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ABSTRACT  

A corneal erosion is created by a full thickness loss of corneal epithelium. They are 

painful, increase the risk of infection, and can lead to discontinuation of contact lens 

wear. Understanding their aetiology would assist in managing this important adverse 

event. 

In non-contact lens wearers, a collagen degrading enzyme known as matrix 

metalloproteinase-9 (MMP-9) has been found to be upregulated in the corneas of 

those prone to erosions. MMP-9 is thought to weaken corneal adhesion complexes, 

contributing to the cascade of events leading to erosions. This thesis investigates the 

effect of contact lens wear on MMP-9 and its regulators in the tear film.  

In this study, a flush tear collection technique was first validated against basal and 

reflex tear collection. This permitted rapid and repeatable retrieval of the major 

proteins in the same proportions as occurs in basal tears.  

Tears were collected from healthy, non-contact lens wearers to establish the diurnal 

variation of MMP-9 and its regulators. Eye-closure resulted in a 200-fold increased 

expression of MMP-9 compared to only a 3- and 5-fold increase in its regulators 

TIMP-1 and NGAL, respectively. After the first night of extended contact lens wear, 

MMP-9 increased significantly compared to baseline and daily wear, with no change in 

its regulators. This increase in MMP-9 returned to baseline after one month.  

Differential gel electrophoresis was used to gauge the effect of extended wear on the 

tear proteome. Changes were identified in serum albumin, immunoglobulin A and 

zinc α2-glycoprotein, while other major proteins were largely unaffected.  

The tears of three contact lens wearers who developed erosions were compared to 

normals. A greater MMP-9:TIMP-1 ratio was found upon awakening, both at baseline 

and after the first night of contact lens wear compared to normals. Elevated NGAL at 

baseline that further increased after the first night of extended wear was also found in 

one participant. The tear proteome profile also changed significantly after the first 

night of extended wear in one participant.  

These studies demonstrated increased expression of MMP-9 in response to extended 

contact lens wear. This increase may predispose the cornea to adverse events during 

the early stages of extended wear.  
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CHAPTER 1 LITERATURE REVIEW 

1.1 INTRODUCTION 

Contact lenses are worn by an estimated 140 million people worldwide1 and are a 

valuable alternative to spectacle wear and refractive surgery. Their uses range from 

refractive error correction and myopia control2 to therapeutic applications.3 Safe 

contact lens wear is therefore of paramount importance. 

Despite the advent of new, high oxygen permeability, silicone hydrogel materials, 

contact lenses continue to cause adverse events which range in severity from 

asymptomatic micro-infiltrates,4 to the fortunately rare microbial keratitis (MK).1, 5, 6 

Several of these adverse events can result in significant morbidity to the wearer7 as 

well as interruption or discontinuation of contact lens wear.8 

Corneal erosions are one of the adverse events that occur in contact lens wear,9-13 with 

the associated discomfort and disruption to lifestyle having the potential to cause 

significant patient anxiety. Although not yet proven, a hypothetical link has been made 

between corneal erosions and MK.13 The risk associated with the presence of a corneal 

erosion is that the natural barrier of the cornea to infection is no longer intact, hence 

allowing the entry of pathogens. Because of this, erosions may have significance that 

extends beyond their own occurrence. It is therefore important to be clear on what 

erosions are, how to differentiate them from other adverse events and their aetiology. 

In non-contact lens wearers, erosions are thought to result from defective anchoring of 

the epithelium to the stroma.14-16 Understanding the mechanisms that underpin 

corneal erosion formation in contact lens wear is fundamental to establishing means 

by which they might be prevented. Currently these causes are unknown.  

This chapter reviews the phenomenon of corneal erosions in contact lens wear, 

including their differentiation from other contact lens-related adverse events. It then 

considers current knowledge of the mechanisms underlying their formation both with 

and without contact lens wear, including the role of collagen degrading enzymes 

known as matrix metalloproteinases (MMPs). Finally, the aims and hypotheses of the 

thesis are introduced.  
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A publication has stemmed from this literature review in Contact Lens & Anterior Eye17 

(presented here with permission from the journal) as well as two presentations 

(Appendix B: Publications and presentations). 

1.2 CORNEAL EROSIONS 

1.2.1 Definition and clinical appearance 

A corneal erosion is a full thickness detachment of epithelium in a localised and 

well-circumscribed region of the cornea18-20 that can occur either with4, 10, 11, 21, 22 or 

without contact lens wear.18-20 The reference to ‘full thickness’ in the definition of an 

erosion relies on inferences drawn from its appearance10 and the abnormal epithelial 

basement membrane histology typical of non contact lens-related recurrent 

erosions.14, 23 To date however, there have been no studies confirming that this is a 

consistent clinical feature in contact lens wear.20 Clinically, an erosion is usually 

observed as an absolute defect that stains with sodium fluorescein (Figure 1.1). 

Alternatively, an area where the epithelium is detached, but still remains adherent at 

its borders may be seen24 (Figure 1.2). Presumably, this represents an earlier stage in 

development and is analogous to a blister of the skin where the raised epidermis at the 

centre of the lesion eventually sloughs off to expose the underlying dermis. 

 

Figure 1.1: A contact lens-related corneal erosion as an absolute epithelial defect.  

 This erosion was photographed with white light (LEFT) and with cobalt blue light 
and a Wratten #12 filter (RIGHT) after the instillation of sodium fluorescein to 
reveal stromal glow. Image courtesy of the Brien Holden Vision Institute Clinical 
Research and Trials Centre, Sydney, Australia. 
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Figure 1.2: A contact lens-related corneal erosion where the epithelium is detached, but 
still remains adherent at its borders.  

 This erosion was photographed with white light (LEFT) and with cobalt blue light 
and a Wratten #12 filter (RIGHT) after the instillation of sodium fluorescein. 

 

1.2.2 Size and location  

The size of erosions that occur either with or without contact lens wear may range 

from 0.1 mm in diameter, to macro-erosions that cover large areas of the cornea.18, 25 

Regardless of contact lens wear status, erosion appearance is described with the same 

common features, suggesting similar aetiology. Observing with fluorescein and a 

Wratten #12 filter reveals immediate stromal glow (Figure 1.1, right and Figure 1.2, 

right), suggesting that the full thickness of the epithelial barrier has been breached. In 

cases where the epithelium is still loosely adherent, (Figure 1.2 the lesion will appear 

elevated). When the defect is absolute (Figure 1.1), fluorescein will both pool in, as 

well as stain, the floor of the hollow area, which most likely is basement membrane.  

Erosions occur in all areas of the cornea and multiple lesions can present at the same 

time.25 It has been found that 87.5% localise inferiorly,19 and regardless of contact lens 

wear, the most common location is close to the midline, just below the pupil.20, 25 This 

is also the region where basement membrane changes are commonly found to occur.26  

1.2.3 Associated signs and symptoms 

While it is not unusual for erosions to occur in the absence of accompanying 

symptoms,13 limbal and bulbar hyperaemia may be evident in the affected sector and 

photophobia and tearing are commonly experienced.19, 20 Importantly, there is no 

mucopurulent discharge, a useful differentiating factor with respect to corneal 
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infection.10 A delayed inflammatory response has been reported in some cases.10 

Vision loss is thought to be associated with the resultant epithelial irregularities, the 

result being astigmatism and abnormal tear break-up.20, 27 Meibomian gland 

dysfunction has also been reported to be common in non-contact lens wearers with 

recurrent corneal erosions.28 

When contact lenses are present, wearers may experience significant foreign body 

sensation, particularly upon awakening if in extended wear (EW).25 Alternatively, there 

may be a sharp pain upon contact lens removal, followed by a foreign body sensation 

that is exacerbated by blinking. Contact lenses in some cases may also be difficult to 

remove, possibly indicating decreased movement or even binding, due to a reduced 

tear film thickness,29, 30 31 or due to a hypotonic shift in tear osmolarity 32especially if 

worn during sleep.  

1.2.4 Incidence  

Contact lens-related corneal erosions have been reported with both hydrogel and 

silicone hydrogel materials.9-11, 13, 21, 22 Rates in daily wear (DW) are very low, with one 

study with 558 participants and 2271 participant months reporting 0.04 events per 100 

participant-months,9 which equated to only a single case. A second study conducted 

over 7 years with 6,130 participants reported 0.01-0.05% per visit,13 with daily 

disposable contact lenses being free of events.13 Although these two studies report on 

the incidence using difference measures, both indicate a low rate in DW. In EW, 

erosions were found to occur much more frequently at 0.6-2.6% of visits overall.13 

Silicone hydrogels were found to have a higher rate (0.95-1.68% of visits) than 

conventional hydrogels at (0.05-0.35% of visits).13 Sixty-eight percent of erosions in 

this study occurred within the first three months of contact lens wear adaptation.13  

1.2.5 Association with infection 

MK is a rare occurrence in healthy eyes, with contact lens wear posing the highest 

relative risk.33 The incidence of infection has been estimated as 11.9 per 10,000 

wearers in DW silicone hydrogels as opposed to 25.4 per 10,000 wearers in EW.5 This 

excess risk continues to be a major limiting factor for the EW modality.34  
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While a direct link between contact lens-related erosions and progression towards MK 

has not been proven, only one case ever having been reported where multiple central 

corneal “lesions” coalesced into a central ulcer,12 there is circumstantial evidence 

suggesting that such may be the case.33, 35 Calculation of the theoretical rates at which 

corneal erosions occur concurrently with contact lenses that are contaminated with 

gram-negative bacteria, shows that this is higher with EW, at 24.8-60.0 per 10,000 

people, than in DW at 1.6-16.4 per 10,000 people.13 Interestingly, these rates are 

comparable with the frequency of MK in both situations,5 the implication being that 

both a corneal erosion and bacterial contamination need to be present for infection to 

occur. Worthy of note in this analysis is that none of the erosions in the series reported 

were associated with gram-negative contact lens contamination.13  

The risk associated with the presence of a corneal erosion, particularly in contact lens 

wear, is that the natural barrier of the cornea to infection is no longer intact, hence 

allowing the potential for entry of pathogens and inflammatory cells. The avid binding 

of Pseudomonas aeruginosa to injured or traumatised corneal epithelium has been 

previously established.36 The presence of the basal lamina has been found to be 

necessary to prevent bacterial entry37 whilst extensive superficial staining has been 

found to be insufficient for bacterial penetration.38 Vigilance in the presence of a 

corneal erosion is therefore prudent to prevent consequences such as infection,39 

although it is clear that other protective mechanisms, such as antimicrobial factors in 

the tears are also protective.38, 40  

1.2.6 Prognosis and recurrence 

Contact lens-related corneal erosions usually heal within several hours25 (Figure 1.3) to 

one to two days of contact lens discontinuation10 and do so with no scarring. Careful 

observation of the patient with a corneal erosion is necessary to ensure that 

inflammation or infection does not result.10  

When corneal wounding occurs, as in the case of an erosion, the wound healing 

process primarily targets the re-establishment of continuity of the epithelium covering 

the cornea and later the attachment of this to the basement membrane.41 During 

migration, cell-cell adhesion is retained with the desmosomes so that cells move as a 



Chapter 1: Literature review 

Matrix metalloproteinase-9 in contact lens-related corneal erosions   6 

sheet rather than as individual cells.42 Hemidesmosomes which adhere the basal 

epithelial cells to the basement membrane (Section 1.2.8.1.1), however, are lost from 

cells actively moving to cover a wound.41, 42 Migrating epithelium is therefore not as 

adhesive as unwounded epithelium.42 As complete adherence to the underlying 

basement membrane may not occur for a few days,43 no contact lens wear is advised 

until the area surrounding the erosion settles and secure adhesion is regained. 

Although there are reports of recurrences of corneal erosions in contact lens wear,25 

data are not currently available on the rate of recurrence. In non-contact lens wearers, 

where erosions are recurrent, the median frequency of the attacks is every 60 days18 

with 24% occurring weekly, while 51% occur monthly.18 The recurrence of corneal 

erosions following trauma has been estimated as 1:150.18 Recurrences are most 

common upon awakening, this being described in 76% of patients.20  

 

Figure 1.3: Time lapse of the corneal wound healing process for a contact lens wearer 
presenting with corneal erosion.  

 The patient presented complaining of difficulty removing her contact lens.  
A: Central corneal erosion immediately after contact lens removal;  
B: Appearance after three hours shows almost complete wound closure;  
C: Appearance of erosion after seven hours suggests a healed erosion with 
overlying epithelial staining. 

 

1.2.7 Differential diagnosis 

The following section reviews contact lens-related differential conditions and their 

distinction from corneal erosions in contact lens wear.  

1.2.7.1 Microbial keratitis 

An important differential of corneal erosions is MK, which is an ocular emergency. This 

is characterised by progressive excavation of the epithelium, Bowman’s layer and 
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stroma with infiltration and necrosis of tissue.4 Unlike corneal erosions, clinical signs 

include mucopurulent discharge, satellite lesions, lid oedema and conjunctival 

chemosis along with anterior chamber reaction and occasionally a hypopyon. The 

location will most likely be central and paracentral33 but can occur anywhere, with a 

size greater than 1 mm in size. Without aggressive treatment, this worsens despite 

contact lens removal and the pain will be increasing and quite severe. Patients will 

present with progressive pain, photophobia, swelling and discharge.33 In a study by 

Keay et al., 25% of patients with MK were found to have had previous episodes 

requiring urgent attention such as ocular trauma and foreign bodies.33 Rigorous 

treatment with fortified antibiotics, for example, tobramycin 1.3% and cefazolin 5%, 

along with cycloplegia and analgesia are indicated. These will resolve with a corneal 

scar and an irregular cornea with vision loss if the scar is in the visual axis. 

1.2.7.2 Contact lens peripheral ulcer 

A contact lens peripheral ulcer (CLPU) is a round anterior stromal focal infiltrate with 

diffuse infiltration44 and overlying corneal staining and delayed stromal glow. Unlike 

erosions, CLPUs represent an inflammatory reaction of the cornea that has been 

associated with gram-positive colonisation of the contact lens.45 The condition is 

characterised by focal excavation of epithelium, infiltration and necrosis of anterior 

stroma.4 Bowman’s layer however remains intact.44 Bulbar and limbal redness will be 

present, along with the symptoms of watering and pain44 but a CLPU will not cause the 

mucopurulent discharge or the photophobia seen in MK. Lid oedema and chemosis are 

not usually present, however there may sometimes be an anterior chamber reaction. 

The location, as the name suggests, will usually be peripheral. CLPU sufferers 

experience immediate relief on contact lens removal and resolution can be within 

seven days4, 45 although the majority take two to three weeks.4 Unlike erosions, cases 

of CLPU will most often resolve with a bulls eye scar.4, 44 Along with cessation of 

contact lens wear, topical antibiotics are prescribed occasionally as prophylaxis, while 

regular saline rinses combined with cold compresses and analgesia are used to 

alleviate symptoms.4 It is hypothesised that the initial epithelial break occurs either 

due to epithelial injury or due to dissolution of the epithelial layers by biochemical 

factors such as leukotriene B4.44 The condition may recur with contact lens wear.4  
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1.2.7.3 Superior epithelial arcuate lesions 

Superior epithelial arcuate lesions (SEALs) are raised linear or arcuate excavations that 

occur in the superior cornea during contact lens wear, in the region covered by the 

upper eyelid. Forty eight percent of cases will have coalescent staining, 35% stromal 

glow and 50% infiltrates.46 In 39% of cases there will be a foreign body sensation, while 

35% will be asymptomatic.46 Treatment consists of temporary discontinuation of 

contact lens wear and ocular lubricants. Prophylactic antibiotics are prescribed in 

severe cases. Resolution occurs within 1-9 days, taking longer if there are infiltrates 

present.46 Although there is generally no scar, 50% recur.46 

1.2.7.4 Punctate epithelial staining and solution induced corneal staining 

There has been some confusion regarding the definition of corneal erosions with the 

term ‘punctate epithelial erosion’ occasionally used to describe diffuse, epithelial 

damage that has a punctate appearance when stained with sodium fluorescein (Figure 

1.4). An example of punctate staining is that seen in solution toxicity to contact lens 

care solutions.47 This kind of presentation affects only the uppermost layers of the 

epithelium and does not merit designation as ‘erosion’ which typically extends to the 

deeper layers, often exposing the basement membrane and resulting in immediate 

stromal glow (Figure 1.1).  

 

Figure 1.4: Solution induced corneal staining, also described as punctate staining.  

 This affects the superficial layers of the epithelium and differs from corneal 
erosions which extend to the deeper layers and result in stromal glow (Figure 
1.1). Photo courtesy of the Brien Holden Vision Institute Clinical Research and 
Trials Centre. 
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1.2.8 The normal cornea 

In order to understand the aetiology of contact lens-related corneal erosions, it is 

important to be clear on normal corneal physiology, and how the healthy corneal 

epithelium maintains adhesion to the underlying stroma.  

The cornea is the major refractive surface of the eye and through its transparency 

enables light to be transmitted to the retina. In order to maintain this transparency, 

the cornea needs to ensure its integrity and avascularity and also maintain its 

organised structure.  

The cornea is chiefly comprised of three distinct tissue layers (Figure 1.5): A stratified 

epithelium separated by the basal lamina from the collagenous stroma followed by the 

endothelium which is attached to the stroma by Descemet’s membrane, a specialised 

thickened basal lamina.48 

 

Figure 1.5: Light micrograph image of transverse sections of a human cornea.  

 Images courtesy of Dr Michele Madigan, SaveSight Institute, Sydney, Australia.   
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1.2.8.1 The epithelium  

The corneal epithelium is a 50-μm, multi-layered physical barrier that forms a 

protective tight junctional barrier to prevent net decreases of fluid transport, 

electrolytes and macromolecules49 out of the stroma while also functioning to prevent 

the entry of pathogens.50 In order to do this, it must maintain an unbroken layer of 

cells to cover the corneal surface and it must also maintain tight adherence to the 

epithelial basement membrane and Bowman’s membrane41 which separate it from the 

stroma. 

The basal cells form the bottom-most layer of the epithelium, and it is this proliferative 

layer which differentiates into intermediate, or wing cells and superficial cells,49 and is 

desquamated five to seven days later.42 Cells along the basement membrane are 

therefore constantly making and breaking their adhesions to the basement membrane 

(hemidesmosomes).42 The superficial cells are semi-permeable and highly resistive 

owing to the presences of tight junctions and zonulae occludens.50 

1.2.8.1.1 The corneal adhesion complexes 

The corneal epithelium has two major mechanisms for cell-to-cell adherence and for 

adherence to its substrate:  

1. Direct molecular interaction of receptors with ligands located either within the 

membranes of the epithelial cells or in the extracellular matrix.42 Cell-to-cell and 

cell-to-matrix adhesion is mediated by three major families: N-cell adhesion 

molecules (CAMs),51 cadherin family and the integrins.42 

2. Through adhesive junctions: 

a. Cell-to-cell adhesive junction with desmosomes: These link intermediate or 

keratin filaments on the cytoplasmic face of cell through dense plaques 

along the cell membrane to a similar structure on the opposing cell 

membrane.42 These are particularly prevalent along the wing cell layer and 

more sparse along the basal cells and apical cells.42 
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b. Cell-matrix adhesion junction: Intermediate filaments insert into an 

electron-dense plaque along the membrane. From this, anchoring filaments 

extend through the lamina lucida to the lamina densa of the basement 

membrane and provide a connection between the hemidesmosomes and 

the underlying stroma.42 Opposite the lamina densa, anchoring fibrils 

composed of type VII collagen insert from the stromal side, forming an 

intertwining network in the anterior 2 μm of the stroma and in Bowman’s 

membrane.42 Anchoring fibrils then insert into anchoring plaques42 among 

the stromal collagen fibrils.52 Anchoring plaques are amorphous electron-

dense structures composed of type VII and type IV collagen.52, 53 All these 

factors are termed the adhesion complex (Figure 1.6).42, 54  

Epithelial integrity may be compromised in the case where adhesion complexes are 

compromised. It should be noted that in the normal cornea adhesions are so strong 

that mechanical scraping results in fracture of the basal cell rather than separation at 

the interface of the epithelium and the basement membrane,23, 41 suggesting that the 

whole adhesion complex, from hemidesmosomes through to the basement 

membrane, through to the anchoring fibres, may work as a unit.23 It is of considerable 

interest, therefore, that in erosion formation, as in diabetic corneas,52 or corneas with 

epithelial basement membrane dystrophies,20, 39 these adhesions can be broken.52 

Collagens are the major structural components of the extracellular matrix and are vital 

to tissue architecture and cellular processes including adhesion and migration.55 These 

collagens interact with extracellular matrix proteins and it is this interaction which is 

important for normal processes such as development, growth, tissue remodelling as 

well as pathological processes.55 Of the 28 types of collagen,55 collagen type IV is the 

most abundant structural basement membrane component but is not required for 

basement membrane formation, only for basement membrane maintenance. It also 

mediates cell adhesion through binding to integrin and non-integrin receptors.55 

Collagen type VII is epithelial specific and is the largest collagen as well as the main 

structural component of the anchoring fibrils adhering the basement membrane to the 

stroma.55 Any disturbance to the collagen within the adhesion complexes may 

therefore affect the adhesion of the corneal epithelium. 
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Figure 1.6: A schematic of the corneal adhesion complex. 

 Anchoring filaments extend through the basement membrane and emerge as 
anchoring fibrils in the stromal side, forming an intertwining network in the 
anterior 2 μm stroma.42 These anchoring fibrils insert into anchoring plaques. All 
these factors are termed the ‘adhesion complex’.42 Type VII collagen is the 
anchoring fibril collagen, its domain being in the lamina densa and in the 
anchoring plaques.23, 42 Adapted by Dr Cathleen Fedtke from a diagram by 
Dr Michele Madigan. 

 

1.2.8.2 Bowman’s membrane and the stroma 

Bowman’s membrane or layer consists of collagen fibrils closely but randomly packed 

into a layer which is not sharply differentiated from the underlying stroma and has 

most recently been measured as 17.7 ± 1.6 μm in the centre.56 

The stroma is a densely packed connective tissue with relatively few cells. It is 

composed of more than 200 sheets of regularly layered fibrillar collagen sheets as well 

as keratocytes which produce and remodel these collagens.57 The alignment of the 

collagen fibres in the stroma largely determines the optical uniformity of the cornea. 

This organisation is affected by the amount of water in the stroma which is determined 

by the pumping activity of the endothelium and the barrier function of the 

epithelium.49  



Chapter 1: Literature review 

Matrix metalloproteinase-9 in contact lens-related corneal erosions   13 

1.2.8.3 Descemet’s membrane and the endothelium 

Descemet’s membrane is the structure-less basement membrane lining the inner 

stroma, followed by a monolayer of endothelial cells. The endothelium can be seen as 

a mosaic of hexagonal cells under high magnification with the slit-lamp biomicroscope, 

and functions as a barrier to fluid moving into the cornea and actively pumps fluid out 

of the corneal stroma and into the anterior chamber. It is this metabolic activity of the 

endothelium which is responsible for controlling stromal oedema. Decompensation of 

the endothelium could result in stromal thickening and epithelial bullae formation and 

consequently, corneal erosion.57  

1.2.9 Aetiology of contact lens-related erosions 

The mechanisms that result in the corneal adhesion complexes (Figure 1.6) being 

overwhelmed by the action of the contact lens to produce an erosion, are yet to be 

understood. According to the Collins dictionary,58 erosion is “the wearing away of 

rocks and other deposits on the earth's surface by the action of water, ice, wind, etc”. 

Thus in geology the process is a gradual one. For the cornea however, the sudden 

appearance of well-circumscribed, full-thickness epithelial loss suggests that any 

causative external force is acting more abruptly. Possibly there is also a more gradual, 

accompanying internal process that weakens the corneal adhesions such that they 

subsequently ‘give way’ under suitable provocation, such as may occur for example, 

with a bound contact lens. The following reviews the currently known causes of 

corneal erosions, with particular focus on the mechanisms hypothesised to be 

associated with contact lens wear. 

1.2.9.1 The bound contact lens 

Contact lens adhesion to the cornea has been hypothesised as a possible aetiology for 

erosion formation.21, 59 The suggestion is that when a contact lens becomes bound to 

the cornea, as commonly happens during overnight wear,60, 61 an attachment forms 

between an area of epithelium and the contact lens surface. When the eye opens and 

blinking is resumed, this attachment creates a mechanically induced corneal erosion by 

pulling a ‘plug’ of epithelium away from its surrounds as contact lens motion 

recommences.21 Gillbard et al. postulated that a reduction in tear osmolarity in 
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combination with a reduced post-lens tear film increases contact lens-cornea 

adhesion, resulting in contact lens binding and corneal erosions.59 The post-lens tear 

film has been shown to reduce to half its thickness within half an hour of eye closure.30 

A reduction in post-lens tear film thickness could contribute to a reduction in lens 

movement29 which in turn may result in contact lens binding, as well as an 

accumulation of inflammatory debris, contributing to inflammatory events21, 62 and 

possibly erosion formation. While no studies are known to have tested these 

hypotheses of erosion formation, it has been demonstrated that mechanical removal 

of the epithelium in healthy corneas requires significant effort.23 Any suitable contact 

lens-cell adhesion would thus need to be quite tenacious to be effective and it is 

unclear how such a bond might develop in vivo. Concurrent destabilisation of the 

epithelial adhesion complexes thus seems to be necessary so that the traction forces 

created by the contact lens motion would be sufficient to precipitate an erosion, 

suggesting that multiple factors may be contributing.  

1.2.9.2 Contact lens thickness and water content 

Very thin, high water content lenses have been associated with erosions and corneal 

staining.11, 63 In work done in the 1980’s, one approach to avoid overnight oedema was 

to use very thin (22-60 μm) high water content hydrogel contact lenses.11, 64 These 

thin, high water content lenses caused lesions in the central and in the central inferior 

cornea which were described as erosions. As their location coincided with the thinnest 

part of the contact lens and where the tear film was deemed to be thinnest and least 

stable, the mechanism proposed was that contact lens dehydration exacerbated 

thinning of the post-contact lens tear film resulting in mechanical damage to the 

epithelial surface. The fact that lesions were less severe in situations of high humidity 

lent support to this theory.11, 63 Contrarily, a recent study has found no association 

between corneal staining and either high water content contact lenses or contact lens 

dehydration.65 Similarly, no association was found between corneal staining and 

silicone hydrogels, suggesting that these lens types are protective by virtue of the 

increased oxygen supply to the cornea.65  
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1.2.9.3 Bacterial load 

The observation that a protease derived from the bacterium P. aeruginosa causes 

epithelial erosions when injected into rabbit corneas66, 67 has led to the suggestion that 

an increased bacterial load may be an important factor in the pathology of the 

condition. Contact lenses isolate the epithelium from the defence mechanisms of 

blinking, tear flow and the antimicrobial agents in tears.68, 69 This reduced flow and 

exchange of tears under the contact lens may contribute to an increased concentration 

of microorganisms and their toxins, hence augmenting their impact on the ocular 

surface.70 P. aeruginosa is the most common cause of keratitis during contact lens 

wear7, 36, 71 and has many factors which help it initiate and maintain infection.71 One of 

these is an ability to produce proteases capable of degrading the epithelial adhesion 

complexes. Okamoto et al. showed that bacterial proteinases, such as P. aeruginosa 

elastase, Vibrio cholerae proteinase, and thermolysin, activate latent collagen 

degrading enzymes known as matrix metalloproteinases (MMPs) and hence contribute 

to matrix degradation.72 Additionally, Tang et al. demonstrated that P. aeruginosa 

small protein (PASP) cleaves corneal collagen to cause erosion-like defects. Bacterial 

proteinases thus appear able to contribute to, or even initiate tissue damage and this 

interference with the integrity of the connective tissue exacerbates inflammation. The 

formation of erosions seems to be one manifestation of this activity. 

1.2.9.4 Reduced epithelial density 

Madigan and Holden have shown that the epithelium of hydrogel contact lens wearing 

eyes is easier to remove than non-contact lens wearing eyes.73 This effect was 

associated with a reduction in the number of hemidesmosomes, which in turn was due 

to reduced epithelial density under the long-term hypoxic conditions prevailing during 

the study. Hypothetically, conditions such as these could contribute to erosion 

formation by increasing the chances of epithelial cleavage anterior to the basement 

membrane.23 

1.2.9.5 Contact lens modulus 

Modulus is described as the force per unit area required to compress the contact lens 

material by a given amount.74 The high modulus of the first generation silicone 
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hydrogel contact lenses has been associated with mechanical complications such as 

SEALs and contact lens palpebral conjunctivitis, mucin balls and corneal moulding 

effects.74 Efron and Morgan postulate that the benefit of increased oxygen 

transmissibility is offset by the increased modulus of the older generation silicone 

hydrogels.75 They suggest that this is due to sub-clinical trauma induced by the eyelid-

lens interaction.75 This hypothesis is given further impetus by the findings of Stapleton 

et al. who found an incidence of 1.9% of presumed MK in conventional soft contact 

lenses during DW as compared to an incidence of 11.9% in DW with silicone hydrogel 

contact lenses,5 as well as the higher rate of erosions found in silicone hydrogels 

compared to conventional hydrogels found by Willcox et al.13  

1.2.10 Aetiology of non contact lens-related erosions 

Corneal erosions are known to also occur in non-contact lens wearers and this is well 

reported in the literature.18-20, 39, 76-79 A review of the aetiology of corneal erosions in 

the absence of contact lens wear may provide a background on which to base the 

hypotheses of the underlying mechanisms resulting in erosions in contact lens wear.    

1.2.10.1 Corneal dystrophies 

One study found that 59% of patients with recurrent corneal erosions have a 

concurrent form of superficial dystrophy.20 These dystrophies result in a deficient 

epithelial basement membrane, the absence or abnormality of hemidesmosomes and 

loss of anchoring fibrils,18 which, in turn, reduce the adhesion of the epithelium to the 

basement membrane. These corneal epithelial basement membrane dystrophies 

include map-dot-fingerprint dystrophy and Meesman’s80 as well as the stromal 

dystrophies of granular and lattice dystrophy.20, 80, 81  

Epithelial basement membrane dystrophy, or map-dot-fingerprint dystrophy, is the 

most common dystrophy associated with erosions,20, 39 and is usually bilateral and 

frequently asymmetric. Clinically, it is characterised by epithelial microcysts which give 

the ‘dot’ appearance, subepithelial ridges which give the ‘fingerprint’ appearance and 

map-like sub-epithelial patches which give the ‘map’ appearance14 (Figure 1.7). When 

viewed histologically or in vivo with the confocal microscope, the basement membrane 
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is irregular,15 with protrusions into the epithelium82 attributed to a thickened and 

abnormal basement membrane.14, 82, 83 Intraepithelial microcysts are also seen.14, 15, 82  

 

Figure 1.7: Epithelial basement membrane dystrophy in a patient with an active erosion.  

 Map-dot-fingerprint dystrophy (LEFT) in the same patient with an active erosion 
(MIDDLE). Confocal microscopy revealed irregular basement membrane 
protruding into the epithelium (RIGHT).   

 

1.2.10.2 Trauma and laser-assisted in situ keratomileusis (LASIK) 

The most frequent trigger of recurrent corneal erosions is initial minor trauma to the 

corneal surface, for example, with a fingernail or paper cut.20 Thermal and chemical 

injuries or herpetic keratitis are other causes.77 Interestingly, deeper injuries such as 

foreign bodies embedding or stromal laceration do not result in recurrent corneal 

erosions.81 The presumptive cause of trauma-related recurrent corneal erosions is due 

to the formation of defective adhesion complexes after the initial injury, and hence a 

failure of the epithelium to regain tight adhesion to the underlying stroma.16 In vivo 

confocal microscopy has revealed activated keratocytes in the epithelium of those with 

trauma-induced recurrent corneal erosions, suggestive of a chronic inflammatory 

response.84 Anterior stromal puncture, one of the surgical treatment methods of 

recurrent erosions is advocated to promote epithelial adhesion by creating a 

subepithelial scar85, 86 and hence allowing for new connective tissue to be created. This 

provides a substrate to which the epithelium adheres.86   

Corneal epithelial adhesion abnormalities following laser-assisted in situ keratomileusis 

(LASIK) have also been reported.87-89 In LASIK, the close proximity between the head of 

the microkeratome and the corneal epithelial surface increases the risk of epithelial 

trauma.88 Corneal epithelial adhesion abnormalities following LASIK were studied by 

Kenyon et al.89 who found epithelial defects in 51 corneas of the 500 consecutive eyes 

‘map’

‘dots’
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examined.89 The authors surmise that the development of epithelial defects is 

dependent on the thickness of the corneal flap, with more erosions developing with 

the thicker flap.89 Corneas with epithelial basement membrane dystrophy exhibited 

similar qualities to those that developed epithelial defects following LASIK.88, 89 These 

authors also suggest that the bilaterality of the epithelial defects in some people could 

suggest that some people are predisposed to epithelial dysadhesion despite being 

asymptomatic and unidentifiable by slit-lamp biomicroscopy,89 a hypothesis also put 

forward by others.87  

1.2.10.3 Bullous keratopathy 

Erosions are also known to occur as a result of bullous keratopathy. Bullous 

keratopathy occurs following intraocular surgery complications and following trauma 

and inflammatory and dystrophic diseases which cause functional failure to the 

endothelial cells.90 Zhu and colleagues analysed the corneas of 13 patients suffering 

with bullous keratopathy following surgery and found that all diseased corneas 

showed epithelial abnormalities such as thickening and epithelial bullae.90 

1.2.10.4 Age-related changes 

The basement membrane is known to thicken with age either by continued membrane 

deposition, or by membrane duplication.91 The increasing thickness of the membrane 

in some cases exceeds the anchoring fibril length, effectively blocking the linkage 

between the anchoring fibrils and Bowman’s membrane,91 presumably this being the 

mechanism underpinning the propensity to erosions in this age group.  

1.2.10.5 Systemic conditions 

1.2.10.5.1 Ocular rosacea 

Corneal erosions have been associated with ocular rosacea,91, 104 with up to 15% of 

patients with the condition thought to suffer from recurrent corneal erosions.77 In this 

condition the skin, cheeks, nose and forehead are involved with persistent erythema, 

papules, pustules, hypertrophic sebaceous glands and telangiectasia.92 Ocular rosacea 

also includes blepharitis, meibomitis, chalazia, styes, hyperaemia, peripheral corneal 

vascularisation, sub-epithelial infiltrates and gross ulcerations.92 The ocular surface 
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disease in rosacea has been associated with the elevated pro-inflammatory cytokine 

interleukin-1α (IL-1α) and the MMPs.93 Tetracycline has been shown to be effective in 

treating the condition92 by virtue of its inhibitory effect on IL-1α and MMPs 94 

1.2.10.5.2 Diabetes 

Diabetes has been linked to corneal erosion formation.77, 95, 96 Similarly, decreased tear 

production, increased corneal thickness, reduced corneal sensation,96 neurotrophic 

ulceration and persistent epithelial defects are also seen in diabetes.52 In studies 

comparing diabetic corneas to those of non-diabetic controls, diabetic corneas were 

found to have a multilaminar, irregular and thickened basement52, 96 with significantly 

less penetration of the anchoring fibrils from the deepest layer of the basal lamina to 

the stroma when compared to the controls.52 This may explain the defective adhesion 

of the diabetic epithelial basal lamina to the underlying stroma, as the duplicated basal 

lamina could act as a barrier to the penetration of the anchoring fibrils.52  

1.2.10.5.3 Alport syndrome 

Alport syndrome is a genetic disease of basement membranes55 and is characterised 

by progressive glomerulopathy as well as sensorineural hearing loss. It has been 

associated with anterior lenticonus and retinal flecks97 as well as recurrent corneal 

erosions in 20% of people with the condition. 97  

1.2.10.5.4 Epidermolysis bullosa 

Epidermolysis bullosa98 is characterised by repeated muco-cutaneous blistering after 

minor trauma55 and can also result in corneal erosions.99, 100 Excess collagen 

degradation has been associated with this blistering phenomenon,98 resulting in 

recurrent breakdown of the adhesions between the dermis and the epidermis of the 

skin, resulting in skin blisters. Its association with corneal erosions99, 100 is presumably 

due to the collagen degradation of the adhesion complexes. The condition also affects 

other organs, including the oral, gastrointestinal and respiratory tracts.55  

1.2.10.6 Increased expression of collagen degrading enzymes 

An increased expression of collagen degrading enzymes known as MMPs has been 

associated with corneal erosions in non-contact lens wearers.43, 78, 93, 101, 102 These 
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enzymes function to maintain and remodel the tissue architecture101, 103 and are so-

called because of their ability to degrade the structural proteins of the extracellular 

matrix.104 The MMPs have been implicated in diverse physiological processes including 

embryonic development,105, 106 tissue morphogenesis and wound repair, as well as 

pathological processes including inflammatory diseases, the autoimmune blistering 

disease epidermolysis bullosa,104 rheumatoid arthritis104,107 the pathophysiology of 

traumatic brain damage,108, 109 and the progression of cancer104 due to the breakdown 

of the structural barriers.104 

In the cornea, the controlled presence of MMPs is important in maintaining 

homeostasis. Their uncontrolled production however, can have collagen degrading 

effects,101 and theoretically, this might contribute to erosion formation.78 MMP-9 is the 

primary matrix-degrading enzyme produced by basal corneal epithelial cells and 

neutrophils110 and is known to be active against the major components of the 

epithelial basement membrane such as collagen type VII.111 As the fibrils responsible 

for anchoring the basement membrane to the stroma are composed of type VII 

collagen, this activity may result in a weakening of these attachments, contributing to 

the cascade of events that cause corneal erosions.78, 93 81 In agreement with this 

finding, reduced levels of collagen type VII in eyes with recurrent corneal erosions has 

also been described,23 suggestive of the cleavage plane being at the level of the 

collagen type VII anchoring fibrils.23 During erosion formation, MMP-9 has also been 

found to cleave the ectodomain of α6β4 integrin, one of the membrane components 

of hemidesmosomes.43 It is of note that upregulated levels of MMP-9 have been 

associated with other epithelial defects such as those seen in corneal ulceration,48,110 

ocular rosacea,112 thermal injuries,113 dry eye114 and pterygia.115  

MMP-9 can be inhibited, and hence regulated, by binding to molecules such as tissue 

inhibitors of metalloproteinases-1 (TIMP-1) or non-specific inhibitors such as 

2-macroglobulin.116 The ratio of MMP to TIMP is an important indicator of how well 

the potential for matrix degradation is regulated at any particular time and delayed 

wound healing or collagen degrading effects may ensue when the balance becomes 

disturbed.117 Some treatment strategies for corneal erosions are thus directed at 

inhibiting MMP-9 so as to prevent the degradation of the basement membrane 
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components.77, 112 Whether MMP-9 contributes to contact lens-related corneal 

erosions is yet to be established. Due to the significance of MMPs and their role in non 

contact lens-related corneal erosion formation, the following section reviews MMP’s.  

1.3 MATRIX METALLOPROTEINASES 

Matrix metalloproteinases (MMPs), also called matrixins, were first described by Gross 

and Lapiere in 1962 during the rapid phase of collagen removal in the tail of 

metamorphosing tadpoles.118 They are so-called because of their dependence on 

metal ions for catalytic activity and their ability to degrade the structural proteins of 

the extracellular matrix.104  

MMPs are endopeptidases, that is, proteases which split the peptide bonds within the 

protein substrate.119 Endopeptidases are classified according to their active site, and 

include the serine, cysteine, aspartic and metallo-proteases. Proteases are also known 

as proteinases, proteolytic enzymes or peptidases and collectively they are all 

hydrolases as they hydrolyse the peptide bond of proteins.119 

Each MMP consists of:  

- a signal peptide  

- a pro-peptide domain  

- a catalytic domain (active)  

- a zinc-binding domain 

- a C-terminal hemopexin-like domain120 (except for MMP-7 and MMP-2651) 

All MMPs are secreted as inactive pro-enzymes or zymogens.105 In order to cleave the 

extracellular matrix, they require activation. Another agent is required to cleave the 

pro-peptide conformation, hence contributing to the cascade that activates the 

enzyme. These zymogens lose peptides of approximately 10 kDa upon activation.105 In 

this active form, the enzyme is now capable of degrading its substrate, as well as being 

open to binding by its inhibitors, the TIMPs, if sufficient TIMPs are present. The 

pro-enzyme is also capable of forming these complexes with the TIMPs.121  



Ch
ap

te
r 1

: L
ite

ra
tu

re
 re

vi
ew

 

M
at

rix
 m

et
al

lo
pr

ot
ei

na
se

-9
 in

 c
on

ta
ct

 le
ns

-r
el

at
ed

 c
or

ne
al

 e
ro

si
on

s 
 

 
22

 

Ta
bl

e 
1.

1:
 

Cl
as

si
fic

at
io

n 
of

 M
M

Ps
. 

M
M

P 
Cl

as
si

fic
at

io
n 

M
M

P 
na

m
es

 
A

ct
io

n 
 

Co
lla

ge
na

se
s 

M
M

P-
1,

 M
M

P-
8 

an
d 

M
M

P-
13

 
Cl

ea
ve

 i
nt

er
st

iti
al

 c
ol

la
ge

ns
 I

, 
II 

an
d 

III
.12

3  12
4  U

pr
eg

ul
at

ed
 b

y 
in

te
rl

eu
ki

n1
-β

 (I
L1

-β
) a

nd
 t

um
ou

r 
ne

cr
os

is
 fa

ct
or

-α
 (T

N
F-
α)

.12
5  

M
M

P-
1 

de
gr

ad
es

 t
yp

es
 I,

 II
, I

II 
an

d 
X 

co
lla

ge
ns

, t
yp

e 
I g

el
at

in
, 

th
e 

an
tip

ro
te

as
e 
α1

-a
nt

itr
ip

si
n.

12
6   

G
el

at
in

as
es

 
M

M
P-

2 
an

d 
M

M
P-

9 
D

eg
ra

de
 g

el
at

in
, c

ol
la

ge
n 

ty
pe

s 
III

, I
V,

 V
, V

II,
 X

 a
nd

 X
I, 

el
as

tin
, 

la
m

in
in

, 
fib

ro
ne

ct
in

, 
an

d 
pr

ot
eo

gl
yc

an
, 

he
nc

e 
co

nt
ri

bu
tin

g 
si

gn
ifi

ca
nt

ly
 to

 e
xt

ra
ce

llu
la

r 
m

at
ri

x 
tu

rn
ov

er
.51

 
M

M
P-

2:
 E

xp
re

ss
ed

 b
y 

st
ro

m
al

 k
er

at
oc

yt
es

 a
nd

 le
ss

 s
o 

in
 t

he
 

ep
ith

el
iu

m
 a

nd
 is

 u
pr

eg
ul

at
ed

 d
ur

in
g 

w
ou

nd
 h

ea
lin

g.
48

 
M

M
P-

9:
 i

s 
ac

tiv
at

ed
 b

y 
cy

to
ki

ne
s 

an
d 

tr
an

sf
or

m
in

g 
gr

ow
th

 
fa

ct
or

-β
 (T

G
F-
β)

12
4   

St
ro

m
el

ys
in

s 
M

M
P-

3,
 M

M
P-

10
 a

nd
 M

M
P-

11
 

D
ig

es
t 

co
lla

ge
n 

IV
 a

nd
 f

ib
ro

ne
ct

in
.12

3,
 1

27
 U

pr
eg

ul
at

ed
 b

y 
IL

1-
β 

an
d 

TN
F -
α.

