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Abstract

This PhD project investigated the ramifications of air-cured and nitrogen-cured

manufacturing processes during silicone hydrogel contact lens manufacture in

terms of lens surface characterisation and clinical performance. A one-hour

contralateral clinical study was conducted for ten subjects to compare the

clinical performance of the two study lenses. The main clinical findings were

reduced levels of subjective performance, reduced surface wettability and in-

creased deposition. Contact angle analysis showed the air-cured lenses had

consistently higher advancing and receding contact angle measurements, in

comparison with the nitrogen-cured lens. Chemical analysis of the study lens

surfaces in the dehydrated state, by x-ray photoelectron spectroscopy (XPS)

and time-of-flight mass spectrometry (ToF-SIMS), showed no difference due

to surface segregation of the silicone components. Analysis of frozen lenses

limited surface segregation and showed a higher concentration of silicone poly-

mer components and lower concentration of hydrophilic polymer components

at the surface of the air-cured lens, in comparison with the nitrogen-cured lens.

Scanning electron microscope (SEM) imaging showed the nitrogen-cured lens

to have a surface typical of a hydrogel material, whereas the air-cured lens had

regions of apparent phase separation. In addition, atomic force microscopy

(AFM) showed the air-cured lens to have a rougher surface associated with

greater adherence of contaminants (often observed in materials with reduced

polymer cross-linking). In conclusion, clinical assessment of the study lenses

confirmed the inferior performance of the air-cured lens. Surface analysis sug-

gested that the non-wetting regions on the air-cured lenses were associated

with elevated level of silicone components, reduced polymer cross-linking and

polymer phase separation.
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Chapter 1

Introduction

1.1 Introduction to silicone hydrogel contact lenses

Silicone hydrogel contact lenses were first introduced in the late 1990s and have rapidly

increased their share in the soft contact lens market, currently accounting for around a

third of all new contact lens fits in the UK (Morgan et al., 2008). They are manufactured

from soft, water-swollen hydrogel materials and aim to combine the advantageous proper-

ties of silicone materials and hydrophilic hydrogel materials. The development of silicone

hydrogel materials was driven by clinical complications observed with conventional hy-

drogel materials. These were primarily associated with hypoxic conditions at the ocular

surface which included corneal oedema (Fatt & Chaston, 1982; Mandell & Polse, 1969;

Mandell et al., 1970), conjunctival hyperaemia (Papas, 1998) and neovascularisation of

the peripheral cornea (Holden & Mertz, 1984). Attempts to reduce the level of corneal

hypoxia experienced during contact lens wear by increasing the water content and re-

ducing thickness of the lens material (and therefore increasing oxygen permeability) were

only partially successful. Contact lens manufactures therefore sought to develop materials

which possessed superior oxygen permeability.

Silicones have been used widely as biomaterials (Colas & Curtis, 2004) and are known to

possess extremely high oxygen permeability (Hwang et al., 1971). Silicones are synthetic

polymers with a linear, repeating silicon-oxygen backbone and organic groups attached

directly to the silicon atoms by carbon-silicon bonds (Figure 1.1). The first lenses which

incorporated silicones were silicone elastomer lenses manufactured from polydimethylsilox-

ane (PDMS) and were launched in 1972 (Zekman & Sarnat, 1972). These silicone materials
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1.1 Introduction to silicone hydrogel contact lenses

have low intermolecular forces and relatively unhindered single bonds that link the silicon

and oxygen backbone chain atoms together, resulting in a highly flexible polymer chain

(Owen, 1993). The movement of these polymer chains results in high gas solubility, al-

lowing rapid diffusion of gases through the material (Zhang, 2006). A potential negative

consequence of the inclusion of silicone into contact lenses is the inherent hydrophobicity

this imparts to the material (Kunzler, 1996), which occurs due to the abundance of hy-

drophobic methyl groups (-CH3) at the surface of the material, due to the highly flexible

silicon-oxygen backbone (Holly & Refojo, 1975). These hydrophobic materials are largely

incompatible with the predominately aqueous tear film and clinically resulted in poor lens

surface wetting.

Wettability can be defined as the tendency for a liquid to spread over a solid surface

(Johnson & Dettre, 1993) and is particularly relevant to contact lenses. The lens surface

needs to support a stable ocular tear film layer and failure to achieve this is likely to

adversely affect visual performance (Thai et al., 2002a), increase lens surface deposition

(Jones et al., 2003), and reduce comfort (Maldonado-Codina et al., 2004b). A stable pre-

lens tear film provides a lubricating effect, allowing comfortable lid movement over the

front surface of the lens (French, 2005). Lenses with poor wettability have a tendency to

become uncomfortable, as surface drying between blinks can result in hydrophobic areas

which may irritate the lid as it moves over the lens surface (Jones et al., 2006). In order

to achieve optimum visual performance with contact lenses, a stable uniform tear film

must be supported over the front surface of a contact lens. A lens that does not have

good wetting characteristics will result in a rapid break-up of the tear film and conse-

quently a reduction in visual performance (Rieger, 1992). Contact lens surface wetting

can also influence tear film deposition, as lens surface dehydration in the inter-blink pe-
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Figure 1.1: The structure of silicone rubber.
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1.1 Introduction to silicone hydrogel contact lenses

riod can produce non-wetting areas on the lens surface, which encourage the deposition of

hydrophobic tear film components (Jones et al., 2006). The deposition of tear film compo-

nents onto a contact lens surface does not always have a negative affect on the wettability.

An absorbed layer of mucous glycoproteins on a contact lens has been shown to allow for

a continuous pre-lens tear film and good wettability (Cheng et al., 2004). Early silicone

elastomer contact lenses showed heavy deposition, poor comfort and reduced acuity due

to their hydrophobic nature, which resulted in a destabilised tear film (Huth & Wagner,

1981; Zekman & Sarnat, 1972). Contact lens manufacturers spent many years developing

silicone-containing materials to improve oxygen permeability whilst maintaining adequate

surface wetting and lens movement. Modern silicone hydrogel materials use a range of

fabrication techniques, including plasma surface treatments (Weikart et al., 1999, 2001)

and the inclusion of hydrophilic monomers (Iwata et al., 2001) (Maiden et al., 2002; Mc-

Cabe et al., 2004) to the bulk material, which serve to mask surface hydrophobicity and

improve ocular biocompatibility (Kunzler, 1996; Tighe, 2004; Weikart et al., 1999, 2001).

Clinical assessment of the lens surface and overlying tear film can be performed using a

range of techniques (e.g. slit lamp, tearscope, keratometry). Given the apparently obvi-

ous relationship between subjective comfort and tear film stability, there is, however, little

evidence suggesting such a link. This may be related to limitations in the sensitivity of

the clinical techniques used to observe the tear film or with other factors such as subject

lacrimation or a variation in blink rate during testing. Although there is little evidence in

the literature of a direct link between tear film stability and subjective comfort, recent re-

search has shown a link between subjective comfort and apparent mechanical irritation of

the upper lid (Korb et al., 2002; Yeniad et al., 2010). As the tear film acts as a lubricating

layer between the lens surface and the inner lid surface (Tighe, 2004), this suggests subtle

differences in the lens surface wetting for symptomatic wearers, which we are currently

unable to consistently detect clinically.

Given that the primary reason for contact lens discontinuation in the UK is contact lens-

induced discomfort (Morgan, 2001; Young, 2004), it is perhaps surprising that this prob-

lem is not better understood. Many potential factors, such as lens design, material stiff-

ness, surface wettability, surface friction and material dehydration have been identified,

but no studies have shown definitively the aetiology of discomfort. Investigation of the

33



1.2 Introduction to polymeric materials

factors influencing contact lens-associated discomfort is often performed by comparing

commercially-available contact lenses, but due to the numerous material and lens design

differences, forming a definitive conclusion on which factors influence comfort is near im-

possible.

This PhD study sought to investigate the clinical performance of two experimental silicone

hydrogel contact lenses, especially manufactured for this PhD work. These lenses were

manufactured with a matching design and from identical material components. The only

difference between the two lenses was a single step in the manufacturing process which

provided a marked difference in the surface wettability of the lenses. By independently

varying the surface characteristics it was possible to investigate the influence of lens surface

wettability on their clinical performance. In addition, laboratory characterisation of the

lens surfaces was performed in order to investigate how the surface chemistry, surface

topography and surface wetting, differed between two lenses with such different clinical

wetting characteristics.

1.2 Introduction to polymeric materials

All modern contact lens materials, since the introduction of polymethylmethacrylate

(PMMA) have been based on polymer technology. In attempting to understand the clinical

performance of contact lenses it is important to understand the properties these materials

possess and how this is influenced by manufacturing conditions. A basic knowledge of

polymer science is therefore necessary in order to allow an understanding of the bulk and

surface characteristics of these materials.

1.2.1 Introduction to polymers

Polymers include groups such as plastics (thermo & thermosetting), elastomers (rubber),

fibres and hydrogels. The unique properties that polymers possess arise from the ability

of certain atoms to link together to form stable bonds. Carbon has the ability to link

together with four other atoms, such as hydrogen, oxygen, nitrogen, sulphur, chlorine or

itself. It is the ability of carbon to act in this way that forms the basis of organic chemistry.

A polymer is formed when many smaller units, called monomers, link together to form a

long chain. The conversion of monomer units to form polymer chains can be expressed by
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the chemical reaction shown in Figure 1.2. The essential requirement of a small molecule

to qualify as a monomer is the possession of two or more bonding sites, through which they

can be linked together to form a polymer chain. The number of bonding sites is referred to

as the functionality. Structural and functional groups (X and Y in Figure 1.2) are present

along the polymer chain. It is the way these functional groups interact with each other

and their surrounding environment that influences the interaction of polymer chains and

the resultant polymer properties. Polymers are often very long in relation to their cross

sectional diameter. This gives the material unique characteristics, such as toughness or

elasticity. In addition these polymer chains are often randomly arranged and are entangled

with other polymer chains. The degree of interaction and entanglement imparts distinctive

properties on the polymer, which can cause a material to vary from that of a hard glassy

material to that of an elastomeric material. A polymer can be given more elastomeric

behaviour with the inclusion of plasticiser. A plasticiser is a liquid (usually organic) with

a high boiling point, which acts as an internal lubricant allowing polymer chains to move

more freely.

CH2 CH

X

CH2 CH

Y

+ CH2 CH

X

CH2 CH

Y

Figure 1.2: Schematic representation of monomer conversion to polymer (X and Y repre-

sent structural and/or functional groups)

1.2.2 Classification of polymers

A homopolymer is a type of polymer in which all the monomer units are chemically and

stereochemically identical, with the exception of the terminal units. Homopolymers can be

linear (all monomers arranged in a linear sequence) or branched (non-linear) (Figure 1.3).

Although chemically similar, linear and branched homopolymers often have very different

properties (e.g. high and low-density polyethylene). A copolymer is a type of polymer in

which more than one type of monomer is present. For linear copolymers the monomers

can be arranged in an alternating, block or random patterns, and can also form branched

and graft structures (Figure 1.4). Complex three-dimensional structures can develop with

a more extensive distribution of branched points, leading to highly ramified structures.

Similar complex structures can form when linear chains are covalently linked together by
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1.2 Introduction to polymeric materials

cross-linking agents, as shown in Figure 1.5. Cross-linking a polymer improves dimension

stability, lowers creep rate, increases resistance to solvents and reduces tendency for heat

distortion.

1.2.3 Principles of polymerisation

There are two main types of polymerisation reactions; step-growth (or condensation) and

chain-growth (or addition) processes. Step-growth polymers are produced by the reac-

tion of monomer units with each other, with the elimination of a small molecule such as

water (Figure 1.6). Hydrogels are not typically formed through this method of polymeri-

sation but through chain-growth polymerisation. Chain-growth polymers are formed by

the reaction of monomer units with each other, without the elimination of by-product

molecules. Each monomer typically has at least one double bond and is described as

A A A A AA A A A A A AA A

A A

A

A

Linear homopolymer Branched homopolymer

Figure 1.3: Schematic representation of linear and branched homopolymer.
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B B B B BA B A A A B B BA A

Random copolymer

A A A A AA A A A A A A AA A

B

B

B

B

B

B

B

B

B

Graft copolymer

A B A B AA B B A B A B A B A

Figure 1.4: Schematic representation of alternating, block, random and graft copolymers.

36



1.2 Introduction to polymeric materials

A A A A AA A A A A A A A A A

A A A A AA A A A A A A A A A

X

A A A A AA A A A A A A A A A

X

A A A A AA A A A A A A A A A

X X

Figure 1.5: Schematic representation of a crosslinked polymeric system (X represents the

cross-linking agent).

unsaturated. The polymerisation process is triggered with the production of free radicals

(Figure 1.7(a)). These free radicals combine with the monomer, resulting in a free radical

of the monomer (Figure 1.7(b)). The radical monomers combine with other monomers to

form a radical compound (Figure 1.7(c)). Radical compounds can continue to propagate,

resulting in a polymer chain thousands of monomers long. Polymerisation does not usually

continue until all the monomers have been polymerised, as the highly reactive free radi-

cals inevitably lose their reactivity. Termination usually occurs either by recombination

(where two propagating polymer chains, each containing free radicals, meet and share the

unpaired electron (Figure 1.7(d))) or disproportionation (when two radicals interact via

hydrogen abstraction, leading to the formation of two reaction products, one of which is

saturated and the other unsaturated (Figure 1.7(e))). Due to the reactivity of the free

radicals other reactions can occur, including chain transfer and free radical combination

with retarders or inhibitors (Maldonado-Codina & Efron, 2003).

CH3 C HOCH3

O

OH + CH3 C

O

O CH3 H2O+

Figure 1.6: Schematic representation of a condensation reaction.
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Figure 1.7: Schematic diagram of the initiation, propagation and termination stages of

polymerisation (Based on diagram from Cowie (1991)).
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1.3 Methods of soft contact lens manufacture

1.3 Methods of soft contact lens manufacture

There are three main methods of soft contact lens manufacture: lathing, spin casting and

cast moulding.

1.3.1 Lathed lens manufacture

In lathed manufacture, lenses are formed from solid buttons of dehydrated polymeric

material. The buttons are mounted in a lathe where the back surface is cut using a

diamond tool. This newly formed back surface is subsequently polished and a solvent then

used to remove the polish. The back surface is attached to a chuck by means of melted

wax and the front surface is then lathe cut and polished. Following lathing the lenses

are hydrated and packaged in individual glass vials or blisters (disposable packaging).

The lathing process is not well suited to mass production and is favoured for low-volume

custom lenses.

1.3.2 Spin-cast lens manufacture

The spin-cast manufacturing method involves spinning a cast, at a computer-controlled

speed, into which the mixture of monomers is injected. The shape of the mould controls

the front surface of the lens and the back surface is dependant on gravity, centrifugal force,

surface tension, the amount of liquid monomer in the cast and the rate of spin. The back

vertex power (BVP) of the lens is essentially determined by the spin speed, and the centre

thickness mainly by the dose of monomer. When polymerisation is complete the lenses

are demoulded, hydrated and packaged in a similar way to lathed lenses.

1.3.3 Cast-moulded lens manufacture

Lens manufacture by cast-moulding involves the formation of a lens from the monomer

mixture placed between two casts (Figure 1.8). The monomer is in liquid form and is in-

troduced into a concave (female) mould, which defines the front shape of the lens. A male

mould is then mated to the female mould which defines the back surface of the lens. The

mould is then either irradiated with UV light or placed in an oven, which initiates poly-

merisation, resulting in the formation of a contact lens. The moulds are then disassembled

and discarded and the lens is hydrated in saline, inspected, packaged and sterilised.
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female mould

liquid monomer mix

Fill

Assemble

Polymerise

Heat or UV

Dry lens

Demould

Hydration

Inspection & package

male mould

Disposable blister packaging

Figure 1.8: A schematic diagram of the manufacture of soft contact lenses by a cast-

moulding process.
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The method of lens manufacture affects the conditions under which polymerisation occurs.

These differing conditions affect the physical and chemical properties of the lens (Grobe

et al., 1996) and its resulting clinical performance (Maldonado-Codina & Efron, 2003).

Conventional hydrogel contact lenses have been manufactured by all three techniques,

but the cast moulding method is favoured as it is the most economically viable for mass

manufacture. Until recently, all silicone hydrogel contact lenses were manufactured using

the cast moulding technique, however, several manufacturers have recently released lathe

cut silicone hydrogel contact lenses, allowing a greater prescription and parameter range

(Air Optix Individual by CibaVision and Ultrawave SiH by Ultravision).

1.4 Polymeric contact lens materials

To understand why current contact lens materials are used and to appreciate the advanta-

geous properties they possess, it is logical to follow the evolution of polymer-based contact

lens materials.

1.4.1 Poly(methyl methacrylate) (PMMA)

PMMA was the first polymer used in the manufacture of contact lenses, when it began

replacing glass as the material of choice during the 1940s. PMMA is in many ways an

excellent material for contact lens manufacture due to its toughness, dimensional stability,

optical properties, ease of manufacture and physiological inactivity (Tighe, 2002). Unfor-

tunately, the PMMA surface has relatively poor wetting properties and almost negligible

permeability to oxygen, resulting in corneal hypoxia.

1.4.2 Poly(2-hydroxyethyl methacrylate) (HEMA)

A key development came in 1960 when Otto Wichterle and Drahoslav Lim based at In-

stitute of Macromolecular Research in Czechoslovakia engineered a monomer similar to

PMMA but with the addition of a hydroxyl group (Wichterle & Lim, 1960). Due to initial

problems with the cast moulding method of manufacture, a spin-casting method of pro-

duction was developed, with the first soft contact lens manufactured in 1961 (Wichterle

& Lim, 1961). This new material was 2-hydroxyethyl methacrylate (HEMA). HEMA can

be polymerised to make pHEMA due to its two double carbon bonds in much the same

way as MMA is polymerised to make PMMA (Figure 1.9). As HEMA has this addition
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hydroxyl group, in the presence of water, hydrogen bonding occurs between the hydroxyl

group and water molecules. The material is therefore much more hydrophilic and causes

water to be drawn into the polymer matrix.

CH2 C

C

CH3

O

O

CH3

CH2 C

C

CH3

O

O

CH2

CH2

OH

HEMA monomerMMA monomer

Figure 1.9: A schematic diagram of MMA and HEMA monomer.

1.4.2.1 Equilibrium water content

The ability a material has to bind water is known as the equilibrium water content (EWC).

The EWC can be calculated using equation 1.1.

EWC (%) = (weight of water / weight of hydrated gel) x 100% (1.1)

The value of EWC can vary significantly and is dependant on temperature and the na-

ture of the hydrating medium. In its fully hydrated state pHEMA has a water content of

approximately 38%. Due to the ability of pHEMA to bind water, it is able to transport

substantially more oxygen through the contact lens (compared to PMMA), as oxygen dif-

fuses through the aqueous phase of the material. pHEMA contact lenses quickly became

successful due to increased comfort, rapid adaptation time, ease of fitting and biocompat-

ibility (Tighe, 2002). As the popularity of pHEMA contact lenses rapidly increased, it

became apparent that this lens material was also not without problems. Many of these

problems stemmed from the fact that the lenses caused corneal hypoxia. Early animal ex-

periments indicated that the poor physiological response of the anterior eye during wear of

the thick pHEMA lenses could be reduced by making soft lenses more permeable to oxygen
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(McMahon & Zadnik, 2000). In addition, pHEMA lenses suffered from other problems

relating to solution toxicity and lens spoliation (Maldonado-Codina & Efron, 2003).

1.4.2.2 Oxygen permeability

Materials have differing ability to transport oxygen. PMMA transports very little oxygen

through the lens during wear (Tighe, 2002), whereas hydrated pHEMA is able to transport

significant amounts of oxygen through the lens. The ability of the material to transport

oxygen is known as the oxygen permeability (Dk), where D is the diffusivity of the material

and k is solubility of the material. The units of Dk are barrers:

Dk = 10−11 (cm2 x mlO2) / (sec x ml x mmHg) (1.2)

The amount of oxygen diffusion through a contact lens is related not only to the oxygen

permeability of the contact lens material, but also to the lens thickness (Novicky & Hill,

1981; Polse & Mandell, 1970). Oxygen transmissibility is defined as the oxygen perme-

ability of the material divided by the lens thickness. Oxygen transmissibility has the units

barrers/cm:

Dk/t = 10−9 (cm2 x mlO2) / (sec x ml x mmHg) (1.3)

With pHEMA contact lenses, the oxygen passes though the water, which is bound within

the polymer matrix. The oxygen permeability of the lens material is linked directly with

the EWC. The relationship between EWC and oxygen permeability has been shown to be

(Morgan & Efron, 1998):

Dk = 1.67 e0.0397EWC (1.4)

The challenge for the contact lens manufacturers was that they either had to increase

the Dk or reduce the thickness of the material to allow increased oxygen transmission

of the cornea. Manufacturers therefore developed thinner contact lenses to increase the

oxygen transmission of the lens. The Hydrocurve thin lens (Soft Lenses Inc.) and O3

Series (Bausch & Lomb) were both significantly thinner (0.035-0.06mm) than the original

Bausch & Lomb pHEMA lenses (Maldonado-Codina & Efron, 2003). Further reduction in

lens thickness was shown to cause problems with dehydration of the lens surface, epithelial

staining, corneal erosions and poor lens handling (Holden et al., 1986; Mobilia et al., 1980).
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An increase in Dk was therefore required in an attempt to reduce the hypoxia-related

complications associated with contact lens wear.

1.4.3 pHEMA monomer additives

In pHEMA-based materials, oxygen is transported through the lens material by diffusion

through the water phase. Thus, by increasing the water content of the lens material, an

associated increase in oxygen permeability is observed. Several monomer additives are

used to increase the materials affinity for water and therefore increase the level of water

binding. These monomer additives include:

1. Methacrylic acid (MAA) When MAA monomer is combined with pHEMA there

is a significant increase in EWC (Figure 1.10). To bring about this increase in EWC

the material first needs to be ionised, often by immersion in sodium bicarbonate.

This converts the CO2H group into a CO2
− group by removal of the hydrogen atom

and thus increasing the EWC by expanding the network due to repulsion between the

negatively charged carboxylate ions (Maldonado-Codina & Efron, 2003). MAA is

typically used in low quantities in contact lens manufacture, varying between 0.25%

and 2.5% of the polymer composition.

2. N-vinyl pyrrolidine (NVP) The amide group (N-C=O) of NVP is very polar and

two molecules of water can become bound to it (Figure 1.10). NVP can either be

used as a graft copolymer or random copolymer. Hydrogels can be manufactured

with up to 90% EWC using NVP.

3. Glyceryl methacrylate (GMA) Although similar in structure to HEMA, GMA

has two hydroxyl groups (Figure 1.10). It is therefore able to bind water much more

strongly than HEMA. GMA is non-ionic and inert and when combined with pHEMA

a material with EWC of up to 70% can be obtained.

4. Cross-linking monomers Cross-linking chemical groups are also added usually at

around 1% of the monomer mix (Tighe, 2002). These cross-linking monomers have

two C=C double bonds and bond the polymer chain together to increase polymer

stability. Cross-linking agents used in contact lens manufacture include ethylene

glycol dimethacrylate (EGDMA shown in Figure 1.10) and divinyl benzene (Guillon,

1994; Maldonado-Codina & Efron, 2003).
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Figure 1.10: A schematic diagram of hydrogel monomers.

1.4.4 Extended wear of hydrogel contact lenses

Although the initial development of hydrogel lenses was intended for use on a daily wear

basis, as both material and manufacturing technology developed, so arose the possibility

of overnight wear with high EWC HEMA-based hydrogel lenses. This lead to contact

lenses being fitted on an extended wear (up to seven nights of continuous lens wear) or

continuous wear basis (up to 30 nights of continuous lens wear). Unfortunately, although

these lenses were well accepted by the patients, it became apparent that the risk of serious

ocular complications was substantially higher with this modality of wear. Poggio et al.

(1989) and Schein et al. (1989) showed that the risk of microbial keratitis (MK) was 5x -

15x greater with extended wear. In a key paper, Holden & Mertz (1984) showed that even

with an extremely high water content, conventional hydrogel lenses were still inducing

corneal hypoxia. They concluded that the required oxygen transmissibility necessary to

avoid hypoxia for daily wear was 24.1 barrers/cm and for overnight wear 87.0 barrers/cm.

The development of HEMA-based contact lenses with improved oxygen transmission, had

reached a limit, leaving little scope for further development. Even with the advances

that had been made with the addition of more hydrophilic monomers and the associated

increases in EWC and Dk, these materials were unable to supply sufficient oxygen to the

cornea to avoid oedema. Even with a 90% EWC and a centre thickness of 0.1mm, the

oxygen transmissibility would only be 60 barrers/cm (Maldonado-Codina & Efron, 2003),

clearly well below the modified criterion of 125 barrers/cm (Harvitt & Bonanno, 1999)
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1.5 Silicone hydrogel contact lens materials

necessary for overnight wear. Manufacturers therefore sought to develop other materials

that offered superior oxygen transmissibility in an attempt to break the dependence on

water for the transfer of oxygen through the lens.

1.5 Silicone hydrogel contact lens materials

1.5.1 Properties of silicon-containing polymers

Silicon is a chemical element that lies just below carbon in the periodic table. Siloxane

is a class of organosilicon compounds with the empirical formula R2SiO, where R is an

organic group. Siloxane compounds have an inorganic backbone (Si-O-Si-O-) while hav-

ing organic side chains. Polymerised siloxanes are commonly known as silicones, although

strictly this is incorrect terminology as silicone should have a double bond between oxygen

and silicon. In the field of contact lenses, silicone therefore describes an inorganic-organic

polymer comprising a silicon-oxygen backbone. The most common siloxane is linear poly-

dimethylsiloxane (PDMS) (Figure 1.11).

Si SiSi O OSi O

CH3 CH3 CH3 CH3

CH3 CH3 CH3 CH3

Figure 1.11: A schematic diagram of the structure of PDMS.

Silicones are noted for their high thermal stability, biocompatibility, hydrophobicity and

releasing properties (Owen, 2000). The hydrophobic properties of these materials are a

result of two phenomena: (i) the methyl groups provide hydrophobic characteristics to the

polymer (Figure 1.12(i)); and (ii) the flexibility of the silicone polymer chain permits the

rearrangement of the polymer backbone such that the methyl groups may orient themselves

efficiently at an interface (Brook, 2000). The uniquely high chain flexibility arises from the

very large bond angle of the Si-O-Si linkage (approximately 145o) and the low bending force

constant for this linkage (Figure 1.12(ii)). Rotation about the siloxane bond in PDMS is

virtually free, the energy being almost zero, compared with 14mJ/mol for rotation about

C-C bonds in polyethylene and 20kJ/mol for polytetrafluroethylene (Owen, 1993). The
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glass transition temperature (Tg) of dimethylsilicone polymers, which reflect the ease of

segmental motion along the chain, are very low, typically less than -120oC (Brook, 2000).

The flexibility of the polymer backbone explains the reorientation observed when the

environment of the polymer changes. The surface reorientation of polymeric solids and its

dependancy on different environments is a familiar phenomenon (Andrade et al., 1985b)

and is particularly prevalent in silicone because of the high backbone flexibility (Owen,

2000).

Si

Short Si-C bond

(i) Non-polar organic substituents

Si

O

O

O

CH3

CH3

CH3

CH3
Si Si

O
Long strong silicone bonds

Open Si-O-Si angle

(ii) Polar inorganic backbone 

methyl groups

Figure 1.12: Properties of PDMS.

1.5.2 Silicone elastomer contact lenses

Silicone elastomer lenses seemed to go some way towards solving the problems associated

with the limited oxygen transmission of contact lens materials. This material is known

to have oxygen permeability several times greater than that of conventional pHEMA-

based materials. Silicone elastomer though is hydrophobic which leads to poor clinical

wettability and rapid tear film deposition (Huth & Wagner, 1981). In addition, these

lenses are not permeable to ions leading to a thinning of the post-lens tear film and an

associated reduction in lens movement, with a potential for the lens to bind to the ocular

surface (Rae & Huff, 1991). Attempts were made at surface coating these lenses, but

problems with durability were observed (Maldonado-Codina & Efron, 2004).

47



1.5 Silicone hydrogel contact lens materials

1.5.3 Combining the properties of hydrogels and silicone

HEMA-based contact lens materials therefore exhibited good clinical wettability, comfort

and parameter stability but lacked sufficient oxygen permeability for both daily wear and

extended wear (Morgan et al., 2010). Silicone elastomer materials exhibit high oxygen

permeability but possess a poorly wettable surface which is prone to tear film deposition.

Manufacturers therefore attempted to combine the advantageous properties of pHEMA

with the oxygen transmission properties of silicone. In conventional hydrogel materials

oxygen diffuses through the aqueous phase of the material and therefore oxygen perme-

ability is limited by the EWC. Silicone hydrogels behave in a similar way at higher EWC,

but at lower EWC the silicone elements of the polymer allow much greater amounts of

oxygen to be dissolved within the material, significantly increasing the material oxygen

permeability. As EWC reduces, the proportion of polymer that contains silicone increases,

resulting in raised oxygen permeability (Figure 1.13). The oxygen permeability of silicone

hydrogel materials, when EWC is below 50%, is very dependant upon the composition

of the non-aqueous group within the polymer. By varying the composition of the non-

aqueous groups the Dk can be altered compared with that shown in Figure 1.13. The

challenge was to combine the advantageous properties of these two materials. The rigid

gas permeable (RGP) contact lens industry had already developed a material containing

silicone, which possessed excellent oxygen permeability. Trimethylsiloxysilane (TRIS), a

modified silicone elastomer type material, had been developed for the rigid contact lens

industry in the early 1970’s (Gaylord, 1974). The logical step was to combine the hy-

drophobic TRIS with a hydrogel material. However, in practice this resulted in impaired

optical clarity due to a separation of the two material phases, known as phase separation.

Thus, attempts were made to chemically modify TRIS to allow it to combine with a hy-

drogel, such as the Tanaka et al. (1979) patent. They proposed a solution to this problem

by inserting hydrophilic groups into the TRIS material (Figure 1.14) and copolymerising it

with a hydrophilic monomer and cross linking agent to produce a polymer suitable for soft

contact lens manufacture. Although this material allowed the experimental production of

low water content soft contact lenses with good comfort and excellent oxygen permeability

(Tanaka et al., 1979), there were still many problems with insufficient lens movement and

lens binding to the ocular surface (Tighe, 2004).
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1.5.4 First generation silicone hydrogel lens materials

A breakthrough in the development of silicone hydrogels materials came with the reali-

sation of the importance of hydraulic and ionic permeability for a contact lens material.

Traditional hydrogel contact lens materials have the ability to transport water and dis-

solved ions through the lens material, whereas silicone elastomer materials possess very

low hydraulic and ionic permeability. Nicholson et al. (1996) suggested that these ma-

terial properties were critical in providing sufficient on eye lens movement for a contact

lens. Future attempts at developing silicone hydrogel materials therefore looked to provide
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high levels of oxygen permeability, sufficient to maintain corneal health, while providing

adequate ion permeability to allow clinically acceptable lens movement. Contact lens

manufacturers adopted different approaches in the development of materials which would

offer these required characteristics. In the late 1990s the first two commercially-available

silicone hydrogel contact lens materials were introduced into the market. These two lenses,

often termed the first generation silicone hydrogel materials, were the Focus Night & Day

lens (now marketed as the Air Optix Night & Day lens) manufactured by CibaVision and

PureVision lens manufactured by Bausch & Lomb. Both of these contact lenses had a

recommended wearing regime of up to 30 nights continuous wear.

1.5.4.1 Focus Night & Day material

CibaVision developed the use of macromer technology in an attempt to improve the oxy-

gen permeability of contact lens materials. Macromers are large monomers formed by

pre-assembly of structural units that are designed to bestow particular properties on the

final polymer (Tighe, 2002). Robertson et al. (1991) described the macromer as being con-

stituted from hydrophilic polyethylene oxide segments and oxygen-permeable polysiloxane

units. The level of oxygen permeability for the lens material was proposed to be sufficient

to maintain corneal health, while the ion permeability was designed to be sufficient to

allow the lens to move on the eye. The manufacturing process results in a material that

has a biphasic structure, with one oxygen permeable segment providing the oxygen path-

way and one ion permeable pathway providing the ion transmission pathway, allowing

both ions and oxygen to permeate freely thought the material in two co-continuous phases

(Tighe, 2004). The oxygen permeable materials (60-85%) are monomers and macromers

that are siloxane containing, fluorine containing or contain carbon-carbon triple bonds.

The ion permeable materials (15-40%) are hydrophilic monomers and polyethylene glycol

(PEG). The novel nature of this material is not in the component monomers it contains,

but the technology associated with the morphology of the polymer. A biphasic polymer

would normally lack transparency if the phase dimensions were greater than the wave-

length of light. It is suggested that inter-phase regions allow the material to remain

transparent (Tighe, 2004). Even with the presence of the hydrophilic components within

the material, the surface is too hydrophobic and is required to undergo surface treatment

to provide an acceptable level of clinical wetting. The lens surface is therefore treated

using a gas plasma coating process in the presence of reactive nitrous precursors, which
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are fed into the plasma (Maldonado-Codina et al., 2004a). This gives a smooth uniform

surface (Gonzalez-Meijome et al., 2005), with a thickness of around 25nm (Weikart et al.,

2001). Atomic force microscopy (AFM) has revealed a gently undulating surface in the

form of curved diffuse ridges, only a few nanometers in height, thought to be lathing

marks transferred from the moulds during manufacture or associated with the coating

process (González-Méijome et al., 2006a). The Focus Night & Day material is based on

a fluroether macromer copolymerised with TRIS monomer and N,N-dimethyl acrylamide

(DMA) in the presence of a diluent (Tighe, 2004). The Focus Night & Day material has

a water content of 24% and oxygen permeability of 140 barrer (Alvord et al., 1998).

1.5.4.2 PureVision lens material

Bausch and Lomb focused their research on the insertion of more polar groups into the

section of TRIS identified by Tanaka et al. (1979). Kunzler & Ozark (1994) showed their

attempts to add a polar fluorinated side group having a hydrogen atom attached to a ter-

minal difluro-substituted carbon atom. The aim of this was to increase the compatibility

of silicone containing monomers with hydrophilic monomers to give material with a EWC

of around 40%. Numerous further developments and patents led to the production of the

PureVision material (Bambury & Seelye, 1991; Grobe & Kunzler, 1999). This is produced

by modification of the TRIS monomer by replacing the CO-O group with a O-CO-NH link

and with the methyl group replaced by a single hydrogen. This monomer is known as a

vinyl carbamate derivative of TRIS (TPVC) (Figure 1.15).

The TPVC is copolymerised with NVP to form the PureVision material. The water

content of the PureVision material suggests ion permeability lower than that measured

for balafilcon, suggesting an element of phase separation (Lopez-Alemany et al., 2002).

The PureVision lens also requires a surface treatment to obtain acceptable clinical wetting

by the tear film. A plasma oxidation process is used to convert the hydrophobic organic

silicone to a relatively hydrophilic inorganic silicate (Tighe, 2004). AFM has shown the

surface of balafilcon to have glassy silicate islands, which do not completely occlude the

surface (González-Méijome et al., 2006a). It has been suggested that these glassy islands

might reduce oxygen permeability, but as the substrate is partially exposed at the surface,

it appears to have little effect on the permeability of the material. This partial exposure of

the hydrophobic substrate was thought potentially problematic, although these exposed
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Figure 1.15: Vinyl carbamate derivative of TRIS.

Table 1.1: First generation silicone hydrogel lenses

Focus Night & Day PureVision

Water Content (%) 24 36

Oxygen permeability (Barrers) 140 99

Modulus (Mpa) 1.52 1.1

Surface treatment Plasma coating plasma oxidation

Principle monomers DMA, TRIS, siloxane monomer1 NVP, TPVC, NCVE, PBVC2

regions may also have been influenced to some extent by the plasma and thus be less

hydrophobic than the bulk material Tighe (2004). The glassy islands have a depth of

between 10 and 50nm, and due to their isolated structure the surface is able to flex. The

PureVision material has an EWC of 36% and a Dk of 99 barrers.

1.5.5 Second-generation silicone hydrogels

A second generation of silicone hydrogel contact lens materials were subsequently intro-

duced, typically with a lower modulus and higher water content than the first generation

materials. These materials tend to possess lower oxygen permeability than first generation

materials and are primarily intended for daily wear.

1DMA: N, M-dimethylacrylamide; TRIS: tris-(trimethyl siloxysilyl).
2NVP: N-vinyl pyrrolidone; TPVC: tris-(trimethyl siloxysilyl); NCVE: N-carboxyvinyl ester; PBVC:

poly(dimethysiloxy)di(silylbutanol)bis(vinyl carbamate).
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1.5.5.1 Acuvue Advance & Acuvue Oasys lens materials

Johnson and Johnson released Acuvue Advance contact lenses in 2004, followed shortly

afterwards by Acuvue Oasys in 2005. These materials differ in several key ways to the first

generation silicone hydrogels. The design of both materials is based on the modified TRIS

monomer (Tanaka et al., 1979), but with a much improved method of synthesis. The

monomer is polymerised in conjunction with a siloxy macromer, hydrophilic monomers

(such as HEMA and N, N- dimethyl acrylamide (DMA)) and a small amount of cross-

linking agent, in the presence of PVP and an organic diluent (Tighe, 2006). Acuvue Oasys

has a water content of 38% and a Dk of 103 Barrers and is approved in the UK for daily

wear and up to seven days of continuous wear, whilst Acuvue Advance has a higher water

content and a lower Dk (Figure 1.2) and is approved only for daily wear (Tighe, 2006).

Acuvue Advance and Oasys lenses differ to first generation silicone hydrogels in both sur-

face and mechanical properties. They were the first silicone hydrogel lenses to be released

without application of a surface treatment subsequent to fabrication of the lens. This has

the advantage of avoiding possible patent infringement and reduces manufacturing costs.

Both materials use a high molecular weight polyvinyl pyrrolidone (PVP) internal wetting

agent, which is incorporated into the lens material at the fabrication stage and is designed

to provide a hydrophilic layer at the surface of the material that shields the silicone at

the material interface (Tighe, 2006). It has been suggested that partially attached PVP

chains can extend out from a hydrogel surface and may form polymer brushes at the lens

surface (Yañez et al., 2008). The technique appears to be successful in terms of wettability,

lubricity and clinical acceptability (Riley et al., 2006). The second significant difference

between these lenses and the first generation silicon hydrogel lenses is their lower modulus

of elasticity. The modulus of a material describes its relative stiffness. It can be seen in

Table 1.1 that the modulus of both the PureVision and Night & Day lenses is significantly

higher than those of the second generation silicone hydrogel lenses. Material properties

for second generation silicone hydrogel lenses are given in Table 1.2.

1.5.5.2 Air Optix lens material

The Air Optix contact lens manufactured by CibaVision was introduced in 2004. The

material was developed in response to the clinical problems experienced by some patients

with the higher modulus contact lens materials (Sweeney, 2004) and the increasing pop-

53
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Table 1.2: Second generation silicone hydrogel lenses.

Acuvue Advance Acuvue Oasys Air Optix Aqua

Water Content (%) 47 38 33

Oxygen permeability

(Barrers)

60 103 110

Modulus (Mpa) 0.43 0.72 1.22

Surface treatment None (internal wetting

agent)

None (internal wetting

agent)

Plasma coating

Principle monomers mPDMS, HEMA, DMA,

SiGMA, EGDMA, PVP1

mPDMS, HEMA, DMA,

SiGMA, EGDMA, PVP

DMA, TRIS, fluorine-

containing siloxane

macromer

ularity of daily wear silicone hydrogels (Morgan et al., 2008). The Air Optix material is

essentially a lower modulus, lower oxygen permeability, higher water content version of

Night & Day material (González-Méijome et al., 2006a). The monomers used appear to be

the same as those in Focus Night & Day material, but with a modification to the relative

monomer concentration (Plesnarski, 2004). These changes in the polymer composition re-

sult in a higher water content and an associated lower modulus. The lenses are primarily

intended for daily wear, although it also has a six night extended wear indication in the

UK. Material properties are given in Table 1.2.

1.5.6 Third-generation silicone hydrogel materials

A third generation of silicone hydrogel contact lens materials have more recently become

available which also show a trend for decrease modulus and higher water content, but

break the traditional inverse relationship between oxygen permeability and water content

(Figure 1.13) by having a higher oxygen permeability than water content would predict.

1.5.6.1 Biofinity lens material

The Biofinity contact lens manufactured by CooperVision was introduced in 2006. Biofin-

ity has a Dk that lies well above that expected for a material with such a high EWC (Figure

1.16). This is related to the fact that it is solely macromer-based with no TRIS derivatives

and allows a superior oxygen permeability/water content relationship to TRIS-based lens

materials. Another interesting feature of Biofinity is the absence of either surface treat-

ment or an internal wetting agent. The technology underpinning the material originates

1mPDMS: monofunctional methacryloxypropyl terminated polydimethylsiloxane; SIGMA: 2- propenoic

acid; PVP: poly(vinyl pyrrolidone).
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Figure 1.16: Relationship between EWC and Dk for silicone hydrogel materials.

in a Japanese patent filed in December 2000 by the Asahikasei Aime Co. (Iwata et al.,

2001). The patent claims that two siloxy macromers of different sizes, one of which is

monofunctionalised (contains only one polymerisable double bond), when used together

produce advantageously high oxygen permeabilities. The patent contains other subtleties,

some relating to particular hydrophilic monomers, which enhance the compatibility of

the silicone moieties with the hydrophilic domains. This explains the absence of internal

wetting agents or surface treatment (Tighe, 2006). The ability to increase the EWC of

a material while maintaining high Dk levels brings obvious advantages in terms of the

mechanical properties of the material. This can also be seen as a potential disadvantage

as increasing the EWC has been associated with an increased rate of material dehydration

(Tighe, 2006). These lenses have been approved for up to 30 days continuous wear in the

UK. Material properties for these lenses are given in Table 1.3.

1.5.6.2 PremiO lens material

The PremiO lens, manufactured by Menicon was introduced in 2007. It is a macromer-

based material which is composed primarily of silicone methacrylates, silicone acrylates,

N,N-dimethyl acrylamide (DMA) and pyrrolidone derivates (Baba & Watanabe, 2005).
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The DMA and pyrrolidone derivates make up a significant part of the lens material

(around 50% by weight) and are hydrophilic co-monomers. The siloxane co-monomers

used to form the macromer in PremiO are TRIS and a repeating poly-dimethyl siloxane

structure. The lens is cast moulded and is surface treated to improve hydrophilicity. The

surface treatment is a plasma process in the presence of oxygen and other gases (Baba &

Watanabe, 2005). A hydrophilic polymer film is coated on the lens material either by a

plasma polymerisation method or a plasma graft polymerisation method (Parvin et al.,

2008), resulting in an apparently smooth, lubricious surface with favourable wetting prop-

erties (Baba & Watanabe, 2005). These lenses have been approved for up to six nights of

extended wear in the UK. Properties for this material are given in Table 1.3.

1.5.6.3 Clariti lens material

The Clariti lens is manufactured by Sauflon and was introduced in 2008. The Clariti mate-

rial is the reaction product of TRIS (at least 10%), a poly dimethyl siloxane (trimethylsilyl

methacryloxypropyl) (10%), NVP (40-60%) and at least one other non-ionic hydrophilic

monomer (HEMA and/or DMA) (2-10%) (Broad, 2009). The hydrophilic NVP is present

in such an amount that the reaction product comprises a PVP homopolymer. The solvent

(mixture of primary alcohol and a more hydrophobic solvent) improves monomer com-

ponent compatibility and is effective at preventing phase separation of the hydrophilic

and hydrophobic monomers. The addition of relatively small amounts of MAA reduces

optical haze in the finished contact lens. The lens material is therefore composed of a

silicon-containing copolymer and a PVP homopolymer in the form of an interpenetrating

network, which is wettable and does not suffer from phase separation or significant haze

(Broad, 2009). The lenses have been approved for daily wear. Properties for this material

are given in Table 1.3.

1.5.7 New silicone hydrogel lens modalities

1.5.7.1 Acuvue Trueye

Acuvue Trueye was the first silicone hydrogel daily disposable when it was introduced

in 2008 to the UK market. This lens comprises both hydrophobic silicone materials and

hydrophilic materials. As with the Acuvue Oasys and Acuvue Advance products, it in-

corporates polyvinyl pyrrolidone (PVP) throughout the lens matrix, which acts as a mois-
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Table 1.3: Third generation silicone hydrogel lenses.

Biofinity PremiO Clariti

Water Content (%) 48 40 58

Oxygen permeability 128 129 60

Modulus (Mpa) 0.75 0.91 0.50

Surface treatment None Plasma oxidation and

plasma coating

None

Principle monomers M3U, FMM, TAIC, IBM,

HOB, NMNVA, NVP1

Silicone methacrylates,

silicone acrylates, DMA,

pyrrolidone derivative

Alkyl methacrylates, sil-

icone acrylates, siloxane

monomers, NVP

turising and wetting agent. On introduction to the US market in 2010 changes to relative

composition of the material have been made, which result in altered lens parameters, with

a lower Dk and higher EWC.

1.5.7.2 Lathed silicone hydrogels

The Air Optix Individual lens was the first lathe cut silicone hydrogel contact lens when it

arrived in the market in 2007. This allows the lens to be ordered in a very wide range of lens

powers (+20DS to -20DS), lens diameters and curvatures. The difficulty in manufacturing

a lathe-cut silicone hydrogel lens is that the material is very rubbery and does not lend

itself well to being cut on a lathe. CibaVision altered the formulation of their material,

in part by the addition of styrene, allowing it to be lathed (Subbaraman et al., 2009). It

then undergoes a plasma coating process to improve surface wetting and reduce tear film

deposition.

1.5.8 CL Classification

The two main classification systems for soft contact lens materials are the US Food and

Drug Administration (FDA) classification system and the International organisation for

standardisation (ISO) system for contact lens material classification.

1M3U: ao-bis(methacryloyloxyethyliminocarboxyethyloxypropyl)-poly(dimethylsiloxane)-poly(tri fluo-

ropropyl methylsiloxane)-poly(methoxy-poly(ethyleneglycol)propylmethyl-siloxane; FMM: a- meth acry-

loyloxyethyliminocarboxyethyloxypropyl -poly(dimethylsiloxy)-butyldimethylsilane; TAIC: 1,3,5-triallyl-

1,3,5-triazine-2,4,6(1H,3H,5H)-trione; IBM: isobornyl methacrylate; HOB: 2-hydroxybutyl methacrylate;

NMNVA: N-methyl-N-vinyl acetamide.
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Table 1.4: FDA categorisation of hydrogels contact lens materials.

FDA Categorisation Group I Group II Group III Group IV

Water Content Low High Low High

Charge Non-Ionic Non-Ionic Ionic Ionic

Low = ≤ 50% water; High = > 50% water; Ionic = Charged; Non-Ionic = No charge

Table 1.5: The ISO system of soft contact lens material classification.

Prefix This is one of two parts of the code administered by USAN. Use of the

prefix is optional outside of the USA. For example, Etafilcon A has the

USAN code ’Eta’.

Stem filcon for soft lenses (hydrogel-containing lenses having at least 10% water

content by mass)

Series suffix Also administered by USAN, a capital letter added to the stem to indi-

cate the revision level of the chemical formula: A is the original (first)

formulation, B the second and so on. Can be omitted if there is only one

formulation.

Group sufix

I < 50% water content, non-ionic

II > 50% water content, non-ionic

III < 50% water content, ionic

IV > 50% water content, ionic

Dk range A numeric code which identifies the permeability in ranges which are con-

sidered significant in contact lens wear. 0:<1Dk, 1:1-15 Dk, 2:16-30 Dk,

3:31-60 Dk, 4:61-100 Dk, 5:101-150 Dk, 6:151-200 Dk.

Modification code A lower case m, which denotes that the surface of the lens is modified,

having different chemical characteristics from the bulk material.

1.5.8.1 FDA classification system

In the United States all contact lens materials are issued with a USAN (United States

Adopted Name) identity by the FDA (e.g. etafilcon A) which is specific to the composition

of the material. The material will also fall into one of the four groups for the USA Food

and Drug Administration (FDA) classification scheme (Table 1.4), which offers a simple

but effective subdivision of lens materials on the basis of water content and ionic character

(Tighe, 2002). The main drawback of the FDA system is that materials composed of very

different chemistry can be classified within the same material group.
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1.5.8.2 ISO system of soft lens classification

European standards (BS EN ISO 18369: 2006) have set out the ISO system for contact

lens material classification (Table 1.5). Each material is classified by a six-part code:

(prefix)(stem)(series suffix)(group suffix)(Dk range)(surface modification code).

1.6 Clinical performance of silicone hydrogel contact lenses

Clinical studies have confirmed that many of the hypoxic-related clinical observations with

extended-wear of conventional lenses were overcome with these highly oxygen permeable

materials. Papas et al. (1997) showed that silicone hydrogel contact lenses produced sig-

nificantly less limbal hyperaemia than conventional hydrogel lenses, with levels similar to

no lens wear. Keay et al. (2000) reported that extended wear of silicone hydrogels did

not cause a long term increase in microcyst numbers (tiny cystic vesicles in the corneal

epithelium primarily associated with hypoxia), although a transient increase was observed

when a patient was refitted from low Dk/t hydrogel lenses. Covey et al. (2001) compared

continuous wear silicone hydrogel contact lens wearers to non-lens wearers. They found

no hypoxia-associated effects but did find higher levels of tear film debris and conjunctival

staining with the lens wearers. Fonn & Pritchard (2000) noted that in a clinical environ-

ment the majority of silicone hydrogel lenses wearers reported that their lenses felt less

dry than their previous conventional hydrogel lenses, despite considerably longer wearing

times. It has been suggested that the lower water content of silicone hydrogel contact

lenses is related to reduced lens dehydration. Published work shows that silicone-hydrogel

lens materials dehydrate at a slower rate and to a lesser extent than conventional hydrogel

materials (Jones et al., 2002b; Morgan & Efron, 2003) and may partially help to explain

this reduction in the sensation of dryness. The material elasticity of silicone hydrogels is

significantly less than that of silicone elastomer lenses (Jones et al., 2006), but still signifi-

cantly higher than conventional hydrogel lenses (2-6 times greater). This increased rigidity

gives the lens enhanced patient handling properties and initially it was thought it may be

of benefit in masking astigmatism, although a study by Edmondson & Edmondson (2003)

showed that this was not the case. These mechanical properties though, can cause clinical

problems as they are less able to conform to the shape of the eye and require careful fitting,

as loose lenses typically exhibit poorer comfort (Dumbleton et al., 2002). In addition, the

rigidity of these materials may be implicated in a variety of mechanical complications seen
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with silicone-hydrogel lenses, including papillary conjunctivitis (Skotnitsky et al., 2002)

and superior epithelial lesions (Jalbert et al., 2001).

1.6.1 Modulus of elasticity and silicone hydrogel contact lenses

The incidence of superior epithelial arcuate lesions (SEAL) has been shown to be higher

with first generation silicone hydrogel than convectional hydrogels contact lenses (Dumb-

leton, 2003; Dumbleton et al., 2002; Holden et al., 2001; Jalbert et al., 2001; Long et al.,

2000). The aetiology of a SEAL is thought to be multifactorial, related both to patient

characteristics (eyelid tautness, upper lid position, race, cornea steepness and sagittal

height) and lens characteristics (modulus of elasticity, lens thickness, lens curvature, lens

surface and lens age) (Sankaridurg et al., 2004). Contact lens associated papillary con-

junctivitis (CLAPC) is typically found in 2-3% of patients wearing disposable daily wear

hydrogel contact lenses (Sankaridurg et al., 2004) and more frequently in patients wearing

lens on an extended wear basis (Levy et al., 1997). Several studies have shown that sili-

cone hydrogel lenses appear to induce an isolated CLAPC, rather than a diffuse CLAPC,

suggesting a mechanical rather than immunological aetiology (Skotnitsky et al., 2002).

Another possible cause can be attributed to surface wettability (Dumbleton, 2003). First

generation silicone hydrogel materials have an increased modulus, which is thought to in-

crease lens movement. This along with potential marginal fitting characteristics of the lens

can lead to the lens edge fluting or lifting. This raised lens edge can act as a mechanical

irritant, simulating localised papillary conjunctivitis (Jones & Dumbleton, 2002). Second

and third generation materials are typically of lower modulus than the first generation sil-

icone hydrogel lenses, but they are still generally higher than tradition hydrogel materials

(Steffen & Schnider, 2004). Contact lenses with higher modulus have been associated with

a greater incidence of contact lens papillary conjunctivitis (Tighe, 2004), superior epithe-

lial arcuate lesions (Holden et al., 2001) and mucin balls (Tan et al., 2003). These clinical

observations are thought to be related to a mechanical interaction of the contact lens with

ocular surface in part associated with these higher modulus materials. These clinical ob-

servation are not, though, solely associated with modulus, with factors such as lens design

and surface characteristics also implicated as causative factors. This is demonstrated by

fewer mechanical-related clinical complications and better subjective comfort as a result of

a change in lens design following introduction of the 8.4 base curve Night & Day (lotrafil-

con A) lens (Dumbleton et al., 2002; Montero Iruzubieta et al., 2001). With the reduction
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in the modulus and improvement in lens design we have generally seen a reduction in the

incidence of these gross mechanical ocular complications (Jones & French, 2009). Brennan

et al. (2007) have recently suggested that modulus still remains an important factor which

appears related to subjective comfort, with the low modulus materials generally showing

better subjective comfort. This analysis, as with many other studies, was performed using

commercially available contact lenses which differ in numerous parameters and material

characteristics making controlled investigation difficult.

1.6.2 Post-lens debris

Several early studies with first generation silicone hydrogel contact lenses (Dumbleton

et al., 2000; Fonn & Pritchard, 2000) noted the presence of translucent spherical debris,

20-100µm in size, observed between the back surface of the contact lens and the cornea,

which were described as mucin balls. Fonn & Pritchard (2000) reported that mucin balls

increased in number and size following use of extended wear contact lenses. Morgan &

Efron (2002) reported that the incidence of mucin balls peaked four weeks after commenc-

ing lens wear and began to decline thereafter, with more mucin balls noticed in subjects

wearing Focus Night & Day (lotrafilcon A) lenses than with the PureVision (balafilcon

A) lenses. Flemming et al. (1994) performed biochemical analysis of mucin balls which

indicated that the deposits are composed mainly of mucin and tear proteins and have little

lipid content. Mucin balls have been hypothesised to result from interactions between the

lens surface and the corneal epithelium and can occur with both conventional and silicone

hydrogel contact lenses (Tan et al., 2003). The overnight wear of silicone hydrogel contact

lenses results in a viscous mucin-rich layer between the lens and the epithelial surface due

to depletion of the post lens tear film. Sheering forces caused by blinking during open eye

conditions and rapid eye movements during sleep have the effect of rolling the mucin-rich

post lens layer into spheres, which are observed as mucin balls. Dumbleton et al. (2000)

proposed that reducing lens motion, by more closely aligning lens shape to that of the

ocular surface, would be a possible means of cutting down mucin ball numbers. Other

studies have observed that altering the composition of a surface treatment can affect the

number of mucin balls observed with a particular material substrate, suggesting that it is

not the modulus of the lens material alone that accounts for the interaction with the lens

and anterior ocular surface (Sweeney et al., 2004). As second and third generation silicone

hydrogel contact lenses typically have a lower modulus, lack of surface treatment and are
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worn on a daily wear basis, the incidence and severity of mucin balls would be expected

to have reduced.

1.6.3 Lens deposition on silicone hydrogel lenses

Deposition of tear film components onto the lens surface can result in reduced vision (Gel-

latly et al., 1988), reduced comfort (Pritchard et al., 1996) and increased inflammatory

responses (Mondino et al., 1982). Due to the ability of silicone components to migrate to-

wards the surface, silicone hydrogel contact lenses have a tendency to become hydrophobic,

potentially resulting in marked lipid deposition (Huth & Wagner, 1981). The type and ex-

tent of tear film deposition is dependant on the water content of the material, the surface

charge, length of wear, degree of hydophilicity and tear film composition (Jones et al.,

2003). Silicone hydrogel materials have been shown to deposit lower levels of proteins

than ionic conventional hydrogel materials (McKenney & Becker, 1998; Senchyna et al.,

2004; Subbaraman et al., 2006), although substantially more protein appears denatured

on the silicone hydrogel materials (Jones et al., 2003). Lipid deposition, in contrast, is

substantially greater on the surface of silicone hydrogel materials, compared with the ionic

conventional hydrogel materials (Jones et al., 2003). The higher level of lipid deposition

observed on silicone hydrogel lenses is likely due to (i) hydrophobic-to-hydrophobic inter-

actions with the lens surface, and (ii) due to the presence of N-vinyl pyrrolidone (NVP)

in some silicone hydrogel lenses (PureVision (balafilcon A), Biofinity (comfilcon A) and

Clariti), which enhances lipid deposition (Jones et al., 2000; Maissa et al., 1998). Cheung

et al. (2007b) and Nichols (2006) have observed a build-up of lipid on the lens surface,

especially during 30 nights continuous wear which can become an clinical issue for some

patients. The presence of the lipid is also thought to provide benefits to the patient as

they have lubricious properties and have been shown to improve the in vitro wettability

for some contact lens materials (Lorentz et al., 2007).

1.6.4 Microbial inflammation/infection with silicone hydrogel lenses

A major driving force behind the development of silicone hydrogel was the thought that

contact lens related hypoxia was a causative factor in the development of ocular surface

inflammation and infection. Unfortunately, recent epidemiological studies investigating

the risk of corneal infections have found that there has been no reduction in the risk of

infection with silicone hydrogel lenses, with overnight wear of contact lenses appearing
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to be a major risk factor for both lens types (Dart et al., 2008). Indeed in some studies

the risk of infiltrative keratitis was shown to be greater for the silicone hydrogel lens

type in daily wear (Stapleton et al., 2008), although this may be partially associated with

factors such as longer wearing times and more contact lens wearing days with the silicone

hydrogel lenses. Morgan et al. (2005) found that the severity of infection and the risk of

vision loss appeared related to oxygen permeability, but the actual risk of infection did

not differ between the lens types. The literature is therefore clear that silicone hydrogels

do not reduce the risk of inflammatory events or infection and therefore further material

developments and an improved understanding of the predisposing risks factors are needed

in order to reduce the future risk of infection/inflammation for contact lens wearers.

1.6.5 Bacterial binding to silicone hydrogel lenses

The level of bacterial binding to silicone hydrogel contact lens is disputed in the litera-

ture. Some studies suggest silicone hydrogel materials exhibit significantly higher bacterial

adhesion than conventional hydrogel lenses (Giraldez et al., 2010; Henriques et al., 2005;

Kodjikian et al., 2008), possibly due to greater hydrophobicity and/or higher oxygen trans-

missibility. In contrast, Keay et al. (2001) showed little difference in adhesion between

silicone hydrogel and conventional lenses and other studies suggest that silicone hydrogel

materials adhere less bacteria than conventional hydrogel materials (Santos et al., 2008).

Such differences are likely explained by the different methodologies and bacterial strains

used in these investigations. Differences in bacterial adhesion between silicone hydro-

gel lens types appear small and lenses appear generally less prone to bacterial adhesion

following wear (Santos et al., 2008; Vermeltfoort et al., 2006).

1.6.6 Solution toxicity with silicone hydrogel contact lenses

Silicone hydrogel materials were originally brought to market primarily as a continuous

wear product, but they have become equally, if not more, successfully worn on a daily wear

basis (Morgan et al., 2008). This has required the use of contact lens care solutions to clean

and store the lens. Several studies have reported significant levels of corneal staining with

certain silicone hydrogel lenses and contact lens care and storage solutions (Epstein, 2002;

Garofalo et al., 2005; Jones et al., 2002a). It often appears as diffuse punctate staining ei-

ther across the whole cornea or in a ring around the peripheral cornea and is most marked

2 to 4 hours after lens insertion (Garofalo et al., 2005). Studies have looked at the dif-
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ferent lens/solution combinations to quantify the levels of staining observed, finding very

low levels with hydrogen peroxide solution compared to the multipurpose solution which

varied for both solution and lens type (Andrasko & Ryen, 2008; Garofalo et al., 2005). In

these studies PureVision (balafilcon A) exhibited relatively high levels of staining, whereas

Acuvue Advance (galyfilcon A) lenses produced very low levels with the same solutions,

suggesting a strong material as well as solution dependancy. There appears to be no ob-

vious cause for this material dependancy, although the PureVision lens has been shown

to be effective as a drug delivery device (Hui et al., 2008) and it may be that its highly

porous nature (Lopez-Alemany et al., 2002) is extending the period of corneal exposure to

the contact lens solution components, resulting in the observed corneal staining. The rel-

evance of this type of corneal staining is disputed in the literature with some suggesting it

is asymptomatic (Garofalo et al., 2005; Jones et al., 2002a), whereas others have suggested

it can influence comfort (Andrasko & Ryen, 2008, 2007). Carnt et al. (2007) suggested

that eyes that experience solution toxicity are more likely to experience a corneal inflam-

matory event, although there is absolutely no evidence to suggest that solution-induced

corneal staining predisposes a patient to more serious events, such as microbial keratitis

(Sweeney & Naduvilath, 2007; Ward, 2008). Recent work has suggested that a rub and

rinse stage prior to lens storage and lens insertion significantly reduces solution induced

staining, suggesting the lens surface may also play a role in these observations (Peterson,

2010).

1.6.7 Comfort and silicone hydrogel lenses

It has been reported that the primary reason for discontinuation of contact lens wear in

the UK is contact lens-induced discomfort (Morgan, 2001; Young, 2004). Both conven-

tional hydrogel and silicone hydrogel lens wearers show a reduction in comfort at the end

of the daily wearing period (Dumbleton et al., 2010, 2008; Fonn, 2007; Fonn et al., 1999;

Pritchard & Fonn, 1995a) as shown in Figure 1.17. Comfort has been shown to be reduced

at the end of a silicone hydrogels wear cycle (2 weeks or 1 month) and also reduced for

both the beginning and at the end of lens wearing cycle if the lenses were not replaced as

scheduled (Dumbleton et al., 2010).

Several studies have suggested that better comfort is obtained with silicone hydrogel lenses

compared with conventional hydrogel lenses (Brennan et al., 2002; Dumbleton et al., 2006;
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Figure 1.17: Change in subjective comfort through the day for four contact lens types,

using SMS messaging responses (Plowright et al., 2008).

Fonn & Pritchard, 2000; Sweeney et al., 2004), although other studies have shown little

difference from conventional hydrogels (Coles-Brennan et al., 2006; Fonn & Dumbleton,

2003). Where present, these differences in comfort may be due to a variation in tear

film deposition between materials (Senchyna et al., 2004), or due to differences in the

water content of the lens materials (which might in turn influence factors such as surface

dehydration (Jones et al., 2002b; Morgan & Efron, 2003), although the link between dehy-

dration and comfort is somewhat debated (Brennan, 1988; Hall et al., 1999; Young et al.,

1997)). The influence higher oxygen permeability has on lens comfort is debated with

some suggesting comfort is related to the oxygen permeability (Dillehay, 2007), whereas

others have suggested that there is no conclusive link between Dk and comfort (Brennan

& Morgan, 2009). Indeed it has been suggest that comfort might be higher with a low

Dk lens as hypoxia has been shown to induce cornel hypoesthesia (Millodot & O’Leary,

1980). Clinical studies comparing the levels of comfort provided by silicone hydrogel lenses

have differed in their findings, with some reporting differences in comfort between silicone

hydrogel lens types (Brennan et al., 2006; Dillehay, 2007; Dumbleton et al., 2002; Fonn &

Dumbleton, 2003; Young et al., 2007), whilst others have found little difference in com-

fort (Dumbleton et al., 2008). Brennan & Morgan (2009) have suggested that potentially

critical factors such as material modulus, lens design and surface properties differ between
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1.7 Lens surface wettability

silicone hydrogel contact lenses and therefore we are likely to see differences in comfort

between silicone hydrogel lenses, as observed when comparing conventional lenses (Bren-

nan, 1988; Fonn et al., 1999; Young et al., 1997).

Contact lens comfort is clearly influenced by multiple factors, which can be sub-divided

into lens-related factors (lens material, lens design, lens age), patient related factors (ocu-

lar sensitivity, tear film chemistry, blink pattern) and environmental factors (temperature,

humidity, environmental contaminants, air flow). It is likely a complex interaction of these

factors dictates the lens comfort. Lens-related factors are difficult to investigate indepen-

dently. When a comparison of commercial products is made, there are often numerous

differences in lens characteristics, resulting in difficulty attributing differences in comfort

to a specific lens factor. By applying complex statistical techniques it is possible to draw

general conclusions about the more critical clinical variables. Brennan (2009) applied a

statistical technique to a large data set obtained from a range of clinical studies and sug-

gested that modulus and surface friction appear to be the key material determinants of

subjective lens comfort.

1.7 Lens surface wettability

In addition to understanding the material from which a contact lens is manufactured, it is

also important to understand the biological system in which the contact lens is worn and

the factors influencing how the tear film is able to be spread across the lens surface.

1.7.1 The structure and function of the tear film

Due to the intimate contact between the contact lens, the tear film and the ocular sur-

face during wear, it is important to understand the structure and function of each. The

functions of the tear film are (i) to form an smooth optical surface, (ii) to lubricate the

movement of the eyelids, (iii) remove debris from the eye, (iv) an antimicrobial affect, (v)

maintaining epithelial hydration and (vi) nourishment of the corneal epithelium (oxygen

and other nutrients). The tear film consists of three layers, the superficial lipid layer

which makes up about 4% of the total thickness; the middle aqueous layer, which repre-

sents around 90% of the tear film; and the mucus layer which typically comprises around

6% of the tear film (Figure 1.18). The total thickness of the tear film is believed to be
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1.8 In vivo assessment of lens wettability

less than 10 microns (Holly, 1981), with more recent optical coherence tomography data

(Wang et al., 2003) suggesting around 3 - 4 microns. The inner most mucin layer con-

tributes to the epithelial cell surface structure and anchors the overlying aqueous gel. The

mucins which span the membranes are produced by the corneal and conjunctival epithelial

cells, whereas the gel-forming mucins are derived from the goblet cels of the conjunctiva

(Lemp, 2003). These gel forming mucins help to cleanse the surface by removal of debris

from the ocular surface, act to stabilise the tear film and interact with the outmost lipid

layer. The lipid layer is produced by the meibomian glands of the eyelids. Its function

is to reduce evaporative losses from the tear film and, with the gel-forming mucins, to

lubricate the movement of the lid over the ocular/contact lens surface. The aqueous com-

ponent of the tears is produced by the lacrimal glands and contains all of the water-soluble

elements of the tear film (proteins, peptides and electrolytes). In addition to the relatively

stable proteins such as lysozyme, albumin and lactoferrin, there are numerous cytokines,

growth factors and other factors that are often present in low levels or completely absent

under normal condition, but can increase in response to injury, disease or environmental

stress (Lemp, 2003). This responsive system is controlled by the central nervous system

via sensory feedback and influences glandular secretion, in response to disease, injury or

environmental stress.

1.8 In vivo assessment of lens wettability

A range of techniques have been developed to assess the stability of the tear film. Table 1.6

shows several methods of evaluating the tear film stability along with a brief description

of each. These techniques can be separated into two groups. Some use a dark background

and project a light grid onto the tear film while others use a light background and allow

direct observation of the tear film and its structure. Hirji et al. (1989) suggested that dark

background instruments are measuring tear film instability, whereas light background

instruments are measuring the tear break up time. This may explain why the results do

not correlate, although more recent literature dispute these findings (Cho et al., 2004).

The field of assessment also varies with the types of assessment (Table 1.6). Bruce et al.

(2001) showed that the most likely region for the pre-lens tear film to first destabilise

is in the parameniscal zones, although the paper suggested significant variability with

differing lens materials. It is therefore advantageous to use an instrument with a field of

67



1.8 In vivo assessment of lens wettability
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Figure 1.18: Schematic diagram of the tear film structure.

assessment that covers all of the visible tear film. In clinical trials, the two main methods

used to study the in vivo wettability of contact lenses are slit-lamp examination and the

tear scope.

1.8.1 Slitlamp examination of lens wettability

Clinically, the anterior eye and tear film are usually viewed using a slitlamp biomicroscope.

This can be used to assess several aspects of the tear film. The thickness of the tear film

can be assessed using specular reflection and diffuse illumination. The tear film produces

a red/green interference fringe pattern when thin, which is not produced when the film

is thicker (Guillon, 1994). Slitlamp biomicroscopy can also be used to assess the in vivo

wetting of the contact lens surface by studying tear film break-up. The time taken from

completion of a blink to the appearance of interference patterns/tear film break-up can

be measured (Guillon, 1994). Further observations can be made of the rate of drying of

the lens surface by watching the spreading area of tear break-up across the lens (Shiobara

et al., 1989). The percentage of the lens covered by the tear film is observed during normal

blinking. Incomplete coverage of the contact lens by the tear film can indicate problems
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1.8 In vivo assessment of lens wettability

with the surface due to manufacturing residue, tear film deposits or surface contamination

due to lens care regime (Shiobara et al., 1989).

1.8.2 Lens wettability grading scales

Lens wettability grading scales are a subjective assessment of lens wetting made following

slit-lamp observations. Lens wettability is assessed from a combination of the pattern; size

and speed of tear break-up, stability of the tear film and the lipid layer appearance. There

are several different scales based on these factors that are used to grade lens wettability.

Examples of wettability grading scales include the Eurolens Research, CibaVision and

CCLRU grading scales (Table 1.7).

Table 1.7: CCLRU wettability grading scale

Grade Description

0 Totally hydrophobic (non-wetting)

1 Non-wetting patches immediately after blinking

2 Appearance equivalent to HEMA lens surface

3 More wettable than HEMA lens surface

4 Appearance approaching that of normal healthy cornea

5 Appearance equivalent to normal healthy cornea

1.8.3 Tearscope-Plus

In addition to slitlamp-based tear film assessment the other commonly used clinical instru-

ment is the Tearscope Plus (Keeler, UK). The Tearscope Plus is a handheld instrument

that is used in conjunction with a slitlamp biomicroscope. It is a wide field instrument

allowing observation of the tear film over the entire cornea, giving direct observation of

the tear film structure and thinning. The instrument consists of a diffuse hemispherical

cold cathode light source (to minimise drying of the tear film) with a central hole to al-

low viewing. It is used in conjunction with the slitlamp biomicroscope to allow increased

magnification. Interference fringes result from the reflected light at the air/lipid interface

and the lipid/aqueous interface. Interpretation of these interference patterns can give

information about the thickness and quality of the pre-lens tear film. The interference
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1.8 In vivo assessment of lens wettability

pattern can be described using a six-category classification (Guillon, 1994). Assessment of

the aqueous layer in the contact lens tear film is possible when the lipid layer is very thin.

