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THESIS ABSTRACT

Aston University

TEAR AND SKIN PHOSPHOLIPIDS; ANALYSIS AND HYDROGEL ANALOGUES

DARREN CAMPBELL

Doctor of Philosophy / September 2007

This thesis is concerned with the analysis of phospholipids in the tear film and with
the synthesis of phospholipid analogous hydrogels. The work consists of two areas.
The first area is the study of the phospholipids in the tear film, their nature and fate.
The use of liquid chromatography mass spectrometry determined that the
concentration of phospholipids in the tear film was less than previous thought.

The analysis of the tear film phospholipids continued with thin layer chromatography.
This showed the presence of diacylgylcerides (DAGs) in the tear film at relatively
high concentrations. The activity of an enzyme, phospholipase C was found in the tear
film. It was hypothesised that the low concentration of phospholipids and high
concentrations of DAG in the tear film was due to the action of this enzyme.

The second area of study was the synthesis of phospholipid analogous materials for
use in ocular and dermal applications. For ocular applications the synthesis involved
the use of the monomer N,N-dimethyl-N-(2-acryloylethyl)-N-(3-sulfopropyl)
ammonium betaine (SPDA) in combination with 2-hydroxyethyl methacrylate
(HEMA). Charge-balanced membranes were also synthesised using potentially
anionic monomers in conjugation with cationic monomers in stoichiometrically
equivalent ratios also with HEMA as a comonomer. Membranes of SPDA copolymers
and charge-balanced copolymers proved to have some properties suitable for ocular
applications.

The dermal materials consisted of one family of partially hydrated hydrogels
synthesised from SPDA in combination with ionic monomers: sodium 2-
(acrylamido)-2-methyl propane sulfonate and acrylic acid-bis-(3-sulfopropyl)-ester,
potassium salt. A second family of partially hydrated hydrogels were also synthesised
from N-vinyl pyrrolidone in combination with the same ionic monomers. Both of the
partially hydrated hydrogels synthesised proved to have some properties suitable for
use as adhesives for the skin.
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Chapter 1 - Introduction

“May we meet, as we part, with a tear”
Lord Byron, The tear
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1.1 Hydrogels

1.1.1 Introduction to hydrogels

Hydrogels can be defined as water swollen hydrophilic polymeric networks. These

materials have the ability to be swollen by and to imbibe water (or other suitable

solvents) while preserving their three-dimensional structure at physiological pH,

temperature and ionic strength [1]. This definition includes a wide variety of materials of

both biological and synthetic origin [2]. While hydrogels are not a novel idea it was not

until Wichterle and Lim [3] introduced 2-hydroxyethyl methacrylate and suggested that

hydrogels would make biologically compatible polymers that widespread interest was

sparked.

Hydrogels can be classified in variety of ways [2, 4, 5] and some examples are according

to the source, the components, the nature of the crosslinks, the nature of pendant groups,

its responsiveness or degradability (Table 1).

Table 1. Classification of hydrogels

Classification

Contents

Source

Natural
Synthetic
Combination

Component

Polymer
Copolymer
Interpenetrating network

Crosslink

Physical
Chemical

Nature of pendant groups

Non 1onic
Ionic
Amphoyltic

Responsiveness

Non responsive
Responsive
e pH, temperature, electric field, light, etc

Degradability

Degradable
Non degradable
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One of the most common and perhaps useful classifications is that of the crosslinks. The
three-dimensional structures of hydrogels are networks of polymer chains that can be
held together by physical or chemical bonds. Physically bonded hydrogels are held
together by molecular entanglements, ionic forces and secondary forces (hydrogen and
van der Waals bonds) which are (relatively) reversible bonds. Chemically bonded
hydrogels are held together by covalent bonds crosslinking the polymer chains thus
making them more stable than physically bonded hydrogels and therefore relatively non-

reversible.

Chemically bound synthetic hydrogels are used for applications in this thesis. These are
normally polymers or copolymers of hydrophilic monomers. Examples of the hydrophilic
monomers used in the polymerisation of such hydrogels are shown in section 1.2.1. The
hydrophilicity is due to the presence of hydrophilic gorups, such as the hydroxyl,
carboxyl and amide. These polymers are known to perform well in biomaterial

applications.

The chemical bonds are formed in hydrogels can created by various techniques, for
example chemical crosslinking, irradiation crosslinking, physical interaction and free
radical polymerisation. The free radical polymerisation method is the most preferred and

was used in this work with thermal or photo-induced initiation.

1.1.2 Neutral, ionic and ampholyte hydrogels

Neutral or non ionic hydrogels are those which are synthesied from monomers have no
charge bearing groups in their structure. Examples of these are acrylamides, alkyl
methacrylates, vinyl lactams (such as N-vinyl pyrrolidone), and hydrophobic acrylics

such as vinyl acetate (Figure 1).

19




O~oH j\
o) Z o

2-hydroethyl methacrylate (HEMA) vinyl acetate (VA)
O
O R
N
74 o)
N-vinyl pyyrolidone alkyl methacrylate

Figure 1. The structure of some common neutral monomers used for synthesis of hydrogels

Tonic hydrogels are synthesised from monomers which posses charge bearing groups in
their structure. These monomers can be cationic or anionic with the resulting hydrogel
being negatively or positively charged. Examples of anionic monomers are 3-sulfopropyl
ester acrylate (SPA), 2-acrylamido-2-methyl propane sulfonic acid sodium salt

(NaAMPS), acrylic acid and its derivatives, and sodium styrene sulfonate (Figure 2).
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Figure 2. The structure of some common anionic monomers used for synthesis of hydrogels
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Examples of cationic monomers are aminoethyl methacrylate derivatives (such as 2-

(dimethylamino) ethyl acrylate) and 4-Vinyl pyridine (Figure 3).

/\[fO\/\N/ = | X
|

0 =N
2-(dimethylamino) ethyl acrylate 4-vinyl pyridine

Figure 3. The structure of some common cationic monomers used for synthesis of hydrogels

Ampholyte hydrogels contain both positive and negative charges. They are synthesised
from cationic and anionic monomers with the resulting charge depending on the amount
of each incorporated. A special case of ampholyte monomers are the zwitterions which
are molecules that contain both the positive and negative charges. Examples of
ampholyte monomers include N,N-dimethyl-N-(2-acryloylethyl)-N-(3-sulfopropyl)
ammonium betaine (SPDA), 2-methacryloyloxyethylphosphorylcholine (MPC) and 1-(3-
sulfopropyl)-2-vinylpyridinium (SPV) (Figure 4).
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N,N-dimethyl-N-(2-acryloylethyl)-N-(3-sulfopropyl) ammonium betaine (SPDA)
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O

2-methacryloyloxyethylphosphorylcholine (MPC)

Figure 4. The structure of some zwitterionic monomers used for synthesis of hydrogels
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1.1.3 Equilibrium Water Content (EWC)

If a hydrogel is allowed to swell with water then it will reach equilibrium. This is the

equilibrium water content (EWC) of the hydrogel. EWC can be found using equation 1:

EWC (%)= weightof waterin hydrogel

x 100 Equation 1
Totalweightof hydrated hydrogel

If at equilibrium a polymer embibes water of its own dry weight then it would have a
EWC of 50%. EWC can be determined by bringing a hydrogel to its water equilibrium
by soaking in water and then dehydrating, weighing prior to and after dehydration
provides the masses to be used in the equation above. This is the basis of the gravimetric

method [6].

The hydrogel swells to accommodate the water in the chain network while maintaining
the bonds that hold it together. This sets up conflicting forces of osmotic drive versus
“pbonding force” retraction and the amount of water imbibed reaches equilibrium when
these forces are balanced. The degree of swelling is dependent on a range of factors the
most influential of which are the nature of monomers used, the nature and concentration
of bonds formed, the pH and the tonicity of the polymer. Imbibed water can swell a
hydrogel from a lower arbitrary limit of 10-20% up to 1000’s of times its dry weight
depending on the factors [2].

The EWC is perhaps the most important property of a hydrogel as it impinges on so
many other properties of the material. The water held within the polymer substrate gives
the hydrogels their properties. The water in a hydrogel acts as a plasticizer or an internal
lubricant allowing chains to rotate and conferring flexibility. It also acts as a transport
medium for dissolved species such as oxygen and water-soluble metabolites. The water
also operates as a "bridge" between the surface of natural and synthetic systems. It can

behave as a lubricant to reduce the friction at the interface.
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1.1.4 The Nature of Water in Hydrogels

There is a widely accepted theory that proposes that water in hydrogels is in dynamic
equilibrium between two states known as bound and free water, or non-freezing and
freezing water. When water is first absorbed it interacts with the hydrogels hydrophobic
and hydrophilic regions forming secondary bonds and this is known as bound water
(non-freezing). After this initial period water continues to be driven by osmosis into the
hydrogel but does not interact with the hydrogel, this is known as free water (freezing).
There is also an intermediate state between the bound and free water. These states of

water are shown in Figure 5 [7].

iiiza
N2l //// Z4

The different types of water in hydrogels. @ = bound water, & = free water; ] = intermediate
water.

Figure 5. The nature of water in hydrogels |7]

Three methods are common for deteriming the amounts of free and bound water. These
are small molecular probes, dynamic scanning calorimetry and nuclear magnetic

resonance.
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1.1.5 Applications of Hydrogels

Hydrogels have been used for applications in agricultural as water storage granules, in
the food industry as thickeners and in analytical techniques such as electrophoresis and

chromatography. It is their use as biomaterial where they find many applications.

1.1.5.1 Hydrogels as Biomaterials

A definition for a biomaterial is a material that is natural and/or synthetic in origin
which is designed to interact with the organism (or a part of it) in order to control,
support, modify or improve some of its function or properties. To do this the material
must be biocompatible and while there is no such thing as a universally biocompatible
material but there are degrees of biocompatibility. A device that is biocompatible is

harder to define but one definition is

“a device that performs in the environment in which it is placed, with an appropriate

host response”

Hydrogels fall within this definition and are employed as biomaterials. Applications of
hydrogels as biomaterials include blood contact devices, ocular environmental uses
(contact lenses, intraocular lenses, scheral buckling and keratoprothesis), implanted
materials (synthetic articular cartilages, soft tissue prosthesis, bone and hard tissue
prosthesis, composites and coatings), wound dressings (natural hydrogels, synthetic
hydrogels, hydrocolloids) and pressure sensitive adhesives (transdermal drug delivery
systems, wound dressings and biosensors). An overview of biomaterial applications and
relevant patent literature can be found by Corkhill et. al. [6]. It is the contact lens and
pressure sensitive adhesive (skin adhesive patch) applications that are of interest in this

thesis.
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1.1.5.2 Contact lenses

Hydrogel contact lenses are directly attributable to the work of Wichterle and Lim [3].
Not only did they introduce the concept of soft contact lenses utilising the properties of
HEMA but also developed the spin casting method of production. Bausch & Lomb
licensed Wichterle’s patent and went on to commercialise the first soft contact lens in
1972. The other major contact lens manufacturers introduced there own soft contact lens
materials, Johnson & Johnson with their daily disposable HEMA-based 1-Day Acuvue
contact lens in 1987 and Ciba Vision’s release of poly(vinyl alcohol) Dailies in 1997.

However throughout the 80°s it became apparent that the oxygen permeability (Dk) of
these soft contact lens was not suitable for overnight use, as exemplified by the work of
Holden and Mertz [8] and more recently Harvitt and Bonanno [9]. The drive for higher
Dk led to the use of silicone hydrogels. These are a different family of hydrogels that are
based around the use of silicone in the place of carbon in the backbone of the polymer.
Silicone hydrogels have found commercial applications as contact lenses with the
introduction Bausch & Lomb’s PureVision and Ciba Vision’s Focus Night&Day in 1999.
More recently this was followed by Johnson & Johnson’s Acuvue Advance and Acuvue

Oasys, Ciba Vision’s with 020ptix and Coopervision’s Biofinity.

1.1.5.3 Pressure-sensitive adhesives (PSAs)

A PSA can be defined as a material that adheres to a substrate with low pressure and
leaves no residual adhesion upon removal [10]. Johnson and Johnson first introduced
PSAs in 1899 in the form of a tape with adhesive attached and recent applications include

wound dressings, sensor application and transdermal drug delivery devices.

A PSA must possess the thermodynamic and kinetic requirements of adhesion (see
Appendix I — Adhesion) in order to adhere to skin. PSAs have been successfully
produced from materials such as polyisobutylenes, polyacrylics and polysilicones. It was
thought that materials with a greater degree of hydrophilicity could be used to enhance
adhesion to skin. This led to the use of hydrogels that provide a higher degree of
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hydrophilicity due to the nature of polymers used. The enhanced adhesion is thought be
due to hydrogen bonding between the hydrophilic PSA and the skin.

Hydrogel PSAs are formulated to be partially hydrated and are therefore below their
EWC. This partial hydration of the hydrogels leads to the PSAs with an appetite for the
uptake of water, which has the consequence of aiding adhesion due to the removal of any
interfacial water. However the partially hydrated hydrogels state of hydrogel pressure
sensitive adhesives leaves them with the ability to absorb enough water to destroy their
ability as pressure sensitive adhesives. Imbibed water can swell them prolifically and

their mechanical strength diminishes as they expand until they become unusable.

Previous research in this laboratory by Flemming described hydrogel PSAs synthesised
from 2-acrylamido-2-methyl propane sulfonic acid sodium salt (AMPS) and acrylic acid
bis-(3-sulfopropyl)-ester potassium salt (SPA) monomers which made PSAs suitable for

application as skin adhesives [11].

The three key components of hydrogel PSAs are an unsaturated water soluble monomer,
water and a humectant/plasticiser. Glycerol is a typical humectant/plasticizer used in
PSA formulations. Flemming [11] has defined the upper and lower limits of the these
three key components of hydrogel PSAs for the production of cohesive, adhesive
hydrogels gels. Flemming’s work used AMPS as the monomer and glycerol as the
humectant to produce a series of hydrogel membranes with differing ratios AMPS, water

and glycerol. The characteristics of these membranes are shown in Figure 6.
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0 %
100 %

Glycerol

Non-cohesive
Poor cohesion

Good adhesion and cohesion

NaAMPS not dissolving
Non-adhesive

Figure 6. Phase diagram revealing the properties from monomer, glycerol and water compositions
(wiw) [11]

These compositions can then be used as a basis for the design of new hydrogel PSAs. A
composition from within the white area of this triangle denotes those hydrogels with
good adhesive and cohesive properties; this composition was chosen as a starting point
for the PSAs in this thesis. Details of the chosen starting point composition are 40%
monomer(s), 30% water and 30% glycerol. Cartwright continued Flemming’s work using
these and other ionic monomers and found that a ratio of 6:4 AMPS:SPA provided PSAs

with improved adhesion while still remaining cohesive and clear [12].
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1.2 Lipids

1.2.1 Introduction to lipids

Lipid is a term often used to describe compounds that can be grouped together according
to their solubility, i.e insolubility in water and soluble in non polar solvents such as
benzene, chloroform and hexane. There is no widely accepted definition for lipids and

Christie [13] has sought to rectify this by defining lipids as:

“fatty acids and their derivatives, and substances related biosynthetically or functionally

fo these compounds”

Lipids are hydrophobic and in an aqueous or polar environment will aggregate however
some lipids also have a hydrophilic component and are amphipathic; these types of lipids
are habitually found in membranes. Lipids are classified on the chemistry and chemical
property of the compound. Classifications include fatty acids, n-acylglycerols,
phospholipids, isoprenoids, esters, eicosanoids and glycolipids [14] and are detailed in

Section 1.2.2.

Lipids can be divided into two sub divisions: firstly those that contain ester linkages and
can be hydrolysed such as waxes and fats and secondly those which do not contain ester
linkages such as steroids [15]. Christie [13] also has sub definitions of simple and
complex lipids where simple lipids produce at most two primary products per mole from
hydrolysis and complex lipids produce three or more primary products per mole from
hydrolysis. Simple and complex lipids are sometimes referred to as neutral and polar

respectively (Table 2).

Table 2. Sub Classes of Lipids

Simple Complex
neutral polar
two primary three or more primary
hydrolysis products hydrolysis products
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1.2.1.1 Simple lipids

The simple (neutral) lipids include the subclasses of free fatty acids, triacylglycerols

(triacylglycerides), diacylglycerols, 2-mono-sn-glycerols, sterols, sterol esters and waxes.

1.2.1.2 Complex lipids

The complex (polar) lipids include the subclasses of glycerophospholipids
(phospholipids), glycoglycerolipids, sphingolipids and glycosphingolipids.

1.2.2 Lipid Classes

1.2.2.1 Free Fatty acids

Fatty acids consist of chains of 3 to 30 carbon atoms with a carboxylic acid group at one
chain end. The individual characteristics of the fatty acids are determined by the chain
length and degree of unsaturation. The longer the carbon chain of the fatty acid the
higher the melting point and the more hydrophobic the fatty acid. The more double bonds

the lower the melting and the more fluidity [14].

Free fatty acids are synthesized in nature via condensation of malonyl coenzyme A units
by an ester synthase complex. They usually contain even numbers of carbon atoms in
straight chains and may be saturated or unsaturated and may contain substituent groups
[13]. About 40 fatty acids occur naturally with palmitic acid (Ce) and stearic acid (Ci3g)
being the most abundant saturated types, oleic acid and linoleic acid (both Cg) are the

most abundant unsaturated types [15].

1.2.2.2 n-acylglycerols

n-acylglycerols consist of a glycerol backbone with fatty acids esterified. The fatty acids
can differ in chain length and saturation to each other. n-acylglycerols can be triacyl,
diacyl or 2-mono acyl depending on the number of fatty acids attached to the glycerol

backbone [13].

29



Triacylglycerols (triacylglycerides or triglycerols) consist of three fatty acids esterfified
to a glycerol backbone. In nature they are synthesized by enzymes and the asymmetry is
created about the C-2 carbon of the glycerol backbone therefore enantiomeric forms
exist. Sterospecific nomenclature has been developed to describe these forms so that a
Ficher projection of a natural L-gylcerol derivative the second hydroxyl group is shown
to the left of the C-2 and the carbon above this is the C-1 carbon atom and that below is

the C-3. A prefix of “sn” indicates that the compound is has defined stereochemistry.

Diacylglycerols (or diglycerides) consist of two fatty acids per glycerol moiety and have
various isomeric forms. 2-mono acylglycerols have the fatty acid in the C-2 position

which can undergo acyl migration rapidly at room temperature.

1.2.2.3 Sterols

Sterols are a family of polycylic compounds [13] of which cholesterol (cholest-5-en-3p-
ol) is the most abundant member, other examples include 7-dehydrocholesterol and
lathosterol. They are amphipathic lipids synthetised naturally from acetyl-coenzyme A.
In essence they consist of a tetracyclic structure with an iso-octyl side chain at carbon 17.
The four rings (A, B, C, D) have trans ring junctions and the side chain and two metyhyl
groups (C-18 ad C-19) are at an angle to the rings above the plane with 3 stereochemistry
There is adouble bond between carbons 5 and 6. The overall molecule is quite flat. The

hydroxyl group on the A ring is polar. The rest of the aliphatic chain is non-polar.

1.2.2.4 Waxes

Waxes are esters of long chain carboxylic acids and long chain alcohols. The carboxylic
acid usually has an even number of carbon atoms from 16 to 36 while the alcohol has an

even number of carbon atoms from 24 to 36.

1.2.2.5 Esters



Similar to waxes an ester can be formed by esterification of a fatty acid to a hydroxyl
group attached to a ring compound, for example cholesterol can be esterified with a fatty

acid to form a cholesterol ester.

1.2.2.6 Phospholipids (glycerophospholipids)

These are similar to triacylglycerols in that they have two fatty acids esterified to a
glycerol backbone but the C-3 has a phosphate ester with one of four types of polar head
groups attached; namely ethanolamine, choline, serine or inistol. The degree of saturation
and the chain length of the fatty acids can differ so there are a great variety of

phospholipids. The phospholipids are detailed in Section 1.2.3.

1.2.2.7 Isoprenoids, Eicosanoids and glycolipids (glycoglycerolipids)

Isoprenoids are cyclic lipids formed from eicosanoid acids which are twenty carbon
chains. This class includes prostaglandins, thromboxanes and leukotrines. Eicosanoids
are any product derived from arachidonic acid. Eicosanoids include prostaglandins,
thromboxanes, and leukotrienes. The eicosanoids can collectively mediate almost every
aspect of the inflammatory response Glycolipids are 1,2-diacyl-sn-glycerols with a

glycosidic linkage at the C3 joining carbohydrate moiety.

1.2.3 Phospholipids

As much of this thesis deals with phospholipids a more detailed explanation of this class
is given. Phospholipids are composed of a glycerol backbone with a phosphate group
esterified at the sn3 position and two fatty acids chains esterified at the snl and sn2
positions. A further group (the head group) is found attached to the phosphate moiety.

The generic structure of phospholipids is shown in Figure 7.
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sn2
sn3

head group

Figure 7. Generic structure of a phospholipid. The snl, sn2 and sn3 show the positions on the
glycerol backbone of the fatty acids and the phosphate group respectively. R’ is a head group and
R’’ are fatty acid groups.

The headgroup establishes the way in which phospholipids are classified. The major
classifications of phospholipids are shown in Figure 8 and are: phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI),
phosphatidylglycerol (PG) and diphosphatidylglycerol (DPG).

Another important and common lipid is sphingomyelein which is a glycolipid or more
specifically a glycosphingolipids. Sphingomyelein is structurally similar to the
phospholipids and consists of a ceramide with a phosphatidylcholine in position snl

(Figure 8).
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Figure 8. The major classifications of phospholipids are phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (P1),
phosphatidylglycerol (PG), sphingomyelein (SM) and diphosphatidylglycerol (DPG)



1.2.4 The variety of molecular weight (M,) associated with complex
lipids

The two fatty acids groups present in phospholipids can lead to a great variety of
molecular weights of phospholpids. If we consider phosphatidylcholine which has a
glycerol backbone with its two fatty acids and phosphate polar head group as a model

complex lipid.

The fatty acid groups of phosphatidylcholines differ from one species to another and so
the M, of each species will also differ. Table 3 shows a variety of phosphatidylcholines
which have fatty acid chain groups with lengths of between 12 and 24 carbons. These are
the most common type of fatty acid chain length in organic species. Some entries in the
table have the same M, even though they have different fatty acid chains, for example
both

20,20-phosphatidylcholine and

846.25g/mol.

18,22-phosphatidylcholine have a M; of

Table 3. Molecular weights of phosphatidylcholines with different fatty acid chains. FA is fatty acids

carbon chain length and the number entries are the theoretical molecular weights of the species. For

example the first entry is 12, 12 phosphatidyicholines (dilauroylphosphatidylcholines or DLPC) and
its Mr is 621.828g/mol.

FA 12:0 14:0 16:0 18:0 20:0 22:0 23:0 24.0
12:0 621.828

14.0 649.881 | 677.934

16:0 677.934 | 705.987 | 734.04

180 705.987 | 734.04 | 762.093 | 790.146

20.0 734.04 | 762.093 | 790.146 | 818.199 | 846.252

22:0 762.094 | 790.147 | 818.2 846.253 | 874.306 | 902.36

23.0 776.12 | 804.173 | 832.226 | 860.279 | 888.332 | 916.386 | 930.412

24.0 790.146 | 818.199 | 846.252 | 874.305 | 902.358 | 930.412 | 944.438 | 958.464

The differences in M, continue with the unsaturation of fatty acid chains. For example the

20, 20-phosphatidylcholine and a 20:1, 20-phosphatidylcholine would have M,’s of
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846.25g/mol and 842.25g/mol respectively. So we see from the different fatty acids and
their degree of unsaturation there can be a great variety of M;’s of phosphaticylcholines

alone and this diversity is seen throughout the complex lipids.

1.3 The Ocular Environment

1.3.1 Anatomy of the eye

When discussing contact lenses in relation to the eye one must consider the anterior of
the ocular system which includes the cornea, conjunctiva, tear film and eyelids as all

interact with the lens.

1.3.2 The Cornea, Conjunctiva and Eyelids

The cornea is the transparent, dome-shaped window covering the front of the eye. It
provides 66% of the refractive power of the ocular system. There are no blood vessels in
the cornea and it is extremely sensitive being richly populated with nerves endings. The
adult cornea is only about 0.5 millimeters thick and is comprised of 5 layers: the

epithelium, Bowman's membrane, stroma, Descemet's membrane and the endothelium.

