
batuaan the free and bound extremes. The characterisation and properties

of hydrogels used during this research have been described in more detail

in Chapter III.

I.5 Scope and Objectives

The project involved the study of the physico-chemical properties of
Lincomycin antibiotics and an investigation of their water structuring

abilities as & possible explanation of the widely different irritant

effects of apparently very similar compounds,
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The properties of aqueous solutions of Lincomycins were studied using
techniquea such as vapour pressure osmometry and differential "scanning
calorimetry. A range of hydrogel preparations covering e range of

free/bound water compositions were synthesised and the effects of the

antibiotics on water structure in these preparations were studied.

The permeability cﬁﬁfgcteristica afluater swollen hydfugala aﬁd h;drngela
into which antibiotics had been 1ncu¥parated during polymerisation wgre
also 1nvtstiga£ad using agueous anlutiﬁns of simple solutes, aqueous
antibiotic solutlons and aqueous snlutiuﬁs of biologically 1mportant"

compounds that might be implicated in the irritation process.
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CHAPTER IT

. SYNTHESIS OF HYDROGEL POLYMERS AND EXPERIMENTAL TECHNIQUES

I1.1 Introduction

The gynthanls of hydrogel polymers, copolymers and terpclymers and the
methods by which these hydrogels were prepared in membrane forms are
described in this chapter. An account of the methods employed for the
subsequent characterisation of these preparations with regerd to their
water content, the nature of the water associated with the hydrogel
matrix and factors directly related to or influenced by the extent and

composition of water within the hydrogel matrix, is also included in

this chapter.

I1.2 Reagents

I1.2.4 Monomers

The monomers used during the course of this research ere shown in

Table II.A, and their chemical structures are shown in Figure II (1).
The liquid monomers were purified by conventional reduced pressure
distillation. The purity of the monomers waes established by gas 1iquid
chrumitugraphy using a Pye series 104 model 23/3L4 gas chromatograph
fitted with a silicon gum SE 3D column end a flame ionisation detector.

The purified monomers were then stored in a refrigerator until required.

The only solid monomer used was acrylemide and this was recrystallised

from ethylacetate.

The purification of 2-hydroxyethyl methacrylate is especially difficult

since it undergoes disproportionation to ethylene glycol dimethacrylate

and methacrylic acid even at low temperatures.
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TABLE I1.A

Molecular

Physical state

Monomer Abbreviation | Supplier at room
wnight temperature
2=-Hydroxyethyl
Methacrylate 130 HEMA BeDeH Liquid
Methacrylic ascid 86 MAA Koch=11ight Liquid
Styrene 104 STY Koch=light Liquid
Acrylamide 72 ACM Koch=light Solid

FIGURE II (1)

CHEMICAL STRUCTURES OF MONOMERS

| 3
CHZ = ? (1) HEMA
[
DCH2CH20H
K
BHZ = C (11) MAA
|
C=0
l
OH
(111) sTY
(iv) ACM
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I1.2.4i1 Cross-linking sgents

The reagents employed as cross-linking agents during this research are

shown in Table II.B, and their chemical structures are shown in

Figure II (2). All cross-linking agents were used as supplied without

any further purification, and were stored in a refrigerator.

TABLE I1.8
Physical state
Cross-linking Molecular Abbreviation | Supplier at room
BgeRt weight temperature
Ethylene glycol -
dimethacrylate 198 EDMA BeDeH Liquld
Methylene
bis acrylamide 154 MBACM Cambrian Solid
~ FIGURE II (2)
CHEMICAL STRUCTURES OF CROSS-LINKING AGENTS
?“3 ‘l’“a
CHZ = [l: Ii". = CH (1) EOMA
I
0 0
BHZ = [I:H H[I: = cHz -
ﬁ = NH = I:H2 = NH = ﬁ (11) MBACM
0 | 0

I1.2.111 Initiators

The free radical initiators used during this research are shown in

Table II.C and their chemicel structures are shown in Figure II (3).

All initimtors were used without further purification and were stored

in & refrigerator.
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"TABLE II.C

Molecul Physical state
.. -Initlator © :c:tar Abbreviation | Supplier at room .
e temperature
K=Azo=bis 164 AZBN BeDeH Solid
isobutyronitrile ele
Ammonium anklﬂ 2
p!rnulphnta 223 nm.F's lllilllﬂml Sulid s

FIGURE II (3)

CHEMICAL STRUCTURES OF INITIATORS

o

o

3

II.2.iv Solvents

CN

'(NHh)ZS 0

3
l
CN

2°8

(1) AZBN

(11) Am.P.5

The solvents used during the course of this research are shown in

Table 11.D.-

TABLE II.D
Molecular

Solvent Density g/cm3“ weight Supplier
Xylene ' Hopkin &
(1,&-Dima§hy1benzene) 0.866 _ 106 Williams
Tetrachloromethane 1,594 154 B.D.H
Dimethyl Sulphoxide A.R 1.101 78 | B.D.H
1,“'010*3“ A.R 1.034 88 T BeDeH
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I1.2.v Pharmaceutical Compounds
The antibiotics used during this research ware all supplied by UpJjohn
Limited in crystalline form. The purity of the compounds was established

by Upjohn Limited as meeting regulatory stendards.

The chemical structures of the two groups of antibiotics are shown in
Figure II (4). Lincomycin hydrochloride, clindamycin hydrochloride and
clindamycin phosphate were generally 95 to 98% pure, the major impurity
being water., Erythromycin was supplied in both the lactobionate and
glutamate forms. As has already been mentioned in Chapter I, throughout
this work lincomycin hydrochloride and clindamycin hydrochloride may be

commonly referred to as Lincomycin and Clindamycin respectively unless

otheruwise stated.

I1.2.vi Miscellaneous Chemicals

A number of miscellaneous chemicals were employed during the course of

this research and these are shown in the Table II.E.

The chemical structures of Glycine, Phenylalanine and Creatine phosphate

are shown in Figure II (5).

II.3 Method of Polymerisation

The hydrogel polymers, copolymers and terpolymers were sll prepared in
membrane form by bulk thermal free-radical polymerisation. Hydrogel

polymers may be synthesised in membrane (or film), rod or pouwder form,
however, because of the nature of the work under?aken, especially with

regard to permeability studies, only hydrogel membranes were prepared.

The technique of hydrogel membrane preparation has previously been

described by Barnaa,12 Ng,11 Fedley,13 Ska119,1u Middletun15 and 3011V163

the general method used is as follows,.
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FIGURE II (&)

R, =

" CHEMICAL STRUCTURES OF ANTIBIOTICS

CH3
' ! (CH
CH3CH20H2L 3
- . )
«HC1
' NH H
} l!'! HO
H
HO * "
o SCH,
1 R' = OH (R), R" = H, = Lincomycin hydrochlnridém'ss'n

(11)  R' = C1 (S), R" = H, = Clindamycin hydrochloride 2*’>

(111) R' = C1 (8), R* = H,PO, = Clindemycin phosphate’ "

2

(1v) Erythromycin’®
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TABLE IILE

Abbreviation
Substance (Where Supplier
Applicable)

5,5 Dithiobis
(2-nitrobenzoic acid) DeTeN.B BaDeH
2,6=Dichloro=-p=-benzoquinone=-
h-chlurimine D.C.Q .c B.D .H
Ammonium molybdate = May & Baker
Sodium arsenate - Hopkin & Williams
Sodium chloride A.R - Fisons
Potassium chloride - B.D.H
Calcium chloride A.R. Dehydrate - Fisons
Tris Buffer
(Tris(hydroxymethyl)aminomethane) - Sigma
D-Glucose - B.D.H
Glycine = Hopkin & Williams
Phenylalanine D.L - Koch=light
Creatine phosphate
(Phosphocreatine) disodium salt - Sigma

I1.3.1 Membrane Preparation

Hydrngel membranes were prepared by bulk polymerisation of the monomer
or mixture of monomers in a suitable mould. The moulds consisted of two
glass plates (12,5 cm x 10 cm), each covered with a melinex sheet
(poly(ethylene terephthalate)) as an aid to mould release, placed
together (melinex protected face inwards) with a poly (ethylene) gasket
separating the two plates. A syringe needle was inserted through the
edge of the mould so that its tip was protruding into the cavity formed
by the gasket. The whole assembly was tightly clamped together by five

spring clips fastened around the edges of the assembled mould. A sixth

26



FIGURE II (5)

CHEMICAL STRUCTURES OF SOME MISCELLANEOUS COMPOUNDS

HZN - ?H = COCH (1) Glycine
H

Hzﬂ = CH - COOH

|
i
///, C (1) Phenylalanine
C CH
I |
Hq§N§§ CH
C
|
H .
THJ H OH
T o ﬁ «-N-0= i - OH (111) Creatine phosphate
CH2 NH 0

COOH

spring clip was positioned where the syringe needle had entered the

mould, after the monomer mixture had been injected into the mould and

the syringe needle removed. The assembly is illustrated in Figure II (6).

In a typical synthesis a monomer mixture of 2-hydroxyethyl methacrylate
and styrene in a molar ratio of 50:10 with ethylene glycol dimethacrylate
(1.0% by wt total monomer) and oX-azo-bis isobutyronitrile (0.1% by wt
total monomer) was prepared as & homogeneous solution. After purging
with nitrogen, the solution was introduced into the mould cavity formed
by the poly (ethylene) gasket by means of the syringe, carefully avoiding

the inclusion of air bubbles into the mould. ‘ This was best achieved by
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tilting the mould so that as it was filled air ‘escaped through the gap
created by the syringe needle. Once the mould cavity was full, the
syringe needle was carefully removed end replaced by the final spring
clip. The filled mould was then placed horizontally in an oven at 65°C
for 70 hours, during which time polymerisation took plece, f:110uad by
2 hours post-curing at 50°C to ensure complete polymerisation. On
removal of the spring clips, the mould was opened and the membrane was
carefullv removed from the melinex sheets. 0On a few occasiuns”uhere
mould release presented a problem, the membrane could be gentI; teased
away from the melinex sheet as the adharing_aurfacna were lightly

sprayed with distilled water.

Hydrogel membranes thus prepared were swollen and soaked in distilled
water, with frequent changes of the distilled water to aid the removal
of any residues present in the membrane, until an equilibrium hydration

was reached (at least tuwo weseks).

J1.3.11 Modification of soeking and swelling treatments:
of hydrogel membranes

To-sult the needs of the experimental work undertaken it was desirable
to introduce verious solutes (predominantly the antibiotics) into
hydrogel matrices. This was carried ocut in & number of ways, by adaption
of the soaking and swelling procedures of freshly prepared membranes end
by modifying the polymerisation mixture composition. The main
categories are shown belouw:

Type (1) | Hydrﬁgal membranes swollen in water and than

soaked in antibiotic solutions. |
Type (i1) Hydrogel ﬁemhranas swollen and soaked 1n.
' ﬁquenus antibiotic solutions.

Type (111) Hydrogel membranes prepared with aguecus
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antibiotic solution added to the monamer mixture
before polymerisation. The resultant preparatians
wvere swollen and soaked in the same sclution that
had been incorporated into the preparation. In
each case the solutions in which the preparations

were swelling and soaking were frequently changed.

II.3.411 Type (i) Hydrogel/Antibiotic Preparations

In this type of preparation any antibiotic which entered the matrix had
to displace water molecules already absorbed by the hydrogel upon
swelling as well as encountering the diffusional barrier presented by
the network itself. The extent to which the antibiotics could penetrate
the matrix would alsc be dependant on the hydrogel's water content and
the constituent amounts of freezing and non-freezing water, varying

according to the nature of the hydrogel composition.

The level of antibiotics found in such preperations was not envisaged to
be very high and when placed in & water environment these preparations

would suffer fairly rapid depletion of antibiotic.

For these reasons this type of membrane preparation was not considered
suitable for use in permeability studies, the amount of antibiotic

present in the membrane during such studies would vary considerably over

a8 period of time when used in a permeability cell.

IT3eiv Type (11) Hydrngg}lnntiblntic Preparations

In this type of preparation it was envisaged that the level of antibiotic
present in the matrix would be greater than in Type (i) preparations.
As the hydrogel swelled it would imbibe antiblotic present in the

solution. However, once swollen end then sgeked until equilibrium

levels were reached, this type of preparation would still suffer from
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similar drawbacks to those encountered for Type (i) hydrogel

preperations.

II.3.v. Type (111) Hydrogel/Antibiotic Preparations

This type of hydrogel preparation was considered to be the most - "
desirable since it would contain high levels of antibiotic end, since
antibiotic would be present during cross-linking, it was envisaged that
a substantial proportion of the antibiotic molecules would be

"incorporated® or "locked®" into the hydrogel networke.

Evidence that the antibiotics were indeed incorporated into the matrix

is presented in Chapter IIl.

II.3.vi Development of Homogeneous Antibiotic Incorporated Hydrogel
Membranes

References for the preperation of "preswollen® hydrogels of pHEMA, where
polymerisation was carried out in an aqueous medium, ere to be found in
the 11tarature76'77. Depending on the amount of water in the starting
mixture the polymerisation yielded either an homogenecus hydrogel

(< approximately LO% water content) or a heterogeneous hydrogel

(> approximately SD% water cnntent)7a'7g. The formation of such
heterogeneous atrucfurea was a:cuunte; for in terms of the phase
separation of the polymer from water since water is & tharmudvnamicﬁllv

poor solvent for pHEMA. Polymerisation in thermodynamically better

solvents (e.g. ethyleneglycol or ethanol) enabled the preparation of

homogeneous hydrogels.

In the type of antibiotic incorporated syatem that was to be synthesised,
as high a level of antibiotic in the matrix es could reasonably be
achieved was desired. This would maximise the effects of the anti-

biotics on the water anﬁirnnment within the hydrogel and enable more
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well-defined comparisons to be drawn between hydrogel/antibiotic incor-

porated preparations of different antiblotic types.

Using an EDMA cross-linked pHEMA system it was decided to aim at
incorporation of 35% (by wt total monomer) of & 1.0M antibiotic solution,
this being slightly lower than the level at which the onset of hetero=-
geneity had been reported. The synthesis of hydrogels of the following

compositions were thus attempted.

’

(1) pHEMA incorporating 35% (by wt) 1.0M Lincomycin.HC1

solution (ag)e.

(11) pHEMA incorporating 35% (by wt) 1.0M Clindemycine.HCl

solution (aqg)e.

(111) pHEMA incorporating 35% (by wt) distilled water.
The appearance of the resulting preparations are shown in Plates 1, 2
and 3 respectively. It was apparent that these compositions lay sbove
the transition between homogeneity and heterogeneity, and the transition
seemed to have been exceeded to the greatest extent for the incorporation
of distilled water. The difference in appearance of entibiotic incor-
porated preparations and water incorporated preparations can be accounted
for by the fact that a 1.0M antibiotic solution contained only approxi-
mately 45-50% (by wt) water. Results presented in later chapters might
suggest that a combination qf-the high aquecus solubility of the
antibiotics and their water atruéturing influences might also contribute

to a stabilisation of starting solution structure and reduce the extent

of heterogeneity.

Although it was apparent from the work of Refojo and Yasuda73 that the
water content of homogeneous pHEMA after soaking in water was independant

of the amount of water in the starting mixture, the maximum amount of
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PLATE 1

pHEMA incorporating 35% (by wt) 1.0M Lincomycin.HCl (aqg)

PLATE 2

pHEMA incorporating 35% (by wt) 1.0M Clindamycin.HCl

PLATE 3

pHEMA incorporating 35% (by wt) distilled water
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water alone that could be added to the starting mixture without resulting

in heterogeneity was not clear.

The next step in the development of homogeneous antibiotic incorporated

hydrogels was to decrease the amount of antibiotic solution added to the

starting mixture.

The synthesis was repeated in the same manner as was described previously,
this time for the preparation of hydrogels of the following compositions;
(1) pHEMA incorporating 25% (by wt) 1.0M LincomycinlHCl
auluiiun (ag).
(11) PpHEMA incorporating 25% (by wt) 1.0M Clindemycin.HCl
solution (ag)e.
(i11) pHEMA incorporating 25% (by wt) distilled water.
The appearance of the resulting preparations are shown in Plates 4, 5
end 6 respectively. Similar observations to those recorded earlier wers
made although a marked increase in the extent of the homogeneous regions
of the hydrogels had been achieved. Once again incorporation of
distilled water into the hydrogel resulted in more marked heterogeneity
of the preperation then was found for antibiotic solution incorporation.
However, an improvement in the 25% (by wt) water incorporated preparation

was found over the 35% (by wt) composition.

It was now possible to speculate sbout the nature of the composition at
which 1.0M aqueous antibiotic solutions could be successfully incor-
porated and which would result in a completely homogeneous hydrogel.
The level of antibiotic solution to be incorporated intoc this preparation
was chosen as 10% (by wt), and so the following membrane compositions
were ayntheaized.(under the same conditions as before); |

(1) PpHEMA incorporsting 10% (by wt) 1.0M LincomycineHC1

solution (eq)e.
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PLATE &

pHEMA incorporating 25% (by wt) 1.0M Lincomycin.HC1l (aq)

R

pHEMA incorporating 25% (by wt) 1.0M Clindamycin.HC1 (aq)
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(ii) pHEMA incorporating 10% (by wt) 1.0M Clindamycin.HCl

solution (ag).

(i1i) PpHEMA incorporating 10% (by wt) distilled water.

ﬁrep;ratinna (1) and (ii) sbove, in which 10% 1.0M lincomycin hydrochloride
and clindamycin hydrochloride solutions had been incorporated were nnu-ﬁf

a completely homogeneous appearance. However, the preparation in which

lﬁ% distilled water had been incorporated ((iii) above), although markedly

improved with regard to the extent of homogeneity, was still not a

completely homogeneous preparation.

Having aﬁhievnd 8 satisfactory antiblotic incorporated hydrogel nnmpnaig
tion, the range of such preparations was extended to include other
copolymer and terpolymer compositions. These were also synthesised so
as to incorporate 10% (by wt) of 1.0M equeous solutions of either
lincomycin hydrochloride or clindamycin hydrochloride into completely

homogeneous hydrogel membranes.

The nature of these preparations, together with details of their charac-
terisation and experimental systems in which they were employed are

presented and discussed in later chapters.

II.4 Properties of Hydrogels

The presence of hydrophilic groups in hydrogel preparations gives rise to

the uptake of water from en agueous solution. The three-dimensional

network of the cross-linked polymer suppresses any overhydration or
dissolution of the polymer in water. There is a point at which the
tendency to swell (involving the osmotic pressure of the polymer pegﬁlnta)
is equally opposed by elastic retractive_furnen arising as the chains

between cross-links elongate. The amount of water sbsorbed by s polymer

in this equilibrium state is known es the equilibrium'water content or

EcleCe of the hydrogel.
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II.ke.i Experimental Determination of Equilibrium Water Content

The equilibrium water content of a hydrogel may be defined as the ratio
of the weight of water contained in the hydrogel to the weight of the
hydrogel at equilibrium hydration, and was expressed as a percentage.
The weight of water contained in the hydrogel was determined by subtrac-
tion of the weight of a dehydrated sample of hydrogel (dehydrated to
constant weight) from the previously recorded weight of the same sample
when at squilibrium hydration. This can be expressed in the form seen

in equations II.1 and 11,250

weight of water (uw)
% EeleCo = welght of hydrogel (Ng) x 100 Equation II.1

OR

weight of hydrated sample - weight of dehydrated sample
% Edi:Co = weight of dehydrated sample X 14

- EE%EE x 100 Equation I11.2

where Wp = weight of dehydrated polymer.

The hydrogel membranes were allowed more than sufficlent time (at least
two or three weeks) for equilibrium at room temperature (23°c) in
distilled water to be reached, Several disc samples were cut from each
of the hydrogel membranes using & cork-borer (approximately 1 cm in
diameter). The surface water of each hydrated sample was carefully
removed with a soft tissue paper and the samples transferred to
ﬁravinualy weighed sample bottles. After weighing, the samplia were
dehydrated under vacuum at 60°C until a constant welght was attained.

The equilibrium water content of each semple was then calculated according

to Equation II.2.

The E.W.C's of several samplee of each type of membrane preparation were
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determined and the average, generally better than + 1% (by wt), was

taken as the value of the E.W.C. of that preparation.

The factors affecting the E.W.C's of verious hydrogels are discussed in

Chapter III.

Il.4b.11 Determination of Hydrogel Densities

The determination of the densities of hydrogel membrane preparations, in
both hydrated and dehydrated states, was carried ocut using a Davenport
deneity gradient column epparatus (Plate 7). This apparatus enables the
construction of density gradient columns of selected density range
depending on the densities of the solvents chosen., Once prepared,

columns can be maintained at constant temperature (23“0).

Columns were constructed, according to the procedure stated in the

instruction manual,a1 with a mixture of two miscible liquids (in this

case xylene and tetrachloromethane) so as to produce a useasble density
range of approximately 0.95 to 1.45 cm“3. The Davenport density gradient
column apparatus sllows the mixing of the liguids used and their intro-
duction into the column to be carried out automatically, thus producing

8 column where the density of the liquid mixture 1ﬁurnuled from the top

to the bottom in a linear manner.

The columns were calibrated using coloured marker floats of known
densities, selected so as ta extend over the density range of the column
and the positions of the flpats were measured with a cathatometer once
they had reached equilibrium with the column, The marker floats were
introduced into the column automatically by a slow speed motor which
lovered a "sweep basket", held on a piece of cord, into the column, The
marker flo;ta were pla:;d in the sweep b;akat beforehand. This technique

Causes minimal disturbance of the density gradient and allows the column
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PLATE 7

Davenport Density Gradient Column Apparatus




to be "swept" of samples and marker floats, after the sample densities

have been determined, and then recalibrated and used again.

The determination of the density of a hydrogel sample in the hydrated
state was carried out after removing surface water from & small hydrogel
sample with soft tissue paper. The sample was moistened with
tetrachloromethane and then carefully introduced into the top of the
density gradient column. The position of the sample was monitored with
time and the final height reading taken when equilibrium density was
reached. Height readings for several samples of the same preparation

were recorded and the average was used in conjunction with the calibration

curve to find the density of the preparations.

The determination of the density of & hydrogel sample in the dehydrated
state was carried on a sample cut from a hydrated sheet and dried under
vacuum at 60°C in the aamé manner as for the E.W.C. determination of &
sample. The dehydrated sample was moistened in tetrachloromethane and
introduced into the top of the density gradient column in the same way
as described sbove. Once again an average height reading wes teken for

several samples of the sample preparation and used to ascertain the

density of the preparation in the dehydrated state.

The density of each preparstion was obtained by reading off the density,
corresponding to the average height value determined from a density
calibration curve constructed from the cathetometer readings of the
marker floats of known densities. Considerations such as non-linearity
of density gradient columns, stability of the column with use and the

effects of the solvants used on the hydrated and dehydrated hydrogel

samples are discussed in Chapter III.
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II.k.ii1 Determination of the E.W.C. of an Hydrated Polymer
from the Densities of Hydrated and Dehydrated Samples

N911 derived an equation which theoretically enabled the determination

of the E.W.C. of an hydrated polymer from a knowledge of its densitles
in both hydrated and dehydrated states (Equation II.3). This was based
on the assumptions that the volume of the hydrogel wes the sum of the °®
volumes of the polymer and water in the network, and the volume of the

polymer was the ratio of the weight of the polymer to the density of the

i

dehydrated polymer.

Ya x 100 Equation I1.3
9 \ow dp)

Wg and dg were the weight and density of the polymer in the hydrated
state, dp was the density of the polymar‘in the dehydrated state, and

Ww and dw were the weight and density of water in the hydrogel.

The values of densities obtained and the differences between experimen-

tally determined E.W.C's and E.W.C's calculated from density measurements

are discussed in Chapter III.

. . 4 . . }
IT.beiv Differential Scanning Calorimetry in the Study of
Hydrogel Properties .

>

R complete account of the technique and uses of differentisl scanning
calorimetry is contained in the following section of this chapter.

However, it is appropriate to mention here, under "properties of hydrogels®
that differential scanning calorimetry enables the determination of the

constituent amounts of "freezing® and "non freezing" water found in

hydrogels.

These different states of water have already been described in Chapter I.

Differential scanning calorimetry can be used to determine the amount of
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freezing water present in a sample and the amount of non-freezing water
present can be considered as the difference between the equilibrium

water content of the sample and the amount of freezing water determined.

I11.5 Experimental Techniques

This section contains information relating to @ number of techniques used
or developed during the course of this research. Results obtained from
the use of these technigues will be presented and discussed in Chapter III

where additional information necessary for the evaluation of results can

alsoc be founde.

11.5.1 Differential Scanning Calorimetry (D.S.C.)

It has already been mentioned that & quantitative assesament of the
amounts of freezing and non-freezing water can be obtained through the
use of differentisl scanning calorimetry (D.S.C.)e D.5.Ce falls into

the thermodynamic technigue category discussed in Chapter I,

DeS«Ce is one of a number of techniques which can all be described as
forms of thermal snalysis. Thermal analysis in its broadest sense is a
measure of the changes in the physicel or chemical properties of samples
as a function of temperature. Thermal trensitions taking place in a
sample can be either exothermic or endothermic end D.S5.C. enables the
measurement of the amount of heat absorbed or evolved during a transition.
There is & distinguishing feature of D.S5.C. as compared with, for

example, differential thermal analysis (DeTeRe)e DeTeAs is primarily

used to provide qualitative rather than guantitative 1nf’urmatiun,a2 the
difference in temperature between a sample and an inert reference

material being recorded as a function of temperatura.a3 However, in

DeSeCe the instrument sanﬁss the heat absorbed or evolved by & semple

during & transition and alters the distribution of heating energy between
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the semple and the reference material so as to maintain a thermal
balance.ah In DeS.Ce. the area under the output curve is directly propor=-
tional to the total amount of energy into or out of the sample and the

ordinate is therefore proportional to the rate of heat tranaferoaz'ah

The instrument used during the course of this research was a Perkin-Elmer
D.S.C. =2 Differentisl Scanning Calorimeter in conjunction with a
Servoscribe Is RE 542,20 potentiometric recorder with DISC integration
facility and temperature event marker. Chart speeds of 30 mm min-1 or

600 mn hr™ ) were generally used (Plate 8).

The Perkin-Elmer D.S5.C = 2 was equipped uith @ liquid nitrogen sub-
ambient accessory permitting the use of the instrument over a temperntur;
range of -175°C to 725“0. The instrument allows the operator to bring
the sample to a desired temperature, select a programmed rate of either

heating or cooling of the sample (0.313° min™

to 320° min~") end thus
programme the change in average temperature of the sample holders to a
desired final temperature. Se;sitiuitias ranging from 20 to D.1 mcal sec |
can be selected to anablawfull scale deflection of the recorder pen.

I1.5.11 Preparation of Samples for D.S.C. and their
Subseguent Analysis

Hydrogel membranes to be studied (approximately 0.5 mm in thickness) uere
cut into small discs of approximately 1.0 to 2.0 mm diameter using a cork

borer, carefully wiped with soft tissue paper to ramdve surface water,

and then hermetically sealed in aluminium sample pans.

DeSeCe traces were obtained for sample sizes of the range 1.0 to 7.0 mg
weighed out using a Perkin-Elmer AD 2 = 2 Autobalance. Semples wers

a -
cooled to -50°C at a rate of 40° min ! and were then heated generally at

o -1 0 -1
elther 1.25°C min~ ' or5°C min » 8t sensitivities generally of either
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2 mcal aec'1 or 5 mcal sec-1, up to 20°C. An example of a typical trace
' obtained for a hydrogel can be seen in Figure II.7. The area under the
peak would be determined by DISC integration and the amount of freezing
water in the sample computed using a calibration conatanf; wTha ;alibra-
tion constant was the slope of a plot of the peak areas of various welghts
of distilled water samples. Since 1t has been shown that the heat of
fusion of freezing water contained in water swollen polymers is
virtually identical to the heat of fusion of pure uater,85'36 the
freezing water content of a gampla can be expressed as a percentasge of
the weight of hydrated polymer. The emount of non-freezing water being
taken as the difference between the total water content of the sample

and the amount of freezing water.

It is interesting to note here that many of the melting endotherms
obtained preuinualy1n and during the course of this research (and indeed
freezing exotherms, where carried out) did not show the simple melting
behaviour associated with pure water, but were more complex. These
"fine® structures were coneldered to be indicafive of the various states
of water that have been envisaged (Chapter I) and their significance

will be described in detail in Chapter IV.

II1.5.i11 Vapour Pressure Osmometry (V.P.0.)

The technique of vepour pressure osmometry was employed to investigate
the possible existence of intermolecular associations in solutions of
the various antibiotics studied. The instrument used was & Mechrolab

Vapour Pressure Osmometer Model BDiA fitted with a 37% probe and 37°C
thermostat (Plate 9),.

The methods of equilibration (using solvent appropriate to the intended

experiment) and calibration of the instrument as well as experimental
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PLATE 9

Mechrolab model 301A Vepour Pressure Osmometer



procedure, were carried out in accordance with the instruction manual

for the 1natrument.87

The operating principle of the instrument was that of vapour pressure
lowering. A solution in a given solvent will always have & lower vapour
pressure than the pure solvent. In this instrument, a drop of solvent

and a drop of soclution were suspended, side by slda; in a closed chamber

saturated with solvent vapour.

The difference in vapour pressure of the two drops results in differen-
tial mass transfer between the two drops and the solvent vapour phase
resulting in lower evaporation from the solution drop than froﬁ the
solvent drop. This transfer causes a temperature difference between
the two drops (because of the heat of vapourisation) which is propor-

tional to the vepour pressure lowering and hence to the solute

concentration.

The instrument itself consisted of an insulated, thermostatically
controlled chamber into which a probe comprised of two thermistors was
placed. By means of syringes it was possible to suspend droplets of
solvent or solution on the probe. The probe had been already positioned
above a small reservoir of pure solvent containing a solvent wick. This
arrangement ensured that the chamber cnntalneﬁ a saturated atmosphere of
pure solvent vapour. The chember was allowed to reach temperature and
vapour equll}hria before any measurements were made, the thermistor
probes were connected into a wheatstone bridge circuit and hence any
changes in temperature caused a change in resistance (AR) which could

be found by balancing the circuit using a dekostat.

Any temperature change was a colligative effeét, dependant solely upon

the number of dissolved molecules, being independant of their chemical
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characteristics. The instrument may therefore be calibrated with a
series of concentrations of a "known" solute in the solvent to be used.
Data relating to the "unknown® parameters of the substances under
investigation can be derived from such a calibration.

Il.5.iv Determination of "Apparent® Molecular Weight Using
Vapour Pressure Osmometry

Calculations and the assessment of data were carried out according to
the "constant K" methndBB which was developed from the "variable K"

method described in the manualav. A brief account is presented here.

The small temperature changes observed during V.P.0. studies casuse

changes in resistance which can be represented by Equation II.4

2 3
OR = 8, + 8,C + 8,C° + B4C Equation Il.L

where AR was the dekostat reading for s given concentration c (91'1).
The coefficient 8, represents a zero point displacement (ie AR not zero
at zero concentration). This arises if the balance control was acci-
dentally altered while altering the dekostat or by using solvents from

different sources. Generally 8, should be zero.

Coefficient a, can be expressed as K/M, where K is a calibration constant
and M the molecular weight of the solute. The term 8, is large enough

to necessitate the inclusion of azcz but 3303 can be neglected.

Thus Equation II.4 reduces to Equation II,S5,

AR = a,c + aacz Equation II.5

which can be reuritten as Equation II.6,

-A-EE-!'-B + 8,C

1 2 Equation Il.6

Therefore @ plot of AR/c versus c should yield a straight line of

intercept a1 and slope By
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To calibrate the instrument AR measurements were made on a range of
solution concentrations of a solute of known molecular weight. The

intercept 8, was found and since a, = K/M, the calibration constant K,

could be found.

To determine an "unknown" solute's molecular weight, a range of solution

concentrations of the unknown uafe made in the same solvent used for
instrument calibration. The AR reading of each solution was determined
and plotted in the form above. Since K was now known, M could then be

derived from the velue of the intercept.

An alternative method, when using high concentration solutions and

especially if the solute is of high molecular weight, is to plot

vV AR/c against c.eg

Using the vepour pressure osmometry technique it is possible to follow
intermoleculsr association since associstion leads to fewer particles
in solution. This modification of the colligative effect of the solution

results in the "apparent" molecular weight of the sclute being higher

than its known molecular weight.

I1.5.v Permeability Apparatus - Introduction

The assessment of various permesbility paremeters of hydrogel/antibictic
systems was possible using a permesbility cell made avallable to this
research group by D.C. Sammon of A.E.R.E. Harwell. Only the assembly

and operation of the apparatus has been described here. A full account
of the characterisation of the spparatus and its subsequent use, together
with-details of the systems studied and the results obtained, can be

found in Chapter V. Permeability studies on more camplex systems have

been presented in Chapter VI.
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II.5.vi Permeability Apparatus - Design and Assembly

The permeability cell can be seen in Plate 10. The unit was mainly
congstructed in perspex end was comprised of two chambers which were
designed so that a membrane barrier, held between two ;1iigaﬁufubbnr
gaskets, could be clamped firmly between the two compartments using a
number of bolts. Extreme care was required when clamping membranes into
position. Insufficiently tightened cells would allow the fluid contents

of the chambers to leak out of the unit. However, overtightened cells

could result in the membrane being demaged.

The average membrane thickness was determined for at least 10 to 15
different sites, on the region of the membrane which had been exposed

within the cell, at the end of the experiment using a thickness gauge.

Provision was made for the circulation of fluid into and out of each
compartment. The solutions in contact with each side of the membrane
were continually stirred by stirrer paddles positioned close to the
membrane which were driven, via magnetic couples, by stirrer motors
external to the system. The cell was positioned so that the fluid outlet
of each compartment was directly above the fluid inlet in order to
facilitate the removasl of air bubbles. The arrangement of the assembled
permeabllity cell can be seen in Figure II (8). The assembled permea-
bility cell was then immersed in a water bath specially constructed to
enable the proper functioning of tha magnet1=a11y coupled stirrers. The
use of a water bath also prevented exposed edges of membranes clamped

into the pzrméabilitvfcell from dehydreting, a process that could lead

to damaga”td the rest of the membrane.

The inlet and outlet of each compartment of the permeability cell were

connected, using silicon rubber tubing to fluid reservoirs.
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FIGURE II(8)

Diagrammatic reoresentation of permeability cell
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The closed fluid loops of each side of the permeability cell were
circulated ualﬁg a Watson and Marlow flow inducer. Thus the fluid in
each compartment was stirred and circulated. Each fluid circuit‘uas
designed to hold 130 ml of fluid snd the peristaltic pump circulated

the fluid in easch circuit at the rate of 90 ml min-1. The stirring rate
for each compartment was approximately 250 rpm. The complete apparatus
can be seen in Plate 1ll. The water bath was maintained at the desired
temperature using a Churchill heater/circulating pump unit connected

to the inlet and outlet of the water bathe.

II.5.vii Permeability Apparatus-Experimental Procedure

Once a membrane had been fitted to the permesbility cell and the whole
apparatus assembled, the system was left for at least 1.5 hours at the
desired temperature to allow temperature equilibration of the system.
The solutions with which each compartment was to be filled were aleo

equilibrated, at the temperature to be used for the experiment, prior to

their use.

The permeability cell was filled via the two fluid reservoirs (one for
each fluid circuit) once the peristaltic pump was in operation, & process
that usually took about 2 minutes. The solution of the component to be
studied was on one side of the membrane and an equal volume of distilled
water was on the other side of the membrans. Zero time wae taken as’ the
commencement of the filling process. Any air bubbles in the fluid
circuite were eliminated by the debubbling action of the fluid reservoirs.
Samples of the solutions in caﬁtact with both sides of the membrene could
be removed, by syringe, from the fluid reservoirs. Sample sizes of 1 ml

were generally used and were taken from the low concentration (receptor)

solution side of the membrane,
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Once the permesbllity cell was filled the hydrostatic pressure gradient
across the membrane could be equalised. Coarse adjustment was carried
out using en adjustable clip which, by narrowing the bore of the-outlet
tube from one side of the permeability cell, could increase the pressure
exerted on that side of the membrane. Fine adjustment of hydrostatic
balance was carried out by either reising or lowering the height of one
of the fluid reservoirs. The state of the hydrostatic balance could be
assessed from observations of the fluid height in each fluid reservoir.
In cases of poorly adjusted_;ydrnstatic pressure the state of Hydru-
static balance could, when very £h1n or fragile membranes were used, be
seen from distortion of the membrane. Hydrostatic balance was .generally
achieved before 5 minutes of experimental time had elapsed and the
belance. was maintained throughout the course of the experiment. Stirring
of each chamber would be commenced after hydrostatic belance was
achieved since the stirrer rotor might otherwlse damage a membrene

which had distorted slightly before the hydrostatic pressure was

equalised,

The use of gauzes to support thin or fragile membranes hes been reported.
Flynn and Smithgu observed no significant change in the transport
characteristics of p-amino acetophenone through polymer membranes
whether or not a membrane support screen was fitted. However, previous
work on membranes using gauze supports, with this permeability cell, had

been abandoned in favour of & hydrostatic pressure control avatem.91

I1.5.viii Some Advanteges and Disadvantages of Equicompartment
Horizontal Permeability Cells

The permeability cell used during these studies can be described as an

equicompartment horizontal unit. There are many advantages of units

Constructed in such a way over nthér types of avatim. Earlier systems
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possessed many drawbacks, for example, fluid compartments mounted one
above the other resulted in a hydrostatic head being produced. Stirring
of fluid lasyers at the membrane, especially the underside was difficult,
alr bubbles may collect at the underside of the membrane, and assembly

of the apparatus was generally complicated and temperature control may

not be possible.