 
M

M
P-

3 
an

d 
-1

0 
ar

e 
kn

ow
n 

to
 

de
gr

ad
e 

pr
ot

eo
gl

yc
an

s,
 

la
m

in
in

, 
fib

ro
ne

ct
in

 
an

d 
co

lla
ge

ns
 

an
d 

to
 

ac
tiv

at
e 

M
M

P-
1,

 - 
2,

 -8
, -

13
.12

8  
M

at
ri

ly
si

ns
 

A
ls

o 
ca

lle
d 

m
in

im
al

-d
om

ai
n 

M
M

Ps
 

M
M

P-
7 

an
d 

M
M

P-
26

 
D

ig
es

t 
fib

ro
ne

ct
in

 
an

d 
ge

la
tin

; 
la

ck
 

th
e 

C-
te

rm
in

al
 

he
m

op
ex

in
-li

ke
 

do
m

ai
n.

12
3  

Th
es

e 
ar

e 
th

e 
sm

al
le

st
 

of
 

th
e 

M
M

Ps
 h

av
in

g 
on

ly
 th

e 
pr

o-
pe

pt
id

e 
an

d 
ca

ta
ly

tic
 d

om
ai

ns
.12

9   
M

em
br

an
e-

ty
pe

 M
M

Ps
  

(M
T -

M
M

Ps
) 

M
M

P-
14

, 
M

M
P-

15
, 

M
M

P-
16

, 
M

M
P-

24
, 

M
M

P-
17

 
an

d  
M

M
P-

25
 

D
ig

es
t 

ge
la

tin
, 

fib
ro

ne
ct

in
, 

la
m

in
in

; 
ca

n 
ac

tiv
at

e 
pr

o -
M

M
P-

2;
12

7  
ce

ll-
su

rf
ac

e 
bo

un
d 

an
d 

ar
e 

in
vo

lv
ed

 
in

 
pe

ri
ce

llu
la

r 
ac

tiv
iti

es
.10

1  
H

et
er

og
en

eo
us

 g
ro

up
 

M
M

P-
12

, 
M

M
P-

19
, 

M
M

P-
20

, 
M

M
P-

21
, 

M
M

P-
23

, 
M

M
P-

27
 a

nd
 M

M
P-

28
 

Cl
ea

ve
 s

ub
st

ra
te

s 
su

ch
 a

s 
el

as
tin

 a
nd

 a
gg

re
ca

n.
12

3  M
M

P-
12

 is
 

ex
pr

es
se

d 
in

 m
ac

ro
ph

ag
es

.12
2  

 



Chapter 1: Literature review 

Matrix metalloproteinase-9 in contact lens-related corneal erosions   23 

1.3.1 Classification of MMPs 

There are at least 23 MMPs in humans122 and these can be grouped into sub-families 

depending on their substrate specificity: collagenases, gelatinases, stromelysins, 

matrilysins, membrane-types (MT-MMPs) and other MMPs (Table 1.1).120 

1.3.2 MMP-9 

In the cornea, the controlled presence of MMPs is important in maintaining 

homeostasis. Their uncontrolled production, however, can have collagen degrading 

effects.101 MMP-2 and MMP-9 are the two main MMPs found in the cornea and in the 

tear film. MMP-2 is synthesised by corneal keratocytes116, 130 and by the fibroblasts, 

macrophages, endothelial and epithelial cells.131 MMP-9, also known as gelatinase B, is 

the largest member of the MMP family and is the primary matrix-degrading enzyme 

produced by basal corneal epithelial cells and neutrophils.110, 132, 133 In order for 

neutrophils to reach the point of inflammation as part of their role in the first line of 

defence, they can release MMP-9,51 presumably to allow their chemotaxis.51 MMP-9 is 

known to degrade the major components of the epithelial basement membrane such 

as collagen type VII (Table 1.1)111 and impede re-epithelialisation of the cornea.112  

MMP-9 has seven domains:  

- a signal peptide  

- a pro-peptide domain (lost on activation)  

- a domain of the active enzyme (containing the cysteine residue involved in 

activation)  

- a putative zinc-binding domain  

- an intervening fibronectin-like domain  

- a serine-, threonine-, and proline-rich collagen type V domain51  

- a C-terminal hemopexin-like domain which helps determine the substrate 

specificity.105 This terminal is also important for TIMP binding.51 

The active enzyme and zinc-binding domains form the ‘active site’ and hence are the 

responsible for the degradation.51  
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MMP-9 is produced as a mixture of monomers and homodimers.51 Epithelial cells 

secrete the inactive pro-MMP-9 complexed with TIMP-1 while stimulated neutrophils 

cells secrete pro-MMP-9 complexed with neutrophil-gelatinase associated lipocalin 

(NGAL, section 1.3.3.5.1).134, 135 In the open eye tear film, Sack and colleagues found 

that MMP-9 is of mixed origin, that is, of both basal epithelium and neutrophil origin. 

In the closed eye environment however, they found an exponential increase of 

pro-MMP-9 with the majority of this complexed with NGAL as opposed to TIMP-1, 

indicating an increased concentration of neutrophils.135  

1.3.3 Regulation of MMP-9 

The integrity of the extracellular matrix is maintained by a balance, or a dynamic 

equilibrium, between the synthesis and degradation of matrix components. An 

imbalance in this equilibrium may result in disease where greater levels of inhibitors 

result in fibrosis while greater levels of proteases result in destruction. Expression of 

most MMPs is usually low, however it is increased when extracellular matrix 

remodelling is required.51 Complete inhibition of MMP-9, although attractive due to its 

collagen degradative effects, may result in corneal opacification due to ineffective 

remodelling of the extracellular matrix, as demonstrated in a mouse model.136 

Regulation is tight and complex and occurs at several different levels: 

1. Gene transcription 

2. Cell storage of MMP-951 – regulates MMP-9 secretion 

3. Activation of pro-MMP-9 after secretion 

4. Inhibition by TIMP-1 

5. Regulation by other mechanisms 

1.3.3.1 Gene transcription 

MMP regulation occurs primarily at the level of transcription.101 MMP gene expression 

is regulated by numerous stimulatory and suppressive factors that influence multiple 

signalling pathways.104 MMP-1 for example can be induced by its own substrate, 

collagen type I, and repressed once it has cleaved that substrate.  MMP-9 produced by 
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neutrophils is transcripted only in the later stages of neutrophil development and is 

stored in granules.51  

Cytokines appear to be among the natural regulators of MMPs. Girard et al. showed 

that IL-1 treatment can alter the expression of MMPs, inducing the expression of 

collagenase, stromelysin, MMP-2 and pro-MMP-9.124 Transforming growth factor-β 

(TGF-β) is thought to stimulate deposition of the extracellular matrix through the 

secretion of matrix products.124 Both these cytokines are important in wound healing. 

Other cytokines such as tumour necrosis factor-α (TNF-α), IL-18 and interferon-γ 

(IFN-γ) have also been found to stimulate MMP-9 production.137   

1.3.3.2 Secretion 

Once MMPs become translated, most of them are secreted. However, some MMPs 

such as MMP-8 and -9 are under secretory control.104 These are synthesised by 

differentiating granulocytes in the bone marrow, stored in circulating neutrophils and 

released when the neutrophils are activated.104  

1.3.3.3 Activation 

MMPs are secreted in the inactive form. The cysteine residue in the pro-peptide 

domain forms a bond with the zinc in the catalytic domain, and in this way the MMP is 

inactive. For activation to occur, this bond must be disrupted,123 referred to as the 

‘cysteine switch’. The bond is replaced by a water molecule, resulting in a catalytic zinc 

ion and hence an intermediate active enzyme.123 The pro-domain of the MMP is 

further removed, reducing the molecular mass of the MMP and yielding an enzyme 

that is now completely active. MMP-9 is 92 kDa when inactive. The conversion from 

pro-enzyme form to active form results in a decrease in  molecular weight due to the 

proteolytic cleavage from the N-terminal portion of the proteins.124 The active MMP-9 

containing the C-terminal hemopexin domain is 82 kDa, while the C-terminally 

truncated version of active MMP-9 is 65 kDa.51 

In vitro, pro-MMP-9 can be activated by chemical and physical agents such as low pH, 

heat and the organomercurials such as 4-amino-phenylmercuric acetate, or APMA.138 

In vivo, MMPs are generally activated by other proteinases such as plasmin and 
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MMP-3.114 The MT-MMPs complexed with TIMP-1, for example can also activate 

MMP-9.51 Similarly, MMP-7, MMP-26, MMP-1, MMP-13, MMP-3, MMP-2, MMP-10 

have all been reported in a review by Van den Steen et al. as being part of the 

activation network of MMP-9.51 

Upregulated levels of cytokines and lymphocyte infiltration are associated with host 

response to inflammation. IL-1β is a proinflammatory cytokine associated with this 

response.139 In addition to upregulating vascular adhesion molecules and activating 

phagocytosis, IL-1β is also involved in activating chemokines in order to recruit 

neutrophils into the cornea.139 IL-1β has also been shown to induce MMP-9 

expression.139  

Extracellular matrix metalloproteinase inducer, or EMMPRIN/CD147, is a glycoprotein 

expressed on the corneal epithelial surface140 and is known to modulate MMP 

expression during wound healing through cell-cell interactions.140 CD147 is normally 

expressed in corneal epithelial and endothelial cells, and keratocytes, the retinal 

pigment epithelium, some retinal layers, as well as in tears,141 aqueous56 and vitreous 

humor.142 Altered CD147 expression is suggested to be associated with retinal pigment 

epithelium dysfunction,143 and it is also reported to be involved in the pathogenesis of 

corneal ulceration,140, 144  keratoconus,145, 146 and in glaucoma-related optic 

neuropathy.147 CD147, has also been shown to increase MMP-9 and is being targeted 

for its possible therapeutic potential, as its inhibition would potentially inhibit the 

pathological excess of MMPs and hence excess degradation.140 

1.3.3.4 Inhibition by tissue inhibitors of metalloproteinases (TIMPs) 

After activation, MMP-9 is regulated by inhibition or degradation. TIMPs form 1:1 

non-covalent complexes with MMPs, hence blocking access of substrates to the MMP 

catalytic site. Both the active and pro-enzyme form are able to bind to TIMP-1.116, 121  

Four TIMP proteins have been found in humans, with TIMP-1 having the greater 

affinity for MMP-9.51 TIMP-1 is an inducible protein while TIMP-2 is a constitutive 

protein. TIMP-3 is in the extracellular matrix and TIMP-4 is found in cardiac tissue. The 

TIMP-1 gene transcription is induced by pro-inflammatory cytokines such as IL-1, IL-6, 
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TNF-α. TIMP-1 binds to activated MMP-1, activated MMP-3 and both activated and 

latent MMP-9.148 

For the pro-enzyme complex, the C-terminal domains of both molecules are 

involved.121 Although the purpose of the pro-MMP-9:TIMP-1 complex is unknown, it 

has been suggested that this complex stabilises the zymogen.121 Roderfield and 

colleagues121 showed that pro-MMP-9 is already complexed to TIMP-1 intracellularly, 

in the golgi apparatus, suggesting that even after secretion as a complex, TIMP-1 may 

still be able to interfere with the activation of pro-MMP-9 by other MMPs by virtue of 

its free N-terminal.121 The active MMP-9 complex occurs between the N-terminal of 

TIMP-1 and the active site of MMP-9.51, 121 TIMP-2 also inhibits MMP-9 but to a much 

lesser extent than TIMP-1.51 The MMP:TIMP complex can dissociate to yield enzyme 

and active TIMP-1.105, 149 

MMP-3 acts as an activator of MMP-9 through its interaction with TIMP-1. When 

MMP-3 concentration is lower than that of TIMP-1, MMP-3 is inhibited and hence does 

not activate MMP-9.51 When the concentration of MMP-3 exceeds that of TIMP-1, 

TIMP-1 is displaced from MMP-9 to MMP-3 and MMP-9 is completely activated.51  

In addition to inhibiting MMPs, TIMPs also have growth factor and antiangiogenic 

properties, independent of MMP activity,150 and TIMP-1 also has anti-apoptotic 

effects151  

Therapeutic intervention for diseases associated with upregulated MMP levels is 

targeted at TIMP concentrations.152 Paterson and colleagues compared the effect of 

recombinant TIMP-1 in reducing corneal ulceration and perforation after alkali injury in 

the rabbit model.153 This was compared to a synthetic inhibitor of MMPs.153 The 

recombinant TIMP-1 was found to exhibit better re-epithelialisation suggesting that 

the eyes treated with this develop more effective preservation of the extracellular 

matrix to support the epithelium.153 
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1.3.3.5 Regulation by other mechanisms 

1.3.3.5.1 Neutrophil gelatinase-associated lipocalin (NGAL) 

An additional protein, NGAL has been also found to complex with MMP-9,135 although 

its role is to protect MMP-9 from degradation, rather than to inhibit it.  

NGAL, also known as lipocalin 2, siderocalin, 24p3 and uterocalin, is a 25 kDa 

protein134, 154 covalently bound to MMP-9 from human neutrophils.51, 155 It exists as a 

monomer, a homodimer and a 135 kDa disulfide bond-linked heterodimer with 

MMP-9.134, 156 NGAL belongs to the lipocalin family which bind and transport 

hydrophobic molecules such as prostaglandins, retinoids, arachidonic acid and 

hormones. Through their role as transport vehicles, lipocalins can influence a variety of 

cellular functions.115 NGAL also has a bacteriostatic effect by depleting small 

iron-binding molecules known as siderophores synthesised by bacteria to acquire iron 

from their surroundings.157, 158 An additional role of NGAL is to protect cells against 

oxidative stress.159 Paradoxically, NGAL can also act as a biomarker of disease by virtue 

of its ability to protect MMP-9 from proteolytic degradation.154 It is thought to be a 

potential biomarker of acute kidney injury following renal transplantation.155, 158, 160 In 

systemic and urinary tract infection NGAL is increased, potentially due to an increase in 

neutrophil concentration.155 Tumours expressing NGAL have increasing growth rates as 

well as increased levels of MMP-9.156 This suggests that the increased expression of 

NGAL found in breast cancer may protect MMP-9 from degradation and therefore 

upregulate the dissolution of Bowman’s layer as driven by MMP-9,161 resulting in 

progression of the tumour.156 NGAL has also been found to be elevated in the cardiac 

microvasculature in hypoxic conditions.162  

It is not yet known what role NGAL plays in the tear film. In tears, lipocalins can reduce 

tear evaporation by increasing the solubility of lipids.163 It is thought that NGAL is a 

potential stabiliser of MMP-951 and has been show to accompany an MMP-9 increase 

in uveitis.164, 165 In eyes with pterygyia, NGAL has been shown to be 2.4-fold 

upregulated,166 consistent with the elevated levels of MMPs in these eyes.115 This 

co-localisation of MMPs and NGAL has been described as a factor increasing the 
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basement membrane degradation in pterygium formation. Pro-MMP-9 complexes with 

NGAL have been found in the open and closed eye tear film.135  

1.3.3.5.2 Non-specific inhibitors 

Natural proteinase inhibitors include 2-macroglobulin. These irreversibly trap 

activated MMP so that the complex can be removed by the receptor.104  

Synthetic inhibitors regulate MMP activity and include disodium ethylene-

diaminetetra-acetic acid (EDTA) as a chelating agent of calcium and zinc, as MMP 

activity is dependent upon the presence of calcium.105  

1.3.4 Physiological functions of MMP-9 

MMPs play an important role in modulating apoptosis, angiogenesis, cell migration, 

wound healing, tissue remodelling and inflammation in all connective tissues.135 By 

virtue of its role in remodelling the extracellular matrix, a temporal increase in MMP-9 

has been associated with brain development,167 as well as development of the liver, 

the bronchial epithelium and the thyroid gland.51 Temporal expression of MMP-9 has 

also been found during embryo development,168 post-partum uterine involution, 

cervical dilation and remodelling of the endometrial tissues during the menstrual 

cycle.51 

1.3.5 Pathological functions of MMP-9 

The imbalance of MMP-9 with its regulators may contribute to damage, whether it is 

due to excess or inadequate levels of MMP-9 and consequently, excess or inadequate 

extracellular matrix breakdown. When the regulatory mechanisms fail, inflammation, 

infection, degeneration and malignancy may result. 

MMPs play a role in the invasion, metastasis, and angiogenesis processes during 

cancer formation.104 Their ability to degrade the components of the extracellular 

matrix contributes to the capability of tumours to metastasise. For this to occur, the 

tumour needs to break away, breach the surrounding stroma and basement 

membrane and hence enter the circulation and spread to the next point.105, 169  
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MMP-9 in inflammation may act directly on the tissue or indirectly through the 

inflammatory cascade. Tissue stroma is maintained by a balance between extracellular 

matrix deposition and degradation.110 In conditions such as rheumatoid arthritis and 

atherosclerosis, this balance appears to be lost, leading to excess degradation and 

eventual tissue destruction.110 An imbalance in MMP:TIMP has also been associated 

with osteoarthritis.170 

MMP-9 is upregulated in bullous pemphigoid, an autoimmune blistering disease104 as 

well as with the formation and rupture of intracranial and aortic aneurysms.104 Lehoux 

et al. have shown that MMP-9 seems to contribute to early hypertensive vascular 

remodelling171 and is associated with vascular distensibility.  

An upregulation of MMP-9 has also been associated with cerebral ischaemia.172 Bauer 

and colleagues found that hypoxia increases MMP-9 activity in the cerebral 

microvasculature. This increase augments the hypoxia-induced vascular leakage, as 

was demonstrated by the reduced hyperpermeability following inhibition of MMP-9.172 

By virtue of its inhibitory effect on MMP-9, TIMP-1 has been found to be 

neuroprotective. 173 

In the eye, MMPs have been associated with the ageing macula, through their effect 

on Bruch’s membrane.174 Bruch’s membrane is an extracellular matrix and is 

particularly responsible for the movement of nutrients and waste products between 

retinal photoreceptors and the choroidal blood supply.174 MMPs are secreted by the 

retinal pigment epithelium and the choroidal endothelium174 and they mediate the 

breakdown of the extracellular matrix. In the ageing macula, an increase in the 

thickness of Bruch’s membrane along with deposition of abnormal extracellular matrix 

material have been implicated in the age-related macular degeneration disease 

process.175 Active forms of MMP-2 and -9 have been found to be minimal in the ageing 

macula.174 Increased levels of TIMP-3 suggest that this ratio impacts on the 

extracellular matrix turnover and hence results in the thickened Bruch’s membrane 

seen in age-related macular degeneration.174, 176 This is an area considered to be of 

future therapeutic potential.  
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1.3.6 MMP-9 and the ocular surface 

MMP expression plays a role both in the long and short-term in corneal wound 

healing. In the short-term there is a peak in MMP-9 activity during the healing of 

epithelial wounds.101 MMPs are essential for migration of cells through the 

extracellular matrix and the removal of collagen which was denatured during injury. 

This is important, because partially degraded collagen molecules will not bind very 

well, resulting in a weakened basement membrane. MMP-9 synthesis is en-sync with 

basement membrane degradation; there is a rapid increase in expression initially, this 

tapering over a period of a few weeks.101 MMP-2, MMP-3 and MMP-1117 on the other 

hand are mainly seen in the stroma and increase gradually over many months of 

matrix remodelling.101 This process must be carefully controlled by TIMPs to prevent 

the MMPs from degrading the intact, functional matrix. Over-expression of MMP-9 

leads to failure to re-epithelialise and chronic corneal ulcerations.101 Improved 

basement membrane integrity has been found when MMP-9 was inhibited.101 The 

excessive synthesis of MMP-9 therefore turns a normal situation of basement 

membrane remodelling into membrane dissolution.48 

Fini et al. through their work suggest that gelatinases contribute to the epithelial 

defect which ultimately results in corneal ulceration,110 from the initial epithelial 

defect formation, right through to the resolution of the ulcer and cell repair.48 Stromal 

ulceration is initiated by defective wound healing.48 In cases such as diabetic ulceration 

the reformation of strong epithelial-stromal adhesive structures may not occur due to 

the presence of duplications of the basement membrane,48 resulting in recurrent 

epithelial breakdown.48 The presence of inflammation is also a characteristic of corneal 

ulcers. The third process common in corneal ulcers is the dependence on specific 

enzymatic mechanisms with reactivity against corneal stromal collagens.48 

MMP-9 has been implicated in diverse pathological functions in the ocular surface and 

some of these are presented in Table 1.2. MMP-9 has been detected in both tears111, 

177, 178 and corneal epithelial culture supernatant112 and in tears has been a measure of 

the success of treatment.179 There has been an observed correlation between tear film 

levels of MMP-9 and the progression of peripheral ulcerative keratitis in patients with 
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rheumatoid arthritis.133 Elevated levels of latent MMP-9 have also been found in the 

tears of those with blepharitis, allergic eye disease, dry eye,93, 114, 180 active vernal 

keratoconjunctivitis111 and conjunctivochalasis.181 Lema et al. analysed the tears of 

patients with keratoconus and found elevated levels of IL-6 and TNF-α. MMP-9 was 

similarly elevated.178 These results contribute to the school of thought that degraded 

extracellular matrix could be a factor in the corneal ectasia seen in keratoconus.178 

MMPs have also been implicated in the progression of pterygia. The pterygium cells 

invading over Bowman’s layer show an elevated level of MMP-1, -2, -9 and -13 which 

may be causing the dissolution of Bowman’s layer.115, 182 Fibroblast activation may also 

result from this, contributing to the cleavage of fibrillar collagen in Bowman’s layer by 

the production of MMP-1.182 A minor invasion of the pterygium head, as compared to 

more aggressive progression, has been correlated with higher levels of TIMP-1.183  

A greater concentration of MMP-9 has been found in the tears of patients with the 

inflammatory skin condition, rosacea.93 People with this condition are also known to 

be more likely to develop corneal vascularisation, epithelial basement membrane 

dystrophy and recurrent corneal epithelial erosions (Section 1.2.10.5.1).93 These 

patients also show a higher concentration of the pro-inflammatory cytokine IL-1  

which has been associated with activating MMPs such as the collagenases and 

gelatinases.93, 139 This has been associated with the chain of events which result in 

rosacea-related ocular surface disease, such as corneal erosions.  

As described in section 1.2.10.6, elevated levels of MMP-2 and -9 have been found in 

the tears of those with recurrent corneal erosions, and unlike normal corneas, both 

active MMP-2 and MMP-9 have been found.78, 93, 102, 112 Doxycycline has been found to 

inhibit MMP-9 activity and has been found to be effective in preventing erosion 

recurrences.77, 184 Together these findings support the rationale that these MMPs may 

contribute to the breakdown of the corneal adhesion complexes which ultimately 

culminates in corneal erosion.   
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1.4 LITERATURE ON CONTACT LENS-RELATED CORNEAL EROSIONS AND 

MMP-9  

To date, there have been no papers published on the role of MMP-9 in contact lens-

related corneal erosions. However, there have been four papers published and one 

conference paper presented on MMP-9 and contact lenses.  

Lema and colleagues compared the levels of IL-6, TNF-α, the cell adhesion molecules  

intercellular adhesion molecule-1 (ICAM-1) and vascular adhesion molecule-1 

(VCAM-1) and MMP-9 in four groups: 20 patients with keratoconus wearing rigid gas 

permeable contact lenses (RGPs), 28 keratoconus patients without RGPs, 20 myopic 

RGP wearers and 20 myopic subjects without contact lenses.193 They found a 

significant increase in IL-6, TNFα, ICAM-1, VCAM-1 in keratoconus patients wearing 

contact lenses compared to no contact lens wear, and a non-significant difference in 

MMP-9 (66.5 and 93.4 ng/mL respectively).193 In normal patients wearing RGPs, the 

levels of MMP-9 were significantly increased compared to controls (12.9 vs. 6.1 ng/mL) 

as were TNF-α levels.193 In another study, Pannebaker et al. found significantly greater 

levels of MMP-1 in the tears of people with keratoconus, both with and without RGP 

wear, when compared to the group of normal RGP wearers (34.4 ± 84.4, 

3,483.4 ± 3,881.0 and no detection, respectively.194  

Zhang and colleagues measured the levels of MMP-9 in the corneas of rats after 

wearing high and low oxygen permeability contact lenses for two weeks. No 

differences were found.195  

Hadassah and colleagues evaluated the effectiveness of collagen bandage contact 

lenses on corneal healing in the case of corneal erosions, ulcers, dry eyes and corneal 

lesions.196 They found significant levels of MMP-2 and -9 initially which reduced 

significantly after seven days of contact lens wear, a factor which they attribute to 

corneal healing in the presence of a collagen bandage contact lens. 

Papas et al. conducted a pilot study on five people wearing orthokeratology contact 

lenses.197 They found an increased amount and activity of MMP-9 in the eye wearing 

the contact lens compared to the non-contact lens wearing eye. Moreover, both the 
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amount and activity of MMP-9 increased with length of contact lens wear. The authors 

suggest that this increase may contribute to the epithelial cell migration that occurs in 

orthokeratology.  

To date, no papers have been published on the impact soft contact lens wear has on 

MMP-9 expression. Similarly, it is not known whether different wear modalities and 

lens types influence this expression and whether MMP-9 is a factor in contact-lens 

related corneal erosions.  

1.5 RATIONALE FOR RESEARCH 

The aetiology of contact lens-related corneal erosions is not well understood. The 

association of erosions in non-contact lens wearers with MMP-9 suggests that MMP-9 

may also be a factor in contact lens wear. It is not currently known how soft contact 

lens wear affects the levels of MMP-9 in the ocular tear film or indeed whether these 

levels are related to the corneal erosions which sometimes ensue.  

1.6 THESIS AIMS 

This thesis aims to explore the effect of contact lens wear on the diurnal profile of 

MMP-9 and its associated proteins in the human tear film and relate this to corneal 

erosions.  

It is feasible that contact lens wear affects other proteins which may contribute to 

erosion formation. Hence, a further aim of this thesis is to identify changes in the tear 

proteome associated with contact lens wear and how these changes compare with 

those how develop erosions.  

The results of these studies will provide a greater understanding of the tear protein 

changes associated with contact lens wear and the mechanisms by which adverse 

events such as erosions occur. Furthermore, this understanding may help underpin 

future research into preventative mechanisms and means by which to predict those at 

risk of adverse events such as corneal erosions. 
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1.7 THESIS HYPOTHESIS 

Increased levels of MMP-9 have been associated with the occurrence of corneal 

erosions in non-contact lens wearers.43, 93, 101, 102 Additionally, contact lenses are known 

to alter the levels of a number of proteins in the tear film.198-201 Based on this 

information, the hypothesis to be tested is that contact lens wear is associated with 

increased expression of MMP-9 which predisposes the cornea to erosion as a result of 

increased degradation of the extracellular matrix and the adhesion complexes.  

1.8 THESIS OVERVIEW 

This thesis describes the outcomes of these investigations as follows:  

Chapter 2 describes the validation of a flush tear collection technique. As the subtle 

changes leading to corneal erosion development in the otherwise healthy eye are not 

identifiable with slit-lamp biomicroscopy, the more sensitive approach of tear analysis 

to detect changes in proteins such as MMP-9 was used in this thesis. A simple method 

for collection of representative tear samples was therefore validated. 

Chapter 3 uses this flush tear collection method to establish the diurnal variation of 

MMP-9 and its associated factors, TIMP-1 and NGAL, in the tears of healthy normals.  

Chapter 4 describes the effect of contact lens wear in the DW and EW schedules on 

the diurnal levels of MMP-9, TIMP-1 and NGAL.  

Chapter 5 evaluates the impact of contact lens wear on the tear proteome as a whole 

through the use of a broad spectrum technique known as differential gel 

electrophoresis (DIGE) in order to establish other changes associated with contact lens 

wear which may contribute to erosion formation.  

Chapter 6 applies the knowledge obtained from healthy normals during their 

adaptation to contact lens wear as established in Chapter 4 and Chapter 5 and 

compares this to those with contact lens-related corneal erosions.  

Chapter 7 summarises and discusses the findings and limitations of this work and 

recommends future studies to extend the findings. 
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CHAPTER 2 THE VALIDATION OF THE FLUSH TEAR 
COLLECTION TECHNIQUE 

2.1 OVERVIEW 

Chapter 1, Section 1.6 introduced the aims of this thesis to explore the biochemical 

changes in the tear film during contact lens wear which may contribute to the 

development of corneal erosions. In order to effectively measure these changes, it is 

necessary to ensure that the technique used to collect tears and their constituent 

proteins is appropriate. One limitation of many tear collection techniques is the 

inadequate volume that typically results. One way around this is to use a technique 

known as ‘flush’ collection. In the following sections a standardised version of this 

method is described and validated for both basal and reflex collection. This method is 

used in the subsequent chapters of this thesis. 

The work presented in this chapter has been published in Current Eye Research202 and 

is presented here with permission from the journal (Confirmation Number: 10287500). 

This work has also been presented as a poster at the International Society for Eye 

Research in Montreal, July 2010 (Appendix B: Publications and presentations). 

2.2 INTRODUCTION 

As the pre-ocular tear film is critical to the integrity of the ocular surface, assessment 

of its biochemical characteristics presents a valuable means of studying this region of 

the eye in both health and disease. Examples include the use of tear fluid analysis to 

determine changes contributing to altered corneal integrity in keratoconus203 and 

diabetes,204 establish differences between the open and, closed eye environments205 

and assess the effect of contact lens wear on the ocular surface.201, 206-209 For this 

reason, tear fluid analysis forms the basis of the studies presented in this thesis. 

Tear samples can be obtained from human participants in several ways, but drawbacks 

are associated with each approach. For example, tears can be absorbed into Schirmer 

strips resting on the lower eyelid and subsequently eluted for biochemical analysis.102, 

186, 210, 211 Although simple to perform, this procedure tends to collect cellular, as well 

as secreted, proteins and the physical presence of the strip can cause mechanical 
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stimulation of the corneal and conjunctival epithelium. As a result, the composition of 

the collected sample may differ from that in pure basal secretion.212-214  

A common alternative is to use microcapillary tubes to draw tears from the reservoir 

within the conjunctival sac, usually at the fornices. While generally less invasive than 

Schirmer strips, attempts to collect basal tears with this method can be tedious at 

best; particularly where there is a paucity of flow, as often occurs in dry eye or when 

the eyes are opened after awakening. It is also challenging to avoid inadvertent 

contact with the lids, and/or ocular surface and thus induce reflex tearing.  

An option is to simply provoke or utilise reflex tearing as a means of providing 

increased tear volume at a faster rate. This is itself an inherently variable endeavor 

that is difficult to perform with consistency. In addition to volume change, the 

procedure of inducing reflex tears also yields a change in the protein spread, with the 

main regulated proteins of the lacrimal gland, such as lysozyme, lactoferrin and tear 

lipocalin, remaining constant, while others such as immunoglobulin A and G, albumin 

and fibronectin change dramatically.215, 216  

A number of workers184, 217-224 have attempted to make the collection process less 

demanding by sampling tears after first flooding the eye with saline. The idea is that 

the increased fluid volume will be much easier, and quicker, to coax into a 

microcapillary tube but will still contain the same moieties as normal tears, albeit at a 

reduced concentration. 

This assumption has only been partially verified. One-dimensional gel electrophoresis 

has shown that similar major proteins appear in samples collected by the ‘flush’ 

method as are in basal tears,218 but total protein measures appear to be more variable 

when compared to reflex tears.15, 221 Part of the reason for this may be that the 

technique used in these studies involved multiple instillations of saline. In addition to 

sample dilution, this might well have triggered reflex tearing and therefore contributed 

to the variability.  

It is also noteworthy that the technique itself is not applied in any standard fashion. 

Among the studies conducted to date, both the number and volume of saline 
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instillations have varied among the various groups reporting on its use.184, 217-222, 224 

These technical issues cast doubt on the validity of the flush method as a means of 

providing tear samples that are truly representative of the fluid existing within the 

conjunctival sac.225 Additionally, the behaviour of the less abundant protein species in 

flush tear collection is not known. With this in mind a standard method of flush tear 

collection is proposed based on the single application of a controlled volume of saline. 

2.3 AIMS 

The aims of this chapter are to describe a standardised flush technique and the efforts 

to validate it. This was achieved by establishing test-retest repeatability, and 

comparing the amount and variety of proteins contained in flush samples with those in 

basal and reflex secretions obtained conventionally. Both major and less abundant 

protein species were evaluated to give as broad a picture as possible of the differences 

between techniques.  

2.4 HYPOTHESIS 

Flush tear collection can collect a greater volume of tears compared to basal and reflex 

tear collection without affecting the variety and proportion of proteins collected. 

2.5 METHODS 

2.5.1 Ethics approval 

This study was approved by the institutional ethics committee of the University of New 

South Wales (UNSW, approval number 084055 and 084056). Informed consent was 

obtained from 16 non-contact lens wearers (11 female, 5 male) according to the tenets 

of the Declaration of Helsinki 1975 as amended in 2000 (Appendix A: Participant 

information statement and consent forms). All participants were aged between 18 and 

46 years of age (30 ± 7 years). Participants were healthy and were not taking 

medications for any general health conditions. A requirement of the study was that the 

participants were either non-contact lens wearers or non-habitual lens wearers who 

had not worn contact lenses in the month preceding the study. Participants with 

pre-existing ocular irritation or with active corneal infection or any active ocular 
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disease were excluded from the study. White light examination was conducted prior to 

tear collection. Exclusion criteria also included any systemic disease that may affect 

ocular health, any systemic or topical medications up to 12 weeks prior to and during 

the trial that could affect ocular physiology, as well as previous corneal refractive 

surgery. Pregnant or lactating women were excluded from the study. 

2.5.2 Study design 

Tears were collected six times from each participant by the same investigator, MM, 

experienced in the technique. Each of the basal, reflex and flush methods described 

below was used on two occasions in random order allowing at least 24 hours between 

collections. At each visit, tears were obtained from both eyes and were not pooled, the 

right eye always being collected first. A new microcapillary was used for each eye. 

Collection times ranged between 10:45 AM and 16:35 PM, however, the majority were 

between 12:00 PM and 2:00 PM.  

2.5.3 Tear collection method 

2.5.3.1 Basal tear collection 

Basal tears were collected using a 10 L microcapillary tube (Blaubrand® intraMark, 

Wertheim, Germany). Collection time was limited to a maximum of two minutes which 

was deemed long enough to enable adequate collection, but short enough to avoid 

stimulation of reflex tears.226 Participants tilted their head towards the side of 

collection while looking in the opposite direction. The microcapillary tube rested in the 

lateral tear meniscus. Care was taken to minimise the touch to the bulbar conjunctiva 

or the lid margin to avoid the risk of stimulation. Participants were allowed to blink 

during the procedure, after the microcapillary tube was withdrawn. Collection was 

paused if any reflex tearing was suspected. A fresh microcapillary tube was used for 

each eye. Tear collection rate was monitored for all samples by noting the time and 

volume collected. The sample was expelled from the microcapillary tube using a pump 

into a siliconised polypropylene microcentrifuge tube of 0.65 mL capacity, 

(Sigma-Aldrich, Steinheim, Germany) and placed on ice until processing within the 

hour. 
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2.5.3.2 Reflex tear collection 

Reflex tears were collected as for basal tears except that the sneeze reflex was 

stimulated by gently inserting a sterile cotton bud into the nasal passages to induce 

tear production.227 Collection took place for approximately one minute to enable 

sufficient volume to be obtained.  

2.5.3.3 Flush tear collection 

Flush tears202 were collected by instilling a single, 60 L drop of non-preserved, unit 

dose sterile saline (sodium chloride injection 0.9%, AstraZeneca, North Ryde, Australia) 

into the inferior palpebral fold using an Eppendorf pipette (Figure 2.1). Care was taken 

not to touch the eye with the pipette tip. Participants were then instructed to gently 

close their eyes and rotate them twice. Fluid was then immediately collected by 

microcapillary as before, with a limit of one minute being imposed to avoid reflex 

tearing.226 

 

Figure 2.1: Example of the procedure for flush tear collection. 

 (A) A 60 μL drop of sterile saline is inserted into the eye  
 (B) The participant closes and rolls eyes around and then opens the eyes  
 (C) The tears are collected using a microcapillary tube  
 (D) The tears are expelled into a tube for analysis  

 

2.5.4 Treatment of tear samples 

After collection, samples were centrifuged at 1,145 g force for 20 minutes at 4 °C to 

remove cellular debris. The supernatants were collected and stored in two aliquots in 

(A) (B)

(C)(D)
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siliconised polypropylene microcentrifuge tubes (Sigma-Aldrich, Steinheim, Germany) 

at -80 °C. One aliquot was used for total protein content (TPC) and the other for 

immunoglobulin A (IgA) and any further analysis. The samples were analysed within 

one month of tear collection. No protein extraction solvent was applied prior to 

running the samples.  

2.5.5 Total protein content 

Total protein content (TPC) was determined using the bicinchoninic acid method (BCA) 

and using Pierce reagents and flat-bottom Nunc-F Maxisorp 96-well microplates 

(Thermo Fisher Scientific, Rochester, NY, USA). Serial dilutions of bovine serum 

albumin (BSA, Sigma Life Science, Sigma Aldrich Inc, Canada) were used as standard. 

This was loaded in triplicate starting at 2 mg/mL down to 0.1 mg/mL in MilliQ water 

and 10 L was added to each well. Tear samples were loaded at a 1:10 dilution where 

volume allowed. No samples were pooled. Tears were analysed in duplicate and a 

10 L volume was added to each well. Solution A (BCA Protein Assay Reagent, Pierce, 

Thermo Fisher Scientific, Rochester, NY, USA) and Solution B (BCA Protein Assay 

Reagent B; Pierce, Thermo Fisher Scientific, Rochester, NY, USA) were combined in 

respective volumes of 20 mL and 0.4 mL. This mixture was then added at a volume of 

200 L per well. The optical density was read at 595 nm on the Spectrafluor Plus, 

Tecan Multifunction Microplate reader using the X-Fluor 4 software (NY, USA) after 

30 minutes and a standard curve generated using the BSA as a reference (Figure 2.2). 

 

Figure 2.2: Example of a linear curve obtained during total protein content analysis using 
the X-Fluor 4 software (NY, USA). 
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2.5.6 Immunoglobulin A analysis 

Immunoglobulin A (IgA) concentration was determined using sandwich enzyme-linked 

immunosorbent assay (ELISA) with the Bethyl Human IgA Quantitation kit 

(Montgomery, Texas) following the manufacturer’s instructions. Wells of Nunc-F 

Maxisorp 96-well microplates (Thermo Fisher Scientific, Rochester, NY, USA) were 

coated with 100 L of the primary antibody. The antibody was allowed to bind 

overnight at room temperature for tear samples of the first eight participants and for 

three hours for the tear samples of the second group of eight participants. Tear 

samples were not pooled. The plates were washed three times with wash buffer 

(50 mM Tris, 0.14 M sodium chloride (NaCl), 0.05% Tween20 (Sigma-Aldrich, 

Steinheim, Germany), pH 8.0). The wells were then blocked with 200 L blocking 

solution containing 50 mM Tris, 0.14 M NaCl, 1% BSA (pH 8.0) for 30 minutes. The 

blocking solution was then removed and the wells washed three times with the wash 

buffer. A volume of 100 L of tears diluted in sample diluent (50 mM Tris, 0.14 M NaCl, 

1% BSA, 0.05% Tween 20, pH 8.0) were loaded at 1:3,000 dilutions in duplicate. These 

were allowed to incubate for one hour and the wells were then washed five times with 

the wash buffer. A volume of 100 L of horseradish peroxidase (HRP) detection 

antibody was added to each well in a dilution of 1:20,000. This was incubated for one 

hour after which it was removed and the wells were aspirated with wash buffer. 

Tetramethylbenzidine (TMB) peroxidase substrate was added to each well in a volume 

of 100 L and stopped with 2 M sulfuric acid (H2SO4) after 30 minutes incubation. The 

optical density was then measured using the Spectrafluor Plus, Tecan Multifunction 

Microplate reader using the X-Fluor 4 software (NY, USA) at 450 nm. Each plate 

included seven dilutions of the standard in duplicate from which the standard curve 

was generated. The mean absorbance of the blank wells was subtracted from the 

mean of each sample and each standard in order to determine the final absorbance. 

2.5.7 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis  

Tear sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using the 

Laemmli system228 followed by scanning densitometry was performed as a means of 

qualitative analysis of the major tear proteins of the basal and flush tears of five 
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non-contact lens wearing participants. The basal and flush tears of four healthy contact 

lens wearers were also analysed as described in Section 2.5.2. These four participants 

met the study selection criteria (Section 2.5.2) but were contact lens wearers of more 

than one month duration. No restriction was placed on contact lens type or wear 

schedule.  

2.5.7.1 Buffer System 

SDS-PAGE analysis was performed on the Bio-Rad Mini-Protean® Tetra Cell (Bio-Rad, 

Hercules, CA, USA) in a Laemmli discontinuous buffer system228 which incorporates 

buffers of different pH and composition to generate a voltage gradient. Tear proteins 

were separated using a homogenous 12% gel (40% acrylamide/bis, 1.5 M Tris-HCl 

pH 8.8, 10% SDS, tetramethylethylenediamine (TEMED), 10% ammonium persulfate) 

and a 4% stacking gel (40% acrylamide/bis, 0.5 M Tris-HCl 6.8, 10% SDS, TEMED, 

10% ammonium persulfate) cast in-laboratory. The larger pore size and pH of the 

stacking gel concentrate the proteins before they enter the resolving gel while the 

smaller pore size of the resolving gel separates the proteins according to their 

molecular size, acting like a sieve. Upon loading, the tear samples were run at 200 V 

for approximately one hour in a running buffer (Tris base, glycine, 10% SDS, pH 8.3).  

2.5.7.2 Standard and sample preparation  

Individual tear samples were mixed with SDS-PAGE loading buffer (0.5 M Tris-HCl, 

pH 6.8, 10% SDS, 0.5% bromophenol blue, glycerol, mercaptoethanol) and 

denatured by heating at 100 °C for five minutes. The presence of SDS denatures 

proteins and gives them a net negative charge and a uniform charge-to-mass ratio, 

while -mercaptoethanol is used as a reducing agent for disulfide bonds to eliminate 

protein secondary structure so that the proteins can be separated according to their 

mass/size. A fixed mass of 10 g was added to each well as calculated from the TPC. A 

Precision Plus Protein™ Standard (Bio-Rad, Hercules, CA, USA) was run in parallel to 

the samples as a marker. 
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2.5.7.3 Image analysis 

Gels were fixed and then stained with Coomassie Blue R250 and were imaged using 

the Bio-Rad GS 800 scanner (Bio-Rad, Hercules, CA, USA). Lane profiles were analysed 

using Quantity One software (Bio-Rad, Hercules, CA, USA). One gel was performed for 

each of five participants. 

2.5.8 Mass spectrometry 

2.5.8.1 Liquid chromatography mass spectrometry  

Liquid chromatography mass spectrometry (MS) was conducted at the Bioanalytical 

Mass Spectrometry Facility at UNSW on three replicates of each sample type, all from 

the same participant, in order to gauge whether the same spectrum of proteins was 

identifiable across tear collection methods. Tear samples were not pooled. Samples 

were reduced with 10 mM dithiolthreitol (DTT) in 50 mM ammonium bicarbonate 

(NH4HCO3) for 30 minutes at 37 °C, followed by alkylation with 25 mM iodoacetamide 

in 50 mM ammonium NH4HCO3 for 30 minutes at 37 °C. Finally, the samples were 

digested with trypsin at 2 ng/mL in 20 mM NH4HCO3 overnight, for approximately 

14 hours at 37 °C. The following morning, 1% formic acid was added to each of the 

digested samples for 10 minutes, followed by the addition of acetonitrile for 

10 minutes. The supernatant was transferred to a new tube and evaporated to 

dryness. The dried samples were re-suspended in 0.05% heptafluorobutyric acid and 

1% formic acid in water and injected on a reverse phase C18 column coupled with an 

LTQ-FT Ultra mass spectrometer (Thermo Fisher Scientific, Rochester, NY, USA). 