The conjunctiva is the thin, transparent tissue that covers the outer surface of the eye
beginning at the outer edge of the cornea, it covers the sclera and lines the interior the
eyelids. It is nourished by tiny blood vessels that are nearly invisible to the naked eye
and secretes oils and mucous which helps to moisten and lubricate the ocular surface.
The eyelids are significant in contact lens wear [16].The eyelids are involved in the
control of the flow and spreading of tears therefore any interaction with their function

will impact upon the ocular surface.

Contact lenses cover the cornea to adjust the refraction of light to improve vision and are
separated from the cornea only by a thin pre corneal tear film. Contact lenses interact
with the conjunctiva and eyelids when the eyelids close during blinking and if worn

when the eye is closed at night. During blinking contact lenses may block the meibomian



glands which are located on the leading edges of the eyelids. Contact lenses are

intimately involved with the cornea, conjunctiva and eyelids due to their function.

1.3.3 The Tear Film [17, 18]

The ocular surface represents the interface between the eyes and the outer world; it must
guarantee the quality of refractive surface to ensure sharp vision and react quickly to
resist injury and protect the ocular structure. It is continually challenged by the shearing
forces of blinking, air currents, low humidity and foreign bodies. It is for these reasons
that the system is in a dynamic state and it is the tear film that is the most dynamic

component of this structure.

Tears cleanse and lubricate the surface of the eye along with providing nourishment and
immune protection. The tear film is linked to the epithelial cells via the glycocalyx which
is a mucin layer embedded in the epithelial cells of the cornea and schelera. Immaturity
or damage to the epithelium results in the absence of the glycocalyx and poor adhesion of
tear film. The tear film is thought to be spread over the ocular surface by the action of the
eyelids. The applied shear force of the eyelids would be damaging to the epithelial cells

without the presence of the tear film.

The volume of the tear film has been determined to be approximately 6 to 7 pl [19] ina
layered of phase like film, with estimates of thickness ranging from 3 pm to 35 pm [20,
21]. The tear film can be thought to be composed of three layers which are the lipid,
aqueous and mucin, although the aqueous and mucin can be thought of as a continuous
layer with a mucin gradient (Figure 9 [17]). There evidence to show mixing of lipid into

the aqueous.

36



g Oily Layer

By
1

17

squeocus

S T]
TN

!

Mucus

Glycocsiyy

1 t Microvilli

CORNEAL EPITHELIUM

Figure 9. Cross section of the tear film [17]

1.3.4 The Layers of the Tear Film [17]

1.3.4.1 The Lipid layer

The meibomian glands are the main provider of the lipid layer. The functions of lipids in
the lid margin are to maintain the lid skin in a hydrophobic state and prevent tear
overspill, to resist contamination by sebum and to prevent tears from macerating the skin.
The functions of lipids in the precorneal tear film are to spread over the aqueous layer

increasing stability, thicken and retard evaporation of the aqueous phase, to supply a
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smooth optical surface for the cornea, to act as a barrier against foreign particles, to act as

an anti-microbial agent and to seal the lid margin during prolonged closure .

1.3.4.2 The Aqueous layer

The main and accessory lacrimal glands provide the aqueous layer. This layer is
quantitatively the most important and provides a route for the delivery of oxygen and

removal of epithelial debris. It is also a pathway for many other species.

1.3.4.3 The Mucin layer

The Goblet cells are the main provider of the mucin layer. The mucin layer maintains the
glycoocalyx of the ocular surface, providing a hydrophilic surface of the otherwise
hydrophilic epithelial cells. The mucin layer also provides the viscoelastic nature of the
tear film allowing changes in the shear forces applied to it by the eyelids to be absorbed.

Tear lipocalins also play a part in this viscoelastic behaviour.

1.3.5 Lacrimal Functional Unit

The tear film, lacrimal glands, meibomian glands, goblet cells, epithelium (of cornea and
conjunctiva) and the eyelids act as a functional unit [22, 23] which operate in anatomical
unity and share feedback mechanisms that result in a simultaneous reaction to a single
stimulus. This physiologically harmony is sometimes known as the lacrimal Jfunctional

unit and is shown in Figure 10.
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Figure 10. The lacrimal functional unit (Peter Mallen)

1.3.6 Composition of the tear film

Tears are comprised of a complex solution containing water, enzymes, proteins,
immunoglobulins, lipids, metabolites and epithelial cells. As the tear film is highly
dynamic definition of the exact composition at a point in time is difficult as the content

will vary according to the situation.

1.3.6.1 Composition of the aqueous and mucin layer

The aqueous layer of the tear fluid is supplied mainly by the lacrimal glands. The
indigenously tear-specific proteins population includes lipocalin, lactoferrin and

lysozyme [24, 25]. These proteins are secreted by the lacrimal, Kraus and Wolfring
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glands. Some proteins found in the tear film such as albumin and IgG are plasma derived
[26, 27]. The number of proteins found in the tear film in the literature ranges from 60 to
491 [28-30] and this number will continue to grow as techniques become more
sophisticated. Concentration values quoted for individual proteins in tears vary in the
literature partly due to the different sensitivities and requirements of analysis. The
mucins are large heavily glycosylated glycoproteins which can be found in the aqueous
layer of the tear film; these are prodecued by the goblet cells of the conjunctiva. Another
form of ocular mucins is the membrane-associated types which are tethered to the ocular

surface and are produced from the epithelium itself.

1.3.6.2 Composition of the lipid layer

The lipid layer is predominately supplied by the meibomian glands. These are holocine
and as such secrete the whole contents of the cells onto the surface of the eyelid. The
secretion is delivered from the glands to the eyelid surface edges continuously but the
action of blinking increases delivery via a pumping mechanism [31]. The meibomian
glands are distributed along the edges of the upper and lower eyelids (Figure 11 [32])

shows the anatomy of a meibomian gland in relation to the tear film.

Figure 11. Diagram of the eye and meibomian gland [32]
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1.3.7 Composition of lipids in meibomian gland secretions (MGS)

The lipid layer can be divided into two areas for discussion of composition, the polar and
the non polar. The polar lipids, especially the phospholipids are of particular interest as
they are interfacial lipids forming a bridge between the hydrophobic non polar lipids and

the hydrophilic aqueous layer.

The MGS has been studied and Baron and Blough’s [33] reported that bovine non polar
lipids composed about 97% of the secretion with polar lipids composing the other 3%. In
comparison Nicolaides [34] studied human secretions and his work suggested similar
composition to that reported by Baron and Blough. The exceptions were that
hydrocarbons and diesters were present at 7.5% and 7.7% respectively and the polar

lipids were at much higher concentrations at 13.3%.

Stuchell et al [35] also studied human secretions and their analysis showed non polar
lipids constituting 44% of the total composition but a composition of free fatty acids of
19% as compared to less than 3% previously reported in the earlier publication.
McCulley and Shine [36] summarised their analysis work on human MGS over a thirty
year period; they report the composition to be approximately 90% non polar lipids with

the polar lipids comprising 8%.

In a comprehensive Tiffany [37] report indicated that compositions which varied with
individual subjects and therefore reported ranges for lipid composition. The ranges were
26-38% for hydrocarbons, 13-23% for wax esters, 8-34% for sterol esters, 11-43% for

triglycerols, 0-24% for free fatty acids and 0.5% of polar lipids.

The diversity of the literature values for lipid composition is obvious if these figures are
presented in Table 4 and Figure 12 [33-37]. The average lipid percentage compositions
for meibomian gland secretions from selected authors are hydrocarbons at 10.3%, wax
esters at 42.8%, sterol esters at 24.7%, triglycerols at 12.9%, diesters at 2.4%, free sterols
at 1.3%, free fatty acids at 9.2% and polar lipids (phospholipids) lipids at 6.1%.
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Table 4. Average, normalized, minimum and maximum lipid percentage compositions for
meibomian secretion from selected authors

Species average % min % | Max %
Hydrocarbons 10.3 1 38
Wax esters 42.8 18 51
Stery! esters 27.8 9.6 38
Triglycerols 12.9 3.7 43
Diesters 2.4 2 7.7
Free sterols 1.3 1.5 2
Free fatty acids 9.2 2.5 24
Polar lipids 6.1 0.5 13.3
Total% 112.7
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Figure 12. Minimum (blue), maximum (red) and average (yellow) lipid percentage compositions for
meibomian secretion

42



Two significant features arise from comparison of the literature. Firstly the disparity in
different authors’ values as shown by the maximum and minimum values which in all
cases but one (free sterols) differs by significant amounts. The second point is that
although the authors agree that the bulk of the MGS is made up of non polar lipids such
as wax esters, sterol esters and triglycerols species such as diesters, free sterols, free fatty

acids and phospholipids are present in lower concentrations.

Problems associated with comparing the literature relate to the nature and specificity of
the analytical techniques and also the use of descriptors for the polar lipid fraction, some
authours unambiguously describe the phospholpids component whereas others use terms
such as complex or polar lipids. It must be noted that when comparing the analysed data
the question of subject to subject variation provides additional difficulty. A further part
that is apparent from the literature is that both the method of collection and nature of the

collection vessel can have effects on the analysis [32, 38].

1.3.7.1 Phospholipid composition in meibomian gland secretions

Whereas several authors have accepted to classify MGS by means of broad categories
relatively little has done been on the detailed sub-classes of the polar lipids. One such
study has been carried out by Mculley and Shine [39] wh descibe two types of normal
human MGS, those with cholesterol esters and unsaturated ester fatty acids and alcohols

(NCP), and those without cholesterol esters and unsaturated ester fatty acids and alcohols

(NCA).

The phospholipids of NCA and NCP types and when analysed by Shine and McCulley
who found the composition were found to be 38.3% phosphatidylcholine (PC), 7.4%
sphingomyelin (SM), 16% phosphatidylethanolamine (PE) and 38.5% unknowns (U) for
the NCP type whereas the NCA type had 31.6% PC, 33.4% PE, 18.6% PE and 16.5% U
(Figure 13).
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Figure 13. Chart showing the percentage of normal meibomian secretions with cholesterol esters and
unsaturated ester fatty acids and alcohols (NCP), and without cholesterol esters and unsaturated
ester fatty acids and alcohols (NCA). PC is phosphatidylcholine, SM is sphingomyelin PE is
phosphatidylethanolamine and U in unknowns

Noye that these percentages are not of total meibomian lipid content but for the
composition of phospholipids which have been described earlier as composing an

average of 5.4% of the total lipid in the tear film.

It can be seen between the two groups that the ratios of PC to PE differ relatively little
but the ratio of SM to U varies greatly which is an indication of effect of the inclusion of

cholesterol esters and unsaturated ester fatty acids and alcohols into the MGS.

Meibomian gland phospholipids from rabbits have been studied by Greiner et al [40]
using *'P NMR and the major phospholipids components present were PC at 40%, PE at
18% and SM at 9%, which is similar to the concentrations reported by Shine and
McCulley. Several new phospholipids were identified as components of the meibomian
fluid including diphosphatidylglycerol (DPG) at 2.5%, dihydrosphingomyelin (DHSM)
at 5.3%, phosphatidylsyrine (PS) at 6.9%, lysophosphatidylcholine (LPC) at 1.8%,
phosphatidylinisitol (PI) at 4.7%, acylphosphatidylcholine (AAPC) at 4.1% and
ethanolamine plasmalogen (EPLAS) at 8.6%, shown in Table 5.
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Table 5. Phospholipids in rabbit meibomian gland secretions
% Species Abbr.
2.48 diphosphatidylglycerol DPG
5.33 dihydrosphingomyelin DHSM
17.79| phosphatidylethanolamine PE

6.9 phosphatidylsyrine PS
8.68 sphingomyelin SM
1.79 lysophosphatidylcholine LPC
473 phosphatidylinisitol Pl
4.08 acylphosphatidylcholine AAPC
39.64 phosphatidylcholine PC

8.58 | ethanolamine plasmalogen | EPLAS

The fatty acids groups of phospholipids were found to be normal (straight) chains with a
narrow range of lengths (C12-C18) and unsaturated in comparison to the non polar lipids
which were found to have a greater variety of chain length and unsaturation [39]. The
inclusion of LPC into the polar lipids indicates that cleavage of the lipids may be

occurring.

1.3.8 Lipids in the tear film

Meibomian secretion is generally acquired directly from the meibomian gland for
analysis and as a result the lipids taken directly from the tear film have not been studied
in great detail. The composition of the tear film lipids is difficult to access; there are
many reasons for this including: the low volume of the tear film, the problems of

harvesting, the difficulty of analysing lipids and the dynamic nature of the tear film.

The whole the tear fluid has a volume of 7ul [19] and the lipids compose an average of
3.52ug/ul [31, 41, 42]. Capillary Liquid Chromatography Mass spectrometry (LCMS)
can be utilized for overcoming this type of problem [43]. Capillary LC allows small
volume analysis as capillary columns have internal diameter (ID) of less than Imm
(typically of 0.5 - 0.3mm) compared to standard chromatographic techniques (1-5mm

D).

The method of collection of lipid from the tear film and subsequent extraction of the lipid
from this sample can be problematic. Lipids by their nature are difficult molecules to

analyze, collection with glass capillary can cause adherence of lipids to the glass whereas
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collection via a sponge method can interfere with detection, components can be extracted

from the sponge and interfere with the detection technique [43].

The literature does not present many reports of human tear lipid compositions but
Stuchell [35] described the collection of their samples as “lipid analysis of lacrimal
secretions collected with capillary pipettes following nasal stimulation”. Ham et al also
used capillary collection to analyse phospholipids from the tear film, extraction of the
lipids was by immobilized metal affinity chromatography (IMAC) prior to matrix
assisted laser desorbtion ionization — time of flight (MALDI-TOF) MS with a novel
matrix [44, 45]. Stuchell found the composition of phospholipids to be phosphatidic acid,
lysophosphatid.ylcholine and  sphingomyelin ~ whereas Ham et al found

dimyristoylphopatidylcholine (DMPC) and pyrophosphylated sphingomyelins (PSM).

While the non polar lipids of the tear film remain relatively similar to the composition of
non polar lipids in the meibomian gland excretion there is evidence that oxidative
degradation occurs [46]. It is the non saturated lipids such as the triglycerides that would
be prone to this oxidation and not the saturated phospholipids. There is also evidence that
the composition of the phospholipids of the tear film is not the same as that of the
meibomian gland excretion [43]. The difference in lipid composition of meibomian gland
secretion and tear film can be easily seen in the chromatograms from Gas

Chromatography Mass Spectromerty (GCMS) analysis by Nagyova and Tiffany [47].

1.3.9 Interactions of Ocular Lipids

The lipid layer is known to have a retarding effect to the evaporation of the aqueous
layer. Therefore any interaction of the lipid layer with anything that is placed in contact

with it is of interest, contact lenses for example.

1.4 The Skin (the Dermal Environment)

The interaction of hydrogels with the skin is of interest in this work. These interactions
primarily will involve adhesion of the hydrogels to the skin but may also include

transcutaneous drug delivery; therefore greater attention will be paid to those parts of the
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skin that will have effects upon these interactions. The epidermis is important in adhesion
and for transcutaneous drug delivery. Sebum as a skin lipid may have a role in both of

these interactions.

1.4.1 Anatomy of the skin

The skin is the largest organ of the body. It is a thin layer which ranges from 0.5mm on
the eyelids to 4.0mm on the heels and covers the entire body. It has an area of about 2m’
and weighs approximately 4.5-4kg (16% of body weight). The skin consists of two layers

the epidermis and dermis with subcutaneous tissue below (Figure 14 [48]).
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Figure 14. Cross-section of human skin [48]

It is the stratum corneum of the epidermis epidermis that provides the barrier function of
the skin. Elias describes the stratum corneum as a “brick and mortar” conformation,
where the brick are keratinised coreneocytes and the mortar is a lipid matrix. The
composition of the skin has been designed by nature over millions of years to be a very
effective barrier. This barrier function of the skin reduces the passage of water both ways

and also stops many other biological species altogether.
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1.4.2 Epidermal Lipids

The epidermal lipids are part of the skin’s structure and found in the matrix of the
stratum corneum. They are produced by a process known as differentiation. This leaves a
continuous phase of a liquid crystalline nature that is hydrophobic and acts as the main
barrier for the transport of water into and out of the body, it also acts as a barrier against

the transportation of other species.

1.4.3 Composition of Epidermal Skin Lipids

The composition of epidermal lipids is unique amongst membranes as the percentage of
phospholipids present is low. The composition of epidermal lipids differ as they undergo
differentiation and progress through the strata of the epidermis as shown in Figure 15

[49] for a sample of abdominal skin.
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Figure 15. Variation of skin lipids with differentiation

Lampe et al [49] showed the polar lipids start as a high weight percentage (by weight) of

the total present and this reduces as progression through the strata of the epidermis 1s
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followed. While the non polar lipids start with a similar weight percentage of the total as
the polar lipids, this percentage rises with progression through the strata, the
sphingolipids weight percentage also rises with migration through the epidermis. This
compositional change of lipids with migration through the epidermis is also reported by

Elias and Menon and Yardley [50, 51].

More recently the composition of the lipids in the epidermis has been reported as 50%
ceramides [52-54]; the ceramides unaccounted for were attached to the corneocyte
envelope as the Bligh-Dyer [55] extraction technique did not remove them. Ceramides
are shingolipids that are composed of fatty acids linked by an amide bond to a long-chain

base; the long chain base is sphingosine to which the fatty acids are N-acylated.

1.4.4 Sebaceous Lipids (Sebum)

Sebum is another unique substance in compositional terms as it has a huge variety in its
fatty acids chains [54, 56, 57]. Sebum is derived from sebaceous glands within the skin
and is delivered directly to the skins surface. The fact that sebum constitutes a surface

layer of lipids is the reason for the separate explanation.

1.4.5 Composition of Sebum

The composition of sebum changes during its progression through the sebaceous glands
as lipases act upon it. The composition of sebum prior to the action of the lipases on the
triacyl glycerols to produce free fatty acids has been reported by Downing and Strauss
and Stewart et al [58, 59] as 12.8% squalene, 22.5% wax esters, 60.3% triacyl glycerol,
0.6% free fatty acids, 2.5% cholesterol esters, 1.3% cholesterol and 3% phospholipids
(Figure 16 [58, 59]).
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Figure 16. Composition of lipids in sebum prior to and after lipase action

After exposure to lipases the triacyl glycerols are hydrolysed to produce free fatty acids
and the composition of sebum shifts to have 12% squalene, 22.5% wax esters, 43%
triacyl glycerol, 16% free fatty acids, 2.5% cholesterol esters, 1.3% cholesterol and 3%

phospholipids (Figure 16).

1.4.6 Oily skin and pressure sensitive adhesives (PSAs)

PSAs were discussed in section 1.1.5.3. There is some synthetic work in this thesis
concerned with the designed of PSAs for use with oily skin and so a brief description of

the problem of oily skin follows.

Oily skin is the term used when there is an excess of sebum on the skins surface and it is
caused by the overproduction of sebum. Sebum is produced by the sebaceous glands
which cover the majority of the skins surface. Sebum production is controlled by the
activity of the androgen hormone on the sebaceous glands [60-62]. It is the concentration
of dihydrotestosterone, a metabolite of testosterone that is thought to induce or inhibit

sebum production [63].
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The lipids on the skin interfere with the adhesion of the PSAs as they disrupt the bonding
process. They do this in part by producing a thin film between the adhesive and the
substrate. The surface free energy of the skins surface also plays a part as adhesives will

only adhere to surfaces that have a higher surface energy level than the adherent.

Contact angle studies of the skin have reported the surface free energy to be between 38-
56 mN/m [64, 65]. The removal of surface lipids (sebum) from the skin lowers the
surface energy [65, 66], a value 32.9mN/m has been reported also using contact angle
measurements. With the increased in sebum that oily skin brings the surface free energy
would also increase. This is seen when comparing body sites in normal skin with the
forehead having a higher surface free energy than the forearm where there are more

sebaceous glands and higher expressions of lipids [56, 66].

1.4.7 Interactions of Skin Lipids

The composition of skin lipids is one of hydrophobic character which has a bearing on
any adhesives that may be placed onto it, hydrogel skin adhesives for example. Therefore
an understanding of its structure and interactions it has with adhesives will allow better

design of materials.
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Chapter 2 — Methods and Materials

“There are many methods for predicting the future. For example, you can read
horoscopes, tea leaves, tarot cards, or crystal balls. Collectively, these methods are
known as "nutty methods"

Scott Adams
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Ethical declaration

The work contained in this thesis was conducted according to the Declaration of Helsinke and the
research was approved by the human sciences research committee of Aston University. Where

subjects were enrolled informed consent was given.

2.1 Reagents

The crosslinkers and initiators used are listed in Table 6. The monomers used in the
synthesis of membranes are listed in Table 7. The monomers used in the synthesis of gels

are listed in Table 8.

Table 6. Crosslinkers and initiators
Reagent Abbreviation M, Supplier

1-hydroxycyclohexyl phenyl ketone  Irgacure 184 2043 Ciba

azo-iso-butyronitrile AZBN 164.2 BDH
ethylene glycol dimethacrylate EGDMA 2423 Sigma
polyethylene glycol diacrylate Ebacryl 11 U.C.B.
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Table 7. Monomers used in the synthesis of membranes

Reagent
2- hydroxyethyl methacrylate *

2-(acrylamido-2-methyl propane
sulphonate acid

2-(diethylamino) ethyl acrylate
2-(diethylamino) ethyl methacrylate
2-(dimethylamino) ethyl acrylate
2-(dimethylamino) ethyl methacrylate
2-(dimethylamino) ethyl methacrylate
dimethyl sulfate
2-ethynyl-1--(3-sulfopropyl) inner salt
2-methacryloyloxyethyl phosphorylcholine
3-(dimethylamino) propyl acrylate

3-(dimethylamino) propyl methacrylamide

3-(dimethylamino) propyl methacrylamide
methy! chloride

acryloylmorpholine
N,N-dimethyl-N-(2-acryloylethyl)-N-(3-
sulfopropyl) ammonium betaine
N,N-dimethyl-N-(2-
methacrylamidopropyl)-N-(3-sulfopropyl)
ammonium betaine

Abbreviation M,

HEMA

AMPS

DMAEMA

SPV
MPC

DMAPMA

AMO
SPDA

SPP

130.1
207.2
171.2
1853
143.2
157.2
2834
227.1

157.2

170.26

206.7

141.2

292.1

Table 8. Monomers used in the synthesis of gels

Reagent

2-(acrylamido-2-methyl propane
sulphonate sodium salt

acrylic acid-bis-(3-sulfopropyl)-ester,
potassium salt
N,N-dimethyl-N-(2-acryloylethyl)-N-(3-
sulfopropyl) ammonium betaine

N-vinyl pyrrolidone

Abbreviation M,

NaAMPS

SPA

SPDA

NVP

229.2

232.3

111.1

Supplier
Cognis
Performance
Lubrizol

Sigma
Sigma
Sigma
Sigma
Sigma
Raschig
Sigma
Sigma
Sigma
Sigma

Raschig

Raschig

Supplier
Lubrizol

Raschig
Raschig

Vickers
Laboratories
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The structures of the crosslinkers and initiators used are shown in Figure 17. The

structures of monomers used in the synthesis of membranes is shown in Figure 18. The

structures of monomers used in the synthesis of gels is shown in Figure 19.
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Irgacure 184 (1-hydroxycyclohexyl phenyl ketone)
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Ebacryl 11 (a poly(ethyllene glycol) diacrylate, where n = 2 to 4)
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Figure 17. The structures of crosslinkers, initiators and monomers
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Figure 19. The structures of monomers used in gel synthesis

All other reagents and materials are listed in Table 9.
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Table 9. Other reagents and materials

Reagents
1,2,3-propanetriol
acetonitrile

agarose

ammonium formate

Amplex® Red Phosphatidylcholine-Specific

Phospholipase C Assay Kit

antibody rabbit anti human phospholipase C

boric acid

butylated hydroxy! toluene
chloroform

cholesterol

cholesterol myristate
cholesterol palmitate
Coomassie Brilliant Blue
diethyl ether

diidomethane
dilauroylphosphatidylcholine
dimyristoylphosphatidylcholine
dipalmitin
dipalmitoylphosphatidylcholine
dipalmitoylphosphatidylethanolamine
ethylenediamine tetraacetic acid
glacial acetic acid

hexane

HPLC water

immunoglobulin A

iodine

isopropanol

lauric acid

methanol

molybdenum

molybdic anhydride

nitrogen

palmitic acid

phosphate buffered saline
sphingomyelin

stearic acid

sulphuric acid

tripalmitin

Tris

Abbreviation
Glycerol
MeCN

oaPLC

BHT
ChCL3
Ch
ChMy
ChPal

DLPC
DMPC
DAG
DPPC
DPPE
EDTA

92.1
41.1

63.1

61.8
220.4
119.4
386.7
597.0
625.1
826.0
74.1
267.8
621.8
677.9
568.8
734.0
579.5
292.2
60.0
86.2
18

253.8
60.0
200.3
32.0
95.9
143.9
28
256.4

731.1
284.5
98.1

807.3

Supplier
Sigma
Fisher
Sigma
Sigma
Molecular
probes
abcam
BDH
Sigma
Fisher
Sigma
Sigma
Sigma
BDH
Fisher
Fisher
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Fisher
Fisher
Fisher
Sigma
Sigma
Fisher
Sigma
Fisher
Sigma
Sigma

Sigma
Sigma
Sigma
Sigma
Fisher
Sigma
Sigma
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2.2 Collection of tear samples

Tear samples were collected using either glass capillaries or ophthalmic sponges. Non
stimulated tear samples were taken whenever possible. The microcapillary

(microcapillary pipettes, positive displacement, 1-5ul, P6679-1PAK, Sigma-Aldrich) was

used to collect Spl of tears taken from the meniscus of the inferior fornix (Figure 20).