It is important to remember that while trying to improve the design of
a cell in the above areas, the sensitivity of the unit might be

compromised. Good sensitivity cen be schieved from a unit with a high

membrane surface area:fluld volume ratio.

The permeability spperatus used here eliminated the problems associated
with 8 hydrostatic head, allowed removal of air bubbles via debubblers

anq had gdnd temperature control. The removal of samples was also

straightforward.

Systems similar to that used here have appeared in the literature,
however these have often failed to adequately overcome the main disad-
vantage of the design of this type of system, namely, the stirring of
flqid in each compartment. The stirring of each compartment must be
adequate and uniform so as to minimise the diffusional layer thickness
and maintain diffusional leyer uniformity. However, adequate stirring

in the plane of diffusion in horizontal systems is difficult to achieve.

Shenouda and Hattncksgz resorted to a system which used stirring

perpendicular to the plane of diffusion. Misra et 3193 and Dlsen et algk
succeeded in producing a fairly complex method of achieving diffusional
Plane stirring. However, the syatem used during these studies was

considered to be superior in assembly and operation to the above units.
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Unfortunately sensitivity was not as high as could have been expected
mainly because of the assay used for the analysis of samples (in the
case of antibiotic solutions). Since 1 ml samples were required for
the antibiotic assay and in order to provide a reasonable number of
samples throughout the course of the experiment whilst trying to avoid
significant depletion of fluid volumes as & result, it was necessary,
to use fluid volumes of 130 ml on each side of the membrane. This
inevitably lowered the surface araa:fluid volume ratic and so lowered
sensitivity. Fluid volumes could have been reduced for later experiments
on solutes which could be assayed with smaller sample volumes but it
was decided to keep as many of the parameters of the permeability

system cuﬁstnnt as was possible throughout the course of this research.

II.5.ix Antibiotic Assay Development = Introduction

The development of an sssay for the Lincomycin group of entiblotics was
essential to the course of the research to be undertaken. ‘Permeability
experiments (Chapter V) required an sssay that could cope with a large

number of samples of aqueous antibiotic solutions while maintalning &

reasonable level of sensitivity.

R number of techniques for determining entibiotics of the Lincomycin

group have been reported previously. Examples of these include G.L.C.-mass
apactruacupv,gs high pressure liquid chrnmatugraphyg6 and bactericlogicel
methnda.gv These technigues, slthough very sensitive, were not considered

to be able to cope with the large number of samples involved within e

reasonable time.

II.5.x Development of a 2.E-Dich1uru-p-banzuﬁuinﬁna-&-:hlurlmina
: (D.C.Q.C.) Assay for Lincomycins

7 0 . . 98
The Assay described here wau_baaed on a procedure developed by Baudete

99
This was itself a simplification of a procedure reported by Prescott,
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a method used later to try to improve the sensitivity of the assay.
Both of these assays were based on the colorimetric determination of

methanethiol generated from the acid hydrolysis of the methylthioglycosido

group of the antibiotics. The D.C.Q.C. assay described in this section

was based on the formation of a quinonesulphonimine according to the

reaction shown in Figure II (9).

FIGURE II (9)

Cl
0 N=-Cl + HSR C1
Cl
0 N=S=R + HC1
Cl

The conditions of the assay were adjusted until optimum conditions for
colour development and sensitivity were achieved. The assay procedure
used was as follows:

Reagents : D.C.Q.C. Reagent, 2,6-Dichlorc benzoquinone-bechlorimine

(D.C.H.C.) 0.5% in 1," Dioxan
0.1 M HC1

Standard solutions of lincomycin hydrochloride, clindemycin hydrochloride

and clindamycin phosphate of 0.001 to 0.l1M were prepared in distilled

water,

1 ml aliquots of aahplea and standards were placed into test-tubes which

were then closed with subaseals. 1 ml of 0.1M HCl was then injected into
each tube through the subaseamls, Each tube was shaken and then placed

in & water bath et 70°C for 30 minutes (with occasional shaking). At
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the end of this incubation period the tubes were removed from the water
bath and repidly cooled to room temperature (ZBOC). 0.25 ml aliquots
of D.C.Q.C. reagent were injected into each tube through the subaseals
and the tubes shaken well to allow the colour reaction between the
D.C.Q.Ce reagent and the methanethiol gas to take place. The tubes were
allowed to stand for 5 minutes to enable full colour development and
their absorbance at 450 nm was then determined using a Brinkman PC/600
probe colorimeter. Blank samples of distilled water were also run and
these were used to zero the colorimeter ahﬁnrbanca. Calibration plots
were constructed using the prepared standards for each antiblotic type
assayed. The concentration of a sample solution was then found by
reading off the concentration corresponding to its absorbance on a plot

of -standard concentration versus absorbance.

The D.C.Q.C. reagent was found to be stable for at least one month after
which time it slowly changed from a bright, clear yellow solution to a
derker orange solution, an associated drift in cslibration curves wes

also noted. Fresh D.C.Q.C. reagent was therefore frequently prepared.

The Lincomycins are known to be stable in solution for long periods of
time, liquid pharmaceutical preparations of the antiblotics are stable
for at least three years at temperatures of about ZDUC.57 Experiments
carried out during the course of this research indicated that there was
no aignificant change in the amount of antiblotic detectable in 1.0M

8queous solutions when samples were stored for periods of 1 to 8 days

before analysis.

The above assay technique was used for the determination of results

involving lincomycin hydrochloride and clindamycin hydrochloride

throughout the course of this research. In each case the spplication
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of the assay to a series of standerd solutions resulted in an error
limit better than + 5%. Unfortunately, while the absorbances of equal
concentration solutions of lincomycin hydrochloride and clindamycin
hydrochloride were comparable, the absorbance of clindamycin phosphate
solution of the same concentration was found to be much lower. Desplte
attempts to adapt the conditions of the assay so as to increase sensi-
tivity for clindamycin phosphate, the assay for this antibiotic was too
irreproducible and inaccurate to be used. The reason for this was not
clear but would probably include interference of the phosphate group
with the acid hydrolysis or hydrolysis of the phosphate group itself
which then reacted with the methanethiol liberated or the D.C.{.Ce.

reagent before the colour reaction between methanethiol and D.C.Q.Ce.

reagent was complete.

Because of these difficulties the study of the permeability characteris-
tics of clindamycin phosphate/hydrogel systems was eventually abandoned
and studies confined to the behaviour of lincomycin hydrochloride and
clindamycin hydrochloride in such systems.

I1.5.xi Development of & 5,5'-Dithiobis (2-nitrobenzoic acid)
(D.T.N.B.) Assay for Lincomycins

Whilst the D.C.Q.C. assay, described above, was considered adequate, eny
possibility of increasing the sensitivity of antibiotic assay was
important. Such an improvement would increase the accuracy of the

determination of the permeability paremeters of the antibiotics.

In work already mentioned Prescnttgg developed an automated assay for

the determination of lincomycin hydrochloride at levels as low as

0.065 x 10'3H, a greater than ten-fold improvement on the D.C.Q.C. Bssay.
The principle involved was the same as for the D.C.Q.C. assay, namely the

colorimetric determination of methanethiol generated from the acid
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hydrolysis of the methyglycosido group of the antibiotic. In this case
the reaction of the thiol with 5,5'~Dithiobis (2-nitrobenzoic acid), or

DeTeNeB., was followed. The reaction scheme can be seen in Figure II (10).

¥

FIGURE II (10)

COCH COCH

5 —NO pH8 S \ N,

CO0H
RS~ + COOH
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Fnlloulng-pravinus work by Ellman,mg’101 this reagent was used by
Prescott because of its high sensitivity, stability and water aolubilitﬁ.
Ellmen had initially worked with water inscluble diaulphides1un but later
synthesised 5,5'-Dithiobis EZ-nitrnbenznlc acid), known a&s Ellman's
reagent (D.T.N.8.) as a water soluble derivatiua.101 The introduction

of the carboxyl groups provides the necessary solubilising effect.

Ellman reported >99% ionisation of previously used disulphides at

pH 8.0 and the highly coloured enions produced were used as a measure

of the thiocl concentration.

The assay procedure developed from the automated assay of Prescott was

as follows:
Reagents: D.Te.N.Be ﬁéagent
0.01% 5,5'-Dithiobis (2-n1truhenzuic‘acid)
(100 mg dissolved in 5 ml of ethanol made up to 1

with distilled water. The reagent has been reported

to be stable for over almonth.)
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0.1M.HC1
Tris buffer 0.1 pH 8.0

Sigma 7-9, Tris(hydroxymethyl) aminomethane

1 ml aliquots of standards of the antibiotics (0.0001M to 0.008M) were
placed in test tubes which were then sealed with subaseals, 1 ml of
D+1M.HC1l was injected into each tube through the subaseals, and the tubes
uafe shaken before being incubated in a water bath at 70°C for 30 minutes.
The tubes were then cooled to room temperature (23°C) and 2.0 ml of

0.5M NaOH followed by 2.0 wl of tris buffer were injected into each tube.
After shaking, 2.0 ml of D.T.N.B. reagent was also added toc each tube.

The colour reactions occurred almost immediately. Distilled water blanks

were also run.

The above scheme allowed the detection of levels of lincomycin hydrochloride
and clindamycin hydrochloride of sbout 0.,0005M. This procedure was not
considered to be the optimum attainable but it was spparent that the
increase in sensitivity achieved was not as great as had been expected.

1t was decided to abandon the further development of this assay in favour
of the by now proven D.C.Q.C. assay method.

II.5.xii Davelngment of an Arsenomolybdate Reagent Rssay
for Lincomycins

At an early stage in the course of this research and before the previously
discussed D.CeQ.C. @nd D.T.N.B. mssays had been assessed, an attempt was

made to modify ean assay which had been used for the determination of

Erythromycin by Upjohn Limited.g

The method of this general sugar assay was as follows:
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Reagents: Arsenomolybdate reagent
0.04M Ammonium molybdate

D.015M Sodium arsenate

0.75M (approx) Sulphuric acid

Sulphuric Acid (6M)

Arsenomolybdate reagent and sulphuric acid uére mixeq in the ratio 1:2
(v/u) immediately prior to use. 1 ml aliquots of each test anluﬁinn of
antibiotic were mixed with 5 ml of Arsenomolybdate/Sulphuric acid
reagent and tha-mixturea were heated at 100°C for 17 minutqs. At the
end of this time the samples were cooled to room temperature (23°%) and
their absorbance at 600 nm recorded. Limited success was achieved with
this method when applied to the L;ncnmycina,thé blue colouration found
for lincomycin hydrochloride and clindamycin hydrachluride_uulutiuns of
concentration f>D.USH indicated that the method was capable of detecting
these antibiotics. Slight modifications to the method resulted in some
improvement in sensitivity but calibrations were often unrelisble. The
method was abandoned at an early stage in its development when the more

promising D.C.Q.C. and D.T.N.B. assay methods shouwed success.

I1.5.xiii Automated Analysis of Nitrogen Containing Compounds

A Technicon Autoanalyser was used in the determination of the amounts
of glycine, phenylalanine and creatine phosphate in semples collected

during permeability experiments presented in Chapter VI. The meathod
used was that of Chapman, Cocke and Mhitehead1uz for the determination of
ammoniacal nitrogen. Samples to be determined by this method were

kindly assayed by P.,A. Caesar of this research group. The methaod
depended on the reaction of alkaline phenol and sodium Hypnchlarite with

8mmonia to form @ blue colouration, the optical density of which was
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measured at 625 nm. Concentrations as low as 0.1 mg/l (nitrogen) may

be measured.

I1.5exlv Flame Photometry

The technique of fleme photometry was used to determine the levels of
sodium, potassium and calcium in samples taken during permeability
studies described in Chapter VIi. The instrument used was sn EEL Flaée
Photometer Model A made by Evans Electroselenium Limited. Calibration
was carried out, using.aﬁ appropriate filter, on a series of standard
solutions in distilled water over the concentration range 0,025 mM to
6.0mM for sodium chloride and putaaéiﬁﬁ chloride and D.lmﬁ to 6.0mM for
calcium chloride. The reading obtained for a sample could be read off
as a concentration value from calibration curves constructed from the
readings found for atandard-aﬁlutluna of known concentrations of either

sodium chloride, potassium chloride or calcium chloride, as appropriate.
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CHAPTER III

CHARACTERISATION STUDIES

III.l1 Introduction

This chapter concerns the study of variocus properties of the ;ntibintlus
used, (in addition to the data available in the literature) which wes
considered necessary for the interpretation of results from experiments
involving the antibiotics. A brief accnun% of the factors affecting the
properties of hydrogels can also be found together with results obteined
from various determinations on the hydrogels used during this research.

These results have been discussed in terms of the characterisation of

such systems,

II1.2 Studies on the Antibiotics and Their Agquecus Solutions

III.2.,i Data Previously Determined for Antibiotics Used During
This Research

The emount of published data concerning the physical-chemical properties
of the antibiotics was surprisingly limited. For a number of parameters

such @8 pH and solubility unspecified ranges of values were reported at

best. The information presented here was assembled from various

aaur:as.ﬁ7'6“!55n55.71,9

The hydrochloride salts of Lincomycin snd Clindamycin as supplied were

white and off-white crystalline powders respectively. Both had a

characteristic odour and bitter taste. The molecular weight of

clindamycin hydrochloride was 461.4 and that of lincomycin hydrochloride

monohydrate was 461.0. The molecular weight of clindamycin phosphate

was 504.9. However, the compounds are hygroscopic and different crystal
forme have been observed according to the degree of hydration. Clindamycin

hydrochloride was generally found to be mentioned without any water of
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crystallisation. The cryatalline hydrochloride salt of Lincomycin has
been studied at greater depth and has been more frequentiy reported to
form hydrates.71 when isolated it was found to have 0.5 Hzﬂ associated
with it. However, in later publicationa concerning its pharmaceutical
properties it was generally referred to as a monohydrate, although a

range of 3% to 6% water was frequently quoted (approximately 0.8 to

1.5 HZD)' The amount of water found to be associated with Lincomycin

free base was 1.5% (approximately 0.4 H,0).

Throughout this work the term "Clindamycin® 1s synonymous with clindamycin
hydrochloride and "Lincomycin® is synonymous with lincomycin hydrochloride

monohydrate except where otherwise stated.

Solubility data for the entibiotics was not specific. Figures for the
solubility of Clindamycin in water were of the range < 1000 and > 500 mg/ml?3
However these were bhased on a personal communication end a temperature for
the determination was not quoted. Similar solubility ranges were reported
for Clindamycin in methanol (< 200, > 100 mg/ml), D.M.F (< 500, > 250 mg/ml)
and ethanol (<10, > 5 mg/ml). Clindamycin solubility in ethyl acetate,

acetone, chloroform, benzene and cyclohexane was less than 1 mg/ml.

Data from sources listed earlier, for Lincomycin solubility at ZDUB, report
that Lincomycin was soluble in 1 part water, 40 parts alcochol, 20 parts

D.M.F, and practicslly insoluble in ether and chloroform.

More specific figures for the solubility of both Lincomycin and Clindamycin
in water over a range of temperatures have been determined during this
research and are presented later in this chapter. The aim of such work was
to establish a more acceptable evaluation of the aqueous solubilities of

these compounds.

The only pH data published (to the author's knowledge) report the pH of




Data pertaining to the Erythromycins used in this work, above what has

already been presented in Chapter I, was not required for interpretation

of the results presented in this thesis.

Whilst not wishing to be sidetracked, at an early stage in the research,
into the assimilation of physical=-chemical data on the antibiotics, a

greater understanding of some of the more fundamental properties of the

antibiotics was considered essentisl.

I11.2.i1 Change of pH with Concentration for Aqueous Antibiotic
Solutions

The pH of aqueous solutions of Lincomycin and Clindamycin, over the
concentration range 0.,001M to 1.0M were determined., Calibration of the
pH meter was carried out using buffer soclutions of pH & and pH 9. The
determinations were made at room temperature (23°C) with & temperature
compensation probe attached. Plots of the pH values of a range of con-

centrations of antibiotic solutions are shown in Figure III (1),

Figure III (1) shows a substantial difference in the pH of Lincomycin
and Clindamycin at the 1.0M concentration level, 1.0M Cllndamvcin
solution being approximately 1 pH unit more acid than a 1.0M Lincomycin
solution. The significance of this observation has been discussed in
conjunction with other findings on squeous antibiotic solutions later in
this chapter. However, changes in intracellular pH can be shown to
correlate with the initiation of certain cell actlvitiea,103 these
systems seeming to depend on the cell controlling its oun pH‘rather than
responding to external influences. As a possible route to 1rr1tatiun
this method was unlikely since many other antibiotics have similar pH,

the pH of clindemycin phosphate solutions were of lower pH than the same

solution concentrations of clindamycin hydrochloride.
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pH

The difference in pH between Lincomycin and Clindamycin solution was
considered likely tﬁ reflect something of an alteration in their "activity"®

in an indirect manner as a result of factors producing the difference in

= Clindamycin,HCl
o = Clindamycin phosphate

irritancy. - FIGURE III (1)
CONCENTRATION VERSUS pH FOR AQUECUS SOLUTIONS '
7.0
; - X = Lincomycin.HCl
6.0%° o}

2.04"

1.0

T I
0.1 0.2 Ok, 0.6 0.8 1.0
Solution Concentration (M)

IIT.2.111 Variation of the pH of Aqueous Antibiotic Solutions
with Temperature

The determination of the effect of temperature on the pH of the antibiotic
solutions was necessary becsuse of the permeability studies on the

antibiotics at various temperatures reported in Chapter V.

The pH meter end temperature Enmpahsétiun probe described before were .
used. Buffer solutions for calibration of the instrument were incubated

at the ‘same temperature ms the solutions under investigation (epproximately
i.n.l'deéfne). This procedure prevented errors due to inaccurate
calibration and also changes in pH scale position and pH scale dimensions

due to the variation of E° and 2.303 RT/F respectively.
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pH

FIGURE III (2)

VARIATION OF pH OF 1.0M AQUEDUS ANTIBIOTIC SOLUTION
WITH TEMPERATURE

"-00‘0 -

* = Lincomycin.HCl
4.2 o = Clindamycin HCl
‘ -

3-6 -
3.4 1

3.2 7

2’.6 9

2.0 4

Temperature (Dc)

The variations of the pH of 1.0M aqueous solutions of lincomycin
hydrochloride and clindemycin hydrochloride with temperature are shown
in Figure III (2). From Figure III (2) it was apparent for both
antibiotics that increasing solution temperature resulted in slightly

increased acidity. The extent of this process was similar for both

compounds.
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I11.2.,iv GSolubility Determinations

The agqueous solubilitiee of both lincomycin hydrochloride and clindamycin
hydrochloride were determined at & number of temperatures. A saturated
agqueous solution of an antibiotic was placed in a split resin flask
fitted with a stirrer. The assembly was incubated in a water bath at

the desired temperature (approximatelv + 0.1 degree) for at least

24 hours whilst ensuring that an excess of the antibiotic was present.
After this equilibration period 8 sample could be extracted, placed in a
pre-weighed sample bottle and re-weighed. The sample was then evaporated
to dryness under vacuum at 60°C until the sample reached constant weight.
The difference between the wet sample weight and dry sample weight
corresponded to the volume of water needed to fully solvate the dry
weight of antibiotic. -The results of the studies on the effect of
incubation temperature on the aqueous antibiotic solubilities are shouwn
in Figure III (3). From Figure III (3) it can be seen that clindamycin
hydrochloride was far more soluble in water than lincomycin hydrochloride
and that the extent of the difference appeared to increase with
increasing temperature at least over the temperature range studied. The
rate.at which the solubility increased was greater for clindemycin

hydrochloride than lincomycin hydrochloride.

Extrapolations for both Clindamycin and Lincomycin data cen be seen in
Figure III (3). These were rather speculative but seemed to suggest
that eveﬁ'uith a Qlight curvature of the Clindamycin extrapolation the

two compounds would reach comperable values of solubility at solution

temperatures of about DBB.

II;.B Vapour Pressure Osmometry Studies of Antibiotic Solutions

Vapour pressure namnmetiv studies of the entibiotics in solution

provided a means of observing possible intermolecular interactions in
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solution. The occurrence of such interactions was a possible explanation
for the differing extents of irritancy of the antibiotics and could be
implicated in observations on the water structuring effects of the two

compounds (Chapter IV). The vapour pressure osmometer and its use has

already been described in Chapter II.

I11I.3.1 Determination of the Calibration Constant

The instrument must be calibrated using a solute of known molecular weight
for each solvent to be used. Since the solvent to be used in the majority
of these studies was water, d-Glucose was used as the standard solute for
the determination of the calibration constent, K. Solutions of d-Glucose
in distilled water of concentrations 0.1M, 0.06M, 0.03M end 0.01M were
prepered and the calibration constant determined in the manner outlined

in Chapter II. The calibration was checked each time the instrument was
used but was not found to vary significantly. The value of K found was

generally about 78.0, the ﬁracisa value obtained prior to sample studies

was used in each case.

IIT1.3.11 Low Concentration Agueous Antiblotic Solution
VePeDo Studies

Initisl vapour pressure osmometry (V.P.0.) studies were carried out on
low concentration aqueous solutions of the antibliotics. The simplest way
of presenting the data obtained was to plot the value of AR obtained
directly against the concentration (in moles) of the solution studied.
The AR versus M plots for aqueous solutions of lincomycin hydrochloride,
clindamycin hydfochlnride end clindamycin phosphate are shown in

Figure III (&) (1), (i1) and (1ii) respectively.

Figure III (4) clearly shouwed a substantial difference between the AR
velues found for clindamycin phosphate and those found for the same

concentration solutions of clindamycin hydrochloride and lincomycin
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FIGURE III (&)

AR vs M PLOTS FOR V.P.0 STUDIES ON
LOW CONCENTRATION AQUEOUS SOLUTIONS
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lﬂw (1ii) clindamycin phosphate

T ] T T A L)

T Y T
0.0 0.06 0.08 0.10

Concentration (M)

0.02

hydrochloride. A slight tailing off was observed for the high concentra-
tion solutions of clindamycin hydrochloride but otherwise the values of

AR found were very similar to those found for lincomycin hydrochloride.

An alternative way of presenting this data was to plot AR/c against c,

where c was the solution concentration in grams per litre (61", These

plots can be seen in Figure III (5).

Extrapolation of the plots shown in Figure III (5), in the manner discussed
in Chapter II, to zero concentration ylelds the intercept a, = K/M.

Since K was known from calibration, the molecular weights of the compounds

(M), as determined by V.P.0, could be calculated. The extrapolation was

based on the AR/c values for solution concentrations higher than 10 |,:|1l"1
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since the variation of AR/c values below this concentration was large,

a general feature of low concentration solution V.P.0. studies.

The determined molecular weight of clindamycin phosphate (520) was in

good agreement with its known value (505) being within an error limit of
:I_- 3%.

The determined molecular weights of Lincomycin and Clindamycin were

D.53 and 0.59 of their known values respectively. This observation was
readily explained in terms of dissociation of the hydrochloride salts.
Since the technique depended on "counting heads" of solute particles then
a decrease in the determined molecular weight of & compound relative to
its known molecular weight was indicative of dissociation. In the case
of Lincomycin and Clindamycin the results were adequately explained in

terms of the dissociation of the hydrochloride and free base constituents

of the compounds.

An interesting feature of the plots shown in Figure III (5) was their
apparently slightly cyclical n;ture. This behaviour was rather tentatively
drawn into Figure III (5) since the behaviour could well be imaginary,
However, the observation that the cyclical behaviour for Lincomycin and

Clindamycin seemed to be "in phase®, was considered worthy of note.

I1I.3.111 High Concentration Aqueous Antibiotic Solution
V.P.0, Studies

Similar studies to those described above were carried out on en extended
concentration range of aqueous solutions of Lincomycin and Clindamycin,

The variation of AR with solution molarity (M) can be seen in Figure
111 (6). |

From Figure III (6) it can be seen that for agueous solutions of high

concentration the behaviour of Lincomycin end Clindamycin was significantly
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different. Interpretation of this behaviour was clear when AR/c

sgeinst c was plotted, as shown in Figure III (7). The results shown in
Figure III (7) for Lincomycin would indicate a slight fluctuation in the
extent of the dissociation of the free base and hydrochloride although

the effect was not marked. The results shown for Clindamycin showed a
more significant trend in that the value of AR/c steadily dropped as the
solution concentration increased, thie in effect meant that the "spparent®
molecular weight of Clindamycin began to approach the value of its known
molecular weight. This process was indicative of an associative effect
occurring in solution. The association could possibly have been a
reassociation of the free base and the hydrochloride but such an
interpretation was considered unlikely since Lincomycin would also be
expected to undergo the same process which it apparently did not do.

The more likely interpretation was that the increase in "apparent®
molecular weight was the rgault of intermolecular associatlon between
Clindamycin free base units. Such & process would displey the concentra-
tion dependant behaviour observed. The existence of assoclative behaviour
for Clindamycin but not Lincomycin goes a long way in providing a basis
for explanations of the differing extents of irritancy of the antibiotics.
The pH data presented earlier in this chepter correlated with such an
observation in that the greater acidity of Clindemycin solutions than
Lincomycin solutions might be due to increased ionisation of Clindamycin

favoured by the stabilising influence of intermoleculsr association of

units of Clindamycin free base.

The actual processes occurring in agueous solutions of the antibliotics
seemed to be quite complex. The results of the solubility studies could
be explained in a number of wayse. It was possible that the extent of

@ssociation of Clindamycin could increase with increasing temperature.

19



0os

(16 2
004 00¢ ooz cma

TJH uToAweputld = x

IJH°ut2Awoous] = o

SNOILNI0S OIL0IBILNY SN03NDY NOILYYINIINGD
HI9IH NO S3IANLS °0°d°A ¥04 5107d 3 BA 3/HYG

(L) III 3yN9Id

=G1°0

-02°0

1 G62°0

.0g°0

|se°0

ot°0.



This type of entropically unfavourable process has been found in studies
of hydrophobic bonding. The association of Clindemycin free base units,
if utilising such a mechanism, would then provide a larger number of
accessible hydrogen bonding groups per unit size then Lincomycin, the
compact associate with its hydrophilic exterior might then be more soluble
than monomeric Lincomycin units. This process would certainly agree

with the observations on solubility presented in this chapter.

Alternatively the rapid.increaaa in Clindamycin solubility with increasing
temperature could be considered es associated units breaking up into
smaller more soluble species. However, if this were the case then the
solubility of the assaciated Clindemycin at low temperatures might be
expected to be significantly lower than'that of non-assoclated Lincomycine.

The limited data do not seem to support such a possibility.

The former explanation would seem to agree with observations of increases
in hydrophobic bonding up to hSDC. After this temperature entropic forces
would be expected to prevail resulting in a tailing off in the solubility

increase with increasing temperature as Clindamycin association bresks

down. Precedents for such behaviour do exist.

The anomolouglaulubllitiaa of calcium sulphate and calcium hydroxide are
such examples where the compounds are less soluble in hot water then cold,
8 gradual talling off ué solubility occurring with increasing temperature.
In other cases the auluﬁility change can be far more dramatic; Crystalline
sodium sulphate, NaZSOu.IUHzﬂ displays an increasing agueous solubllity

up to 32°C at which point a sharp break occurs and the solubility

gradually decreases. The transition represents the breakdown of the

hydrate into anhydrous sodium sulphate and water. Such behaviour is not

unimaginable for Clindamycin. Evidence has been presented in Chapter IV
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suggesting that Clindamycin has sbout 6 to 12 molecules of non-freezing
water assoclated with it -(depending on concentration), not seen for
Lincomycin., It was tharefare considered possible that at temperatures
higher than 30%C the solubility gradually tailed off rather than increasing
rapidly as might otherwise be assumed. This process either being due to
breakdown of sssociation or formation of the anhydrous form. It would
certainly be interesting to study the extent of the association seen for

Clindamycin at higher temperatures.

As previously stated, the processes occurring in agqueous solutions of
these antibiotics seemed to be guite complex and a more extensive study
of this aspect of the work was required. The\brncaasss also seemed to
be to some extent competitive, the balance of the interactions between

antiblotic and water and antiblotic and antibliotic appearing to be

dependant on solution concentration and temperature.

Having substantielly improved the standard of data relating to the proper-
ties of the antibiotics in equeous solutions, a discussion of properties

of the hydrogel systems in which they will next be studied was

appropriate.

III.4 Studies on Hydrogels and Their General Properties

II1.4ei General Factors Affecting the Nature of Hydrogels

The nature of hydrogels can be influenced by a number of controllable
factors. The hydrogels prepared and used during the course of this work
were selected from a variety of compositions and polymerisation conditions

studied in the past by members of this research group. The compositions

used were chosen because of the extent and type of water structure they

possessed and so the factors affecting these hydrogel properties need to

be discussed,
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The investigation of the factors affecting a wide range of hydrogels

has been carried out in some depth.n’lz'lk’ls'16 Before summarising
the nature of the influences on the properties of hydrogels used during
this research, the preparations synthesised have been listed with
appropriate information relating to their synthesls. The different ways

in which hydrogels may be swollen and soaked and the incorporation of

solutes into the preparations by dllutiun'nf the monomer mixtures with

solutions have been discussed in Chapter II.

Throughout the course of this work it has been necessary to keep the

number of variasbles minimel in order to evaluate differences due to the
effects of the antibioticse used. To this end the hydrogel preparations
were limited to Jusf five types. The rntiua of the monomers were held
constant and polymerisation conditions never altered throughout the
researche The details corresponding to these preparations can be seen

in Teble III A. The only exceptions to these preparations were those in
which the initial monomer solution wes diluted with antiblotic solution

in order to incorporate antibiotic into the hydrogel during polymerisation,
and a range of pAcrylamide preparations in which different amuuqta of

cross-linking agent were used. Apart from these adjustments the poly-

merisation paremeters were as stated in Teble III A.

The preparations listed were chosen so as to provide a8 series of hydrogels
ranging from high E.W.C. to low E.W.C. and also covering & range of

ratios of freezing:non-freezing water components from mainly freezing

water to mainly non-freezing water.

Throughout this work where hydrogel compositions have been mentioned

the monomer ratios were as shown in Table III A. For example, mention
of MAA/ACM/STY is synonymous with a monomer ratioc of 43.75:43.75:12.5

(mole %) and HEMA/STY is synonymous with a monomer ratio of 90:10 (mole %).
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It has already been mentioned that the presence of hydrophilic groups
within the polymer matrix gives rise to the upteke of water from an
agueous solution. The uptake is offset by the physicsl restriction of
the three-dimensional polymer networke. The point at which these faorces

stabilise being known as the equilibrium water content (E.W.C.) of the

system.

The swelling properties of hydrogels can be compared with those of
hydrophobic networks in organic anlventaag whose swelling depends mainly
on a) the intﬁractinn parameter between polymer and solvent,

b) the extent of cross-linking,
and c) the relative swelling at the time of cross-linking

(ie initial dilution of monomers).

The water present in a swollen hydrogel may be of the different types
already mentioned. Water éuleculea may be polarised aroﬁnd charged ionic
groups or orientated around hydrogen bonding groups nf other dipnlaﬁ.
Water in "ice~like" configurations can exist around hydrophobic groups
and completely free or "bulk" water can be imbibed into large pores.

The presence of such interactions resulte in the "bound", "free® and

"intermediate" forms of water present in hydrogels.

Hydrogels of two distinct types can be prepared, these are the homogeneous

and heterogeneous forms. The homogeneous type were of primary importance

during this research. In homogeneous hydrogel preparations the water

present is dispersed evenly throughout the hydrogel and therefore no

true discrete pores exist, only a randomly fluctuating system of hydrated

palymer chains. Therefore, for homogeneous membranes, pore size is only
a theoretical concept but, ms will be seen later, it is still useful
since it enables the prediction of the size of solute molecules able

to permeate the matrix.
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When such an even dispersion of water throughout the hydrogel does not
occur, some of the water in the hydrogel will be immediately asssociated
with polymer molecules and some water will be found in pockets of bulk

water randomly apportioned within the matrix.

This type of water distribution in which various regions will have
different refractive indices produces light scattering characteristics
that result in the translucency or opacity of the preparation.:

IIT.beii The Effect of the Polymer/Solvent Interaction
Parameter on the E.W.Ce. oOf Hydrogels

The solvent used in the preparation of the hydrogels of concern here was
water. If the polymer/solvent interaction parameter is low then this

means that water is @ poor solvent for the polymer and the degree of
hydrogel swelling will not be great. However, if the interaction parameter
is high then the polymer will dissolve unless factors such as cross-links

prevent such an occurrence. An example of the first case would be pHEMA

and the second case pV.P.

The reasons for the differences in the interaction parameters of various
polymers are the number and nature of the hydrophilic groups on the
polymer backbone. This effect is well demonstrated by reference to

PGMA (poly(Glycerol methacrylate)) and pHPMA (poly(hydroxypropylmethacrylate))
as shown in Figure III (8).

The. small change in chemical structure results in a large change in

water content. E.W.Ce = 75% for pGMA, E.W.C. = 23% for pHPMA prepared

with equal amounts of the same cross-linking agent.11’7B
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I1I.4.1i1 The Effect of Cross-linking Agents on the
E.W.C. of Hydrogels

There aere two factors to be considered here since the E.W.C. of hydrogels
can be shoun to be affected not only by the amount of cross-linking agent

used but also by the chemical structure of the cross=-1inking agent.

Some preparations seem relatively unaffected by changes in the amount of
cross-1inking agent used. Refojo and Vaauda7a reported that the water
content of pHEMA remained unaffected by an increase from 0.3% to 3.0% (by

wt) in the amount of TEGDA cross-linking agent used. However, several

workers have shown that hydrogels of highernuaéer content show a far

greater E.W.C. dependance on the amount of cross-linking agent'uaéd.1n“’1us

HEfﬂjﬂva showed that a similar variation in the amount of cross=-linking

agent used in the studies of pHEMA sbaove, reduced the E.W.C. of pHPA from
53% to L9%.

A study of the E.W.C's of pGMA preparations cross-=linked with between

1% and 10% (by wt) TE60A %6 ghowed = decrease in E.W.C. from 76% to 61%

with increasing amounts of cross-linking agent. Ng11 found similaer

effects of cross-linking agent on E.W.C's, .'.Iolly16 reported the effect
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on the E.W.C's uf.hdmngenenua pHEMA preparatiops of higher amounts of
EDMA croes-linker than had been used by Refojo snd Yasuda. Figure III (9)
shows the affect of increasing amounts of EDMA up to 20 mole% on the
E.W.Ce of pHEMA. The freezing and non-freezing water component contribu-
tione to these preparations are shown in Figure III (10). The overall
effect of increasing levels of EDMA was to decrease the E.W.C's of

the preparations. Figure III (10) shows that this occurred in two ways.
Over the 0 to 10 mole¥% EDMA range the amount of freezing water was
markedly affected since the increasing level of cross-linking "tightened"
up the matrix thus decreasing the space avallable for freezing water.
Between 10 and 20 mole% EDMA the "tightening" effect became less

important and the non-freezing water component gradually became affected.
The cross=linking agent was now acting as a hydrophobic monomer and reduced
the hydrophilicity of the system. In this way the layer of water

molecules most closely associated with hydrophilic groups in the matrix

could be influenced.

Middleton '~ shoued that for preparations of ACM/NVP/HPA/STY (33:47:10:10)
(mole%) with varying smounts of either MBACM or EDMA as cross=-linking
agenté up to levels of 4.5 mole%, that the E.W.C's of preparations
cross-linked with EDMA dropped from aﬁaut 82% to 60% whereas those
cross-linked with MBACM dropped from about 90% to 68%. This can be seen
from Figure III (11). The lower E.W.C's of the preparations cross-

linked with EDMA were interpreted in terms of the absence of the extremely

hydrophilic amide groups present when MBACM was used.

III.4eiv The Effect of Initiator Concentration on the
E.W.Ce of Hydrogels

107
Yasuda reported that increasing the concentration of initiator used

resulted in an increase in E.W.C. It was suggested that an increase in

the number of growing free radicals was the cause. Ng11 also reported
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EFFECT OF CROSS=LINKING AGENT ON THE E.W.C.
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such observations suggesting that the presence of more chain ends
facilitated the swelling processes of the hydrogels. The molecular
welght distribution and average chain length of the polymers affected

the E.We.Ce since a greater concentration of initiastor produces a larger

FIGURE III (11)

EFFECT OF CROSS=-LINKING AGENT TYPE ON THE E.M.E.:UF
ACM/NVP/HPA/STY (33:47:10:10) HYDROGELS
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number ‘of initiating species and so affects the rate of termination

resulting in a higher number of shorter chains. The shorter chains

being able to imbibe greater amounts of water.