2.5.8.2 Mascot analysis 

All MS/MS samples were analysed using Mascot software (Matrix Science, London, 

UK).229 Mascot was set up to search the National Centre for Biotechnology Information 

database (unknown version, 7686184 entries) using the digestion enzyme trypsin. 

Mascot was searched with a fragment ion (MS/MS) mass tolerance of 0.40 Da and a 

parent ion (MS) tolerance of 4.0 ppm. Oxidation of methionine, iodoacetamide 

derivative of cysteine, acrylamide of unknown and acrylamide adduct of cysteine were 

specified in Mascot as variable modifications. Scaffold (version Scaffold 2, Proteome 
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Software Inc., Portland, Oregon, USA) was used to validate MS/MS based peptide and 

protein identifications. Peptide identifications were accepted if they could be 

established at greater than 80% probability as specified by the Peptide Prophet 

algorithm.230 Protein identifications were accepted if they could be established at 

greater than 80% probability and contained at least one identified peptide. Protein 

probabilities were assigned by the Protein Prophet algorithm.231 Proteins that 

contained similar peptides and could not be differentiated based on MS/MS analysis 

alone were grouped to satisfy the principles of parsimony. 

2.5.9 Statistical analysis 

Normality was tested using the Shapiro-Wilk test due to sample size less than 50. 

Repeated measures analysis of variance (ANOVA), with Bonferroni corrected Student’s 

t-tests post-hoc, was used to compare the three collection methods. Sphericity was 

verified with Mauchly’s test. A 95% confidence level (p < 0.05) was applied. 

SPSS 16.0 GP (Chicago, USA) was used for the analysis. Results are reported as 

mean ± standard deviation (SD). 

2.5.9.1 The use of expectation maximisation for missing variables  

Missing data due to inadequate volume were replaced in PASW (PASW statistics, 

version 18.0, Chicago, USA) using an expectation maximisation (EM) procedure, 

substituting zeros when negative values were generated. 

2.5.9.2 Bland-Altman analysis 

Agreement between assay duplicates, eyes and days were evaluated using 

Bland-Altman analysis.232 The differences between the two variables were plotted 

against their mean and limits of agreement (mean ± two SDs) and coefficients of 

repeatability (1.96 x the SD of mean difference between replicates)233 were calculated. 
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2.6 RESULTS 

2.6.1 Normality 

The Shapiro-Wilk test indicated that when normality was tested separately for eyes 

and days collected, each method had one out of the four sampling groups not normally 

distributed for TPC (p = 0.005, 0.001 and 0.03 for basal, reflex and flush respectively). 

When eyes and days were averaged for each method, all data were normally 

distributed (p > 0.05).  

For IgA concentration, only one occasion for the basal tears was not normally 

distributed (p = 0.04).  

2.6.2 Tear collection 

There were no significant differences between right and left eyes (F = 0.84, p = 0.38), 

collection days (F = 0.90, p = 0.36) or participant gender (F = 0.84, p = 0.45) in terms of 

collection rate for any of the methods. Accordingly, values for each participant across 

the two days and for each eye were averaged. Table 2.1 shows the mean volume, and 

collection rates for each method (n = 16). Both volume and collection rate were 

highest for the flush tears. All the collection rates were significantly different between 

methods (F = 66.56, p < 0.05). 

Table 2.1: Group mean ± SD of collected volumes and collection rates. 

 Standard collection times were two minutes for basal and one minute for reflex 
and flush tears (n = 16). All the collection rates were significantly different 
between methods (p < 0.05). Volume was significantly greater for flush tears 
(p < 0.05). 

Collection Method Volume ( L, mean ± SD) Collection rate ( L/minute, mean  ± SD) 
Basal 8.6 ± 11.8 4.6 ± 6.7 
Reflex 14.6 ± 11.6 13.9 ± 11.1 
Flush 27.2 ± 11.7 25. 7 ± 12.4  
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2.6.3 Repeatability 

2.6.3.1 Assay variability 

For each assay, samples were tested in duplicate in order to check for the repeatability 

of the technique for each sample type. The Bland-Altman limits of agreement and 

coefficients of repeatability for each sample type are shown in Table 2.2 for the TPC 

assays and in Table 2.3 for the IgA assays. The greatest assay variability was 

1.22 mg/mL for the TPC assay (basal tears) and 0.08 mg/mL for the IgA assay (basal 

tears). Values greater than this were considered to be true differences between 

samples rather than a result of experimental variability.  

Table 2.2: Limits of agreement and coefficients of repeatability for the total protein 
content (TPC) assay duplicates. 

Tear Type Mean of 
differences 

SD of 
differences 

Limits of 
agreement 

Coefficient of 
repeatability 

Basal -0.33 0.61 -1.53 to 0.87 1.22 
Flush -0.16 0.22 -0.59 to 0.27 0.44 
Reflex -0.39 0.47 -1.3 to 0.53 0.94 
 

Table 2.3: Limits of agreement and coefficients of repeatability for the immunoglobulin A 
(IgA) assay duplicates. 

Tear Type Mean of 
differences 

SD of 
differences 

Limits of 
agreement 

Coefficient of 
repeatability 

Basal 0.00 0.04 -0.08 to 0.08 0.08 
Flush -0.01 0.03 -0.07 to 0.05 0.06 
Reflex 0.00 0.03 -0.06 to 0.06 0.06 
 

2.6.3.2 Day-to-day and eye-to-eye repeatability 

Repeated measures ANOVA showed no difference between eyes or days for any of the 

methods, whether for TPC (F = 2.62, p = 0.13 and F = 1.62, p = 0.22, for eyes and days 

respectively), IgA concentration (F = 3.76, p = 0.07 and F = 0.76, p = 0.40, eyes and days 

respectively) or their ratio (F = 0.09, p = 0.77 and F = 2.60, p = 0.13, eyes and days 

respectively).  

Coefficients of repeatability232 were calculated for each method as between replicates 

taken from the two eyes of each participant and also on different days. These are 

shown in Table 2.4 along with the limits of agreement.  
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Table 2.4:  Limits of agreement and coefficients of repeatability between eyes and days 
for each tear collection method for total protein content (TPC) and 
immunoglobulin A (IgA). 

   Basal  Reflex Flush 
Limits of 
Agreement 

TPC (mg/mL) Days -3.19 to 7.55 -7.49 to 6.97 -3.49 to 4.15 
Eyes -6.35 to 5.61 -7.66 to 6.22 -3.97 to 3.05 

IgA (mg/mL) Days -0.46 to 0.24 -0.48 to 0.44 -0.36 to 0.33 
Eyes -0.35 to 0.61 -0.39 to 0.35 -0.12 to 0.38 

Coefficient of 
Repeatability 

TPC (mg/mL) Days 5.38 7.24 3.83 
Eyes 5.98 6.94 3.50 

IgA (mg/mL) Days 0.58 0.93 0.69 
Eyes 0.68 0.75 0.49 

 

2.6.4 TPC and IgA analysis 

As there were no significant differences between eyes or days for either TPC or IgA, 

data were averaged prior to comparison between collection methods. Table 2.5 

summarises the outcome. As expected, TPC was highest for basal and least for flush 

tears. The latter were significantly less concentrated than both basal and reflex tears 

(p = 0.001 and 0.008, respectively). 

IgA concentration in basal tears was significantly greater than in both reflex (p = 0.002) 

and flush tears (p < 0.001). However, when expressed as a percentage of TPC, the 

amount of IgA was identical in basal and flush samples (p = 1.00). Concentrations were 

normalised against TPC so as to compensate for the differences in volume.  

Table 2.5:  Group mean ± SD for total protein content (TPC), immunoglobulin A (IgA) 
concentration and IgA as a percentage of TPC for basal (B), reflex (R) and flush 
(F) tears (n = 16) with associated p values. 

 Basal Reflex Flush p value 
    B-R R-F B-F 
TPC (mg/mL) 7.14 ± 2.22 6.01 ± 2.11 3.79 ± 1.51 0.15 0.001 0.008 
IgA concentration 
(mg/mL) 

1.04 ± 0.29 0.64 ± 0.26 0.65 ± 0.23 <0.001 1.00 0.002 

IgA percentage (%) 19.8 ± 14.9 11.4 ± 3.9 19.8 ± 8.7 0.15 0.02 1.00 
 

2.6.5 SDS-PAGE 

Figure 2.3 shows the SDS-PAGE patterns for basal and flush tears (representative) from 

one participant. Only basal and flush tears were compared as these were found to be 
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proportionately similar in the previous protein analysis of IgA (Section 2.6.4). Lane 

profile analysis exhibited the presence of all major protein bands in both basal and 

flush tear samples, the molecular weight (MW) of these being consistent with those 

known for lactoferrin, albumin, IgA, lipocalin and lysozyme.234 The gel band intensities 

were profiled in order to identify regions of differences. In each case the same peaks 

were present for both basal and flush samples. 

2.6.5.1 SDS-PAGE of tears from contact lens wearers 

Prior to using the flush technique in contact lens wearers in Chapter 4 and Chapter 5, 

flush tears were compared to basal tears in order to confirm that the same proteins 

were collected in the presence of a contact lens. Figure 2.4 is a representative gel of 

the basal and flush tears of one contact lens wearer. The same proteins were identified 

with both the basal and flush technique as can also be seen by the common peaks 

shown in Figure 2.4. 

2.6.6 Mass spectrometry 

In order to give a broader picture of the less abundant proteins in tear samples, mass 

spectrometry was performed on three replicates from each tear collection method, all 

from the same participant, according to the above protocol. The results are shown in 

Table 2.6. As a means of showing commonality between the three replicates for each 

method, Venn diagrams were constructed as shown in Figure 2.5. From these it can be 

seen that basal sampling was the most consistent as 26 out of the total 29 proteins 

detected were present in all three replicates. Consistency was slightly reduced for both 

the flush and reflex methods which repeatedly returned 18 out of 27 and 18 out of 29 

proteins respectively. This may be a result of the greater volume of flush and reflex 

tears diluting the lower abundance proteins so that they are not consistently detected. 

Taking only the consistently returned proteins for each method, a further Venn 

diagram was constructed to examine the distribution of these moieties between 

techniques. This is shown in Figure 2.6 where it can be seen that 15 proteins were 

common to all three sampling groups. These 15 are the more abundant proteins and 

are indicated with asterisks in Table 2.6. Comparing flush and basal collection showed 

17 common proteins, the same number as for reflex and basal. 
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2.7 SUMMARY AND DISCUSSION 

When performing tear collection the aim is to obtain a true representation of the 

status of the tear film at that point in time. In conducting the present study the 

purpose was to establish if a standardised flush method of tear collection would 

permit such a view to be obtained more easily than the traditional approach of 

collecting basal secretions, while maintaining adequate repeatability between replicate 

events.  

2.7.1 Volume and flow-rate 

The rapidity of the flush technique is obvious from Table 2.1, where it can be seen that 

increasing the volume of fluid in the conjunctival sac allows a standard 10 L sample to 

be collected in less than 30 seconds, on average. This is at least four times faster than 

traditional basal sampling and, even taking into account the need for an additional 

saline instillation step, provides a less challenging and more comfortable procedure for 

participants, not to mention investigators. 

2.7.2 Validation 

Of course, speed is of no value unless the contents of the sample maintain fidelity with 

those of the original which, in this instance, are best represented by basal secretions. 

To evaluate the extent to which this was achieved, flush samples were compared with 

basal tears from the same participants, using a number of indicators.  

2.7.2.1 Variety of proteins detected 

SDS-PAGE was used to show that the capture of major proteins was essentially the 

same between the two methods (Figure 2.3) a similar finding shown by others.210, 218, 

235 Similarly, the presence of a contact lens did not change the capture of the major 

proteins, as shown in Figure 2.4. To add further weight to these results the status of a 

wider range of protein moieties using mass spectrometry was also examined. The Venn 

diagrams in Figure 2.5 show that consistency of proteins collected between replicates 

was similar for reflex and flush, but both were reduced relative to the basal sampling 

method. Thus where basal sampling consistently returned 26 proteins, reflex and flush 

produced only 18. However, as can be seen from Figure 2.6, fifteen of these consistent 
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proteins were common to all the techniques and these were identified as being the 

more abundant species (asterisked in Table 2.6). It should be noted that basal tears 

returned seven species not regularly found by the reflex or flush methods. Basal tears 

therefore appear to consistently collect a greater number of the less abundant 

proteins compared to reflex and flush tears, and a similar amount to that found by 

Green-Church et al.210 Reflex and flush essentially return the same proteins. 

2.7.2.2 Protein concentration 

To investigate the behaviour of protein concentration, both total protein and IgA were 

measured. The latter was chosen as a representative protein because its concentration 

is known to alter as a result of ocular stimulation,236 making it a reasonable indicator of 

the potential for the flush method to be invasive, relative to basal collection. Both total 

protein and IgA concentrations were reduced in the flush samples, as would be 

expected due to the increased volume. However, their relative amount was the same 

in flush and basal samples, as was indicated by the IgA:TPC ratio (Table 2.5). Taking this 

observation together with those discussed earlier, provides good evidence that flush 

collection produces a sample that, while of low absolute concentration, largely mirrors 

basal tears both in terms of the most abundant proteins captured and their relative 

amounts. 

2.7.2.3 Repeatability 

Various investigators have reported high levels of variability when using the flush 

approach.220, 221 It seems likely that this performance has been influenced by a lack of 

consistent methodology. In particular, the use of different numbers of multiple saline 

instillations between studies and even sampling events218, 220, 221 is far from ideal. Using 

a single, controlled volume of saline appears to largely solve this problem as, in terms 

of both total protein and IgA concentrations, repeatability for the flush method in the 

current study was at least as good as that for basal collection, and better than for 

reflex tears. In contrast, the Schirmer technique has been shown to variably affect the 

plasminogen levels in tears compared to basal tears214 and to collect 53 unique 

proteins compared to basal tear collection.210 
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2.8 OUTCOMES OF CHAPTER 2 

In cases where less abundant proteins need to be identified consistently across 

samples, basal sampling remains the most suitable approach, as it collects a larger 

range of such moieties. In most other circumstances however, the standardised 

method of flush tear collection outlined above can be considered as an alternative to 

basal tear collection. It permits repeatable retrieval of largely the same range of the 

more abundant proteins, in the same proportions as basal tears, but is quicker, and 

thus less disturbing for participants and more convenient for investigators. This 

method is therefore used as the tear collection technique in the subsequent chapters.  
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CHAPTER 3 THE DIURNAL VARIATION OF MMP-9 AND ITS 
ASSOCIATED FACTORS IN THE TEARS OF 
HEALTHY NON-CONTACT LENS WEARERS 

3.1 OVERVIEW 

Chapter 2 established the suitability of the flush tear collection technique to allow for 

adequate tear volume to be collected without altering the overall protein profile. 

Chapter 3 applies this tear collection technique to the study of the diurnal variation of 

matrix metalloproteinase-9 (MMP-9) and its associated factors in the tear film of 

healthy non-contact lens wearers. MMP-9 has been associated with conditions such as 

recurrent corneal erosions78 and corneal ulcers.48 It is not known what role, if any, this 

enzyme plays in contact lens wear and in the erosions that occasionally result. This 

chapter establishes the baseline levels of MMP-9 and its associated factors in human 

tears. With this understanding, the effect of contact lens wear will be determined in 

Chapter 4. Furthermore, the diurnal variation reported here allows for comparisons to 

be made with those who develop erosions during contact lens wear in Chapter 6. 

The work presented in this chapter has been accepted for publication in Investigative 

Ophthalmology & Vision Science. These findings were also presented at the Association 

for Research in Vision and Ophthalmology conference in 2010, the British Contact Lens 

Association conference in 2010, and the Cornea and Contact Lens Society of Australia 

meeting in 2010 (Appendix B: Publications and presentations). 

3.2 INTRODUCTION 

MMPs are a family of collagen degrading endopeptidases whose function is to 

maintain and remodel the tissue architecture.101, 103 In the cornea, the controlled 

presence of MMPs may be important in maintaining homeostasis; however their 

uncontrolled production could have collagen degrading effects. MMP-9 is the primary 

matrix-degrading enzyme produced by basal corneal epithelial cells110 and 

neutrophils135 and is known to degrade the major constituents of the epithelial 

basement membrane such as collagen type VII.111 As the fibrils responsible for 

anchoring the basement membrane to the stroma are composed of type VII collagen, 
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an increase in this activity may result in a weakening of these attachments, 

contributing to the cascade of events that result in corneal erosion.93,78  

Regulation of matrix degradation is controlled by the ratio of MMP-9 to its inhibitor, 

tissue inhibitor of metalloproteinase-1 (TIMP-1) and an imbalance in this ratio caused 

by a relative excess of MMP-9 may indicate the potential for delayed wound healing 

and collagen degrading effects.117 On the other hand, MMP-9 can be protected from 

degradation by another protein known as neutrophil gelatinase-associated lipocalin 

(NGAL). NGAL has been suggested to be a major contributor to the ‘closed eye’ tears 

and is known to complex with pro-MMP-9 when it is produced by neutrophils.135 By 

preventing MMP-9 from degradation, NGAL protects the activity of MMP-9, hence 

perpetuating its degrading effects. Hence the activity of MMP-9 is a delicate balance 

between its inhibitor TIMP-1 and its protector, NGAL.  

Conditions such as corneal erosions and infections, as well as contact lens-related 

adverse events, are exacerbated upon waking, suggesting that degrading activity is 

upregulated overnight. Thus it is essential to understand how MMP-9, TIMP-1 and 

NGAL vary as a function of the diurnal cycle in healthy non- contact lens wearers. 

3.3 AIMS 

The studies described in this chapter set out to establish: 

1. the eye-to-eye variability in MMP-9 and TIMP-1 and the influence of eye-order  

2. the day-to-day variability of MMP-9, TIMP-1 and NGAL  

3. the diurnal variation of MMP-9, TIMP-1 and NGAL expression in the flush tears 

of healthy non-contact lens wearers 

4. the influence of gender and age on these protein levels 

5. the association with clinical signs 

3.4 HYPOTHESES 

The closed eye ocular tear film is known to exist in a state of sub-clinical 

inflammation.237 As MMP-9 is majorly sourced from neutrophils,135 and as neutrophils 

increase in concentration during sleep,238 the hypotheses of this chapter therefore are 
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that MMP-9 increases during sleep and that this increased expression is balanced by its 

inhibitor in order to control the level of collagen degradation.  

3.5 METHODS 

3.5.1 Ethics approval 

This study was approved by the institutional ethics committee of the University of New 

South Wales (UNSW) for Study 1 (approval numbers: 084055 and 084056) and the 

VIHEC human ethics committee with ratification from UNSW for Study 2 (approval 

number 10/09 and HREC 10244). The tenets of the Declaration of Helsinki 1975 as 

amended in 2000 were followed and Good Clinical Practice was adhered to. Informed 

consent was obtained from 46 participants (27 females, 19 males) aged between 18 

and 46 years of age (mean 28 ± 6 years) after explanation of the nature and possible 

consequences of the study (see Appendix A: Participant information statement and 

consent forms). Participants were recruited from the general university population and 

through approved email notices.  

3.5.2 Sample size calculation 

Sample size was determined so that the study group could subsequently be split into 

four groups in Chapter 4. Approximately seven participants in each group were 

required in order to demonstrate a statistically significant difference at 95% 

confidence and with 80% power, of 400 ± 300 ng/mL in MMP-9 concentration based 

on a previous study.197  

3.5.3 Inclusion criteria 

Participants were healthy and were not taking any medications for general health 

conditions. A requirement of the study was that the participants were either 

non-contact lens wearers or non-habitual contact lens wearers who had not worn 

contact lenses in the month preceding the study. The specific criteria are listed as 

follows. Participants enrolled in the trial must:  

 be able to read and comprehend English and give informed consent as 

demonstrated by signing a record of informed consent 
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 be aged between 18 and 46 years 

 be willing to comply with the wearing and clinical trial visit schedule as 

directed by the investigator 

 have ocular health findings considered to be “normal” and which would not 

prevent the participant from safely wearing contact lenses  

 have vision correctable to at least 6/12 in each eye with contact lenses 

3.5.4 Exclusion criteria 

Participants enrolled in the trial must NOT:  

 have worn contact lenses in the month preceding enrolment 

 be habitual contact lens wearers 

 have pre-existing ocular irritation that would preclude contact lens fitting 

 have an ocular condition that may preclude safe wearing of contact lenses 

 have an active corneal infection or any active ocular disease that would 

affect wearing of contact lenses 

 need concurrent category S3 and above ocular medication up to 12 weeks 

prior to and during the trial 

 have any systemic disease including diabetes (self-reported) that may affect 

ocular health. Conditions such as systemic hypertension do not 

automatically exclude prospective participants 

 take any systemic or topical medications up to 12 weeks prior to and during 

the trial that will affect ocular physiology or the performance of the contact 

lenses 

 have had eye surgery within 12 weeks immediately prior to enrolment for 

this trial 

 have undergone corneal refractive surgery 

 have any ocular injury or condition (including keratoconus and herpes 

keratitis) of the cornea, conjunctiva or eyelids that would affect the wearing 

of contact lenses 

 have contraindications to contact lens wear 
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 be currently enrolled in another clinical trial or have participated in a 

clinical trial within the previous two weeks  

 be pregnant or lactating 

3.5.5 Study design 

Two studies were conducted as follows: 

3.5.5.1 Study 1 

For the first 37 participants sample size was determined so that the study group could 

subsequently be split into four groups of at least seven participants in Chapter 4. 

A baseline visit was conducted between 11 AM and 2 PM (‘midday’) whereby informed 

consent was obtained and baseline measurements were taken prior to tear collection 

from both eyes. Participants were asked to stay overnight in the clinic and tears were 

collected again before sleep and immediately upon awakening.  

Tears collected from each eye were stored and analysed separately so that eye-to-eye 

variability could be determined. Tears were analysed for total protein content (TPC), 

MMP-9 and TIMP-1 concentrations. Due to insufficient tear volume, NGAL was 

subsequently measured in Study 2. 

3.5.5.2 Study 2 

Study 2 with nine participants was conducted in order to measure NGAL, perform 

zymography (Section 3.6.9.9) and differential gel electrophoresis (Chapter 5). This 

group of nine participants was not split into further groups. Tears from both eyes were 

collected and pooled to allow for sufficient volume. In order to ensure that the results 

from Study 2 were comparable to those of Study 1, the same variables as Study 1 were 

measured, that is, TPC, MMP-9 and TIMP-1. Additionally, four of these nine 

participants had also taken part in Study 1.  

This group of nine participants had their tears collected from both eyes at two 

time-points: at midday and upon awakening. Each time-point was performed on two 

separate occasions in order to establish the normal day-to-day variability within the 

diurnal cycle.  
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3.5.6 Clinical techniques 

The clinical techniques used at each time-point are outlined below in Table 3.1. The 

order of tests was arranged to minimise the impact on the ocular surface prior to tear 

collection. Visual acuity and evaluation of the cornea and conjunctiva without 

fluorescein were conducted prior to tear collection, while fluorescein evaluation and 

lid eversion were conducted following tear collection. 

Table 3.1: The clinical techniques performed at each time-point.  

 ‘Midday 1’and ‘midday 2’ refer to the first and second midday visit conducted in 
Study 2. Only one midday visit was conducted in Study 1 (midday 1). The ‘before 
sleep’ visit was only conducted in Study 1. 

Procedures  Midday Before sleep Upon awakening 

Visit window 
Between 11 AM and 
2 PM 

Before sleep, same 
day as ‘midday’ 

Immediately upon 
awakening, morning 
after ‘midday’  

Informed consent Y (midday 1 only) N N 
Meet inclusion/exclusion criteria Y (midday 1 only) N N 
Demographics Y (midday 1 only) N N 
History at baseline Y (midday 1 only) N N 
Updated history/any medical 
problems 

Y (midday 2 only) Y Y 

Baseline information: 
- spectacle refraction 
- visual acuity  
- keratometry 

Y (midday 1 only) N N 

Corneal topography N N N 
Symptoms and problems Y Y Y 
Wear time N N N 
Visual acuity Y N N 
Slit-lamp biomicroscopy: 
Redness, contact lens fit 
Evaluation of cornea and 
conjunctiva including fluorescein 
Upper tarsus (fluorescein on 
indication) 

Y Y Y 

Fundoscopy (superfield lens) Y (midday 1 only) N N 
Photos/video * * * 
Flush tear collection Y Y Y 
Adverse event data  Y** Y** Y** 
Visit summary Y Y Y 
Y = Yes, required information, N = No, not required         
* At optometrists discretion       
** If adverse event detected at time of visit       
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3.5.6.1 Visual acuity and slit-lamp biomicroscopy 

Visual acuity was measured at each visit using computer letter charts.239 Slit lamp 

biomicroscopy (Zeiss SL-120, Carl Zeiss Meditech, Jena, Germany) was performed 

according to Table 3.1. Bulbar and limbal redness, palpebral redness and roughness as 

well as corneal and conjunctival staining were assessed in order to exclude any pre-

existing conditions at baseline. Corneal and conjunctival staining were conducted with 

fluorescein (Fluorets ophthalmic strips, 1 mg, Chauvin Pharmaceuticals, Essex, UK) and 

a Wratten #12 filter (Kodak, Los Angeles, USA). Retroillumination was used to examine 

the cornea for the presence of subtle abnormalities. The order of tests was such to 

minimise the impact on the ocular surface prior to tear collection. As such, visual 

acuity and evaluation of the cornea and conjunctiva without fluorescein were routinely 

conducted prior to tear collection while fluorescein evaluation and lid eversion were 

routinely conducted following tear collection. 

3.5.6.2 Grading scales 

Clinical grading was conducted by a concordant optometrist (MM) using the Brien 

Holden Vision Institute grading scales240 (Appendix C: Brien Holden Vision Institute 

grading scales).  

3.5.6.3 Tear collection 

Flush tears202 as described in Chapter 2, Section 2.5.3.3, were collected from both eyes 

using a 10 L microcapillary tube (Blaubrand® intraMark, Wertheim, Germany) at each 

visit. This method has also been validated for MMP-9 measurement.241 The samples 

from each eye were stored separately for Study 1 and pooled for Study 2. A limit of 

one minute was imposed to avoid reflex tearing.226 Midday, before sleep and upon 

awakening visits were conducted consecutively. For the ‘upon awakening’ visits, 

participants slept overnight in the clinic. They were awakened and instructed not to 

open their eyes as they were lead to the clinic chair. Upon instruction, the participants 

were asked to open their eyes and flush tear collection commenced immediately 

under dim lighting. All samples were collected by the same investigator (MM). The 

order of eyes for tear collection was randomised.  
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3.5.6.3.1 Tear sample treatment 

After collection, samples were centrifuged at 1,145 g for 20 minutes at 4 °C to remove 

cellular debris. The supernatants were collected and stored in siliconised 

polypropylene microcentrifuge tubes (Sigma-Aldrich, Steinheim, Germany) at -80 °C in 

three aliquots for Study 1 and five aliquots for Study 2.242 One aliquot was used for 

total protein content (TPC) analysis and the other two were used for MMP-9 and 

TIMP-1 analysis. The additional two aliquots for Study 2 were used for NGAL analysis 

(Section 3.5.7.4) and zymography (Section 3.5.7.5) as well as differential gel 

electrophoresis (Chapter 5). 

3.5.7 Laboratory techniques 

3.5.7.1 Total protein content 

The diurnal variation of TPC has  been previously reported 226, 243, 244 and was measured 

in this study, first as a confirmation that the results presented here reflect those 

previously published, and second, because a knowledge of TPC was necessary for 

zymography (Section 3.5.7.5) and the proteomic analysis performed in Chapter 5. 

TPC was therefore determined using the bicinchoninic acid method (BCA) and using 

Pierce reagents and flat-bottom Nunc-F Maxisorp 96-well microplates (Thermo Fisher 

Scientific, Rochester, NY, USA) as per Chapter 2, Section 2.5.5. Each sample was 

identified by a number. 

3.5.7.2 MMP-9 assay 

Total MMP-9 concentration was determined using sandwich enzyme-linked 

immunosorbent assay (ELISA) with the RnD Systems Inc DuoSet kit (Minneapolis, MN, 

USA). This assay recognises the 92 kDa latent and 83 kDa active forms of MMP-9. From 

communication with the manufacturers, it is apparent that this assay also detects 

MMP-9 complexed with both TIMP-1 and NGAL. The manufacturer’s guidelines state 

that TIMP-1 interferes at concentrations greater than 1.56 ng/mL. Other MMPs are not 

known to cross-react or interfere when tested at 50 ng/mL. The sensitivity of the 

MMP-9 assay is less than 0.156 ng/mL according to the RnD Quantikine kit.  
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The assay was carried out according to the manufacturer’s directions. Briefly, Nunc-F 

Maxisorp 96-well microplates (Thermo Fisher Scientific, Rochester, NY, USA) were 

coated with 100 L of the capture antibody overnight at room temperature. The plates 

were washed three times with wash buffer (0.05% Tween20, Sigma-Aldrich, St. Louis, 

MO, USA) and then blocked with 200 L reagent diluent (1% bovine serum albumin, 

BSA, Sigma Aldrich Inc, Canada) for a minimum of one hour. The blocking buffer was 

then removed and the wells washed three times with the wash buffer. Tear samples 

were diluted in reagent diluent in 1:25 for the ‘midday’ and ‘before sleep’ tears and 

1:2,000 dilutions for the ‘upon awakening’ tears. Duplicate samples (100 μL) were 

incubated for two hours before washing the plate three times with the wash buffer. A 

volume of 100 L of detection antibody was added to each well. This was incubated for 

two hours after which it was removed and the wells were washed with wash buffer. 

Streptavidin-horseradish peroxidase (HRP) was added for 20 minutes and then washed 

out. Tetramethylbenzidine (TMB) liquid substrate system for ELISA (Sigma-Aldrich, MO, 

USA) was added to each well in a volume of 100 L and stopped with 50 L of 

2 M sulphuric acid (H2SO4) after 20 minutes of incubation. The optical density was then 

measured at 540 nm and subtracted from 450 nm, to account for any optical 

imperfections of the plate, using SkanIT® RE for MSS 2.4.2 software (ThermoScientific, 

Vantaa, Finland), and assay blanks were subtracted from each sample or standard. 

Supplied standards were used to generate a standard curve ranging from 2,000 pg/mL 

to 15.6 pg/mL using a four-parameter logistic fit. Where samples were below the 

detection limits of the standard curve, they were allocated a value of zero. 

3.5.7.3 TIMP-1 assay 

The concentration of TIMP-1 was determined using ELISA with the RnD Systems Inc 

DuoSet kit (Minneapolis, MN, USA). This kit recognises natural and recombinant 

TIMP-1. The manufacturer’s guidelines state that there is no cross-reactivity or 

interference with MMP-1, -2 or -3 or TIMP-2 when tested at 50 ng/mL. MMP-9 is 

known to interfere at concentrations greater than 100 ng/mL in the RnD Quantikine 

kit. The sensitivity of the quantikine kit (DTM100 RnD Systems Inc, Minneapolis, MN, 

USA) is reported by the manufacturer as less than 0.08 ng/mL. 
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Wells of Nunc-F Maxisorp 96-well microplates (Thermo Fisher Scientific, Rochester, NY, 

USA) were coated with 100 L of the capture antibody. The antibody was allowed to 

bind overnight at room temperature. The plates were washed three times with wash 

buffer (0.05% Tween20, Sigma-Aldrich, St. Louis, MO, USA). The wells were then 

blocked with 200 L reagent diluent (1% BSA) for a minimum of one hour. The blocking 

buffer was then removed and the wells were washed three times with the wash buffer. 

A volume of 100 L of tears was analysed in duplicate, diluted in reagent diluent in 

1:200 for the ‘midday’ tears and 1:1,000 dilutions for the ‘upon awakening’ tears. 

These were allowed to incubate for two hours and the wells were then washed three 

times with the wash buffer. A volume of 100 L of detection antibody was added to 

each well. This was incubated for two hours after which it was removed and the wells 

were washed with wash buffer. Streptavidin-HRP was added for 20 minutes and then 

washed out. TMB liquid substrate system for ELISA (Sigma-Aldrich, MO, USA) was 

added to each well in a volume of 100 L and stopped with 50 l of 2 M H2SO4 after 

20 minutes of incubation. The optical density was then measured at 540 nm and 

subtracted from 450 nm using SkanIT® RE for MSS 2.4.2 software (ThermoScientific 

Vantaa, Finland). Each plate included seven dilutions of the standard in duplicate 

starting at 2,000 pg/mL from which the standard curve was generated (four-parameter 

logistic). The mean absorbance of the blank wells was subtracted from the mean of 

each sample and each standard in order to determine the final absorbance.  

3.5.7.4 NGAL assay 

NGAL concentration was determined using ELISA with the RnD Systems Inc ‘human 

Lipocalin-2/NGAL’ DuoSet kit (DY1757, Minneapolis, MN, USA). This kit measures 

natural and recombinant human NGAL. The manufacturer’s guidelines state that there 

is no cross-reactivity or interference with human lipocalin-1 or MMP-9 when tested at 

50 ng/mL. A 0.3% cross-reactivity of recombinant human MMP-9/NGAL complex was 

also shown in the quantikine kit. The sensitivity of the quantikine kit is reported by the 

manufacturer as less than 0.012 ng/mL. 

Wells of Nunc-F Maxisorp 96-well microplates (Thermo Fisher Scientific, Rochester, NY, 

USA) were coated with 100 L of the capture antibody. The antibody was allowed to 
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bind overnight at room temperature. The plates were washed three times with wash 

buffer (0.05% Tween20, Sigma-Aldrich, St. Louis, MO, USA). The wells were then 

blocked with 200 L reagent diluent (1% BSA) for a minimum of one hour. The blocking 

buffer was then removed and the wells washed three times with the wash buffer. A 

volume of 100 L of tears was analysed in duplicate, diluted in reagent diluent in 1:400 

for the ‘midday’ tears and 1:1,000 dilutions for the ‘upon awakening’ tears. These were 

allowed to incubate for two hours and the wells were then washed three times with 

the wash buffer. A volume of 100 L of detection antibody was added to each well. 

This was incubated for two hours after which it was removed and the wells were 

washed with wash buffer. Streptavidin-HRP was added for 20 minutes and then 

washed out. TMB liquid substrate system for ELISA (Sigma-Aldrich, MO, USA) was 

added to each well in a volume of 100 L and stopped with 50 L of 2M H2SO4 after 

20 minutes of incubation. The optical density was then measured at 540 nm and 

subtracted from 450 nm using SkanIT® RE for MSS 2.4.2 software (ThermoScientific 

Vantaa, Finland). Each plate included seven dilutions of the standard in duplicate 

starting at 2,000 pg/mL from which the standard curve was generated (four-parameter 

logistic). The mean absorbance of the blank wells was subtracted from the mean of 

each sample and each standard in order to determine the final absorbance. Only the 

tears of the participants in Study 2 were analysed for NGAL due to limited volume. 

3.5.7.5 Gelatin zymography 

Because MMP-9 is present in various forms, it is important to distinguish the active 

forms from the pro-forms or the complexed forms. Zymography was conducted in 

order to establish the profile of these in the tear film at midday and upon awakening.  

Zymography is the most sensitive and widely used technique for the detection of 

MMP-9,51 with a detection limit of 32 pg.245 Zymography identifies MMPs by their 

molecular weight and degradation of substrate. The incorporation of gelatin substrate 

in polyacrylamide gels allows for the identification of MMP-9 and -2, in both the 

pro-enzyme and active form, by the degradation of the gelatin substrate along with 

their molecular weight.123, 246, 247 This is possible because the pro-enzymes are 

activated in situ by the denaturation-renaturation process and autocatalytic 
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cleavage.247 Coomassie Blue is used to stain the gel and proteolytic activity is detected 

as clear bands against a blue background.247 Other MMPs, such as MMP-1 and -3, can 

also be detected, but at a much lower sensitivity than MMP-9 and -2 as gelatin is not 

the appropriate substrate. 

3.5.7.5.1 Sample preparation 

A mass of 10 μg of each tear sample was added to 5 μL of loading buffer (Novex Tris 

Glycine sodium dodecyl sulfate (SDS) sample buffer (2x), Invitrogen, Carlsbad CA, USA) 

which is denaturing but non-reducing and the volume brought up to 12 μL with MilliQ 

water. The samples were incubated for 30 minutes at room temperature. The SDS 

allows the latent MMP form to unfold, hence denaturing the enzymes and rendering 

them inactive. The absence of β-mercaptoethanol means that the conditions are 

non-reducing. The SDS also causes the separation of MMP-9:TIMP-1 complexes.247  

3.5.7.5.2 MMP-9 Standard preparation 

A concentration of 50 ng/mL of MMP-9 standard (RnD Systems, Minneapolis, MN, 

USA) was activated by incubating with 1 mM 4-aminophenyl-mercuric acetate138 

(APMA, Sigma-Aldrich, Germany) at 37 °C for one hour. A 1 μL volume of this was then 

added to a 5 μL volume of 2x sample buffer and topped up to a volume of 12 μL with 

MilliQ water. This was incubated for 30 minutes at room temperature. 

3.5.7.5.3 Running gels 

Precision Plus Protein™ Dual Colour Standard marker, Bio-Rad, Hercules CA, USA) was 

loaded into the first lane of each gel as a molecular weight marker. A volume of 10 L 

of marker, activated MMP-9 standard and tear samples were loaded into 

10% polyacrylamide gels containing 1 mg/mL gelatin (10% Zymogram (1 mg/mL 

gelatin) gels from Invitrogen, Carlsbad, CA, USA). Electrophoresis was run at a constant 

voltage of 120 V for 3.5 hours in running buffer (Glycine, Tris base and 1% SDS) at 4 °C 

using the Invitrogen Novex Mini-Cell XCell SureLock™ Electrophoresis cell (Carlsbad, 

CA, USA).  
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3.5.7.5.4 Renaturing gel 

Following electrophoresis, the gels were renatured with 2.5% Triton X-100 

(Astral-Scientific, Amresco, OH, USA) for one hour on the rotary shaker at room 

temperature. The resolved proteins are renatured by exchange of SDS with the 

non-ionic detergent Triton X-100. This way, proteolysis is postponed until the sample 

proteins have been resolved into bands of concentrated activity.247 

3.5.7.5.5 Developing gel 

The renaturing solution was decanted and the gels were equilibrated with 

1x development buffer (Novex Zymography developing buffer 10x from Invitrogen, 

Carlsbad, CA, USA) for 30 minutes at room temperature on the rotary shaker. This was 

then decanted and a fresh solution of the developing buffer was added. The gels were 

then incubated at 37 °C for 16 to 20 hours (overnight).  

3.5.7.5.6 Staining gel 

After the overnight incubation, the developing buffer was decanted and the gels were 

stained with 0.2% filtered Coomassie Blue for two hours. Following the staining, the 

gels were destained with fresh 30% ethanol/10% acetic acid solution for 15, 30 and 

60 minutes respectively so that bands of proteolytic activity were visible. Coomassie 

Blue staining of the gel revealed the areas degraded by the MMPs as white areas 

against a blue background.  

3.5.7.5.7 Inhibition by EDTA 

Disodium ethylene-diaminetetra-acetic acid (EDTA), which is known to inhibit MMPs, 

was added to a separate renaturing and developing buffer. After electrophoresis, the 

final well containing an identical sample to that in the third well, was cut off and 

renatured in buffer containing 20 mM EDTA, followed by incubation in developing 

buffer containing EDTA. These bands should have no proteolytic activity upon staining 

and were used as controls. 
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3.5.7.5.8 Activation by APMA 

4-aminophenyl-mercuric acetate (APMA) is known to activate the 92 kDa zymogen.138 

In order to confirm the activity of MMP-9, one sample on each gel was activated with 

1 mM APMA and incubated for one hour at 37 °C.  

3.5.7.5.9 Drying of the gels 

The gels were incubated for one hour in drying solution (40% methanol, 5% glycerol) 

and then placed between two sheets of cellophane in drying frames on a mini-gel 

drying system (Dryease; Invitrogen, Carlsbad, USA). These were then dried upright in a 

fume cupboard overnight. 

3.5.7.5.10 Image analysis 

The dried gels were scanned with the GS-800 scanner (Bio-Rad, Hercules CA, USA) and 

images were analysed using Quantity One (Bio-Rad, Hercules, CA, USA). The 

identification of MMPs was achieved by comparison against known molecular weight 

standards and inclusion of an MMP-9 standard. For densitometric analysis, the colours 

of the scan were inverted so that MMPs were visualised as dark bands against a white 

background. A densitometric profile was generated for each lane. 

3.5.8 Statistical analysis 

Normality was tested using the Shapiro-Wilk test. Repeated measures analysis of 

variance (ANOVA) was used to compare data between time-points. Mauchly’s test was 

used to verify the sphericity assumption. Where main effects were significant, Student 

t-tests with Bonferroni correction were used post hoc. PASW version 18.0 (Chicago, 

USA) was used for the analysis. Results are reported as mean ± standard deviation 

(SD). Analysis was conducted to establish whether there was a difference between 

eyes with Study 1 (Section 3.6.6) and days with Study 2 (Section 3.6.7).  

3.5.8.1 Bland-Altman analysis 

The degree of agreement between replicates taken at the same time-point but on 

different days and from both eyes at each time-point was evaluated using 

Bland-Altman analysis.232 The differences between the two replicates were plotted 
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against their mean and coefficients of repeatability (SD of the mean differences 

multiplied by 1.96) were calculated. 

3.5.8.2 The use of expectation maximisation for missing variables  

In some cases it was not always possible to have measurements due to insufficient 

sample volume. In those cases where data were missing, in order to permit the ANOVA 

to proceed without wasting data, replacement was made using expectation 

maximisation (EM) and any negative values generated by the process were replaced 

with zero. In cases where the levels of the protein measured were not detectable, 

these samples were allocated a value of zero. 

3.5.8.3 Correlation analysis 

Pearson’s correlation was used where both variables were quantitative and 

Spearman’s correlation was used when one of the two variables were categorically 

ordinal. 

3.6 RESULTS 

3.6.1 Study enrolment 

A total of 46 participants were enrolled in this study, four of whom participated in both 

Study 1 and Study 2 (Section 3.5.5 and Figure 3.1). One participant discontinued after a 

successful baseline visit and this was from Study 1. Table 3.2 and Table 3.3 show the 

study enrolment and attendance for Study 1 and Study 2, respectively.  

 

Figure 3.1: A Venn Diagram of the sample size of the 2 studies.  

 The 1st study had a total of 37 participants and the 2nd study a total of 9 
participants. Four of these participants were common to both studies  
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Table 3.2: Study enrolment and attendance for Study 1 (n = 37).  

Visits Midday Before sleep Upon awakening 
Study enrolment 
Participants enrolled in study 37   
Study Progress 
Number attended this visit 37 36 36 
Number missed this visit 0 0 0 
Permanent discontinuations at this 
visit or prior to next visit 

1 0 0 

Cumulative discontinuations in study 1 1 1 
 

Table 3.3: Study enrolment and attendance for Study 2 (n = 9).  

