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Abstract 

Eye rubbing is a commonly adopted habit that is frequently happening in our daily life. However, the 

mechanical stress generated by long term chronic abnormal eye rubbing could lead to keratoconus (KC) 

with the symptoms of central protrusion, high astigmatism and impaired vision, affecting 57-

229/100,000 people in their twenties to forties in Asians and Caucasian population. Therefore, 

ophthalmologists have advised people to avoid eye rubbing to prevent KC. To better understand why 

eye rubbing could lead to KC, researchers have attempted to investigate corneal change under 

mechanical stress. However, there are two limitations in the current work: (1) the lack of a mechanical 

system which can simulate eye rubbing stress; (2) the lack of study on human corneal epithelial cells 

(HCEpCs) behavior under mechanical stimuli.  

To solve these challenges, we designed three models to mimic eye rubbing generated stress. The actual 

eye rubbing stress can be divided into in-plane tensile stress, out-of-plane- compressive stress and shear 

stress. To study the effect of tensile stress on HCEpCs, two customized cell stretchers were fabricated: 

a fluidic stretcher and an electric stretcher. The stretchers were designed to enable HCEpCs culture on 

a stretchable membrane or mounting of a cornea tissue, both of which can be stretched under control. 

The cell culture chamber size was designed to be 1cm in diameter, similar to that of human cornea. This 

is of great importance because it enables better mimicking of the corneal microenvironment. Calibration 

and cell viability test were conducted on the fabricated cell stretchers. Our results showed that the lab-

built fluidic cell stretcher and electric cell stretcher were able to apply tensile stress on the cell culture 

membrane with the control of air pressure and linear actuator, respectively. The HCEpCs seeded on cell 

membrane showed altered cell viability after stretching, indicating cell response to in-plane tensile 

stress. 

To investigate how compressive stress could contribute to the development and progression of KC, a 

customized polydimethylsiloxane (PDMS) stamp was used to introduce compressive stress to HCEpCs. 

Different cyclic compressive stress (0 N/cm2, 0.03 N/cm2, 0.05 N/cm2, 0.10N/cm2 before forming tight 

junction and 0 N/cm2, 50.03 N/cm2, 0.93 N/cm2 after forming tight junction, a 3-minute compression 

was applied every 30 minutes twice and then repeated one hour later) were applied on HCEpCs 

monolayer. Cell behavior including cell viability, apoptosis, cytoskeleton rearrangement and cellular 

tight junction (Zonula occludens-1, ZO-1) expression were characterized. Cell viability and cell 

apoptosis analyses were conducted to determine whether the cells were alive or dead and whether they 

were going through programmed death, respectively. Cytoskeleton rearrangement was conducted by 

staining F-actin, a filamentous protein indicating how the cells would remodel themselves in response 

to mechanical stimuli. ZO-1 is an important protein for cellular adhesion and cell barrier function. Our 

results revealed that HCEpCs were sensitive to out-of-plane compressive stress in that increased cell 

death rate and apoptosis, change in cell membrane permeability, rearranged F-actin and loss of ZO-1 

were observed under compression. Additionally, ZO-1 could protect HCEpCs against compressive 

stress. This was proved by the finding that 9 times higher loading could be tolerated for ZO-1-expressing 

cells compared with the cells without ZO-1 and cell membrane stability was also maintained by ZO-1-

expressing cells upon compression.  

Our results provide in vitro evidence on the potential impacts from rubbing-related stress, and may shed 

light on understanding and prevention of keratoconus. 
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1.0 Introduction  

The cornea is responsible for 70 % of the eye’s refractive power as well as protecting the underlying 

structures from the external environment and preventing pathogens from entering [1]. As is the anterior 

most portion of the eye, the cornea is most susceptible to external damages including mechanical stimuli, 

chemical irritation, and ultraviolet exposure. Mechanical stimuli applied on the cornea have been 

thought to be one of the leading causes of corneal aberration due to its common sources including eye 

rubbing [2], contact lens wearing [3], and trauma [4]. 

Either too long or too often repetitive mechanical stimuli have been shown to be a contributing factor 

of several cornea-related diseases such as keratoconus (KC), which is characterized by corneal 

degeneration with corneal thinning and protrusion, leading to high myopia, irregular astigmatism and 

other impaired vision. Among various sources of mechanical stimuli, chronic abnormal eye rubbing 

(CHAR) has been determined to be a crucial risk factor to KC [5]. Research has found that over half of 

KC patients have CHAR habits [6] and avoiding eye rubbing has been adopted by several 

ophthalmologists as clinical management to prevent KC [7]. Several clinical studies have demonstrated 

that eye rubbing could trigger several keratoconus-related symptoms including increased release of 

protease and inflammatory markers, resulting in the degradation of collagen fibrils in the stroma and 

thinning of the cornea with altered corneal mechanical properties in terms of decreased rigidity, stress 

or strain to failure and hysteresis [8], [2], [9], [10].  

Eye-rubbing results in different kinds of mechanical stresses applied on the cornea and comprises in-

plane shear stress, tension, and out-of-plane compressive stress [11]. Although the effect of eye-rubbing 

on the cornea has been investigated clinically, the understanding of how human corneal epithelial cells 

(HCEpCs) respond to different kind of mechanical stress still remains poor due to the lack of systematic 

investigation on epithelial behavior under rubbing-related mechanical stress and the lack of a 

mechanical model to simulate rubbing stress on HCEpCs. Such investigation will be of great 

significance to understand the pathogenesis of KC and to provide evidence for clinical prevention 

management.  

Our research team hypothesized that eye rubbing related mechanical stimuli including tensile stress and 

compressive stress could lead to changes in epithelial cell behaviors, which will in turn contribute to 

keratoconus-progression. In order to understand the effect of mechanical stress in the formation and 

progression of KC in vitro, I aim to build lab-based mechanical stretching system and compressive 

system to introduce in-plane tensile stress and out-of-plane compressive stress to HCEpCs and 

characterize HCEpCs response under those stresses. 