Aqueous layer thickness is estimated by counting the fringes that form (Guillon, 1994).

1.8.4 The influence of contact lens wear on the tear film

The application of a contact lens onto the ocular surface is effectively a foreign body placed

into the preocular tear environment. Contact lenses have been shown to influence the

ocular surface by inducing hypoxia, increasing corneal temperature, causing corneal micro-

trauma, reducing metabolic rate, decreasing epithelial mitotic rate, increasing epithelial

fragility, compromising junctional integrity and increasing corneal lactate (Lemp, 2003).

Even with these changes, most patients with a healthy tear film and ocular surface can

achieve comfortable wear with contact lenses for prolonged periods. The presence of

a contact lens disrupts the tear film, resulting in its thinning and increasing evaporative

loss. In patients with an adequate tear film volume, the contact lens presents an acceptable

stress on the tear film, but for patients with a low tear volume the contact lens can induce

a dry eye state. This appears to influence around 20-30% of soft contact lens wearers and

around 80% of rigid contact lens wearers (Tomlinson, 2006). The presence of a contact

lens on the ocular surface separates the tear film into two layers, where the pre-lens tear

film (PLTF) probably contains the superficial lipid layer and aqueous layer and the post-

lens tear film (PoLTF) consists primarily of aqueous and mucin (Nichols & Sinnott, 2006).

Increased evaporation associated with lens wear likely results in a thinning of the PLTF

and subsequent thinning of the PoLTF film due to pervaporation (Fonn, 2007). This

pervaporation process has been shown to result in significant corneal staining (Guillon

et al., 1992; Orsborn & Zantos, 1988), although this does not necessarily lead to subjective

dryness or discomfort, possibly due to a shielding effect of the lens over the corneal surface

(Fonn, 2007). Other factors associated with contact lens induced discomfort and dryness

include inflammation, evaporation, decreased osmolarity (Stahl et al., 2009; Tomlinson

et al., 2006), decreased tear production linked to hypoesthesia and instability of the PLTF

with reduced tear film break-up time. It is therefore evident that the cause of contact lens

discomfort/dryness is complex and likely to be multifactorial.
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1.8 In vivo assessment of lens wettability

1.8.5 The tear film and lens wettability

The ability of a contact lens surface to wet is determined by the tear film deposition,

break-up and recovery on the lens surface. The presence of a contact lens disrupts the

typical three-layer structure of the tear film (Dilly, 1994). In the PLTF the air and the

tear film compete to reside adjacent to the solid surface. It is the interaction between

the lens surface and the components of the tear film that dictate the wettability of the

contact lens surface during wear (Cheng et al., 2004). During eyelid opening, a tear film

is generated across the lens/ocular surface by the tear meniscus, through a hydrodynamic

coating mechanism (Wong et al., 1996). As the eyelid reaches its fully open position, so

begins the inter-blink period. During this period the PLTF begins to evaporate and may

rupture leading to the formation of dry patches on the lens surface. As the lid begins to

close, the tear meniscus on the edge of the lid advances across the dry spots on the lens

and thus rewets the surface. It is thought that the more hydrophobic the lens material is,

the more difficult it is for the tear film to wet the dry spots (Cheng et al., 2004). Cheng

et al. (2004) suggested that a contact lens surface must allow the formation of a stable

PLTF and resist tear film break-up in the inter-blink period.

1.8.6 Wettability of conventional hydrogel contact lenses

Although a conventional hydrogel (pHEMA) material is generally seen as a hydrophilic,

the surface can become susceptible to wetting problems under certain circumstances. The

wettability of a hydrogel material varies depending on its surface water content. It rises

rapidly up to 30% water content and then more slowly above this level (French, 2005).

In their fully hydrated state, all hydrogels can be expected to have adequate wettability.

Following a period of wear of the contact lenses, progressive dehydration and a dynamic

response by the hydrophilic pendant groups to air or lipid deposition, can result in a

lens surface with reduced wettability. Depending on the severity of these changes, this can

cause irreversible deposition of the tear film components, resulting in a potential reduction

in patient comfort and physiological response.

1.8.7 Wettability of silicone hydrogel contact lenses

A potential disadvantage of silicone hydrogel contact lenses is the hydrophobic tendency

of silicone-containing materials. Silicone polymers are therefore combined with hydrogel
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1.8 In vivo assessment of lens wettability

forming polymers, in an attempt to improve surface wettability. Even with the addition

of these hydrophilic components, the highly flexible silicone polymer can structurally reor-

ganise at the contact lens surface, potentially leading to hydrophobic surfaces (Maldonado-

Codina & Morgan, 2007). Laboratory analysis of surface wettability has shown silicone hy-

drogels to be less wettable than conventional hydrogel contact lenses (Maldonado-Codina

& Morgan, 2007), with chemical analysis showing the presence of silicon on the surface of

these lenses (Karlgard et al., 2004). It is generally thought that lenses with poor clinical

wettability have a tendency to become uncomfortable, as surface drying between blinks

results in hydrophobic areas that irritate the lid as it moves over the lens surface (Jones

et al., 2006). Numerous studies have therefore investigated the clinical surface wetting

of silicone hydrogel materials. Sweeney et al. (2004) studied the clinical wetting of con-

ventional and first generation silicone hydrogel contact lenses and found similar wetting

performance. Similar wetting characteristics have also been observed for second and third

generation contact lens materials. Steffen & Schnider (2004) compared the clinical wetta-

bility of Acuvue Oasys and Advance to conventional hydrogel materials and showed little

difference between them. This highlights the ability of the internal wetting agent, PVP,

to enrich the lens surface and mask the hydrophobic nature of the silicone components.

Other clinical studies comparing tear film stability on silicone hydrogel and conventional

hydrogel materials have given contradictory findings with some suggesting greater tear

film stability on silicone hydrogel materials (Guillon & Maissa, 2007), while others showed

similar (Cheung et al., 2007a; Morris et al., 1998) or greater stability on conventional

hydrogels (Maldonado-Codina et al., 2004b), indicating this may be highly dependant on

both the lens materials being investigated and the method of assessment and highlighting

a possible lack of sensitivity in the current methods of tear film assessment. Dumbleton

et al. (2008) suggested that there are relatively small differences in the clinical wetting

characteristics of the silicone hydrogel materials. They observed that where significant

differences in the clinical wetting properties were present, there appears to be no link

with subjective comfort (Dumbleton et al., 2008), although Guillon & Maissa (2007) have

reported an apparent association between comfort and surface wetting for certain sili-

cone hydrogel materials. This complex wetting relationship between the silicone hydrogel

contact lens and the tear film is likely to be associated with the interaction of tear film

components with the lens surface, which improves lens surface wettability, masking the

differences between material type.
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1.8 In vivo assessment of lens wettability

1.8.8 The effect of tear film components on the wettability of contact

lenses

Holly & Refojo (1976) showed that surface-active components, such as dissolved proteins

and glycoproteins, present within the tear film may affect the surface characteristics of the

contact lens. Cheng et al. (2004) investigated the individual and additional effect of two

important tear film components (lyzozyme and mucin) when measuring the contact angle

using captive bubble technique. They found that the addition of mucin and/or lyzozyme

(at levels typically found in the tear film) improved surface wettability for all lens types

(silicone hydrogel and conventional lenses). This suggests that molecular adsorption of tear

protein components impart hydrophilicity to the lens surface. In addition ex vivo studies

have shown improved laboratory wetting performance for lens materials over the first few

hours of wear, with differences in initial wetting performance between materials rapidly

reducing with wear. This results in contact lenses with very similar wetting characteristics

following wear (Read et al., 2010a; Tonge et al., 2001). Clinical studies have shown changes

in in vivo wettability with some studies suggesting tear film stability can improve with

lens wear (Guillon & Maissa, 2007) while other studies have suggested a reduction in

tear film stability with prolonged wear. These differences in tear film stability with wear

are likely to be both patient and material dependant and appear to relate to the type

of deposition occurring on the lens surface and possibly the clinical method of tear film

stability assessment. A recent in vivo study assessed surface wettability for a range of

silicone hydrogel materials by placing a droplet of water onto the contact lens surface

during lens wear (Haddad, 2010). They found only very small differences between the lens

types when comparing wetting properties after both 30 minutes and 6 hours of lens wear.

In addition, the surface of all the study lenses showed excellent wettability, when compared

with laboratory measurements for these materials. This suggests that a bioconversion

of the lens surface does occur with wear and that this process seems to occur rapidly

following application of the contact lens. An interesting addition finding of this study was

a correlation between the rate of spread of the droplet and subjective comfort, suggesting

that this bioconversion process (tear film adhesion to the contact lens surface) is critical

to the clinical performance of the contact lens.
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1.8.9 Factors that influence in vivo contact lens wettability

1. Material

The material a contact lens is manufactured from has been shown to influence in vivo

wettability. The tear film wetting of silicone elastomer lenses, for example, is known

to be very poor (Guillon & Maissa, 2007); whereas a material such as pHEMA is

known to have comparatively good in vivo wettability. The water content of the

material is also thought to influence the thickness of lipid layer in the pre-lens tear

film (Guillon et al., 1992; Young & Efron, 1991), which potentially could influence

tear film stability.

2. Patient-dependant characteristics The quality and quantity of the tear film

varies significantly between patients (Ozdemir & Temizdemir, 2010; Wang et al.,

2006). There are numerous subject-dependant variables, such as tear film thickness,

tear volume, tear secretion rate, tear film outflow rate, blink rate, tear meniscus

height/volume, tear film stability, abnormal underlying morphology, lipid chem-

istry/polarity, mucin chemistry, protein chemistry, tear osmolarity and tear film

composition. The individual tear film characteristics of the lens wearer are therefore

likely to heavily influence the in vivo lens performance (French, 2005).

3. Wetting agents

Increasingly contact lens manufacturers are adding wetting agents or viscosity agents

to the blister packaging solution. Surfactants and humectants, such as polyvinyl al-

cohol (PVA), hydroxypropyl methylcellulose (HPMC) or block copolymers, have

been added to packaging solutions in an effort to deliver increased wettability, im-

proved comfort and decreased surface tension on the lens upon removal from the

blister pack (Sindt, 2010). CibaVision have recently introduced the Night & Day

Aqua (lotrafilcon A) and the Air Optix Aqua (lotrafilcon B). These products con-

tain a hydrophilic moisturising agent in the packaging saline (1% copolymer 845

(PEG and PVP)), which is said to bind to the lens surface and claimed to enhance

comfort on insertion (Jones & French, 2009). Johnson & Johnson include 0.005%

methyl ether cellulose in the saline packaging solution for the Acuvue Oasys (senofil-

con A) and Acuvue Advance (galyfilcon A) lenses. Methyl cellulose is a thickening

and coating agent, which is commonly used as an ophthalmic protectant in artifi-

cial tears and contact lens solutions (Troy, 2005). Menzies & Jones (2010) clearly
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demonstrated the presence of these blister packaging additives in silicone hydrogel

lens blister solutions, with reduced surface tension measurements and increased vis-

cosity measurements. These blister packaging solution additives have been shown

to influence laboratory wetting measurements (Maldonado-Codina & Morgan, 2007;

Menzies & Jones, 2010), but their influence on clinical performance is less clear.

Typically silicone hydrogel lenses are replaced either on a fortnightly or monthly

basis and thus the packaging solution is only likely to influence performance on the

first day of wear. Increasingly though contact lens care solutions are also including

wetting additives and lubricants (Dalton et al., 2008), allowing this potentially pos-

itive effect to be extended thought the life of the lens. Indeed several studies have

shown improvements in the surface wetting and comfort for lens care solutions in-

cluding these additives (Simmons et al., 2001; Subbaraman et al., 2006; Thai et al.,

2002b), although other studies have shown little difference (Ramamoorthy et al.,

2008; Santodomingo-Rubido et al., 2008). The modality which could benefit most

from any advantageous effect of these blister solution additives are daily disposable

contact lenses, as they are replaced on a daily basis and on insertion are directly

from the blister packaging. Focus Dailies All Day Comfort lenses are made from

a PVA-based material. A small quantity of PVA within the material is unbound

and therefore these PVA strands are eluted during wear in a blink-activated process.

PVA is commonly used in artificial tears and contact lens rewetting drops, where

it lowers the surface tension (improving surface wetting) and reduces the coefficient

of friction. Nick et al. (2005) showed that Focus Dailies All Day Comfort offered

a significant improvement in both overall and end of day comfort, when compared

with original Focus Dailies. Another daily contact lens material which uses a dif-

ferent approach is the 1 Day Acuvue Moist. This material is manufactured from a

conventional hydrogel material, with the addition of PVP. The PVP is bound within

the lens and is not released during wear. These lenses are packaged in saline that

includes up to 0.05% PVP. As with PVA, PVP is also used in artificial tears and

rewetting drops and shares similar properties. Due to the recent release of two sil-

icone hydrogel daily disposable contact lenses (Sauflon Clariti 1-Day and Johnson

Johnson Trueye), these type of additives and their relative effect on contact lens

performance are likely to become of increasing interest. Wetting agents present in

both blister packaging solutions and contact lens care solution are thought to form a
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1.9 Experimental study contact lens material

molecular monolayer across the contact lens surface, with non-polar heads adhering

to the contact lens surface and polar tails exposed. These polar tails then form a

surface on which water or an aqueous solution such as the tear fluid can spread more

readily (Fatt, 1984). Lubricants and surfactants when included in a contact lens blis-

ter solutions have been shown to improve lens wettability and enhance subjective

comfort (Simmons et al., 2001; Thai et al., 2002b).

1.9 Experimental study contact lens material

The experimental study lens material is based on enfilcon A. This material is composed

of silicone-based macromers and several non-silicone based monomers. These components

are combined with a non-reactive silicone-based material prior to polymerisation to im-

prove monomer compatibility. Following polymerisation, this non-reactive silicone-based

material is removed by an extraction process and therefore does not form part of the

lens material. This allows the study contact lens material to be manufactured in non-

polar polypropylene moulds, which are easy to work with and relatively inexpensive to

manufacture.

1.9.0.1 Silicone macromer

The reactive silicone macromer present in the lens material is known as M3U. The macromer

is characterised as a siloxane tri-block polymer, being made up of three different siloxane

polymer blocks or segments, with a reactive acryloyl group at both ends of the linear

macromer, making it homobifunctional (Figure 1.19). This silicone macromer is com-

prised of the following three blocks of repeated units which can be arranged in any order.

1. Copolymer block possess the repeated unit, -[Si(CH3)2O]-, shown in Figure 1.19 (a)

and is repeated between 50 and 200 times.

2. Copolymer block comprises a silicone atom having a fluorine-containing substituent,

shown in Figure 1.19 (b) and is repeated between 2 and 50 times. Fluorine is

often included in silicone hydrogel materials as it can improve compatibility with

hydrophilic copolymers (Kunzler & Seelye, 2007) and also has the advantage of

reducing lipophilicity and deposit formation on the hydrated polymer (Kunzler &

Ozark, 1994; Ozark & Kunzler, 1995).
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1.9 Experimental study contact lens material

3. Copolymer block comprising a silicone atom with a substituted alkyl group com-

prising a hydrophilic component (e.g. a short polyethylene glycol (PEG) chain,

(CH2CH2O)p), shown in Figure 1.19 (c) which is repeated between 1 and 15 times.

These PEG chains have been shown to improve compatibility between siloxane-

containing materials and hydrophilic monomers (Owen, 1993).
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Figure 1.19: The structural formula of the component monomers used in manufacture of

the experimental study contact lens material.
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1.9.0.2 Silicone-free monomer composition

In addition to the silicone macromer, there are a number of silicone-free monomer com-

ponents which comprise around 45% - 55% by weight of the monomer mixture. These

monomers typically possess at least one polymerisable double bond and at least one hy-

drophilic functional group and include cross-linking agents. The enfilcon A material is

comprised of the following non-silicone containing components:

1. A hydrophilic vinyl-containing (CH2=CH-) monomer, known as N-vinyl-N-methyl

acetamide (VMA). This typically makes up at least 25-42% by weight of the monomer

mixture.

2. An acrylic monomer known as methyl methacrylate (MMA). MMA possess relatively

poor hydrophilicity and oxygen transmission properties, but it may serve here as a

monomer additive to reduce the ionflux of the material, as a demolding agent and/or

to aid compatibility of the polymer components.

3. An acrylate functionalised ethylene oxide -(OCH2CH2)n oligomer, known as trimethy-

lene glycol dimethacrylate (TEGDMA). This is present in relatively small amounts in

the precursor composition (0.075% to 5% by weight) and functions as a cross-linking

agent.

4. A chain transfer agent 2-allyloxy-ethanol (AOE) which promotes the reaction be-

tween a radical species and a non-radical species. The addition of the chain transfer

agent allows post-extracted and hydrated contact lenses to be manufactured with

reduced variability in both dimensional and physical properties.

1.9.0.3 Non-reactive silicone removable component

The monomer mix includes a polyalkylene oxide silicone (PAOS) removable component,

which possesses a PDMS backbone in which around 75% of methyl groups have been

replaced by polyalkylene oxide groups (i.e. PDMS-co-PEG). The PAOS component makes

up around 10% to 30% of the monomer mix by weight. POAS is unreactive with the other

silicone hydrogel lens components and therefore the additive does not become a covalently

bound part of the resulting polymerised lens product. Depending on their molecular

weight and shape, most, if not all is removed during the extraction process along with

other additives (e.g. unreacted monomers, oligomers, partially reacted monomers, or
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1.9 Experimental study contact lens material

other agents which have not become covalently attached or otherwise immobilised relative

to the lens component).

1.9.1 Experimental study contact lens manufacture

The experimental study contact lenses were specifically manufactured for this PhD. They

were manufactured using a cast-moulding technique, the process of which is highlighted

in Figure 1.20. The monomer components of the silicone hydrogel contact lens were com-

bined, mixed and filtered to remove particulates. The monomer mix was then placed into

a female polypropylene lens mould and the male polypropylene lens mould brought into

contact to form a contact lens shaped cavity occupied by the monomer mixture. The

mould and monomer mix were then exposed to heat which triggered the initiator to be-

gin the polymerisation process. After removal from the oven the lenses were demoulded,

either mechanically or by soaking. The lenses then underwent a series of sequential ex-

traction steps using an extraction medium (a mixture of ethanol and water) resulting in

fully hydrated and extracted contact lenses (i.e. POAS and any unpolymerised compo-

nents were removed from the lenses). The lenses were then sealed into individual blister

packages with a volume of buffered saline and then heat sterilised by autoclaving. The

ovens were enclosed allowing the environment to be carefully controlled during contact

lens manufacture. The two experimental study lens types produced for this PhD were

identical in their monomer composition and method of manufacture, differing only in the

environment in which they were manufactured. One lens type was manufactured with the

oven environment filled with atmospheric air and is known from here on as the ’air-cured’

study contact lens type. The other lens type was manufactured in a nitrogen-purged envi-

ronment in the same oven and is known from here on as the ’nitrogen-cured’ study contact

lens type. These study lenses were chosen as they are of identical design except for differ-

ences in the curing process. These differences likely result in the presence of oxygen at the

mould/lens interface during manufacture of the air-cured lens, due to oxygen permeation

through the polypropylene mould. In contrast, little or no oxygen is likely to be present

at the interface for the nitrogen-cured lens during polymerisation. The presence of oxygen

during lens manufacture is thought to result in termination of the polymerisation process,

resulting in polymer chains with a lower molecular weight and which are less heavily cross-

linked. This has previously been shown to result in a tackier lens surface with a greater

hydrophobic tendency as the highly mobile hydrophobic polymer chains are more readily
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The lens is demoulded either mechanically or by soaking

The lens undergoes a series of sequential extraction steps using an extraction medium 
resulting in a fully hydrated and extracted contact lens.

The lens is packaged in a blister pack containing a volume of buffered saline solution

The blister is sealed and undergoes sterilisation by autoclaving

Final Study 
lenses

Air-cured study lens Nitrogen-cured study lens

Component
monomers M3U VMA MMA EGDMA AOE

POAS

Figure 1.20: The manufacturing process for the study contact lenses.

expressed at the lens surface (Biswal & Hilt, 2009). This is in agreement with early clinical

observations made by the sponsor company, which suggested poorer clinical performance

for the air-cured lens, when compared with the nitrogen-cured lens.

1.9.2 Parameters of the experimental contact lens

A pilot study (Appendix F) showed no significant differences between the two study lens

types in either base curve, lens diameter or centre thickness. Both contact lens types

exhibited a base curve of around 8.3mm, a total diameter of around 14.2mm and a centre

thickness of 75 microns. These values are typical of commercial silicone hydrogel contact

lenses (Association of Contact Lens Manufacturers (ACLM) handbook, 2010), allowing

findings from this PhD work to be compared with results from other studies, which have

used commercial lens types. Given the observed similarity in the parameters of the two

study contact lenses (Appendix F) it was apparent that any differences were likely to

be related only to the surface of the contact lenses. Oxygen iunhibition at the polymer
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interface is well-understood and known to predominately influence the surface region of

the polymeric material, due to the reactive nature of the oxygen molecules diffusing into

the polymer (Biswal & Hilt, 2009; Maldonado-Codina & Efron, 2004). These lenses were

thus of interest as they had a matched design, differing in their clinical performance solely

because of suspected differences in their surface properties. This work therefore focused

on the surface characteristics of the study contact lenses and their influence on clinical

performance.

1.10 Surface characteristics of polymers

The surface characteristics of a polymer are critically important when used for biomedical

applications. In developing biomedical devices such as contact lenses, we are concerned

with function, durability, and biocompatibility. In order to function, contact lenses must

have appropriate bulk properties, such as mechanical strength, oxygen permeability, or

material elasticity. Well-developed methods typically exist to measure these bulk proper-

ties, often with standardised procedures (e.g. ISO standards). In contrast, methodologies

for the analysis of surface characteristics such as durability or biocompatibility are less

well defined. The surface of a contact lens is the major influence on material biocom-

patibility and directly influences the biological system (proteins, cells and the organism)

driving many of the biological reactions that occur in response to the biomaterial (protein

adsorption, cell adhesion, cell growth, blood compatibility, etc.). This can result in clinical

problems such as excessive deposition, non-wetting lenses or bacterial contamination and

therefore it is critical to improve understanding of the surface structure of contact lenses.

Investigation of the surface characteristics can be complicated by several factors:

1. The surface region of a material is known to be of unique reactivity, which can lead

to surface oxidation and other surface chemical reactions.

2. The surface of a material is inevitably different from the bulk, due to the unbalanced

forces acting on the surface material (Hoffman & Ratner, 2004).

3. The layer of material which makes up the surface is very thin and therefore of low

total mass, requiring highly sensitive analysis/detection.

4. The surfaces readily become contaminated with components from the vapour phase

(e.g. hydrocarbons and silicones) and although a vacuum environment can be used
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1.10 Surface characteristics of polymers

to retard this, the conditions are different to those which the material is habitually

exposed to.

5. The surface of the polymer material is often mobile and able to reorganise depending

on the surrounding environment (Holly & Refojo, 1975).

The surface is generally thought to describe the zone where the structure and composition,

influenced by the interface, differs from the average bulk composition and structure. This

value often scales with the size of the molecules forming the surface. For a polymer, the

unique surface zone may extend from 10 nm to 100 nm depending on the polymeric system

and the chain molecular weight (Hoffman & Ratner, 2004). The surface of a material has

several key properties that can be characterised:

• Surface wetting - Surface wetting is thought to be an important property of contact

lens materials due to the need for the tear film to spread and maintain itself across

the surface of the contact lens. Characterisation of surface wetting is normally

performed by contact angle analysis which is detailed in Section 1.11.

• Surface chemistry - The surface chemistry of a contact lens influences not only the

hydrophilicity of the surface, but also its resistance to bacterial and protein adsorp-

tion. Understanding contact lens surface chemistry is therefore critical in engineer-

ing contact lenses with optimal clinical performance. Several different techniques

are available to investigate polymeric surfaces. In this thesis we focused on the use

of X-ray Photoelectron Spectroscopy (XPS) (Section 1.12.1) and time of flight sec-

ondary ionisation mass spectroscopy (Section 1.12.3). These technique were chosen

as they are highly surface sensitive, can be performed in a hydrated frozen state and

are complementary in the information they provide, with XPS primarily providing

elemental characterisation, whereas ToF-SIMS provides molecular characterisation

of the polymer surface.

• Surface topography - This property describes the shape and features of the poly-

mer surface. It is know to be a important property for contact lens materials,

particularly with respect to optical quality, adhesion and biocompatibility. Sur-

face topography can be characterised directly using an instrument such as an AFM

(1.14.1) or indirect by imaging using an instrument such as a SEM (1.14.1).
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• Surface friction - The frictional forces present between the contact lens, the eye

lids and the ocular surface are thought to be important factors influencing subjective

comfort. This thesis did not set out to investigate surface friction, focusing primarily

on the topography, chemistry and wetting of the contact lens surface.

1.11 In vitro assessment of wettability

The term wettability is used to describe in a qualitative way the tendency for a fluid to

spread over a solid surface (Fatt, 1984). Wettability is not a property of the surface, but

rather a property of a liquid/solid interface. To understand wettability, it is necessary to

understand the forces present when this wetting process occurs.

1.11.1 Cohesion and Adhesion

Cohesion is the force of attraction between individual molecules of the same substance.

Adhesion is the force of attraction between individual molecules of two different substances.

The wetting of a surface can be thought of as adhesion between the liquid molecules and the

surface molecules. The relative influence of cohesion between individual liquid molecules

and the adhesion between liquid and solid molecules, dictate the wetting of the surface.

1.11.2 Surface tension

A drop of liquid is formed due to the imbalance of the cohesive forces at the surface of

a droplet (Figure 1.21). Molecules near the surface experience an inward attraction due

to cohesion but no outward balancing force. These imbalanced forces create an excess

amount of potential energy, known as surface-free energy or surface tension. Surface

tension acts to resist any attempt to deform its surface (Adamson, 1976). Solids also

possess similar surface-free energy, but the bonding within the solid is stronger and does

not allow deformation of its shape. When a liquid wets a solid the surface-free energy due

to the liquid cohesive forces are counteracted by the adhesive forces between the liquid and

solid molecule (Figure 1.22). The resultant energy value is referred to as the interfacial

tension. The lower the interfacial tension is the greater the liquid/solid adhesion and the

greater the likelihood the liquid will spread over the surface.
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1.11 In vitro assessment of wettability

Figure 1.21: Surface tension of a liquid drop

Figure 1.22: Interfacial tension between liquid and solid surface

1.11.3 Introduction to in vitro lens wettability

There are no generally accepted measures of lens wettability that can be used to assess the

surface condition of a contact lens or the effectiveness of lens care solutions (Fatt, 1984).

Contact angle and wettability are commonly used interchangeably but are not synonyms

and the properties they describe may not be directly related. Contact angle is close to

being, but is not quite, a standard physical measurement. Wettability, on the other hand,

has no accepted methods for its measurement (Fatt, 1984). The physical processes in-
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vapour

Figure 1.23: Schematic diagram of a liquid drop on a solid surface with energy vectors

and contact angle (θ), as described by Youngs equation.

volved in the formation of a contact angle are debated. Young (1805) suggested that the

shape of the edge of a drop of liquid on a flat plate of a solid material was governed by

three forces acting along the line of intersection (Figure 1.23).1

If a liquid is unable to completely spread on a solid surface, a contact angle (θ) is formed.

A contact angle is a quantitative measure of the wetting of a solid by a liquid. It is the

angle formed by the liquid at the three-phase boundary where a liquid, gas (or a second

immiscible liquid) and solid intersect. It is a direct measure of interactions taking place

between the participating phases (gas/liquid/solid or liquid/liquid/solid). The contact

angle is determined by drawing a tangent at the contact where the liquid and the solid in-

tersect. The lower the contact angle the more completely the liquid wets the surface, with

an angle of zero degrees implying that the surface is completely wettable. The shape of the

drop and size of the contact angle are controlled by three interaction forces of interfacial

tension of each participating phase (gas, liquid and solid). In an ideal situation the relation

between these forces and the contact angle can be described by the Young’s equation (Fig-

ure 1.23). However, often non-ideal conditions exists due to environmental, chemical and

roughness heterogeneity effects, leading to deviation from this relationship (Marmur, 2003;

Whyman et al., 2008). Many other theoretical approaches based on the Young’s equation

have therefore been developed to account for these non-ideal contributions (Good, 1992).

1γsv: interfacial free energy for solid-vapour interface; γlv : interfacial free energy for liquid-vapour

interface; γsl : interfacial free energy for solid-liquid interface.
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A contact angle can vary for a given solid/fluid interface depending on whether the fluid

is static or moving/has moved. Dynamic contact angle analysis refers to the fact that a

contact angle can be advancing, receding or in equilibrium (Maldonado-Codina & Efron,

2006). An advancing contact angle is the angle a liquid makes as it slowly advances across

an unwetted surface. This can be shown by increasing the amount of liquid on a fresh dry

surface or by tilting the surface. The receding angle is the angle a liquid makes when it

is withdrawn from a wetted surface, which it was previously in contact with. A receding

angle is produced when the size of a liquid drop is reduced or the sample surface is tilted.

The advancing contact angle is often larger than the receding angle, as the receding angle

is a measure of the wettability of an already wet surface. The difference between the

advancing and receding contact angle is known as the contact angle hysteresis. There

are two classes of hysteresis, thermodynamic and kinetic (Maldonado-Codina & Efron,

2006). Classical thermodynamic hysteresis produces repeatable hysteresis loops using the

Wilhelmy plate technique. Kinetic hysteresis shows change in the hysteresis loops as a

function of measurement (Andrade et al., 1985a). Classic thermodynamic hysteresis is

due to surface roughness, surface heterogeneity (Penn & Miller, 1980) and possibly sur-

face entropy and surface deformation (Maldonado-Codina & Efron, 2006). The type of

hysteresis observed with contact lenses is likely to be kinetic in nature (Fatt, 1984). This

kinetic hysteresis is thought to be due to swelling and penetration effects, surface mobility

and reorientation and possibly surface deformation (Holly & Refojo, 1975; Morra et al.,

1990). Holly & Refojo (1975) suggested that the contact angle hysteresis that occurs with

hydrogels is primarily related to reorientation of the polymer chains at the surface of the

material. Most polymer chains have a level of mobility allowing them to rotate at the

polymer surface. When a hydrophobic surface (such as air) is present at the polymer sur-

face then it is suggested that the hydrophobic components, such as methyl groups (CH3),

rotate to sit close to the polymer surface while the hydrophilic components, such as hy-

droxyl groups (OH), move away from the surface. When a polymer surface is exposed to a

hydrophobic environment the groups reverse with hydrophilic groups rotating towards the

surface and hydrophilic groups rotating inwards. If water is made to advance across an air

exposed polymer surface it encounters a relatively hydrophobic surface giving an increased

contact angle. If the water is then receded it encounters a relatively hydrophilic surface

giving a reduced contact angle (Figure 1.24). The reorientation at the polymer surface

occurs as the system seeks the conformation with the lowest free energy. This results

87



1.11 In vitro assessment of wettability

Contact lens polymer

OH OHOH
OHOH

OH OH
CH3CH3CH3

CH3

CH3

CH3

CH3

Water

Contact lens polymer

OH
OH

OH
OH

OH

OH OH

CH3
CH3

CH3

CH3

CH3

CH3

CH3

Air

Figure 1.24: The affect of hysteresis on the wettability of a contact lens surface

in the measurement of contact angle varying depending on the hydrophilic/hydrophobic

nature of surrounding environment.

1.11.4 Methods for contact angle measurement

Laboratory assessment of contact angle is typically performed in one of three ways:

1.11.4.1 Sessile drop technique

A drop of test fluid produced using a syringe, is placed onto the surface of the sample

to be tested and the syringe withdrawn. The contact angle is observed with a telescopic

observation system (goniometer). The contact angle formed by the water phase at the

three-phase interface is measured by adjusting an eyepiece graticule so that it lies at a

tangent to the surface of the liquid as it contacts the solid surface (Figure 1.25). In modern

systems a computer often assists with the measurement of a contact angle. Small droplets

(typically around 5µm) have been used in previous studies (Maldonado-Codina & Morgan,

2007) as the lens surface is not flat and as gravity is thought to have a more significant

affect as drop size increases.

An obvious advantage of the sessile drop technique is that it allows direct optical analysis

of the contact angle, as the light is in a continuous medium except where it is interrupted

by the edge of the drop (Fatt, 1984). However, this technique presents several problems

when applied to soft contact lenses. Surface dehydration of the contact lens surface and

droplet can occur which influences the accuracy of the results. In addition, the surface also

requires blotting to allow a drop to form stably on the lens surface (Maldonado-Codina &

Efron, 2006), which is also likely to affect the measured contact angle.
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Figure 1.25: Schematic representation of the sessile droplet technique

1.11.4.2 Captive bubble technique

A bubble of air (or low density fluid) is introduced onto the lower surface of a sample

material immersed in a higher density fluid (typically water). A observation system similar

to that used for sessile drop analysis is used to observe the contact angle. The angle formed

by the liquid at the three-phase interface is measured as the air bubble pushes water away

from the material surface (Figure 1.26). This technique requires little preparation and is

performed in a hydrated environment therefore minimising material dehydration. Dynamic

measurement of both advancing and receding contact angles are possible, although it

involves varying the bubble volume, which is difficult to perform (Maldonado-Codina &

Efron, 2006). Contact angle measurements with the captive bubble technique are typically

lower than that recorded by other methods, due primarily to hysteresis. Atomic force

microscopy (AFM) results suggest that under most humidity conditions the surface of a

contact lens is not fully hydrated even when the lens bulk is fully hydrated (Opdahl et al.,

2003). The captive bubble technique may therefore not give a representative contact angle

compared to that of a contact lens under in vivo conditions, although these findings do not

take into account the constant reformation of the tear film during blinking and therefore

may be misleading.

1.11.4.3 Wilhelmy balance method

This method involves the introduction of a linear strip of sample material into a test liquid.

The strip of sample material is held from above by a microbalance. The material is slowly
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Figure 1.26: Schematic representation of the captive bubble technique

immersed into a test liquid and then slowly withdrawn. The advancing contact angle is the

angle formed between the test sample and meniscus of the immersion fluid during sample

immersion. The receding contact angle is the angle formed between the test sample and

the meniscus of the immersion fluid when it is being withdrawn from the fluid. The contact

angle is calculated from the measurements of force given by the microbalance (Tonge et al.,

2001). The principal problem with this technique when applied to hydrogel contact lenses

is that the strip of material tends to float upon immersion into a probe fluid (Tonge et al.,

2001). A weighted hook is therefore used to pierce the hydrogel material at one end of

the strip. Unfortunately, this technique requires the loss of the curved lens shape, the

cutting of the lens material and stretching of the material with a hooked weight. Such

processing of the lens material may induce contamination, stretching and tearing (Cheng

et al., 2004). Other potential problems involve exposure of the lens surface to uncontrolled

drying when not immersed in the fluid (Cheng et al., 2004) and the influence of sample

movement rate on the contact angle measured (Cain et al., 1983), with a slow movement

of the sample tending to lead to excessive dehydration and a rapid movement leading to a

loss of sensitivity (Cheng et al., 2004). In addition, the measurement is not directly of the

angle but calculated indirectly from the force measurements. The use of the weighted hook

allows the study of hydrogel materials, but the analysing software needs to be customised,

which can lead to further potential errors when calculating the contact angle. Other

calculation problems can arise as the lens is typically a non-linear sample and calculation

of the sample perimeter is based upon a linear sample. The main advantages with the
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Figure 1.27: Schematic representation of the Wilhelmy balance technique showing advanc-

ing and receding contact angles

Wilhelmy balance method is that it is thought to be more objective than either sessile

drop or captive bubble technique (Cheng et al., 2004).

1.11.5 Contact angle measurement variables

1. Test material

The surface properties of the test material are likely to affect the contact angle

measurement. This occurs as the surface free energy of the material influences the

attraction between the liquid and surface, and therefore the wetting of the surface.

Typically when analysing contact lenses we intentionally alter the test material,

while keeping all other variables stable. With polymeric materials, polymer chains

have some mobility, allowing rotation of the functional groups. This chemical hetero-

geneity causes the contact angle to vary depending on the surrounding environment

during testing.

2. Testing methodology

Due to the difficulty in accurately measuring the contact angle on a contact lens sur-

face, several different tests have been developed. These tests often measure different

types of contact angle (sessile drop analogous to advancing angle; captive bubble

analogous to receding angle). Contact angle values are therefore strongly dependant
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on the measurement technique (Zhang & Herskowitz, 1992).

3. Processing of surface

Sample preparation can affect the contact angle measured. Procedures such as sur-

face cleaning, soaking in solutions, stretching, cutting, flattening or blotting are all

likely to influence contact angle measurements.

4. Test conditions

The conditions under which the testing is performed are likely to influence the con-

tact angle. Environmental conditions such as humidity, temperature and airflow

need to be careful controlled. These conditions are likely to vary depending on the

technique used and laboratory conditions present.

5. Test fluid

The liquid used to form the sessile droplet or used to immerse the lens is an important

variable in the measurement of the contact angle (Cheng et al., 2004). Typically this

is either saline, blister solution or de-ionised water. The choice of liquid is likely to

affect its surface tension and therefore alter the contact angle measured.

1.11.6 The clinical relevance of in vitro wettability

The stability of the pre-lens tear film is thought to affect the clinical performance of a

contact lens (Jones et al., 2006). It has been suggested that the stability of the tear film

is related to the wettability and hydrophilicity of the lens surface (Maldonado-Codina

& Efron, 2006). Tonge et al. (2001) suggested that the advancing contact angle is the

most clinically relevant measure as it provides an indication of lens wettability when the

surface is orientated such that the hydrophobic groups are exposed. Maldonado-Codina

& Efron (2006) suggested that the receding angle also gives important information about

the formation and development of dry spots on a dehydrating lens surface and should not

be ignored. Although the link between the wettability of a contact lens and its clinical

performance seems theoretically an obvious one, there is little literature to support this

theory. Larke et al. (1973) showed that the contact angle for a rigid gas permeable contact

lens should be less than 70o to give successful in eye wettability. No similar hydrogel study

has been performed, but it has been suggested that the contact angle would be similar

(Maldonado-Codina & Efron, 2006), although this may also be related to insensitive clin-

ical and laboratory tests for contact lens wetting.
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1.12 Analysis of contact lens surface chemistry

The wettability of a contact lens surface is evidently a very important surface property

and it has been shown that a poorly wetting lens is likely to result in various clinical

complications (Zekman & Sarnat, 1972). The correlation between laboratory assessments

of wettability and clinical wettability though is weak, suggesting that better understand-

ing of this relationship is required in order to develop materials with enhanced in vivo

wettability and biocompatibility.

1.12 Analysis of contact lens surface chemistry

1.12.1 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for Chem-

ical Analysis (ESCA), is a widely used analytical tool to study primarily solid surfaces

(Seah, 1980). It is an extremely surface sensitive technique allowing the identification and

quantification of the chemical elements in the surface region of a solid and provides infor-

mation on the binding states of these elements. During analysis the specimen is exposed

to a source of monochromatic x-ray radiation (i.e. photons of fixed energy). The energy of

the x-ray photons, as with all types of electromagnetic radiation, is given by the Einstein

relationship (Equation 1.5), where h is the Planck constant (6.62 x 10−34 Js) and v is the

frequency (Hz) of the radiation.

E = hv (1.5)

When a photon is absorbed by an atom in a molecule, it leads to ionisation and the emission

of a core (inner shell) electron, known as a photoelectron. The kinetic energy of the emitted

photoelectron is related to the energy required to remove it from its initial level. As the

monochromatic excitation (x-ray) energy is known, the binding energy is the difference

between the excitation energy and the kinetic energy of the emitted electron (Figure 1.28).

An XPS instrument measures the kinetic energy distribution of the emitted photoelectrons

(i.e. the number of emitted photoelectrons as a function of their kinetic energy) using an

electron energy analyser and a photoelectron spectrum can thus be recorded. For each

element there is a characteristic binding energy associated with each core atomic orbital,

giving rise to a characteristic set of peaks in the photoelectron spectrum at specific binding

energies. The presence of peaks at particular energies therefore indicates the presence of a

specific element in the sample and the intensity of the peak is related to the concentration
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Figure 1.28: A schematic diagram of electron excitation and the relationship between

kinetic energy (KE) and binding energy (BE).

of the element within the sample regions. As these photoelectrons have very short inelastic

mean free paths in solids, the technique is highly surface sensitive. It is able to detect all

elements with an atomic number (Z) between lithium (Z=3) and lawrencium (Z=103).

1.12.1.1 Components of an XPS system

The XPS instrument is composed of (i) a fixed-energy monochromatic x-ray radiation

source, (ii) a high vacuum environment and (iii) an electron energy analyser (Figure 1.29).

Following exposure of the sample to monochromatic x-rays, the photoelectrons emitted

from the sample are then accelerated towards an lens system before passing into a hemi-

spherical analyser, which sorts the electrons according to their kinetic energy. The top

plate of the analyser is negatively charged and deflects the path of the electrons onto an

electron multiplier. Many modern instruments contain a multi-channel analyser, which

is able to detect all kinetic energies simultaneously. Ultra-high vacuum conditions are

required to allow the accurate counting of electrons at each kinetic energy value. A XPS

spectrum is a plot of the number of electrons detected (Y-axis) versus the binding energy

of electrons detected (X-axis) (Figure 1.30a). Each element produces a characteristic set of

XPS peaks at characteristic binding energy values that directly identify each element that

exists on the surface of the material being analysed. The characteristic peaks correspond

to the electron configuration of the electrons within the atoms (e.g. 1s, 2s, 2p, 3s, etc.).

The number of detected electrons in each of the characteristic peaks is directly related

to the amount of an element within the area irradiated. To generate atomic percentage

values (the percentage of an element at the sample surface), each raw XPS signal must be

corrected by dividing its signal intensity (no. of electrons detected) by a relative sensitivity

factor (RSF) and normalised over all of the elements detected.
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1.12 Analysis of contact lens surface chemistry

Investigation of the elemental peaks with high resolution XPS spectra also allows the

evaluation of the chemical state and bonding of those elements. The high resolution

spectrum obtained experimentally is then fitted with a number of generated curves typical

of different bond types which are then optimised using software (Figure 1.30b). By using

this XPS technique it is possible to provide chemical state information regarding the

sample, in addition to the elemental percentage values present at the surface. XPS is a

surface sensitive technique because only those photoelectrons generated near the surface

can escape and become available for detection. The XPS instrument detects electrons

from within the top 1-10 nm of the surface. Atoms from deeper layers in the material (1-5

µm) do release electrons but these are recaptured/trapped in various excited states within

the material. Therefore, in most applications, it is in effect, a non-destructive technique

that measures the surface chemistry of a material.

1.12.1.2 Uses of XPS

XPS can be used to determine the elemental composition of a surface, surface contamina-

tion, empirical formula of material (free of contamination), chemical state identification,

binding energy of electron states and density of electron states. Advanced XPS systems

are capable of line profiling (measure uniformity of elemental composition across the top

of the surface), depth profiling (measure uniformity of elemental composition as a function

of depth by ion beam etching) and angle resolved XPS (measure uniformity of elemental

composition as a function of depth by tilting the sample).

1.12.2 Contact lens research using XPS

XPS can be used to analyse the surface chemistry of contact lenses. Karlgard et al. (2004)

compared methods for drying contact lenses prior to XPS analysis. In addition, they

analysed the surface composition of a selection of both silicone and conventional hydrogels.

The study concluded that the preferred method for lens dehydration was by drying in

nitrogen, which maintained optical clarity and minimised surface contamination. XPS

analysis of the lens surface showed that this technique could be used to calculate surface

chemical composition for a range of unworn soft contact lens materials and these findings

were shown to correlate well to previous published data (Grobe et al., 1996; McArthur

et al., 2001; Willis et al., 2001). Willis et al. (2001) applied XPS analysis to assess coating
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homogeneity. This was determined by studying the presence of phosphorylcholine on the

surface of an unworn contact lens. XPS was also used to confirm the stability of the coating

following disinfection of the lenses in an autoclave and cleaning with commercial contact

lens solution. The results of XPS analysis were identical to those prior to lens cleaning,
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suggesting the surface coating was stable following these processes. In addition to studying

unworn contact lenses, XPS can also be used to analyse contact lens deposition. McArthur

et al. (2001) used XPS to perform qualitative and quantitative analysis of contact lens

deposition. They showed that all of the conventional hydrogel lenses tested in their study

accumulated tear deposits within the first 10 minutes of wear. By monitoring the change in

nitrogen levels, XPS analysis showed that sub-monolayer levels of protein were adsorbed

onto the lens surface. In their study, matrix-assisted laser desorption ionisation mass

spectrometry (MALDI-MS) also indicated the presence of adsorbed protein molecules

after as little as 10 minutes of wear (McArthur et al., 2001). The nature of the deposition

was found to vary and was influenced by the lens chemistry. Etafilcon A and polymacon

materials, when analysed with XPS, showed similar surface chemistry prior to wear (as

MAA is present in etafilcon A only in small (∼ 2%) quantities). The amount of nitrogen

found on the etafilcon A after 10 minutes of wear was twice that found on the polymacon

lens. This agreed with previous studies (Leahy et al., 1990; Lin et al., 1991; Tighe et al.,

1998) which found that etafilcon A lenses deposited large amounts of protein both onto the

surface and into the matrix. The increased protein adsorption found with etafilcon A was

thought to be linked to its charged nature (due to the negatively charge MAA), leading

to the expected electrostatic attraction of the positively charge proteins such as lysozyme

and lactoferrin. McArthur et al. (2001) used XPS analysis to show that the significant

increases in the hydrocarbon component detected on vilifilcon A lenses was not evident

on etafilcon A lenses. This agreed with previous studies suggesting that the presence of

NVP in a polymer is linked to the increased adsorption of lipids both onto the lens surface

and into the bulk (Jones et al., 1997a; Maissa et al., 1998; Tighe et al., 1998). Using XPS

and MALDI-MS analysis on worn contact lenses, McArthur et al. (2001) also showed that

initial adsorption events are diverse. They analysed sub-monolayer levels of deposition

and observed a predominance of low molecular weight proteins. This type of analysis is

crucial in identifying which biomolecules influence interface conversion by settling onto the

‘naked’ polymer surface. XPS is clearly a useful tool in the analysis of the surface chemical

composition of unworn conventional and silicone hydrogel lenses. It is also able to measure

comparative rates of in vitro and in vivo fouling on contact lenses, discern variations in

lipid, protein and mucin content of a contact lens deposit and quantify adsorbed protein

at levels well below monolayer coverage.
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1.12.3 Introduction to ToF-SIMS

1.12.3.1 Mass Spectrometry

The general principle of mass spectrometry involves ionising a chemical compound to gen-

erate charged molecules or molecular fragments and then measuring their mass-to-charge

ratio. This allows the determination of the elemental composition and chemical structure

of a sample material. There are many types of mass spectrometers and sample intro-

duction techniques, which allow a wide range of analyses. One such method which is

particularly suited to the analysis of surfaces is time of flight secondary ion mass spec-

trometry (ToF-SIMS).

1.12.3.2 ToF-SIMS analysis

ToF-SIMS is a highly sensitive surface analytical technique that has considerable utility in

contact lens surface characterisation. It can be used to identify the molecular polymeric

arrangement of a lens surface and provide detailed elemental information to a sampling

depth of only one or two molecular layers (Maldonado-Codina et al., 2004a). The instru-

ment is composed of three main components: (1) the ion source, (2) the flight tube and

(3) the detector (Figure 1.31).

If an atom loses or gains an electron it possesses an electrical charge (electron lost = pos-

itively charged; electron gained = negatively charged). This charged atom is known as an

ion and the process is called ionisation. If an ion is in an electric field it will accelerate in

the direction opposite to its polarity. Charged repeller plates and extraction grids can be

used to control the movement of these ions. The ions can be produced by electron bom-

bardment (causing the atom to lose or gain an electron), laser exposure (causing emission

of electrons) or high voltage plasma formation.

Secondary Ion Mass Spectrometry (SIMS) is the mass spectrometry of ionised particles

which are emitted from the surface when energetic primary particles bombard the surface.

Pulsed primary ions are used to bombard the sample surface, causing secondary elemental

or cluster ions to be emitted from the surface. The next stage in the process is the ion

optics. The secondary ions initially pass through a grid, which accelerates the extracted

ions to the required velocity for entry into the flight tube. The secondary ions are then
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accelerated into a field-free flight tube where the ions with lower mass have higher flight

velocity than ions with higher mass. The flight tube is usually a vacuum enclosure between

the ion source and the detector, which does not normally interact with the ion packets. A

vacuum is required to allow the ions to pass down the flight tube to the detector, with-

out colliding with other molecules. The ‘time-of-flight’ of an ion is proportional to the

square root of its mass, so that all the different masses are separated during the flight and

can be detected individually. To improve instrument sensitivity an ion reflector can be

used to increase the secondary ion flight time therefore allowing improved peak separation.

On the surface of the detector is the entry grid. Here the ions are accelerated to a collision

with the top of the first micro-channel plate. This collision jars loose one or more electrons

from the plate, which liberate further electrons and this electron avalanche continues all

the way through the plate, meaning that over a million electrons exit the plate for each ion

that strikes the detector. Time-to-digital converters (TDC) register the arrival of a single

ion at discrete time bins and thresholding discriminates between noise and ion events.

Summing a large number of single-ion detection events, each peak is in fact a histogram
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Figure 1.31: Schematic diagram of a ToF-SIMS system.
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Figure 1.32: A typical ToF-SIMS spectrum (Maldonado-Codina et al., 2004a).

obtained by adding up counts in each of individual bins. The TDC therefore functions

as an ion counting detector. A mass spectrum can therefore be produced with number of

ions detected (y-axis) versus the molecular weight of the secondary ions (x-axis) as shown

in Figure 1.32.

1.12.3.3 Matrix-assisted laser desorption ionisation (MALDI)

MALDI mass spectrometry is a pulsed ionisation technique that is readily compatible with

ToF-SIMS. MALDI is based on the bombardment of sample molecules with a laser to bring

about sample ionisation. The sample is pre-mixed with a highly absorbing matrix com-

pound, which transforms the laser energy into excitation energy for the sample, leading to

sputtering of analyte and matrix ions from the surface of the mixture. In this way energy

transfer is efficient and the analyte molecules are spared excessive direct energy that may

otherwise cause decomposition. MALDI deals well with thermolabile, non-volatile organic

compounds especially those of high molecular mass and is used successfully in biochemical

areas for the analysis of proteins, peptides, glycoproteins, oligosaccharides, and oligonu-

cleotides. In the context of contact lenses materials, this technique is particularly useful

for the chemical characterisation of tear film deposits on the lens surface (St John et al.,

1997).
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1.12.3.4 ToF-SIMS contact lens research

Maldonado-Codina et al. (2004a) used ToF-SIMS to characterise the dehydrated surface

of unworn conventional hydrogel and silicone hydrogel contact lenses. This technique de-

tected the presence of the bulk polymer pHEMA at the surface of all the conventional

lenses, along with numerous contaminants. The author suggested that the likely source

of these contaminants was from the manufacturing and packaging processes. pHEMA

lenses manufactured by spin casting, cast moulding and lathe cutting were analysed by

ToF-SIMS. The intensity of the pHEMA signal varied depending on the method of manu-

facture (strongest signal with spun-cast, then lathe cut and the weakest signal from cast-

moulded lenses), with the authors suggesting that the spun-cast lens had a higher signal

due to a lower level of surface contamination when compared with the other manufactur-

ing techniques. ToF-SIMS surface analysis of balafilcon A identified the siloxane-related

copolymer and the PVP hydrogel component of the polymer. Surprisingly, no silicate

was detected on the surface as would have been expected following an oxidation reaction

(surface plasma treatment). Other surface contaminants included sodium and chlorine

likely from the saline solution and metallic signals likely associated with material splutter

during coating. Analysis of the lotrafilcon A material showed low levels of surface silicone

as might be expected given that the plasma coating tends to mask the underlying bulk

material. A low level of fluorine was also detected on the lotrafilcon A surface likely arising

from the fluro-ether component of the bulk polymer. Similar sodium, chlorine and metallic

signals were found, as with the balafilcon A material. These ToF-SIMS findings indicated

that the surface coating was an organo-nitrogen material, formed from the plasma de-

position of reactive precursors CN−, OCN−, C3N−, C3NO− species. Maldonado-Codina

et al. (2004a) showed varying levels of degradation and contamination on hydrogels lenses

manufactured using differing techniques and on the surface of commercial silicone hydrogel

contact lens, highlighting the ability of ToF-SIMS to chemically characterise the surface

of both hydrogel and silicone hydrogel contact lenses.

Hook et al. (2006) used both ToF-SIMS and XPS to analyse the surface of conventional

hydrogel contact lens materials and the reorganisation of amphiphillic PDMS graft copoly-

mers with different concentrations and graft chain length. These materials were analysed

in both hydrated (frozen) and dehydrated states. When a pure pHEMA lens was anal-

ysed with XPS in both a hydrated and dehydrated state the surface gave a composition
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consistent with pHEMA, with no detectable contaminants. With quantitate XPS analysis

the estimated water content was consistent with that of the bulk material. When this

lens was analysed by ToF-SIMS in a hydrated state it gave similar findings, but in its

dehydrated state PDMS was found in low levels on the lens surface (6-7% of a monolayer

contamination). This was undetected by the XPS analysis. ToF-SIMS was also used

to analyse a series of graft copolymers (containing allyl methacrylates and PDMS). This

showed that the polymer surface reorganised upon water exposure, expressing a lower

concentration of PDMS. When the surface was dehydrated, PDMS was detected by ToF-

SIMS at concentrations above 15%, but with a hydrated surface it was only detectable

at concentrations greater than 25%. This type of analysis is therefore able to determine

the results of configurational changes on surfaces and show the preferential segregation of

particular segment lengths. In addition, it demonstrates the ability of ToF-SIMS to detect

trace concentrations on the lens surface and detect hydrocarbon species, which are not

easily detected/distinguished by XPS analysis. Fakes et al. (1988) described the use of

SIMS in the analysis of plasma coating applied to RGP contact lenses. They showed the

progressive conversion of organosiloxane to an inorganic silica phase. Accompanying this

surface chemistry change was a progressive increase in surface wettability. Although this

study was performed on RGP lenses, it gives useful information regarding the conversion

of a surface by plasma coating.

As can be seen from the literature, mass spectrometry is a useful tool in the analysis

of contact lens surfaces. It can be used to analysis the lens surface in regard to surface

composition, lens spoliation, care system efficacy and lens manufacture; and is highly

sensitive and surface specific.

1.13 Introduction to contact lens surface topography

1.13.1 Surface Topography

Very few materials possess a surface which is atomically flat, with the majority of materials

exhibiting surface features such as undulations, steep gradients, pores and imperfections.

These features constitute the topography of the surface and can have a considerable impact

on a material’s performance (Assender et al., 2002). Soft matter when relaxed will form

surface undulations, known as capillary waves, as a result of the inherent entropy of the

system balancing the increased energy of the greater surface area (Sferrazza et al., 1997).
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This effect is particularly important in soft hydrogel materials as they have a compliant

nature and relatively low surface energy. For polymeric materials such as hydrogels the

molecular size (Goldbeck-Wood et al., 2002) and the presence of two or more phases at or

near the polymer surface can also influence the topography of the surface (Assender et al.,

2002). Other factors such as material processing (e.g. the transfer of a defect from the

mould to the surface profile of the moulded item) or rheological effects during manufacture

(Tadmor & Gogos, 2006) can also influence surface topography. The surface topography

of a biomaterial has been shown to influence several key factors:

1. Adhesion

The adhesion between one surface and another depends on factors such as the degree

of chemical interaction between the two components, the proximity and the area of

contact. The last two factors are dependant on the topography of the two surfaces

to be joined (Assender et al., 2002).

2. Optical finish

The optical finish of the contact lens is directly linked to its surface topography

(Meeten, 1986).

3. Biocompatibility

The surface topography has been shown to strongly influence its interaction with

biological components (Curtis & Wilkinson, 1997).

In the context of contact lens materials, surface topography has been shown to influ-

ence factors such as optical performance (Bennett, 1992), bacterial adhesion (Vermeltfoort

et al., 2004) and tear film deposition (Baguet et al., 1995a). Several types of instrumenta-

tion are available for analysis of surface topography. These can be split into contact and

non-contact technqiues.

1.13.2 Topographical analysis involving direct surface contact

These instruments involve the use of a mechanical stylus, which is traversed across a sur-

face. The vertical motion of the stylus is monitored via a pickup, amplified and then

analysed by a computer. The stylus or surface is moved in a raster scan to give three

dimensional data. This can be static analysis (the stylus is static during topographic

measurement and then moves to the next defined position and stops for the next measure-

ment), or it may be dynamic (the height measurement is analysed during the continuous
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movement of the stylus). Dynamic scanning is typically quicker to perform, but can be

limited by the dynamic characteristics of the stylus, where at high speeds it can induce

stylus bounce. This type of topographic analysis can lead to surface damage and is limited

by the size of the stylus (i.e. may smooth over steep surface pits).

1.13.3 Non-contact topographical analysis

1.13.3.1 Focus detection system

This system uses a convergent laser beam, which is projected onto the surface. The position

of a focusing lens is adjusted by a focus error signal. The laser beam performs a raster scan

across the surface and the focusing lens is adjusted to maintain focus of the laser on the

surface (Stout & Dong, 1994). It is this movement of the focusing lens that represents the

measured surface roughness, following analysis by a computer. Focus detection systems

are limited to surfaces with a significant level of reflection (opaque surfaces cannot be

measured). Other problems occur when analysing surfaces which are steeply sloped as the

focus spot can struggle to maintain focus, bring about spurious spikes and sharp points

which appear to be present on the surface.

1.13.3.2 Optical interference technique

This system works on the principle of interference of two beams of light where one is

reflected off the surface of the specimen. During measurement of the surface, light reflected

from the specimen surface interferes with light reflected from the internal reference and is

recorded by a 3D image detector array. The interference fringe pattern is then analysed,

with deviation in the interference fringe pattern related to height deviation on the specimen

surface. The main drawback with the system is that it is limited to surfaces with reasonable

reflectance (more so than for focus detection systems). Problems can also occur with rapid

gradient changes in the surface and environmental vibrations need to be controlled to a

high degree during testing. Giraldez et al. (2010) used this technique to observe differences

in the surface of commercial conventional contact lenses and concluded that the larger

area of analysis might be adequate to detect differences between lenses in terms of surface

characteristics, which may not be so obvious if smaller areas are studied (Such as with

AFM techniques (Section 1.14.1)).
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1.13.3.3 Scanning tunnelling microscopy (STM)

A conducting probe with a tip consisting of nominally one atom is advanced to within

nanometers of the specimen surface. A voltage of between 2mV and 2V is applied across

the gap between tip and surface. The current increases exponentially as the gap reduces,

allowing a vertical resolution of 0.01Å. A feedback loop keeps current constant by con-

trolling the probe-surface distance via piezoelectric elements. This system allows lateral

resolution of 1Å, a vertical range of around 5nm and a lateral range of 100 x 100 µm

(Kuk & Silverman, 1989). One major limitation of the STM is that it is only possible to

analyse a conductive surface, although STM has been demonstrated to work on thin layers

of non-conducting material deposited onto conducting substrates (Rabke et al., 1995).

1.13.3.4 Atomic force microscopy (AFM)

A tip positioned at the end of a spring leaf cantilever is brought either very close to (non-

contact mode), or in contact with the surface (contact mode) depending on which mode

of assessment is being used. AFM works by measuring the attractive and repulsive forces

between the tip and the sample (Binning et al., 1986). A laser beam is reflected from the

top of the cantilever (Figure 1.33) and deflection of the cantilever brings about a doubling

of the angular deflection of the laser beam. The reflected laser beam is directed towards a

segmented photodiode which monitors its position. As the cantilever-to-detector distance

is thousands of times larger than the length of the cantilever, the optical laser greatly

magnifies the motion of the tip. Due to this magnification, noise level is massively re-

duced (Putman et al., 1992). The probe or sample performs a raster scan, allowing a

topographical image of the surface to be built up.

The ideal cantilever should have a high flexibility, exerting only low downward forces on

the sample, therefore lowering the distortion and damage to the surface while scanning. It

should also have a high resonant frequency allowing it to respond rapidly as it passes over

features of the surface. Equation 1.6 shows the relationship between resonant frequency

(RF) and flexibility (spring constant).

RF =
1

2π

√
spring constant

Mass
(1.6)
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Figure 1.33: Schematic illustration of atomic force microscopy.

A cantilever of low mass is therefore required, allowing it to have both a low spring constant

and high resonant frequency. The cantilever is typically made from silicone oxynitinide

(with a thin coating of gold for reflectivity) and is manufactured using micro-lithographic

techniques. The probe is often made with the cantilever. Most probe tips are rounded

off at the point and they are therefore evaluated by a measurement of their end radius.

Three common types of AFM probes are shown in Figure 1.34. The resolution of AFM is

generally dictated by the end radius of the probe and probe-sample interactions.

Relative movement between the probe and the surface is required to perform the raster

scan. Piezoceramics allow a 3D positioning device with arbitrarily high precision. These

piezoceramics are usually in tubular form with four electrodes covering sections on the

outer surfaces and one electrode covers the inner surface. By applying a voltage to the

electrodes, the tube bends or stretches, moving the sample in three dimensions. This

simple design gives high stability and a large scan range. The force feedback loop attempts

Standard pyramidal tip Large radius tip High aspect conical tip

Figure 1.34: Three common types of AFM tip.
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to keep the cantilever deflection constant by adjusting the voltage applied to the scanner.

This allows the acquisition of images at very low force by both monitoring and regulating

the force on the sample (Figure 1.35). If the force feedback loop is well adjusted (i.e.

cantilever deflection is zero) then the specimen surface topography is given by the feedback

output.

Figure 1.35: The AFM feedback loop. A compensation network monitors the cantilever

deflection and keeps it constant by adjusting the height of the sample (or cantilever)

(Baselt, 1993).

1.13.4 Alternative imaging modes for AFM

1.13.4.1 (i) Tapping mode AFM

Tapping mode imaging is performed by oscillating the cantilever at or near the cantilever’s

resonant frequency using a piezoelectric crystal, causing the cantilever to oscillate with

a high amplitude (typically greater than 20nm) when the tip is not in contact with the

surface. The oscillating tip is then moved toward the surface until it begins to lightly tap

the surface, with the vertically oscillating tip alternately contacting the surface and lifting

off, generally at a frequency of 50,000 to 500,000 cycles per second. Due to the intermittent

contact with the surface the cantilever oscillation is reduced due to energy loss caused by

the tip contacting the surface. The reduction in oscillation amplitude is used to identify

and measure surface features. During tapping mode operation, the cantilever oscillation

amplitude is maintained constant by a feedback loop. Due to the high frequency of the tip

oscillations the surfaces is made stiff (viscoelastic) and the tip-sample adhesion forces are

greatly reduced, minimising tip interaction and surface damage during scanning. Tapping

mode AFM can be performed in both an air and liquid medium.
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Figure 1.36: AFM height (a) and phase (b) imaging of polymer blend (Sanchez et al.,

2006).

1.13.4.2 (ii) AFM phase imaging

In contrast to the measurement of topographic variations of a sample (by measurement of

the oscillation amplitude feedback signal), phase imaging is performed by monitoring the

phase lag of the cantilever oscillation, relative to the signal sent to the cantilever’s piezo

driver during tapping mode AFM. The phase lag is very sensitive to variations in material

properties such as adhesion and viscoelasticity. It can be performed during standard mode

AFM with no negative impact on topographical imaging. Figure 1.36 shows the ability of

phase imaging to distinguish between different material compsition on a surface.

1.13.4.3 (iii) Friction measurements with AFM

The friction between tip and sample can be detected by measuring the torsional deflection

of the cantilever. A photo detector, position-sensitive in two dimensions, can distinguish

the resulting left-and-right motion of the reflecting laser beam from the up-and-down

motion caused by topographical variations (Meyer et al., 2004) (Figure 1.37).

1.13.4.4 (iv) Sample elasticity measured with AFM

Sample elasticity can be measured by pressing the cantilever into the sample by a preset

amount, the manipulation amplitude (usually 1-10nm). The cantilever deflects an amount

related to the surface elasticity (softer = less deflection; harder = more deflection) (Figure

1.38).
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Figure 1.37: Friction measurements with AFM (Baselt, 1993).

1.13.4.5 (v) Meniscus force when imaging in air

When a surface sample is imaged in air a layer of water condensation and contaminants

can form on the surface of the sample and probe tip. With the tip in contact with the

surface there is a net repulsive force, which is counteracted by the force applied via the

Modulation 
amplitude

Soft sample

Modulation 
amplitude

Hard sample

Figure 1.38: Surface elasticity measured with AFM (Redrawn from Baselt (1993)).
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cantilever downwards. As the downward force cantilever is reduced the tip starts to come

away from the sample surface. As the downward cantilever force reduces still further, the

probe continues to move away until the force on the cantilever is upwards. When the

upward cantilever force is sufficient, the tip will be pulled free from the meniscus. This

upward force is equal to the attractive force of the meniscus (usually 10-100 nN). After this

point only attractive forces influence the cantilever. The meniscus is the most important

influence on tip-surface interaction. The meniscus effect can be eliminated by performing

the surface analysis with complete immersion of both the tip and sample in water.

1.13.5 Atomic force microscopy on contact lens surfaces

When studying the surface of a contact lens, AFM has several key advantages over other

analytical surface techniques. AFM allows the surface under examination to be in any

state of hydration (from complete emersion in water to a completely dehydrated surface)

(Gonzalez-Meijome et al., 2005; Rabke et al., 1995). The surface also requires no coating,

no staining, no freezing and it need not be electrically conductive. This therefore allows

the direct observation of contact lenses under a variety of ambient conditions (Baguet

et al., 1992). AFM is potentially non-destructive (Rabke et al., 1995) and it has even been

suggested that the lenses could be imaged at different wearing periods (Baguet et al.,

1995a).

1.13.6 AFM and surface topography

Baguet et al. (1992) were the first to image contact lenses with AFM. Their work demon-

strated that direct observation of soft contact lens surfaces under near physiological con-

ditions was possible. This study presented several images demonstrating that AFM was

capable of imaging hydrogels surfaces at a level of vertical resolution superior to that

observed with scanning electron microscopy.

1.13.7 The use of AFM in contact lens research

Grobe et al. (1996) showed that AFM is able to observe differences in surface morphology

between contact lens types. This study contrasted the morphology of etafilcon A lenses

produced by either lathing or cast-moulding the surface. They showed that the lathed

lenses had a surface structure and RMS (root mean square) roughness consistent with

that of a lathed surface (grooves/scratching from polishing), whereas the cast-moulded
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surface had a relatively smooth surface and was relatively featureless. Rabke et al. (1995)

not only studied the final lens product of the contact lens manufacturing process, but also

each manufacturing step. They used AFM to examine the effect of varying the amount of

polishing on the contact lens surface, in an attempt to increase productivity. This showed

that decreasing the polishing time within a limited range, did not change the surface

topography or roughness significantly. Rabke et al. (1995) also identified defects on the

surface of cast-moulded contact lenses that could be traced back to defects arising from

the polishing received by the tool used in the initial step of the moulding process.

Clinical contact lenses problems can often be better understood by analysis of the surface

with AFM. Rabke et al. (1995) described a problematic contact lens where lens wettability

was reduced following a particular step in the manufacturing process. AFM analysed pre-

treated and post-treated lenses, in both a dehydrated and hydrated state. This showed

that the manufacturing step caused cracking of the surface when the matrix was hy-

drated. This occurred, as the surface matrix was unable to expand sufficiently compared

to the underlying primary matrix. The lens surface had wettability which was better

than the primary matrix (pre-treated material), but worse than that expected from the

secondary matrix (post-treated surface) and with a significant increase in surface rough-

ness. Topographical analysis has also been performed on silicone hydrogel contact lenses.

Gonzalez-Meijome et al. (2005) analysed the lens surface of three types of unworn silicone

hydrogel contact lenses, balafilcon A, lotrafilcon A and galyfilcon A. They showed that

balafilcon A lenses have raised silicate islands and macro pores with an estimated diameter

of up to around 0.5µm, similar to that observed by scanning electron microscopy (SEM)

(Lopez-Alemany et al., 2002). The lens surface of galyfilcon A appeared as a uniformly

distributed globular formation, differing from the uniformly smooth non-treated conven-

tional hydrogel lens surfaces. The author suggests this globular formation may be due

to polymer moieties. The surface topography of the lotrafilcon A material showed linear

marks similar to those observed by Merindano et al. (1998) on conventional hydrogel ma-

terials. The cause of these marks was thought to be due to defects in the mould surfaces,

which were then transferred to the lens material during polymerisation. Surface roughness

is known to have important clinical implications. Bruinsma et al. (2002) showed that sur-

face roughness was one of the major determinants of Pseudomonas aeruginosa adhesion

to etafilcon A and RGP materials. Baguet et al. (1995a) has also shown that an increased

surface roughness can bring about an increase in the bio-film deposited on a hydrogel
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contact lens. This research suggests a link between surface roughness and bacterial/tear

film component binding.

Surface roughness can be analysed in several different ways. Roughness parameters RMS

(mean-square-roughness) and Ra (mean surface roughness) seem to be the most useful

and reliable to characterise surface topography of siloxane hydrogel contact lenses. Rmax

(maximum roughness) has been shown to be easily affected by local imperfections or sam-

ple contaminations leading to high values and therefore potentially unreliable (Gonzalez-

Meijome et al., 2005). AFM topographic research shows that when considering the clinical

performance of a lens it is important to consider not only the bulk material, but also the

surface properties of the completed product. The surface characteristics of a contact lens

have been shown to be directly related to the steps involved in its manufacture.