IIl.bev The Effect of Initial Dilution of Monomers on
TEE-E:E:E:-E?'Hvdruggla

For hydrogels such as pHEMA where water is a thermodynamically poor

solvent 'for the polymer, the E.W.C. is relatively unaffected by the number
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of cross-links. The same independance of E.W.C. on the initial dilution
of the starting mixture has also been observed for pHEﬂA78'1D7, the

El.eCs remaining fairly constant at about 4LO%.

For hydrogels for which water has a higher solvent power, such as pHPA
and pGMA, the dependence of swelling on the initiel dilution and extent
of cross=linking was more evident1us. The E.W.Ce of pGMA hydrogels
increased linearly with increasing water content in the starting mixture.

Preparation of pHEMA with E.W.C's exceeding LO% were generally found to

be heterogeneous.

III.4bevi The Effect of Polymerisation Temperature and Time
on the E.W.C. of Hydrogels

Hlddleton15 has shown that since temperature changes affect initiation,
propagation and termination, the resultant change in E.W.C. 18 less
predictable than, for example, changes in the amount of initistor used.

It was generally found that a higher polymerisation temperature resulted
in a higher E.W.C. perhaps due to an increase in the rate of termination
due to disproportionation which led to a reduction in the averaege chain
length of the polymer and hence an increase in the E.W.C. of the hydrogel.
(An increase in radical recombination would result in & polymer of

higher molecular weight distribution and hence lower E.W.C.).

Although the aystems studied were different to those used here, Middleton
also found that the E.W.C's of a variety of preparations did not show

any appreciable variatiun'fnr polymerisation periods up tﬁ 7 days.

IIT.bevii The Effects of Postcuring Polymers on the
E.lleCs of Hydrogels

The postcuring of polymers at elevated temperatures can be carried out
to ensure that any fraction of the initiator remaining unreacted after

polymerisation is converted to free radicals, giving rise to the
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polymerisation of any residual monomer units.

Postcured samples have been generally found to have higher E.W.C's than
unpostcured aamples,15 the increase becoming less marked as the tempera-

ture of the initial polymerisation was increased.

The use of a postcure technigue also decreases the percentage of the
residual fraction, the affect of the residual fraction on E.W.C. being

quite variable and dependant on factors controlling the various rates

of the polymerisation processes.

II1T.4eviii Hydrophilic Systems

Having considered the factors affecting the nature of hydrogels during

polymerisation, the nature of polymer/polymer and polymer/sclvent inter=-

actions can now be discussed.

Perhaps the most atraightfofward of the preparations studied were the
hydrophilic poly(acrylamide) hydrogels in general, ean increase in the
polarity of the monomer units in a hyd;ugel leads to increased hydro=-
philicity and increased solvation. Thus pACM, which contains a highly
polar amide group, is water soluble in 1£a uncross=-linked state whereas

PHEMA with its less hydrophilic hydroxyl group only absorbs water up to
4L0% of the total weight.

Acrylamide is known to form "plurimolecular" asggregates in various

108 ; .
solvents and the strong hydrogen bonding of amides is also responsible

for the high boiling points of many of them.

The pACM preparations used during this research were in part "preswollen®
since the initial monomer solution was 75% (by wt) water. The effect of
this initial dilution on the hydrogel was sﬁch as to prevent extensive

interchain hydrogen bond formation by solvation of the hydruphilié
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regions of the monomer before polymerisetion occurred.

III.4.ix Hydrophilic/Hydrophobic Systems

The HEMA/STY hydrogel preparations used during this work were examples
of hydrophilic/hydrophobic systems. The addition of an hydrophobic
monomer to &n otherwise hydrophilic preparstion has been widely used

to produce hydrogels with specific properties. The effect of the incor=-

poration of various amounts of styrene into HEMA/Styrene copolymers

can be seen in Figure III (12). 10

The effect of styrene incorporation on the freezing water content of
HEMA/STY copolymers is perhaps of more interest than the reduction of
E.W.C. @s styrene content was increased. Figure III (13) shows both
the freezing water contents and the E.W.C's of HEMA/STY copolymers of
a wide range of cnmpuaitinnajD The E.W.C. of pHEMA was about 4LD% of
which previous wark has shown that 23% was freezing water and 17% was
non=-freezing uatar]a'1ﬁ The incorporation of 10 mole% styrene reduced
the E.W.C. to 23%, of which only 4% was freezing water, the remaining
19% being non-freezing water. HEMA/STY copolymers with greater than
ZD-mule% styrene incorporated had no observable freezing water. This

information could also be presented in terms of the numbers of water.

molecules associated with each HEMA unit in the HEMA/STY copolymer
as shown in Figure III (lk).1u

Styrene is a fairly bulky hydrophobic monomer and the above results
demonstrate the strong influence that relatively small amounts of styrene

have on both the E.W.C. and the constituent emounts of freezing and non=-

Ve

freezing water.

Observations such as these are very important aincé the freezing water/

non-freezing water ratio controls a number of the explditahle.prupartlea
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FIGURE III (12)

EFFECT OF STYRENE INCORPORATION
ON_THE E.W.C. OF HEMA/STY COPOLYMERS
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of hydrogels. The nature of the water in a hydrogel membrane and the
physical construction of the membrane are generally sccepted &s being

the major factors controlling permselectivity.

Anather hydrophobic monomer which has been widely studied is
methylmethacrylate (MMA). The affect of increasing the hydrophobic
monomer components of both HEMA/STY and HEMA/MMA copolymers on E.W.C.
can be seen in Figure III (15).)° From this graph it can be seen that

styrene incorporation resulted in a greater reduction in E.W.C. thaen

did an equal emount of MMA. Whereas the bulky phenyl group of styrene

when attached to the polymer backbone 1imited the accumulation of water

94

100



water content (%)

Number of molecules of water

40

35

FIGURE III (13)

E.W.C'S AND FREEZING WATER CONTENTS OF
HEMA/STY COPOLYMERS
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FIGURE III (14)

NUMBERS OF WATER MOLECULES ASSOCIATED
WITH EACH HEMA UNIT IN HEMA/STY COPOLYMERS
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- 80 THE EFFECT OF DIFFERENT HYDROPHOBIC

MONOMERS ON E.W.C.

X = HEMA/STYRENE Copolymers

© = HEMA/MMA Copolymers
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by steric hindrance, MMA had a smaller steric effect and was also
slightly polar due to the carboxylate group in the side chain ester

linkage. Both these factors contributed to the higher E.W.C. of HEMA/MMA

copolymer compared to HEMA/STY copolymer,

I11.4ex Hydrophilic/Hydrophilic Systems

Hydrogel preparations of copolymers of two hydrophilic monomers represent
quite a complex system since the monomers can either participate in bonds
with each other or with water molecules. Problems such as these cast
doubt on the validity of the establishment of a hydrophilicity series

and Hiddleton15 concluded

that a knowledge of the hydrnphiltcify of monomers could only be useful
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to the design of copolymers with certein properties when the bonding of

water to hydrophilic groups far outweighed interchain bonding between

monomer units of the polymer.

A hydrophilic/hydrophilic system of MAA/ACM was studied during this research.
The E.W.C's of the homopolymers of each monomer have previously been found

to be 73% for MAAR and 84% for RCM.1h However the E.W.C's of a range of
copolymer compositions ﬁf these monomers shows &8 minimum at & ratio of

about 50:50 MAA:ACM (mole%) as shown in Figure III (16).10 The presence

of such a minimum reflectéd the point at which the extent of hydrogel

bonding between the carboxylic scid group of MAA and the amide group of
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ACM reached a maximume, The nature of this interaction is shown in

Figure III (17).

FIGURE III (17)

INTERCHAIN HYDROGEN BONDING BETWEEN ACM AND MAA UNITS

Interchain hydrogen bonding of another kind can occur between carboxylic
acld groups of the polymer hackhnnes.15 This has been found for MAA/HEMA
copolymers where the E.W.C. displayed a minimum at the 5D:50 (mole%)

copolymer composition as & result of interchain hydrngén bonding between

carboxylic ecid groups as shown in Figure III (18).

This kind of interaction forms a type of secondary cross=linking which

inhibits swelling and restricts the ability of the poler hydrophilic

groups to attract water molecules.

Copolymers of ACM and HEMA showed no such minimum, the E.W.C. increasing

with increasing ACM component. The absence of any appreciasble interchain

hydrogen bonding in this system can be explained by the shielding of the

carbonyl group of ACM as shown ringed in Figure III (17).
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FIGURE III (18)

INTERCHAIN HYDROGEN BONDING BETWEEN MAA UNITS
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Studies have previously been reported on a number of copolymers where
the effect of the presence or absence of an o&-methyl group on one of
the comanomers was studied. The effect of the presence of an o{-methyl
group on the E.W.C. of pHPMA as compared to pHPA cen be seen in

Figure IIT (19), the E.W.C. of pHPMA being 23% and that of pHPA being
50%.

In the above situation it is not only the removal of the hydrophobic
group which increases the E.W.C. but also the simultaneous increase in
chain rotation about the polymer backbone which allows the hydrophilic

groups more freedom and consequently they can be solvated more easily.

Copolymers of MAA/ACM and AA/ACM show similar differences in their E.W.C's

due to the presence or absence of an X-methyl group 8s shown in Figure

III (20).
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FIGURE III (19)
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An investigation furthering the work of Guulding111 on the effect of
initial monomer dilution on the E.W.C. of 50:50 (mole%) ACM/MAA copolymers
was carried out by Hiddlatun.15 The earlier work had shown drematic
increases in E.W.C. for MAAR/ACM copolymers over periods between one month
and seven months. Changes in E.W.C. from 45% to 75% were also reported
(after one month's hydration) when the amount of water in the comonomer
mixture was increased from O to 10% (by wt). The polymer would be

formed with water molecules slready associated with the hydrophilic

groups thus leading to a decresse in the amount of interchaln hydrogen

bonding and an increase in E.W.C.

As regards the increasse in the E.W.C. of these preparations with time
it wes suggested that interchain hydrogen bonding between hydrophilic
groups was in competition with water-polymer binding. Over a period of
time water present in the matrix would increasingly assert itself over

interchain attractions, bonding to the hydrophilic groups itself and

causing a gradual rise in E.W.C.

Studies on the change of E.W.C. with time for different types of

comonomers showed no such dramatic E.W.C. increase with time. It was
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suggested that the presence of the poler carbonyl group on the amide unit
of amide/carboxylate interactions, which was not directly involved in
interchain interactions, attracted water molecules to the interchain
hydrogen bonding site and made it more susceptible to solvation. The
same process would not occur at carboxylate/carboxylate sites since

both the hydroxyl and carbonyl groups participated in interchain hydrogen
bonding.

Such suggestions were tentative and further studies on such systems are
neededs The author considers that the effect of pH on the ionisation of
MAR might provide a more likely explanation for the increasing E.W.C. Of
MAR/ACM copolymers with time due to rupture of interchain hydrogen bondse

Work presented later in this chapter on similar systems at pH's likely
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to suppress the ionisation of MAA showed no such increase in E.lWeCo

with time,

III.4exi Hydrophilic/Hydrophilic/Hydrophobic Systems

A study on the effect of the incorporation of various amounts of atyrene
into an equimolar copolymer of MRA/AEM1D demonstrated an unusual minimum.

Figure III (21) shows this behaviour which suggests the existence of

competing forces.

The initial decrease in E.W.C. was in effect the same behaviour seen
earlier for HEMA/styrene copolymers where the hydrophilicity of the
system was gradually reduced. The increase in E.W.C. above 5 mole% of
styrene was considered to be the result of the disruption of interchain
hydrogen bonding by the bulky phenyl group of styrene. The exposed

hydrophilic groups would then be hydrated leading to an increase in E.W.Ce.

In effect, between 5 and 10 mole¥ styrene any increase in the hydrophobicity
of the polymer was overcome by the increase in hydrophilicity due to
disruption of interchain hydrogen bonds. A limiting value for this effect
was reached between 10 and 15 mole% styrene, the hydrophobicity of the
styrene being able to cancel out any increase in E.W.C. 8s fewer inter-

chain hydrogen honds were left to be disrupted.

Once again, the changes in the freezing and non-freezing water components
of the system were of interest and this data is shown in Teble III 3.16
Some of this information is also shown in Figure III (22). It was
apparent that the observed rise in water content above 5 mole% atyrene
was not associated with any increase in the amount of freezing uater.1u
Figure III (22) shows a steady decrease in the emount of freezing water
dver the whole styrene concentration range so that the increase in E.W.Ce

above 5 mole% styrene was due to an increesse in the non-freezing water
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TABLE III B

WATER BINDING PROPERTIES OF
METHACRYLIC ACID/ACRYLAMIDE/STVRENE HYDROGEL PREPARATIONS

Molar Composition | E.W.Ce. Freeéz:ggﬂztar 3::;:r§::123t
(MAA:ACM:STY) (%) (%) (%)
49.5:49.5:1.0 33.5 648 26.7
48.75:48.75:2.5 31.3 bbb 26.9
48402480340 29.1 2.1 27.0
b7.5:47.5:5.0 29,2 1.1 28.1
" ] 47.0:47.0:6.0 28,1 0.7 2744
46425:46425:7.5 3341 0.7 32,4
45.0:45.0:10,0 32,1 0.1 32,0
43,75:43.75:12,5 3447 _ Dok 3443
42,5:42,5:15,0 33.8 0.3 33,5

component of the systems, The decrease in the amount of interchain hydrogen

bonding sbove 5 mole% styrene therefore only affected the amount of non-

freezing water to any apprecisble degree.

I1I.4exil The Effect of Hydration Temperature on the E.W.C.
of Hydrogels

The E.W.C's of many hydrogels have been shown to be dependant on the

temperature at which they were hydrated.11 The results suggest that two

opposing and competing forces, which were temperature related, affected

the E.W.C's of hydrogels since many preparations displayed a minimum in

E«eCe a8t intermediate hydration temperatures. An increase in temperature

led to en increase in hydrophilic hydration and also expanded the polymer

network thus allowing incressed water absorption. There may also be &n

@ssociated breakdown of interchain hydrogen bonding contributing to the
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E.W.Cs increase depending on the type of composition studied.

A competing force was dué tn-t;e fdrmatinn of hydrophobic bonds. The
formation of such bonds, Van der Weal's interactions between non-polar
groups, -is an endothermic process and has been shown to exist in polymer-
water eu,tai:mna."3 The occurrence of hydrophobic hydration is entropically
unfavoured, water being structured in the vicinity of a non-polar compound.
It has been suggested that these hydrophobic bondings-act as "cross-links"
and reduce the E.W.C. of the preparation. The existence of hydrophobic
bonding in pHEMA hydrogels was postulated hy Refnju,7g who studied the

effects of microsolutes in the hydrating solutions of pHEMA preparations
on their E.W.C's, -

The extent of the competition between these processes determined the shape

of the E.W.Ce = hydration temperature curve, thus explaining the minima

observed for many hydrogel preparations.

Although the work of Ng11 did not provide evidence of a minimum in the

Eo.WeCe = hydration temperature curves of pHEMA or HEMA/STY 90:10 (mole%)

the E.W.C. of pHEMA has been previously reported as displaying & minimum
E.W.C. of 36% at about 60°C.

IIT.bexiil The Effect of Solutes in the Hydrating Medium
on the E.W.C's of Hydrogels

The biomedical and physiological applications of certain hydrogels have
meant that studies on the effects of solutes such as sodium chloride end

urea in the equilibrating solutions of hydrogele have been carried out. -

The reported deswelling effects of increasing concentrations of sodium
chloride in the equllihrating solutions of pHEMA preparatiunam7 has
also been observed by Ng11_fnr a number of hydrogel preparations. The

decrease in E.W.C. was found to be greatest for high E.W.C. preparationse
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It was suggested that the presence aof sodium chloride in solution

enhanced the water structure, resulting in an increase in hydrophobic

bonding and a subsequent decrease in E.W.C.

An extensive study by Refnjn7g led to the postulation of 8 secondary
structure in pHEMA additional to its covalently cross-linked structure.
This would be stabilised by hydrophobic interactions between o-methyl
groups resulting in so highly a cross-linked arrangement that the covelent
cross-links were pvershadowed. It was euggeeted that the secondary
structure was responsible for the preparation's ewelling behaviour. Tﬁe
increase 1n the swelling of pHEMA uhen in dilute urea anlutiuna uaei
considered to be due to the dieruptinn of hydrophobic cross-links in a
manner not dissimilar to the way urea denatures prnteine by the disruption
of hydraphnbic stabilisation. (Similar etudiea have since been conducted

by other workers that claim to either euppurt113 or at least partially

1'1:_1131:31'.11"'| the earlier claima.)

IIl.bexlv Permeability Characteristics of Hydrogels

Studies on the permeation of various compounds through hydrogels are

cited in the literature. Such studies involved the fields of contact

lens design, reverse osmosis, drug release and medication. The results

of such studies have been previously aummarieed11'13'1h and unlv certein

aspects of relevance to the research undertaken here will be reproduced.

An extensive investigation by Refujn115'116'117 into the water permea-

bility of many materials, including pHEMA, enabled the calculation of the
water diffusion coefficients of the various hydrogels and their "pore
radius". The average pore radius was meant to indicate the size of

molecules that could penetrate the network studied. The pore radius

for pHEMA was found to be & R but this velue is likelﬁ to be inu since
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fluorescein (molecular radius 5.5 ﬂ) has been shown to be sbsorbed into

pHEMA hvdrogela.11a

Refojo's results indicated that for the same types of hydrogels,
1ncreaﬁing E.W.Ce led to an increase in water permeability. He also
concluded that in generael water flow for hydrogels of E.W.C. < 60% was

diffusive whereas for hydrogels of E.W.C. 7 60% it was predominantly

viscous flouw.

Yasuda et a1119'120'121 investigated the permeability of sodium chloride

through hydrogels of various water contents and demonstrated a linear
dependance of the logarithm of the permeability coefficients on the
reciprocal of the volume fraction of water in hydrogels of water content
725%. Figure III (23) shows @ plot of the calculated pore radius of
each of a series of methacrylate hydrogels against their swelling ratio
(uhere H is the E.W.C. divided by 100)12% Use of this graph enables
the average pore radius of @ hydrogel of a different water content to

be calculated. For example pHEMA (E.W.C. = 40%) would have a theoretical
pore redius of 3 R and so would be expected to only be permeable to

molecules whose moleculer diameters sre approximately equal to or less

than 6 R.

Such a calculation was borne out by Ratner and Miller123 who plotted the
ratio of the diffusion coefficient of the molecular species through

hydrogele to that found in free solution agsinst the molecular radius

of verious solute molecules. Molecules such as glucose and some

amino-acids were reported to penetrate pHEMA hydrogels but larger molecules

such as polysaccharides did nut.11

Sedium chloride permeability has been shown to be affected by chemical

structure as well as E.M.C.12h' The modification of pHEMA hydrogels by
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FIGURE III (23)

DEPENDANCE OF CALCULATED PORE RADIUS
ON THE SWELLING RATIO OF METHACRYLATE HYDROGELS
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the introduction of ionogenic groups brought about by copolymerisation

with for example methacrylic scid (Hnn) or 2-(diethylemino) ethyl
methacrylate (DEAREMA) was carried out. Lower sodium chloride permeation
was observed for membranes containing acidic or basic groups than wes
recarded for neutral membranes, This was &8s would be expected sccording
to the Donnan's excluding effect where the reduction in transport of a

co-ion will slow down the transport of the salt ss a whole becsuse of

the need to conserve electroneutrality.

Ampholytic membranes showed the highest sodium chloride permeability and

thie was attributed to the accelerated diffusion of both ions due to the

electric charge.

The pH in such systems can be critical since this determines the degree

of lonisation of functional groups in the membrane. The presence of

such lonic groups can also profoundly influence E.m.c;125 The conversion
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of MAA to its sodium carboxylate salt in HEMA/MAA copolymers dramatically
increased the E.W.C. of the preparations. However, the conversion of
the dimethyl amino group of dimethyl emino ethyl methacrylate (DMAEMA)/

HEMA copolymers to its hydrochloride salt did not show any such dramatic

effect on E.W.C.

I11I.5 Hydration Characteristics of Hydrogels Prepared
During this Research

I1I.5.1 E.W.C's and Freezing/Non-Freezing Water Compositions

The polymerisation conditions for all preparations have been presented
in Table III A. The data relating to the water contents of the series
of acrylamide compositions prepared during this research are summarised
in Table III C. As can be seen from this Table water swollen pACM
cross-linked with 1% (by wt) MBACM was found to have an E.W.C. of

89.3% of which 80.1% was freezing water and 9.2% was non-freezing water.
It was apparent that the hydrophilicity of pACM was such as to imbibe
large amounts of freezing water but was incapable of restricting much

water into a non-freezing water fraction.

The water contents of pACM preparations of varying thickness (t) can

also be compared. There was a slight but nevertheless steady increase

in the E.W.C. of pACM preparations as the membrane thickness increased.
Membrane thicknesses of 1 x t to 4 x t were studied (ie a range of swollen
membrane thicknesses of about 0.05 to 0.25 cm). This would seem to
suggest that there was a small error involved in the process of cutting
sample discs for E.W.C. determination. As discs were cut a small amount
of water may have been "squeezed out" of the sample, the amount squeezed
out accounting for a smaller proportion of the water in the sample as

membrane thickness increased. The "true" value of the E.W.C. of this

hydrogel composition was thus considered to be nearest to the E.W.C.
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TABLE III C

NATURE OF WATER IN poly(ACRYLAMIDE) PREPARATIONS

© | Edlel Freezing Non=Freezing
Composition® E%; ® | water Content | Water Content
(%) (%)

pACM swollen in water 89.3 80.1 9.2
pACM 2 x t (water swollen) 89.9 - -
pPACM 3 x t (water swollen) 90.0 - -
pPACM & x t (water swollen) 91.5 - -
pACM 5% (by wt) MBACM

(water swollen) 82.0 - -
pACM 10% (by wt) MBACM :

(water swollen) 74.8 - -
pACM swollen in 0.1M L/M 86.2 76.1 10.1
pACM swollen in 0.1M C/M Bk 71.6 . 14,8
pACM swollen in 0.1M NaCl 89.8 79.7 10.1
pACM swollen in 0.79M NaCl B6.1 - -
pACM swollen in 1.0M NaCl B5.4 59.1 2643
pACM swollen in 1.5M L/M 57.2 L0.7 16,5
pACM swollen in 1.5M C/M 563 L0.5 15.8
pACM inc 0.1M L/M 82.2 62.7 19.5
pACM inc O.1M C/M B82.6 65.6 17.0.
pACM inc 0.1M NaCl B88.6 = -
pACM inc 0,79M NaCl 82.1 5047 31.4
pACM swollen in 0,2M NaCl 87.8 - .
pACM swollen in 0.4M NaCl 87.3 - o
pACM swollen in 0.6M NaCl 86.7 - -
pACM swollen in 0.8M NaCl 85.8 = =
PACM swollen in 1.0M NaCl 85.4 - -
pACM swollen in 1.5M NaCl 82.6 - -

* All preparations cross-linked by 1% (by wt) MBACM except where stated.

L/M = Lincomycin.HCl

C/M = Clindamycin,HCl

X ¢ = number of gaskets used in mould
inc =

antibiotic solution incorporated during polymerisation and pulvmer
swollen in same solution.
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found for the 4 x t sample, The difference between the range of values
found here for E.W.C. (89.3 to 91.5%) and that found previously (BS.D%)1Q

may also be accounted for in terms of technique as well as the polymeri-

sation parameters involved.

The data obtained for pACM preparations cross-linked with between

1.0 and 10,0% (by wt) MBACM (Table III C) showed a steady decrease in
E.WeCe with increasing levels of MBACM. The data, together with that
reported previuualy,1h can be seen in Figure III (24). The previously
reported data was for acrylamide preparations cross-linked with EDMA and
photopolymerised using uranyl nitrate as a photoinitiator. A
monomer:solvent ratio of 60:40 was elso used. Because of the large
differences in the polymerisation parameters in each case the reasaons
for the more dramatic decrease in E.W.C. with increasing levels of
cross-linking agent in the previous study are not clear., Houwever, the
lower E.W.C's of preparations cross-linked with EDMA than was found for
the use of MBACM has already been discussed and would seem & reasonable
explanation in this case also. The E.W.C. reduction being the result

of increased hydrophobic bonding and lower cross-linking agent polarity.

The effect nrlintrnducing antiblotics 1ﬁtn pACM preparations on their .

E.W.C's and freezing/non-freezing water cumpnﬁitiuns can also be seen

in Table III C.

pACM preparatinna swollen in 0.1M aqueous sclutions of either Lincomycin
or Clindamycin showed no significant difference in E.W.C. depending on
which antibiotic solution was used. However, the E.W.C's of both these
preparations had dropped slightly from the E.W.C. value of water swollen
PACM. .This effect may be due to either the osmotic influence of the

antibiotic solution effectively deswelling the hydrogel or competition
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FIGURE III (24)

THE EFFECT OF THE AMOUNT AND TYPE OF CROSS-LINKING
AGENT ON THE E.W.C. OF pACM HYDROGELS

for the hydrogen bonding sites of the matrix between the antibiotic and
waters It wes also found that the E.W.C's of pACM preparations swollen
in 0.1M Clindamycin solution had higher non-freezing water components
than the corresponding Lincomycin preparations. This effect was small
end was contrary to the observations made on pACM preparations swollen
in 1.5M agueous solutions of either Lincomycin or Clindamycin. Since
any effect of this kind would be expected to be greater the higher the
concentration of antibiotic solution used, the results of the dilute
antibiotic studies must be considered gquestionable until repeated.

However, there is evidence to suggest that Clindamycin is able to
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structure significantly more "bound® water about it than can Lincomycin.
The effect was largest at high solution concentrations of the antibiotics

and the results of these studies have been presented in Chapter IV.

As has already heen.éentiuned, pACM preparations ﬁwollen in 1.5M aqueous
solutions of either Lincomycin or Clindamycin diﬁ not show any significant
variation in E.W.C. or freezing/non-freezing uate? components., There

was however a large reduction in the E.W.C's of these preparations when
compared to water swollen pACM. The 1.5M antibiotic solutions were the
eqﬁiuélent of about LD% (by wt) asgueous antibiotic aulutiuna_and the
gsmotic influence of these aolutiuﬁs was considered responsible for the
large deswelling effect. The reduction of E.W.C. can be easily accounted
for by the decrease in the freezing water content alone. The slight
increase in the non-freezing water components was considered to be the
result of drug absorption to the matrix since any solute abaurbgd will
add to the‘meight pf a sample of the preparation and hence influence the
E.WeC. determined, However this additional weight would not be detecfed
as part of the freezing water fraction of the E.W.C. and thus would be

erroneously asssigned to the non-freezing water fraction.

An added complication to the above interpretations would be due to
absorbed entibiotic displacing water from the matrix as well ss affecting
the E.W.C. by natu;e of its weight, however the antibiotics used were

in general found to increase both the E.W.C. and the freezing water
components of a range of hydrogels throughout this work (see later) and

comparisons of the freezing water components of E.W.C's of different

preperations were still considered valid,

Table III C also shows the observed reduction in E.W.C. of pACM

preparations into which 1.0M agueous solutions of Lincomycin or Clindamycin
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hed:been incorporated during polymerisation, when compared to water -
swollen pACM. "(This technigue has been described in Chapter II.) In:
this case the incorporated preparations were produced by substituting
the 75% (by wt) water used in the starting mixture with 75% (by wt)
0.1M aqueous antibiotic solutions. The increase in the extent of
desuélling of pnch Fuun& for antibiotic incorporated preparafi;ns as
compared with ﬁréparatluna sualian in antibiotic solutions Qnd th; higher
non=-freezing water contents of the antibiotic incorporated preparailuns
were considered indicative nf.the large amount of antibiotic introduced
into the matricéa through incorporation. The amount of free;ing water
determined in Clindamycin incorporated pACM was slightly greater than
that found in Lincomycin incorporated pACM. This was the first of many
similer observations on a veriety of antibiotic incorporated hydrogels
in which Clindamycin incorporated preparations had consistently higher
freezing water contents than the corresponding Lincomycin preparations.
In the case of the pACM systems the incresse in freezing water content
for Clindamycin 1ndorpuratiun as compared with Lincomycin incorporation
was also accompanied by a slightly lower non-freezing water component

whilst the E.W.C's of both preparations were virtually identical.

In general, the observations on the effects of the antibiotics on the
na#ure of water in acrylamide hydrogels were uvefahadnwed by the large
"free" water contents of the systems. Before considering the reauite

of studies of the effects of the antibiotice on the nature of water in
lower E.W.C. hydrogel compositions, it is worth considering the remaining

data.in Table III C on the effect of the introduction of sodium chloride
into pACM hydrogels.

PACM preparations swollen in 0.1M sodium chloride solutions showed less

deswelling than was seen with 0.1M antibiotic solutions, The deswelling
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effect was related to the mass of solute present in solution hence when
pACM was swollen in a solution of equivalent mass of sodium chloride as
that found in &8 0.1M antibiotic solution (ie 0.79M) the extent of

deswelling was found to be the same.

The same effect was observed for I;SM sodium chloride solutions since a
1.5M sodium chloride auiutiun was 8% (by wt) sodium chloride whereas

a 1.5M antibiotic solution was 4LO% (by wt) antibliotic, hence the extent
of deswelling was less for the 1.5M sodium chloride solution than for the
1.5M antibiotic solutions. This effect was again repeated for pACM

preparations into which either sodium chloride or antibiotic had been

incorporated during polymerisation.

The results in Table III C also_showed that the non-freezing water
component of pACM/sodium chloride preparations was greater than for the
corresponding pACM/antibiotic preparations. This change may be the result
of the solute weight effect on EWC described previously, sodium chloride
possibly being accumulated in the matrix at a higher level than that

found for antibiotic. Alternatively the observations may well be genuine
changga in non-freezing water companents due to the additional stabilisa=-
tion of water structure by sodium chloride. The explanation for these
observations can only be resclved with a knowledge of the partition

coefficients of both sodium chloride and the antibiotics in such ayétema.

The determination of these partition coefficients was attempted, however
the attempt was not successful for the entibiotic systems since the essay

was not sufficiently sensitive and so no comparisons between sodium

chloride and antibiotic systems could be drawn. The results that were

obtained are presented in Chapter VI,
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The final observations that can be made from the data presented in

Table III C concern the extent of deswelling of pACM preparations
according to the concentration of sodium chloride solution used for
swelling. The results are also shown in Figure III (25) which illus-
trates the linear dependance of the extent of deswelling on the swelling

solution sodium chloride concentration. (Error limits uf'i 0.5% allow

for complete linearity).

The results obtained concerning the nature of water in various pHEMA

hydrogels are summarised in Table III D.

TABLE III D

NATURE OF WATER IN pHEMA PREPARATIONS

Freezing Non-Freezing
Composition® EelleCe (%) Water Content | Water Content
(%) (%)
pHEMA swollen in water 3545 12.8 22,7
pHEMA swollen in 1.5M L/M 36.0
pHEMA swollen in 1.,5M C/M L1.8 o -
pHEMA swollen in 1.5M NaCl 25,7 - -
PHEMA inc 10% 1.0M L/M 39,6 & 0.4F 1001 4 6007 | 2903 4 403

¥ The errors shown are included to show the problems encountered with this
particular composition. Whilst the error 1limits for the E.W.C's were
acceptable, the freezing water contents were found to vary betueen
samples and on thermal cycling. These observations were indicative of
the type of water structures postulated in Chapter IV.

* All preparations were cross-linked by 1% (by wt) EDMA.

It was apparent from Table III D that pHEMA preparations swollen in

1.5M agueous Clindamycin solutions had higher E.W.C's than the
corresponding Lincomycin preparations and water swollen pHEMA. The

E.WsC's of pHEMA preparations swollen in 1.5M sodium chloride solution
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were surprisingly low considering the fact that the sodium chloride

solution was only 8% (by wt) as compared to the 40% (by wt) antibiotic

solutions.

Once again, whether or not the deswelling was mainly due to the osmotic
influence of the swelling solution or increased absorption of sodium
chloride by the matrix cannot yet be ascertained but the value of E.lW.Ce.

obtained for pHEMA swollen in 1.5M NaCl (25.7%) was in egreement with

that found by Hef01079 (27.0%).

The E.W.C's found for pHEMA preparations with either Lincomycin or
Clindamycin incorporated during polymerisation, were not significantly
different from each other. The determination of precise values for the

freezing end non-freezing water contents of these preparations proved
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difficult and a larger number of samples were analysed than was ususl

in order to gein a better indication of their true values. The values
shown in Table III D were considered a falr representation of those

values commonly found, the large error limits demonstrating the occasional
variation in results that could occur from sample to sample or between
sample runs. These difficulties were considered to be indicative of

the kind of structural changes and modifications undergone by water in

these preparations as shown in differential scanning calorimetry studies

presented in Chapter IV.

The considerable change in the freezing/non-freezing water compositions
of these preparations was considered significant and was a continuation
of thé trend first aeeﬁ fu£ pACM preparations. UWhilst the E.W.C's of
pHEMA preparations incorporating either Lincomycin or Clindamycin were
about equal, the amount of freezing water found in pHEMA preparations
incorporating Clindamycin was approximately double that found for the
corresponding Lincomycin preparations (a simultaneous reduction in non-

freezing water content also being observed).

Table III E shows the results obtained for various HEMA/STY hydrogel
preparations. The HEMA/STY preparations studied were of similar type to
those already discussed for pACM and pHEMA. Completing this series
with HEMA/STY allowed the effects of the antibiotics end sodium chloride

on the nature of water in hydrogels to be studied over a wide range of

E.WeC's and freezing/non-freezing water ratios.

The results for HEMA/STY preparations swollen in either 0.1M Lincomycin,
Clindamycin or sodium chloride showed no significent variations in E.W.Ce.
or freezing/non-freezing water content, the strong water structuring

forces of the hydrogel apparently remaining prevalent.
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TABLE III E

NATURE OF WATER IN HEMA/STY PREPARATIONS

E . W.C Freezing Non-Freezing
Composition® 2%; * | water Content | Water Content
(%) (%)
HEMA/STY swollen in water 23.1 1.0 : 22.1
HEMA/STY swollen in 0.1M L/M 22.3 0.9 21.4
HEHA/STY swollen in 0.1M B,H 2247 1.2 21-5
HEMA/STY swollen in O.1M NaCl | 22.4 0.9 21.5

HEMA/STY swollen in 1.5M L/M 29.3 -
HEMA/STY swollen in 1.5M C/M L2.3
HEMA/STY swollen in 1.5M NaCl 16.7

HEMA/STY inc 10% 1.0M L/M 28.8 1.2
HEMA/STY inc 10% 1.0M C/M 3b4.6 Selt 29,2

+ All preparationsHEMA/STY (90:10) (mole%) end cross-linked by
1% (by wt) EDMA

When higher solution concentrations (1.5M) of these solutes were used

to swell HEMA/STY copolymers the E.W.Ce. of the preparations swollen in
1.5M sodium chloride solution were lowered ss expected. However,
HEMA/STY preparations swollen in 1.5M solutions of elther Lincomycin or
Clindamycin had elevated E.W.C's when compared to water swollen HEMA/STY,

the elevation being markedly greater using Clindamycin than for the use

of Lincomycin,

The data presented in Table III E for HEMA/STY preparations with
antibiotics incorporated during polymerisation also showed higher E.W.C's
for antibiotic incorporated preparations than for water swollen prepara-
tions. Once sgain, the Clindamycin incorporated preparations had higher
E.W.C's than the corresponding Lincomycin preparations. The freezing/
non=freezing uater-cnntent data for these preparations reinforced the

trend already seen in that the freezing water content of the Clindamycin
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incorporated HEMA/STY preparations was greater than that found for the
corresponding Lincomycin preparations. The non-freezing water component
of the Clindamycin incorporated preparation was also found to be slightly
greater than that found for the Lincomycin incorporated preparation, both
of which were higher than water swollen HEMA/S5TY. This was not surprising
since the increased E.W.C's found for these preparations could not
reasonably be expected to be confined to an increase in the freezing water

fraction in hydrogels where non-freezing water structuring forces

predominated.

ﬁhereaQIHEMA/STY preparations both incorporating antibiotics and those
with antibiotics swollen into them showed E.W.C. increases dus to
Clindamycin over the E.W.C. found with Lincomycin (the HEMA preparations
swollen in antibiotics also showing this trend) the effect was not found
for HEMA preparations with antibiotics incorporated during polymerisation,.
However, it would seem that the presence of both antibiotics in hydrogel
preparations can stimulate increases in both the E.W.C. and the freezing
water content of the hydrogel relative to the water swollen preparation.
This was contrary to the deswelling effect seen for solutes such as

sodium chloride and suggests that both antibiotics are extremely hydrophilic

and possess strong water structuring cepabilities.