1.1  Objective and Research Question  

This thesis focuses on the hypothesis whether mechanical forces generated by eye rubbing would affect 

corneal epithelial cell behavior. According to several pathologists’ claims that eye rubbing is a main 

risk factor to KC due to the commonly adopted habit of CHAR in KC patients, we hypothesize that the 

mechanical forces generated in eye rubbing process stimulate changes in corneal epithelial cells, which 

can contribute to the onset and progression of KC. Specifically, the corneal deformations caused by in-

plane tensile stress and out-of-plane compressive stress arising from eye rubbing could lead to a 
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keratoconus-like phenotype in HCEpCs.  

Based on this research question, this thesis can be divided into two aims: 

(a) Aim 1: Design of cell stretching system and characterization of cell response to in-plane tensile 

stress 

Previous research lacks a standard mechanical system that can introduce tensile stress to cultured 

corneal cell monolayer, and mimic elements of the eye rubbing stress applied on corneal epithelium to 

observe in vitro corneal epithelial cell mechanoresponse. It is also important to keep the cell culture 

container dimension similar to that of human cornea (which is around 1cm in diameter) to better mimic 

eye rubbing process. Hence, it is necessary to build a customized cell stretching system. In this thesis, 

two cell stretchers were built using two different approaches to investigate corneal response upon tensile 

stress: a fluidic cell stretcher and an electric cell stretcher. As part of this work, I led a Capstone group, 

in the design and fabrication of a fluidic cell stretcher and an electric cell stretcher. The calibration of 

the fluidic cell stretcher was completed together with the Capstone group, and the preliminary 

calibration of the electric cell stretcher was performed by another master student in our group, who 

drafted the code for controlling the device and developed the method for detecting membrane 

deformation.  

(b) Aim 2: Design of cell compressing system and characterization of cell response to out-of-plane 

compressive stress 

Another aspect of eye rubbing related stress is out-of-plane compressive stress. In the present study, I 

built a compressing system which could apply loading on cell monolayer. Specifically, two studies with 

compressive stress were performed: 0 N/cm2, 0.03 N/cm2, 0.05 N/cm2 and 0.10 N/cm2 for HCEpCs 

before forming tight junction; and 0 N/cm2, 0.52 N/cm2 and 0.93 N/cm2 for HCEpCs layer with tight 

junction. HCEpCs response to compressive stress was characterized. Specifically, cell viability, cell 

apoptosis, cytoskeleton arrangement and ZO-1 expression were assessed after compression. 
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2.0 Background 

2.1  The Cornea  

The anterior chamber of the eye is in the front part of the eyeball. The cornea is the outmost layer of 

the anterior chamber which is in direct contact with tear film on the anterior /external surface. The 

cornea is an avascular tissue and consists of three cellular layers with two non-cellular layers in between. 

Both the cellular and non-cellular components are responsible for maintaining the physiological activity 

and biomechanical properties of the cornea.  

2.1.1  Structure of the cornea 

The cornea can be further divided into epithelium, Bowman’s membrane, stroma, Descemet’s 

membrane, and the corneal endothelium [12], [13] as shown in Figure 1 A. 

 

Figure. 1 Diagram of cornea and corneal epithelium. 

A, Structure of the cornea [14]. B, Structure of corneal epithelium [15]. 

The corneal epithelium consists of 5-6 layers of three types of epithelial cells (Figure 1 B) [12]. Moving 

anteriorly from the Bowman’s basement membrane, one layer of columnar basal epithelial cells is 
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attached to the Bowman’s membrane, with 2-3 layers of suprabasal or wing cells above the basal cells, 

and the outermost layer is comprised of 2-3 layers of superficial squamous cells [13]. Basal cells secrete 

the necessary components for the formation of the underlying basement membrane called the 

Bowman’s membrane to which they are attached via hemidesmosomes, multiprotein complexes 

facilitating epithelial cell adhesion [16][17]. The basal cells are the only cells which possess mitotic 

activity in the corneal epithelium and are the source of both the suprabasal and superficial cells [12]. 

Above the basal cells and underneath the superficial cells are the suprabasal cells, or wing cells (based 

on their wing-like appearance). The cells are attached through interdigitations and are linked through 

desmosomes, gap junctions and adherens junctions. Interdigitations are finger-like-protruded cell 

membrane foldings which stabilize the cellular adhesion [18]. Desmosomes are junctional complexes 

providing cellular adhesion [17]. Gap junctions are intercellular cell membrane connections allowing 

the transportation of ions and metabolites [19]. Adherens junctions are intercellular proteins that are 

significant for cell adhesion and barrier function [20]. The suprabasal cells are in an intermediate state 

of differentiation between the basal and superficial cells. The superficial corneal epithelial cells are flat 

and polygonal terminally differentiated cells that are in direct contact with the tear fluid, which provides 

nutrients and removes wastes from the cornea. To maximize the uptake of oxygen and nutrients in the 

tear fluid, each of these cells are covered with microvilli for increased surface area.  

The corneal stroma, which is posterior to the Bowman’s membrane, constitutes approximately 85 % - 

90 % thickness of the cornea, and about 70 % of the corneal dry weight [21]–[23]. The corneal stroma 

is a controlled three-dimensional structure composed of collagen lamellae with a diameter of 0.2-2.5 

nm which consist of transversely oriented collagen fibrils of 25-35 nm diameter (Figure 2 A) [24]. The 

small diameter and highly organized structure of the collagen fibrils are essential for the transparency 

of the corneal stroma. The density and alignment of collagen fibrils have been shown to differ in both 

axial direction and radial direction [25], [26]. The anterior stroma has been shown to be more 

intertwined than the posterior stroma [25]. Collagen fibers are well aligned with an orthogonal 

organization in the central area while aligned circumferentially in the limbal area (Figure 2 C) [26]. 

Various collagen molecules are known to exist in the corneal stroma by either forming collagen fibrils 

or binding the fibrils together. Collagen type I, type III, type V are found to form human stromal fibrils, 

while collagen type VI and type XII are found to be non-fibril forming collagens [27]. In addition to 

collagen, proteoglycans are also believed to play a role in maintaining the structural properties of the 

stroma by regulating the diameter and spacing of collagen fibrils [28]. Keratocytes, as the main cell 

type in corneal stroma, are populated parallel to collagen lamellae (Figure 2 B). They are capable of 

secreting collagen molecules and matrix metalloproteases (MMPs) [29]. The integrity and stability of 

the corneal stroma are maintained with a regular turnover of keratocytes every 2-3 years [30]. Apart 

from the maintenance of stromal structure, some studies have found that keratocytes may contribute to 

the transparency of the cornea by minimizing the refractive index inhomogeneities [31]. The corneal 

stroma lacks blood and lymphatic vessels; it contains a dense network of autonomic and sensory nerve 

fibers that do not have myelin sheaths in the central corneal axons [29], [32]. These features also 

contribute to the transparency of the cornea.  
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Figure. 2 Collagen lamellae in the cornea.  