1.13.8 Non-topographical AFM contact lens studies

Topographical studies alone cannot provide complete insight into the relationship between

the surface properties of a contact lens and its clinical performance. Additional surface

analysis techniques are needed to gain a fuller understanding of interfacial properties. In

addition to topographical analysis, AFM is also able to perform adhesion, modulus and

friction analysis. Several studies have used these techniques to extract further surface

information for both hydrogel and silicone hydrogel contact lenses.

1.13.9 Bacterial adhesion and lens surface hydrophilicity

AFM has been used to identify differences in hydrophilicity and affinity for bacteria (phys-

iochemical surface properties) (Vermeltfoort et al., 2006). Vermeltfoort et al. (2006)

showed that continuous wear of silicone hydrogel lenses did not substantially increase

the risk of bacterial adhesion and more often reduces it. They also showed that changes

in physiochemical surface properties were most apparent over the first week of wear, with

an increase in wettability and a generally reduced susceptibility to bacterial binding with

wear. In contrast, others have found the opposite findings (Borazjani et al., 2004; Miller

et al., 1988; Schultz et al., 2000), with lens wear increasing bacterial adhesion to contact

lenses. These differences are likely caused by the use of differing solutions, lenses and

bacterial strains.
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1.13.10 Protein deposition analysed with AFM

Reduced surface hydrophobicity has been seen following wear of contact lenses (Read

et al., 2010a; Tonge et al., 2001) and linked to hydrophilic tear film deposits (Leahy et al.,

1990). Baguet et al. (1992, 1995a) monitored the deposition of bio-films on soft contact

lens surfaces. They showed that surface roughness increased as biofilms were deposited.

Conventional hydrogel lenses have been shown to undergo major changes in surface rough-

ness and elemental surface composition after wear (Bruinsma et al., 2001, 2002; McArthur

et al., 2001). Silicone hydrogels, though, showed comparatively small changes when worn

on a continuous wear basis (Vermeltfoort et al., 2006), possibly due to the reduced levels

of protein adhesion seen on silicone hydrogel materials (Senchyna et al., 2004).

Lactoferrin is an important protein found in the tear film and has been implicated in con-

tact lens fouling (Fowler & Allansmith, 1980; Franklin et al., 1993). Meagher & Griesser

(2002) used an AFM probe with a modified scanning tip (colloid particle attached to the

tip) to investigate the interaction forces between lactoferrin layers adsorbed onto a hy-

drophobic substrate, as a function of electrolyte concentration, solution pH and protein

concentration. AFM detected repulsive forces at larger separation distances consistent

with that described by the Deraguin, Landau, Verwey and Overbeek (DLVO) theory.

At a shorter range additional repulsive forces were detected due to compression of the

adsorbed protein layer. The orientation of molecules within the adsorbed monolayer ap-

peared to be fairly random, although the range of the interaction forces and the high

compressibility of the adsorbed layers indicate that a significant number were present in

an end-on orientation. Meagher & Griesser (2002) showed that adsorbed lactoferrin forms

a steric repulsive barrier resisting the further deposition of lactoferrin, thus spontaneous

multilayer adsorption appears unfavourable.

AFM also allows the study of lens care treatments and direct evaluation of cleaning solution

efficacy. Rabke et al. (1995) compared contact lens surfaces following wear and disinfection

with, thermal disinfection, multipurpose chemical solution treatment and peroxide solution

treatment. Their results illustrated that the deposit condition of the lens was generally

patient dependant but that there was a trend towards thermal disinfection lenses being

more deposited than the lenses subjected to the multipurpose chemical or peroxide solution

treatments.
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1.13.11 Surface hydration and AFM

The hydration of a soft contact lens affects its surface stiffness, tribiology, protein and

lipid deposition, oxygen transport to the cornea and dimensional stability (Koffas et al.,

2004). It has been observed that bulk water content affects both the oxygen permeability

and the mechanical properties of the lens (Lai & Friends, 1997). It is also believed that

a high surface water content and good surface hydrophilicity are desirable properties to

increase the wettability of a contact lens by the tear film (Lopez-Alemany et al., 2002).

In hydrogels, water hydration is regulated at two regions: the lens/air interface and the

lens/eye interface. This usually involves fluid entering the lens from the post lens tear film

and leaving from the lens into the PLTF and evaporating (Little & Bruce, 1995). Bulk

rehydration is therefore normally influenced by the evaporation occurring at the air inter-

face. This can lead to a partially dehydrated surface, giving distinct mechanical properties

of both regions (Koffas et al., 2004). Although it is known that bulk and interfacial hydra-

tion has an effect on surface mechanics, the relationship is not well understood (Barbieri

et al., 1998; McConville & Pope, 2000).

Water content affects the mechanical properties of the contact lens, such as viscoelasticity

and friction. When pHEMA is dry it is rigid and glassy, but when in a hydrated state

it is soft and flexible. Contact lenses with high bulk water content tend to dehydrate

when they are on the eye (Pritchard & Fonn, 1995a). If this is significant it can lead to

reduced oxygen diffusion at the interface for conventional materials (Opdahl et al., 2003),

although in silicone hydrogel materials it has been suggested this might even increase oxy-

gen permeability of the material (Morgan & Efron, 2003). Opdahl et al. (2003) presented

a method for characterising the mechanical properties of bulk hydrated pHEMA contact

lenses as a function of humidity, at the contact lens/air interface. The measurement of

the surface mechanical properties can be related to the water content of the surface re-

gion. Water within the hydrogel matrix complicates the physical properties of a contact

lens. The lens material responds as a solid to fast rates of deformation (elastically), but

at slower rates of deformation the material responds as a liquid (viscoelastically) (Kof-

fas et al., 2004). This transition between elastic and viscoelastic mechanics depends on

the probing rate, humidity and bulk water content of the system. When comparing the

pHEMA and p(HEMA + MAA) materials, there is a difference in the onset of viscoelastic

behaviour, surface stiffness and the work of adhesion. This therefore suggests a lower
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interfacial water content for p(HEMA + MAA), with the pHEMA lens surface appearing

softer and retaining more water even though the bulk contains less water. This indicates

that water in the neutral hydrogel is bound more strongly at the surface than in ionic hy-

drogel materials, supporting the results of clinical trials which suggest that ionic hydrogel

materials tend to dehydrate faster on eye than non-ionic hydrogels (Jones et al., 2002b).

These AFM studies agree with clinical studies (Kohler & Flanagan, 1985), which show that

lenses with high bulk water content dehydrate more quickly and to a greater extent than

those with lower bulk water content (Koffas et al., 2004). The surface mechanical prop-

erties reported by Opdahl et al. (2003) suggest that the surface water content of pHEMA

contact lenses are strongly dependent on the bulk dehydration state and on the relative

humidity of the environment. They also suggested that air-exposed surfaces of pHEMA

based contact lenses are likely to be quite dry and rigid, and stiffer than the bulk material.

1.13.12 AFM analysis of non-crosslinked pHEMA chains

Kim et al. (2001) have shown that AFM friction force analysis of a surface-dehydrated

lens was able to detect surface species of low friction present on pHEMA soft contact

lenses. These surface species were identified as non-crosslinked polymers by adhesive-force

measurement. When the lens was surface dehydrated, the non-crosslinked pHEMA chains

were anchored to the crosslinked pHEMA network by entanglement and were 2-4nm higher

than the surrounding surface. In saline solution, large domains of non-crosslinked poly-

mer chains were found at the lens surface extending tens of nanometers out of the surface.

These non-crosslinked chains collapsed to the surface as the surface dehydrated, maintain-

ing their low friction behaviour. They showed that in saline solution, surface friction and

the adhesive force of the contact lens surface reduced, compared to that of the dehydrated

contact lens surface (Kim et al., 2001).

The results of these studies demonstrate the usefulness of the AFM as an ophthalmic

research tool for analysis of the contact lens surface. AFM is able to investigate lens

surface topography, lens deposition, lens surface hydration, disinfecting efficacy, surface

elasticity and surface hardness. AFM therefore has the potential to bridge the gap between

fundamental lens research and the clinical performance of contact lenses.
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1.14 Scanning electron microscopy

1.14.1 Introduction

The basic function of a scanning electron microscope (SEM) is to produce an image of

three-dimensional appearance derived from the action of an electron beam scanning across

the surface of a specimen. The resolution can be better than 7nm, with a depth of focus

at least 300 times greater than that of a light microscope at the limit of resolution. The

range of magnification is a few times (typically x10) to several hundred thousand times

and is limited by the microscopes resolution. The basic operating principle of a SEM is

shown in Figure 1.39. It can be seen that the SEM consists of five main components:

1. The electron gun The electron gun is located at the top of the electron optical

column and produces a large, high intensity electron beam with an effective source

diameter of about 30 µm. The electrons are emitted from a heated tungsten wire

(the filament) and are accelerated towards the specimen by an accelerating voltage.

2. The column The column consists of several electromagnetic lenses acting on the

electron beam, which control the size and shape of the electron beam, focusing it

onto the specimen.

3. Scanning system To allow an image to be produced, the scanning of the electron

beam over the specimen and on the display tube must be in synchronism. The

magnification of the displayed image is defined as in equation 1.7.

Magnification =
Linear dimension of scan on the display

Linear dimension of scan on the sample
(1.7)

4. Electron collection and display When the specimen is struck by the electron

beam several processes occur:

(a) Some of the incident electron beam are reflected (high energy reflected elec-

trons).

(b) Some of the electrons are absorbed, flowing to ground through the specimen

current contact.

(c) The specimen will emit low energy secondary electrons.

117



1.14 Scanning electron microscopy

Scan Generator

Lens

Lens

Beam
Generator

Scanning

Focussing

Scan 
Coils

Electron collector
Display
Brighness

Display
Scanning

Lens

Electron Gun

Magnification control

Specimen

Figure 1.39: Schematic diagram of a scanning electron microscope.

(d) X-rays are emitted.

(e) Light is emitted.

A collector system for any of these can be used to provide information about the

sample.

5. The control electronics This controls all of the circuitry necessary for an SEM to

function.

1.14.2 Uses of SEM

The most common use of an SEM is in the study of surface topography, by detecting

the low energy secondary electrons emitted from the specimen surface when hit by the

electron beam. Other methods of analysis include detection of X-rays emitted when the

electron beam strikes the specimen, which allows elemental analysis of the specimen as

these x-rays are characteristic of the element from which they were emitted. Detection of

the specimen current can also provide valuable information about what is occurring below
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the surface of the sample. In addition detection of backscattered (reflected) electrons can

be used to provide images of the variations of atomic number in the sample surface.

1.14.3 Sample preparation for SEM

The aim of sample preparation is to preserve the sample in its natural state, to dry the

sample, to mount the sample and to coat the sample to maintain electrical connectivity

and assist in the production of secondary electrons. The two main procedures to preserve

the specimens are chemical fixation and freeze fixation. Chemical fixation uses chemicals

such as gluteraldehyde or paraformaldehyde to form cross-links within the specimen to

retain structure. Freeze fixation is performed by freezing the sample as quickly as possi-

ble (usually in liquid nitrogen ice) to avoid ice crystals forming, which may damage the

sample surface. The specimen is then dehydrated either by air-drying (usually when no

preservation was necessary), critical point drying or freeze drying. The dried samples are

mounted on a stub to allow orientation of the sample in the microscope and to protect the

sample from a build up of damaging negative charge from the electron beam. Most bio-

logical specimens are poor conductors of electrical charge and poor emitters of secondary

electrons. The surface of the specimen is therefore coated in a thin layer of conducting

metal. The coating is required to be thin enough not to obscure detail in the specimen,

to be thick enough to conduct electrical charge and emit secondary electrons, to have

a structure smaller than the resolution of the microscope and to avoid heat transfer to

the sample. Gold is typically used for quality images but carbon is the coating of choice

for X-ray microanalysis. The coating is applied using either a splutter method (gold) or

evaporation (carbon).

1.14.4 Environmental SEM (ESEM)

An ESEM instrument is a type of SEM that is able to operate without requiring a vacuum

in the specimen chamber and does not require the specimen to be conductive, therefore

avoiding the need to desiccate or coat the specimen. ESEM imaging allows the character-

istics of hydrated samples to be preserved during analysis. Due to its versatile analysis

environment it was decided to use ESEM to image the surface of the contact lenses in this

PhD study.

ESEM allows hydrated specimens to be imaged by cooling the specimens on a peltier
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stage (to around 4◦C) and by using high water vapour pressure to allow 100% humidity

to be obtained at the sample surface avoiding sample dehydration (Stokes, 2003). The

ESEM also requires the specimen chamber to be isolated from the vacuum column to

allow water vapour to be used in the specimen chamber as an imaging gas (Figure 1.40).

With ESEM the maximum water vapour pressure in the specimen chamber can reach

around 10 Torr of water vapour (1/76 of an atmosphere). By closing off the main valve

on the specimen chamber and pumping the upper portion of the chamber, the vacuum of

the chamber is maintained by tiny pressure-limiting apertures which allow the passage of

the electron beam, while restricting the flow into the column vacuum. The hole in the

centre of the gaseous secondary electron detector (GSED) functions as the final aperture

through which the primary electron beam passes. The GSED is given a positive bias (up

to 600 Volts) to attract secondary electrons (Danilatos, 1988). The primary ion beam is

very energetic and can penetrate the water vapour with minimal scatter while scanning

the sample. Secondary electrons are released from the sample, but they encounter water

molecules when they exit the surface. These water molecules produce secondary electrons,

which in turn produce secondary electrons from adjacent water vapour molecules, thus the

water vapour functions as a cascade amplifier (Danilatos, 1990). The amplified secondary

electron signal is collected by the positively charged GSED and the intensity for the signal

is converted into brighter or darker portions of the image at a given point on the sample

as the electron beam moves across it. An ESEM instrument can also be operated in

high vacuum mode or with cryogenically frozen samples using a stage cooled with liquid

nitrogen.

1.14.5 SEM contact lens research

SEM has been used for many years to analyse the surface of contact lenses. Holden et al.

(1974) used SEM to observe the micro structure of the surface of soft hydrophilic contact

lenses. They found that the surfaces of lathed contact lenses were scratched with nu-

merous polishing marks compared to the smooth surfaces found on lenses manufactured

by cast moulding or spin casting. This increased surface roughness has been linked with

increased tear film deposits (Baguet et al., 1995a) and bacterial binding (Bruinsma et al.,

2002). Several studies have used SEM to analyse lens deposition. Tomlinson (1989) used

SEM to analyse surface deposits on materials of differing type and water content. The

amount of surface deposition was measured in terms of the area of the lens covered by
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Figure 1.40: Schematic diagram of a environmental SEM.

deposit as visualised on a standard series of SEM photographs. Ilhan et al. (1998) used

SEM to compare the level of surface deposition with frequent replacement lenses and

conventional lenses, concluding that fewer deposits were present on frequent replacement

lenses. Lopez-Alemany et al. (2002) used SEM to study the surface and bulk appearance

of lotrafilcon A, balafilcon A and conventional hydrogel control lenses. The lens surface of

lotrafilcon A had a wrinkled appearance, which the author felt was probably an artefact of

the dehydration process of the specimens. Balafilcon A was shown to have a macro-porous

surface structure, which the author suggested may influence the high gas permeability of

the material and in the prevention of lens adhesion to the cornea. The conventional hy-

drogel lenses presented a smooth and homogeneous surface, with salt deposits visible due

to dehydration of the material.

Gonzalez-Meijome et al. (2005) used Cryo-SEM to analyse the surface of three silicone

hydrogel contact lenses. Cryo-SEM is where the specimen is kept at cryogenic temper-

ature in an attempt to better preserve its structure during SEM imaging. This method

of sample preparation allows the analysis of the hydrogel without dehydration, but can

cause points of stress to develop within the surface of the material, resulting in areas of

damage. This study used these areas of damage to observe the bulk material structure.

Galyfilcon A had a solid polymeric bulk with an overlying thin granulated cover attached

to each other by a characteristic formation of lamellae with small projections rounded at

the end. Lotrafilcon A and balafilcon A were shown to have a loose network that attached
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an outer surface membrane to the bulk of the polymeric network. The bulk ultra struc-

ture of lotrafilcon A displayed a morphological pattern of porosity where the pores are

intercommunicated by a loose network of filamentous structures. The bulk ultra structure

of balafilcon A showed a rounded appearance to the terminal ramifications of the structure.

Scanning electron microscopy has been shown to allow detailed analysis of the morphology

of the surface of a contact lens. The main problem with conventional electron microscopy

of a contact lens is that it is required to undergo several processing steps to allow imaging of

the surface. These processing steps tend to alter the surface and introduce artefacts (Deg

& Binder, 1986) and it is therefore difficult to know whether the surface being analysed is

in its natural state. Cryo-SEM allows the observation of hydrated polymer samples, but

the material can suffer serious damage, resulting in fracturing of the lens surface. This

damage does allow analysis of the ultra structure of the bulk lens material, but as with

SEM it is time consuming and the preparation processing can alter the specimen. Both

SEM and Cryo-SEM require sample preparation prior to imaging which can modify the

structure of the contact lens material. When interpreting the electron microscopy images

it is therefore necessary to consider the effect of the sample preparation on the surface.

1.15 The importance of the contact lens surface

The surface properties of a hydrogel contact lens play a key role in determining its bio-

compatibility in the ocular environment (Maldonado-Codina et al., 2004a). The surface

of the lens comes into contact with the tear film and the ocular tissues, so understanding

the structure and nature of the contact lens surface is likely to contribute significantly to

an understanding of its clinical performance (Maldonado-Codina et al., 2004a). Many of

the key areas for future contact lens development are heavily associated with one or more

of the these surface properties. In areas of lens performance such as subjective comfort,

bacterial adhesion and tear film wetting, the lens surface characteristics are likely to be

highly influential. Contact lens surface characteristics are influenced by factors such as

the polymeric materials used in its manufacture (Cheng et al., 2004; Ngai et al., 2005),

the type of lens manufacture (Grobe et al., 1996; Maldonado-Codina & Efron, 2005), the

manufacturing conditions (Grobe et al., 1996; Maldonado-Codina & Efron, 2005) and the

type of surface treatment (González-Méijome et al., 2009; Karlgard et al., 2004). This
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means that when the clinical performance of commercial contact lenses is compared, it

is difficult to know which of the numerous differences in bulk and surface characteristics

is responsible. One advantage of the apparent differences in the surface properties of the

two study lenses is that they have a matched design and bulk characteristics. This implies

that any difference in clinical performance of the study lenses will be primarily associated

with the differences in surface characteristics.

1.16 Study aims

By combining the clinical and laboratory findings for the study lenses, the aim is to better

understand how these non-wetting regions are generated on the lens surface, how they

influence clinical performance and which specific surface characteristics are responsible for

these observations.The main aims for this PhD work are:

1. To investigate the clinical performance of the two study contact lens types

(i.e. air-cured vs nitrogen-cured lenses). A short non-dispensing clinical study will be

performed, which will primarily focus on surface wetting/deposition characteristics

and subjective comfort.

2. To characterise the in vitro surface wettability of the two study lens types.

Surface wettability will be undertaken using both static and dynamic contact angle

analysis techniques.

3. To characterise the in vitro surface chemistry of the two study lens types.

Surface chemical characterisation will be undertaken using the XPS and ToF-SIMS

instruments. Use of these instruments will allow an understand of both the elemental

and molecular composition of the contact lens surfaces both in a dehydrated state

and a hydrated (cryo-frozen) state.

4. To characterise the in vitro surface topography of the two study lens

types. Surface topography analysis with be performed using both an AFM and

SEM instrument. This combination will allow information to be gather over a wide

magnification range, in both a hydrated and dehydrated state and with an under-

standing of the mechanical chacryeristic of the lens material.

These findings were then compared to a range of commercially available contact lenses,

which were known to have acceptable clinical performance.
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Chapter 2

Clinical investigation of study

contact lenses

2.1 Comparative clinical study

2.1.1 Introduction

The ability of the tear film to spread and maintain itself across the surface of a contact lens

has been shown to influence subjective vision (Thai et al., 2002a; Timberlake et al., 1992;

Tutt et al., 2000), comfort (Guillon & Maissa, 2007) and tear film deposition (Nicholson

& Vogt, 2001; Tighe, 2004). The development of contact lens materials which allow a

stable tear film to reside on the lens surface is likely to be key in providing lenses with

enhanced clinical performance. The incorporation of siloxane polymers into contact lenses

has greatly enhanced the ability of hydrogel materials to transmit oxygen, but has also

increased the hydrophobic tendency of the lens surface. Contact lens manufactures have

looked to enhance the surface wetting characteristics of these materials in order to improve

their clinical performance (Nicholson & Vogt, 2001; Tighe, 2004). During the development

of a silicone hydrogel contact lens material, the PhD sponsoring company (CooperVision

Inc.) observed that when an experimental polymer was cured in polypropylene moulds

within an air-filled oven, the material tended to possess a relative hydrophobic surface.

In contrast, when the same polymer was polymerised in the same polypropylene moulds

within a nitrogen-purged oven, the surface was significantly more hydrophilic. In an

attempt to better understand the clinical differences between these two contact lens types

a clinical study was performed.
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2.1.2 Purpose

To compare the initial clinical performance of the two experimental silicone hydrogel study

contact lenses over a one hour wearing period.

2.1.3 Ethical approval

Ethical approval for this clinical work was granted by The Committee on the Ethics of

Research on Human Beings at The University of Manchester (REF/06204) in April 2007.

2.1.4 Study design

This study was a prospective, double-masked, randomised, non-dispensing clinical study.

Ten subjects were required to wear both lens types on a contralateral basis for a period of

one hour. A one hour clinical assessment was chosen as (i) initial testing suggested large

differences in clinical performance between the two lens types, (ii) a limited power range

restricted dispensing and (iii) marked tear film deposition during wear reduced acuity

significantly for one of the lens types. Recruitment was initially limited to 10 subjects due

to the large apparent differences in clinical performance between the two lens type and

due to limitations on the number of study lenses available.

2.1.5 Masking

To minimise bias in the clinical study both the subject and investigator were masked from

the lens type. Both study lenses arrived from the manufacturer in plain white blister

packaging, with labels identifying lens type. A second investigator removed the labels

from the blister packaging and randomly assigned and labelled two lenses to each subject,

ensuring that one was a nitrogen-cured lens and the other an air-cured lens. These lenses

were randomly assigned to the subject’s right and left eye. The primary investigator and

subject knew that the two lens types were being fitted contralaterally but were unaware

of the identity of each lens.

2.1.6 Study population

Subjects for this clinical trial were recruited using a bulk e-mail to university staff and

students approved by The Committee on the Ethics of Research on Human Beings at The

University of Manchester.
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2.1.7 Inclusion criteria

To be considered eligible to participate in the clinical investigation, each subject was

required to meet the following inclusion criteria:

1. They were of legal age (18 years) and capacity to volunteer.

2. They understood their rights as a research subject and were willing to sign a State-

ment of Informed Consent.

3. They were willing and able to follow the protocol.

4. They were currently adapted to soft contact lens wear.

5. Keratometry readings were between 7.20mm and 8.30mm.

6. They had a refractive error of between plano and -4.00DS, allowing them to obtain

reasonable acuity with the study lenses (-3.00DS).

2.1.8 Exclusion criteria

Subject were not permitted to participate if:

1. They had an ocular disorder which would normally contraindicate contact lens wear.

2. They had a systemic disease affecting ocular health.

3. They had grade 2 or greater of any of the following ocular surface signs: corneal

oedema, corneal vascularisation, corneal staining, tarsal conjunctival changes or any

other abnormality which would normally contraindicate contact lens wear.

4. They were pregnant or lactating.

5. They had undergone corneal refractive surgery.

6. They were using any topical or systemic medications that could affect ocular health

or the performance of the lens.

7. They were current RGP contact lens wearers.

8. They had any corneal distortion resulting from previous hard or rigid lens wear or

had keratoconus.
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9. They had taken part in any other clinical trial or research, within two weeks prior

to starting the study.

2.1.9 Study lenses

The lenses used in this study were manufactured from the same material, in the same

mould type and on the same manufacturing line, but the conditions in the curing oven

differed with some lenses being polymerised in an air-filled oven (air-cured lenses) and

others being polymerised in a nitrogen-purged oven (nitrogen-cured lenses). All lenses

were supplied in individual blister packaging containing 0.9% phosphate buffered saline

(no surfactants or other additives present). In this study all lenses were applied directly

from the blister packaging. Further details of the study lenses are provided in Table 2.1.

Table 2.1: Study lenses.

Test lens 1 Test lens 2

Name Air-cured Nitrogen-cured

Manufacturer CooperVision Inc. CooperVision Inc.

Polymerisation conditions Air-filled oven Nitrogen-purged oven

Manufacturing method Cast-moulded Cast-moulded

FDA group I I

EWC (%) 46% 46%

Base curve 8.6 8.6

Diameter 14.2 14.2

Spherical power - 3.00 DS - 3.00 DS

2.1.10 Screening visit

This visit was conducted to confirm whether the subject was suitable for enrolment onto

the study. The study objectives and procedures were explained to the subject. Details

were then recorded regarding ocular and personal medical history, family medical and

ocular history, medications, allergies, a thorough contact lens history including duration

of lens wear, lens types and solutions used and any prior contact lens problems. A full

eye examination was then performed including refraction, binocular vision assessment,

ophthalmoscopic examination, slit lamp examination, visual field assessment, keratometry

and intraocular pressure measurement. If the subject met all the inclusion criteria they
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were given a study information form and a copy of the informed consent to review, but not

sign. The subject was then discharged and asked to carefully read through the information

provided and considered whether they wished to participate in the study. When the subject

had confirmed they wanted to take part in the study they were invited to attend for the

study visit. The subject was asked to attend for the study visit not having worn their own

contact lenses for at least 24 hours.

2.1.11 Initial visit

Before any clinical assessment was performed the subject and investigator discussed and

signed the consent form and a study summary form. Copies of the signed forms were issued

to the subject. When the subject had signed the consent form, they were considered to

be enrolled onto the study. The following procedures were then performed:

1. Corrected distance monocular acuities were recorded.

2. Slit lamp biomicroscopy was carried out for the signs outlined in Appendix A.4.

3. The lenses were fitted according to a randomisation table and allowed to settle for

5 minutes.

4. After 5 minutes the subject was asked to complete the following questionnaire us-

ing visual analogue scales (Appendix A.6) where scores were collected for each eye

separately:

• Overall comfort (0-100 scale); where 0 indicates extremely poor comfort and

100 indicates no lens sensation.

• Sensation of dryness (0-100 scale); where 0 indicates extreme dryness and 100

indicates no sensation of dryness.

• Burning and stinging (0-100 scale); where 0 indicates extreme burning and

stinging and 100 indicates no sensation of burning and stinging.

• Subjective lens preference (no preference or slightly/strongly prefer right or left

lens).

5. Tear film break-up time was measured in seconds using the Keeler Tearscope.
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6. Lens surface wettability and lens surface deposition was recorded using 0-4 grading

scales (Appendix A.1), where 4 indicates a lens with optimum wetting/no deposition

and 0 indicates a non-wetting/extremely deposited surface.

7. The percentage wetting area on the lens surface immediately after blink was recorded,

with 100% indicating a lens completely wet by the tear film and 0% indicating a com-

pletely non-wetting surface.

8. Lens surface appearance was recorded as a description (e.g. smooth/grainy/non-

wetting).

9. Surface defects (if present) were recorded (particles, scratches, fibres, tears, bub-

bles/blisters, nicks and non-wetting areas).

10. The investigator was asked to record which lens they preferred in terms of the lens

surface (no preference or slightly/strongly prefer right or left lens surface).

11. Lens centration was graded for degree of centration (optimal, slight or extreme de-

centration) and direction if decentred (Appendix A.2).

12. The lens was graded for degree of corneal coverage (either optimal, clinically accept-

able or clinically unacceptable).

13. Post-blink movement was measured to the nearest 0.1mm in superior gaze.

14. Lens tightness (‘push-up’) was recorded using the grading scale (Appendix A.2),

with 100% indicating no movement and 0% very excessive movement.

2.1.12 Follow-up visit

After one hour of lens wear the following procedures were then performed:

1. Any subject or investigator comments were noted.

2. The subject was asked to complete the following questionnaire (Appendix A.6) where

scores were collected for each eye separately:

• Overall comfort (0-100 scale), where 0 indicates extremely poor comfort and

100 indicates no lens sensation.
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• Sensation of dryness (0-100 scale), where 0 indicates extremely dryness and 100

indicates no sensation of dryness.

• Burning and stinging (0-100 scale), where 0 indicates extreme burning and

stinging and 100 indicates no sensation of dryness.

• Subjective lens preference (no preference or slightly/strongly prefer right or left

lens).

3. Tear film break-up time was measured in seconds using the Keeler Tearscope.

4. Lens surface wettability and lens surface deposition was recorded using 0-4 grading

scales (Appendix A.1), where 4 indicates a lens with optimum wetting/no deposition

and 0 indicates a non-wetting/extremely deposited surface.

5. The percentage wetting area on the lens surface immediately after blink was recorded,

with 100% indicating a lens completely wet by the tear film and 0% indicating a com-

pletely non-wetting surface.

6. Lens surface appearance was recorded as a description (e.g. smooth/grainy/non-

wetting).

7. Surface defects (if present) were recorded (particles, scratches, fibres, tears, bub-

bles/blisters, nicks and non-wetting areas).

8. The investigator was asked to record which lens they preferred in terms of the lens

surface (no preference or slightly/strongly prefer right or left lens surface).

9. Lens centration was graded for degree of centration (optimal, slight or extreme de-

centration) and direction if decentred (Appendix A.2).

10. The lens was graded for degree of corneal coverage (either optimal, clinically accept-

able or clinically unacceptable).

11. Post-blink movement was measured to the nearest 0.1mm in superior gaze.

12. Lens tightness (‘push-up’) was recorded using the grading scale (Appendix A.2),

with 100% indicating no movement and 0% very excessive movement.

13. The study lenses were then removed and stored in glass vials containing 0.9% un-

buffered saline.
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14. Slit lamp biomicroscopy was carried out for the signs outlined in Appendix A.4.

15. Distance corrected monocular visual acuities were recorded.

16. The subject then signed the Study Exit Statement acknowledging that the study

was complete. A copy of this signed form was issued to the patient.

The same investigator was used for the examination of all ten subjects.

2.1.13 Data analysis and presentation

Each of the clinical assessment data sets were tested for normality using the Shapiro-

Wilks test (Appendix A.9). When data were normally distributed, analysis of variance

(ANOVA) was employed to compare variables between subjects for the different lens types,

with statistically significant differences further investigated using post-hoc analysis. The

Tukey test was used as the post-hoc test of choice. Where the data sets were non-normally

distributed, the Krusal-Wallis non-parametric test was applied. Correlations between lens

wettability and other recorded variables were tested for significance by regression analysis.

Statistical tests were undertaken using JMP 5.0 statistical software for Apple Macintosh.

A p-value of 0.05 was taken as the threshold of statistical significance.

2.1.14 Demographics

Demographic data are reported in terms of age, sex, spherical error and cylindrical refrac-

tive error for the subjects.

2.1.15 Standard lens fit measures

Each of the standard lens fit measures were compared using a two-way repeated mea-

sures ANOVA with the Tukey post-hoc test applied where appropriate. Here, the factors

investigated were ‘lens type’, ‘visit’ and where required ‘lens type x visit’ interaction.

2.1.16 Lens surface

Each of the three lens surface measures (surface quality, wettability and front surface

deposition) were compared using the statistical approach outlined in section 2.1.15.
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Table 2.2: Study demographics. Variables are expressed as a mean ± standard deviation.

Parameter Females Males Total

Number of subjects 4 6 10

Age 31.5 ± 7.9 29.8 ± 3.5 30.5 ± 5.6

Sphere -2.7 ± 1.4 -1.9 ± 2.1 -2.2 ± 2.2

Cylinder -1.0 ± 1.0 -0.4 ± 0.6 -0.7 ± 0.8

2.1.17 Biomicroscopy

Biomicroscopy scores were compared using the statistical approach outlined in section

2.1.15.

2.1.18 Subjective reactions

Subjective scores assessed with a 0-100 visual analogue scale were compared using the

statistical approach outlined in section 2.1.15.

2.1.19 Results

2.1.19.1 Demographics

Ten subjects were recruited with the demographic details shown in Table 2.2.

2.1.19.2 Serious or significant adverse events

There were no serious or significant adverse events reported during this study.

2.1.19.3 Discontinuations

There were no discontinuations during the course of this study.

2.1.19.4 Lens fitting characteristics

Data for lens fitting characteristics are shown in Table 2.3 and Figure 2.1 1. There was

no difference in centration or corneal coverage between the two study lens types, with

all 20 lenses worn exhibiting optimal centration and corneal coverage on insertion and

after 1 hour of wear. A two-way repeated measures ANOVA showed no statistically

1For all box and whisker plots used in this thesis, the cross refers to the mean, the line the median

and the whiskers show the full range of the data.
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significant difference between the lenses for post-blink movement (F=0.92, p=0.34) or

push-up tightness (F=0.05, p=0.81). There was also no statistically significant difference

between the study visits for post-blink movement (F=2.57, p=0.12) or push-up tightness

(F=0.006, p=0.94). No ‘visit x lens’ interactions were statistically significant for any of

the lens fitting characteristics.

Table 2.3: Lens fitting characteristics.

Nitrogen-cured (Avg.) Air-cured (Avg.)

Centration (initial) Optimum Optimum

Centration (1 hour) Optimum Optimum

Coverage (initial) Optimum Optimum

Coverage (1 hour) Optimum Optimum

Post-blink movement (initial) 0.3 ± 0.1 0.3 ± 0.3

Post-blink movement (1 hour) 0.2 ± 0.1 0.3 ± 0.2

Push-up tightness (initial) 50.0% ± 3.3% 50.5% ± 12.1%

Push-up tightness (1 hour) 50.0% ± 7.1% 55.0% ± 10.5%
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Figure 2.1: Lens fitting data after 5 minutes and 1 hour of lens wear.

2.1.19.5 Lens surface characteristics

Figure 2.2 shows typical slit lamp images of the nitrogen-cured and air-cured contact

lenses. The lens surface characteristics are shown in Table 2.4 and Figure 2.3. Since the

lens wettability and lens deposition grading scales were ordinal in nature and the % wet-
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Nitrogen-cured lens Air-cured lens

Figure 2.2: Typical slit lamp images of the nitrogen-cured and air-cured study contact

lenses.

ting area on the lens surface was shown to differ significantly from a normal distribution

(nitrogen-cured W=0.57, p<0.001; air-cured W=0.95, p=0.037), non-parametrical statis-

tics were performed on these data.

A Kruskal Wallis test showed a statistically significant difference between the lenses

(χ2=34.59, p<0.0001) for the wettability grading scale data, but not between the study vis-

its (χ2=0.06, p=0.81). The percentage wetting area was also shown to differ significantly

between the study lenses (χ2=30.98, p<0.0001), but not between study visits (χ2=0.02,

p=0.88). Lens surface deposition showed a statistically significant difference between the

Table 2.4: Lens surface characteristics.

Nitrogen-cured (Avg.) Air-cured (Avg.)

Wettability grading scale (initial) 3.0 (0.2) 0.0 (0.0)

Wettability grading scale (1 hour) 3.05 (0.2) 0.0 (0.0)

% Wetting area (initial) 98.5% (2.4%) 50.0 % (17.0%)

% Wetting area (1 hour) 99.0% (2.1%) 50.5 % (17.1%)

Surface appearance (initial) grainy non-wetting

Surface appearance (1 hour) grainy non-wetting

Deposits (initial) 0.3 (0.2) 3.0 (0.7)

Deposits (1 hour) 0.4 (0.1) 3.5 (0.3)

Deposit type (initial) lipid lipid / mucin

Deposit type (1 hour) lipid lipid / mucin

Surface preference (initial) strong yes strong no

Surface preference (1 hour) strong yes strong no
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Figure 2.3: Biomicroscopy findings after 5 minutes and 1 hour of lens wear.
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lenses (χ2=29.96, p<0.0001), but not between the study visits (χ2=0.79, p=0.37). The

surface appearance for the nitrogen-cured lenses was graded as smooth (30%) or grainy

(70%), whereas the air-cured lenses in all cases were graded as non-wetting. Tear film

deposition on the nitrogen-cured lens surface was minimal and, if present, was in the form

of a film, whereas the deposition on the air-cured lens was primarily composed of discrete

regions of marked deposition on the non-wetting regions of the lens surface. The inves-

tigator strongly preferred the nitrogen-cured lens surface over the air-cured lens surface

for all ten subjects at both study visits. No lens surface defects, with exception of the

non-wetting regions, were observed on any of the 20 study lenses investigated.

Figure 2.4 shows the time following a blink for the non-invasive tear film to break-up

(NITBUT) on the anterior surface of a contact lens. The tear film break-up was immediate

for all ten air-cured lenses and an average of around nine seconds for the ten nitrogen-

cured contact lenses. A Kruskal Wallis test showed a statistically significant difference

between the lenses for the NITBUT (χ2=33.44, p<0.001), but not between the study

visits (χ2=0.01, p=0.91).

2.1.19.6 Biomicroscopy

The biomicroscopy data at the initial and follow-up visits are shown in Table 2.5 and Figure

2.5. The two way repeated measures ANOVA showed a statistically significant difference

between the lenses (F=10.99, p=0.002), study visits (F=27.8, p<0.01) and ‘lens x visit’
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Figure 2.4: Non-invasive tear film break-up time.

136



2.1 Comparative clinical study

Table 2.5: Mean biomicroscopy findings with standard deviation in parenthesis.

Nitrogen-cured Air-cured)

Conjunctival (pre-wear) 0.6 (0.2) 0.5 (0.2)

Conjunctival (1 hour) 0.7 (0.1) 1.4 (0.5)

Limbal hypereamia (pre-wear) 0.4 (0.2) 0.4 (0.1)

Limbal hypereamia (1 hour) 0.5 (0.2) 0.8 (0.3)

Corneal vascularisation (pre-wear) 0.1 (0.2) 0.1 (0.1)

Corneal vascularisation (1 hour) 0.1 (0.2) 0.1 (0.2)

Stomal haze (pre-wear) 0.0 (0.0) 0.0 (0.0)

Stomal haze (1 hour) 0.0 (0.0) 0.0 (0.0)

Tarsal conj. roughness (pre-wear) 0.6 (0.2) 0.5 (0.1)

Tarsal conj. roughness (1 hour) 0.5 (0.2) 0.6 (0.2)

Tarsal conj. hypereamia (pre-wear) 0.6 (0.2) 0.5 (0.2)

Tarsal conj. hypereamia (1 hour) 0.6 (0.2) 0.6 (0.4)

interaction (F=14.89, p<0.01) for conjunctival hyperaemia. Inspection of the data using a

Tukey post-hoc test showed that the conjunctival hyperaemia was significantly greater for

the air-cured lens at the one hour follow-up visit, than for the air-cured lens at the initial

visit or for the nitrogen-cured lens at either of the visits. There was also a statistically

significant difference between the study lenses (F=6.67, p=0.01) and between study visits

(F=20.99, p<0.01) for limbal hyperaemia, with the grading of limbal hyperaemia higher

for the air-cured lens than the nitrogen-cured lens and the grading of limbal hyperaemia

higher at one hour visit than prior to lens insertion. All other biomicroscopy findings did

not change significantly following 1 hour of lens wear (p > 0.05 in all cases).

2.1.19.7 Corneal & conjunctival staining

Grading scale scores for corneal and conjunctival staining at the initial fitting and at the

follow-up visit are presented in Table 2.6 and Figure 2.6. The two-way repeated measures

ANOVA showed no statistically significant difference between conjunctival staining for lens

type (F=0.11, p<0.74) or ‘lens x visit’ interaction (F=0.44, p=0.51), but a statistically

significant difference was observed between study visits (F=5.95, p=0.02), where at the

one hour visit grading of conjunctival staining was higher for both lens types than prior to

lens insertion. Corneal staining showed no statistically significant differences between the

lenses (F=0.11, p=0.74) and ‘lens x visit’ interaction (F=0.44, p=0.51), but a statistically

significant difference was observed between the visits (F= 5.95, p=0.02), where at the one

hour visit grading of corneal staining was higher for both lens types than prior to lens
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Figure 2.5: Biomicroscopy findings.
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Table 2.6: Average corneal and conjunctival staining scores with standard deviation in

parenthesis.

Nitrogen-cured Air-cured

Corneal staining (pre-wear) 0.3 (0.2) 0.4 (0.3)

Corneal staining (1 hour) 0.6 (0.3) 0.5 (0.3)

Conjunctival staining (pre-wear) 0.5 (0.2) 0.4 (0.2)

Conjunctival staining (1 hour) 0.7 (0.3) 0.8 (0.3)

insertion.

2.1.19.8 Subjective ratings

Scores for subjective ratings at the initial and follow-up visits are presented in Table 2.7

and Figure 2.7. In all cases the subjects gave poorer subjective scores for the air-cured lens

over the nitrogen-cured lens when grading for comfort, dryness and burning and stinging.

There were statistically significant differences between the lenses for comfort (F=132.5,

p<0.01), dryness (F=25.9, p<0.01) and burning and stinging (F=61.8, p<0.01). There

were no statistically significant differences between the visits, for comfort (F=0.20, p=0.66)

or dryness (F=4.02, p=0.053), but there was for burning and stinging (F=6.11, p=0.02),

Initial 1 hour Initial 1 hour Initial 1 hour Initial 1 hour
0.0

0.5

1.0

1.5

2.0

Length of contact lens wear

G
ra

di
ng

 s
ca

le
 s

co
re

Corneal staining Conjunctival staining

5 m
ins

1 h
ou

r

5 m
ins

1 h
ou

r

5 m
ins

1 h
ou

r

5 m
ins

1 h
ou

r
0.0

0.5

1.0

1.5

0

20

40

60

80

100
Nitrogen-cured lens Air-cured lens

Length of contact lens wear

M
ov

em
en

t o
n 

bl
in

k 
(m

m
) P

ush-up test (0-100)

Figure 2.6: A box and whisker plot of the corneal and conjunctival grading scale scores

prior to lens wear and after 1 hour of lens wear for both study lenses.
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Table 2.7: Average subjective scores for study lenses with standard deviation in parenthe-

sis.

Nitrogen-cured Air-cured

Comfort (initial) 82.0 (10.3) 44.0 (11.7)

Comfort (1 hour) 86.0 (7.8) 35.0 (17.0)

Comfort preference strong yes strong no

Dryness (initial) 89.0 (6.6) 66.5 (24.0)

Dryness (1 hour) 85.0 (7.8) 46.5 (27.4)

Burning & stinging (initial) 85.5 (8.6) 65.0 (12.2)

Burning & stinging (1 hour) 89.0 (8.8) 39.5 (22.2)

which showed an increase in symptoms of burning and stinging at the one hour visit. The

interaction term ‘lens x visit’ was shown not to be significant for comfort (F=1.46, p=0.23)

or dryness (F=1.79, p=0.19), but was found to be significant for burning and stinging

(F=10.6, p=0.003). Inspection of the interaction using a Tukey post-hoc test showed that

the burning and stinging subjective symptoms were split into three statistically similar

groups. The group with the greatest sensation of burning and stinging was the air-cured

lens at the 1 hour visit, the second group was the air-cured lens at the 5 minute visit and

the group with the least symptoms of burning and stinging contained the nitrogen-cured

lens at both the 5 minute and 1 hour study visits.

2.1.19.9 Relationship between clinical parameters

Table 2.8 shows a correlation matrix for the various parameters in the study. Inspection

of the matrix inicates that the correlation coefficients are high within the general groups

of subjective responses (comfort, dryness and burning and stinging), lens surface wetting

(wettability grading scale, % surface wetting, NITBUT and deposition grading scale) and

also between these two groups of parameters. Other high correlation coefficients were also

observed for:

1. Lens movement parameters except push-up tightness.

2. Limbal and bulbar conjunctiva with subjective comfort parameters.

3. Reduced surface wetting (excluding NITBUT) and increased deposition with bulbar

conjunctival redness.

4. Bulbar and limbal conjunctiva.
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5. Tarsal roughness and tarsal redness.

6. Tarsal roughness/redness and limbal conjunctiva but not bulbar conjunctival changes.

7. Conjunctival staining and bulbar/limbal conjunctiva.

8. Conjunctival staining and %burning & stinging and %dryness, but not % subjective

comfort.

Principle component analysis showed that the first principle component was comprised of

all lens surface wettability and deposition indicators and the subjective symptoms (dry-

ness, comfort, burning and stinging) (accounting for 36% of the variance). The second

component was comprised of lens movement indicators (post-blink, up-gaze lag and pri-

mary gaze lag) and corneal staining (accounting for 16% of the variance). The third

component was related to conjunctival grading (accounting for 16% of the variance) and

the forth was related to conjunctival staining and push-up tightness (accounting for 8%

of the variance). In total these four components accounted for 76% of the total variance.

2.1.19.10 Entrance and exit visual acuity

No statistically significant difference was noted between entrance and exit visual acuity

(F= 0.08, p=0.85).

2.1.20 Discussion

The interaction between the contact lens and the ocular environment is likely to be heavily

influenced by the surface characteristics of the contact lens. With conventional hydrogel

materials, both the material from which a contact lens is produced and the method of

manufacture have been shown to influence the contact lenses subsequent clinical perfor-

mance (Grobe et al., 1996; Maldonado-Codina & Efron, 2004, 2005; Maldonado-Codina

et al., 2004a). Many studies have looked at the clinical performance of silicone hydrogel

lenses (Brennan et al., 2002; Dumbleton et al., 2006; Guillon & Maissa, 2007; Maldonado-

Codina et al., 2004b; Morgan & Efron, 2002), but there is little in the published literature

on the effect of method of manufacture on the subsequent clinical performance of silicone

hydrogel contact lenses.

142



2.1 Comparative clinical study

N
IT

B
U

T
W

e
tt

a
b

il
it

y
%

 W
e
tt

in
g

 
A

re
a

D
e
p

o
si

ts
P

o
st

-B
li
n

k
 

M
o

v
e
m

e
n

t
P

ri
m

a
ry

 G
a
ze

 
L
a
g

U
p

g
a
ze

 L
a
g

P
u

sh
-U

p
 

T
ig

h
tn

e
ss

 
(%

)
%

 C
o

m
fo

rt
%

 D
ry

n
e
ss

%
 B

u
rn

in
g

 
a
n

d
 S

ti
n

g
in

g
B

u
lb

a
r 

C
o

n
j.

L
im

b
a
l 
C

o
n

j.
T
a
rs

a
l 

R
o

u
g

h
n

e
ss

T
a
rs

a
l 

R
e
d

n
e
ss

C
o

rn
e
a
l 

S
ta

in
in

g
C

o
n

j 
S

ta
in

in
g

N
IT

B
U

T
0
.9
3
1
7

0
.8
4
3
7

-0
.8
9
4
9

-0
.0
9
7
2

-0
.2
0
8
2

0
.0
7
1
9

-0
.0
3
2
5

0
.8
1
2
7

0
.5
7
4
6

0
.6
9
1
0

-0
.3
0
5
5

-0
.2
7
5
3

0
.0
1
9
2

0
.2
1
3
7

0
.0
1
6
9

-0
.1
6
0
6

W
e
tt

a
b

il
it

y
0
.9
3
1
7

0
.9
0
1
1

-0
.9
6
2
6

-0
.1
6
0
5

-0
.2
4
8
8

-0
.0
2
9
6

-0
.0
4
3
0

0
.8
7
8
2

0
.6
1
9
2

0
.7
3
8
0

-0
.3
4
8
1

-0
.2
9
6
9

-0
.0
3
6
2

0
.1
4
7
8

-0
.0
5
8
2

-0
.0
9
2
3

%
 W

e
tt

in
g

 
A

re
a

0
.8
4
3
7

0
.9
0
1
1

-0
.8
6
7
1

-0
.0
6
1
0

-0
.1
7
5
5

0
.1
0
7
3

-0
.1
4
1
2

0
.8
9
6
7

0
.7
3
0
7

0
.7
6
4
9

-0
.4
4
9
0

-0
.3
5
4
5

-0
.0
3
7
2

-0
.0
0
7
2

-0
.0
9
3
5

-0
.0
5
2
5

D
e
p

o
si

ts
-0
.8
9
4
9

-0
.9
6
2
6

-0
.8
6
7
1

0
.1
4
3
1

0
.2
4
4
4

-0
.0
2
8
8

0
.1
1
3
6

-0
.8
3
5
7

-0
.5
4
8
9

-0
.7
3
3
5

0
.3
8
9
3

0
.3
1
0
3

0
.0
3
2
0

-0
.1
3
2
0

0
.0
4
2
7

0
.1
1
6
0

P
o

st
-B

li
n

k
 

M
o

v
e
m

e
n

t
-0
.0
9
7
2

-0
.1
6
0
5

-0
.0
6
1
0

0
.1
4
3
1

0
.4
4
0
0

0
.5
3
9
2

-0
.1
5
3
0

0
.0
3
0
7

0
.0
6
7
3

0
.2
2
9
3

-0
.1
8
0
5

0
.0
0
4
2

0
.1
0
5
6

0
.1
1
7
9

-0
.3
6
8
2

-0
.0
9
3
1

P
ri

m
a
ry

 G
a
ze

 
L
a
g

-0
.2
0
8
2

-0
.2
4
8
8

-0
.1
7
5
5

0
.2
4
4
4

0
.4
4
0
0

0
.6
0
7
4

0
.0
5
0
1

-0
.0
9
6
5

-0
.0
0
2
0

0
.0
3
3
6

-0
.0
5
6
6

-0
.0
1
2
0

0
.0
9
9
2

0
.0
9
7
0

-0
.2
5
7
3

0
.0
4
8
4

U
p

g
a
ze

 L
a
g

0
.0
7
1
9

-0
.0
2
9
6

0
.1
0
7
3

-0
.0
2
8
8

0
.5
3
9
2

0
.6
0
7
4

-0
.3
0
6
4

0
.1
0
0
8

0
.1
0
7
0

0
.2
3
5
2

-0
.2
4
2
4

-0
.1
6
5
1

0
.1
2
6
0

0
.0
9
5
9

-0
.3
2
2
1

0
.0
5
4
5

P
u

sh
-U

p
 

T
ig

h
tn

e
ss

 
(%

)
-0
.0
3
2
5

-0
.0
4
3
0

-0
.1
4
1
2

0
.1
1
3
6

-0
.1
5
3
0

0
.0
5
0
1

-0
.3
0
6
4

0
.0
4
6
7

0
.0
4
8
0

-0
.0
8
6
7

0
.2
6
3
4

0
.1
2
9
9

0
.1
1
3
8

0
.0
0
6
9

0
.0
6
9
9

-0
.0
9
7
5

%
 C

o
m

fo
rt

0
.8
1
2
7

0
.8
7
8
2

0
.8
9
6
7

-0
.8
3
5
7

0
.0
3
0
7

-0
.0
9
6
5

0
.1
0
0
8

0
.0
4
6
7

0
.7
9
9
1

0
.8
5
5
9

-0
.5
2
0
3

-0
.3
9
1
4

-0
.0
3
4
7

0
.0
0
8
6

-0
.1
1
0
7

-0
.1
3
2
6

%
 D

ry
n

e
ss

0
.5
7
4
6

0
.6
1
9
2

0
.7
3
0
7

-0
.5
4
8
9

0
.0
6
7
3

-0
.0
0
2
0

0
.1
0
7
0

0
.0
4
8
0

0
.7
9
9
1

0
.7
2
2
8

-0
.6
9
1
5

-0
.5
7
1
4

-0
.2
6
6
7

-0
.2
2
2
5

-0
.2
6
5
0

-0
.3
7
5
6

%
 B

u
rn

in
g

 
a
n

d
 S

ti
n

g
in

g
0
.6
9
1
0

0
.7
3
8
0

0
.7
6
4
9

-0
.7
3
3
5

0
.2
2
9
3

0
.0
3
3
6

0
.2
3
5
2

-0
.0
8
6
7

0
.8
5
5
9

0
.7
2
2
8

-0
.6
7
1
1

-0
.5
0
2
9

-0
.0
4
1
4

-0
.0
0
9
5

-0
.1
7
4
1

-0
.3
2
0
1

B
u

lb
a
r 

C
o

n
j.

-0
.3
0
5
5

-0
.3
4
8
1

-0
.4
4
9
0

0
.3
8
9
3

-0
.1
8
0
5

-0
.0
5
6
6

-0
.2
4
2
4

0
.2
6
3
4

-0
.5
2
0
3

-0
.6
9
1
5

-0
.6
7
1
1

0
.7
9
8
6

0
.2
3
0
8

0
.2
4
9
9

0
.2
4
4
6

0
.4
1
0
1

L
im

b
a
l 
C

o
n

j.
-0
.2
7
5
3

-0
.2
9
6
9

-0
.3
5
4
5

0
.3
1
0
3

0
.0
0
4
2

-0
.0
1
2
0

-0
.1
6
5
1

0
.1
2
9
9

-0
.3
9
1
4

-0
.5
7
1
4

-0
.5
0
2
9

0
.7
9
8
6

0
.4
3
3
0

0
.4
5
2
0

0
.1
3
1
8

0
.4
5
9
5

T
a
rs

a
l 

R
o

u
g

h
n

e
ss

0
.0
1
9
2

-0
.0
3
6
2

-0
.0
3
7
2

0
.0
3
2
0

0
.1
0
5
6

0
.0
9
9
2

0
.1
2
6
0

0
.1
1
3
8

-0
.0
3
4
7

-0
.2
6
6
7

-0
.0
4
1
4

0
.2
3
0
8

0
.4
3
3
0

0
.8
1
2
4

-0
.0
4
2
5

0
.1
3
0
4

T
a
rs

a
l 

R
e
d

n
e
ss

0
.2
1
3
7

0
.1
4
7
8

-0
.0
0
7
2

-0
.1
3
2
0

0
.1
1
7
9

0
.0
9
7
0

0
.0
9
5
9

0
.0
0
6
9

0
.0
0
8
6

-0
.2
2
2
5

-0
.0
0
9
5

0
.2
4
9
9

0
.4
5
2
0

0
.8
1
2
4

-0
.0
9
2
8

0
.1
2
6
1

C
o

rn
e
a
l 

S
ta

in
in

g
0
.0
1
6
9

-0
.0
5
8
2

-0
.0
9
3
5

0
.0
4
2
7

-0
.3
6
8
2

-0
.2
5
7
3

-0
.3
2
2
1

0
.0
6
9
9

-0
.1
1
0
7

-0
.2
6
5
0

-0
.1
7
4
1

0
.2
4
4
6

0
.1
3
1
8

-0
.0
4
2
5

-0
.0
9
2
8

0
.0
8
4
9

C
o

n
j 

S
ta

in
in

g
-0
.1
6
0
6

-0
.0
9
2
3

-0
.0
5
2
5

0
.1
1
6
0

-0
.0
9
3
1

0
.0
4
8
4

0
.0
5
4
5

-0
.0
9
7
5

-0
.1
3
2
6

-0
.3
7
5
6

-0
.3
2
0
1

0
.4
1
0
1

0
.4
5
9
5

0
.1
3
0
4

0
.1
2
6
1

0
.0
8
4
9

LENS WETTING & 
DEPOSITION

LENS MOVEMENT
SUBJECTIVE 

SCORES
OCULAR SURFACE 

GRADING

L
E
N

S
 W

E
T
T
IN

G
 &

 D
E
P

O
S

IT
IO

N
S

U
B

JE
C

T
IV

E
 S

C
O

R
E
S

L
E
N

S
 M

O
V

E
M

E
N

T
O

C
U

L
A

R
 S

U
R

F
A

C
E
 G

R
A

D
IN

G

Figure 2.8: Correlation coefficients of the various parameter combinations for the clinical

study (blue data (sig. = 0.05) and red data (sig. = 0.01)).
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2.1 Comparative clinical study

2.1.20.1 Lens fitting characteristics

The air-cured and nitrogen-cured contact lenses showed no significant difference in lens

movement when assessed with post-blink movement and push-up tightness test, with the

level of movement in agreement with that generally observed for a soft silicone hydrogel

lens (Wolffsohn et al., 2009). Previous studies in the literature have shown a noticeable

reduction in lens movement following the initial lens settling period (Golding et al., 1995b;

Martin & Holden, 1983), but comparison of the 5 minute and 1 hour data shows no differ-

ence with this lens type. The lack of a difference may be associated with the lens material

(higher modulus than pHEMA materials), lens design or the use of experienced subjects

(with minimal reflex tearing compared with an inexperienced wearer); although it may also

reflect the relatively small number of subjects in this study. Given the hydrophobic nature

of the air-cured lens surface and the increased subjective awareness of the air-cured lens,

it is perhaps surprising that lens movement is not greater with this lens, especially given

the lacrimation observed and higher expected levels of friction between the superior lid

and lens surface, although these may to some extent cancel each other out. Other factors,

such as increased blink rate and blink intensity (Golding et al., 1995a), may have resulted

in increased expulsion of the post-lens tear film, thus reducing lens movement. The air-

cured and nitrogen-cured contact lenses showed no significant difference in lens coverage

and centration. All 20 study lenses showed optimal corneal coverage and the majority of

lenses showed optimum centration, with any slight decentration occurring nasally, with no

significant vertical decentration observed for either lens type. There appears little in the

literature regarding the enfilcon A material, due to its relatively recent introduction as a

lens material, but a clinical study of CooperVision’s sister product comfilcon A (Brennan

et al., 2007) suggests comparable lens fitting characteristics. Given the similarity in the

lens design and the bulk material these lens are manufactured from, the similarity of the

lens fitting characteristics is perhaps not unexpected. The study therefore suggests that

surface wetting characteristics do not play a major role in dictating lens fitting characteris-

tics and this is more likely influence by factors such as lens design and material properties,

in addition to patient-dependant characteristics.
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2.1.20.2 Lens surface characteristics

A marked difference in lens surface characteristics was observed between the two study

materials. While the nitrogen-cured lens showed good clinical surface characteristics, the

air-cured lens exhibited large regions (often several millimetres in diameter) of non-wetting

with rapid deposition occurring almost immediately after lens insertion. These regions of

non-wetting on the surface of the air-cured lenses were clearly demarcated and appeared

to be consistent in size and shape over the wearing period, occupying on average around

half of the anterior lens surface, although this varied substantially between lenses. The

areas of non-wetting appeared randomly distributed with no preference for the lens edge

or centre. Minimal tear film deposition was observed on the nitrogen-cured surface and

where present produced a mild film, typical of that described as lipoidal in the literature

(Lorentz & Jones, 2007). Rapid tear film deposition was observed on the non-wetting

regions of the air-cured study contact lenses (Figure 2.2). The deposition encounter on

the non-wetting regions of the air-cured lens appeared to be similar in nature to that ob-

served on silicone elastomer lenses, which has been described by Ruben & Guillon (1979)

as being composed of lipids and mucous in isolated areas and by Fanti & Holly (1980)

as calcium-containing lipo-proteinaceous deposits. The wetting regions on the air-cured

lens had an appearance similar to that of the nitrogen-cured lens. The observation of

primarily lipid deposition on the surface of the study lenses is in agreement with other

studies (Guillon et al., 2009; Jones et al., 2003; Lorentz et al., 2007; Ruben & Guillon,

1979), which have suggested that silicone hydrogel contact lenses deposit less protein, but

are prone to lipid and possibly mucin deposition. The marked deposition observed on

the non-wetting regions of the air-cured lens appeared similar to deposition observed on

the surface of PDMS-based silicone elastomer lenses (Huth & Wagner, 1981; Ruben &

Guillon, 1979), where it was suggested a migration of silicone moieties towards the lens

surface results in the attraction of the polar head groups of the tear film lipid molecules

leaving their non-polar tails extended away from the lens surface leading to evaporation

and/or dewetting. Further laboratory analysis of the study contact lenses is required to

confirm the composition of the tear film deposition.

Non-invasive tear break-up time for the nitrogen-cured lenses (around 9 seconds) appears

to be within the normal range (5 to 15 seconds) for that observed with other commercial

lenses with the Tearscope (Guillon et al., 1990; Peterson et al., 2006; Young & Efron,
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1991). No difference was observed in NITBUT between the five minute and one hour

lens assessments for either study lens, in agreement with a similar study by Faber et al.

(1991), suggesting the tear film stabilises within five minutes for experienced contact lens

wearers. The immediate break-up of the tear film on the air-cured lens limited the ability

of the tear film to deposit hydrophilic material on these regions of the lens surface, as

has been observed previously on commercial lens materials (Rogers & Jones, 2005; Tonge

et al., 2001). The size and location of the non-wetting regions on the study lens appeared

similar over the wearing period, although as these lenses had no markings and were of a

spherical design they tended to rotate making accurate recording difficult.

Given the highly hydrophobic nature of the air-cured lenses surface, it was apparent that

some of the grading scales were only able to discriminate between contact lens surfaces

over a limited range. An example of such scales are the clinical wettability and deposition

grading scales which rapidly become saturated at an extreme end of the scale. This is

likely related to the fact that these scales are usually used to evaluate commercial contact

lenses, where their clinical performance is over a much narrower range. Future studies

on such materials might benefit from clinical scales which have a more extreme end point

than those used here, to allow more accurate clinical details to be recorded.

2.1.20.3 Biomicroscopy

Biomicroscopy grading scores were similar for both lens types, with the exception of con-

junctival and limbal hyperaemia which were graded higher for the air-cured lens. Post-hoc

analysis suggested no significant change in limbal or conjunctival hyperaemia from base-

line for eyes having worn the nitrogen-cured lenses for 1 hour, but a significant increase in

limbal and conjunctival hyperaemia was observed for the air-cured lens after 1 hour of lens

wear. The exact mechanism by which contact lens wear influences limbal and conjuncti-

val hyperaemia is not known, but factors such as lens design (Løfstrøm & Kruse, 2005)

and material oxygen transmissibility (Dumbleton et al., 2001; Papas, 2003) are thought

to be important factors. Given that these lens parameters were matched in the two study

lenses, the probable cause for the increased vascular response in this study is mechanical

irritation of the conjunctiva due to poor lubrication between the eye lids, the contact lens

and the ocular surface. It should be noted that no difference in the grading for either

the tarsal conjunctival redness or texture was observed. Mechanical irritation of the con-
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junctival surface is thought to be a primary cause for the development of contact lens

associated papillary conjunctivitis, in addition to an antigenic response (Skotnitsky et al.,

2002, 2005). Therefore if the reduction in comfort observed with these lenses is related to

increase friction, and thus a mechanical interaction with the tarsal conjunctiva, a clinical

response might have been expected. The lack of tarsal response is likely associated with

the short lens wearing time and if the cause was mechanical, it would involve an inflamma-

tory response where there would be a delay in biological response (Donshik et al., 2008).

Observing the tarsal conjunctiva over a longer lens wearing period might have given a

better insight into the cause of the discomfort associated with these lenses, but due to

the restricted power range and high levels of discomfort this was not possible. Even if it

had been possible, the high level of deposition observed in these regions would have made

differentiating a mechanical and deposit-related response difficult.

2.1.20.4 Subjective ratings

For all ten subjects the nitrogen-cured lens was preferred over the air-cured lens. Subjec-

tive scores for comfort, dryness and burning and stinging for the nitrogen-cured lens were

significantly higher than the air-cured lens, both after five minutes and one hour of lens

wear. Subjective scores did not change significantly over the wearing period, except for the

air-cured lens where the sensation of burning and stinging increased. This might suggest

that the sensation of burning and stinging is more related to a delayed inflammatory type

response rather than the more immediate subjective sensation seen for subjective comfort

or dryness of the lens. The subjective comfort of a contact lens is normally attributed

to potential factors such as lens design, lens material characteristics (friction/water con-

tent/modulus/wettability) and patient characteristics (tear film quantity/blink rate/tear

chemistry). In this investigation the study contact lenses were identical in design, with

matching modulus and water content and were fitted on a contralateral basis for each

subject. The disparity in the levels of comfort between the lens types can therefore be

directly related to factors such as the surface wetting characteristics and surface friction.

It was observed that the superior and inferior tear film meniscus changed in shape de-

pending whether they overlay a hydrophobic or hydrophilic region (Figure 2.9). When the

patient blinked, the tear film meniscus on the air-cured lens (although narrower than the

nitrogen-cured lens) was seen to initially advance across the hydrophobic region of the lens
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surface generating an apparent layer of tear fluid between the anterior lens surface and

the palpebral conjunctiva. The speed of the blink and the obscured view of the meniscus

by the lid margin unfortunately meant that the presence of the tear meniscus over the

non-wetting region, later in the blinking process, could not be assessed. Tighe (2004)

has suggested that a tear film layer present between the contact lens and the palpebral

conjunctival lubricates the relative high speed movement of the lid across the lens surface

and minimises any frictional forces present. The apparent presence of a tear film layer

between the hydrophobic regions on the air-cured lens and the tarsal conjunctiva might

then be expected to ’cushion’ the conjunctival surfaces from significant frictional forces,

thus suggesting that comfort levels with this material would be acceptable. There are

two possible reasons why the air-cured lens results in such dramatically reduced levels of

subjective comfort. The first possible reason is that direct contact may occur between

the anterior lens surface and the tarsal conjunctiva due to tangential flow of the tear film

under the lid, associated with surface tension gradients on the lens surface and/or irregu-

lar lid forces (i.e. the tear film is acting as a boundary lubricant between two surfaces in

contact). The other possible reason is that a thinning of the ‘cushioning’ tear film results

in greater frictional shearing forces transferred through the fluid film by coupling forces

(i.e. the tear film is acting as a hydrodynamic lubricant, with the two surfaces separated

by a film). In the later case the frictional shearing forces are related to the thickness of

the tear film and therefore a thin or irregular tear film over the hydrophobic regions would

result in a greater transfer of frictional forces to palpebral conjunctiva and thus potentially

more subjective discomfort. In either case it is likely that this abnormal pre-lens tear film

results in a transfer of excessive forces to the marginal conjunctival epithelium that wipes

the ocular surface resulting in subjective discomfort. Korb et al. (2002) have describe the

use of fluorescein and rose bengal stains to highlight regions of apparent physical trauma

and mechanical abrasion on these marginal lid regions. They termed the clinical condition

lid wiper epitheliopathy and showed correlation between symptomatic and asymptomatic

contact lens wearer and lid-wiper epitheliopathy was highly significant.

During the inter-blink period the two study materials experienced very different conditions,

with the nitrogen-cured lens remaining enveloped by the tear film while the non-wetting

regions on the air-cured lens were near constantly exposed to the environment. This is

likely to result in a greater material dehydration in the non-wetting regions than on the
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Nitrogen-cured lens Air-cured lens

thick meniscus
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Figure 2.9: Differences in tear film meniscus for the nitrogen-cured and air-cured contact

lens.

nitrogen-cured lenses, which has been linked by some with increased contact lens related

dry eye symptoms (Brennan, 1988), although this is somewhat disputed in the literature

(Fonn et al., 1999; Pritchard & Fonn, 1995b).

In addition to the subjective data at the five minutes and one hour time point, the inves-

tigator noted that on initial insertion the patient was immediately aware that one contact

lens was uncomfortable (the air-cured lens), whereas the other contact lens settled quickly

(the nitrogen-cured lens). This immediate response suggests that the primary cause of

the initial discomfort is unlikely to be related to either deposition or dehydration as nei-

ther occur immediately. This therefore suggests that the primary cause of the contact

lens discomfort is associated with surface characteristics of the non-wetting regions on the

air-cured lens surface.

2.1.21 Conclusion

This clinical work has demonstrated marked differences in the surface wetting and de-

position characteristics between the two study lens types. The air-cured lens presents

a heterogeneous wetting surface, with regions which possess poor clinical performance,

in contrast to the acceptable surface wetting present on the nitrogen-cured lens surface.

These differences appear to be related purely to the different polymerisation conditions

present during the manufacture of these two lens types, as lens designs and component

monomers were identical. These regions of non-wetting and heavy deposition on the air-
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cured lenses have no clear distribution, occurring seemingly randomly on the anterior lens

surface. No differences were observed in lens fit between the two lens types and given the

identical lens design and material this similarity is perhaps expected. Conjunctival and

limbal redness were shown to be significantly increased following wear of the air-cured

lens compared with the nitrogen-cured lens, likely as a result of increased irritation result-

ing from reduced lubrication between the lids and the lens surface. Subjective responses

showed a marked difference between lens types with the air-cured lens giving poor levels

of comfort in all subjects. This clinical study is therefore in agreement with the findings of

the manufacturer that the lenses cured in moulds surrounded by an air environment have

much poorer clinical performance than the same material cured in moulds surrounded by

an environment purged with nitrogen.
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2.2 Development of the thin film wettability analyser

2.2 Development of the thin film wettability analyser

2.2.1 Introduction

Given the findings of the clinical study, it was apparent that there were clear clinical

differences between the air-cured and nitrogen-cured contact lens surfaces. If a central

or otherwise defined region of an air-cured lens was investigated with a surface analysis

technique, it would be impossible to know whether the area of analysis fell on a wetting

or non-wetting region of the lens surface. To understand how the surface characteristics

differed between these regions, it was therefore necessary to identify these regions prior

to analysis. Given the differences observed in the clinical study, the wetting and non-

wetting regions of the air-cured contact lens could have been mapped out during clinical

wear. The problem with this approach was that immediately after insertion of the contact

lens, the surface underwent rapid deposition by tear film components which effectively

contaminated the surface of the contact lens. Even with the use of cleaning agents, such

as surfactants, the surface would likely remain heavily contaminated by the tear film

components and, in addition, the surfactants might damage or contaminate the highly

sensitive hydrogel surface. A technique therefore needed to be developed, which would

allow identification of these wetting and non-wetting regions on the contact lens surface,

without the need for the contact lens to be worn.

2.2.2 Purpose

To develop a laboratory technique to identify non-wetting regions on a contact lens surface

whilst minimising contamination of the lens surface.

2.2.2.1 Development of thin film wettability analyser

The principle behind this new instrument was that when a contact lens is removed from

an aqueous solution a thin film of water forms on the lens surface. The formation of a

liquid film on the contact lens surface, by emergence of the contact lens from solution,

looked to mimic the opening of the eye lids and the subsequent thin tear film formation on

the lens surface following a blink. Following immersion from a fluid bath the film is likely

to gradually change in thickness as a result of evaporation and tangential flow. It was

predicted that relatively hydrophobic regions on the lens surface would drive a tangential

flow of fluid away from these regions, towards the more hydrophilic regions of the lens
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surface. The effect of evaporation would also thin the aqueous film, eventually resulting

in breaks of the fluid layer which would be visualised due to a lack of specular reflection

from these regions. It was therefore hypothesised that these areas of fluid break-up would

therefore represent the more hydrophobic regions on the lens surface.