The ophthalmic sponge was used in a similar way to the glass capillary but the whole of
tear film would be collected onto the sponge. The ophthalmic sponges (BD Visitec, BD
Visispear™ eye sponge, 7cm, 581089, BD Ophthalmic systems, FL, USA) (Figure 21).
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llustration removed for copyright restrictions

Figure 21. Ophthalmic sponges (BD visitec, BD visispear™ eye sponge, 7cm, 581089, BD Ophthalmic
systems, FL, USA)

After the samples were collected they were placed into 2ml vials and immediately frozen
with liquid nitrogen. The vials containing the samples were then transferred to a -80°C

freezer where they were stored until required for analysis.

2.3 Extraction of lipids from the tear film samples

The lipids of the tear film need to be separated from the other species present before they

can be analysed. Different methods of extraction were tried as described below.

2.3.1 Methanol chloroform

Samples were removed from the -80°C storage and kept over ice. Stainless steel tweezers
were used to remove the capillary tubes or sponges containing the samples from the 2ml
vial. The samples were placed into 10ml glass vials with 5ml of methanol:chloroform
(1:1). The sample was extracted for a given time with shaking, with or without having an
atmosphere of nitrogen. The use of nitrogen at this point depended on the length of the

extraction, for example if the extraction was overnight then nitrogen would not be used.

After the extraction step stainless steel tweezers were used to remove the glass capillary

or sponge from the vial. The samples in the Sml vial were then evaporated with nitrogen.
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The samples were then re-suspended in 250ul of methanol:chloroform (1:1) and
transferred to a 2ml vial, a further 250 pl of methanol:chloroform (1:1) was used to wash
out the standard sample vial into the 2ml vial. The vial was capped ensuring there was an
atmosphere of nitrogen. The samples were dried under a nitrogen atmosphere and
resusped in solvents suitable for the analysis technique.The samples were now ready for
analysis by Thin Layer Chromatography (TLC) or High Performance Liquid
Chromatography (HPLC). If not analysed immediately the samples were stored at -80°C

until ready to use.

2.3.2 Methanol

Samples were removed from the -80°C storage and kept over ice. Stainless steel tweezers
were used to remove the capillary tubes or sponges containing the samples from the 2ml
vial. The samples were placed into 20ml glass vials with Sml of methanol. The sample
was extracted for a given time with shaking, with or without having an atmosphere of
nitrogen. The samples were left for extraction of times varying between 30 minutes to
overnight. The capillary tubes or sponges were removed after extraction and the samples
were dried under a nitrogen atmosphere and resuspended in solvents suitable for the
analysis technique. The samples were now ready for analysis by TLC or HPLC. If not

analysed immediately the samples were stored at -80°C until ready to use.

2.3.3 Modified Bligh and Dyer

This is a modified Bligh and Dyer method [67]. All glassware was chilled in a fridge and
then kept over ice while being used. All Pyrex tubes were kept closed whenever possible.
Samples were removed from the -80°C storage and kept over ice. Stainless steel tweezers
were used to remove the capillary tubes or sponges containing the samples from the 2ml
vial. The sample was placed into a Pyrex tube. 1ml of chilled phosphate buffered saline
and 1ml of 0.15M acetic acid was added to the sample. 3.75ml of chloroform:methanol
(1:2) was added to the sample. This mixture was inverted ad shaken for 1 minute. The
mixture was then transferred to a second chilled Pryex tube. 3.75ml of
chloroform:methanol (1:2) was added to the first Pyrex tube which was inverted and

shaken for 1 minute and then transferred to the second Pyrex tube.
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2 25ml of chloroform was added to the first Pyrex tube which was inverted and shaken
for 1 minute and then transferred to the second Pyrex tube. 2.25ml of water was added to
the first Pyrex tube which was inverted and shaken for 1 minute and then transferred to
the second Pyrex tube. The mixture in the second Pyrex tube was inverted and shaken for
1 minute and the left to phase separate. The lower phase was pipetted off to a third Pyrex

tube avoiding the carry over of the upper phase.

The chloroform in the third Pyrex tube was taken down to dryness on a drying block set
to 80°C with nitrogen atmosphere. 0.5ml of chloroform was used to wash Pyrex tube 3
into an amber 2 ml vial. Pyrex tube 3 was washed with a further 0.5ml of chloroform

twice into the amber vial.

The ~1.5ml of chloroform was then taken down to dryness on a drying block set to 80°C
with an atmosphere of nitrogen. It was capped and placed on ice for 1 minute. 50 pl of
chloroform was used to rinse the residue off the sides of the amber vial. The same 50 pl
of chloroform was used to rimes the sides of the vial 3 times. The amber vial was capped
ensuring there was an atmosphere of nitrogen. The samples were now ready for analysis
by TLC or HPLC. If not analysed immediately the sample was stored at -80°C until ready

to use.

2.4 Chromatography

The theory of chromatography is explained in the Appendix II - Chromatography.

2.4.1 High Performance Liquid Chromatography (HPLC)

The method used for HPLC is described in Chapter 3. This section describes the HPLC
system employed for this work. The system used was an Agilent 1100 Series LC
consisting of the following modules: G1376A Capillary Pump, G1389A Autosampler,
G1330A Thermostatted Autosampler, G1315A Diode Array Dectector (DAD), G1321A
Fluorescence Detector (FLD), G1379A Vacuum Degasser and G1316A Column
Compartment (COLCOM) (Figure 22).
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) Series LC |70]

igure

The Agilent 1100 Series LC has a capillary capability which allows columns with
internal diameter (ID) of less than Imm typically of 0.5 - 0.3mm. This allows for lower
volumes and concentration of sample to be introduced at lower flow rates when
compared to standard chromatographic techniques, which typically have 1-5mm ID. The
capillary columns allow increased system sensitivity due to decreased band broadening.
An additional benefit is the low flow rates associated with capillary LC allowing for
easier interfacing of LC to other detection systems such as mass spectrometry to produce
Liquid Chromatography Mass Spectrometry (LCMS) techniques. Table 10 shows the ID

of standard and capillary columns along with flow rates.

Table 10. Dynamic range of optimum flow rates for columns of different internal diameter
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2.4.2 Thin Layer Chromatograhy (TLC)

2.4.3 TLC method

The TLC plates were silica plates (Merck Silica gel 60, 20x20cm) were used for the TLC
method. The mobile phase was made up fresh on the day it was to be used. Gloves were
used to handle TLC plates to avoid contamination. The samples were removed from the

fridge and kept over ice. The TLC plate was activated for ~15min at 80°C.

After activation of the plate a pencil was used to draw line of origin on the plate 2.5cm
from bottom of the plate. The ruler was clean and only light pressure was used to avoid
damaging the silica on the plate. The plate was marked for standards and samples at
about 2cm apart on the origin line. The mobile phase being used (either polar or non

polar, see section 2.4.4) was added to the trough.

7ul of standards and 25ul of sample were applied to plate. The samples were allowed to
dry and then the plate was placed into the trough. The solvent front allowed was to run to
near the top of the plate. The plate was removed and the solvent front was marked. The

plate was dried and then stained for visualisation (see section 2.4.5).

2.4.4 Mobile phases used in TLC

Mobile phases used in this work were chloroform:methanol:acetic  acid:water
(170:30:20:7) for polar separations (note that solvents should be clear after they are made

up) and hexane:diethyl ether:glacial acetic acid (70:30:1) for non polar separations [67].

2.4.5 Stains used in TLC

2.4.5.1 Todine staining

20g of iodine was placed into a glass trough and allowed to sublime. Gloves were used to

handle TLC plates to avoid contamination. The silica plate was then placed into the
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trough and the iodine stains were allowed to develop [68]. The plate was removed and

photographed. Air drying or oven drying will remove iodine staining.

2.4.5.2 Dittmer’s staining solution

Dittmer’s solution [69] is a sensitive spray reagent for phospholipids for use on TLC
plates. Solution 1 was prepared by making up 8g of molybdic anhydride in 200ml of a
70% solution of sulphuric acid. This mixture was gentle boiled with stirring until a
solution was obtained. Solution 2 was prepared by adding 0.4g of powdered
molybdenum to 100ml of solution 1 and boiling for 1 hour before being cooled to room

temperature. The solution is decanted from any residue that may be present.

Solution 3 was prepared by mixing solution 1 and 2 in equal volumes with two volumes
of water. Finally for use with silica plates one volume of solution 3 is diluted with three

equal volumes of glacial acetic acid.

Dittmer’s solution is sprayed over the TLC plate and then left to dry. The phospholipids

should stain a deep blue colour within minutes of the Dittmer’s solution application.

2.5 Counter Immunoelectrophoresis (CIE)

2.5.1 Agarose/PEGB8000 gels for the CIE analysis

The CIE method is explained in section 4.3.2. Agarose/PEG8000 gels were used for the
CIE analysis which were synthesised from 1.2g agarose (Sigma A-0576) and 3g of
polyethylene glycol 8000 (PEG8000, Sigma P-2139) diluted in 50mls of Tris-Borate-
EDTA (TBE) buffer and 50ml of distilled water. TBE buffer is made up from 21.8g Tris,
11g Boric acid (BDH 10058), 1.86g EDTA (Sigma ED-2SS) made up to 1 litre with

distilled water. This gel mixture was poured onto a melinex sheet measuring 7.6x7.6mm.
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2.5.2 Coomassie Brilliant Blue stain

Coomassie Brilliant Blue stain is made up from 90mls methanol, 90mls distilled water,
10mls glacial acetic acid and 1.2¢ Coomassie Brilliant Blue (BDH 44329) and destain is

made up from 30mls methanol, 80mls distilled water and 10mls glacial acetic acid.

2.6 Mass Spectrometry (MS)

2.6.1 Introduction to MS

The unit used for mass/charge (m/z) is equivalent the symbol Th, the Thompson. The MS
used for this work was an Agilent 1100 Series LC/MSN (SL) Ion Trap equipped with
electrospray ionization (ESI) interface. The lon Trap MS and the ESI interface are
explained in more detail elsewhere, briefly Ion Trap MS offers an alternative detection
system that allows some chromatographic problems to be overcome and ESI allows
HPLC system employed to deliver chromatographically resolved species into the MS.
ESI acts as an interface between the HPLC and MS transforming the Jiquid phase which

can not be detected by MS into a gas phase which may be detected by MS.

2.6.2 MS Sample Inlet

The Agilent 1100 Series LC/MSN (SL) Ion Trap has several choices for sample inlet and

those available for this work were Liquid Chromatography (LC) or direct infusion.

2.6.2.1 LC Inlet

The LC sample inlet utilizes the Agilent 1100 Series LC at flow rates of 10-1000 pl/min,
with a possible maximum of 5000 ul/min if LC is in non capillary mode. The LC sample
inlet allows chromatographic separation of sample and inline detection with ultraviolet
(DAD) and/or fluorescence (FLD) before it enters the MS. With this type of inlet we
have a Liquid Chromatography Mass Spectrometry (LCMS) system.
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2.6.2.2 Direct Infusion (DI)

The DI sample inlet employs a Kd Scientific Model 100 Series Syringe Pump shown in
Figure 23 [70]. The syringe pump allows direct infusion of sample at flow rate of 1-10
ul/min, but flow rates can vary depending on the syringe size used. When employing DI
there is no chromatographic separation of the species and MS detection is used. DI

experiments used in this work had a flow rate of 0.3ml/hour (0.005ml/min).

Figure 23. Kd Sceintific Model 100 Series Syringe Pump {70]

2.6.3 MS Parameters

The Agilent 1100 Series LC/MSN (SL) lon Trap like any MS is a complicated
instrument and has many parameters that can be controlled. This instrumental control is
beyond the scope of this thesis but some of the more important parameters are lon
Charge Control (ICC), Smart Parameter Settings (SPS), capillary voltage, drying gas

temperature and flow, nebulizer pressure and Smart Frag.
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2.7 Liquid Chromatography Mass Spectrometry (LCMS)

2.7.1 LCMS System employed

The Agilent 1100 Series LC/MSD (SL) was used for this work. It is a complete LCMS
system and is shown in Figure 24. This figure illustrates the different modules of the
system. The Agilent 1100 Series HPLC (3), LC/MSD (SL) MS module (1) and the ESI

interface (2) are described elsewhere.

Figure 24. Agilent 1100 Series LC/MSD. The mass spectrometer (1) with its interface (2), the Agilent
1100 LC (3), monitor (4) and PC (5) [70]

2.7.2 Nature of data from MS - Total lon Chromatogram (TIC),
Extracted lon Chromatogram (EIC) and Compound Mass
Spectra (CMS)

2.7.2.1 Total Jon Chromatogram (TIC)

During a chromatographic separation the Mass Spectrometer is set to scan repetitively

and continuously over a mass range. At the end of each scan a spectrum is stored and the
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sum of the intensities of ions present is calculated and stored. This is the Total Ion

Chromatogram (TIC) and it is the primary data from which all analysis is performed.

The TIC shows the variation with time of the total number of ions being detected by the
MS. An example of a TIC of four phospholipids species separated by High Perfomance
Liquid Chromatography is shown in Figure 25. At any point in time across the time the
TIC we can extract a mass spectrum as shown in Figure 26 where at 4.9 minutes a mass
spectrum was extracted from the total ion chromatogram. This shows the mass of 622.5

Th which is the mass of dilauroylphosphatidylcholine plus 1 amu.
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Figure 25. An example of a Total lon Chromatogram (TIC) of sphingomyelin (SM),
dilauroylphosphatidylcholine (DLPC), dimyristoylphosphatidylcholine (DMPC) and
dipalmitoylphosphatidylcholine (DPPC).

e B8 B, &85 mia BRI

5

B - et T o B

"
e A R UM SR S S S s S e S
188 2E8 k1 L1 SER e 7EE =2 e 1dER [ 24

Figure 26. An example of a mass spectrum for the time 4.9minutes from the total ion chromatogram
(TIC)

2.7.2.2 Extracted Ion Chromatogram (EIC)

An Extracted lon Chromatogram (EIC) is data extracted from a TIC, an example 1s
shown in Figure 27 where the positive ion of 622.5 Th has been extracted from the TIC
in Figure 25. They show the variation with time of a single ion and are also known as

Reconstructed lon chromatograms (RIC). EIC can be based on mass or charge.
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Figure 27. An example of a Extracted lon Chromatogram (EIC) of ion 622.5 Th from the TIC

2.7.2.3 Compound Mass Spectra (CMS)

The Compound Mass Spectra (CMS) is used to display the mass spectra that are
contained in the selected chromatogram analysis whose name is indicated. For example if
we want the mass spectral data for a specified section of Figure 25 as indicated by the
box at around 5 minutes in Figure 28. That data may be extracted and presented as shown

in Figure 29; this is the CMS of 4.5-6.7 minutes of the TIC in Figure 25.
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Figure 28. An example of a TIC with a section showing the data to be extracted from the TIC to
produce a CMS
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Figure 29. An example of the CMS of specified data. This shows a high intensity of peak 622.5 which
is expected from the EIC
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2.8 Partially hydrated hydrogels (gel) synthesis

Partially hydrated hydrogels are hydrogels that are below their equilibrium water content.
They are known “gels” in this thesis to differentiate them from fully hydrated hydrogels

(membranes) which are intended for different applications.

Partially hydrated hydrogels (gels) were synthesised by photopolymerisation of the
monomer(s) in the presence of distilled water, glycerol, photoinitiator and a cross-linking

monomer.

Monomer, glycerol and water were mixed together in a ratio of 4:3:3. They were
typically made up to 100g in mass and mixed on a shaker to obtain a homogeneous

solution (solution A). The mixture was degassed with a slow stream of nitrogen.

The cross-linker and initiator were made up in a ratio of 10:3 respectively. The cross-
linker and initiator were mixed by a shaker to obtain a separate homogeneous solution
(solution B) which was kept out of the light until needed. Solution B was added as a
percentage of the mass, i.e. % W/W of solution A and was added just prior to the
spreading step (see below). Solution A and B were mixed by a shaker to obtain a

homogeneous solution (solution C).

Solution C was spread on a tray lined with release-paper and passed three times through a
GEW ultraviolet lamp 310 at minimum belt speed. After cooling the adhesive gels were
covered with a sheet of silicone release paper and stored in sealed plastic bags to prevent
contamination and minimise water loss from the gel. Storage in this way has previously

been shown to preserve the hydrogels for approximately six months.

2.9 Fully hydrated hydrogels (membrane) synthesis

Fully hydrated hydrogels or hydrogels at their equilibrium water content are known as
membranes in this thesis to differentiate them from partially hydrated skin adhesive

hydrogels (gels) as the two are intended for different applications.
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Membrane were produced by thermal polymerisation of a monomer mixture in a glass
mould [71] (Figure 30). Two glass plates, approximately 10cm by 15cm in size, were
each covered by Melinex (polyethylene terephthalate) and separated by two polyethylene

gaskets, each one 0.2mm thick. Spring clips hold the mould together.

Syringe Needle

3mm Glass Plate \

=1

Melinex Sheet

\ 3mm Glass Plate

15cm

e

v
g //
é//\///

Melinex Sheet 0.2mm Polyethylene Gasket

Spring Clip -

Figure 30. Diagram of a membrane mould (exploded view)

A homogeneous monomer mixture was injected into the mould cavity by insertion of a

G22 syringe needle into the cavity space between the Melinex sheets.

The compositions were typically made up to 5g in mass and the desired cross-linker and
initiator added as a percentage of that mass, i.e. %o w/w. The composition was mixed by a
shaker to obtain a homogeneous solution. The mixture was degassed with a slow stream

of nitrogen prior to injection.
The injected mould would be placed in an oven at 60°C for three days followed by a

three hour post-cure at 90°C. The membrane was then removed from the mould and

separated from the Melinex sheets. It was allowed to hydrate in distilled water (approx.
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pH 6.2) for at least seven days, changing the water daily. Previous experience had shown
that this procedure allowed equilibrium hydration to be reached and the extraction of any

water-soluble residual monomers.

2.10 Equilibrium water content (EWC)

The EWC of the membranes was recorded by a gravimetric method [6]. The EWC of
samples was calculated by determining the weight difference between the hydrated and
dehydrated material. Small samples of hydrogel were cut using a cork borer and blotted

carefully with slightly damp filter paper to remove excess surface water.

After weighing, the samples were dehydrated to constant weight in a microwave and re-
weighed. The EWC was calculated from a minimum of five samples from each
membrane and the final value expressed as an average. The EWC is calculated using

Equation 1.

EWC(%)= weightof waterin hydrogel

x100 Equation 1
Totalweightof hydrated hydrogel

2.11Youngs modulus (¢)

The & was recorded on a Houndsfield HTi tensometer interfaced with an IBM 555X
computer [72]. The tensometer was fitted with a 10N load cell (software allowed the load
to be reduced to 1N) attached to the instrument crosshead which was able to move in a
vertical plane only. A clamp was suspended from the load cell by a chain hung 8§mm

directly above a lower clamp that was permanently fixed to the tensometer.

The samples were cut into sections with widths of 3.3mm. The samples were measured
for thickness with a micrometer immediately before being placed into the clamps in the
vertical position. Specially designed mounting were used to avoid damaging the samples

with the clamps.




The crosshead would then move at a constant rate of 10mm/min until the sample being
assessed broke completely. The computer software then produces a graphical output and
calculate the Young’s modulus (g), tensile strength at break (Ts) and the elongation to

break (Eb) using the following equations:

= stress / strain (MPa) Equation 2
Where
stress = load /cross-sectional area Equation 3
strain = extension of length / original length Equation 4
Ts = load at break / cross-sectional area (MPa) Equation 5
Eb = (extension of length / original length) x 100 (%) Equation 6

To ensure the samples were kept in a fully hydrated state they were stored in solution
after they were cut into sections and throughout the tensile testing (in the clamps) by the
regular application of a fine mist of water from an atomiser. All samples were tested at

room temperature and pressure. The aveage of five results was reported.

2.12 Oxygen permeability (Dk)

Oxygen permeability measurements were obtained using a Createch model 201T
Permeometer. Polymer samples were cut to size using a size eight cork borer and the
thickness was measured using a micrometer. Samples were placed over the electrode and
a lens tissue, saturated in 0.1M potassium chloride was used as an electrode bridge

situated in between the sample and the electrode.

A column was placed over the sample and a slow flow of gas, either nitrogen or oxygen,
was passed through the sample. A constant stream of gas was passed through the sample
until a steady current was obtained, which was noted. The steady current obtained when

passing nitrogen gas through the sample was denoted as i,. In all cases i, was found to be
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zero. The steady current reading obtained when oxygen was passed through the sample

was denoted as 1.

Oxygen permeability readings were calculated using equation 8 below and are given in
the form of Dk, where D is the diffusivity of oxygen through a material and k is the

solubility of oxygen in a given material
If DK/L = (i-1,) / nFAAP Equation 7

Where:

L — thickness (cm)

i, — current obtained for nitrogen

i— current obtained for oxygen

F — Faraday constant = 96487x1 0° pA's mol™

A — area of gold electrode = 0. 1424cm’

AP — partial pressure = 155mm Hg (STP)

n — number of electrons generated at electrode = 4

V — standard gas constant = 22.41 5x10° ml

If a constant (B) is calculated from nFAAP = 0.02629 cm’0, (STP)/cm2 amperes s cmHg

equation 7 becomes:

Dk =i (pA) x L (cm) x (Bx10™) Equation 8

(units 107" em x ml 02 / sec x ml x mmHg)

In this method described by Fatt and colleagues [73, 74] the Dk from at least three
thicknesses of the same material are measured. The thickness/Dk is plotted against the
thickness of the sample and produces a linear relationship. The Dk is calculated from the
slope of this line using linear regression. This method is independent of the “boundary
effect” of the water layer between the lens and the sensor. The aveage of five results was

reported.
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2.13 Coefficient of friction (i)

A Nano-Scratch Tester with Scratch Software V3.46 data management system was used
to determine the coefficient of friction (u). This instrument was identified and adapted
for the study of contact lens biotribology {75]. This nanobiotribometer when used for
studying membrane biotribology requires a set up that differs to the one used for contact
lens studies. For membranes the hydrogel membrane is placed on the Melinex® sheet
(polyethylene terephthalate) and these are both clipped onto the moving friction table
(Figure 31). The whole instrument sits on an air table to isolate it from vibration;

therefore it can measure low values of  due to the reduced background "noise".