A, Expression of collagen fibrils and formation of fibril bundle (collagen lamellae) [33]. B, 

Orientation of collagen lamellae in the stroma (i), the interaction of collagen lamellae and 

keratocytes (ii) and the linkage between lamellae (iii) [34]. (C), Structure, orientation and 

distribution of collagen lamellae in the cornea [26]. 

The endothelium is a cell monolayer that rests on the posterior side of cornea attaching Descemet’s 

membrane which is responsible for the regulation of cornea hydration [35] so as to maintain 

transparency of the cornea by keeping structural integrity [36]. Unlike other cell types in cornea, the 

corneal endothelium doesn’t recover well from injuries such as immunologic rejection due to highly 

limited mitotic activity [37].  

Bowman’s membrane and Descemet’s membrane are the two non-cellular layers in the cornea serving 

as barriers for separating epithelium, stroma and endothelium, and are believed to play a role in keeping 

the normal metabolic activity of the three cell types [38] as well as in maintaining the rigidity of cornea 

[11].  

2.1.2  Molecules secreted in corneal microenvironment 

Multiple molecules secreted by epithelial cells, stromal keratocytes and endothelial cells including 

matrix metalloproteinases (MMPs), protease inhibitors and pro-inflammatory cytokines act collaterally 

in maintaining the integrity of the cornea. MMPs, mainly secreted by epithelial cells and stromal 



6 

 

keratocytes, are a group of endo-peptidases that can degrade extracellular matrix (ECM) and induce 

keratocyte apoptosis. Several groups of MMPs have been detected in the corneal matrix including 

gelatinases (MMP-2 and -9), collagenases (MMP-1 and -13), and stromelysins (MMP-3, -10, and -11) 

[39]. Protease inhibitors such as tissue inhibitor metalloproteinase (TIMP) can inhibit the activity of 

MMPs [40]. The balance of MMPs/TIMP is crucial in keeping the right amount of ECM and keratocytes 

in the cornea and an imbalance has been found to be related to several diseases such as keratoconus 

[39]. Pro-inflammatory cytokines include interleukin 1, 6 (IL-1, 6) [41], [42] and tumor necrosis factor 

alpha (TNF-α) [43] acting as modulator of cell growth, death and differentiation. IL-1 and its receptor 

are produced by the corneal epithelium, stromal keratocytes and endothelium [44]. The presence of IL-

1 can stimulate the expression of IL6 in human corneal epithelial cells and stromal keratocytes [44]. 

The IL-6 receptor is mainly expressed by corneal epithelial cells [45]. TNF-α and TNF-α receptors have 

been postulated to be secreted by all three cell types in the cornea [46]. 

2.1.3  Biomechanical properties 

Corneal biomechanical properties is thought to be essential for resisting intraocular pressure (IOP), thus 

maintaining corneal curvature, corneal shape stability and sensitivity to curvature change upon stimuli 

[47][48]. The cornea itself is a viscoelastic material [49]. Each component of the cornea contributes to 

its biomechanical properties. As the thickest layer, the stroma mainly defines the biomechanical 

strength of the cornea [11], thereby changes in the number and distribution of stromal collagen lamellae 

lead to altered corneal biomechanical properties. Due to the special alignment of stromal collagen fibrils 

stated above, the central part of stroma is usually strongest under pressure [50]. However, in abnormal 

conditions such as keratoconus, the central stroma is thinned and shows altered biomechanical 

properties [8]. Bowman’s membrane and Descemet’s membrane accounts for 20 % of corneal bending 

rigidity [11]. The epithelium and endothelium do not contribute directly to the cornea biomechanical 

properties, instead, they regulate corneal biomechanical strength by modulating hydration [47].  

Several parameters have been adopted clinically as an indicator of corneal biomechanical strength. 

These mainly include Young’s modulus (or elastic modulus), corneal hysteresis (CH), corneal 

resistance factor (CRF) [49]. The ex vivo testing of corneal Young’s modulus can be measured with 

tensile testing [48], atomic force microscopy (AFM) [51] and bulging-induced inflation test [52]. 

Among the five layers, epithelium accounts for the minimum impact on elastic modulus whereas 

Bowman’s layer and Descemet’s membrane contribute most to corneal elasticity [51], [53]. It has been 

found that the stroma is heterogeneous giving that its elasticity decreases from the anterior to posterior 

location [25]. CH and CRF can be measured with the Ocular Response Analyzer (ORA) in which air-

pulsed pressure is applied to the cornea. The cornea is flattened during the inward applanation and 

outward applanation as a response to the pressure. The pressure leading to the two applanations is due 

to the viscoelasticity of the cornea. CH and CRF are calculated by the pressure difference of the two 

applanations or the pressure difference with a corrected value [49], [54].  

Research has shown that weakened cornea is present in corneal degenerative diseases, such as 

keratoconus (KC), in which elastic modulus, CH and CRF are significantly lower compared to those in 

healthy cornea. The altered mechanical properties are believed to weaken the cornea so that it cannot 

hold IOP, thus inducing a conical distension of the cornea in KC [55]. 
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2.2  Keratoconus 

Keratoconus (KC) is a corneal disorder characterized by localized corneal thinning and protrusion 

where the cornea is weakened and fails to resist intraocular pressure. Keratoconus cornea often 

manifests itself as a conical shape and is usually associated with some visual problems such as myopia 

and high astigmatism [39].  

2.2.1 Epidemiology 

Other than some rare congenital cases, KC is typically discovered during puberty and will progress 

steadily until patients’ forties before arrest [39]. KC affects both genders and all ethnicities. While 

there’s no gender preponderance, some studies have reported a higher prevalence of KC in Asian people 

compared with Caucasians [56], [57]. The prevalence and incidence of KC has been calculated to be 

57-229/100,000 and 4.5-19.6/100,000, respectively in Asian and Caucasian population [57]–[59].  