The contact lens was removed from its blister packaging, using tweezers and placed anterior

surface upwards onto a convex acrylic mount (Figure 2.10 (a)). The lens and acrylic

mount were then lowered into a 0.9% phosphate buffered saline bath (Sigma-Aldrich, UK)

and left for 5 minutes. The lens and mount were then slowly removed (approximately

1mm/sec), lens apex first, from the water bath (Figure 2.10 (b)) and placed on a dark

base. A machine vision lighting tube was then rapidly lower down around acrylic mount

and a firewire digital camera and associated optics (Edmunds Optical, York, UK) pre-

positioned to view the contact lens anterior surface (Figure 2.10 (c)). The lighting tube

was illuminated using LED panels and the light was diffused using a frosted plastic tube.

A digital movie was captured of the specular reflection from the fluid film on the contact

lens surface for 1 minute, following removal of the lens from the saline bath. The thin

film wetting analysis was carried out under standard laboratory conditions (22±2 oC and

25±5% humidity). The 30 second frame was chosen for analysis as it gave sufficient time

for non-wetting regions to appear, but was sufficiently rapid to avoid the entire lens drying,

due to evaporation from the lens surface. The 30 second frame was then imported into

image analysis software (MATLAB, Natick, MA), where the lens edge and the boundary

of the non-wetting regions were traced using a drawing tool (Figure 2.11). From initial

testing of the thin film wettability analyser, it was apparent that the instrument was

able to identify non-wetting regions on the lens surface, as shown in Figure 2.11. When

similar testing was performed on the nitrogen-cured study lenses, an apparently stable

water film was observed on the lens surface, with no non-wetting regions observed. For

this technique to be a useful measure of contact lens surface wettability, it was important

that these non-wetting regions, identified by this technique, were in the same location as

regions that were observed to be non-wetting during in vivo contact wear. A study was

therefore conducted to validate this instrument.
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saline container

(b) Lens is raised out of saline bath 
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Figure 2.10: Schematic of the thin film wettability analyser

2.2.3 Instrument validation study

2.2.3.1 Purpose

To investigate the validity and repeatability of the thin film wettability analyser to predict

clinical non-wetting regions on the contact lens surface.

2.2.3.2 Materials and methods

Ten air-cured and ten nitrogen-cured study contact lenses were used in this study. Each

lens was removed from its blister packaging solution using sterile tweezers and placed an-

terior surface upwards on a sterilised convex acrylic mount (radius of curvature 8.4mm).

A Sharpie marker (Sanford Inc., USA) was then used to draw three radial lens orientation

markers (LOM’s) onto the anterior lens surface at three, six and nine o’clock (Figure 2.11).

The lens and mount were then soaked in a 0.9% phosphate-buffered saline bath for five

minutes. The lens and mount were then slowly removed from the saline bath (approxi-

contact lens non-wetting regionacrylic mount lens orientation markers non-wetting region

(a) 30 sec video frame (b) Image analysis stage (b) Non-wetting region plotted

Figure 2.11: Image analysis of the 30 second frame from the thin film wettability analyser
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mately 1mm/sec) and rapidly placed onto a dark coloured surface. The lighting tube was

then rapidly lowered over the mounted lens with a digital camera already prepositioned to

image the lens surface, where a one minute movie of the lens surface was captured. The

lens was then returned to the saline bath for five minutes before the process was repeated

until five measurements had been completed. In total 100 one minute videos were cap-

tured (five measurements on each of the ten nitrogen-cured and ten air-cured lenses). The

experiment was performed under laboratory conditions (22±2 oC and 25±5% humidity).

All lenses were then placed into saline filled glass vials which were sealed and autoclaved

(Prestige Medical, UK) (121oC for 20 minutes at 15 PSI) to sterilise the lenses.

The 30 second frame of each movie was converted to an image and the boundary of the

lens and non-wetting region was plotted using image analysis software. The five repeated

measurements for each lens were then plotted onto the same contact lens boundary to

compare the agreement. The sterilised contact lenses were then worn by a subject for

five minutes and a investigator, who was masked from the in vitro measurement, drew

the position of the LOM’s and the non-wetting regions, if present, on the lens surface.

The validity of the thin film wettability analyser was then assessed by comparison of

the clinical non-wetting regions and the non-wetting regions identified by the thin film

wettability analyser.

2.2.3.3 Results

Figure 2.12 shows the non-wetting areas plotted for the ten air-cured contact lenses fol-

lowing thin film wettability analysis. All 10 of the nitrogen-cured contact lenses showed

no non-wetting regions at the 30 second frame with the thin film wettability analyser. For

each lens in Figure 2.12 five measurements were taken and the area of non-wetting was

recorded in a different colour. Figure 2.13 compares the non-wetting regions identified

by the thin film wettability analyser on the surface of the air-cured lenses, with the non-

wetting regions observed when these lenses were subsequently worn clinically. This shows

a similar pattern between the non-wetting regions from the laboratory technique and from

the clinical analysis.
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Figure 2.12: Laboratory non-wetting regions measured by the thin film wettability analyser

on the air-cured study contact lenses, with repeated measurement represented by the five

different colours
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Figure 2.13: Comparison of the non-wetting regions identified by the thin film wettability

analyser and the clinical investigation.
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2.2.3.4 Discussion

Good agreement between repeated measurements using the in vitro thin film wettability

analyser (overlap of the different coloured regions on each lens in Figure 2.12) suggests

that the instrument has high repeatability in detecting non-wetting regions on the air-

cured lenses surface. These non-wetting regions appear to be hydrophobic in nature due

to the tangential flow of the saline away from these regions. As with clinical observations,

no non-wetting regions were identified on the nitrogen-cured lens surface using the in

vitro wettability analyser. The lack of non-wetting regions on the nitrogen-cured lens

surface suggests that the surface has relatively homogenous wetting characteristics, with

the evaporative loss of saline not sufficient, over the 30 seconds following immersion, to

result in the formation of any dry spots on the lens surface. Figure 2.13 highlights the

similarity in location of the non-wetting regions detected by the laboratory and clinical

testing for each air-cured lens, confirming that these relatively hydrophobic regions appear

to be in the same location on the lens surface when observed with both techniques. It is

also apparent that the non-wetting regions appear to be random in size and location, in

agreement with the initial clinical study (Figure 2.1).

2.2.3.5 Conclusion

The thin film wettability analyser appeared able to predict the regions of clinical non-

wetting without the need for in vivo clinical assessment, allowing subsequent surface anal-

ysis on these regions of interest without contamination by tear film components. The thin

film wettability analysis technique has therefore been used to identify regions of wetting

and non-wetting on the air-cured contact lens surface and confirm the lack of hydropho-

bic regions on the nitrogen-cured lens surface, prior to further investigation of the surface

characteristics of these regions. This chapter has therefore characterised the clinical differ-

ences between the two study lens types and developed a technique to identify non-wetting

regions on a contact lens surface. The following chapters will now aim to characterise

the surface of the study lenses with a range of analysis techniques, focusing particularly

on surface wetting (Chapter 2), surface chemistry (Chapter 3) and surface topography

(Chapter 4).
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Chapter 3

Contact angle analysis of contact

lens materials

3.1 Static contact angle measurements on contact lens ma-

terials

3.1.1 Introduction contact angle analysis on contact lens materials

Wettability is particularly relevant to contact lenses because the lens surface needs to

support a stable ocular tear film layer, and failure to achieve this is likely to adversely

affect the visual performance, increase lens surface deposition, and reduce comfort (Jones

et al., 2006). A potential negative consequence of the inclusion of silicone into contact

lenses is the inherent hydrophobicity it imparts to the material (Kunzler, 1996), result-

ing in poor in vivo wettability (Brennan et al., 2006; Maldonado-Codina et al., 2004b).

In an attempt to alleviate clinical problems related to this hydrophobicity, contact lens

manufacturers have utilised a range of fabrication techniques, including plasma surface

treatments (Weikart et al., 1999, 2001) and the inclusion of hydrophilic monomers (Iwata

et al., 2001; Maiden et al., 2002; McCabe et al., 2004) to the bulk material which serve to

mask surface hydrophobicity and improve ocular biocompatibility (Kunzler, 1996; Tighe,

2004; Weikart et al., 1999, 2001). In common with all scientific evaluations, repeated mea-

sures of contact angles will necessarily vary due to factors such as instrument fluctuation

or non-uniformity within or between samples (Bland & Altman, 1996). Such variation can

be termed measurement error. Measurement error can be reported by giving (i) the av-

erage standard deviation of multiple sets of repeated measurements, (ii) the coefficient of
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repeatability (COR), which is defined as the maximum difference likely to occur between

two successive measurements (2
√

2s) (where s is the standard deviation of measurements),

or (iii) the coefficient of variation (COV) (s), which contextualises the magnitude of the

error by comparison of the standard deviation of measurements (s) with the mean (x).

This study therefore was designed to allow a comprehensive investigation of the measure-

ment error associated with contact angle assessment of hydrogel contact lens surfaces was

therefore undertaken. An understanding of these errors is fundamentally important due to

the growing interest in the wetting behaviour of silicone hydrogel lenses and the increas-

ingly widespread use of contact angles by contact lens manufacturers (Maldonado-Codina

& Morgan, 2007; Menzies & Jones, 2010; Vermeltfoort et al., 2006). Additionally, such an

analysis would allow identification of which factors contribute toward measurement error

in this area and provide an indication of the confidence which can be placed on a single

published contact angle measurement. Specifically, the study was designed to determine

the contact angle COR associated with three measurement conditions using the sessile

drop and captive bubble methods:

1. Image analysis COR: an estimate of the variability of the repeated use of semi-

automated image analysis software on the same image.

2. Intralens COR: an estimate of the variability when taking repeated measurements

on the same lens.

3. Interlens COR: an estimate of the variability when taking repeated measurements

on different lenses of the same type.

The COR was chosen as the estimate of measurement error as it provides an immedi-

ately meaningful index in the relevant units (degrees), against which absolute measures of

contact angle can be judged.

3.1.2 Materials and methods

3.1.2.1 Commercial study lenses

Three silicone hydrogel contact lenses and one conventional hydrogel (i.e. a hydrogel

not containing siloxane species) control lens were used in this work (Table 3.1). The

back vertex power of all lenses was -3.00 DS. All contact lenses were sourced via normal

commercial channels and supplied in their standard blister packaging.
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Table 3.1: Properties of the commercial study contact lenses.

USAN1 Brand name Principle monomers2 Dk3 EWC (%)3 Surface treatment

balafilcon A PureVision NVP, TPVC, NVA, PBVC. 91 33 Plasma oxidation

lotrafilcon A Night & Day DMA, TRIS, fluorine-

containing siloxane macromer.

140 24 Plasma coating

senofilcon A Acuvue Oasys MPDMS, DMA, HEMA, silox-

ane macromer, TEGDMA,

PVP.

103 38 None (internal wetting

agent, PVP)

etafilcon A 1 Day Acuvue HEMA, MMA. 21 58 None

3.1.2.2 Contact angle analysis technique

Of the three main contact angle analysis techniques discussed in the introduction (ses-

sile drop, captive bubble and Wilhelmy plate) it was decided to use the sessile droplet

and captive bubble technique in this investigation. These techniques were selected over

the Wilhelmy plate technique as (i) no prior sample preparation (e.g. lens cutting) was

required, thus minimising surface contamination, (ii) the testing is surface specific (i.e.

analysis of the front lens surface only), (iii) the lens is allowed to remain in a curve state

and (iv) specific regions on the lens surface could be targeted for testing, which was critical

for the heterogeneous surface observed clinical on the study lenses.

3.1.2.3 Sessile drop method

Contact angles were measured at room temperature (25oC ± 1oC) and humidity (35%

± 5%) with an OCA-20 contact angle analyzer (DataPhysics Instruments, Filderstadt,

Germany). This instrument is essentially a conventional goniometer featuring automated

drop delivery, digital image capture, and semi-automated image analysis software. All

lenses were analysed following a 48 hour saline soak in 0.9% phosphate-buffered saline

solution (PBS) (Sigma-Aldrich, Germany), which was changed every 12 hours, to remove

any surfactant present in the blisters. The lenses were then blotted to remove excess

surface liquid. This was achieved by first removing the lens from the saline solution with

1United States adopted name.
2PVP, polyvinyl pyrrolidone; MPDMS, monofunctional polydimethylsiloxane; DMA, N,M-

dimethylacrylamide; HEMA, hydroxyethyl methacrylate; MAA, methacrylic acid; TEGDMA,

tetraethyleneglycol dimethacrylate; TRIS, trimethyl siloxysilyl; NVP, N-vinyl pyrrolidone; TPVC, tris-

(trimethyl siloxysilyl) propylvinyl carbamate; NVA, N-vinyl amino acid; PBVC, poly(dimethysiloxy)-

di(silylbutanol)-bis(vinyl carbamate).
3Manufacturer-reported values.
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silicone tipped tweezers, touching only the lens edge. The back surface of the lens was then

carefully placed onto a custom-made PMMA lens holder (radius of curvature 8.7 mm),

and the lens front surface was lowered onto a Supraclean microfibre cloth (Pentax, Slough,

UK) suspended over a glass beaker. The lens was briefly held in contact with the cloth

(3 seconds), and then this procedure was repeated until excess surface liquid had been

removed (no dark mark left on the cloth). This typically required two to three repetitions.

This technique was adopted to achieve even blotting across the lens surface. The lens

and PMMA mount were then immediately placed onto the OCA-20 instrument, under the

needle of the microsyringe (Hamilton 500 lL DS 500/GT) using a customised positioning

guide which allowed dosing within 5 seconds of lens blotting. This approach minimised

the dehydration of the lens surface during the procedure. A 3 µL drop of deionized water

was formed at the tip of the dosing needle at a rate of 2 µL/s and was then lowered until

the water and the lens surface made contact. An optical trigger immediately captured a

20 second digital movie clip of the water drop on the lens surface at a rate of 25 frames

per second and at a resolution of 768 x 576 pixels. The lens was then returned to the

PBS to soak for at least 10 min before the process was repeated on six further occasions,

giving a total of seven measurement runs for each individual lens. This procedure was

undertaken for 10 lens samples per lens type, and the order of analysis of these lenses was

randomized. This gave a total of 280 movie clips (7 measurement runs x 10 lens samples

x 4 lens types).

3.1.2.4 Captive Bubble Method

The OCA-20 instrument was also used to determine the contact angles using the captive

bubble method. After a 48 hour soaking, as described earlier 3.1.2.3, the back surface of

the lens was carefully placed onto a custom-made PMMA lens holder and lowered into a

PBS-filled glass chamber to rest on a submerged stand. A curved needle was positioned

directly below the centre of the lens from which a 3 µL air bubble was dispensed. The

needle was then advanced toward the lens surface, and on contact, the bubble was detached

from the needle at the apex of the lens. A movie was captured as detailed earlier after

which the bubble was dislodged from the lens surface. The procedure was then repeated

on six further occasions on the same lens with at least five minutes between measurements.

The saline within the glass chamber was emptied and refilled prior to testing each lens.

This procedure was undertaken for 10 lens samples per lens type, and the order of analysis
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of these lenses was randomised. This gave a total of 280 movie clips (7 measurement runs

x 10 lens samples x 4 lens types).

3.1.2.5 Image Analysis

Each movie clip was analysed using the SCA-20 (version 3.7.4) software supplied with

the OCA-20 instrument. As the contact lenses had a curved surface, the automated

contact angle analysis mode could not be used and the semi-automated image analysis-

drawing tool was utilised. Frame zero was defined as the movie frame on which the

sessile droplet/captive bubble was first formed on the lens surface. The movie was then

advanced 10 seconds to a time point at which the contact angle had reached equilibrium.

This single frame at 10 seconds was analysed using the semi-automated software. The

elliptical curve-fitting tool was used to (a) define the contact lens surface and (b) define

the droplet/bubble surface. Once the two surfaces were defined, the SCA-20 software

automatically calculated the contact angle on both sides of the droplet/bubble (Figures

3.1 and 3.2). Each 10-second frame contact angle image was reanalysed after 24 hours

by the same investigator. This process was fully masked and randomised by assigning

a random number to each frame from 1 to 560. These frames were then analysed in

a different random order on two separate occasions. Once all of the frames had been

measured twice, the data were brought together and the masking was broken.

3.1.2.6 Determination of Measurement Errors

1. Image Analysis Coefficient of Repeatability.

Following the testing for normality of the differences between analysis/reanalysis

contact angles with the Kolmogorov-Smirnov test, image analysis COR was calcu-

lated using the method recommended by Bland & Altman (1986). In brief, the COR

is 2.77 x the average standard deviation of the sets of two repeated measurements.

This COR value estimates the maximum difference likely to occur between 95% of

pairs of successive contact angle measurements on the same image. COR values were

calculated separately for the sessile drop and captive bubble methods. In addition,

paired t-tests were performed to compare the first and second contact angle mea-

surements. The mean of the analysis/reanalysis contact angles was plotted against

the difference between these two measurements using the approach suggested by

Bland and Altman to explore the relationship between measurement error and mea-
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CA left CA right

Contact lens

Water

Air
Needle

Figure 3.1: Image analysis of a typical sessile drop frame.

surement magnitude and to derive the 95% limits of agreement (Bland & Altman,

1986).

2. Intralens Coefficient of Repeatability. Prior to the calculation of intralens and

interlens COR, an analysis of covariance model was constructed with lens type as a

between factor and measurement sequence number as the covariant to investigate the

potential for systematic errors being introduced by repeated measurements on the

same sample. The intralens COR was then calculated as 2.77 x the average standard

deviation of the 10 sets of seven within-lens repeated measurements. This COR value

estimates the maximum difference likely to occur between 95% of successive contact

angle measurements on the same lens surface. COR values were calculated for each

of the four lens types, separately for the sessile drop and captive bubble methods.

3. Interlens Coefficient of Repeatability. The interlens COR was calculated as

2.77 x the average standard deviation of the seven sets of 10 between-lens repeated

measurements. This COR value estimates the maximum difference likely to occur

between 95% of successive contact angle measurements on different lenses of the same
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3.1 Static contact angle measurements on contact lens materials

Contact lens

Needle

Water

CA left CA right

Air

Figure 3.2: Image analysis of a typical captive bubble frame.

type. COR values were calculated for each of the four lens types, separately for the

sessile drop and captive bubble methods. Ninety-five percent confidence intervals

were calculated for all COR values. Measurements were deemed to be statistically

significantly different when there was no overlap between the relevant 95% confidence

intervals.

3.1.2.7 Contact angle assessment of study contact lenses

In addition to the commercial study contact lenses, ten air-cured and ten nitrogen-cured

experimental study contact lenses were assessed using both the sessile drop and captive

bubble technique. These lenses were prepared and analysed as described previously for the

four commercial contact lenses (Section 3.1.2.3 and 3.1.2.4), with each lens analysed seven

times. The investigator was masked from the lens type and analysis was performed in a

randomised lens order. Following completion of the experiment the masking was broken

and the magnitude of the sessile drop and captive bubble contact angle was calculated.

The intralens and interlens coefficients of repeatability were also calculated along with
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3.1 Static contact angle measurements on contact lens materials

their 95% confidence intervals. Measurements were deemed to be statistically significantly

different when there was no overlap between the relevant 95% confidence intervals.

3.1.3 Results

3.1.3.1 Commercial contact lenses

There was no significant difference between the distribution of differences in image analy-

sis/reanalysis values and that of a normal distribution (sessile drop: K=1.0, p=0.50; and

captive bubble: K=1.0, p=0.51), justifying the subsequent parametric statistical treat-

ment of the data. Table 3.2 shows the absolute contact angles and image analysis COR

values for each lens type. The overall image analysis COR value was 2.18o for both the

sessile drop and captive bubble methods. Contact angle measurements were not signifi-

cantly different for the first and second image analysis measurements for both the sessile

drop (t=0.4, p=0.72) and captive bubble methods (t=0.4, p=0.71). Bland-Altman plots

for the image analysis/reanalysis data are shown for both the sessile drop (Figure 3.3) and

captive bubble methods (Figure 3.4). The 95% limits of agreement were 22.18o to 12.28o

for both the sessile drop and captive bubble methods. Both Bland-Altman plots showed

no apparent relationship between the analysis/reanalysis differences and the magnitude

of the contact angle measured. Measurement sequence number was demonstrated not to

have a significant influence on the measured contact angle values (F=0.0, p=0.89) sug-

gesting that sequential measures on an individual sample were not a confounding factor

in our quantification of lens COR. Intralens COR values for all lens type/method combi-

nations ranged between 4.08o and 10.28o. Inter-lens COR values for all lens type/method

combinations ranged between 4.58o and 16.58o . The combined data are shown in Figure

3.5.

3.1.3.2 Experimental study contact lenses

Absolute contact angle values for the two study contact lens types are shown in Table 3.3.

The air-cured lenses showed a significantly higher sessile drop contact angle (F=555.20,

p0.0001) and a significantly higher captive bubble contact angle (F=9.52, p=0.0025) than

the nitrogen-cured lenses. Figure 3.6 shows the intra-lens and inter-lens COR values along

with their 95% confidence intervals. Intra and inter-lens COR values for the study contact

lenses differed statistically only during sessile drop analysis on the air-cured lenses.
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3.1 Static contact angle measurements on contact lens materials

Table 3.2: Absolute Contact Angle Values and Image Analysis COR Values. The 95%

confidence intervals appear in parentheses.

Contact angle COR

Lens Type Sessile Drop (o) Captive Bubble (o) Sessile Drop (o) Captive Bubble (o)

Senofilcon A 80.0 (78.2, 81.8) 27.8 (27.3, 28.3) 2.0 (1.8, 2.2) 1.4 (0.9, 1.9)

Balafilcon A 86.5 (85.6, 87.4) 27.8 (27.4, 28.2) 2.2(1.4, 3.0) 2.0 (1.3, 2.7)

Lotrafilcon A 50.2 (49.5, 50.9) 25.3 (24.9, 25.7) 1.9 (1.2, 2.6) 2.4 (1.5, 3.3)

Etafilcon A 15.3 (14.8, 15.8) 24.9 (24.3, 25.5) 2.5 (1.6, 3.4) 2.6 (1.7, 3.5)
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Figure 3.3: Bland-Altman plots for repeated contact angle measurement with SCA-20

image analysis software, for sessile droplet data with 95% confidence intervals.

Table 3.3: Absolute Contact Angle Values for the air and nitrogen-cured contact lenses.

The 95% confidence intervals appear in parentheses.

Contact angle

Lens Type Sessile Drop (o) Captive Bubble (o)

Air-cured 88.0 (4.8) 26.5 (2.4)

Nitrogen-cured 72.8 (3.3) 22.4 (2.3)
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Figure 3.4: Bland-Altman plots for repeated contact angle measurement with SCA-20

image analysis software, for captive bubble data with 95% confidence intervals.

Etafilcon A
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Senofilcon A
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Inter-lens COR
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Coefficient of repeatability (degrees)
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Captive bubble

Figure 3.5: Intralens and interlens COR values. Error bars represent the 95% confidence

intervals.
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Figure 3.6: Intralens and interlens COR values for the air-cured and nitrogen-cured study

contact lenses. Error bars represent the 95% confidence intervals.

3.1.4 Discussion

Contact angle analysis is commonly used in an attempt to predict the clinical wetting of

the contact lens by the tear film. Since the launch of silicone hydrogel contact lenses in the

late 1990s, wettability has been at the forefront of clinical and material science research

in this area, and an increasing number of publications have reported the contact angles

of these lenses (Bruinsma et al., 2001; Cheng et al., 2004; Lorentz et al., 2007; Santos

et al., 2008; Vermeltfoort et al., 2006; Willis et al., 2001). However, the measurement

of a contact angle on a hydrogel surface is problematic due to the inherent variabilities

introduced at the sample preparation stage and the sensitivity of the surface to changes

in its local environment. As such, understanding the magnitude of measurement error in

the assessment of hydrogel contact angles is particularly important.

3.1.4.1 Commercial contact lenses

The image analysis COR values found in this work were small (about 2o) when consid-

ered as absolute measures and were not related to contact angle magnitude. However,

these measurement errors become more significant for materials with low contact angles.

For example, the COR for sessile drop assessment of etafilcon A was 2.5o with a mean

168



3.1 Static contact angle measurements on contact lens materials

value of 15.3o (16%) when compared with a COR of 2.2o and mean value of 86.5o (3%)

for the balafilcon A lens. In general, we consider these values to be small and that the

semi-automated image analysis software used in this work was repeatable. In instruments

where software is fully automated, this aspect of measurement error is likely to be reduced

(with the added benefit of faster analysis), and this will be discussed further in Section

3.2.3.3.

Repeatability was poorer (i.e. higher COR values) for silicone hydrogel sessile drop mea-

sures when compared with those from captive bubble assessment. This is likely to be

due to differences in surface dehydration between consecutive sessile drop measurements

as a result of small variations in preparation time as well as differences in the amount of

surface liquid removed during the blotting procedure. Contact angle measures on silicone

hydrogel materials may be more sensitive to changes in surface dehydration because of

the increased rotational mobility of silicon-oxygen bonds when compared with carbon-

carbon bonds (present in conventional hydrogel materials), leading to a less uniformly

wetting surface as a result of hydrophobic moieties migrating to the lens/air interface.

This hypothesis is further supported by the similarity of (a) repeatability values for the

conventional hydrogel lens (etafilcon A) for the two methods and (b) all the captive bubble

COR data.

The results also show a greater inter-lens COR value when compared with the intra-lens

COR value for the senofilcon A lens for sessile drop measures. This finding presumably

relates to the material characteristics of this lens which, unlike the other silicone hydrogel

lenses investigated, is not surface treated. Instead, this lens material incorporates high-

molecular-weight PVP in the bulk polymer (Maiden et al., 2002; McCabe et al., 2004) to

mask the hydrophobic siloxane groups from the tear film. Variation in the distribution of

PVP across a lens surface may give rise to increased COR values, as a slightly different

part of the lens surface may be sampled during repeated measurements; our finding of

greater inter-lens COR compared with intra-lens COR could represent an indirect indi-

cation of greater variation in PVP distribution between lenses than across a single lens

surface, although a more direct analytical approach would be required to confirm this.

Another possible reason for this finding is that the senofilcon A lens surface might be

unpredictably influenced by the blotting process, resulting is a high level of variability for
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3.1 Static contact angle measurements on contact lens materials

the sessile drop contact angle. This discrepancy between inter-lens and intra-lens COR

values for the senofilcon A lens is not evident for captive bubble measurements for the

same lens material which supports the hypothesis that surface dehydration occurring dur-

ing sessile drop measures increases the presentation of hydrophobic moieties at the contact

lens surface. In contrast, the other two commercial silicone hydrogel lenses used in this

work undergo surface treatment to improve their clinical wettability characteristics. The

lotrafilcon A lens undergoes a plasma surface treatment resulting in a homogenous, dense,

25-nm thick coating. The coating possesses low molecular mobility which in turn has

the effect of minimising the migration of hydrophobic silicone groups toward the surface

(Weikart et al., 1999, 2001). The balafilcon A lens has an incomplete plasma oxidation

surface treatment, resulting in hydrophilic silicone islands surrounded by the hydropho-

bic silicone-based bulk material (Kunzler, 1996). Such surface treatments appear to give

rise to more repeatable sessile drop values for these lenses when compared with the non

surface-treated senofilcon A lens, inferring a reduced susceptibility to surface dehydration

during in vitro contact angle assessment.

3.1.4.2 Experimental study contact lenses

The nitrogen-cured study lens material exhibited comparable sessile drop and captive

bubble wetting characteristics to the senofilcon A material with contact angles of 79o and

25o respectively. In contrast, the air-cured lens surface displayed a significantly elevated

captive bubble contact angle (∼4o greater) and sessile drop contact angle (∼15o greater).

The sessile drop technique is analogous to an advancing contact angle and a relative

increase in the angle suggests the presence of more hydrophobic regions on the air exposed

lens surface. In addition, significant differences were observed between the intra and inter-

lens COR values for the sessile drop technique on the air-cured lens surface (no overlap

of the 95% confidence intervals) which was not observed on the surface of the nitrogen-

cured lenses suggesting potentially heterogeneous surface wetting characteristics. This

static contact angle study preceded the clinical study and was the first indication that

the surface was heterogeneous in nature. The clinical study has subsequently shown the

relatively random nature of these hydrophobic domains on the anterior lens surface (see

Section 2.2.3.3) which is the probable cause of the increased variability observed between

air-cured lenses.
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3.1.4.3 Comparison of study findings with the literature

The measurement errors reported here are relatively small in comparison with the differ-

ences in absolute contact angle values found between the various published studies in this

area. Although the ranking of the contact angles values found in this work is in agreement

with previous reports, which have adopted similar experimental methodology (Bruinsma

et al., 2001; Lorentz et al., 2007; Maldonado-Codina & Morgan, 2007), there are clear

discrepancies in the absolute values obtained. These differences are likely to be due to

some or all of the following:

1. Different instruments and software (e.g. Dataphysics OCA 20 instrument (Maldonado-

Codina & Morgan, 2007) versus a custom-made instrument (Vermeltfoort et al.,

2006)).

2. Variations in sample preparation (e.g. blotting the lens on a flat surface using lens

paper (Lorentz et al., 2007) versus blotting using a microfiber cloth on a curved

surface as described in this investigation).

3. Changes to material formulations and blister packaging solutions over time (e.g.

recent enhancements to balafilcon A and lotrafilcon A lenses (Pence, 2008)).

4. Inter-investigator variability.

3.1.5 Conclusion

This study has compared the static contact angles measured for both commercially-

available and experimental study contact lenses using both the sessile droplet and captive

bubble technique. In addition, it has presented a detailed description of the measurement

errors that occur during the measurement of contact angles on curved hydrogel contact

lens surfaces while using the sessile drop and captive bubble methods. These measurement

errors are influenced by (a) the subjective elements introduced by using semi-automated

software, (b) methodology-dependant variables, and (c) surface-related material variables.

Measurement error associated with image analysis was shown to be small as an absolute

measure, although more significant for lenses with low contact angle. Overall, the captive

bubble method was subject to smaller measurement errors than the sessile drop method,

which is thought to be due to the sensitivity of the lens surfaces to dehydration. All such

measurement errors should be taken into account when considering any published contact
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angle data for hydrogel contact lenses. Contact angle analysis was also able to detect

differences in the advancing contact angle between the two experimental study materi-

als, with the air-cured lens possessing a relatively hydrophobic surface and measurements

of repeatability suggesting heterogenous wetting characteristics across the surface of the

air-cured lens.
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3.2 Development of a dynamic captive bubble technique

3.2 Development of a dynamic captive bubble technique

3.2.1 Introduction

Static contact angle assesment using the sessile drop and captive bubble techniques can

provide useful information about the surface wetting properties of a contact lens surface,

but these techniques have limitations. It has been suggested that the sessile drop technique

is analogous to an advancing contact angle and the captive bubble technique is analogous to

a receding contact angle (Maldonado-Codina & Morgan, 2007), as the contact lens surface

is exposed to very different environmental conditions during analysis. The wetting process

that occurs at the lens surface during clinical wear is a highly dynamic one, where the

lens is usually surrounded by a tear film envelope. The relatively strong forces associated

with an eye lid blink, drive the tear film meniscus across the anterior contact lens surface.

Following completion of the lid blink, a thin pre-lens tear film forms across the lens surface.

The presence of a contact lens is known to destabilise the tear film (Guillon et al., 1997)

and it is hypothesised that the inability of the tear film to be maintained across the lens

surface might result in reduced vision (associated with a loss of the smooth refractive

surface offered by a stable tear film (Thai et al., 2002a)), increased deposition (associated

with increased surface heterogeneity associated with exposure of the lens material to an

air environment (Tighe & Franklin, 1997)) and reduced comfort (associated with reduced

lubrication between the eye lid and anterior lens surface (Jones et al., 2006)). To better

model the ocular environment, an analysis technique should therefore ideally maintain the

contact lens in a hydrate stated and allow the investigation of both the stability of a fluid

film present on the lens surface during exposure to an air environment and the subsequent

ease with which the fluid is then able to spread back across the previously air exposed

surface.

3.2.2 Aim

To develop a dynamic captive bubble technique which maintains the contact lens in its

fully hydrated state and allows the measurement of the dynamic advancing and receding

contact angles in a rapid and repeatable manner.
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3.2.3 Methods and materials

The Dataphysics OCA-20 instrument is a video-based device for the measurement and

analysis of the static and dynamic contact angle according to the sessile and captive drop

method. Software-controlled automation of a syringe allows the dispensing or retraction

of a fluid in a highly controlled and repeatable manner. The variable optics and high

resolution camera allow the imaging of a sessile droplet or captive bubble which is then

captured as either an image or video. The OCA-20 instrument fulfils many of the re-

quirements of a system to dynamically characterise surface wetting properties, but two

problems limited its application to contact lens surfaces. One of these problems was that

the supplied contact lens mounting stand was relatively poor at holding the contact lens in

position in a saline water bath. The other more significant problem was that the OCA-20

automated contact angle analysis software could only be applied to a flat surface. This

meant that a manual curve fitting tool had to be used to calculate the contact angle, which

although acceptable for static contact angle measurements (where only one measurement

required), proved extremely time consuming for even a short dynamic movie (i.e. manual

image analysis took up to 1 hour for an 80 second movie at 1 frame per second).

3.2.3.1 Captive bubble lens holder design

Figure 3.7 shows a schematic diagram of the redesigned lens mount which cradles the

contact lens in position while allowing the apex of the contact lens to be analysed. The

lens was lowered anterior surface facing downwards into the convex-shaped polypropylene

mount. 20ml of PBS was then syringed into the convex contact lens cavity, which stabilised

the lens and formed a smooth anterior lens surface which protruded out beneath the

aperture of the lens mount. The contact lens and mount were then slowly lowered into

a glass chamber filled with PBS solution until the mount rested on either side of the

chamber and the lens was submerged. The contact lens was then left in solution to settle

for 5 minutes, while atmospheric air (35% humidity ± 15%) was drawn into the automated

OCA-20 syringe.

3.2.3.2 Captive bubble experimental procedure

Contact angles were measured at room temperature (25 oC ± 1oC) and humidity (35% ±

5%) with the OCA-20 contact angle analyser using a dynamic captive bubble method. An
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Machined polypropylene

Top view

Side view

Contact lens

14mm
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Curved syringe 
needle

Figure 3.7: A schematic of the contact lens holder developed for the dynamic captive

bubble technique.

air bubble was dispensed from a curved 1.65 mm outer diameter blunt-ended steel needle

positioned 2 mm directly below the lens apex. The size of the air bubble was slowly

increased by 0.1µl per second using the OCA-20 automated bubble delivery function until

contact was made with the lens surface. Assessment of the receding and advancing contact

angles was achieved by first enlarging the air bubble at a rate of 0.12 µl per second until it

increased in volume by 3 µl and then shrinking its volume (at a rate of 0.12 µl per second)

until the bubble detached from the lens surface. This entire process was captured as a

digital movie.

3.2.3.3 Automated contact angle analysis on curved substrate using MAT-

LAB

The Dataphysics DCA-20 software has the ability to perform automated contact angle

analysis on a flat sample surface, but is unable to automatically analyse a curved sample

surface, such as the anterior surface of a contact lens. In a previous study, Cheng et al.

(2004) flattened the contact lens surface by clamping the lens periphery while using a

plunger to flatten the central lens surface. Although this technique allowed automated

contact angle measurements, the contact lens underwent significant deformation which

175



3.2 Development of a dynamic captive bubble technique

potentially influenced the surface characteristics of the lens surface. By choosing to keep

the contact lens in its curved form, it became apparent that the manual nature of the

semi-automated contact angle analysis would be too time consuming to perform on any

large scale studies. It was therefore decided to develop fully automated image analysis

software which would rapidly and repeatably measure the contact angle formed by the

captive bubble technique on a curved lens surface. To perform dynamic captive bubble

analysis, an air bubble was placed in contact with the apex of a soft contact lens and

the volume of the bubble was increased and then subsequently reduced until the bubble

detached from the lens surface, as highlighted in Figure 3.8.

Figure 3.8: A series of frames from a dynamic captive bubble movie showing the enlarge-

ment and contraction of the air bubble against a contact lens surface, with the advancing

and receding phases highlighted.

A MATLAB script (The MathWorks, Natick, MA) was developed which applied a cus-

tomised, fully automated image analysis routine to each side of the bubble for all frames

in the captured movie clip (Figure 3.9). This routine employed a tracing technique used

to identify the boundary of the contact lens and bubble surfaces around the three-phase

interface (Figure 3.9 (Step 3 & 4)). The three-phase interface point on each side of the

bubble was identified from which contact angle (using the intersection of the two linear

approximations of the local contact lens and bubble surfaces) and contact diameter (the

distance between the two three-phase interfaces) were calculated (Figure 3.9 (Step 5)).

The mean of the two contact angles for each frame and the contact diameter were plotted
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versus frame number in order to identify the advancing and receding contact angle phases

(Figure 3.10). The development of this automated analysis technique therefore allowed

contact angle measurements to be taken in a few seconds, rather than the one hour taken

to obtain these measurements manually.

3.2.4 Validation of the MATLAB image analysis technique

3.2.4.1 Aim

To investigate the validity of the automated contact angle analysis software by compar-

ison with the OCA-20 manual imaging analysis software tool for a range of contact lens

materials.

3.2.4.2 Method

The automated contact angle analysis software was used to process a captured captive

bubble video for three contact lens materials. The three contact lens types (balafilcon A,

senofilcon A and lotrafilcon A) were chosen as they are known to possess different surface

wetting characteristics (Read et al., 2009). Two lenses were analysed for each lens type (6

lenses in total), using the methodology described in Section 3.2.3.2. The lenses underwent

a 48 hours PBS soak (with saline changed every 12 hours) prior to analysis. The resulting

captive bubble contact angle movies were analysed both automatically by the customised

software and manually using the OCA-20 software. Calibrated images were also used to

validated the MATLAB automated contact angle image analysis software (Figure 3.11).

The limits of agreement and mean difference between the manual and automated contact

angle analysis techniques were calculated using the method described by Bland & Altman

(1986).

3.2.4.3 Results

Comparison of the contact angle measurements using the manual and automated contact

angle analysis techniques showed generally good agreement (Figure 3.12) with differences

in contact angle measurements uninfluenced by the magnitude of the contact angle be-

ing measured (Figure 3.13). For all three contact lens materials, contact angle limits of

agreement values were less than ± 6 degrees (Table 3.5). Automated contact angle mea-

surements for the calibrated images were in all cases within 2 degrees of the expected value

(Table 3.4).
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Figure 3.10: Contact angle and contact diameter vs frame number for a balafilcon lens.

The advancing and receding phases are highlighted.

90 degrees 45 degrees 20 degrees

Figure 3.11: Images with calibrated angles to validate the automated contact angle analysis

software

179
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Table 3.4: Agreement between contact angle measurements using both the automated and

manual technique on three different lens types

Calibrate image angle 90o 45o 20o

Automated angle analysis software 90.1o 46.2o 19.8o

Table 3.5: Comparison of the manual and automated contact angle measurement tech-

niques on three different contact lens materials.

Mean difference (degrees) Limits of agreement (degrees)

etafilcon A 0.3 4.8

lotrafilcon A -0.3 4.6

balafilcon A -0.2 5.1

3.2.4.4 Discussion

The small differences observed between the manual and automated contact angle analysis

techniques were likely associated with measurement errors in both techniques. Measure-

ment errors in the automated contact angle analysis method are likely associated with

linear curve fitting approximations and limited image contrast and resolution, in addition

to those observed for the manual contact angle analysis method (Section 3.1.4). These re-

sults suggest that the automated contact angle analysis software does allow rapid contact

angle measurements to be made on curved contact lens surfaces and that these measure-

ments are in good agreement with both manual contact angle measurements and calibrated

images.
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Figure 3.13: Bland-Altman plot of agreement between the automated and manual method

of contact angle analysis for dynamic captive bubble data on balafilcon A lens material.

3.3 Dynamic captive bubble analysis on silicone hydrogel

contact lenses

3.3.1 Introduction

The development of the automated contact angle analysis technique (Section 3.2) allowed

the rapid sampling of a far greater number of lenses than was possible with the manual

technique. Although contact angle analysis has been used for many years in the investiga-

tion of contact lens wetting characteristics, the development and commercial introduction

of silicone hydrogel materials has brought this field back into the spotlight. Numerous

studies have investigated the wetting characteristics of these lenses, but direct comparison

of their findings is often difficult due to the differences in lens preparation prior to testing,

type of contact angle analysis performed, type of probe liquid and speed of analysis as

well as other experimental factors. This study therefore sort to investigate the wetting

characteristics for a wide range of silicone hydrogel contact lenses (both commercially

available lenses and the experimental study lenses) using a consistent methodology to bet-

ter understand what surface wetting characteristics are required for successful clinical lens

wettability.
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3.3 Dynamic captive bubble analysis on silicone hydrogel contact lenses

3.3.2 Materials and methods

3.3.2.1 Lenses

Eleven commercially available silicone hydrogel contact lenses and the two experimental

study contact lenses (air-cured and nitrogen-cured study lenses) were used in this inves-

tigation. Details of these lenses including public domain information on their chemical

composition are provided in Figure 3.14. All commercial contact lenses were sourced from

individual manufacturing batches via normal commercial channels and supplied in their

standard blister packaging. All lenses were coded by a second investigator in order that the

primary investigator (who conducted all measurements throughout the study) remained

masked to the lenses being evaluated.

Table 1. Study contact lenses. 

Lens typea Brand name Manufacturer Principal monomers 
Oxygen 

permeability  
(Barrers) b 

Water 
content 

(%) 

Modulus 
(MPa) b Surface treatment 

Asmofilcon A PremiO Menicon silicone methacrylates, silicone acrylates, DMA, 
pyrrolidone derivative 129 40 0.91 Plasma coating & 

plasma oxidation 

Balafilcon A Purevision Bausch & 
Lomb NVP, TPVC, NVA, PBVC 91 33 1.06 Plasma oxidation 

Clariti Clariti Sauflon  alkyl methacrylates, silicone acrylates, siloxane 
monomers, NVP 60 58 0.50 None (inherently 

wettable) 

Comfilcon A Biofinity CooperVision 
 M3U, FMM, TAIC, IBM, VMA, NVP, HOB 128 48 0.75 None (inherently 

wettable) 

Enfilcon A Avaira CooperVision 
 M3U, TEGMA, MMA NMNVA, AOE 100 46 0.50 None (inherently 

wettable) 

Galyfilcon A Acuvue Advance Johnson & 
Johnson 

mPDMS, DMA, EGDMA, HEMA, siloxane 
macromer, PVP 60 47 0.43 None (internal wetting 

agent, PVP) 

Lotrafilcon A Air Optix Night & 
Day Ciba Vision DMA, TRIS, fluorine-containing siloxane 

macromer 140 24 1.50 Plasma coating 

Lotrafilcon B Air Optix Ciba Vision DMA, TRIS, fluorine-containing siloxane 
macromer 110 33 1.22 Plasma coating 

Narafilcon A 1 Day Acuvue 
TruEye 

Johnson & 
Johnson 

hydroxy-functionalised mPDMS, DMA, HEMA, 
siloxane macromer, TEGDMA, PVP 101 46 0.66 None (internal wetting 

agent, PVP) 

Senofilcon A Acuvue Oasys Johnson & 
Johnson 

mPDMS, DMA, HEMA, siloxane macromer, 
TEGDMA, PVP 103 38 0.72 None (internal wetting 

agent, PVP) 

Silfilcon A Air Optix 
Individual Ciba Vision DMA, TRIS, fluorine-containing siloxane 

macromer, styrene 82 32 1.10 Plasma coating 

Nitrogen-cured study lens N/A N/A M3U, TEGMA, MMA, NVA, AOE 100 46 0.5 None (inherently 
wettable) 

Air-cured study lens N/A N/A M3U, TEGMA, MMA, NVA, AOE 100 46 0.5 None (inherently 
wettable) 

 

a United States Adopted Name. 

b Manufacturer-reported values. 

PVP: polyvinyl pyrrolidone; mPDMS: monofunctional polydimethylsiloxane; DMA: N,M-dimethylacrylamide; HEMA: hydroxyethyl methacrylate; MAA: methacrylic acid; EGDMA: 
ethyleneglycol dimethacrylate; TEGDMA: tetraethyleneglycol dimethacrylate; TRIS: trimethyl siloxysilyl; NVP: N-vinyl pyrrolidone; TPVC: tris-(trimethyl siloxysilyl) propylvinyl 
carbamate; NVA: N-vinyl amino acid; PBVC: poly(dimethysiloxy) di (silylbutanol) bis (vinyl carbamate), M3U: !"-bis(methacryloyloxyethyl iminocarboxy ethyloxypropyl)-
poly(dimethylsiloxane)-poly(trifluoropropylmethylsiloxane)-poly(methoxy-poly(ethyleneglycol)propylmethyl-siloxane, FMM: !-methacryloyloxyethyl iminocarboxyethyloxypropyl-
poly(dimethylsiloxy)-butyldimethylsilane, TAIC: 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione, IBM: isobornyl methacrylate, VMA: N-vinyl-N-methylacetamide, HOB: 
2-hydroxybutyl methacrylate, NMNVA: N-methyl-N-vinyl acetamide, MMA: methyl methacrylate, TEGDMA: tetraethyleneglycol dimethacrylate, AOE: 2-
allyloxyethanol 

Figure 3.14: Study contact lenses.

3.3.2.2 Surface Tension Measurement

The surface tension of the blister contact lens packaging solutions was measured in order

to determine the presence of any surface active agents since such components will have

a significant effect on the magnitude of any contact angle measured (Maldonado-Codina

& Morgan, 2007). Surface active agents are often added to contact lens blisters in order

to prevent the lenses adhering to the blister material (particularly at high temperatures,

e.g., during sterilisation) and in an apparent attempt to aid initial wearer comfort of the
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3.3 Dynamic captive bubble analysis on silicone hydrogel contact lenses

lenses (Tonge et al., 2001). Surface tension measurement was performed using the pendant

drop technique with an OCA-20 (DataPhysics Instruments, Filderstadt, Germany) contact

angle analyser, which comprises a conventional goniometer with automated drop delivery

and digital image capture. The pendant drop method has previously been well documented

(Alvarez et al., 2009); in brief, the surface tension was derived by fitting the Young-Laplace

equation to the digitised outline of the largest possible liquid drop suspended from a

2.41mm outer diameter blunt-ended steel needle. Prior to contact angle measurement, all

lenses underwent a 48 hour saline soak in PBS solution (Sigma-Aldrich, Germany), which

was changed every 12 hours in an attempt to remove any surface active agents adsorbed

onto the lens surfaces or absorbed into the lens polymer bulk. The effectiveness of this

strategy was tested by comparing the surface tension of the final (fourth) post-soak PBS

to that of freshly prepared PBS.

3.3.2.3 Dynamic Contact Angle Analysis

Contact angles were measured at room temperature (25.0oC ± 1oC) and humidity (35% ±

5%) with the OCA-20 contact angle analyser using a dynamic captive bubble method. The

captive bubble methodology applied has previously been described in Section 3.2.3.2 and

utilises the customised contact lens holder and MATLAB automated contact angle analysis

software. For each contact lens a digital movie of the dynamic captive bubble process was

captured and the measurement procedure was repeated on four further occasions on the

same lens, with at least 5 minutes between measurements. The PBS within the glass

chamber was emptied and refilled prior to testing each different lens. This procedure was

undertaken for 10 lens samples per lens type, and the order of analysis of these lenses was

randomised. This gave a total of 650 movie clips (5 measurement runs x 10 lens samples

x 13 lens types).

3.3.2.4 Image Analysis

Receding and advancing contact angles were derived for each movie. This was achieved by

applying the customised, fully automated image analysis routine (MATLAB, The Math-

Works, Natick, MA) to each side of the bubble for all frames in the captured movie clip

(Section 3.2.3.3). The receding contact angle was defined as the mean angle in five frames

at the midpoint of the receding phase and the advancing contact angle as the mean angle

in the first five frames of the advancing phase.
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3.3.2.5 Data Analysis

Given the normal distribution of the data sets (advancing and receding contact angles, and

hysteresis data for each of the 13 lens types, Kolmogorov-Smirnov test, all p>0.14), a linear

regression model was constructed to investigate the overall study findings. Specifically, the

factors of interest were lens type, contact angle type (advancing or receding), measurement

run (as a covariant), and lens sample (as a random effect) with contact angle magnitude

as the dependent variable. This was then followed by separate linear regression models

for advancing contact angle, receding contact angle, and magnitude of hysteresis as the

dependent variable in order to investigate differences between lens types.

3.3.3 Results

3.3.3.1 Surface Tension Measurement

The surface tension measurements of the lens blister packaging solutions and the post-soak

PBS are shown in Table 3.6. The post-soak surface tension of the PBS was within 0.2

dynes/cm (0.0002 N/m) of the pre-soak saline in all cases confirming that any surface

active agents were removed by the soaking process.

3.3.3.2 Dynamic Contact Angle Analysis

Advancing and receding contact angles for the lenses are shown in Table 3.7 and Figure

3.15. The hysteresis values of the lenses are also shown in Table 3.7. The results of the

overall linear regression model showed a significant interaction for lens type x contact angle

type (F=678.7, p<0.0001). Measurement run was not significant (F=1.1, p=0.29). Given

the significant interaction term above, separate analyses for advancing and receding con-

tact angles and hysteresis were undertaken. Lens types were significantly different for ad-

vancing angles (F=964.5, p<0.0001). Post-hoc analysis using the Tukey HSD test divided

the lenses into the following seven groups within which statistically similar advancing con-

tact angles were measured (in descending order of contact angle magnitude): (1) air-cured

study lens (2) balafilcon A/asmofilcon A, (2) enfilcon A/nitrogen-cured study lens,(3)

Clariti/lotrafilcon B, (4) galyfilcon A/narafilcon A/senofilcon A, (5) silfilcon A/comfilcon

A, and (6) lotrafilcon A.
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Lens type Blister packaging solution Post-soak PBS

Air-cured 72.6 (0.5) 72.7 (0.1)

Asmofilcon A 67.5 (0.4) 72.7 (0.2)

Balafilcon A 72.0 (0.1) 72.7 (0.1)

Clariti 54.4 (0.6) 72.6 (0.1)

Comfilcon A 68.5 (0.1) 72.6 (0.2)

Enfilcon A 65.1 (1.2) 72.6 (0.2)

Galyfilcon A 51.3 (0.7) 72.6 (0.1)

Lotrafilcon A 71.8 (0.1) 72.5 (0.2)

Lotrafilcon B 72.2 (0.1) 72.6 (0.1)

Nit-cured 72.3 (0.3) 72.6 (0.2)

Narafilcon A 52.6 (0.6) 72.7 (0.2)

Senofilcon A 52.1 (0.8) 72.5 (0.2)

Silfilcon A 72.5 (0.1) 72.6 (0.4)

Table 3.6: Surface tension (mN/m) of blister packaging solution and post-soak PBS solu-

tion. The standard deviations appear in parentheses.
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Differences were also demonstrated between the lens types for receding angle (F=23.8,

p<0.0001). Post-hoc analysis using the Tukey HSD test divided the lenses into four sta-

tistically similar groups with some overlap between them. They were in descending order

of contact angle magnitude: (1) air-cured study lens (2) galyfilcon A, narafilcon A and

senofilcon A (3) nitrogen-cured study lens, enfilcon A, lotrafilcon B, asmofilcon A, silfilcon

A, comfilcon A, and balafilcon A (4) silfilcon A, comfilcon A, balafilcon A, Clariti, and

lotrafilcon A.

Hysteresis was also different for the various lens brands (F=868.7, p<0.0001). In general,

each lens type was different to all the others with the exception of (1) galyfilcon A, narafil-

con A, and senofilcon A, (2) nitrogen-cured study lens and enfilcon A (3) senofilcon A,

silfilcon A, and comfilcon A, where within each group the lenses were statistically similar.

Lens type Advancing CA Receding CA CA hysteresis

Air-cured 88.2 (2.5) 30.2 (1.5) 60.0 (2.0)

Asmofilcon A 71.2 (1.5) 19.6 (0.7) 51.6 (1.4)

Balafilcon A 71.5 (1.1) 18.3 (0.6) 53.3 (1.3)

Clariti 42.2 (0.9) 17.5 (0.4) 24.7 (1.1)

Comfilcon A 29.6 (1.2) 18.6 (0.5) 11.1 (1.3)

Enfilcon A 68.3 (1.5) 19.7 (0.7) 48.7 (1.7)

Galyfilcon A 37.5 (1.9) 21.8 (1.1) 15.8 (1.4)

Lotrafilcon A 19.9 (0.9) 17.1 (0.5) 2.8 (0.7)

Lotrafilcon B 41.3 (1.0) 19.6 (0.9) 21.7 (1.3)

Nit-cured 66.7 (1.8) 20.1 (1.1) 46.6 (1.5)

Narafilcon A 37.0 (0.7) 22.1 (1.0) 14.9 (0.7)

Senofilcon A 35.4 (0.5) 22.1 (0.6) 13.3 (0.6)

Silfilcon A 30.5 (1.4) 18.6 (0.7) 12.0 (1.5)

Table 3.7: Advancing and receding contact angles. The standard deviations appear in

parentheses.
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3.3.4 Discussion

This work has provided data for advancing and receding contact angles for a wide range of

silicone hydrogel lenses obtained using consistent methodology and a single investigator.

A review of the literature shows that there are relatively few published reports detailing

the contact angles of unworn, silicone hydrogel lenses. Only one report has documented

a dynamic captive bubble methodology similar to that used in our current investigation

(Cheng et al., 2004). This work by Cheng and coworkers noted that the balafilcon A lens

demonstrated a receding contact angle of 24o and an advancing contact angle of 80o when

saline was used as the probe liquid. These values are reasonably similar to those found

in the present investigation (18o and 72o). Their data for the lotrafilcon A lens (21o and

60o) were markedly different to our own findings (17o and 20o). When comparing our data

with those of Cheng and coworkers, the differences obtained may be due to the following:

1. Different instruments: In this study the OCA 20 instrument was used, whereas

Cheng and coworkers used a customised setup based around the Kruss DSA-10

instrument with semi-automated angle analysis software.

2. Differences in sample preparation: Cheng and coworkers stretched their lens samples

over a Teflon holder in order to present a flat surface for analysis. In comparison, this

PhD study assessed the lenses without deformation and without a holder applied to

the lens back surface.

3. Differences to lens material formulations and packaging solutions: Both the bal-

afilcon A and the lotrafilcon A lenses have undergone refinements since Cheng and

coworkers carried out their work (Pence, 2008).

4. Different investigators: Subtle differences in measurement technique may introduce

variability in the data obtained.

These differences serve to highlight the difficulties of inter-laboratory comparison of data

in this area. The findings of this study have shown key differences between advancing

contact angles for the different lenses investigated. Advancing contact angles ranged from

20o to 88o, and for some of the lenses, it is possible to relate the magnitude of these angles

to the surface chemical properties of the lenses. For example, the two lenses that undergo

a surface oxidation process (balafilcon A and asmofilcon A) have the largest advancing
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contact angles. It has been well documented that such a surface treatment can result in

glassy islands of hydrophilic silicate material surrounded by areas of hydrophobic bulk (Te-

ichroeb et al., 2008; Tighe, 2004). Within these hydrophobic areas, when the lens surface is

exposed to air, the siloxane groups within the polymer are able to migrate, unimpeded, to

the surface in order to minimise the surface energy, which in turn increases the measured

advancing contact angle. A large advancing contact angle was observed for the enfilcon A

lens despite the lens not undergoing any kind of surface modification following cast mould-

ing, while the comfilcon A lens that is fabricated by the same manufacturer (CooperVision

Inc) has a much smaller advancing contact angle, which may be due to its somewhat dif-

ferent chemical formulation (Figure 3.14). The Clariti and lotrafilcon B lenses had similar

advancing contact angles despite different compositions and surface treatments (Figure

3.14). Surprisingly, the lotrafilcon A, lotrafilcon B, and silfilcon A lenses (manufactured

by CIBA Vision) all had advancing contact angles which were significantly different to

each other despite the lenses being based on similar polymer chemistry and undergoing an

apparently similar surface plasma coating process. It is likely that these discrepancies are

due to the following: (a) differences in plasma coating, (b) variation in the bulk chemical

composition (such as the addition of styrene in silfilcon A, or differing ratios of siloxane

monomer present in lotrafilcon A and lotrafilcon B materials), which may influence the

surface characteristics of the lenses despite the presence of a coating, or (c) a combina-

tion of (a) and (b). The three lenses manufactured by Johnson & Johnson (galyfilcon

A, senofilcon A, and narafilcon A) demonstrated comparable advancing contact angles

despite apparent differences in formulation. The information available in the public do-

main (Figure 3.14) suggests that the chemical compositions of the galyfilcon A and the

senofilcon A materials are similar, and considering the differences in the water content

of the materials, it is reasonable to assume that the ratios of the components differ be-

tween them, with more PVP being incorporated into the senofilcon A material (McCabe

et al., 2004). The narafilcon A material contains the same hydrophilic monomers used in

the senofilcon A and galyfilcon A formulations, but it contains only one rather than two

silicone-containing monomers. This silicone monomer is of a lower molecular weight than

that used in the galyfilcon A and senofilcon A materials (Rathore et al., 2008). An obvious

difference was observed in advancing contact angle for the experimental contact lenses,

with the air-cured lens have a mean advancing contact angle more than 20 degrees higher

than the nitrogen-cured lens. Given the similarity in bulk chemical composition it is clear
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3.3 Dynamic captive bubble analysis on silicone hydrogel contact lenses

that the polymerisation conditions have influenced the surface wetting characteristics, re-

sulting in these differences. In addition to composition-based differences and variations

in surface treatment of lenses described above, there are other processing related factors,

which could affect the resultant contact angles; these include polymerisation conditions,

solvents used to cast the lenses, and hydration/extraction methods. However, there is

almost no information about these factors available in the public domain.

When comparing the dynamic contact angle results with the static results found in Sec-

tion 3.1, it is apparent that for some materials there are significant differences between

the findings. One such example is the contact lens material etafilcon A, which when as-

sessed with the static sessile droplet technique (thought to be analogous to an advancing

contact angle) gave a contact angle of around 20 degrees, whereas when assessed using

the captive bubble technique, the advancing contact angle was found to be around 80

degrees. Other studies have presented similar findings (Cheng et al., 2004; Lorentz et al.,

2007), suggesting genuine differences in contact angle values associated with the measure-

ment technique used. A potential factor is the need for surface blotting which removes

water from the surface of the hydrogel to allow accurate testing of the material. Imme-

diately following blotting, the water within the material may be redistributed from the

bulk to rehydrate the surface and potentially form a surface film. The rate at which the

water is redistributed within the material is likely to be important; as conventional hy-

drogel materials typically possess a higher ion permeability when compared with silicone

hydrogels materials (Austin, 2009). It is hypothesised that this allows the surface of con-

ventional hydrogel materials to regain a fully hydrated nature almost immediately after

blotting, with a possible surface water film generated. This water swollen surface is likely

sufficient to resist reorganisation of the chemical groups at the surface and therefore pre-

dominately hydrophilic (hydroxyl) groups are presented as the droplet is placed onto the

surface, giving a low sessile drop (advancing) contact angle (Figure 3.16). In the captive

bubble technique, the constant pressure exerted by the air bubble appears sufficient to

result in removal of the surface water layer between the air bubble and the lens surface.

This results in a reorganisation of the functional groups at the lens surface (methyl groups

dominating the surface), therefore presenting a relatively hydrophobic surface and resisting

the advancing water phase as observed during dynamic contact angle testing (Figure 3.16).
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Figure 3.16: A schematic diagram of sessile drop and captive bubble analysis on etafilcon

A showing the apparent difference in presentation of the hydroxyl (OH) and methyl (CH3)

functional groups. Based on diagrams from Holly & Refojo (1975).

A significant difference was also observed between the static sessile drop contact angle and

the advancing contact angle measured using the dynamic captive bubble technique for the

senofilcon A material. The contact angle for sessile drop technique is much higher (around

80 degrees) than the advancing contact angle for the dynamic captive bubble technique

technique (around 40 degrees). It has been proposed that the surface of the senofilcon A

material has hydrophilic PVP chains which protrude out from the surface (Yañez et al.,

2008), presenting a relatively hydrophilic surface during captive bubble testing. However,

when the surface is disturbed by an invasive blotting technique, such as that typically

used for the sessile droplet technique, the PVP chains are likely to be flattened against

the polymer surface. This is thought to result in greater expression of the hydrophobic

species within the material, resulting in the elevated contact angle seen for the sessile

droplet technique. When assessing the advancing contact angle of a lens material, the key

variable appears to be whether air exposure prior to measurement is sufficient to result

in reorganisation of the chemical groups and if so, to what degree this occurs. This is

dependant on factors such as the speed of the contact angle boundary during testing,

the number of hydration/dehydration cycles, the ion permeability of the material, the

temperature of both the material and the probe liquid, the humidity of the probe air,

the blotting technique employed (if any) and perhaps most importantly the contact an-

gle analysis technique used. Given that these factors vary significantly between research
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3.3 Dynamic captive bubble analysis on silicone hydrogel contact lenses

groups and to a lesser extent within research groups, this probably accounts for the wide

range of contact angle values reported in the literature.

This dynamic captive bubble study has shown that the receding contact angles for all

the lenses investigated were restricted to a narrower range (17o to 30o) compared with

the advancing contact angle (20o to 88o). The air-cured lens possessed by far the highest

receding contact angle, suggesting a more hydrophobic tendency, even when in an aqueous

environment. All three of the Johnson & Johnson lenses along with the nitrogen-cured

lenses demonstrated larger receding contact angles than the other lenses studied. The

hysteresis of the lenses followed a similar pattern to that of the advancing angles given that

the receding angles of all of the lenses were numerically similar. Our results suggest that

the magnitude of hysteresis and the advancing contact angle appear not to be indicative

of the clinical performance of commercially available contact lens since all of the lenses

investigated in this work are currently on the market, and those with either large (Brennan

et al., 2007; Lakkis & Vincent, 2009) or small (Maldonado-Codina et al., 2004b; Young

et al., 2007) levels of hysteresis have been demonstrated to have clinically acceptable levels

of wettability. The results showed a clear difference between the two experimental lens

types for both the advancing and receding contact angle and in the contact angle hysteresis.

As differences are present in all three contact angle measurements it is therefore difficult

to conclude which if any is primarily responsible for the clinical non-wetting observed in

Chapter 2.
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3.4 Investigation of wetting heterogeneity across a contact lens surface

3.4 Investigation of wetting heterogeneity across a contact

lens surface

3.4.1 Introduction

Following the comparative clinical study (Section 2.1) and the development of the in vitro

wettability analyser (Section 2.2.2.1), it became apparent that although the static and dy-

namic contact angle studies provided useful information regarding the surface wettability

of the study contact lenses, only the apex of the contact lenses had been investigated. The

assumption that the peripheral lens surface would possess similar wetting characteristics

to that of the apex, might have seemed logical for the commercial contact lenses with their

relatively homogenous wetting characteristics, but for the air-cured study lenses with their

heterogenous wetting characteristics this seemed highly unlikely. This study therefore sort

to further develop the dynamic captive bubble technique to allow an assessment of wet-

tability at any point across the lens surface, and subsequently to apply this across the

surface of both the nitrogen-cured and air-cured contact lenses following assessment with

the in vitro contact lens wettability analyser (Section 2.2.2). By combining both these

techniques the study aimed to investigate how the wetting characteristics of the different

regions on the air-cured and nitrogen-cured contact lenses differed and in doing so po-

tentially highlight the critical in vitro wetting characteristics which are associated with

acceptable clinical lens performance.

3.4.2 Materials and methods

3.4.2.1 Lenses

Ten nitrogen-cured study lenses and ten air-cured study lenses were used in this investi-

gation (Section 1.9). These lenses were supplied in their standard blister packaging and

all lenses underwent a 48 hour soaking in PBS (with the saline changed every 12 hours)

prior to analysis.

3.4.2.2 Modified lens mount

Figure 3.17 shows the design of the modified lens mount. It consisted of a 17mm diameter

steel ball bearing with a flat surface. The ball bearing was then coated (Plasti-Kote, UK)

and attached to a small acrylic sheet. A 15mm diameter neodymium magnetic disc was
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then carefully machined to form a ring magnet with an internal chamfer matching that

of the ball bearing curvature. The ring magnet was then also coated. Both the magnetic

ring and the mounted ball bearing were soaked for prolonged periods in 0.9% PBS without

showing any change in the surface tension of the soaking liquid.

top view

spherical mount

contact lens

side view

contact lens
ring magnet

spherical mount
acrylic base

acrylic base

ring magnet

Figure 3.17: A schematic diagram of the lens mount used to allow dynamic contact angles

to be measured across a lens surface

3.4.2.3 In vitro wetting analysis

Each air-cured contact lens was removed from its PBS filled vial and placed onto the

spherical lens mount (figure 3.18 - step 1). The lens and mount were then placed into

a saline bath and left there for 5 minutes. The lens and mount were then removed and

analysed using the in vitro lens wetting analyser (Section 2.2.2), before being returned

to the saline bath. This was repeated on four further occasions to allow the non-wetting

regions to be identified. The lens was then moved on the mount until the hydrophobic or

hydrophilic region was positioned at the apex of the mount (Figure 3.18 - step 2). The

ring magnet was then placed over the region of interest where it gently clamped the lens in

position (Figure 3.18 - step 3). The mount and lens were then turned over and lowered into

the PBS filled captive bubble analysis chamber (figure 3.18 - step 4). The nitrogen-cured

lenses were also analysed using the in vitro lens wetting analyser.

3.4.2.4 Dynamic Contact Angle Analysis

Contact angles were measured at room temperature (25.0oC ± 1oC) and room humidity

(35% ± 5%) with the OCA-20 contact angle analyser using a dynamic captive bubble

method. The dynamic captive bubble experimental procedure followed that previously
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3.4 Investigation of wetting heterogeneity across a contact lens surface

described in Section 3.2.3.2 with the use of the magnetic contact lens holder and MATLAB

automated contact angle analysis software. For each contact lens region a digital movie

of the dynamic captive bubble process was captured and the measurement procedure was

repeated on four further occasions on the same lens, with at least 5 minutes PBS soaking

between measurements. The PBS within the glass chamber was emptied and refilled

prior to testing each different lens. This procedure was undertaken for ten air-cured lens

samples in both a region of non-wetting and a region of wetting (as identified by the

in vitro lens wetting analyser), with the order of analysis between regions randomised.

Ten nitrogen-cured lenses were then also analysed using the captive bubble technique in

regions corresponding to those found on the air cured lens in a randomised order (Figure

3.19). This gave a total of 200 movie clips (5 measurement runs x 10 lens samples x 2 lens

types x 2 regions of interest).

3.4.2.5 Data analysis

Following the testing for normality of the contact angle data with the Kolmogorov-Smirnov

(KS) test, a linear regression model was constructed to investigate the overall study find-

ings. Specifically, the factors of interest were lens type, lens region, contact angle type

(advancing or receding), measurement run (as a covariant), and lens sample (random ef-

fect) with contact angle magnitude as the dependent variable. This was then followed

by separate linear regression models for advancing contact angle, receding contact angle,

and magnitude of hysteresis as the dependent variable in order to investigate differences

between the two lens types.

3.4.3 Results

There was no significant difference between the distribution of contact angle values and

that of a normal distribution (sessile drop: K=1.4, p=0.32; and captive bubble: K=3.7,

p=0.64), justifying the subsequent parametric statistical treatment of the data. Advanc-

ing and receding contact angles for the lenses are shown in Table 3.4.3. The results of

the overall linear regression model showed a significant interaction for lens type x contact

angle type (F=137.2, p<0.0001). Measurement run was not significant (F=0.7, p=0.40).

Given the significant interaction term above, separate analyses for advancing and receding

contact angles were undertaken.
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Non-wetting regions
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Figure 3.19: A schematic diagram showing the locations of dynamic captive bubble anal-

ysis (X) on three of the ten air-cured study contact lenses (above) and the corresponding

regions analysed on the nitrogen-cured lenses (below).

Lens type Lens Region Mean advancing CA Mean receding CA

Air-cured Non-wetting 87.2o (4.6o) 31.7o (4.9o)

Air-cured Wetting 77.5o (9.0o) 18.2o (2.0o)

Nitrogen-cured (Non-wetting) 65.4o (4.6o) 17.9o (1.7o)

Nitrogen-cured (Wetting) 64.2o (3.4o) 18.5o (2.0o)

Table 3.8: The mean advancing and receding contact angles for the wetting and non-

wetting regions on the air-cured and nitrogen-cured lens types. The standard deviation

appears in parentheses.
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For the advancing contact angle data there was a significant difference between the two

lens types (F=639.2, p<0.0001), with the air-cured lens having a higher mean value (82.3

degrees) than the nitrogen-cured lens (64.8 degrees). There was also a significant dif-

ference between the two lens regions (F=42.8, p<0.0001), with the non-wetting regions

having a higher mean contact angle (75.1 degrees) than the wetting regions (70.1 degrees).

A significant interaction was observed for lens type x lens region (F=35.4, p<0.0001) with

post hoc analysis using Tukey HSD test dividing the lens type/lens region combinations

into the following three groups within which statistically similar advancing contact angles

were measured: (1) non-wetting region on air-cured lens, (2) wetting region on air-cured

lens, (3) both regions analysed on the nitrogen-cured lens.

For the receding contact angle data there was a significant difference between the two lens

types (F=212.7, p<0.0001), with the air-cured lens having a higher mean value (25.0 de-

grees) than the nitrogen-cured lens (18.5 degrees). There was also a significant difference

between the two lens regions (F=221.4, p<0.0001), with the non-wetting regions having

a higher mean contact angle (25.0 degrees) than the wetting regions (18.4 degrees). A

significant interaction was observed for lens type x lens region (F=35.4, p<0.0001) with

post hoc analysis using Tukey HSD test dividing the lens type/lens region combinations

into the following two groups within which statistically similar advancing contact angles

were measured: (1) non-wetting region on air-cured lens, (2) wetting region on air-cured

lens and both regions on the nitrogen-cured lens.