The results of determinations of E.W.C. &nd freezing/non-freezing water
composition of various MAA/ACM and MAA/ACM/STY preparations are shoun in
Table III F. These results were possibly the most difficult to interpret
but were certainly the most interesting as regards modifications to the

nature of water in hydrogels brought about by the entibiotics.

The particular swelling properties of MAA/ACM copolymers cross-linked

with EDMA as reported by Hiddleton15 and Goulding111 have been discussed
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TABLE III F

NATURE OF WATER IN MAA/ACM AND MAA/ACM/STY PREPARATIONS

Freezing Non=Freezing
Composition® EeeCe (%) Water Content Water Content
. (%) (%)
MAA/ACM ;376 8t 2.5 ueeks ;"_35.0 at 10 weeks -
swollen in water 68,9 at 16 weeks 4LB.5 at 16 weeks |20.4 at 16 weeks
MAA/ACM 37.5 at L.5 weeks 1.8 at 7 weeks |35.7
inc 10% 1.0M L/M 37.7 at 16 weeks 2.3 a8t 16 weeks |35.4 at 16 weeks
MAA/ACM 38.8 at 4.5 weeks 6.7 8t 7 weeks |32.1
inc 10% 1.0M C/M 39.2 at 16 weeks 7.3 at 16 weeks | 31,9 at 16 weeks
MAA/ACM/STY 27.5 at 2.5 weeks 0.1 at 10 weeks |[27.4
swollen in water 28.0 at 16 weeks
MAA/ACM/STY 19,4 at 4.5 weeks 0.0 at 7 weeks 19.4
inc 10% 1.0M L/M 19.6 at 16 weeks
MAA/ACM/STY 21,1 at 4.5 weeks 0.0 at 7 weeks |21.1
inc 10% 1.0M C/M 21.2 at 16.0 weeks

* All praparations cross-linked by 1.0% (by wt) MBACM, and stored at 2390,

% Preparations swollen at 37°C for 2 weeks and at 23°C for the rest of

the time,

earlier in this chapter. It had beén reported that the E.W.C's of these

preparations increased with time up to at least 30 weeks hydration time.

This process had been explained as the gradual solvation of interchain

hydrogen bonds,.

However, the pH of the system used by Goulding may well

have been of a value at which ionisation of the methacrylic acid units

occurred which might also be expected to influence the hydration process.

Work carried out during the course of this research suggested no such

elevation of E.W.C. with time at room temperature for similar systems

cross-linked with MBACM rather than EDMA.
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Goulding111 also reported that the E.W.C's of MAA/ACM preparations

increased with increasing initial dilution of the starting mixture
with water. This was explained in terms of increased solvation of
hydrophilic groups before polymerisation took place and interchain

hydrogen bonds could form. These results sre shown in Table III G.

TABLE IIT G

AFFECT OF INITIAL DILUTION ON THE E.W.C. OF MAA/ACM COPOLYMERS' !

i

% (by Ut) E.W.Ce (%) E.lWsCe (%)
Water in Starting at & weeks at 30 weeks
Mixture
0.0 45,2 6L.2
2.0 49.2 69.0
5.0 56.8 2.4
7.5 6845 84,3
10.0 75.3 8647

It would seem reasonable to assume that the same process would occur in

MAR/ACM/STY preparations but with correspondingly lower values of E.W.C.

due to the presence of styrene.

Table III F alsoc showed that the EelleC's of MAA/ACM/STY preparations
both swollen in water and incorporating either Lincomycin or Clindamycin
did not vary with hydration time at room temperature over & period of

16 weeks. This was as was found for the MAA/ACM preparations incorpora-
ting Lincomycin and Clindamycin. However, the same E.W.C. stability
with time was not actually demnnatrated_fur water swollen MAA/ACM
copolymers. It was unfortunate that such E.W.C. stability for MAR/ACM

Could not be confirmed, all stocks of membranes from this batch having
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been used in the study of. the especielly interesting permeability
properties of this composition (see Chapter VI). The only E.W.Ce.
determinations that could be made after a long hydration time were
therefore on membranes that had been soaking at 37°C for about two

weeks, -the rest of the hydration time being at room temperature (23%).

The results of the effect of increaaéd hydration temperature on E.W.C.
with regard to all the water swollen hydrogels studied will be considered
later but the results for the water-swollen MAA/ACM and MAA/ACM/STY

preparations cross-linked with MBACM, as shown in Table III J, ere also

of relevance here.

1t was apparent-that the MAA/ACM/STY preparations whose E.W.C's were
stable with time at 23°B, were not stable at hydration temperatures of -.
37°C and 45°C where marked E.W.C. increases were found. Since antibiotic
incorporated preparations of MAA/ACM and MAA/ACM/STY also did not vary
in ElloCe with time at 23°C it was not unreasonable to assume that the
E.W.Ce of MAA/ACM swnllen in water was slso atéble with hydration time,
This being the case then the E.W.C. of this preparation was also found

to substantially increase at elevated hydration temperatures.

"All the MBACM cross-linked copolymers used in this study did not seem

to vary in E.W.C. with time at 23%. However, it was suggested in
earlier nﬁudies that MAA/ACM copolymers cross-linked with EﬁMA did vary
in E.WeCs with time at rnumltemperature. If the earlier studies cen be
confirmed thén this would suggest that the shorter cross-links present
in MBACM cross~linked preparations are able to prevent aolvatiun of
interchain hydrogen bonds ﬁv water which readily occurred in EDMA cross~

linked preparations. The "tighter® MBACM cross-linked preparations would

also be expected to have lower E.W.C's than their EDMA cross-linked
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counterparts.

when compared to previously determined values on preparations cross=-

linked with EDMA,

The louwer E.W.C. of MBACM cross=linked MAA/ACM

This was certainly observed for MAA/ACM/STY preparations

copolymers compared with their EDMA cross-linked counterparts was not

very large but was complicated by the lack of knowledge of the length aof

hydration time used in the previous worke.

are shown in Table III H.

TABLE III H

PREVIOUSLY REPORTED WATER CONTENT VALUES OF
MAA/ACM AND MAA/ACM/STY COPOLYMERS

(Hydrated at Room Temperature)

Previously obteined values

Freezing Ban®

1
Composition EellCe hiater Frzzie:g
(%) Content| . .ont

10

pACM, 1% EDMA 85.0 - -

pHEMA, 0.9% EDMA 36,0 - -

HEMA/STYRENE (90/10)(mole%) 22,8 - =
3

MAR/ACM (50:50)(mole%), 1% EDMA 0.0 12,417 | 27.2]
MAA/ACM/STY (43.75:43.75:12.5)(mole%), 1% EDMA| 34.77° 0.6% | 34,3%

The increased E.W.C's of these preparations as interchain hydrogen bonding

was disrupted at elevated hydration temperatures would be expected to be

irreversible,

water which spent 2 weeks of its total hydration time at 37°c, the

remaining hydration time was at 23°c., The final E.W.C. value was

This was shown by the limited data on MAA/ACM swollen in

intermediate to that found for samples hydrated for two weeks at 37%

and 45°C,
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interchain hydrogen bonding with time and suggests that the E.W.Ce.
values shown for MAA/ACM and MAAR/ACM/STY water swollen preparations at
37°C and 45°C in Table III J are fairly arbitary values and not stable

or true equilibrium values of water content.

The freaziﬁg/nan-freezing Qater composition of MAAR/ACM/STY as compared
with the preﬁiuuslv obtained values (Table III H) showed the E.W.C.'s of
the MBACM cross-linked preparations to be lower than the E.W.C.'s of
EDMA cross-linked preparations, contrary to previcus reports of the
effects of cross-linking agents on E.w.EJS This might suggest some
involvement of MBACM units in interchain hydrogen bondings. However, the
lack of data on the freezing/non-freezing water composition of water
swollen MAA/ACM preparations used in this study, hydrated only at 23%
does not ellow eny comparison to previous velues to be made. A similar
ratio of freezing/non-freezing water in water swollen MAA/ACM cross-
linked with MBACM to that found in the EDMA cross=linked preparatinna13

would be expected (ie about 30:60, freezing:non-freezing water).

Bearing these observations in mind the results for MAA/ACM and MAR/ACM/STY
preparations incorporating the eantibiotics are particularly interesting,
(Table III F). In both ceses the incorporation of either Lincomycin or
Clindamycin produced & hydrogel of exceptionally high non-freezing water
content. The MAA/ACM preparations did not show any variation in E.W.C.
between hydrogels incorporating antibiotic and those swollen in water
whereas for MAA/ACM/STY preparations the E.W.C's of sntiblotic incorporated
preparations were lower than for water swollen preparations. The latter
observation was contrary to the trend seen for other hydrogels where

antiblotic incorporation increased the E.W.C. relative to water swollen

preparations.
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However, the previously observed trend of Clindamycin incorporated
preparations having higher freezing water components than the corres-
ponding Lincomycin preparations was maintained for MAA/ACM copolymers
but not MAA/ACM/STY preparations. The MAA/ACM/STY preparations were

found to have no detectable freezing water when antiblotics were

incorporated.

The observation that the E.W.C's of water swollen and antibiotic
incorporated MAA/ACM preparations were similar was surprising bearing in
mind the work of Goulding11 on the effect of initial dilution of

MAA/ACM preparations on their E.W.C's as shown earlier in Table III G.
Since the entibiotic solutions used for incorporetion were approximately
equivalent to the incorporation of 7% (by wt) water into the starting
mixture then this much water slone (no interference from the antibiotic)
would be expected to result in an immediate increase in E.W.C. of about
20%. No such increase in E.W.C. was observed. The lack of any increase
in E.W.C. due to solvation of hydrophilic groups before interchain
hydrogen bonds could form was thus due to the presence of the antiblotic.
In effect, the addition of about 3% (by wt) antibiotic with about 7% (by
wt) water to the monomer mixture resulted in a hydrogel in which the
vast majority of the water was non-freezing as compared to an eatimated

60% non-freezing water in a water swollen preparation,

This effect was considered to be the result of hydrogen bonding interac=-
tions between antibiotics and the hydrogen bonds utilised in interchain
bonding. There are many possible types of arrangement. Figure III (26)

shows @ "trimer" arrangement of hydrogen bonded species. The hydrogen

bond between MAA and ACM would be of the type already postulated
(Figure III (17)), but would now be supplemented by an additional

stabilising bridge via the antibiotic. This allows the previously
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shielded carbonyl group of ACM to participate in interchain hydrogen
bonding via the antibiotic. The strength of the hydrogen bonding
capability of the N-H and C=0 groups of the antibiotics would meke

this type of interaction quite feasible.

FIGURE III (26)

HYDROGEN BONDED *"TRIMER® IN ANTIBIDTIC
INCORPORATED MAA/ACM COPOLYMERS

MAA

CH
2
-t | CHpee
¢ “\h\\‘~c—”"”” "

N
/"

,---Ha 0
can- '
ANTIBIOTIC | :
N = H,_ H H
/ N
¥
‘! \‘\\ |
*0=C

CH e
o _,,f*”’ ““““~h‘ _——
BHZ CHZ

ACM

The drawback with the arrangement shown in Figure III (26) was that the
preparations contained mainly non-freezing water but in the "trimer®

a2 lot of hydrophilicity has been "tied up® in intermoleculer bonding

and so presumably the amount of "bound" water would not be particularly
large. This problem was overcome by envisaging the antiblotic's
position as in the centre of the matrix "pore", interacting with the
monomeric units vias water bridges. This arrangement would allow stabi=-
lisation of the matrix and a high level of non-freezing water. It could

also be envisaged that this arrangement would lead to a propagated water
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structure throughout the matrix, in a manner described by F’auli.ng"EI
resulting in the high level of non-freezing water found. Alternatively,

the "trimer" arrangement might be incomplete leaving hydrogen bonding

groups free to structure uater,

The "seeding" of a propagated water structure was favoured as a model
since such a small amount of antibiotic on its own would be incapable

of "binding" the amount of water found to be non-freezing in these

preparations,

Both antibiotics would participate {n-the trimer" in the same manner
but the orientation of the remainder of the entibiotic molecule could
be different for each antibiotic due to the influence of the C1/0H
group changes. This would then allow Clindamycin incorporated
preparations to demonstrate the slightly higher freezing water compo-

nents than were found for Lincomycin preparations throughout these

studies.

The effect of entibiotic incorporation into MAA/ACM/STY preparations
was @ reduction in E.W.C. of approximately the same extentlfor each
antibiotic. As was previously mentioned, this was contrary to the
previous trend. It was eviﬁent that the presence of atyrene modifies

the interaction model for HAA/ACH/ANTIBIOTIC outlined above. If the
effect of styrene was to disrupt the "trimer" or similer arraﬁgement

then assuming that the MAA/ACM ;nteractinn remained, the effect of the
presence of antiblotic in the matrix would surely be to increase the
E«WeCe in the manner seen earlier for preparations swollen in antibiotic
solutions. Diaruptiun of the "trimer" due to étyrena was thus considered
unlikely. It was possible that the styrene units would be orientated

in a manner so that there was no disruption of the antibiotic/matrix
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interactions but that the E.W.C. was lowered by hydrophobicity of the
styrene groups. The majority of the forces in the matrix would still
result in an almost totally non=freezing water network but the
hydrophobicity of styrene prevented the accumulation of any freezing
water, The lowering of E.W.C. due to the presence of antiblotic as
compared to the water swollen preparation would in part be because of
the restriction of the matrix water content to "bound"” water only and
also due to displacement of water from the matrix due to the physical
presence of the antiblotics. Another possible cause might be the
reduction in hydrophilic hydration due to hydrophobic bonding between

styrene and the relatively hydrophobic parts of the antibiotics.

In conclusion, despite the problems in assessing the water content of
MAR/ACM and MAA/ACM/STY preparations, these compositions with entibiotic
incorporated during pﬁlymeriaatinn stand out es preparations in uhiﬁh

a drastic change in the nature of water present has been brought about

by the presence of fairly lou levels of antibiotic.

Throughout all the preparations studied, the antiblotics were aeeﬁ to
affect both the E.W.C. and freezing water content in a trend consistent
with which antibiotic was present. The data is summarised in

Figure III (27). Although it can be seen that the greatest influences
of the antibiotics were seen for the lower E.W.C. composltinna,_thera
was no clearly discernible trend. This was mainly the result of the
interactions postulated to be occurring in the MAA/ACM and MAA/ACM/STY
preparations. The overall conclusion being that the extent of water
structuring influences of Lincomycin and Clindamycin were affected by

both the chemical nature of their environment and also its freezing/

non-freezing water composition.
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11I.5.11 Density Determinations of Various Hydrogel Preparations

The densities of samples were determined using the method already
described in Chapter II. Before discussing the results obtained some

of the problems encountered durinj the determination of the density

of samples will be discussed.

In a density gradient column the density of the liquid mixture increases
from top to bottom. It was usually found that the celibration of

columns showed that their density was not linear with height over the

whole range of densities used.

An example of this non-linearity 1s shown in Figure III (28) where

column density was plotted against marker float height.

The non-linearity was mainly due to difficulties in controlling the rate
of mixing of the liquids and the subsequent flow rate into the column.
The repeated insertion and removal of the sweep basket into and out of
the column was also found to alter the calibration as well as general
agelng of the column as one part of the liquid column diffused into
another and as impurities in test samples leached into the column liquid.
Figure III (28) also shows the calibration of the column after one

week's use. The column was always calibrated before eny density

measurements were made end if a significent change in the calibration

was detected a new Column was prepared.

The density of a preparation was determined by taking tha-ﬁathafumeter'
height readiﬁg of the sample in the column ét equilihriuﬁ'ﬁnﬂ reading
off the corresponding density from the calibration curve., The average
density of a number of samples being taken as the density of that

preparation. 1In some cases a final equilibrium was not observed, the

samples reaching a level at which they did not visibly appear to be
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Cathetometer Reading (cm)

moving after which they gradually changed position. The sample readings
were teken at the point of visible equilibrium since samples could then

be observed to either slowly increase or decrease in height with time

FIGURE III (28)

EXAMPLE OF DENSITY GRADIENT COLUMN
CALIBRATION CURVE
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o = Calibration after 1 week
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after they had initially "settled". The changes in height were due to
the uptake of either the "lighter" or "heavier" liquid from the column,
Taking semple readings at the initiel settling point removed most of

the swelling effects from the measurements but small errors would have

been unavoidable,

Other errors in the density measurements could arise from the presence
of small air bubbles attached to the sample surface during measurement

which would lead to a lower spparent density than the true value., The
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TABLE III I

DENSITIES IN HVDRATED AND DEHYDRATED STATES,

EXPERIMENTAL E.W.C'S AND CALCULATED E.W.C'S
FOR SAMPLES HYDRATED AT 23 C

Densitv DEHaity EQM.CQ EQMOCO
Composition (Hydrated) (Dehydrated) | (Calculated) | (Experimental)
Coca) (gen™) (%) %)
Samples Swollen
in Water
pACM 1.006 1.332 96.8 89,3
pHEMA 1.189 1.284 27.9 35.5
HEMA/STY 1,215 1.260 14,1 23.1
MAA/ACM 1.209 1.315 27.6 37.6
at 11 weeks at 2.5 weeks
MAA/ACM/STY 1,237 1,260 7el 27.5
at 11 weeks at 2.5 weeks
Samples Incorporating
10% 1.0M Lincomycin
pHEMA 1.176 1.270 29.3 39,4
HEMA/STY 1.205 1.270 19.8 28.8.
MAA/ACM 1.212 1.299 23.8 37.5
at B weeks at 4.5 weeks
MAA/ACM/STY 1,256 1.273 L.,9 19.4
at B weeks at 4,5 ueeks
Samglaa Incannrating
10% 1.0M Clindamycin
pHEMA 1.180 1.270 28,0 40.8
HEMA/STY 1.184 1.274 275 4.6
MAA/ACM 1.201 1,297 26.7 38.8
at 8 weeks at L.5 weeks
MAAR/ACM/STY 1.250 1.273 Be7 21.1
at 8 weeks . .y .

. at 4,5 weeks




presence of any residual moisture in the sample due to incomplete
dehydration would also result in a lower apparent density. It was
considered that these errors were minimal since the values of sample

densities obtained were in good agreement with previously reported

values (see later).

The results of the density determinations on & number of preparations
hydrated at 23°C ere shown in Table III I and values for samples
hydrated at various temperatures for two weeks are shown in Table III K.
Tables III I and III K also summarise the calculated or theoreticel
E.W.C's determined from the density values in the dehydrated and

hydrated states according to the method described in Chapter 1l.

The results shown in these tables for MAA/ACM and MAA/ACM/STY may be
subject to the limitations discussed previously regarding their hydration
properties. This apart, many interesting obeervations could be made

from tﬁe data, Data in Table III I can be compared with that previously
reported. Ng11 found dehydrated and hydrated density values for pHEMA

of 1.279 and 1.169 respectively. Other workers determined the

126 and hydrated value ss 117077, The

dehydrated value as 1.286
corresponding values of density for dehydrated and hydrated pHEMA
obtained during this study were 1.284 and 1.189. As can be seen the
agreement with previously reported dehydrated values was good but there
was a slight difference in the hydrated density values. The experi-
mentally determined E.W.C. of pHEMA was also slightly lower than that
previously reported. This was adequately explained by the fact that
whereas 1% (by wt) of cross-linking agent had been used in these studies,

1 mole% of cross-linking agent had been used in the previous study.

This would lead to differences in the extent of cross=linking of the

preparations.
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The previously reported density values of HEMA/STY (S0:10) (mole%)
in dehydrated end hydrated states11 of 1.259 and 1.204 respectively

compared favourably with the corresponding values of 1,260 and 1.215

determined during this study.

The results presented in Tébla I1T I showed that the densities of the
various antiblotic incorporated hydrogel preparations in both dehydrated
and hydrated states showed little difference depending on whether
Lincomycin or Clindamycin was used. The only exception was for

HEMA/STY preparations where preparations incorporating Lincomycin were
less dense than the corresponding Clindamycin preparations. This

factor accounted for the difference between the theoretical (calculated)

E.W.C's of Clindamycin and Lincomycin incorporated HEMA/STY preparations.

Since the theoretical E.W.C's were all calculated in the same manner,

a8 comparison of these velues provides a convenient method of eppraisal

of the density data.

The thaargtical E.W.Ce values for pHEMA preparations swollen in water

or with Lincomycin or Clindamycin 1ncurpurated'uere appruximatély

the same. The actual E.W.C. values of these preparations were on average
about 10% greater than the theoretical values, although throughout this
study the general trend in hydration was similar to that seen

previously, in that antibiotic incorporated preparations generally

had higher water contents than the water swollen preparations.

The data for HEMA/STY preparations either swollen in water or with
Lincomycin or Clindamycin incorporated showed that the extent of
hydration increased in the manner water swollen <Lincomycin incorporated

<Clindamycin incorporated, a trend also seen with the experimental

E.WeCe values. Once more there was epproximately a 7% difference betueen
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experimental and calculated E.W.C. values (calculated values being
lowest). Such differences between experimental and celculated E.W.C.
values were 8lso reported by Ng11 who attributed them to small errors

in density measurements which markedly affected the theoretical

(calculated) E.W.C. values.

The previously described experimental E.W.C. trends for MAA/ACM/STY

were also fnunﬁ for calculated E.W.C. values, where the increasing
hydration was of the order Lincomycin incorporated < Clindamycin
incorporated << water swollen. Although the experimental E.W.C.

values found for MAA/ACM preperations were broadly similar the calculated
values for Lincnmycin_incnrpurated MAA/ACM uwere slightly lower than the
values for thelcur;eapundlng Clindamycin incorporated and water swollen
preparations. The general trend of Clindamycin incorporated preparations
having higher hydration levels than the corresponding Lincomycin
incorporated preparations was consistent with the previocusly reported

trends in freezing water contents of these preparations.

I11.5.111 Variation of E.W.C. with Hydration Temperature

The effect of sample hydration at & number of temperatures on E.UW.C.
was studied. Samples of membranes that had previously been hydrated
at 23°C were placed in freshly distilled water and incubated at either
37°C or 45°C for a further two weeks, after which time the water
contents of the samples were determined. The results of these studies

are shown in Table III J and plotted in Figure III (29).

It was apparent from the results shown in Table III J that the hydration
temperatures studied had very little effecf on the E.W.Ce OF the HEMA/STY
preparations used. pACM preparations éhaued a slight increase in E.W.C.

as the hydration temperature increased. This was probably due to
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TABLE III J

EFFECT OF HYDRATION TEMPERATURE ON THE E.W.C'S OF
WATER SWOLLEN HYDROGEL PREPARATIONS

Composition EolleCe (%)

23°C Hydration

PACM 89.3 |
pHEMA 35,5
HEMA/STY 23.1
MAA/ACM at 2.5 weeks 37.6
MAAR/ACM/STY at 2.5 weeks 27.5

37°C Hydration

pPACM 91.5
pHEMA 38.4
HEMA/STY 20.2
MAA/ACM at &4 weeks 5545
MAA/ACM/STY at & weeks 27.2

45°C Hydration

pACM 91.3
pHEMA 37.0
HEMA/STY 20.7
MAA/ACM at 4 weeks - 73.5
MAA/ACM/STY at 4 weeks 37.5

Where times of hydration are indicated this includes

prior hydration at 23% plus two week's hydration
at the relevant temperature.
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FIGURE III (29)

VARIATION OF E.W.C. WITH HYDRATION TEMPERATURE
FOR VARIOUS WATER SWOLLEN HYDROGELS
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increased hydrophilic hydration and polymer network expansion as

discussed earlier.

The results of the study on pHEMA hydration seemed to suggest a slight
maximum in E.W.C. 8t about 37°C for the hydration temperature range
studiede This was considered indicative of the previously reported

minimum in the E.W.C. of this preparation at a hydration temperature
of Enuc.78 The nature of the competing forces which govern such

changes in E.W.Ce. with hydration temperature have also been discussed

earlier.

The results of the hydration of MAR/ACM and MAA/ACM/STY pfepgratinna at
elevated temperature have already been discussed. It apbeared that
increasing hydration temperature provided enough energy to allow the
disruption of interchain hydrogen bonds and the solvation of the
hydrophilic groups. This led to the observed dramatic increase in
hydration of these preparations as temperature increased. If future
experiments confirm the stability of the E.W.C. at 23°C of water swollen
MAA/ACM copolymers with time as has been found for water swollen
MAA/ACM/STY, then it would sppear that using MBACM to cross=-link these
preparations confers stability of E.W.C. at room temperature not found
for preparations cross-linked with EDMA, It would also esppear that
increased hydration temperature supplies sufficient energy to overcome

such stabilisation and so an increase in E.W.C. results.

It can be postulated that the E.W.C's of MAA/ACM and MAA/ACM/STY will
eventually reach a maximum value when all interchain hydrogen bonds

have been solvated. 0Only this point can be considered as the true
equilibrium water content. The E.W.C. data for these preparations shown
in Table III J at 37°C and 45°C hydration temperatures must therefore

be consldered as transient water content values of networks in which
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only a proportion of interchain hydrogen bonds were solvated.

III.5.iv Variation of Sample Densities and Theoretical
(Calculated) E.W.C's with Hydration Temperature

Samples of preparations hydrated at elevated temperatures used in the
above study were also used for the determination of their densities

in both the dehydrated and hydrated states. The theoretical (calculated)
E«WeC's of the preparations were also determined according to the method

already described. The data are presented in Table III K and are elso

plotted in Figure III (30).

The calculated values of E.W.C. were found to be lower than the actual
values of E.W.C. as had been noted earlier. However, the general trends
for the variation of the extents of hydration with temperature were

very similar to those seen earlier for the variation of experimentally

determined (actual) E.W.C's with hydration temperature.

The only exception was the higher theoretical E.W.C. of pACM at 23%
than was experimentally determined, the theoretical values at hydration
temperatures of 3700 and 45°C behaved in the manner seen previously

for their actual E.W.C's at these hydration temparathfeé.

Teble III K also shows that the dehydrated densities of pACM, pHEMA and
HEMA/STYRENE also decressed as hydration temperature increased from
23°%C to 37°C but no further change was observed between 37°C end 45°C.
The MAA/ACM and MAA/ACM/STY preparations showed a continuous but very
slight increase in density as hydration temperature increased from ZJBC
to 45°% although this was not considered significant. The changes in
hydrated density of all these preparations were consistent with the
changes in theoretical E.W.C. shown in Figure III (30). These observations

would suggest that for pACM, pHEMA and HEMA/STY preparations the

expansion of the network increases up to 37°C and then levels off since
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TABLE III K

DENSITIES IN HYDRATED AND DEHYDRATED STATES, EXPERIMENTAL

E.W.C'S AND CALCULATED E.W.C'S FOR SAMPLES HYDRATED

AT 235C, 370C and 450C (TWO WEEKS HYDRATION AT

" 370C BND 450C) FOR WATER SWOLLEN HYDROGELS

Denaity Densttv E.I.IJ.C. E.lll.[:o
Composition | (Hydrated) | (Dehydrated) | (Calculated) | (Experimental)
(gem™) Coen™) (%) (%)
23°C Hydration
pHEMA 1.189 1.284 27.9 35.5
HEMA/STY 1215 1,260 . 14,1 23,1
MAA/ACM 1.209 1.315 27.6 37.6
at 11 weeks at 2.5 weeks
MAA/ACM/STY 1.237 1.260 7.1 27.5
at 11 weeks at 2.5 weeks
37°C Hydration
pHEMA 1.170 1.275 32.3 38.4
HEMA/STY 1.208 1,251 14,0 20.2
MAA/ACM 1.155 1.321 bbb 5545
at 4 weeks at 4 weeks
MAA/ACM/STY 1.218 1.263 13,9 27.2
at & weeks at & weeks
45°¢ Hydration
pACM 1.037 1,321 84,6 91.3
pHEMA 1.173 1.276 31.5 '37.0
HEMA/STY 1.206 1.251 14,7 20.7
MAAR/ACM 1.0%1 1.323 65.3 73.5
at L4 weeks at 4 weeks
MAA/ACM/STY 1,184 1.265 25.6 375
at 4 weeks at L weeks

where time of

hydration is indicated this includes prior hydration at

23°% plus two weeks hydration at the relevant temperature.
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Theoretical (Calculated) E.W.C. (%)

FIGURE III (30)

VARIATION OF THEORETICAL (CALCULATED) E.W.C,
WITH HYDRATION TEMPERATURE FOR VARIOUS WATER SWOLLEN HYDROGELS
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the lower densities found reflected a more open matrix. This apparent
tailing off of network expansion might be considered as the breakdown
of supplementary hydrophoblc cross-links of the type postulated by

Re?n3079 although the behaviour of the pACM preparations could not be

accounted for in such a way.

It 1s appropriate to mention here that in all the preparations synthésised
so as to incorporate antibiotics during polymerisation crystallisation

of the antibiotice "locked" into the matrix could be observed when the
preparations were dehydrated. This was taken as evidence of high levels

of the entiblotics being trapped within the matrices of these hydrogels.

The studies in this chapter have demonstrated the existence of larger and
possibly more stable hydration shells associeted with Clindamycin when
incorporated into hydrogels than with Lincomycin in similar preparations.
The two antibiotics were able to alter the freezing/non-freezing water
ratio of hydrogel preparations. It alsoc appeared that the extent and
nature of the effects of the drugs on th; water structure in the hydrogels

was dependant on the type of water environment to be found in the water

swollen hydrogels.

The next logical step was to study more of the nature of the differences
in these structuring effects, and such work has been presented in the
following chapter. However, bearing in mind the objectives of the
research underteken and the reported differences in the irritancy of the
antiblotics, it wes also important to study the ways in which the water
structuring effects of the entibiotics influenced certain membrane
transport processes. The results of permeability studies on hydrogel

membrane systems have been presented in Chapters U and VI.
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CHAPTER IV

« DIFFERENTIAL SCANNING CALORIMETRY (D.S5.C) STUDIES

IV.l Introduction

pDifferentiael Scanning Calorimetry (D.S.C.) was used to guantitatively
determine the amounts of "freezing®™ and "non-freezing® water in a variety
of sample types and compositions during the course of this research. A

full account of sample preparation end esnalysie by D.S.C. has already

been presented in Chapter II.

Differential scanning calorimetry also provides information concerning the
kind of thermal tranéitiuns taking plaée in samples as seen by the

structure of the peak or peaks ocbserved on the D.5.C. trace.

The results of freezing and non-freezing water content determinations of
samples using D.S.C. have already been presented in Chapter III, where

equilibrium water content data and the results of other characterisation

studies were also discussed.

This chapter will largely be confined to the discussion of the nature of

the DeS5.C. traces themselves in relation to sample type and composition,

thermel transitions observed and thermal history of the sample.

IV.2 Applications of Differential Scanning Calorimetry

Thermal analysis techniques, end differentiasl scanning calorimetry in

particular, have been used to study a variety of systems in recent years.

Early calorimetric investigations on the néture of water in wool can be

found in the 1.‘.tm:tatur:ta‘iza’12'9 and studies of water in cellulosic
130,131 132

3

materials y Bovine Serum nlbumin1 2 and Deoxy=-

Collagen

ribonucleic acid (D.N.n.),13h are also well documented,
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The use of D.S.Ce in various modes has enabled studies of the freezing/
melting behaviour of salt aolutinns135 in porous materials, hydration

forces in phospholipid multilamellar ayatema,136'137 aqueous polymer

solutions and g915138,139,1uu

cella1h1 to be carried out.

and the state of water in microbisl

Accounts of D.S.C. studies of phase behaviour of aqueous poly(alkylene
oxide) sulutinns,1u2 calorimetric investigations of the non-equilibrium
freezing behaviour of agueous ayst2m537 and studies of the movement of

water in hydrogels using 0.5.3,85 are also to be found.

More diverse studies, although not necessarily concerned with water
structure, which employed D.S.C. include the study of the interaction of
synthetic polymers with cell membranes and model membrane aystems:h3
studies of the thermal transitions of the water-splitting complex of
Photosystem II of chloroplast membranea?hh low density lipoproteins end
11p1ds1h5 and human erythrocyte ghost p::'l:ateinsl..‘”'E These examples are
mentioned not ﬁnly because they demonstrate the wide-reaching versatility
of DeSeCe but also because certain aspects of the thermograms obtained

were comparable with observations reported in this chaspter.

IV.3 Recent D.S.C. Studies on Hydrogel Systems

IVe3el The Melting of Water in Hydrogels

In recent years, during extensive studies on the water binding properties

of hydrogels, workers within this research group heve recorded observations

of @ "fine structure® to D.S5.C. traces nbtained.m’16 In such instances

the thermograms did not show the simple melting behaviour exhibited by
pure water but were more complicated. Figures IV (1) (i), (11) and (i11)

1llustrate this behaviour as seen in the melting endotherm of an
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FIGURE IV (1)

MELTING ENDDTHERMS OF AN HYDRATED EQUIMOLAR
COPOLYMER OF MAA/ACM SHOWING THE
3rd (1), Sth (ii) and 7th (1ii) MELTING CYCLES

Endothermic
Response -

>
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215 T (R) 270 275 T'(K) 270 275 T (%) 270
(1) (i1) (111)

equimolar copolymer of acrylamide and methacrylic acid. Figure IV (1)
shows how the two peaks found at 273K and 274K changed in size on
temperature cycling between 293K and 233K. The 274K pesk was seen to
increase in size on temperature cycling with @ simultaneous decreese in
the size of the 273K peak. Figures IV (1) (1), (i1) and (111) shou
these changes at the 3rd, Sth and 7th cycles respectively. Given the

presence of water pores in hydrngela121'115'1u7

the effects of temperature
cycling were visualised in terms of "increased perfection of crystolli-
sation" 0 of the water in the network. The srea under the 274K peak

was assigned as the melting of "pure" water in the system (bulk-like

water) since it recrystallised and melted in & manner indistinguishable

from that of pure water., The mechanical stressing of the network due
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to expansion and the incomplete randomisation of the crystalline

structures on railsing the temperature to 293K were implicated in the

process.

IV.3.ii The Crystallisation of Water in Hydrogels

The freezing exotherm obtained for the same equimolar copolymer of
acrylamide and methacrylic acid discussed above, was also of considerable
interest. This can be seen in Figure IV (2). The freezing exotherm
consisted of a sharp peak and a broader more complex peak well separated
from each other., The area under the sharp peak of a semple not previously
temperature cycled and the area under the 274K peak of the melting
endotherm (Figure IV (1)) showed good correlation, the sharp pesk of the
freezing exotherm then being essigned as the freezing of water of the same
type (ie bulk-like) as found under the 274K melting endotherm peak. The

broader more complex peak was considered indicative of a multiple

nucleation process.

IV.3.111 The Development of a Continuum Model for Water in
Hydrogels

From the observations cited so far in this chapter it was aspparent that

there was & difference between the various descriptions of water states
(see ChapterlI) and the experimental results of members of this research
group. The theoretical concepts of the water states described in

Chapter I did not necessarily correspond with the results of any particular
experimentel technique and so any distinction made between "free" and

"bound" water using different techniques would be affected by the presence

of intermediate states of water.

These considerations led to the development of the concept of a continuum

of water states between water hydrogen bonded to functional groups of the
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FIGURE IV (2)

FREEZING EXOTHERM OF AN HYDRATED' EQUIMOLAR COPOLYMER
OF METHACRYLIC ACZR AND ACRYLAMIDE
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polymer end water relatively unaffected by its polymeric environment. The
crvstallisatlnn of such a continuum of water states would be affected
by the polymeric environment end would therefore take place after the
crystallisation of "pure" water in the system. Such a concept agreed

well with the experimental observations of this research group.

IV.4 Preliminary D.S.C. Studies

IV.b.i INtrUdUbtiDn

Differential scanning calorimetry has been used to study not only the
behaviour of water in hydrogels but also the effects of the antibiotics

under investigation on water structure in solution and in hydrogels. The

results of these studies will now be presented.
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IV.hoii D.S.C. Studies of the Melting Behaviour of Low
Concentration Aqueous Antibiotic Solutions

Samples of the aqueous entibiotic solutions were introduced into
aluminium sample pans using a Hamilton Microlitre Syringe. The sample

pans were then hermetically sealed and treated in the manner previously

described in Chapter II.

The melting endotherms obtained for 0.1M aqueous solutions of clindamycin
hydrochloride, lincomycin hydrochloride and clindamycin phosphate can be

seen in Figures IV (3) (1), (ii) (iii) respectively.

Aqueous solutions of lincomycin hydrochloride underwent an additional
small thermal transition prior to the maln endothermic response that was
not observed for the other entibiotic solutions. The main peak in 8ll
these thermograms occurred at about 274K and was correlated with the

peak position for the melting of a pure water sample.