2.2.2 Aetiology and risk factors 

It has been proposed that KC is caused by genetic disposition [60], [61], biochemical alteration [62] 

and mechanical stimuli [2]. The effect of mechanical stimuli has arisen researchers’ interest over the 

past few decades due to the evidence of chronic corneal injuries induced in KC. The common practice 

leading to chronic corneal injury, eye rubbing, has been observed in KC patients and is believed to be 

one of the most common risk factors of KC by ophthalmologists [2], [5].  

2.2.3 Clinical features and treatments 

Ocular symptoms of KC are highly variable depending on the stages and severity of the disease [63]–

[65]. Three main stages have been proposed with increasing severity: subclinical (initial), moderate and 

severe [39]. In the subclinical stage, no symptoms are experienced by the patient. Diagnosis may be 

made with the test of corneal topography when increased keratometry and densitometry are detected, 

indicating steepened corneal curvature and decreased cell density, respectively [66]. The disease is often 

noted at a progressed stage when the patient presents irregular astigmatism and decreased vision acuity 

which can no longer be compensated for with spectacle [67]. Moderate stage often manifests single or 

combination of Fleischers’ ring and Vogt’s striae. The former is characterized with a circle line on the 

cornea base due to corneal curvature change resulting from iron accumulation and deposition from the 

tear film [68]; the latter is a feature with the presence of vertical lines caused by compression of the 

Descemet’s membrane [69]. Other signs accompanying the progression of KC may include dryness 

[70], increased corneal nerves [71], corneal opacity [72], and subepithelial fibrillary lines [73]. In severe 

stages, common symptoms might show as Munson’s sign, Rizzutis sign, and Hydrops. Munson’s sign 

is a V-shaped distortion of the lower lid [74]. Rizzutis sign is bright reflection of the nasal limbus [74]. 

Hydrops is an acute stromal oedema caused by breakage of Descemet’s membrane and can induce 

temporary vision loss [75]. 
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Figure. 3 Clinical features of keratoconus. 

A, Fleischers’ ring [76]. B, Vogt’s striae [39]. C, Increased corneal nerves [77]. D, hydrops [39]. 

Treatments for keratoconus vary according to severity of the disease. For the subclinical stage of KC, 

spectacles are usually applied for vision correction. As the disease progresses to moderate stage when 

spectacles will still suffice, customized contact lenses would be the ideal option to achieve vision acuity 

because they allow to adjust the distorted corneal curvature. For others who cannot tolerate contact lens, 

surgeries such as implantation of intra corneal rings segment (ICRS) [78], [79] or intraocular lens (IOL) 

[80], photorefractive keratectomy (PRK) [81] and collagen crosslinking (CXL) [82] may be considered. 

In the most severe cases of KC, a cornea graft may be the only effective treatment.  

2.2.4 Changes in KC cornea 

Researchers have found that several structural and molecular changes are associated with the formation 

and progression of KC, which would lead to altered biomechanical properties of the cornea. The 

structural changes occur in both cellular and non-cellular component of the cornea, including epithelium 

deformities [83], reduced stroma thickness [83]–[85], rupture of the endothelium [86], breaks in 

Bowman’s membrane [87], and Descemet’s membrane damage [87]. These abnormalities have been 

suggested to be caused by molecular changes including altered enzyme expression and pro-

inflammatory markers expression together with oxidation accumulation. As a result, the cornea is 

weakened, showing cellular degeneration, delayed wound healing activity and decreased mechanical 

strength, which eventually lead to its central protrusion [88]–[90]. 

2.2.4.1 Structural changes 

Epithelium deformities accompanying heterogeneous thickness [91]–[94], cellular morphological 

changes [95], decreased cell density [66], cell barrier disruption [82], [96], cytoskeleton changes [97] 
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have been discovered in KC cornea. Epithelium irregularity has been found in KC cornea; however, 

contradictory results have been shown with change in epithelium thickness. Some studies reported 

thinned epithelium in KC patients [91], [92] whereas others have found a thickened epithelium [93], 

[94]. Confocal images revealed elongated epithelial superficial cells in a whorl-like manner [95] and 

enlarged basal epithelial cells [98] in KC cornea. Decreased epithelial cell density in the center area of 

cornea has also been observed as a result of increased cell apoptosis and cell death [66]. Furthermore, 

the loss of epithelial cells is often irreversible because the differentiating and proliferating activity of 

basal epithelial cells is limited in KC cornea [83]. Together with the reduced cell density, the epithelial 

cell barrier has also been found to be disrupted with the evidence that Zonula occludens-1 (ZO-1), a 

protein contributing to cellular tight junctions, has been found to be decreasingly expressed or even 

absent in adjacent epithelial cells in the cone area of KC cornea [56], [96]. Although not intensively 

investigated, the cytoskeleton has been proposed to change in KC corneal epithelial cells as the gene of 

several cytoskeleton components, such as α1-actinin, α1-tropomyocin, tropomyosin-binding protein 

troponin T1 and α3-tubulin show an increased expression [97].  

 

Figure. 4 Changes in KC cornea.  

A, Illustration of healthy cornea (left) and KC cornea (right) [99]. B, Wave aberration map of 

healthy cornea and KC cornea. C-E, Optical image of healthy cornea (C) and KC cornea (D)-

(F): (D) Ion deposition in basal epithelium; (E) Stromal thinning and folding; (F) Breaks in 

Bowman’s membrane [39], [100]. 

Stromal thinning in KC cornea occurs with the decreased number of keratocytes and degradation of 

collagen lamellae compared to healthy cornea [84], [85]. Notably, research shows that although stromal 

thinning has been observed in the early stage of KC [91], [92], flattening and spreading instead of 

degrading collagen lamellae may be associated in this stage since no change in amino acid composition 

was found in subclinical KC corneal stroma [101].    

Rupture of the endothelium has been observed with increased cellular pleomorphism and cell 
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degeneration [86], [102]. This is not common in KC patients and is believed to occur only in severe 

cases of KC [103].  