Figure 3.20 shows the change in advancing and receding contact angle between the regions

of wetting and non-wetting on the air-cured lenses and the matching areas on the nitrogen-

cured lenses. The nitrogen-cured study lenses showed little change in either advancing

or receding contact angle between the regions, whereas the air-cured lenses showed a

general reduction in both advancing and receding contact angles. The absolute difference

in contact angle between the wetting and non-wetting regions on the air-cured lens was 9.7

degrees for the advancing contact angle and 13.6 degrees for the receding contact angle,

with a percentage reduction of 12% and 43% respectively.
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Advancing contact angle Receding contact angle

Advancing contact angle Receding contact angle

Air-cured lenses

Nitrogen-cured lenses

Figure 3.20: The change in advancing (blue) and receding (red) contact angle between

wetting and non-wetting regions on the air-cured lenses (above) and respective areas on

the nitrogen-cured lens (below)
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3.4.4 Discussion

The clinical relevance of the advancing and receding contact angle to contact lens wear has

been debated in the literature. Some studies have suggested that the advancing contact

angle is the most relevant clinical measure as it describes the ability of a tear film to form

over a contact lens surface, whereas others have stressed the importance of the receding

contact angle in maintaining a stable tear film across the lens surface. The data from

the comparative clinical study in this PhD study (Section 2.1) showed that a contact lens

cured in an air-filled oven (air-cured lens) had regions of very poor in vivo wetting along

with regions of acceptable lens wetting. The contact lenses cured in a nitrogen-purged

oven (nitrogen-cured lens) in contrast demonstrated a relatively homogenous clinical wet-

ting surface. This contact angle work therefore sort to investigate the wetting properties

of these regions and in doing so allow a improved understanding of the clinical importance

of these in vitro measurements.

When analysing the results for the nitrogen-cured lens it was apparent that there was lit-

tle difference in the dynamic wetting characteristics across the lens surface. The receding

contact angle data showed no significant difference between the wetting regions on the air-

cured lenses and the nitrogen-cured lenses suggesting similarities in these surfaces, whereas

the advancing contact angle data showed a significant difference between these surfaces.

This suggests that more hydrophobic domains were present on the surface of the wetting

region of the air-cured lens compared with the nitrogen-cured lens when exposed to an air

environment, whereas on exposure to an aqueous environment both surfaces reorganised

to present similarly hydrophilic surfaces. The wetting region of the air-cured lens therefore

appears to have a greater concentration of hydrophobic material at the surface than the

nitrogen-cured lens, while still having sufficient hydrophilic species to allow reorganisation

of the polymer structure at the surface, thus masking the relatively materials hydrophobic

nature.

The advancing and receding contact angle data highlight significant differences between

the non-wetting regions on the air-cured lenses and both the wetting regions of the air-

cured lens and the nitrogen-cured lens. The elevated advancing contact angle suggests

that when the material is exposed to an air environment the hydrophobic species are able

to present more efficiently at the lens surface than for in the other lens regions. The
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elevated receding contact angle suggested that when in an aqueous environment the sur-

face in this region presents relatively hydrophobic species in comparison with other lens

regions. These findings suggest an increased presence of the hydrophobic species to a de-

gree where the lens surface is dominated by the silicone material and even when exposed

to a hydrophilic environment the surface is unable to reorganise sufficiently to fully mask

its hydrophobic nature, due to the lack of hydrophilic material in the surface / sub-surface.

The difference in both the advancing and receding contact angle between the non-wetting

and wetting regions on the air-cured lens and respective regions on the nitrogen-cured

lens show marked differences between the lens types. The nitrogen-cured lenses show

minimal change in the measured advancing and receding contact angle between the two

regions suggesting the presence of a surface with homogenous wetting characteristics. For

the air-cured lens both the advancing and receding contact angles differed significantly

between the wetting and non-wetting regions, confirming the presence of a heterogeneous

lens surface. Although statistical analysis of the data on the air-cured lens showed both the

advancing and receding contact angle values were significantly higher in the non-wetting

region, observation of the individual measurements suggests that not all lenses follow that

trend (Figure 3.20). Four of the ten air-cured lenses gave measurements which showed no

apparent reduction between the two regions (with two lenses actually recording a higher

advancing contact for the wetting region). In contrast the receding contact angle measure-

ments for all the air-cured lenses showed a difference between the wetting and non-wetting

regions, with the wetting region always giving the lower receding contact angle value. An-

other interesting observation from Figure 3.20 is an apparent trend suggesting that the

higher the receding contact angle value in the non-wetting region, the lower the value

in the wetting region. By plotting the receding contact angle for the non-wetting region

against the receding contact angle for the wetting region, Figure 3.21 is obtained. By

adding a line of best fit it is apparent that there is a trend of reducing receding contact

angle on the wetting region with an increasing receding contact angle on the non-wetting

region. A possible cause for this finding is macro-scale phase separation at the surface of

the air-cured study lenses. Where this phase separation is most marked, the non-wetting

regions would be primarily composed of hydrophobic siloxane macromer, whereas the wet-

ting regions would be composed primarily of hydrophilic monomer. Given the ability of

hydrogel materials to reorganise and present a hydrophilic surface when fully hydrated, it
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suggests that these materials with elevated receding contact angles are relative rich in the

siloxane macromer, to the point where insufficient hydrophilic polymer components are

present to mask its underlying hydrophobic nature.

Figure 3.21: Receding contact angle (non-wetting region) against receding contact angle

(wetting region) and advancing contact angle (non-wetting region) against receding contact

angle (wetting region).

The advancing contact angle results appear to present a less clear trend with some lenses

showing no reduction and other air-cured lenses showing large reductions in advancing con-

tact angle between the two study regions. Given the increased levels of siloxane macromer

likely present at the surface of the non-wetting regions it is perhaps surprising that a less

clear trend is observed, as the advancing contact angle is more typically associated with

the presence of the more hydrophobic components in the material. The results may be

complicated by other factors such as the molecular weight and the cross linking density of

the polymer in these regions as well as the extent of surface dehydration of the material

during the advancing phase. What is apparent is that the receding contact angle appears

more sensitive to the subtle changes between both lens type and lens region in this study

and is more consistently able to differentiate between regions which possess markedly dif-

ferent clinical performance.
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Although the air-cured experimental contact lenses exhibited obviously different surface

properties to commercial contact lenses, they allowed an investigation into the critical fac-

tors for the surface wetting characteristics of contact lens materials. There is little in the

literature which has looked at the wetting characteristics of poorly wettable contact lenses.

Hiratani et al. (2003) looked at the use of water-soluble moulds to manufacture silicone

elastomer lenses and showed that unmodified PDMS-related materials manufactured in

polypropylene moulds produced a relatively hydrophobic surface with a captive bubble

static contact angle in the 30 to 40 degrees range. Their value is in agreement with the

findings of this study where the mean receding contact angle for the air-cured non-wetting

was 31.7 degrees. Hiratani et al. (2003) also used XPS analysis to show that the lens

surface was dominated by the PDMS-based material, in agreement with the conclusion of

this PhD study, where the air-exposed non-wetting regions on the air-cured lens appear

composed predominantly of the siloxane macromer (Section 4.1.1.3). The nitrogen-cured

lens, in contrast, was shown to have properties similar to many of the commercially-

available lenses with a receding contact angle value typically in the 16o to 24o range and a

mean receding contact angle of around 18o. The advancing contact angle measured on the

nitrogen-cured lens material is also within the range of commercially-available materials,

although there appears a greater measurement variability than that observed for the re-

ceding contact angle data. The non-wetting region of the air-cured lens, in contrast, falls

outside the contact angle range typically observed for commercially-available lens material

with respect both to the advancing and receding contact angle, thus making it difficult to

interpret which is the most significant in vitro predictor of clinical contact lens wetting.

In vitro contact angle measurements are commonly used to characterise polymeric mate-

rials, but their application to biomaterials is complicated by the fact that these materials

surface characteristics are often altered by contact with the biological system. When a

contact lens material is placed onto the ocular surface and into the tear film, the material

is rapidly deposited with tear film components. These tear film components have been

shown to result in changes to the surface wetting properties of contact lens materials both

in vitro (Cheng et al., 2004) and in vivo (Tonge et al., 2001). Future work should therefore

investigate not only the lens material in a virgin state, but also the wetting characteris-

tics of the lens material following wear to better understand how this deposition process

influences subsequent clinical performance.
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In summary, the development of the dynamic captive bubble contact angle analyser allows

rapid and repeatable contact angle measurements to be made in a hydrated environment

at any point across the surface of a contact lens. The nitrogen-cured lens gave consis-

tent advancing and receding contact angle measurements across its lens surface and these

measurements were within the range shown by commercially available contact lenses. In

contrast, both the advancing and receding contact angle values for the non-wetting region

on the air-cured study lenses were greater than that found for commercial contact lenses.

When the wetting and non-wetting regions on the air-cured lenses were compared the

difference in the receding contact angle was greater both as a absolute and a percentage

change, in comparison with that observed for advancing contact angle between the two

regions. The wetting regions on the air-cured lenses possessed similar receding contact

angle measurements but larger advancing contact angle measurements ompared with the

nitrogen-cured lenses, suggesting intermediate wetting characteristics between the non-

wetting regions on the air-cured lens and the nitrogen lens. The receding contact angle is

shown in this study to be the most consistent in vitro predictor of initial clinical perfor-

mance, although it is likely the advancing contact angle also provides useful information

relating to the surface properties of the contact lens when in an air-exposed state.

3.4.5 Conclusion

The ability of a contact lens material to allow a tear film to spread and maintain itself

across the anterior surface of a contact lens during wear is critical in providing the wearer

with clear vision, high levels of comfort and in minimising significant tear film deposition

(Jones et al., 2006). Contact angle analysis is a standard laboratory method employed to

investigate the wetting characteristics of surfaces and was applied in this study to analyse

a range of commercially available and experimental contact lens materials. Static contact

angle measurements on contact lens materials gave a wide range of advancing contact an-

gles (15o to 90o), whereas receding contact angles were within a much more limited range

(15o to 25o) and were generally in good agreement with the literature. The high levels of

contact angle hysteresis observed for some of these these materials have been reported in

the literature and are thought to relate to the ability of the hydrogel surface to change its

free energy through reorientation of the polymer side chains and chain segments depending

on the nature of the environment adjacent to the polymer surface. Where contact lenses

undergo a surface treatment which limit this reorganisation, the hysteresis was found to be
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comparatively low (Maldonado-Codina & Morgan, 2007), supporting this general theory.

The inclusion of siloxane-related polymers into contact lens materials has the tendency

of increasing hysteresis due to the highly flexible silicon-oxygen polymer backbone, which

readily allows reorganisation of the surface. This reorganisation is driven by the nature

of the environment surrounding the polymer, where when exposed to a non-polar fluid

such as air, the surface reorganises to present the hydrophobic methyl groups extremely

efficiently, whereas when exposed to an aqueous fluid the surface readily reorganises to

present more hydrophilic species at the surface. The challenge for contact manufactures

has been to develop materials with sufficient siloxane material to boost oxygen transmis-

sion, while maintaining acceptable levels of surface wettability typical by either surface

treatment or inclusion of hydrophilic monomers.

In an attempt to better understand how the in vitro surface wetting characteristics of a

contact lens material influence its clinical performance, this PhD has looked to investigate

the repeatability of the existing contact angle methodology and where necessary has sought

to develop new instrumentation to overcome experimental limitations and to subsequently

apply these techniques to a range of both commercially-available and experimental study

contact lenses.

Although contact angle measurements have been used for many years to characterise the

surface wetting properties of polymer materials a through investigation of the repeatability

of these measurements on hydrogel contact lens materials had not been undertaken. This

PhD study therefore sought to improve understanding in this area and to refine method-

ology to minimise these errors. The results of this study not only suggest the level of

confidence that can be achieved for these measurements, but also informs us about factors

such as the effect of repeated measurements on a sample surface and the relative influence

of blotting on different contact lens surfaces and thus allows improved understanding of

these techniques and how these tests should be applied to hydrated materials.

Static contact angle measurements, although useful, are limited in the information they

provide and the process of lens surface blotting was shown to influence the measurements

obtained. A dynamic captive bubble technique was therefore developed which maintained

the contact lens in a fully hydrated state while allowing the dynamic wetting properties of a
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3.4 Investigation of wetting heterogeneity across a contact lens surface

contact lens to be investigated. This involved the development of both the instrumentation

and computer software to allow automated data analysis, required for rapid and repeatable

dynamic contact angle measurements. By analysing a wide range of commercially-available

silicone hydrogel contact lens materials the measurement of dynamic contact angle values

was possible for a wide range of commercially-available materials, allowing direct compar-

ison of these measurements with the results from the experimental study contact lenses.

Following analysis of data from the clinical study (Section 2.1), it became apparent that

the wetting properties of the air-cured study lens varied across the lens surface, requiring

the development of the in vitro contact angle analyser to map out areas of non-wetting

on the anterior surface of the air-cured study contact lens. Following this development,

the instrument was further modified to allow analysis at any point across the lens surface,

allowing targeted regions to be analysed. This targeted dynamic contact angle technique

has been able to show clear differences between the three regions of interest on the study

contact lenses and has answered, in part, the role these in vitro measurements can play

in predicting the clinical performance of contact lenses.

This PhD work suggests that an elevated receding contact angle may be considered a

more consistent predictor of poor initial clinical wettability, than the advancing contact

angle. This is likely associated with the relatively powerful blinking action of the eye

which forces the tear film, primarily present in the tear meniscus, across and into contact

with the anterior surface of the contact lens. The process which then dictates whether

the tear film remains stable over the lens surface or results in the formation of dry spots

is more analogous to the development of a receding contact angle, as described by Cheng

et al. (2004). This is not to suggest that the advancing contact angle is not also an im-

portant factor, as a value substantially higher than that observed for commercial lenses

may still result in an incomplete coverage of the anterior lens surface during the blinking

process and thus may influence factors such as the quality of the tear film or the ease

with which the lids pass over the anterior lens surface (potentially influencing factors such

as comfort). The in vitro wetting characteristics of a lens material is only likely to in-

fluence the lens clinical wetting for a short period, as the lens undergoes deposition by

the tear film within the first few minutes of wear (Tonge et al. (2001)). The subsequent

wetting process is then likely dominated by patient dependant variables (such as blink

rate, tear production and drainage and tear chemistry) and the interaction of tear film
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3.4 Investigation of wetting heterogeneity across a contact lens surface

components with the lens surface and the associated bioconversion of the lens surface.

A stable initial tear film, is likely critical in allowing advantageous tear film deposition

on to the contact lens surface while minimising the deposition of hydrophobic components.

Improvements in the understanding of contact angle measurements and the development

of new instrumentation during this PhD study has allowed a thought investigation to

be performed on the experimental study contact lens. It is evident that in the non-

wetting regions on the air-cured study lenses both the advancing and receding contact angle

measurements seemed higher (mean difference 10o) than that found on both the nitrogen-

cured lens surface and on all commercially available contact lenses investigated. The

nitrogen-cured contact lens surface gave values for advancing and receding contact angles

within the range of commercially available contact lenses and consistent across the lens

surface, although the magnitude of the hysteresis was similar to that found for the air-cured

contact lens. The wetting regions on the air-cured lens seem to possess characteristics

between those of the other two lens regions with receding contact angle measurements

similar to the nitrogen-cured lens and advancing contact angle measurement between the

values found for the nitrogen-cured lenses and the non-wetting region on the lens surface.

An apparent trend when comparing the wetting and non-wetting regions on the air-cured

lens is that when the receding contact angle is elevated on the non-wetting region, it is

typically lower on the wetting region and vice versa. When this finding is considered in

conjunction with the contact angle values for the non-wetting region of the air-cured lens,

which were similar to that of a primarily siloxane-related polymer, there is a suggestion

that what is being observed is a degree of phase separation of the polymer components on

a macro scale across regions of the surface of the air-cured lens. In contrast, the nitrogen-

cured lens appears to exhibit no such macroscopic phase separation. The cause of this

apparent phase separation at the polymer surface is clearly associated with the presence of

one of the gases in the atmospheric air, which subsequently influences the polymer during

the curing process. Atmospheric air is composed primarily of nitrogen (approximately

70%) and oxygen (approximately 20%) and as a nitrogen-purged environment results in

no surface wetting problems, it is obvious that the likely component in air influencing the

radical polymerisation process is oxygen. The interaction of atmospheric oxygen during

the polymerisation of the contact lens material is clearly influencing the distribution of the

components within the polymer, resulting in the seemingly random distribution of non-
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3.4 Investigation of wetting heterogeneity across a contact lens surface

wetting regions across the surface of these air-cured contact lens. In future chapters of

this thesis a range of surface analysis tools are utilised in an attempt to better understand

this process and improve understanding of how polymerisation conditions influence the

clinical performance of the contact lenses produced.
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Chapter 4

Chemical characterisation of

contact lens materials

4.1 Introduction to the XPS studies

Given that the study lenses were shown to possess poor clinical and laboratory wetting

properties (Chapter 2), the lens surface chemistry was an important characteristic to

investigate.

Given the poor clinical (Chapter 2) and laboratory wetting properties (Chapter 3) of the

study lenses, it was apparent that lens surface chemistry was an important characteristic

to investigate. This is because the wetting characteristics of a surface are determined

soley by the chemistry within the first few molecular layers (Johnson & Dettre, 1993). In

addition to analysing a range of contact lens materials, the moulds used to manufacture

the experimental study lens were also investigated as they formed the surface of the study

lenses. XPS analysis was therefore used to investigate the surface chemistry of virgin (un-

used) and used moulds in an attempt to understand how they might influence the surface

chemistry of the contact lens. Perhaps as important as the initial contact lens surface

chemistry is the surface chemistry of the lens following a period of wear. This is due to

deposition of tear film components onto the lens surface which can significantly change

its surface chemistry (McArthur et al., 2001) and wetting properties (Tonge et al., 2002).

The surface chemistry following a period of wear was therefore investigated as part of

the XPS study. A drawback of XPS analysis on polymeric materials is that the surface

must be exposed to a ultra high vacuum environment. XPS analysis of hydrogel materials
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4.1 Introduction to the XPS studies

therefore typically requires the sample material to be in a dehydrated state, often resulting

in significant changes to the surface chemistry of the sample (Hook et al., 2006). Part of

this study therefore looked to develop a cryogenic handling technique which would allow

the lens sample to remain in a hydrated frozen state and therefore minimise any changes

in the surface chemistry resulting from exposure to a high vacuum environment.

The XPS analysis was divided into three discrete experiments:

Study 1 - XPS analysis of both commercially-available and experimental contact lenses

in a dehydrated state.

Study 2 - XPS analysis of (i) polypropylene contact lens moulds used to manufacture the

experimental contact lenses and (ii) worn study contact lenses.

Study 3 - XPS analysis of unworn study contact lenses using a cryo-sampling handling

technique.

4.1.1 General materials and methods

4.1.1.1 Study materials

The samples analysed using the XPS system included commercially-available and experi-

mental contact lenses and the moulds used in the manufacture of these experimental lenses.

All contact lenses were provided in plastic blister containers covered with a heat sealed

aluminium foil. All contact lenses were soaking in buffered saline (0.9% sodium chloride)

solution, with the commercially-available contact lenses also including additional agents

such as surfactants and viscosity agents.

4.1.1.2 XPS instrumentation

XPS analysis was undertaken using a Kratos Axis Ultra instrument (Kratos Ltd, Manch-

ester, UK) located in the School of Materials at The University of Manchester. This

instrument utilises a magnetic immersion/electrostatic lens, spherical mirror analyser for

energy filtered imaging and a channel plate/delay line detector for pulse-counting elec-

trons. Charge build-up at the sample surface was minimised using a low-energy electron

flood source. Spectra were acquired using a monochromatic Al Kα X-ray source operating

at 150 W. The base pressure of the instrument was 2 x 10−9 Torr.
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4.2 Study 1 - XPS analysis on dehydrated lens samples

4.1.1.3 XPS analysis

Wide scan spectra were acquired for elemental quantification, and high energy resolution

spectra for chemical state determination were recorded through the C 1s, O 1s, N 1s, Si

2p and F1s photoelectron regions. Wide scan spectra were acquired for a 500 µm by 500

µm analysis area, at a pass energy of 160 eV and for a binding energy range of 1100 eV

to 0 eV, with a 0.4 eV step size and with a dwell time of 500 ms. The spectroscopic data

were quantified by measuring the photoelectron peak areas after correcting for the inten-

sity/energy response of the instrument determined using the NPL procedure (Seah, 2003).

Theoretically determined relative sensitivity factors (Walton & Fairley, 2006b) were ap-

plied to the XPS data. Curve fitting was carried out on the high energy resolution spectra

from the C 1s, O 1s and Si 2p photoelectron regions to resolve overlapping peaks, and the

data were corrected for charging effects by reference to the carbon peak at 285.0eV binding

energy. All data processing was performed using CasaXPS version 2.3.11.7. Statistical

analysis of the data were performed using multivariate ANOVA with significance taken at

P < 0.05.

4.1.1.4 Procedures to minimise surface contamination

In all three XPS studies precautions were taken to minimise surface contamination. Powder-

free nitrile gloves (Sempermed, USA) were worn during sample preparation and handling.

The tweezers and punching instrument used to handle the contact lens samples were

cleaned with 100% ethanol, rinsed copiously with HPLC grade water (Sigma-Aldrich) and

left to air dry. Prior to analysis, the XPS instrument was dismantled and carefully cleaned

internally. The instrument was then rebuilt and baked out for 12 hours to reduced to a

minimum any contamination of the vacuum.

4.2 Study 1 - XPS analysis on dehydrated lens samples

4.2.1 Study 1 - Materials and methods

Three commercially-available contact lenses types were analysed, two silicone hydrogel

materials and one polyHEMA material. The two silicone hydrogel contact lenses studied

were balafilcon A and lotrafilcon A. The polyHEMA contact lens used in the study was

polymacon A. The chemical composition of these contact lens materials are proprietary,
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4.2 Study 1 - XPS analysis on dehydrated lens samples

but the USAN registered components of balafilcon A, lotrafilcon A and polymacon A are

highlighted in Table 4.1. All three lens materials are cast moulded with both of the silicone

hydrogel materials requiring plasma surface modification to enhance their surface wetting

characteristic. Lotrafilcon A undergoes a nitrogen-based plasma surface coating and bal-

afilcon A a plasma oxidation surface treatment (Tighe, 2004), whereas polymacon A does

not require surface treatment. These lenses were chosen as they have previously undergone

investigation with XPS (Karlgard et al., 2004) and therefore could act as control materials

and allow comparison of expected chemistry with experimental findings. The selection of

several commercial lenses also allowed comparison of lens materials known to possess good

clinical performance (i.e. the commercial and nitrogen-cured lenses) with that of a lens

material known to possess poor clinical performance (air-cured study contact lenses), in

an attempt to better understand the critical surface chemistry requirements of a contact

lens material, required to provide advantageous clinical wetting properties. Each lens was

removed from its packaging with tweezers, touching only the very edge of the lens, and

soaked in HPLC grade water (Sigma-Aldrich Ltd., UK) for 24 hours to remove the saline

solution and any other blister packaging solution additives to avoid contamination of the

surface following dehydration. A round lens sample (4mm diameter) was then punched

from the centre of each commercial contact lens and from the three regions of interest

on the experimental study lenses, identified using the laboratory technique detailed in

Section 2.2.3.3. Each punched sample was then mounted on the XPS sample bar us-

ing PDMS-free double-sided adhesive tape, with the front lens surface facing upwards.

For each commercial lens type, one sample was analysed and for each study lens region,

three lens samples were analysed, giving a total of nine experimental contact lens samples

(nitrogen-cured x 3; air-cured ‘wetting region’ x 3; air-cured ‘non-wetting region’ x 3).

A minimum amount of adhesive tape and contact lens material was used to reduce the

amount of water within the chamber allowing a vacuum to be achieved more rapidly. Once

the specimens were mounted, the sample bar was locked into position in the preparation

chamber and then pumped down to 1x10−8 torr. The samples were left in the preparation

chamber overnight to ensure a high vacuum was present prior to introduction into the

analysis chamber. Analysis was then performed as detailed in Section 4.1.1.3 using the

Kratos Axis Ultra instrument. Statistical analysis was performed as detailed in Section

4.1.1.3.
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4.2 Study 1 - XPS analysis on dehydrated lens samples

Table 4.1: Properties of the commercial study contact lenses.

Lens type Brand

name

Principle monomers Dk EWC

(%)

Surface treatment

balafilcon A PureVision NVP, TPVC, NVA, PBVC1 91 33 Plasma oxidation

lotrafilcon A Night & Day DMA, TRIS, fluorine-containing

siloxane macromer2

140 24 Plasma coating

polymacon Sauflon 38 HEMA 38 38 None

4.2.2 Study 1 - Results

4.2.2.1 Commercially available contact lenses

Figure 4.1 shows the wide spectrum surveys for the surface of polymacon A, lotrafilcon A

and balafilcon A materials, highlighting the characteristic peaks in the spectrum associ-

ated with different elements on the contact lens surface. The polymacon A lens surface, as

expected, showed strong peaks characteristic of C 1s (285 eV) and O 1s (530 eV) and also

smaller peaks related to Si 2p (103 eV) and N 1s (400 eV). The balafilcon A and lotrafilcon

A materials both showed prominent photoelectron peaks for C 1s, O 1s and N 1s. The Si

2p peak was observed for both balafilcon A and lotrafilcon A samples, although for the

latter this was less prominent. A small Na 1s photoelectron peak was also observed on

the surface of both silicone hydrogel materials, but not on surface of polyHEMA. Table

4.2 shows the elemental surface composition expressed as an atomic percentage, with the

elements not in the theoretical composition of the material, highlighted in red. The C:O

ratio for polymacon A, lotrafilcon A and balafilcon A using the XPS elemental data was

3.06, 5.40 and 3.38 respectively.

High resolution scans of the elemental peak regions were also performed and analysed.

Figure 4.2 shows the high resolution spectrum (red line) of the C 1s envelope for polymacon

A, with the contributing components from different functional groups highlighted (black

peaks). Figure 4.3 shows the high energy resolution C 1s envelope overlaid for lotrafilcon

A, balafilcon A and polymacon A. The polymacon A spectrum shows characteristic peaks

at around 287 eV and 289 eV in addition to the major peak at 285 eV which relate to

the single and double bonding of carbon to oxygen as well as the saturated carbon atom

1NVP: N-vinyl pyrrolidone; TPVC: tris-(trimethyl siloxysilyl); NCVE: N-carboxyvinyl ester; PBVC:

poly(dimethysiloxy)di(silylbutanol)bis(vinyl carbamate).
2DMA: N, M-dimethylacrylamide; TRIS: tris-(trimethyl siloxysilyl).
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4.2 Study 1 - XPS analysis on dehydrated lens samples

Table 4.2: Elemental surface composition (atomic percentage) of soft contact lens materials

by XPS analysis, with elements not theoretical present in red.

C 1s O 1s N 1s Si 2p F 1s Na 1s

polymacon A 73.5 24.0 0.6 1.9 0.0 0.0

lotrafilcon A 75.0 13.9 9.3 1.4 0.0 0.4

balafilcon A 65.3 19.3 6.9 7.2 0.0 0.5

(Figure 4.2). In contrast the balafilcon A and lotrafilcon A samples show a lesser peak

in these regions with a peak more evident at around 288 eV, highlighting the differences

in the carbon bonding between the materials. Figure 4.4 shows the high resolution C 1s

XPS spectra for balafilcon A where the envelope has been fitted using 4 component curves

labeled C1 to C4. The C1 peak at 284.9 relates primarily to C-C, C-H and C-Si, the

C2 peak at 286.2 relates to C-O and C-N, the C3 peak is related to CNO and the C4

peak relates to COO, CNOO and COOO. The C 1s chemical shifts observed are in general

agreement with that expected for balafilcon A from its known composition (Karlgard et al.,

2004). Figure 4.4 also shows the high resolution C 1s XPS spectra for lotrafilcon A where

the envelope has been fitted using five component curves labelled C1 to C5. The C1 peak

at 285.0 eV relates to C-C, C-H and C-Si, the C2 peak at 285.9 eV relates to C-N, the C3

peak at 286.7 relates to C-O, the C4 peak at 288.0 eV relates to CNO and the C5 peak

relates to CNOO and COO.

4.2.2.2 Experimental contact lenses

Figure 4.5 shows the wide scan XPS spectra for the nitrogen-cured lens and for the wetting

and non-wetting regions of the air-cured contact lens. It is apparent that all three lens

surface types produced similar spectra, with strong peaks characteristic of C 1s (285 eV)

and O 1s (530 eV) and also smaller peaks related to Si 2p (103 eV) and F 1s (689 eV).

Figure 4.6 shows the percentage elemental surface composition for the three different lens

regions. A multivariate ANOVA showed no significant difference in elemental composition

between the three lens regions for any of the elements (F=0.0259, p = 0.97). High resolu-

tion data for the carbon, oxygen and silicon elements is shown in Appendix C (Figure C.1

and C.2). Statistical analysis of the high resolution data showed no significant difference

between the three lens regions (F=0.0381, p=0.968).
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lotrafilcon A with curve fitting applied and components highlighted (C1-C5).
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Figure 4.6: Percentage elemental composition for the three regions of interest on the

experimental study contact lenses (± SD).

4.2.3 Study 1 - Discussion

4.2.3.1 Commercially available contact lenses

Both balafilcon A and lotrafilcon A materials undergo a surface treatment following cast

moulding to improve their surface wetting characteristics (Tighe, 2004). The elemental

composition detected at the surface of these contact lenses is therefore not in agreement

with what we might expect to find given their known bulk polymer chemistry (Table

4.1). The lotrafilcon A material undergoes a nitrogen-based plasma coating process which

results in a 25nm thick polymer film on the surface of the lens matrix. Although the ele-

mental surface composition of lotrafilcon A detected using XPS is in agreement with what

is expected given what is known about the material (Tighe, 2004), it appears to differ in

percentage terms to a much greater extent than might be expected compared with the re-

sults of previous XPS studies (Karlgard et al., 2004). This apparent difference may relate

to changes in lens design or manufacture since the previous paper was published or may

be associated with differing experimental methodologies. This PhD study also showed a

low concentration of silicon present at the lens surface for the commercial lenses in agree-
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ment with the literature (Bruinsma et al., 2001; Karlgard et al., 2004; Maldonado-Codina

et al., 2004a). No carbon-fluorine bonding was evident in the C 1s envelope, which was in

agreement with the lack of fluorine in the calculated surface elemental composition, but

different to that expected given the known composition of the material. The absence of a

fluorine signal on the lens surface is likely due to the plasma surface polymer coating, which

masks the underlying fluorine-containing contact lens bulk. This also explains why for a

material which is known to contain relatively high levels of a siloxane-based polymer (due

to the high oxygen transmissibility of the material), very little silicon is present on the lens

surface. The balafilcon A material undergoes a plasma oxidation process, resulting in in-

creased surface cross-linking and the formation of glassy islands where the organic silicone

is converted into inorganic silicate (González-Méijome et al., 2009). These highly wettable

silicate islands therefore partially mask the underlying hydrophobic bulk, although they

do not cover the entire surface of the material, leaving regions of unmodified or partially

modified silicone at the surface (Tighe, 2004). The silicon found at the surface of balafilcon

is therefore likely to be a combination of unmodified silicone and inorganic silicate, seen in

the XPS data as the complex multiple peak fitting in the high resolution Si 2p spectrum

(Appendix C.2). The presence of silicone at the surface (although reduced by the plasma

oxidation process) is the likely reason for the larger advancing contact angle values mea-

sured in the laboratory for balafilcon A (Maldonado-Codina & Morgan, 2007), although

clinical wetting with this material has been shown to be clinically acceptable (Brennan

et al., 2002). Previous XPS analysis of the balafilcon A material (Karlgard et al., 2004)

gave similar findings to this PhD study with elemental surface composition differing by less

than 2%. The lotrafilcon A (nDMA and nitrogen-based plasma coating) and balafilcon A

(NVP) materials both contain monomer components which are nitrogen-based explaining

the presence of nitrogen on the surface of these lenses. The presence of sodium is likely

to be related to the saline (sodium chloride) solution which these lenses were soaked prior

in to analysis. The boron peak present for the balafilcon A material is probably related

to the borate-buffered saline used in the packaging solution of balafilcon (both lotrafil-

con and polymacon use a phosphate buffered saline). The detection of elements from the

packaging solution on the surface of the silicone hydrogel contact lens materials following

soaking in pure water, is probably related to the lower ion-permeability of these materi-

als in comparison with polyHEMA type materials (Austin, 2009). This may result in ions

taking longer to migrate out of the materials during soaking and thus if still present within
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4.2 Study 1 - XPS analysis on dehydrated lens samples

the material during dehydration may be detected on the lens surface. To minimise this

effect a longer soaking time should be considered to allow more complete removal of the

soaking solutions. Nitrogen was also found at a much lower concentration on the surface

of the polyHEMA lenses where it is not an intended component and is likely related to

an additive from the mould, such as N,N-ethylene bis stearamide, which is often used as

an antistatic agent in polypropylene (Cotton et al., 1991). The presence of trace levels of

nitrogen in polymacon A materials has also been reported by others (Hart et al., 1993;

McArthur et al., 2001). Although in theory no silicon should be present in polymacon A,

previous studies have shown silicon is present on the surface of conventional HEMA-based

hydrogels which is usually attributed to impurities in the manufacturing process (Grobe

et al., 1996; Hart et al., 1993; Maldonado-Codina et al., 2004a). In agreement with these

findings, this study detected similar levels of silicon on the surface of polymacon samples.

High resolution C 1s spectra for the three commercial contact lens materials demonstrated

a markedly different shape (Figure 4.3), due to the different contributing components from

different functional groups. Peak fitting in the C 1s region for the polymacon A material

resulted in a three peak assignment with the major peak at 285.0 eV relating to C-C and

C-H, and a secondary peak relating to C-O at 286.6 eV and C=O at 289.0 eV. The theo-

retical ratio of atomic concentration is 3:2:1 for C-C/C-H:C-O:C=O respectively, thus the

actual percentage ratio should be 50% : 33% : 16%. The actual data from the polymacon

material in this study showed a ratio of 59% : 31% : 10%. Reports in the literature are

conflicting with some studies finding the exact 3:2:1 ratio (Griesser et al., 1990), whereas

others have found significant variations from the theoretical ratio (Karlgard et al., 2004).

These differences may be due in part to the differences in the purity of monomer compo-

nents used for polymer preparation (i.e. some samples are produced commercially, such

as these lenses, whereas other samples are produced using highly purified analytical grade

components and moulded against extremely clean surface). Another factor may be that

the surface is often not representative of the bulk chemistry and contaminants are most

likely to segregate towards the surface of the polymer material.

Surface elemental concentrations of the different chemical states of C 1s for the balafilcon

and lotrafilcon materials were determined by multiplying the fractional relative intensity

by the carbon elemental concentration determined by the wide scan. The peak fit concen-
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Table 4.3: Carbon peak fitting concentrations (atomic percentage) for lotrafilcon A and

balafilcon A contact lens materials.

Curve fitting data

C1 C2 C3 C4 C5

C-C & C-H C-N C-O CNO & CNOO COO

lotrafilcon A 44.0 12.6 9.8 6.0 2.6

balafilcon A 37.5 18.3 7.4 2.1 0.0

trations are as detailed in Table 4.3. The carbon present on the surface of the lotrafilcon A

material is primarily bonded to hydrocarbon material, although there is significant C-N,

C-O, CNO, CNOO and COO bonding. Although similar in nature, the results of peak

fitting in balafilcon suggest a lower concentration of carbon bonded to hydrocarbons, C-O

and CNOO and a higher concentration of C-N bonding at the surface than lotrafilcon A.

4.2.3.2 Experimental contact lenses

XPS analysis of the dehydrated experimental contact lenses gave surface elemental compo-

sition somewhat different from their known bulk chemistry. The composition of the study

contact lens material (Section 1.9) suggests that around 40% (by weight) of the polymer

is composed of the macromer M3U, 40% (by weight) is composed of the monomer VMA

and around 20% (by weight) composed of the monomer MMA. The element nitrogen is

present both in the siloxane-based polymer M3U macromer and also in the hydrophilic

monomer, VMA. It is evident that as elemental silicon was detected on the surface of all

experimental study lenses, at levels much higher than the contamination levels observed

on the other commercial contact lenses, M3U must be present on the surface (as M3U is

the only monomer to contain silicon) and therefore elemental nitrogen would also be ex-

pected. The level of nitrogen in M3U can be estimated by studying the molecular formula

in the Section 1.9. Here the F:N ratio should be 12:1 and the F:Si atomic ratio should be

1:5.75. From the XPS quantification data, the F 1s:Si 2p is as expected. From the F and

Si concentrations the amount of nitrogen is expected to be about 0.3%. This is a relative

small amount and on the limits of what an XPS instrument can detect, meaning that if

there was any contamination over-layer, the nitrogen may no longer be detected. From the

compositional information for the study contact lens material it would also be expected

that the lens material was composed of around 40% (by weight) of VMA. Given the rel-
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Figure 4.7: Comparison of experimental XPS elemental composition and theoretical values

for three component monomers.

ative high levels of nitrogen-containing VMA it is surprising that no nitrogen is found on

the surface of any of the experimental lens materials. VMA is the primary hydrophilic

monomer present in these experimental contact lenses and low levels suggest a surface

dominated by the more hydrophobic components such as M3U and/or MMA. Figure 4.7

is a comparison of the elemental composition of the nitrogen-cured lens surface with the

theoretical elemental composition of the three major component monomers M3U, VMA

and MMA. The only monomer to contain either silicon or fluorine is the monomer M3U.

Figure 4.7 shows an experimental concentration of silicon and fluorine at similar levels

to that of a surface composed entirely of M3U. In addition, no nitrogen was detected on

any of the experiment lenses following dehydration suggesting no significant level of VMA

was present at the surface. The concentration of carbon and oxygen at the surface of

the experimental lens is more complex to interpret, since these elements are present in all

the component monomers, but the composition is also similar to that for theoretical M3U

composition.

The high resolution peak fitting in the C 1s, O 1s and Si 2p regions showed little difference

for the three regions of interest on the surface of the study contact lenses (Appendix C.1).
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The Si1 peak is associated with an electron emitted from Si 2p1/2 and the Si2 peak is from

an electron emitted from Si 2p3/2. Thus the Si2 peak has half the intensity of the Si1 peak.

Both of these peaks are associated with silicon bound to oxygen and in enfilcon A, this

is found only in the silicone macromer (M3U). Dehydrated analysis of the nitrogen-cured

lens surface (highly wettable surface), the wetting region of the air-cured lens (wettable

surface) and the non-wetting region of the air-cured lens (non-wetting surface) using XPS

appears unable to differentiate between these surfaces. This was an unexpected finding,

given that the wetting properties are thought to be controlled by the chemistry of the

very outer surface layers. It would therefore be expected that a highly surface-sensitive

tool, such as XPS, would identify these differences either from the elemental or chemical

state information it is able to provide. A clue as to why these surfaces appear so similar

is given by the dominate siloxane signal, with a high silicon and fluorine signal detected

and no detectable nitrogen signal. The chemical state data is also dominated by C-Si, and

O-Si species, present only in the siloxane containing monomer. When comparing these

experimental values to the theoretical values for the component polymers it is apparent

that the experimental data closely resembles that of the silicone macromer M3U, with

little evidence of the other component polymers being present at the contact lens surface

in any significant quantity. As both clinical (Chapter 2) and laboratory wetting studies

(Chapter 4) have shown that the wetting properties of these lens surface regions appear

to vary significantly, this would indicate that their surface chemistry differs between these

regions when in a hydrated state. This suggests the possibility that the siloxane macromer

migrates to the surface during dehydration, as has been observed in previous studies on

siloxane containing materials (Bousquet et al., 2007; Oran et al., 2004; Selby et al., 1994).

To investigate this more fully a cryogenic handling technique was developed to maintain

and stabilise the surface in an attempt to avoid the possibility of polymer migration and

this is discussed later in Section 4.4.

4.3 Study 2 - XPS analysis of lens moulds and worn lenses

4.3.1 Study 2 - Materials and methods

During the clinical study, heavy tear film deposition was observed on the non-wetting

regions of the air-cured experimental contact lenses (Section 2.1.19.5). Figure 4.8 shows

that for these experimental air-cured lenses deposition was clearly visible on the lens after
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Figure 4.8: A non-wetting and heavily deposited region on an air-cured contact lens after

10 minutes of wear.

only 10 minutes of wear. Given this high level of tear film deposition on specific areas

of the air-cured lens surface it was proposed to compare these deposited regions with the

surface of worn nitrogen-cured lenses using the XPS instrument. A nitrogen-cured lens

and air-cured lens were worn on a contralateral basis by an experienced contact wearer

for 1 hour. The contact lenses were removed using powder-free nitrile gloves, touching

only the very edge of the lens and following observation on a stereo microscope a 4mm

punch was immediately taken from a heavily deposited area on the air-cured lens and a

corresponding region on the nitrogen-cured lens. Three worn air-cured lens samples and

three worn nitrogen-cured lens samples were analysed. These punched lens specimens

were attached to the sample bar with PDMS-free double-sided adhesive tape. The sample

bar was then loaded into the preparation chamber and pumped down to 1 x 10−8 torr

overnight to ensure complete dehydration of the samples. Wide scan and high resolution

XPS spectra were then obtained using the instrumentation and methodology detailed in

Section 4.1.1.3. Statistical analysis involved a linear regression model with a Tukey post-

hoc test applied where required.
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Previous surface analysis studies have shown that the surface of a contact lens is inherently

associated with that of the mould used in its manufacture (Rabke et al., 1995). During

polymerisation the mould is in direct contact with the forming lens surface and therefore

any interaction, especially during the demoulding process, may result in altered lens surface

properties. Differences in the chemical composition of the two used mould surface types

(nitrogen-cured and air-cured lens moulds) might be expected as it has been reported

(Biswal & Hilt, 2009) that polymeric lens materials cured in the present of oxygen (such

as the air-cured lenses) tend to have a tackier surface and thus might cause a greater

amount of lens material to adhere to the lens mould. Differences in lens/mould adhesion

is therefore a possible reason for the clinical differences in surface wettability observed in

the clinical study, due to greater exposure of the underlying relatively hydrophobic bulk

on the air-curded lens surface. Chemical analysis of the lens moulds was performed to

investigate whether adhesion between the mould and the lens surface differed between the

two lens types by comparing the chemical composition of the surface of the two study

lens mould types. In addition to imaging the moulds (Chapter 5) it was decided to

also chemically characterise the surface of both the virgin (unused) moulds and the used

moulds which had been used to manufacture both the air-cured and nitrogen-cured lenses.

A central 5mm by 5mm section of the female lens mould was obtained by fracturing the

plastic to minimise surface contamination. The female mould surface was analysed as it

was the surface used to create the front surface of the contact lens. Used moulds analysed

with the XPS system were from both the air-cured and nitrogen-cured contact lenses. For

each mould type three samples were analysed (3 x virgin moulds, 3 x nitrogen-cured lens

moulds and 3 x used air-cured lens moulds), giving a total of nine lens moulds analysed in

total. The moulds were mounted on the XPS sample bar using PDMS-free double sided

adhesive tape and loaded into the XPS instrument. Wide scan and high resolution XPS

spectra were then obtained as described in Section 4.1.1.3. Statistical analysis involved a

linear regression model with a Tukey post-hoc test applied where required.

4.3.2 Study 2 - Results

4.3.2.1 Study lens moulds

Figure 4.9 shows a comparison of the wide scan spectra for both virgin moulds and used

contact lens moulds. The blue spectrum is from a virgin mould where the major elemental
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peak present was C 1s (285 eV) with small peaks at O 1s (533 eV) and Si 2p (103 eV). This

is in a agreement with the expected polypropylene composition of the moulds. The two

other spectra are associated with used contact lens moulds from both the air-cured and

nitrogen-cured lenses. In these two spectra an additional elemental peak is visible at F 1s

(689 eV) and the size of the Si 2p and O 1s are significantly greater, with an associated

reduction in the C 1s peak. No nitrogen signal was detected on any of the contact lens

moulds.
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Figure 4.9: Representative wide-scan XPS spectra for both virgin and used air-cured and

nitrogen-cured contact lens moulds (data overlaid to allow comparison).

Figure 4.10 shows a histogram of percentage atomic concentration following peak fitting

for the carbon 1s, oxygen 1s and silicon 2p peaks. For the virgin moulds the majority of the

carbon is found in the C2 peak which is associated with saturated carbon, being bonded

either to another carbon or hydrogen. The remaining carbon is bonded to trace amounts of

silicone (C1 curve) or oxygen (C3 and C4 curves). This finding was also mirrored in the O

1s and Si 2p peaks with both peaks associated primarily with carbon bonding. Differences

in peak fitting concentrations between the mould types for the high resolution curve fitting
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for the carbon 1s peak (F= 20.15, p<0.0001), oxygen 1s peak (F=122.08, p<0.0001) and

silicon 2p peak (F=14.15, p<0.0001). Post-hoc analysis showed no significance difference

between the nitrogen-cured and air-cured lens moulds for either the C1s, O1s or Si2p

peaks, but a significant differences between these moulds and the virgin lens moulds for

all the C1s, O1s and Si2p peaks. A significant interaction term (curve fit*mould type) was

observed for the C1s (F=48.41, p<0.0001), O1s (F=40.70, p<0.0001) and Si2p (F=62.37,

p=<0.0001) XPS data. Post-hoc analysis showed the concentration of saturated carbon

(C2 curve) was significantly reduced in the used moulds (both nitrogen and air-cured),

with a much greater concentration of C-Si bonding (C1 curve), compared with the virgin

moulds. Post-hoc analysis also showed significantly greater concentration of oxygen in O1

and O2 curves for the used moulds compared with the virgin moulds, primarily related

to the greater than six-fold increase in oxygen as can be observed in Figure 4.9. Post-hoc

analysis of the data from the Si 2p region showed a greater concentration of Si1 and Si2

curves for the used contact lens moulds compred with the virgin moulds, again associated

with a ten fold increase in the atomic concentration of silicon as identified by the wide-scan

data (Figure 4.9).

4.3.2.2 Ex vivo study contact lenses analysis

Table 4.4 gives the elemental concentration of carbon, oxygen, nitrogen, silicon and fluorine

for both the ex vivo nitrogen-cured and air-cured study contact lenses. These values were

compared with the elemental composition of unworn lenses of the same type from the

earlier XPS study (Section 4.2.2.1). Although the changes in the elemental composition are

small in absolute value (<2% in all cases) there are two statistically significant differences

in elemental concentrations following wear. Following one hour of wear the nitrogen-cured

lenses showed a significant decrease (F=8.33, p=0.0005) in carbon concentration (from

53.9% to 52.8%) and a significant increase (F=6.35, p=0.007) in oxygen concentration

(from 22.1% to 22.5%). The atomic ratio for nitrogen:carbon (N:C) and oxygen:carbon

(O:C) were also calculated showing a significant higher (F=34.75, p=0.0041) O:C ratio

for the air-cured lens compared with the nitrogen-cured lens following 1 hour of lens wear.

No nitrogen was found on any of the ex vivo study contact lenses. Analysis of the curve

fitting for the high resolution C 1s (F=0.1341, p=0.7152), O 1s (F=0.083, p=0.774) and

Si 2p (F=0.60, p=0.455) spectra showed no significant difference between the air-cured

and nitrogen-cured lens types following 1 hour of lens wear.
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Figure 4.10: Atomic percentage concentration obtained by peak fitting of the high resolu-

tion XPS spectra associated with C 1s, O 1s and Si 2p peaks (error bars indicate standard

deviation) for used and unused lens moulds.
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4.3.3 Study 2 - Discussion

4.3.3.1 XPS analysis of study contact lens moulds

Following polymerisation of the study contact lens, the polypropylene moulds were sep-

arated and the lens demoulded. One possible cause for the non-wetting regions on the

air-cured lens surface was adhesion between the lens material and the mould, resulting

in a disturbed or damaged surface. In addition to imaging of the contact lens moulds

(Section 1.14.1), a chemical analysis was performed on the surface of virgin and used

contact lens moulds (air-cured and nitrogen-cured moulds). This analysis confirmed that

the virgin lens moulds were made from polypropylene due to the very high carbon signal,

with trace levels of oxygen related to surface oxidation which is commonly observed with

polypropylene (Rjeb et al., 2000) and the presence of silicon which is a common surface

contaminant found in many polymeric materials (Oran et al., 2004). Analysis of used con-

tact lens moulds showed significant levels of contact lens material on both the air-cured

and nitrogen-cured lens moulds. The relative amount of lens material on the used moulds

was not statistically different between the lens types (F=0.72, p=0.45). The amount of

contact lens polymer left on the mould was less than the depth of analysis of the XPS

instrument as the silicon, fluorine and oxygen signals were significantly lower in intensity

than that observed for the lens surface itself, suggesting the XPS instrument was also de-

tecting the underlying polypropylene mould material. The deposited material appears to

be primarily related to the silicone macromer (M3U) as no nitrogen signal is evident in the

wide scan XPS spectrum for either the air-cured or nitrogen-cured moulds, but significant

levels of fluorine and silicone were detected. Comparison of the high resolution XPS scans

for C 1s, O 1s and Si 2p showed no difference in the material adhered to the lens moulds.

These findings confirmed that only a thin layer of lens-related material was deposited on

the moulds and that it was of the same chemical composition for the air and nitrogen-cured

Table 4.4: XPS atomic concentrations of worn and unworn study contact lenses poly-

merised in an air or nitrogen environment. Standard deviations are in parentheses.

Atomic concentration Atomic ratios

C O N Si F N:C O:C

Nitrogen-cured unworn 53.9 (0.4) 22.1 (0.3) 0.0 (0.0) 20.7 (0.2) 3.4 (0.1) 0.00 (0.00) 0.410 (0.01)

Nitrogen-cured 1 hour 52.8 (0.2) 22.5 (0.1) 0.0 (0.0) 20.8 (0.6) 3.4 (0.2) 0.00 (0.00) 0.426 (0.01)

Air-cured unworn 53.8 (1.1) 22.0 (1.0) 0.0 (0.0) 20.4 (0.3) 3.5 (0.1) 0.00 (0.00) 0.410 (0.03)

Air-cured 1 hour 54.2 (0.4) 21.9 (0.3) 0.0 (0.0) 20.4 (0.2) 3.4 (0.1) 0.00 (0.00) 0.404 (0.01)
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lens moulds, being based primarily of the silicone macromer. The presence of hydrophobic

silicone macromer on the surface is expected as polypropylene is a relatively hydrophobic

non-polar material which is expected to attract hydrophobic polymeric materials to the

surface, such as M3U, and repel more hydrophilic materials, such as VMA. It is therefore

apparent that the difference in lens surface wetting properties between the two study lens

types is not related to greater adhesion between the lens surface and the mould.

4.3.3.2 XPS analysis of worn study contact lenses

Comparison of the elemental composition of the worn (ex vivo) contact lenses and the

unworn study contact lenses show only very small differences in any of the key elements.

When considering the type of materials likely to deposit on the surface of the lens following

wear, the likely candidates are proteins, lipids and mucins from the tear film. Much work

in the literature has focused on understanding the process of deposition and the influence it

has on both the surface properties of lens materials and the resulting clinical performance

(Bruinsma et al., 2002; Cheng et al., 2004; Green-Church & Nichols, 2008; Pritchard &

Fonn, 1995b; Tonge et al., 2001). It is clear from the literature that on silicone hydrogel

materials the level of deposition associated with tear film proteins is generally lower than

that observed with conventional hydrogels, especially those with ionic charge (Subbaraman

et al., 2006). In contrast, the deposition of lipid is reportedly higher on silicone hydrogels

(Lorentz & Jones, 2007). Comparison of worn and unworn study contact lenses showed

surprisingly little difference in surface chemistry, with only the nitrogen-cured lens showing

a difference following wear, with a slight (1%) but statistically significant increase in oxygen

and reduction in concentration of carbon. The lack of any nitrogen signal would suggest

a lack of significant protein deposition, as McArthur et al. (2001) have shown that tear

film proteins contain a significant amount of nitrogen, which would have been detected if

present. McArthur et al. (2001) also suggested that monitoring the carbon:oxygen ratio

following wear can allow the differentiation of mucin from lipid deposition as lipids are

typically carbon rich and therefore lower the O:C, whereas mucins are relatively oxygen

rich increasing the O:C ratio. For both the nitrogen-cured and the air-cured contact

lenses a significant change in the O:C was observed indicating that the nitrogen-cured lens

was being deposited primarily by mucins and other carbohydrate-rich species (increasing

O:C), whereas the air-cured lens appears to be deposited primarily by lipids (reducing

O:C). These results are in line with other research (Huth & Wagner, 1981; Lorentz &
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Jones, 2007), which suggests that more hydrophobic surfaces tend to be more lipophilic,

whereas deposition on hydrophilic surfaces favour mucin type tear film components. The

similar high resolution XPS spectra for the unworn and worn study lenses suggest minimal

chemical state changes, with the dominant signal associated with the underlying contact

lens material. This is likely due to both the relatively short period of lens wear and the

relative depth of XPS analysis in comparison with the thickness of the tear film deposits

on the lens surface. This assessment of tear film deposition assumes that the surface

which is exposed to deposition is the same surface that undergoes analysis. It is evident

that this may not be the case, especially if, as the previous study suggested (Section

4.2.3.2), the surface in all of the three study regions appears altered by a migration of the

hydrophobic M3U siloxane macromer towards the surface. This has the potential to mask

the true deposited components as they are potentially engulfed by the siloxane macromer.

This seems increasingly probable as these non-wetting regions on the air-cured surface,

on visual examination, appeared to show heavy deposition on the lenses surface (Figure

4.8) which might be expected to change the XPS spectra in a far more significant way to

that which was observed in the XPS data for these dehydrated samples. Indeed, work by

McArthur et al. (2001) suggested far more significant changes to the XPS spectra from

much less obvious deposition, with conventional hydrogels, where the thermodynamic drive

for polymeric reorganisation at the surface is much lower than in these siloxane-containing

polymers. To better understand this process, cryo-XPS analysis could be utilised in an

attempt to stabilise the polymeric surface structure and avoid the possibility that tear film

related deposition is masked. The remaining XPS analysis therefore focused on minimising

potential surface reorganisation using cryogenic handling techniques.

4.4 Study 3 - Cryogenic XPS handling technique for study

contact lenses

4.4.1 Study 3 - Materials and methods

An air-cured and nitrogen-cured study contact lens were soaked in HPLC grade water for

24 hours and then a round sample (4mm diameter) was punched from the nitrogen-cured

lens, and from both a wetting region and non-wetting region on the air-cured lens (as

described in Section 2.2.3.3). Each sample was then placed, anterior surface downwards,

over one of three apertures on a copper mask (3 mm diameter) which was then turned
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over and lowered down onto the copper XPS cryo-stub where it was fixed with a central

clamping screw (Figure 4.11). The anterior surface of the contact lens was then visible

through the aperture in the copper mask and therefore available for analysis. The copper

stub was then partially lowered into liquid nitrogen, which rapidly cooled the copper stub

and indirectly froze the lens samples. The stub was held in liquid nitrogen for 5 minutes

and then rapidly transferred to a liquid nitrogen cooled stage in the preparation chamber

(Figure 4.12). The preparation chamber was purged with nitrogen gas and then pumped

down to 1x10−8 torr where it was held for 2 hours. The sample transfer arm was then

brought through into the preparation chamber and attached to the stub where it was left

for 15 minutes to allow it to cool. The stub was then removed from the cooling stage

using the pre-cooled transfer arm and moved through into the analysis chamber where the

stub was mounted on the liquid nitrogen cooled analysis stage. The stage temperature

was then maintained at between -160oC and -170oC during XPS analysis. Wide scan and

high resolution XPS spectra were then obtained as described in Section 4.1.1.3. Following

XPS analysis in the frozen state, the stage was allowed to warm up to room temperature

overnight allowing the samples to dehydrate in the ultra high vacuum conditions. The

wide and high resolution XPS scans were then repeated on the same contact lens samples

to monitor changes in surface chemistry following dehydration. In total three lens samples

were analysed using the cryo-XPS technique (1 x nitrogen-cured lens sample, 1 x ‘wetting’

region on air-cured lens and 1 x ‘non-wetting’ region on air-cured lens). The number of

samples used in this study were limited to an individual sample for each study lens region,

as cryogenic XPS analysis is time consuming (two days instrument use for three samples)

and very expensive. This was thought to be acceptable due to the high repeatability of

XPS analysis compared with other surface analysis techniques, where a greater number

of samples are required to confirm a difference between materials. No formal statistics

were performed on the study data due to the low number of samples analysed in this

experiment.

4.4.2 Study 3 - Results

4.4.2.1 Cryogenic temperature results

Figure 4.13 shows the wide scan XPS spectra for the nitrogen-cured contact lens sample

and both the wetting and non-wetting regions of an air-cured contact lens sample. Table
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copper XPS 
cryo-stub

screw hole
copper sample 

mask

contact lens samples

masked flipped and screwed to stub

anterior lens surface facing upwards

clamping screw

Figure 4.11: Schematic of sample mounting process for the XPS cryo-stub.

4.14 presents the elemental data from these XPS spectra in percentage form. The elements

carbon, oxygen, silicon, nitrogen and fluorine were detected on the surface of all lenses.

The concentration of silicon and fluorine was higher on the air-cured wetting lens com-

pared with the nitrogen-cured lens, and even higher on the air-cured non-wetting lens. In

contrast, the nitrogen-cured lens had the highest concentration of the nitrogen, reducing

for the air-cured wetting and non-wetting regions. Neither carbon nor oxygen showed a

clear trend for increasing or reducing concentration in relation to the apparent variation

in wettability. The concentration of the carbon was highest for the air-cured wetting re-

gion followed by nitrogen-cured and lowest for the air-cured non-wetting region. Oxygen

showed highest concentration in the nitrogen-cured sample, decreasing for the air-cured

wetting region and again for the air-cured wetting region.

XPS cryo-mount XPS cryo-mount 
with mask

Mount with lenses on 
cryogenic stage

prongs cooled with liquid nitrogenlens sample

Figure 4.12: Photographs of customised cryo-XPS lens mount.
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Air-cured wetting
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Figure 4.13: Wide survey cryo-XPS scans for the three lens regions of interest.

C 1s O 1s Si 2p F 1s N 1s

Nitrogen-cured 59.0 26.9 9.9 1.5 2.7

Air-cured wetting 62.0 23.4 11.3 1.6 1.7

Air-cured non-wetting 55.7 24.7 15.5 2.6 1.5

Figure 4.14: Comparison of elemental composition (%) for the three study lens regions at

cryogenic temperature.
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Figure 4.15 shows the high resolution C 1s XPS spectra for the three study contact lens

regions. Curve fitting was performed using six component curves (C1 to C6). C1 con-

centration was highest for the air-cured non-wetting region and reduced for the air-cured

wetting region, with lowest concentration for the nitrogen-cured region. In contrast the

C2 peak increased in concentration from the air-cured non-wetting region, to the air-cured

wetting region and was greatest for the nitrogen cured lens. No clear trends were apparent

for peaks C3 to C6. Figure 4.16 shows the high resolution O 1s XPS spectra for the three

study contact lens regions. Curve fitting was performed using five component curves (O1

to O6). O1 concentration was highest for the air-cured non-wetting region reducing for the

air-cured wetting region and lowest for the nitrogen-cured region. O3 shows the opposite

trend with the lowest concentration on the air-cured non-wetting region and highest on

the nitrogen-cured region. C2 and C5 also appear to alter in concentration between the

regions, with a greater than two times increase in the nitrogen-cured lens compared with

either of the air-cured regions for the C2 peak, and a greater than ten times increase in

intensity for the C5 peak in the nitrogen-cured lens when compared to that observed on

either of the air-cured regions. In contrast to differences observed between the contact

lens regions in the O 1s and C 1s high resolution spectra there was very little difference

noted in the Si 2p spectra, with all peaks varying in intensity by less than 5%.

4.4.2.2 Room Temperature Results

Table 4.17 shows the elemental composition from wide scan spectra for the cryo-XPS

samples after they had been allowed to warm up to room temperature overnight. When

comparing these results with those from the frozen samples in Figure 4.14, there was a

clear trend for the elemental composition of the samples to be higher in oxygen, silicon

and fluorine, but lower in carbon and nitrogen at room temperature. Figure 4.18 shows

the high energy resolution data for C 1s, O1s and Si 2p with peak fitting performed to

determine overlapping peaks. The air-cured wetting data is not presented here as an

additional peak was present in the high resolution data to the left of the elemental peaks,

resulting in problems with relative analysis and quantification. This is likely associated

with differential charging as a result of distortion of the surface following dehydration

of the material. The C 1s high-resolution spectra for the samples at room temperature

follow at similar trend to that of the samples when at a cryogenic temperature, with the
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Figure 4.15: Comparison of the high resolution C 1s spectra with curve fitting for the

three study contact lens regions.
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Figure 4.16: Comparison of the high resolution O 1s spectra with curve fitting for the

three study contact lens regions.
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C 1s O 1s Si 2p F 1s N 1s

Nitrogen-cured 60.1 21.3 13.8 2.5 2.4

Air-cured wetting 56.3 22.4 17.6 3.2 0.6

Air-cured non-wetting 53.1 24.8 18.2 3.4 0.5

Figure 4.17: Comparison of elemental composition (%) for the three regions on the exper-

imental contact lenses at room temperature.

C1 and C-F peaks having a lower peak intensity and the C2 and C3 peaks having a higher

intensity for the nitrogen-cured lens in comparison with the air-cured non-wetting region.

The C4 peak intensity appears similar for both samples and the C5 and C6 peak appears

to show a slightly higher intensity for the nitrogen-cured lens. The O 1s high resolution

spectra is dominated by the O1 and O2 peaks in similar ratios in the air-cured non-wetting

and nitrogen-cured regions. The Si 2p high resolution spectra show similar peak fitting

patterns for both the nitrogen-cured and air-cured non-wetting regions.

4.4.3 Study 3 - Discussion

The use of a cryogenic handling technique during XPS analysis highlighted significant dif-

ferences between the hydrated frozen surface spectra and the dehydrated sample spectra.

During analysis of the cryogenically frozen samples, a nitrogen signal became detectable

suggesting the presence of VMA at the lens surface (as VMA is the only monomer to con-

tain significant amounts of nitrogen) and silicone and fluorine levels significantly reduced

suggesting less silicone macromer at the surface. Differences in the elemental composition

were also apparent for the three study contact lens regions, with a significant increase in

the intensity of nitrogen for the nitrogen-cured surface in comparison with the air-cured

wetting and to a greater extent the air-cured non-wetting region, suggesting a greater con-

centration of the hydrophilic monomer VMA at the surface in the more wettable regions.

In addition, the most wettable surface (nitrogen-cured) had the lowest concentration of

silicone and fluorine, with increased levels found for air-cured wetting and greater still for

the air-cured non-wetting regions, suggesting a greater concentration of silicone macromer

(M3U) at the surface in the relative hydrophobic contact lens surfaces. As carbon and

oxygen are found in all the monomers present, the interpretation is more complex, with no
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Figure 4.18: Comparison of the high resolution C 1s, O 1s and Si 2p spectra with curve

fitting for the nitrogen-cured and air-cured non-wetting lens regions at room temperature.
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obvious trends apparent when comparing the XPS data to the known clinical wettability

of the lens surfaces (Section 2.1). Chemical state analysis of carbon and oxygen showed

apparent differences in the bonding concentration between the hydrated (cryo-frozen) and

dehydrated samples, with a lower concentrations of (a) C-Si bonding (C1) and (b) C-F

bonding and a higher concentration of (a) C-C/C-H bonding (C2), (b) C-C-O bond-

ing(C3), (c) O-C-O/C=O bonding (C5) and (d) O-C=O (C6). The lower concentration

of C-Si and C-F bonding is in agreement with the elemental findings that the concentra-

tion of the silicone macromer is lower in the hydrated state than in the dehydrated state.

The increased concentration of the hydrocarbon and oxygen-carbon bonding suggests an

increase in the more hydrophilic elements of the polymer along with the suggestion of

higher levels of the monomer MMA at the surface using the cryogenic handling technique.

This suggests that during dehydration the siloxane macromer migrates to the surface and

forms a silicone rich layer. This process appears to occur in all three regions of interest

on the study contact lens surface suggesting that it is a property of the polymer rather

than related to the differences in polymerisation conditions. Differences were also present

when the elemental composition of the three frozen regions of interest were compared,

with higher concentrations of silicone and fluorine found on the more hydrophobic study

lens surface (air-cured non-wetting) and high levels of nitrogen on the more hydrophilic

study lens surface. Chemical state analysis of the frozen samples also shows changes in

the C 1s regions with a greater level of carbon-silicon and carbon-fluorine bonding in the

air-cured non-wetting (hydrophobic) region with decreasing levels in the air-cured wetting

(intermediate wetting) region and less still for the nitrogen-cured lens region (hydrophilic).

Chemical state changes in the O 1s region also changed across the three regions with a

reduction in the concentration of oxygen-silicon bonding in the nitrogen-cured (highly

wettable) region and an increase in oxygen-carbon bonding levels. Both these findings

suggested that the hydrophobic (air-cured wetting) region has a higher concentration of

siloxane polymer, whereas the nitrogen-cured region has a higher concentration of the

hydrocarbon-based polymers (based on the MMA and VMA monomers). The difference

in the polymer composition at the surface of the contact lens material suggests that phase

separation may be occurring in the more hydrophobic regions of the study lenses with a

dominance of the siloxane-containing polymer at the surface.

Given that the elemental composition of the three study lens regions was shown not to dif-

240



4.5 XPS conclusions

fer when the samples were air dehydrated (Section 4.2.2.1), it was expected that following

cryogenic freezing and subsequent vacuum dehydration the lens would also have similar

elemental composition. Contrary to expectation, differences were observed following vac-

uum dehydration, although these differences were less marked than for the lens samples

in a frozen state. A possible cause for the different findings may be the small number of

lens samples used in this cryo-XPS study, although the findings of the dehydrated lens

sample study were consistent across nine lens samples. Other possible reasons for the dif-

ference may relate to the difference in material temperature during dehydration (-150oC

for post cryo-XPS dehydration versus 25oC for air dehydrated lens sample) or the type of

dehydration occurring (water evaporation for air dehydration versus sublimation for post

cryo-XPS dehydration). Future studies should therefore looking to investigate a greater

number of samples to clarify these results.

4.5 XPS conclusions

The highly surface sensitive nature of the XPS technique has allowed investigation of the

surface chemistry for a range of contact lens materials and moulds used to manufacture

contact lenses. In general, investigation of the surface of dehydrated commercial contact

lenses was similar to that previously reported in the literature. Analysis of the lens moulds

showed a thin film of lens material remained on the moulds following use, although this

did not differ between the two study lens manufacturing conditions. Dehydration of the

study contact lenses in an ultra high vacuum prior to XPS analysis resulted in a substantial

reorganisation of the lens surface, leading to a surface dominated by the siloxane macromer.

The use of a cryogenic handling technique reduced this reorganisation and allowed the

surface chemistry of the hydrated lens to be analysed. This showed differences in surface

chemistry between regions on the study contact lenses, with silicone macromer enrichment

in the non-wetting regions and a greater degree of hydrophilic polymer in the wetting

regions. On heating the sample to room temperature the surface partially reorganised,

resulting in a surface chemistry which was richer in silicone macromer. When assessing

the surface chemistry of hydrogel materials it is therefore critical to avoid dehydration of

the material, as this can result in surface reorganisation. This is even more critical when

assessing silicone-containing materials as they are readily able to reorganise due to their

highly flexible nature, indicated by the low glass transition temperature of the materials.

241



4.5 XPS conclusions

Careful cryogenic freezing of the sample below its glass transition temperature has been

shown to limit this reorganisation and allow hydrated surface chemistry to be assessed.

Future XPS work should therefore focus on cryogenic analysis as dehydrated analysis is

likely to be misleading, particularly with non-surface treated silicone hydrogel materials,

where reorganisation is highly probable.
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4.6 Introduction to ToF-SIMS analysis of the study contact

lenses

This work aimed to investigate the surface chemistry of three regions of interest on the

study contact lenses using ToF-SIMS. Surface chemistry is known to play a critical role

in influencing the wetting properties of a material and given the tendency of the study

lenses to wet poorly during both clinical and laboratory assessment, characterising the

surface chemistry of the study contact lens regions was of primary concern. Previous work

within this research group has investigated the surface chemistry of commercial hydro-

gel and silicone hydrogel contact lenses with a ToF-SIMS instrument (Maldonado-Codina

et al., 2004a). The current study therefore focused on the experimental study contact

lens materials in both a dehydrated and hydrated state in an attempt to understand the

differences in surface chemistry between these regions. ToF-SIMS depth profiling was

also performed to investigate how the lens chemistry changed from the surface towards

the bulk. The three sample types analysed were identified using the in vitro wettability

analyser (Section 2.2.3.3). The ToF-SIMS investigation was therefore separated into three

discrete studies:

Study 1 - To investigate the differences in surface chemistry between the three regions of

interest on the study contact lenses in a dehydrated state.

Study 2 - To investigate the differences in surface chemistry between the three regions of

interest on the study contact lenses in a cryo-frozen hydrated state.

Study 3 - To investigate the differences in surface chemistry during a depth profile into

the three regions of interest in both a hydrated and dehydrated state.
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4.7 Study 1 - ToF-SIMS analysis of dehydrated study lenses

4.7.1 Materials and Methods

4.7.1.1 Study lenses

The two study contact lenses used in this study were custom-manufactured in the same

manufacturing facility, specifically for this experiment, using identical component monomers

(Section 1.9). During manufacture, half of the study contact lenses were cured in an air-

filled oven and half were cured in a nitrogen-purged oven. When these lenses were poly-

merised in the nitrogen-purged oven they possessed acceptable in vivo wetting characteris-

tics, whereas when polymerised in an air-filled oven in vivo wetting appeared unacceptable,

with regions of wetting and non-wetting across the lens surface (Section 2.1.19.5). Four

experimental silicone hydrogel contact lenses were investigated in this study (2 x nitrogen-

cured lenses and 2 x air-cured lenses). Lenses were supplied in blister packaging containing

only PBS solution with no surfactants or other additives.