The "preliminary peak" found for Linnnmycin solutions at 269K was considered
as water in some way influenced or "restricted® in its movement by the
presence of thé aﬁtibiatic but not bound to the Qﬁleculé. Water influenced
in such a way would freeze "reluctantly” anﬁ at 8 lower temperature than
pure water. The crystalline structure of frozen restricted water would

not edopt as perfect an order of crystallisation as the pure water

component and as a direct consequence of this the subsequent heating of

the sample would show the melting of the restricted water component before

the pure water component as the less stable poorly ordered crystalline

regions of the water melted first.

Once frozen and subsequently remelted the restricted water component
could be considered to behave in two different ways. At a point just

after its melting transition, but before the onset of the melting of the
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FIGURE IV (3)

MELTING ENDOTHERMS OF

0.1M (ag) SOLUTIONS OF

(1)  Clindamycin.HC1

(11) LincomycinG HCl

(1i1) Clindamycin phosphate
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pure water peak, it was possible that the restricted water would
immediately re-freeze since it was below 273K, only to remelt with the

pure water component at a higher temperature.

Alternatively, once "destabilised" by melting, the restricted water
component could be considered as remaining-in this more fluid form but
in close proximity to the Lincomycin molecule which re-exerted its

structuring influence on this water fraction and prevented it from

immediately re-freezing.

There are two pleces of evidence which support the latter hypothesis.
First, if the restricted water component was to melt and then immediotely
recrystallise then there would be an associsted exothermic response
associated with the re-freezing process of the same magnitude as the
endothermic response due to melting of the restricted water fraction.
This would be of the general nature reported for the cold-crystallisation

behaviour at initial stages in the recrystallisation of amorphous

cellulose with water,1&3 pACM/water end Guar/water svatems.139 No such

behaviour was demonstrated at this stage in the studies.

]
The second plece of evidence was based on guantitative data of the type

presented in Chapter III. _Rssumiﬁg that the total area under the
thermogram (both transitions) accounted for 100% of the water present

(ie no bound water) then the melting of the restricted water fraction,
its immediate refreezing and subsequent re-melting with the "pure® water |
fraction would reault'in this water fraction making twice the contribu-
tion to the area of the thermogram than would be expected. This would
mean that thg calculated amount of freezing (and hence melting) water

-in the sample would exceed 100%. The situation was complicated by the

existence of a small bound water fraction for Lincomyein in solution

151



(Clindamycin showed a larger bound water fraction - see later). The
results did not provide any evidence to support the accurrence of the

re=incorporation of melted restricted water into & frozen pure water

component.

It can be seen from Figure IV (4) that the restricted water fraction of

lincomycin hydrochloride solutions (eq) could be detected in solutions of

concentration as low as 0.01M.

These early D.,S5.C. studies on dilute agueous antibiotic solutions

suggested that although Lincomycin and Clindamycin are almost identical
chemically, the "non-irritant® Lincomycin eppeared to have an assoclated
water-structuring effect that was not seen with thé *irritant® Clindamycine.
whilst this difference was encouraging a theory directly relating a
water-structuring ability with irritancy was clearly inappropriate. -This
was further complicated by the finding that other "non irritant®” solutes

digplayed the same simple melting behaviour in solution as the "“irritant®
Clindamycin,

IVebo1ii D.S5.C. Studies on the Melting of Low Concentration
Agueous Solutions of Various Other Solutes

Figures IV (5) (1), (i1), (iii) and (iv) show the D.S.C. traces obteined
for agueous solutions of Erythromycin Lactobionate (E/M/L) ((1) and (i1))
Erythromycin Glutamate (E/M/G) ((iii)) and Sodium Chloride ((iv)). The
0.01M solutions of E/M/L and E/M/G displayed no unusual melting behaviour,
however, a split pesk was observed for a 0.1M solution of E/M/L (E/ﬁ/B
was insoluble in uater-at this coﬁcentratinn) the aecbnd peak increasing

at the expense of the first peak on temperature cycling, a trend observed

for the melting peaks of aqueous Lincomycin solutions. 0.1M sodium

chloride solution did not show an§ pecullarities, the broader peak
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FIGURE IV (&)

o MELTING ENDOTHERMS OF AQUEOUS LINCOMYCIN
T 2 : S HYDROCHLORIDE SOLUTIONS
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observed being aétfihdfed tﬁ”a m;i¥1ng/freezing point depression effect.
Higher concentration sodium chloride solutions demonstrated a eutectic .
composition peak (see later) and the similarity of the E/M/L thermograms
to theae 1ater results, eapeciallv since the E/M/L solutions were close

to their sulubilitv limits, led to tha suggeatlun that the melting peaka

nf 0e.1M E/M/L aolutinns were due tu eutectic composition and pure water
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FIGURE IV (5)

MELTING ENDOTHERMS
OF VARIOUS AQUEDUS
SOLUTIONS
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components. The further investigation of solutions of the erythromycins

was not pursued in order to prevent further diversification of this

research,

i~
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IVebeiv D.S.C. Studies of the Melting Behaviour of High
Concentration Aquecus Antibiotic Solutions

A range of aguecus solutions of Lincomycin and Clindamycin of 1% (by wt)
to 40% (by wt) were prepared. The higher end of this concentration range

approached the solubility limits of the compounds.

Thermograms obtained are shown in Figure IV (6) for Lincomycin solutions
and Figure IV (7) for Clindamycin solutions (10% “/w solutions of the
antibiotics corresponded to about 0.25M solutions). It can be seen from
these figures that the increase in the antibiotic concentration up to
approximately 10% by wt improved the resolution of thermal transitions
occurring in the solutions so that three peaks were now seen for Linbomycin
solutions and two peaks were seen for Clindamycin solutions. Further
antibiotic concentration increases showed Clindamycin to develop an
additional low temperasture transition at a lower temperature than the
"restricted" water transition of Lincomycin previously seen but at the
same temperature as Lincomycin displayed a small exothermic transition.

No exothermic transition was observed for Clindamycin solutions.
Throughout this work peak temperatures will be compared since the multiple

peak structures often obscured peak onset temperatures.

Dealing with the Lincomycin solution behaviour first, the preliminary

peak of "restricted" water found in dilute solution at sbhout 269K

was found at the same temperature for all the solution concentrations
studied (although peak temperatures were generally :.1.u°). The size of
this peak was observed to increase with increasing antiblotic concentration
but was found to decrease on temperature cycling as the 274K transition
increased. The melting behaviour of the 274K peak was indistinguishable

from that of bulk water and so it was assigned as & "pure® water peak.
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FIGURE IV (6)
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FIGURE IV (7)
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The transition between the 269K and 274K peaks sccounted for the majority
of the freezing/melting water in the samples. This peak was broad and
was seen to move to progressively lower temperatures as the Lincomycin
concentration increased. This behaviour was consistent with the
depreasion of the freezing/melting point of water by Lincomycin even
though the observed depression of freezing point was slightly greater
than could be accounted for by the amount of Lincomycin present. However,
this was adequately accounted for by the increased cryoscopic effect due

to the dissociation of Lincomycin free base and hydrochloride.

The results obtained during these studies on Lincomycin solutions seemed
to challenge conventional attitudes to cryoscopic behaviour since a
depressed water transition and a pure water transition were observed in
the same semple of Lincomycin solution. Normally the depression of
freezing point effect would be considered to extend throughout the whole
golution with the exception in this case of the restricted water fraction

which was under a stronger influence of the antibiotic.

The exothermic transition found at low temperatures for Lincomycin
solutions will be included within the discussion on the melting ﬁehaviuur
of Clindamycin solutions. However, at this stage it was possible to
envisage a number of water shells forming a continuum throughout which
Lincomycin exerted a progressively weaker influence. The innermost

and smallest layer would be the fraction of water "bound" to the antibiotic
(see later)., This would be surrnunded by the "restricted" water component
which in turn would be surrounded by the bulk of the water in the solution
in a "depressed" water state. The final fairly small water component

would lie outside any apprecisble sphere of antibiotic influence and would

display "bulk-like" freezing/melting properties,
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Figure IV (6) shous some other interesting features. The 20% (by wt)
Lincomycin solution scan clearly shows @ shoulder on the transition of

the depressed water component. Such observations of more complex peak
definitions were erratic but certainly not uncommon. In most instances
the appearance of small additional peaks or shoulders was transient, often
disappeering after only one temperature cycle. Similar observations were
made in later studies and were taken as further evidence of the existence
of a continuum of water states in which spantaneous but transient

gtabilisation of additional water fractions could from time to time occur.

Turning now to the D.S.C. observations on Clindamycin solutions, as was
mentioned earlier, the intermediate concentration antibliotic solutions
(approximately 0D.1M to 0.25M) only provided evidence for three peaks for
Lincomycin solutions and two peaks for Clindamycin solutions. Houever,
when solution concentrations of about 0.25M to 1.5M (ie epproximately
10% (“/u) to 40% (“/w)) were studied a third low temperature peak was
found for Clindamycin solutions that had previously been overlooked
(Figure IV (7)). This peak was found at about 2594, ten degrees lower
than the "restricted" water transition seen for Lincomycin solutions.
This peak showed the same characteristics as the Lincomycin 269K peak
in that its position remained constant whilst its size increased with
increasing Clindamycin solution concentration. The 274K peak for

Clindamycin was found to increase at the expense of the 259K peak and

was assigned as "pure" water. Clindamycin solutions also showed the

same "depressed" water transition behaviour with increasing solution

concentration as had been seen for Lincomycin solutions. The extent

of the depression of the Clindamycin "depressed" water peak was slightly
lower than that of the Lincomycin "depressed" water peak at high solution

concentrations. This small effect was nevertheless consistent with the
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observed association of Clindamycin in high concentration aqueous

gsolutionse.

As has already been mentioned Lincomycin sclution did not demonstrate
an endothermic transition at 2594 but at high concentration levels an
exothermic response at precisely this temperature was found. The size
of the response was proportional to the concentration of Lincomycin in
solution, the temperature of the transition remaining unaffected by

concentration. The size of the exothermic response was generally off

scale and therefore unquantifiable.

The transitions observed for both antibiotics in aqueous solution were

reproducible without exception and Figure IV (8) illustrates the clear

geparation of the transitions of both antibiotics when in 10% “'/w)

aqueous solutions as seen by D.S.C. at low scan speed (1.25°/min).

The observation that the traces did not return to the baseline between

the "restricted" water transition and "depressed" water transitlon of
Lincomycin in solution was taken as further evidence of the continuum

.af water states or "merging in" of the water shells described earlier

for Lincomycin in aqueous solution. Such water shells could also be

envisaged for Clindamycin in agueous solution with absence of the 269K

"restricted" water shell but its possible replacement by a 259K "restricted"

water fraction. Figure IV (8) also shows another transient shoulder on

the "restricted" water transition of a Lincomycin solution.

The appearance of an exothermic transition in Lincomycin solutions at
259K and an endathermic transition at the same temperature in Clindamycin

solutions has interesting implications if the transitions are true water

structuring effects. However, mention must first be made of an alternative

explanation for the low temperature transitions of both entibiotic

solutions,
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A detailed discussion and a further investigation into this alternative
explanation has been préaented later in this chapter. The explanation
was based on work of Hager and Hacrury1hz on the phase behaviour and
water binding of poly(alkylene oxide) solutions. D.S.C. traces of not
dissimilar appearance to those presented here were obtained and the
lowest temperature endothermic transition was explained in terms of the
melting of a crystalline eutectic. The characteristlcs of eutectics
include a constant melting point, as seen for the 269K and 259K transitions
of Lincomycin and Clindamycin solutions respectively. However, a number
of other observations might suggest a water structuring explanation to be
the more reasonable. It was possible to suggest from phase diagrems

(see later) that the 269K and 259K transitions were the eutectic points
of agueous Lincomycin and Clindamycin solutions respectively. Houwever,
1t seemed unreasonable that two almost identical compounds could show

a difference of 10 degrees in their eutectic temperatures. Also, the
269K peak was not the lowest temperature transition found for Lincomycin
solutions which displayed an exothermic transition at 259K, any explana-
tion must satisfactorily explain this behaviuur; A compromise was
possible in that 259K was indeed the eutectic temperature of Clindamycin
in solution end was also the eutectic temperature of Lincomycin in
golution which showed unususl exothermic behaviour as the melting eutectic
water fraction was influenced by the water structuring forces of

Lincomycin as manifest in its 2694 endothermic transition.

1t was not possible to positively demonstrate either explanation during
the course of this research but the immediate implications of the D.S.Ce
results remained unaffected by such indecision in that it had been shoun
that the antibiotic/water interaction processes occurring in aqueous
Lincomycin anlutinn; were different from those found in agueous

Clindamycin solutions.
=
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Throughout the rest of this chapter the D.S5.C. observations have been
interpreted in terms of water structuring effects. Shquld the 259K
Clindamycin solution transition be shown to be a eutectic temperature
then these explanations can be easily modified, It was considered
unlikely that the 269K transition in Lincomycin solutions could be shown
to be a eutectic temperature since studies presented later in this
chapter found endothermic transitions for Lincomycin in hydrogel
preparations lower than 269K (and above 259K) alongside the 269K

transition, (unless a series of eutectic compositions at different

temperatures are envisaged).

Adopting the water structuring hypothesis (albeit cautiously), end
returning to the 2594 transitions of both antibiotic solutions, the
exothermic response of Lincomycin solutions (recorded previously for many
water swollen hydrogels at various temperatures) could be consldered to
be associated with a certain amount of re-ordering of the crystalline
structure of that water fraction. Unsteble frozen water regions could
undergo breakdown and regrowth of crystslline structure as part of a

more stable crystalline form. Within this context the 259K endothermic
transition of Clindamycin solutions could be considered as the partial
melting of a fraction of water previously structured by Clindamycin that
immediately became under the influence of Clindamycin agaln and so was
prevented from refreezing immediately. In the case of the 259K exothermic
transition demonstrated by Lincomycin solutions the transition was
additional to the 2694 transition of the restricted water fraction and
this would suggest that the transitions for both antibliotic solutions at
2594 were due to the same type of structural influence of the entibiotics
on uatér. It would seem reasonable to suggest that Lincomycin uses the

same forces that Clindamycin used to structure its 2594 restricted water
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fraction to influence a similar water fraction itself. However, unlike
Clindamycin, Lincomycin does not succeed in structuring a definite water
fraction as seen at 2594, 1t only produces an unstable structure over
which its forces are unable to maintain their effect. The result of
this would be the collapse of the weak structure on heating and its
immediate refreezing, possibly into the frozen pure water fraction,

rather than remaining under the restricting influence of the antibiotic,

hence the exothermic transition.

A thorough investigation of the relationships between the amount of
antibiotic present and the size of each water fraction could not be
carried on the limited data available. Further studies are required

before any significant conclusions can be draun.

IVehkev DoS5.C. Studies of Water in Hydrogel Matrices

Before the effects of changing water environment on the water structuring
properties of antibiotics in hydrogel preparations could be investigated,

a study of the "untreated" water swollen hydrogels was necessary.

The equilibrium water contents and freezing water and non-freezing water
compositions of the hydrogels referred to in the remainder of this

chapter have alreadv been presented in Chapter III.

Figure IV (9) shows the melting behaviour of water swollen pACM and the
effect of the subsequent temperature cycling of the sample. The E.W.Ce

of such a sample was about 90%, of which 80% was freezing water. The

broad endothermic transition displayed no additional structuring prior to
the main transition which was split in a manner similar to that illustrated

in Figure IV (1). The effect of temperature cycling was to increase the

275K "pure water" component at the expense of the 27LK component.
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FIGURE IV (9)
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Figure IV (9) also shows, by means of a dotted line, that the 275K

"pure" water transition was effectively superimposed on a broader 274K
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transition. This broad transition was imperfectly crystallised water

due to interaction with the polymer matrix.

The D+SeCe study of a solution of acrylamide monomer in water (10:90,
ncn:azu) would be expected to show a depressed water peak at -2.9° from
the melting temperature of "pure" water. The results obtalned can be
gseen in Figure IV (10) which shouws the unexpected fine structure found.
The peak at 274K could easily be identified as the melting of pure water
in the systems The 271K peak was assigned as the depressed water peak
with its characteristically broad profile, the extent of depression
agreeing well with the theoretical value of -2.9°, In actusl fact the
depression could have been expected to be greater than -2.90 since after
gubtraction of the 274K pure water component the amount of water in the
depressed water fraction would be smaller and hence the effective

acrylamide concentration and resultant depression of freezing/melting

point would be greater.

It was tempting to assign the 265K transition to a "restricted" water
fraction and such an assignment might well be valid but since no
corresponding structure was found for the seme components in a polymerised
system (Figure IV (9)) it was possible that the 265K trensition represented
the melting of a crystalline eutecticlnf the type described by Hager and
Macrurv.hz Whilst such differences between the thermal behaviour of
polymerised and unpolymerised acrylnmidé were interesting & complete
understanding of the processes occurring in aqueous solutions of monomers

was not essentisl to this research and such studies were not pursued to

any depth.
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The trace obtained by D.S.C. @nalysis of a sample of pHEMA swollen in

water can be seen in Figure IV (11). The figure shows the traces

FIGURE IV (1D)

MELTING ENDOTHERM OF ACRYLAMIDE MONDMER
IN AQUEQUS SOLUTION (ACM/HZD, 10:90 by wt)
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obtained from successive temperature cycles of the same sample. ' The

E.WleC. of such a sample was sbout 36% of which 13% was freezing water

and 23% was non-freezing water.

As was seen for water swollen pACM in Figure IV (9) the peak at 273.5K

may be assigned to the melting of a slightly imperfect crystalline water
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fraction and the 274.5K peak to the‘“pure' water fraction which was seen
to increase at the expense of the 273.,5K transition on temperature
cycling. The 273,5K peaks also became more clearly defined end well
separated during this process as the broader characteristics of the

273.5K water peak becaye mnre‘evident. Assuming these assignments to

be correct, the transition occurring at 269K could then be considered

as a "restricted" water fraction. This assignment would be supported

in so much as the theoretical depression of water due to unpolymerised
HEMA monomer in an agqueous solution of the same HEMA/water composition

as was present in the hydrogel would be about -26.5° from the melting
transition of pure water. (The 2593 transition was ét the same.te;pefature
as the "restricted" water transition associeted with agueous solutions of
Lincomycine) The 269K transition for water swollen pHEMA on the first

run of ihe sample displayed a marked shoulder, this was considered further
evidence of occasional transient stabllisation of water fractions within
the continuum of water states as described earlier. A simllar transient
structure was observed between the 273,54 and 274,5K transitions on the

second run of the same sample,

The DeSeCe trace of an aqueous HEMA monomer solution of the same composi=-
tion of HEMA and water as was found in a water swollen pHEMA preparation

(35% water, 65% HEMA monomer, by wt) can be seen in Figure IV (12),

The 273K pure water transition and 268K restricted water transition seen
for water swollen pHEMA were both again found in agueous HEMA monamer
solution. Should further studies show the position of the 268K peak to

be independant of solution composition then this transition will have been
isolated as due to elther eutectic formation or water structuring,

although the letter was favoured by the author.
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FIGURE IV (12)

MELTING ENDOTHERM OF HEMA MONDMER
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Figure IV (13) shows the D.S.C. trace of water swollen HEMA/STY (50:10)
(mole%) copolymer (E.W.C. = 23%, of which only 1% was freezing water).
The 275K "pure"water transition was found to increase at the expense
of the 274K transition on temperature cycling. The D.S.C. trace of an
aqueous solution of a monomer mixture of HEMA/Styrene (90:10) (mole%) of
the composition monomer mixture:Hzﬂ, 80:20 (by wt) can be seen in
Figure IV (14). This solution had a similar monomer/water composition
as that of water swollen HEMA/STY. The 274.5K transition of pure water
was found as well as a 268,54 transition not seen in the corresponding
water swollen HEMA/STY polymer. The depression of the freezing/melting
point of water due to the HEMA monomer content of this solution alone
would theoretically be over 50 degrees. The interpretation of the 268.5K
transition would therefore have to be either one of eutectic formation
or water structuring. However, the various solution compositions studied
in which monomer solutions showed & transition at sbout 269K would not

be expected to have the same eutectic temperature and so it was considered
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FIGURE IV (13)
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likely that this temperature corresponded to the melting of a particular
type of water structure common to all water-structuring species. Transi=- h
tions at this temperature were also found for aqueous solutions of
Lincomycin and HEMA/water systems in both polymerised and unpolymerised
states. In the aqueous monomer solutions the 269K transition was greater
the smaller was the water component of the system, but HEMA/water systems
were the only preparations to demonstrate this transition in both the
polymerised and unpolymerised state. This may well reflect something of

the nature of the way in which water structuring forces must be arranged

in order to maximise thelr effectse.

IVehovi D.S.C. Studies on Antibiotic/Water/Hydrogel Interactions

Using the assignments of the thermal transition temperatures of the various
water fractions described so far, the effects of the antibiotics on the

type and temperature of these transitions could now be studied.

Figure IV (15) shows the melting endotherms of pACM preparations swollen
in various solutions and all the preparations shown had similar thermal
profiles. Tﬁe iaék of any additional low temperature tranaitiona.uaa the
result of the high dilution of the antibiotics in the water of the
preparation (the pACM preparations were already pre=-swollen with water

(75% HZU:25% ACM) (by wt) before completion of swelling in the antibiotic

solutions).

The split peak structures of all the transitions seen in Figure IV (15) were
considered the result of imperfect water crystallisation processes due

to physical interaction with the polymer matrix ss already described.

The pACM preparations swollen in 0.1M Lincomycin a&nd 0,1M Clindamycin

solutions had E.W.C's of B6.2% and 86.4% respectively of which more than
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FIGURE IV (15)
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70% was freezing water in each case, but corresponding HEMA/STY (S0:10)
(mole%) preparations had E.W.C's of 22.3% and 22.,7% (of which only about
1% was freezing). The melting endotherms of these and other HEMA/STY
preparations can be seen in Figure IV (16). It was apparent that even
at opposite extremes of E.W.C. and freezing water contents to those

found in pACM preparations, the antiblotic concentrations in the systems
were too low to demonstrate any low temperature thermal transitions. All
the preperations seen in Figure IV (16) showed the split peak behaviour
associated with the melting of an impure crystalline water fraction

(273.5K) followed by the melting of a pure water fraction (274.5K).

In order to increase the contribution of any water structuring effects
to the thermal behaviour of hydrogel systems contsining antibiotics,

a series of hydrogels swollen in asbout 1.5M antibiotic solutions (aq)
(L0% by wt entiblotic) were prepared. The D.S.C. traces obtalned from

studies on pACM hydrogels swollen in l.5M equeous solutions of Lincomycin

or Clindamycin can be seen in Figure IV (17).

The Lincomycin and Clindamycin preparations displayed pure water peaks
at about 276K and 275K respectively and these water fractions were

found to increase with temperature cycling. The next trensition common

to both preparations was the broad endothermic response at sbout 270K to

271K. Because of the high levels of antibiotic present in the swelling
solutions used and the appearance of the peaks, these trensitions were
assigned to the melting of depressed water fractions. The Lincomycin
preparation also displayed a shoulder (not transient) on the low
temperature side of the depressed water transition and this was considered

to be the same restricted water peak seen in previous D.S5.C. studies of

Lincomycin solutions. Both preparations displayed small endothermic
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FIGURE IV (16)
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transitions at sbout 265K, this eppearing as an extra shoulder on the

Zﬁﬂﬁ shoulder of the 270K transition in the case of the Lincomycin

preparation, Although the contributions of these transitions to the

total endothermic areas were small they were commonly found and were
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Endothermic

FIGURE IV (17)
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considered to be slightly more stable than the spontaneous and trensient
type of water structures already described. Once present, these
transitions only disappeared slowly after many teéperature cycles. The
fact that both antiblotics displayed the same 265K transition was
considered further evidence of both antiblotics having the same inherent

water structuring abilities which could only be displayed in suitable

environments.
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Another endothermic transition was seen at sbout 259K for the Lincomycin
preparations (but not Clindamycin preparations). This temperature was

the same temperature as that at which hlgh concentration agueous
Clindamycin solutions displayed small endothermic transitions and high
concentration Lincomycin solutions displayed small exothermic transitions.
The exotherm seen for high concentration Lincomycin solutions at 259K

had been described as a small fraction of water sufficiently influenced

so as to allow a change in its melting point, but it did not melt es

such (since no endothermic response was detected). Instead 1t was

. postulated that the water molecules in this water fraction became only

free enough to immediately refreeze, hence only an exotherm was apparent.

The process was thus only a reorganisation of crystalline structure.

However, the transition seen at 259K in Figure IV (17) was cleerly a
melting transition and was followed by an exothermic transition of
similar srea. This suggested that the environment of the antibiotic in
‘this case led to & more strongly influenced water fraction at this
temperature which showed definite (complete) melting behaviour and
subsequent refreezing (exothermic transition). The slight high tempera-
ture shoulder on the 259X transition was a spontanecus and transient
stabilisation of 8 small water fraction within the continuum of water

states to be found in these preparationse.

The D.S.C. traces obtained for the melting of HEMA/STY (90:10) (mole%)
copolymers swollen in 1.5M aqueous solutions of either Lincumvcin or
Clindamycin can be seen in Figure IV (18) where previously identified

transitions can be discerned. It was immediately epparent that the

change from the high E.UW.C., high freezing water content pACM systems
studied before, where Lincomycin (but not Clindamycin) displayed well=-

defined multiple structured water fractions, to the louw EelleCe, low
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FIGURE IV (18)
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freezing water content systemes considered here, resulted in Clindamycin
(but not Lincomycin) showing well defined multiple structured water
fractions. Also, whereas the E.W.C's and freezing water contents of the
antibiotic solution swollen pACM preparations were similar, their E.W.C's
being substantially lower than for water swollen pACM, the corresponding
HEMA/STY antiblotic solution swollen preparations were both of higher
E.W.Ce than the water swollen preparations, and the Clindamycin

preperations had higher E.W.C's than the Lincomycin preparations, thus
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resulting in the clearly defined peaks of the Clindamycin preparations.
The 274.5K transitions were in each case correlated with the melting of
pure water fractions, these fractions graduslly increasing with tempera-
ture cycling of the samples. A number of smaller transitions just prior
to the pure water transitions were found in both preparations. Although
these were ufien observed for the Clindamycin preparations they were of

a more sponteneous and transient character for Lincomycin preparations
(as indicated by the dotted line). These were considered to be small
imperfectly crystallized "pure" water fractions. The 271.5K transition
of the Clindamycin preparation was considered to be the depressed water
fraction, This was found to be a much smaller component in the Lincomycin
preparation because of its lower water content than the Clindamycin
preparation. In the case of the Lincomycin preparation the depressed
water peak merged into the 2694 restricted water peak, It was particu-
1§r1y interesting to note the large 267.5K transition for the Clindamycin
preparation., It Qaa apparent that the environment of this type of
preparation was suited to Clindamycin displaying the same water structuring
capability as had been seen for Linenmycln at this temperature. Thus,
the 267.5K transition was considered as the melting of a Clindeamycin
"restricted" water fraction. A close inspection of the traces obtalned
from studies on the Clindamycin preparations also suggested that there
may have been a further small low temperature transition at about 265K

of the type seen for both Lincomycin and Clindamycin swollen pACM

preparations (see Figure IV (17)) although this wes largely obscured by
the 267.5K transition.

At this stage in the research the implications of the water structuring
effects of the antibiotics in explaining their differing extents of

irritancy was rapidly becoming clear. It was spparent that Lincomycin
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and Clindamycin had the same inherent water-structuring capabilities but
displayed them on different occasions depending on the type of water
environment in which they were present and both antiblotics were also

able to modify these water environments.

Explanations of the differing irritant effects of the two entibiotics,
based on alteration of water structure in biological systems resulting
in disruption of cellular processes that are dependant on water structuring

processes, were now to some extent justifiable.

IV.5 Miscellaneous Results from D.S5.C. Studies

IVe.5.1 Investigation of Phase Behaviour

Following the work of Hager and Macrurv?hz the possibility of at least
some ;f the multipie peak observations already described being due to the-
melting of crystalline eutectics was investigated. Hager snd Macrury
studied aduenus poly(alkylene oxide) systems but D.S.C. had been used
previously by Smith and Penninga,1hg Wittman and S5t John Manley1su and

Gryte, Berghmans and Smets151 for studies of eutectic forming polymer/

solvent systems,

Observations during this study were confined to antibliotic/water systems,
the aim being the elucidation of the nature of the 2594 and 265K
endothermic transitions observed during the heating of aqueous

Clindamycin and Lincomycin solutions respectively.

The method used to construct the phase diagrams was based malnly on the
procedure described by Smith and Plenrlil.rlga.‘“'9 A range of antibliotic/
water mixture compositions of both antibiotics were prepared. The range
Covered was from 1% (by wt) to 40% (by wt) antibliotic above which the

solubility limits of the compounds were rapidly approached,
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The peak temperatures of the melting transitions observed on heating
samples of these solutions were plotted against the composition of the
sample to produce the phase diagram. However, since the melting processes
involved were to some extent dependent on the thermal lag time of the
system resulting from the rate of sample heating, it was necessary to
find the peak temperatures at a theoretical "zero scan rate"®. This in
itself was 8 time consuming process since each sample composition needed
to be scanned a number of times at each of four scan rates. The average
peak temperature of eac? transition at each scan rate was then plotted
against the relevant scan rate and extrapolated to find each peak
temperature at zero scan rate. The scan rates used were 1.25°/m1n,
2.5°/m1n, 5.0%°/min and 10.0%/min and examples of the extrapolated plots
of average peak temperature against scan rate are shown in Figure IV (19).
Since initial interest concerned only the 269K transition for Lincomycin
solutions, extrapolated determinations of the zero scan rate peak
temperatures were only carried out for aqueous Lincomycin solutions.
However, the phase diagrams presented later also include such plots based
on peak temperatures at a scan speed of 5%/min for both Lincomycin and
Clindamycin solutions. The values of peak temperature determined could
now be corrected for the temperature lsg observed in the melting of a tin

standard at various scan rates.

The phase diagrams constructed for Lincomycin/water (zero scan rate and
5%/min scan rate) and Clindamycin/water (5°/min scan rate) systems are
shown in Figure IV (20) and Figure IV (21) respectively. Because of the
solubility problems encountered, the phase diagram could not be extended
to higher antibiotic cancentration compositions. However, Figure IV (20)
might seem to suggest a eutectic point at ahﬁut 2694 and LO% (by wt)

Lincomycin/60% (by wt) water. However, it was not unreasonable to suggest
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FIGURE IV (19)
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‘that at higher concentrations of antibiotic in the samples the depressed

water peak temperature could continue to fall, below the temperature of

the restricted water/eutectic peak temperature, rather than gradually

rising towards the melting point of the antibiotic (determined as 152-4°C

for Lincomycin HCL and 145-167°C for Clindemycin.HCl)e The case for the
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259K transition of aqueous Clindamycin solutions being due to the
melting of a eutectic would seem stronger. Figure IV (21) shouws the
phase diagram for the Clindamycin/water system. The depressed water
peak temperature could only be envisaged as intercepting to 259K peak
plot for very high concentrations of Clindamycin and even if this
occurred, and was shown to be a eutectic point, it would not influence
any of the other peak interpretations for the melting behaviour of water
in Clindamycin/water/hydrogel systems since the 2594 peak was the louwest
detected transition temperature anyway. This was not the case for
Lincomycin systems where many transitions have already been seen below
2654 for water in Lincomycin/water/hydrogel systems. Thus unless a
series of eutectic compositions and temperatures for all the transitions
seen for Lincomycin/water and Lincomycin/water/hydrogel systems below

and including 269K are to be proposed, an slternative explanation must be

sought.

One such alternative explanation proposes that both antiblotics have
similer eutectic temperatures of about 2594 that being the lowest

observed transition temperature for both antibiotics in any system studied
so fare However, for this to be so the phase diagram for Lincomycin would
have to inciude a large deviation in order to ellow a eutectic point at
such a low temperature. Sudden drops in the melting point curves of
various hydrates are well known (as seen in sodium sulphate/uwater and
ferric chloride/water systems), and since both antibiotics are known to
form hydrates this complication of phase behaviour might well result in

a eutectic composition melting temperature of 259K in each case.

It can also be seen from Figure IV (20) that there were significant
differences between the piota ufbpeék temperatures at 5°/m1n scan rate and

zero scan rate. This illustrated the importance of determining peak
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temperatures at zero scan rates 1n order to accurately follow the thermal

behaviour patterns of such systems,

The problem concerning the possible formation and melting behaviour
of crystalline eutectics of both antibiotics with water remains

unresolved. However, it was considered unlikely that the 269K transition

in Lincomycin/water systems was due to the melting of & eutectic

because of the existence of lower temperature transitions. The most

likely possible involvement of eutectics would be at the 259K transition
for both Lincomycin/water and Clindamycin/water systems but this was far
from proven. It was considered that the transitions above 259K in each case
could confidently be considered as the melting of verious structured water

fractions for which there was only & limited number of previous reports

in the literature,ﬂg’ﬁs"‘hu these will be discussed later. This would

then leave the 255K trandtions s either structured water or eutectic
melting. The overall conclusions remain unaffected by this uncertainty
in that the interactions occurring in the various antibiotic/water and
antiblotic/water/hydrogel systems were clearly of different character
for each of the two antiblotics and apparently strongly influenced by

the nature of the environment in which the antibiotic/water interactions

were studied.

Throughout the remaining D.S.Ce. studies to be discussed in this chapter
* the majority of the transitions observed will be interpreted in terms

of water structuring effects. However, the 259K transitions may in the

course of future studies have to be re-assigned.

IVe.5.11 Bound Water Levels Associated uith Lincomycih
and Clindamycin

Since the total area under each thermogram corresponds to the amount of

freezing water in that sample and subtraction of this value from the

186



equilibrium water content of the sample (E.W.C.) enables the amount of
non=freezing water present to be determined, the number of "bound"

water molecules per antibiotic molecule over a range of solution con=-

centrations could be determined.

It was found that the least variation in the calculations of bound
hydration levels occurred in the highest concentration antibiotic

solutions (as might be expected) and the results are shown in Table IVR.

TABLE IV A

NUMBERS OF "BOUND™ WATER MOLECULES ASSOCIATED
WITH VARIOUS AQUEOUS SOLUTION CONCENTRATIONS
OF LINCOMYCIN AND CLINDAMYCIN

Number of Bound
% (by wt) H,0's/Antibiotic
Antiblotic

Lincomycin Clindamycin
10% 1.0 + 1.0 6.0 + 0.5
20% 2.9 + 1.5 76 + 0.5
30% 1.0 : 1.0 9.2 :-_ 0.5
LO% 2.0 + 0.5 11.7 + 1.5

The results indicated that there were significantly higher numbers of
water molecules bound per molecule of antibiotic for Clindamycin than
Lincomycin, The value for Lincomycin was typically 0.0 to 2.0 molecules

of bound water and for Clindamycin 6.0 to 12,0 molecules of bound water.

R significant upward trend in the numbers of bound water molecules
assoclated with Clindamycin es the solution concentration of the antibiotic

increased was also recorded. Such en observation would suggest that a
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co-operative type of mechanism was occurring in aqueous Clindamycin
solutions whereby with increasing Clindamycin concentration increasing
numbers of water molecules per antibiotic molecule were being influenced.
This process was not found with Lincomycin solutions. Co-operative

type mechanisms of water structure propagation through systems have

been described by Paulinghu in explanation of anaesthetic action. The
differences seen were in the amount of bound water per antibiotic
molecule furiher illustrate the type of fundamental water structuring

differences between Lincomycin end Clindemycin seen during this research.

IV.5.111 Affect of Temperature Cycling on Samples

Studies of the effects of temperature cycling of samples provided
confirmation of the assignments of the pure water peaks when interpreting

the multiple peak appearance of some of the thermogrems already discussed.

The manner in which the pure water pesk of a sample has been found to
increase at the expense of less well crystallised water fractions on
temperature cycling has been described prevlnualvju The overall process

was considered in terms of the gradual perfection of crystallisation

within the system studied.

Results of D.S.C. scans of HEMA/Styrene copolymers swollen in water or
aqueous 0.1M antibiotic solutions aslso showed a gradual incorporation

of the non-freezing water fraction of the sample into the freezing

water fraction. The emounts of water found to undergo such behaviour

were small, typically 0.02 water molecules per functional monomer

unit for samples where approximately 2.4 water molecules per functional

monomer unit were found overall. These figures were comparable to

similar observations of Pedley and Tflg,ﬂua'“l
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Unfortunately, similar prnceaéea in other preparations could not be
studied over sufficient numbers of temperature cycles to enable adequate
interpretation of the datas. However, the affects of the presence of

the antibiotic in such systems on the gradual non-freezing to freezing

transition would be of considerable interest.

IVe5.iv Miscellaneous D.5.C. Studies

D.S.C. analyses were carried out on solid samples of the antiblotics
used during these studies. In 81l ceses, no deviations from the baseline

wvere detected over the temperature ranges used during the D.S.C. studies

described earlier.

D.Se.C. studies were alsp made on dehydrated samples of certaln systems

and the results are presented later in this chapter.