 ‘Midday 1’and ‘midday 2’ refer to the first and second midday visit conducted in 
Study 2. Similarly, ‘upon awakening 1’ and ‘upon awakening 2’ refer to the first 
and second overnight visit. 

Visits Midday 1 Upon 
awakening 1 

Midday 2 Upon 
awakening 2 

Study enrolment 
Participants enrolled in study 9    
Study Progress 
Number attended this visit 9 9 9 9 
Number missed this visit 0 0 0 0 
Permanent discontinuations at this 
visit or prior to next visit 

0 0 0 0 

Cumulative discontinuations in study 0 0 0 0 
 

3.6.2 Demographics 

Table 3.4 shows the mean age ± SD and gender demographics while Figure 3.2 displays 

the spread of ethnicities in the study group.  

Table 3.4: Mean age ± SD and gender demographics of study participants. 

Mean Age ± SD Number of males Number of females Total number of 
participants 

28 ± 6 years 19  27  46  
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Figure 3.2: A frequency histogram showing the spread of ethnicities in the study. 

 

3.6.3 Clinical variables 

Table 3.5, Table 3.6 and Table 3.7 present the clinical findings.    

Table 3.5: Refractive error and keratometry at baseline (mean ± SD). 

 N = 90 eyes (refractive error and keratometry data were missing for one 
participant.)  

Variables Mean ± SD 
Refractive error - sphere (D) -1.81 ± 2.29 
Refractive error - cylinder (D) -0.60 ± 0.49 
Keratometry - flat (D) 42.53 ± 1.58 
Keratometry - steep (D) 43.34 ± 1.62 

 

Table 3.6: Extent of corneal staining (mean ± SD) at each visit as graded with the Brien 
Holden Vision Institute scale.240  

 ‘Midday 1’and ‘midday 2’ refer to the first and second midday visit conducted in 
Study 2. Similarly, ‘upon awakening 1’ and ‘upon awakening 2’ refer to the first 
and second overnight visit. Only one ‘midday’ and ‘upon awakening’ visit was 
conducted in Study 1: ‘midday 1’ and ‘upon awakening 1’. N = 46 for midday 1 
and n = 9 for ‘upon awakening 1’, ‘midday 2’ and ‘upon awakening 2’. 

Visit Area 1 Area 2 Area 3 Area 4 Area 5 
Midday 1 0.0 ± 0.2 0.0 ± 0.3 0.0 ± 0.0 0.1 ± 0.3 0.2 ± 0.4 
Before Sleep      
Upon Awakening 1 0.1 ± 0.5 0.1 ± 0.3 0.0 ± 0.0 0.1 ± 0.2 0.2 ± 0.4 
Midday 2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.2 0.0 ± 0.0 
Upon Awakening 2 0.1 ± 0.3 0.1 ± 0.3 0.1 ± 0.3 0.2 ± 0.4 0.2 ± 0.4 
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Table 3.7: Clinical variables at each visit as graded with the Brien Holden Vision Institute 
scale.240  

 ‘Midday 1’and ‘midday 2’ refer to the first and second midday visit conducted in 
Study 2. Similarly, ‘upon awakening 1’ and ‘upon awakening 2’ refer to the first 
and second overnight visit. Only one ‘midday visit’ and’ upon awakening’ visit 
was conducted in Study 1: ‘midday 1’ and ‘upon awakening 1’. 

Variables Visit N Mean SD 

Blepharitis 
(0-4, 0.5) 
 

Midday 1 46 0.7 0.6 
Before sleep    
Upon awakening 1    
Midday 2 9 0.9 0.8 
Upon awakening 2    

Meibomian gland 
dysfunction 
(0-4, 0.5) 

Midday 1 46 0.9 0.7 
Before sleep    
Upon awakening 1    
Midday 2 9 1.1 0.8 
Upon awakening 2    

Limbal redness 
(0-4, 0.5) 
 

Midday 1 46 1.1 0.4 
Before sleep 22 1.0 0.1 
Upon awakening 1 30 1.4 0.5 
Midday 2 9 1.2 0.5 
Upon awakening 2 8 1.8 0.4 

Bulbar redness 
(0-4, 0.5) 

Midday 1 46 1.2 0.4 
Before sleep 22 1.1 0.3 
Upon awakening 1 30 1.4 0.5 
Midday 2 9 1.3 0.6 
Upon awakening 2 8 2.0 0.4 

Palpebral redness 
(0-4, 0.5) 
 

Midday 1 46 1.1 0.4 
Before sleep    
Upon awakening 1    
Midday 2 8 1.6 0.5 
Upon awakening 2    

Tarsal abnormalities 
(0-4, 0.5) 
 

Midday 1 46 1.0 0.4 
Before sleep    
Upon awakening 1    
Midday 2 8 1.4 0.4 
Upon awakening 2    

Conjunctival staining 
(0-4, 0.5) 

Midday 1 46 0.1 0.3 
Before sleep    
Upon awakening 1    
Midday 2 9 0.0 0.0 
Upon awakening 2    

Microcysts  
(0-4, 0.5) 
 

Midday 1 46 0.0 0.0 
Before sleep    
Upon awakening 1    
Midday 2 9 0.0 0.0 
Upon awakening 2    
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Variables Visit N Mean SD 

Striae/oedema  
(0-4, 0.5) 
 

Midday 1 46 0.0 0.0 
Before sleep    
Upon awakening 1    
Midday 2 9 0.0 0.0 
Upon awakening 2    

Infiltrates 
(0-4, 0.5) 
 

Midday 1 46 0.0 0.0 
Before sleep    
Upon awakening 1    
Midday 2 9 0.0 0.0 
Upon awakening 2    

 

 

3.6.4 Adverse events 

No adverse events occurred during these measurements. The participants in this study 

proceeded to contact lens wear (Chapter 4). The data of any participants who 

experienced an adverse event during contact lens wear were removed from the 

subsequent analysis in order to give a true representation of the healthy profile of the 

proteins analysed. As there were four participants who developed adverse events with 

contact lens wear (Chapter 4, Section 4.6.3), the sample size for the protein analysis 

was therefore 34 for Study 1 and 8 for Study 2, giving a total of 42 participants. The 

data of these four participants with adverse events are reported separately and 

compared to those of normals in Chapter 6. 

3.6.5 Normality 

Test of normality indicated that not all data were normally distributed. Because 

repeated measures ANOVA, which was used for the subsequent analysis, is a robust 

statistical technique against departures from normality248 and the sample size was 

greater than 30 for all variables (except those involving NGAL), this violation does not 

cause major problems for interpretation. ANOVA analysis was therefore conducted. 

3.6.6 Eye-to-eye repeatability and the effect of randomisation 

3.6.6.1 Tear flow-rate 

In this study, the order of eyes for tear collection was randomised. To establish 

whether the collection order influenced the outcome, flow-rate was analysed 
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according to order of eyes collected, that is, the first eye compared to the second eye 

rather than right versus left. On that basis, the first eye yielded a significantly greater 

flow-rate than the second (F = 13.07, p = 0.001). When right eyes were compared 

directly to left eyes, this effect was removed and the eyes were no longer significantly 

different (F = 0.99, p = 0.33). This validated the randomisation approach. Table 3.8 

shows the limits of agreement and repeatability coefficients for tear flow-rate 

between eyes at each visit when eye order is randomised.  

Table 3.8: Difference in tear flow-rate between eyes when randomised.  

 Limits of agreement and coefficients of repeatability for each visit (n = 34). 

Visit Mean of 
differences 
(μL/minute) 

SD of 
differences 
(μL/minute) 

Limits of 
agreement 
(μL/minute) 

Coefficient of 
repeatability 
(μL/minute) 

Midday 6.5 15.7 -24.8 to 37.8 30.7 
Before sleep -3.1 14.0 -31.0 to 24.9 27.4 
Upon awakening 1.2 18.2 -35.2 to 37.6 35.7 

 

3.6.6.2 TPC, MMP-9 and TIMP-1 

Eye-to-eye variability was established for the concentrations of TPC, MMP-9 and 

TIMP-1 at each time-point. This was first established by comparing the eyes in terms of 

order collected, that is, the first eye collected compared to the second eye and then by 

comparing right and left eyes after incorporating randomisation.  

The eyes were significantly different ‘upon awakening’ for TPC and TIMP-1, the first 

eye collected being greater than the left eye (18.1 ± 10.1 versus 13.1 ± 9.1 mg/mL and 

275.2 ± 156.4 versus 216.3 ± 124.4 ng/mL respectively, p values shown in Table 3.9). 

When right and left eyes were compared so that randomisation was incorporated, this 

effect was no longer apparent (p values shown in Table 3.10).  

Table 3.9: T-statistics and P values for differences between eyes for each variable when 
analysed according to the order collected (first eye versus second eye, n = 34).  

 The bold italicised values indicate significant differences between eyes. 

Visit TPC MMP-9 TIMP-1 
Midday t = 0.74, p = 0.47 t - -0.03, p = 0.98 t = 0.72, p = 0.48 
Before sleep t = -0.16, p = 0.88 t = -1.91, p = 0.06 -  
Upon awakening t = 2.75, p = 0.009 t = 1.40, p = 0.17 t = 2.52, p = 0.02 
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Table 3.10: T-statistics and P values for differences between eyes for each variable when 
analysed according to right eye versus left eye, incorporating randomisation, 
n = 34.  

Visit TPC MMP-9 TIMP-1 
Midday t = 0.37, p = 0.71 t = -1.18, p = 0.25 t = 0.49,  p = 0.63 
Before sleep t = 0.24, p = 0.81 t = 0.39, p = 0.70 - 
Upon awakening t = -0.10, p = 0.92 t = 0.47, p = 0.64 t = 0.64, p = 0.53 

 

Coefficients of repeatability233 and limits of agreement were calculated at each 

time-point and for each protein analysed. This was conducted between replicates 

taken from the two eyes of each participant when randomised (Table 3.11). The 

coefficient of repeatability for MMP-9 ‘upon awakening’ indicated a substantial 

amount of variability between eyes at this time-point.  

Because no significant difference was found between eyes when they were 

randomised for either TPC, MMP-9 or TIMP-1, for the remainder of the analysis eyes 

were averaged and repeated measures was performed on this. 

Table 3.11: Difference in protein concentration between eyes when randomised.  

 Limits of agreement and coefficients of repeatability for each visit, n = 34.  

Visit Variable Mean of 
differences  

SD of 
differences  

Limits of 
agreement  

Coefficient of 
repeatability  

Midday TPC (mg/mL) 0.1 1.9 -3.7 to 3.9 3.7 
MMP-9 
(ng/mL) 

-2.7 11.5 -25.8 to 20.3 22.6 

TIMP-1 
(ng/mL) 

2.8 44.8 -86.8 to 92.4 87.8 

Before 
sleep 
 

TPC (mg/mL) 0.2 3.0 -5.9 to 6.2 5.9 
MMP-9 
(ng/mL) 

0.1 10.3 -20.5 to 20.7 20.2 

Upon 
awakening 

TPC (mg/mL) -0.1 12.0 -24.2 to 23.9 23.6 
MMP-9 
(ng/mL) 

253.6 2395.8 -4,537.9 to 
5,045.2 

4,695.7 

TIMP-1 
(ng/mL) 

-1.6 153.9 -309.4 to 
306.2 

301.6 
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3.6.7 Day-to-day repeatability 

3.6.7.1 Tear flow-rate 

In Study 2 the ‘midday’ and ‘upon awakening’ visits were repeated so as to determine 

the test-retest repeatability at the same time-point. For each of these visits the 

flow-rate data from the eyes were averaged before assessing the day-to-day 

repeatability. Visits were not significantly different (F = 0.39, p = 0.55) nor was there a 

difference between days at the same time-point (F = 0.29, p = 0.87). Table 3.12 shows 

the limits of agreement and the coefficient of repeatability for tear flow-rate when 

repeated on two separate occasions for each time-point. 

Table 3.12: Difference in tear flow-rate between days at the same time-point.  

 Limits of agreement and coefficients of repeatability for each visit, n = 8.  

Visit Mean of 
differences 
(μL/minute) 

SD of 
differences 
(μL/minute) 

Limits of 
agreement 
(μL/minute) 

Coefficient of 
repeatability 
(μL/minute) 

Midday 4.0 5.5 -7.0 to 15.0 10.8 
Upon Awakening -4.8 9.3 -23.4 to 13.8 18.2 

 

3.6.7.2 TPC, MMP-9, TIMP-1 and NGAL 

Of the proteins measured, only NGAL at ‘midday’ was significantly different between 

days (Table 3.13). Table 3.14 lists the coefficients of repeatability along with the limits 

of agreement between replicates taken on two days for each protein. The coefficients 

of repeatability suggest that for this population of eight participants, ‘upon awakening’ 

results in a significant amount of variability day-to-day for MMP-9 and NGAL. 

Table 3.13: T-statistics and P values for differences between days for each variable, n = 8.  

 The bold italicised values indicate significance. 

Visit TPC MMP-9 TIMP-1 NGAL 
Midday t = -0.03 

p = 0.98 
t = -1.16 
p = 0.29 

t = -1.66 
p = 0.14 

t = -2.50 
p = 0.04 

Upon awakening t = 0.32 
p = 0.75 

t = 1.57 
p = 0.16 

t = 1.41 
p = 0.20 

t = 1.10 
p = 0.31 
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Table 3.14: Difference in protein concentration between days. 

 Limits of agreement and coefficients of repeatability for each visit, n = 8.  

Visit Variable Mean of 
differences  

SD of 
differences  

Limits of 
agreement  

Coefficient of 
repeatability  

Midday TPC (mg/mL) -0.1 1.0 -2.2 to 1.9 2.0 
MMP-9 
(ng/mL) 

-5.7 13.9 -33.5 to 22.1 27.3 

TIMP-1 
(ng/mL) 

-28.2 69.3 -166.7 to 
110.3 

135.7 

NGAL 
(ng/mL) 

-729.2 852.9 -2,434.9 to 
976.5 

1,671.6 

Upon 
awakening 

TPC (mg/mL) 0.0 4.3 -8.6 to 8.6 8.4 
MMP-9 
(ng/mL) 

64.2 1,134.8 -2,205.4 to 
2,333.8 

2,224.2 

NGAL 
(ng/mL) 

599.5 2,890.9 -5,182.3 to 
6,381.4 

5,666.2 

TIMP-1 
(ng/mL) 

45.5 96.3 -147.2 to 
238.1 

188.8 

 

As the days were not significantly different, except for NGAL, for the remainder of this 

chapter days were averaged and repeated measures ANOVA was performed on this. 

3.6.8 Difference between studies 

3.6.8.1 Tear flow-rate 

Because four of the eight participants in Study 2 had also participated in Study 1, this 

gave the opportunity to confirm that tear flow-rate was not significantly different 

between the two studies (F = 4.383, p = 0.13). The limits of agreement and coefficient 

of repeatability between studies at the same time-point for these four participants are 

shown in Table 3.15.  

Table 3.15: Difference in tear flow-rate between studies at the same time-point for the 
four participants who took part in both Study 1 and Study 2.  

 Limits of agreement and coefficients of repeatability for each visit. 

Visit Mean of 
differences 
μL/minute 

SD of 
differences 
μL/minute 

Limits of 
agreement 
μL/minute 

Coefficient of 
repeatability 
μL/minute 

Midday 3.9 11.5 -19.2 to 26.9 22.6 
Upon Awakening 16.5 14.2 -11.8 to 44.8 27.7 
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The coefficients of repeatability for eyes (Table 3.8), days (Table 3.12) and studies 

(Table 3.15) are comparable, suggesting that flow-rate is a repeatable variable. 

3.6.8.2 TPC, MMP-9 and TIMP-1  

The four participants who took part in both Study 1 and Study 2 enabled 

determination of whether levels of TPC, MMP-9 and TIMP-1 were comparable 

between studies. There were no significant differences between studies (Table 3.16). 

Table 3.16: T-statistics and P values comparing total protein content (TPC), MMP-9 and 
TIMP-1 for the two studies, n = 4. 

Visit TPC MMP-9 TIMP-1 
Midday  t = -1.10, p = 0.35 t = -0.40, p = 0.72 t = 1.26, p = 0.30 
Upon awakening t = -0.94, p = 0.42 t = -1.24. p = 0.31 t = -0.29, p = 0.79 

 

Table 3.17 shows the repeatability coefficients for the four participants who took part 

in both Study 1 and Study 2. The eyes were averaged for Study 1 and the days were 

averaged for Study 2 and the coefficients of repeatability and limits of agreement were 

calculated. In doing this, a greater repeatability was obtained than when comparing 

eyes (Table 3.11) or days (Table 3.14) except for MMP-9 at ‘midday’. 

Table 3.17: Difference in protein concentration between studies, n = 4.  

 The eyes were averaged from Study 1 and the days were averaged from Study 2. 

Visit Variable Mean of 
differences  

SD of 
differences  

Limits of 
agreement  

Coefficient of 
repeatability  

Midday TPC (mg/mL) -0.3 0.5 -1.2 to 0.7 0.9 
MMP-9 
(ng/mL) 

-7.0 34.6 -76.2 to 62.3 67.8 

TIMP-1 
(ng/mL) 

16.1 25.6 -35.0 to 673.3 50.1 

Upon 
awakening 

TPC (mg/mL) -2.1 4.6 -11.3 to 7.0 8.9 
MMP-9 
(ng/mL) 

-829.6 800.4 -2430.4 to 
771.2 

1568.8 

TIMP-1 
(ng/mL) 

-10.0 70.2 -150.4 to 
130.3 

137.5 

 

With this confirmation that the two studies were comparable for these four 

participants, and eyes and days were not different, the eyes and days were averaged 

and the common visits from the two studies were combined. 
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3.6.9 Diurnal variation 

3.6.9.1 Tear flow-rate 

Because protein concentration can be influenced by tear flow-rate, the factor of 

flow-rate was considered prior to establishing protein concentration (Table 3.18). The 

flow-rates were not significantly different between ‘midday’ and ‘upon awakening’ 

(p = 0.82). The flow-rate ‘before sleep’ was significantly greater than that at both the 

‘midday’ (p = 0.048) and ‘upon awakening’ (p = 0.02) visits. 

Table 3.18: The diurnal variation of the tear flow-rate. 

 The tear collection flow-rate from the two studies was combined following 
confirmation that flow-rate did not vary between eyes (when randomised), days 
or studies. Brackets denote pairs of statistically significant visits (p < 0.05). 

Visit Flow-rate (mean ± SD, μL/minute) 
Midday (n = 42) 22.8 ± 10.8 
Before Sleep (n = 34) 27.9 ± 17.1 
Upon Awakening (n = 42) 22.4 ± 12.6 

 

3.6.9.2 TPC 

Table 3.19 lists the TPC concentrations at each visit for each study and when the 

studies were combined. In Study 1 concentrations of TPC were significantly greater 

‘upon awakening’ than both ‘midday’ and ‘before sleep’ (p < 0.001). ‘Midday’ and 

‘before sleep’ visits were not significantly different (p = 0.1) There were no significant 

differences between genders (F = 0.15, p = 0.70). Likewise, for Study 2, TPC was again 

significantly greater upon awakening compared to midday (p = 0.02) and was not 

significantly different between males and females (F = 0.04, p = 0.86). When the 

studies were combined, TPC was again significantly greater upon awakening than at 

midday (p > 0.001) and there was no significant differences between genders (F = 0.03, 

p = 0.86). 
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Table 3.19: The diurnal variation of the total protein content (TPC) in the tear film.  

 Brackets denote pairs of statistically significant visits (p < 0.05).  

 Visit TPC (mean ± SD, mg/mL) 
Study 1 (n = 34) Midday 3.3 ± 1.2 

Before sleep 4.6 ± 3.6 
Upon awakening 15.8 ± 8.6 

Study 2 (n = 8) Midday 2.8 ± 1.8 
Upon awakening 12.4 ± 6.7 

Combined (n = 42) Midday 3.2 ± 1.3 
Upon awakening 15.2 ± 8.5 

 

3.6.9.3 MMP-9 

For Study 1, the concentration of MMP-9 was significantly greater ‘upon awakening’ 

compared to both ‘midday’ and ‘before sleep’ (p > 0.001) while the latter two visits 

were not significantly different (p = 1.00). The concentration of MMP-9 was not 

different between genders (F = 2.89, p = 0.10). For Study 2, the ‘midday’ and ‘upon 

awakening’ time-points were significantly different (p = 0.03) and gender again was not 

a factor (F = 3.08, p = 0.13). When the studies were combined, the ‘midday’ and ‘upon 

awakening’ time-points were significantly different (p < 0.001) and there was no 

difference between gender (F = 3.67, p = 0.06). The concentrations are summarised in 

Table 3.20. 

Table 3.20: The diurnal variation of MMP-9 in the tear film.  

 Brackets denote pairs of statistically significant visits (p < 0.05). 

 Visit MMP-9 (mean ± SD, ng/mL) 
Study 1 (n = 34) Midday 11.3 ± 15.1 

Before sleep 8.7 ± 12.0 
Upon awakening 2,350.4 ± 2,005.3 

Study 2 (n = 8) Midday 3.7 ± 9.4 
Upon awakening 594.7 ± 771.4 

Combined (n = 42) Midday 9.4 ± 14.2 
Upon awakening 2,058.9 ± 1,958.3 

 

3.6.9.4 TIMP-1 

TIMP-1 was measured as the main inhibitor of MMP-9 (Section 1.3.3.4). The 

concentrations are summarised in Table 3.21. This was not measured ‘before sleep’. 

For Study 1, the concentration of TIMP-1 was significantly greater upon awakening 
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compared to that at midday (p < 0.001). Once again, there were no significant 

differences between genders (F = 2.18, p = 0.15). For Study 2, TIMP-1 was significantly 

greater upon awakening compared to before sleep (p = 0.001) and was not 

significantly different between genders (F = 0.68, p = 0.44). When the two studies were 

combined, TIMP-1 concentrations were significantly greater upon awakening 

compared to midday (p < 0.001) with no difference between genders (F = 1.53, 

p = 0.23).  

Table 3.21: The diurnal variation of TIMP-1 in the tear film.  

 Brackets denote pairs of statistically significant visits (p < 0.05). 

Study Visit TIMP-1 (mean ± SD, ng/mL) 
Study 1 (n = 34) Midday 72.7 ± 38.0 

Upon awakening 243.0 ± 114.0 
Study 2 (n = 8) Midday 95.8 ± 37.0 

Upon awakening 222.8 ± 65.8 
Combined (n = 42) Midday 73.4 ± 39.7 

Upon awakening 243.9 ± 111.3 
 

3.6.9.5 Ratio of MMP-9:TIMP-1 

The ratio of MMP-9:TIMP-1 provides a measure of how much of the MMP-9 measured 

is potentially inhibited by TIMP-1. These ratios are summarised in Table 3.22. In 

Study 1, repeated measures ANOVA on the ratio of MMP-9:TIMP-1 indicated that the 

ratio ‘upon awakening’ was significantly greater than that at ‘midday’ (p > 0.001). 

Results were not significantly different between genders (F = 2.55, p = 0.12). Likewise 

in Study 2, the ratio of MMP-9:TIMP-1 was significantly greater ‘upon awakening’ 

compared to ‘midday’ (p = 0.01) and gender was not significantly different (F = 4.95, 

p = 0.07). When the studies were combined, the ratio of MMP-9:TIMP-1 was again 

significantly greater ‘upon awakening’ than at ‘midday’ (p < 0.001) and gender was not 

significantly different (F = 2.76, p = 0.10). 
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Table 3.22: The diurnal variation of MMP-9:TIMP-1 in the tear film.  

 Brackets denote pairs of statistically significant visits (p < 0.05). 

Study Visit Ratio of MMP-9:TIMP-1 
Study 1 (n = 34) Midday 0.4 ± 0.3 

Upon awakening 14.8 ± 17.4 
Study 2 (n = 8) Midday 0.04 ± 0.10 

Upon awakening 2.3 ± 2.5 
Combined (n = 42) Midday 0.3 ± 0.4 

Upon awakening 12.6 ± 13.4 
 

3.6.9.6 NGAL 

NGAL was significantly elevated ‘upon awakening’ compared to ‘midday’ 

(3,559.0 ± 1,948.7 ng/mL and 733.3 ± 533.6 ng/mL respectively, p < 0.001, Figure 3.7) 

with no significant differences between genders (F = 0.87, p = 0.39). 

3.6.9.7 Ratio of MMP-9:NGAL 

The ratio of MMP-9:NGAL upon awakening was significantly greater than that at 

midday (0.01 ± 0.04 and 0.14 ± 0.13, p = 0.003, Figure 3.8). There were significant 

differences between genders, with males having significantly greater ratios upon 

awakening than females and the reverse at midday (F = 6.11, p = 0.048). 

3.6.9.8 Clinical correlations 

Correlation analysis did not show any correlation between the diurnal change in 

clinical values and the diurnal change in the proteins measured.  
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3.6.9.9 Zymography  

Figure 3.9 shows a Coomassie Blue-stained gel of tear samples of two non-contact lens 

wearing participants at ‘midday’ and ‘upon awakening’. Each sample was added in 

both a 5- and 10-μg protein mass. The 10 μg mass was chosen for subsequent gels as a 

means of better discerning bands. The clear bands against the stained gelatin 

background are areas of gelatinolytic activity.247 Overnight closure resulted in 

prominent bands at 92, 135 and >200 kDa (lanes 2-5, Figure 3.9). These bands are 

consistent with those previously identified by others and correspond to pro-MMP-9, 

NGAL or 2-macroglobulin complexes not dissociated by SDS, and a dimer of 

MMP-9.186, 188, 249, 250 At midday (lanes 6-9, Figure 3.9), faint bands were detected at 

135 kDa and 92 kDa, corresponding to the MMP-9 complex and pro-MMP-9 

respectively. The difference between the ‘upon awakening’ lanes and the ‘midday’ 

lanes is consistent with the diurnal variation of MMP-9 measured with ELISA in 

Section 3.6.9.3 . 

 

Figure 3.9: Coomassie Blue-stained zymogram of tears ‘upon awakening’ and at ‘midday’.  

 Lane 1 is the molecular weight marker and lanes 2 and 3 are ‘upon awakening’ 
tears of one participant with a 5- and 10-μg load respectively, while lanes 4 and 
5 are those of a second participant, also ‘upon awakening’ tears with a 5- and 
10-μg load respectively. Lanes 6 and 7 are the ‘midday’ tears of one participant 
with a 5- and 10-μg load respectively, and lanes 8 and 9 are the ‘midday’ tears of 
a second participant, also with a 5- and 10-μg load.   

Upon Awakening Midday

1 2 3 4 5 6 7 8 9

250 kDa

150 kDa

100 kDa

75 kDa

50 kDa

37 kDa

MMP-9 complex (135 kDa)

MMP-9 dimer (> 220 kDa)
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Active MMP-9 (83 kDa)
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3.7 SUMMARY AND DISCUSSION  

3.7.1 Summary of results 

This chapter investigated the diurnal variation of MMP-9, its inhibitor TIMP-1 and its 

regulator NGAL in the healthy tear film. A 200-fold up-regulation in MMP-9 

concentration levels was found upon awakening compared to the levels at midday and 

before sleep. This 200-fold increase in total MMP-9 upon awakening was not 

proportional to the five-fold increase in TPC or the three-fold increase in TIMP-1. The 

ratio of MMP-9 to TIMP-1 was found to be 0.3 at midday, indicating an excess of 

TIMP-1 during open eye periods. This ratio was significantly reversed by 40-fold upon 

awakening, with more MMP-9 than TIMP-1 present in the tear film. NGAL exceeded 

the concentration of MMP-9 both at midday and upon awakening. 

3.7.2 Variability within a normal population 

In this chapter, eye-to-eye variability was established by comparing the concentration 

of the proteins measured from the first eye to those of the second eye (Table 3.9) prior 

to randomisation. The first eye collected was found to have a significantly higher 

concentration than the second eye upon awakening for two of the three proteins 

compared. This difference could potentially be attributable to some reflex tearing 

occurring following eye opening, hence reducing the concentration measured in the 

second eye collected. Alternatively, by the time the second eye is measured, (there 

was approximately two minutes between eyes), the concentration levels are already 

starting to return to midday levels. When randomisation was incorporated, this effect 

was no longer apparent (Table 3.10), a factor that was mirrored by the tear collection 

flow-rate. Tear flow-rate was significantly greater in the first eye collected, the reverse 

of that expected in view of the higher concentration in the first eye. This phenomenon 

highlights the importance of randomising eyes and factoring tear flow-rate in studies 

involving tear collection. 

The coefficients of repeatability presented in Table 3.11, Table 3.14 and Table 3.17 

show that considerable variability was present in the levels of all the measured 

proteins both within subjects and between measurement occasions. This behaviour 
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suggests that within the normal population the concentration of MMP-9 varies 

substantially, particularly upon awakening.  

No difference was found between genders for the proteins measured.  

3.7.3 MMP-9 in the diurnal tear film 

MMP-9 is a vital but potentially destructive enzyme by virtue of its ability to degrade 

corneal collagen. Control of this activity is thus critical to maintaining corneal health. 

When the eyes are open, there is little cause for concern as, in agreement with 

previous studies,9-11, 14, 29-31 this data suggest that MMP-9 concentrations are negligible 

and significantly exceeded by those of the inhibitor molecule, TIMP-1. The potential for 

proteolytic activity is thus inhibited and hence the corneal epithelium and basement 

membrane are protected from degradation.  

During sleep however, this situation changes dramatically as MMP-9 concentration 

increases roughly 200-fold, while TIMP-1 barely triples. The shift in the balance from 

TIMP-1 to MMP-9 dominance, which may be a downstream effect of increased 

neutrophil activity,135, 226 suggests that during sleep there may be an increased 

propensity for basement membrane degradation. In reality however, such tissue 

damage was not evident among the participants in this study, nor does it occur 

overnight in the general population. Accordingly it seems likely that other mechanisms 

are in place to protect the ocular surface at this time. Zymography indicates that the 

MMP-9 in the closed eye tear film is in the zymogen form rather than the active form 

(Figure 3.9), suggesting that this may be one mechanism. Additionally, the dimeric 

form of MMP-9 detected at > 220 kDa does not differ in terms of enzymatic activity 

from its monomeric form at 92 kDa. When MMP-9 is present in excess of that which 

can be inhibited by TIMP-1, it forms dimers. This dimer however, is much more stable 

and is activated with lower efficiency by MMP-3,251 potentially being another 

regulatory mechanism against excess extracellular matrix degradation.249 It may be 

that MMP-9 is also being inhibited by other proteins such as the non-specific inhibitor 

2-macroglobulin, an inhibitor known to be present in the closed eye.252 The band 

identified by zymography at 135 kDa is thought to be a complex of pro-MMP-9 to 

either 2-macroglobulin or NGAL. NGAL, unlike TIMP-1 and 2-macroglobulin, is 
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thought to protect MMP-9 from degradation, rather than inhibit it, hence increasing its 

activity. NGAL increases greatly in the presence of epithelial injury and 

inflammation.156, 160 In this chapter, NGAL was found to exceed the concentration of 

MMP-9, both at midday and upon awakening, a finding that was in agreement with 

previous studies.135 Sack et al. found significant levels of both TIMP-1 and NGAL 

complexed to MMP-9 suggesting that MMP-9 is of mixed origin in the open eye.135 In 

the closed eye, they found that the majority of MMP-9 was complexed to NGAL, 

indicative of the greater contribution by neutrophils and suggestive of the sub-clinical 

inflammatory state of the closed eye.135 The apparent protective role of NGAL to 

MMP-9 suggests that during sleep, their complex enables MMP-9 to act on the 

extracellular matrix. This diurnal variation may be necessary to allow for increased cell 

desquamation during sleep. The diurnal variation of TIMP-1 is such to counteract the 

actions of MMP-9 sufficiently to allow matrix remodelling while preventing excess 

degradation. This period, however, may also be the period where the cornea is most 

vulnerable to any disturbances, such as those associated with extended wear contact 

lenses.  

3.7.4 Implications of findings 

3.7.4.1 Corneal erosions and conditions exacerbated upon awakening 

Many conditions such as recurrent corneal erosions and corneal ulcers are known to 

be exacerbated by eye closure.20 Due to its action on collagen and hence the anchoring 

complexes of the corneal epithelium, MMP-9 could contribute to the increased 

incidence of recurrent erosions by virtue of its diurnal variation, particularly when the 

regulatory mechanisms are not controlled.78, 253 The diurnal profile of MMP-9 and its 

associated factors could also indicate why the epithelium is particularly prone to 

erosion and infection with overnight contact lens wear,5, 13 as well as corneal 

ulceration.187,48, 93, 133  

3.7.4.2 Treatment of ocular surface conditions 

An understanding of the diurnal profile of MMP-9 could be used to provide clinical 

advice in the form of the best treatment times in cases of corneal inflammation, 
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ulceration or recurrent erosions. As there is a significant increased expression of 

MMP-9 during sleep, it may be best to treat ocular surface conditions vigorously 

before sleep and immediately upon awakening in order to reduce the increase in 

MMP-9 that naturally occurs overnight. The lack of correlation between clinical signs of 

redness and MMP-9 in this study suggests that even without the clinical signs of 

redness, the concentrations of MMP-9 could still be significant. 

3.7.4.3 Glaucoma medication  

Finally, it may be that these results also have implications for certain topical therapies, 

in particular the use of prostaglandin analogues. These compounds are used for the 

treatment of glaucoma and work by increasing the concentration of MMP-9254 as a 

means of degrading ciliary muscle extracellular matrix and increasing uveo-scleral 

outflow.255 Concurrent increased MMP-9 concentrations have also been found in the 

tear film,256 increasing the potential for corneal damage as has been found in both 

animal257 and human studies.258 Despite this, only one study has reported on the 

occurrence of erosions in those being treated with prostaglandins.258 It may then be 

advisable to adjust the instillation timing for prostaglandin drops to avoid the periods 

before sleep and immediately upon awakening, particularly for those already prone to 

corneal erosions. 

3.7.5 Limitations of study 

A limitation of this study was that no anti-proteolytic agents were used for storing 

samples. A recent study by Tarr and colleagues has shown that storage of blood 

plasma in similar conditions to this study, without anti-proteolytic agents, does not 

affect the stability of MMP-9 and TIMP-1, even after a period of three years.259 This 

finding is opposed to the previous results of Rouy et al, who showed a decrease in 

active MMP-9 after storage under similar circumstances.260 Future work assessing the 

stability of MMP-9 in tear samples, both with and without anti-proteolytic agents 

would establish whether anti-proteolytic agents are necessary to prevent MMP 

degradation during storage. 
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Participants with diabetes were excluded from this study. This exclusion was based on 

self-report which allows for the possibility of undiagnosed diabetes. In diabetes, 

increased MMP-9 has been associated with poor wound healing of foot ulcers,261 

whilst CD 147, a transmembrane protein known to regulate MMPs, has been shown to 

increase in expression in diabetes, and also increase MMP-9.262 Additionally, a recent 

study has shown that MMP-9 is elevated in the retinas and microvessels of rats with 

diabetic retinopathy.263 It is not known whether undiagnosed diabetes could have 

influenced the results of this study.  

3.8 OUTCOMES OF CHAPTER 3 

Chapter 3 has shown that there is a substantial diurnal variation of MMP-9 and its 

associated factors in tear film of healthy non-contact lens wearers, a variation greater 

than that used to estimate the study sample size.197 Concentrations of MMP-9 are 

negligible during the day and completely inhibited by TIMP-1. Upon awakening MMP-9 

increases 200-fold, an increase that is not completely inhibited by TIMP-1. This diurnal 

change, along with the presence of NGAL which protects MMP-9 from degradation, 

suggests that the closed eye is an environment conducive to extracellular matrix 

remodelling. The fact that we typically do not see corneal damage upon awakening 

suggests that other regulatory mechanisms are active. 

As contact lenses are in close proximity to the tear film and the corneal epithelium, it is 

hypothesised that contact lens wear causes an increase in MMP-9, particularly when 

worn on an extended wear schedule. An understanding of the normal diurnal variation 

established in this chapter allows the exploration of how this profile is impacted by 

contact lens wear in Chapter 4. 
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CHAPTER 4 THE EFFECT OF CONTACT LENS WEAR ON THE 
MMP-9 DIURNAL PROFILE 

4.1 OVERVIEW 

The study described in Chapter 3 demonstrated the diurnal profile of matrix 

metalloproteinase-9 (MMP-9) and its associated factors in the healthy, non-contact 

lens wearing eye and established that MMP-9 expression is 200-fold greater upon 

awakening. This dramatic shift during sleep may be necessary for the regeneration that 

occurs overnight. The effect of contact lens wear on this profile is unknown. To explore 

this in this chapter, the same group of participants from Chapter 3 were fitted with 

contact lenses in either a daily wear (DW) or extended wear (EW) schedule. Their tears 

were collected during the first day of contact lens wear and after one month of wear 

and analysed for concentrations of MMP-9, tissue inhibitor of metalloproteinases-1 

(TIMP-1) and neutrophil gelatinase-associated lipocalin (NGAL).  

The work presented in this chapter was presented at the Tear Film and Ocular Surface 

meeting in 2010, the Cornea and Contact Lens Society of Australia meeting 2010 and 

the British Contact Lens Association meeting in 2011 (Appendix B: Publications and 

presentations). 

4.2 INTRODUCTION 

The diurnal variation of MMP-9, as demonstrated in Chapter 3, suggests that during 

sleep, the cornea is an environment conducive to extracellular matrix remodelling. This 

is also the period when the cornea is more prone to erosion events both with25 and 

without20, 264 contact lens wear. In non-contact lens wearers susceptible to corneal 

erosion, an increase in MMP-9 expression has been found.93, 101, 102 In this thesis it is 

hypothesised that the erosions that occur in contact lens wear are in part due to a 

contact lens-related increase in MMP-9, hence weakening the epithelial adherence to 

the stroma and making the cornea more susceptible to erosion (Chapter 1, Section 

1.7). In this chapter the hypothesis tested is that contact lens wear is associated with 

an increase in MMP-9. 
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Contact lens-related corneal erosions have been reported with both hydrogel and 

silicone hydrogel materials.10, 11, 21, 22 Of the two studies reporting rates of erosions in 

DW, estimated rates equated to 0.04 per 100 participant-months9 (one case only) and 

0.01-0.05% of visits13 respectively. No events were seen with daily disposable use.13 In 

EW, erosions have been found to occur at a greater rate, occurring in 0.6-2.6% of visits, 

with silicone hydrogels having the higher rate (0.95-1.68% of visits compared to 

0.05-0.35% of visits for hydrogels).13 Sixty-eight percent of erosions in this study 

occurred within the first three months of contact lens wear,13 suggesting that, as with 

microbial keratitis,5 the adaptation process is a factor.  

In this chapter, the effect of EW and DW on MMP-9 compared to no contact lens wear 

(as established in Chapter 3), as well as the change with adaptation is explored. 

4.3 AIMS 

This study therefore aims to explore: 

1. how early EW and DW of contact lenses influences the diurnal cycle of 

MMP-9 and other related proteins in the tear film 

2. how adaptation to EW and DW of contact lenses influences the diurnal 

cycle of MMP-9 and other related proteins in the tear film 

3. whether contact lens type plays a role in the MMP-9 profile 

4.4 HYPOTHESIS 

In accordance with previously established biochemical changes associated with EW206, 

209, 244 as compared to DW68, 193, 201 as well as the greater risk of erosion,13, 25 infection 

and inflammation1, 5 associated with EW, the hypothesis of this chapter is that contact 

lens wear increases the expression of MMP-9 in the tear film when worn on an EW 

schedule when compared to the baseline profile and the profile in DW.  
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4.5 METHODS 

4.5.1 Ethics approval 

This study was a continuation of the study presented in Chapter 3. As with Chapter 3, 

this study was approved by the institutional ethics committee of the University of New 

South Wales (UNSW) and the VIHEC human ethics committee with ratification from 

UNSW and followed the tenets of the Declaration of Helsinki 1975 as amended in 

2000. Informed consent was obtained from the same participants as in Chapter 3, 

Section 3.5.1. 

4.5.2 Sample size calculation 

Sample size was determined to permit stratification into four groups. Sample size was 

determined based on a previous study which used equivalent techniques to those used 

in this study,197 such that approximately seven participants in each group were 

required in order to demonstrate a statistically significant difference of 

400 ± 300 ng/mL in MMP-9 concentration at  a confidence  level of 95%  power of 80%. 

4.5.3 Inclusion and exclusion criteria 

The same participants from Chapter 3 advanced to contact lens wear in this study and 

the same inclusion and exclusion criteria were set (Sections 3.5.3 and 3.5.4). 

Participants were healthy and were not taking any medications for any general health 

conditions. A requirement of the study was that the participants were either 

non-contact lens wearers or non-habitual contact lens wearers who had not worn 

lenses in the month preceding the study. Pregnant or lactating women were excluded 

from the study.  

4.5.4 Study design 

This was a prospective, bilateral, open label clinical study where the same participants 

from Chapter 3 were randomised using a computer-generated randomisation table to 

wear either lotrafilcon B (O2OPTIX™, CIBA VISION™, Duluth, Atlanta, USA) or 

senofilcon A (ACUVUE  OASYS™, Johnson & Johnson Vision Care, Rochester, NY, USA) 

with the choice of extended wear (EW) or daily wear (DW) for one month (Figure 4.1). 
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O2OPTIX™ was chosen for its higher modulus, while ACUVUE  OASYS™ was chosen for 

its lower modulus, to determine whether contact lens type impacted on the MMP-9 

profile.  

Figure 4.1 demonstrates the study sample size allocation. One participant from the DW 

group in ACUVUE  OASYS™ crossed over to the EW group, also in ACUVUE  OASYS™, 

following a one month washout period (Figure 4.1). Four of the participants in the DW 

group also participated in the EW phase one year later with O2OPTIX™ (Study 2, Figure 

4.1). Study 2 mirrored Study 1 except that the visit ‘before sleep’ was excluded (Figure 

4.2 and as described in Chapter 3, Section 3.5.5.2).  

 

Figure 4.1: Study sample size allocation.  

 A total of 47 participants were randomised to ACUVUE  OASYS™ or O2OPTIX™, 
with the choice of wear schedule. The dotted lines refer to the number of 
participants who crossed over from daily wear (DW) to extended wear (EW). One 
participant wore Acuve Oasys for one month on a DW schedule and after a one 
month washout period wore ACUVUE  OASYS™ in EW. Four participants from 
the DW group also participated in the EW group following a one year gap.  

 

4.5.4.1 Visit schedule 

Following the baseline visits, as described in Section 3.5.5, participants attended for a 

contact lens fit and a one month visit, where tears were collected at midday, before 

Study Design
N = 47

Extended 
Wear
N = 27

Acuvue Oasys
N = 8

O2Optix
N = 19

Study 1
N = 10

Study 2 
N = 9

Daily Wear
N = 20

Acuvue Oasys
N = 10

O2Optix
N = 10

N = 2
N = 2

N = 1
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sleep and upon awakening (Figure 4.2). A one week visit was included as a safety 

check. For Study 2 (Figure 4.1), the ‘before sleep’ visit was excluded, as indicated by 

the asterisks in Figure 4.2.  

 

Figure 4.2: The visit schedule for all participants (n = 47). 

 The asterisk (*) highlights the ‘before sleep’ visits which were not conducted 
during Study 2 (n = 9). For the extended wear (EW) group, the ‘upon awakening’ 
visit at the ‘contact lens fit’ was the first night of continuous wear, while for the 
daily wear (DW) group, this was without contact lens in situ. Similarly, at the 
‘one month’ visit, the ‘upon awakening’ visit for the EW group involved 
continuous overnight contact lens wear and for the DW group no contact lenses 
were worn.  