4.7.1.2 Sample preparation

Each lens was removed from its blister packaging using stainless steel tweezers touching

only the very edge of the lens. The lenses were then soaked in HPLC grade water (Sigma-

Aldrich Ltd., UK) for 24 hours (with the water changed after 12 hours) in an attempt to

remove the saline blister packaging solution from the lens (Figure 4.19a). The development

of the in vitro wettability analyser detailed in Section 2.2.2.1 allowed identification of the

wetting and non-wetting regions on the air-cured lens surface without the need for in

vivo inspection. All lenses used in the ToF-SIMS investigation underwent this laboratory

wetting analysis and were then subsequently soaked for a further 12 hours in HPLC grade

water. Each lens was then removed from the water using tweezers and placed, anterior

lens surface upwards, onto a clean glass surface. A 3.5mm medical biopsy punch (Kai

Industries Inc., Gifu, Japan) was used to remove a round sample from the wetting and

non-wetting regions identified on the air-cured lens surface and an area on the nitrogen-

cured lens corresponding to the area of non-wetting on the air-cured lens (Figure 4.19b).

Each sample was then placed onto an inverted stainless steel mask with the anterior lens

surface facing downwards (Figure 4.19c). Once all samples had been mounted the mask

was turned over and screwed down onto the copper base leaving the anterior surface of

the lens samples exposed for analysis (Figure 4.19d). The copper-mounting stub was then
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introduced into the entry chamber and the pressure lowered to 1 x 10−7 torr. After being

held in this chamber for 30 minutes the copper stub was transferred to the main analytical

chamber where the pressure was lowered to 1x10−9 torr. The stage was then adjusted to

centre the sample and an area of 200 µm2 selected. Each lens sample was analysed in

three different 200 µm2 regions. For each region of interest (nitrogen/air wetting/air non-

wetting) there were two samples, with each sample analysed in three different 200µm2

areas (two samples x three lens regions x three 200 µm2 scans), giving a total of 18

positive and 18 negative spectra obtained in this study.

4.7.1.3 ToF-SIMS Instrumentation

ToF-SIMS analysis was performed using a Bio-ToF SIMS instrument, the design of which

has been described previously (Braun et al., 1998). Data was collected using a 20 kV C60
+

ion gun (Ionoptika Ltd., UK) with a 15ns pulse width and a beam current of approximately

0.35 nA rastered over a 200x200 µm area. The spectra consisted of 200,000 shots for each

(d) Mask attached to copper stub

mask turned 
over

copper stubcontact lens sample

screw

(c) Lens samples placed on mask

stainless steel 
mask contact lens sample

(a) Lens soaked in pure water (b) lens sample removed from lens

HPLC grade 
water

contact lens

punch

lens front surface downwards

lens front surface upwards

Figure 4.19: Sample preparation prior to ToF-SIMS analysis
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acquisition and had an average mass resolution of 900 at m/z 28. Secondary ion yields

reported correspond to the number of secondary ions detected per primary ion impact.

Data was collected from three regions on each film to provide an error assessment of the

values presented. Low energy (25 eV) electrons were flooded onto the sample between

primary ion pulses to limit any effects from sample charging. The sample stage was

held at ground during ion impact, and the secondary ions were directed into a two-stage

reflectron by applying a delayed extraction pulse of 2.5 kV to the stage. The ions were

post-accelerated to 20 KeV and detected using a dual micro channel plate assembly with

the flight times being recorded on a 1 ns time-to-digital converter (Fast Comtec, GmbH).

The data were analyzed using the ToFPak software program from Physical Electronics

(Eden Prarie, MN). This applies multivariate techniques, including principle component

analysis (PCA), to identify differences in the spectra between the study lens samples.

4.7.1.4 Avoidance of sample contamination

All lens preparation and sample handling was carried out using tools cleaned with 99.9%+

grade ethanol (Sigma Aldrich, UK) and rinsed copiously with pure water. In addition, the

operator wore powder-free nitrile gloves to avoid sample contamination. Hook et al. (2006)

suggested possible contamination from ‘old’ de-ionised water used for sample preparation,

therefore fresh ultra pure water was used in this study. In addition, prior to analysis the

ToF-SIMS instrument was stripped down and the analysis chamber cleaned with ethanol,

then reassembled and baked out for 24 hours to ensure a clean analysis environment.

4.7.2 Results

4.7.2.1 Positive-ion SIMS

This study primarily focused on identifying differences in the molecular composition of

the three regions on the study lenses rather than attempting to specifically infer the lens

materials chemical composition. The positive ion ToF-SIMS spectrum for the nitrogen-

cured lens is shown in Figure 4.20. The great majority of the positive ions are of a mass to

charge ratio (m/z) less than 500Da. Figure 4.21 therefore presents the same spectrum on

a 0-300Da scale allowing easier observation of the major peaks. There is a large amount

of siloxane in the SIMS spectrum, which is expected, based on the monomer composition

of these lenses (Section 1.9). Masses at: m/z 45, 59, 73, 147 and 207 are the major peaks
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detected which relate to a siloxane fragmentation pattern (Table 4.5). All three lens

regions contain similar peak patterns and peak ratios. The positive ion ToF-SIMS spectra

for the nitrogen-cured lens sample and for both the wetting and non-wetting regions on

the air-cured lens are shown in Figure 4.22. The spectra for the wetting and non-wetting

regions on the air-cured sample and for the nitrogen sample were similar in both intensity

and ions detected. Each spectrum analysed, regardless of lens region, contained the same

peaks (ions) with the exception of the nitrogen-cured lens, which contained a peak at

m/z 7 which corresponds to lithium (both the air-cured lens regions had no detectable

peak at this mass). There are slight differences in peak intensities, which can be directly

compared since all films were analysed at the same time and under identical conditions.

For the positive ion spectra, the most notable differences between the study lens regions

relate to increased intensity in the nitrogen-cured and air-cured wetting lens films (factors

of 2 to 7) at peak locations of m/z 7, 23, 39, 41, 56, and 65. Resolved peaks were detected

above m/z 320, however no differences in intensity or peak ratios of statistical relevance

were observed other than those mentioned. The peak at m/z 7 is due to the presence of Li+;

the peak at m/z 23 is due to the presence of Na+. The peak at m/z 39 is likely associated

with the presence of K+, but could also be attributed to C3H3
+. The other major isotope

of potassium, 41K+, is also observed to increase in intensity in the nitrogen-cured sample,

suggesting that both peaks are related to the increase in intensity in the nitrogen-cured

lens. It should be noted that the intensity of m/z 41 is greater than that of m/z 39 and

therefore cannot be solely related to potassium. Instead it is likely overlapping peaks from

41K+ and C3H3
+ which are unresolved in the spectra collected. The peak detected at m/z

56 may be due to the presence of Fe+. Iron has a significant isotope at m/z 54, for which

there is also a slight increase in intensity for the nitrogen-cured lens spectra. A stainless

steel mask was used during the acquisition of the spectra, which may be the source of these

peaks. An increase in peak intensity is also observed at m/z 65, which may be related to

the presence of copper. The sample stub used in this experiment was made of copper.

4.7.2.2 Negative-Ion SIMS

Figure 4.23 shows the negative-ion spectra for the nitrogen-cured and air-cured non-

wetting regions. As with the positive-ion spectra, no new peaks were detected when

comparing the two air-cured lens regions with the nitrogen-cured lens region. There were

some slight intensity differences between the air-cured and nitrogen-cured regions. Major
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Figure 4.20: Positive ion ToF-SIMS spectra for the dehydrated nitrogen-cured lens samples

in the 0-1000Da region.
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Table 4.5: Probable chemical formulas for the major positive ion peaks detected with

ToF-SIMS.

Peak location (m/z) Probable formula

45 SiOH+ or C2H5O+

59 SiOCH3
+

73 SiC3H9
+ or SiC2H6O+

133 C4H13OSi2
+

147 C5H15OSi2
+

207 C5H13O3Si3
+

peaks for the spectra were detected at m/z 25, 61, 69, 75, 149 and 223. Peaks at m/z 61,

75, 149 and 223 are related to the siloxane molecule. The ions at m/z 25 and 69 are likely

C2H5
− and CF3

−, respectively. Intensity differences were noted for peaks at m/z 26 and

42. The ion at m/z 26 is CN−, which has a six-fold increase for the nitrogen-cured and

air-cured wetting region over the air-cured non-wetting region. The ion at m/z 42 has a

two-fold increase for the nitrogen-cured and air-cured wetting region over the air-cured

non-wetting region and is due to the CNO− ion. As with the positive data, resolved peaks

are observed up to about m/z 320 however, peak intensities other than those mentioned

do not change appreciably.

4.7.3 Discussion

The positive-ion and negative-ion spectra for the three contact lens regions suggest very

similar major ion peaks at similar intensity levels. Where intensity levels were seen to vary

between lens regions these differences were often associated with ions related to contam-

inants such as Fe+ or Cu+ from the mounting stub or from the saline blister packaging

solution, such as Na+ or K+. The notable exception here relates to the negative-ion spectra

where differences were observed in the ion intensity associated with elemental nitrogen on

the contact lens surface. Nitrogen is primarily found in the monomer component VMA (al-

though a small component is also present in M3U) and was present at significantly higher

levels in the wettable surfaces (the nitrogen-cured and air-cured wetting regions) compared

to the surface with poor wetting properties (air-cured non-wetting region). This finding

suggests higher levels of VMA at the surface of the nitrogen-cured and air-cured wetting
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Figure 4.23: Negative Ion ToF-SIMS spectra of dehydrated (a) air-cured non-wetting
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surface and as VMA is the primary hydrophilic component in the study lens monomer, it

goes some way to explain the difference in clinical performance, although these differences

appear very small given the dramatic differences in clinical wetting properties.

These findings are in general agreement with other studies investigating the surface chem-

istry of silicone hydrogel contact lens materials (Hook et al., 2006; Maldonado-Codina

et al., 2004a), although the surface of the present study lenses appear more obviously

dominated by siloxane-based material and contain lower levels of hydrocarbon-ions than

was the case for balafilcon A or lotrafilcon A (Maldonado-Codina et al., 2004a). A possi-

ble reason for these differences is that both balafilcon A and lotrafilcon A lens materials

undergo a plasma surface treatment (unlike the study contact lenses) which increases poly-

mer cross-linking and results in a surface which is less able to reorganise when dehydrated.

This surface treatment is incomplete on the balafilcon A material and this may be the

reason why a greater siloxane signal is observed for this material compared with lotrafilcon

A. When the positive ion spectrum from nitrogen-cured study lenses is compared with a

reference sample of PDMS (Figure 4.24) there is obvious similarity in the major ion peaks

detected, suggesting a surface dominated by siloxane.

Given that the study contact lens is composed of around 30% M3U (the only component

monomer which contains siloxane) the results suggest that the surface of all three lens

regions is enriched with M3U in the dehydrated state. Several other ToF-SIMS studies

have shown that surface enrichment can occur in polymer blends containing siloxane, both

in hydrogel (Hook et al., 2006) and non-hydrogel materials (Chen & Gardella, 1998; Selby

et al., 1994). In hydrogel materials the surface is able to reorganise in response to the

surrounding environment, in order to minimise its surface free energy (Holly & Refojo,

1975). This ability of the surface to reorganise has been demonstrated in the literature

using a variety of surface analysis technique (contact angle (Holly & Refojo, 1975), AFM

(Kim et al., 2002), ToF-SIMS (Hook et al., 2006) and XPS (Chen et al., 2008)).

When a hydrated contact lens material is exposed to an air environment it is advantageous

for the surface to reorganise with the hydrophobic species exposed at the surface, while the

hydrophilic species bury themselves into the bulk of the material (Holly & Refojo, 1975).

ToF-SIMS analysis, as with many other surface chemical characterisation techniques, re-
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quires analysis to be performed in an ultra high vacuum (in the order of 1x10−9 torr).

Thermodynamic laws dictate that when a surface is exposed to a non-polar fluid such as

air or a vacuum, at a temperature above the polymer’s glass transition temperature (Tg),

then a reorganisation of the material at the surface can occur. This can be especially

marked in amphiphillic hydrogel materials containing a PDMS-type component due to its

low glass transition temperature of around -127◦C (Owen, 1993). These materials possess

a low glass transition temperatures due to their highly flexible silicon-oxygen backbone. If

the material is above this temperature, these PDMS-based components are likely to reor-

ganise with the resultant surface being the most thermodynamically stable configuration.

In contrast, other non-PDMS based components, such as VMA and MMA present in the

study contact lens polymer, are likely to possess significantly higher glass transition tem-
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Figure 4.24: Comparison of the positive-ion SIMS spectra from the nitrogen-cured lens

sample and a reference PDMS sample (from the Static SIMS library (version 4.0.1.35) by

Surface Spectra Ltd).
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peratures and thus are unable to significantly reorganise. Hydration of a hydrogel cannot

be maintained in a vacuum as water is rapidly drawn out of the material and removed

from the chamber to allow the instrument to reach it operational vacuum. The removal

of the water molecules is essential otherwise the primary and secondary ions would collide

with water particles in the chamber resulting in a poor signal from the surface. This

thermodynamically driven process of reorganisation is thought to be the reason why the

surface of all of the contact lens regions studied here are dominated by the siloxane signal.

The samples were exposed to a pressure in the main chamber of around 1 x 10−9 torr

and were at room temperature during analysis. This temperature is well above the Tg for

the siloxane containing polymer, but lower than the Tg for hydrophilic polymers with a

carbon backbone. The likely reason why little difference is found in the surface chemistry

using ToF-SIMS is that the initial surface structure when in the hydrated state may be

subsequently masked by a preferential reorganisation of the hydrophobic siloxane phase

during dehydration of the sample. The wetting properties a material exhibits are usually

dictated by the composition of only the first few molecular layers at the interface between

the hydrogel material and the wetting liquid (Johnson & Dettre, 1993). It is therefore

critical that the surface is preserved in its hydrated state during ToF-SIMS analysis to

allow identification of the chemical characteristics responsible for the non-wetting regions.

In an attempt to preserve the hydrated surface composition for these materials in a UHV

environment it was decided to develop a cryogenic handling technique which is detailed in

the following study.

4.8 Study 2 - ToF-SIMS analysis using a cryogenic handling

technique

4.8.1 Methods

The lens sample preparation for this study was similar to that described previously in

Section 4.7.1.1. In brief, this involved the use of a laboratory instrument, detailed in

Section 2.2.2.1, to identify three regions of interest on the study lenses (i) air-cured wetting,

(ii) air-cured non-wetting and (iii) nitrogen-cured. Following lens soaking in HPLC grade

water (for 24 hours), a 3.5mm stainless steel punch was used to cut lens samples in these

regions (Figure 4.25b). In contrast to the previous study the cryogenic sample handling

technique required the samples to be mounted and analysed individually on a copper stub.
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Each lens sample was placed onto a copper stub and partially lowered into liquid nitrogen

where the sample was rapidly frozen indirectly through the conducting copper block (figure

4.25 d). After 5 minutes in liquid nitrogen the copper stub was rapidly transferred onto

the pre-cooled ToF-SIMS arm and moved through into the introduction chamber where it

was placed into a temperature controllable fork, itself cooled by circulating liquid nitrogen.

The chamber was pumped down to a ultra high vacuum (1 x 10−7 torr) while maintaining

the lens sample in a frozen state. After 1 hour in the UHV preparation chamber, the

sample was transferred into the main chamber, where it was maintained at cryogenic

temperatures at a pressure of (1x10−9 torr). The C60+ primary ion source was used to

etch through the frozen water layer over a 200 µm2 area until a non-water signal was

detected. ToF-SIMS analysis was then performed on the exposed hydrated lens surface

over a 100 µm2 area. This process was used to analyse the wetting and non-wetting

regions of the air-cured lenses and the nitrogen-cured study contact lenses. For each

region of interest (nitrogen-cured/air-cured wetting region/air-cured non-wetting region)

there were two samples, with each sample analysed in three different 200µm2 areas (2

samples x 3 lens regions x 3 200 µm2 scans), giving a total of 18 positive and 18 negative

spectra obtained in this study. The ToF-SIMS instrument has been described previously

in Section 4.7.1.3 and the precautions taken to avoid sample contamination were described

in Section 4.7.1.4.

4.8.2 Results

The spectra from the frozen hydrated samples contained substantially less total counts

than those run at room temperature making the spectral comparison challenging (Figure

4.26). Figure 4.27 shows the spectra for the nitrogen-cured and both the wetting and

non-wetting regions of the air-cured study lenses. The comparison of the sum normalised

data shows few differences in the main peaks observed and the appearance of no new

peaks. The two largest differences observed in the frozen-hydrated samples are that the

air-cured non-wetting region has a higher intensity at m/z 39, which based on the presence

of two shoulder peaks, would likely make this from K+, and m/z 23 which indicates the

presence of Na+. However the presence of these two ions can come from several outside

sources, such as the saline solution, and are not likely to be sample dependent. Another

difference was observed at m/z 15, where the signal was much stronger for the air-cured

wetting region than both the nitrogen-cured and air-cured non-wetting regions. This ion
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(a) Lens soaked in pure water for 12 hours (b) Central sample punched from lens
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(c) hydrated lens sample mount on copper stub (d) sample indirectly frozen with LN2

Figure 4.25: ToF-SIMS sample preparation using a cryogenic handling technique.
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is likely associated with CH3+. Differences were also observed at m/z 43, 45 and 59 with

these ions most probably associated with silicone containing ions (CH3Si+, SiOH+ and

(CH3)2SiH+) where higher ion signals were detected for the nitrogen-cured study lenses

as detailed in Table 4.6.

4.8.3 Discussion

The data set obtained for the cryo-analysis of the study lens regions had a relatively low

secondary ion signal count, making interpretation difficult. The main difference between

the data sets in this study and those in the previous ToF-SIMS studies, related to the

frozen-hydrated sample handling technique. The presence of water at the lens surface can

lead to a charging effect, which can reduce the secondary ion signal. In addition, the use

of the C60+ source to remove the protective water layer can result in an increase in the

amount of water in the vacuum which can both raise the chamber pressure and interfere

with both the movement of the primary and secondary ions. The presence of the water

therefore caused the secondary ion signal to have a reduced peak height (see Figure 4.26),

making peaking assignment and spectral comparison much more challenging. Although

the SIMS spectra for the different lens regions suggested a very similar composition for

the cryogenically frozen lens samples, there were differences in intensity for some of the

secondary ions peaks observed. The nitrogen-cured lenses showed a relative high intensity

for the peaks associated with siloxane (m/z 43, 45 59), compared with the air-cured non-

wetting lens regions. Increased levels of siloxane-containing species at the surface might

seem counterintuitive as this is likely to result in a surface with a relatively high surface free

energy (due to the highly flexible silicone/oxygen polymer backbone) and therefore would

be expected to display relatively poor wetting characteristics. In contrast, we know that

Table 4.6: Relative intensity of silicon-containing ion peaks during cryo ToF-SIMS analy-

sis.

Peak location (m/z) Relative Intensity

43 nitrogen > air wetting > air non-wetting

45 nitrogen > air wetting and air non-wetting

59 nitrogen and air wetting > air non-wetting
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the nitrogen-cured lenses have better wetting characteristics compared with the air-cured

non-wetting lens regions. This may be due to the analysed film not being the lens sur-

face, but sub-surface. Ideally the protective surface water layer would be sublimed away,

exposing a frozen hydrated lens surface. In the experimental methodology used here the

vacuum and temperature controls were not sensitive enough to allow sublimation to occur

in the required temperature range (<-127◦C). Therefore, the frozen surface water film was

removed by primary ion etching of the surface until the secondary ion signal changed from

water to that of a polymer surface. With this technique it is difficult to ensure that all

the water is removed, while ensuring that none of the polymer surface is removed, prior to

analysis. It may well be that the very surface of the lens was removed by etching prior to

analysis. Other possible reasons for the finding of more apparent siloxane on the surface

of the nitrogen-cured lens may include changes in the surface chemistry related to the

etching ion beam or that the etching ion beam influenced the local temperature of the

sample, allowing reorganisation of the polymer components to reduce the free energy at

the apparent lens surface.

The reduction in the secondary ion signal is likely associated with the presence of water

interference as the surface was etched to expose the contact lens. The presence of the

water molecules tends to increase the pressure, making it more difficult to maintain an

adequate vacuum. The problems associated with low secondary ion signal count could be

minimised in future studies by:

1. The use of a cold finger (an extremely cold probe placed into the main chamber)

allowing water molecules to condense on it removing them from possible interfer-

ence with the ions. Chen (2008) describes the used a modified sample holder with

cold finger in their analysis, which provides improved secondary ion signal in SIMS

analysis.

2. Leaving the sample in an UHV for a prolonged period to allow the surface water to

slowly sublimate.

3. After ion etching with the C60+ source, the chamber could be left for a prolonged

period allowing time for the water molecules to be removed from the vacumm.

Improvements which could be applied to future studies could also include the mounting of

all three study lenses on the sample analysis stub, as used for the XPS study (Figure 4.12),
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to ensure the samples are prepared in a similar manner. Another possible improvement to

the study would be to replace the liquid nitrogen used in this study with liquid propane

which would allow more rapid cooling of the lens samples. Even with the problems expe-

rienced using the cryogenic handling technique it is clear that the hydrated lens surface

has a very different chemical character to the same surface following dehydration. Figure

4.26 compares the positive-ion SIMS spectra for the nitrogen-cured lens surface when in

a hydrated and dehydrated state. It is evident that the major ion peaks differ for the

two conditions, in agreement with the findings of the XPS studies, both of which suggest

surface segregation of the siloxane polymer following dehydration in all three study lens

regions.

4.9 Study 3 - Ion beam etching of study lens materials

4.9.1 Introduction to C60
+ ion beam etching

In an attempt to understand the differences in the surface and sub-surface chemistry

between the three lens regions, a depth profiling technique was applied. This involved

the initial capture of a ToF-SIMS surface spectrum, followed by use of the C60
+ primary

ion source to etch a layer of polymer material away, before capturing another spectrum

and then etching again. Previous studies have shown significant variation in the chemical

distribution between the surface and sub-surface of a polymer which has been shown to be

related both to phase separation (Lee et al., 2008), surface segregation (Hook et al., 2006)

or to surface treatment processes (Braun et al., 2007). The C60
+ source was chosen as it

has been shown to etch material with much less damage than other primary ion sources

(Ga+ /Cs+), therefore minimising chemical characterisation artefacts observed following

etching (Szakal et al., 2004).

4.9.2 Materials and methods

The contact lens samples were prepared in both a dehydrated (described in section 4.7.1.2)

and a hydrated frozen state (described in section 4.8). The etching procedure involved

using the C60
+ primary ion source at much higher energy levels that that used for standard

ToF-SIMS analysis to remove layers of material. Between each etching phase a ToF-SIMS

spectrum was captured, allowing the distribution of the polymer chemistry to be analysed

as a function of depth into the material. For the depth profile, spectra were acquired up to
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a dose of 2.5 x 1014 ions/cm2. It is generally accepted that a dose of 1.0 x 1013 ions/cm2

would impact nearly 100% of the sample surface. A dose 25 times greater is likely to remove

several layers of material, but is still near-surface analysis. The etching technique used

here was estimated to etch to a total depth of around 25 - 50nm, although this is sample

dependant. For each region of interest (nitrogen-cured region, air-cured wetting region and

air-cured non-wetting region), one dehydrated sample and one hydrated frozen samples

were analysed, giving a total of six depth profiles performed. For the data comparison, the

spectra were normalised to total counts so an absolute intensity comparison could take

place. Data comparison therefore involved visually inspecting the spectra to observe if

any new peaks formed or if relative intensities for the peaks change noticeably (>10%).

4.9.3 Results

4.9.3.1 Depth profiling data for dehydrated samples

Figure 4.28 provides positive secondary ion intensity profiles from select ion species plotted

as a function of sputter ion dose (C60
+/cm2). The ion species chosen are believed to

best represent the components present in the study contact lens materials. It should

be noted that fragments consistent with the same chemistry as those chosen for the plots

showed similar intensity variations, as highlighted in Figure 4.29. The M3U-based intensity

distribution (m/z 73 & 147 in figure 4.28) shows a steady decline for all three lens regions,

with a more immediate reduction for primary ion dose densities of less than 2 x 1013

ions/cm2 for the two air-cured lenses regions. In the deeper sub-surface layers (primary

ion dose 2 to 10 x 1013) the air-cured wetting regions shows a less marked intensity

reduction than the air-cured non-wetting region. The intensity variation of the sodium

ions differ between the lens regions, with the nitrogen-cured and air-cured wetting regions

showing a relatively small variation in sodium intensity, whereas the air-cured non-wetting

region showed a small reduction in intensity for a primary ion dose up to 3 x 1013 ions/cm2,

followed by a rapid increase in intensity for the remainder of the depth profile. Figure 4.30

shows the overlay of the three ion intensities for each of the three lens regions analysed. The

intensity variation of the 53 m/z peak with depth, differs to the 73 m/z and 147 m/z peaks

(Figure 4.28), suggesting that this signal is not associated with the siloxane macromer.

Given the lack of a nitrogen signal, the 53 m/z peak is not likely to be associated with

the VMA and more likely associated with either the MMA, EGDMA or AOE monomer

components.
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23 m/z - Sodium 

147 m/z - PDMS ion

73 m/z - PDMS ion 

53 m/z - C4H5+ 

C60+ ion dose C60+ ion dose

C60+ ion doseC60+ ion dose

Figure 4.28: Secondary ion intensities for three dehydrated lens regions as a function

of sputter ion beam fluence for selected ion species of interest. Intensity profiles allow

comparison of the distribution of components between the study lens regions.

4.9.3.2 Sub-surface spectral analysis for dehydrated samples

The spectra from the final depth profiling cycle for each of the three lens regions of interest

was then compared to look for differences in chemistry of the sub-surface. Figure 4.31

shows the representative spectra for the air-cured non-wetting region, air-cured wetting

region and nitrogen-cured lens samples normalised to total counts. Figure 4.31(a) shows

a relatively high intensity for the air-cured non-wetting region over the air-cured wetting

region and the nitrogen-cured lens for m/z 53 and 55. Figure 4.31(b) shows the general

agreement in the data for several masses from m/z 103 to 113 indicating that differences in

intensity for the other ions are significant. Figures 4.31(c) and 4.31(d) show two of the main

fragment ions from PDMS; m/z 147 and m/z 73. Both of these ions show a higher intensity

in the air-cured wetting region and nitrogen-cured lens compared to the air-cured non-

wetting region. The slight shift in peak location is due to differences in the calibration and
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Figure 4.29: Secondary ion intensities for PDMS-related species as a function of sputter

ion beam fluence, highlighting the similar intensity variations.

is not representative of ion mass shifts. From this analysis, there were no new peaks which

formed, indicating that the three samples analysed are similar in composition. There are,

however, some relative peak intensities differences with the air-cured non-wetting regions

having a higher relative intensity for m/z 27, 39, 41, 43, 53, 55, 57, 67 and 69, whereas the

air-cured wetting and nitrogen-cured regions have a higher relatively intensity for m/z 73,

147, 207 (siloxane peaks) as well as m/z 191 and 193. In addition the nitrogen-cured lens

has a higher intensity at m/z 115 compared to the air-cured non-wetting and air-cured

wetting regions. Based on the experimental setup and the number of samples which were

run, it is possible only to suggest general ion assignments based on the masses observed.

This experiment did not attempt to achieve high mass accuracy, which would be needed

for a proper diagnosis of the peaks mentioned above. In addition, the sample comparison

is for one sample from each type of lens, so no statistical analysis could be preformed.

Therefore, we can only speculate at their molecular structures, of which there are several

possibilities. For this reason, the first chemical structure which is listed in bold type is

the primary assignment of an ion to that peak mass based on certain trends. The other

structure(s) suggest possible other ions with a similar mass which are equally possible.

It is possible that there is even an overlap from several of these ions. For the air-cured

non-wetting region: m/z 27 (C2H3
+, Al+), m/z 39 (C3H3

+, K+), m/z 41 (C3H5
+),

m/z 43 (C3H7
+, CH3Si+, C2H3O+), m/z 53 (C4H5

+), m/z 55 (C4H7
+, Mn+), m/z 57
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Figure 4.30: Secondary ion intensity depth profiles for three select ions species as a function

of ion beam fluence for the dehydrated study contact lens regions. Intensity profiles show

the relative distribution of components at the surface vs the sub-surface of the lens
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(C4H9
+), m/z 67 (C5H7

+) and m/z 69 (C5H9
+, C4H5O+). The assignments in bold all

correspond to major hydrocarbon fragments. This may indicate that subsurface, the air-

cured non-wetting region contains a slightly higher proportion of material that contains

hydrocarbon groups or produces hydrocarbon fragments. For the air-cured non-wetting

region ions at m/z 73 (Si(CH3)3
+), 147 (Si2O(CH3)5

+) and 207 (Si3O3(CH3)5
+) when

observed together almost certainly arise from the presence of a siloxane. Signals from

these peaks are all of higher intensity for the air-cured wetting region and the nitrogen lens

compared to the air-cured non-wetting region, indicating a relatively higher abundance of

this type of material in the subsurface region of the air-cured wetting region and nitrogen-

cured lenses. Ions at m/z 191 and 193 are unassigned, but may be related to polyethylene

terephthalate, as identified in the chemical database (J.C. Vickerman & Henderson, 2006).

For the nitrogen-cured lens, m/z 115 brings up a number of possible ions and is difficult

to assign with no other peak trends, with the database suggesting C5H7O3
+, C6H11O2 or

C9H7
+.

4.9.3.3 Depth profiling data for cryo-frozen samples

Figure 4.32 shows the normalised secondary ion intensity for the H3O+, C4H9
+ and M3U

fragment ions during the C60
+ depth etching process for the three lens regions. In all three

lens regions a H3O+ ion signal suggests the presence of an ice layer on the lens surface.

The varying amount of C60
+ ion etching required to bring about a significant reduction

in the H3O+ ion signal (a dose of 4 x 1013 for nitrogen-cured lens region compared with 7

x 1013 for the air-cured wetting lens region), suggests a difference in the ice film thickness

between the lens regions. In the early stages of the depth profile the mixture of ion

signals originating both from the contact lens material and the ice film suggest that the

etching process is not completely removing the ice and then etching though the contact

lens surface, but rather etching some of the lens surface at the same time as some of the ice

layer. Possible reasons for this include an uneven ice film thickness, a uneven distribution

of the etching process or a rough/uneven contact lens surface. Analysis of the contact lens

surface with an ice layer partially present is clearly not ideal and a goal of future studies

would be to remove the ice film either by sublimation or by obtaining better control of the

etching process. Highlighted on Figure 4.32 is the point where the H3O+ signal falls to a

near zero value suggesting the complete removal of the ice film for each lens. Associated

with the initial minimum H3O+ signal is a peak for the M3U fragment ion for all three lens
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Figure 4.31: Room temperature ToF-SIMS spectra for the three study lens regions for (A)

52 - 54 m/z, (B) 103 - 113 m/z, (C) 145 - 152 m/z, (D) 72 - 74 m/z) following completion

of the etching process. These spectra describe the sub-surface chemical composition.
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regions. This pattern was observed for all the M3U-related peaks (m/z 43, 73 and 207) on

all three lens regions. The C4H9
+ ion showed a similar intensity trend near the surface,

with peak intensity just below the polymer surface. Due to apparent charging effects

a negative ion spectrum was not able to be captured for any of the three lens regions.

The C4H9
+ ion intensity showed a reducing signal with depth, as was observed for the

M3U-related peak, but at a slower rate. The cryogenic depth profiles suggest a surface

enrichment in all three contact lens regions for both C4H9
+ related material and to a much

greater extent M3U-related material. As with the dehydrated lens samples there was little

evidence of a significant nitrogen-based ion signal, suggesting that the levels of VMA in

the surface and sub-surface regions are relatively low. Given the variable thickness of ice

on the surface of the samples, comparison is difficult, therefore Figure 4.33 shows the same

data but with the results normalised to first data point with minimal H3O+ signal for each

lens region, to allow the surfaces to be more readily compared.

4.9.4 Discussion

When a hydrogel material is exposed to a hydrophobic environment it is thermodynami-

cally advantageous to structurally reorganise to present a surface with a high surface free

energy (Holly & Refojo, 1975). This potential reorganisation only occurs if the material is

above its Tg. When the hydrogel is a blend of polymers, there can be preferential surface

reorganisation for those with a low Tg compared to those with a high Tg. For siloxane-

containing hydrogel polymers such as the study contact lens materials this process can be

particularly marked as the silicone-oxygen polymer backbone is especially flexible, giving

it an extremely low glass transition temperature of around -127◦C. By freezing and main-

taining the contact lens sample below its Tg it was expected that the chemical differences

presumed to be present when hydrated and at room temperature would be preserved. The

use of the depth profile allowed the observation of the chemical distribution at the surface

and sub-surface when the lens was in both a hydrated and dehydrated state.

4.9.4.1 Depth profile at room temperature

Depth profiling using a C60
+ primary ion source has been able to obtain information on

the variation of composition with depth below the initial surface for both dehydrated and

hydrated (frozen) lens sample. In both the hydrated and dehydrated studies, the spectra

have been composed primarily of ions associated with siloxane polymers, although hydro-
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Figure 4.32: Secondary ion intensity depth profile for three ion species as a function of

ion beam fluence for the cryogenically frozen study contact lens regions. Intensity profiles

show the relative distribution of components at the surface vs the interior of lens.
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Figure 4.33: Secondary ion intensity depth profile for three ion species as a function of

ion beam fluence for the cryogenically frozen study contact lens regions. The data is

normalised to a point where there has been a substantial signal decrease from the m/z 19

signal for each material to allow a more direct comparison.
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carbon ion species have been identified. This indicates the presence primarily of the M3U

silicone macromer at the surface of these materials, along with other components such

as methyl methacrylate. Interestingly, there was little evidence, in either the hydrated

or dehydrated state, of any ion signal associated with the nitrogen-containing hydrophilic

component, VMA. When studying the intensity of the M3U related ions with depth, it

became clear that all ions followed similar patterns, with a peak intensity at the sample

surface followed by a rapid reduction in intensity with depth to a relatively steady state

intensity by the tenth etching cycle. The change in intensity of the siloxane-related ion was

greatest for the two air-cured lens regions compared to the nitrogen-cured region. The hy-

drocarbon ions appear associated with the component monomer methyl methacrylate and

followed a similar pattern in both dehydrated and hydrated state, suggesting it reached an

intensity peak slightly below the sample surface where it either remained at a steady state

or reduced to a relatively steady state with increasing depth. All lens samples showed the

presence of significant levels of sodium, likely associated with the saline (sodium chloride)

soaking solution, even though they had undergone 24 hours of soaking in pure water. The

intensity of the sodium ion signal appeared similar to that observed in previous ToF-SIMS

depth profiling studies (Braun et al., 2007). Interestingly, the air-cured non-wetting re-

gion showed a rapidly increasing Na+ signal with depth, unlike the other lens regions,

suggesting that saline clearance in this region may have been restricted possibly as a re-

sult of poor ion permeability in this region, due to a lack of hydrophilic polymer present,

although further work is required to confirm if this is the case. These findings suggest an

enrichment of M3U-related material in the top surface layers of all three lens regions in

their dehydrated state, with the concentration gradient for the M3U component greater

for the air-cured non-wetting and least for the nitrogen-cured lens region. In contrast, the

hydrocarbon species consistent with the hydrophilic component monomers possess inten-

sity variations that were relatively low at the surface before rising to a relatively steady

state for the nitrogen-cured and air-cured wetting region, but saw a continued increased

across the profiling depth for the non-wetting region.

Comparison of the sub-surface ToF-SIMS spectra showed differences in the chemistry be-

tween the three lens regions, with the non-wetting region from the air-cured lens showing

a higher relative intensity for hydrocarbon fragments while the wetting region from the

air-cured lens and the nitrogen-cured lens show a higher relative intensity for the siloxane-
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related ion peaks. These findings rather counter intuitively suggest that the sub-surface of

the non-wetting regions have a higher abundance of material that produces hydrocarbon

fragments, whereas the regions with good clinical wetting properties have a higher abun-

dance of siloxane type material in the sub-surface region. The hydrocarbon fragments

detected are unlikely to originate from the VMA due to a lack of nitrogen ion signal in the

spectra or TEGDMA given the low level of TEGDMA in the material (approximately 1%)

and is therefore likely to originate from the MMA lens component. The MMA component

is included in the material both to improve compatibility of the siloxane and hydrophilic

lens components and possibly to reduce the ion permeability of the material in an attempt

to reduce clinical complications, such as conjunctival staining. The relatively high levels

of MMA in the sub-surface below the non-wetting regions may be resulting in regions with

poor ion permeability and a relative low surface water content, which might increase the

hydrophobic nature of the lens surface. An alternative hypothesis is that when the lens

surface is exposed to an air environment at room temperature, the material at the surface

and in the sub-surface regions is likely to reorganise in an attempt to lower the surface

free energy of the material. For polymers with a hydrocarbon backbone this results in

a reorganisation of the pendant groups, but in siloxane type polymers this can result in

a reorganisation of the entire polymer due to its highly flexible silicon-oxygen backbone.

Factors such as the extent of polymer cross-linking or the molecular weight of the polymer

are likely to influence the degree to which this reorganisation occurs. Given the presence

of oxygen during the polymerisation of the air-cured lens it is likely that this may have re-

sulted in the premature termination of the free radical polymerisation. Oxygen inhibition

has been shown to result in surface regions which are less heavily crosslinked and typically

with a lower molecular weight (Biswal & Hilt, 2009). The lack of siloxane in the sub-

surface of the air-cured non-wetting region may be as a result of the reorganisation of this

material towards the surface leaving the sub-surface region relatively rich in hydrocarbon

material. For the nitrogen-cured and air-cured wetting regions the siloxane component

may be more heavily cross linked and be of a higher molecular weight with greater en-

tanglement leading to a reduced ability to reorganise, resulting in the comparatively high

intensity for the siloxane fragments observed in the sub-surface region.
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4.9.4.2 Depth profile at cryogenic temperatures

The depth profiles obtained for the cryogenically frozen samples were complicated by the

presence of an ice film over the lens surface. The use of the C60
+ ion source to etch

though this ice layer allowed a SIMS spectra for the frozen lens surface to be captured,

but resulted in a lowering of the vacuum pressure and presented problems associated with

capturing of negative ion data. Figure 4.32 shows that prior to etching, a significant water

layer was present on each sample which was of variable depth. Figure 4.33 shows the same

data, but in this case the starting point of acquisition is defined as the point at which

the m/z 19 signal first became negligible and at this point the data was normalised for all

the lens regions. This allowed the lens regions to be readily compared and overcomes the

problems associated with different ice layer thicknesses. The M3U-related ion intensity

was seen to reduce in a similar manner to that observed in the dehydrated samples, with

M3U surface enrichment which rapidly fell to a near steady state with increasing depth.

The hydrocarbon fragment ions also followed a similar pattern to the dehydrated lens

samples with the greatest ion intensity at the surface or in the immediate sub-surface re-

gion with a steady reduction in intensity with depth. As was observed for the dehydrated

lens samples, the air-cured non-wetting region showed a higher relative intensity for the

hydrocarbon fragment ions than the other two lens regions in the sub-surface region, re-

ducing less markedly in intensity with depth. The sodium signal associated with the saline

solution was seen to follow the ion intensity distribution of the hydrocarbon fragments,

suggesting that this hydrocarbon element may be resulting in reduced ionic permeability

and therefore a reduced ability for the sodium to soak out of the material in these regions.

Few ToF-SIMS studies have investigated hydrogel materials using a cryogenic depth profil-

ing technique. Sosnik et al. (2006) described the use of a deep freezing ToF-SIMS approach

to study the surface of collagen/poloxamine hydrogels. They also observed problems with

the formation of a thin ice layer even when using a nitrogen-purged preparation chamber.

Their subsequent methodology involved warming the UHV chamber up to around -70oC

to allow sublimation of the water. This methodology appears acceptable for their sam-

ple types, but with siloxane-containing materials this may induce reorientation as this is

substantially above the expected Tg of the siloxane macromer. Braun et al. (2007) per-

formed a depth profiling ToF-SIMS technique on dehydrated conventional contact lenses.

Although the lens materials differ to those in this study, similar trends were observed
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with the intensity distribution of the multiple polymer components varying, with some

components showing evidence of lens surface enrichment while other components show

enrichment beneath the top layer of the lens surface. In agreement with our study, these

intensity differences were typically seen to reduce with depth, suggesting that they may

be caused, at least in part, by differences in surface free energies of the polymer compo-

nents. On exposure to a vacuum environment it might be reasonable to expect the most

hydrophobic species to be driven towards the vacuum/surface interface while the more

hydrophilic components are more stable deeper within the lens bulk.

One of the major general advantages of ToF-SIMS is its surface sensitivity (∼2nm) and

it therefore seemed an obvious tool to probe the molecular composition of the wetting

and non-wetting regions on the study contact lens surfaces. The main problem involved

in applying this technique to hydrogel materials is the need for UHV analysis chamber

conditions. To avoid potential reorganisation at the lens surface associated with dehy-

dration of the lens material, a cryogenic handling technique was used. This still seemed

unable to identify substantial molecular differences between the wetting and non-wetting

regions of the air-cured samples and between either of these and the nitrogen-cured lenses.

The inability of ToF-SIMS to identify substantial differences in the surface chemistry, in

contrast to the differences highlighted by the XPS analysis (Section 4.4.3), is likely related

to the very high surface sensitivity of the SIMS instrument, which means that any surface

contamination or surface segregation can result in the true surface of the material being

masked.

4.10 Conclusion

This study has used ToF-SIMS to highlight differences in the surface chemistry of silicone

hydrogel contact lenses manufactured using different polymerisation conditions. ToF-

SIMS surface characterisation of the dehydrated lens samples showed surfaces dominated

by the siloxane fragmented ions, suggesting a large degree of surface segregation for the

siloxane-containing M3U macromer. Small differences were observed in the negative ion

spectra suggesting a greater concentration of the hydrophilic VMA at the surface of the

nitrogen-cured and air-cured wetting lens regions. Depth profiling of the dehydrated lens

samples using the C60
+ primary ion source confirmed the presence of surface segregation
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for the M3U polymer although this was similar for all three lens regions. Relatively high

intensity was observed for ions apparently associated with the polymer component MMA

in the sub-surface region, along with an elevated sodium ion signal for the air-cured non-

wetting lens region, suggesting the possibility of reduced ion permeability in these regions.

The use of a cryogenic sample handling technique during ToF-SIMS analysis showed that

the spectra produced by a hydrated (frozen) lens sample was far less dominated by the

siloxane ion peaks than when dehydrated, highlighting the thermodynamically driven sur-

face reorganisation that occurs during sample dehydration, with this material. Even when

frozen, the surface shows evidence of some surface segregation for the siloxane macromer

M3U in all three lens regions. The non-wetting regions on the air-cured lens surface also

showed an elevated intensity for MMA and sodium in the sub-surface, indicating that

MMA may also play a role in the formation of the non-wetting regions. No hydrophilic

VMA-related ions were seen in any of the spectra during surface analysis or depth pro-

filing, for any of the lens samples. The secondary ion signal intensity was significantly

reduced compared to that observed for the dehydrated lens sample which is likely related

to water ions in the analysis chamber.

The use of the ToF-SIMS instrument to probe the study materials in both a dehydrated

and hydrated state and at varying depths has allowed a greater understanding of the

surface and sub-surface chemistry in these regions. This work has also highlighted the

importance, particularly for siloxane containing materials, of analysing the surface chem-

istry of the contact lens in a hydrated state to avoid characterising a surface that could

have substantially reorganised during sample dehydration. The ToF-SIMS instrument is

a highly sensitive surface chemical characterisation tool which provides information about

only the outermost layers of the sample material (∼2nm), but by its nature it is highly sus-

ceptible to the detection of contamination and/or unintended surface segregation. Further

work is required to develop both the methodology and the instrumentation to optimise

cryogenic ToF-SIMS analysis for hydrated contact lens samples.
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Chapter 5

Contact Lens Surface Topography

5.1 Selection of imaging techniques

In this PhD investigation it was decided to image the study contact lenses with both the

atomic force microscope and the environment scanning electron microscope. This decision

was made as the techniques are seen as complementary with the AFM providing true

topographical data for the surface, whereas the ESEM instrument has the capability to

image the surface over a much wider magnification range. Therefore to capture the most

information possible regarding the surface characteristics of the study contact lenses, both

imaging techniques were applied to characterise these surfaces.

5.2 Study 1 - AFM imaging on dehydrated contact lenses

5.2.1 Study Aim

To investigate the topography across the surface of the two experimental study contact

lenses (air-cured and nitrogen-cured contact lens samples) along with commercially avail-

able contact lenses, in a dehydrated state, using an atomic force microscope.

5.2.2 Materials and methods

5.2.2.1 Contact lenses

The anterior surface of the experimental study contact lenses and commercially available

contact lenses were examined using an atomic force microscope. The laboratory technique

described in Section 2.2.2.1 was used to investigate the surface wetting properties of five
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air-cured and five nitrogen-cured study lenses. All air-cured lenses were shown to have

wetting and non-wetting regions on the anterior lens surface, whereas all nitrogen-cured

lenses exhibited complete surface wetting. All lenses were then subsequently soaked in

pure water for 48 hours with the water changed every 12 hours. A 3.5mm medical biopsy

punch (Kai Inc., CA) was used to remove a round lens sample from the wetting and non-

wetting regions identified on the air-cured lens surface and for corresponding regions on

the nitrogen-cured lens (Figure 5.1). The posterior surface of the lens sample was then

blotted with filter paper and mounted on a metal AFM specimen disk (Pelco Inc., CA)

using double sided tape (Figure 5.2). The mounted samples were then left in a desiccating

jar overnight to dehydrate the lens material prior to analysis. In addition to the study

contact lenses, a conventional hydrogel contact lens (etafilcon A) and a silicone hydrogel

contact lens (balafilcon A) were also mounted as described and imaged using the atomic

force microscope.

5.2.2.2 AFM instrumentation

The AFM instrument used in this work was a Nanoscope III model (Digital Instruments,

Santa Barbara, CA). The instrument was operated in Tapping Mode using oxide sharp-

ened Si3N4 cantilever tips (0.06 N/m spring constant) in an air environment at room

temperature. The topographic, amplitude and phase data were captured for three ran-

domly selected regions on each of the contact lens samples. The scanning range was varied

to allow different image magnification of the lens surface. The probe scanned a sample

area of 20µm x 20µm, 10µm x 10µm, 5µm x 5µm and 2µm x 2µm. The images obtained

were flattened using a second-order algorithm to correct for the piezo-derived differences

between the scan lines. Mean-square-roughness (Rms), mean roughness (Ra) and maxi-

mum roughness (Rmax) values were obtained from the roughness analysis facility of the

Scanning Probe Image Processor, SPIPTM, version 4.2.2.0 software. A linear regression

model was constructed to investigate the overall study findings. Specifically, the factors

of interest were study lens region (nitrogen, air-cured non-wetting or air-cured wetting),

roughness metric (Ra, Rmax or Rms), and lens sample (as a random effect) with magni-

tude of roughness as the dependent variable. Post-hoc analysis was performed using the

Tukey HSD test. Statistical tests were undertaken using JMP 5.0 statistical software for

Apple Macintosh. A p-value of 0.05 was taken as the threshold of statistical significance.
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Figure 5.1: Lens sample preparation following laboratory wettability analysis.
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double-sided 
adhesive tape
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Figure 5.2: Lens sample mounted on metal AFM specimen holder.
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5.2.3 Results

5.2.3.1 Conventional and silicone hydrogel contact lens materials

Figure 5.3 shows representative topographic and phase AFM images for the dehydrated

polyHEMA and balafilcon A samples. The polyHEMA sample presents a smooth, regular

surface with a multitude of very small peaks. Large peaks observed on the polyHEMA

surface were attributed to contamination by dust particles which are electrostatically at-

tracted to the lens surface and have been observed in previous hydrogel contact lens

studies, especially on high water content lens containing MAA (Baguet et al., 1992). The

lens surface showed no signs of surface defects associated with polishing or lathing marks

transferred from the lens mould, which have been observed in other AFM studies on con-

tact lens materials (Baguet et al., 1992). Figure 5.4 shows apparent holes in the pHEMA

surface which varied in size from 10-25nm with a depth of at least 5nm, in addition to

apparent surface contamination. These surface features have been observed previously on

contact lenses (Lira et al., 2008; Lopez-Alemany et al., 2002) and are likely associated with

the porous nature of hydrogel materials. The surface roughness values for polyHEMA and

balafilcon A are presented in Table 5.1. The balafilcon A material showed elevated ‘island

like’ regions on the lens surface which were surrounded by lower lying polymeric mate-

rial. The transition between these regions is abrupt giving relatively high levels of surface

roughness as shown in Table 5.1. The accompanying phase image shows little change in

comparison with the topographical image.

Table 5.1: Roughness measurements for the 10µm x 10µm scan.

polyHEMA balafilcon A

Roughness (RMS) 0.60 nm 14.97 nm

Roughness (Ra) 0.34 nm 11.67 nm

Roughness range (Rmax) 11.13 nm 158.32 nm

5.2.3.2 Study contact lens regions

Figure 5.5 shows three 25µm2 AFM scans of the anterior surface of the nitrogen-cured

lens present in both 2D and 3D format. The lens presents a relatively flat surface with

a multitude of very small peaks comparable with that observed for polyHEMA. Two of
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Figure 5.3: Height and phase AFM images for polyHEMA and balafilcon A contact lens

materials (10µm x 10µm scan).
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Figure 5.4: Apparent pores (red boxes) and contamination (blue boxes) on the anterior

surface of a polyHEMA contact lens (10µm x 10µm scan).
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the three AFM image show tall peaks elevated from the surface which appear related to

surface contamination. All three regions demonstrate small (∼10 to 20nm in diameter),

deep depressions in the polymer surface suggesting a porous nature to the lens material.

Figure 5.6 shows three 25µm2 AFM scans of the anterior surface of the wetting regions on

the air-cured lenses. The majority of the surface topography is similar to that observed

for the nitrogen-cured lens with a relatively flat surface made up of a multitude of small

peaks. Several raised regions are evident on these surfaces which are domed in nature,

differentiating them from the contamination type peaks. Where present the pores are of

similar size to the nitrogen-cured lens material and observed only on the main surface,

with none appearing on the elevated smooth domes.

Figure 5.7 shows three 25µm2 AFM scans of the anterior surface of the non-wetting regions

on the air-cured lenses. It is immediately apparent that a greater part of the surface is

composed of the elevated smooth dome shaped regions, with the surrounding relatively flat

surface made up of a multitude of small peaks similar to that observed for the nitrogen-

cured samples. Several of these domed regions demonstrate a central further elevated

peaked region with a textured summit. As with the wetting region of the air-cured lens

the pores are only visible in the relatively flat region, with none present in the smooth

domed region. The appearance of the relatively flat surface made up of a multitude of small

peaks is similar to that of a hydrogel material as observed on the polyHEMA and nitrogen-

cured lens surfaces. The nature of the relatively smooth domed regions is not typical of

a hydrogel material. These are likely either composed of a phase separated polymeric

material or may be a different type of surface contamination to that observed on hydrogel

materials previously. These dome shaped regions have a relatively smooth appearance

with phase imaging revealing differences in the tip interaction between these regions and

the surrounding hydrogel meshwork (Figure 5.8). Table 5.2 shows the surface roughness

values for the three regions of the experimental study contact lenses. The linear regression

model showed that surface roughness values differed significantly between the lens regions

(F=4.79, p=0.0194), with a post-hoc analysis showing a significant difference between all

three lens regions. In addition, the surface roughness values differed significantly between

the three different lens metrics (F=21.07, p<0.0001), with post-hoc analysis showing no

significant between RMS and Ra roughness metrics, but a significant difference between

both of these metrics and the roughness range (Rmax).
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Figure 5.5: AFM surface imaging of three representative regions on the nitrogen-cured

study contact lens.
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Figure 5.6: AFM surface imaging of three representative images for the wetting region of

the air-cured study contact lens.
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Figure 5.7: AFM surface imaging of three representative images for the non-wetting region

of the air-cured study contact lens.
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Figure 5.8: Topographical and phase AFM images of the air-cured non-wetting lens region.

Table 5.2: Mean surface roughness measurements for the three study lens regions (±

standard deviation).

Air-cured non-wetting Air-cured wetting Nitrogen-cured

Roughness (RMS) 15.1 ± 6.1 5.3 ± 2.0 2.4 ± 0.4

Roughness (Ra) 10.2 ± 4.2 3.3 ± 1.3 2.1 ± 0.1

Roughness (Rmax) 120.3 ± 53.8 57.1 ± 16.7 38.1 ± 19.5
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5.2.4 Discussion

5.2.4.1 Imaging comercial contact lens surfaces using AFM

Imaging of the commercial contact lenses with AFM shows surfaces generally in agreement

with hydrogel contact lens materials in the literature (Baguet et al., 1995a; Bruinsma et al.,

2001; Kim et al., 2002; Koffas et al., 2004; Opdahl et al., 2003; Teichroeb et al., 2008).

Figure 5.9 shows a representative image of the surface of the balafilcon A lenses from this

study compared with those from other studies. It has been suggested (Tighe, 2004) that

the raised ‘islands’ are associated with the plasma oxidation coating and are the result

of polymeric silicon containing material which has been oxidised, resulting in a glassy

hydrophilic inorganic silicone oxide surface. During hydration, it has been suggested

that this surface then fractures due to expansion of the polymer substrate resulting in

the formation of the depressed regions surrounding the oxidised regions (Lopez-Alemany

et al., 2002). In different AFM studies the size and shape of the glassy islands, the size

and distribution of the pores and the amount of underlying polymeric material differs as

shown in Figure 5.9. This may, to some extent, be related to experimental variables such

as the AFM instrument, tip design and hydration of lens, but also suggests a variation

either across the surface or between lenses, which might relate to the difficulty in applying a

consistent plasma oxidation coating during commercial manufacture. Similarly, variability

in contact angle measurements between manufacturing batches has been shown on lenses

that require a post-polymerisation surface treatment (Read et al., 2010b).

The polyHEMA samples demonstrated a smooth flat surface with a small number of peaks

(thought to be contamination) and holes (thought to be pores) comparable with the results
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Figure 5.9: Comparison of the surface topography of balafilcon A using AFM from different

studies (A (Bruinsma et al., 2001), B (Teichroeb et al., 2008), C (Gonzalez-Meijome et al.,

2005), D (Guryca et al., 2007) and E (this PhD study)).
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of others (Baguet et al., 1995a; Kim et al., 2001). Although the surface was imaged in a

dry state, previous studies have shown little difference in topographic data between wet

and dry lens samples (Kim et al., 2001), although frictional and mechanical AFM data is

likely to be much more dependant on the level of hydration of the material. The AFM

imaging of commercial contact lenses gave results comparable with those in the literature

for these materials (Baguet et al., 1995a; Kim et al., 2001; Koffas et al., 2004; Opdahl et al.,

2003) giving confidence in the measurements obtained and allowing direct comparison of

results with those found in previous studies.

5.2.4.2 Imaging the study contact lens surfaces using AFM

The development of the thin film wettability analyser, described in Section 2.2.2.1 and

its subsequent validation as a tool to predict regions of non-wetting on the study contact

lenses, has allowed the imaging of the nitrogen-cured lenses and both wetting and non-

wetting region of the air-cured lenses. The nitrogen-cured lens presents a regular smooth

globular surface similar to conventional hydrogel type materials with an apparently more

open meshwork. This surface appearance is typical of a homogeneously distributed hy-

drogel meshwork with the lack of phase imaging signal suggesting no regions of significant

polymer phase separation. The majority of the wetting region on the air-cured lens surface

is also composed of this typical hydrogel meshwork, but on several of the AFM images,

smooth elevated domed regions of varying size (approximately 0.5 µm to 3 µm in diameter)

were also observed. The smooth and shallow transition from the hydrogel meshwork to

these domed regions suggests that these were not areas of contamination, but rather true

surface features. The lack of surface features even in high resolution scans and the differ-

ences in the phase images suggest that these domed regions are not hydrogel in nature,

but may be associated with a phase separation of the lens material. Pores are evident in

the hydrogel lens surface regions but not on the smooth domed regions, suggesting that

this material is non porous in nature. These features are much more evident on the sur-

face of the non-wetting air-cured lens regions, with similar elevated and smooth surface

characteristics suggesting a greater degree of phase separation in these regions. This type

of separation is not uncommon with polymeric materials (Bates, 1991) and appears as-

sociated in this case with the polymerisation conditions within the oven during lens curing.

The findings of this study are limited to the understanding of the material in a dehy-
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drated state. While it has been suggested that the surface of polyHEMA contact lenses

change very little between the hydrated and dehydrated state (Baguet et al., 1992), it is

likely that for silicone hydrogel materials, which are often made up of multiple monomer

components, they are more likely to restructure depending on the level of hydration. In

addition, mechanical characteristics such as surface modulus and friction are likely to be

highly dependant on the degree of hydration.

This study has shown that AFM analysis has the ability to characterise not only the surface

topography of a dehydrated contact lenses sample, but also infer some information about

the material characteristics using phase imaging. It has shown that the surface differs sig-

nificantly between the regions on the experimental study lenses. The relatively hydropho-

bic air-cured non-wetting regions appear rich in raised domes of apparently non-hydrogel

material, whereas the relatively hydrophilic nitrogen-cured lens surface was dominated by

a smooth hydrogel meshwork appearance. The air-cured wetting lens shows intermediate

characteristics with smaller less prominent smooth domes on a primarily hydrogel surface.
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5.3 Study 2 - AFM imaging on hydrated contact lenses

5.3.1 Study aim

To investigate the surface topography and mechanical differences across the surface of

the two study contact lenses along with commercial contact lenses using an atomic force

microscope in a hydrated state.

5.3.2 Materials and Methods

5.3.2.1 Atomic force microscope

The AFM used in this work was a MFP-3D (Asylum Research, Santa Barbara, CA). The

instrument was operated in Tapping Mode using oxide sharpened Si3N4 cantilever tips

(0.06 N/m spring constant) in an 0.9% phosphate buffered saline environment at room

temperature. The topographic, amplitude and phase data were captured for three ran-

domly selected regions on each of the contact lens samples. The scanning range was varied

to allow different image magnification of the lens surface. The probe scanned a sample

area of 40µm x 40µm, 10µm x 10µm and 2µm x 2µm. The images obtained were flattened

using a second-order algorithm to correct for the piezo-derived differences between the

scan lines. Mean-square-roughness (Rms), mean roughness (Ra) and maximum roughness

(Rmax) were obtained from the roughness analysis facility of the Scanning Probe Image

Processor, SPIPTM, version 4.2.2.0 software. A linear regression model was constructed to

investigate the overall study findings. Specifically, the factors of interest were study lens

region (nitrogen, air-cured non-wetting or air-cured wetting), scan area (40, 10 or 2µm2),

and lens sample (as a random effect) with magnitude of roughness as the dependent vari-

able. Post-hoc analysis was performed using the Tukey HSD test. Statistical tests were

undertaken using JMP 5.0 statistical software for Apple Macintosh. A p-value of 0.05 was

taken as the threshold of statistical significance.

5.3.2.2 Contact lenses

A 3.5mm medical biopsy punch (Kai Inc., Ca) was used to remove a round lens sample

from the wetting and non-wetting regions identified on the air-cured lens surface and for

corresponding regions on the nitrogen-cured lens. For each lens region three samples were

prepared. The posterior surface of the lens sample was then lightly blotted and mounted
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on a metal AFM specimen disk (Pelco Inc., CA) using double sided tape. The mounted

samples were then soaked overnight in PBS prior to analysis. In addition to the study

contact lenses, two other previously well characterised silicone hydrogel contact lenses

(balafilcon A and lotrafilcon A) were also mounted as described and imaged using the

atomic force microscope. The samples were placed in a PBS-filled temperature controlled

closed fluid cell which was maintained at a constant 30oC and left for 30 minutes to

stabilise prior to imaging. In total 11 samples were imaged (3 x air non-wetting, 3 x air

wetting, 3 x nitrogen-cured, 1 x balafilcon and 1 x lotrafilcon), with each lens imaged in

three randomly selected regions at three different scan ranges (2µm x 2µm, 10µm x 10µm

and 40µm x 40µm), giving a total of 99 AFM images captured.

5.3.3 Results

5.3.3.1 Commercial lenses

Figure 5.10 shows representative 2D and 3D surface AFM images in addition to phase in-

formation for the balafilcon A lens materials. These images again show the glassy islands

observed for the dehydrated lens material, although the gaps between these regions appear

narrower than for the dehydrated AFM images in this study (Section 5.2.4.1). The 10µm

x 10µm and 40µm x 40 µm scans show very obvious surface pits (around 0.5µm) which

are numerous on the lens surface and associated with the porous nature of balafilcon A

(Lopez-Alemany et al., 2002). The phase images show small changes in signal associated

with the tip scanning over the pores and between the glassy island.

Figure 5.11 shows representative 2D and 3D surface AFM images in addition to phase

information for the lotrafilcon A lens materials. The 10µm x 10µm and 40µm x 40µm

topographic images show distinctive non-parallel predominantly linear marks on the lens

surface. There was little evidence for the presence of pores on the surface of the lotrafilcon

material. AFM phase imaging showed a small signal when the probe crossed these lens

surface marking.

5.3.3.2 Study lenses

Figure 5.12 shows representative 2D and 3D surface AFM images in addition to phase data

for the nitrogen-cured lens surface. The 10µm x 10µm and 40µm x 40µm topographic im-

291



5.3 Study 2 - AFM imaging on hydrated contact lenses

40
µm

 x
 4

0µ
m

 s
ca

n

Topography Images Phase Image

10
µm

 x
 1

0µ
m

 s
ca

n
2µ

m
 x

 2
µm

 s
ca

n

2D Image 3D Image

Figure 5.10: Two dimensional and three dimensional topographical images of balafilcon A

with phase imaging.
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Figure 5.11: Two dimensional and three dimensional topographical images of lotrafilcon

A with phase imaging.
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ages showed a relatively smooth surface with the presence of parallel and regularly spaced

linear marks. In the 10µm x 10µm topographical scan pits were visible along these linear

surface marking with relatively regular spacing. Several peaks and pits were observed pri-

marily on the 40µm x 40µm images, with phase imaging suggesting a difference between

the mechanical characteristics of these features and the rest of the surface.

Figure 5.13 and 5.14 show representative 2D and 3D surface AFM images in addition to

phase information for the wetting region and non-wetting regions on the air-cured lens

surface respectively. In the 2µm x 2µm, 10µm x 10µm and 40µm x 40µm topographical

images, the surface of these regions appears relatively smooth, but with numerous small

peaks across the lens surface. These peaks on the non-wetting air-cured lens region appear

more numerous and higher than the wetting region of the air-cured lens. No evidence of

linear marks or pits was observed on any of the air-cured lens images. Phase imaging

suggested that the mechanical characteristics of the peaks differed to the rest of the surface.

5.3.3.3 Surface roughness

Surface roughness values for both the commercial and study lenses are shown in Table 5.3.

The linear regression model showed that surface roughness values (RMS) differed signif-

icantly between the lens regions (F=20.67, p<0.0001), with a post-hoc analysis showing

no significant difference between the nitrogen-cured region and wetting region of the air-

cured lens, but the non-wetting region was shown to have significantly greater roughness

than both these regions. In addition, the surface roughness values differed significantly

between the three AFM scan sizes (F=29.25, p<0.0001). RMS surface roughness values

were shown to reduce with a smaller scan size for all lens samples studied, in agreement

with the findings of Poon & Bhushan (1995). The nitrogen-cured study lenses had simi-

lar roughness characteristics to lotrafilcon A, whereas the air-cured lenses had a rougher

surface, more similar to the wetting region on the balafilcon A. The non-wetting region

on the air-cured lens had the roughest surface of any of the lens samples.

5.3.4 Discussion

Atomic force microscopy is one of the few surface analysis techniques that can readily be

used to investigate hydrogel materials in a hydrated state and at room temperature. Its

ability to not only image the lens surface but also to gain information about the three-
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Figure 5.12: Two dimensional and three dimensional topographical images of the nitrogen-

cured study lens with phase imaging.
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Figure 5.13: Two dimensional and three dimensional topographical images of the wetting

region of the air-cured study lens with phase imaging.
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Figure 5.14: Two dimensional and three dimensional topographical images of the non-

wetting region of the air-cured study lens with phase imaging.
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dimensional surface topography and the mechanical and frictional characteristics of the

surface, allow a greater range of information to be gathered than by surface imaging either

by optical or electron microscopy which provides only two-dimensional information. The

high resolution that AFM provides also allows the hydrogel polymer to be investigated

on a microscopic scale, allowing observation of characteristics such as phase separation,

surface porosity and surface contamination.

AFM images of the balafilcon A material in a hydrated environment showed a highly

porous surface with a crazed surface appearance. When compared to the dehydrated sam-

ple the pores were much more evident in the hydrated state, but the gaps between the

glassy oxidised silicon islands were less visible. The spacing between the ‘islands’ is likely

to alter when the hydrogel material swells as it was imaged in the hydrated state, but this

would normally result in the dehydrated material shrinking in volume and thus causing

the gaps between the silicon oxide island to reduced and not increase as apparently found

in this study. Instrumentation differences between the two studies such as the different

AFM instrument design and tip type used may have influenced these findings. In addi-

tion, differences due to using lenses from different manufacturing batches or from sampling

slightly different regions on the lens surface may also account for these differences. One

of the problems with the AFM instrument is that it is limited to a relative small scanning

area (typically 100µm x 100µm) and the capturing of images is a relatively lengthy pro-

cess, therefore instead of the whole area of interest being investigated, typically several

regions are randomly chosen to represent the surface. If the surface is not homogenous

in structure, it may be that images captured are not representative of the surface under

investigation. It is therefore important to capture as much information as possible before

Table 5.3: RMS roughness measurements for the control and study lens samples at different

AFM scan sizes.

40µm2 10µm2 2µm2

balafilcon A 16.56 nm 13.98 nm 6.03 nm

lotrafilcon A 7.43nm 4.47nm 3.52 nm

nitrogen-cured 7.51 ± 0.33nm 4.15 ± 0.43nm 2.60 ± 0.47nm

air-cured wetting 14.24 ± 2.14nm 7.98 ± 0.91nm nm 3.30 ± 0.20nm

air-cured non-wetting 33.32 ± 23.10nm 10.96 ± 7.27nm 6.57 ± 5.18nm
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drawing conclusions from the data, especially where a heterogenous surface is expected.

When comparing the AFM images for the balafilcon A lens material in this study with

those in the literature (González-Méijome et al., 2006a, 2009; Guryca et al., 2007; Lira

et al., 2008), although there is generally reasonable agreement (Figure 5.9), there are differ-

ences between the studies suggesting that the surface of the balafilcon A material may be

heterogenous in nature. The porous nature of the balafilcon A is not just of interest from

a surface and polymer science perspective, but it is also likely to influence the clinical per-

formance of this lenses. Lopez-Alemany et al. (2002) has suggested that the porous nature

of balafilcon may prevent adhesion of the lens to the corneal surface by increasing the ion

permeability of the material. The porous nature of balafilcon may also influence clinical

characteristics such as the uptake and release of drugs (Hui et al., 2008) or other clinical

observations such as transient corneal staining associated with certain lenses and lens care

solution combinations (Jones et al., 1997b, 2002a). Surface roughness values were found to

be higher than the lotrafilcon A material primarily due to the porous nature of the surface.

The surface of the lotrafilcon A contact lens has a large number of predominantly linear

marks in varying directions across the lens surface. These have been observed previously

in the literature (Gonzalez-Meijome et al., 2005; Guryca et al., 2007) and are thought to

be associated with the transfer of lathing and polishing marks from the surface of the

mould to the contact lens surface during polymerisation (Grobe et al., 1996). In the AFM

images it is clear there are both linear and curved marks on the lens surface, with the

linear marks likely caused predominately by the lathing process whereas the curved marks

are likely caused by the polishing of the mould or lens surface. Comparison of AFM images

from the lotrafilcon A material in this study and a lathed etafilcon material show clear

similarities, suggesting this is indeed the cause of the surface markings (Figure 5.15). The

thickness of the plasma coating applied to the lens surface has been shown to be between

5 - 50 nm in thickness (Weikart et al., 2001) and appears not to mask these surface mark-

ings, although smaller features such as pores in the polymer matrix do appear to become

covered (Weikart et al., 2001).

One of the three nitrogen-cured lens samples imaged with AFM showed numerous linear,

parallel and equally spaced markings across the lens surface. These markings are typi-

cal of lathing marks transferred from the polypropylene lens moulds onto the surface of
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Figure 5.15: Comparison of marks on the surface of the lotrafilcon A material and a lathed

etafilcon A lens (Grobe et al., 1996).

the contact lens. These features were only seen on one of the nitrogen-cured lenses and

not the others, suggesting that these markings were restricted to only certain regions on

the mould surface and therefore transferred to only certain regions on the contact lens

surface. In addition to these linear markings, pores/pits were observed which followed

the linear surface features. These pits might also be raised features on the lathed mold

surfaces that would be transferred to the lens material during polymerisation or that

during polymerisation the conditions were such that pores may have formed in this regu-

lar arrangement. To better understand these surface features, AFM could be performed

with a high aspect ratio tip (Figure 1.34) over a small scan area to allow the topography

of these features to be more clearly defined. The majority of the nitrogen-cured lenses

were composed of a relatively smooth surface with the surface topography typical of a

hydrogel meshwork, with uniformly distributed globular features, thought to be polymer

moieties. The raised peaks observed on the nitrogen-cured lens surface are not typical

of features found on hydrogel materials and given the contrast in the phase imaging in

these regions, it would suggest that these peaks possess different mechanical characteris-

tics compared with hydrogel surface. In the literature similar features have been observed

on the surface of contact lenses during AFM and SEM imaging and have been attributed

to contaminants on the lens surface (Baguet et al., 1992; Maldonado-Codina et al., 2004a).
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AFM imaging on the wetting and non-wetting regions of the air-cured lens surface showed

the number and size of the peaks present on these surfaces were higher than those observed

on the nitrogen-cured lens surface. The non-wetting regions on the air-cured lens surface

possessed a greater number of peaks and with greater magnitude than those observed on

the wetting regions. These peaked features were typically 0.1 to 0.5 microns in width and

up to 200nm in height and again showed phase contrast suggesting the peaks differed with

regard to their mechanical characteristics. These surface features are not typical of those

associated with regions of polymer phase-separation suggesting that these peaks are more

likely related to contamination of the lens surface. Given that the surface of the study

lenses were exposed to the same environment during examination with the in vitro thin

film analyser, the difference in apparent surface contamination between the lens regions

is unexpected. The non-wetting region and to a lesser extent the wetting regions of the

air-cured study lenses have surfaces which appear to adhere higher levels of contamina-

tion than the nitrogen-cured lens surface. Maldonado-Codina & Efron (2005) reported

that when conventional hydrogel contact lenses were cast moulded from a HEMA/GMA

(glycerol methacrylate) copolymer in an air-filled oven the surfaces exhibited stickier sur-

faces than when they were cured anaeorbically (nitrogen-purged oven). The cause of this

increased adhesion was thought to be a result of polymerisation being inhibited by the

presence of oxygen during curing in the air-filled oven. This resulted in non-crosslinked

shorter polymer chains at the lens surface which engulfed contaminant particles more read-

ily. It is likely that a similar process occurs at the surface of the air-cured lenses in this

study explaining the greater degree of contaminant particles observed on the wetting and

non-wetting regions of the air-cured lens surface. The tendency for the air-cured lens sur-

face to adhere contaminants was also observed during static contact angle analysis, where

following lens blotting a sessile droplet was lowered onto the lens surface. Figure 5.16

shows a typical image from both the air-cured and nitrogen-cured contact lenses surface

just prior to analysis. It can be clearly seen that the air-cured lens has a greater degree

of surface contamination than the nitrogen-cured lens type. This type of lens surface

degradation has also been linked with increased tear film deposition (Maldonado-Codina

& Efron, 2005), in agreement with the findings of the clinical study in section 2.1.