IVe6 D.S.C. Studies on Antibiotic Incorporated Hydrogel
Preparations

A series of antibiotic incorporated hydrogel preparations were synthesised
which covered a range of E.W.C. and freezing/non-freezing water content
systems. The preparations were used extensively during the permesbility
studies discussed in Chapter VI. The data pertaining to the charac=-

terisation of these preparations has already been presented in

Chapter III.

Attempts have been made in this section to correlate the observations
recorded here with the assignments of the various thermal transitions
already seen. However, the positions of the peaks may in some cases

not correlate precisely with those previously observed and whilst peesk
positions were found to vary within :.10 anyway it was considered that

the increased antibiotic/water and antibiotic/polymer interactions in

the preparations studied here may well have resulted in slightly
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greater fluctuations of the trensitional temperatures.

IV.6.1 Antibiotic Incorporated MAA/ACM/STY Preparations

DeSeCe anaiysls of MAA/ACM/STY preparations swollen in water or
incorporating 10% (by wt) 1.0M Clindamycin.HCl or Lincomycin.HCl
solutions (ag) only showed detectable transitions for water swollen
samples. Figure IV (22) shows the sharp transition obtained

corresponding to the melting of the pure water in the preparation at

27&.5“.

IV.6.i1 Antibiotic Incorporated HEMA/Styrene Preparations

The De.S.C. traces obtained from studies on water smnlien and 10% 1.0M
antibiotic solution incorporated HEMA/Styrene (90310) (mole%) prepara=-
tions are shown in Figure IV (23). The water swollen preparations
displayed a sharp "pure" water melting trensition at 275K and the melting
of a slightly imperfect crystalline water component at 274K. The

freezing water content of this system was 1.0%, for an E.W.Ce of 23.1%.

The freezing water content of the Lincomycin incorporated preparation

was comparable to that of the water swollen preparation, being 1.2%
although its E.W.C. was slightly higher at 28.8%. Figure IV (23) shouws
that for this preperation an additional trgnaition to that of the melting
of the pure water fraction in the system at about 274K was detected at

about 268K, This transition was identified as the seme "restricted®

water melting transition seen earlier in similar systems, Houwever, it
was also noticed that the thermal behaviour of this system (and indeed
the Clindamycin incorporated preparation) was simpler than that found
in the HEMA/Styrene swollen in 1.5M antibiotic solution preparations

(Figure IV (18)). The presence of antiblotic and water in the monomer

mixture before polymerisation seemed to result in simpler peak
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FIGURE IV (22)
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structures than were found for polymerised systems swollen in antibiotic
solutions. This was presumably the result of & decrease in the extent
of water structuring by the antibiotics in antibiotic incorporasted
preparations due to interaction between the antibiotic and the monomers
before polymerisation. 1In thls particular system the differences in

the E.W.C's of the two different types of preparation were not large
except for Clindamycin which resulted in an E.W.C. of 3L4.6% when
Clindamycin solution was incorporated but 42.3% when the preparation

was swollen in 1.,5M Clindamycin solution.

The overall effect of antibiotic incorporation seems to have been to
increase monomer unit/antibiotic interactions before monomer unit/water

interactions were established thus resulting in a less complex water

structured system,

Returning to Figure IV (23), the D.S.C. trace of the Clindamycin
1ncurpurajed preparation shows a transition at 275K mssociated with

the melting of pure water in the systeme The dotted lines illustrate
the melting of imperfect crystalline water fractions that were
occaslonally observed (s mentioned earlier). This preparation aleo
displayed a transition at 268K as seen for the Lincomycin incorporated
preparation as well as a transition at 271K (not observed for the
Lincomycin incorporated preparation). This followed similar obeservations
on the 1.5M antibiotic solution swollen forms of these preparations
where a 271,54 transition was found for the Clindamycin solution swollen
preparation. This was interpreted here as being the same "depressed"
water peak as seen in the antibiotic solution swollen preparations

and the asbsence of such a transition in both types of Lincomycin

preparations could be attributed to their lower E.W.C's (and freezing
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water contents) than the correspanding Clindamycin preparations.

The above antiblotic incorporated HEMA/Styrene preparations not only
provided further evidence of both antibiotics having the same inherent
water structuring effects when in suitable environments but also
suggested increased antibiotic/monomer unit interactions in entiblotic

solution incorporated systems than in antibiotic solution suollen systems.

IV.6.111 Antibiotic Incorporated MAA/ACM Preparations

The D«SJCe traces obtalned from snalysis of MAA/ACM preperations swollen

in water or with 10% 1.0M antibiotic solution incorporated can be seen

in Figure IV (24),

The water swollen preparation displayed peaks at sbout 275K and 274K
corresponding to the melting of pure water and imperfectly crystalline
water fractions respectively. However, en additional traﬁaifinn'uaa
also found at 271K, the interpretation of which was more involved,
Transitions in antibiotic containing systems at about 271K have
previously been designated "depressed" water fractions this being
supported by the extent of the depressions observed for @ range of

concentrations of aqueous antibiotic solutions.

However, such an assignment here would not seem justified since although
a simllar 271K peak was found for the Clindamycin incorporated prepara=-
tion, no such transition was found for the Lincomycin incorporated
preparation. Both the antibliotic incorporated preparations displayed
transitions at 268K, these being assigned to "restricted" water fractions
of the type previously seen to melt at about this temperature. Houever,
the Lincomycin incorporated preparation also displayed a transition at

about 264.5K.  This corresponded to the temperatures of transitions seen
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in other systems earlier, for example pACM preparations swollen in

1.5M antibiotic solutions (Figure IV (17)) and an aqueous solution of
acrylamide monomer (Figure IV (10)). The same transition may well have
been present for the Clindamycin incorporated MAA/ACM preparation but
obscured by the onset of the 268K transition. The 264,.,5K transition

may therefore be the melting of another small structured water fraction.
The 271K transition, if not a depressed water fraction, may well be

yet another structured water state within the continuum of water states
already proposed, If this were the case, the absence of this transition
in the Lincomycin incorporated preparation but its presence in the
Clindamycin incorporated preparation once more illustrates the different
types of water structure these entibiotics produce depending on the
nature of their environment., The study of the thermal behaviour of a
range of different MAA/ACM compositions would enable the positive
identification of the 271K transition since whilst a depressed water
fraction would melt at a temperature depending on sample composition,
structured water fractions have already been seen to melt at fairly
constant and readily identifiable temperatures. .The presence of depressed
water fraction sizes of the order water sunllerv>’ﬂlindamyc16 incorporated
> Lincomycin incorporated = zero would seem likely cunsiderinﬁ the
gimilar trend of the freezing water contents of these preparations even

though their E.W.C's were similar (Chapter III).

IVe.6.iv Antibiotic Incorporated pHEMA Preparations

The D.S.C. traces obtained from the analyses of water swollen and

10% (by wt) 1.0M antibiotic solution (ag) incorporated pHEMA ﬁreparatiuna

are shown in Figure IV (25).

The 275K and 274K transitions observed for the water suwollen preparations
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were identified as the melting of pure water and slightly imperfect
crystalline water fractlons respectively. The 265K transition also
found was considered to reflect some of the inherent water structuring

capabilities of the matrix itself, also evident in agueous HEMA monomer
solutions (Figure IV (12).

The Clindamycin incorporated preparation displayed a large tranaitiﬁn
at 270Kk. This would correspond to the melting of a depressed water
fraction, a process not observed at this temperature for the Lin;omycin
incorporated preparation. This was explained again (as for the similar
observations on MAA/ACM preparations) in terms of the higher freezing
water content of the Clindamycin incorporated preparation (20.2%) than
the Lincomycin incorporated preparation (10.1%). However, since the
Lincomycin incorporated preparation in this cese hed a significant
freezing water content (compared with the 1% or 2% found in previous
Lincomycin incorporated preparations) the higher effective concentra-
tion of antibiotic in this freezing water fraction than in the Clinda=-
mycin incorporated preparation resulted in 8 smaller but louwer
temperature (further depressed) depressed water peak than was found
with the Clindamycin incorporated preparation. This peak was found at
263.5K superimposed on other structured water fraction transitions.

The Lincomycin incorporated preparations displayed a 268K transition
corresponding to previously identified restricted water which in the
case of the Clindamycin preparation was obscured by the depressed

water transition onset. Both antibiotic incorporated preparations

showed substantial shoulders at 265K to 266K a temperature seen
earlier to be characteristic of the melting of small structured water
fractions. A transition was also observed st 262K for the Clindamycin

incorporated preparation although it would have been obscured by the
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depressed water peak in the case of the Lincomycin incorporated
preparation. The only previously observed transition at about this
temperature was an exothermic one at 263K for pACM swollen in 1.5M
Lincomycin solution (ag). It may well be that this temperature
represents another temperature at which mildly stabilised water fractions
melt. However, the Clindemycin incorporated preparations also showed

a minor transition at about 256K and the Lincomycin incorporated
preparations showed small transitions at 253k, The temperatures of
thege transitions were the lowest of any preparations studied during

the course of this research and since they were not "characteristic"
temperatures for the melting of structured water fractions their

_ consideration as further structured water fractions within the continuum

of water states can only be justified after further study.

Throughout these studies & number of readily identifisble transition
temperatures were observed. These were considered as "characteristic*"
temperatures for the melting of particular types of structured uwater.
Not all these transitions were observed in each case though, differences
in the transitions seen for similar preparations with different
antibiotics introduced, frequently being recorded. This led to the
suggestion that both Lincomycin and Clindamycin have the seme inherent
water structuring ability. Houwever, which facets of these abilities

are actually demonstrated in eny particular system depends on the nature

of the preparation itself and the effects can be different for each of
the antibiotics.

It was difficult to draw a general trend of the types of water
structuring effectsseen for each antiblotic when in certain E.W.C.

and freezing/non-freezing water content systems. However, there

8ppeared to be a transition point found for pHEMA and MAA/ACM preparations
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where the nature of the complex antibiotic/water/polymer competitive
interactions reached a peak and this led to the multiple peak nature

of the D.5.Ce. tfaces seen. This type of interaction was perh;ps the
most finely balanced for the antibiotic incorporated pHEMA preparations
for ﬁhich the determination of the freezing/non-freezing water composi-
tion of the prepesrations was subject to a large vaeriation. This
variation was found not only from sample to sample but from run to run
on the same sample and was considered indicative of the finely balanced

complex competitive interactions in the pHEMA preparations (see Chapter
I1I1).

The implications of the water structuring capabilities of these antibiotics
are obvious. The antibiotics can themselves alter the freezing water and
non-freezing water composition of a given system and the water

structuring affects of the antibiotics can be manifest in different

ways depending on the nature of the system itself. If the system
considered were a cell or membrane transport system then any cellular
process controlled or dependant upon water structure for its integrity
could be severely disrupted by alteration of water structure by the
antibiotics. The fact that this could occur for one entibiotic and not

the other would allow the differences in the extents of irritation

of the two antibiotics to be accounted fore.

IV.6.v D.5.C. Analysis of Dehydrated and Rehydrated Hydrogels

Further evidence illustrating the essential rnlet&?water in the multiple
peak thermal behaviour of systems studied earlier’in this chapter was
obtained from D.S.C. studies of dehydrated samples of preparations which
demonstrated multiple peek formation when in the hydrated state. The

samples of the preparations were dried in the manner used during the
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determination of E.W.C., &8s described in Chapter II.

The D.5.C. traces for all the dehydrated samples studied showed no
deviation from the baseline over the temperature range employed. The

preparations studied in the dehydrated state included pHEMA, HEMA/Styrene,
MAA/ACM and MAA/ACM/STY polymers either swollen in water or with .10%

1.0M aqueous antibiotic solution incorporated,

The observed lack of sny trensition illustrates the importance of the

presence of water in the preperations for the display of multiple peak

thermal behaviour.

A number of samples that had been dehydrated were also reﬁydrated in

a minimum of distilled water (typically 1.0 ml), Even after rehydrating
for only 24 hours samples such as MAA/ACM incorporating Lincomycin

or Clindamycin regeined a large proportion of the freezing water
content’ and multiple peak thermal behaviour that had been found with

the original hydrated sample. However, it was observed from these
limited studies that the thermal transition profiles were less diverse
than in the originsl hydrated semples. These effects were probably

due to the disturbance of the balance of interactions in the preparations

as a result of the dehydration/rehydration process. This area seemed

worthy of further investigation.

IVe7 D.S.C. Cooling Studies of Antibiotic Preparations and
Some Observations on Sodium Chloride Preparations

D.B;C. studies can also be made of the crystallisation processes occurring
in semples during cooling. The process can be controlled and calibrated
in the same manner as for sample heéting. However, D.S5.C. studies in

the cooling mode, especielly for hydrogel systems, sre poorly documented

and transition interpretations uncertaih. It must be stressed that the
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studies presented here require expansion before the assignments and

theories presented can be confirmed.

IVe7.1 D.5.Ce Cooling Studies on Aguepus Antibiotic Solutions

The D.Se.Ce traces obtained during cooling studies on distilled water
and 0.1M equeous solutions of Lincomycin and Clindamycin are shown in

Figure IV (26), Figure IV (27) and Figure IV (28) respectively.

Previous cooling studies carried out by Pedley and Tighe1n on hydrated
equimolar copolymers of methacrylic acid and acrylamide have already
been discussed and their results shown in Figure IV (2). Other observa-
tions of relevance here include studies of the homogeneous nucleation

of water and before considering Figures IV (26) to IV (28) it is worth

discussing these studies.

The equilibrium freezing of an aqueous system requires, among other
things, that an ice crystal nucleus be made available at the equilibrium
freezing point of the system. The use of emulsification procedurea”’38
has made possible the study of the homogeneous nucleation temperature

of water ie the temperature at which water undergoes spontaneous
crystallisation in the sbsence of eny impurity (the crystallisation of

water in the presence of an impurity is known as heterogeneous

nucleation).

MacHenzie37 found the homogeneous nucleation temperature of water to
be -38.3°C and aqueous solutions of solutes were found to undercool

well below the homogeneous nucleation temperature of uatar37'152 For

example, a 40% (by wt) aqueous solution of sucrose had a "homogeneous"

153, 154

nucleation temperature of -51.8°C. A fact also considered by Franks.

The general nature of such cooling traces follow the form shown in
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FIGURE IV (26)
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FIGURE IV (28)
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Figure IV (29). The transition at -3B.SDE/23h.7K represents the
homogeneous nucleation of water. The small peaks occurring randomly

during the cooling of the sample prior to homogeneous nucleation
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represent the crystallisation of water in a small number of the emul=-
sified droplets in which the crystallisation was seeded by impurities.
However, the finite number of impurities in an infinite number of
emulsified droplets allows the majority of water in the impurity=free
droplets to undergo simultaneous crystallisation at the homogeneous

nucleation temperature of water.

Referring back to Figure IV (26), the freezing exotherm of water, the

main water crystallisation pesk at sbout 256K correlated well with that

FIGURE IV (29)
TYPICAL HOMOGENEOUS  NUCLEATION OF WATER
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Exothermic Response

23L.7H
<

Decreasing Temperature

previously assigned to the freezing of pure water in hydrugelaja
However, occasionally a small "fine structure" similar to that seen
in Figure IV (2) was found for water samples. This was presumably

due to sample contamination and impurities.

The Figures IV (27) end IV (28) show that for the aqueous antibiotic
solutions the "fine structure" was generally superimposed onto or at
a slightly lower temperature than the "pure" water crystallisation peak,

8lthough considerable variation was found, in some cases the fine
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structure appearing before the main crystallisation peak.

The affect of temperature cycling on these systems can also be seen

in these figures. The general effect was to increase the "fine structure"
component at the expense of the pure water peak. After many temperature
cycles the fine structure became spread over a wide temperature range

and was composed of many small sharp transitions (especially in the

case of aqueous Clindamycin solutions). The presence of these

apparently random small transitions was reminiscent of similar structures
reported during homogeneous nucleation studies of water. Studies on

more concentrated agqueous solutions of the antibiotics (0.25M) yielded

similar results.

In all of these cooling studies both the antibiotics seemed to be
showing similar effects on the freezing of water in the solutions.

In both cases a pure water crystallisation temperature was found at a
fairly constant temperature of sbout 245K to 250K with an sssoclated
fine structure due to the crystallisation of 1mpu¥e water fractions,
or more likely, "restricted" water fractions. Such structures were

found at lower temperatures than the pure water transitions because

of their "reluctancy" to freeze.

However, D.5.C. studies of many systems showed earlier that the pure
water component increased with temperature cycling when the sample was
heatede The cooling studies suggested that the pure water component
decreases on temperature cycling. There must be some major reorganisa-

tion processes occurring in such samples during temperature cycling

that leave us with something of & paradox.

The observed pure water peak decrease and simultaneous broadening of
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fine structure on cooling would suggest gradually less specifically
identifiable forces influencing the crystallisation processes. It was
possible that this process was associated with small “"compartmentalised®
amounts of water influenced by the antibiotics, the number of these
increasing as their average size decreased during temperature cycling
as the pure water pesk decreased (as seen when cooling the samples).
However, because the temperature cycling had led to more and more
water having similar properties ie the extent of the diversification
of water structures in the sample had decreased, when the sample was
heated more and more uafer melted at the same temperature, ie the

pure water peak increased (as seen when heating the samples).

When re-cooled the reorganisation within the samples continued toward

a more homogeneous dispersion of water and antibiotic.

During the cooling process the pure water peak was also observed to
move to progressively lower temperatures. (Figures IV (27) end IV (28)).
Such a process could be accounted for in the above model if at the
initlial stage of temperature cycling small domains of pure water
existed in the samples protected in some way from being initiated

into crystallisation by the antibiotics due to their structured

water layers. As temperature cycling continues and the system becomes
more homogeneous the pure water domains become smaller but the deeper
structured water layers between these domains and the antibiotics
result in leter and later initiation of crystallisation of the pure
water domains and so the freezing of the pure water occurs at lower
and lower temperatures. This process might be analogous to the unex-

plained depression of homogeneous nucleation temperature of water by

solutes in the water phase of emulslons?7 The lowest temperature

cooling transition observed occurred at 234K (Figure IV (27)), this
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was the position of the pure water transition of an aqueous Lincomycin
solution after eight temperature cycles. By this stage the peak was
gquite small and was not detected on the subsequent cooling run. The
final temperature of this peak (234LK) correlates well with the
homogeneous nucleation temperature of uater37 and might suggest that

the explanation for the cooling behaviour trends sbove was a réééu;aﬁlﬁ
one. Hnuévér, further research was reﬁulred before the above speculative
theory could be substantiated. |

IV.7.11 D.S5.C. Cooling Studies on Antibiotics in Hydrogel
Preparations

D.S«C. cooling traces for HEMA/Styrene copolymers swollen in water
or 0.1M aqueous antibiotic solutions can be seen in Figure v (30).

Figure IV (30) shows that no pure water transitions were observed.

‘This wes because there was a very small amount of freezing water in
these systems and the freezing water that was present produced the
"fine structures" seen. The fine structures of the water suollen
prgparatluns were more clearly resolved into a number of closely

situated sharp peaks than the comparatively smooth transitions of the

antibiotic solution swollen preparations, the resolution increasing

on temperature cycling.

However, the results of these studies did not contribute much to the
understanding of the crystallisation processes involved, with the
exception of evidence of the fine structures remaining in & narrower
temperature band than was found during the solution cooling studies
after temﬁerature cycling. The physical constraint of the matrix
presumably retarded some of the reorganisation processes. Far more

studies on the cooling of other hydrogel preparations are necessary

before the nature of the effects producing the crystallisation observa=-

tions reported here can be clarified,
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FIGURE IV (30)
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IV.7.111 D.S.C. Studies on Sodium Chloride Systems

The melting endotherms of some aqueous sodium chloride solutions can

be seen in Figure IV (31). This clearly illustrates the simpler

aqueous solution melting behaviour of sodium chloride than seen for

the antiblotics. The 10% (by wt) aqueous solution of sodium chloride
surprisingly showed trace amounts of "pure" water at 274K, not seen

for the 20% (by wt) solution. Both solutions showed a large endothermic
transition at 252.5K corresponding to the melting of the crystalline

35 (21.4%). The

eutectic of such samples as reported by Homshew
transitions seen at about 265.5K end 255.5K (shoulder on eutectic peak)
for the 10% (by wt) and 20% (by wt) agueous sodium chloride solutions

respectively agree well with the expected depressions of the freezing
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FIGURE IV (31)

MELTING ENDOTHERMS OF CONCENTRATED
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The D.S.C. trace obtained from the cooling of a 10% (by wt) aqueous
sodium chloride solution can be seen in Figure IV (32). The position
of the main "pure" water freezing exotherm was at about 248K. Since
the corresponding peaks of pure water samples were found at 255K

to 256K this corresponded fairly well with the expected depression of
-6.6" (sbout 248,5k). A small transition at about 230K was also seen

corresponding well with the expected position of the eutectic formation.

The D.S.Ce traces obtained from heating pACM preparations swollen in
O.1M and 1,0M agueous sodium chloride solutions can be seen in

Figure IV (33). The sample swollen in D.1M sodium chloride solution
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10% (by wt) AQUEOUS SODIUM CHLORIDE SOLUTION

FIGURE IV (32)

FREEZING EXOTHER

M OF A

Q
e
E o
~
[+1 I =4
L 0
s a
(= i}
X o
W o
s -4//\\- —_— e
L] J L] T T T | LS T T T T T T ] T L] 1 1
231 235 241 24L5 251
Temperature (K)
FIGURE IV (33)
'‘MELTING ENDOTHERMS OF pACM
HYDROGELS SWOLLEN IN AQUEOUS
SO0DIUM CHLORIDE SOLUTIONS
m = '_—q""-._._--
. _J 1.0M NaCl
M
Q
ol
£
[ T 1]
w ow
L B
+ 0O
0O
T
CcCw
W
R . D.1M NaCl
T T T T '
279 275 269 285 ' | 259

Temperature (K)

210



did not show behaviour sppreciably different from that seen for pACM
swollen in 0.1M solutions of other solutes (Figure IV (15)). However,
the samples swollen in 1.0M sodium chloride solution displayed very
characteristic D.5.C. trace profiles. A small peak at about 2754
corresponding to the melting of a small pure water fraction in the
system could be identifieds A large transition at about 270K corres=-
ponded with the expected depression of most of the remaining water in
i

the sample and a small transition at about 257.5K corresponding roughly

to the melting of the sodium chloride/water eutectic was also just

discernible.

The melting endotherm of a HEMA/Styrene copolymer swollen in Dl.1M
agueous sodium chloride solution can be seen in Figure IV (34), The
thermal behaviour observed was not significantly different from that
seen during studies of corresponding water swollen, and various other
solution swollen HEMA/Styrene preparations (Figure IV (16)) but the

temperature range studied did not include the melting of the sodium

chloride/water eutectic.

IV.8 Brief Summary of D.S5.C. Observations and Interpretationd

Although the various sections of this chapter have themselves been
summarised a brief overall summary is appropriate. The multiple peak

thermal behaviour reported in this chapter was of a nature not widely

reported in the literature. Comparsble observations on hydrogel systems

139

have only been made by Ahad and Lee, Jhon and nndrade1hu as well &s

members. of this research group10'16 to the suthor's knowledge although

the work of Homshaw must also be nnted335 Molvneux156 commented on the
scarcity of polymer/water studies in general in 1975 but although

progress may have been rapid in this general field, hydrogel/water/
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FIGURE IV (34)
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solute interactions of the type described here are not well documented.
The lack of previously reported multiple peak formations may partly

be explained by the tendancy in previous work to use faster heating
rates and rather less sensitive instrumentation than were used here.
This would result in the melting endotherms having poorly resolved

shoulders which might easily be overlooked.

[

Alternative explanations of the peak structures, such as eutectic
formation have been discussed and all but discounted in this chspter,

and much work has been shown which backs up the water structuring

hypothesis.

Recent work by Grossman, Tirrell and Unglﬁ7

showed simpler but similar
melting endotherm structures, also commenting that the interpretation
of such behaviour could include a change in the thermal conductivity

of the sample during melting as suggested to them by Franks, as well

83 water structuring contributions,

These problems spart, the studies described in this chapter suggest

that Lincomycin and Clindamycin have the same inherent water structuring
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properties but that these are demonstrated to different extents in

different environments.

The next logical stage of this research was therefore to study systems
in which the water structuring properties of the antibiotics might
exert effects that could be compared with their properties in biological

systems. This work has been described in the following chapters.
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CHAPTER V

PERMEABILITY STUDIES I - SYSTEM CHARACTERISATION

AND ANTIBIOTIC PERMEATION  STUDIES

V.l Introduction

The research presented so far in this thesls has demonstrated a number of
fundamental differences in the physicel-chemical properties of Lincomycin
and Clindamycin, not least of which was their differing water structuring
abilities. This chapter is concerned with the transport properties of

the antiblotics themselves across hydrogel membranes of different

types of water environment.

Some previous studies on the effects of membrane structure and pore size
heve aslready been discussed within the context of hydrogel characterisa-
tion. Despite these studies the role of the nature of water in such
preparations and its organisation in determining transport phenomena is
largely unexplained. Refuju115 concluded from his studies on the water
permeability of hydrogels that for high E.W.C. preparations ( 60% E.W.Cs)

transport was predominantly viscous flow whereas in lower E.W.C. prepara-

tions diffusion seemed to be more important.

Hydrophilic solutes and hydrophobic solutes have been postulated to possess

different permeation mechanisms. Yasuda et a1121 developed a 'frea

volume® model for hydrophilic solute permeation based on the following

assumptions;

(L) The effective free volume for solute diffusion corresponds

to the free volume of the aquecus phase,

(11)  The solute diffuses through "fluctuating pores® by successive

Jumps, and

(111) The solute permeates through aquﬁoua regions, solute-solute
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interactions are minimal.

Kim et 51153,159,1GU reported from hydrophilic and hydrophobic sclute

trensport studies that the water content and extent of cross-linking

of hydrogels had the most profound influences on permeability.

In general, solutescan be considered to permeate by either "pore" or
*partition" type mechanisms. Porous flux of & solute can be considered
to be associated with the bulk water reglons of hydrogels whereas

partition flux is essociated with the polymer matrix and interfacial

and bound water components of the hydrogele.

The studies of Kim et 31153 on pHEMA reached the following conclusions;

(1) Hydrophilic solutes permeated via & pore mechanism and the
partition coefficients depended on solute molecular size. Bulk water in
hydrogels was mainly used for transport and solute permeability increased
as the E.W.C. of the hydrogel increased.

(i1) Hydrophobic solutes permeated by either pore or partition

mechanisms and diffusion coefficients were lower than for hydrophilic

solutes.

There have been other attempts to develop theoretical frameworks on which

the analyslis of transport properties of network polymers can be based

for example Kulkarni and Hashelkar161'162. Recently, Ednunda163'16“

developed a model for wembrane ion nhﬁnnela based on ordered water

structures, however there is as yet no direct evidence that such ordered

water channels exist.

There are a number of studies of drug permeation ecross hydrogel membranes
reported in the literature. However, the majority of these are concerned

with the development of zeroc-order, sustained release drug delivery
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165, 166, 167 168

systems. Studies reported by Spacek and Kubin and Ratner

and Miller123 illustrate the hemodialysis applications of hydrogel

materials. Many studies of the permeation of pharmaceutical compounds

across polymeric membranes have been reported but few of these are of

direct relevance to this reaearnh.1sg’gn’17n’171'159'172'160

V.2 Characterisation of Transport Processas

Ve2.1 Generasl Transport Parameters

The end result of = traﬁapurt process 1a.thehappearance of the species
under consideration at the other si&e of the barrier. The permeability
coefficient, P, takes into account physico-chemical interactions between
the material of the membrane and the solute and can be considered as the
product of the diffusion coefficient, D, end the partition coefficient,

kpr 88 shoun in Equation V.l.

P -'Dkn Equation V.1

where the diffusion coefficient reflects the intrinsic mobility of the
transported substance inside the membrane and the partition coefficient

expresses the solubility of the solute within the membrane. This can

be defined as in Equation V.2.

ky = Cg/C s Equation V.2

where Cg and C are the equilibrium concentrations of a given substance

inslde the swollen hydrogel and in its environment respectively.

1f solute movement follows known laws then the quantity of materisl

which moves across the membrane, Q, can be expressed by Equation Ve3e

Q = (PAp/h) At Equation V.3

where &p is the pressure difference between the input and output sldes

of .the membrane, A is the cross-sectional area, t is the time involved,
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h is the membrane thickness and P is the permeability coefficient.
Implicit in Equation V.3 is a rate factor since time is included as well

as a quantitative term relsted to the amount of penetrant which can be

" accommodated by the membrane.

Transport behaviour can be considerad under three types of conditions.
Under steady~state conditions Fick's first law of diffusion states that
the rete, dA/dt, of diffusion of A moles per unit time is proportional
to the surface area of diffusion, S(cmz), and the concentration gradient

(the rate of change of concentration C' with distance x in cm, dC'/dx) in

an isotropic medium.

dA/dt = D' SdC'/dx Equation V.4

where D' 1s the intrinsic diffusion coefficient.

The experimental steady ataia conditions specify that the concentration

gradient dC'/dx is constant, so that at any two planes in the isotropic

medium where x = 0 at C'z and x = X at C'1

dA/dt = D'S(C'2 - 8'1)/X Equation V.5

where X = membrane thickness (cm)
8'1 = concentration of desorbing solution

D'z = concentration of diffusing solution.

The steady-state equation (Equation V.5) states that the rate is constant

with time for constent concentrations 0'2 and C'q.

However, quasi-steady-state diffusion differs from steady state diffusion
in that the concentrations of the diffusing and deaurhing solutions are
not held constant. The concentration, Cz, of fhe diffusing solution
decreases as the concentration, 01, of the desorbing solution increases

and the concentrations of both solutions approach the same equilibrium
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values with time. In such cases it is possible to obtain a value for
the permeability coefficient from the slopes of plots of 109(82-81)/8cl

versus time, where cn = initial donor solution concentration.

Whereas in steady-state transport and gquasi-steady-state transport it

is the constant concentration gradient alone and both the concentretion
gradient and rate of approach of solution concentrations to equilibrium
respectively that are rate determining, in non steady-state diffusion the

rate determining factor 1s the rate of diffusion in the membrane.

There is usually some initial non steady-state contribution discernible
at the start of a permeability experiment. This is the “"time lag" which

occurs until the amountsof solute leaving and entering the membrane

become equal.

Comprehensive accounts of the mathematical treatment of results have been

presented by Garret end Chemburker,169 Daynea173 and Barrer17h

Various authors have chosen to treat their results in differing manners
according to the particular type of system being used. This led to &
wide range of permeability coefficient units seccording to the way in
which the "pressure difference® or cnncentratlun terms had been expressed
(see below). Such observations led the author to select the method of

90
Flynn and Smith and Flynn and Rnaaman17n since the permeability cell
used -12 transport studies acroaé polymer membranes closely resembled

that used during these studies. The units of permeability coefficient used
2 - - o
(cn” sec™ ') were also found in the studies of Zentner et a1 1» 1591172160

on the permeation of certain pharmaceutical compounde through hydrogels,

Flynn and Raseman17u found that during the course of their experiments

the receptor solution concentration never exceeded 10% of the most dilute
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donor concentration. Therefore "sink conditions" existed, the excess
solute in the donor compartment or the presence of an external reservolr,
assuring that essentially a constant donor concentration existed. The
steady-state slopes obtained for transport were converted to total
steady-state flux, QT, in milligrams per second. The permeability

coefficient was thus defined as shown in Equation V.6.

P = qT x h/AC, Equation V.6

where h = membrane thickness

A = cross-sectional area

C, = concentration in milligrams per millilitre in the

applied phase

ﬁs has already been mentioned, the units of permeability coefficlent are
found to vary from suthor to suthor. However, any permeability equation
must include terms expressing the emount of substence transported, the
thickness of the membrane, the cross-sectional area of the membrane and
the Initial solute concentration. The units in Equation V.6 were there-
fore, QT = mg sec-1, h=cm A= cmz and Bu = mg cm"z. These units are
often condensed, which means that the final units, cmz Bsc-1, do not
supply any information on the nature of the components used. These units

have also been used by Kopecek, Vacik and Lim12h as well as Flynn and

Smithagu Flynn and Roseman''C end Zentner et a1, 17141394172, 160

The permeability spparatus was assembled as described in Chapter II.
Before, the assessment of the permeability characteristics of the
antibiotics through various hydrogel membranes could be made, it was

necessary to characterise the fluid circulation and stirring rate

parameters of the apparatus.

Ve2.i1 Effect of Fluid Circulation System on Permeability
S0

Flynn and Smith” carried out an extensive investigation of the charec-
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teristics of a vertical membrane equicompartment permeability cell not
dissimilar to that used during these studies. Thelr system showed little
variation when fluid flow through the system was reversed and also

found that the stirring rate for the 10 cwz diffusional area was not

critical above 30 rpm, even though stirring rates of 120 rpm were

available,

Humamutu175 also investigated the effects of unstirred layers under

conditions of both stirring end non-stirring of both donor and receptor
solutions. He effectively demonstrated that transport rates were the
same for conditions where both solutions were stirred and where the
receptor sclution only was stirred. However, there were significant
drops in transport under conditions where neither solution was stirred
and where only the donor soclution was stirred. These results showed
that the boundary layer on the receptor solution side was more important

in affecting transport than that on the donor solution side.

In order to establish the effectiveness uriiuid circulation in the system
used during thaaé studies the permeability characteristics of a pHEMA

(water swollen) membrane to aqueous 0.25M potassium chloride solutions

under various conditions was established. The results are presented

in Figure V (1)(1) both solutions stirred, normal flow, (ii) both

solutions stirred, reverse flow, (iii) no stirring at all, (iv) donor
solution only stirred, end (v) receptor soclution only stirred. It was found

that only very small changes in permeation were found for the above

changes in the fluld circulation systems. In general, successive runs

on the same membrane under identicel conditions resulted in a variation
of about 4+ 5% for the value of the permeability coefficient, This was

slightly better than had been achieved by Flynn and Smithgu and since
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the proportionating pump was circulating fluid at a rate of S0 ml/min
in all the above experiments it would seem that effects due to boundary

layera175 had been greatly reduced by efficient fluid circulation alone,

without the need for stirring.

Ve20iil Effect of Sampling Rate on Permeability

Since sample slzes of 1 ml were generally taken throughout the course of
this work from a fluld volume of 130 ml on each side of the membrane, it
was necessary to investigate the effect of the gradual depletion of

receptor solution volume on permeability.

From Figure V (2) it can be seen that very little difference ln'pntaasium
chloride transport was found when the sampling rate was doubled and even
trebled. The order of permesbility coefficients determined of 90 min)> -
40 min > 20 min was s would be expected but the variastion was less than
2.3'5%' Such a finding was surprising considering that for the case of

1 ml samples every 20 minutes the volume removed from the receptor
solution by the end of the experiment was of the order of 15% of the
original volume or about 20% of the final volume. Thess observatlions
were encouraging and so the fluid circulation rate of 50 ml/min and

stirring rate of about 250 rpm were maintained throughout all these

studies.

Variations in permeability coefficients for runs under identicel condi-
tions but with new membranes in each case were generally larger than the
values reported sbove. The major factor responsible being membrana
thlckneag.' Because the membranes used during these studies were not
from commercial sources, the variation in thickness must be considered

Itu be relatively large. Nevertheless, the performance of the permeability

-apparatus as a whole was considered satisfactory for the intended studies.
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Vo3 Permeability Studies on Lincomycins -

Studies on the permeation of agqueous solutions of Lincomycin and Clindamycin
across water swollen pHEMA, HEMA/STY, MAA/ACM and MAA/ACM/STY membranes

did not detect the transport of either antibiotic over the 8 hour
experimental periods used. However, these results were of use in the

later determinations of the pore size "cut-off® points for the compounds.
Permeation studies of antibiotics across pACM (water swollen) membranes

were more successful.

Ve3el gffect of Solute Concentration on Antibiotic Permeation
Over a Range of Temperatures

The permeability characteristics of 0.10M, 0.25M and 0.50M aqueous
solutions of both Lincomycin and Clindamycin were studied using water
swollen pACM membranes (E.W.C. = 89.3%). Determinations were made at
23°c, 37°C and 45°%C. Figures V (3), V (4) and V (5) show the changes

in permeability observed for different initial solution concentrations of
Lincomycin at 23°C, 37°C and 45°C respectively. Figures V (6), V (7)

and V (8) show the corresponding cbservations found for Clindamycin

solutions,

The expected trend of greater transport rate with higher initial solutiaon
concentration was observed in each case., However, perticularly noticeable
were the differences in the permeation of the two antibiotics at 23%

the rate of Clindamycin transport being markedly lower than Lincomycin

transport for all concentrations at this temperature. At higher tempera-
tures transport rates of the two compounds were comparable. Direct

comparisons can only be made by consideration of the permeability

coefficient values as presented in Teble V.A.