 

4.5.4.2 Instructions to participants 

4.5.4.2.1 General advice 

All participants were instructed on contact lens handling (including the ability to tell if 

a contact lens was inside-out), insertion and removal, as well as maintenance of 

contact lenses. Moreover, the participants were advised on the signs and symptoms of 

adverse events and were issued with an after-hours contact number to contact should 

these occur. Participants were also advised to wear the contact lenses on a one month 

replacement schedule. Contact lenses were disinfected daily for the DW group and 

upon removal for the EW group. General hygiene as expected for contact lens wear, 

such as washing and drying of hands prior to removal, insertion or handling of contact 

Contact Lens – 1 Month

Midday Before Sleep* Upon awakening

Contact Lens Fit

Midday Before Sleep* Upon Awakening

Baseline – No Contact Lens wear

Midday Before Sleep* Upon awakening

1 week safety visit included 
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lenses was advised. Participants were taught contact lens insertion and removal at the 

contact lens fit ‘midday’ visit (Figure 4.2).  

4.5.4.2.2 Wear regime 

The EW group was instructed to wear the contact lenses a minimum of five days and 

nights per week for up to one month of wear (with five days leeway). The DW group 

was instructed to wear the contact lenses a minimum of five days per week for six 

hours per day with no maximum time provided the contact lenses were not worn 

overnight. 

4.5.5 Contact lenses and solutions 

Participants were randomised to either O2OPTIX™ (CIBA VISION™ corporation, Duluth, 

Atlanta, USA) or ACUVUE  OASYS™ (Johnson & Johnson Vision Care, Rochester, NY, 

USA, Table 4.1) for Study 1, while all nine participants in Study 2 were allocated to 

O2OPTIX™. The randomisation was allocated using randomisation.com (seed 10074 for 

the EW group and seed 6092 for the DW group).  

Participants were supplied with sufficient contact lenses (including a spare pair) and 

contact lens care product to enable them to maintain wearing schedules between 

study visits as per protocol for the duration of the study. 

Table 4.1: Contact lens parameters. 

Parameter O2OPTIX™ ACUVUE  OASYS™ 
Manufacturer CIBA VISION™ Johnson & Johnson Vision Care 
Material  lotrafilcon B senofilcon A 
Power range +6.00 to -10.00 D +8.00 to -12.00 D 
Diameter (mm) 14.2 14.0 
Base Curve used (mm) 8.6 8.4 
Water content (%) 33 38 
Centre Thickness at -3.00 D (mm) 0.08 0.07 
Dk/t at -3.00 D 138 147 
Elastic Modulus, MPa 0.83 0.49 
FDA group 1 1 
Abbreviations: D, dioptre; DK/t, oxygen transmissibility; FDA, Food and Drug Administration 

 

The contact lens care product used in the study was AOSept® Plus, sometimes referred 

to as Clear Care® (CIBA VISION™, Duluth, Atlanta, USA, Table 4.2). It is used to clean 
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and disinfect contact lenses, but the solution cannot be placed directly in the eye as it 

contains 3% hydrogen peroxide. The solution must be used in conjunction with a case 

supplied containing a platinum disc which catalyses the reaction converting hydrogen 

peroxide into oxygen and water over a six hour period. The surfactant cleaner 

contained in AOSept® Plus cleans the contact lens via the agitation caused by oxygen 

released during breakdown of the hydrogen peroxide. The reason AOSept® Plus was 

chosen is because it has been associated with reduced solution induced corneal 

staining and hence infiltrative events47 as compared to preservative based 

multipurpose solutions.9 

Unit-dose sterile 0.9% unpreserved saline (sodium chloride injection 0.9%, 

AstraZeneca, North Ryde, Australia) was supplied for rinsing purposes or as an in-eye 

lubricant as required. 

Table 4.2: Care solution components. 

Contact lens 
solution 

Company Composition Description of use 

AOSept® Plus CIBA VISION™ 

Hydrogen peroxide 3%, 
phosphonic acid, sodium 
chloride, a phosphate buffer 
system, pluronic surfactant 

Multipurpose 
disinfecting solution 
for contact lenses 

 

4.5.6 Clinical techniques  

After completing the baseline visits (Table 3.1), participants proceeded to contact lens 

wear. The clinical techniques used at each time-point at the contact lens fit, the one 

week visit and the one month visit are outlined below in Table 4.3, Table 4.4 and Table 

4.5, respectively. The order of tests was such to minimise the impact on the ocular 

surface prior to tear collection. As such, visual acuity and evaluation of the cornea and 

conjunctiva without fluorescein were conducted prior to tear collection while 

fluorescein evaluation and lid eversion were conducted following tear collection as per 

Table 4.3, Table 4.4 and Table 4.5.  

Visual acuity and slit-lamp biomicroscopy was performed as per Section 3.5.6.1. 

Subjective refraction was performed at the baseline visit (Table 3.1) to measure 
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sphere, cylinder and axis for each person so that the appropriate contact lens power 

could be prescribed.  

Table 4.3: The clinical techniques at each time-point for the contact lens fit. 

Procedures Midday Before sleep Upon awakening 

Visit window 
Between 11 AM and 
2 PM 

Before sleep, same 
day as ‘midday’  

Immediately upon 
awakening, morning 
after ‘midday’ 

Informed consent 
N (obtained 
previously, Table 3.1) 

N N 

Meet inclusion/exclusion 
criteria 

N N N 

Demographics N N N 
History at baseline N N N 
Updated history/any 
medical problems 

Y Y Y 

Baseline information: 
- spectacle refraction 
- visual acuity 
- keratometry 

N N N 

Corneal topography N N N 
Symptoms and problems Y Y Y 
Wear time N N N 
Visual acuity Y N N 
Slit-lamp biomicroscopy: 
Redness, contact lens fit 
Evaluation of cornea and 
conjunctiva including 
fluorescein 
Upper tarsus (fluorescein 
on indication) 

Y N Y 

Photos/video * * * 
Contact lens fitting Y N N 
Contact lens returns N N N 
Tear collection  Y Y Y 
Adverse event data  Y** Y** Y** 
Visit summary Y Y Y 
Y = Yes, required information, N = No, not required         
* At optometrists discretion          
** If adverse event detected at time of visit 
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Table 4.4: The clinical techniques at the one week visit and in the case of unscheduled 
visits. 

Procedures One week visit Unscheduled visits/ 
adverse events 

Visit window 
7 days ± 3 days from the 
contact lens fit, between 
11 AM and 2 PM 

N/A 

Informed consent N N 
Meet inclusion/exclusion criteria N N 
Demographics N N 
History at baseline N N 
Updated history/any medical problems Y Y 
Baseline information: 
- spectacle refraction 
- visual acuity 
- keratometry 

N * 

Corneal topography N N 
Symptoms and problems Y Y 
Wear time Y Y 
Visual acuity Y Y 
Slit-lamp biomicroscopy: 
Redness, contact lens fit 
Evaluation of cornea and conjunctiva 
including fluorescein 
Upper tarsus (fluorescein on indication) 

Y Y 

Photos/video * * 
Aseptic contact lens removal N * 
Lid and conjunctiva swabs N * 
Contact lens fitting Y N* 
Contact lens returns N N 
Tear collection  Y Y 
Adverse event data  Y** Y 
Visit summary Y Y 
Y = Yes, required information, N = No, not required         
* At optometrists discretion           
** If adverse event detected at time of visit   
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Table 4.5: The clinical techniques at each time-point at the one month visit. 

Procedures Midday Before sleep Upon awakening 

Visit window Between 11 AM and 
2 PM 

Before sleep, same day 
as ‘midday’ 
 

Immediately upon 
awakening, morning 
after ‘midday’ 

Informed consent N N N 
Meet inclusion/exclusion 
criteria 

N N N 

Demographics N N N 
History at Baseline N N N 
Updated History/any 
medical problems 

Y Y Y 

Baseline information: 
- spectacle refraction 
- visual acuity 
- keratometry 

N N N 

Corneal topography N N N 
Symptoms and Problems Y Y Y 
Wear time Y N N 
Visual acuity Y N N 
Slit-lamp biomicroscopy: 
Redness, contact lens fit 
Evaluation of cornea and 
conjunctiva including 
fluorescein 
Upper tarsus (fluorescein 
on indication) 

Y N Y 

Photos/video * * * 
Contact lens fitting Y N N 
Contact lens returns Y N  N 
Tear collection Y Y Y 
Adverse event data  Y** Y** Y** 
Visit summary Y Y Y 
Y = Yes, required information, N = No, not required          
* At optometrists discretion           
** If adverse event detected at time of visit   
 

4.5.6.1 Assessment of contact lens fit 

All quantitative measures of centration, movement and lag were made using a 

graticule eyepiece. At 16x slit-lamp magnification, the measurement limit of the 

graticule is 0.1 mm. 

Primary gaze movement was measured as the change in position of the contact lens 

edge after a blink, while the participant is fixating in the primary gaze. 

Contact lens tightness was assessed using the ‘push-up’ test. The inferior contact lens 

edge was pushed up by digitally manipulating the lower lid. Tightness was rated as a 

percentage using the following guidelines: 100% = ‘contact lens cannot be moved’; 
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0% = ‘contact lens held in place by lid tension and falls from cornea as soon as lower lid 

is moved prior to push-up’; and 40% - 50% = ‘optimum: easy and smooth movement 

when pushed with the lower lid. The contact lens moves with the lid and does not 

resist movement.’ 

4.5.6.2 Adverse event procedures 

Adverse events were categorised according to the definitions set by the Brien Holden 

Vision Institute.4 An optometrist (MM) was present or on call for the duration of the 

study. Participants were advised to inform the optometrist immediately of any event 

not normal, for example, unusual redness, pain or irritation. At the clinic, the eye was 

briefly assessed using a slit-lamp biomicroscope under low illumination to ascertain 

the nature of the condition, if any. If an adverse event occurred, the appropriate 

procedures were conducted, including referral for medical treatment and swabs, if 

necessary (Table 4.4). Any adverse events were followed until complete resolution to 

the reasonable satisfaction of the participant and the optometrist. 

4.5.6.3 Tear collection and tear sample treatment 

Flush tears202 were collected from both eyes at midday, before sleep and immediately 

upon waking, the order of eyes being randomised. This was performed as per Chapter 

2, Section 2.5.3.3, at the baseline, contact lens fit and one month visits as per Figure 

4.2. Tears were centrifuged and aliquoted as per Section 3.5.6.3.1.  

4.5.7  Laboratory techniques 

4.5.7.1 Total protein content 

Total protein content (TPC) was determined using the bicinchoninic acid method (BCA) 

and using Pierce reagents and flat-bottom Nunc-F Maxisorp 96-well microplates 

(Thermo Fisher Scientific, Rochester, NY, USA) as per Chapter 2, Section 2.5.5.  

4.5.7.2 MMP-9 assay 

Total MMP-9 concentration was determined using sandwich enzyme-linked 

immunosorbent assay (ELISA) with the RnD Systems Inc DuoSet kit (Minneapolis, MN, 

USA) as per Section 3.5.7.2.  
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4.5.7.3 TIMP-1 assay 

TIMP-1 was determined using ELISA with the RnD Systems Inc DuoSet kit (Minneapolis, 

MN, USA) as per Section 3.5.7.3.  

4.5.7.4 NGAL assay 

NGAL was determined using ELISA with the ‘human Lipocalin-2/NGAL’ RnD Systems Inc 

DuoSet kit (DY1757, Minneapolis, MN, USA) as per Section 3.5.7.4. NGAL was not 

measured for the DW schedule due to limited tear volume.  

4.5.7.5 Zymography 

Zymography was conducted as per Section 3.5.7.5. The tears ‘upon awakening’ from 

six participants wearing O2OPTIX™ in EW were compared at baseline, after the first 

night of EW and after one month of adaptation.  

4.5.8  Statistical analysis 

Normality was tested using the Shapiro-Wilk test. Repeated measures analysis of 

variance (ANOVA) was used to analyse the visits. Mauchly’s test was used to verify the 

sphericity function. Where main effects were significant, Student t-tests with 

Bonferroni correction were used post hoc. PASW version 18.0 (Chicago, USA) was used 

for the analysis. Results are reported as mean ± standard deviation (SD). The 

relationship between protein concentrations at various time-points was investigated 

using Pearson’s correlation coefficient. 

4.5.8.1 The use of expectation maximisation for missing variables 

In some cases it was not always possible to have measurements due to inadequate 

sample volume. In those cases where data were missing, in order to permit the ANOVA 

to proceed, replacement was made using expectation maximisation (EM) and any 

negative values generated by the process were replaced with zero. In cases where 

concentration levels were not detectable, these samples were allocated a value of 

zero. Because it was shown that right and left eyes were not significantly different in 

Section 3.6.6, the right and left eye of each participant were averaged for this analysis. 
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4.6 RESULTS 

4.6.1 Study enrolment 

A total of 47 participants were enrolled in the study. Table 4.6 and Table 4.7 show the 

number of participants enrolled and the number who completed each phase of the 

study for both EW and DW. Table 4.8 and Table 4.9 display the study discontinuations 

for either of the two wear modalities. 

Table 4.6: Study enrolment and attendance for the extended wear group. 

Study indicators Baseline Contact 
lens fit 

One week 
visit 

One month 
visit 

Participants enrolled in study 27    
Number attended this visit 27 26 25 23 
Number missed this visit 0 0 0 0 
Permanent discontinuations at this 
visit or prior to next visit 1 1 2 0 

Cumulative discontinuations in study 1 2 4 4 
 

Table 4.7: Study enrolment and attendance for the daily wear group. 

Study indicators Baseline Contact 
lens  fit 

One week 
visit 

One month 
visit 

Participants enrolled in study 20    
Number attended this visit 20 19 19 18 
Number missed this visit 0 0 0 0 
Permanent discontinuations at this 
visit or prior to next visit 1 0 1 0 

Cumulative discontinuations in study 1 1 2 2 
 

Table 4.8: Discontinuations in the extended wear group. 

Participant Number Visit  Reason for discontinuation 
PhD2008-002-018 Baseline (before sleep) Participant choice 
PhD2008-002-011 Contact lens fit (before sleep) Participant unhappy with vision 
PhD2008-002-004 One week visit Erosion formation and 

discomfort 
PhD2010-004 Unscheduled (13 days after the 

one week visit) 
Erosion formation and 
discomfort 

 

Table 4.9: Discontinuations in the daily wear group. 

Participant Number Visit  Reason for discontinuation 
PhD2008-003-007 One week visit Participant choice – contact lens 

discomfort 
PhD2008-003-015 Unscheduled (phonecall prior to 

contact lens fit) 
Participant opted to discontinue 
due to recent onset illness 
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4.6.2 Demographics 

Table 4.10 presents the mean age ± SD for the DW and EW groups as well as the 

balance of males and females in each group.  

Table 4.10: Study demographics for the extended wear (EW) and daily wear (DW) groups.  

Study group Age Mean ± SD Males Females Total number of participants 
EW 27 ± 7 years 14 13  27  
DW 29 ± 6 6 14 20 
 

4.6.3 Adverse events 

There were four adverse events in this study – three corneal erosions and one contact 

lens peripheral ulcer. The data of these participants who experienced an adverse event 

were excluded from the subsequent analysis. Their data are presented in Chapter 6 as 

a comparison with the normal profile established in this chapter. The total sample size 

for the subsequent analysis was 43, that is, 18 for the DW group and 25 for EW group. 

4.6.4 Clinical variables 

Table 4.11 and Table 4.12 present the clinical variables at each visit. 

Table 4.11: Extent of corneal staining (mean ± SD) in each corneal area as graded with the 
Brien Holden Vision Institute scale.240  

 EW = extended wear, DW = daily wear. 

Visit Group Area 1 Area 2 Area 3 Area 4 Area 5 

Baseline – Midday   
EW 0.0 ± 0.1 0.1 ± 0.3 0.0 ± 0.0 0.1 ± 0.3 0.2 ± 0.5 
DW 0.1 ± 0.2 0.0 ± 0.2 0.0 ± 0.0 0.1 ± 0.3  0.1 ± 0.3 

Baseline – Upon Awakening  
EW 0.1 ± 0.5 0.1 ± 0.3 0.0 ± 0.0 0.1 ± 0.2 0.2 ± 0.4 
DW      

Contact Lens Fit – Midday  
EW 0.0 ± 0.2 0.0 ± 0.1 0.0 ± 0.1 0.1 ± 0.3 0.2 ± 0.5 
DW 0.0 ± 0.0 0.0 ± 0.2 0.0 ± 0.0 0.1 ± 0.2 0.2 ± 0.4 

Contact Lens Fit – Upon 
Awakening 

EW 0.1 ± 0.4 0.2 ± 0.4 0.1 ± 0.3 0.1 ± 0.2 0.3 ± 0.5 
DW 0.1 ± 0.3 0.1 ± 0.3 0.1 ± 0.2 0.0 ± 0.2 0.3 ± 0.5 

1 Month – Midday  
EW 0.1 ± 0.3 0.0 ± 0.1 0.0 ± 0.0 0.2 ± 0.4 0.3 ± 0.5 
DW 0.0 ± 0.0 0.0 ± 0.2 0.0 ± 0.0 0.1 ± 0.3 0.4 ± 0.6 

1 Month – Upon Awakening 
EW 0.1 ± 0.4 0.0 ± 0.2 0.0 ± 0.1 0.1 ± 0.3 0.4 ± 0.6 
DW 0.0 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.6 
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Table 4.12: Clinical variables at each visit for the extended (EW) and daily wear (DW) 
groups (mean ± SD) as graded with the Brien Holden Vision Institute scale.240 

Variables Visit EW DW 

Blepharitis 
(0-4, 0.5) 
 

Baseline – Midday  0.8 ± 0.6 0.6 ± 0.5 
Baseline – Upon Awakening   
Contact Lens Fit – Midday  0.8 ± 0.6 0.5 ± 0.5 
Contact Lens Fit – Upon Awakening   
1 Month – Midday  0.9 ± 0.5 0.4 ± 0.4 
1 Month – Upon Awakening   

Meibomian gland 
dysfunction 
(0-4, 0.5) 

Baseline – Midday  0.9 ± 0.7 0.8 ± 0.7 
Baseline – Upon Awakening   
Contact Lens Fit – Midday  1.0 ± 0.6 0.6 ± 0.5 
Contact Lens Fit – Upon Awakening   
1 Month – Midday  1.1 ± 0.6 0.6 ± 0.5 
1 Month – Upon Awakening   

Limbal redness 
(0-4, 0.5) 
 

Baseline – Midday  1.2 ± 0.4 1.0 ± 0.3 
Baseline – Upon Awakening 1.4 ± 0.5 1.3 ± 0.3 
Contact Lens Fit – Midday  1.1 ± 0.5 1.0 ± 0.1 
Contact Lens Fit – Upon Awakening 1.8 ± 0.6 1.3 ± 0.3 
1 Month – Midday  1.1 ± 0.6 1.1 ± 0.4 
1 Month – Upon Awakening 1.5 ± 0.4 1.1 ± 0.4 

Bulbar redness 
(0-4, 0.5) 

Baseline – Midday  1.3 ± 0.5 1.1 ± 0.3 
Baseline – Upon Awakening 1.5 ± 0.6 1.3 ± 0.4 
Contact Lens Fit – Midday  1.2 ± 0.5 1.2 ± 0.2 
Contact Lens Fit – Upon Awakening 2.0 ± 0.6 1.4 ± 0.4 
1 Month – Midday  1.1 ± 0.6 1.1 ± 0.4 
1 Month – Upon Awakening 1.5 ± 0.5 1.3 ± 0.3 

Palpebral redness 
(0-4, 0.5) 
 

Baseline – Midday  1.1 ± 0.4 0.9 ± 0.5 
Baseline – Upon Awakening   
Contact Lens Fit – Midday  1.1 ± 0.3 1.0 ± 0.3 
Contact Lens Fit – Upon Awakening   
1 Month – Midday  1.3 ± 0.4 1.1 ± 0.3 
1 Month – Upon Awakening   

Tarsal abnormalities 
(0-4, 0.5) 
 

Baseline – Midday   1.1 ± 0.4 0.9 ± 0.3 
Baseline – Upon Awakening   
Contact Lens Fit – Midday  1.1 ± 0.4 1.0 ± 0.1 
Contact Lens Fit – Upon Awakening   
1 Month – Midday  1.2 ± 0.3 1.0 ± 0.3 
1 Month – Upon Awakening   

Conjunctival staining 
(0-4, 0.5) 

Baseline – Midday  0.1 ± 0.3 0.2 ± 0.3 
Baseline – Upon Awakening   
Contact Lens Fit – Midday  0.1 ± 0.2 0.1 ± 0.2 
Contact Lens Fit – Upon Awakening 0.9 ± 0.5 0.2 ± 0.3 
1 Month – Midday  1.1 ± 0.5 0.7 ± 0.4 
1 Month – Upon Awakening 1.0 ± 0.4 0.3 ± 0.4 
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Variables Visit EW DW 

Microcysts  
(0-4, 0.5) 
 

Baseline – Midday   0.0 ± 0.0 0.0 ± 0.0 
Baseline – Upon Awakening   
Contact Lens Fit – Midday  0.0 ± 0.0 0.0 ± 0.0 
Contact Lens Fit – Upon Awakening 0.0 ± 0.0 0.2 ± 1.0 
1 Month – Midday  0.0 ± 0.1 0.0 ± 0.0 
1 Month – Upon Awakening 0.0 ± 0.2 0.1 ± 0.8 

Striae/Oedema  
(0-4, 0.5) 
 

Baseline – Midday   0.0 ± 0.0 0.0 ± 0.0  
Baseline – Upon Awakening   
Contact Lens Fit – Midday  0.0 ± 0.0 0.0 ± 0.0 
Contact Lens Fit – Upon Awakening 0.0 ± 0.0 0.0 ± 0.2 
1 Month – Midday  0.0 ± 0.0 0.0 ± 0.0 
1 Month – Upon Awakening 0.0 ± 0.0 0.0 ± 0.0 

 

4.6.5 Normality 

Normality checks were performed and reported in Chapter 3, Section 3.6.5. 

4.6.6 Confirmation of uniformity of groups at baseline 

Prior to performing the analysis, a one-way ANOVA was conducted to confirm that the 

groups were not statistically different at baseline, hence ensuring that any differences 

found in subsequent analysis was in fact due to the factors being tested, that is, 

contact lens wear, wear modality and contact lens type. Where the assumption of 

homogeneity was violated, robust tests of equality of means were used 

(Brown-Forsythe). 

When the groups that were subsequently allocated to DW and EW were compared at 

baseline, that is, prior to contact lens wear, none of the measured proteins were 

statistically different as shown in Table 4.13. Similarly, when each variable at baseline 

was compared between the groups according to the contact lens type to which they 

were subsequently allocated, no difference was found (Table 4.13). 

The groups were then further split according to the wear schedule and contact lens 

type. In this way, MMP-9 upon awakening prior to contact lens wear, was significantly 

different between the four groups (p = 0.02, Table 4.13). Specifically, the group 

wearing ACUVUE  OASYS™ in EW was statistically greater than both the DW group in 

ACUVUE  OASYS™ (p = 0.04) and the O2OPTIX™ group in EW (p = 0.02) as shown in 

Figure 4.3. 
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Age was not statistically different between the four groups (p = 0.78). 

As the four groups differed for MMP-9 upon awakening at baseline, for the subsequent 

analysis when comparing the four groups according to contact lens type and wear 

schedule, this was conducted by comparing the change from baseline at the same 

time-point. 

Table 4.13: P values when comparing the extended wear (EW) and daily wear (DW) groups 
at baseline, the contact lens types at baseline, and when split into four groups 
according to contact lens type and wear schedule.  

 The bold italicised values indicate significant differences  

Variable P value  
(EW vs. DW) 

P value  
(ACUVUE  OASYS™ 
vs. O2OPTIX™) 

P value  
(contact lens type and 
wear schedule = four 
groups) 

TPC – Midday 0.46 0.32 0.51 
TPC – Upon Awakening 0.70 0.52 0.12 
MMP-9 – Midday  0.13 0.92 0.41 
MMP-9 – Upon Awakening 0.80 0.28 0.02 
TIMP-1 – Midday  0.77 0.06 0.30 
TIMP-1 – Upon Awakening 0.55 0.58 0.74 
 

 

Figure 4.3: MMP-9 concentration at baseline ‘upon awakening’ for each group.  

 The group that was later fitted with ACUVUE  OASYS™ in extended wear had 
significantly greater baseline levels of MMP-9 than both the daily wear group in 
ACUVUE  OASYS™ (p = 0.04) and the O2OPTIX™ group in extended wear 
(p = 0.02).  
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4.6.7 The diurnal variation in contact lens wear 

Primary analysis with repeated measures ANOVA for each of the variables measured 

was initially conducted with the in-subject factors of day and time-point, where day 

refers to either the baseline, contact lens fit, or one month visits and time-point refers 

to either midday, before sleep, or upon awakening. Wear schedule, gender and contact 

lens type were included as with-in subject factors. Scrutiny of the output indicated 

significant interaction between the levels of wear schedule (that is EW versus DW) and 

its interactions with day and time-point. No significant interactions were found for 

gender. For the subsequent analysis, gender was therefore excluded and subsequent 

repeated measures ANOVA was conducted for both wear schedules for each of the 

variables measured. 

4.6.7.1 TPC 

Table 4.14 lists the TPC concentration at each time-point for the DW and EW 

schedules. For the DW group, the diurnal profile did not vary statistically, either at the 

contact lens fit or at the one month visit when compared to the baseline profile (that 

is, there was no interaction between time-point and day, F= 0.82, p = 0.45). Similarly 

for the EW group, the TPC was not significantly different (F = 0.55, p = 0.58). In both 

DW and EW, the contact lens types did not differ as there was no interaction between 

time-point and contact lens (F = 1.89, p = 0.19 and F = 0.78, p = 0.39 respectively).  

Table 4.14: The diurnal variation of the total protein content (TPC, mean ± SD) at baseline, 
the contact lens fit and after one month. 

 The diurnal profile did not vary statistically from baseline at any visit (p = 0.45 
for extended wear and 0.58 for daily wear). N = 18 for the daily wear group and 
n = 25 for the extended wear group, except for ‘before sleep’ where n = 17. 

Day Time-point Extended wear (mg/mL) Daily wear (mg/mL) 
Baseline Midday 3.1 ± 1.3 3.4 ± 1.4 

Before Sleep 5.5 ± 4.7 3.8 ± 2.0 
Upon awakening 14.8 ± 8.4 15.8 ± 8.8 

Contact lens fit Midday 2.3 ± 1.5 2.8 ± 1.9 
Before Sleep 3.9 ± 2.1 3.0 ± 1.8 
Upon awakening 15.3 ± 8.9 13.4 ± 6.8 

One Month Midday 3.0 ± 1.9 2.8 ± 2.1 
Before Sleep 4.0 ± 2.2 3.1 ± 2.4 
Upon awakening 13.7 ± 9.2 12.8 ± 7.5 
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4.6.7.2 MMP-9  

Table 4.15 lists the MMP-9 concentration at each time-point for the DW and EW 

schedules. For the DW group, the diurnal profile did not vary statistically from 

baseline, either at the contact lens fit, or at the one month visit (that is, there was no 

interaction between day and time-point, F = 0.51, p = 0.61).  

For the EW group there was a significant interaction between day and time-point 

(F = 6.88, p = 0.002). Specifically, at one month, the midday concentrations of MMP-9 

were significantly greater than those at baseline and at the contact lens fit (p = 0.03 

and 0.009 respectively). Furthermore, the concentration of MMP-9 upon awakening 

after the first night of EW, was significantly greater than that at baseline (p = 0.02) but 

not significantly different to the concentration at one month upon awakening 

(p = 0.08). The baseline and one month visits upon awakening were not significantly 

different (p = 0.63). As demonstrated in Figure 4.7, the variance upon awakening after 

the first night of EW was much greater than that at baseline and than the DW group at 

the same time-point (Figure 4.6). 

Table 4.15: The diurnal variation of MMP-9 (mean ± SD) at baseline, the contact lens fit 
and after one month of contact lens wear. 

 Brackets denote pairs of statistically significant visits at the same time-point 
(p < 0.05). N = 18 for the daily wear group and n = 25 for the extended wear 
group, except for ‘before sleep’ where n = 17. 

Day Time-point Extended wear (ng/mL) Daily wear (ng/mL) 
Baseline Midday 6.6 ± 9.9 13.2 ± 18.3 

Before Sleep 10.7 ± 14.7 6.7 ± 8.7 
Upon awakening 2,123.3 ± 1,762.8 1,969.4 ± 2,252.3 

Contact lens fit Midday 4.8 ± 9.8 3.9 ± 6.3 
Before Sleep 3.4 ± 5.7 3.1 ± 6.8 
Upon awakening 3,598.7 ± 3,229.1 2,373.0 ± 2,091.6 

One month Midday 16.9 ± 19.6 12.2 ± 20.6 
Before Sleep 19.5 ± 13.8 14.2 ± 14.3 
Upon awakening 2,408.2 ± 1,376.1 2,584.7 ± 1,774.2 

 

The two contact lens types did not differ at any of the visits for either the DW or EW 

schedule.  

For the EW group, there was a strong positive correlation between the concentration 

of MMP-9 upon awakening at baseline and at the contact lens fit (r = 0.66, p < 0.001) 
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and the one month visit (r = 0.78, p < 0.001). The contact lens fit and one month visit 

also correlated upon awakening (r = 0.68, p < 0.001). For the DW group, no correlation 

was present between the baseline levels upon awakening at the contact lens fit 

(r = 0.16, p = 0.54) but a moderate correlation was found at the one month visit 

(r = 0.53, p = 0.02). 

4.6.7.3 TIMP-1  

Table 4.16 lists the concentrations of TIMP-1 at each time-point for the DW and EW 

schedules. For the DW group, the profile did not vary statistically between the midday 

visits (p = 0.10), but upon awakening, the contact lens fit was significantly greater than 

the baseline (p = 0.02). For the EW group, the diurnal profile did not vary statistically, 

from baseline, either at the contact lens fit, or at the one month visit (p = 0.17). 

There was a moderate correlation between the baseline upon awakening and that at 

the contact lens fit (r = 0.51, p = 0.03) for the DW group, while there was no such 

correlation for the EW group.  

Table 4.16: The diurnal variation of TIMP-1 (mean ± SD) at baseline, the contact lens fit 
and after one month of contact lens wear.  

 Brackets denote pairs of statistically significant visits (p < 0.05). N = 18 for the 
daily wear group and n = 25 for the extended wear group. 

Day Time-point Extended wear (ng/mL) Daily wear (ng/mL) 
Baseline Midday 75.0 ± 36.0 71.2 ± 45.2 

Upon awakening 235.1 ± 88.4 256.2 ± 139.0 
Contact lens fit Midday 56.5 ± 44.3 85.1 ± 88.9 

Upon awakening 320.4 ± 278.6 396.6 ± 221.7 
One month Midday 63.7 ± 60.5 111.5 ± 90.2 

Upon awakening 283.0 ± 129.5 350.1 ± 144.2 
 

4.6.7.4 Ratio of MMP-9:TIMP-1 

Table 4.17 lists the MMP-9:TIMP-1 ratios at each time-point for the DW and EW 

schedules. A ratio less than 1 indicates an excess of TIMP-1, while a ratio greater than 

1 indicates an excess of MMP-9. For the DW group, the diurnal profile did not vary 

statistically from baseline, either at the contact lens fit, or at the one month visit (that 

is, there was no interaction between time-point and day, F = 2.66, p = 0.09).  
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For the EW group, the ratio at midday after one month of contact lens wear was 

significantly greater compared to midday at baseline and midday at the contact lens fit 

(p = 0.004 and 0.007 respectively). The midday ratio at baseline and the contact lens fit 

were not significantly different (p = 1.00). The shift in the ratio from TIMP-1 dominance 

before contact lens wear at midday (ratio of 0.7 ± 0.2) to MMP-9 dominance after a 

month of contact lens wear (ratio of 1.2 ± 1.4) reinforces the increased expression of 

MMP-9 in EW that is not matched by TIMP-1. 

Upon awakening for the EW group, the ratio was significantly greater after the first 

night of contact lens wear than the one month visit (p = 0.048) but not different to 

baseline.  

As with the concentration of MMP-9 for the EW group, the ratio upon awakening at 

the baseline visit correlated significantly with that at the contact lens fit (r = 0.72, 

p < 0.001) and the one month visit (r = 0.72, p < 0.001). There were no correlations for 

the DW group.  

Table 4.17: The diurnal variation of the ratio of MMP-9:TIMP-1 (mean ± SD) at baseline, 
the contact lens fit and after one month of contact lens wear. 

 Brackets denote pairs of statistically significant visits (p < 0.05). N = 18 for the 
daily wear group and n = 25 for the extended wear group. 

Day Time-point Extended wear (ng/mL) Daily wear (ng/mL) 
Baseline Midday 0.7 ± 0.2 0.5 ± 0.4 

Upon awakening 13.2 ± 13.4 11.8 ± 13.7 
Contact lens fit Midday 0.2 ± 0.3 0.3 ± 0.2 

Upon awakening 18.6 ± 19.9 5.4 ± 4.7 
One month Midday 1.2 ± 1.4 2.1 ± 3.5 

Upon awakening 10.4 ± 7.7 11.4 ± 9.0 
 

4.6.7.5 NGAL  

Table 4.18 lists the NGAL concentration at each time-point for the EW schedule. At 

midday, the contact lens fit was significantly less than the one month concentrations 

of NGAL (p = 0.01) but not significantly different to baseline (p = 0.055). NGAL was not 

significantly different upon awakening for any of the three days (p = 0.80). 

The visits upon awakening did not correlate. The midday visit at the contact lens fit, 

however, correlated with the one month upon awakening visit (r = 0.76, p = 0.03). 
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Table 4.18: The diurnal variation of NGAL (mean ± SD) at baseline, the contact lens fit and 
after one month.  

 Brackets denote pairs of statistically significant visits (n = 8, p < 0.05). 

Day Time-point Extended wear (ng/mL) 
Baseline Midday 733.3 ± 533.6 

Upon awakening 3,559.0 ± 1,948.7 
Contact lens fit Midday 192.6 ± 59.6 

Upon awakening 4,369.1 ± 1,667.8 
One month Midday 351.9 ±136.9 

Upon awakening 4,036.8 ± 1,889.1 
 

4.6.7.6 Ratio of MMP-9:NGAL 

Table 4.19 lists the MMP-9:NGAL ratios at each time-point and day for the EW group. 

The diurnal profile did not vary statistically from baseline, either at the contact lens fit, 

or at the one month visit (p = 0.95).  

There was a strong correlation between the baseline ratio at midday and that at the 

same time-point at the contact lens fit (r = 0.99, p < 0.001). The ratio upon awakening 

at baseline correlated with the same time-point at the contact lens fit (r = 0.84, 

p = 0.01) and the one month visit (r = 0.78, p = 0.02).  

Table 4.19: The diurnal variation of the ratio of MMP-9:NGAL at baseline, the contact lens 
fit and after one month at each time-point (n = 8). 

Day Time-point Extended wear (ng/mL) 
Baseline Midday 0.01 ± 0.04 

Upon awakening 0.14 ± 0.13 
Contact lens fit Midday 0.07 ± 0.18 

Upon awakening 0.21 ± 0.18 
One month Midday 0.09 ± 0.13 

Upon awakening 0.21 ± 0.33 
 

4.6.7.7 Clinical associations 

There was no correlation between MMP-9 and bulbar redness or limbal redness upon 

awakening when considered as the change between the baseline and the contact lens 

fit (r = 0.36, p = 0.15 and r = 0.27, p = 0.10 respectively). Similarly, there was no 

correlation between clinical signs and TPC or TIMP-1.  
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4.6.7.8 Zymography 

Because significant changes were shown in EW upon awakening, zymography was 

performed only on the tears collected upon awakening from six EW participants, all 

wearing O2OPTIX™. Figure 4.14 displays the representative tears of two participants at 

baseline, after the first night of EW and after a month of adaptation. Bands were 

detected at 92, 135 and >200 kDa at all visits for all participants. These bands are 

consistent with those previously identified by others and correspond to pro-MMP-2, 

pro-MMP-9, NGAL or 2-macroglobulin complexes not dissociated by SDS, and a dimer 

of MMP-9.186, 188, 249, 250 One participant showed significant levels of MMP-9 after the 

first night of EW (Figure 4.14) which extended beyond the 72, 92 kDa band and into 

the 83 kDa band, and one participant showed this at the one month visit. 

Densitometry however, was unable to discern two separate bands in the region of 92 

and 83 kDa corresponding to pro- and active MMP-9 (not shown). The proportions of 

all species of MMP-9 increased with contact lens wear.  

 

Figure 4.14: The zymograms of two non-contact lens wearers adapting to extended wear 
with O2OPTIX™.  

 Each tear sample was collected upon awakening. A 10 μg protein load was 
added to each lane.  
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4.7 SUMMARY AND DISCUSSION 

4.7.1 Summary of results 

Extended contact lens wear has been associated with a greater incidence of microbial 

keratitis5 and corneal erosions,13 conditions which in non-contact lens wear have been 

linked to elevated levels of MMP-9.43, 48, 101, 133, 223 As EW of contact lenses is a major 

risk factor in these events, this study measured the impact of contact lens wear on the 

baseline levels of MMP-9 and the proteins with which it complexes (as established in 

Chapter 3). As further confirmation of the effect of EW, the DW modality was also 

compared to baseline.  

The changes to the baseline profile of MMP-9 were negligible with DW, supportive of 

the minimal risk DW appears to have on the ocular surface (Figure 4.8 and Table 4.15). 

Moreover, after the first day of DW, TIMP-1 increased significantly upon awakening, 

resulting in a significantly reduced MMP-9:TIMP-1 ratio compared to both baseline and 

EW (Figure 4.10 and Table 4.17). Although the significance of this increase is not 

known, it may be that in DW the contact lens acts as a stabilising influence. This 

increase in TIMP-1 expression after a day of contact lens wear may be a protective 

response of the ocular surface to the presence of the contact lens. Further study is 

needed to understand this response. 

The profile in EW, however, differed significantly to that of the baseline and DW 

profile. Specifically, after the first night of overnight wear, a significant increase in the 

expression of MMP-9 was found (Figure 4.7 and Table 4.15), while there was no 

significant change in TIMP-1 or NGAL (Figure 4.9 and Figure 4.12, respectively). 

Zymography revealed that while all species of MMP-9 increased in proportion, there 

was no evidence of the active form (Figure 4.14). By the one month visit, the EW 

profile approached that of baseline upon awakening.  

4.7.2 Extended contact lens wear disturbs the MMP-9 diurnal profile 

This is the first study to report on the impact of silicone hydrogel contact lenses on the 

diurnal variation of MMP-9. A study by Lema et al. found that in normal patients 

wearing rigid gas permeable contact lenses, the levels of MMP-9 were significantly 
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increased compared to controls (12.9 ng/mL versus 6.1 ng/mL),193 a result that was in 

agreement with the trend of increasing MMP-9 found in orthokeratology197 and the 

significant increased expression found in this study with EW. An advantage of the 

study presented in this chapter is the repeated measures design, allowing an 

exploration of the impact of contact lens wear on the neophyte.  

The disturbance to the MMP-9 profile observed during EW as compared to DW is in 

accordance with previously established biochemical changes associated with EW206, 209, 

244 as compared to DW68, 193, 201 as well as the greater risk of erosion,13, 25 infection and 

inflammation1, 5 associated with EW. The imbalance of MMP-9 by TIMP-1, as is evident 

from the greater ratio after the first night (Figure 4.11), suggests that at this stage of 

contact lens wear, the cornea may have a greater propensity for collagen degradation 

and hence be at greater risk of erosions. Zymography however confirms that although 

there is an increased expression of MMP-9 with EW, this does not appear to be the 

active form in this population of healthy contact lens wearers. The greater variability 

found in the MMP-9 concentration after the first night of EW (Figure 4.7) intimates 

that contact lens wear impacts the population in variable ways, with those at the 

upper extreme being potentially more at risk of the collagen degrading effects of 

imbalanced MMP-9. The comparison with the DW group, reinforces that sleeping in 

contact lenses is indeed the causative factor disturbing the equilibrium of the tear film. 

Chapter 6 will compare the activity in this group of normals to those who develop 

adverse events in contact lens wear in order to establish whether there is a difference 

in MMP-9 expression. 

MMP-9 is regulated by other MMPs, such as MMP-3265, 266 and other cytokines such as 

TNF-α.267 Any factor that affects these other MMPs and cytokines will also influence 

MMP-9. Sack and colleagues showed that the majority of MMP-9 during sleep in the 

tear film is sourced from neutrophils,135 which also increase during sleep.244 

Furthermore, Thakur and Willcox found that neophytes had significantly greater 

numbers of neutrophils compared to non-contact lens wearers, while experienced 

wearers had the least.209 It may be that the increased expression of MMP-9 with initial 

EW is a result of this greater number of neutrophils.209 Moreover, the fact that TIMP-1 

concentrations in this study did not change from baseline, is in agreement with the 
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understanding that TIMP-1 is not produced by neutrophils and hence will not increase 

in circumstances where MMP-9 increases as a result of neutrophil release. 135 The 

insignificant increase in NGAL in this study is surprising considering the known 

association with MMP-9 released by neutrophils and NGAL.135 The observed power of 

the NGAL analysis according to the ANOVA was 0.30 and may suggest that a greater 

sample size is necessary to measure changes in NGAL.  

An additional hypothesis as to the reason why MMP-9 increases with contact lens 

wear is that EW may be a sub-clinical form of corneal injury, resulting in a cellular 

response. MMP-9 is known to increase with wound healing.50 When this mechanism 

over-reacts, it may result in excess MMP-9 and hence the increased expression seen in 

EW. 

4.7.2.1 Adaptation restores the MMP-9 profile to baseline levels 

After a month of contact lens wear, MMP-9 concentration upon awakening was no 

longer different to the concentration at baseline, suggesting that the ocular surface 

was adapting to EW, a finding that is in agreement with the reduced number of 

neutrophils found by Thakur and Willcox in experienced daily wearers proceeding to 

EW for the first time.209 How quickly this adaptation happens is not known.  

The levels of MMP-9 during the day after one month of continuous wear, however, 

was significantly greater than that at baseline, and greater than the levels of TIMP-1, 

shifting the tear film balance from TIMP-1 dominance to MMP-9 dominance. A study 

of longer duration would establish whether the MMP-9:TIMP-1 ratio remains that way 

in EW, or whether there is a return to baseline.  