The two non-cellular layers, Bowman’s membrane and Descemet’s membrane have also manifested 

abnormalities in KC cornea. Breaks and ridges in Bowman’s membrane or sub-Bowman’s membrane 

(K-structures) occur commonly in KC cornea [104]. They are often a result of down-growth of epithelial 

basal cells, eruption of stromal collagen or accumulation of other molecules [39], [87]. Descemet’s 

membrane damage is only seen in acute hydrops [87]. 

2.2.4.2 Molecular changes 

Epithelium deformities and stromal thinning have been suggested to be caused by molecular changes 

taking place in the corneal microenvironment and characterized by an altered expression of protease 

and pro-inflammatory markers and intense oxidative damage.  

MMPs are the most important enzymes regulating corneal function and have been found to be increased 

in KC cornea [105]. Increased MMP9 activity has been shown to result in a disrupted corneal cell barrier 

function and increased cell permeability in corneal epithelium accompanying dryness [106], indicating 

the potential MMP-induced cellular change in KC corneal epithelium. At the same time, TIMP, the 

inhibitor of MMPs, is decreasingly expressed in KC cornea [107], resulting in a decreased MMPs / 

TIMP ratio hence an accelerated degradation of stromal collagen fibrils.  

Pro-inflammatory markers have also been demonstrated to play a critical role in maintaining the healthy 

state of the cornea through the regulation of cell apoptosis, cell death, cell differentiation and cell 

adherence, thereby modulating the function of the cornea. Elevated expression of TNF and IL cytokine 

families has been found in KC cornea. It is postulated that TNF-α not only disrupts the barrier function 

of corneal epithelial cells with the disappearance of ZO-1 expression at cell interface [108] but also 

promotes stroma degradation by stimulating MMP9 expression [84]. It has been proposed that IL-1 

receptors on KC keratocytes are four times higher compared with normal cells, indicating its role in 

KC-related stroma thinning and mass loss [109], [110].  

Oxidation products accumulation in the cornea has been proposed to occur in KC cornea with defects 

in the ability to process reactive oxygen species which leads the KC cornea to undergo oxidative damage 

[77]. This is accompanied with decreased expression of aldehyde dehydrogenase (ALDH) Class 3 and 

superoxide dismutase enzymes which result in cytotoxic malondialdehyde and peroxynitrites deposition 

and further damage the cornea [62].  

2.2.4.3 Biomechanical changes 

Research has shown that corneal biomechanical properties change significantly with the onset of KC 

including the reduction in elastic modulus, maximum stress to failure, corneal hysteresis (CH), and 

corneal resistance factor (CRF) [88], [101], as is listed in table 1. The Young’s modulus value of healthy 

cornea published in papers shows a wide range from 2 to 4000 kPa (Table 1). This is a result from the 

different measuring methods, in-vivo-indentation or ex-vivo-uniax test, and calculating methodologies 

being used. The calculating methodologies mainly include the involvement of true IOP impact or the 

selection of applanation dimension and location [25], [111], [112]. In KC cornea, the modulus of 

elasticity decreases significantly ranging from 1 to 1000 kPa (table 1). Accordingly, the maximum 
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tensile stress to failure of KC cornea is much lower than that of healthy cornea (Figure 5), indicating 

that KC cornea is more vulnerable to mechanical stress CH value of healthy cornea have been reported 

to vary within an individual with a range of 5-14 mmHg [113]. The mean CH values measured in healthy 

corneas are listed in table 1, showing a range from 10.2 to 11.0 mmHg. The mean CRF values in selected 

researches are also shown in the table which shows a range from 9.4 to 11.1 mmHg. In comparison, the 

CH values and CRF values in KC cornea are 8.06-8.1 mmHg and 6.4-7.1 mmHg, respectively, much 

lower than those in healthy cornea. 

Table. 1 Biomechanical properties comparisons of healthy cornea and keratoconus cornea. 

Young’s modulus 

/ kPa 

Corneal hysteresis (CH) 

/ mm Hg 

Corneal resistance factor 

(CRF) 

/ mm Hg 

Healthy cornea KC cornea Healthy 

cornea 

KC cornea Healthy 

cornea 

KC cornea 

2000 [114] 

1600 [46] 

3810±400 [45] 

1000 [114] 10.6±1.4  

[115] 

8.1±1.4 [115] 10.6±1.6 

[115] 

7.1±1.6 [115] 

4.2±1.2 anterior 

2.3±0.7 posterior 

[112] 

1.67±0.44 

anterior 

0.970±0.30 

Posterior 

[116] 

 

10.2±1.3 

[117] 

8.06±1.36 

[118] 

11.1±1.6 [90] 6.89±1.56 

[118] 

9.03 [119] 7.26 [119] 9.6 ±1.5  

[120] 

8.1±0.9 [120] 9.4±1.6 [120] 6.4±1.0 [120] 
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Figure. 5 Maximum stress / strain to failure comparison of healthy cornea and KC cornea and 

stress-strain curves for KC cornea (upper) and healthy cornea (lower) [88].  

2.2.5 Mechanical stimuli and KC 

The reduced biomechanical strength in KC cornea is caused by the structural and molecular changes in 

the cornea which results in a thinner, weaker and eventually bulged cornea upon the load of IOP. It is 

not only a direct leading factor to the protrusion of the cornea, but also a trigger to the mechanosensing 

of corneal epithelial cells, which will affect cell behaviors [121]–[123]. The latter process, known as 

mechanotransduction, is triggered by mechanical stimuli or matrix changes. Mechanotransduction has 

been suggested to play a critical role in corneal epithelial cells [96]. Among various external mechanical 

stimuli, eye rubbing has been considered a risk factor of KC [2], [124], [125] and KC patients have 

been advised by ophthalmologists to avoid vigorous eye rubbing [126].  

2.2.5.1 Mechanotransductive effects of corneal epithelial cells 

The cornea is subjected to a wide range of mechanical stimuli that are mainly from eye blinking, tight 

eye closure, eye rubbing, contact lens wear and trauma [10], [96]. Sufficient biomechanical strength is 

essential to withstand any applied forces and to maintain the bio-physiological activity of corneal cells. 