)
Melinex sheet

membrane

-

> 1*1
motion of friction table

=T

friction table

Figure 31. Schematic representation of a nanobiotribometer

The table is raised until the membrane comes into contact with the convex
(polypropylene) mould at the bottom of the load sensor. The sample membrane was
subjected to 10 cycles of sliding tests. A typical cycle was processed as a constant normal
force was applied onto the membrane, then the friction table was moved in a straight line
along 20 mm. The friction force experienced by the tested membrane was measured by
the friction table monitoring system during the 20 mm slide. At the end of the 20 mm
slide, the applied normal force was reset to zero and the friction table lowered in order to

reposition itself at its initial starting point. u is determined from equation 9.

F, )
=— Equation 9
n W q
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Where p is the coefficient of friction, which is the ratio of the force causing movement (F,) to the applied

load (W).

Figure 32 illustrates a typical p-distance measurement output indicating difference

between puS ("start-up" or "static") and pD ("dynamic" or "sliding") friction.

1S (static friction)
'

/

uD (dynamic friction)

sliding distance

Figure 32. A schematic of a typical coefficient of friction vs distance trace

Experimental set-up values such as the applied load and the sliding speed as well as the
properties of the material, lubricant and substrate will influence the value of the p. Thus
to enable the comparison of the p for different materials and lubricants the applied

constant load was set at 60 mN, the sliding speed at 30 mm/min, sliding distance 20mm.

The results from cycles three to ten were averaged and this gave the coefficient of

friction for one run. Two runs were averaged to give a single result for one membrane.

2.14The 90° perpendicular peel test

The 90° perpendicular peel test was recorded on a Houndsfield HTi tensometer
interfaced with an IBM 55SX computer. The 90° perpendicular peel test consists of a

base support platform and a plate that slides over this base. Strips of adhesive tape
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measuring 1.27cm x 12.7cm (Y%2”x 57) were pressed against the subject’s forearm and left
for 1 minute. The strips were subsequently peeled from the skin by a grip positioned
directly above the end of the adhesive at a speed of 500mm/min using a 100N load cell.
The subject’s arm is placed on the sliding plate and this enables the arm to slide forward
to ensure that the angle of peel to remain constant at 90°. This is shown in

diagrammatically in Figure 33.
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Figure 33. A diagrammatic representation of the 90 Degree Peel Test, adapted from a Hounsfield Hti
tensometer

Results of the peel were automatically related to a computer that determined values for
peel strength in N/mm of the samples. Five peel strength measurements were taken for
each material tested, with a fresh gel sample used for each. Mean values of these

measurements are quoted in the results.

2.15Contact angle

The contact angle measurement is used to determine the polar and dispersive components

of the hydrogel surface. The GBX Goniometer can be used to measure the contact angles
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of liquid on a material instantly or over a period of time (kinetically, see below). In this
case the test liquids were water and dididomethane. The GBX Gonilometer 1s shown in

diagrammatically in Figure 34.

automated syringe

Camera T light source

& 1mage }

analysis sz hydrogel
system L_I adjustable base

Figure 34. A diagrammatic representation of the GBX Goniometer.

2.15.1 Initial (instant) measurement

A ~3cm by lem sample is cut placed on the adjustable base of the GBX Goniometer. If
the sample was a membrane (as described in section 2.9) then the residual water was
removed from the surface before the contact angles were recorded. If the sample was a
gel (as described in section 2.8) then the release paper was removed from the sample and

the sample was allowed to “settle” for 1 minute before the contact angles were recorded.

The adjustable base is placed at the correct level to bring the sample into focus and a
syringe containing HPLC water is loaded onto the instrument. Drops of water of a set
volume, for example 2.5 ul are placed on the hydrogel and the angle of contact is

measured from the image taken immediately after the drop has contacted the hydrogel.

The computer calculates the contact angle, thereby minimising human error. This is

repeated three times to ensure the contact angle obtained is as accurate as possible and
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typical for the material being analysed. This process is repeated for another sample of
the same material using diiodomethane instead of water. The contact angle using
diiodomethane and water provides information to determine the dispersive and polar
components respectively and hence the total surface free energy, see Appendix VI -

Contact angle.

2.15.2 Kinetic Measurements

Kinetic measurements are performed in the same way as initial contact angle
measurements except the contact angle of the drop is recorded a preselected number of
times over a specified period, for example 15 measurements made over 210 seconds.

This gives information on the interaction of the drop with the hydrogel over time.

2.16 Rheology

Viscoelastic properties of partially hydrated hydrogels were measured on a Bohlin CVO
Rheometer using the oscillatory rheometrical (frequency sweep) technique. Samples
were subjected to a sweep of 20 sine wave completion frequencies from 0.5Hz to 25Hz.
Low frequency oscillation relates to long stress time scales such as those occurring when
a skin adhesive hydrogel is applied to the skin. Higher frequencies represent the shorter

stress times of gel removal.

Samples of 20mm diameter were cut from hydrogel sheets using a size 13 cork borer and
positioned in the centre of the base plate. The 20mm upper parallel plate was then
lowered to the point of slight compression of the sample, ensuring good contact between
the plates and the gel. This gap size varied with thickness of gel between 2.0 and 2.5mm.
Correct loading of sample is important in order that measurements taken are from the

area directly underneath the parallel plate only (Figure 35).
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Figure 35. Correct loading of parallel plate measuring system (Bohlin Instruments)

To ensure uniform compression of the sample throughout the oscillation sweep a normal
force control of 5% (100g) was specified. Tests were carried out at 37°C, normal body
temperature, and repeated for each test material to verify reproducibility of data. Average

values of at least three runs are quoted in the results.

2.17 Statistical analysis

A one-way analysis of variance (ANOVA) test was used to establish statistical
significance between sets of data. ANOVA is a statistical method through which the
differences between the means of two or more independent groups can be evaluated. A
one-way ANOVA is carried out by partitioning the total model sum of squares and
degrees of freedom into a between-groups (treatment) component and a within-groups
(error) component. The significances of inter-group differences in the one-way ANOVA
are then evaluated by comparing the ratio of the between and within-groups mean
squares to a Fisher F-distribution. For each test, the level of confidence was taken at 0.05

at 95% confidence.
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Chapter 3 - Lipid analysis of the tear film 1

“At first there were very few who believed in the existence of these bodies smaller
than atoms. [ was even told long afterwards by a distinguished physicist who had
been present at my [1897] lecture at the Royal Institution that he thought I had been
'pulling their legs.""

J.J. Thomson (1936). Recollections and Reflections
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3.1 Introduction to lipid analysis of the tear film 1

Lipids are present in an anterior layer that covers the tear film which in turn covers
the ocular surface [76]. These lipids have been shown to interact with and deposit
onto materials that are placed in contact with them, i.e. contact lenses [77, 78]. Ever
since the introduction of soft contact lens wearing modalities in 1971 lipid
interactions have been problematic. Deposits of lipid and other tear film components
onto lenses can lead to many problems including the lenses becoming uncomfortable
to wear, infection and loss of visual acuity [79]. These deposits had to be removed if

the lenes were to be worn on an extended basis.

The introduction of disposable lenses in 1987 removed some of the requirements for
cleaning contact lenses and so the problem of lipid deposition was no longer in the
limelight for contact lens research. Another significant change in wear modality came
with the introduction of daily disposable lenses in 1993. The introduction of daily
wear regimes essentially eliminated the need to understand lipid/lens deposition and
interactions. The driving force for daily disposable lenses was multi factorial but lipid
interactions/spoliation and corneal hypoxia being major reasons. Hypoxia was
brought about the use of “conventional” hydrogel materials in long term and
overnight wears modalities as the materials failed to provide the required corneal

oxygen levels due to low oxygen transmissibility (Dk/t) [8].

The introduction of silicone hydrogel contact lens materials in about 2000 provided
the high Dk/t needed to avoid hypoxia in continuous and long term wear modalities.
However the use of these materials has reintroduced the lipid/lens interaction
phenomena into the research arena. The use of silicone hydrogel materials is
interesting in terms of lipid interactions as not only are the lenses being used for long

term (30 days) and overnight wear but the materials themselves are hydrophobic.

Deposition of lipids in contact lens wear makes lipid/lens interactions important to
understand and High Performance Liquid Chromatography (HPLC) has been utilised
for the analysis of lipids that come into contact with lens materials in the past [80-83].

However the work in the literature has concentrated on the neutral lipids found in the
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bulk of the lipid layer and little attention has been paid to the polar lipids
(phospholipids). This is the case for both the literature concerning lipid/lens

interactions and that related with the non contact lens wearing tear film.

It is these polar lipids that are believed to impart much of the tear film stability of the
lipid-aqueous interface. An understanding of the concentration and behaviour of the
polar lipids in the tear film is ideal before one can understand how these lipids interact
with ocular biomaterials, e.g. contact lenses. The focus of this chapter is the nature
and fate of the phospholipids of the tear film since a more qualitative understanding of

these factors will illuminate the role played by phospholipids in tear film stability

Analysis of the phospholipids that are present in meibomian gland secretion and
logically also thought to be present in the tear film required the development of an
HPLC method. HPLC and Mass Spectrometry (MS) were used idividually and as a
hyphenated technique (LCMS) to investigate the polar lipids of the tear film. The

development of these methods is described in the following chapter.

3.2 High Performance Liquid Chromatography (HPLC)
method development for tear film lipid analysis

3.2.1 Introduction to HPLC Method Development

Lipid separation is normally a multi stage operation with extraction of the lipids from
samples required before they can be injected into HPLC systems. Lipids from organic
sources such as the skin and the tear film are composed of highly complex mixtures
that not only differ by classes of lipid but also differ within each class, see Chapter 1.
As they are such mixtures of species with differing properties no single method is

capable of separation of every species present [84].

As a first stage the lipids are normally separated from the source material and
literature often quotes the method by Folsh et al [85] along with that of Bligh and
Dyer [55] for this extraction. These extraction methods are based on chloroform,

methanol and water mixtures.
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Thin Layer Chromatography (TLC) can also be used for separation of the lipids from
source material and into class before injection onto HPLC [86]. More recently Solid

Phase Extraction (SPE) has been used for this type of separation [86, 87].

The mobile phases needed for chromatographic separations of all species of lipids are
usually normal phase; some separation of species can be performed with reverse
phase HPLC. The standard detector for a HPLC system is the Ultraviolet (UV)
detector which normally detects in the 190-700nm range (UV to visible light). This
can be problematic for lipid work as the lipids tend to absorb UV in the low nm
region (~200nm) and require handling and extraction methods in solvents that also
absorb in that range, chloroform for instance. Other detectors can be used such as
Evaporating Light Scattering Detectors (ESLD) or Mass Spectrometry (MS) which

reduces the problem of solvent interference [84].

Previous work from this laboratory has produced methods for lipoidal analysis using
HPLC [83, 88]. The method from Franklin et al [83] used a Knauer HPLC equipped
with a Rheodyne 7125 injector, a Lichrosorb 5um (250mm x 4mm) SI60 column and
Perkin-Elmer LC-75 UV and Perkin-Elmer Fluorescence detectors in series. The
mobile phase was normal phase isocratic consisting of hexane: propan-2-ol: acetic
acid (1000:5:0.5 v/v). The method reported by Tighe et al [88] was for fatty acid
analysis and used a reverse phase system with a mobile phase acetonitrile: water
(99:1) and a C18 column. Both of the methods HPLC systems employed columns of
an internal diameter (ID) of 4mm which can be considered as standard ID for HPLC.

Other workers have produced similar techniques for analysis of lipiodal species [89-

91].

3.2.2 HPLC Method Development

The lipids of the tear film can be divided into non polar and polar classes. This
defines the two separate areas of HPLC method development which could be
explored, namely reverse and normal HPLC. The Agilent 1100 Series capillary pump

came pre-installed with seals that were designed for reverse phase chromatography
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alone and for this reason normal phase chromatography was not used. The HPLC

system is described in Chapter 2.

3.2.3 Non polar lipid tear film Method Development

Both polar and non polar lipids are found in the tear film and although in this thesis
primary interest lies in the polar (phospholipids) of the tear film, knowledge of the
non polar lipids are useful. The retention times of other species that can be found in
the system must be known otherwise they may be confused with the species of

interest.

The Agilent 1100 Series HPLC instrument was equipped with an Agilent ECLIPSE
XDB-C18 RR 3.5um (0.5mm x 150m) column and detection by diode array detection
(DAD) at 254nm and 210nm was used, but detecting 190-700nm with the diode array
feature. The DAD was collecting at 254nm to detect if any protein was still in the

system after lipid extraction and at 210nm to detect for the presence of lipids.

The reverse phase method reported by Tighe et al [88] was used as a starting point for
non polar lipid detection. A buffered (SmM ammonium formate (pH3.8)) mobile
phase was prepared with a composition of acetonitrile: water (99:1). Several
variations of the Tighe et al method were tried including gradient mobile phases,
temperature, flow rate, and injection volumes. No peaks were detected for the samples
injected which were cholesterol (Ch), cholesterol palmitate (ChPal), lauric acid,
stearic acid and palmitic acid shown in Table 11.

Table 11. Non polar samples injected

Species mg/mi
Cholesterol (Ch) 0.105
Cholesterol palmitate (ChPal)} 0.12
Lauric acid 0.102
Stearic acid 0.05
palmitic acid 0.049
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[t was thought that the detection of non polar lipids using modified Tighe et al
methods did not allow the analytes of interest to elute off the column. As the Tighe et
al method (isocratic acetonitrile: water (99:1)) did not produce any results for
cholesterol, cholesterol palmitate or the free fatty acids injected a different mobile
phase was tried consisting of acetonitrile: isopropanol (60:40) that had previously
been shown to separate steryl esters and wax esters [92]. The mobile phase was

buffered with SmM ammonium formate (pH3.8).

A cholesterol sample (1.05mg/ml) was injected and a chromatographic peak was seen
in UV at 210nm at 3.7min. A cholesterol myristate sample (1.01mg/ml) was injected
and a chromatographic peak was seen in UV at 210nm at 3.7min. The
chromatographic peaks appear at the same retention time. MS work related to this
HPLC system is discussed in the LCMS section (3.4.3). Development of the non polar
lipid HPLC system is required to gain separation of these species and this will be

discussed in Chapter 7.

3.2.4 Polar lipid tear film Method Development

There are polar and non polar lipids in the tear film and it is the polar lipids,
especially the phospholipids that are of particular interest as these species are believed
to contribute significantly towards the stability of the tear film. Knowledge of how
they phospholipids interact with foreign bodies placed in the ocular environment
would not only help improve the basc science behind the tear film, as it is still
(relatively) little understood but it may also allow for the development of improved

materials.

A selection of the polar species included in the meibomian gland secretion (MGS) is
dilauroylphosphatidylcholine (DLPC), dimyristoylphosphatidylcholine (DMPC) and
sphingomyelin (SM). These were used as standards in this part of the phospholipids
analysis. The concentrations of the standards used were 0.36mg/ml for DLPC,

0.6mg/ml for DMPC and 1.22 mg/ml for SM (Table 12).

Table 12. Polar samples injected
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Species mg/ml
Dilauroylphosphatidylcholine (DLPC) 0.36
Dimyristoylphosphatidyicholine (DMPC)| 0.6
Sphingomyelin (SM) 1.22

The modified Tighe [88] method discussed earlier was used for phospholipid analysis.
This method was used as it would allow separation of the phospholipids based on the
fatty acids groups present on them. The Agilent 1100 Series HPLC instrument was
equipped with an Agilent ECLIPSE XDB-C18 RR 3.5um (0.5mm x 150m) column.
The column temperature was 40°C. The DAD was set to scan at wavelengths of
254nm, 200nm, 205nm and 210nm, but also collecting 190-700nm with the diode
array feature. The standards were injected at a volume 0.25ul into an acetonitrile:

water (99:1), SmM ammonium formate (pH3.8) mobile phase at a flow rate 10ul/min.

While no peaks were seen with UV detection the Mass Spectrometer (MS) could
detect peaks for all three species. A 1:1 mixture of the DLPC and DMPC was
prepared and injected into the HPLC system and MS detection showed separation of
the species. Method development as discussed in the LCMS, Section 3.4.3, showed

that this HLPC method could resolve these polar species.

3.2.5 Summary of tear film lipid HPLC analysis

The non polar lipid HPLC method needs further development to gain better separation
using UV detection as will be discussed in further work. The presence of the non
polar lipids in the extracted samples elute at earlier times than the polar and so should
not interfere with the detection of the latter species. The polar lipids could not be
detected with the UV method, however as the following sections show the HPLC
separation method described above for polar lipids can be utilised with mass

spectrometry as detection.
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3.3 Mass Spectrometry (MS) detection in tear film lipids
analysis: Direct infusion of non polar lipids

3.3.1 Introduction to MS

The MS system used in this work was an Agilent MSN (SL) Ton Trap equipped with
electrospray ionization (ESI) interface. The Ion trap and ESI interface are described in
Chapter 2 and in more detail in Appendix IV - Liquid Chromatography Mass

Spectrometry.

MS is a useful tool in the analysis of lipids as when traditional detection LC
techniques such as ultraviolet light (UV) are used certain extraction solvents used in
the work up of lipid samples can interfere with the analysis as they absorb light in the
area of interest, i.e approximately 200nm. The absorbance versus wavelength of some
common solvents is shown in Figure 36. Because of this lipids are not generally

analysed using UV detection.
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Figure 36. Absorbance versus wavelength for solvents
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This section describes MS analysis only. As the combination of HPLC to MS is
considered a method in its own right it will be described elsewhere in this thesis - any
methodology using (HP)LC in conjunction with MS will be described in the Section

3.4, Liquid Chromatography Mass Spectrometry (LCMS).

3.3.2 Lipid MS: Direct Infusion of non polar lipids

Direct infusion experiments do not require the use of the HPLC system and are
contained separately in this section. These experiments allow the species to be
directly injected into the MS without the use of LC. The use of inducing
fragmentation on the species can then be investigated without the complication that

LC can sometimes add.

The cholesterol (Ch), cholesterol palmitate (ChPal) and cholesterol myristate (ChMy)
samples shown in Table 13 were directly infused into the Agilent 1100 Series
LC/MSN (SL) Ion Trap at 0.3ml/hour (0.005ml/min) with the polarity set to positive.
This provided a Total Ion Chromatograms (TIC) from which a Compound Mass

Spectrum (CMS) could be extracted. The terms TIC and CMS are explained in

Chapter 2.
Table 13. Samples Directly Infused
Species mg/ml
Cholesterol (Ch) 0.1

Cholesterol palmitate (ChPal)} 0.101
Cholesterol myristate (ChMy)| 0.1

The direct infusion of Ch provided a MS peak of 369.4 Th as shown CMS in Figure
37. Direct infusion of ChMy gave a MS peak of CMS shows peaks at 369.4 Th and
614.5 Th as shown in the CMS in Figure 38. Direct infusion of ChPal gave a MS peak
of CMS shows peaks at 369.4 Th and 642.6 Th as shown in the CMS in Figure 39.
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Figure 37. Compound Mass Spectrum (CMS) of the Direct Infusion of cholesterol, showing a MS
peak of 369.4 Th
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Figure 38. Compound Mass Spectrum (CMS) of the Direct Infusion of cholesterol myristate,
showing peaks at 369.4 Th and 614.5 Th
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Figure 39. Compound Mass Spectrum (CMS) of the Direct Infusion of cholesterol palmitate,
showing peaks at 369.4 Th and 642.6 Th

The MS peak for Ch is 17.25 mass units below the theoretical molecular mass (Mr) of
386.65g/mol, this could indicate the loss of a hydroxyl (OH) group. The cholesterol
ester MS peaks were above the Mr of each ester by 17.49 mass units for ChMy and
17.53 mass units above for the ChPal and this could indicate the adduct of NH4",
possibly gained from ammonium formate. The MS peaks and the Mr of each sample

are summarized in Table 14.

Table 14. MS peaks and molecular weight (Mr) of samples

91



Species MS peaks / Th | M,/ gmol-1
Cholesterol 369.4 386.65
Cholesterol palmitate | 369.4 and 642.6 625.07
Cholesterol myristate | 369.4 and 614.5 597.02

Where Th is the Thompson (m/z), Mr is the molecular weight; g/mol-1 is grams per mole

The cholesterol peak at 369.4Th appears in all three samples at a much higher
intensity than the cholesterol ester peak indicating that the esters must undergo some
fragmentation during analysis. To stop this fragmentation modification of the MS
method is needed. The cone voltage can be altered to increase or decrease

fragmentation and this needs to be explored as part of further work.

Kalo and Kuuranne [93] reported a peak for cholesterol of 369Th and cholesterol
esters at [M+NH4]", for example 643Th for ChPal. The Kalo and Kuuranne
experiments used direct infusion of sample into a Perkin-Elmer Sciex triple
quadrupole LC-MS-MS instrument with ESI source. The results shown above

indicate that MS can be used as a detection method for non polar species.

3.3.3 Lipid MS: fragmentation of phospholipids

The following section describes direct infusion (DI) of phospholipids into the MS.
The use of DI allows a steady stream of the phospholipids to the MS. The advantage
of this is that the fragmentation patterns of the different phospholipids could be
established.

A standard solution of dilauroylphosphotadiylcholine (DLPC) at a concentration of
141pg/ml dissolved in the mobile phase described in Section 3.2.4. The standard was
directly infused to the MS at 0.3ml/hour (5pl/min). Figure 40 shows the DLPC
Compound Mass Spectra (CMS) extracted from the EIC’s, which is an average of the

data collected across the full time of accumulation.
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Figure 40. Compound mass spectra (CMS) of dilauroylphosphotadiylcholine (DLPC). This figure
show the —ve and +ve mode polarity CMS

DLPC has a theoretical molecular weight of 621.83g/mol. The peak shown at
622.6m/z in the positive mode CMS corresponds to the [M+H]" ion. The peak shown
at 666.7m/z in the negative mode CMS corresponds to an [M+CHO,]" peak, the
CHO;, ion (Mr of 44.85) could come from ammonium formate (CHO,NHy).

MS?, MS® and MS* experiments were carried out in the positive mode polarity to
study fragmentation allowing identification of DLPC. MS" of 622.6m/z produced a
peak of 184.1m/z and fragmentation of peak 184.1m/z produced a peak of 125.1m/z.
This shows a fragmentation pattern of 622.6m/z — 184.1m/z — 125.1m/z. Further
fragmentation of the 125.1m/z peak produced peaks not abundant enough for

measurement.

The choline head group of PC, (PO4CsH,3N) has a molecular weight of 182.13g/mol
and the PC end group N(CH3); has a molecular weight of 59.11g/mol. Therefore the
fragmentation pattern is [M+H]" — [choline head group + 2H]" — [choline head
group + 2H — N(CH3); . This fragmentation pattern for DPPC is shown in Table 15.
This would allow for the identification of the PC containing phospholipids in the

samples.

Table 15. MSn of dilauroylphosphotadiylcholine (DLPC). Peaks from DLPC and mass loss in
positive polarity mode

Number of peaks | Peaks produced | Mass Loss
MS 1 622.6
MS”® (662.6) 1 184.1 478.5
MS® (184.1) 1 125.1 59
MS* (125.1) 1 0 125.1
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A similar direct infusion and MS" experiment was carried out to identify the
phospholipid headgroup ethanolamine using dilauroylphosphotadiylethanolamine
(DLPE) as a standard. MS" shows a fragmentation pattern of 580.5m/z — 439.5m/z
— 183.2m/z, 165.2m/z and 123.2m/z. Also 183.2m/z — 165.2m/z, 123.2m/z and
109.2m/z.. Further fragmentation of the peaks 165.2m/z, 123.2m/z and 109.2m/z
produced peaks which were not abundant enough for measurement. This

fragmentation pattern of DLPE is shown in Table 16.

Table 16. MSn of dilauroylphosphotadiylethanolamine (DLPE). Peaks from DLPC and mass
Loss in positive polarity mode

Number of peaks Peaks produced Mass Loss
MS 1 580.5
MS*® (580.5) 1 439.5 141
MS® (439.5) 3 183.2 | 165.2 | 123.2 | 256.3 | 274.3 | 316.3
MS* (183.2) 3 165.2 | 123.2 | 109.2 18 60 74

DLPE has a theoretical molecular weight of 579.45g/mol therefore the peak at
580.5m/z can be assigned as the parent molecule with an “attached” proton or
[M+H]". The loss of 141 to produce the 439.5m/z peak is the removal of the
ethanolamine head group along with the H' (ethanolamine head group is

140.06g/mol).