4.7.3 The influence of gender and contact lens type 

Two contact lens types were used in this study: the higher modulus O2OPTIX™ and the 

lower modulus ACUVUE  OASYS™ (Table 4.1). Modulus was compared because of the 

known role it plays in mechanical adverse events such as superior epithelial arcuate 

lesions.9 In this study no difference was found between the contact lens types, 

suggesting that the change seen is the same regardless of the contact lens type and 

that the over-ruling factor, therefore, is wear schedule. 
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4.7.4 Changes to MMP-9 do not correlate with clinical signs 

The lack of correlation of MMP-9 concentrations with the clinical signs of bulbar and 

limbal redness during contact lens wear was in agreement with the lack of correlation 

found at baseline (Section 3.6.9.8), suggesting that redness cannot be used as a 

predictor of elevated concentration of MMP-9 in the tear film. Similarly, Carnt et al. 

found that limbal redness was not a predictor of corneal infiltrates, reinforcing that 

corneal changes are not always reflected by signs of redness of the conjunctiva.47  

4.7.5 Implications of findings 

While the levels of MMP-9 baseline are not only tolerated, but presumably required 

for the extracellular matrix turnover, the concentrations with contact lens wear, if 

unbalanced, may contribute to pathology, particularly if combined with a bacterial 

load. This is supported epidemiologically by the greater incidence of erosions in EW 

and during adaptation13 and the greater incidence of microbial keratitis in EW and 

during adaptation.5, 6 It may be that the people most prone to these conditions are 

those with greater levels of MMP-9 during contact lens wear, which could therefore 

dissolve the epithelial basement membrane and hence result in epithelial 

detachment.112 The strong correlation between MMP-9 upon awakening at the 

baseline visit with that of the contact lens fit and the one month visit upon awakening 

suggests that a higher level of MMP-9 at baseline is predictive of higher levels with EW. 

In view of the increased expression of MMP-9 in the initial phase of EW, followed by 

the subsequent adaptation, vigilance with regards to the signs and symptoms of 

erosions and infection may be advised both to practitioners and their patients during 

the adaptation period. This advice extends also to patients wearing bandage contact 

lenses for the first time. Those wearing bandage contact lenses often do so due to an 

already compromised cornea and further collagen degradation may be detrimental. 

The initial increase in MMP-9 in EW is a factor to be considered by practitioners and, 

potentially, the use of an inhibitor such as doxycycline may be advised.184 The 

consistency of the MMP-9 profile in DW with the baseline profile in this study, and the 

findings by Thakur and Willcox that experienced contact lens wearers in DW when 

allocated to EW had lower levels of neutrophils than neophytes,209 suggests that a 
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period of DW should be advised prior to proceeding to EW. This assertion requires 

confirmation with a study exploring the effect of initial DW on the levels of MMP-9 

prior to proceeding to EW. A further study exploring the effect of initial DW followed 

by EW on the adverse event rate, particularly the erosion rate, would help answer the 

question as to whether a period of DW is necessary prior to proceeding to EW, and if 

so, how long this phase should be. 

4.7.6 Limitations of study 

A limitation of this study was that although participants were randomised to contact 

lens type, they were not randomised to the wear schedule. It may be argued that there 

may be an inherent difference in the group of people who choose the DW schedule as 

opposed to the EW schedule, for example, in terms of compliance. In order to 

overcome this, the groups were compared at baseline according to their chosen wear 

schedule, to establish any differences prior to contact lens wear (Section 4.6.6).  

An additional limitation of this study is that it was conducted for a period on only one 

month. According to a study by Willcox and his colleagues,13 the majority of erosions 

occur within the first three months of contact lens wear. Ideally, a study following a 

group of neophytes as they adapt to contact lens wear over a period of at least three 

months may provide greater insights into the adaptation process and its association 

with corneal erosions. 

4.7.7 Future work 

Chapter 6 explores the profiles of participants who developed adverse events including 

corneal erosions and a contact lens peripheral ulcer in order to compare these profiles 

to those of healthy normal contact lens wearers as established in this chapter.  

The knowledge that contact lens wear in EW increases MMP-9 suggests that this may 

be an area to target for the prevention of adverse events such as erosions. There may 

be a means by which to prevent this increase in contact lens wear, whether it be 

through increasing the concentrations of TIMP-1 in the tear film in the form of an eye 

drop, or adding a collagen like substance to the contact lens matrix to act as a 

competitive substrate.268  
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4.8 OUTCOMES OF CHAPTER 4 

Chapter 4 demonstrated that in the neophyte, EW appears to initially disturb the tear 

film homeostasis with an increase in MMP-9 expression upon awakening compared to 

baseline and DW, regardless of the contact lens type. There is no corresponding 

increase in TIMP-1 or NGAL. These levels return to baseline after one month 

suggesting adaptation.  

MMP-9 is part of a network of proteins and is therefore unlikely to be the only protein 

impacted by contact lens wear. Chapter 5 therefore explores the changes in the tear 

proteome using a broad spectrum technique known as differential gel electrophoresis. 
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CHAPTER 5 THE EFFECT OF CONTACT LENS WEAR ON THE 
TEAR PROTEOME 

5.1 OVERVIEW 

Chapter 4 explored the impact of contact lens wear on the diurnal variation of matrix 

metalloproteinase-9 (MMP-9) and identified a significant increase in its expression 

after the first night of extended wear (EW), with a return to baseline after one month. 

MMP-9 however is part of a complex network of cytokines and MMPs and is therefore 

unlikely to be the only change with contact lens wear. An understanding of the impact 

of contact lens wear on the proteome as a whole is important to the understanding 

how contact lens wear results in adverse events such as corneal erosions. Chapter 5 

therefore employs a broad spectrum protein analysis technique known as differential 

gel electrophoresis (DIGE) to establish the differences in the proteome during the 

adaptation to extended wear (EW) and the extent of these differences. This is followed 

by mass spectrometry in order to identify the proteins that differed. An understanding 

of this profile in healthy neophytes as they adapt to contact lens wear allows for the 

comparison to those who develop corneal erosions, a comparison which will be made 

in Chapter 6.  

The DIGE work presented in this chapter was conducted at the Minomic International 

Ltd laboratories under the kind guidance of Dr Belinda Schiller and Dr Anna Fitzgerald. 

The mass spectrometry was performed by the Bioanalytical Mass Spectrometry Facility 

at the University of New South Wales. The work presented here has been accepted for 

publication in Optometry & Vision Science and was also presented as a poster at the 

Association for Research in Vision and Ophthalmology meeting in 2011 (Appendix B: 

Publications and presentations). 

5.2 INTRODUCTION 

The ‘proteome’ is the composition of all the proteins expressed by the genome of an 

organism in a tissue or in biological fluids, such as serum, urine and tears.269 This 

proteome will vary between tissues, disease states and with environmental changes. 

Chapter 5 explores how the healthy tear proteome is altered by extended contact lens 
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wear and Chapter 6 compares these profiles to those prone to contact lens-induced 

corneal erosions.  

Proteomics has been used to identify the major proteins whose abundance and profile 

differs across two or more related samples (biomarkers).269  Biomarkers can be 

measured and can act as indicators of normal or pathological processes and also 

change in response to intervention.269 In knowing which biomarkers are altered during 

contact lens wear, candidates which may contribute to adverse events can be 

identified. Moreover, in the case of contact lens-related adverse events such as 

corneal erosions (Chapter 6), biomarkers could have utility in determining the 

aetiology and in monitoring the effect of intervention or preventative mechanisms.155 

Proteomics involves three steps: protein separation, protein identification and protein 

quantitation. The method chosen for this chapter was differential gel electrophoresis 

(DIGE), a modification of two-dimensional gel electrophoresis which is widely used as a 

means of separating proteins,270 and then further characterised by mass spectrometry.  

Two-dimensional gels separate proteins based on their isoelectric points in the first 

dimension (Section 5.5.5.4), and then according to their apparent size in the second 

dimension (Section 5.5.5.5). Protein spots of interest can be excised from gels and then 

digested with trypsin or other proteases (Section 5.5.5.11).271 These digests can then 

be subjected to a range of mass-spectrometric techniques (Section 5.5.6). By 

comparing spot differences and intensities from different samples, changes in the level 

of expression of individual proteins can be detected and quantified, thus permitting 

the identification of biomarkers.271 One limitation of traditional comparative 

two-dimensional gel electrophoresis is the high level of gel-to-gel variation in spot 

patterns.270 The difficulty in reproducing spot patterns on different gels makes it 

difficult to distinguish true biological variation from experimental variation. DIGE 

allows the detection and quantitation of differences between samples resolved on the 

same gel or across gels, when linked by an internal standard.272 Unlu and colleagues 

first modified two-dimensional gels by pre-labelling the samples with two cyanine 

dyes, allowing the two samples to be run on the same gel.272 Three mass (500 Da) and 

charge-matched spectrally resolvable fluorescent dyes (Cy2, Cy3, and Cy5) are used to 
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label a control (the internal standard) and two different protein samples in vitro prior 

to electrophoresis.272 The internal standard is run on each gel of the experiment and is 

used to normalise protein abundance measurements across multiple gels by measuring 

the protein spot of each biological sample as a ratio against the same spot of the 

internal standard, and hence comparing this to the same spot for another biological 

sample. This allows quantitation and minimises experimental variation.273   

This fluorescence-based detection has a dynamic range of five orders of magnitude 

and the dye sensitivity is capable of detecting 0.25-0.95 ng of sample,274 compared to a 

dynamic range of one order for Coomassie Blue-stained gels271 and two orders of 

magnitude for silver staining.275, 276 

DIGE has been previously used in cancer research,277, 278 and recently has been used to  

compare between the tears of contact lens wearers with and without dry eye,235 

between the tears of males and females,279 between the corneal epithelial and stromal 

profiles in keratoconus compared to normals,280 and between the nuclei in age-related 

nuclear cataracts and normal crystalline lenses.281 It has not been used with flush tears 

or to determine the impact of contact lens wear on the tear proteome. 

In Chapter 5, DIGE and mass spectrometry are used to observe the changing proteome 

during the early and adaptive phases of extended contact lens wear. As the major 

changes found in the MMP-9 profile in Chapter 4 were in the tears ‘upon awakening’, 

and due to the limited tear volume, Chapter 5 will predominantly evaluate this 

time-point.  

5.3 AIMS 

This study aims to establish: 

1. The technical variability of the DIGE technique with flush tears (Section 5.6.1) 

2. The biological variability of the tear proteome in terms of  

a. Day-to-day repeatability (Section 5.6.2.1) 

b. Diurnal variation (Section 5.6.2.2) 

3. The impact of extended contact lens wear on the tear proteome (Section 5.6.3) 
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5.4 HYPOTHESIS 

Based on the findings in Chapter 4 of increased expression in MMP-9 during EW, and  

previous reports of biochemical changes associated with contact lens wear,199, 208, 282-

285 including increased expression of some proteins, and decreased expression of 

others,199 the hypothesis of this chapter is that the tear proteome in EW will differ 

from that in healthy non-contact lens wearers. It is hypothesised that there will be an 

increase in proteins such as albumin due to serum leakage during extended contact 

lens wear, while there will be a decrease in other proteins such as secretoglobin.199 

5.5 METHODS 

5.5.1 Study design 

The tears analysed in this study were from Study 2 presented in Chapter 3 and Chapter 

4 (Figure 4.1). Accordingly, this was a prospective, bilateral, open-label clinical study, 

where the tears from eight healthy participants were analysed using DIGE. All 

participants wore O2OPTIX™ (Table 4.1) in the EW modality according to the schedule 

described in Figure 4.2. Only the tears from the EW group were analysed as this is the 

group whose protein profile changed from baseline in terms of MMP-9 concentration 

(Section 4.6.7.2) and this is the wear schedule associated with the greater incidence of 

infection5 and erosion.13  

The tears of one participant with an adverse event in Study 2 were excluded from this 

analysis and are presented in Chapter 6.  

5.5.2 Sample size calculation 

The tears of eight healthy participants were analysed, a sample size similar to that 

used by others281 235, 274 and based on a sample size calculation of power of 0.8, 

significance level of 0.05, differential expression in the same protein spot between 

samples of 3.6 and random variation of 4.4 (based on the preliminary results of Section 

5.6.2).286 
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5.5.3 Clinical techniques 

Clinical procedures were conducted as per Table 3.1 for baseline, Table 4.3 for the 

contact lens fit, Table 4.4 at the one week safety visit and Table 4.5 at the one month 

visit. Flush tears202 were collected from both eyes as described in Chapter 2 (Section 

2.5.3.3) at the baseline visits, contact lens fit and after one month of contact lens wear. 

In order to allow for adequate volume, the tears were pooled from right and left eyes. 

Tears were centrifuged and aliquoted as per Section 3.5.6.3.1.  

5.5.4 Total protein content 

Total protein content (TPC) was determined as per Section 3.5.7.1 and the results of 

this are reported in Sections 0 and 4.6.7.1.  

5.5.5 Differential gel electrophoresis 

The fluorescent dyes used were CyDye™ DIGE Fluors for Ettan DIGE (minimal labelling, 

GE Healthcare UK Limited, Amersham Place, Buckinghamshire, UK). Figure 5.1 outlines 

the DIGE procedure. 

 

Figure 5.1: The procedures involved in differential gel electrophoresis 
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5.5.5.1 Experimental study design 

The following technical and biological analyses were performed: 

5.5.5.1.1 Technical variability 

 The differences between the three CyDyes when used with flush tear samples 

(Section 5.6.1.1): CyDyes label the lysine residues so that 1-2% of the total 

protein is labelled.271, 274, 287 As these dyes do not differ in molecular weight and 

charge, the same protein labelled with any dye migrates to the same point.287 

In order to confirm this for flush tear samples, a single sample labelled with 

each of the three dyes Cy2, Cy3 and Cy5 was electrophoresed on the same gel, 

and results are shown in Section 5.6.1.1. 

 The gel-to-gel repeatability when using the same CyDye (Section 5.6.1.2): The 

same sample was loaded onto three different gels following the same 

preparation and using the same dye (Cy3). The gels were electrophoresed at 

the same time under the same running conditions and with the same batch of 

gels. 

5.5.5.1.2 Biological variability 

 The day-to-day repeatability of the proteome at two distinct time-points: 

o Midday (Section 5.6.2.1.1): Samples were collected from the same eye 

of the same participant on three different occasions. 

o Upon awakening (Section 5.6.2.1.2): Samples were collected from four 

participants on two occasions ‘upon awakening’. 

 The diurnal variation of the tear proteome (Section 5.6.2.2): 

o Tears collected from three participants prior to contact lens wear at 

midday were compared to those upon awakening.  

5.5.5.1.3 The impact of extended contact lens wear on the tear proteome 

Samples were randomised to either Cy3 or Cy5 labelling in each gel. Cy2 was always 

used for the internal standard. For eight participants, the tears ‘upon awakening’ were 

compared at baseline, the first night of contact lens wear and after one month of EW. 

As additional confirmation, the same sample from one individual was run on two 

separate gels using the same CyDye (Section 5.6.3.1). 
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5.5.5.2 CyDye reconstitution 

One millimolar stock solutions of the CyDyes were prepared in anhydrous 

dimethylformamide (DMF, Sigma Aldrich, Steinheim, Germany) and stored at -20 °C 

until use. These stock solutions were diluted 1:5 in DMF to a final concentration of 

200 pmol/μL.280 

5.5.5.3 Sample labelling 

All labelling reactions and all subsequent procedures were performed with aluminium 

foil covering the samples so as to limit the exposure of the fluorescent dyes to light. In 

order to prepare the samples, the pH was checked and adjusted with Tris if necessary 

to bring to a pH of 8-9. The decision was taken not to precipitate the samples in order 

to minimise sample loss.  

Samples were randomised to either the Cy3 or Cy5 dye using randomisation.com (seed 

21077). A volume of 1 L of CyDye per 50 g of protein (half labelling – 200 pmol of 

dye per 50 μg of protein)280 was added and this was centrifuged and left on ice in the 

dark for 30 minutes. To this, 1 L of 10 mM lysine was added to stop the reaction and 

this was left on ice in the dark for 10 minutes. At this stage the samples could be 

covered in aluminium foil and stored in -80 °C until processing.  

The internal standard was prepared by combining 25 μg of protein from each biological 

sample in the study and labelling this with 1 μL of Cy2 per number of gels to be run.287 

In this way, every protein from each sample was represented in the internal 

standard287 and this was run on every gel. The same volume of lysine was then used to 

stop the reaction (1 μL per gel to be run).  

At the time of running the gel, for each gel, the two samples, 50 μg each (one with Cy3 

and one with Cy5) and 50 g of internal standard were added to 200 μL of the MiPrepF 

solution (Minomic International Ltd) as used by others.288 After 20 minutes, 5 L of 

tributylphosphine (Bio-Rad ReadyPrep TBP Reducing Agent, Bio-Rad, Hercules, CA, 

USA) was added to this. After 30 minutes, 10 L of 40% acrylamide (Bio-Rad, Hercules, 

CA, USA) was added to this mixture for 20 minutes.  
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5.5.5.4 First dimension protein separation 

The first dimension in two-dimensional gel electrophoresis is isoelectric focusing in 

which proteins are separated according to their net charge irrespective of their 

mass.269 The principle is that electrophoresis is carried out in a pH gradient allowing 

each protein to migrate to an isoelectric point (pI), that is, the point at which its pI 

value is equivalent to the surrounding pH and its net charge is zero.269  

For each gel, passive rehydration of 11 cm pH 4-7 immobilised pH gradient (IPG) strips 

(Ready Strip  IPG, Bio-Rad, Hercules, CA, USA) was performed in 200 L of 

pre-hydrated MiPrepF for six hours. The strips were then focused using the IPGPhor-II 

Isoelectric Focusing System (GE Healthcare UK Limited, Amersham Place, 

Buckinghamshire, UK) using cup-loading (two cups per strip, GE Healthcare UK Limited, 

Amersham Place, Buckinghamshire, UK) and moistened electrode strips (four per strip, 

GE Healthcare UK Limited, Amersham Place, Buckinghamshire, UK) as shown in Figure 

5.2. Once mineral oil was added to the ceramic manifold (Figure 5.2), the strips were 

focused for a minimum of 14 hours using a six-step isoelectric focusing: 100 V for one 

hour, 300 V for two hours, 1,000 V for two hours, 2,500 V for one hour, 7,500 V for 

eight hours and then 100 V until off. A level of 63,000 VHrs was considered optimum. 

In cases where the level was below this, the strips were focused for a further two 

hours at 2,500 VHrs in order to surpass the desired volt hours. The IPGPhor-II was 

covered at all times with aluminium foil to prevent the entry of light.  
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Figure 5.2: First dimension protein separation.  

 The strips were focused using an IPGPhor-II Isoelectric Focusing System (GE 
Healthcare UK Limited, Amersham Place, Buckinghamshire, UK) using 
cup-loading (two cups per strip) and moistened electrode strips. 

 

5.5.5.5 Reduction and alkylation 

Following isoelectric focusing, the strips were drained of any excess oil and placed in 

the -80 °C freezer for one hour. After one hour, each strip was reduced (6 M urea, 

2% sodium dodecyl sulfate (SDS), 20% glycerol, 65 mM dithiolthreitol (DTT) in Tris/HCl 

buffer) for 15 minutes and then alkylated (6 M urea, 2% SDS, 20% glycerol, 2.5% 

acrylamide in Tris/HCl buffer) for a further 15 minutes at room temperature. 

5.5.5.6 Second dimension protein separation 

The second dimension separates proteins according to their molecular mass 

irrespective of their charge. Exposure of denatured proteins to SDS binds 

stoichiometrically to the polypeptide backbone and carries a large negative charge.269 

This charge exceeds any intrinsic charge carried by the proteins allowing separation on 

the basis of molecular size alone.269 

Following reduction and alkylation the strips were then moved to the wells of pre-cast 

gels (Criterion Tris-HCl Gel, 8–16%, IPG+1 well, 11 cm IPG strip, 13.3 x 8.7 cm, Bio-Rad, 

Hercules, CA, USA). A volume of 800 L 0.5% blue agarose was added to the wells prior 
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to addition of the strip. A molecular weight marker was added to each gel (Precision 

Plus Protein® Unstained Standards, Bio-Rad, Hercules, CA, USA). Tris-glycine buffer was 

added to both the chambers and the gels were electrophoresed at 200 V, 3 A, 300 W, 

4 °C for one hour. 

5.5.5.7 Image acquisition 

As two differently-labelled samples and the internal standard were multiplexed onto 

each gel, each sample was detected with the appropriate excitation and emission 

wavelengths summarised in Table 5.1. 

Table 5.1:  The scanning laser and emission filter wavelength for each of the CyDyes (GE 
Healthcare UK Limited, Amersham Place, Buckinghamshire, UK). 

 Cy2 Cy3 Cy5 
Scanning laser (nm) 488 532 633 
Emission filter 520 (band pass 40) 580 (band pass 30) 670 (band pass 30) 
 

The gels were scanned using Bio-Rad Molecular Imager Fx and External Laser 

Molecular Imager Fx  and the Quantity One®, version 4.6.3, Molecular Imager Pharos 

FX software (Bio-Rad, Hercules CA, USA). Samples were scanned at high intensity for 

the validation and then medium intensity for the remaining gels. Where medium 

intensity was saturated (Cy3 scans), the gels were re-scanned at 40% PMT.  

5.5.5.8 Image analysis 

Progenesis SameSpots (nonlinear dynamics, UK) version 3. was used for the image 

analysis as used by others,289 courtesy of Minomic International Ltd. Due to the 

presence of an internal standard in each gel, the gels were aligned so that the same 

spots could be compared within and between gels. 

5.5.5.8.1 Image quality control 

Progenesis SameSpots software (nonlinear dynamics, UK) was used immediately 

following scanning to ensure that each gel was suitable for analysis, by ensuring that 

image intensity and the dynamic range captured was suitable. Progenesis initially 

performs ‘Image QC’ on all images to ensure that the image is not saturated and the 

intensity level is appropriate.  
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In this analysis, the Cy3 samples were occasionally saturated or at low dynamic range 

when scanned at ‘medium’ intensity. The Cy3 gels were therefore scanned both at 

medium intensity and at 40% PMT. Once the QC analysis was performed, the best of 

the two scans was chosen for the analysis. No problems were found for either the Cy2 

or the Cy5 scans at medium intensity. 

5.5.5.8.2 DIGE set-up and reference image selection 

The DIGE gels were grouped according to the gel number and automatic alignment was 

performed using the Cy2 gel as reference image gel.  

5.5.5.8.3 Alignment 

The gels were aligned by positioning vectors over the major common proteins to 

ensure alignment. The pink spots shown in Figure 5.3 belong to the reference gel (the 

internal standard) and the green spots correspond to the gel being aligned. By aligning 

with the same reference gel, all gels are therefore aligned with each other. In each 

case, the spots were manually aligned. Once optimal alignment was achieved, 

automatic vectors were added. Each gel was checked so that any inappropriate vectors 

were rejected. 

 

Figure 5.3: Alignment of gels using the internal standard as the gold reference.  

 The pink spots belong to the reference gel and the green spots belong to the gel 
being aligned. The top image is a magnified view of the spots being aligned and 
the bottom image is the two gels viewed overlapping and unaligned. 
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5.5.5.9 Statistical analysis 

The spot ratios obtained from matched gels across repeats were averaged274 and 

ANOVA was conducted by the Progenesis SameSpots software on each gel spot, with a 

p value of less than 0.05 denoting statistical significance. Protein abundance is 

expressed as a normalised ratio relative to spots from the internal standard. The ‘fold’ 

difference between samples is calculated from this. 

5.5.5.10 Coomassie Blue staining 

DIGE minimal labelling labels approx 5% of proteins. The remaining 95% are unlabelled 

and therefore may be analysed with mass spectrometry following Coomassie Blue 

staining. After scanning, the gels were fixed in 10% ethanol/7% acetic acid for one hour 

and then stained with Coomassie Blue overnight. The next day they were destained 

with 10% ethanol/7% acetic acid for a minimum of one hour and then stored in 1% 

acetic acid until analysis with mass spectrometry. 

5.5.5.11 Spot cutting 

The protein spots that were found to be significantly different in terms of normalised 

volumes and fold difference were identified using the Progenesis SameSpots software 

and were cut out and stored in an Eppendorf tube overnight prior to digestion and 

identification with mass spectrometry. 

5.5.6 Mass spectrometry  

Mass Spectrometry was conducted at the Bioanalytical Mass Spectrometry Facility 

(BMSF) at UNSW. The spots were destained in 25 mM ammonium bicarbonate 

(NH4HCO3) and acetonitrile (ACN). Samples were reduced with 10 mM dithiolthreitol 

(DTT) in 50 mM Ammonium Bicarbonate (NH4HCO3) for 30 minutes at 37oC, followed 

by alkylation with 25 mM iodoacetamide (IA) in 50 mM Ammonium Bicarbonate 

(NH4HCO3) for 30 minutes at 37oC. Finally, the samples were digested with trypsin at 

2 ng/mL in 20 mM Ammonium Bicarbonate (NH4HCO3) overnight, for approximately 

14 hours at 37oC. The following morning, 1% formic acid (FA) was added to each of the 

digested samples for 10 minutes, followed by the addition of acetonitrile (ACN) for 

10 minutes. The supernatant was transferred to a new tube and evaporated to 
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dryness. The dried samples were re-suspended in 0.05% Heptafluorobutyric anhydride 

(HFBA) and 1% formic acid (FA) in water. 

Nano-Liquid chromatography (nano-LC) was performed using an Ultimate 3000 HPLC 

and autosampler system (Dionex, Amsterdam, Netherlands). Samples were injected 

into a fritless nano column (75μ x ~10cm) containing C18 media (5μ, 200 Å Magic, 

Michrom) manufactured according to Gatlin.32 Peptides were eluted using a linear 

gradient according to the conditions in TABLE 1, over 50 minutes, at a flow rate of 

0.3μL/min. Mobile phase A consisted of 0.1% Formic Acid in H2O, while mobile phase B 

consisted of ACN:H2O (8:2) with 0.1% Formic Acid.  

High voltage (1,800 V) was applied to a low volume tee (Upchurch Scientific) and the 

column tip positioned ~ 0.5 cm from the heated capillary (T=250°C) of a LTQ FT Ultra 

(Thermo Electron, Bremen, Germany) mass spectrometer. Positive ions were 

generated by electrospray and the LTQ FT Ultra operated in data dependent 

acquisition mode (DDA). A survey scan m/z 350-1750 was acquired in the FT ICR cell 

(Resolution = 100,000 at m/z 400, with an accumulation target value of 1,000,000 

ions). Up to the 6 most abundant ions (>3,000 counts) with charge states > +2 were 

sequentially isolated and fragmented within the linear ion trap using collisionally 

induced dissociation with an activation q = 0.25 and activation time of 30 ms at a 

target value of 30,000 ions. M/z ratios selected for MS/MS were dynamically excluded 

for 30 seconds. 

Peak lists of MS/MS data were generated using Mascot Daemon/extract_msn (Matrix 

Science, London, England, Thermo) and were entered into the search program Mascot 

version 2.1 (http://www.matrixscience.com) and searched against human (Homo 

sapiens) proteins in the NCBI protein database (August 2010). Precursor tolerances 

were 4 ppm and product ion tolerances were ± 0.4 Da. Modifications accounted for are 

Acrylamide (C), Carbamidomethyl (C), and Oxidation (M), enzyme specificity was 

trypsin, and one missed cleavage was possible. No decoy database was employed. 

http://www.matrixscience.com


Chapter 5: The effect of contact lens wear on the tear proteome 

Matrix metalloproteinase-9 in contact lens-related corneal erosions  145 

5.6 RESULTS  

5.6.1 Technical variability of the DIGE technique 

5.6.1.1 CyDye comparison 

DIGE detected 205 protein spots for the same sample when labelled with either Cy3 or 

Cy5 when normalised against the Cy2 sample. Of these spots, 6% (13 spots) were 

found to have an equal spot volume when normalised against Cy2, while 17% (35 

spots) had a greater than 2-fold difference between Cy3 and Cy5 (range of 2-4.4 fold).  

Of the 192 spots that were not equal between the Cy3 and Cy5, 85% (170 spots) had a 

greater normalised volume for the Cy5 sample. All spots had a normalised volume of 

0.2 or more. A normalised volume of less than 0.2 in the subsequent analysis was 

regarded as an absent spot.  

The samples were subsequently randomised to Cy3 or Cy5 for Sections 5.6.2 and 5.6.3. 

A difference of greater than 4.4-fold was considered to be outside of experimental 

variability when comparing single samples. 

5.6.1.2 The gel-to-gel variability  

When the same sample was loaded on three different gels, using the same CyDye 

(Cy3), DIGE detected 139 protein spots for gel 1, 126 for gel 2 and 133 for gel 3. 

Missing spots were based on a normalised volume of 0.2 or less as established in 

Section 5.6.1.1. 

Of these spots, 22% (30 spots) were found to have a less than 1.5-fold difference when 

normalised against Cy2, 40% (55 spots) had a fold difference between 1.5 and 1.9 

while 38% (54 spots) had a fold difference of 2 or more (range of 2-3.6 fold). 

From the comparison of the same sample run on the same gel with the three CyDyes 

(Section 5.6.1.1) and the same sample run on three gels using the same CyDye (Section 

5.6.1.2), a fold of greater than 4.4 was deemed to be a biological difference rather 

than an experimental difference when comparing single samples, and a normalised 

volume of 0.2 or less was considered as an absent spot.  
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5.6.2 Biological variability of the tear proteome 

5.6.2.1 The repeatability of the tear proteome 

5.6.2.1.1 Midday 

DIGE detected 233 protein spots for day 1, 232 for the day 2 and 239 for day 3. Out of 

the total 247 spots identified across all three days, seven (2%) were found to have a 

greater than 4.4-fold difference (range of 4.9-7) and 57% of the spots (141 spots) had 

less than a 2-fold difference from each other. 

5.6.2.1.2 Upon awakening 

When the ‘upon awakening’ tears collected from four participants between two nights 

were compared, 308 spots were found and were common for both nights. Only one 

spot had a greater than 4.4-fold difference between the two nights and this was not 

significant (p = 0.72). Eight spots (3% of the proteome) were significantly different 

between the two nights, the fold difference ranging between 1.4 to 2.1.  

5.6.2.2 Diurnal variation of the tear proteome 

DIGE detected 257 protein spots in the midday tears and 298 spots in the ‘upon 

awakening’ tears of three participants (representative in Figure 5.5). Figure 5.4 shows 

the commonality of the two time-points. There were 10 spots that were significantly 

greater at midday (p < 0.05), although only six of these had a fold greater than 4.4 

(range of 4.7-8.9-fold) and one was absent ‘upon awakening’. In contrast, 85 spots 

(29%) were significantly greater ‘upon awakening’, 31 of which had a fold difference 

greater than 4.4 (range 4.7-9.4) and 42 which were completely absent at midday. The 

spots which were both significantly different and more than 4.4-fold different (Figure 

5.5) were cut and identified with mass spectrometry. These are listed in Table 5.2. 

 

Figure 5.4: Venn diagram showing commonality of the tear proteome between midday 
and upon awakening. 
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5.6.3 Changes in the tear proteome in response to extended wear 

DIGE was used to determine differences in the individual tear protein abundance upon 

awakening at baseline, after the first night of extended contact lens wear and after 

one month of adaptation to EW (Figure 5.7 and Figure 5.8). DIGE detected 311 protein 

spots at baseline, which were also present after the first night of contact lens wear and 

after one month, 15 of which were identified as being statistically different (5% of the 

proteome, Figure 5.7). Of these, five spots differed between baseline and the first 

night of EW and 10 differed between baseline and one month. Of the differences 

between baseline and the first night of EW, all were greater at baseline. Of the 

differences between baseline and the one month, six were greater at one month and 

four were greater at baseline. The spots which were different (p < 0.05) were cut and 

mass spectrometry was performed on these. The results are listed in Table 5.3.  

 

Figure 5.7: The spots identified by the Progenesis SameSpots (nonlinear dynamics, UK) to 
be significantly different from baseline with contact lens wear.  

 The number corresponds to the rank assigned in Table 5.3.  

 

5.6.3.1 Repeatability within the study  

One sample from baseline upon awakening was run on two separate gels (the third 

and the fourth gels) but under the same running conditions and with the same CyDye 

(Cy3) in order to check for repeatability. Only one spot had a fold difference greater 

than 4.4 (4.5-fold). 

10

15

20

25

37

50

75
100
150
250

pI 4 7

M
ol

ec
ul

ar
 W

ei
gh

t (
kD

a)



Ch
ap

te
r 5

: T
he

 e
ff

ec
t o

f c
on

ta
ct

 le
ns

 w
ea

r o
n 

th
e 

te
ar

 p
ro

te
om

e 

M
at

rix
 m

et
al

lo
pr

ot
ei

na
se

-9
 in

 c
on

ta
ct

 le
ns

-r
el

at
ed

 c
or

ne
al

 e
ro

si
on

s 
 

15
1 

Ta
bl

e 
5.

3:
 

Th
e 

sp
ot

s 
id

en
ti

fi
ed

 b
y 

Pr
og

en
es

is
 S

am
eS

po
ts

 (
no

nl
in

ea
r 

dy
na

m
ic

s,
 U

K)
 a

s 
be

in
g 

si
gn

if
ic

an
tl

y 
di

ff
er

en
t 

be
tw

ee
n 

vi
si

ts
 (p

 <
 0

.0
5)

 w
er

e 
cu

t 
an

d 
id

en
ti

fi
ed

 b
y 

m
as

s 
sp

ec
tr

om
et

ry
.  

 
Pr

ot
ei

n 
ab

un
da

nc
e 

is
 e

xp
re

ss
ed

 a
s 

a 
no

rm
al

is
ed

 r
at

io
 r

el
at

iv
e 

to
 s

po
ts

 f
ro

m
 t

he
 in

te
rn

al
 s

ta
nd

ar
d.

 T
he

 ‘f
ol

d’
 d

iff
er

en
ce

 b
et

w
ee

n 
sa

m
pl

es
 is

 
ca

lc
ul

at
ed

 fr
om

 t
hi

s.
 

Ra
nk

 
ID

 
Pr

ot
ei

n 
na

m
e 

A
cc

es
si

on
 n

um
be

r 
M

as
co

t 
Sc

or
e 

M
as

s 
(D

a)
 

Pe
pt

id
e 

hi
ts

 
A

N
O

V
A

 
(p

) 
Fo

ld
 

Ba
se

lin
e 

 
U

po
n 

aw
ak

en
in

g 

Co
nt

ac
t 

le
ns

 fi
t 

U
po

n 
aw

ak
en

in
g 

O
ne

 m
on

th
  

U
po

n 
aw

ak
en

in
g 

M
ea

n 
no

rm
al

is
ed

 v
ol

um
es

 fr
om

 D
IG

E 

1 
32

8 
N

O
T 

ID
EN

TI
FI

ED
 

 N
ot

 id
en

tif
ie

d 
  

  
  

0.
00

8 
7.

6 
0.

95
 

0.
72

 
5.

47
 

2 
29

4 
N

O
T 

ID
EN

TI
FI

ED
 

 N
ot

 id
en

tif
ie

d 
  

  
  

0.
03

 
4.

8 
1.

38
 

1.
01

 
4.

88
 

3 
47

6 
N

O
T 

ID
EN

TI
FI

ED
 

 N
ot

 id
en

tif
ie

d 
  

  
  

0.
00

6 
2.

7 
0.

43
 

0.
68

 
1.

15
 

4 
36

0 
N

O
T 

ID
EN

TI
FI

ED
 

 N
ot

 id
en

tif
ie

d 
  

  
  

0.
04

 
2.

6 
2.

68
 

1.
38

 
3.

57
 

5 
29

5 
N

O
T 

ID
EN

TI
FI

ED
 

 N
ot

 id
en

tif
ie

d 
  

  
  

0.
04

 
2.

4 
1.

01
 

1.
08

 
2.

48
 

6 
46

9 
N

O
T 

ID
EN

TI
FI

ED
 

 N
ot

 id
en

tif
ie

d 
  

  
  

0.
03

 
2.

0 
1.

75
 

0.
86

 
1.

06
 

7 
47

0 
N

O
T 

ID
EN

TI
FI

ED
 

 N
ot

 id
en

tif
ie

d 
  

  
  

0.
01

 
1.

8 
1.

55
 

0.
82

 
0.

84
 

8 
47

2 
N

O
T 

ID
EN

TI
FI

ED
 

 N
ot

 id
en

tif
ie

d 
  

  
  

0.
03

 
1.

7 
1.

62
 

1.
07

 
0.

96
 

9 
30

3 
zi

nc
 α

2-
gl

yc
op

ro
te

in
 

gi
|3

80
26

 
49

4 
34

71
4 

18
 

0.
04

 
1.

6 
0.

5 
0.

42
 

0.
32

 

10
 

34
4 

N
O

T 
ID

EN
TI

FI
ED

 
 N

ot
 id

en
tif

ie
d 

  
  

  
0.

05
5 

6.
2 

1.
29

 
1.

23
 

7.
61

 

19
 

51
3 

N
O

T 
ID

EN
TI

FI
ED

 
 N

ot
 id

en
tif

ie
d 

  
  

  
0.

02
 

2.
7 

1.
05

 
1.

54
 

2.
87

 

14
 

29
3 

se
ru

m
 a

lb
um

in
 

gi
|6

21
13

34
1 

55
6 

69
03

9 
15

 
0.

04
6 

3.
1 

0.
86

 
0.

97
 

2.
66

 

30
 

31
0 

N
O

T 
ID

EN
TI

FI
ED

 
 N

ot
 id

en
tif

ie
d 

  
  

  
0.

03
 

2.
2 

1.
35

 
1.

96
 

2.
99

 

83
 

25
4 

Ig
 A

 a
lp

ha
1 

Bu
r 

gi
|2

23
09

9 
55

2 
50

58
1 

14
 

0.
04

8 
1.

9 
0.

85
 

1.
12

 
0.

67
 

11
6 

47
1 

N
O

T 
ID

EN
TI

FI
ED

 
 N

ot
 id

en
tif

ie
d 

  
  

  
0.

04
9 

1.
5 

1.
61

 
1.

05
 

1.
20

 

14
1 

30
5 

zi
nc

 α
2-

gl
yc

op
ro

te
in

 
gi

|3
80

26
 

27
5 

34
71

4 
10

 
0.

07
7 

1.
5 

0.
55

 
0.

45
 

0.
38

 
In

di
vi

du
al

 io
ns

 s
co

re
s 

> 
42

 in
di

ca
te

 id
en

tit
y 

or
 e

xt
en

si
ve

 h
om

ol
og

y 
(p

<0
.0

5)
. P

ro
te

in
 s

co
re

s 
ar

e 
de

riv
ed

 fr
om

 io
ns

 s
co

re
s 

as
 a

 n
on

-p
ro

ba
bi

lis
tic

 b
as

is
 fo

r 
ra

nk
in

g 
pr

ot
ei

n 
hi

ts
. 

 



Ch
ap

te
r 5

: T
he

 e
ff

ec
t o

f c
on

ta
ct

 le
ns

 w
ea

r o
n 

th
e 

te
ar

 p
ro

te
om

e 

M
at

rix
 m

et
al

lo
pr

ot
ei

na
se

-9
 in

 c
on

ta
ct

 le
ns

-r
el

at
ed

 c
or

ne
al

 e
ro

si
on

s 
 

15
2 

Pa
rt

ic
ip

an
t 

Ba
se

lin
e 

Fi
rs

t 
ni

gh
t 

of
 c

on
ta

ct
 le

ns
 w

ea
r 

O
ne

 m
on

th
 c

on
ta

ct
 le

ns
 w

ea
r 

1 

 
 

 

2 

 
 

 

3 

 

 

 



Ch
ap

te
r 5

: T
he

 e
ff

ec
t o

f c
on

ta
ct

 le
ns

 w
ea

r o
n 

th
e 

te
ar

 p
ro

te
om

e 

M
at

rix
 m

et
al

lo
pr

ot
ei

na
se

-9
 in

 c
on

ta
ct

 le
ns

-r
el

at
ed

 c
or

ne
al

 e
ro

si
on

s 
 

15
3 

Pa
rt

ic
ip

an
t 

Ba
se

lin
e 

Fi
rs

t 
ni

gh
t 

of
 c

on
ta

ct
 le

ns
 w

ea
r 

O
ne

 m
on

th
 c

on
ta

ct
 le

ns
 w

ea
r 

4 

 
 

 

5 

 
 

 

6 

 
 

 



Ch
ap

te
r 5

: T
he

 e
ff

ec
t o

f c
on

ta
ct

 le
ns

 w
ea

r o
n 

th
e 

te
ar

 p
ro

te
om

e 

M
at

rix
 m

et
al

lo
pr

ot
ei

na
se

-9
 in

 c
on

ta
ct

 le
ns

-r
el

at
ed

 c
or

ne
al

 e
ro

si
on

s 
 

15
4 

Pa
rt

ic
ip

an
t 

Ba
se

lin
e 

Fi
rs

t 
ni

gh
t 

of
 c

on
ta

ct
 le

ns
 w

ea
r 

O
ne

 m
on

th
 c

on
ta

ct
 le

ns
 w

ea
r 

7 

 
 

 

8 

 
 

 
Fi

gu
re

 5
.8

: 
Th

e 
ge

ls
 o

f e
ac

h 
pa

rt
ic

ip
an

t 
‘u

po
n 

aw
ak

en
in

g’
 a

s 
th

ey
 p

ro
ce

ed
 fr

om
 n

o 
co

nt
ac

t 
le

ns
 w

ea
r 

at
 b

as
el

in
e,

 t
o 

ne
op

hy
te

s 
af

te
r 

th
e 

fir
st

 n
ig

ht
 o

f 
co

nt
ac

t 
le

ns
 w

ea
r,

 t
hr

ou
gh

 t
o 

ex
pe

ri
en

ce
d 

co
nt

ac
t 

le
ns

 w
ea

r 
af

te
r 

on
e 

m
on

th
 in

 t
he

 e
xt

en
de

d 
w

ea
r 

sc
he

du
le

. 

 



Chapter 5: The effect of contact lens wear on the tear proteome 

Matrix metalloproteinase-9 in contact lens-related corneal erosions  155 

5.7 SUMMARY AND DISCUSSION 

5.7.1 Summary of results 

This study first established the technical variability of the DIGE technique using flush 

tears by comparing the labelling efficacy of the three CyDyes. Both Cy3 and Cy5 

identified the same proteins relative to Cy2 with the highest fold-difference being 4.4. 

This was subsequently set as the maximum fold difference attributable to 

experimental variability when comparing single gels. The reproducibility of the healthy, 

non-contact lens wearing tear proteome, as well as its diurnal variation was then 

determined. The proteome was found to vary by up to 3% at the same time-point, with 

a significant increase in protein spots found between midday (257) and upon 

awakening (298). With this background, the changes in the tear proteome in response 

to EW of contact lenses were determined. Fifteen proteins spots differed significantly 

out of the 311 spots identified during contact lens wear. Of these, the greatest 

differences were found between baseline and one month of EW. 

5.7.2 Technical variability of DIGE use with flush tears 

A major obstacle in proteomics is that of technical and biological variation.142 The 

technical variability includes the repeatability between gels and is a factor that DIGE 

attempts to overcome with the inclusion of an internal standard against which all gels 

are normalised.  

This chapter established that the upper range of the CyDye variation within and 

between gels was 4.4-fold when used with flush tears, with Cy5 giving the greater 

normalised volume. These findings are consistent with those determined by others for 

mouse liver homogenates,274 and skeletal muscle.290 The allocation of CyDye to 

individual samples was therefore randomised for the remainder of the study to 

minimise bias, and a 4.4-fold difference was considered to be the limit above which 

variation exceeded experimental variability. The limit of detection was determined to 

be at the normalised volume of 0.2 in these experiments and this level was considered 

to be the cut-off below which spots were considered to be absent. 
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5.7.3 Biological variability of the flush tear proteome 

When the tears of four participants were compared across two occasions upon 

awakening, 308 spot were identified, of which one had a fold difference greater than 

4.4, although not significant, while eight spots were significantly different but with a 

fold difference less than 4.4. These findings suggest that the variability of the tear 

proteome at the same time-point is largely repeatable. 