The AFM images for the dehydrated study lenses showed a more clearly defined hydrogel
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Air-cured study lens Nitrogen-cured study lens

Figure 5.16: Comparison of typical images capture following blotting during contact angle

analysis, showing greater contamination on the air-cured lens surface.

meshwork surface appearance than the hydrated lens samples. The nitrogen-cured contact

lens appeared relatively featureless for both hydrated and dehydrated AFM, except for

the occasional peaks, thought to be associated with surface contaminants. The two air-

cured lens regions both showed more significant areas of surface contamination type peaks,

but also much larger smooth domed regions, which were quite different in appearance

to the contaminant peaks. Although these surface features might be associated with a

different type of lens surface contamination, the dome with its smooth transition into

the surrounding hydrogel meshwork appeared more characteristic of regions of polymer

phase separation. Observation of the AFM phase images also shows differences in the

phase signal across these regions, suggesting different material characteristics compared

with the hydrogel meshwork elsewhere on the surface. These findings therefore suggest

that in addition to the ‘tacky’ nature of the air-cured lenses surface (in particular the

non-wetting regions), there may also be a degree of phase separation on the air-cured lens

surface. This only appeared to be present in the dehydrated state, but this may also

be present on the hydrated surface, as AFM only probes a very small region of the lens

sample with each scan and isolated features can easily be missed. Analysis of the surface

using a lower magnification or larger field of view (such as scanning electron microscopy

or optical microscopy) is better able to characterise the surface over significantly larger

surface regions (Section 1.14.1).
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5.3.5 Conclusion

The use of AFM to image the surface of contact lenses in both a hydrated and dehydrated

state has allowed not only a better understanding of the material from which the lens

is manufactured, but also how the method of manufacture influences these surfaces and

how these features might influence its subsequent clinical performance. The commercial

contact lenses studied here have been well characterised previously in the literature and the

findings of this study are in general agreement with those of previous studies. Imaging of

the three regions of interest on the surface of the two study contact lenses, showed marked

differences. Although all three lens regions showed a smooth underlying surface, typical

of a hydrogel material, the non-wetting lens region and to a lesser extent the wetting

region on the air-cured lens showed increased levels of apparent surface contamination.

This increased contamination is likely associated with a tackier surface as a result of

polymer degradation at the lens surface due to oxygen inhibition of the polymerisation

reaction during curing. This means the polymer chains at the surface are likely to be less

heavily crosslinked and entrapment may occur more readily than for the comparatively

heavily crosslinked nitrogen-cured lens surface. AFM images of the dehydrated air-cured

study lens suggest that in addition to the degraded surface there may also be regions of

phase separation of the polymer components, most visible on the non-wetting region of

the air-cured lens surface.
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5.4 ESEM imaging of contact lens materials

5.4.1 Aim

The study aimed to investigate the study contact lens materials using an environmental

SEM in a dehydrated, hydrated frozen and fully hydrated state.

5.4.2 Material and methods

ESEM imaging was used to examine the surface topography of the three regions of inter-

est on the experimental study contact lenses. The in vitro wettability analyser (Section

2.2.2.1) was used to identify wetting and non-wetting regions on the air-cured study lens.

In all cases, the surface of the nitrogen-cured lenses appeared fully wettable. Three sam-

ples were punched for each lens region of interest (air-cured non-wetting, air-cured wetting

and nitrogen-cured regions) giving a total of nine lens sample. These 3.5mm punched lens

samples were then lightly blotted on the posterior lens surface and mounted on a metal

disc using double sided tape. These mounted lens samples were then soaked in pure water

for 24 hours to fully hydrate the lens samples and to remove salt residue from within the

material. Three sets of nine samples were prepared to allow analysis with three different

SEM techniques:

1. ESEM in ’wet’ mode (fully hydrated analysis)

2. ESEM in low vacuum mode (dehydrated analysis)

3. Cryo-SEM analysis. (frozen hydrated analysis)

For the lens samples undergoing dehydrated analysis, the lenses where removed from the

water and placed overnight into a desiccating jar to fully dehydrate the samples. In

addition to the lens samples, the female lens moulds (the mould surface responsible for

forming the anterior contact lens surface) were also imaged with SEM in three different

conditions: (i) unused virgin lens mould, (ii) air-cured lens mould and (iii) nitrogen-cured

lens mould. Due to their non-hydrogel structure, the lens moulds were analysed only in

the low vacuum SEM mode.

5.4.3 ESEM instrumentation

The samples were imaged using a Philips XL30 ESEM-FEG environmental scanning elec-

tron microscope.
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5.4.3.1 ESEM in low vacuum mode

Analysis of the dehydrated lens samples and the polypropylene lens mould was performed

in low-vacuum environmental mode, employing a gaseous secondary electron detector at

0.5 Torr using an accelerating voltage of 15kV. The use of the low-vacuum environmental

mode negated the need for surface coating of specimens as water vapour in the microscope

chamber allowed charge neutralisation.

5.4.3.2 ESEM imaging in ‘wet’ ESEM mode

Analysis of the hydrated lens samples was performed in ESEM / wet mode using a GSE

detector using water vapour in the microscope chamber and a Peltier stage to cool the lens

samples. The pressure of the water vapour and the temperature of the cooling stage was

controlled to maintain saturation conditions (100% RH) allowing the sample to remain

hydrated whilst inside the chamber.

5.4.3.3 Cryo SEM imaging

Cryogenic lens sample analysis was performed by removing the mounted lens sample from

pure water and rapidly, but indirectly, freezing the sample with liquid nitrogen. The

frozen sample was then immediately transferred to a pre-cooled stage in the preparation

chamber, where it was then splutter coated with gold palladium. The liquid nitrogen-

cooled lens sample was then transferred into the analysis chamber where it was imaged

using a secondary electron detector (SE) at 0.5 Torr using an accelerating voltage of 10kV.

Images were captured at both the lens / mould centre and periphery for each lens mould.

5.4.4 Results

5.4.5 ESEM imaging of contact lens moulds

Figure 5.17 shows three ESEM images of an unused virgin female mould. The surface

appeared relatively smooth with the presence of both parallel linear marks and a ran-

dom distribution of marks on the mould. Another feature occasionally observed on the

virgin mould surface was small regular crystalline-like particles which showed high signal

intensity in the ESEM images (Figure 5.18). Figure 5.19 shows the central and peripheral

regions of used air-cured lens moulds. Figure 5.19 (A) and (B) clearly show the region

of the lens mould where the lens edge is formed by the mould. All ESEM images of the
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female lens mould surface show adhered regions of polymeric contact lens material which

are of varying dimensions. The regions of adhered polymeric material do not appear to

differ substantially between the central and peripheral regions. Figure 5.19 (C) shows

in higher magnification apparent lathing marks associated with the lens edge margins.

These markings are similar to the markings observed on one of the nitrogen-cured lenses

as shown in Figure 5.20.

Figure 5.21 shows images of the central and peripheral regions of the used nitrogen-cured

lens moulds. All these images show adhered regions of polymeric contact lens material

which do not appear to differ significantly between the central and peripheral regions.

Figure 5.21 (C) and (E) show a layer of polymeric material on the surface of the lens in

addition to several larger regions of polymeric material, whereas Figure 5.21 (D) appears

to show an incomplete polymeric film on the lens mould in addition the larger regions of

polymeric material. Comparison of the images from the nitrogen-cured and air-cured used

contact lens moulds show little difference in appearance with both mould types showing

significant residual polymeric material on the mould surface both in the form of a film and

larger hydrogel regions.

5.4.6 ESEM imaging of dehydrated study contact lenses

5.4.6.1 Imaging of nitrogen-cured lens

Figure 5.22 shows ESEM images of the nitrogen-cured lens surface which possess a rel-

atively smooth surface with small 1-10 µm surface features. Figure 5.22 (D) appears to

show pores at the lens surface and Figure 5.22 (A), (E) and to a greater extent (C) show

regions of differing contrast which may be associated with slight phase separation or a

drying artefact.

5.4.6.2 Imaging of wetting region on air-cured lens

Figure 5.23 shows ESEM images of the wetting regions on the air-cured lens showing

surfaces that are comparable with the nitrogen-cured lenses, with a relatively smooth

surface with 1-10 microns surface features evident. Figure 5.23 (E) and to a lesser extent

(B) show regions of differing contrast suggesting either a degree of phase separation or an

artefact from drying.
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Figure 5.17: Representative ESEM images of virgin study contact lens moulds.

Figure 5.18: Representative ESEM images of crystalline object on virgin study contact

lens mould.
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AFM height imageSEM image 

Figure 5.20: Comparison of linear marking observed on the study lens surface using ESEM

and AFM.

5.4.6.3 Imaging of non-wetting region on air-cured lens

Figure 5.24 shows SEM images of the non-wetting regions on the air-cured contact lenses.

Two of the images (image (A) and (E) from Figure 5.24) show a surface which is compa-

rable with the nitrogen-cured lenses and the wetting region on the air-cured lenses, with a

relative smooth surface and relatively few small surface features. In contrast images (B),

(C), (D) and (F) from Figure 5.24 show discrete regions within the material, suggesting

either some sort of significant phase separation at the surface of the lens material or a

surface disturbance associated with material dehydration. Due to the use of the pressure

limiting apertures during ESEM image (to avoid having to coat the lens and allow oper-

ation in a relative low vacuum ( 0.5 - 1.0 Torr)) the maximum field of view that could

be obtained was around 500 microns. To allow larger areas of the surface to be imaged

several images were stitched together to better understand these surface characteristics.

Figure 5.25 shows a transition from an area of relatively smooth surface to an area of

apparent phase separation/dehydration artefact on a non-wetting region of the air-cured

lens. Further imaging of the non-wetting air-cured samples showed that the majority of

the surface was composed of apparently phase separated material/dehydration artefact

with the surrounding surface composed of a relative smooth surface (Figure 5.26).
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Air-cured
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Figure 5.26: Collection of ESEM images showing the transition from a smooth surface to

an apparently phased separated surface on the non-wetting region of an air-cured lens.
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5.4.7 ESEM imaging of hydrated study contact lenses

Initial imaging of hydrated contact lenses showed no surface features and thus focusing

was difficult. By gradually increasing the pressure in the vacuum chamber imaging of

the surface was possible, although a clear image was difficult to obtain (Figure 5.27).

By continuing to expose the sample to the vacuum environment the surface appeared to

further dehydrate allowing the surface features to be identified more easily. The surface

features were similar to those identified during imaging of the dehydrated lens surface, but

lacked the image clarity of the dehydrated lens samples.

‘wet’ mode ESEM low vacuum mode ESEM

Figure 5.27: ESEM images showing greater surface definition with increasing surface de-

hydration.

5.4.8 CryoSEM imaging of hydrated study contact lenses

Figure 5.28 shows the cryo-SEM images of the nitrogen-cured study contact lenses, which

present a relatively smooth surface typical of a hydrogel material at high magnification

(González-Méijome et al., 2006b; Guryca et al., 2007). The image quality is improved at

higher magnification compared with the ESEM images, due to the application of a thin

gold coating on the surface prior to imaging, which improves the sample conduction and

thus image quality. Figure 5.29 shows cryo-SEM images of the non-wetting region on

the air-cured lens. One of the three non-wetting air-cured lens samples showed numerous

regions of increased roughness which were typically around 3µm in diameter. These regions

did not change when the sample was heated suggesting that these surface features were
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not associated with ice crystallisation on the contact lens surface and were true surface

features.

5.4.9 Discussion

This study has shown that ESEM images of the surface of silicone hydrogel contact lenses

and their polypropylene moulds can be obtained both in a hydrated state (either at room

temperature or at cryogenic temperatures) and for lenses in a dehydrated state. Imaging

of the polypropylene moulds showed evidence of lathing marks (numerous parallel equally

spaced lines) used to create the surface and polishing mark (marks of differing size and in

differing directions) used to further refine the surface of the metal insert used to manufac-

ture the polypropylene lens moulds (O’Brien & Charman, 2006). Small crystalline objects

were also occasionally observed on the surface of unused and used lens moulds, which

were of high atomic weight (bright signal during ESEM imaging) suggesting these may be

abrasive particles originating from the polish pitch used to finish the metal moulds and

then transferred to the mould surface during manufacturing of the polypropylene moulds

or contaminants in the polypropylene material, which have been driven to the surface dur-

ing mould manufacture. These small crystalline objects were never observed on the lens

surface suggesting that these objects were bound into the polypropylene mould material.

The used lens moulds from both the air-cured and nitrogen-cured lenses showed similar

levels of polymeric material adhered to moulds in the form of both a film and larger more

significant sections of hydrogel material. There is no evidence to show that de-moulding

was more difficult for either study lens type, indicating that the regions of non-wetting on

the air-cured lens surface appear not to be associated with any mechanical damage to the

lens surface as a result of adhesion to the mould. The surface features of both, the lens

mould and the hydrogel material adhered to the mould, are reflected in the final study

contact lens surface and agree with other studies which have suggested that the contact

lens surface is directly related to the surface of the mould used in its manufacture (Rabke

et al., 1995). This study appears to be the first to image contact lens moulds used to man-

ufacture silicone hydrogel lenses. The lack of previous investigation is likely due to the

fact that contact lens moulds are difficult to obtain without cooperation of the lens manu-

facturer. Imaging of conventional hydrogel lens moulds has shown similar surface features

with both lathing and polishing marks, which are likely transferred from the metal inserts

(moulds) used to manufacture the contact lens moulds (Willis et al., 2001). Polypropylene
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moulds were used for both the air-cured and nitrogen-cured study contact lenses and are

relatively non-polar in nature. The adhesion of hydrogel polymeric material to the mold

appears similar for both study lens types suggesting that this adhered polymeric material

is primarily associated with the surface chemistry of the lens material and mould rather

than the polymerisation conditions within the oven.

Numerous studies in the literature have used SEM imaging to investigate the surface

properties of silicone hydrogel (Guryca et al., 2007; Lopez-Alemany et al., 2002; Teichroeb

et al., 2008) and conventional hydrogel contact lenses (Deg & Binder, 1986; Guryca et al.,

2007; Holden et al., 1974; Lopez-Alemany et al., 2002; Maldonado-Codina, 2001; Teichroeb

et al., 2008). These studies have used a range of sample preparation techniques to opti-

mise image quality and minimise surface changes prior to analysis in the UHV chamber,

including dehydration in air (Deg & Binder, 1986; Teichroeb et al., 2008), by replacing

water with other chemicals (Lopez-Alemany et al., 2002; Maldonado-Codina, 2001) or

by freezing the samples (Guryca et al., 2007). The study lenses were analysed in both a

hydrated and a dehydrated state to gain a better understanding of both their surface char-

acteristics and to investigate the influence of sample preparation on the surfaces observed.

For the contact lenses investigated using ‘wet’ mode ESEM (hydrated at 4◦C) surface

imaging proved problematic due to the presence of an adhered water layer which masked

any underlying surface features. By gradually increasing the pressure in the chamber the

surface water was removed and surface features became evident. These surface features

were similar to those observed for fully dehydrated study contact lenses samples, with lit-

tle if any extra information obtained compared to the dehydrated lens sample. Due to the

greater complexity involved in imaging in the ’wet’ ESEM mode and due to the reduced

image quality it was decided to image the study lens regions solely in the dehydrated state.

The surface images obtained using ESEM are shown to differ depending on the method

of sample preparation prior to analysis. Previous studies have suggested that factors such

as the polymer structure, strength of bonds, thickness, percent hydration and overall lens

tolerance to commonly used SEM dehydration methods should be considered when eval-

uating the surface morphology of soft lenses (Deg & Binder, 1986). Water is the vehicle

for exchange of carbon dioxide and oxygen through conventional hydrogels and as wa-

ter is removed during the dehydration process, the polymer structure may collapse and
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excess gases are not able to flow through or escape from the lens material. After the

collapse of the polymer, residual gases are forced to escape in any way possible, causing

structural alterations that may appear as deposits. The ability of silicone hydrogel ma-

terials to transports gases even without water present suggests that these features might

be less evident on silicone hydrogel materials than on conventional polyHEMA materials.

By using an ESEM environment in a low vacuum mode it was hoped to minimise these

potential surface changes and better maintain the surface structure. More recent studies

have suggested that the surface structure of silicone hydrogel lenses appear less influenced

by dehydration (likely also related in part to their typically lower water content and high

mechanical modulus) meaning that fixation was not required to obtain surface images

(Teichroeb et al., 2008).

With the materials in a dehydrated state, images of the surface were easily captured in low

vacuum mode, thus avoiding the need for surface coating prior to analysis. The smooth

relatively featureless lens surface of the nitrogen-cured lens and wetting region of the

air-cured contact lens were similar to that observed on other cast-moulded contact lens

surfaces (Lopez-Alemany et al., 2002; Teichroeb et al., 2008) and the findings of the AFM

study (Section 5.2). The non-wetting regions of the air-cured lens in contrast differed

substantially with large areas of varied topography with a mottled appearance and with a

distinct boundary, surrounded by areas of smooth lens surface which was similar in nature

to the nitrogen-cured and wetting regions of the air-cured lens.

ESEM images of the nitrogen-cured surface following cryogenic freezing showed a similar

surface to the dehydrated nitrogen-cured lens samples (Figure 5.22). The relatively smooth

surface of the nitrogen cured lens is similar to other moulded and non-surface treated con-

ventional hydrogel and silicone hydrogel lenses (González-Méijome et al., 2006b; Guryca

et al., 2007) although small features are present likely related to regions of adhesion to the

lens mould, lathing marks transferred onto the lens surface and/or contamination during

sample preparation.

The application of the gold palladium coating following sublimation of the surface ice on

the cryo-frozen sample allowed improved resolution at higher magnification. Comparison

of dehydrated and cryo-frozen lens surfaces for the nitrogen-cured and wetting region of
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Dehydrated : Non-wetting region Cryo-frozen : Non-wetting region
Non-wetting regions on air-cured contact lenses

Figure 5.30: Comparison of non-wetting region on the air-cured study lens following (i)

dehydration and (ii) cryogenic freezing.

the air-cured lenses showed similar generally smooth surfaces. The SEM images for the

dehydrated and cryo-frozen surfaces did differ substantially for the air-cured non-wetting

lens surface with the cryo-frozen surface suggesting a relatively smooth surface with small

surface features on one of the lens samples (around 3µm in size). A possible cause of these

surface features might involve adhesion of the contact lens material to the mould during

manufacture, possible regions of phase separation, or damage to the surface related to the

freezing process. These surface features remained after the sample was warmed suggesting

that they were not associated with ice crystals. In contrast, the dehydrated non-wetting

regions on the air-cured lenses showed significant variation in topography giving a mottled

appearance (Figure 5.38). These images suggest either a phase separation of the polymeric

material or a distortion of the lens surface due to the dehydration process. In either case

this mottled surface was observed on all three non-wetting lens samples for the air-cured

lens and on none of the other six lens samples (3 x nitrogen-cured samples and 3 x wetting

air-cured samples) suggesting that there are key differences in the material at the lens

surface and in the way these materials respond to being dehydrated. Given the similarity

in the appearance of the contact lens regions in the hydrated state, it either suggests that

the surface reorganises to present a similar appearance typical of a hydrogel meshwork or

that the material following hydration changes character as it become water swollen.

This ESEM study therefore suggests that although both the nitrogen-cured and wetting
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region of the air-cured lenses were shown to be relatively stable following dehydration, all

three of the non-wetting regions on the air-cured lenses appear prone to changes in surface

structure following dehydration. This difference in surface stability during dehydration

suggests that the degree of cross-linking and/or the chemical composition of the surface

appears to differ between the study lens types. A possible reason for these topographic

differences is phase separation in the non-wetting air-cured surface regions. Phase separa-

tion is not an uncommon phenomena and has been shown to occur across a wide range of

polymeric materials (Ton-That et al., 2001; Wang & Composto, 2003). The major compo-

nents of the study contact lens material are VMA (hydrophilic polymer), MMA (non-ion

permeable polymer) and M3U (silicone macromer). Given that silicone-containing ma-

terials have a tendency to migrate towards the surface (Chen & Gardella, 1994; Ha &

Gardella, 2005), especially given the use of non-polar polypropylene moulds, it is likely

that the lens surface is at least in part composed of M3U. MMA is also known to have

a tendency to undergo phase-separation and surface segregation in polymeric materials

(Bates, 1991; Silveira et al., 1995), suggesting this might also be a potential component of

a phase separated surface. Lee et al. (2003) have shown that a similar co-polymer blend

composed of PMMA and PDMS can result in a polymer with a phase separated surface.

The ESEM images of the non-wetting regions of the air-cured lens are similar in appear-

ance to a type of phase separation known as viscoelactic phase separation (Figure 5.31)

(Tanaka et al., 1979). This type of network formation is often observed in a polymer

blend in which one phase is close to glass transition and typically appears when the two

phases have very different viscoelastic properties. The study contact lens monomers have

very different glass transition temperatures and viscoelastic properties and this therefore

may be a possible cause for the unusual surface structure on the non-wetting region of

the air-cured lens following dehydration. Another possible cause for the unusual surface

structure may relate to material shrinkage which is likely to accompany material dehydra-

tion. This would be even more exaggerated, if indeed there were different phases present

at the lens surface as these would have different expansion factors following dehydration

(most likely negative), giving a uneven contraction of the lens surface. To fully under-

stand what polymer components make up the phase separated regions, surface chemical

imaging techniques using ToF-SIMS (Weng et al., 1998) or XPS (Walton & Fairley, 2004)

in a cryo-state could be applied to understand the exact chemical nature of these surface
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features.

ESEM image of air-cured non-wetting region Viscoelastic phase separation

Figure 5.31: Comparison of non-wetting region on the air-cured study lens with an image

of viscoelastic phase separation (Tanaka, 2000).

In conclusion, the ESEM study has shown that images can be obtained for silicone hy-

drogel contact lenses in the instrument’s ‘wet’ mode, although they appear dominated by

surface water, which when removed showed an appearance similar to a fully dehydrated

lens. The dehydrated study lenses showed relatively smooth surfaces except for the non-

wetting regions on the air-cured lenses which consistently showed primarily topographic

structures similar to those observed in phase separated materials, although material de-

hydration cannot be discounted as another possible cause of these topographical features.

The cryo-SEM analysis showed the study lens to have a relatively smooth surface except for

one of the non-wetting air-cured region samples which showed small areas (several microns

in diameter) of increased roughness. In general, the images obtained by ESEM in both

‘wet’ and low-vacumn mode and by cryo-SEM analysis show a similar surface appearance

for the study contact lenses. The surface appearance of the non-wetting air-cured lens

region differed between the ESEM imaging types with either phase separation or surface

distortion related to the dehydration process, much more marked in the dry state. This

increased visibility of the apparent phase separation in the hydrated state is thought to

be associated with the different degree of expansion/contraction following dehydration be-

tween the different polymer phases. This apparent phase separation appeared consistently
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in the lens regions associated with poor surface wetting (the air-cured non-wetting region)

suggesting that the polymer surface in these regions is influenced by the polymerisation

conditions during lens manufacture. The formation of a micro-scale silicone copolymer

network (M3U) with the other non-miscible polymer components (MMA and VMA) is

known to be problematic and is highly dependant on the polymerisation conditions dur-

ing manufacture (Owen, 1993). The presence of air during polymerisation of a polymer

material is known to influence the resultant polymer, primarily due to oxygen inhibition

(Decker & Jenkins, 1985), resulting in a surface that is typically less heavily crosslinked.

The polymer surface is therefore more readily able to reorganise, resulting in the ESEM

images that were observed in this study. In addition, the change in material volume fol-

lowing dehydration is likely to differ for the different component polymers, resulting in

greater topographical variation in regions of macroscopic phase separation, as observed by

ESEM imaging on the dehydrated lens samples.
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Chapter 6

General Discussion

6.1 Clinical study

Clinical comparison of the air-cured and nitrogen-cured study lenses has shown clear dif-

ferences in their in vivo performance. The most obvious initial sign of poor clinical perfor-

mance for the air-cured lens was the inability of the tear film to stably reside on the lens

surface, causing the tear film to be rapidly repelled in certain regions. These non-wetting

regions appeared randomly distributed on the lens surface and consistent in size and shape

through the lens wearing period, suggesting stable hydrophobic surface features. The air-

cured lens also showed marked surface deposition during wear, primarily restricted to the

non-wetting regions. Lens surface deposition increased throughout the one hour wearing

period, with little apparent change in the clinical surface wetting, suggesting a hydropho-

bic nature to these deposits. The deposited material is therefore unlikely to be composed

of hydrophilic mucins or proteins, but more likely lipoidal in nature. This is in agreement

with the lack of a nitrogen signal (typically associated with proteins) and a slight increase

in the carbon:oxygen ratio (typical of lipids) using the XPS technique (Section 4.3.2.2),

although further work is required to confirm the type of deposition present. Xu & Siedlecki

(2007) have shown that surface wettability influences protein adhesion onto biomaterial

surfaces. Their findings suggest reducing levels of protein deposition on increasingly hy-

drophobic materials, which is the opposite of that observed in this clinical study, again

suggesting that the deposited material is unlikely to be proteinaceous in nature. In addi-

tion to the hydrophobic nature of these non-wetting regions, the air-cured lens surface was

also shown to have a ‘tackier’ surface, which readily became contaminated, as observed

during AFM imaging (Section 5.3) and contact angle analysis (Section 5.3.4). Oxygen
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inhibition during lens manufacture has been shown to result in ‘tacky’ surfaces due to in-

complete polymerisation of the material, resulting in substantially uncross-linked polymer

chains at the lens surface (Hagmann et al., 2003). These partially uncured surfaces are

prone to greater tear film deposition, as the uncross-linked polymer chains are thought

to allow entanglement of tear film components and debris into the lens matrix. Similar

‘tacky’ surfaces have been observed on conventional hydrogel materials and were associ-

ated with the presence of oxygen during lens manufacture, which was thought to have

inhibited polymerisation at the lens surface (Maldonado-Codina & Efron, 2004). These

conventional hydrogel lenses were shown to have reduced subjective comfort, reduced vi-

sion, increased deposition and reduced clinical wettability of the lens surface. In addition,

these conventional hydrogel lenses did not possess a hydrophobic surface when analysed

by contact angle testing, indicating that excessive tear film deposition was a result of

the partially cured surface and not poor surface wetting. The PhD study lenses appear

to possess both a partially uncured surface and poor wetting, making identification of

the causative factor for excessive tear film deposition difficult. In contrast, contact lens

discomfort was found to be associated with poor surface wetting on the study lenses, as

poor comfort was apparent immediately following lens insertion (i.e. the poor comfort

occurred before any significant surface deposition had taken place). Following one hour of

lens wear the level of subjective comfort was unchanged for the air-cured lens (compared

with that after five minutes), suggesting that the tear film components deposited had not

significantly improved lubrication between the study lens and lid wiper region. Careful

observation of the tear film during a blink cycle appears to show the complete surface of

the air-cured lens wetting immediately following a blink, followed by a rapid repulsion of

the tear film over the non-wetting regions. The tear film repulsion observed on the non-

wetting regions is not commonly observed on commercial contact lenses, where a break

in the tear film appears to be more evaporative in nature. Similar wetting characteristics

are more commonly observed on poorly wettable materials such as waxes or silicone sur-

faces, suggesting that these non-wetting regions are very hydrophobic in nature. Careful

observation of the wetting and immediate dewetting of these regions suggested that the

wetting characteristics were likely to be associated with the receding contact angle (given

the hydrophilic environment prior to the formation of the non-wetting spots). In contrast

to the air-cured lens, the nitrogen-cured lens showed levels of deposition and surface wet-

tability comparable with commercially contact lenses (Brennan et al., 2007).
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An area that is of increasing interest is contact lens surface friction (Kim et al., 2001; Ngai

et al., 2005; Rennie et al., 2005). Surface friction might appear to be primarily associated

with surface roughness, but this only has a small effect on friction in most cases (Blau,

2009). The primary cause of friction with soft materials is related to molecular adhesion

and deformation due to the compliant nature of the material. During wear, the surface

friction of a contact lens is influenced massively by the presence of the tear film which acts

as a lubricating fluid (Guillon & Maissa, 2007). In addition, the adsorption of tear film

components onto the lens surface has been shown to influence the frictional characteristics

of the surface (Ngai et al., 2005). Regions of poor wetting are therefore likely to have

a reduced lubricating tear film layer, potentially allowing direct contact between the lid

wiper region of the eyelid and the lens surface. In addition, the deposition of tear film

components may result in increased lens surface roughness (Teichroeb et al., 2008). This

combination of events increases friction between the contact lens surface and the blinking

eye lid, resulting in greater subjective lens awareness. Therefore, a contact lens surface

ideally needs to possess a relatively smooth surface (comparable with current commercially

available contact lenses), maintain a tear film layer across the lens surface and display a

low coefficient of friction to minimise irritation to the lid wiper region. Development of

better in vitro and possibly in vivo models to assess both contact lens surface friction and

contact lens surface wettability are required to allow the rapid optimisation of future lens

materials.

6.1.1 Future work: clinical study

• Tear film deposition onto the lens surface during wear has been shown to influence

the wetting characteristics of commercial contact lens. It may therefore be benificial

to investigate the ex vivo wetting properties of the three study lens regions to observe

how this bioconversion process is influenced by these differing surfaces.

• Recent clinical studies have highlighted an apparent relationship between lid wiper

epitheliopathy and reduced subjective comfort (Korb et al., 2002; Shiraishi et al.,

2009; Yeniad et al., 2010). Future studies could monitor the incidence of lid wiper

epitheliopathy over a range of patients and lens materials (both experimental and

commercial lens types) to better understand whether lid wiper epitheliopathy is
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primarily patient dependant, lens dependant or a combination of both.

• In an attempt to better understand the aetiology of subjective lens discomfort, po-

tential objective lens performance indicators such as in vivo contact angle, ex vivo

contact angle, surface chemistry of ex vivo contact lens, lid wiper epitheliopathy and

non-invasive tear film break-up, should be studied for a range of subjects and lens

types to better understand the relative importance of these objective measures.

• Clinical studies typically use commercial lenses to investigate the influence of lens

design and material characteristics on clinical performance of these lenses. Unfortu-

nately, these lenses differ in numerous aspects and it is often near impossible to infer

which of these differences are influencing clinical performance. Future studies should

therefore look to introduce independent changes in modulus, water content, wetting

characteristics, lens thickness, lens edge and surface friction to allow more controlled

investigation into how these characteristics influence contact lens performance.

• Deposition of tear film components onto the lens surface clearly influences several

important characteristics, such as bacterial binding, surface wettability and surface

friction. Future studies should investigate the differences in tear film deposition

between the regions of interest on the study lenses.

6.2 Surface wetting characteristics

6.2.1 Study lens surface wetting characteristics

The performance of a contact lens material depends not only on its bulk characteristics,

but also on its interfacial behaviour. Controlling the surface characteristics of a contact

lens is critical in the development of new materials with improvements in properties such

as adhesion, wettability, friction and biocompatibility (Bousquet et al., 2007). The sur-

face composition of a polymer is often markedly different from its bulk and the methods

by which the material is processed can also be critical to its subsequent performance

(Maldonado-Codina, 2001). The surface characteristics of wetting and non-wetting sil-

icone hydrogel lenses were investigated in this PhD work, in addition to a number of

commercial hydrogel contact lenses, in an attempt to better understand how these surface

properties relate to their clinical performance.
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6.2.2 Contact angle measurements

Given the marked difference in clinical wetting between the two study lenses, it is not

surprising that contact angle analysis also showed significant differences between the ma-

terials. Assessment of the air-cured and nitrogen-cured contact lenses with static contact

angle analysis showed differences in both the sessile drop and captive bubble contact angle,

with the nitrogen-cured lens displaying the lower contact angle in each case.

Cheng et al. (2004) have suggested that the advancing contact angle is analogous to the

spreading of the tear film on the lens surface, whereas the receding contact angle is anal-

ogous to the formation of non-wetting spots on the lens surface. If this is indeed the case,

it would suggest that the formation of non-wetting regions observed here is related to

the surface properties measured by the receding contact angle. This is in contrast to the

results typically presented in both the literature and by contact lens manufactures, which

primarily focuses on the advancing/sessile drop contact angle. One disadvantage of the

sessile droplet technique is the need to blot the lens to remove the excess surface water.

The advancing angle is therefore highly dependant on the degree of lens blotting, with

least blotting giving a lower angle. The greater the degree of blotting, the greater is the

likelihood for reorientation of the functional groups, with more hydrophobic species being

presented at the lens surface. The blotting technique is also likely to adversely influence

surfaces with a more delicate structure (such as materials with brush polymer surfaces),

in contrast to more robust surfaces (such as those having undergone a plasma treatment).

The difficulty in performing lens blotting repeatably and without significantly influencing

the surface, led to the development of the dynamic captive bubble technique, which al-

lowed measurement of both the advancing and receding contact angle, while maintaining

the lens in a hydrated state.

Dynamic captive bubble analysis of the study lenses showed similar advancing and reced-

ing contact angle values to that recorded by the static sessile drop technique, although

significant differences were observed for other commercial lenses (Section 3.2). It was ap-

parent for both the static and dynamic contact angle techniques, that the repeatability of

the contact angle measurements on the air-cured lens appeared poor, especially between

lenses.
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Following the clinical study, it became apparent that the surface of the air-cured lens

was not uniformly wettable, but rather had regions of wetting and non-wetting randomly

distributed on the surface. This explained the greater variability observed between dif-

ferent air-cured lenses (Section 3.1), as only the lens apex was sampled. In contrast,

the nitrogen-cured lens appeared to possess relatively homogenous wetting characteristics

across the surface. With the development of the in vitro thin film analyser and its ability

to map out the non-wetting regions on air-cured lens, it was therefore possible to analyse

the contact angle wetting characteristics on both the wetting and non-wetting regions on

the air-cured lens. This was of interest, as the wetting regions clearly allowed a stable

tear film to form, whereas the non-wetting regions destabilised the tear film. By analysing

the wetting and non-wetting regions it was hoped to better understand which in vitro

wettability measurements best predicted clinical lens performance. To allow this type of

analysis, a modified lens holder was developed to enable captive bubble analysis at any

desired point on the surface of the contact lens. This allowed analysis of the wetting and

non-wetting regions on the air-cured surface and highlighted the differences in laboratory

wetting characteristics between these regions.

It was apparent, even with the static sessile drop data, that when exposed to an air

environment the air-cured lens tended to present a more hydrophobic surface than the

nitrogen-cured lens. This suggested that the surface of air-cured lens had a greater con-

centration of hydrophobic species than the nitrogen-cured lens surface, during analysis.

Dynamic contact angle analysis confirmed this finding with the nitrogen-cured lens dis-

playing a significantly lower advancing contact angle than both the air-cured lens regions.

Comparison of the advancing contact angle on the wetting and non-wetting regions showed

significant differences between the contact angle values with the non-wetting regions typ-

ically giving the higher contact angle (poorer wettability). This suggests that when these

surfaces are exposed to an air environment a greater degree of hydrophobic material is

expressed on the non-wetting surface, indicating a higher concentration of siloxane-related

material at the surface.

Contact angle analysis on silicone elastomer (PDMS) has been shown to result in an

advancing contact angle of around 120 degrees (Chen et al., 2005). This suggests that

although the non-wetting regions are relatively hydrophobic (advancing contact angle of
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around 87 degrees), there are hydrophilic species present even when air exposed. In com-

parison with the low level of hysteresis observed for the PDMS surface (around 30 degrees)

(Cordeiro et al., 2009), all three study lenses showed a much greater degree of hysteresis

(around 55 degrees), highlighting the substantial surface reorganisation in these study lens

regions. As wetting characteristics are influenced only by the material at the polymer’s

surface, it suggests that both hydrophobic and hydrophilic species are present at or near

the surface for all lens types.

Where the advancing contact angle describes the wetting characteristics of an air-exposed

lens surface, the receding contact angle describes the wetting characteristics of a water-

exposed lens surface. Static and dynamic captive bubble results both showed a signifi-

cant difference between the air-cured and nitrogen-cured lens regions, although increased

variability was again observed for the air-cured lens, due to its heterogeneous wetting

characteristics. Dynamic contact angle analysis using the captive bubble technique on the

wetting and non-wetting regions of the air-cured lens showed that the receding contact an-

gle measured on the wetting region was similar to that on the nitrogen-cured lens surface.

This suggests that when exposed to water, similar hydrophilic species were dominant on

the surface of both the nitrogen-cured lens and the wetting region of the air-cured lens. In

contrast, the receding contact angle measured on the non-wetting region of the air-cured

lens was significantly elevated, suggesting significant hydrophobic species were present at

the lens surface even in a aqueous environment. Given the ability the surface normally has

to reorganise, this suggests that the non-wetting regions on the air-cured lens surface are

dominated by hydrophobic material, with insufficient hydrophilic material to completely

mask its hydrophobic nature. In contrast, sufficient hydrophilic material appears to be

present in the surface/sub-surface region of both the nitrogen-cured and wetting regions

of the air-cured lens material to allow any hydrophobic material to be effectively masked

in an aqueous environment. This is in agreement with the findings of the cryo-XPS study,

which showed the non-wetting region of the air-cured lens possessed an elevated concen-

tration of M3U-related elements (fluorine and silicone), whereas the nitrogen-cured and

to a lesser extent the wetting region of the air-cured lens showed a higher elemental con-

centration of a hydrophilic-related element (nitrogen). This type of reorganisation at a

polymer surface is well documented (Holly & Refojo, 1975) and has been shown by others

with a range of surface analysis techniques, such as SFG (Koffas et al., 2004), ToF-SIMS
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(Hook et al., 2009) and AFM (Kim et al., 2002).

Another observation made during contact angle analysis analysis was that the surface of

the air-cured lens tended to rapidly become contaminated. This was particularly marked

following blotting where the air-cured lens surface was visible more contaminated than

the nitrogen-cured lens surface (Figure 5.16). This was supported by the AFM images

which showed similar apparent contamination on the non-wetting regions of the air-cured

lens during hydrated analysis. This increased contamination is likely to be a result of

oxygen inhibition during polymerisation, which has been shown to result in a less heav-

ily crosslinked surface, which is tacky (Biswal & Hilt, 2009) and prone to contamination

(Maldonado-Codina & Efron, 2004) . Silicone-containing materials are particularly prone

to this due to the high oxygen permeability of the material. In contrast, the lenses manu-

factured in the nitrogen-purged environment are unaffected, as nitrogen does not interfere

with the free radical polymerisation process and therefore the surface are fully cured and

do not possess a tacky surface.

Differences in the wetting characteristics between regions are therefore likely as a result

of variation in relative concentrations of the hydrophobic and hydrophilic species. This

difference in concentration between the lens regions is possibly related to phase separation

and/or surface segregation of the hydrophilic/hydrophobic components and may also in-

dicate a less heavily crosslinked polymer network at the surface of the air-cured lens, due

to oxygen inhibition during polymerisation.

6.2.3 Commercial lens surface wetting characteristics

The magnitude of the advancing contact angle has been shown to vary widely across a

range of commercially-available contact lens materials. Given that all these contact lens

materials have been shown to perform well clinically, the advancing contact angle does not

appear to be a good predictor of clinical performance, at least over the range assessed (20

- 80 degrees). As the advancing contact angle has been likened to the process of the tear

film spreading across the lens surface during blinking (Cheng et al., 2004), it is perhaps

surprising that this laboratory measure does not relate, in some way, to the clinical per-

formance of the lens. There appears to be two reasons why this is not the case. Firstly,

the formation of the tear film across the lens surface is not a simple spreading process.
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The tear meniscus is driven across the lens surface by the eyelids and it appears relatively

independent of the angle the tear film forms with the lens surface, as the motion of the

lids force it to spread across the lens surface (Wong et al., 1996). The second reason is

that tear film components adsorb almost immediately to the contact lens surface, rapidly

enhancing its wetting characteristics, with a reducing ex vivo advancing contact angle

measured (Read et al., 2010b; Tonge et al., 2001). The in vitro advancing contact angle

measurements therefore appear to be a poor predictor of clinical performance on commer-

cial contact lenses. However, if a lens surface possessed a substantially elevated advancing

contact angle (> 90 degrees), it would be likely to result in poor clinical performance.

This is due to the hydrophobic nature of the surface, which would adversely influence tear

film adsorption and restrict the ability of the tear film to be spread over these extremely

hydrophobic regions. Such disruption to the tear film would expose the lens surface to

the hydrophobic lipids, which usually reside on the anterior tear film surface, resulting in

adsorption to the lens surface and driving further hydrophobic deposition. This deposition

is likely to reduce visual acuity, increase mechanical and biological interaction with the

lids and further destabilise the tear film, potentially causing reduced subjective comfort

(Jones & French, 2009).

The receding contact angle values for commercial lenses are typically much more similar

between the different analysis techniques. This likely relates to the fact that this contact

angle measurement is taken when the surface is in its most hydrophilic arrangement and

direct contact exists between the region of the surface being tested and the probe liquid.

Indeed the variation in receding contact angle between different lens types is typically

small, varying by less than five degrees across a wide range of silicone hydrogel materials.

The lack of difference highlights the similarity in the character of the hydrophilic groups

present at the lens surface of these materials. Cheng et al. (2004) have suggested that

when the lens surface is in its most hydrophilic arrangement (during the receding phase),

it is completely wettable (i.e. a contact angle of 0 degrees) and that the angle measured

is a limitation of the captive bubble technique in being able to differentiate between an

angle of 0 degrees and 20 degrees. Given that in this study a consistent, although small,

difference was observed between commercial lens types, it appears that this is a true mea-

surement of the surface chemistry rather than a value limited by the ability to measure.

It is apparent that a captive bubble measurement of around 20-25 degrees (measured with
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the captive bubble technique in our laboratory) is sufficient to maintain acceptable clin-

ical performance, with these values changing little with contact lens wear (Tonge et al.,

2001). On investigation of experimental materials with known poor clinical performance

within our laboratory (including the experimental study lenses used in this PhD study) a

consistently elevated receding contact angle (30-40 degrees) has always been present for

these materials. It therefore appears that a substantially elevated receding contact an-

gle may indicate a contact lens material with potentially poor clinical wetting, although

this is often accompanied by an increased advancing contact angle, making identification

of the causative factor difficult. Comparison of the advancing and receding contact an-

gle data for commercial lenses with the results of contact lens clinical trials, shows no

obvious link with comfort (Brennan & Morgan, 2009). This suggests that although the

receding contact angle appears able to predict non-wetting regions on the lens surface,

there is no evidence to suggest it is able to predict in vivo comfort or wettability. As

with the advancing contact angle, this is likely to be, at least in part, associated with in

vivo tear film deposition which influences the wetting characteristics of the contact lens

material, although for the receding contact angle the changes appear to be minimal (Read

et al., 2010a). Further studies investigating the wetting characteristics of lens materials

should include both experimental lenses with poor clinical characteristics and commercial

contact lenses, in an attempt to gain a better understanding of the importance of these

laboratory values and the critical values for each measurement type. These studies should

include contact angle measurements on unworn and worn contact lenses, while also care-

fully recording subjective and objective lens performance data.

Contact angle hysteresis gives a measure of the ability of the contact lens surface to

reorganise under different environmental conditions. Ideally a lens material should resist

the tendency to become more hydrophobic when exposed to an air environment, otherwise

hydrophobic regions can be generated across the lens surface in the inter-blink period.

Various different manufacturing methods have been developed in an attempt to mask the

hydrophobic species from the lens surface (Jones et al., 2006). Dynamic captive bubble

data suggest minimal hysteresis for plasma coated lenses, whereas uncoated and plasma

oxidised surfaces show greater levels of hysteresis (Section 3.3). It should be noted, that

even lens materials with high levels of apparent hysteresis have very acceptable clinical

performance (Brennan et al., 2007; Lakkis & Vincent, 2009; Maldonado-Codina & Morgan,
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2004; Young et al., 2007), likely associated with the reducing advancing contact angle and

thus hysteresis following lens wear (Read et al., 2010a). The work of this PhD therefore

suggests that for a contact lens to have acceptable clinical wetting, the material should have

an advancing contact angle (measured by dynamic captive bubble technique) of less than

90 degrees and a receding contact angle of no more than around 25 degrees. However,

contact angle measurements have been shown to be highly dependant on experimental

methodology and therefore care should be taken when comparing these values with those

produced experimentally using other techniques or methodologies. There appears to be

little apparent clinical advantage to a material with a low advancing contact angle or low

contact angle hysteresis over the range observed for commercial contact lens materials.

Indeed, in a recent study looking at the data obtained from a number of fully masked and

randomised studies, Brennan (2009) found that the lens type with the lowest advancing

contact angle and hysteresis in this PhD study had on average one of the lowest levels

of subjective comfort. It is therefore clear that surface wetting is only one of a range

of lens surface features that must be considered when developing contact lens materials,

with other potential clinical factors, such as roughness, friction, deposition and material

dehydration, also likely to be of key importance.

6.2.4 Thin Film Wettability Analyser

The consistency with which the in vitro thin film wettability analyser was able to identify

the regions of non-wetting on the lens surface, even after prolonged periods of soaking,

indicate that these regions are crosslinked into the lens structure and are not mobile

(Appendix C). The accuracy with which this laboratory instrument could consistently

identify the clinical non-wetting regions suggest that a similar process may be occurring

in the ocular environment. As the thin liquid film was generated by submersion and

emersion of the contact lens in a saline bath, the lens surface was continuously exposed to

a polar liquid which would drive the presentation of hydrophilic species at the lens surface.

The formation of a non-wetting region is likely a result of hydrophobic species present on

the surface of the non-wetting region, even in the hydrophilic environment, which drive

this tangential flow of liquid. Surprisingly, given the lower surface tension of the tear film,

the development of non-wetting spots occured much quicker clinically (< 1 second) than

in the laboratory instrument (approximately 5-15 seconds). The formation of a saline film

by passing it through the water/air interface is clearly different to the blinking process
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and likely leads to a different film thickness. Such differences in the film thickness and

differences in the chemistry of the probe liquids are thought to influence the time taken

for the film to destabilise and expose the underlying polymer surface. Given that the lens

surface was initially exposed to water prior to the formation of the non-wetting region, this

suggests that the receding angle values may be a better predictor of contact lens clinical

performance. This is in agreement with the findings of the dynamic contact angle study

(Section 3.4), where the receding contact angle was more consistently able to differentiate

the wetting and non-wetting air-cured lens surfaces, than the advancing contact angle.

In contrast, others have proposed that the advancing angle is the more relevant measure

of clinical performance (Tonge et al., 2001). This may, in part, relate to the fact that

differences in the advancing contact angle are observed between the commercial materials

(unlike the receding contact angle) and therefore an assumption that a difference must in

some way be clinically relevant. In agreement with this PhD study, others have suggested

that the receding contact angle is an important wetting characteristic which cannot be

ignored (Cheng et al., 2004). Better understanding of the in vivo wetting process is further

complicated by factors such as the adhesion of tear film components to the lens surface.

Future research should therefore focus on the bioconversion of the lens surfaces during wear

and the influence this has on both wetting characteristics and clinical lens performance.

6.2.5 Future work: Contact angle analysis / lens surface wettability

• Contact angle values are commonly used in the contact lens industry and beyond

to compare surface wetting properties of materials. These values are primarily in-

tended to allow estimation of the surface energy of a material. Techniques such as

that described by Owens & Wendt (1969) allow calculation of the free energy of a

surface by testing the material with a range of well characterised liquids. A simi-

lar technique has also been described for the captive bubble method by Hamilton

(1972). Therefore, future studies should consider characterisation of contact lens

materials, both with respect to free energy of the surface and the polar/dispersive

nature of the surface free energy. This may improve understanding of the wetting

properties and adhesion of tear film components and/or bacteria to the lens surface

during wear.
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• It is often assumed that lenses of the same brand type will have identical properties.

Future studies should investigate the repeatability of contact angle measurements,

both within and between manufacturing batches, for a range of contact lens types

to better understand variability in surface wetting.

• Differences in methodology commonly lead to significant variation in contact angle

measurements. One possible reason for this is the difference in surface curvature,

with some lenses analysed in a curved state (Ketelson et al., 2005; Maldonado-

Codina & Morgan, 2007) and some analysed in a flattened state (Cheng et al., 2004;

Tonge et al., 2001). Future work should therefore investigate the influence of surface

curvature for both sessile droplet and captive bubble techniques.

• Future work could also use the difference in contact angle on either side of the

bubble/droplet during dynamic contact angle testing to assess surface heterogeneity,

for a range of commercial contact lens materials.

• Contact angles have traditionally been performed at laboratory temperature. A

possible reason why in vitro contact angle measurements are unable to predict clinical

performance, might be associated with the difference in temperature between the two

conditions. A future study could therefore investigate the influence of temperature

on wetting characteristics for a range of commercial contact lenses.

• It is evident that tear film adsorption rapidly changes contact lens wetting charac-

teristics. Future studies should investigate how ex vivo contact angle measurements

compare with subjective and objective grades of lens performance, in an attempt to

better understand how the bioconversion of the lens surface influences clinical lens

performance.

• When testing the contact angle of a surface we often attempt to simulate in vivo

conditions. Recent work by Haddad (2010) has performed contact angle analysis

on eye, therefore negating the need to simulate these conditions. This small clinical

study has suggested a link between the rate of spread of a droplet and the subjective

comfort experienced by the lens wearer. Future work should further develop this

technique to investigate the apparent link between subjective comfort and surface

wetting.
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6.3 Study lens surface chemistry

The chemistry of the contact lens surface influences important clinical factors such as wet-

tability, tear film deposition and bacterial adhesion. The use of techniques such as XPS

and ToF-SIMS has allowed a detailed investigation of both the lens surface chemistry

(Garrett et al., 1999; Griesser et al., 1990; Karlgard et al., 2004) and tear film deposi-

tion onto the lens surface following wear (Bruinsma et al., 2002; McArthur et al., 2001).

These studies highlighted the ability of XPS to investigate the elemental composition (%

of each chemical element) and chemical bonding state (what each element is bond to) of

the surface. XPS studies on rigid gas permeable contact lens materials have shown good

agreement between chemical composition of the surface and contact angle wetting data

(Fakes et al., 1988), although this is less clear with hydrogel contact lens and especially

problematic with siloxane-containing materials (Migonney et al., 1995). XPS data are

often influenced by the presence of surface active compounds, which can surface segregate

during dehydration (Migonney et al., 1995). This has been observed for a range of siloxane-

containing polymers (Hook et al., 2006; Lee et al., 2003; Selby et al., 1994) and appears

to occur following dehydration for both study lens types (Section 4.4). Dehydrated XPS

and ToF-SIMS analysis of the study lens regions showed a surface dominated by silioxane

material for all study lens regions. The surface of all regions on the study lenses were

similar in elemental and molecular composition to pure M3U and given the known differ-

ences in wetting characteristics, this indicated M3U-related surface segregation. In view

of the different clinical and laboratory wetting characteristics for the three regions, the

apparent similarity in surface chemistry suggested the possibility that significant surface

reorganisation had occurred during dehydration, thus masking the true differences in hy-

drated surface chemistry. Ex vivo XPS analysis of worn study contact lenses also showed

unexpected surface chemistry, with the lens surface showing minimal evidence of tear film

deposition, in contrast to that observed in previous studies (McArthur et al., 2001), again

supporting the theory of surface reorganisation.

Cryogenic techniques were therefore developed in an attempt to minimise surface reorgan-

isation prior to analysis in ultra high vacuum conditions by maintaining the lens samples

in a frozen hydrated state. Both XPS and ToF-SIMS cryo-analysis showed much lower

levels of siloxane-related material on the lens surface than was observed for the dehy-
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drated lens samples. Cryo-XPS showed differences between the study lens regions with

the highest levels of elemental nitrogen on the nitrogen-cured lens samples and lowest

levels on the non-wetting region of the air-cured lens surface. The silicon and oxygen

signals, in contrast, were at lower levels on the nitrogen-cured sample and higher levels on

non-wetting region of the air-cured lens. In agreement with the results for the elemental

composition analysis, the chemical state XPS analysis showed high levels of carbon-silicon

and silicon-oxygen bonding on the non-wetting regions of the air-cured lens in comparison

with the lower levels seen on the nitrogen-cured lens surface. All these results indicated

greater levels of the siloxane-containing polymer (M3U) at the surface of the non-wetting

region and to a lesser extent the wetting region of the air-cured lens, in comparison with

the nitrogen-cured lenses, which in turn was more dominated by the hydrophilic nitrogen-

based polymer (VMA). Comparison of the results from the XPS and contact angle studies

showed that study lens regions with greater siloxane macromer expression, tended to

present a more hydrophobic surface, as expected given the typically hydrophobic nature

of the siloxane material. This is in agreement with work by Weikart et al. (1999, 2001),

who showed that lenses with a higher concentration of silicone at the surface tend to have

poorer laboratory wettability. The hydrophobic regions on the surface of the air-cured

lenses appeared unable to allow the stable formation of a tear film over the lens surface

during clinical lens wear, with immediate tear film break-up following blinking. Similar

studies have shown that high silicone expression on silicone hydrogel materials is related

to poorer clinical performance (Lai & Friends, 1997). In addition, a rapid deposition of

tear film components onto these non-wetting regions was observed. Given the hydrophobic

and lipophilic nature of siloxane materials (Abbasi et al., 2001) it is assumed that this

initial deposition is primarily lipoidal in nature, although further investigation is required

to better understand this deposition process.

In contrast to the XPS data, cryogenic ToF-SIMS analysis showed little difference in com-

position between the three study lens regions. The obvious differences in both clinical and

laboratory wetting characteristics indicated differences in the surface chemistry between

the study lens regions. The apparent lack of sensitivity of the ToF-SIMS instrument is

likely associated with (i) the ion etching required to removed the surface ice, making iden-

tification of the surface difficult (ii) surface reorganisation, due to possible brief periods of

sample warming during sample transfer (iii) possible surface contamination during sample
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preparation and (iv) low secondary ion signal count during cryo-analysis. Lewis & Ratner

(1993) also observed that surface contamination was a major issue at cryogenic tempera-

tures, due to the increased rate of condensation of contaminants on the sample surface in

both air and vacuum. Colliver et al. (1997) noted similar problems during frozen-hydrated

analysis where water vapour in the vacuum became a major source of interference. It has

been shown both in this XPS study (Section 4.4) and by others (Colliver et al., 1997;

Severs & Shotton, 1995; Willison & Rowe, 1980) that carefully controlled sublimation of

surface water, can be less invasive at removing surface ice, producing a relatively artefact

free polymer surface. For polymers containing materials with a low glass transition tem-

perature, such as siloxane-containing materials, care must be taken during sublimation

to avoid warming the sample above its glass transition temperature. If this occurs sub-

stantial surface reorganisation is likely to occur (Selby et al., 1994). Hook et al. (2009)

have recently shown that by carefully sublimating the surface ice on siloxane-containing

polymers, cryogenic ToF-SIMS analysis can minimise surface reorganisation and allow in-

vestigation of the hydrated surface chemistry. As the surface of silicone hydrogel lenses

has been shown to reorganise and become dominated by hydrophilic material, care must

be taken when interpreting surface chemistry data from dehydrated samples and ideally

these materials should be analysed in a hydrated state. Future studies should therefore

look to improve the ToF-SIMS cryogenic sample handling technique to optimise signal

quality and minimise contamination, while maintaining the lens sample below the glass

transition temperature of the siloxane polymer to avoid chemical reorganisation at the

surface.

In the development of future contact lens materials the ideal surface would exhibit minimal

siloxane-related material and be primarily composed of hydrophilic groups (such as hy-

droxyl / carboxyl / amino and/or phosphate functional groups). The lens surfaces should

avoid reorganisation in the clinical environment, either by heavily cross linking the hy-

drophilic components and/or by enrichment with hydrophilic species, to limit the thermo-

dynamic drive of siloxane components towards the surface. Care must also be taken during

lens surface optimisation to maintain optical clarity, minimise bacterial adhesion/activity,

minimise surface friction and provide sufficient oxygen and ion permeability through the

material. The cost of manufacture is another important consideration and where possible

additional processing steps such as surface treatment should be avoided.
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6.3.1 Future work: study lens surface chemistry

• The ToF-SIMS instrument needs to be further developed to improve cryogenic anal-

ysis. Required features include continuous sample cooling within the instrument,

the addition of a cold finger probe to condense water vapour in the chamber and an

improved sublimation technique to remove surface ice while maintaining the surface

in a hydrated frozen state.

• Differences in polymerisation between the two study lens types could be further

investigated by analysing the lenses both pre and post-extraction or by analysing

the extraction liquid of the two study lens types to identify differences in the material

removed from the surface during extraction.

• Analysis of dehydrated worn contact lenses using XPS gave an unexpectedly low sig-

nal associated with adsorbed tear film components. Future studies should compared

hydrated and dehydrated worn samples using XPS, to better understand if surface

reorganisation resulted in the masking of the chemistry associated with the tear film

components.

• The ability of XPS and ToF-SIMS to be operated in an imaging mode (Ton-That

et al., 2001; Walton & Fairley, 2006a,b) allows the monitoring of chemical homo-

geneity across the sample surface. Future studies could apply these techniques to

the cryo-frozen study lens regions to investigate the possible presence of phase sepa-

ration on the lens surfaces or distribution of adsorbed tear film components on worn

lenses.

• Given the difference in surface chemistry between the three study lens regions, there

are likely to be differences in the water content of the material at the lens surface.

Future studies could therefore investigate the water content of the three study lens

regions to better understand the relative water content in these surface regions.

• In addition to XPS and ToF-SIMS, another technique that should be considered

when analysing the surface chemistry of lens materials is sum frequency generation

(SFG) vibrational spectroscopy. SFG can be used in a hydrated environment and

has been shown able to monitor changes in surface chemistry during dehydration

(Koffas et al., 2004), without the need for a high vacuum environment.
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• Commercial contact lens materials often show significant contact angle hysteresis

(Tonge et al., 2001), thought to be associated with surface chemical reorganisation

(Holly & Refojo, 1975). Comparison of the surface chemical composition in both

an air exposed and water exposed hydrated (frozen) state for a range of commercial

materials, would allow investigation of this theory.

• Use of a depth profiling technique (XPS and SIMS) or angle resolved technique (XPS)

on a range of cryogenically frozen commercial contact lenses, would give important

information about the chemical structure of the lens surface. Similar analysis on

worn lenses would also allow investigation of the tear film components deposited on

the surface and within the sub-surface of the material.

• Both XPS and mass spectrometry techniques have been shown to be able to moni-

tor tear film deposition on the lens surface following wear (Green-Church & Nichols,

2008; Kingshott et al., 1997; McArthur et al., 2001). By monitoring the surface chem-

istry of the lens following wear, for symptomatic and asymptomatic groups of contact

lens wearers, it may be possible to identify advantageous and non-advantegous de-

posits on the lens surface.

6.4 Contact lens surface topography

Several studies have shown the importance of surface topography to wettability (Miller

et al., 1996), bacterial adhesion (Giraldez et al., 2010) and deposition (Baguet et al.,

1995b) of biomaterials. Investigation of surface roughness on contact lens materials can

be problematic as it is often difficult to differentiate between true surface roughness and

contamination (Fakes et al., 1988). There is little in the literature to suggest at what

point a contact lens surface becomes too rough, either with respect to subjective comfort

or optical performance. Comparison of roughness findings from several studies, measured

using AFM, suggest that a wide range of surface roughness values provide acceptable

clinical performance (Baguet et al., 1995b; González-Méijome et al., 2009; Guryca et al.,

2007; Kim et al., 2002; Teichroeb et al., 2008). Comparison of lathe cut and cast moulded

contact lenses has indicated that lathe cut lenses typically have a rougher surface, al-

though this is not thought to affect subjective lens performance (Maldonado-Codina &

Efron, 2005). A study by O’Brien & Charman (2006) showed minimal change in clinical

performance following lens polishing for a lathe cut lens, implying that surface roughness
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is not a critical factor for subjective lens comfort with modern manufacturing techniques.

Although surface roughness does not appear to directly affect subjective comfort, it has

been shown to play a important role in bacterial (Bruinsma et al., 2003) and tear film

component adhesion (Baguet et al., 1995b). Much of this research has been performed by

comparing commercial contact lenses where the surfaces typically differ in numerous ways,

meaning that the exact cause of the increased adhesion or lens comfort is difficult to assess.

AFM and ESEM imaging of the hydrated study lenses showed surface features typical

of a porous hydrogel material. AFM imaging showed greater surface roughness for the

air-cured lens, than the nitrogen-cured lens, with the non-wetting region having the high-

est surface roughness. These levels of surface roughness are within the normal range for

commercially available contact lenses (Baguet et al., 1992; Bruinsma et al., 2001; Giraldez

et al., 2010; González-Méijome et al., 2006a, 2009; Guryca et al., 2007; Lira et al., 2008;

Santos et al., 2008; Teichroeb et al., 2008) and appear insufficient to result in the subjective

discomfort observed with the air-cured lenses. The features which increased the surface

roughness on the air-cured lens do not appear typical of a polymeric surface and are more

typical of surface contamination (Baguet et al., 1992). Given that these air-cured lenses

underwent the same sample preparation as the nitrogen-cured contact lenses, it suggests

that the air-cured lens surface attracted greater levels of environmental contamination.

This greater contamination appears to be the result of the air-cured lens having a ‘tacky’

surface. During manufacture the lenses are cured in polypropylene moulds in either an

air-filled or nitrogen-filled oven. Although polypropylene has a relative low oxygen perme-

ability, oxygen is still able to be transported through the mould during curing, especially

at the elevated temperature the mould experiences in the ovens (Maier & Calafut, 1998).

The presence of oxygen during polymerisation has been shown to strongly inhibit radical-

induced polymerisation because of its high reactivity toward radical species (Decker &

Jenkins, 1985). The oxygen molecules scavenge the the initiator radicals reducing poly-

merisation rates, increasing induction periods, decreasing conversion, decreasing polymer

kinetic chain length and creating ‘tacky’ surface properties (Biswal & Hilt, 2009). Initially

when the monomer mix is injected into the female polypropylene moulds there is a rapid

uptake of oxygen by the highly oxygen permeable siloxane-containing material. As the

male and female moulds are sealed together the oxygen within the monomer mix is likely

to be evenly distributed throughout the material. As polymerisation is initiated by the

344



6.4 Contact lens surface topography

heat of the ovens, the oxygen will be rapidly depleted by the free radical initiators. At

this point the only source of oxygen is from diffusion through the polypropylene mould

material (Müller et al., 2003). The oxygen diffusion through the lens mould reacts im-

mediately with the free radical initiators and therefore this inhibition process is primarily

associated with the lens surface (Biswal & Hilt, 2009). Kim et al. (2003) have shown that

oxygen inhibition of the surface is typically greater with siloxane-containing polymers as

oxygen is freely soluble in the material and exhibits a high diffusion coefficient, resulting

in a lower degree of cross-linking of the material at the polymer surface. Others in the

literature have described surface oxygen inhibition during contact lens polymerisation,

suggesting this can result in a more slippery surface (Hagmann et al., 2003) and increased

deposition (Maldonado-Codina & Efron, 2005), primarily associated with an inhibition of

cross-linking during polymerisation. Lens manufacturers have investigated several tech-

niques to avoid problems related to oxygen inhibition, such as using mold materials with

oxygen scavenging components (Lawton et al., 2009), using alternative mould materials

(Liu et al., 2009; Martin et al., 1998), varying the amount of initiator (Biswal & Hilt,

2009), varying the curing temperature (Gauthier et al., 2005) or most commonly poly-

merising the contact lens in an inert environment, such as nitrogen (Atkinson et al., 2008;

Martin et al., 1998) or carbon dioxide (Studer et al., 2003a,b). A contact lens cured in

a nitrogen-purged environment is therefore likely to possess a more heavily cross-linked

polymer surface, than that of an air-cured lens. Maldonado-Codina & Efron (2005) inves-

tigated the surface chemistry of conventional soft contact lenses produced using different

manufacturing techniques. They found that HEMA/GMA lenses polymerised in aerobic

conditions within polypropylene moulds, showed unsaturated and/or aromatic hydrocar-

bon species present on the lens surface, indicative of surface degradation. These lenses

were shown to have sticky surfaces, resulting in poor handling, marked contamination dur-

ing SEM imaging and rapid in vivo tear film deposition. These findings are remarkably

similar to the observations of this PhD study, suggesting that in both cases the presence

of oxygen during polymerisation is likely to have promoted short non-crosslinked chains at

the polymer surface. Such non-crosslinked polymer chains have been shown to protrude

out from the lens surface when in a hydrated state (Kim et al., 2002) and may interact

to a greater extent with the surrounding environment, resulting in ‘tackier’ surfaces and

a greater degree of surface contamination, associated with entrapment of particles.
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Hydrated AFM imaging of the study contact lenses showed the nitrogen-cured lens was less

prone to contamination than the the air-cured lens surface (Section 5.3). Comparison of

the two regions on the air-cured study lens showed that the non-wetting regions were more

heavily contaminated than the wetting regions. These findings are in agreement with the

greater surface contamination observed during contact angle analysis and the greater tear

film deposition observed during the clinical study. This suggests that the non-wetting re-

gions are more significantly influenced by the oxygen inhibition during polymerisation and

thus less heavily crosslinked at the surface, resulting in greater contamination. The lack of

any obvious pattern for the non-wetting regions on the air-cured lens surface, suggest that

the oxygen inhibition is not consistently influenced by factors such as mould parameters,

but appears a more random process. Given that the oxygen is dissolved primarily in the

siloxane-containing material, it may be that any slight differences in the distribution of

the siloxane phase may also influence oxygen distribution and subsequent inhibition.

Cryogenic ESEM imaging for the nitrogen-cured lens surface showed a uniform surface

with a typical hydrogel appearance similar to that observed for the hydrated AFM imag-

ing. The non-wetting region of the air-cured sample showed a similar uniform hydrogel

surface with occasional small surface features. These features may be related to surface

contamination during sample preparation or related to mild surface damage during freez-

ing. The lack of significant damage to the lens surface on cryogenic freezing, observed by

other cryogenic lens imaging studies (González-Méijome et al., 2006b), suggested that the

cryogenic handling technique was well optimised to minimise damage and allowed confi-

dence in the findings of the cryogenic surface chemistry studies. Dehydrated AFM and

ESEM imaging of the wetting regions of the air-cured lens and the nitrogen-cured lens

in their dehydrated state showed a similar hydrogel appearance to that observed in their

hydrated state, with a uniform hydrogel meshwork with occasional pores. In contrast, the

ESEM images of the non-wetting region of the air-cured lens in a dehydrated state showed

a markedly different appearance, with large areas on these samples composed of small ap-

parent islands surrounded by ‘sponge-like’ domains. One possible reason for this dramatic

change in surface appearance is a type of polymer phase separation known viscoelastic

phase separation. Viscoelastic phase separation describes the behaviour of a dynamically

asymmetric mixture, which is composed of fast and slow components (Tanaka, 2000). In

a polymer system this asymmetry can be induced by a difference in glass transition tem-
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perature between the components of a mixture. Given the marked differences between

the glass transition temperature of the component polymers this might have resulted in

these phase separated regions on drying. Another possible reasons for the markedly dif-

ferent surface appearance on dehydration is the formation of polyethylene oxide (PEO)

crystallites following sample dehydration, which melt and become clear on rehydration

(Sung et al., 1990). Perhaps a simpler possible explanation is that the lens surface became

distorted due to differential shrinking on the polymer components upon dehydration. In-

dependent of the exact cause, there is clearly a consistent difference between the material

in the non-wetting region of the air-cured lens and the other two study lens regions. This

difference suggests a degree of phase separation at the surface of the polymeric material,

in addition to the observed surface reorganisation shown by cryo-XPS.