Further fragmentation of 439.5m/z occurs with the loss 256.3 producing a peak at
183.3m/z this is equivalent to a C1,H,30" ion which is the size of the fatty acid moiety

of lauric acid present at the SN' ad SN? positions in the DLPE.

The 183.3m/z peak undergoes fragmentation with the loss of masses of 18, 60 and 74
to produce peaks at 165.2m/z, 123.2m/z and 109..2m/z respectively. The loss of 18
from the C;5Hy;0" ion is removal of H,O to produce a CoHy, " ion, the loss of 60
from the C;3Hy;0" ion is removal of C3HgO to produce a CoH,s" ion and the loss of
74 from the C;,H,307 ion is removal of C4H ;0O to produce a CgH,5" ion. This would

allow for the identification of the PE containing phospholipids in the samples.
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3.4 LCMS Method Development for tear film lipids analysis

3.4.1 Introduction to LCMS Method Development

As indicated in the Section 3.2 and 3.3 the tear film MS method development is
explained here as it the combination of the LC and MS methods. The Agilent 1100
Series LC/MSD (SL) was used for this work.

The work carried out thus far is the analysis of extracted tear film lipids, the effect of
varying the extraction technique and effect of the varying the collection technique.
While dealing with the tear film lipids it became apparent that both the collection and
extraction techniques affected the results. The HPLC method described in Section 3.2

was used to deliver chromatographically resolved species to the MS.

3.4.2 LCMS Method Development

The lipid layer of the tear film has been described in terms of polar and non polar
components or phases and each phase needs a different approach to method
development. This is due to the different behaviour of the different lipid phases when
exposed to LC systems. The method development is separated mnto the non polar and

polar sections.

3.4.3 Non polar Tear Film LCMS Method Development

The work described in this section is the follow up to HPLC and MS work on the non
polar species described above in the HPLC and MS Sections. The work of the HPLC
system provided chromatographic peaks that could be seen in the UV at 210nm. The
direct infusion work of the MS section showed that the species can be detection by

ESI MS and provided peaks to search for in the LCMS work.

The LCMS used the method described in the HPLC section (0.25ul injection volume,

10p)/min flow rate, acetonnitriile:isopropanol (60:40) mobile phase, 40°C column
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temp, UV detection at 254nm, 200nm, 205nm and 210nm) allowed detection of the
sample in the UV at 210nm prior to the sample passing into the MS. The samples
injected were the same as for the direct infusion experiments and the resulting MS
peaks are shown in Table 17.

Table 17. MS peaks and molecular weight (Mr) of samples

Species MS peaks / Th |M;/ gmol-1
Cholesterol 369.4 386.65
Cholesterol palmitate { 369.4 and 642.6 625.07
Cholesterol myristate ] 369.4 and 614.5 597.02

The chromatographic peaks were seen at approximately 3.7 minutes as expected. MS
analysis provided the TIC from which the CMS could be extracted across the
chromatographic peak at 3.7 minutes. The CMS peaks all showed the ‘pseudo’
cholesterol peak, i.e. 369.4 Th and none of the cholesterol ester peaks previously seen
in the direct infusion experiments, i.e. 642.6 Th for cholesterol palmitate and 614.5 Th
cholesterol myristate. This indicates that the cholesterol esters may not be stable
under the LCMS conditions as only the ‘pseudo’ cholesterol peak is detected. Further
development of the system is required to understand if fragmentation is occurring and

this is discussed in the Chapter 7.

3.4.4 Polar Tear Film LCMS Method Development

Phospholipids species in the meibomian gland secretion (MGS) includes
sphingomyelin (SM), dilauroyiphosphatidylcholine (DLPC),
dimyristoylphosphatidylcholine  (DMPC)  and  dipalmitoylphosphatidylcholine
(DPPC). The DLPC, DMPC and SM were shown to be resolvable by the modified
Tighe [88] HPLC method so mixtures of these were made of these selected species

along with the phospholipid DPPC.

PCMix1 is a mixture of DLPC, DMPC and DPPC at a concentration of 40ug/ml
(0.04mg/ml). PCMix2, PCMix3 and PCMix4 are dilutions of PCMix1 to
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concentrations of 20pg/ml (0.02mg/ml), 10pg/ml (0.0lmg/ml) and 4ug/ml
(0.004mg/ml) respectively. PCMix5 is a mixture of DLPC, DMPC, DPPC and SM
(chicken egg yolk) at a concentration of 20pg/ml (0.02mg/ml). These solutions are
shown in Table 18.

Table 18. PCMix Solutions, dilauroylphosphatidylcholine (DLPC),
dimyristoylphosphatidylcholine (DMPC) and dipalmitoylphosphatidylcholine (DPPC) and
sphingomyelin (SM)

Solution Species Concentration
PCMix 1 DLPC, DMPC and DPPC 40pg/ml
PCMix2 DLPC, DMPC and DPPC 20pg/ml
PCMix3 DLPC, DMPC and DPPC 10pg/ml
PCMix4 DLPC, DMPC and DPPC 4pg/ml
PCMix5| DLPC, DMPC, DPPC and SM 20pg/ml

The solutions of PCMix 1, PCMix 4 and PCMix 5 were analysed by LCMS using the
modified Tighe [88] method. The method chromatographically resolved the species as

expected as shown in the TIC in Figure 41.
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Figure 41. Total lon chromatogram (TIC) of phospholipid species dilauroylphosphatidylcholine
(DLPC), dimyristoylphosphatidylcholine (DMPC), dipalmitoylphosphatidylcholine (DPPC) and
sphingomyelin,(SM).

DLPC, DMPC, DPPC and SM have [M+H]" molecular weights of 622.5 g/mol, 678.5
g/mol, 734.6 and 703.6 g/mol respectively. M is the molecular mass of the species and
[M+H]" indicates the hydrogen adduct of the species that occurs in the electrospray

ionization (ESI), see Appendix IV - Liquid Chromatography Mass Spectrometry.
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The intensities of [M+H]" peaks versus sample were plotted versus concentration
show a linear fit with an R2 of 0.9903, 0.9702 and 0.9458 for DLPC, DMPC and
DPPC respectively are shown in Figure 42. After this calibration curve was created
tear samples were taken as described in Chapter 2 and the method described above

was used to analyse them.
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Figure 42. Intensity of Peak Vs Concentration of sample (mg/ml). N=3, +SD

3.4.5 Tear film lipid samples analysed with LCMS

The Agilent 1100 series software uses a nomenclature for naming samples that has

eight digits and so samples used in this thesis use this system also.

Tear samples were taken from various subjects with either glass capillary or
ophthalmic sponges using the method described in Chapter 2. The extraction methods
used were a modified Bligh and Dyer, methanol:chloroform and methanol as
described in Chapter 2. A combination of collection and extraction methods were

tried to extract phospholipids from the tear film. Examples of results obtained from

98




these combinations are samples TS000000, TS200000, TSDCO0000, TSDC2000,
TSAMCap0 and TSDCCap0.

TS000000 is an example of tear sample taken with an ophthalmic sponge and
extracted using the methanol:chloroform method. TS200000 and TSDCO0000 are
examples of tear samples from different subjects taken with an ophthalmic sponge and

extracted using the methanol method.

TSDC2000 is an example of a tear sample treated as TS200000 except the MeOH was
made up as a 0.001% butylated hydroxyl toluene (BHT) solution. BHT was used to
acertain if it would interefere with the analysis if used as an antoxidant to reduce

possible oxidation f the lipids.

TSAMCap0 and TSDCCap0 are examples of a tear samples taken with a glass

capillary and extracted using the methanol method.

Blank is a sample prepared from the extraction of an ophthalmic sponge alone and

treated as TS200000. MeOHO00001 is the solvent used as mobile phase in the system.

These extracted tear samples were subjected to the LCMS method described above.
The resulting Total Ion Chromatograms (TIC’s) are shown in Figure 43 for samples

TS000000, TS200000, TSDC0000, TSDC2000, TSAMCap0 and TSDCCap0.
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Figure 43. Total lon Chromatograms (TIC) of samples. TS000000 is collected on an ophthalmic
sponge and extracted in MeOH: ChCI3 (1:1), TS200000 and TSDC0000 were ophthalmic sponge
and extracted in MeOH, TSDC2000 is collected on an ophthalmic sponge and extracted in MeOH
(0.001% BHT), Blank is an ophthalmic sponge and extracted in MeOH, TSAMCap0 and
TSDCCap0 were collected in a glass capillary and extracted in MeOH

It can be seen that all the TIC’s are similar and the predominant chromatographic
peak is that at 6 minutes. When the Compound Mass Spectra (CMS) of this
chromatographic peak is inspected it showed strong MS peaks at 338.4Th and 675.7
Th. Another chromatographic peak appeared in the TIC at approximately 11.5

minutes and when the CMS was inspected this showed a strong peak at 429.4 Th.

These three MS (ion) peaks (338.4Th, 675.7Th and 429.4Th) were selected for further
inspection. There are subject to subjects variations as the peak at 338.4Th is of a
higher concentration in some subjects indicating that this may be a subject variable

ion peak. The peak at 675.7Th is of Jower concentration in the same subject.

The peak at 429.4 Th (which appears chromatographically in the TIC at ~11.5
minutes) was of a lower intensity when MeOH: CHCL3 (1:1) was used as the

extraction medium and of lower intensity for ophthalmic sponge collection. The use
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of the ophthalmic sponge as a collection method introduced contaminants to the

samples which were presumed to be from the sponge.

It was not clear from these results if these were impurities or tear components as the
peaks appear in the blank as well as the tear samples, although it is at an order of
magnitude lower. The peaks of 338.4 Th, 675.7 Th and 429.4 Th do not correlate with
the expected masses, i.e. those associated with phopholipid MGS components that

would undergo ionisation to form [M+H]" ions easily.

Further inspection showed that the type of vial being used influenced the intensity of
the 338.4 Th, 675.7 Th and 429.4 Th peaks and that changing the vials improved the
situation by lowering the intensity of these peaks. The modified Bligh and Dyer
method [67] used for lipids extraction further improved the impurities brought about

by the vials as described above.

The extraction protocols were also changed with respect to the amount of time that the
samples were left in the extraction medium. The times chosen ranged from 10 minutes

to overnight.

Despite the variation of collection method, extraction method and extraction times the
peaks of the phospholipids were not any of the predominate peaks seen in the
samples. Therefore the concentration of phospholipid in the samples taken was
presumed to be below those used for the standard curve shown in Table 18, i.e less

than 4pg/ml of DLPC, DMPC and DPPC.

3.4.6 Extracted lon Chromatograms (EIC) of tear film samples

The use of EIC is explained in Chapter 2. Briefly it allows the filtering of a single ion
peak from all the other peaks present in the sample. EIC was used with the peaks of
phospholipids expected in the ttear film and none of the species reported as being

predominant in the meibomian gland secretions could be seen in the tear film samples.
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3.4.7 Common Contaminants in ESI MS

Common contaminants in ESI are erucamide with a peak at 338 Th and diisooctyl
phthalate (a plasticiser) with a peak at 429 Th which would help explain the presence

of these ions in the samples but not the 675.7 Th peak.

3.4.8 Summary of tear film lipid LCMS analysis

The tear fluid has beea volume of 7l and the lipids compose an average of 3.52pg/pl
[31, 41, 42] with the phospholipids composing ~6.1% (0.215ug/ul) of this total [33-
37]. A LCMS method was developed which was able access the concentration of
phospholipid species to a sensitivity of 4pg/ml (0.04pg/ul) and it would appear that
the phospholipids are present at lower concentration than this in the tear film. It was

decided to utilise other methods to validate these results as discussed in Chapter 4.

3.5 Conclusions

While not being of primary interest in this work the knowledge that the non polar
lipids elute with a different retention time to te species of interest indicates that they
would not interfere with the analysis of the phospholipids in terms of
chromatography. The HPLC analyis of the non polar lipids; cholesterol and
cholesterol myristate as described in section 3.2.3 produced chromatographic peaks
which appeared at ~3.7 minutes. The non polar lipidas have different tretntion times

to the phospholipids.

The HPLC method, using UV as a detection method, produced no peaks for the
standards used: dilauroylphosphatidylcholine, dimyristoylphosphatidylcholine and
sphingomyelin. This is perhaps not surprising since these species have no conjugation
and would not be expected to be detectable by UV. Any chromophoric behaviour that
these species exhibit would probably not be seen if the extraction medium 1s

considered, i.e. chloroform.
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Direct infusion mass spectrometry (MS) was able to detect the presence of the non
polar lipids and this shows that MS can be used as a detection method for non polar
species. MS? can be used to induce fragmentation and identify the phospholipids if
there is any ambiguity of exact species as a result of similar masses. The use of the
Liquid Chromatograph Mass Spectrometry (LCMS) method for phospholipids
showed that these species were stable under the conditions the MS method used The
LCMS polar standards show the method works and separates based on fatty acid
groups present on the phospholipids. MS/MS can be used to induce fragmentation and
identify the phospholipids if there is any ambiguity of exact species as a result of

similar masses.

The tear film contains concentrations of phospholipids as indicated by the LCMS
analysis below those previous thought to exist. If we look at the literature on the lipids
of the tear film we see that Ham et al [44] used ESI MS/MS to analyse non polar
lipids in the tear film of rabbits. The rabbits had been operated on to instigate a dry
eye model and a small number of normal human tear samples were also used whose

results were similar to the normal samples from the rabbit.

The polar lipids were not studied but comments were made about the ionization
efficiencies of the phospholipids being lowered in the presence of the glycerides [44].
ESI MS analysis of non polar lipids by Duffin et al [94] had shown that ionization
efficiencies increase with polarity of the analyte, so as we see an increase in alcohol
groups on glycerides we see an increase in the response of the detector

(monoglycerides > diglycerides > triglycerides).

This statement on the acylglycerides seems peculiar as the phospholipids “lend”
themselves to the ESI technique as they have polarity and should be expected to easily
form the [M+H]+ species common to ESI. The n-acylglycerides on the other hand are
less polar than the phospholipids and so their ionisation efficiencies should also be
Jower. Work in this laboratory showed that phospholipids had ionisation efficiencies

that were not decreased in the presence of n-acylglyceries.

Polar lipids were studied by Ham et al [95] using MALDI-TOF MS where it was also

suggested that the response to phospholipids were lower in the presence of glycerides

103




or other non polar lipids. They suggested the use of immobilized metal affinity
chromatography (IMAC) ZipTip® Pipette Tips (Millipore Inc., Bedford, MA)
allowed the removal of the non polar lipids and concentration of the phospholipids in
the sample. The spectra from MALDI-TOF of the tear total chloroform extract
acquired without and with the use of the IMAC ZipTip cleanup prior to spectral

acquisition is shown in Figure (Figure 44) [95].
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Figure 44. MALDI-TOF mass spectra of the tear total chloroform extractables acquired (Top)
without the use of the IMAC ZipTip cleanup method and (Bottom) with the use of the IMAC
ZipTip cleanup prior to spectral acquisition [97].

Dipalmitoylphosphatidoylcholine (DMPC) and pyrosphingomyelin (PSM) are the
only phospholipids reported by Ham et al as being in the tear film using this
extraction technique. PSM has not been previously reported in the tear film although
sphingmyelin (SM) has been, it may be the extraction technique is converting SM to
PSM. The literaturre [39, 40] shows that in meibomian gland secretions there is
phosphatidylcholine (PC) appearing at 40% of phospholipids (or 1.71-2.07% of the
total lipid composition). In addition to PC these reports show the other major classes
of phospholipids as phosphatidylethanolamine (PE) and sphingomyelin (SM)
appearing at 16 and 9% of phospholipids respectively (or 0.85-1% and 0.4-1.8% of
the total lipid composition respectively). Greiner et al also report that other
phospholipids are present in lower concentrations [40]. Ham et al reported PSM at
higher peak intensities than the DMPC even though they are there in lower

concentrations in meibomian gland secretions.
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The lack of other phospholipids and higher peak intensity of the PSM could be
explained by the fact that the phospholipids are being lysed by phospholipase A2
(PLA2) in the tear film while the SM is not. Comparing the structure of SM to PC
(Figure 45 and Figure 46 respectively) we see there is no fatty acid at the sn2 position

for SM which is where the PLA; acts to lyse a fatty acid group.
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Figure 46. Structure of a phosphatidylcholine (PC)

The attack of the PLA, on the phospholipid species could explain why Ham et al
analysis found SM in the tear film at higher concentrations than expected from
literature values of meibomian gland excretions. The presence of the only other polar
lipid present from Ham et al analysis was DMPC, could be explained by the fact that
lipases preferentially attack those phospholipids having longer fatty chain
deriveratives, such as palmitoyl or steroyl [96] and then move onto shorter fatty acid

group such as myristoyl.

In summary the phospholipids in the tear film could be being processed into other
species such as diacylglycerides by the action of lipases. The low concentration of
phospholipids in the tear film as indicated by the analysis with LCMS in this work

could be the normal state of tear film physiology.
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Chapter 4 - Lipid analysis of the tear film 2

"For the tear is an intellectual thing"
William Blake, / saw a Monk of Charlemaine

106




4.1 Introduction to lipid analysis of the tear film 2

The literature describes the lipids of the tear film composing an average of 3.52ug/ul
[31, 41, 42]. The phospholipids compose ~6.1% (0.22pg/pl) of this total [33-37].
Chapter 3 discussed the use of LCMS to analyse phospholipids of the tear film and
showed that the ex vivo concentration of phospholipids was less than 4pg/ml. This is
a lower concentration than previously thought. One possible explanation for the lower

concentration reported in Chapter 3 is the fact that enzymes are lysing the

phospholipids when they are presented to the tear film.

The literature shows that the lipids have mainly been analysed as meibomian gland
secretions and not as components of the tear film. The lipids are secreted by the
meibomian gland and are then spread across the ocular surface by the action of the
eyelid [31]. If we consider the delivery of lipids to the skin by sebaceous glands,
which are closely related to the meibomian glands, we see that the lipids are delivered
to the skin by holocrine section and are acted on by lipases as they travel along the
sebaceous gland and also as they reside on the skins surface. A similar situation can
then be envisaged in the case of meibomian gland secretion where the lipids are also
secreted by holocrine secretion and could be subjected to the action of lipases when
present in the tear film. Examples of such lipases are that can act on phospholipids are

phospholipase A, phospholipase A,, phospholipase C and phospholipase D.

An isoform of phospholipase A; is found in the tear film, secretory phospholipase A;
(sPLA,). It is a lipolytic enzyme that catalyzes the hydrolysis of the acyl ester bond at
the sn-2 of phospholipids producing a free fatty acid and lysophospholipid [97].
Group II sPLA; is the most abundant form of sPLA; in the tear film. It is present n
the tear film at relatively high concentration. Concentration varies with individuals
and the literature shows concentration values ranging from 1.45pg/ml to 80.6+47.8
pg/ml [98-101]. The concentration decreases with increase in age [102] and is diurnal
with concentrations increasing towards midday and then a decreasing for the rest of
the day [99]. As might be expected there is a decrease in concentration with tear

reflexing [102].
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Group II sSPLA2 has been associated with the antimicrobial behaviour of the tear film
[103, 104] and in disease states concentration and activity of group II sSPLA; can alter,
for example in atopic blepharoconjunctivitis there are decrease in concentration [105]

and in chronic blepharitis increases in activity have been shown [106].

Contact lens wear intolerant subjects have been shown to have higher concentrations
of group 11 sPLA, in the tear film [107]. The enzyme can be deposited into contact
lenses [100, 101] but this does not alter its concentration or activity in the tear film

and actually contributes to the prevention Staphylococcus aureus build up on lenses

[101].

Phospholipase C (PLC) and phospholipase D (PLD) may also be present in the tear
film and if so they would lyse phospholipids to produce headgroups and
diacylglycerols. The presence and effect of PLC and PLD have not been studied in the
tear film. This chapter is concerned with the low concentration of phospholipids and
the elevated concentration of diacylglycerols in the tear film along with the

relationship between the concentrations of these species and the activity of PLC.

4.2 Thin Layer Chromatography (TLC) for tear film lipid
analysis

4.2.1 Introduction to TLC

It was decided that another method should be used to validate the LCMS experiments
as to the concentration of the phospholipids present in the tear film. The method

utilised was TLC.

TLC can be used for the separation of lipoidal species. Typically species are separated
into classes on the TLC plate with identification using standards. Polar and non polar
lipids are normally run on two different TLC plates as different mobile phases are

required to elute and separate the species.
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4.2.2 TLC of polar tear film lipids

TLC was used to verify the results of the LCMS experiments of Chapter 3, i.e. low
concentrations of phospholipids in the tear film. Tear samples were taken as described

in Chapter 2.

The samples were collected as described in Chapter 2 and were labelled DC, AMI,
AM?2 and ANO. Sample DC composed of 40pl of tear samples collected from subject
DC, sample AM1 composed of 35ul of tear samples collected from subject AMI,
sample AM2 composed of 25ul of tear samples collected from subject AM2 and
sample ANO composed of 45pl of tear samples collected from various subjects. This

is summarized in Table 19.

Table 19. Tear samples for Thin Layer Chromatography

Samplel# of samples| Volume used/yl
DC 8 40
AMA1 7 35
AM2 5 25
ANO 9 45

A Pyrex tube was chilled with liquid nitrogen and place over ice. The samples were
taken from the -80°C freezer and placed over ice. The lipids were then extracted from
the tear sample using a modified Bligh and Dyer method [67] as described in Chapter
2. The samples were finally suspended in 50pl of chloroform and either used

immediately or stored at-80°C until needed.

The lipids from 25ul of the samples were spotted onto a silica TLC plate which had
been previously activated at 80°C for 15 minutes. The phospholipid standards
phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) were also applied to the plate for reference. The lipids
were then separated using the polar mobile phase TLC method as descried in Chapter
2. The plate was allowed to dry before being visualised with iodine staining as

described in Chapter 2. Figure 47 shows the iodine stained lipids on the plate.
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igure

odine stained silica plate from polar phase TLC from extracted lipids. PS, PI, PC and

PE are standard phospholipids (7pl). DC, AM1, AM2 and ANO are samples

The standards were visualized within minutes of the plate being exposed to the iodine.

Table 20 shows the retention factor (Rf) values for the standards.

Table 20. Standards Rf values for
Standard Rf
PS 0.27
Pl 0.15
PC 0.34
PE 0.56

olar TLC

Where PS is phosphatidylserine, PI is phosphatidylinositol, PC is phosphatidylcholine and PE is

phosphatidylethanolamine

The sample lanes do not contain any spots where the standard phospholipids should

appear indicating that phospholipids are not present in the samples. However a streak

emerging off the origin did appear in the samples with an Rf value of 0.04.
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Lysophospholipids (LPC) would appear as streaks off the origin and these spots on
could be assigned to LPC.

Staining also appears at Rf values of 0.61-0.69 in the sample lanes. This staining
faded quickly upon removal of the plate. Phosphatidic acid (PA) would run ahead of
the lipids standards used and so these spots could be assigned to PA. The spots seen in

the samples are summarized in Table 21.

Table 21. Sample Rf values for Thin Layer Chromatography of polar lipids. LPC is
lysophospholipids and PA is phosphatidic acid

Sample| spot/assignment | Rf
DC origin streak/LPC} 0.04

! PA? 0.61
AM1 | origin streak/LPC} 0.04
" PA? 0.61
AM?2 |origin streak/LPC] 0.04
! PA? 0.64
ANO | origin streak/LPC|} 0.04
PA? 0.69

Where LPC is lysophospholipids and PA is phosphatidic acid

4.2.3 Dittmer’s solution for detection of polar lipids in TLC

As the iodine staining showed no phospholipids in the samples it was decided to use a
more sensitive visualisation technique. Dittmer’s solution is a known method of
detection for phospholipid analysis in TLC. It is more sensitive to phospholipids than
iodine staining. A molybdenum spray solution was prepared according to the method
of Dittmer and Lester [69] as described in Chapter 2. The spray provides a vivid blue

spot upon complex of the phosphate groups with molybdenum.

The iodine was removed from the plates by evaporating at room temperature
overnight. There was still slight staining on the standards after evaporation of the
iodine. The Dittmer’s solution was sprayed over the TLC plate as described in

Chapter 2. Figure 48 shows the plate after application of the Dittmer’s solution.
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Figure 48. mers sprayed silica plate from polar phase TLC from extracted lipids.
and PE are standard phospholipids (7ul). DC, AM1, AM2 and ANO are samples. PC and PE
were also respotted at the side of the plate

The standards PS, PI, PC and PE stained positively and there were no spots in the
samples with Rf value of the standards indicating no phospholipids present in the tear
film. The suspected LPC (Rf 0.04) and PA (0.61-0.69) in the samples did not appear

when stained with Dittmers spray solution.