The diurnal variation of the tear proteome produced much greater differences 

consistent with the total protein content of the tear film at midday and upon 

awakening, as well as the diurnal variation of MMP-9, TIMP-1 and NGAL reported in 

Chapter 3 and the findings of others.226 

5.7.4 Number of proteins found with DIGE 

The number of proteins found in the tear film is a matter of much contention and is 

dependent on the technique used as well as the tear collection technique and the time 

of day collected. In one study, mass spectrometry following one-dimensional gel 

electrophoresis identified up to 491 proteins in human day tears,291 whilst on the 

lower end, other groups have identified between 54 and 60 proteins using various 

mass spectrometric techniques.292, 293 Using two-dimensional gels Herber and 

colleagues found 166 protein spots in the basal tears of normals.294 In work done by 

Green-Church et al., 40 unique proteins were identified in tears with several proteins 

being observed multiple times at different molecular weight regions.210 The authors 

attribute this to post-translational modifications or the formation of protein 

homopolymers of lower molecular weight proteins or protein complexes not 

denatured.210 These authors also observed higher molecular weight proteins at lower 

molecular weight regions in the gel and attribute this to the degradation due to 

storage or tear proteases.210 In this chapter 257 proteins were found at midday and 

298 were ‘upon awakening’, in agreement with previous studies.181 

5.7.5 The impact of extended wear on the tear proteome 

In order to examine the effects of contact lens wear on the tear proteome, the 

proteome without contact lens wear upon awakening was compared to that after the 
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first night of overnight wear and after one month of continuous wear for eight 

participants. The EW schedule was chosen because this is where the greatest 

difference was found in the MMP-9 profile (Section 4.6.7.2) and this is also the wear 

schedule associated with the greatest risk of adverse events.5 Due to limited tear 

volume only the tears ‘upon awakening’ were analysed, specifically because this is 

where the greatest difference was found for MMP-9 after the first night of EW (Section 

4.6.7.2). 

The changes found with EW were only slightly greater than those attributable to 

normal variability at the same time-point (Section 5.6.2.1.2). Of the 311 spots 

identified, 15 were significantly different (p < 0.05), but only three were identified with 

mass spectrometry, possibly due to a low volume. Of the proteins identified, 

zinc α2-glycoprotein was found to decrease with contact lens wear, albumin was found 

to increase three-fold and immunoglobulin A (IgA) was found to increase with initial 

EW and then reduce after one month. Zinc α2-glycoprotein is a multifunctional 

protein, secreted in body fluids295 including tears222, 265 and plays a role in lipid 

mobilisation and degradation.295 The reduction of zinc α2-glycoprotein in contact lens 

wear suggests a reduction in lipid degradation. In contrast, an increase in lipid 

degradation has been found in intolerant contact lens wearers compared to tolerant 

contact lens wearers,284 hence influencing the stability of the tear film. The decrease in 

zinc α2-glycoprotein found in this study suggests that in this group of asymptomatic 

contact lens wearers, lipid degradation upon awakening is reduced with EW. It may be 

that the reduction in the tears is attributed to an increased deposition on the contact 

lens surface296 or due to the stagnation of the closed eye tear film in contact lens wear. 

The increase in albumin found in this study may be due to the increased permeability 

of the blood-tear barrier induced by contact lens wear297 and hence serum leakage 

from the conjunctival capillaries. Albumin is a 66 kDa serum protein known to deposit 

on contact lens materials298 and its greater concentration in the tear film has been 

related to increased contact lens deposition and increased bacterial adhesion.299 The 

initial increase found in tear IgA has also been reported in a study on orthokeratology 

contact lenses,198 while a second study on soft contact lenses has reported a decrease 
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in this protein.201 The role of IgA in the tears is thought to prevent bacterial binding to 

epithelial cells.300  

The increase found in protein S100 A8, and the decrease in lysozyme found in soft 

contact lens wearers by Kraman et al. using microarrays was not replicated in this 

study.199  

5.7.6 Limitations of DIGE 

As with many proteomic techniques, DIGE is subject to human error. The analysis 

process is dependent on 100% spot alignment which involves substantial user editing 

when using the software and also in deciding on what constitutes a spot and whether 

the spot should be split or merged with a neighbouring area. This human judgement 

may contribute to errors in the number of spots identified 

Additionally, as gels must be post-stained with Coomassie Blue prior to mass 

spectrometry, and as Coomassie Blue is less sensitive than the CyDyes, some proteins 

may not be detectable from the Coomassie Blue-stained gel.276 

Another limitation of the DIGE technique is the ineffective analysis of the low 

abundance proteins due to the wide range of protein abundance levels.261 As a result, 

multiple proteomic techniques are necessary in order to completely identify the tear 

proteome. A study of epithelial and stromal profiles in keratoconus corneas found 

nano-ESI-LC-MS(MS)2 to be superior to DIGE as it identified a greater number of 

proteins,280 while another study used tandem mass spectrometry to identify proteases 

and their inhibitors in the tears.291 A technique other than mass spectrometry-related 

approaches is the protein array205 which consists of analytical protein chips containing 

arrays of antibodies and similar capture antibodies.269 This technique however is 

limited by the number of antibodies available. Hence, proteomic techniques are 

complementary and future work may involve the use of multiple techniques in order 

to gain a more comprehensive understanding of the effect of contact lens wear on the 

tear proteome. 

The absence of MMP-9 in these gels is surprising and may be a result of the limited 

dynamic range of this technique compared to immunoassays, and the presence of 
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MMP-9 in low levels compared to the high abundance proteins identified here.210 It 

may be that the presence of MMP-9 is masked by the higher abundance of other 

species. Additionally, the use of detergents and reducing agents during DIGE following 

the first dimension may render proteases inactive, and hence affect the ability to 

detect these in their functional form.301 A study by Tian et al of the pancreatic juice 

protein extracts of normals and people with pancreatic cancer, identified a 3.5-fold 

difference in MMP-9 using DIGE and MS, and further confirmed this using western 

blots.302 In view of this finding, the absence of MMP-9 in the gels presented in this 

chapter is surprising considering the high concentration measured upon awakening, 

and the two-fold difference reported in Chapter 4 between baseline and the first night 

of EW. Additional work is required to establish the reason for this discrepancy.  

The effect of storage on DIGE results is not known. However, based on the work by 

SItaramamma and colleagues, storage of tears for up to four months at -70 °C 

following centrifugation does not affect protein concentration.303 Further work is 

required to establish the effect of storage on the tear proteome as analysed with DIGE. 

5.7.7 Future work 

As some biologically important differences were found in the tear proteome during the 

adaptation to EW, confirmatory measurements need to be performed in the future 

such as immunoassay of the different proteins304 in prospective clinical studies 

targeted at analysing these specific differences.305 

5.8 OUTCOMES OF CHAPTER 5 

Chapter 5 evaluated the DIGE technique for flush tears and established the 

repeatability of the tear proteome. As with Chapter 3, the diurnal variation of the tear 

proteome was determined and a substantial increase in both protein numbers and 

normalised volume was found. When the proteome ‘upon awakening’ was compared 

at baseline, after the first night of contact lens wear and after a month of EW, the 

proteome did not change significantly, with only a 5% change in the tear proteome. Of 

the proteins identified by mass spectrometry, zinc α2-glycoprotein was found to 

decrease with contact lens wear, albumin was found to increase three-fold and 
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immunoglobulin A (IgA) was found to increase with initial EW and then reduce after 

one month.  

This chapter, along with Chapter 4 have therefore established the impact of extended 

contact lens wear on the tear profile. With this understanding, Chapter 6 therefore 

compares these profiles of uneventful contact lens wear to those with corneal 

erosions.  
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CHAPTER 6 MMP-9 AND THE TEAR PROTEOME IN 
CONTACT LENS-RELATED CORNEAL EROSIONS 

6.1 OVERVIEW 

As reviewed in Chapter 1, matrix metalloproteinase-9 (MMP-9) has been found to be 

increased in expression in the corneas and tears of non-contact lens wearers prone to 

erosions.102, 112 In order to establish whether contact lens wearers who develop 

erosions also have elevated levels of MMP-9, Chapter 3 first established the normal 

diurnal variation of MMP-9 in the tear film, and Chapter 4 demonstrated that this 

increases significantly with initial extended wear (EW). The tear proteome was 

explored in Chapter 5, and changes were identified in serum albumin, immunoglobulin 

A and zinc α2-glycoprotein with EW. During the course of these studies, three 

participants experienced an erosion event and one participant presented with a 

contact lens peripheral ulcer (CLPU). In Chapter 6 their individual MMP-9 levels are 

compared to the group of normals presented in Chapter 3 and Chapter 4. Moreover, 

the tear proteome of one participant with an erosion event is compared to that in 

uneventful EW as established in Chapter 5. 

6.2 AIMS 

This chapter aims to:  

1. compare the levels of MMP-9 and its associated factors in uneventful contact 

lens wear to those who develop adverse events in contact lens wear.  

2. compare the tear proteome of one participant who developed a corneal 

erosion in extended contact lens wear to that in uneventful contact lens wear. 

6.3 HYPOTHESES 

Based on the higher MMP-9 levels in non-contact lens wearers with erosions,93, 102 the 

hypothesis is that people who develop erosions during contact lens wear have an 

increased expression of MMP-9, and neutrophil gelatinase-associated lipocalin (NGAL) 

compared to normals. Additionally, the hypothesis that the tear proteome differs 

between normal wearers and those who develop erosions will also be tested. 
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6.4 METHODS 

6.4.1 Participants 

As shown in Table 6.1, four adverse events occurred during the studies presented in 

Chapter 3 and Chapter 4. The data from these participants were excluded from the 

previous analyses and are presented here as a comparison to uneventful contact lens 

wear.  

Table 6.1: Adverse events in the studies presented in Chapter 3 and Chapter 4.  

 EW = extended wear; DW = daily wear. 

Participant Schedule 
Visit Eye Contact 

lens Diagnosis 

1 EW Unscheduled  
(19 days, upon awakening) OD O2OPTIX™ Corneal erosion 

2 EW Contact lens fit  
(Before sleep) OS O2OPTIX™ Corneal erosion 

3 DW Contact lens fit  
(Before sleep) OD O2OPTIX™ Corneal erosion 

4 DW One month  
(Midday) OS ACUVUE  

OASYS™ 
Contact lens 
peripheral ulcer 

 

6.4.2 Study design 

The participants presented in this chapter participated in the same study as described 

in Chapter 3 and Chapter 4. Briefly, flush tears as described in Chapter 2, Section 

2.5.3.3, were collected at baseline and participants were then fitted with contact 

lenses and examined as described in Chapter 4, Section 4.5.6. Participants were given 

the choice of EW or daily wear (DW) and their tears were collected at the first day of 

contact lens wear and following one month of adaptation (Figure 4.2). Each time, tears 

were collected at midday, before sleep and upon awakening. Although tears were 

collected at the time of the adverse event, tear volume was often limited, hence 

limiting the analysis possible. These results are not reported in this chapter. 

6.4.3 Laboratory techniques 

Tears were analysed for total protein content (TPC), MMP-9, tissue inhibitor of 

metalloproteinase-1 (TIMP-1) and NGAL as described in Section 3.5.7. MMP-9 activity 
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was ascertained with zymography (Section 3.5.7.5). The tear proteome of one 

participant with an erosion was compared at baseline upon awakening to that after 

the first night of EW using differential gel electrophoresis (DIGE), as described in 

Chapter 5, Section 5.5.5. 

6.5 RESULTS 

6.5.1 Case studies 

6.5.1.1 Participant 1: corneal erosion in the right eye upon awakening after 19 

days of EW with O2OPTIX™   

6.5.1.1.1 History 

Participant 1 was a 29-year-old Asian male with no previous contact lens experience 

and no relevant history except for a complaint of occasional dry eyes. At the contact 

lens fit, Participant 1 was fitted with O2OPTIX™ in the EW schedule. The assessment of 

the fit was ‘optimal’ and the tightness was graded as 47% for both eyes. 

6.5.1.1.2 Symptoms 

At the one week visit, Participant 1 reported bilateral dryness, worse by the end of the 

day with difficulty focusing. Slit-lamp biomicroscopy was unremarkable except for mild 

meibomian gland dysfunction in both eyes, for which lid hygiene was recommended. 

After 13 days of extended contact lens wear, Participant 1 presented for an 

unscheduled visit complaining of dryness, tired eyes and difficulty focusing. Slit-lamp 

biomicroscopy revealed slight to moderate palpebral redness (grade 2.5) in both eyes 

with minimal corneal staining in the both eyes (superiorly and inferiorly, extent, depth 

and type 1). 

After 19 days of extended contact lens wear, he presented for a second unscheduled 

visit complaining of foreign body sensation in the right eye upon awakening, 

exacerbated with the blink. This eye was now red and photophobic with tearing but no 

discharge. The participant reported regular use of saline drops due to dryness with 

contact lens wear.  
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6.5.1.1.3 Clinical signs at time of event 

After 19 days of contact lens wear the participant presented with contact lenses 

in situ. Clinical assessment revealed a back surface round deposit on the contact lens in 

the right eye. The contact lens was mobile. Corneal assessment revealed an area of 

erosion at the inferior pupil margin and four adjacent areas of scuffed epithelium 

(Figure 6.1). The staining was graded as extent 3, depth 4 and type 4, with immediate 

stromal glow. The surrounding scuffed epithelium had the appearance of blistered 

epithelium. Bulbar and limbal redness was grade 3.2 in the right eye and grade 2.5 in 

the left eye. Contact lenses were removed and the participant was asked to rinse with 

sterile saline every hour. He was reviewed after two and 10 hours and on the following 

day.  

After two hours, the redness had subsided to grade 2.5 bulbar and 2.3 limbal redness 

in the right eye. The area of scuffed epithelium had healed and the area of eroded 

epithelium at the inferior pupil margin was now grade 1 in extent, depth and type. 

After 10 hours, no staining was present.  

At the one-day follow-up visit all signs and symptoms had subsided and the participant 

was discontinued from the study and advised to avoid EW in the future. 

 

Figure 6.1: Participant 1 presented after 19 days of extended wear with O2OPTIX™ with a 
corneal erosion surrounded by areas of scuffed epithelium.  

 This erosion was photographed with white light (LEFT) and with cobalt blue light 
and a Wratten #12 filter (RIGHT) after the instillation of sodium fluorescein. 
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6.5.1.1.4 Protein Analysis 

The data for this participant are shown in Sections 6.5.2 to 6.5.6 and are represented 

with green asterisks. The TPC and MMP-9 concentrations were greater than the 

normal group mean after the first night of EW, while TIMP-1 concentrations were 

lower than average at both baseline upon awakening and after the first night of EW. 

The MMP-9:TIMP-1 ratio, and the concentration of NGAL were greater than average at 

both baseline upon awakening and after the first night of EW. Zymograms shown in 

section 6.5.7 show possible active MMP-9 after the first night of EW. DIGE analysis was 

also performed on the tears of this participant and this is reported in section 6.5.8.  

6.5.1.2 Participant 2: corneal erosion in the left eye after the first five hours of 

wear with O2OPTIX™ 

6.5.1.2.1 History 

Participant 2 was a 25-year-old Caucasian male with no previous history of contact lens 

wear. He had a previous history of infiltrates, inflamed pingueculae and episcleritis. 

Three months prior to the study he had an episode of commotio retinae following a 

soccer injury. 

At baseline he presented with corneal staining nasally and inferiorly in the right eye 

(extent 2, depth 2 and grade 2 for both areas) and centrally and inferiorly in the left 

eye (grade 1 for both). There were four faint scars superiorly in the right eye and two 

supero-nasally in the left eye.  

Participant 2 fitted with O2OPTIX™ and the overall fit was assessed as acceptably tight 

in the right eye and acceptably loose in the left eye, with a tightness grading of 55% 

and 45% for right and left eyes respectively. 

6.5.1.2.2 Symptoms 

The participant did not report any symptoms at the time of the erosion event. On 

further questioning, he noted that he had tried not to blink very often since the 

contact lens fit and that he tended to adopt the ‘comfort position’, that is, tilting the 

head back so as to minimise interaction of the eyelids with the contact lens edge. 
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6.5.1.2.3 Clinical Signs at the time of the event 

After five hours of wear, Participant 2 attended for the ‘before sleep’ visit (Figure 4.2). 

At this visit, slit-lamp examination revealed an erosion in the left eye estimated as 

0.2 mm wide and 0.4 mm in height (Figure 6.2). The participant was discontinued from 

contact lens wear in the left eye but proceeded to wear the right contact lens 

overnight. 

The following morning, the staining in the left eye had resolved to reveal an area of 

negative staining. There were no associated infiltrates or anterior chamber reaction. 

The participant resumed contact lens wear as DW two days later. He returned for the 

one week follow-up visit where he was discontinued due to symptoms of itchiness and 

discomfort after attempting EW for one night. 

 

Figure 6.2: Participant 2 presented with a corneal erosion after the first five hours of 
contact lens wear with O2OPTIX™. 

 

6.5.1.2.4 Protein analysis 

The data for this participant are shown in Sections 6.5.2 to 6.5.6 and are represented 

with a blue solid circle for the left eye with the erosion and with a blue ring for the 

right eye which did not experience an event. At baseline, upon awakening, the TPC was 

greater than the normal group mean for the eye that developed an erosion during 

contact lens wear. At the time of the erosion event, both TPC and MMP-9 were less 

than the group mean. Upon awakening, after the first night of EW in the eye without 

the event, MMP-9 was equal with the group mean. The left eye with the erosion event 

was without contact lens wear at the same time-point and had MMP-9 levels less than 
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the group mean. TIMP-1 levels at this time-point were much greater than the group 

mean for both eyes, and consequently the ratio of MMP-9:TIMP-1 was also less than 

the group mean. Zymograms shown in section 6.5.7 were unremarkable compared to 

the group of normals.  

6.5.1.3 Participant 3: corneal erosion in the right eye after the first 7.5 hours of 

wear with O2OPTIX™ 

6.5.1.3.1 History 

Participant 3 was a 30-year-old Indian male with no history of contact lens wear and a 

history of viral conjunctivitis 11 years ago. At baseline there was no staining and both 

corneas were clear. He was subsequently fitted with O2OPTIX™ as DW. The overall 

assessment of the fit was graded as optimal for both eyes with a tightness rating of 

45% and 43% for the right and left eyes, respectively. 

6.5.1.3.2 Symptoms 

On contact lens insertion, Participant 3 complained of foreign body sensation which 

shortly subsided. After 7.5 hours of contact lens wear, the foreign body sensation 

resumed. 

6.5.1.3.3 Clinical Signs at time of the event 

After 7.5 hours of contact lens wear, slit-lamp biomicroscopy revealed a corneal 

erosion in the right eye, estimated as 0.1 mm by 0.1 mm (Figure 6.3). Participant 3 was 

subsequently discontinued from contact lens wear and re-examined the following 

morning. 

Upon awakening, the area of erosion had resolved, as had the symptoms. He returned 

for examination two days later and re-commenced DW. He was advised to contact the 

optometrist should he experience further symptoms. He was reviewed two days later 

and reported foreign body sensation. No corneal staining or other clinical signs were 

present. He therefore proceeded with DW for one month. 

6.5.1.3.4 Protein analysis 

The data for this participant are shown in Sections 6.5.2 to 6.5.6 and are represented 

with a purple solid square for the right eye with the erosion and with a purple empty 
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square for the left eye which did not experience an event. At baseline, the TPC was 

greater than the normal group mean for the both eyes before sleep and upon 

awakening during contact lens wear. This was also the case upon awakening after the 

first day of DW for the eye that did not develop an adverse event. MMP-9 upon 

awakening was much greater than the group mean at all three visits. The TIMP-1 

concentration was less than the group mean upon awakening at baseline. After the 

erosion event, however, TIMP-1 levels upon awakening were greater than the group 

mean. These TIMP-1 levels reduced after one month of contact lens wear, so that upon 

awakening they were less than the group mean. The ratio of MMP-9 to TIMP-1 was 

greater than the group mean upon awakening at all three visits, except for the eye that 

developed the erosion which was no different to the group mean at the time of the 

event. 

 

Figure 6.3: Participant 3 presented with foreign body sensation and a small corneal 
erosion 7.5 hours after being fitted with O2OPTIX™.  

 

6.5.1.4 Participant 4: CLPU in the right eye after one month of DW in ACUVUE  

OASYS™ 

6.5.1.4.1 History 

Participant 4 was a 28-year-old female with a history of retinal laser and occasional 

contact lens wear, several times a year, the last occasion being two months prior to 

commencing the study. Slit-lamp biomicroscopy was unremarkable and the participant 
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proceeded to contact lens wear. She was fitted with ACUVUE  OASYS™ in the DW 

schedule.  

6.5.1.4.2 Symptoms 

At the one week visit she complained of occasional blur but was otherwise 

asymptomatic and slit-lamp examination was unremarkable. 

At the one month visit Participant 4 complained of foreign body sensation in the right 

eye and no contact lens wear the previous week due to a cold.  

6.5.1.4.3 Clinical Signs 

At the one month visit, slit-lamp examination revealed a CLPU in the left eye with 

diffuse infiltration surrounding the focal area of infiltration. Fluorescein staining 

revealed stromal glow (Figure 6.4). Contact lens wear was ceased and the participant 

was discontinued from the study. She was monitored until resolution and advised to 

contact the optometrist should there be a change in redness or in discomfort or 

apparent size of the lesion. She was instructed to use saline rinses on a regular basis.4 

6.5.1.4.4 Protein analysis 

The data for this participant are shown in Sections 6.5.2 to 6.5.6 and are represented 

with a red solid triangle for the eye that developed the CLPU and with an empty 

triangle for the eye that was event-free. The TPC was greater than the group mean for 

the eye with the CLPU at the time of the event upon awakening while the 

MMP-9:TIMP-1 ratio was less than the group  mean at the same time-point. 

 

Figure 6.4: Participant 4 presented with a contact lens peripheral ulcer in the left eye 
(shown with arrow, LEFT) after one month of daily wear with ACUVUE  
OASYS™. Stromal glow was evident with sodium fluorescein staining (RIGHT).
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6.5.6 NGAL 

 

Figure 6.9: The NGAL concentration graphed as a comparison to the group of normals. 

* Participant 1 (OU pooled) developed an erosion after 19 days of extended wear with 
O2OPTIX™  

 

6.5.7 Zymography 

Zymograms of the tear samples of the three erosion participants are shown in Figure 

6.10. Bands were identified at >200, 135, 83 and 72 kDa corresponding to the MMP-9 

dimer, an MMP-9 complex, pro-MMP-9 and and pro-MMP-2 respectively as previously 

identified by others.183, 234-238 One of the three erosion participants (Participant 3) 

showed greater MMP-9 at baseline compared to normals (Chapter 3, Section 3.6.9.9, 

representative normal gel shown in Figure 6.10). Participant 1 showed significant levels 

of MMP-9 after the first night of EW which extended beyond the 92 kDa band and into 

the 83 kDa band. However, densitometry was unable to discriminate separate bands in 

this region (92 and 83 kDa) corresponding to pro- and active MMP-9, possibly due to 

overlap of the two species. An additional band at approximately 190 kDa was also 

identified after the first night of EW for Participant 1. This was also detected by 

densitometry (data not shown) as a faint band after one month of DW in Participant 3. 

This has been reported by others in urine samples of cancer patients249 and identified 

as a disintegrin and metalloprotease with thrombospondin motifs-7 (ADAMTS-7). 

Baseline Contact Lens Fit 1 Month

*

*

*

*
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6.5.8 The tear proteome 

6.5.8.1 Erosion Participant 1 at baseline compared to the first night of extended wear 

 

Figure 6.11: The differential gels of Participant 1 upon awakening at baseline and after the first 
night of extended wear.  

 After 19 days of EW, this participant developed a corneal erosion.  

 

DIGE analysis of the tears of Participant 1, Figure 6.11, found 25 spots to be more than 

4.4-fold different upon awakening after the first night of EW compared to baseline ‘upon 

awakening’. The fold difference between the two visits ranged between 4.4- to 18.8-fold, 

with 11 spots being greater at baseline and 14 spots being greater after the first night of 

EW. Of these 25 spots (Figure 6.12), four were identified by mass spectrometry (Table 6.2). 

In contrast, for the eight normals reported in Chapter 5, no spots were more than 2-fold 

different between baseline and the first night of contact lens wear (Section 5.6.3).  

 

Figure 6.12: The spots identified to be more than 4.4-fold different between baseline upon 
awakening and after the first night of extended wear. 
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6.5.8.2 Erosion Participant 1 compared to normals 

When the tear proteomes of the erosion participant and the group of normals (Chapter 5, 

Section 5.6.3) were compared at baseline upon awakening, only one protein spot was 

greater than 4.4-fold different.  

When the tear proteome of the erosion participant was compared to the normal group at 

the contact lens fit ‘upon awakening’, 14 spots were more than 4.4-fold different (range 

4.6-23.7, Figure 6.13). Nine spots were greater in normalised volume for the erosion 

participant and four were greater for the group of normals. Eight of these spots were 

identified with mass spectrometry and these are listed in Table 6.3. 

 

Figure 6.13: The protein spots identified by differential gel electrophoresis to differ between the 
erosion participant and the group of normals after the first night of extended wear. 
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6.6 SUMMARY AND DISCUSSION 

6.6.1 Summary of results 

Chapter 6 compared the levels of TPC, MMP-9 and TIMP-1 of three study participants 

who developed corneal erosions and one participant who developed a CLPU to those 

who wore contact lenses uneventfully as described in Chapter 3 and Chapter 4. The 

levels of NGAL and the change in the tear proteome were also compared in one 

erosion participant to the group of normals. 

For two participants, the ratio of MMP-9 to its inhibitor, TIMP-1, exceeded the normal 

ratio at baseline and for one of these participants, the ratio tripled with initial EW upon 

awakening (Participant 1, Figure 6.8). A high ratio prior to contact lens wear may 

predispose an individual to erosion in the presence of a contact lens by virtue of the 

increased potential for collagen degradation combined with the trigger that is the 

contact lens. Additionally, the difference between baseline upon awakening and the 

first night of EW may potentially be predictive of erosion risk. The physiological 

variation evident in the group of normals in Figure 6.8 suggests that other mechanisms 

are responsible for regulating the effects of MMP-9, as not all those with an elevated 

ratio developed corneal erosions in this study. The hypothesis that the ratio of 

MMP-9:TIMP-1 is a marker of those prone to erosions during contact lens wear would 

require confirmation with a larger study. 

In one of the three erosion participants (Participant 3), greater MMP-9 activity was 

evident upon awakening even before contact lens wear as is evident from the 

zymogram in Figure 6.10. Participant 1 showed significant levels of MMP-9 after the 

first night of EW which extended beyond the 92 kDa band and into the 83 kDa band. 

This more pronounced difference in MMP-9 activity both before contact lens wear and 

after contact lens wear between this small group who developed erosions and the 

group of normals supports the suggestion that those prone to adverse events may be 

distinguishable at the earlier phase of contact lens wear.  

An additional species of MMP-9 was identified at 190 kDa in two of the three erosion 

participants after contact lens wear (Figure 6.10). Although this species has not 



Chapter 6: MMP-9 and the tear proteome in contact lens-related corneal erosions 

Matrix metalloproteinase-9 in contact lens-related corneal erosions  180 

previously been described in tears before and was not observed in the group of 

normals, it has been identified in urine of cancer patients as a disintegrin and 

metalloprotease with thrombospondin motifs-7 (ADAMTS-7)249 and is inhibited by 

α2-macroglobulin.306 The ADAMTS family consist of zinc metalloproteinases with at 

least one thrombospondin repeat. They have been implicated in connective tissue 

organisation, wound healing, cell migration, angiogenesis and inflammation.127 Sack 

and colleagues describe an additional MMP-9 in the range of 116kDa, similar to the 

other two complexes, raising the point that there may be a third protein which 

complexes with MMP-9.135 Future work may consider the confirmation of the presence 

of this species with a larger study and identification using immunoblotting.  

An elevated NGAL concentration at baseline that further doubled after the first night 

of EW was found in one participant who later developed an erosion. NGAL is known to 

bind and activate latent MMP-9 and MMP-8 and may therefore upregulate the 

dissolution of Bowman’s layer as driven by MMP-9.134 It has been used as a biomarker 

for disease in the kidney by virtue of its protective effect of MMP-9.158 NGAL however, 

also has an antimicrobial role by virtue of its iron sequestering activity,157 and it has 

also been found to be protective during oxidative stress.159 Its role in the tear film and 

ocular surface however is not well understood and the reason for the elevation noted 

in this participant requires further investigation.  

As a whole, the tear proteome changed significantly after the first night of EW in 

Participant 1, compared to minimal change in the group of normals (Chapter 5). One 

protein that was found to be much greater in this participant compared to the group of 

normals after the first night of EW was lipocalin. A two-fold increase in NGAL was also 

found with contact lens wear for this participant. NGAL belongs to the lipocalin family 

and potentially may be contributing to the difference in the lipocalin identified by 

DIGE. Lacritin was found to have decreased expression with contact lens wear in this 

participant. Lacritin promotes basal tear secretion and is also a growth factor, 

stimulating human corneal epithelial cell growth.307 It has previously been found by 

Nichols and Green-Church to be down-regulated in contact lens-related dry eye235 and 

by Koo et al. to be down-regulated in blepharitis.308 The finding of this study suggests 

that both reduced tear secretion and reduced epithelial renewal may contribute to 
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adverse events in contact lens wear, a concept that requires confirmation with a larger 

study. 

The greater difference in the tear proteome at baseline as compared to the first night 

of EW in the one participant who developed an erosion after 19 days of EW, suggests 

that in some contact lens wearers EW is associated with a more substantial change in 

the tear proteome than others. A greater sample size of participants with adverse 

events may help establish whether this change between baseline and the first night of 

EW can be predictive of those at risk of erosions, and by association, microbial 

keratitis.13  

6.6.2 Implications of findings 

The results of this study suggest that elevated MMP-9 levels that are not balanced by 

their inhibitor TIMP-1 during contact lens wear may be predictive of those likely to 

proceed to adverse events such as erosions. A greater sample size of contact lens 

wearers with erosions may help confirm this association. This imbalance may weaken 

the adhesion of the epithelium to the underlying stroma, and when associated with 

contact lens wear and other factors such as a bound contact lens, may contribute to 

erosion development. The elevated NGAL found in the tears of one erosion participant 

may further exacerbate the actions of MMP-9, by preventing its degradation and 

hence enabling it to act on the epithelial adhesions. Alternatively, the elevated NGAL 

may be a response to oxidative stress or bacterial load. When these factors are further 

combined with bacterial load, which in itself may increase MMPs in the cornea and 

tears,67 the risk of a destabilised epithelium, along with the risk of infection is further 

augmented. 

6.6.3 Erosion rate in this study 

In the study presented in Chapter 3 and Chapter 4, three of the 46 participants 

developed erosions, one after a period of EW and the other two after their first 5-7.5 

hours of contact lens wear. This incidence appears to be greater than that 

anticipated.13 Erosions are rarely seen clinically due to their fast resolution, and they 

are often diagnosed on the basis of symptoms. The regular visits particularly in the 
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early phases of wear in this study may explain the higher rate of erosions seen, which 

otherwise may have resolved following contact lens removal. It may also be that 

erosions are in fact more common than is reported.13  

6.6.4 Limitations of study 

A limitation of this study is the small sample size of participants with corneal erosions. 

In view of the rare presentation of erosions and the fast healing rate,13 the case study 

approach was taken in this chapter as a means of identifying individual factors likely to 

predispose contact lens wearers to erosions. A larger sample size would allow 

confirmation of the results of this chapter. It is possible that some participants could 

develop erosions even after one month of lens wear.13 A larger study of longer 

duration observing erosion rate and measuring MMP-9 and TIMP-1 would contribute 

greatly to the understanding of whether those with greater expression of MMP-9 in 

the earlier phases of contact lens wear, or indeed at baseline, are at continued risk of 

developing corneal erosions. 

The tears analysed in this study were collected at the same time-points as the normals 

presented in Chapter 3 and Chapter 4. Although tears were collected at the time of the 

adverse event, tear volume was often limited, hence limiting the analysis possible. 

However, because of the wound healing process that would be in process in the case 

of an active erosion, the response to contact lens wear is reported here rather than 

the response at the time of the adverse event.  

6.6.5 Future work 

In order to test the hypothesis that contact lens wearers at risk of erosion formation 

can be identified by tear collection during the early phases of contact lens wear, a 

study to compare the MMP-9:TIMP-1 ratio, NGAL concentration and the tear 

proteome with DIGE is proposed. In the proposed study, tears will be collected upon 

awakening at baseline and after the first night of EW in the following groups: 

 healthy neophyte controls 

 current non-contact lens wearers with a previous erosion event in contact lens 

wear 
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 current non-contact lens wearers with a previous microbial keratitis event in 

contact lens wear 

Establishing the biomarkers associated with corneal erosions in contact lens wear 

could enable these to be used both as predictive tools, as well as incorporated into 

preventative measures. Sjogren’s syndrome219 and dry eye,114, 309 for example, have 

been associated with their biomarkers.  

Further studies are also necessary to understand the role of NGAL in the tear film, 

whether this is indeed protective in the case of oxidative stress, or an indication of 

greater MMP-9 activity. 

6.7 OUTCOMES OF CHAPTER 6 

Chapter 6 compared the diurnal profiles of healthy contact lens wearers to a group of 

three participants who developed corneal erosions during contact lens wear. A greater 

MMP-9:TIMP-1 ratio at baseline upon awakening that further increased after the first 

night of EW, along with increased NGAL concentration was found, suggesting that 

people who develop erosions in contact lens wear have increased collagen degrading 

activity that is further exacerbated by contact lens wear, a finding that requires 

confirmation with a larger scale study.  

Moreover, a significant change in the tear proteome with DIGE in one participant 

between baseline and the first night of EW, compared to the minimal change in the 

case of normals, suggests that the tear proteome responds differently in those prone 

to erosions. This response may be a predictive tool, a finding that also requires 

confirmation with a larger study. 
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CHAPTER 7 SUMMARY AND CONCLUSIONS 

7.1 SIGNIFICANCE OF RESEARCH 

Corneal erosions in contact lens wear are of significance in the discomfort and 

disturbance they cause to the contact lens wearer, and in their associated risk with 

microbial keratitis (MK).13 Understanding their aetiology is vital to their management 

and prevention.  

In non-contact lens wearers, matrix metalloproteinase-9 (MMP-9) has been found to 

be upregulated in the corneas and tears of those prone to erosions.93, 112 MMP-9 is 

thought to weaken corneal adhesion complexes by virtue of its ability to degrade the 

constituents of the extracellular matrix.104 Through this ability, MMP-9 plays an 

important role in physiological processes such as wound healing, and when not 

appropriately balanced, in pathological processes such as corneal erosions in the 

absence of contact lens wear. Whether MMP-9 plays a role in contact lens-related 

corneal erosions is unknown. 

Identifying the impact contact lens wear has on tear proteins such as MMP-9 may be 

key to understanding the aetiology of erosions and identifying the proteins to target in 

order to prevent erosion occurrence. The aim of this thesis, therefore, was to establish 

the effect of contact lens wear on the MMP-9 profile in the tear film, and on the tear 

proteome as a whole. A further aim of this thesis was to compare these profiles to 

those who develop corneal erosions in contact lens wear in order to determine 

differences in their profiles.  

7.2 SUMMARY  

7.2.1 Validating a technique for rapid and repeatable tear collection 

Tear analysis is an important means of measuring the status of the ocular surface by 

virtue of its proximity to the cornea and conjunctiva and was therefore used in this 

thesis to determine the effect of contact lens wear on the ocular surface. The tear 

collection technique needed to allow for adequate volume to be collected with 

minimal disturbance to the participant and with minimal impact on the composition of 
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the tear film. For this purpose, Chapter 2 standardised and compared the flush 

technique, a technique where a saline drop is instilled into the inferior conjunctival sac 

prior to collection, to the more commonly used basal and reflex tear collection. The 

flush tear collection method did not influence the composition of the tear film as 

determined by the proportion of immunoglobulin A (IgA) measured to total protein 

content (TPC). This method was also found to be a repeatable and rapid means for 

collecting the major tear proteins. Moreover, it allowed for a larger volume of tears to 

be collected. Because the subsequent studies involved analysis of multiple proteins 

from the same sample, and tears were also collected upon awakening, a time-point 

notorious for the low volume and reflex tearing, the flush method was therefore 

chosen as the tear collection technique. 

7.2.2 MMP-9 increases substantially during sleep 

Prior to determining the effect contact lens wear has on the MMP-9 profile, its 

physiological variability was established in Chapter 3 by looking at the difference 

between eyes and the difference between days, each at the same time-point. While 

the coefficient of repeatability was greater upon awakening than it was at midday 

when comparing days, at both times it was double the average at that time-point. This 

consideration reveals significant physiological variation, a factor to consider when 

determining differences. 

Chapter 3 further established the diurnal profile of MMP-9 and found that 

concentrations of MMP-9 are negligible during the day and completely inhibited by 

tissue inhibitor of metalloproteinases-1 (TIMP-1). During sleep, MMP-9 increases 

200-fold, an increase that is not matched by its inhibitor, TIMP-1. Neutrophil 

gelatinase-associated lipocalin (NGAL) also complexes with MMP-9 and was therefore 

also measured and found to exceed MMP-9 at all times. NGAL has been previously 

identified in ‘closed eye’ tears and is known to complex with pro-MMP-9 when it is 

produced by neutrophils.135 By preventing MMP-9 from degradation, NGAL protects 

the activity of MMP-9, hence perpetuating its proteolytic effects. NGAL also has a 

bacteriostatic effect by sequestering small iron-binding molecules known as 

siderophores synthesised by bacteria to acquire iron from their host.157, 158 An 
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additional role of NGAL is to protect cells against oxidative stress.159 Its exact role in 

the tear film and the reason for its diurnal variation is not known. 

The diurnal profile of these proteins suggests that the closed eye is an environment 

conducive to extracellular matrix remodelling. The fact that we do not see corneal 

damage upon awakening suggests that there are other regulatory mechanisms which 

prevent excess extracellular matrix degradation, and events such as recurrent corneal 

erosions may result when these mechanisms fail.  

7.2.3 Extended contact lens wear further increases MMP-9 overnight 

With this understanding of the normal profile of MMP-9 and its associated factors, 

Chapter 4 explored the effect of contact lens wear in the extended wear (EW) and daily 

wear (DW) schedules and changes with adaptation. Although DW did not change the 

profile, EW caused a significant increase in MMP-9 upon awakening, with no 

corresponding increase in TIMP-1, suggestive that at this early stage of contact lens 

wear the cornea may have a greater tendency for collagen degradation and hence be 

at greater risk of events such as erosions.112 Although such tissue damage does not 

occur in the majority of contact lens wearers, the risk of erosion,13 infection and 

inflammation1, 5 is greater both during overnight contact lens wear and during 

adaptation. The finding of increased MMP-9 expression after the first night of EW 

suggests that this may be a contributing factor when regulatory mechanisms fail and 

also reinforces overnight wear as a risk factor for these events.  

The increase seen in overnight contact lens wear may be a result of wound healing 

related to contact lens wear, or may be a result of another factor. However, due to the 

known role of MMP-9 in basement membrane degradation and the greater association 

of erosions upon awakening,25 its increased presence in contact lens wear may 

increase the risk of adverse events. 

7.2.4 Extended contact lens wear influences the tear proteome 

In order to gain a broader understanding of the impact of contact lens wear, in Chapter 

5 the tear proteome as a whole was evaluated using differential gel electrophoresis 

(DIGE), a technique used in biomarker research.277  
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The DIGE technique involves the use of three mass and charge-matched dyes (Cy2, Cy3 

and Cy5)272 to label two samples and an internal standard (Cy2) on each gel, the two 

samples on each gel being normalised against the internal standard. The technique 

was validated to establish the difference in the labelling of the CyDyes when used with 

flush tears and the difference between gels when running the same sample. From this 

validation, a 4.4-fold difference in normalised volume was established as the threshold 

for when comparing single gels and a fold difference below this was considered to be 

due to experimental variability. DIGE was then applied to establish the repeatability of 

the tear proteome and its diurnal variation, the former indicating an overall repeatable 

proteome at both midday and upon awakening, and the latter indicating a change in 

up to 29% of the tear proteome during sleep.  

With this background, the impact of extended contact lens wear on the tear proteome 

upon awakening was established. A change in 1% of the proteome was found from 

baseline to the first night of contact lens wear and a 3% change from baseline 

compared to one month of EW, suggesting that although the tear proteome does 

change with initial EW, the change continues even after one month. Future work to 

quantify the proteins found to vary is necessary to understanding these changes. 

7.2.5 Contact lens-related corneal erosions: increased 

MMP-9:TIMP-1, NGAL, and a disturbed tear proteome 

In Chapter 6 the profiles of three contact lens wearers who developed corneal erosions 

during the course of the study were compared to the established normal values 

reported in Chapter 3, Chapter 4 and Chapter 5. Although the small sample size 

presented here did not allow for inferential statistical analysis, a higher MMP-9 

concentration upon awakening at both baseline and after the first night of contact lens 

wear, along with the greater MMP-9:TIMP-1 ratio suggest that MMP-9 may be a factor 

in the aetiology of these erosions. By virtue of these elevated levels of MMP-9,  those 

prone to erosions may be identifiable at either baseline or after the first night of 

contact lens wear, a finding that requires confirmation with a larger study.  

Of further interest, and worthy of further study, is the greater concentration of NGAL 

found in one erosion participant, both at baseline and after the first night of contact 
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lens wear. The role of NGAL in the tear film is not well understood and as discussed 

earlier, its increased expression may be a result of oxidative stress,159 or due to an 

increased requirement for antibacterial activity.157 Alternatively, an increased in NGAL 

expression may be an indication of an increase in MMP-9 expression, due to its 

protective effect on MMP-9. This effect on MMP-9 has identified NGAL as a biomarker 

for kidney disease158 and breast cancer156 and in the tear film may be indicative of 

extracellular matrix degradation. Further work is necessary to understand the role of 

NGAL in the ocular surface, both in health and disease.    

The zymographic analysis of the three erosion participants indicated that in one 

participant, after the first night of contact lens wear, a significant increase in activity 

was found, along with an additional species of MMP-9 at 190 kDa, not found at 

baseline or in other participants. One of the erosion participants had greater activity at 

baseline compared to other participants. The increased activity in this group compared 

to normals suggests that people prone to erosions in contact lens wear, whether it be 

in DW or EW, may be identifiable by their unusual MMP-9 profile upon awakening 

before contact lens wear and after the first night of contact lens wear. 

MMP-9 and its related proteins are not likely to be the only proteins contributing to 

the erosion cascade, and this is supported by the proteomic difference at baseline and 

upon awakening for one erosion participant, compared to the minimal change for the 

group of normals. This suggests that factors other than MMP-9 may contribute to the 

process which ultimately leads to erosion formation. An assessment of the proteome 

upon awakening at baseline and after the first night of contact lens wear may also be a 

means of predicting those prone to erosions, and by association, MK.13 

The finding of two erosions on the first day of wear indicates that EW is not the only 

factor contributing to the process.  