The data presented in Table V.A can be treated in & number of wayse. A

Plot of permeability coefficient againat initial solute concentration can
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TABLE V.A

PERMEABILITY COEFFICIENTS FOR ANTIBIOTIC TRANSPORT
ACROSS WATER SWOLLEN pACM MEMBRANES

Initial Permeability
o Solute Coefficlent
Temperature (C) -
Concentration p (cmz aec-1)
(M)
. 0.50 27,5 % 2077
23 3 0.25 36.4 x 10_7
D.IU 33.3 x 10
-7
0050 3502 X 10-7
Lincomycin 37 0.25 50.0 x 10_?
D.10 4.4 x 10
-7
0.50 39,6 x 10_7
45 0.25 38.3 x 10_7
0.10 56.8 x 10
=7
0.50 18.L X 10_7
23 0.25 24,7 x 10“7
0.10 33.7 x 10
-7
: 0.50 3“.2 b 4 ID_.,
Clindamycin 37 0.25 41.0 x 10_,
0.10 60.L4 x 10
=7
0.50 36.9 x 10_7
L5 0.25 38,3 x 10_7
0.10 65.3 x 10

be used to demonstrate Fickian behaviour for solute transport. A plot
of the logarithm of permeability coefficient against reciprocal temperature
enables the activation energy of the transport process to be determined

and consideration of the original permeability data allows Pirst order

rate constants to be determined.

The activation energies for the transport processes are readily calculable
from the data obtained over the temperature.range studied using the

Arrhenius equation. The logarithmic form of this equation can be seen in
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Equation V.7.

log k = logA - E/2.303 RT Equation V.7

where k = rate of reaction (permeability coefficient)

A = frequency factor
E = Activation energy for the process
R = Gas constant -

T = Temperature (K)

The slope of an arrhenius plot of logP sgainst 1/7 is equal to -E/2.303 RT.
Figure V (9) shows such plots for Clindamycin and Figure V (10) for

Lincomycin for equeous solution concentrations of 0.50M, 0.25M and

0.10M in each case.

Figure V (10) clearly shows the amount of scatter for values of the
permeability coefficient of Lincomycin over the range of concentrations
and temperature used. However, selective positioning of + 10% error bars
for the data allowed the linearity of thepermeability coefficients with
reciprocal temparatura-ta be shown. The permeability data for Clindamycin
were treated in a similar manner (Figure V (9)), but as can be seen there
was a distinct change of slope below 37°C for each concentration used

even with the use of + 10% error bars. In fact minimum error bars of
about + 20% would be required for the Clindamycin date to demonstrate the
type of linearity seen for Lincomycin. Such error limits would be

unacceptable and unreasonahle. It was therefore concluded that the

change of slope seen for Clindamycin was a valid observation. Such

abrupt changes in slope are not altogether unknown. Permeability experi-

ments on polymers above and below their glass transition temperatures
(Tg) have been shown to possess such characterlat1c5375 although such en

explanation was not appropriate here.
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The values of the activation energies calculated for Lincomycin

(+ 10% error limits) and Clindamycin (+ 20% error limits, so as to
eliminate the change in slope) were 2,92 K cal mal” ! (12.24K 3 mul-1)

and 5.01 K cal mu1'1 (20.96 K J mn1-1) respectively. These values were
in agreement with previously reported values for the transport of verious
solutes across hydrogel membranes of 9.22 to L.62 K cal mnl-1 for
potassium chloride transpurt;‘77 3.55 to L.17 K csal mal-1 for urea and

3.09 to 4.13 K cal mol for sodium chloride tranaport:'z3

It can be seen  from Figures V (9) and V (10) the slope of the Clindamycin
arrhenius plot sbove 37°C was comparable to the slope found for Lincomycin
over the whole temperature range. The deviation of the Clindamycin plot
below 37°C could be correlated with an increase in activation energy, 80
that changes in temperature have a greater influence on Clindamycin

permeability between 23°C and 37°C than between 37°C and 45°C.

The data can also be pfeaented in the form of a plot of permeability
coefficient versus initial solute concentration ae shown in Figures

V (11) and V (12) for Lincomycin and Clindemycin respectively. The use

of error limits of + 10% (selectively positioned) show that both
antibiotics can be seen to behave in a Fickian manner except that the
permesbility coefficients for Clindamycin increase with decreasing

solution concentration. This might well reflect something of the ssso-
ciation of Clindamycin in concentrated solutions, discussed in Chapter III,

in that the larger assoclated particles have a lower rate of transport

than the individusl molecules.

Calculations of first order rate constants can be made from the original

data on the basis of the time taken to complete 25% of the reaction in

each case. However, such a treatment does not allow for differences in
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FIGURE V (11)

PLOTS OF PERMEABILITY COEFFICIENT VERSUS DONOR SOLUTION
CONCENTRATION AT VARIOUS TEMPERATURES FOR AQUEDOUS
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PLOTS OF PERMEABILITY COEFFICIENT VERSUS DONOR
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transport rate due to different membrane thicknesses in different
experiments. This factor could account for the lack of any significant
increase in first order rate constant with increesing temperature.
However, a slight increase in rate constant was found with increasing
initial solution concentration for Clindamycin (and not for Lincomycin)
as seen in the example of rate constant values shown in Table V.B. This

change was however not considered significant bearing in mind the errors

involved.
TABLE V.B
1gt ORDER RATE CONSTANTS AT 3706
Solute Concentration (M) 18t Order Rate Constant

0.50 1.5 x 10:: sen:1
Lincomycin 0.25 1.5 x 10_5 sec_,

0.10 1.3 x 10 sBeC

0450 2.2 x 10:; sec-:
Clindamycin 0.25 1.5 x 10_C sec_,

0.10 1.2 x 107 sec

From the overall permesbility data Lincomycin can be considered to have
behaved in a broadly Fickian manner but Clindamycin showed deviations
from this behaviour at low temperature and high concentration., On this
basis the gystama studied must be considered to involve several complex

and possibly competitive interactions, for example, interactions between

polymer matrix and water and water end antibiotic. Such interactions

could also be considered to be influenced by both temperature asnd solute

cancentration.

However the concept of intermoleculsr asgociation of Clindamycin at high

concentrations would explain the reduction in transport observed. The
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extent of the essociation could also be considered to be greater st

lower temperatures than at high temperatures where entropic effects

would be greater. This process would also have to be reconciled with the
lerger in:rque in Blinpamycin so0lubllity with temperature relative to
Lincomycin solubility (reported in Chapter III). However, the solubility

differences between these compounds when in the aquecus phase of hydrogel

membranes sre not likely to have been rate determining.

The large errors involved in these studies and the small permeability
differences between the antibiotlics slso reflect the fact that any
specific interactions occurring would not necessarily be optimised in the
high E.W.C. pACM preparations used. The permeabllity experiments reported
here also need to be extended both in the range of solution concentrations
and experimental temperaturesstudied before further conclusions can be

drawn.

Ve3.i1 The Affect of the Extent of Cross-Linking of pACM
Hydrogels on the Permea tion. of Lincomycins

A series of water swollen pACM membranes were prepared using either 1%, 5%
or 10% (by wt) MBACM cross-linking agent. The E.W.C's of these prepara-
tions were 89.3%, 82.0% and 74.8% respectively. The permeation of 0.1M

aﬁua&ua solutions of Lincomycin and Clindamycin across these membranes

are shown in Figures V (13) and V (14) respectively.

It can be seen that an increase in the extent of cross=linking led to a
decrease in transport for both antibiotics. This was as might have been
expected and paralleled the similar observations of Zentner on
progesterone transport across pHEMA membranes.’> The valies of permea=-

bility coefficients determined here are shown in Table V.C.
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TABLE V.C

PERMEABILITY COEFFICIENTS FOR ANTIBIOTIC TRANSPORT
ACROSS pACM MEMBRANES OF DIFFERENT CROSS=LINKING
AGENT COMPOSITIONS AT 3700

% (by wt) MBACM Permaablli;y Coizficient

(cm™ sec )

1.0 3ol x. 10:;

Lincomycin 5.0 21.8 x ll]_7
(D.1M) 10.0 9.8 x 10

-7

. 1.0 60.4 x 10_7

Clindamycin 5.0 23.5 x 1[1_7
(B.l") 10.0 13.8 x 10

A plot of logP versus (1/1-H), where H is & function of membrane hydration
equal to E.W.C./100, allows the estimation of the pore sizes at which the
water structure lining the pores and the hydration shells of the anti=-
biotics interact -to progressively greater extents until the antibiotics
cannot permeate the membrane, ie the “cut-off* point is reached. The
technique has been used previously17& as shown in Figure V (15) where

the logarithm of dissolved oxygen permeability was plotted sgainst
(/1-H). This shoued a sharp discontinuity of oxygen transport corres=-

ponding to pore radii of 4.9 R and 5.7 R at Bhuc and 25°C respectively.

A similar plot fﬁr the data obtained from the affect of extent of cruiu;
linking (which effects E.W.C.) on antibiotic permeability is shown in
Figure V (16); From the limited data the slope at high hydration can be
drawn in. However, the change in slope at lower hydration has been
estimated bearing in mind the gradual interaction of water structures
described earlier and the "cut-off* plot characteristics of NaCl, KCl

and Cacl2 presented in Bhapter-UI.- The minimum hydration value for
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“cut-off" could also be estimated from the observed lack of antibiotic

permeation across water swollen pHEMA, HEMA/STY, MAA/ACM and MAA/ACM/STY
membranes mentioned earlier. The estimated "cut-off" points for the two
antibiotics were not dissimilar for the 0.1M solutions used, suggesting

that association of Clindamycin was not importent at these low concentra-

FIGURE V (15)

AFFECT OF CRITICAL PORE SIZE ON DISSOLVED OXYGEN
PERMEABILITY COEFFICIENTS AT 250C AND 34OC FOR
A _RANGE OF WATER CONTENT PREPARATIONS

1000

Hg)

-1

500
h

100

n
o

Pd x 1019,(cm3(5TP) mm cm-z 3-1 cm

—
o

tions. The results of high concentration solution studies may prove more
interesting. Studies also have to be conducted using membranes of

(1/1-H) values of 2 to 3 (about 50% to 60% E.W.C.) in order to eccurately

determine the "cut-off" points for the antibiotics.

Ve3eiil The Affect of Membrane Thickness on the Permeation
of Lincom!cins

Since the equation defining the permeabllity coefficient included a

correction for membrane thickness,studies of antibiotic transport across
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membranes of varying thicknesses should show & lineser dependance of per-

meabllity coefficient with membrane thickness of zero slope.

A series of pACM (water swollen) membranes were prepared of different
thicknesses by successive addition of gaskets to the mould. Hence 1 x t,
2xt, 3 xtand b xt membrane thicknesses were achieved by using 1, 2, 3
and &4 gaskets respectively. The swollen preparations covered a range of
0.05 cm to 0.24 cm in thickness. The transport of 0.1M agueous solutions
of Lincomycin and Clindamycin across a range of membrane thicknesses at
37°C are summerised in Figures V (17) and V (18) respectively. The data
pertaining to these experiments are shown in Table V.D and plots of 1/F
versus 1/h are shown in Figure V (19).

TABLE V.D

PERMEABILITY DATA FROM EXPERIMENTS OF AFFECT
OF MEMBRANE THICKNESS ON ANTIBIOTIC TRANSPORT

1/h (cm-1) P (:mz aac-1) 1/P (cm-z gec)

O«.1M Lincomycin

2xt 8.75 39.6 x 10_7 _ 25.3 x 10“

3%t 5.62 39,6 x llJ_7 I 25.3 x 1nh

L x t L.lb 32,0 x 10 31.2 x 10
0.1M Clindamycin

1xt 16,40 | 60. x 1077 | 166 x 10,

2xt 7.87 67.0 x 10-7 1!009 x 10“

I xt 5.62 53.0 x 10-7 18.9 x IUQ

b xt bolk 66.9 x 10 15.0 x 10

The use of selectively positioned error bars in Figure V (19) shows that
zero slope can be obtained for both compounds by using minimum error
limits of + 7.5% Thus the plots showed that membrane thickness had been

well accounted for in the calculation of permeability coefficients.
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This paralleled the findings of Flynn and Ruseman.17

Figure V (19) uﬁﬁld also seem to highlight an overall difference in the
rates of transport of the two antibiotics, Clindamycin appearing to
permeate faster under these conditions than Lincomycin. Since associa-
tive affec£3 at the low concentrations used are not considered to be
Bignificant.at this temperature (37“0), the results might indie;te some=
thing of the interaﬁtiuns of antibiotic and matrix water structures, 4
the extent nf interaction presumably being lower for Clindamycin than.

for Lincomycin, Alternatively the higher transport of Clindemycin in

these high E.W.C. preparations might reflect its greater solubility

than Lincomycin af this temperature.

Because of the complexity of the antibiotic-matrix, antibiotice-water and
matrix-water competitive interactions no single factor can be isolated as
being responsible for the differences in transport behaviour nf the
antibiotics. The range of solution concentrations, experimental tempera-
tures and ﬁembrana water contents used needs to be expanded in order to

ascertain the factors influencing the transport processes.

The next logical step in this research was to study the transport of some
biologically significant solutes across antibiotic incorporated hydrogel
membranes with a view to explaining the types of process influenced by the

antibiotics which could lead to the reported differences in irritation of

the two compounds. This work is presented in Chapter VI.
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CHAPTER VI

PERMEABILITY STUDIES II « SOLUTE PERMEATION

STUDIES ACROSS ANTIBIOTIC INCORPORATED HYDROGELS

Vi.l Introduction

This chapter deals with permeability studies extended to include the
transport of various solutes across various hydrogel membrane preparations
into which the antibiotics had been incorporated during polymerisation.
The effects may be aof relevance to the irritetion processes observed in
biological systems. The studies commenced with the investigation of
sodium chloride, potassium chloride and calcium chloride transport

behaviour and were later extended to cover other biologically significant

solutes.

VI.2 Solute Permeation Across Water Swollen Hydrogel Membranes

Before the effects of antibliotic incorporation into hydrogel membranes
on the trensport of various solutes could be studied it was necessary to

characterise the transport of these splutes through water swollen membranes.

Studies on the transport of individual 0.25M aqueous solutions of sodium
chloride, potassium chloride and calcium chiurida as well as combined
solutions of all three of the above solutes 0.25M with respect to each,

were carried out, although later studies were confined to the transport

of the combined solute solutions.

The sample concentrations of the above solutes were determined by flame
photometry as described in Chapter III and aaahﬁlng co=transport of

chloride ions with the cations so as to maintain electrochemical neutrality.
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Vi.2.1 Solute Permeation Across Water Swollen pACM Membranes

The permeability of a water swollen pACM membrane (E.W.C. = 89,3%) to

a combined agquecus solution 0.,25M with respect to NeCl, KC1l and CaClz

at 37°C can be seen in Figure VI (1). This showed that the order of
rates of transport was KC1 > NaCl>» CaCIZ. It was spperent that even in
such a large pore size, high E.W.C. membrane some differentiation of
transport on the basis of hydration cosphere size was present, the
hydration cosphere sizes increasing in the order H+( Na*( Baz*. It
was also seen that with such high transport rates the permeability plot
tailed off with time as donor and receptor solution solute concentrations
approached equilibrium, The permeability coefficients determined from this
experiment were used to estimate the pore size "cut-off" points for NeCl,

KC1 end Cac12 transport (see later) in the manner used for the antibiotics
in Chapter v,

VI.2.11 Solute Permeation Across Water Swollen pHEMA Membranes

The permeability of a water swollen pHEMA membrane (E.W.Ce = 35.5%) to

8 combined aqueous solution 0.25M with respect to NaCl, KCl and CaCl, at
37°C can be seen in Figure VI (2). This showed that unﬁe again tha order
of rates of transport was KC1 > NaCl>» Caclz. This trend was continued

throughout the majority of the permeability studies carried out during

this research.

The permeation of separate 0.25M solutions of KCl, NaCl and Canlz across
the same membrane composition at 37°C had slightly different characteris-
tics (Figure VI (3)). The order of rates of transport of NaCl > KCl >'Ca012
was found and although KCl and CaCl2 transport was linear with time,

NaCl transport talled off even though donor and receptor solution NaCl

Concentrations were far -from equilibrium. Because these findings were
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contrary to the behaviour found throughout this work the gxperimanta

were repeated. Figure VI (4) shows the repeated permeability run of a
water swollen pHEMA membrane to & combined aqueous solution 0.25M with
respect to NaCl, KCl1, and CaClz at 37°C. The order of rates of transport
was KC1 > NaCl > CaCl2 es was found before and hed been expected. However,
the repeated permeability of a water swollen pHEMA membrane to separate
0.25M aqueous solutions of NaCl, KCl and CaCl2 at 37°C once more showed
certain peculiarities (Figure VI (5)). Although the overall order of
rates of transport was KC1 > NaCl > [:aClz, as expected, this time KCl
transport was found to tail off with time. These experiments were also
repeated at hSoc. The results for the permeation of a combined aqueous
solution 0.25M with respect to NaCl, KCl and Cacl2 across a water swollen
PHEMA membrane at 45°C are shown in Figure VI (6). This showed the
expected KC1 > NaCl>» Caclz transport rate order but suggested that the
rates of NaeCl and KCl traneport were very similar., These observations
were paralleled in the results of the permeation of separate 0,25M
aqueous solutions of NaCl, KCl and CaCl, across a water swollen pHEMA
membrane at 45°C (Figure VI (7)). Figures VI (6) and VI (7) also ehowed
that although 03812 transport remained at the same level, NaCl and KCl
transport were slightly greater in separate solute solution experiments
than in combined solute solution experiments. This could be explained in
terms of the lack of competition for transport between solutes in seperate

solutions leading to increased transport, although such an affect was not

80 clear at lower temperaturese.

It was also noted that increasing experimental temperature from 37°C to

0
45°C reduced the overall solute transport rates (see Table A later). This
was explained by the observed minima in water content of pHEMA at ebout

o, 78
60°C, " the lower E.W.C. of pHEMA at 45°C than at 37°C leading to reduced

overall transport.

254



(sanoy) awg]

L 9 S ]
1 1 [ 1

- 1
- 0N
I~

213e3 = o

uny 3eaday 1JeN = x
134 = o

Jgl€ 1Y 3NVHBWIW YW3HD N3ITIOMS ¥3LuM b SSON3IY nnumu pus T34 “1aeN
01 133dS3H HLIM WS2°0 NOILNTIO0S SNO3NDY Q3NIBWOJD ¥ 40 NOILY3WN3d

(7) In 3uN9Id

0° T

r0*2

-0°¢

-0% %

~0°S

(Ww) uotjexjuasuoy afdueg

255



=0

L~

.mmn:ucu 3wyl

-0\
~

ﬁ-.

4

TJed = O
un ead
43 ay 198N = X

Td4d = ©

Jple 1Y 3NVHBWIW vW3Hd N3TT0MS d3Luvm v S5083Y

I

138J pue T34 ‘TJeN 40 SNOILNTO0S SNO3NDY WS2°0 31vHYd3S 40 NOILY3wWy3d

(S) In 3yNIId

{1°2

0°E

0y

(Ww) uoyjexzuasuoy atdweg

256



(sxnoy) awll
ki £ [4

1 1 1

L0
=N

i

Srgeg = o

TJEeN = X
134 = o

J

05" LY 3NVHEW3A YW3Hd NITI0NS ¥ILYM v SSONIY S1380 pue T34 “T3eN

01 1334534 HLIM WS2°0 NOILNTI0S Sno3nby 4Q3NIBW0J v 40 NOILY3W¥3d

(3) 1A 3un9id

-0° T

| 0°2

[o°¢

%m.a

(Ww) uorjeIjuasuo] ardues

257



(sanoy) awjl

¢ 3

Lo

L~

Nﬂumu = 0

T13JeN = X
134 = o

9,64 LY 3NVNEW34 wWIHd NITIONS ¥3lym y Ssowgy S1gea pue 1w

T3JeN 40 SNOILNIO0S SNO3NDY WS2°0 31lvuvd3S 40 NDILY3WH3d

(L) IN 3HN9I4

0°t

. 0°2

- 0°¢

L 0°9

(Ww) uoijexjuasuog ayduwes

258



The peculiarities of individual solute solution transport across pHEMA
at 37°C might have resulted finm small emounts of absorbed solutes in
the membrane which were able to affect the transport of the next solute
studiede Such effects may have been due to the water structure “making"
or "breaking" capabilities of the solutes themselves in this particular

water environment although there was no evidence of such behaviour 1n the

other systems studied.

It must also be pointed out that combined solutions 0.25M with respect

to NaCl, KCl1 end BaClz are of greater tonicity than the individual sclute
solutions and thus can be expected to deswell hydrogel membrenes to a
greater extent than separate solutions would. This in turn would
influence solute transport rates making the comparison of combined end
separate solute solution transport rates more complex.

Vi.2.ii1 Solute Permeation Across Water Swollen HEMA/Styrene
Membranes

Figure VI (8) shows the permeability of water swollen HEMA/Styrene

(EeeCo = 23,1) to & combined aquecus solution 0.25M with respect to

NaCl, KCl and BaClz at 37°C. The transport of separate 0.25M sclutions

of NeCl, KC1 and CaCl, can be seen in Figure VI (9). The most obvious
features of these plots were that no Céclz transport was detected and

| that the lower E.W.C. of these membranes as compared to pHEMA and pACM

resulted in & further reduction in NaCl and KCl transport. The complete

exclusion of Caclz was due to the large hydrated size of Caz+ (see later).

It was also noted that the difference between KC1l and NaCl transport

rates was greatest in the separate solute solution studies (due to lack

of competition for transport) KC1 transport being faster than NaCl

transport.

The experiments were also carried out at 45°C and the results of the
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combined solute soclution studies can be seen in Figure VI (10) while
the results of the separate solute solution studies cen be seen in
Figure VI (11). These experiments again showed that KC1l transport was
greater than NaCl transport, no CaClz transport being detected. The
difference in rates of NaCl end KCl transport was oncelagaln greatest
in the "non-competitive® separate solute solution experiments, and

transport rates increased with incressing experimental temperature.

The problems of high Nh+ contamination in the initial stages of permea-
bility runs, an observetion highlighted by the high sensitivity used in

sample analysis for these particuler systems, could aslso be seen from

these results.

The ability to exclude calcium transport whilst ellowing sodium and
potassium transport, as well as to some extent differentiating sodium
and potassium transport, on the basis of hydrated ionic size has fer
reaching implications in fields such as dialysis and the design of

permselective membranes for sensors.

VI.2.iv Solute Permeation Across Water Swollen MAA/ACM
Membranes

The permeability of a water swollen MAA/ACM membrane (E.W.C. = 37.6) to
a combined aqueous solution D.25M with respect to NaCl, KC1l and CaBlz at

37°C can be seen in Figure VI (12).

Although these plots seemed to demonstrate the expected order of
transport (KC1 > NaCl > Cal.‘:lz) and linearity with time this type of
composition could be affected by factors which could influence its
permeability characteristics. It has been noted in Chepter III that the
incorporation of ionogenic groups such as MAA into pHEMA hydrogels

reduces NaCl permeability whereas ionisation of the group dramatically
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increases the E.W.C. of the preparatiun.12h Another complicating factor
involves the extent of interchain hydrogen bonding in MAA/ACM preparations

which might lead to a gradual increase in E.W.C. with time at 37%
(Chapter III).

The possible E.W.C. change with time was not considered to be significant
for the experimental time and the pH of the system was such as to suggest
that increased E.W.C. due to MAR ionisation was slso negligible. The
preparation's permeability characteristics showed no significant deviatlions
from the properties expected for a hydrogel of this E.We.Ce This was
exemplified by the linearity of the plots, showing no E.W.C. change with
time and also by comparison with results obtained on other hydrogel prepara-
tions (see permeation "cut-off* plots later). Overall, short term effects
due to the experimental temperature used could be confidently excluded.

VI.2.v Solute Permeation Across Water Swollen MAR/ACM/STY
Membranes

Figure VI (13) shows the permeability of & water swollen MAR/ACM/STY
membrane (E.W.Ce = 27.5) to a combined squeous soclution 0.25M with respect
to NaCl, KC1 end CaCl, at 37°C. The low rates of transport correlated
with the low E.W.C. of this preparation and the order of rates of trans-
port was again KC1> NaCl > l:al:lz. It was also possible to identify a
period of traneport leg (lag time) from these results, especially in the
cases of CaClz and KC1 transport. This had also been observed for NaCl
and KC1 trensport across HEMA/STY membranes (eg Figure VI (10)). It

was also interesting to note that whereas no CaClz transport was detected
across HEMA/STY membranes of E.W.C. = 23,1%, transport of CaCl, was found
across a MAA/ACM/STY membrane of E.W.C. = 27.5%. Not only did the 5%
E«WeCe increase allow Cal::l2 transport to occur but it elso resulted in a

ten-fold increase in NaCl and KC1 transport even though the E.W.C's of
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both preparations were almost completely composed of non-freezing water.

The prgdi;table permeability properties of this membrane suggested that
none of the influences discussed with regard to MAA/ACM membranes were

affecting transport across this preparation.

VI.2avi Effect of Pore Size on Solute Permeation

The effect of a reduction in E.W.C. on pore size and thus on solute
permeability of the type described above can be clearly seen from a plot
of logP Qersua (1/1-H) as demonstrated in Chaﬁtar Ve The data curréspun-
ding to all the results discussed so far in this chapter are shown in
Table VI.A end log P versus (1/1-H) plots for CaClz, NaCl and KCl

transport are shown in Figures VI (14), VI (15) and VI (16) respectively.

The values of (1/1-H) employed were calculated from the E.W.C's of the
preparations at 23% bearing in mind the negligible influence on E.W.C.
of the short term elevated experimental temperature (Chapter III). The
results used for pHEMA permeation were those obtained in the repeated
experimental run since the variation in permeability coefficients between
combined solute solution and separate solute solution experiments was

not as great as in the original experimental runs.

Soﬁa of the data in Table VI.A can be compered with previously reported
valuéa. Yasuda, Lemaze and Ikenberry119 reported permeability coefficients
of 3.12 X 10'7 anﬁ 5.64 x 10?7 bmz aacf1 : for NaCl transport across

PHEMA membranes cross=-linked with 0,97 mole¥% and 0.37 mole% EDMA. The
experimental teﬁpérature must be assumed to be room temperature. These

values were in agreement with those of 3.40 x 10”7 cn sec™! and 4.25 x 10~7

2 o .
cm  sec 1 obtained during studies here on 1 mole% EDMA cross-linked pHEMA

membranes at 3708.
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TABLE VI.A

SUMMARY OF PERMEABILITY DATA

FOR WATER SWOLLEN HYDROGEL MEMBRANES

Preparation Temperature Solute(s) Permeability .
(E.W.C. % at 23°%C ) Studied Coefficient (cm” sec” ')
pACM 37 0.25m (NaCl 14142 x 10:3
(89.3) wop.t CHCL 148.1 x 10_,

*7*" (ceCl, 98.2 x 10
pHEMA (1st run) 37 0.25M (NaCl 2.8 x 10:;
(35.5) u.r t (HCl 3.2 X 10_7
%% (cacl, 0.7 x 10
pHEMA (1st run) 37 0.25M NaCl 3.4 x 10:;
(35.5) 0.25M KCl 2.2 x 10_,
0.25M CaCl, 0.6 x 10
PHEMA (2nd Tun) 37 o.25 (NaCl 2.5 x 1077
(35.5) upog CKCL 3.7 x 10,
*T*% (cec1, 0.7 x 10
PHEMA (2nd run) 37 0.25M NaCl 4.3 x 1077
(35.5) 0.25M KC1 3.8 x 10_,
D.ZSM CaBlz 0.8 x 10
PHEMA 45 o.25y (NeCl 2.7 x 10:;
(35.5) gt CKCL 2.9 x 107,
"% (cacl, 0.6 x 10
PHEMA 45 D.25M NaCl 3.4 x 1077
(35.5) 0.25M KC1 3.6 x 10_,
0.25M CaCl, 0.8 x 10
HEMA/STY 37 0,25y (NeCl 0.009 x 1077
(23.1) oot CHOL 0.028 x 10
- ***" (catl, Not Detected
HEMA/STY 37 D+25M NaCl 0.003 x 10:;
(23.1) 0.25M KC1 0.050 x 10
0.25M !Z:e:l::l2 Not Detected
HEMA/STY L5 .25y (NeCl 04056 x 1023
(23.1) u’r ¢ (KC1 0.073 x 10
et (cacl, Not Detected
HEMA/STY 45 0.25M NaCl 0.020 x 107,
0.25M CaCl, _Not Detected
MAR/ACM 37 (NaCl 4.3 x 1077
(37.6) 0+25M (k1 5.7 x 107
' - "7t (cacl, 0.9 x 10
MAR/ACH/STY 37 0.25y (NaCl 0.6 x 1077
(27.5) u.r ¢ (KC1 0.7 X 10:7
: ot (CeCl, 0.2 x 10
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FIGURE VI (14)
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FIGURE VI (16)

. _[...B_|
AFFECT OF CRITICAL PORE SIZE ON THE PERMEATION
OF D.25M KC1 SOLUTIONS (ag) ACROSS VARIOUS
WATER CONTENT HYDROGELS
C "’5.0’
=60
[«
Ll
T =7
(4]
& )
N
E
(4]
St
o
(=]
=]
-
T =80
‘-9.0‘
1] Ll 1 I T T '
1 2 3 &4 5 & 7 8 9 1o




Figures VI (14), VI (15) and VI (16) clearly show the abrupt “cut-off®
points for 88012, NeCl and KC1 transport. Extrapolation of the plots
towards zero permeation yields the point at which the pore size of the
matrix prevents any solute transport. The dramatic change of slope which
is characteristic of such plots represents the point at which the hydration
cospheres of the ions and the water lining the matrix.purea begin to

interact. The order in which the ions were seen to be affected was

2+

Ca ', Na* and then K*. This followed the order of hydration numbers

rather than ianic radii thus illustrating the limiting effects on
transport of the hydration cospheres (see Table VI.B).
TABLE VI.B

TIONIC RADII AND HYDRATION NUMBERS

nat Kt cet 1"
Tonle redius () 7> 0.095 0.133 0.099 0,181
Hydration number 180 . :
for chloride salt 5=6 5«7 6=8 -

Hydration number for
Cl associated with 180 bt 2.4 -8 _ )
each cation : ;

The range of water content values over which the transport of all three

solutes became severely restricted was small, being between 25% and 35%

E«leCe From Figure III (23) iﬁ Chapter III these E.W.C's correspond to

pore radii of approximately 2.8 to 3.3 R although it must be appreciated
that the matrices are composed of a distribution of pore sizes at a

given E.W.C. which alsa contributes to the gradual change in slope at
the "cut-off® point.

Complete transport "cut-off" was only found for Caclz although it must
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be considered that given sufficiently long periods of experimental time
some Caﬁlz would be found to permeate even HEMA/STY membranes. Transport
of Caclz was found to be initially influenced at an E.W.C. corresponding

to a pore radius of about 0.33 nm. Given that the radius of ca2+ is

0.099 nm then the addition of one hydration layer of water molecules adds
0.180 nm tu_the radius, le total radius of 0.279 nme This would be

slightly smaller than ‘the pore radius at which Caclz transport was affected,
but the addition of asnother hydration shell would result in a radius of
0.459 nme This would be more than sufficient to result in the reduced
transport behaviour observed. These calculations agree with the estimated

hydration numbers of 6-8 for Ca=* whan os CaCl,.

It can also be seen from Table VI.B that the difference in the hydration
numbgra of Na* and H+2is small. However, Wiggins presented data (Table
VI.B) whereby NaCl transport could be "cut-off® prior to KC1l transport
"cut-off* due to the hydrated size of the chloride ion sssociated with
each cation. This was clearer in the individusl solute solution experi=-
ments than in the combined solute solution experiments where the hydrated

size of the common anion exerted its influence on permeation to a lesser

extent._

Throughout the permeability studies discussed so far a high level of
confidence has been placed on the results of any single experiment. This
can be justified in two ways. First, & number of repeated experiments on
the permeability of water swollen pACM to Lincomycin (0.1M) at 23%

showed a variation bettar'than‘i 5% and experiments on KCl transport across

water swollen pHEMA showed a variation of less than + 3.5% from experiment

fu'experimant. '

Secondly, in any one experiment the data were in good agreement with each
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other, often resulting in excellent linearity of the plots or well

fitting curves.

Having demonstrated ionic transport selectivity based both on anion
hydrated size and associated cation hydrated size the next stage of this
research was to study the trénapnrt of these solutes across antibiotic
incorporated membranes where the water structuring influences of the

antiblotics on solute transport could be investigated.

VI.3 Solute Permeation Across Antibiotic Incorporated Membranes

Antibiotic incorporated membranes employed in these studies were soaked

in distilled water overnight and then rinsed in fresh distilled water
before being fitted to the permeability cell. Thias procedure eliminated
the effects of gradusl depletion of antibiotic in the membranes during

the experiments in that most of the antibiotic present during experiments
was "locked" into the matrix. The procedure also overcame the assoclated
problem of membrane rupture which was observed if a membrane not previously
soeked in distilled water overnight was fitted to the cell, due to its
swelling characteristics when in contact with the solutions used in
permeability runs. The rupture process consisted of a "delamination®

of the ﬁemhrane in a plane perpendicular to solute transport. This process
was often accompanied by a very faint and transient blue translucency, as in

similar processes reported by Hefnju79 as due to microphase separation of

small clusters of water molecules.

VIi.3.i Solute Permeation Across Antibiotic IncurEurated
pHEMA Membranes

Figure VI (17) shows the permeation of a combined aquecus solution

0.25M with respect to NaCl, KCl end Cat:l2 across @ 10% 1.0M Lincomycin

incorporated pHEMA membrane at 37°C. The corresponding separate solution

experiments on the same membrane composition cen be seen in Figure VI (18).
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The order of transport rates in both cases followed the previously observed
trend of KC1 > NaCl >'Cat312 although the rates of KC1l and NaCl transport
were lower in the combined solute solution experiments than in the separate

solute solution experiments. This indicated the competitive nature of

NaCl and KC1l transporte.

The permeation of a combined agqueous solution 0.25M with respect to
NaCl, KCl and 83012 across a8 10% 1.0M Clindamycin incorporated membrane
at 37°C can be seen in Figure VI (19). The corresponding results from
separate solute solution experiments can be seen in Figure VI (20). The
order rates of transport in both cases was as expected except that NaCl
and KC1 transport rates were very similar and once msgain NaCl and KCl
transport rates were lower in the competitive combined solute solution

experiments than in the separate solute solution experiments.

Comparing the two types of antibliotic incorporated membrane it was found
that the transport rate of all three solutes was greatest in the Lincomycin
incorporated membrane permeability experiments. The permeability
coefficients of all these experiments are presented later in Table VI.C,
but Figures VI (21) and VI (22) summarise the data for pHEMA including

that for transport scross water swollen pHEMA membranes. The E.W.Ce Of
Lincomycin incorporated pHEMA was 39.4% of which 10.1% was freezing

waters The E.W.Ce of Clindamycin incorporated pHEMA was 40,8% of which

20.2% was freezing water. UWater swollen pHEMA had an E.W.C. of 35.5%

of which 12.8% was freezing water.

Comparisons of data from water swollen membrane experiments with data
from antibiotic incorporated membrane experiments are not strictly velid.
However, pHEMA membranes incorporating 10% (by wt) water were not

successfully prepared although such preparations would according to
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Refojo and Vasuda78 have the same E.W.C. 88 water swollen pHEMA,.

Figures VI (21) and VI (22) show that with two exceptions the order of
rates of transport was KC1 3> NaCl > CaCIz. This was modified to
NaCl > KC1 > CBFIZ in combined solute solution experiments an water
swollen pHEMA (discussed earlier) and Clindamycin incorporated pHEMA

(where NaCl and KC1l transport rates were very similar anyway).

It was observed that the higher E.W.C. antiblotic incorporated membranes
had lower overall transport rates than the lower E.W.C. water swollen
membrane. It was also found that the higher freezing water content
Clindamycin incorporated membranes had lower overall transport rates than
the lower freezing water content Lincomycin incorporated membranes. These

results were contrary to the well-established affects of E.W.C. oON

permeahility.

It was therefore apparent that the antiblotics were capable of influencing
solute transport and this was envisaged as being the result of their
water structuring properties (Chapter IV). The differences in the water
structuring properties of the antibiotics was considered responsible for

the lower overall transport rates across Clindamycin incorporated membranes

than were found for Lincomycin incorporated membranes.

These observations were extremely important since there was now direct

evidence of the differing effects of the two entibiotics on processes

relevant to biological systems. The effects of these compounds on transport

processes in blological systems could result in the differing extents of

irritancy of the antibiotics depending on their in vivo behaviour.

VI.3.11i Solute Permeation Acfnaa Antiblotic Incor uratéd
) HEMA/Styrene Membranes

The permeation of combined agueous solutions 0.25M with respect to NaCl,
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KCl and CaCl, across HEMA/Styrene membranes incorporating either 10%
1.0M Lincomycin or 10% 1.0M Clindamycin at 37°C can be seen in Flgures
VI (23) and VI (24) respectively. The data are to be found in Table

VI.C (see later) and are summarised in Figure VI (25).