The amount of lipid in each sample can be calculated assuming the total lipid in the
tear film to be averaged at 3.52ug/ul [31, 41, 42]. The samples were dissolved in 50ul
and 25ul was used for spotting the plates so half of this amount is present on the
plates. This gives us values of 70.4ug, 61.6ug, 44.0pg and 79.2pg for samples DC,
AMI1, AM2 and ANO respectively.
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The polar lipids are present in the meibomian gland extract at an average of 6.1%
from literature [33-36, 108] which gives the polar lipids at 4.29ug, 3.76pg, 2.68ug
and 4.83pg for samples DC, AM1, AM2 and ANO respectively. The total lipids in
sample, lipids on plate and polar lipid for each sample is shown in Table 22. The
meibomian gland phospholipids have been studied by Greiner et al and Shine and
McCulley [39, 40] and the major phospholipid components present were PC and PE at
40% and 18% of total polar lipids respectively allowing us to also calculate the pg of

PC and PE as shown.

Table 22. Volume, lipid in samples, lipids on plate, polar lipid content, PC and PE in the samples
at concentrations. * assuming 3.52ug/ul in tear film

Sample [ volume/ul] lipid in sample/ug* | lipids on plate/ug* polar lipid/ug™ PC/ug PE/ug
DC 40 140.8 70.4 4.29 1.72 0.77
AM1 35 123.2 61.6 3.76 1.50 0.68
AM2 25 88 44 2.68 1.07 0.48
ANO 45 158.4 79.2 4.83 1.93 0.87

A modified Dittmers spray solution has a detection limit of 5ug LPC and lpg for
dipalmitoylphosphatidylethanolamine (DPPE) and dipalmitoylphosphatidylcholine
(DPPC) species according to the method used by Ryu and MacCoss [109]. This is
close to the expected concentration for polar lipids on the plate (from calculation).
The limit of detection for phosphate containing lipids is 1pg for DPPC, LPC and SM.
The calculated values for the phospholipids that should be on the plate are close to or
above this limit of detection for PC in the samples. As there were no spots on the plate
after the application of the Dittmer’s solution this is another indication of low

concentration of phospholipids in the samples.

4.2.4 TLC of non polar tear film lipids

The analysis of the non polar components of tear lipids was utilised to see if this could
shed any light on the apparent lack of phospholipids in the tear film. Tear samples
collected for non polar analyses were from subjects DC, AMI, AM?2 and ANO. Each
was composed of 25ul and the samples were collected and extracted in the same

manner as the TLC of polar tear film samples.
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After extraction the samples were each in 50ul chloroform and this was spotted onto a
silica TLC plate which had been previously activated at 80°C for 15 minutes. The
standards cholesterol myristate (SE), tripalmitin (TAG) and dipalmitin (DAG) were
also applied to the plate for reference. The lipids were then separated using the non

polar mobile phase TLC method as descried in Chapter 2

The plate was allowed to dry before being visaulised with iodine as described in

Chapter 2. The stained plate is shown in Figure 49. The standards were photographed

within minutes of the plate being exposed to the 10dine vapour.

igure 49. lodine stained silica plate from non polar phase TLC from extracted lipids. SE, TAG
and DAG are standard lipids (7ul). DC, AM1, AM2 and ANO are samples
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The SE standard is seen at an Rf of 0.9 and the TAG standard is seen at an Rf of 8.
The DAG standard is seen at an Rf of ~0.5, there are two spots representing the 1,2
DAG and the 1,3 DAG. The Rf’s for the non polar lipids are shown in Table 23.

Table 23. Standard Rf values for non polar 1 TLC

Standard RF
SE 0.9
TAG 0.8
DAG 0.5

Where SE is cholesterol myristate, TAG is triacylglycerols and DAG is diacylglycerol

The SE and TAG species are both seen in the samples as expected. The TLC plate
also shows the presence of DAG in of the sample. This was unexpected as DAG was
previously thought to be of low concentration in the meibomian gland secretion and

therefore of low concentration in the tear film.

4.2.5 Summary of tear film lipids TLC analysis

Polar TLC revealed that phospholipids were not present in the tear film at
concentrations previously thought. Non polar TLC reveals the presence of
diacylglycerols (DAG) in the tear film. The concentration has not been established but

the TLC plate’s level of iodine staining indicates that the concentration is significant.

4.3 Detection of Phospholipase C (PLC) in the tear film

4.3.1 Detection of PLC in the tear film: Introduction

The presence of diacylglycerides (DAG) in the tear film has been demonstrated in
section 4.2. A possible explanation for their presence is the action of phospholipase C
(PLC) on phospholipids which would produce DAG by removing the head group
from the phospholipids. The presence of PLC would also explain the low
concentrations of phospholipids seen in the tear film as shown in section 4.2 and

Chapter 3.
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Two techniques were employed to detect the presence of PLC in the tear film. These
were  counter immunoelectrophoresis (CIE) and the Amplex® Red

Phosphatidylcholine-Specific Phospholipase C Assay.

4.3.2 Detection of PLC in the tear film: Counter
Immunoelectrophoresis (CIE) for tear film PLC analysis

CIE is an immunological technique using two wells of application along an electrical
axis, the anodal well has positively charged antibody and the cathodal well has the
negatively charge antigen; electrophoresis results in the antigen and antibody
migrating cathodally and anodally, respectively, with time. A line of precipitation

appears where the two meet and conjugate in concentrations of optimal proportions

(Figure 50). This line of precipitation can be visualised by staining with reagents such

as Coomassie brilliant blue or silver stain.
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Figure 50. Principle of counter immunoelectrophoresis (CIE)

Agarose/PEG8000 gels as described in Chapter 2 were used in the CIE experiments.
In the CIE technique the tear film was the antigen and an antibody rabbit anti human
phospholipase C (¢PLC, abcam ab32624) was selected. Sul of tear film was collected
with glass capillary as described in Chapter 2. The tear sample was this applied to the
agarose/PEG8000 gel. The «PLC was applied to the gel opposite the tear samples at
varying concentrations. A standard of Img/ml immunoglobulin A (IgA, Sigma I-
1010) and (neat) rabbit anti human immunoglobulin A (algA, Sigma I-9889) was run

along side the tear samples/aPLC lanes for verification of precipitation occurring.
The gel on the melinex was placed onto a Beckman Paragon Power Supply (Model

655803), bartbital buffer (B 5934) was used in the cells of the electrophoresis unit.

Electrophoresis was induced by setting the voltage set at SOV for 60 minutes.
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After electrophoresis the gel was immersed in 0.9% saline overnight to wash all
unbound protein. The gels were then dried out by placing filter papers on top of the
gel with a weight on top of the filter paper and placed by a window for approximately
24 hours. The filter paper and weights were removed and the gels were stained in
Coomassie Brilliant Blue stain for 2 hours and transferred to destain until all
background staining was removed. Coomassie Brilliant Blue stain and destain were

made up as described in Chapter 2.

Figure 51 shows the results of a CIE experiment. This run included subject A tear film
(TFA) versus algA, subject B tear film (TFB) versus aPLC at a concentration of 1:10
and TFA versus various concentrations of oPLC. The positive precipitation of TFA

versus algA indicates that the electrophoresis had worked.

TFA:aIgA

_TEB:aPLC (1:10)

—TFA:PLC (1:10)

THA:PLC (1:3)

Figure 51. The results of counter immunoelectrophoresis (CIE) of TFA vs algA, TFA vs various
concentrations of aPLC and TFB vs aPLC at a concentration of 1:10. Where TFA is tear film of
subject A, TFB is tear film of subject B, algA is anti immunoglobulin A and oPLC is anti
phopholipase C

The results of tear samples (TFA and TFB) versus the various concentrations of aPLC
indicate that the presence of PLC in the tear film is below the level of detection for

Coomassie brilliant blue staining which is 0.1pg/ml. Alternatively the chosen
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antibody (rabbit anti human phospholipase C (aPLC, abcam ab32624)) was not

specific for the isoform of PLC present in the tear film.

4.3.3 Detection of PLC in the tear film: Phosphatidylcholine-
Specific Phospholipase C Assay for tear film PLC analysis

The Amplex® Red Phosphatidylcholine-Specific Phospholipase C Assay Kit
(Molecular probes, A12218) provides a sensitive method for detecting the in vitro
activity of phospholipase C (PLC) using a fluorescence microplate reader. This
indirect method uses 10-acetyl-3,7-dihydrophenoxazine (Amplex Red reagent)

(Figure 52) which acts as a fluorogenic probe for HO, [l 10].

Figure 52. 10-acetyl-3,7-dihydrophenoxazine (Amplex red reagent)

The assay relies on the conversion of phosphatidylcholine to resorufin (7-Hydroxy-3-
iso-phenoxazin-3-one); Initially PLC acts on the phosphatidylcholine substrate to
produce phosphocholine (PC) and diacylglycerol (DAG). Alkaline phosphatise then
hydrolyzes the PC to produce choline. The choline is oxidized by choline oxidase to
form betaine and H,O, [111]. The Amplex Red reagent reacts with HyO,, in the
presence of horseradish peroxidise to form resorufin, with 1:1 stoichiometry [110-

112]. The reaction scheme is shown in Figure 53.
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Figure 53. Reaction scheme for the conversion of phosphatidylcholine to resorufin

Resorufin has absorption and fluorescence emission maxima of approximately 571
nm and 585 nm, respectively and so there is little interference from autofluorescence

in most biological samples.

The Amplex® Red Phosphatidylcholine-Specific Phospholipase C Assay Kit was
used to determine the activity of PLC in tear samples. The assay allows the
construction of a concentration curve from which the activity of tears can be
calculated. A Spectra max M2 plate reader was used to perform the fluorescence
spectroscopy. The Spectra max M2 plate reader was set to excite at 545nm and collect

the emissions at 590nm.

120




Tear Samples of 5 and 10uL were taken from subjects AM and DC and were used
immediately or stored at -80°C until required. The samples were collected by glass
capillary as described in Chapter 2 and were applied to the 96 well plate immediately
before the assay. The samples and standards were prepared as indicated in the kits

methods.

The standards used for the calibration curve contained 100, 50, 25 and 10mU/ml of B.
cereus phosphatidylcholine-specific phospholipase C (PC-PLC), these were produced
from serial dilutions of a stock solution containing 100 mU/mL. The standards of 100,
50, 25 and 10mU/ml gave fluorescence emissions of 4987.62, 4571.90, 4461.26 and
4396.26 units respectively. This data and the calibration curve produced from the
standards are shown in Figure (Figure 54). The slope calibration curve has an R’

value of 0.98 but was found to be non linear in the region below 10mU/ml.

5100
y = 6.6486x + 4296.5
4900 +—  R*=0.9758 /,,,W

4700 -

Fi

4500 A

4300 -

4100 B T |
0 50 100 150
PLC mU/ml

Figure 54. Standard curve for the detection of activity of phospholipase C. N=3, +SD

The samples activity was then to be assayed by measuring the fluorescence emission
and using the equation of the slope (y=mx+c) from the calibration curve to give an
activity in mU/ml. The samples results were not on the linear part of the calibration
curve so the results using y=mx+c gave negative mainly activities as shown in Table

24, where FI is the fluorescence intensity.

Table 24. PLC activity in the tear film
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Sample |volume / uL Fl mu/ml
AM1 10 3426.33 | -131.33
DC2 10 3285.89 -152
AM12 20 3584386 | -107.04
DC22 20 4465.38 25.4

It was decided to construct a calibration curve for the region below 10mU/ml PC-PLC
using the data for 25 and 10mU/ml PC-PLC and a control with no PC-PLC. The
control gave a fluorescence emission of 2.245units. The r? of this slope produced was
0.66 and so it is not a robust calibration curve. The activities of the samples were

recalculated using this second calibration curve and the results are shown in Table 25.

Table 25. PLC activity in the tear film using second calibration curve

Sample |[volume / uL Fi mu/ml
AM1 10 3426.33 14.52
DC2 10 3285.89 16.69
AM12 20 3584386 15.51
DC22 20 4465.38 20.85

The tear film samples gave an activity of PC-PLC for 10uL of ~15mU/ml which is
equivalent to the removal of head groups from PC at a rate of ~ 15 uM/minute. The
PC-PLC for 20uL of tear fluid is higher as would be expected but the relationship

does not appear to be a linear one.

4.3.4 Detection of PLC in the tear film: Summary

The CIE showed the presence of PLC in the tear film is in concentrations below the
level of detection for Coomassie brilliant blue staining (0.1pg/ml). Alternatively the

chosen antibody (rabbit anti human phospholipase C (0PLC, abcam ab32624)) was
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not specific for the isoform of PLC present in the tear film. The concentration of a
lipase should be at low as species such as lipases and enzymes are generally not
required at high concentrations to perform their function. The PC-PLC assay showed
that PLC activity can be detected in the tear film at level that would lyse

phospholipids.

4.4 Conclussions

The phospholipids were below the level of detection for the Dittmer’s solution
indicating they were present in the tear film at lower concentrations than previously

thought. The TLC experiments supported the findings in Chapter 3.

The TLC also showed the presence of diacylglycerides (DAG) in the tear film which
was unexpected. The concentration has not been established but the TLC plate’s level
of iodine staining indicates that the concentration is significant. The concentration of
DAG in meibomian gland secretions is relatively low with the literature reporting
diesters at 2.4% of the total lipid composition [33-36, 108]. When reading the
literature most of these sources of DAG cite Nicoladides [34] and reviewing this
paper shows that the DAG reported are split into three types. The type we are
interested in for this work is the alpha, omega type 1l (consisting of alpha, omega-
diols esterified to 2 moles of fatty acids). This type of DAG only represents a portion
of the 2.4% as shown by Nicholaides. The low concentration of DAG in meibomian
gland secretions has also been shown recently by TLC [113] and LCMS [114]. It
would appear that DAG is not present in meibomian gland secretions or present at
very low concentrations. Therefore the source of the DAG in the tear film is presumed

not derived from MGS.

The lack of DAG in the tear meibomian gland secretions is also shown by Nagyova
and Tiffany [47] who in the same publication show the appearance of a previously
unidentified spot in TLC analysis of the tear film. This spot elutes where DAG should
appear in the TLC experiment (Figure 55 [47]). The appearance of this previously
unassigned spot now becomes more significant when the low concentrations of

phospholipids and the activity of PLC in the tear film is highlighted.
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Figure 55. TLC plate of human tear lipids (lane 3) and meibomian gland lipids (lane 2). Lanes 1
and 4 are standards of lipid classes: WE, wax esters; SE, sterol esters; TG: triacylglycerides; S:
free sterols; FA: free fatty acids; P: phospholipids. Unidentified additional spots indicated by the
arrow head are present in the tears [47].

One potential route for the appearance of DAG in the tear film is the decomposition
or degradation of species that are presented to it by the MGS. The presence of DAG
in the tear film could occur via the action of a lipase such as PLC on the

phospholipids to produce DAGs and the associated headgroup.
The possibly presence of LPC and PA in the tear film as indicated by the iodine

staining of the plate show that the phospholipids could be degrading possibly via the

action of lipases. The cleavage specificities of phospholipases are shown in Figure 56.
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Figure 56. Cleavage specificities of phospholipases, PL indicates phosphlipase with the site
specificity shown by the suffix A1, A2, Cor D

The phopholipases are named by the site where they act on the phospholipid, for
example phospholipase A; (PLA)) is named because it acts on the SN, position in the
phospholipids to cleave a fatty acid. The SN; position is where the fatty acid moiety 1s
attached to the glycerol backbone of the phospholipids. The phospholipases then are
phospholipase A; (PLA;), phospholipase A, (PLA;), phospholipase C (PLC) and
phospholipase D (PLD).

The degradation of phospholipids via the PLA, or PLA; enzymes would produce LPC
as seen at the origin on the iodine stained polar TLC plate as reported in section 4.2.4.
The degradation of phospholipids via the PLD enzymes would produce PA as seen at
R; 0.61-0.69 on the iodine stained polar TLC plate also reporte in section 4.2.4. The
degradation of phospholipids via the PLC enzymes would produce diacylglycerols
(DAG). We see DAGS in the tear film at relatively high concentrations if we
compare the intensity of staining of DAGs and TAGs on the non polar TLC plate. The
appearance of high concentrations of DAGs in the tear film could be explained by the

enzymatic action of PLC.

The PC-PLC assay showed there was an activity PLC in the tear film. This activity
was ~15mU/ml for the 10pL samples which is equivalent to the removal of head
groups from PC at a rate of ~15uM/minute and the PC-PLC activity for the 20pL

samples is higher, as would be expected.
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The lipids of the tear film are composed of an average of 3.52ug/ul [31, 41, 42] and
the tear phospholipids are thought to be ~6.1% of this composition [33-36, 108]. If
phosphatidylcholine (PC) composes of ~40% of the phospholipids [39, 40] then PC in
the tear film should be represented of 0.08pg/pl of the lipids present.

If we take the average PC mass as 734g/mol (as the PC is made up from DMPC,
DPPC and DPPC) we find that there should be ~117uM (micromoles) of PC present
in the tear film. The measured activity of the PLC (~15mU/ml) could account for the
removal of ~12.8% of the PC present in the tear film per minute. This would not
account for the differences seen in the concentrations of PC in meibomian gland

secretions from the literature and those described in section 4.2 and Chapter 3.

Although the activity of PLC is lower than required to explain the differences seen
between the literature values of phospholipids and those seen in section 4.2 and
Chapter 3 the activity is present. The PC-PLC activity assay was performed under
different conditions than those found in the tear film and this may have altered the
outcome of the assay. For example osmolarity and calcium ions concentration would
all be expected to have an effect. The osmolarity of the assay kit is different from that
of the tear film and this may have made a difference to the assay. Calcium levels are
known to be of particular importance in the activity of phospholipases. The tear film
contains other species that may act in synergy with or increase the activity of PLC to

lyse the phospholipids at increased rates.

Further support for the low concentration of phospholipids is the monolayer
requirement. Much less phospholipid is required to form a precorneal monolayer than
is provided by the MGS. The current model of the tear film as proposed by McCulley
and Shine [115] is one where the polar lipid layer acting as a bridge between the

aqueous layer and a non polar lipid layer.

The area of this polar interface layer can be calculated. If we use DPPC as a model
lipid of this layer which has a minimum area per molecule of DPPC is experimentally
85A [1 16] and given that the area of the ocular aperture has been approximated to
1.5x107 — 3.5x107 A® [117], this would mean that the polar interface requires

approximately 2.2x10” — 5.0x10™ pg of material to form a monolayer film.
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This calculation uses DPPC as a model lipid and considers a perfectly ordered lipid
monolayer which would not be the case in the tear film. In the tear film there are other
lipid species present and these would interact with the monolayer, for example the
inclusion of cholesterol in the monolayer would create a much less expanded
monolayer. However the monolayer requirement would still need a much lower
concentration of phospholipid than the amount provided by the meibomian gland

secretions (which is approximately 0.22y1g - instantaneous average).
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Chapter 5 — Zwitterionic and charge-balanced
hydrogels

“Promising results have also been obtained in other experiments,
for example, in manufacturing contact lenses”

Otto Wichterle
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5.1 Introduction to zwitterionic and charge-balanced
hydrogels

Zwitterionic compounds, or zwitterions, are electrically non polar compounds having
an equal number of formal unit charges of opposite sign. They are a subclass of
ampholytes which are molecules that contain both acidic and basic groups (and are
therefore amphoteric) and exist as zwitterions at a certain pH. This pH is known as the
molecule's isoelectric point. Zwitterions are sometimes referred to as betaines, dipolar
ions (a misnomer), inner salts and ylides [118]. Zwitterions are polar molecules and

usually have a high solubility in water and a poor solubility in most organic solvents.

Zwitterionic monomers are zwitterions with polymerisable functional groups and
polyzwitterions are polymers prepared by polymerization of zwitterionic monomers.
In common polyzwitterions the zwitterionic groups are usually located in pendent
groups rather than the backbone of the macromolecule. They contain both the anion
and cation in the same monomeric unit unlike a polyampholyte which can contain the

anion and cation in different monomeric units.

Hydrogel materials produced from zwitterionic monomers have been proposed for use
and are used in biomaterial applications such as tissue engineering scaffolds [119],
coatings [120], bioactive membranes [121], drug delivery vehicles [122], bioassay

media [123] and as contact lenses.

There is only one commercial zwitterionic material in the contact lens field. This
material is known as omafilcon A and it used in the production of Proclear
Compatible contact lenses marketed by Coopervision. Omafilcon A is a copolymer of
2-hydroxyethyl methacrylate (HEMA) and 2-methacryloyloxyethyl phosphoryl
choline (MPC) crosslinked with ethyleneglycol dimethacrylate.

The MPC monomer used in the production of Proclear Compatibles is based on the
patents of Hayward and Chapman [124] who produced a polyconjugated polymer
from a diacytelenic phosphoryl choline containing monomer and Kadoma,

Nakabayashi et al [125] who introduced the MPC monomer (Figure 57).
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Figure 57. The structure of 2-methacryloyloxyethylphosphorylcholine (MPC)

The use of MPC in biomaterials is an example of the biomimetic approach to material
design. The phosphoryl choline group of MPC are also found naturally in
phospholipids which are prominent molecules at biomembranes. The MPC monomer
used in a biomaterial is trying to replicate favourable interactions of the phosphoryl

choline group with its environment.

Polymers containing zwitterionic groups or materials coated with zwitterionic groups
have been shown to reduce bacterial adhesion [126-128], resist protein deposition
[129, 130] and also have low water contact angles [131]. All of these features are
valuable for biomaterials. Polymers containing sulfobetaines may have some
advantage over phosphobetaines in these features, for example a lower proportion of
sulfobetaine (compared to phosphobetaine) is required to provide the same degree of
resistance to bacterial adherence [132] and reduced advancing contact angles when

compared to similar polymers containing phosphobetaines [133].

Some synthetic routes used to producing polyzwitterions do not incorporate the
monomer as it is used in the final material. A precursor monomer is used in the
formulation and after polymerisation a subsequent reaction forms the zwitterion. This
can be established for example on acrylates via sulfobetanisation using 1,3-
propanesultone (Figure 58). This approach to zwitterionic material production can
prove to be a problem as 1,3-propanesultone is toxic and so any residuals from the

sulfobetanisation would need to be removed.
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Figure 58. Sulfobetanisation reaction scheme



A sulfobetaine monomer was recently introduced by Raschig, GMBH. This monomer
is N,N-dimethyl-N-(2-acryloylethyl)-N-(3-sulfopropyl) ammonium betaine (SPDA)
(Figure 59). SPDA is the acrylate derivative of N,N-dimetyl-N-(2-methacryloylethyl)-
N-(3-sulfopropyl) ammonium betaine (SPE). Both SPE and SPDA monomers can be
structurally compared to MPC as both are acrylate-based monomers that contain
quaternary nitrogen groups. The major difference 1is that MPC has a
phosphorylcholine group while SPDA has a sulfonate group and these are positioned
differently in the molecule. The use of SPDA in the copolymerisation step would

remove the requirement for sulfobetanisation.
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Figure 59. The structure of N,N-dimetyl-N-(2-acryloylethyl)-N-(3-sulfopropyl) ammonium
betaine (SPDA)

As part of a programme investigating the potential of SPDA in ophthalmic
biomaterials its co-polymerisation and compatibility with other contact lens forming
monomers has been studied. This chapter describes some aspects of the
polymerisation and properties of SPDA copolymers relevant to its potential use as a
contact lens material and also compares the zwitterionic SPDA copolymer to

synthesised charge-balanced (polyampholyte) copolymers.
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5.2 Synthesis of charge-balanced copolymer membranes

5.2.1 Introduction to synthesis of charge-balanced copolymer
membranes

This section describes the synthesis of charged-balanced (polyampholyte) copolymer
membranes. Polyampholytes are macromolecules which contain anionic and cationic
groups in different monomeric units. The cationic and anionic monomers were
formulated to be present in equimolar ratios so the positive or negative charges
associated with the monomers were balanced to give neutrality in the final polymer.
The properties of the resulting charge-balanced copolymers could be used to compare

to the “naturally” chage-balanced zwitterionic SPDA copolymers.