External mechanical forces and the weakened corneal stroma observed in KC patients have been 

proposed to induce the mechanotransductive process of corneal epithelial cells and keratocytes [127]. 
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Several cellular structures or molecular pathways such as actin filaments, integrins, tight junction 

proteins and yes-associated protein/transcriptional coactivator with PDZ-binding motif (YAP/TAZ) 

have been recognized as mechanosensors and mechanotransduction has been demonstrated to regulate 

cell morphology, differentiation, migration, proliferation and death, gene or protein expression [121], 

[127]–[129].  

Corneal cells have been reported to respond to mechanical forces by modulating morphology, 

cytoskeleton, gene/protein expression, apoptosis, wound healing ability or other cell responses. It has 

been shown that corneal fibroblasts [130] and epithelial cells [131]  rearrange their morphology and 

cytoskeleton to balance cellular tension homeostasis upon matrix stretching. These changes have also 

been displayed in HCEpCs under flow-generated shear stress. HCEpCs tend to gather together with 

reduced extracellular space [132] and rearrangement in actin filaments (F-actin) were also displayed 

with the accumulation of disorganized F-actin around the cell perimeter [123]. Altered gene expression 

profile has also been observed in corneal fibroblasts in response to local mechanical stress [133] and in 

HCEpCs upon shear stress. Examples of the latter include the change in the expression of tight junction 

protein1β [132] and transforming growth factor-β (TGF-β) [134] observed in HCEpCs under shear 

stress. Increased cell apoptosis has also been regarded as a mechanoresponsive effect of corneal 

epithelial cells as increased HCEpCs apoptosis was identified under both flow-induced shear stress [123] 

and friction-induced shear stress [135]. An ex vivo model of rabbit cornea also illustrated the 

accumulation of DNA fragments on the surface of the cornea due to increased cell apoptosis after 

exposure to shear stress [136]. Shear stress has also been demonstrated to affect the wound healing 

ability of HCEpCs. After exposure to shear stress of 12 dyn/cm2, HCEpCs elicited reduced migration 

speed and delayed wound healing rate after scratch [134], indicating the close association between 

wound healing and mechanotransduction in corneal epithelial cells. 

Corneal epithelial cellular response to substrate stiffness has also been acknowledged as an important 

mechanosensing process [137]. Rabbit CEpCs cultured on different matrices with altered stiffness 

showed change in cytoskeleton protein (F-actin) and adhesion proteins distribution [138]. Limbal 

epithelial cells (LEC) were cultured on collagen substrates with different stiffness (stiffer 2.9 kPa and 

softer 0.003 kPa). The higher elastic modulus utilized was similar to the anterior cornea [139]. Results 

showed higher ZO-1 expression, cytokeratin 3 expression and higher cell number on stiffer matrix, 

revealing the essential role of substrate stiffness in maintaining corneal epithelial behavior [139]. 

Human corneal epithelial cells (HCEpCs) seeded on polyacrylamide substrate displayed changes in 

apoptotic activity, migration speed and cytoskeleton structure (actin fibers) with tuned substrate 

stiffness (compliant 1.3 kPa, medium 3.2 kPa and stiff 9.2 kPa), indicating the mechanosensing activity 

of HCEpCs [122]. Increased cell necrosis and lower migration speed were observed when cells were 

seeded on compliant substrates, which supports well the case in KC cornea [122]. The assessment of 

cytoskeletal structure showed that cells on compliant substrates were lacking stress fibers. As F-actin 

helps cells to exert pulling force, this may explain the low migration speed of HCEpCs and the delayed 

wound healing in KC. 

2.2.5.2 Eye rubbing and KC 

The potential correlation of chronic abnormal eye rubbing (CHAR) and the formation and progression 

of keratoconus was first proposed in 1961 [124], and it was proved later with more evidence [7], [125], 
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[140]. A collaborative longitudinal evaluation of KC study reported that over 50 % KC patients were 

associated with CHAR for years [6]. For patients with genetic disposition of KC, CHAR has been 

thought to potentially increase rubbing-related trauma and may be the reason of early onset, rapid 

development or severe display of KC [141]. The significance of CHAR was further validated by a 

multivariate case study which concluded that eye rubbing was the only critical risk factor of KC [5]. 

Both bilateral [140] and unilateral [142], [143] KC have been reported and the dominant hand appears 

to correspond with the worse eye or the affected eye, respectively. Despite clinical evidence, the 

etiology and histopathology of KC due to eye rubbing has not been well established. It is postulated 

that the pressure applied on the cornea during rubbing may result in cell membrane rupture, epithelium 

thinning, Bowman’s membrane ridges and lost regularity of corneal curvature, as signs of the formation 

of KC [144]. Additionally, rubbing on damaged cornea would further decrease its mechanical stability 

and accelerate corneal degeneration [7], which may explain why acute hydrops often occur with 

vigorous rubbing in KC patients [145]. 

The rubbing activity of KC patients differs significantly from healthy people. A survey illustrated that 

the rubbing patterns adopted by KC patients are not significantly different with others, although they 

tend to rub their eyes in a circular mode using their fingertips or knuckles [2], [146]. However, rubbing 

vigor, intensity, lid tightness and rubbing duration are much higher in KC patients than those of healthy 

subjects [147]. The mean rubbing stress generated by KC patients has been estimated to be 10 times 

greater than that of non-KC subjects [148]. Severe eye rubbing stress can be as high as 1.77 kg/cm2 (17 

N/cm2) [149]. The intensity of eye rubbing for KC patients has been reported to range from 10 to 180 

seconds, and it is not uncommon that KC patients would rub their eyes for hundreds of times a day. 

Furthermore, KC patients tend to rub their eyes more often and much longer during sleep [147], which 

means that the rubbing activity of KC patients is often underestimated since they could happen 

unconsciously.  

 

Figure. 6 Eye rubbing patterns found in keratoconus patients.  

KC patients rub their eyes with finger tips or (A) knuckles (B) in circular motion to apply 

mechanical forces on the cornea [150]. 

Eye rubbing has been suggested to induce intraocular fluid displacement which results in IOP spike. 

The increased IOP could contribute to conical formation of KC cornea when it lasts over 20 seconds 

per episode frequently (as is seen commonly in CHAR) or when the spiked IOP is double more than 

normal level (10-20 mmHg) [151]. Eye rubbing induced IOP elevation has been regarded as very high 
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level (up to 400 mmHg) thus influencing corneal epithelium greatly daily [152]. The squeeze from 

compressive rubbing forces anterior to epithelium and elevated IOP distending forces inferior to the 

cornea, enhance the risk of significant corneal trauma, which may contribute to the onset or progression 

of KC [147]. 