In the dehydrated state, AFM imaging on the non-wetting region of the air-cured lens

showed non-uniform surface topography, in agreement with that observed with ESEM

imaging. Imaging of the non-wetting region proved difficult due to interaction of the

AFM tip with the lens surface, which was not observed on the nitrogen-cured lens sur-

face. Initially it was assumed this was related to a thin water layer on the lens surface,

but this interaction was present even under a flow of nitrogen gas or following alcohol

washing. Problems associated with AFM tip interaction are commonly observed on tacky

polymeric materials (Revenko et al., 2001), especially in the dehydrated state where the

interaction forces are greater than in the hydrated state. This occurs as AFM imaging

in a liquid media reduces the capillary forces between tip and sample (Wadu-Mesthrige

et al., 2001). The probable cause for this ‘tacky’ surface, given the findings of the other

studies, is that oxygen inhibition during curing results in the surface of the air-cured lens

not having undergone complete polymerisation. This led to greater tip interaction, due to

adhesion of the tip by the surface, resulting in poor surface topography data. The optical

microscope used for tip alignment on the AFM instrument showed an appearance similar

to that observed with dehydrated ESEM imaging, with an interlinking ‘sponge-like’ mate-

rial surrounding relative smooth surface regions. Imaging on the ‘sponge-like’ regions was

possible with AFM, but imaging the smooth regions proved very difficult with excessive

tip interaction making imaging near impossible. In comparison with the ESEM images,

the AFM images are at a much higher magnification and appear to give details primarily

related to the ‘sponge-like’ regions identified in the ESEM images (Figure 6.1), although
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this is difficult to confirm. The phase imaging showed marked differences between the

smooth and textured regions on the air-cured lens surface, suggesting different polymeric

materials or differences in the degree of polymerisation are present in these regions. The

difference between the hydrated and dehydrated surface topography is thought to relate

to a reorganisation of the surface moieties and polymer chains at the surface. If this is

indeed the case then it would be expected that the non-wetting air-cured regions would

alter more significantly due to the reduced polymer cross-linking in these region, associ-

ated with surface oxygen inhibition. Holly & Refojo (1975) described the reorganisation

that occurs at an air exposed hydrogel surface due to the asymmetrical molecular force

field at the gel-air interface, where the molecular force field of the water molecules in the

gaseous phase is much weaker than in the liquid phase. It is therefore more energeti-

cally favourable for the polymer chain segments to orient in such a way as to expose the

hydrophobic (non-polar) groups towards the gaseous phase and to bury the hydrophilic

(polar) groups within the gel. When the hydrogel is then immersed in water, its structure

becomes unfavourable due to the high interfacial tension against the water. The polymer

segments therefore reorient, with hydrophobic groups buried into the bulk and hydrophilic

groups exposed at the surface, in order to achieve minimal interfacial tension. This process

is typically more marked with siloxane-containing materials, as the polymer backbone is

highly mobile, allowing extensive reorganisation of the polymer structure when thermo-

dynamically favourable. This hydrogel surface reorganisation was originally suggested to

explain contact angle hysteresis (Holly & Refojo, 1975), with these findings corroborated

by SFG studies (Chen et al., 1999). For the non-wetting region of the air-cured surface,

the polymer chains near the surface appear less heavily cross-linked, due to oxygen inhi-

bition. The resulting reorganisation of the surface is therefore likely to be more extensive,

due to the higher concentration of siloxane in these regions (shown by XPS analysis) and

lower cross linking density (suggested by the hydrated AFM study). The ESEM images of

the non-wetting regions on the air-cured lens may therefore relate to this more substantial

reorganisation, potentially exposing sub-surface features or resulting in phase separation

following dehydration, as observed in other polymer materials (Huraux et al., 2007; Saraf

et al., 1998). Further investigation of these surface changes during the drying process,

with techniques such as SFG and imaging cryo-XPS and ToF-SIMS, is required to better

understand the dehydrated ESEM images, as such topography does appear to be a marker

for poor clinical lens wetting.
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6.4 Contact lens surface topography

ESEM image AFM image

5μm x 5μm 390μm x 270μm 

Figure 6.1: Comparison of the ESEM and AFM images of the dehydrated non-wetting

region of the air-cured contact lens.

6.4.1 Future work: study lens surface topography

• AFM has the ability to assess the frictional forces present as the tip moves across the

lens surface. Future studies could investigate the frictional characteristics of contact

lens materials when analysed with a range of AFM tip types. This frictional data

could then be compared with clinical data in an attempt to better understand if

these surface features influence in vivo lens performance.

• Oxygen inhibition of polymerisation at the lens surface is likely to influence its me-

chanical properties. Future studies could therefore investigate the modulus/mechanical

properties of the three study lens regions, using a technique such as nanoindentation.

• AFM tips can be functionalised to allow the investigation of chemistry across a

polymer surface by monitoring interaction forces (Anantawaraskul, 2005). Future

studies could apply this technique to the three study lens regions in order to compare

their surface chemistry.

• AFM imaging of worn contact lens allows the monitoring of tear film deposition

on the lens surface. Given the marked differences in tear film deposition between

the study lens regions, AFM could image these surfaces in an attempt to better

understanding this surface bioconversion process.

• SEM images obtained in this study were either from a lens sample in a fully hydrated

(frozen) state or in a dehydrated state. Given the difference between hydrated and
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6.4 Contact lens surface topography

dehydrated images, a future ESEM study could begin with a frozen sample, which

would then be slowly warmed while images were captured to observe any changes to

the surface structure with dehydration.

• In addition to imaging the lens surface, many SEM instruments are equipped with

energy-dispersive X-ray spectroscopy (EDS), which allows chemical characterisation

of regions of the SEM image. Use of this technique on the study lenses would allow

chemical characterisation of the lens regions identified using ESEM and perhaps

focusing on the different structures evident on the non-wetting region of the air-

cured lens.

• During wear the lens surface is likely exposed to both a predominately aqueous tear

film and on occasions an air environement. This environment is likely different to

both the fully hydrated conditions in a wet cell or the dehydrated analysis, and

therefore likely to result in different surface features. Kim et al. (2002) developed

a technique using a humidity chamber during AFM analysis which showed changes

in polymer structure with different environmental conditions. Analysis of silicone

hydrogel materials and in particular the study lens regions in a similar manner would

allow a better understanding of their surface and how they are influenced by these

changing environmental conditions.

It is clear that many of the key hurdles that still need to be addressed in the development of

the ideal contact lens material are associated with the lens surface. Many contact lens users

cease wear primarily due to discomfort (Fonn, 2007), therefore contact lens development

should focus on surface features such as wettability, dehydration and friction, in addition to

other factors such as lens design. As contact lens wear still significantly increases the risk

of corneal infection (Stapleton et al., 1995), development should also focus on minimising

the adhesion and activity of bacteria on the lens surface, in addition to optimisation of

lens care solutions. This PhD work set out to improve understanding of lens surface

characteristics and their impact on the clinical performance of silicone hydrogel materials,

using both commercial and experimental contact lenses. In part, it looked to investigate

the cause of a specific manufacturing problem, but also used the unusual properties of

these lenses to better understand the importance of surface characteristics with regard

to the clinical performance of contact lenses. The work has therefore looked to improve

methodology where necessary to better characterise these silicone hydrogel materials in
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order to better understand the influence of these surface characteristics on the contact

lenses clinical performance.

6.5 Conclusion

The clinical study has shown marked differences between the study lenses, particularly with

respect to surface wetting, tear film deposition and subjective comfort. The air-cured lens

showed regions of wetting and non-wetting on the lens surface, whereas the nitrogen-cured

lens showed generally acceptable clinical performance. The regions of non-wetting on the

air-cured lens were shown to have a higher concentration of silicone-containing material

and an apparently ‘tackier’ surface, due to oxygen inhibition of the polymerisation process

during manufacture. These hydrophobic non-wetting regions appeared to induce discom-

fort by mechanical interaction with the lid wiper region, due to insufficient lubrication

by the tear film, although further work is need to confirm this. The increased deposition

observed on the air-cured surface is likely a combination of the hydrophobic silicone-rich

surface composition and the ‘tacky’ nature of the surface which causes attraction and

entrapment of tear film components. In addition, surface imaging has suggested a degree

of surface phase separation of the polymer material on the non-wetting regions of the

air-cured lens, which is likely to adversely influence the materials clinical characteristics.

Given the wide range of surface analysis techniques undertaken in this PhD investigation,

it is clear that some methods were more suited to the investigation of contact lens sur-

faces than others. Perhaps the instrument which provided the least useful data in this

thesis was that of the ToF-SIMS instrument. This is likely due to the high sensitivity

of the technique which made its findings highly susceptible to surface segregation and

contamination. For future studies to gain meaningful results from this technique, fur-

ther improvements are required in the cryogenic sample handling methodology. AFM and

ESEM imaging of contact lens surfaces are well established techniques and their ability

to image contact lens surface in a hydrated state gives them a great advantage as tools

for probing the lens surface. Sessile drop contact angle measurements were shown able

to characterise the wetting characteristics of contact lenses, but these values appeared

unrelated to the contact lenses known clinical performance. The receding contact angle

measured using the dynamic captive bubble techniques appeared to discriminate between
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the regions of the study lens, although for commercial lenses these values appeared very

similar. Contact angle measurements therefore seem relatively poor predictors of clinical

performance for commercial contact lens, likely due to tear film deposition which rapidly

alters the wetting characteristics of the contact lens with wear. Future contact angle stud-

ies analysing worn contact lenses, may provide insight into the changes in surface wetting

characteristics with wear and allow a better understanding of the relationship between in

vitro contact angle measurements and in vivo clinical observations. XPS analysis provide

the most convincing data regarding the chemical reorganisation of the contact lens surface

following dehydration. These findings suggest that the cryogenic handling technique has

a potential application in aiding the development of future contact lens materials and in

better understand the clinical behaviour of contact lenses.

Many of the surface analysis techniques used in this PhD were unable to detect differences

between the materials in a dehydrated state and therefore much of the work in this PhD

has involved the development of methodologies to allow hydrate analysis of these materials.

Hydrated analysis appears especially important for silicone hydrogel materials due to the

high flexible nature of the silicon-oxygen polymer backbone which allows rapid surface

segregation when exposed to an air/vacuum environment. Future studies investigating

soft contact lens surface characteristics should therefore maintain sample hydration where

possible, to preserve the true surface characteristics of the lens surface.
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Clinical Study Grading & Measurement Scales

Wettability Grading Scale
White light, diffuse and/or broad beam, low-medium magnification. Grade degree of 
wettability in 0.25 steps.

0! VERY POOR ! Immediately displaying non-wetting areas on the lens surface, 
! ! ! ! immediate drying time.
1 ! POOR!! ! Irregular surface appearance, drying time << blink time.
2 ! ACCEPTABLE! Smooth surface appearance immediately after blink becoming 
! ! ! ! irregular after awhile, drying time < blink time.
3 ! GOOD! ! Typical soft lens appearance with long drying time.
4 ! EXCELLENT ! Appearance of a healthy cornea with very long drying time.

Appearance of Lens Surface
White light, diffuse and/or broad beam, low-medium magnification.
Description of lens surface, such as: Smooth / Grainy / Non-Wetting.

Front Surface Deposition
White light, diffuse and/or broad beam, low-medium magnification. Grade degree of 
deposits in 0.25 steps.

0! ! Clean, no deposits.
1! ! 5 or less small deposits (<0.1mm).
2! ! >5 deposits of <0.1mm size or film covering 25-50% of surface.
3! ! Deposits of between 0.1 and 0.5mm or film covering 50-75% of surface.
4! ! Deposits of 0.5mm or larger or film covering more than 75% of surface.

Deposit Type
White light, diffuse and/or broad beam, low-medium magnification. Grade type of 
deposits.

Lipid 
Mucous 
Protein 
Other (describe)

Investigator Surface Preference
White light, diffuse and/or broad beam, low-medium magnification. Investigator is asked 
which lens surface they prefer, if any and whether the preference is slight ot strong.

Strongly prefer right lens 
Slightly prefer right lens 
No preference 
Slightly prefer left lens
Strongly prefer left lens

Figure A.1: Clinical Study Grading Scales - Page 1
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Lens Centration
Assessed in primary gaze, white light, diffuse, low-medium magnification. Grade degree 
of centration and indicate direction if decentred.

Optimal!! ! ! A lens symetrical about the centre of the cornea.
Slight Decentration! A lens which is slighly decentred, but the limbus is not exposed.
Extreme Decentration! A lens which is extremely decentred leaving the limbus exposed

Post Blink Movement
Assessed in primary gaze. If necessary, lower lid depressed for better observation.
Amount of movement (to the nearest 0.1mm) immediately after the blink.

Primary Gaze Lag
Assessed observing lens movement.
The amount of lens drop in mm that occurs in primary gaze when the lower lid is pulled 
down.

Up Gaze Lag
Assessed observing lens movement.
The amount of lens drop in mm that occurs when the eye moves from primary gaze to 
upgaze.

Push-Up Test
Assessed by digital push-up test using 0%-100% continuous scale in 5% steps.

0%!! Falls from cornea without lid support 
50% ! Optimum 
100% ! No movement

Subject Comfort Preference
The subject was asked “In terms of lens comfort, do you prefer the lens in your right eye 
or left eye? Is this preference strong or slight?”

1 ! Strongly prefer right lens 
2 ! Slightly prefer right lens 
3 ! No preference
4 ! Slightly prefer left lens 
5 ! Strongly prefer left lens

Figure A.2: Clinical Study Grading Scales - Page 2
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Objective Clinical Grading

Objective clinical grading of the ocular surface was recorded using an Efron Grading 
Scale (see Appendix A) in 0.1 steps.

0-100 Subjective Grading Scales

Subjective grading scales were used to assess (i) Comfort, (ii) Dryness and Burning, 
(iii) Lens Dehydration (see Appendix A).

Figure A.3: Clinical Study Grading Scales - Page 3
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Figure A.4: Efron Grading Scale - Part 1
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Figure A.5: Efron Grading Scale - Part 2
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Figure A.6: 0-100 Visual Analogue Scales - Comfort
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Figure A.7: 0-100 Visual Analogue Scales - Sensation of dryness

360



Figure A.8: 0-100 Visual Analogue Scales - Burning and stinging
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Figure A.9: Test for normality of the lens fitting characteristics data with a Shapiro Wilks

test
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Figure A.10: Test for normality of the biomicroscopy data with a Shapiro Wilks test
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Figure A.11: Test for normality of the subjective data with a Shapiro Wilks test
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Appendix B

Investigating stability of the

non-wetting regions on the

air-cured lens

B.1 Aim

To investigate whether the non-wetting regions identified by the thin film wettability

analyser were stable or mobile on the lens surface.

B.2 Method

Three air-cured and three nitrogen-cured study contact lenses were removed from their

blister packaging and soaked for 24 hours. The laboratory surface wetting properties were

then investigated using the thin film wettability analyser as described in Section 2.2.2.1.

Following three analysis cycles for each lens, the lenses were place in 0.9% PBS for 24

hours. The lenses were then removed from saline and again analysed by the thin film

analyser. The lenses were then soaked in 0.9% PBS for 1 week and reanalysed with the

thin film wettability analyser.

B.3 Results

No non-wetting regions were identified on the nitrogen-cured lenses. In contrast, the

air-cured lenses always presented non-wetting regions when analysed. These non-wetting

365



B.4 Conclusion

Lens 1 Lens 2 Lens 3

Initial analysis

24 hour PBS 
soak

1 week PBS 
soak

Figure B.1: Non-wetting regions identified by the thin film wettability analyser for three

air-cured study contact lens.

regions for the three air-cured lenses at the three visits are shown in Figure B.1. Com-

parison of the non-wetting regions for each lens at each time point suggests that the

non-wetting region does not change significantly in shape, size or location.

B.4 Conclusion

The non-wetting regions on the air-cured lens surface appear stable in shape, size and

location over the eight day soaking period suggesting that whatever is causing these non-

wetting regions is either substantially adhered to the lens surface or bound within the

material. This is in agreement with the findings of the clinical study comparison and

when clinical non-wetting regions were compared with the thin film wettability analyser

where the location of non-wetting appeared stable over time.
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Figure C.1: High resolution XPS sepctra for carbon, oxygen and silicon on the dehydrated

study lens regions.
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Abstract: This work sought to undertake a comprehensive investigation of the measurement
errors associated with contact angle assessment of curved hydrogel contact lens surfaces. The
contact angle coefficient of repeatability (COR) associated with three measurement conditions
(image analysis COR, intralens COR, and interlens COR) was determined by measuring the
contact angles (using both sessile drop and captive bubble methods) for three silicone hydrogel
lenses (senofilcon A, balafilcon A, lotrafilcon A) and one conventional hydrogel lens (etafilcon
A). Image analysis COR values were about 28, whereas intralens COR values (95% confidence
intervals) ranged from 4.08 (3.38, 4.78) (lotrafilcon A, captive bubble) to 10.28 (8.48, 12.18)
(senofilcon A, sessile drop). Interlens COR values ranged from 4.58 (3.78, 5.28) (lotrafilcon A,
captive bubble) to 16.58 (13.68, 19.48) (senofilcon A, sessile drop). Measurement error
associated with image analysis was shown to be small as an absolute measure, although
proportionally more significant for lenses with low contact angle. Sessile drop contact angles
were typically less repeatable than captive bubble contact angles. For sessile drop measures,
repeatability was poorer with the silicone hydrogel lenses when compared with the
conventional hydrogel lens; this phenomenon was not observed for the captive bubble
method, suggesting that methodological factors related to the sessile drop technique (such as
surface dehydration and blotting) may play a role in the increased variability of contact
angle measurements observed with silicone hydrogel contact lenses. ' 2009 Wiley Periodicals, Inc.

J Biomed Mater Res Part B: Appl Biomater 91B: 662–668, 2009

Keywords: contact angle; contact lens; hydrogel; silicone hydrogel; measurement error;
coefficient of repeatability

INTRODUCTION

The term ‘‘wettability’’ is traditionally used to describe the
tendency for a liquid to spread over a solid surface.1 This
process is influenced by both the cohesion between liquid
molecules and the adhesion between liquid and solid mole-
cules.2 Despite the widespread use of the term wettability,
no physical measurement exists that can completely quan-
tify it. Despite this limitation, contact angle analysis has
become a widely accepted method to investigate the wet-
ting properties of a solid surface.3,4 These measurements
represent the angle formed by a liquid at a three-phase
boundary where a liquid, gas, and solid intersect. Contact
angle measurement techniques include ‘‘sessile drop’’
(where a liquid drop is placed onto a solid surface),
‘‘captive bubble’’ (where a gas bubble is placed in contact

with a solid which is immersed in a liquid), and ‘‘Wilhelmy
plate’’ (where a solid sample is immersed and withdrawn
from a liquid).

Wettability is particularly relevant to contact lenses
because the lens surface needs to support a stable ocular
tear film layer, and failure to achieve this is likely to
adversely affect the visual performance, increase lens sur-
face deposition,5 and reduce comfort.6 This consideration
applies to all forms of contact lenses, but in particular to
siloxane-containing soft contact lens materials, termed
‘‘silicone hydrogels.’’ In recent years, these lenses have
seen a significant increase in the worldwide market share7

because of their enhanced ability to deliver oxygen to the
ocular surface, which in turn has resolved a number of
clinical complications seen with non-siloxane-containing
hydrogels.5,8,9 A potential negative consequence of the
inclusion of silicon into contact lenses is the inherent
hydrophobicity it imparts to the material10 resulting in
poor in vivo wettability.5,11 In an attempt to alleviate
clinical problems related to this hydrophobicity, contact
lens manufacturers have utilized a range of fabrication
techniques, including plasma surface treatments and the

Correspondence to: C. Maldonado-Codina (e-mail: c.m-codina@manchester.ac.
uk)

Contract grant sponsors: CooperVision Inc. and the Medical Research Council at
The University of Manchester

' 2009 Wiley Periodicals, Inc.
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inclusion of hydrophilic monomers to the bulk material
which serve to mask surface hydrophobicity and improve
ocular biocompatibility.10,12–14

In common with all scientific evaluations, repeated meas-
ures of contact angles will necessarily vary due to factors
such as instrument fluctuation or nonuniformity within or
between samples.15 Such variation can be termed ‘‘measure-
ment error.’’ Measurement error can be reported by giving (i)
the average standard deviation of multiple sets of repeated
measurements, (ii) the coefficient of repeatability (COR),
which is defined as the maximum difference likely to occur
between two successive measurements (2

ffiffiffiffiffi
2s

p
) (where s is

the standard deviation of measurements), or (iii) the coeffi-
cient of variation (COV) (sx), which contextualizes the magni-
tude of the error by comparison of the standard deviation of
measurements (s) with the mean (x).16

We sought to undertake a comprehensive investigation
of the measurement error associated with contact angle
assessment of hydrogel contact lens surfaces. An under-
standing of these errors is fundamentally important due to
the growing interest in the wetting behavior of silicone
hydrogel lenses17–19 and the increasingly widespread use of
contact angles by contact lens manufacturers. Additionally,
such an analysis will allow identification of which factors
contribute toward measurement error in this area and pro-
vide an indication of the confidence which can be placed
on a single published contact angle measurement.

Specifically, we set out to determine the contact angle
COR20 associated with three measurement conditions using
the sessile drop and captive bubble methods:

1. Image analysis COR: an estimate of the variability of
the repeated use of semiautomated image analysis soft-
ware on the same image.

2. Intralens COR: an estimate of the variability when tak-
ing repeated measurements on the same lens.

3. Interlens COR: an estimate of the variability when tak-
ing repeated measurements on different lenses of the
same type.

COR was chosen as our estimate of measurement error
as this provides an immediately meaningful index in the
relevant units (degrees), against which absolute measures
of contact angle can be judged.

MATERIALS AND METHODS

Lenses

Three silicone hydrogel contact lenses and one conven-
tional hydrogel (i.e., a hydrogel not containing siloxane
species) control lens were used in this work (Table I). The
back vertex power of all lenses was 23.00 DS. All contact
lenses were sourced via normal commercial channels and
supplied in their standard blister packaging.

Sessile Drop Method

Contact angles were measured at room temperature (25.08C
6 1.08C) and humidity (35% 6 5%) with an OCA-20 con-
tact angle analyzer (DataPhysics Instruments, Filderstadt,
Germany). This instrument is essentially a conventional go-
niometer featuring automated drop delivery, digital image
capture, and semiautomated image analysis software.

All lenses were analyzed following a 48-h saline soak in
0.9% phosphate-buffered saline solution (PBS) (Sigma-
Aldrich, Germany), which was changed every 12 h, to
remove any surfactant present in the blisters. The lenses
were then blotted to remove excess surface liquid. This was
achieved by first removing the lens from the saline solution
with silicone tipped tweezers, touching only the edge.
The back surface of the lens was then carefully placed onto a

TABLE I. Study of Contact Lenses

Brand Name Acuvue Oasys PureVision Air Optix Night and Day 1 Day Acuvue

Manufacturer Johnson & Johnson
Vision Care

Bausch & Lomb CIBA Vision Johnson & Johnson
Vision Care

USANa Senofilcon A Balafilcon A Lotrafilcon A Etafilcon A
Water content (%)b 38 36 24 58
Oxygen permeability
(Barrers)b

103 99 140 21

Modulus (MPa)b 0.72 1.1 1.52 0.28
Surface treatment None (internal wetting

agent, PVP)
Plasma oxidation Plasma coating None

Principal monomersc MPDMS, DMA, HEMA,
siloxane macromer,
TEGDMA, PVP

NVP, TPVC,
NVA, PBVC

DMA, TRIS,
siloxane monomer

HEMA, MAA

PVP, polyvinyl pyrrolidone; MPDMS, monofunctional polydimethylsiloxane; DMA, N,M-dimethylacrylamide; HEMA, hydroxyethyl methacrylate; MAA, methacrylic acid;

EGDMA, ethyleneglycol dimethacrylate; TEGDMA, tetraethyleneglycol dimethacrylate; TRIS, trimethyl siloxysilyl; NVP, N-vinyl pyrrolidone; TPVC, tris-(trimethyl siloxysilyl)

propylvinyl carbamate; NVA, N-vinyl amino acid; PBVC, poly(dimethysiloxy)-di(silylbutanol)-bis(vinyl carbamate).
a United States adopted name.
b Manufacturer-reported values.
c From Jones and Dumbleton21 and Teichroeb et al.22
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custom-made poly(methymethacrylate) (PMMA) lens holder
(radius of curvature 8.7 mm), and the lens front surface was
lowered onto a Supraclean microfibre cloth (Pentax, Slough,
UK) suspended over a glass beaker. The lens was briefly
held in contact with the cloth (3 s), and then this procedure
was repeated until excess surface liquid had been removed
(no dark mark left on the cloth). This typically required two
to three repetitions. This technique was adopted to achieve
even blotting across the lens surface.

The lens and PMMA mount were then immediately
placed onto the OCA-20 instrument, under the needle of
the microsyringe (Hamilton 500 lL DS 500/GT) using a
customized positioning guide which allowed dosing within
5 s of lens blotting. This approach minimized the dehydra-
tion of the lens surface during the procedure. A 3 lL drop
of deionized water was formed at the tip of the dosing nee-
dle at a rate of 2 lL/s and was then lowered until the water
and the lens surface made contact. An optical trigger
immediately captured a 20-s digital movie clip of the water
drop on the lens surface at a rate of 25 frames per second
and at a resolution of 768 3 576 pixels. The lens was then
returned to the PBS to soak for at least 10 min before the
process was repeated on six further occasions, giving a
total of seven measurement runs for each individual lens.
This procedure was undertaken for 10 lens samples per
lens type, and the order of analysis of these lenses was
randomized. This gave a total of 280 movie clips (7 mea-
surement runs 3 10 lens samples 3 4 lens types).

Captive Bubble Method

The OCA-20 instrument was also used to determine the con-
tact angles using the captive bubble method. After a 48-h
soaking, as described earlier, the back surface of the lens was
carefully placed onto a custom-made PMMA lens holder and

lowered into a PBS-filled glass chamber to rest on a sub-
merged stand. A curved needle was positioned directly below
the center of the lens from which a 3 lL air bubble was dis-
pensed. The needle was then advanced toward the lens sur-
face, and on contact, the bubble was detached from the
needle at the apex of the lens. A movie was captured as
detailed earlier after which the bubble was dislodged from
the lens surface. The procedure was then repeated on six fur-
ther occasions on the same lens with at least 5 min between
measurements. The saline within the glass chamber was
emptied and refilled prior to testing each lens. This procedure
was undertaken for 10 lens samples per lens type, and the
order of analysis of these lenses was randomized. This gave
a total of 280 movie clips (7 measurement runs 3 10 lens
samples 3 4 lens types).

Image Analysis

Each movie clip was analyzed using the SCA-20 (version
3.7.4) software supplied with the OCA-20 instrument. As
the contact lenses had a curved surface, the automated con-
tact angle analysis mode could not be used and the semiau-
tomated image analysis-drawing tool was utilized. Frame
zero was defined on which the surface droplet/detached
bubble was first formed on the lens surface. The movie
was then advanced 10 s to a time point at which the con-
tact angle had reached equilibrium. This single frame at 10
s was analyzed using the semiautomated software. The
elliptical curve-fitting tool was used to (a) define the con-
tact lens surface and (b) define the droplet/bubble surface.
Once the two surfaces were defined, the SCA-20 software
automatically calculated the contact angle on both sides of
the droplet/bubble (Figures 1 and 2). Each 10-s frame con-
tact angle image was reanalyzed after 24 h by the same in-
vestigator. This process was fully masked and randomized
by assigning a random number to each frame from 1 to
560. These frames were then analyzed in a different ran-
dom order on two separate occasions. Once all of the

Figure 1. Image analysis of a typical sessile drop frame. From
Maldonado-Codina and Morgan.23

Figure 2. Image analysis of a typical captive bubble frame. From
Maldonado-Codina and Morgan.23
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frames had been measured twice, the data were brought to-
gether and the masking was broken.

Determination of Measurement Errors

Image Analysis Coefficient of Repeatability. Following
the testing for normality of the differences between analy-
sis/reanalysis contact angles with the Kolmogorov-Smirnov
(KS) test, image analysis COR was calculated using the
method recommended by Bland and Altman.16 In brief, the
COR is 2.77 3 the average standard deviation of the sets
of two repeated measurements. This COR value estimates
the maximum difference likely to occur between 95% of
pairs of successive contact angle measurements on the
same image. COR values were calculated separately for the
sessile drop and captive bubble methods. In addition, paired
t-tests were performed to compare the first and second con-
tact angle measurements. The mean of the analysis/reanaly-
sis contact angles was plotted against the difference
between these two measurements using the approach sug-
gested by Bland and Altman16 to explore the relationship
between measurement error and measurement magnitude
and to derive the 95% limits of agreement.16

Intralens Coefficient of Repeatability. Prior to the cal-
culation of intralens and interlens COR, an analysis of
covariance model was constructed with ‘‘lens type’’ as a
between factor and ‘‘measurement sequence number’’ as
the covariant to investigate the potential for systematic
errors being introduced by repeated measurements on the
same sample.

The intralens COR was then calculated as 2.77 3 the
average standard deviation of the 10 sets of seven ‘‘within-
lens’’ repeated measurements. This COR value estimates
the maximum difference likely to occur between 95% of
successive contact angle measurements on the same lens
surface. COR values were calculated for each of the four
lens types, separately for the sessile drop and captive bub-
ble methods.

Interlens Coefficient of Repeatability. The interlens
COR was calculated as 2.77 3 the average standard devia-
tion of the seven sets of 10 ‘‘between-lens’’ repeated meas-
urements. This COR value estimates the maximum
difference likely to occur between 95% of successive con-
tact angle measurements on different lenses of the same

type. COR values were calculated for each of the four lens
types, separately for the sessile drop and captive bubble
methods.

Ninety-five percent confidence intervals were calculated
for all COR values. Measurements were deemed to be stat-
istically significantly different when there was no overlap
between the relevant 95% confidence intervals.

RESULTS

There was no significant difference between the distribu-
tion of differences in image analysis/reanalysis values and
that of a normal distribution (sessile drop: K 5 1.0, p 5
0.50; and captive bubble: K 5 1.0, p 5 0.51), justifying
the subsequent parametric statistical treatment of the data.
Table II shows the absolute contact angles and image
analysis COR values for each lens type. The overall image
analysis COR value was 2.18 for both the sessile drop and
captive bubble methods. Contact angle measurements were
not significantly different for the first and second image
analysis measurements for both the sessile drop (t 5 0.4,
p 5 0.72) and captive bubble methods (t 5 0.4, p 5
0.71). Bland-Altman plots for the image analysis/reanalysis
data are shown for both the sessile drop (Figure 3) and
captive bubble methods (Figure 4). The 95% limits of
agreement were 22.18 to 12.28 for both the sessile drop
and captive bubble methods. Both Bland-Altman plots
showed no apparent relationship between the analysis/rean-
alysis differences and the magnitude of the contact angle
measured.

Figure 3. Bland-Altman plot for image analysis/reanalysis of the
sessile drop data. Lines on the plot show the 95% limits of agree-
ment.

TABLE II. Absolute Contact Angle Values and Image Analysis COR Values

Contact Angle COR

Lens Type Sessile Drop (8) Captive Bubble (8) Sessile Drop (8) Captive Bubble (8)

Senofilcon A 80.0 (78.2, 81.8) 27.8 (27.3, 28.3) 2.0 (1.8, 2.2) 1.4 (0.9, 1.9)
Balafilcon A 86.5 (85.6, 87.4) 27.8 (27.4, 28.2) 2.2 (1.4, 3.0) 2.0 (1.3, 2.7)
Lotrafilcon A 50.2 (49.5, 50.9) 25.3 (24.9, 25.7) 1.9 (1.2, 2.6) 2.4 (1.5, 3.3)
Etafilcon A 15.3 (14.8, 15.8) 24.9 (24.3, 25.5) 2.5 (1.6, 3.4) 2.6 (1.7, 3.5)

The 95% confidence intervals appear in parentheses.
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‘‘Measurement sequence number’’ was demonstrated not
to have a significant influence on the measured contact
angle values (F 5 0.0, p 5 0.89) suggesting that sequential
measures on an individual sample were not a confounding
factor in our quantification of lens COR.

Intralens COR values for all lens type/method combina-
tions ranged between 4.08 and 10.28. Interlens COR values
for all lens type/method combinations ranged between 4.58
and 16.58. The combined data are shown in Table III and
Figure 5.

DISCUSSION

Contact angle analysis is commonly used to predict the on-
eye wettability (tear film stability) of contact lenses and in
particular, hydrogel contact lenses. Since the launch of
silicone hydrogel contact lenses in the late 1990s, wettabil-
ity has been at the forefront of clinical and material science
research in this area, and an increasing number of pub-
lications have reported the contact angles of these
lenses.17–19,24–26 However, the measurement of a contact
angle on a hydrogel surface is problematic due to the inher-
ent variabilities introduced at the sample preparation stage
and the sensitivity of the surface to changes in its local

environment. As such, understanding the magnitude of
measurement error in the assessment of hydrogel contact
angles is particularly important.

The image analysis COR values found in this work
were small (about 28) when considered as absolute meas-
ures and were not related to contact angle magnitude.
However, these measurement errors become more signifi-
cant for materials with low contact angles. For example,
the COR for sessile drop assessment of etafilcon A was
2.58 with a mean value of 15.38 (16%) when compared
with a COR of 2.28 and mean value of 86.58 (3%) for
the balafilcon A lens. In general, we consider these values
to be small and that the semiautomated image analysis
software used in this work was repeatable. In instruments
where software is fully automated, this aspect of measure-
ment error is likely to be reduced (with the added benefit
of faster analysis), and this will be the subject of a future
publication.27

Repeatability was poorer (i.e., higher COR values) for
silicone hydrogel sessile drop measures when compared
with those from captive bubble assessment. This is likely
to be due to differences in surface dehydration between
consecutive sessile drop measurements as a result of small
variations in preparation time as well as differences in the
amount of surface liquid removed during the blotting pro-
cedure. Contact angle measures on silicone hydrogel mate-
rials may be more sensitive to changes in surface
dehydration because of the increased rotational mobility of
silicon–oxygen bonds when compared with carbon–oxygen
bonds (present in conventional hydrogel materials), leading
to a less uniformly wetting surface as a result of hydropho-
bic moieties migrating to the lens/air interface. This hy-
pothesis is further supported by the similarity of (a)
repeatability values for the conventional hydrogel lens (eta-
filcon A) for the two methods and (b) all the captive bub-
ble COR data.

Our results show a greater interlens COR value when
compared with the intralens COR value for the senofilcon
A lens for sessile drop measures. This finding presumably

Figure 5. Intralens and interlens COR values. Error bars represent
the 95% confidence intervals.

Figure 4. Bland-Altman plot for image analysis/reanalysis of the
captive bubble data. Lines on the plot show the 95% limits of
agreement.

TABLE III. Intralens and Interlens COR Values

Method

Lens Type

Sessile Drop (8)
(95% Confidence

Intervals)

Captive Bubble (8)
(95% Confidence

Intervals)

Intralens Senofilcon A 10.2 (8.4, 12.1) 5.0 (4.1, 5.9)
Balafilcon A 7.9 (6.5, 9.3) 5.1 (4.2, 6.0)
Lotrafilcon A 7.2 (5.9, 8.4) 4.0 (3.3, 4.7)
Etafilcon A 5.2 (4.3, 6.1) 5.6 (4.6, 6.6)

Interlens Senofilcon A 16.5 (13.6, 19.4) 5.6 (4.6, 6.6)
Balafilcon A 7.8 (6.4, 9.2) 5.3 (4.4, 6.2)
Lotrafilcon A 9.6 (7.9, 11.2) 4.5 (3.7, 5.2)
Etafilcon A 5.4 (4.5, 6.4) 7.6 (6.3, 9.0)
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relates to the material characteristics of this lens which,
unlike the other silicone hydrogel lenses investigated, is not
surface treated. Instead, this lens material incorporates
high-molecular-weight poly(vinyl pyrrolidone) (PVP) in the
bulk polymer28,29 to mask the hydrophobic siloxane groups
from the tear film. Variation in the distribution of PVP
across a lens surface may give rise to increased COR val-
ues because a slightly different part of the lens surface may
be sampled during repeated measurements; our finding of
greater interlens COR compared with intralens COR could
represent an indirect indication of greater variation in PVP
distribution between lenses than across a single lens sur-
face, although a more direct analytical approach would be
required to confirm this. This discrepancy between interlens
and intralens COR values for the senofilcon A lens is not
evident for captive bubble measurements for the same lens
material which supports the hypothesis that surface dehy-
dration occurring during sessile drop measures increases
the presentation of hydrophobic moieties at the contact lens
surface.

In contrast, the other two silicone hydrogel lenses used
in this work undergo surface treatment to improve their
clinical wettability characteristics. The lotrafilcon A lens
undergoes a plasma surface treatment resulting in a homog-
enous, dense, 25-nm thick coating. The coating possesses
low molecular mobility which in turn has the effect of min-
imizing the migration of hydrophobic silicone groups to-
ward the surface.13,14 The balafilcon A lens has an
incomplete plasma oxidation surface treatment, resulting in
hydrophilic silicone ‘‘islands’’ surrounded by the hydropho-
bic silicone-based bulk material.10 Such surface treatments
appear to give rise to more repeatable sessile drop values
for these lenses when compared with the nonsurface-treated
senofilcon A lens, inferring a reduced susceptibility to sur-
face dehydration during in vitro contact angle assessment.

We note that the measurement errors reported here are
relatively small in comparison with the differences in
absolute contact angle values found between the various
published studies in this area. Although the ranking of
the contact angles values found in this work is in agree-
ment with previous reports, which have adopted similar
experimental methodology,18,23,25 there are clear discrep-
ancies in the absolute values obtained. These differences
are likely to be due to some or all of the following:

1. Different instruments and software (e.g., Dataphysics
OCA 20 instrument23 versus a custom-made instru-
ment25).

2. Variations in sample preparation (e.g., blotting the lens
on a flat surface using lens paper18versus blotting using
a microfiber cloth on a curved surface as described in
this investigation).

3. Changes to material formulations and blister packaging
solutions over time (e.g., recent enhancements to balafil-
con A and lotrafilcon A lenses30).

4. Interinvestigator variability.

CONCLUSIONS

This work has presented a detailed description of the mea-
surement errors that occur during the measurement of con-
tact angles on curved hydrogel contact lens surfaces while
using the sessile drop and captive bubble methods. These
measurement errors are influenced by (a) the subjective ele-
ments introduced by using semiautomated software, (b)
methodology-dependant variables, and (c) surface-related
material variables. Measurement error associated with
image analysis was shown to be small as an absolute mea-
sure, although more significant for lenses with low contact
angle. Overall, the captive bubble method was subject to
smaller measurement errors than the sessile drop method,
which is thought to be due to the sensitivity of the lens
surfaces to dehydration. All such measurement errors
should be taken into account when considering any pub-
lished contact angle data for hydrogel contact lenses.
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ABSTRACT: Contact angle measurements are used to infer the clinical
wetting characteristics of contact lenses. Such characterization has become
more commonplace since the introduction of silicone hydrogel contact lens
materials, which have been associated with reduced in vivo wetting due to the
inclusion of siloxane-containing components. Using consistent methodology and
a single investigator, advancing and receding contact angles were measured for
11 commercially available silicone hydrogel contact lens types with a dynamic
captive bubble technique employing customized, fully automated image analysis.
Advancing contact angles were found to range between 208 and 728 with the
lenses falling into six statistically discrete groupings. Receding contact angles
fell within a narrower range, between 178 and 228, with the lenses segregated
into three groups. The relationship between these laboratory measurements and
the clinical performance of the lenses requires further investigation.

KEY WORDS: contact angle, contact lens, silicone hydrogel, wettability,
hysteresis.

INTRODUCTION

Wettability can be defined as the tendency for a liquid to spread
over a solid surface [1–3] and is particularly relevant to contact

lenses because the lens surface needs to support a stable ocular tear film
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layer and failure to achieve this is likely to adversely affect visual
performance, increase lens surface deposition [4], and reduce comfort
[5]. This consideration applies to all forms of contact lenses, but in
particular to siloxane-containing soft contact lens materials, termed
‘silicone hydrogels’. In recent years, these lenses have seen a significant
increase in the worldwide market share [6] because of their enhanced
ability to deliver oxygen to the ocular surface, which in turn has resolved
a number of clinical complications seen with non-siloxane-containing
hydrogels [7–9]. A potential negative consequence of the inclusion of
silicon into contact lenses is the inherent hydrophobicity this imparts to
the material [10] which can result in poor in vivo wettability [8,11]. In
an attempt to alleviate clinical problems related to this hydrophobicity,
contact lens manufacturers have used a range of fabrication techniques,
including plasma surface treatments [12,13] and the inclusion of
hydrophilic monomers [14–16] to the bulk material, which serve to
mask surface hydrophobicity and improve ocular biocompatibility
[10,12,13,17].

Contact angle analysis has become a widely accepted method with
which to infer thewetting characteristics of contact lenses [18–21]. In this
context, it involves measuring the angle between a liquid and the lens
surface at the three-phase boundary where a liquid, gas, and solid
intersect. Contact angles can be described as ‘dynamic’ or ‘static’
dependent on whether or not the three-phase boundary is in motion.
Dynamic assessment can be further subdivided into ‘advancing’
measures where, in the case of the analysis of contact lenses, a probe
liquid moves across an air-exposed lens surface, or ‘receding’ in which the
probe liquid moves across a liquid-exposed lens surface. The difference in
magnitude between the advancing and receding angles is termed
‘hysteresis’. Hydrogels typically demonstrate large levels of hysteresis,
which can be explained by rapid mobility of the macromolecules at the
lens surface resulting in reorientation of hydrophilic and hydrophobic
functional groups [22].

Contact angle measurement techniques, which have been used for the
assessment of contact lenses include ‘sessile drop’ [19,23] (where a liquid
drop is placed onto the lens surface), ‘captive bubble’ [18,24] (where an air
bubble is placed in contact with a lens immersed in a liquid), and
‘Wilhelmy plate’ [20] (where a lens sample is immersed and withdrawn
from a liquid). Although the majority of published studies have
investigated contact lenses using static sessile drop or captive bubble
techniques, a potentially more clinically meaningful approach is to obtain
advancing and receding contact angles by means of a dynamic contact
angle technique. In the eye, the tear film spreads over a contact lens

2 M. L. READ ET AL.
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surface via the mechanical opening and closing of the eyelids. As the
eyelids close, they push or ‘advance’ the tear film over the contact lens.
Some authors have postulated that the advancing contact angle is
important in modeling the initial spreading of the prelens tear film over a
dry or partially dry lens surface [18]. This prelens tear film layer
(approximately 3mm thick [25]) will then tend to break to form dry spots
over the lens surface, which in turn stimulates another blink to take
place. The receding angle is thought to be an important measure of the
likelihood of the prelens tear film to break (‘recede’) and may be an
indicator of prelens tear film stability. Although the Wilhelmy plate
method measures both advancing and receding angles [26], the sample
preparation is complex [20,27], which can impact significantly on the
results obtained. The sessile drop method has been widely adopted for
hydrogel lens contact angle analysis but is not ideal for this application
since the lens surface needs to be blotted in order to allow a contact angle
to form [24] (which inherently alters the surface under investigation),
and additionally, the lens surface will undergo significant dehydration
during the procedure since the lens is being measured in air. The captive
bubble technique, on the other hand, is widely considered the best suited
to the investigation of hydrogels since thematerial is immersed in a liquid
throughout the process and therefore does not undergo dehydration.
A potential disadvantage of any dynamic technique is that the analysis of
contact angles over many seconds of examination can be very time
consuming. Fully automating the analysis of captured digital movies has
allowed us to obtain data very quickly and has streamlined our
methodology into an accurate and rapid technique for obtaining dynamic
contact angle data on curved contact lens surfaces [28,29].

Contact angles are often quoted by manufacturers in their marketing
literature, but it is impossible to compare these angles since they will vary
widely depending on (1) which method has been used to obtain the angle,
(2) which probe liquid has been used, and (3) whether static or dynamic
contact angles have been investigated. The aim of this work was therefore
to provide independent measures for advancing and receding contact
angles using standardized methodology for the most widely prescribed
silicone hydrogel contact lenses currently on the market.

MATERIALS AND METHODS

Lenses

Eleven commercially available silicone hydrogel contact lenses were
used in this investigation. Details of these lenses including public domain
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 at The John Rylands University Library, The University of Manchester on October 31, 2010jba.sagepub.comDownloaded from 

381



Ta
b
le

1.
S
tu
d
y
co

nt
ac

t
le
ns

es
.

Le
n
s
ty
p
ea

B
ra
n
d
n
am

e
M
an

u
fa
ct
u
re
r

P
rin

ci
p
al

m
o
n
o
m
er
s

O
xy
g
en

p
er
m
ea

b
ili
ty

(B
ar
re
rs
)b

W
at
er

co
n
te
n
t

(%
)

M
o
d
u
lu
s

(M
P
a)

b
S
u
rf
ac

e
tr
ea

tm
en

t

A
sm

o
fil
co

n
A

P
re
m
iO

M
en

ic
o
n

S
ili
co

ne
m
et
ha

cr
yl
at
es

,
si
lic
o
ne

ac
ry
la
te
s,

D
M
A
,
p
yr
ro
lid
o
ne

d
er
iv
at
iv
e

12
9

40
0.
91

P
la
sm

a
co

at
in
g
an

d
p
la
sm

a
o
xi
d
at
io
n

B
al
af
ilc
o
n
A

P
ur
ev
is
io
n

B
au

sc
h
&
Lo

m
b

N
V
P
,
TP

V
C
,
N
V
A
,
P
B
V
C

91
33

1.
06

P
la
sm

a
o
xi
d
at
io
n

C
la
rit
ic

C
la
rit
i

S
au

flo
n

A
lk
yl

m
et
ha

cr
yl
at
es

,
si
lic
o
ne

ac
ry
-

la
te
s,

si
lo
xa
ne

m
o
no

m
er
s,

N
V
P

60
58

0.
50

N
o
ne

(in
he

re
nt
ly
w
et
ta
b
le
)

C
o
m
fil
co

n
A

B
io
fin

ity
C
o
o
p
er
V
is
io
n

M
3U

,
F
M
M
,
TA

IC
,
IB
M
,

N
M
N
V
A
N
V
P
,
H
O
B

12
8

48
0.
75

N
o
ne

(in
he

re
nt
ly
w
et
ta
b
le
)

E
nf
ilc
o
n
A

A
va
ira

C
o
o
p
er
V
is
io
n

M
3U

,
TE

G
M
A
,
M
M
A
N
M
N
V
A
,
A
O
E

10
0

46
0.
50

N
o
ne

(in
he

re
nt
ly
w
et
ta
b
le
)

G
al
yf
ilc
o
n
A

A
cu

vu
e

A
d
va
nc

e
Jo

hn
so

n
&

Jo
hn

so
n

m
P
D
M
S
,
D
M
A
,
H
E
M
A
,

S
iG
M
A
E
G
D
M
A
,
P
V
P

60
47

0.
43

N
o
ne

(in
te
rn
al

w
et
tin

g
ag

en
t,
P
V
P
)

Lo
tr
af
ilc
o
n
A

A
ir
O
p
tix

N
ig
ht

&
D
ay

C
IB
A
V
is
io
n

D
M
A
,
TR

IS
,
flu

o
rin

e-
co

nt
ai
ni
ng

si
lo
xa
ne

m
ac

ro
m
er

14
0

24
1.
50

P
la
sm

a
co

at
in
g

Lo
tr
af
ilc
o
n
B

A
ir
O
p
tix

C
IB
A
V
is
io
n

D
M
A
,
TR

IS
,
flu

o
rin

e-
co

nt
ai
ni
ng

si
lo
xa
ne

m
ac

ro
m
er

11
0

33
1.
22

P
la
sm

a
co

at
in
g

N
ar
af
ilc
o
n
A

1-
D
ay

A
cu

vu
e

Tr
uE

ye
Jo

hn
so

n
&

Jo
hn

so
n

H
yd

ro
xy
-f
un

ct
io
na

liz
ed

m
P
D
M
S
,

D
M
A
,
H
E
M
A
,
TE

G
D
M
A
,
P
V
P

10
1

46
0.
66

N
o
ne

(in
te
rn
al

w
et
tin

g
ag

en
t,
P
V
P
)

S
en

o
fil
co

n
A

A
cu

vu
e

O
as

ys
Jo

hn
so

n
&

Jo
hn

so
n

m
P
D
M
S
,
D
M
A
,
H
E
M
A
,
S
iG
M
A
,

TE
G
D
M
A
,
P
V
P

10
3

38
0.
72

N
o
ne

(in
te
rn
al

w
et
tin

g
ag

en
t,
P
V
P
)

S
ilf
ilc
o
n
A

A
ir
O
p
tix

In
d
iv
id
ua

l
C
IB
A
V
is
io
n

D
M
A
,
TR

IS
,
flu

o
rin

e-
co

nt
ai
ni
ng

si
lo
xa
ne

m
ac

ro
m
er
,
st
yr
en

e
82

32
1.
10

P
la
sm

a
co

at
in
g

a
U
ni
te
d
S
ta
te
s
A
d
o
p
te
d
N
am

e
(U

S
A
N
).

b
M
an

uf
ac

tu
re
r-
re
p
o
rt
ed

va
lu
es

.
c
Th

is
le
ns

cu
rr
en

tly
ha

s
no

U
S
A
N

na
m
e.

Th
e
b
ra
nd

na
m
e
is

us
ed

th
ro
ug

ho
ut

th
is

w
o
rk
.

P
V
P
:
p
o
ly
(v
in
yl

p
yr
ro
lid
o
ne

);
m
P
D
M
S
:
m
o
no

fu
nc

tio
na

l
m
et
ha

cr
yl
o
xy
p
ro
p
yl

te
rm

in
at
ed

p
o
ly
d
im

et
hy

ls
ilo
xa
ne

;
D
M
A
:
N
,N
d
im

et
hy

la
cr
yl
am

id
e;

H
E
M
A
:
hy

d
ro
xy
et
hy

l
m
et
ha

cr
yl
at
e;

E
G
D
M
A
:
et
hy

le
ne

g
ly
co

ld
im

et
ha

cr
yl
at
e;

TE
G
D
M
A
:
te
tr
ae

th
yl
en

eg
ly
co

ld
im

et
ha

cr
yl
at
e;

TR
IS
:
m
et
ha

cr
yl
o
xy
p
ro
p
yl
tr
is
(t
rim

et
hy

ls
ilo
xy
)s
ily
an

e;
N
V
P
:
N
-v
in
yl

p
yr
ro
lid
o
ne

;
TP

V
C
:
tr
is
-(
tr
im

et
hy

ls
ilo
xy
si
ly
l)
p
ro
p
yl
vi
ny

lc
ar
b
am

at
e;

N
V
A
:
N
-v
in
yl
am

in
o
ac

id
;
P
B
V
C
:
p
o
ly
(d
im

et
hy

si
lo
xy
)
d
i(
si
ly
lb
ut
an

o
l)
b
is
(v
in
yl
ca

rb
am

at
e)
;
M
3U

:
ao

-
b
is
(m

et
ha

cr
yl
o
yl
o
xy
et
hy

l
im

in
o
ca

rb
o
xy

et
hy

lo
xy
p
ro
p
yl
)-
p
o
ly
(d
im

et
hy

ls
ilo
xa
ne

)-
p
o
ly
(t
rif
lu
o
ro
p
ro
p
yl
m
et
hy

ls
ilo
xa
ne

)-
p
o
ly
(m

et
ho

xy
-p
o
ly
(e
th
yl
en

eg
ly
co

l)p
ro
p
yl
m
et
hy

l-s
ilo
x-

an
e;

F
M
M
:
a-
m
et
ha

cr
yl
o
yl
o
xy
et
hy

l
im

in
o
ca

rb
o
xy
et
hy

lo
xy
p
ro
p
yl
-p
o
ly
(d
im

et
hy

ls
ilo
xy
)-
b
ut
yl
d
im

et
hy

ls
ila
ne

;
TA

IC
:
1,
3,
5-
tr
ia
lly
l-1

,3
,5
-t
ria

zi
ne

-2
,4
,6
(1
H
,3
H
,5
H
)-
tr
io
ne

;
IB
M
:

is
o
b
o
rn
yl

m
et
ha

cr
yl
at
e;

H
O
B
:
2-
hy

d
ro
xy
b
ut
yl

m
et
ha

cr
yl
at
e;

N
M
N
V
A
:
N
-m

et
hy

l-N
-v
in
yl

ac
et
am

id
e;

M
M
A
:
m
et
hy

l
m
et
ha

cr
yl
at
e;

A
O
E
:
2-
al
ly
lo
xy
et
ha

no
l;

S
iG
M
A
:
2-

p
ro
p
en

o
ic

ac
id
,
2-
m
et
hy

l,
2-
hy

d
ro
xy
-3
-(
3-
(1
,3
,3
,3
-t
et
ra
m
et
hy

l-1
-(
tr
im

et
hy

ls
ily
l)o

xy
)d
is
ilo
xa
ny

l)p
ro
p
o
xy
p
ro
p
yl

es
te
r.

4 M. L. READ ET AL.

 at The John Rylands University Library, The University of Manchester on October 31, 2010jba.sagepub.comDownloaded from 
382



information on their chemical composition are provided in Table 1.
The back vertex power of all lenses was !3.00DS. All contact lenses were
sourced from individual manufacturing batches via normal commercial
channels and supplied in their standard blister packaging. All lenses were
coded by a second investigator in order that the primary investigator
(who conducted all measurements throughout the study) remained
masked to the lenses being evaluated.

Surface Tension Measurement

The surface tension of the blister contact lens packaging solutions was
measured in order to determine the presence of any surface active
agents since such components will have a significant effect on the
magnitude of any contact angle measured [24]. Surface active agents are
often added to contact lens blisters in order to prevent the lenses
adhering to the blister material (particularly at high temperatures, e.g.,
during sterilization) and in an apparent attempt to aid initial wearer
comfort of the lenses [20]. Surface tension measurement was performed
using the pendant drop technique with an OCA-20 (DataPhysics
Instruments, Filderstadt, Germany) contact angle analyzer, which
comprises a conventional goniometer with automated drop delivery
and digital image capture. The pendant drop method has previously
been well documented [30]; in brief, we derived surface tension by fitting
the Young-Laplace equation to the digitized outline of the largest
possible liquid drop suspended from a 2.41mm outer diameter blunt-
ended steel needle.

Prior to contact angle measurement, all lenses underwent a 48h
saline soak in 0.9% phosphate buffered saline (PBS) solution (Sigma-
Aldrich, Germany), which was changed every 12 h in an attempt to
remove any surface active agents adsorbed onto the lens surfaces or
absorbed into the lens polymer bulk. The effectiveness of this strategy
was tested by comparing the surface tension of the final (fourth)
postsoak PBS to that of freshly prepared PBS.

Dynamic Contact Angle Analysis

Contact angles were measured at room temperature (25.08C" 18C)
and humidity (35%" 5%) with the OCA-20 contact angle analyzer using
a dynamic captive bubble method.

Following the soaking procedure described above, the lens was
carefully suspended circumferentially in a custom-made lens holder so
that the anterior lens surface faced downward directly into a PBS-filled,
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optically clear chamber. An air bubble was dispensed from a curved
1.65mm outer diameter blunt-ended steel needle positioned 2mm
directly below the lens apex. The size of the bubble was slowly increased
by 0.1 mL s!1 using the OCA-20 automated bubble delivery function until
contact was made with the lens surface. Assessment of the receding and
advancing contact angles was achieved by first enlarging the air bubble at
a rate of 0.12 mLs!1 until it increased in volume by 3 mL and then
shrinking its volume until the bubble detached from the lens surface
(Figure 1). This entire process was captured as a digital movie. The
procedure was then repeated on four further occasions on the same lens
with at least 5min between measurements. The saline within the glass
chamberwas emptied and refilled prior to testing each different lens. This
procedurewas undertaken for 10 lens samples per lens type, and the order
of analysis of these lenses was randomized. This gave a total of 550 movie
clips (5 measurement runs "10 lens samples "11 lens types).

Image Analysis

Receding and advancing contact angles were derived for each movie.
This was achieved by applying a customized, fully automated image
analysis routine (MATLAB, The MathWorks, Natick, MA) to each side of
the bubble for all frames in the captured movie clip. This routine
employed a tracing technique used to identify the boundary of the contact
lens and bubble surfaces around the three-phase interface (Figure 2).
The three-phase interface point on each side of the bubble was identified

Receding contact angle

0 s

40 s 60 s 70 s 74 s 76 s

5 s 10 s
Advancing contact angle

20 s 30 s

Figure 1. Image sequence for the expansion and contraction of the air bubble
demonstrating the advancing and receding phases.
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from which contact angle (using the intersection of the two linear appro-
ximations of the local contact lens and bubble surfaces) and contact
diameter (the distance between the two three-phase interfaces) were
calculated. The mean of the two contact angles for each frame and the
contact diameter were plotted versus frame number in order to identify
the advancing and receding contact angle phases (Figure 3). We defined
the receding contact angle as the mean angle in five frames at the
midpoint of the receding phase and the advancing contact angle as the
mean angle in the first five frames of the advancing phase.

Data Analysis

Given the normal distribution of the data sets (advancing and receding
contact angles, and hysteresis data for each of the 11 lens types,
Kolmogorov-Smirnov test, all p40.14), a linear regression model was
constructed to investigate the overall study findings. Specifically, the

Contact lens surface

(346.8,75.9) (427.9,76.1)

17.610° 17.297°

Saline

Air bubble

Curved syringe needle

Figure 2. Image analysis of a typical captive bubble frame. The magnitude of the
calculated contact angles are shown (in degrees) to the left and right of the bubble.
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factors of interest were lens type, contact angle type (advancing or
receding), measurement run (as a covariant), and lens sample (as a
random effect) with contact angle magnitude as the dependent variable.
This was then followed by separate linear regression models for
advancing contact angle, receding contact angle, and magnitude of
hysteresis as the dependent variable in order to investigate differences
between lens types.

RESULTS

Surface Tension Measurement

The surface tension measurements of the lens blister packaging
solutions and the postsoak PBS are shown in Table 2. The postsoak
surface tension of the PBS was within 0.2 dynes/cm (0.0002N/m) of the
presoak saline in all cases confirming that any surface active agents
were removed by the soaking process.

Dynamic Contact Angle Analysis

Advancing and receding contact angles for the lenses are shown in
Table 3 and Figure 4. The hysteresis values of the lenses are also shown
in Table 3. The results of the overall linear regression model showed a
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significant interaction for lens type! contact angle type (F¼ 678.7,
p50.0001). Measurement run was not significant (F¼ 1.1, p¼ 0.29).

Given the significant interaction term above, separate analyses for
advancing and receding contact angles and hysteresis were undertaken.
Lens types were significantly different for advancing angles (F¼ 964.5,
p50.0001). Post hoc analysis using the Tukey HSD test divided the
lenses into the following six groups within which statistically similar
advancing contact angles were measured (in descending order of
contact angle magnitude): (1) balafilcon A/asmofilcon A, (2) enfilcon A,

Table 2. Surface tension of the blister
packaging solutions.

Surface tension (dynes/cm)

Lens type Blister packaging solution Postsoak PBS

Asmofilcon A 67.5 (0.4) 72.7 (0.2)
Balafilcon A 72.0 (0.1) 72.7 (0.1)
Clariti 54.4 (0.6) 72.6 (0.1)
Comfilcon A 68.5 (0.1) 72.6 (0.2)
Enfilcon A 65.1 (1.2) 72.6 (0.2)
Galyfilcon A 51.3 (0.7) 72.6 (0.1)
Lotrafilcon A 71.8 (0.1) 72.5 (0.2)
Lotrafilcon B 72.2 (0.1) 72.6 (0.1)
Narafilcon A 52.6 (0.6) 72.7 (0.2)
Senofilcon A 52.1 (0.8) 72.5 (0.2)
Silfilcon A 72.5 (0.1) 72.6 (0.4)

The 95% confidence intervals appear in parentheses.

Table 3. Advancing and receding contact angles.

Lens type
Advancing

contact angle (deg)
Receding contact

angle (deg)
Hysteresis

(deg)

Asmofilcon A 71.2 (1.5) 19.6 (0.7) 51.6 (1.4)
Balafilcon A 71.5 (1.1) 18.3 (0.6) 53.3 (1.3)
Clariti 42.2 (0.9) 17.5 (0.4) 24.7 (1.1)
Comfilcon A 29.6 (1.2) 18.6 (0.5) 11.1 (1.3)
Enfilcon A 68.3 (1.5) 19.7 (0.7) 48.7 (1.7)
Galyfilcon A 37.5 (1.9) 21.8 (1.1) 15.8 (1.4)
Lotrafilcon A 19.9 (0.9) 17.1 (0.5) 2.8 (0.7)
Lotrafilcon B 41.3 (1.0) 19.6 (0.9) 21.7 (1.3)
Narafilcon A 37.0 (0.7) 22.1 (1.0) 14.9 (0.7)
Senofilcon A 35.4 (0.5) 22.1 (0.6) 13.3 (0.6)
Silfilcon A 30.5 (1.4) 18.6 (0.7) 12.0 (1.5)

The 95% confidence intervals appear in parentheses.
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(3) Clariti/lotrafilcon B, (4) galyfilcon A/narafilcon A/senofilcon A,
(5) silfilcon A/comfilcon A, and (6) lotrafilcon A.

Differences were also demonstrated between the lens types for
receding angle (F¼ 23.8, p50.0001). Post hoc analysis demonstrated
larger angles for three lenses (senofilcon A, narafilcon A, and galyfilcon
A) compared with the other lens types. The remaining eight brands were
statistically divided into two groups with some overlap between them.
One group included enfilcon A, lotrafilcon B, asmofilcon A, silfilcon A,
comfilcon A, and balafilcon A; the other group comprised silfilcon A,
comfilcon A, balafilcon A, Clariti, and lotrafilcon A.

Hysteresis was also different for the various lens brands (F¼ 868.7,
p50.0001). In general, each lens type was different to all the others with
the exception of galyfilcon A, narafilcon A, and senofilcon A, which were
grouped together and senofilcon A, silfilcon A, and comfilcon A, which
were also statistically similar.

DISCUSSION

This work has provided data for advancing and receding contact
angles for a wide range of silicone hydrogel lenses obtained using
consistent methodology and a single investigator.

A review of the literature shows that there are relatively few published
reports detailing the contact angles of unworn, silicone hydrogel lenses.
Only one report has documented a dynamic captive bubble methodology
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Figure 4. Advancing and receding contact angles for all the silicone hydrogel lenses
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similar to that used in our current investigation [18]. This work by Cheng
and coworkers noted that the balafilcon A lens demonstrated a receding
contact angle of 248 and an advancing contact angle of 808 when saline
was used as the probe liquid. These values are reasonably similar to those
found in the present investigation (188 and 728). Their data for the
lotrafilcon A lens (218 and 608) were markedly different to our own
findings (178 and 208). We have previously documented the reasons why
different investigations of contact angles may produce discrepant results
[29]. When comparing our data with those of Cheng and coworkers, the
differences obtained may be due to the following:

(a) Different instruments: We used the OCA 20 instrument, whereas
Cheng and coworkers used a customized setup based around the
Kruss DSA-10 instrument with semiautomated angle analysis
software.

(b) Differences in sample preparation: Cheng and coworkers stretched
their lens samples over a Teflon holder in order to present a flat
surface for analysis. In comparison, we assessed the lenses without
deformation and without a holder applied to the lens back surface.

(c) Differences to lens material formulations and packaging solutions:
Both the balafilcon A and the lotrafilcon A lenses have undergone
refinements since Cheng and coworkers carried out their work [31].

(d) Different investigators: Subtle differences in measurement techni-
que may introduce variability in the data obtained.

These differences serve to highlight the difficulties of inter-laboratory
comparison of data in this area.

Our data have shown key differences between advancing contact
angles for the different lenses investigated. Advancing contact angles
ranged from 208 to 728, and for some of the lenses, it is possible to relate
the magnitude of these angles to the surface chemical properties of the
lenses. For example, the two lenses that undergo a surface oxidation
process (balafilcon A and asmofilcon A) have the largest advancing
contact angles. It has been well documented that such a surface
treatment can result in glassy islands of hydrophilic silicate material
surrounded by areas of hydrophobic bulk [17,32]. Within these
hydrophobic areas, when the lens surface is exposed to air, the siloxane
groups within the polymer are able to migrate, unimpeded, to the
surface in order to minimize the surface energy, which in turn increases
the measured advancing contact angle. We note a large advancing
contact angle for the enfilcon A lens despite the lens not undergoing any
kind of surface modification following cast moulding, while the
comfilcon A lens that is fabricated by the same manufacturer
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(CooperVision Inc) has a much smaller advancing contact angle, which
may be due to its somewhat different chemical formulation (Table 1).

The Clariti and lotrafilcon B lenses had similar advancing contact
angles despite different compositions and surface treatments (Table 1).
Surprisingly, the lotrafilcon A, lotrafilcon B, and silfilcon A lenses
(manufactured by CIBA Vision) all had advancing contact angles which
were significantly different to each other despite the lenses being based
on similar polymer chemistry and undergoing an apparently similar
surface plasma coating process. We speculate that these discrepan-
cies may be due to the following: (a) differences in plasma coating,
(b) variation in the bulk chemical composition (such as the addition
of styrene in silfilcon A, or differing ratios of siloxane monomer present
in lotrafilcon A and lotrafilcon B materials), which may influence the
surface characteristics of the lenses despite the presence of a coating, or
(c) a combination of (a) and (b).

The three lenses manufactured by Johnson & Johnson (galyfilcon A,
senofilcon A, and narafilcon A) demonstrated comparable advancing
contact angles despite apparent differences in formulation. The
information available in the public domain (Table 1) suggests that the
chemical compositions of the galyfilcon A and the senofilcon A materials
are similar (Table 1), and considering the differences in the water
content of the materials, it is reasonable to assume that the ratios of the
components differ between them, with more poly(vinyl pyrrolidone)
being incorporated into the senofilcon A material [16]. The narafilcon A
material contains the same hydrophilic monomers used in the senofilcon
A and galyfilcon A formulations, but it contains only one rather than two
silicone-containing monomers. This silicone monomer is of a lower
molecular weight than that used in the galyfilcon A and senofilcon A
materials [33].

In addition to composition-based differences and variations in surface
treatment of lenses described above, there are other processing related
factors, which could affect the resultant contact angles; these include
polymerization conditions, solvents used to cast the lenses, and
hydration/extraction methods. However, there is almost no information
about these factors available in the public domain.

The receding contact angles for all the lenses investigated were
restricted to a narrower range (178–228) than that of the advancing
angles (208–728). All three of the Johnson & Johnson lenses demon-
strated larger receding contact angles than the other lenses studied.
The hysteresis of the lenses followed a similar pattern to that of the
advancing angles given that the receding angles of all of the lenses were
numerically similar.
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CONCLUSIONS

Our results suggest that the magnitude of hysteresis and the
advancing contact angle appear not to be indicative of the clinical
performance of a contact lens since all of the lenses investigated in this
work are currently on the market, and those with either large [34,35] or
small [8,36] hysteresis have been demonstrated to have clinically
acceptable levels of wettability. Differences between clinical and
laboratory observations may be explained by the rapid deposition of
tear film components over the lens, which in turn reduces the disparity
between the various surfaces. Further investigation is required to
determine more fully the relationship between laboratory measure-
ments of contact angle and the clinical wetting behavior of these
hydrogel contact lenses.
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Appendix F

Comparison of lens parameters for

the air-cured and nitrogen-cured

study lenses

F.1 Aim

To investigate whether the the air-cured and nitrogen-cured study lenses differed in total

diameter, base curve or centre thickness.

F.2 Method

Five air-cured and five nitrogen-cured study contact lenses were removed from their blister

packaging and soaked for 24 hours in 0.9% PBS. The lens diameter and base curve were

then assessed using an Optimec JCF (Optimec Ltd, UK) and the centre thickness measured

using a Rehder ET-3 (Rehder Development Company, CA) following ISO 18369-3:2006

standards. The lenses were measured three times for each parameter. A linear regression

model was constructed to compare the lens parameters for the two study lens types.

F.3 Results

Table F.1 shows the mean lens diameter, base curve and centre thickness values for the

nitrogen-cured and air-cured lenses. No significant differences were observed between the

air-cured and nitrogen-cured study lenses for any of the lens parameters assessed.
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F.4 Conclusion

Table F.1: Mean parameters for the air-cured and nitrogen-cured study lenses (standard

deviation in parenthesis).

Nitrogen-cured Air-cured lens Significant difference?

Centre Thickness (microns) 75.07 (1.0) 75.33 (1.0) No p=0.58, F=0.45

BOZR (mm) 8.34 (0.04) 8.35 (0.04) No p=0.45, F=0.58

Lens Diameter (mm) 14.18 (0.04) 14.19 (0.03) No p=0.64, F=0.23

F.4 Conclusion

The findings of this study clearly indicate that the physical parameters of the two study

lens types do not differ significantly. This finding is perhaps expected given that the

study lenses are manufactured from the same polymer and mould design. Differences in

clinical performance between the two lens types are therefore unlikely to be attributed to

differences in lens design.
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González-Méijome, J.M., López-Alemany, A., Almeida, J.B. & Parafita, M.A.

(2009). Surface afm microscopy of unworn and worn samples of silicone hydrogel contact

lenses. J Biomed Mater Res B Appl Biomater , 88, 75–82. 122, 220, 299, 343, 344

Good, R. (1992). Contact-angle, wetting, and adhesion - a critical review. Journal of

Adhesion Science and Technology , 6, 1269–1302. 86

Green-Church, K.B. & Nichols, J.J. (2008). Mass spectrometry-based proteomic

analyses of contact lens deposition. Mol Vis, 14, 291–7. 231, 343

Griesser, H.J., Meijs, G. & Mcausian, B. (1990). Xps analysis of acid etched poly

(2-hydroxyethyl methacrylate) surfaces. Journal of Bioactive and Compatible Polymers,

5, 179–193. 221, 339

Grobe, G.I. & Kunzler, J. (1999). Silicone hydrogels for contact lens applications.

Polymeric Materials Science and Engineering , 108–109. 51

406



REFERENCES

Grobe, G.I., Valiant, P. & Ammon, D. (1996). Surface chemical structure for soft

contact lenses as a function of polymer processing. Journal of Biomedical Materials

Research, 32, 45–54. 20, 41, 95, 111, 122, 142, 221, 299, 300

Guillon, J.P., Guillon, M. & Malgouyres, S. (1990). Corneal desiccation staining

with hydrogel lenses: tear film and contact lens factors. Ophthalmic Physiol Opt , 10,

343–50. 145

Guillon, M. (1994). Contact Lens Pracice. Chapman Hall, London. 44, 68, 71

Guillon, M. & Maissa, C. (2007). Use of silicone hydrogel material for daily wear. Cont

Lens Anterior Eye, 30, 5–10, 1367-0484 (Print) Journal Article. 73, 74, 75, 124, 142,

328

Guillon, M., Allary, J.C., Guillon, J.P. & Orsborn, G. (1992). Clinical manage-

ment of regular replacement: Part i. selection of replacement frequency. International

Contact Lens Clinic, 19, 104. 71, 75

Guillon, M., Styles, E., Guillon, J.P. & Maissa, C. (1997). Preocular tear film

characteristics of nonwearers and soft contact lens wearers. Optometry & Vision Science,

74. 173

Guillon, M., Maissa, C., Garofalo, R.J., Lemp, J.M. & Deng, L. (2009). Deter-

mination of lipid deposition on contact lenses worn extended wear. Optometry - Journal

of the American Optometric Association, 80, 291 – 291. 145
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