Cationic or potentially cationic monomers were chosen which contained amide or
quaternary nitrogen functional groups. Throughout this thesis the term cationic
monomers is used to represent both cationic and potentially cationic monomers. Itis
known that monomers containing amine functional groups can have a distinctive
associated aroma. If such monomers are exposed to gamma (y) ray irradiation the
result can be the production of an additional aroma. The amine containing monomers
are thought to undergo degradation as a result of exposure to y ray. This property may
stop the monomers use in products. It was decide that all of the selected monomers
should be exposed to y ray irradiation to establish which would undergo these

degradative processes. This was used as a method of selection for monomers.

Two cationic monomers were selected after this process. It transpired that there was
one acrylate and one acrylamide. These were 2-(diethylamino) ethyl methacrylate and
3-(dimethylamino) propyl methacrylamide. These differ in structure by the amide and
ester functional groups but also by there being a propyl group in the acrylamide
monomer but an ethyl group in the acrylate monomer. The selected cationic
monomers were then copolymerised with the chosen anionic monomer, 2-acrylamido-
2-methylpropane sulfonic acid (AMPS) in the presence of 2-hydroxyethyl

methacrylate to produce the charged-balanced copolymer membranes.
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5.2.2 Cationic monomers selected for charge-balanced copolymer
membranes

This section outlines the cationic monomers initially chosen for synthesis. The
cationic monomers were chosen as they contained quaternary nitrogen functional
groups which were positively charged or tertiary nitrogen groups which had the
potential to become charged under the appropriate conditions. The cationic monomers

selected were:

e 2-(dimethylamino) ethyl methacrylate

e 2-(dimethylamino) ethyl methacrylate dimethyl sulfate

e 2-(dimethylamino) ethyl acrylate

e 2-(diethylamino) ethyl methacrylate

e 3-(dimethylamino) propyl acrylate

e 2-(diethylamino) ethyl acrylate

e 3-(dimethylamino) propyl methacrylamide methyl chloride

e 3-(dimethylamino) propyl methacrylamide

Figure 60 shows the structures of the chosen cationic monomers for 2-(dimethylamino)
ethyl methacrylate, 2-(dimethylamino) ethyl methacrylate dimethyl sulphate, 2-
(dimethylamino) ethyl acrylate, 2-(diethylamino) ethyl methacrylate, 3-(dimethylamino)

propyl acrylate and 2-(diethylamino) ethyl acrylate.

R

- Nahd
O

Figure 60. General structure of cationic monomers 1

Where

R = CH;and R’ = -CH,N(CH;), for 2-(dimethylamino) ethyl methacrylate

R = CH;and R’ = -CH,N"(CH;); SO, for 2-(dimethylamino) ethyl methacrylate dimethyl sulfate
R = CH;and R’ = -CH,N(CH,CHs), for 2-(diethylamino) ethyl methacrylate

R=H andR’=-CH,;N(CHs), for 2-(dimethylamino) ethyl acrylate

R=H andR’=-CH,N(CH,CH;), for 2-(diethylamino) ethyl acrylate

R = CH;and R’ = -CH,CH,N(CH,CH,), for 3-(dimethylamino) propyl acrylate
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Figure 61 shows the structures for 3-(dimethylamino) propyl methacrylamide and 3-

(dimethylamino) propyl methacrylamide methyl chloride.

-
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Figure 61. General structure of cationic monomers 2

Where
R =-N(CH;), for 3-(dimethylamino) propyl methacrylamide
R =-N(CH;); for 3-(dimethylamino) propy! methacrylamide methyl chloride

The structure of AMPS is shown inFigure 62.

Figure 62. The structure of 2-acrylamido-2-methylpropane sulfonic acid (AMPS)

5.2.3 Sterilisation of monomers for charge-balanced membranes

This section describes the sterilisation of the selected cationic monomers. Sterilisation
of biomaterials is important and common methods used are autoclave, ethylene oxide,
electron beam, beta irradiation and gamma (y) ray irradiation. The choice of method
depends upon the material being sterilised and autoclaving is usually used in the

manufacture of soft contact lens materials.
If a material, for example partially hydrated hydrogels can not undergo autoclaving

because the material will swell under conditions of increased humidity y ray

irradiation can be used. As the synthesised materials may be utilised in applications
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where vy ray irradiation is the chosen method of sterilisation it was thought that the

effect of v ray irradiation on the polymer and monomers should be known.

The monomers were sterilised by v ray irradiation and this process induced an aroma
from some of the selected monomers. Table 26 shows the aroma of cationic
monomers before and after y ray irradiation. It is known that some amine containing
species have an associated aroma dependant on the volatility of the amine groups. The
production of an aroma or an additional aroma during y ray irradiation could be due to
any amine groups in the monomers susceptibility to Hoffman degradation
mechanisms. The Hoffman elimination reaction produces amines of higher

substitution and therefore of lower boiling point.

Table 26. Aroma of cationic monomers before and after gamma (y) ray irradiation

Monomer aroma pre gamma aroma post gamma
2-(dimethylamino) ethyl methacrylate very smelly, fishy no worse
2-(dimethylamino) ethyl acrylate " worse, fishy
2-(dimethylamino) ethyl methacrylate dimethy! sulfate little smell no worse
2-(diethylamino) ethyl methacrylate " worse, fishy
3-(dimethylamino) propy! acrylate " no worse
2-(diethylamino) ethyl acrylate " worse, fishy
3-(dimethylamino) propyl methacrylamide medicinal smell no worse
3-(dimethylamino) propy! methacrylamide methy! chloride " gained fishy smell

The monomers which produced no additional aromas after y ray irradiation were 2-
(dimethylamino) ethyl methacrylate, 2-(dimethylamino) ethyl methacrylate dimethyl
sulphate, 3-(dimethylamino) propyl acrylate and 3-(dimethylamino) propyl

methacrylamide.

The monomers which produced additional aromas after y ray irradiation 2-
(dimethylamino) ethyl acrylate, 2-(diethylamino) ethyl methacrylate, 2-(diethylamino)

ethyl acrylate and 3-(dimethylamino) propyl methacrylamide methy! chloride.

The monomers were also sterilised by autoclave separately. The autoclave procedure
was 121°C, under pressure for 30 minutes. The monomers sterilised by autoclave

showed no increased aroma. There was a colour change of the 3-(dimethylamino)



propyl acrylate and the 3-(dimethylamino) propyl methacrylamide methyl chloride,

from clear to cloudy.

2-(Diethylamino) ethyl methacrylate and 3-(dimethylamino) propyl methacrylamide
which did not produce additional aromas were selected polymerisation studies. It was
expected that they would produce polymers that were equally free from additional

aromas after being exposed to y ray irradiation.

5.2.4 Compositions for charge-balanced copolymer membranes

This section describes the monomer compositions that were used to synthesise the
charged-balanced copolymer membranes. The cationic monomers chosen for their
stability to y ray irradiation as described in section 5.2.3 were 2-(dimethylamino)
ethyl methacrylate (DMAEMA) and 3-(dimethylamino) propyl methacrylamide
(DMAPMA).

A series of compositions was produced from the cationic and anionic monomers. The
anionic monomer was 2-acrylamido-2-methylpropane sulfonic acid (AMPS). The
cationic and anionic monomers were present in the compositions in stiochiometric
ratios so that when polymerised they should produce membranes of overall charge
neutrality. For example in a typical 5g monomer composition (DCNA31) there was
2.6%wt (0.13g) of DMAEMA and 2.9%wt (0.15g) of AMPS giving 2.15x10*mol of
DMAEMA and 2.17x10“mol AMPS.

The compositions had ~5, 10 and 20%wt of the ionic monomers as shown in Table
(Table 27). The other ~95, 90 or 80%wt was composed of 2-hydroxyethyl
methacrylate (HEMA), the structure of which is shown in Figure 63. A control
membrane was produced using HEMA as the monomer (DCNA30). The DMAEMA:
AMPS series of compositions were labelled DCNA31-32 and the DMAPMA: AMPS

series of compositions were labelled DCNA41-43 and are shown in Table 27.

Table 27. Composition of charge-balanced (polyampholyte) membranes
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DMAEMA/% | DMAPMA/% | AMPS /% | X/ % | HEMA /%
DCNA30 0.0 0.0 0.0 0.0 100.0
DCNA31 2.6 0.0 3.0 5.6 94 .4
DCNA32 4.4 0.0 5.0 9.4 90.6
DCNA33 10.0 0.0 11.3 21.3 78.7
DCNA41 0.0 2.6 2.9 5.4 94.6
DCNA42 0.0 4.4 5.0 9.5 90.5
DCNA43 0.0 9.1 10.0 19.1 80.9

Where DMA EMA is 2-(dimethylamino) ethyl methacrylate, DMA PMA is 3-(dimethylamino) propy!
methacrylamide, AMPS is 2-acrylamido 2,2 methylpropane sulphonic acid, X is the total percentage of
ionic monomers and HEMA is 2-hydroxyethyl methacrylate. % is by weight

O
Figure 63. The structure of 2-hydroxyethyl methacrylate (HEMA)

5.2.5 Polymerisation of charge-balanced copolymer membranes

Monomer preparation and polymerisation were carried out as outlined in the Chapter
2. Polymerisation was thermally induced using 2,2-azobisisobutyronitrile (AIBN) as
initiator at 0.5%wt. Ethylene glycol dimethacrylate (EGDMA) was used as a

crosslinker at 1%wt.

The HEMA control (DCNA30), 2-(dimethylamino) ethyl methacrylate (DCNA31-32)
and 3-(dimethylamino) propyl methacrylamide (DCNA41-43) composition solutions
as described in section 5.2.4 all polymerised to produce clear and cohesive
membranes. Once polymerised the membranes were then swollen to their equilibrium
water content (EWC) by soaking in phosphate buffered saline for three days,

changing to a fresh soaking medium daily.
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5.2.6 Sterilisation of charge-balance copolymer membranes

Samples of the HEMA control membrane (DCNA30), 2-(dimethylamino) ethyl
methacrylate copolymer membranes (DCNA31-32) and 3-(dimethylamino) propyl
methacrylamide copolymer membranes (DCNA41-43) were autoclaved and sent for
gamma (y) ray irradiation separately. The use of y ray irradiation was to ascertain if
the polymers were stable to y ray as some of the cationic monomers were shown to be

unstable and degrade under these conditions.

The membranes did not change in appearance or produce an additional aroma after
autoclaving or y ray irradiation. This indicates that the cationic pendant groups were

stable to sterilisation by 7 ray irradiation after polymerisation.

5.3 Synthesis of N,N-dimethyl-N-(2-acryloylethyl)-N-(3-
sulfopropyl) ammonium betaine (SPDA) copolymer
membranes

5.3.1 Introduction to synthesis of SPDA copolymer membranes

The charged-balanced copolymers membranes described in section 5.2 are composed
of cationic and anionic monomers. These monomers must be used in equimolar ratios
if a neutrally charged copolymer was to be produced. Even when the cationic and
anion monomers used in eqimolar ratios the charge-balanced copolymer membranes
may have the charges distributed unevenly. This could produce a material with
localised charges. The SPDA monomer is zwitterionic and as such has the positive
and negative charged moieties on one monomeric unit. When SPDA or other
zwitterionic monomers are polymerised they will always produce a charge-balanced
polymer, as long as no other ionic species are present. Section 5.3 describes the

synthesis of SPDA copolymer membranes.
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5.3.2 Sterilisation of zwitterionic monomers

Gamma (y) ray irradiation is used as a method of sterilisation when autoclaving is not
possible (as explained earlier). Investigation of some of the cationic monomers
showed that when they were subjected to v ray irradiation they produced an additional
aroma. This aroma possibly arose due to the degradation of amine groups present. The
SPDA monomer also contains an amine group which could possibly degrade when
subjected to vy ray irradiation. The SPDA monomer was v ray irradiated to establish its
stability when exposed to these conditions. A selection of other zwitterionic

monomers was also subjected to vy irradiated for comparison. These monomers were:

e 2-methacryloyloxyethyl phosphorylcholine (MPC)

e 1-(3-Sulfopropyl)-2-vinylpyridinium-betaine (SPV)

¢ N,N-dimethyl-N-(2-methacrylamidopropyl)-N-(3-sulfopropyl) ammonium
betaine (SPP)

The structures for the zwitterionic monomers SPDA, MPC, SPV and SPP are shown

in Figure 64.
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Figure 64. Structures of zwitterionic monomers subjected to gamma (y) ray irradiation

The SPDA, SPV and SPP monomers did not produce an additional aroma when vy ray
irradiated. The MPC monomer produced an additional aroma after the y ray
irradiation. Comparison of the structures shows that the monomers that did not
produce an additional aroma after y irradiation were the sulfobetaines where the
sulfonate placed as a terminal group of the inner salt. Whereas MPC where the

quaternary nitrogen containing group placed terminally is a phosphobetaine.

5.3.3 Compositions for SPDA copolymer membranes

This section describes the compositions that were prepared for the SPDA copolymer

membranes. 2-hydroxyethyl methacrylate (HEMA), N-vinyl pyrrolidone (NVP) and
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acryloylmorpholine (AMO) are monomers that are used in many biomedical

applications. To assess if SPDA would copolymerize with these monomers
compositions of HEMA, NVP and AMO were prepared with SPDA in a ratio of 1:1
initially.

Monomer preparation and polymerisation were carried out as outlined in Chapter 2.
Polymerisation of these compositions was thermally induced using 2,2-
azobisisobutyronitrile (AIBN) as initiator (0.5%wt) and ethylene glycol
dimethacrylate (EGDMA) as a crosslinker (1%wt). All three compositions

polymerised to produce clear and cohesive membranes.

After the initial polymerisation of SPDA with HEMA, NVP and AMO produced
suitable membranes it was decided to synthesise a series of copolymer membranes
from HEMA and SPDA. HEMA was selected as conventional contact lens materials
are commonly based on this monomer. The SPDA:HEMA compositions had the
SPDA comonomer ranging from 0 to 100% (with the remaining composition
percentage being HEMA) (Table 28). The SPDA:HEMA compositions were labelled
DCNAI, 2, 5-10 and 12. A control membrane was also prepared from a composition

of 100% HEMA (DCNAT1).

Table 28. N,N—dimethyl—N—(Z—acryloylethyl)-N-(3~sulf0pr0pyl) ammonium betaine (SPDA)
containing membranes

Gel SPDA /% | HEMA / %
DCNAOQ7 70 30
DCNAQ6 50 50
DCNAO1 45 55
DCNAO2 33 67
DCNAOS 29 71
DCNAO08 20 80
DCNAO® 15 85
DCNA13 10 90
DCNA12 5 95
DCNA10 0 100
DCNA11 100 0

The two monomers in this series of membranes make up 70% of the total weight of
the compositional solution with water composing the other 30%. For example a

typical compositional solution for a SPDA membrane DCNAO7 is composed of
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~49%wt SPDA, ~21%wt HEMA and ~30%wt water, with SPDA constituting
~70%wt and HEMA ~30%wt of the monomer present.

5.3.4 Polymerisation of SPDA copolymer membranes

Monomer preparation and polymerisation were carried out as outlined in Chapter 2.
The SPDA membranes were polymerised thermally using 2.2-azobisisobutyronitrile
(AIBN) as initiator (0.5%wt) and ethylene glycol dimethacrylate (EGDMA) as a
crosslinker (1%wt).

Once polymerised the membranes were swollen to their EWC by soaking in
phosphate buffered saline for 3 days, changing the soaking medium daily. The series
of compositions described in section 5.3.3 (DCNAL, 2, 5-10 and 12) polymerised to

produce clear and cohesive membranes.

5.3.5 Sterilisation of SPDA copolymer membranes

Samples of the HEMA control (DCNA10) and the SPDA membranes (DCNAL, 2, 5-
10 and 12) were autoclaved and also sent for gamma (y) ray irradiation seperately.
The use of y ray irradiation was to ascertain if the polymers were stable to y ray as
some of the cationic monomers were shown to be unstable and degrade under these

conditions as explained earlier.

The membranes did not change in appearance or produce an additional aroma after
autoclaving. The zwitterionic membranes sent for v ray irradiation were the 29 and
70% SPDA membranes (DCNAOS ad 07) and these produced a slightly ammonium
aroma when vy ray irradiated. The SPDA monomer did not produced an additional
aroma when exposed to y ray so it was not expected for the SPDA membrane should

be produce an aroma when y ray irradiated.

142



5.3.6 NMR of SPDA monomer

As the y ray irradiation of the SPDA membranes caused an aroma it was decided to
analyse the SPDA monomers by proton NMR ("H NMR) pre and post y ray
irradiation to see if additional information could be obtained even though the y ray

irradiation of SPDA monomer did not cause an additional aroma.

An explanation of NMR is beyond scope of this chapter. Briefly in 'H NMR the
protons that are different (chemically speaking) have different NMR frequencies
because the chemical environment causes the local magnetic field for that nucleus to
be unique. The "ppm" axis is used to report frequency differences that are scaled by
the magnetic field strength. This allows the peak positions to be compared for spectra
acquired at various magnetic field strengths, without having to do any conversions.
Zero, on this PPM axis, is the frequency position (or chemical shift) of a compound

called tetramethy] silane or TMS.

The NMR signals from the various chemically unique protons appear not as single
peaks, but as multiplets of peaks. This is because the spins of the hydrogen nuclei

bonded to neighbouring carbon atoms perturb the energy of the NMR signals.
The solvent used for the NMR analysis was deuterium oxide and the 'H NMR spectra

for the SPDA monomer prior to and after y ray irradiation are shown Figure 65 and

Figure 66 respectively.
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Figure 65. 1H NMR of N,N-dimethyl-N-(2-acryloylethyl)-N-(3-sulfopropyl) ammonium betaine
(SPDA) before gamma ray irradiation
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Figure 66. 1H NMR of N,N-dimethyl-N-(2-acryloylethyl)-N-(3-sulfopropyl) ammonium betaine
(SPDA) after gamma ray irradiation

The peaks of interest in the SPDA monomer prior to y ray irradiation are shown in
Table 29. We see peaks at 2.3ppm, 2.9ppm, 3.5ppm and 4.6ppm with integrated
values of ~2 which correspond to the four CH; groups present in the molecule. The
peaks at 6ppm, 6.2ppm and 6.4ppm have an integrated value of ~1 and a splitting
pattern which correspond to the allyl group. There is a peak at 3.2ppm with an

integration value of 6.76 which correlates with the two methyl groups on the nitrogen.
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Table 29. Peaks of interest in the 1H NMR specturm of N,N-dimethyl-N-(2-acryloylethyl)-N-(3-
sulfopropyl) ammonium betaine (SPDA) proir to gamma ray irradiation

ppm integration
2.3 242
2.9 2.37
3.2 6.62
3.5 2.68
3.8 1.88
4 0.41
46 1.83
6 1.02
6.2 0.95
6.4 1

ppm is parts per million

After y ray irradiation there is the shifting and splitting of the peak at 3.2ppm to two
peaks at 3.4ppm and 3.6ppm with integration values of 2.7 and 0.44 respectively. This
along with the aroma reported from the membranes could indicate there is some
instability of the polymer to y ray irradiation. The possible degradation of the

quaternary nitrogen could cause the production of amine species (Figure 67).
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Figure 67. Possible degradation of N,N-dimethyl-N-(2-acryloylethyl)-N-(3-sulfopropyl)
ammonium betaine (SPDA)

A similar peak splitting feature is seen in the 'H NMR spectra of 3-(dimethylamino)
propyl methacrylamide methyl chloride and 2-(dimethylamino) ethyl methacrylate
dimethyl sulphate monomers. Both of these monomers have quaternary nitrogen
within the molecule brought about by the presence of the methyl chloride or dimethyl

sulphate additive. It may be the spectra seen for the SPDA monomer after y ray
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irradiation shows the presence of a group that is causing the quaternisation of the

nitrogen in a similar way to these additives in the quaternised acrylates.

5.4 Properties of charge-balanced copolymer and N,N-
dimethyl-N-(2-acryloylethyl)-N-(3-sulfopropyl) ammonium
betaine (SPDA) copolymer membranes

Certain properties are important for the successful use of materials in contact lens
applications. Among these properties are the equilibrium water content, mechanical
properties, surface properties, oxygen permeability, optical transmittance and
coefficient of friction. This section describes the analysis and results of these
important properties for the charge-balanced copolymer and SPDA copolymer

membranes.

5.4.1 Equilibrium water content (EWC) of copolymer membranes

EWC is described in Chapter 1. The EWC of the charge-balanced copolymer
membranes and the SPDA copolymer membranes was determined by a gravimetric

method [6]. The method is shown in Chapter 2.

5.4.1.1 Equilibrium water content (EWC) of charge-balanced
copolymer membranes

The EWC of the control HEMA membrane (DCNA30) was 36.8+0.7% which 1$ In
good agreement with literature values. The EWC’s of the HEMA control, 2-
(dimethylamino) ethyl methacrylate (DCNA31-32) and 3-(dimethylamino) propyl

methacrylamide (DCNA41-43) membranes are shown in Figure 68.
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Figure 68. Equilibrium water content (EWC) of charge-balanced membranes. Where DMAEM A
is 2-(dimethylamino) ethyl methacrylate, DMAPMA is 3-(dimethylamino) propyl
methacrylamide and HEMA is 2-hydroxyethyl methacrylate. % ionic monomers is the weight
percentage of the ionic pair in the HEMA copolymer, e.g. 5% ionic monomers in a HEMA
copolymer for DMAEMA is 2.5% DMAEMA, 2.5% AMPS (2-acrylamido-2-methylpropane
sulfonic acid) and 95% HEMA. N=5, +SD

It can be seen that progressive increase of the ionic monomer pair 2-(dimethylamino)
ethyl methacrylate: AMPS in the HEMA copolymer produces membranes with
increased EWC. For example copolymerisation with ~5% of the 2-(dimethylamino)
ethyl methacrylate: AMPS pair increases the EWC to 44.640.4%. Further increase to
~10% of the ionic pair in the copolymer produced a membrane with a EWC of

47.7+0.2%

Similarly the copolymerisation with ~5% of the 3-(dimethylamino) propyl
methacrylamide: AMPS ionic pair increase the EWC to 46.7+0.7%. Further increase
to ~10% of the ionic pair in the copolymer produced a membrane with a EWC of

58.5+0.4%.

While it is the sulfonate-containing AMPS monomer that would be expected to

provide the majority of the increase in EWC, there is a difference between the
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membranes containing the different ionic pairs. The 3-(dimethylamino) propyl
methacrylamide: AMPS ionic pair copolymer membranes have higher EWC than the
2-(dimethylamino) ethyl methacrylate:AMPS ionic pair membranes copolymer. The
difference between the two ionic pairs is not statistically significantly at ~5%. At
higher percentages of ionic pair copolymerisation this difference becomes more

apparent and statistically significant.

Comparing the structures of 2-(dimethylamino) ethyl methacrylate and 3-
(dimethylamino) propyl methacrylamide (Figure 69) it can be seen that the acrylamide
would be expected to be more hydrophilic than the acrylate. This expected increase 1s
due to the presence of the amide group. The propyl group of the acylamide would be
expected to produce a decrease in EWC but the amide group’s contribution to the
EWC overrides this negative effect. The increased hydrophilicity of the amide group
provides explains the increased in EWC of the acrylamide containing membranes
(DCNA41-43) compared to the acrylate containing membranes (DCNA31-32). This
increase in hydrophilicity via the incorporation an amide group can be seen when

comparing other acylates and acrylamides.