The role of eye rubbing in KC progression has been well established as a decrease in the rate of corneal 

thickness loss was observed in KC patients after stopping eye rubbing [153]. However, whether eye 

rubbing contributes to the development of KC has remained a controversy. As the outmost corneal layer, 

epithelium has been proposed to be affected most by rubbing-generated mechanical forces. Thus, 

researches have been focused on epithelium thickness change and molecules (protease and pro-

inflammatory markers) expression. Attempts to detect the temporary corneal changes after eye rubbing 

have been conducted in some in vivo studies and contradictory results have been reported. A study 

involved 12 healthy subjects for the assessment of corneal reaction to circular rubbing. Surprisingly, an 

18.4 % reduction of corneal epithelium thickness was detected after only 15 seconds of rubbing and it 

took around 30 minutes for baseline recovery [9], showing a KC-like corneal thinning caused by eye 

rubbing. Another study, however, showed no significant change in epithelium thickness after 30 

seconds of eye rubbing using the same method [154]. Increased expression of MMP13, IL-6 and TNF-

α in tears were detected in the eyes of volunteers without KC after 60 seconds eye rubbing [10]. Since 

these proteins are also elevated in KC cornea, this may indicate that rubbing stimuli could possibly 

induce the development of KC through the regulation of HCEpCs protein expression profile. The 

observations stated above demonstrate the potential contribution of eye rubbing to the onset of KC due 

to the KC-related changes in healthy cornea. 

2.2.5.3 Eye rubbing related mechanical stress  

Although the cornea has been shown to be influenced by eye rubbing in the perspective of KC 

development, the corneal epithelial change upon eye rubbing introduced mechanical stress has not been 

systematically investigated. As the rubbing process is a combination of multidirectional forces, it is 

critical to distinguish each component of these forces so as to investigate their effects on corneal cells 

separately. Several studies have focused on simulating the stress induced on the cornea upon 

applanation [11], [155], [156]. Since eye rubbing would pose similar compression on cornea, this may 

shed light on understanding the stresses generated from rubbing. A recent study adopted a finite element 

method (FEM) for the simulation of applanation-generated stress on cornea as is shown in Figure 7) 

[11]. It was concluded that the cornea would be subjected to in-plane tensile stress and out-of-plane 

compressive stress [11]. Eye rubbing differs from simple applanation. In this study, we studied the 

effect of in-plane tensile force and out-of-plane compressive force on HCEpCs. The remaining 

deformations as well as multiaxial stress state will be the subject of future research. 
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Figure. 7 Stresses applied on cornea under normal state, upon applanation. 

 Comparison of stress (C, D) on cornea without (A) and with (B) applanation [11].  

Severe eye rubbing stress has been reported as 1.77 kg/cm2 (17 N/cm2) [149] and it was shown that eye 

rubbing force is much higher than normal IOP of 10-20 mm Hg [7]. However, the tensile stress and 

compressive pressure applied on cornea during eye rubbing have not been reported. It has been regarded 

that the rubbing-compression was several times more than that in normal eye blink, which was estimated 

to be about 5-37.5 mmHg [9], [157]. For people with CHAR, the compressive force applied on the 

corneal epithelium was postulated to be maintained for up to 5 minutes during eye rubbing and the 

induced effect on cornea would last for 30-45 minutes [141]. Several researches have been focused on 

the corneal cellular response to tensile force and compressive force, most of which being on stromal 

fibroblasts [130], [158], [159]. A study examined human and rabbit corneal stromal fibroblasts in a 3D 

collagen matrix and exerted compression (push) and stretch (pull) through a micro-needle [130]. 

Morphology change and cytoskeleton rearrangement of the cells were observed as a result of the 

maintenance of cellular tension homeostasis. Increased expressions of MMP and TIMP were found in 

rabbit corneal fibroblasts as a response to tensile forces [158]. As the imbalance of MMP / TIMP is a 

characteristic sign of KC, this observation may help explain the close association of eye rubbing and 

KC formation.  

2.3  Mechanical stimulation devices for corneal behavior research 

To better understand corneal epithelial cell response to mechanical stress, it is vital to include the use 

of mechanical stimulation devices in corneal behavior research. Various mechanical stimulation devices 

which could apply different mechanical stimuli have been designed, fabricated and improved to closely 

mimic cellular physiological mechanical forces. In the following section, mechanical stretching devices 

and compressive devices will be introduced, corresponding to the nature of eye rubbing mimicking 

forces. 

2.3.1 Mechanical stretching devices 

Mechanical stretching device (or mechanical cell stretcher) is a system that can introduce stretching 

force to cells. Traditional mechanical stretching devices include AFM [160], optical micro tweezers 

[161], and magnetic microposts [162]. However, the application of these devices is limited due to the 
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technical difficulties including the manipulation of single cells and the complexity of device setup. In 

the past few decades, cell stretchers which stretch the cell culture substrate instead of manipulate cells 

directly have been developed. Both commercially available (FX 6000TM Tension System (Figure 9 A), 

[163]–[165] and custom-built mechanical stretching systems (Figure 9 B, C, Figure 8) have been 

reported. Commercial stretchers are well designed with characterized strain profile and have been used 

for the studies that are not fastidious about cell culture membrane material, desired strain and 

experimental expense [164], [165]. However, since most studies are constrained by the factors listed 

above, the application of commercial cell stretcher is limited. Recently, more and more studies have 

focused on the design of lab-based cell stretchers because of the needs for customized substrate, 

stretching pattern, stretching forces and lower cost.  

2.3.1.1 Design considerations 

Several factors are to be considered when designing a cell stretcher. These include biocompatibility, 

control strategies, stretching direction, substrate properties and others [166].  