7.2.6 Contact lens-related corneal erosions: a multifactorial 

aetiology 

The fact that higher levels of MMP-9 compared to TIMP-1 did not always result in 

erosions in this study, suggests that the underlying cause of erosions is multifactorial. 
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Weakened epithelial adherence to the stroma as a result of a contact lens-associated 

increased expression of MMP-9, combined with a reduced tear film and sudden 

mechanical action such as rapid eye movement during sleep, eyelid action upon 

awakening or the regained mobility of a contact lens adhered during sleep,21, 59-61 may 

be necessary to result in erosion. Similarly, factors such as contact lens thickness,11 

bacterial load66, 67 and contact lens modulus310 may all augment the risk of corneal 

erosions during contact lens wear. This is analogous to the multifactorial aetiology of 

MK, where a combination of bacterial load, changed tear immunology as well as 

exposed stroma is required for infection to occur.69 

7.3 LIMITATIONS OF RESEARCH 

The extracellular matrix remodelling proteins of the ocular surface are comprised of 

many proteins, including MMP-3, 2-macroglobulin and ADAMTS-7. Due to the 

limitation of tear volume, the proteins studied directly were limited to MMP-9, TIMP-1 

and NGAL. In order to further explore potential biomarkers related to contact 

lens-related corneal erosions, DIGE was performed as a means of examining 

differences in the more abundant proteins. Future work would look at quantifying the 

differences identified with DIGE, as well as directly studying proteins which contribute 

to the regulation of MMP-9 such as 2-macroglobulin and ADAMTS-7, as well as the 

cytokines such as interleukin-8 (IL-8) and IL-1β and other MMPs such as MMP-3. 

The small sample size of erosions was a challenge faced in this thesis. A larger scale 

study in the future would allow for a stronger comparison of the proteins measured 

here in contact lens wearers who develop either erosions or MK to the group of 

normals. 

7.4 FUTURE RESEARCH 

Based on the knowledge gained in this thesis, it is feasible that MMP-9 contributes to 

the development of erosions during contact lens wear. Theoretically, a study of the 

MMP-9 response in a group who previously developed either erosion or MK in contact 

lens wear may help confirm this finding. Measuring the levels of MMP-9, TIMP-1 and 

NGAL, and examining the tear proteome in this group upon awakening before contact 
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lens wear and after one night of EW may help confirm whether these factors do indeed 

differ between this group and the group of normals shown in Chapter 3, Chapter 4 and 

Chapter 5. This confirmation would be of predictive and potentially preventative value. 

Identifying those contact lens wearers likely to develop erosion or infection would 

allow practitioners to advise against EW or to monitor more frequently during the 

initial stages of contact lens wear.  

It is not known when the adaptation found in this study occurs, as seen with the return 

of MMP-9 to baseline after a month of contact lens wear. A study measuring MMP-9 

upon awakening on a more frequent basis, for example weekly, during the first month 

of wear may explain how quickly this adaptation happens. Additionally, a study 

measuring the concentration of MMP-9 after the first night of EW when preceded by a 

period of DW may help establish whether a period of adaptation in DW prevents the 

increase in expression after the first night of EW found in this study. This 

understanding may be translated to advice to practitioners and contact lens wearers, 

so that a period of DW may be advised prior to proceeding to EW.  

Moreover, a means to prevent the increased expression of MMP-9 associated with EW 

may also be a matter of future research and indeed would have therapeutic potential. 

The association of MMP-9 with erosions101 and corneal ulcers48 would suggest that a 

contact lens-associated increase in MMP-9 expression may increase the propensity to 

both. It may be key, therefore, to look into mechanisms by which to reduce the 

increased expression of MMP-9 during the initial phases of EW. Currently there are 

bandages designed to reduce the levels of MMPs in wounds by either providing a 

competitive substrate, for example, Promogran (Johnson and Johnson, Rochester, NY, 

USA)311 and Fibracol (Johnson and Johnson, Rochester, NY, USA),312 or by preventing 

the synthesis of MMPs, for example DerMax® (Dermagenics Inc, Memphis, TN, USA).313 

A contact lens product with such components could potentially have both therapeutic 

and preventative effects. 

7.5 CONCLUSIONS 

This thesis has contributed to the understanding of the effect of contact lens wear on 

the tear film and, specifically, to the concentrations of MMP-9 and its associated 
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factors. A significant diurnal variation was found in MMP-9 in the healthy non-contact 

lens wearing eye, upon awakening being the period of greatest concentration, 

establishing an environment conducive to extracellular matrix remodelling. Overnight 

contact lens wear further increased MMP-9, an increase which was not followed by its 

inhibitor TIMP-1. After a one month period of continuous wear, these proteins 

returned to baseline, indicative of adaptation. This initial disturbance suggests that 

initial EW wear may be the most disruptive to the corneal epithelium and the riskiest 

for erosion development. The higher baseline levels of MMP-9 seen in a small group of 

contact lens wearers with erosions, along with the increase seen with contact lens 

wear, suggests an important role for this enzyme in the pathogenesis of contact 

lens-related corneal erosions, a finding that may be of predictive value and is worth 

pursuing with further study as it may have significant implications for practitioner 

prescribing. Moreover, the difference between the tear proteome upon awakening 

before contact lens wear and after the first night of EW in one contact lens wearer 

who later developed an erosion suggests that the extent of the proteome changes in 

the early phases of contact lens wear may also be predictive of erosion risk. 
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APPENDIX A: PARTICIPANT INFORMATION STATEMENT 
AND CONSENT FORMS 

FLUSH STUDY AND ADAPTATION STUDY: EXTENDED WEAR (STUDY 1) 

Approval No. 084055  
 

THE UNIVERSITY OF NEW SOUTH WALES AND THE INSTITUTE FOR EYE RESEARCH 
 

PARTICIPANT INFORMATION STATEMENT AND CONSENT FORM 
 
24 HOUR TEAR COLLECTION WITH AND WITHOUT EXTENDED WEAR CONTACT LENSES 
 
Protocol Title: 24 Hour Tear Collection With And Without Extended Wear Contact 

Lenses 
Protocol Number: PhD2008-002 
PI/ICF Amendment 
Number: 

Amendment 6 

Investigator: Maria Markoulli 
Contact Number: Work Hours:  02-9385 7612   or    After Hours:   0419 810 121                      
 
PARTICIPANT SELECTION AND PURPOSE OF STUDY 
You are invited to participate in a study looking at how the tears of the eye vary over 
24 hours and how these vary with contact lenses when worn on an extended wear 
basis for 1 month. We hope to establish the levels of various components in the tears 
over a 24 hour period both with and without contact lens wear. We further hope to 
determine whether contact lens wear on an extended wear basis influences this cycle. 
You were selected as a possible participant in this study because you meet the 
suitability criteria of not having worn contact lenses in the previous month, not being a 
habitual contact lens wearer and having normal ocular health.  
 
DESCRIPTION OF STUDY AND RISKS 
If you decide to participate, we will perform a baseline examination where your 
spectacle prescription will be measured and your ocular health will be examined. A 
small volume of your tears will also be collected as described below. If you are suitable 
for the study, you will be asked to stay in the Institute for Eye Research (IER) clinic 
overnight. Your tears will then be collected: 
 
 shortly before you sleep  
 first thing upon awakening  

 
You will then be scheduled for the next series of visits where you will be randomised to 
wear either ACUVUE  OASYS™ or O2OPTIX™ contact lenses. Both these lenses are 
commercially available. You will be asked to wear these on an extended wear basis 
(that is, overnight) for 30 nights for a minimum of 5 days and nights per week. Tears 
will again be collected: 
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 before lens insertion 
 after lens insertion 
 before sleep  
 upon awakening  

 
A 1 week visit will be scheduled as a safety check. You will then be asked to return for 
the following tear collection schedule after 1 month of contact lens wear: 
 
 midday visit 
 before sleep  
 upon awakening  
 6 hours after awakening. 

 
In total, there will be three overnight visits at the IER clinic. The visit schedule is 
summarised below:  
 
Visit Type Abbreviation 
Baseline visit – midday visit, no contact lenses V1 
Before sleep – no contact lenses V2 
Upon awakening – no contact lenses V3 
Midday visit – contact lens insertion V4 
Before sleep – contact lens wear V5 
Upon awakening – contact lens wear V6 
1 week – contact lens wear  V7 
Midday visit – 1 month contact lens wear V8 
Before sleep – 1 month contact lens wear V9 
Upon awakening – 1 month contact lens wear V10 
6 hrs after awakening – no contact lens wear V11 
 
Up to the first 10 participants of this study will be asked to participate in a validation 
study whereby their tears will be collected on 6 occasions prior to commencement of 
the main study. This will be conducted between 11am and 2pm on 6 separate days. 
This group may also be asked to collect their own tears upon awakening on two 
separate occasions. Instructions will be provided to this group. 
 
PROCEDURES 
The procedures to be performed are outlined below: 
 
 Auto-Keratometry: Automated measurement of the curvature of the eyes. 

Measured with an auto-refractor / keratometer. 
 Auto-Refraction: Automated measurement of the spectacle lens prescription 

required to correct vision. Measured with an auto-refractor / keratometer. 
 Refraction: Measurement of the spectacle lens prescription required to correct 

vision. Measured using a phoroptor and/or trial frame and trial lenses.    
 Visual Acuity: Measurement of the standard of vision achieved with spectacles or 

contact lenses using standard letter charts. Measurements may be taken with each 
eye individually or with both eyes.  
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 Over-Refraction: After insertion of the contact lens, the need for lens power 
alteration is determined by placing a spectacle lens in front of the eye and asking 
for your feedback. The lens may be placed using trial lenses and a trial frame, or a 
phoroptor.   

 Slit-Lamp Biomicroscopy: Contact lens performance and the ocular surface are 
examined with a specialised microscope called a slit-lamp. The microscope allows 
the eye to be viewed with white light or a blue light. A non-contact lens may be 
used with this to assess the back of the eye at the baseline visit. 

 Fluorescein Assessment: The ocular surface is assessed by instilling a harmless 
fluorescent dye called “fluorescein”. The dye does not feel uncomfortable and is 
temporary.  

 Lid Eversion: The upper eye lid is folded back using a cotton bud to allow 
examination of the under surface. 

 Questionnaire: Questions assessing comfort, vision, ease of use, handling, 
problems encountered and satisfaction may be asked verbally at your 
appointment. 

 Aseptic Lens Removal: Lens removal is performed using sterile gloves (Ansell, 
Examtech) so that normal bacteria from the skin do not contaminate the lens. Care 
is taken to avoid touching the eyelids and eyelashes with the glove whilst removing 
the lens. Once the lens is removed it is placed directly into a sterile container. Both 
the saline in the container and the lenses are analysed for bacteria.  

 Tear Samples: Small volumes of tears, approximately one drop of your tears, are 
gently drawn into a fine glass tube placed at the edge of the lower eyelid. You may 
be asked to use a cotton bud to tickle the nasal passages in order to induce reflex 
tearing. Alternatively, a drop of unit dose sterile saline (AstraZeneca) may be 
instilled in your eye prior to tear collection. 

 Adverse Response Protocol: In the event of a problem occurring during lens wear, 
swab samples may be collected. These are obtained by lightly brushing the eye and 
lower eyelid to determine the normal levels of bacteria present in the eye. These 
procedures will be explained to you in detail. 

 
All clinic visits are attended at the IER Clinic, Level 5, North Wing, Rupert Myers 
Building, Kensington NSW 2033. 
 
RISKS AND PRECAUTIONS 
This study involves research, which means that with the products or treatments 
provided to you there may be risks or consequences that are not currently known or 
are not foreseeable. 
 
Slight irritation, redness, dryness or watering of the eyes may occur during tear 
collection. 
 
All lens products have the potential to cause side effects in some individuals. The most 
serious complication is corneal infection. This is a rare disease (1/500 per year if 
wearing lenses during sleep and 1/2,500 per year with daily wear). The possible 
consequences of such an event are severe pain, hospitalisation, corneal scarring and 
possible loss of vision. Smoking also increases the risk in contact lens wearers. 
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Other complications which may occur are: inflammation of the eye - such as acute red 
eye and sterile ulcers; growth of blood vessels into the cornea; temporary decreased 
vision and/or iritis (inflammation of the colour part of the eye); pain; abrasion 
(scratching) of the eye; burning or itching (irritation); excessive watering (tearing) of 
the eyes; unusual eye secretions; redness of eyes; reduced sharpness of vision; 
sensitivity to light; and/or dryness of eyes. 
 
The disinfecting solution contains 3% hydrogen peroxide, so it is not to be used directly 
in the eye or for rinsing lenses prior to inserting into the eye as the solution must be 
neutralised. The solution must be used with the dedicated lens case with neutralising 
disc and lenses must be soaked for at least 6 hours before inserting on the eye. A 
burning sensation will be experienced if unneutralised AOSept  Plus comes into 
contact with the eye. 
 
If you experience any of the above, you should remove your lenses and place in the 
study solution, AOSept  Plus, in the dedicated lens case and contact the clinic 
immediately.   
 
If you are pregnant or are planning to become pregnant and have additional questions, 
please ask the Optometrist. 
 
BENEFITS 
Your optometric care, contact lenses and solutions will be provided free-of-charge 
during the study period. Contact lenses offer improved peripheral (side) vision and the 
convenience of not wearing spectacles. However, we cannot and do not guarantee or 
promise that you will receive any benefits from this study. Information learned in this 
study may benefit others in the future.  
Two movie vouchers will be given to you as recognition of your time.   
 
ALTERNATIVE TREATMENTS 
Alternative methods of visual correction and contact lens care other than those used in 
this study are available. These include currently marketed contact lenses, refractive 
surgery, and spectacles. Your study Optometrist will discuss the risks and benefits of 
these alternate treatments. However, should these be required, you must purchase 
them at your own expense from a source other than the IER and in consultation with 
your primary eye health care professional.  
 
SAFEGUARD 
For your safety, you must tell the Optometrist all of your past and present health 
history; all prescription, over-the-counter, and herbal medications/treatments that you 
are presently using; if you have any known allergies (for example an allergy to latex) or 
if you have had any previous reactions to medications; and if you are currently 
participating in any other clinical study. If you are not completely truthful about your 
health status and treatments, you may be exposing yourself to harm by participating in 
this study. 
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By agreeing to participate in this study, you are agreeing to the following: 
 
 Use only of lenses and solutions provided by the IER for the assigned duration and 

mode of wear (i.e. overnight wear); 
 Attendance for scheduled visits; 
 Reporting of all changes that occur to your health, medications and, in particular, 

your eyes; 
 The return of all lenses and unopened cases and solutions, when deemed 

necessary by the optometrist; the return of any foils for used lenses; 
 To stay overnight at the IER clinic on three separate occasions; 
 To be confident in inserting and removing your own lenses.  

 
CONFIDENTIALITY AND DISCLOSURE OF INFORMATION 
Any information that is obtained in connection with this study and that can be 
identified with you will remain confidential and will be disclosed only with your 
permission, except as required by law.  If you give us your permission by signing this 
document, we plan to publish the results obtained in this study in the form of group 
data responses at scientific conferences. In any publication, information will be 
provided in such a way that you cannot be identified. 
 
Complaints may be directed to the Ethics Secretariat, The University of New South 
Wales, SYDNEY 2052 AUSTRALIA (phone 9385 4234, fax 9385 6648, email 
ethics.sec@unsw.edu.au). Any complaint you make will be investigated promptly and 
you will be informed of the outcome. 
 
FEEDBACK TO PARTICIPANTS 
Your study Optometrist will inform you of any significant new findings about the study 
products and procedures that might develop during the course of this research and 
that might affect your willingness to continue to participate in the study.  
 

mailto:ethics.sec@unsw.edu.au
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YOUR CONSENT 
Your decision whether or not to participate will not prejudice your future relations 
with the University of New South Wales and the IER. If you decide to participate, you 
are free to withdraw your consent and to discontinue participation at any time without 
prejudice. 
 
If you have any questions, please feel free to ask us. If you have any additional 
questions later, your Optometrist, Maria Markoulli (phone number 9385 7612), will be 
happy to answer them. 
 
You will be given a copy of this form to keep. 
 
You are making a decision whether or not to participate. Your signature indicates 
that, having read the information provided above, you have decided to participate. 
 
_____________________________                               ____________________________ 
Signature of Research Participant Signature of Investigator 
 
 
_____________________________                               ____________________________ 
 (Please PRINT name) (Please PRINT name) 
 
 
_____________________________                               ____________________________ 
Date Date 
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THE UNIVERSITY OF NEW SOUTH WALES AND THE INSTITUTE FOR EYE RESEARCH 
 

REVOCATION OF CONSENT 

24 HOUR TEAR COLLECTION WITH AND WITHOUT EXTENDED WEAR CONTACT LENSES 
 
Protocol Title: 24 Hour Tear Collection With And Without Extended Wear Contact 

Lenses 
Protocol Number: PhD2008-002 
PI/ICF Amendment 
Number: 

Amendment 6 

Investigator: Maria Markoulli 
Contact Number: Work Hours:  02-9385 7612   or    After Hours:   0419 810 121                      
 
I hereby wish to WITHDRAW my consent to participate in the research proposal 
described above and understand that such withdrawal WILL NOT jeopardise any 
treatment or my relationship with The University of New South Wales and the Institute 
for Eye Research. 
 
 
___________________________                                      ________________________ 
Signature Date 
 
 
___________________________ 
Please PRINT Name 
 
 
Please send this Revocation of Consent to:  
 

Ms Maria Markoulli 
Institute for Eye Research 
Level 5, North Wing 
Rupert Myers Building 
KENSINGTON   NSW   2033 
Australia 
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FLUSH STUDY AND ADAPTATION STUDY: DAILY WEAR 

Approval No. 084056  
 

THE UNIVERSITY OF NEW SOUTH WALES AND THE INSTITUTE FOR EYE RESEARCH 
 

PARTICIPANT INFORMATION STATEMENT AND CONSENT FORM 

24 HOUR TEAR COLLECTION WITH AND WITHOUT DAILY WEAR CONTACT LENSES 
 
Protocol Title: 24 Hour Tear Collection With And Without Daily Wear Contact 

Lenses 
Protocol Number: PhD2008-003 
PI/ICF Amendment 
Number: 

Amendment 6 

Investigator: Maria Markoulli 
Contact Number: Work Hours:  02-9385 7612   or    After Hours:   0419 810 121                
 
PARTICIPANT SELECTION AND PURPOSE OF STUDY 
You are invited to participate in a study looking at how the tears vary over 24 hours 
and how these vary with contact lenses when worn on a daily wear basis for 1 month. 
We hope to establish the levels of various components in the tears over a 24 hour 
period both with and without contact lens wear. We further hope to determine 
whether contact lens wear on a daily wear basis influences this cycle.  You were 
selected as a possible participant in this study because you meet the suitability criteria 
of not having worn contact lenses in the previous month, not being a habitual contact 
lens wearer and having normal ocular health.  
 
DESCRIPTION OF STUDY AND RISKS 
If you decide to participate, we will perform a baseline examination where your 
spectacle prescription will be measured and your ocular health will be examined. A 
small volume of your tears will also be collected as described below. If you are suitable 
for the study, you will be asked to stay in the Institute for Eye Research (IER) clinic 
overnight. Your tears will then be collected: 
 
 shortly before you sleep  
 first thing upon awakening  

 
You will then be scheduled for the next series of visits where you will be randomised to 
wear either ACUVUE  OASYS™ or O2OPTIX™ contact lenses. Both these lenses are 
commercially available. You will be asked to wear these on a daily wear basis for 30 
days and for a minimum of 5 days per week, with a minimum of 6 hours per day when 
they are worn. There is no maximum time to wear lenses provided they are not worn 
overnight. Tears will again be collected: 
 
 before lens insertion 
 after lens insertion 
 before sleep  
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 upon awakening  
 
At the 1 week visit will be scheduled for a safety check. You will then be asked to 
return for the following tear collection schedule after 1 month of contact lens wear: 
 
 midday visit 
 before sleep  
 upon awakening  
 6 hours after awakening. 

 
In total, there will be three overnight visits at the IER clinic. The visit schedule is 
summarised below:  
 
Visit Type Abbreviation 
Baseline visit – midday visit no contact lens BL – V1 
Before sleep – no contact lens V2 
Upon awakening – no contact lens V3 
Midday visit – contact lens insertion V4 
Before sleep – 20 mins after lens removal V5 
Upon awakening – before contact lens wear V6 
One week DW – contact lens wear V7 
Midday visit – 1MDW contact lens wear V8 
Before sleep – 20 mins after lens removal V9 
Upon awakening – no contact lens wear V10 
6hrs after awakening – no contact lens wear V11 
 
Up to the first 10 participants of this study will be asked to participate in a validation 
study whereby their tears will be collected on 6 occasions prior to commencement of 
the main study. This will be conducted between 11am and 2pm on 6 separate days. 
This group may also be asked to collect their own tears upon awakening on two 
separate occasions. Instructions will be provided to this group. 
 
PROCEDURES 
The procedures to be performed are outlined below: 
 
 Auto-Keratometry: Automated measurement of the curvature of the eyes. 

Measured with an auto-refractor / keratometer. 
 Auto-Refraction: Automated measurement of the spectacle lens prescription 

required to correct vision. Measured with an auto-refractor / keratometer. 
 Refraction: Measurement of the spectacle lens prescription required to correct 

vision. Measured using a phoroptor and/or trial frame and trial lenses.    
 Visual Acuity: Measurement of the standard of vision achieved with spectacles or 

contact lenses using standard letter charts. Measurements may be taken with each 
eye individually or with both eyes.  

 Over-Refraction: After insertion of the contact lens, the need for lens power 
alteration is determined by placing a spectacle lens in front of the eye and asking 
for your feedback. The lens may be placed using trial lenses and a trial frame, or a 
phoroptor.   
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 Slit-Lamp Biomicroscopy: Contact lens performance and the ocular surface are 
examined with a specialised microscope called a slit-lamp. The microscope allows 
the eye to be viewed with white light or a blue light. A non-contact lens may be 
used with this to assess the back of the eye at the baseline visit. 

 Fluorescein Assessment: The ocular surface is assessed by instilling a harmless 
fluorescent dye called “fluorescein”. The dye does not feel uncomfortable and is 
temporary.  

 Lid Eversion: The upper eye lid is folded back using a cotton bud to allow 
examination of the under surface. 

 Questionnaire: Questions assessing comfort, vision, ease of use, handling, 
problems encountered and satisfaction may be asked verbally or answered by you 
directly via computer at your appointment. 

 Aseptic Lens Removal: Lens removal is performed using sterile gloves (Ansell, 
Examtech) so that normal bacteria from the skin do not contaminate the lens. Care 
is taken to avoid touching the eyelids and eyelashes with the glove whilst removing 
the lens. Once the lens is removed it is placed directly into a sterile container. Both 
the saline in the container and the lenses are analysed for bacteria.  

 Tear Samples: Small volumes of tears, approximately one drop of your tears, are 
gently drawn into a fine glass tube placed at the edge of the lower eyelid. You may 
be asked to use a cotton bud to tickle the nasal passages in order to induce reflex 
tearing. Alternatively, a drop of unit dose sterile saline (AstraZeneca) may be 
instilled in your eye prior to tear collection. 

 Adverse Response Protocol: In the event of a problem occurring during lens wear, 
swab samples may be collected. These are obtained by lightly brushing the eye and 
lower eyelid to determine the normal levels of bacteria present in the eye. These 
procedures will be explained to you in detail. 

 
All clinic visits are attended at the IER Clinic, Level 5, North Wing, Rupert Myers 
Building, Kensington NSW 2033. 
 
RISKS AND PRECAUTIONS 
This study involves research, which means that with the products or treatments 
provided to you there may be risks or consequences that are not currently known or 
are not foreseeable. 
 
Slight irritation, redness, dryness or watering of the eyes may occur during tear 
collection. 
 
All lens products have the potential to cause side effects in some individuals. The most 
serious complication is corneal infection. This is a rare disease (1/500 per year if 
wearing lenses during sleep and 1/2,500 per year with daily wear). The possible 
consequences of such an event are severe pain, hospitalisation, corneal scarring and 
possible loss of vision. Smoking also increases the risk in contact lens wearers. 
 
Other complications which may occur are: inflammation of the eye - such as acute red 
eye and sterile ulcers; growth of blood vessels into the cornea; temporary decreased 
vision and/or iritis (inflammation of the colour part of the eye); pain; abrasion 
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(scratching) of the eye; burning or itching (irritation); excessive watering (tearing) of 
the eyes; unusual eye secretions; redness of eyes; reduced sharpness of vision; 
sensitivity to light; and/or dryness of eyes. 
 
The disinfecting solution contains 3% hydrogen peroxide, so it is not to be used directly 
in the eye or for rinsing lenses prior to inserting into the eye as the solution must be 
neutralised. The solution must be used with the dedicated lens case with neutralising 
disc and lenses must be soaked for at least 6 hours before inserting on the eye. A 
burning sensation will be experienced if unneutralised AOSept  Plus comes into 
contact with the eye. 
 
If you experience any of the above, you should remove your lenses and place in the 
study solution, AOSept  Plus, in the dedicated lens case and contact the clinic 
immediately on 02 9385 7516 during work hours or 02 9962 9441(pager) after hours. 
 
If you are pregnant or are planning to become pregnant and have additional questions, 
please ask the Optometrist. 
 
BENEFITS 
Your optometric care will be provided free-of-charge during the study period. Contact 
lenses offer improved peripheral (side) vision and the convenience of not wearing 
spectacles. However, we cannot and do not guarantee or promise that you will receive 
any benefits from this study. Information learned in this study may benefit others in 
the future. Two movie vouchers will be given to you as recognition of your time.  
 
ALTERNATIVE TREATMENTS 
Alternative methods of visual correction and contact lens care other than those used in 
this study are available. These include currently marketed contact lenses, refractive 
surgery, and spectacles. Your study Optometrist will discuss the risks and benefits of 
these alternate treatments. However, should these be required, you must purchase 
them at your own expense from a source other than the IER and in consultation with 
your primary eye health care professional.  
 
SAFEGUARD 
For your safety, you must tell the Optometrist all of your past and present health 
history; all prescription, over-the-counter, and herbal medications / treatments that 
you are presently using; if you have any known allergies (for example an allergy to 
latex) or if you have had any previous reactions to medications; and if you are 
currently participating in any other clinical study. If you are not completely truthful 
about your health status and treatments, you may be exposing yourself to harm by 
participating in this study. 
 
By agreeing to participate in this study, you are agreeing to the following: 
 
 Use only of lenses and solutions provided by the IER for the assigned duration and 

mode of wear (i.e. daily wear); 
 Attendance for scheduled visits; 
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 Reporting of all changes that occur to your health, medications and, in particular, 
your eyes; 

 The return of all lenses and unopened cases and solutions, when deemed 
necessary by the optometrist. The return of any foils for used lenses; 

 To stay overnight at the IER Clinic on three separate occasions; 
 To be confident in inserting and removing your own lenses.  

 
CONFIDENTIALITY AND DISCLOSURE OF INFORMATION 
Any information that is obtained in connection with this study and that can be 
identified with you will remain confidential and will be disclosed only with your 
permission, except as required by law. If you give us your permission by signing this 
document, we plan to publish the results obtained in this study in the form of group 
data responses at scientific conferences. In any publication, information will be 
provided in such a way that you cannot be identified. 
 
Complaints may be directed to the Ethics Secretariat, The University of New South 
Wales, SYDNEY 2052 AUSTRALIA (phone 9385 4234, fax 9385 6648, email 
ethics.sec@unsw.edu.au). Any complaint you make will be investigated promptly and 
you will be informed of the outcome. 
 
FEEDBACK TO PARTICIPANTS 
Your study Optometrist will inform you of any significant new findings about the study 
products and procedures that might develop during the course of this research and 
that might affect your willingness to continue to participate in the study.  
 

mailto:ethics.sec@unsw.edu.au
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YOUR CONSENT 
Your decision whether or not to participate will not prejudice your future relations 
with the University of New South Wales and the IER. If you decide to participate, you 
are free to withdraw your consent and to discontinue participation at any time without 
prejudice. 
 
If you have any questions, please feel free to ask us. If you have any additional 
questions later, your Optometrist, Maria Markoulli (phone number 9385 7612), will be 
happy to answer them. 
 
You will be given a copy of this form to keep. 
 
 
You are making a decision whether or not to participate. Your signature indicates 
that, having read the information provided above, you have decided to participate. 
 
 
_____________________________                              __________________________ 
Signature of Research Participant Signature of Investigator 
 
 
_____________________________                               __________________________ 
 (Please PRINT name) (Please PRINT name) 
 
 
 
_____________________________                               __________________________ 
Date Date 
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THE UNIVERSITY OF NEW SOUTH WALES AND THE INSTITUTE FOR EYE RESEARCH 
 

REVOCATION OF CONSENT 

24 HOUR TEAR COLLECTION WITH AND WITHOUT DAILY WEAR CONTACT LENSES 
 
Protocol Title: 24 Hour Tear Collection With And Without Daily Wear Contact 

Lenses 
Protocol Number: PhD2008-003 
PI/ICF Amendment 
Number: 

Amendment 6 

Investigator: Maria Markoulli 
Contact Number: Work Hours:  02-9385 7612   or    After Hours:   0419 810 121            
 
I hereby wish to WITHDRAW my consent to participate in the research proposal 
described above and understand that such withdrawal WILL NOT jeopardise any 
treatment or my relationship with The University of New South Wales and the Institute 
for Eye Research. 
 
 
_____________________________                               __________________________ 
Signature Date 
 
 
_____________________________ 
Please PRINT Name 
 
 
Please send this Revocation of Consent to:  
 
 

Ms Maria Markoulli 
Institute for Eye Research 
Level 5, North Wing 
Rupert Myers Building 
KENSINGTON   NSW   2033 
Australia 
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ADAPTATION STUDY: EXTENDED WEAR (STUDY 2) 

Approval No. 10/09  
 

THE UNIVERSITY OF NEW SOUTH WALES AND THE BRIEN HOLDEN VISION INSTITUTE 
 

POSTGRADUATE STUDENT WORK IN THE BRIEN HOLDEN VISION INSTITUTE  
CLINICAL RESEARCH AND TRIALS CENTRE 

 
PARTICIPANT INFORMATION STATEMENT AND CONSENT FORM 

 
A CLINICAL STUDY OF THE DIURNAL VARIATION OF THE TEAR PROTEOME DURING 

THE ADAPTATION TO CONTACT LENSES IN THE EXTENDED WEAR SCHEDULE 
 

Protocol Title: A clinical study of the diurnal variation of the tear proteome 
during the adaptation to contact lenses in the extended wear 
schedule 

Protocol Number: PhD2010-002 
PI/ICF Amendment 
Number: 

1 

Investigator: Maria Markoulli 
Contact Number: Work Hours: 0419 810 121   or    After Hours:   0419 810 121             

 
PARTICIPANT SELECTION AND PURPOSE OF STUDY 
You are invited to participate in a study looking at how the tears of the eye vary over 
24 hours and how these vary with contact lenses when worn on an extended wear 
basis for 1 month. We hope to establish the levels of various components in the tears 
over a 24 hour period both with and without contact lens wear. We further hope to 
determine whether contact lens wear on an extended wear basis influences this cycle. 
You were selected as a possible participant in this study because you meet the 
suitability criteria of not having worn contact lenses in the previous month, not being a 
habitual contact lens wearer and having normal ocular health.  
 
DESCRIPTION OF STUDY AND RISKS 
If you decide to participate, we will perform a baseline examination where your 
spectacle prescription will be measured and your ocular health will be examined. A 
small volume of your tears (approximately one drop) will also be collected as described 
below. This sample will be analysed for specific components that may be affected 
during contact lens wear, as part of scientific research. If you are suitable for the study, 
you will be asked to return in the evening in order to stay in the Brien Holden Vision 
Institute (Brien Holden Vision Institute) clinic overnight. Your tears will then be 
collected first thing upon awakening. This will be repeated once more prior to the 
contact lens fitting visit. 
 
You will then be scheduled for the next series of visits where you will be fitted with 
O2OPTIX™ contact lenses which are commercially available. You will be asked to wear 
these on an extended wear basis (that is, overnight) for 30 nights (for a minimum of 6 
days and 5 nights per week). Tears will again be collected as follows: 
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 before lens insertion 
 after lens insertion  
 upon awakening  

 
A 1 week visit will be scheduled as a safety check. You will then be asked to return for 
the following tear collection schedule after 1 month of contact lens wear as follows: 
 
 midday visit 
 upon awakening.  

 
In total, there will be four overnight visits at the Brien Holden Vision Institute clinic. 
The visit schedule is summarised below:  

 
Visit Type Abbreviation 
Baseline visit 1 – Midday, no contact lenses V1 
Baseline visit 1 – Upon awakening – no contact lenses V2 
Baseline visit 2 – Midday, no contact lenses V3 
Baseline visit 2 – Upon awakening – no contact lenses V4 
Contact lens insertion – Midday visit  V5 
Contact lens insertion – Upon awakening V6 
1 week – contact lens wear  V7 
1 month contact lens wear – Midday visit V8 
1 month contact lens wear – Upon awakening V9 

 
PROCEDURES 
The procedures to be performed are outlined below: 
 
 Auto-Keratometry: Automated measurement of the curvature of the eyes. 

Measured with an auto-refractor / keratometer. 
 Auto-Refraction: Automated measurement of the spectacle lens prescription 

required to correct vision. Measured with an auto-refractor / keratometer. 
 Intraocular Pressure: The measurement of the pressure of the eye using a non-

contact probe known as a “tonometer”. The non-contact tonometer measures the 
pressure by applying a quick, gentle puff of air onto the ocular surface. 

 Refraction: Measurement of the spectacle lens prescription required to correct 
vision. Measured using a phoroptor and/or trial frame and trial lenses.    

 Visual Acuity: Measurement of the standard of vision achieved with spectacles or 
contact lenses using standard letter charts. Measurements may be taken with each 
eye individually or with both eyes.  

 Over-Refraction: After insertion of the contact lens, the need for lens power 
alteration is determined by placing a spectacle lens in front of the eye and asking 
for your feedback. The lens may be placed using trial lenses and a trial frame, or a 
phoroptor.   

 Slit-Lamp Biomicroscopy: Contact lens performance and the ocular surface are 
examined with a specialised microscope called a slit-lamp. The microscope allows 
the eye to be viewed with white light or a blue light. A non-contact lens may be 
used with this to assess the back of the eye at the baseline visit. 
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 Fluorescein Assessment: The ocular surface is assessed by instilling a harmless 
fluorescent dye called “fluorescein”. The dye does not feel uncomfortable and is 
temporary.  

 Lid Eversion: The upper eye lid is folded back using a cotton bud to allow 
examination of the under surface. 

 Fundoscopy: Also known as “ophthalmoscopy”, this is the assessment of the health 
of the retina (the back of the eye) using either a hand held light known as a direct 
ophthalmoscope, or fundoscopy, a lens held in front of the eye during slit-lamp 
biomicroscopy. This will be conducted at baseline 1 as part of a complete eye 
exam. 

 Questionnaire: Questions assessing comfort, vision, ease of use, handling, 
problems encountered and satisfaction may be asked verbally at your 
appointment. 

 Aseptic Lens Removal: Lens removal is performed using sterile gloves (Ansell, 
Examtech) so that normal bacteria from the skin do not contaminate the lens. Care 
is taken to avoid touching the eyelids and eyelashes with the glove whilst removing 
the lens. Once the lens is removed it is placed directly into a sterile container. Both 
the saline in the container and the lenses are analysed for bacteria.  

 Tear Samples: Small volumes of tears, approximately one drop, are gently drawn 
into a fine glass tube placed at the edge of the lower eyelid. A drop of unit dose 
sterile saline (AstraZeneca) may be instilled in your eye prior to tear collection to 
make the procedure easier. 

 Adverse Response Protocol: In the event of a problem occurring during lens wear, 
swab samples may be collected. These are obtained by lightly brushing the eye and 
lower eyelid to determine the normal levels of bacteria present in the eye. These 
procedures will be explained to you in detail. 

 
All clinic visits are attended at the Brien Holden Vision Institute Clinic, Level 5, North 
Wing, Rupert Myers Building, Kensington NSW 2033. 
 
RISKS AND PRECAUTIONS 
This study involves research, which means that with the products or treatments 
provided to you there may be risks or consequences that are not currently known or 
are not foreseeable. 
 
Slight irritation, redness, dryness or watering of the eyes may occur during tear 
collection. 
 
All lens products have the potential to cause side effects in some individuals. The most 
serious complication is corneal infection. This is a rare disease (1/500 per year if 
wearing lenses during sleep and 1/2,500 per year with daily wear). The possible 
consequences of such an event are severe pain, hospitalisation, corneal scarring and 
possible loss of vision. Smoking also increases the risk in contact lens wearers. 
 
Other complications which may occur are: inflammation of the eye - such as acute red 
eye and sterile ulcers; growth of blood vessels into the cornea; temporary decreased 
vision and/or iritis (inflammation of the colour part of the eye); pain; abrasion 
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(scratching) of the eye; burning or itching (irritation); excessive watering (tearing) of 
the eyes; unusual eye secretions; redness of eyes; reduced sharpness of vision; 
sensitivity to light; and/or dryness of eyes. 
 
The disinfecting solution, AOSept  Plus, contains 3% hydrogen peroxide, so it is not 
to be used directly in the eye or for rinsing lenses prior to inserting into the eye as 
the solution must be neutralised. The solution must be used with the dedicated lens 
case with neutralising disc and lenses must be soaked for at least 6 hours before 
inserting on the eye. A burning sensation will be experienced if unneutralised 
AOSept  Plus comes into contact with the eye. 
 
If you experience any of the above, you should remove your lenses and place in the 
study solution, AOSept  Plus, in the dedicated lens case and contact the clinic 
immediately.   
 
If you are pregnant or are planning to become pregnant and have additional questions, 
please ask the Optometrist. 
 
BENEFITS 
Your optometric care, contact lenses and solutions will be provided free-of-charge 
during the study period. Contact lenses offer improved peripheral (side) vision and the 
convenience of not wearing spectacles. However, we cannot and do not guarantee or 
promise that you will receive any benefits from this study. Information learned in this 
study may benefit others in the future.  
Two movie vouchers will be given to you as recognition of your time.   
 
ALTERNATIVE TREATMENTS 
Alternative methods of visual correction and contact lens care other than those used in 
this study are available. These include currently marketed contact lenses, refractive 
surgery, and spectacles. Your study Optometrist will discuss the risks and benefits of 
these alternate treatments. However, should these be required, you must purchase 
them at your own expense from a source other than the Brien Holden Vision Institute 
and in consultation with your primary eye health care professional.  
 
SAFEGUARD 
For your safety, you must tell the Optometrist all of your past and present health 
history; all prescription, over-the-counter, and herbal medications/treatments that you 
are presently using; if you have any known allergies (for example an allergy to latex) or 
if you have had any previous reactions to medications; and if you are currently 
participating in any other clinical study. If you are not completely truthful about your 
health status and treatments, you may be exposing yourself to harm by participating in 
this study. 
 
By agreeing to participate in this study, you are agreeing to the following: 
 
 Use only of lenses and solutions provided by the Brien Holden Vision Institute for 

the assigned duration and mode of wear (i.e. overnight wear); 
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 Attendance for scheduled visits; 
 Reporting of all changes that occur to your health, medications and, in particular, 

your eyes; 
 The return of all lenses and unopened cases and solutions, when deemed 

necessary by the optometrist; the return of any foils for used lenses; 
 To be confident in inserting and removing your own lenses.  

 
CONFIDENTIALITY AND DISCLOSURE OF INFORMATION 
Any information that is obtained in connection with this study and that can be 
identified with you will remain confidential and will be disclosed only with your 
permission, except as required by law.  If you give us your permission by signing this 
document, we plan to publish the results obtained in this study in the form of group 
data responses at scientific conferences. In any publication, information will be 
provided in such a way that you cannot be identified. 
 
Complaints may be directed to the Ethics Secretariat, VIHEC Secretariat, Level 4, 
Rupert Myers Building, Gate 14 Barker Street, Kensington NSW 2033 SYDNEY 2052 
AUSTRALIA. Any complaint you make will be investigated promptly and you will be 
informed of the outcome. 
 
FEEDBACK TO PARTICIPANTS 
Your study Optometrist will inform you of any significant new findings about the study 
products and procedures that might develop during the course of this research and 
that might affect your willingness to continue to participate in the study.  
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YOUR CONSENT 
Your decision whether or not to participate will not prejudice your future relations 
with the University of New South Wales and the Brien Holden Vision Institute. If you 
decide to participate, you are free to withdraw your consent and to discontinue 
participation at any time without prejudice. 
 
If you have any questions, please feel free to ask us. If you have any additional 
questions later, your Maria Markoulli (phone number 0419 810 121), will be happy to 
answer them. 
 
You will be given a copy of this form to keep. 
 
You are making a decision whether or not to participate. Your signature indicates 
that, having read the information provided above, you have decided to participate. 
 
 
____________________________    _________________________________ 
Signature of Research Participant     Signature of Investigator 
 
 
 
____________________________    _________________________________ 
 (Please PRINT name)       (Please PRINT name) 
 
 
 
____________________________    _________________________________ 
Date         Date 
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THE UNIVERSITY OF NEW SOUTH WALES AND THE BRIEN HOLDEN VISION INSTITUTE 
 

POSTGRADUATE STUDENT WORK IN THE BRIEN HOLDEN VISION INSTITUTE  
CLINICAL RESEARCH AND TRIALS CENTRE 

 
PARTICIPANT INFORMATION STATEMENT AND CONSENT FORM 

 
A CLINICAL STUDY OF THE DIURNAL VARIATION OF THE TEAR PROTEOME DURING 

THE ADAPTATION TO CONTACT LENSES IN THE EXTENDED WEAR SCHEDULE 
 

Protocol Title: A clinical study of the diurnal variation of the tear proteome during 
the adaptation to contact lenses in the extended wear schedule 

Protocol Number: PhD2008-002 
PI/ICF Amendment 
Number: 

1 

Investigator: Maria Markoulli 
Contact Number: Work Hours: 0419 810 121   or    After Hours:   0419 810 121                    
 
I hereby wish to WITHDRAW my consent to participate in the research proposal 
described above and understand that such withdrawal WILL NOT jeopardise any 
treatment or my relationship with The University of New South Wales and the Brien 
Holden Vision Institute. 
 
 
 
________________________  ________________________________ 
Signature    Date 
 
 
________________________ 
Please PRINT Name 
 
 
Please send this Revocation of Consent to:  
 
 
Maria Markoulli 
Brien Holden Vision Institute 
Level 5, North Wing 
Rupert Myers Building 
KENSINGTON   NSW   2033 
Australia 
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APPENDIX B:  PUBLICATIONS AND PRESENTATIONS 
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 Markoulli M, Papas E, Nerida Cole, Holden BA, The diurnal variation of matrix 

metalloproteinase-9 and its associated factors in human tears, accepted for 

publication in Investigative Ophthalmology & Vision Science, 29th January 2012 

 Markoulli M, Papas E, Nerida Cole, Holden BA, Differential Gel Electrophoresis 

of the Tear Proteome, accepted for publication in Optometry & Vision Science, 

25th January 2012 

 Markoulli M, Papas E, Petznick A, Holden BA, Corneal erosions in contact lens 

wear, Contact Lens & Anterior Eye, 2012, 35:2-8 

 Markoulli M, Francis IC, Yong J, Jalbert I, Carnt N, Cole N, Papas E,  A 

histopathological study of bulbar conjunctival flaps occurring in two contact 

lens wearers, Cornea, 2011, 30:1037-1041  

 Markoulli M, Papas E, Petznick A, Holden BA, Validation of the flush method as 

an alternative to basal or reflex tear collection, Current Eye Research, 2011, 
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comparison of basal and eye-flush tears for the analysis of cat tear proteins, 
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