2-(dimethylamino) ethyl methacrylate (DMAEMA)

NN

@]
3-(dimethylamino) propyl methacrylamide (DMAPMA)

Figure 69. Comparison of 2-(dimethylamino) ethyl methacrylate (DMA EMA) and 3-
(dimethylamino) propyl methacrylamide (DMA PMA)

148



5.4.1.2 Equilibrium water content (EWC) of SPDA copolymer
membranes

The HEMA control membrane (DCNA10) had a EWC of 37.24+0.4%, this is in good
agreement with the literature value for HEMA of ~39%. SPDA as a homopolymer
had a EWC of 78+1.1%. The EWCs versus SPDA content for the series of
SPDA:HEMA membranes is shown in Figure 70. We can see that progressive
incorporation of SPDA into a HEMA membrane increases the EWC of the
membranes, this is expected as both the quaternary nitrogen and sulfonate groups

attract water.
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Figure 70. Equilibrium water content (EWC) of SPDA membranes. N=5, £SD

5.4.1.3 Comparison of equilibrium water content (EWC) of charge-
balanced copolymer and SPDA copolymer membranes

Conventional contact lens materials use hydrophilic monomers such as N-vinyl
pyrrolidone to increase EWC. SPDA offers increased EWC compared to these
monomers on a weight for weight basis. This can be shown if we compare the EWC’s

of the synthesised SPDA:HEMA copolymer membranes to NVP:HEMA copolymer
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membranes (Figure 71). The same increase in EWC 1is seen for the charge-
balanced:HEMA membranes in comparison to a NVP:HEMA membrane. If SPDA or
the charge-balanced containing-copolymers were to be used in a contact lens

application then the increase in EWC at reduced weights could be a useful property.
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Figure 71. EWC vs % SPDA and % NVP comonomer in a HEMA copolymers. N=5, +SD

The EWC of the SPDA copolymer membrane is closer to that of the 2-
(dimethylamino) ethyl methacrylate :2-acrylamido-2-methylpropane sulfonic acid
(DMAEMA:AMPS) ionic pair membranes (DCNA31-33) than that of the 3-
(dimethylamino) propyl methacrylamide :2-acrylamido-2-methylpropane sulfonic
acid (DMAPMA:AMPS) ionic pair membranes (DCNA41-43) (Figure 72). This is
somewhat unexpected as the SPDA structure is more similar to the DMAPMA as both

contain the quarternary nitrogen groups.
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Figure 72. Comparison of the EWC of ionic comonomer and SPDA comonomer in HEMA
copolymer. Where SPDA is N,N-dimethyl-N-(2-acryloylethyl)-N-(3-sulfopropyl) ammonium
betaine, DMAEMA is 2-(dimethylamino) ethyl methacrylate, DMA PMA is 3-(dimethylamino)
propyl methacrylamide, HEMA is 2-hydroxyethyl methacrylate and AMPS is 2-acrylamido-2-
methylpropane sulfonic acid. % monomers is the weight percentage of the comonomer in the
HEMA copolymer. N=5, =SD

The inner salt of the SPDA and the charge attraction between the DMAEMA and
AMPS in the acrylate membrane must allow less chain expansion of the polymer

network that the of the acrylamide membrane (DMAPMA:AMPS).

The EWC’s of the synthesised charged-balanced and the polyzwitterionic membranes
are lower than that of membranes which have sodium 2-acrylamido-2-methylpropane
sulfonic (NaAMPS) as the comonomer without the cationic comonomer to balance
the charge [134]. The same is seen when other anionic sulfonate monomers such as 3-
sulfopropyl ester acrylate (SPA) and bis-(3-sulfopropyl)-ester acrylate (SPI) are

incorporated into membranes without a cationic group to balance the charge.
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5.4.2 Mechanical properties of copolymer membranes

Initial (Young’s) modulus, tensile strength and elongation to break were recorded on a

Houndsfield HTi tensometer [72]. The method is shown in Chapter 2.

The Youngs modulus (¢) indicates the degree of stiffness of a material. Contact lenses
with relatively low ¢ allow draping of the material over the cornea. Incorporation of
hydrophilic monomers should reduce the € as the EWC is increased. The reduction of

g 1s a result of the water plasticizing the material.

The tensile strength (Ts) indicates the materials resistance to deformation under
tension and elongation to break (Eb) measures the materials ductility. In contact lens
applications these are properties that are more related to the handling of the material
rather than the on eye performance. The mechanical properties of hydrogels are

normally but not always correlated to the EWC of materials [135].

5.4.2.1 Mechanical properties of charge-balanced copolymer
membranes

The Youngs modulus (&) for the HEMA control membrane (DCNA30) is 0.424+0.02
MPa which is in good agreement with the literature values. The progressive
incorporation of the ionic comonomer pairs into the HEMA copolymer membranes
reduces the ¢ as expected (Figure 73). The ¢ for both charged-balanced membranes
seems to go through a rapid decrease at up to ~10% incorporation and then a gradual

decrease at >10%.
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Figure 73. Youngs modulus (¢) of charge-balanced membranes. Where DMA EMA is 2-
(dimethylamino) ethyl methacrylate, DMA PMA is 3-(dimethylamino) propyl methacrylamide
and HEMA is 2-hydroxyethyl methacrylate. % ionic monomers is the weight percentage of the
jonic pair in the HEMA copolymer, e.g. 5% ionic monomers in a HEMA copolymer for
DMAEMA is 2.5% DMAEMA, 2.5% AMPS (2-acrylamido-2-methylpropane sulfonic acid) and
95% HEMA. N=5, +SD

The ionic pair 2-(dimethylamino) ethyl methacrylate:2-acrylamido-2-methylpropane
sulfonic acid (DMAEMA:AMPS) had a lower EWC than that of the ionic pair 3-
(dimethylamino) propyl methacrylamide:2-acrylamido-2-methylpropane sulfonic acid
(DMAPMA:AMPS). The different EWC’s of the charged-balanced membranes would
be expected to observable in the mechanical properties. There is a difference in the €
of the charged-balanced membranes (as shown in Figure 17) although the difference

in is not statistically significant.

A similar situation is seen in the tensile strength (Ts) and elongation to break (Eb) of
the both of the charge-balanced membranes. The increased EWC results in lowering
of the Ts and Eb. The DMAEMA:AMPS copolymer membranes have higher Ts and
Eb than the DMAPMA:AMPS copolymer membranes, but once again the differences
are not statistically significantly (Figure 74). The DMAPMA:AMPS copolymer

membranes having a higher EWC would be expected to have mechanical properties




that were of a lower value than the DMAEMA:AMPS copolymer membranes as the

water plasticizes the membrane.
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Figure 74. Tensile strength (Ts) and elongation to break (Eb) of charge-balanced membranes.
Where DMA EMA is 2-(dimethylamino) ethyl methacrylate, DMA PMA is 3-(dimethylamino)
propyl methacrylamide and HEMA is 2-hydroxyethyl methacrylate. % ionic monomers is the
weight percentage of the ionic pair in the HEMA copolymer, e.g. 5% ionic monomers in a HEMA
copolymer for DMAEMA is 2.5% DMAEMA, 2.5% AMPS (2-acrylamido-2-methylpropane
sulfonic acid) and 95% HEMA. N=5, £SD

The EWC is highly correlated to the mechanical properties for the charge-balanced

membranes as shown in Figure 75 and Figure 76.
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copolymer membrane

5.4.2.2 Mechanical properties of SPDA copolymer membranes

The Youngs modulus (e) for the HEMA control membrane (DCNA10) is 0.42+0.02

MPa.. The progressive incorporation of SPDA into the HEMA copolymer membranes

reduces the ¢ as expected (Figure 77).
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Figure 77. Youngs modulus (¢) of SPDA membranes. N=5, £SD

The ¢ reduces as we increase the percentage of SPDA in the copolymer. It s a
reflection the EWC of the membranes. The progressive incorporation of SPDA into
the HEMA copolymer membranes reduces the tensile strength (Ts) and elongation to
break (Eb) (Figure 78). As the percentage of SPDA is increased so the polymer
network includes more of the sulfonate and amine hydrophilic pendant groups. These
groups have an associated shell of water molecules which are plasticizing the

membranes. This is having the effect of lowering the Ts and Eb.
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There is a positive correlation between the EWC and these three mechanical

properties. A plot of EWC vs ¢, Ts and Eb as shown in Figure 79 gives slopes of i* of

0.96, 0.97 and 0.92 respectively, the slopes for Ts and Eb are close and one appears

under the other in Figure 79.
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The incorporation of >30% SPDA into the HEMA copolymer membranes (DCNAO1-

03, 06, 07 and 11) produced membranes with mechanical properties that were
relatively low. The membranes were too fragile and broke while handling to place

into the jaws of the tensometer and so were unsuitable for testing using this method.

5.4.2.3 Comparison of the mechanical properties of charge-balanced
copolymer membranes and SPDA copolymer membranes

The ¢ of the SPDA membranes is higher (not statistically significantly) than that of
the charged-balanced membranes. The Ts of the SPDA and charged-balanced
membranes are similar and not significantly different although the actual values of the
SPDA membrane is closer to those of the 2-(dimethylamino) ethyl methacrylate:2-
acrylamido-2-methylpropane sulfonic acid copolymer membrane. The Eb of the
SPDA membranes is higher than the charged-balanced membranes but once again

there is no significant difference.

The ¢ of the charged-balanced and SPDA membranes are comparable to those of
commercial conventional hydrogels soft lens materials of similar water contents, for
example etafilcon A has an EWC of 58% and a € of ~0.3MPa [136]. The mechanical
properties of the membranes at the higher water contents are low and unfavourable for
contact lens applications. It is the Ts and Eb that are taken into account in terms of
handling contact lenses and these values for the zwitterionic and charged-balanced

membranes are relatively low.

5.4.3 Surface free energy (y) of copolymer membranes

Sessile drop contact angle measurement using well characterised liquids such as water
and diidomethane provide a convenient method of determining the surface free energy
(y) of solid surfaces. The contact angle (6) can be measured either as initial 6 or
kinetic 6 using the sessile drop technique. A GBX Goniometer was used according to

the method as described in Chapter 2.
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The total free surface energy (ys) of a material can be found from the sum of the

dispersive (ysd) and polar components (y") (see Appendix VI - Contact angle).
Incorporation of a hydrophilic monomer into a polymer would be expected to increase
the polar component of the surface free energy. The sessile drop technique is
frequently used on surfaces when they are hydrated although it can be used on
dehydrated samples to ascertain the y of the sample [64, 137]. The samples were

hydrated when analysed in these experiments.

5.4.3.1 Surface free energy (y) of charge-balanced membranes

The total surface free energy (ys) for the HEMA control membrane (DCNA30) was
calculated to be 51.9+2 mN/m. The contribution from the dispersive (y;") and polar
components (ys") were 24+2 and 27.4£2mN/m respectively. As was expected the
progressive incorporation of the ionic monomer pairs into a HEMA copolymer

increased the vs' of the membranes, shown Figure 80.
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Figure 80. Surface free energy of charge-balanced membranes. Where DMAEMA is 2-
(dimethylamino) ethyl methacrylate, DMA PMA is 3-(dimethylamino) propyl methacrylamide
and HEMA is 2-hydroxyethyl methacrylate. % ionic monomers is the weight percentage of the
jonic pair in the HEMA copolymer, e.g. 5% ionic monomers in a HEMA copolymer for
DMAEMA is 2.5% DMAEMA, 2.5% AMPS (2-acrylamido-2-methylpropane sulfonic acid) and
95% HEMA. N=5, +SD
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As we the increase the ionic comonomers to ~5% in the charge-balanced copolymer
membranes there is an increase in the ys' to 56.9£2mN/m. This increase comes from a
combination of a small reduction in the v, and a significant (p=0.001) increase in the
vs". These polar increases come about from the ionic and hydrophilic nature of the
membranes. As we increase the ionic comonomers further to ~10 and ~20% in the
charge-balanced copolymer membranes this causes an increase of v5' to 57.2 and to
58.3+2mN/m respectively (both statistically insignificant). This is a smaller increase

than the one brought about by the initial introduction of ~5% ionic comonomers.

5.4.3.2 Surface free energy (y) of SPDA membranes

The total surface free energy (v) for the HEMA control membrane (DCNA10) was
calculated to be 50.6+2 mN/m. The contribution from the dispersive (ysd) and polar

components (ys") were 23.6+2 and 27+2 mN/m respectively.

The progressive incorporation of SPDA into a HEMA copolymer was shown to
increase the ys of the membranes as was expected (Figure 81). Incorporation of 5%
SPDA into a HEMA copolymer (DCNA13) produced a membrane with a ys' of
57.242 mN/m with the increase of the polar component and a decrease in the
dispersive component. Further incorporation of 10 and 20% SPDA into the membrane

(DCNA12 and 08) provided a small increase in the ys of the membranes.
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Figure 81. Surface free energy of SPDA membranes. N=5, £SD

The increase in ys at <5% SPDA may be brought about by the hydrophilic sulfonate
groups orientating themselves to the surface of the membrane when exposed to water.
The increase of SPDA above 5% has a less pronounced effect on the contact angles of
the probe solutions and thus the ys‘, with 10% SPDA wee see a ~ImN/m increase and

20% SPDA produced <ImN/m increase. This is unexpected as the increase from 0 to

5% gave a change of ~10mN/m and we would expect a more pronounced increase in

v, when we double the amount of SPDA.

Betaines are known to have low water contact angles and so would give high surface
free energies [131]. If the surface of the membrane was an even distribution of
homogeneous SPDA the contact angle would be low. The HEMA component of the

polymer must be distributed at the surface and playing a role in lowering the 4.
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5.4.3.3 Comparison of the surface free energy of charge-balanced
and SPDA membranes

The SPDA and charged-balanced membranes displayed similar values for s The
contributions from the polar and dispersive components were also of similar values.
This is perhaps not surprising if the structures are considered. The SPDA has the
quaternary nitrogen and sulfonate moities on a single pendant group, the acrylamide
charged-balanced also has quaternary nitrogen and sulfonate moieties but situated on
separate pendants groups and the acrylate has a sulfonate and an ester moiety on
separate pendant groups. The combined pendant groups of the charged-balanced ionic
comonomers are similar to the single zwitterionic pendant group and so similar values

should be expected.

The contact angle sessile drop technique is frequently performed on dehydrated
surfaces although it can be used to determine the y of hydrated surfaces [137].
Although the structures of the zwitterionic and charge-balanced copolymers are
similar it may be that the hydrated nature of the membranes was interfering with the
analysis and this is why both the zwitterionic and charged-balanced membranes had

. . ~ t
similar values for ys .

The relationship between the EWC and the v for the charge-balanced membranes and
SPDA copolymer membrane are correlated as shown in Figure (Figure 82). A plot of
EWC vs v& for the 2-(dimethylamino) ethyl methacrylate:2-acrylamido-2-
methylpropane sulfonic acid (DMAEMA:AMPS) has a slope with an r? of 0.84. The

SPDA copolymer shows a similar slope with an r? of 0.86.
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Figure 82. The correlation between @ EWC and surface free energies of the SPDA,
DMAEMA:AMPS and DMAPMA copolymer membrane. Where DMAEMA is 2-
(dimethylamino) ethyl methacrylate, DMAPMA is 3-(dimethylamino) propyl methacrylamide
and HEMA is 2-hydroxyethyl methacrylate, AMPS (2-acrylamido-2-methylpropane sulfonic
acid) and SPDA is N,N-dimethyl-N-(2-acryloylethyl)-N-(3-sulfopropyl) ammonium betaine

The 3-(dimethylamino) propyl methacrylamide:2-acrylamido 2,2 methylpropane
sulfonic acid (DMAPMA:AMPS) copolymer membranes has a slope with a higher
correlation with an 1 of 0.93. The v, of the DMAPMA membrane is similar to that of
the SPDA membrane as would be expected from the structural similaritie, this is |

contrast to the difference in EWCs of these membranesas reported in section 5.4.1.3.

5.4.4 Oxygen permeability (Dk) of SPDA membranes

Dk was measured with the polarographic method [73, 74] using a Createch Model
201T permeometer. Dk has the units of 10" em x ml O2 / sec x ml x mmHg which is

equivalent to 1 Barrer or Fatt unit. The method is explained in Chapter 2.

The HEMA control membrane has a Dk of 6x107!'" Barrers measured at room

temperature (24°C) is in good agreement with the literature value for HEMA lens




materials. The Dk of a SPDA:HEMA copolymer in a ratio of 33:77 membrane
(DCNA02) is 16x10™"! Barrers.

In conventional hydrogel lens materials the rise in Dk is driven by water content. The
relationship between EWC and permeability is not a linear one. The Dk of
conventional hydrogels increases logarithmically with the EWC of the material [138].

The equation used to describe the relationship is

Dk - A e BEWC

where

D = diffusivity of oxygen through a material

k = the solubility of oxygen in a given material
EWC = equilibrium water content

Aand B = experimentally determined constants

Researchers have determined different values for A and B as shown in Table 30.
Using these formulas we can calculate a value for the membrane based upon its EWC.
The EWC of a membrane synthesised with SPDA:HEMA in a ratio of 33:77
(DCNAOQ2) is 66% and the calculated values for its Dk are 23.1, 30.1 and 44.7

Barrers.
Table 30. Theoretical Dk from literature
Formula Theoretical Dk / Barrers | Reference
Dk =1.68¢ 0.0397 EWC 23.1 Morgan [1]
Dk =2 ¢ 0.0411 EWC 30.1 Fatt [2]

Dk = 2.4 ¢ 0.0443 EWC 44.7 Tighe [3]

1. Morgan, P.B., and Efron, N. (1998). The oxygen performance of contemporary hydrogel
contact lenses. Contact Lens & Ant Eye 2/, 3-6.

2. Fatt, I., and Chaston, J. (1982). International Contact Lens Clinic 9, 76.
3. Tighe, B.J. (1976). The design of polymers for contact lens applications. British Polymer

Journal &, 71 - 77.
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This experimental value in this work was determined at room temperature (24°C) and
Dk is known to be temperature dependant. The Dk for hydrogel membranes has been
shown to double on raising the temperature from 24°C to 34°C [139]. If we assume
the EWC of the membrane is the same at 34°C as at 24°C then we can estimate the Dk
of the membrane at 34°C could be as much as 32x10"" Barrers which is a similar
value to the calculated value using the Morgan and Efron [140] and Fatt and Chaston

[73] formula.

A Dk of 32x107"" Barrers would give an oxygen transmissibility (Dk/t) of 40x10°
Barrers (assuming a thickness of 0.08mm). Holden and Mertz [8] showed a Dk/t of
24x10” Barrers was necessary for daily wear of contact lenses and 87x1 0" Barrers for
extended wear to limit overnight corneal edema to 4%. Those values have been
recently raised to 35x10” Barrers for daily wear and 125x10 Barrers for extended

wear as suggested by Harvitt and Bonanno [9].

Most conventional contact lenses fall below the Harvitt and Bonanno criteria. Those
materials with EWC’s of 60% and over reach the Dk/t of 35x10” Barrers. The new
generation of silicone hydrogel contact lenses easily meet the Dk/t values for daily
wear and most of them meet the value for extended wear. The drive for higher Dk/t
brought about the silicone hydrogels and they are slowly replacing the conventional
materials. Manufacturing costs will eventually fall and allow their use on a daily wear

basis.

The mechanical properties of the SPDA membranes are low as described in section
5.4.2 and a lens of 0.08mm thickness would be hard to handle. A thicker material
would be needed to improve the “handleability” unfortunately this would reduce the
Dk/t of the material. The SPDA membrane does not have suitable Dk for extended

wear contact lens application.

5.4.5 Optical transmittance of SPDA membranes

Optical clarity is an obvious requirement of a contact lens. The transmission of light

through a membrane can be measured by placing the membrane into a
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spectrophometer and measuring the transmission across a range of wavelengths. A

Smm cork borer was used to cut sections of the (~0.5mm thick) membranes before
placing them flat onto the side of a silica cuvette. The cuvette was then filled with
HPLC water and the transmission of light measured from 440-800nm. A matched
silica cuvette filled with HPLC water was used in the reference beam of the
instrument. The clarity of series of SPDA membranes is shown by the transmission of
light being >93.3% for any of the membranes as shown in Table 31. The value for the
transmission of light indicates the zwitterionic membranes would mean they would be

suitable in contact lens applications.

Table 31. Transmission of light across SPDA membranes

Membrane | SPDA/% | HEMA/ % Trans / %
DCNAOQ7 70 30 96.6
DCNAQ6 50 50 94.9
DCNAO01 45 55 947
DCNAQ2 33 67 94 4
DCNAQ5 29 71 93.4
DCNAO8 20 80 96.7
DCNAOQ9 15 85 95.9
DCNA10 0 100 92.7

Where SPDA / % is percentage of N,N-dimethyl-N-(2-acryloylethyl)-N-(3-sulfopropyl) ammonium
betaine monomer in membrane, HEMA / % is percentage 2-hydroxyethyl methacrylate monomer in the
membrane and Trans / % is transmission of light (UV from 440-800nm) through the membrane

5.4.6 Coefficient of friction (u) of SPDA membranes

The coefficient of friction (u) is a measurement that can be made during the relative
motion of the surfaces of two materials against each other. When a blink occurs there
is friction between the eye and the eyelid and the tear film acts as a lubricant to lower
the . When a lens is inserted in the eye the situation changes and now during a blink
and there is friction between the lens and the eyelid. The front surface properties of a

contact lens are likely to affect the frictional forces between the eyelid and the lens.

Therefore experiments to determine the effect of the introduction of SPDA as a
comonomer on the p of the resulting membranes were carried out. The p was

determined for the HEMA control and SPDA copolymer membranes using a modified
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Nano-Scratch Tester method [75] where the polypropylene probe was moving against
the membrane which was resting on a Melinex® sheet. The method is explained in

Chapter 2.

The p is a relative figure that is method dependent. The p for the HEMA control
membrane (DCNA10) is 4.43 (after initial start up friction). The incorporation of 15%
SPDA (DCNAO08, 15:85, SPDA:HEMA) in the copolymer membranes significantly
reduces the p to 1.88 and a further increase of the SPDA content to 33% (DCNAO2,
33:66, SPDA:HEMA) reduces the p to 1.31, as shown in (Figure 83).

Compantive coefficient of frictior
w

20:80 15:85
Membrane composition (SPDA:HEMA)

Figure 83. Coefficient of friction (u) of SPDA membranes. Where membrane composition is the

percentage ratio of N,N-dimethyl-N-(2-acryloylethyl)-N-(3-sulfopropyl) ammonium betaine
(SPDA) to 2-hydroyethyl methacrylate (HEMA). N=5, £SD

The presence of the SPDA in the membranes 1s causing a reduction in the p. The
lubricating ability of the SPDA present at the surface of the material lowered p
substantially. The increased EWC of the SPDA containing membranes may be having
an effect upon the p. The presence of the water may be acting as an internal lubricant
but also as the polypropylene probe passes over the surface of the membrane it may

be forcing water out of the polymer network and onto the surface out the membrane
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where it may act as a lubricant. The presence of the SPDA at the surface may be
acting to reduce p as a result of reducing the boundary lubrication regime. If this
effect is reproducible when the polymer is used as a coating could be an area for

investigation.
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5.5 Conclusions

A series of charged-balanced membranes were synthesised from cationic (or
potentially) monomers 2-(dimethylamino) ethyl methacrylate (DMAEMA) and 3-
(dimethylamino) propyl methacrylamide (DMAPMA) and the anionic monomer 2-
acrylamido-2-methylpropane sulfonic acid (AMPS). The ionic monomers were
present in equimolar ratios meaning any positive and negative charges were balanced
overall in the final material. A series of zwitterionic membranes were synthesised
from the N,N-dimethyl-N-(2-acryloylethyl)-N-(3-sulfopropyl) ammonium betaine
(SPDA) monomer. 2-hydroxyethyl methacrylate (HEMA) was used as a copolymer in

both the ampholyte and zwitterionic membranes.

The charged-balanced and zwitterionic membranes produced were clear and cohesive
with the zwitterionic membrane having transmission of light being >93.3% showing
its optical clarity. The charged-balanced membranes were stable to the effects of
autoclave and gamma ray irradiation sterilisation. The zwitterionic membranes seem
to be stable to the effects of autoclave but unstable to gamma ray irradiation. This
could prove problematic if the zwitterionic material is used in applications in which

autoclave sterilisation is not an option.

The o-methyl group is not present in the SPDA material and this leads to easier
polymerisation and greater optical clarity when comparing to copolymers containing
this group, such as the SPE (N,N-dimetyl-N-(2-methacryloylethyl)-N-(3-sulfopropyl)

ammonium betaine) monomer [8§].

The incorporation of ampholyte and zwitterionic character to the HEMA copolymer
had the effect of increasing the EWC membranes in comparison to a control HEMA
membrane. Unexpectedly the EWC of the zwitterionic component was closer to that
of the acrylate copolymer than that of the acrylamide copolymer. The acrlyamide had
a higher (not statistically significant) EW