HEMA/STY incorporating Lincomycin had an E.W.C. of 28.8% of which 1.2% was
freezing water whereas HEMA/STY incorporating Clindamycin had an E.W.C. of
3L,6% of which 5.4% was freezing water. Water swollen HEMA/STY had an

E«lleCe of 23.1% of which only 1.0% was freezing water,

It was immediately apparent that trensport rates across both antibiotic
incorporated membranes were much higher than for the water swollen
membrane. This observation was highlighted by the fact that whereas in the
1.0% freezing water content water swollen membrane no CBCIZ permeation was
detected, significant levels of CaBlz were found to have permeated the
1.2%.freezing water content Lincomycin incorporated membrane and 5.4%
freezing water content Clindemycin incorporated membrane. It was apparent
that Caclz transport occurred in the freezing water fraction uf the
membranes, the small increase in freezing water content of the antibiotic

incorporated membranes being sufficient to allow BaClz transport.

The rates of NaCl and CaClz transport across both antibliotic incorporated
membranes were similar but KC1 transport was higher for the Lincomycin
incorporated membrane than the Clindamycin incorporated membrane. This
was again contrary to expectations based on E.W.C. &nd freézing uwater
content data. The differing water structuring capabilities of the

antibiotics could sccount for such behaviour if the effecflve pore size

e

nd water structures in the two preparations were such so that CaCIZ
and NaCl had to exchange their hydration shells with matrix water in

order to permeate both membrane types. Such exchange might not be
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necessary for KCl transport across Lincomycin incorporated HEMA/Styrene
membranes but could be at least partially involved in KC1l transport

across Clindamycin incorporated HEMA/Styrene membranes. The real situation
would not be as clear-cut as described above but these types of interactions

‘based on hydration cosphere size could explain the k* selectivity observed.

UI«3.111 Solute Transport Across Antibiotic Incorporated
MﬂA?ACH7 S5TY Membranes

The bermeatiun of combined agqueous solutions 0.25M with respect to NaCl,

KCl and ca312 across either a 10% 1.0M Lincomycin incorporated MAA/ACM/STY

membrane or a8 10% 1.0M Clindamycin incorporated MAA/ACM/STY membrane can
be seen in Figures VI (26) and VI (27) respectively. The data shown in

Table VI.C (see later) is summarised in Figure VI (28).

Water swollen MAA/ACM/STY had en E.W.Ce of 27.5% of which 0.1% was freezing
water. MAA/ACM/STY preparations incorporating Lincomycin or Clindamycin
had E.W.C's of 19.4% and 21.1% respectively, in neither case was any
freezing water detected. Although the previously noted trend of order of
transport rates of KC1> NaCl was observed NaCl and BaClz transport rates
were similar and it was apparent that solute transport through non-freezing
water in the antibiotic incorporated membranes was occurring. This would
presumably depend on an exchange of hydration as described earlier end

even 0.1% freezing water in the water swollen preparation led to an

increase in rate of transport of all three solutes.

It was apparent from the studies on the antibliotic incorporated membranes
that NaCl and CaGl2 were restricted to about the same level of transport

but the KC1 transport was still higher than both NaCl and CaCl This

2.
again suggested that the antibiotics were capable of exerting a specific

influence over KC1l transport. The time lags seen for the detectlion of
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EaClz transport in Figures VI (26) and VI (27) also demonstrate the

reduced Caclz permeation due to its hydrated size.

Vie.3.iv Solute Transport Across Antibiotic Incorporated
MAA/ACM Membranes

The permeation of combined aqueous solutions 0.25M with respect to
NaCl, KC1 and CaCl, across MAAR/ACM membranes incorporating either 10%
1.0M Lincomycin or 10% 1.0M Clindamycin at 37°C can be seen in Figures
VI (29) and VI (30) respectively. The data obtained are shown in

Table VI.C and summarised in Figure VI (31).

Water swollen MAR/ACM had an E.W.Ce of 37.6% of which about 12% would
be freezing water (see Chapter III). MAA/ACM incorporating 10% 1.0M
Lincomycin had an E.W.Cs of 37.7% of which 2,3% was freezing water end
MAA/ACM incorporating 10% 1.0M Clindamycin haed an E.W.C. of 39.2% of

which 7.3% was freezing water.

Higher overall rates of solute transport were ubaerued.fnr bath antibiotic
incorporated membranes than was found for water swollen MAA/ACM., This

was especially significant since all three membrane preparations had

about the same values of E.W.C. However, their constituent amounts of
freezing uhter did vary, and the highest overall rates of transport were
found for the mainly non-freezing water composition antibiotic incorporated
membranes. Once again, of these two membranes highest transport rates

were found for the Lincomycin incorporated membrane which also had the

lowest freezing water content. It has already been mentioned that such

behaviour was contrary to that previously repurted155'119'120'121 as well

as being contrary to the behaviour seen for water swollen membranes earlier
in this worke In each case the general trend of order of rate of

transport being KC1 > NaCl> I!:a[:l2 was found so this suggested that the

292



(sinoy) awy)
5 b | £ 2 T

1

Jolf 1Y 3INUHBWIW W3IY/YYl

Q31Y4¥04H0INT NIJAWOINIT WO®T %0T Y SSOyJY “tJed pue 1ay ' TaeN
0L 133dS34 HLIM'WSZ®0 NOILMNI0S SNO3NDY G3NIBWO3 Y 340 NOILY3WH3d

=1

"L

£ T

4T

ST

-9 T

' (62) IN 3HN9IA

LT

(WW) uoj3ejuasuog atduwesg

293



(sxnoy) awyy

(Dg) IN 3¥N9Id

¢ g i £ Z B
= [ . I.H
s 2
: ¢
-4
o
% -5
L9
X
{7
-8
o -
-6
-0T1
B 4
-2 1
A
e = 0
1382 £
108N = X
T4 = o =0T
-G T
JolLE 1Y 3INYHBWIW WIY/YYW QILYHOJHOINTI NIJAWYONITI WO®T %0T Y S5S0YH3Y 9T
Humu PUB 139 ‘10BN O1 103d534 HLIM WS2°0 NOILNI0S SN03NDY O3NIBW0d ¥ 40 NOILYIwyid
-L1

(Ww) uotjexjuaauoy atduesg

294



TABLE VI.C

SUMMARY DF PERMEABILITY DATA FOR

ANTIBIDTIC INCORPORATED HYDROGEL MEMBRANES AT 37°%¢C

‘Composition Solute(s) Permeabilify _,
(E.W.Ce % at 23°C) Studied Coefficient (cm sec ')
pHEMA 1inc L/M 0,25 (NeCl 2.9 x 10:3
(39,4) w‘r ¢ (KC1 3eb x 10 o

*F+% (onc1, 0.8 x 10
PHEMA inc L/M 0.25M NaCl 3.6 x 107
(39.4) 0.25M KC1 3.8 x 107,
0.25M l:acl'z 0.9 x 10
PHEMA inc C/M 0,25y CNeCl 2.2 x 1077
(40.8) Decol (Kol 2.6 x 107,
it (CBCIZ 0.6 x 10
PHEMA inc C/M 0.25M NaCl 2.9 x 1077
(40.8) D.25M KC1 2.8 x 1077
0.25M CaBIz 0.6 x 10
HEMA/STY inc L/M 0.5y (NaCl 0.14 x 1077
(28.8) wop.t CHCL 0.32 x 10_,
*T* (cacl, 0408 x 10
HEMA/STY 1inc C/M 0.5y (NeCl 0.15 x 1077
(3‘4Q5) W.r t (KC1 D.23 X 10-7
e (CaCl, 0.07 x 10
MAR/ACM/STY inc L/M | o oo, (NeCl 0.08 x 107
(19.4) D23 (ke 0.21 x 107,
*7*" (carl, 0.08 x 10
MAR/ACM/STY inc C/M | o oo (NaCl 0.06 x 1077
(21.1) oeoy (Kel 0.25 x 10_,
*7*" (cacl, 0.09 x 10
MAA/ACM inc L/M 0.25y (NeCl 10.9 x 10:3
(37.7) *=5 (ko1 15.5 x 107,
WeT+¥ (cecl, 3.0 x 10
MAA/ACM inc C/M 0.o5y (NeCl 7.3 x 1077
(39.2) e t (Kcl 12.2 x 10-
weret (cacl, 1.8 x 1077
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same fundamental factors controlled permeation throughout all of these
studies but that their effectiveness was modified to different extents

by the presence of elther Lincomycin or Clindamycin. The MAA/ACM

systems stand out in particular because of the large overall increase of
transport of both antibiotic incorporated preparations over the rates of
transport found in water swollen MAA/ACM despite the simultaneous reduction
in freezing water content. Such behaviour could be explained in terms of
water channels organised by the antibiotics (or at least favourable
transport routes) which would allow faster solute permeation. Some degree
of selectivity based on hydrated solute size must remain since thae

characteristic order of transport rates of KCl > NaCl'>-CaClz was

maintained.

This type of behaviour in similar water environments in biological systems
could result in a breakdoun of certain cellular processes possibly leading
to cell lysis. This could in theory provide a basis for an explanation of
the different extents of irritancy of these two antibiotics based on

their different water structuring capabilitiea.

VI.4 Solute Absorption Studies

As part of this research an investigation of the weight of NaCl, KCl and
EaCIz absorbed per gram of hydrogel for a range of preparations was carried
out. The membrane preparations were cut into discs and their surfaces
uiped dry in the manner described for the determination of E.W.C. (Chapter
IT)e A knouwn weight of hydrated discs was sdded to 10 ml of a combined

aqueous solution which was 5 mM with respect to NaCl, KCl and CaCl The

2.
samples were then left to soak at 37°C for about & weeks, At the end of
this period the solution concentration of each solute was determined and

the amount of each solute absorbed per gram of sample was calculated.
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TABLE VI.D

SOLUTE - ABSORPTION STUDY RESULTS (37°C)

Sample Composition

Amount of Solute Absorbed

(mg/q)

pACM (HZU) NaCl 0.19
KC1 0.20
CaClz 0.64
pHEMA (HZU) NaCl 0.20
KC1 0.18
CaClz ‘072
HEMA/STY (H20) NaCl 0.01
KCl 0.03

CaCl2 Not detected
MAA/ACM (HZD) NaCl 0.57
KC1 0.55
Caﬂlz 1.21
MAR/ACM/STY (HZDJ NaCl 0.65
KC1 D.6L
EaClz 1.43
pHEMA inc L/M NaCl 0.26
KCl D.31
BaCl2 D.b41
HEMA/STY inc L/M NaCl 0.21
. . KC1 0.21
MAA/ACM inc L/M NaCl 0.49
KCl1 0.51
Cal‘:l2 1.63
MAR/ACM/STY inc L/M NaCl 0.66
KCl 0.67
CBCIZ 2.09
PHEMA inc C/M NaCl 0.18
KCl 0,25
CaClz D.20L
HEMA/STY inc C/M NaCl 0.28
KC1 0.37
CaBlz D.13
MAA/ACM inc C/M NaCl 023
KC1l 0.30
CaCIZ 0.92
MAR/ACM/STY inc C/M NaCl 0.71
. KCl 0,71
CaClz 2.50
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The results nbtaineﬁ from these studies can be seen in Table VI.D.

The results nbtainéd for water swollen preparations are also shown in
Figure VI (32)e From Figure VI (32) it can be seen that for each water
swollen preparation equal amounts of Na® and K were absorbed. However,
in each case there was a markedly higher level of Caz+ absorption and
there was no epparent trend according to water content. Such findings
were cumgarahle to those of Yaauda119 who reported that the distribution
of NaCl in hydrogel/NaCl systems responded with great sensitivity to
change in the tﬁhe of polymer involved. From the results obtained here
it was also noted that the presence of MAA in & hydrogel led to increased
absorption of all three solutes in an unspecific manner presumably due to

the partly ionic nature of the hydrogel.

These results can also be compared with studies reported by ulggin56'1a1

in which silica gel and rat kidney cortex slices were found to selectively

2+

absorb _H+ over Na. Ca“" was effectively excluded. The model developed

to explain these findings was based on the free energies of hydration of

the ions as shown in Table VI.E.

TABLE VILE

FREE ENERGIES OF HYDRATION (AG...) OF IONS’

HYD

ce?t  nat c1” Kt

Guyp (k Imol )| 1593 388  317-340 314

Wiggins suggested that highly hydrated ions such as Baz+ had to use more
energy to acquire primary hydration from networks of water molecules of
higher hydrogen bond energy. As its activity in such surroundings would

increase ite tendency would be to diffuse spontanesusly into the bulk
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aqueous phase. However, such theory did not correlate with the prelimin-

ary findings reported here.

The solute absorption study results for Lincomycin and Clindamyecin
incorporated membranes are summarised in Figures VI (33) and VI (34)
respectively. These figures once again showed that overall solute
absorption was highest for hydrogels conteining MAA. Such hydrogels also
sppeared to have more highly elevated Caz+ levels than Na* and K' levels.
The Lincomycin incorporated membranes in general showed no significant
difference in the amounts of Na® and k' absorbed whereas @ small but
consistent increased absorption af k¥ over Na' was found in all but the

lowest freezing water content (MAA/ACM/STY) Clindamycin membranes.

Direct comparison of the data for the antibiotic incorporated membranes
showed that solute absorption by low E.W.C. membranes was greatest for
the Clindamycin incorporated membranes but that solute absorption by high

E.W.Cs hydrogels was greatest for Lincomycin incorporated membranes.

It has already been mentioned that the affinity of the antiblotics them-
selves for the hydrogels could not be carried out without the development
of a more sensitive assay slthough this area was well worth further study.
However, an the basis of the preliminary studles reported here the incor-
poration of Clindamycin into & hydrogel seemed to endow it with a measure

of K'/na* selectivity not seen for water swollen or Lincomycin incorporated

membranes.

The results in general suggested that the higher rates of solute transport
across Lincomycin incorparated hydrogel membranes than were found across

Clindamycin incorporated hydrogel membranes, could not be accounted for
on a basis of differing solute solubility in the various hydrngala.' Such

behaviour seemed to be the result of the influence of the antibiotics on
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the diffusive contribution to the permeabllity coefficients.

Vi.5 Extended Solute Permeation Studies

A few permeability studies were carried out on solutes other than NaCl,
KC1 and BaCl2 across antibiotic incorporated membranes and the assay of
all solutes described in this section other than NaCl, KC1l and BaClz was

carried out by P A Caeser using & Technicon Autoanalyser (Chapter II).

VI.5.1 Phenylalanine Permeation Across a Water Swollen
HEMA/STY Membrane

The experiment described here was to investigate the possibility of ienic
transport being restricted whilst amino acid transport was maintained on a

hydrated solute size basis.

Figure VI (35) shows the results of the permeabllity study at 37°C of a
water swollen HEMA/Styrene membrane to & combined aqueous solution 0.25M
with respect to NaCl, KCl and CaCl2 + 15 mg/1 (nitrogen) phenylalanine,
However, no phenylalenine transport was detected but Cacl2 transport was
detected whereas experiments on solutions not containing phenylalanine
showed no CaClz transport across water swollen HEMA/STY membranes. These
results are summarised in Table VI.F.

TABLE VILF

FPERMEABILITY DATA FOR HEMA/STYRENE (Hzﬁ) AT 37°%C

Permeability Coefficients

' 2 -1
Solute System (cm™ sec ')

NaCl KC1l CaClz

7

0.25M w.r.t NaCl, KC1, CaCl, | 0.009 x 1077 0.028 x 107/ Not datected

0.25M wer.t NaCl, KC1, Baclz
+ 15 mg/1 (nitrogen)

0.067 x 10~/ 0.066 x 10~/ 0.023 x 10™7
phenylalanine : e 3 et i
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It was spparent that phenylalanine had interfered with the process of

selectivity of solute transport on the basis of hydrated solute size.

VI.5.i1 Phenylalanine Permeation Across Water Swollen
MAAR/ACM Membranes

The above experiment was repeated on e higher E.W.C. MAA/ACM water swollen
membrane. The permeability of this membrane to & combined agueous solution
0.25M with respect to NaCl, KCl and GaClz + 15 mg/1l (nitrogen) phenylalanine

at 37°C can be seen in Figure VI (36).

Once again, no phenylalanine transport was detected but the transport
characteristics were different to those found for the permeation of the
same solution in the absence of phenylalanine, NaCl transport tailed off
whilst KC1 transport rose. It appeared that phenylalanine was once more

disrupting the process of solute hydrated size selectivity.

VI.5.11i Glycine Permesation Across MAA/ACM Membranes

The lack of eny detectable phenylalanine transport over the periods studied

in the above experiments led to the extension of such studies to glycine

transport.

The results of these studies using various concentrations of glycine in
conjunction with water swollen and antibiotic incorporated MAA/ACM
membranes at various temperatures are shown in Figure VI (37). The
preliminary run of 15 mg/l (nitrogen) glycine at 23°C was successful, and

‘80 the experiment was repeated on other MAA/ACM membranes at 37°C using

60 mg/1 (nitrogen) glycine solutions.

Figure VI (37) clearly shows that higher glycine transport was found using

a Lincnmycin incorporated MAA/ACM membrane than was found for either
Clindemycin incorporated or water swollen MAA/ACM membranes. The permga-
bility coefficients were ; water swollen HAA/ﬁCH s 0,212 x 10'7 cmz 580-1
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Lincomycin incorporated MAA/ACM = 0,303 x 10-7 cmz 395'1 and Clindamycin

incorporated MAR/ACM 0.280 x 10~/ cn> sec” |

L]

The observation that glycine transport wes greater through Lincomycin
incorporated MAA/ACM than Clindamycin incorporated MAA/ACM, despite the
lower freezing water content of the preparation, was in sgreement with

the observations on NaCl, KCl and Caclz transport reported earlier.

VIe.5.iv Phosphocreatine Permeation Studies Across MAA/ACM Membranes

The promising results of the above experiments led to permeation studies on
substances that in some way might be implicated in the irritation process
end release of creatine kinase described in Chapter I. One: such substance
was phuagﬁocreatine but very low levels of this substance were found to
perﬁeate MAA/ACM water swollen membranes at 23°C over the time of study .

(8 hours). It wes obvious that a slightly different membrane composition

would have to be developed before further permeability studies in this

direction could be carried oute.

The results presented in this chapter were subject to even more complex
competitive interactions than those presented in Chapter V. The balance
of interaction could be expected to be sensitive to changes in temperature
and solute concentrations. The overall results suggested that for the
solutes studied here the order of membrane permeability was Lincomycin
incorporated > Clindamycin incorporated > water swollen. The precise
nature of the controlling forces could not be ratiocnalised during these

studles but changes in the nature of water structure due to the antibiotics

were implicated in the processes,
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CHAPTER VII

CONCLUDING DISCUSSION AND SUGGESTIONS

FOR FURTHER WORK

VII.l1 Concluding Discussion

The original aim of this research was the study of the possible role of
water structuring effects of the antibiotics concerned as the basis of

an explanation of the widely different irritant properties of apparently

~very similar compounds.

It must be appreciated that the investigation did not concern the actual
mechanism of irritation itself but the way in which two compounds which
ere chemically very similar can show such widely different physica~
chemical behaviour. Models for the possible explanation of the differing
extents of irritancy of these antibiotics were therefore based on the

physico=-chemical characteristics of the compounds as determined during

this research.

Although water structure in bulk water form end aqueous snlution has not
been precisely identified, many of the unususl properties of water have
been known for a long time. The main feature of water structure of

concern during these studies was its abllity to exist in free and bound
water states, The amounts and definition of water types in & given sample

vary according to the technique used and since differential calorimetry

was used extensively here free water was described ss "freezing® water
and bound water was described as "non-freezing® water. A continuum of

water states between these extremes is also anviaaged.1u

Water and water structure play important roles in biological processes

such as stablilising intramolecular bonds that maintain proteins and
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enzymes in their native conformation as well as stabilising the double

helix of D.N.A. UWater structure has also been implicated in models of

cellular control such as those of mlgginss'7 and Etzler end
Drnat-Hanaen?z Employing the concept of water structure and its
modifications it was possible that water structuring effects of the

Lincomycins in some way modified or disrupted established water structures

in the cellular environment with resultant irritation.

Although early studies were conducted in aqueous solution the majority
of the work presented here concerned the effects of the antiblotics on
water structure in model systems. The model systems used were hydrogels
or water swollen polymer networks. Through selection of appropriate
hydrophilic and hydrophobic monomers, these could be synthesised, in
membrane form, so as to result in desired water content and freezing/

non-freezing water composition preparations.

Hydrogels were also impregnated with antibiotice for some studiss and
a number of methods of achieving this were tested. Of these, the
incorporation of agueous antibiotic solution into the matrix during the

polymerisation stage was considered the best method of achieving high

levels of matrix antibiotic.

Although the extent and nature of the differences in irritancy of the
antiblotics studied are difficult to quantlfy,g Clindamycin was regarded

as "irritant" and Lincomycin as "non-irritant®, Clindamycin is also

more active than Lincomycin in vive and in vltrn.s3

The initial cheracterisation studies on aqueous antiblotic solutions

revealed @ number of differences in the properties of Lincomycin end

Clindamycin. Not only were agqueous solutions of Clindamycin increasingly

more acidic than agueous Lincomycin solutions with increasing solution
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concentration, but Clindamycin was also found to be more soluble than
Lincomycin in water. The solubility of Clindamycin in water also
increased with temperature (over the temperature range studied) far
more than was found for Lincomycin. Vapour pressure osmometry studies
on agueous solutions of the antibiotics also ﬁruvided evidence of
intermolecular association of Clindamycin at high aqueous solution con-

centrations of a type not seen for Lincomycin.

It was suggested that the intermolecular association of Clindamycin and
its high solubility might in some way result from a hydrophobic inter-
action which would allow both association and high solubility. Such
an interaction would be expected to break down at higher temperatufﬁa
and the properties of the antibiotics seemed to be to some extent
dépEndant on solﬁtinn concentration and femperuture throughout all the

studies reported here.

The effects of the antibiotics on the water content and freezing/non-
freezing water composition of hydrogels was also studied. The effect of
solutes in general has often been reported to be to deswell hydrugeln11'7g
but incorporation of antiblotics into hydrogel matrices resulted in

higher water content preparations in most cases. There was also a
significant trend of higher freezing water contents in Clindamycin

incorporated preparations than was found in Lincomycin incorporated

preparations,

The MAA/ACM preparations incorporating antibiotics seemed to display
edditional properties in that almost all the water present in these
compositions was non=freezing and in fact no freezing water at sll was
detected in the antibiotic incorporated MAA/ACM/STY preparations. Varlous

models to explain such behaviour were proposed whereby antibioctic/matrix
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interactions could lead to a stabilised water structure that was

propagated throughout the preparation.

It was also found that MAA/ACM and MAA/ACM/STY preparations syntheslsed
using MBACM &8s a cross-linking agent had equilibrium water contents
(E.WeC's) that were stable with time of hydration at room temperature.
Previous studies of EDMA cross-linked MAA/ACM preparations had suggested

that gradual solvation of interchain hydrogen bonds with time leed to

15,111

increasing E.W.C's. However, any stabilisation due to the use of

MBACM here was overcome at elevated hydration temperatures where

increased E.W.C's were recorded.

Difféfential scanﬁing calorimetry (D.5.C.) studies showed that substan=-
tiaslly larger aﬁnunta of non-freezing water were associated with high
concentration aqueous solutions of Clindamycin than were found for
Lincomycin. The number of non-freezing water molecules associated with
Clindamycin were also found to increase with increasing solution

concentration, again in a manner not found for Lincomycine.

All of these results showed & series of small but significant differences
in the agueous solution behaviour of Lincomycin and Clindamycin. Further
evidence was obtained from low concentration agueous antibiotic solution
melting endotherms using D.S.C. These revealed an additional melting
transition at a lower temperature (269K) than the melting of pure water
for Lincomycin solutions but not Clindamycin solutions. The srea of the
transition increased with increasing Lincomycin concentration but its
teﬁperature position hardly varied. At higher solution concentrations
the separation of fha melting of pure water and depressed water -

Components was observed for both antibiotics but at the highest solution

concentrations an additional endothermic transition at 259K was found

313



for Clindamycin and an exothermic transition at the same temperature uwas
found for Lincomycine. The possibility of the low tempersture endothermic
transitions being due to the melting of eutectic compositions was

investigated, phase diagrams constructed and an eutectic explanation

all but eliminatede.

The additional peak transitions were attributed to the melting of “"restric-
ted" water fractions, these being intermediate to the bound and free
states. Studies on water swollen hydrogels, antibiotic solution swollen
hydrogels and antibiotic incorporated hydrogel preparations revealed more
complex multiple transition melting behaviour. Throughout the studies

a8 number of characteristic transitional temperatures were noted, all
occurring well before the melting of the "pure® water components of the
systems, and these were attributed to further "restricted* water fractions.
These represented particular types of stabilised water fractions that
melted at characteristic temperatures. These observations agreed well

with the postuleted "continuum® of water states between bound and free
water fnrma.1u Further evidence of such a continuum was provided by

the occasional superimposition of other transient melting peaks on the
usual melting behaviour of some preparations. These were considered

as "seml-stable™ water states which form spontanecusly and disappear

after only one temperature cycle although a few samples showed similar

pegka which persisted for about two or three temperature cycles.

A limited number of D.S.C. cooling studies were carried out which

seemed to suggest-that the "perfection of crystallisation® procaaaTP
whereby the pure water melting peak of a sample increases on temperature
Cycling at the expense of imperfect crystalline structures, was more

Complex than originally.envisaged in systems including the antiblotics.
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It appeared that the stabilisation of water structures in the systems

by antiblotics could lead to the freezing peak of pure water in the
system maoving to progressively lower temperatures on temperature cycling,
eventually approaching the homogeneous nucleation temperature of water

at the same time as the size of the "pure" water transition decreased,

The overall pnncluslun of the D.S.C. studies was that both antibiotics
were capable of structuring water in the same manner huf that the type
and extent of water atfucturing was dependant on the nature of the

water environment in the system in which the antibiotics were present.
As has been mentioned already the Clindemycin incorporated preparations
had higher freezing uatef contents than the Lincomycin incorporated
preparations. This migﬁt suggeaf that the bulk of the water structuring
effects of the antibiotics result frnm the hydroxyl groups of the sugar
ring but that the prcc;as is influenced by the C1/0H group‘change between
Clindamycin and Lincumyéin. This regiaon of thé molecules could have its
own individual water structuring effects, or could be affecting the
conformation of the molecules (via water structure) so controlling the
water structuring effects of the molecules as & whole. This situation
would be more complex in concentrated squeous solution since the inter-

molecular association of Clindemycin could alter its water structuring

properties.

Such explanations were highly speculative and so the experimental work

Progressed to the study of antibiotic permeation across water-swollen

hydrogel membranes. Of the preparations studied only water swollen

PACM (high E.W.C. high freezing water content) membranes were permeable

to the antibiotics and a series of solution concentration end tempera-

ture variation studies were conducted. There was little overall

difference in the permeation of Lincomycin end Clindamycin across such
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high E.W.C. membranes but anomolous transport behaviour of Clindamycin
was found at low temperature and high solution concentration. This

was consldered to reflect the intermolecular association of Clindamycin
in high concentration solution which may be disrupted at higher tempera-
tures. The permeation of agueous solutions of NaCl, KCl and EaClz across
a8 range of E.W.C. and freezing/non-freezing water content preparations
were studied for the purpose of comparison with the transport behaviour
of the same solutes across & range of antibiotic incorporated prepara=-
tions. The order of rates of transport was generally KC1 > NaCl > CaCl,
which corresponded with the order of increasing hydrated solute size.
Pore size "cut-off" plots for the transport of these solutes were
constructed which also showed the influence of hydrated solute size on
transport. In fact 33612 transport across water swollen HEMA/Styrene
membranes was eliminated and KC1 and NaCl transport rates were well
distinguished. Such observations have important implications in fields

such as dialysis.

The permeation studies of NaCl, KCl and CaBlz scross antibiotic incor-
porated membranes revealed small but significantly higher solute transport
rates across Lincomycin incorporated preparations than across Clindamycin
incorporated preparations. This uaé despite the fact that the E.W.C's

end freezing water contents of Lincomycin incorporated preparations were

generally lower than for Clindamycin incorporated preparations,

Studies of Glycine transport demonstrated the same permeability trends
8s those described above for NaCl, KCl and CaCl,. It was concluded that
the effects of the antibiotics was to slter water structure to varying
extents so that selectivity of solute transport (based on hydrated
solute size) was modified end that this effect was different for each

antiblotic. The selectivity of solute transport was found to be reduced
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by the presence of phenylalanine in the permeating solution either by

it physically obstructing solute permeation or by interacting with the

particular water structuring forces present in the matrix.

Such alterations of membrane transport behaviour based on water
structuring effects would have severe implications for bioclogical
systems. Disruption or alteration of membrane transport processes could
lead to loss of cellular control and possibly to the type of irritation

differences recorded with use of these antibiotics.

Water structuring models for the control of cellular processes have been
developed by wlggina.qn Based on observations that ions can be selec=-
tively accumulated or excluded by cells depending on the hydration
requirements of the ions and the ordered (structured) water nature of
the systems a number of transport systems were described. These are
best illustrated by the (Na* + K*) ATPase model in which & membrane
undergoes a conformational change, resulting in an "ordered®" state

(upon hydrolysis of ATP) but spontaneously collapses to a "disordered"
state in response to thermal fluctuations. During the "ordered" condition
it was postulated that the inner surface of the ATPase has hydrogen
hunﬁing donor and acceptor groups orientated in such a way as to allow
them to participate in water structu&ing. The structured water regions
could be stabilised Qnd propagated throughout intracellular water

ad jacent to the-membrane. St;ucturéd water would élmoat totally exclude
small cations whilst accumulating large cations, most anions, amino
acids and sugars to Qarying degrees., Permeability changes of these

membrane regions, resulting in highly specific solute transport, were

also postulated.

In the disordered period a membrane would have aqueous channels large
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enough to allow free passage of hydrated H+ and there would be a large
driving force for Na® influx which would be restricted since the pore
size would be too small to allow free passage of hydrated Na* lons.
However, during an_urdered period the water zone Jjust inside the membrane
has a greatly reinforced hydrogen bonded structure end so would not be
readily avallable tu'provide primary hydration for the ions. A Nat-
specific ionophoric channel at each (Na* ; k*) ATPase would allow
dehydrated Nat 1nns_ta have their water of hydration replaced by a
prntectivé‘tunnel of oxygen atoms so that Na® can move rapidly in elther
direction. However, the driving force for Na* trangport has reversed
because the water structure inside the membrane is 1npumpatib1e with the
stable existence of Na' ions with their absolute requirement of primary
hydration. Net efflux of Na' thus occurs whilst K* finds the intra-
cellular environment a more favourable environment (a water structure

breaker)h1 and so tends to be accumulated.

The model as putlined above has been greatly simplified but was

developed by Wiggins to explain a number of transport system pruceasas§’7
It is easy to see how disruption of the water structure of such a process
could lead to uﬁcuntrnlled k¥ and nat transport. The levels of extre-
cellular K* would thus rise end this process would agree with the
observed K' loss of red blood cells (before cell lysis) in the presence

of Clindamycin which was found to & far smaller extent in the presence

of Lincuchin.g

The differences in the water structuring cepsbilities of the two antibio=
tics in certain water envirunmenta cnuld lead to different extents of
“disruption aor modification of water structure and as cellular metabolism

becomes uncontrolled lead to the different extents of irritancy of the

tuo compounds. Clindamycin would presumably have the greatest effect in
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this way since the higher levels of k" release from red blood cells

incubated with Clindamycin rather than Lincomycin could be correlated

with its greater irritant effects.

Tﬁe differing éxtenta of irritancy of the two compounds might also be

the result of water Etfucturing effects at a slightly different level

to tﬁat described ebove. It might well be that certain cellular trans-
port processes are modified rather than completely disrupted and that
certain substrates and compounds essential for the maintenance of cell
metabolism are selectively or even unselectively transported out of the
intracellular environment via modified water structure based transport
systems that eventuslly leed to cell and tissue degradation and hence

the irritation reported. Such a modification might lead to the release

of ‘compounds such as creatine kinase (as reported)g into the extracellular

environment as a cause of cellular degradation rather than as a result

of cell lysis.

Either way, the water structuring effects of the Lincomycin antibiotics
could result in the different extents of irritancy of the various
compounds due to the occurrence of interactions of water structures or

water structure disruptions in biological systems..

In the broader context of drug‘induced irritéfibn the results of this
research are particularly interesting. It is unlikely that the water
structuring abilities seen here are limited to the Lincomycin group of
antiblotics alone and in future years it may well prove that a large

number of diverse compounds demonstrate hitherto unreported complexity

of thermal behaviour in aqueous systems.

That withstanding, the differences in the physical-chemical behaviour of

Lincomycin and Clindamycin are 1n£ereatin§.1n thﬁt'tha asan;ihtion of
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Clindamycin and not Lincomycin and the large differences in the
solubility characteristics of the two compounds were largely unexpected.
These studies, combined with the investigation of the thermal behaviour
of the compounds when in aqueous solution suggested that the interactions

responsible for these observations were sensitive to concentration and

temperature changes.

The large differences in the water structures of these compounds also
has wider implications in other fields where the influence of water
structure has already galned credibility. One such area is that of
biocompatibility where the nature of the water associated with an
implant governs its successful use to a large extent. The studies
described here may eventually lead to a better understanding of

interactions in which water structure is involved.

It is impusslble-fo say at this stage what feature of the water struc-
turing capabilities of Clindemycin results in its more marked irritancy
than Lincomycin. However, given that high concentrations of some
antibiotics are readily accumulated at certain sites, it may well prove
that the i{ntermolecular association of Clindamycin but not Lincomycin
in high concentration agueous solutions is the main factor controlling

the differences in water structuring and extents of irritancy of theee

compounds,.

VII,.2 Suggestions for Further Work

Several suggestions for the extension of particular aspects of the

research described in this thesis have been made as follnus}

1) The study of the intermolecular association of Clindamycin in agueous
solution as a function:of temperature bearing in mind the apparent

Concentration and temperature dependance of processes studied during
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this research. Investigations of Lincomycin and Clindamycin in  non-

agqueous solution (eg D.M.S5.0.) by vapour pressure osmometry would eid
the assessment of the importance of association of the antibiotics to

their water structuring differences,

2) Studies of the emount of each antibiotic absorbed by the various
hydrogel preparations employed would allow 8 more detailed consideration
of the permeation of the antibiotics across such membranes although this
in itself requires the development of & more sensitive assay for the
antibiotics.

3) The amount of each drug associated with the hydrogel preparations
employed during this research could slso be determined from C.HeNe
analysis and would clarify some of the results of the water contents of
the various antibiotic impregnated hydrogels as regards the amounts of
non-freezing water rather than absorbed antibliotic present.

4) The MAA/ACM and MAAR/ACM/STY preparations used during this research
need further characterisation of their E.W.C. stabllity with time and
hydration temperature. Any stabilisation of the network due to antibiotic
incorporation might be reflected in the E.W.C. versus hydration
temperature profiles of such preparations. The variation of the E.W.C's
of such preparations might also be studied with regard to the pH of the
hydrating medium,

5) Further D.S.C. studies need to be carried out on the antibiotic
incorporated hydrogel preparations that resulted in multiple peak
melting behaviour to investigate the relatlnnships between the amounts of

antibiotics preaent and the aize of the water component under each

thermal transition.

Extended D.S.C. studies, in order to resolve the problems of possible

eutectic formation and their contribution to the thermograms, are also
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required as well as further studies on the thermal transitions of

aqueous monomer sclutions. The multiple transition behaviour of the
samples studied should be repeated using a technigque such as nem.re

or dielectric in order to substantiate the assignment of these transi-
‘tions as the melting of “"restricted" water fractions.

6) D.S.Ce studies evaluating the effects of the entibiotics on the
‘gradual process of incorporation of non-freezing water into the freezing
water fraction during temperature cycling are also required together with
the 1nvestlgatioﬁ'uf the behaviour of water associated with the exothermic
tranalfiuns geen during the heating of some samples.

7) Permeability studies on the effects of antibiotic incorporation

into hydrogel membranes on the transport of soclutes other than those
studied here that might be implicated in the irritation process (such as
phosphocreatine and creatine kinase) would be of conaiderable interest.
Such studies would require the selection of hydrogel compositions with
water environments and pore sizes suited to the study of the solutes

under investigation.

The suggestions outlined asbove are all based within the general area
of research slready carried out, however, new areas of study must
involve the investigation of the water structuring effects of many other

compounds which need not necessarily be limited to pharmaceuticals or

biologically significant species.

Such investigations could then be extrapolated to permeability and cther
studies as a general improvement of our knowledge of the nature of water

structures and their importance in physical-chemical and bioclogicel

systems,
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