It is crucial to keep the device biocompatible to keep viable and sterile cells in culture during or after 

stretching, which means that a cell culture well containing medium should be incorporated and that the 

whole device should be able to be sterilized [166]. Control strategy, namely actuation method, is another 

important factor for the design of the device. Commonly adopted actuation systems include pneumatic 

actuation [167], [168], piezoelectric actuation [169], [170] and optical actuation [171]. Among these, 

pneumatic actuation and piezoelectric actuation have been the most commonly used actuation systems 

due to their simple setup, high resolution and homogeneously induced strain [166]. Another significant 

factor to be considered is stretching direction of which equibiaxial stretching instead of uniaxial 

stretching is preferred. The main advantages of equibiaxial stretching is the strain homogeneity so as to 

reproduce physiological mechanical stress in cells seeded on the stretching membrane to better mimic 

in vivo conditions [172]. Substrate properties such as stiffness and wettability should also be considered 

in designing the stretching device to promote cell attachment and proliferation. This is of significance 

for corneal epithelial cells as HCEpCs showed different cell behavior when seeded on substrate with 

various stiffness [122].  

2.3.1.2 Lab-based equibiaxial cell stretcher 

Current researches on mechanoresponsive properties of corneal cells are mainly conducted with either 

commercial cell stretchers [158], [159], [173] or traditional cell stretching techniques [130] as stated in 

section 2.3.1. Few customized devices have been used for corneal behavior research [50], [174]. A 

stretching device with the mounting of bovine cornea has been reported recently [50]. The device 

included a stainless steel pressurization chamber in which the cornea was fixed (Figure 8 A). The 

pressure was induced by fluid infusion controlled with a syringe, allowing linear deformation of the 

loaded cornea. This device was successful in achieving a certain stretching strain of the cornea with the 

apex displacement of cornea ranging from 0 to 1 mm. However, due to the direct contact of the 

pressurization fluid with the cornea, undesirable deformation of the loaded cornea was observed where 

the use of silicone oil as pressurization fluid led to a shrinkage of the cornea and saline solution resulted 

in swelling of the cornea [50]. Another device utilized a conical shaped chamber to induce stretching 

deformation on the cornea with vacuum [174]. The device was initially designed to correct refractive 
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errors for the cornea in vivo by positioning it onto the patient’s eyes and adjust corneal curvature by 

tuning the shape of the vacuum chamber. While designed for in vivo studies, the structure and 

mechanism of this device provides valuable information for designing an in vitro corneal cell stretcher. 

 

Figure. 8 Equibiaxial stretching devices used in cornea research. 

 A, Fluid-infused stretcher, (i)-(ii), cornea loaded pressurization chamber; (iii), schematic of the 

device [50]. B, Vacuum stretching device, adapted from [174]. 

Other devices have also been built for cell behavior research [167], [170]. Cui et al fabricated a cyclic 

stretching device made of polydimethylsiloxane (PDMS) with pneumatic actuation [167]. The 

stretching unit was fabricated by soft lithography, which comprised three layers: cell culture layer, post 

loading layer and actuation cavity layer (Figure 9 C). The cell culture layer was designed with a thin 

stretchable PDMS cell culture membrane at the bottom and wall around the well to contain cell culture 

medium. The loading post was designed with a slightly lower diameter than the cell culture membrane 

so that it could be indented into the stretchable membrane. In working condition, positive air pressure 

inflates the actuation cavity layer, which pushes the loading post upward, achieving a stretched cell 

culture membrane. The device utilized a nanopillar patterned PDMS cell culture membrane and was 

able to stretch the membrane with 0-15 % strain over 6 hours [167]. Another piezoelectrically controlled 

cell stretcher was designed recently (Figure 9 D) [170]. The device was made from aluminum and a 

PDMS cell culture membrane fixed by a membrane holder mounted on top of an indenter. Deformation 

of the membrane was achieved when indented as the membrane holder was moving up and down. 

Unlike most of the other stretching devices, this device confined the cell culture wall in the stretching 

region (Figure 9 D-i) so that all cells seeded could sense the tensile force. This design is of high 

importance to ensure cell homogeneity, however, it demands precise calculation on the dimension of 

the wall height and thickness to achieve strain homogeneity over the membrane.  
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Figure. 9 Other equibiaxial stretching devices for cellular studies. 

Commercial (A) and lab-based (B)-(C) equibiaxial cell stretcher. A, Stretching well of FX-

6000™ Tension System: i, ii, cross-sectional image of the stretching well; iii, top view of the 

stretching well; iv, analysis region [175]. B, Microfluidic stretcher [167]. C, Electronic cell 

stretcher, schematic of the stretcher (i) and cross-section of membrane holder and indenter (ii) 

[170].  

2.3.2 Compressive device 

Devices that can apply a compressive force on cells have been used for investigating cellular response 

to compression. Like the application of tensile force, traditional methods such as the manipulation by 

microneedles have also been used to induce compression on corneal cells [130]. However, due to the 

limited availability of such method, other commercial devices [176] or lab-made devices [177]–[185] 

have been utilized in current research. Commonly adopted lab-built devices include centrifugation [177], 

[178] and load-induced compression [179]–[183]. The latter is conducted by placing the loading weight 

on top of the seeded cell layer directly, which has been commonly used due to its easy setup. This 

method has also been applied in corneal mechanoresponse investigation by Hatami-marbini et al., who 

reported the compression of corneal stroma by using a strain-controlled rheometer [184], [185].  



20 

 

 

Figure. 10 Compression devices.  

A, Cross-sectional image of FX-5000C™ Compression System [186]. B, Load-based 

compression system [183]. C, Compressive system for cornea research [184]. 
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3.0 Materials and Methods  

3.1 Fabrication and uniaxial stress-strain test of cell culture membrane 

The cell culture membrane was spin coated with PDMS. Briefly, 3 ml of PDMS curing agent mixture 

was aliquoted on top of a petri dish, which was fixed on a spin coating machine (SCS G3 Spin Coater, 

Specialty coating systems). A thin PDMS membrane was achieved after spinning at 300 rpm for 20 

seconds and crosslinking for 3 days at 60°C. The thickness of the spin-coated PDMS membrane was 

about 500 μm. 

Uniaxial stress-strain curve of the cell culture membrane was tested with Universal Macro-Tribometer 

(UNMT-2MT, T1377 by Centre for Tribology, Inc.). Tensile testing was performed using a 10 kg load 

cell at the speed of 2 mm/s. Tensile stress was calculated by dividing tensile force with cross-sectional 

area of the PDMS membrane. 

3.2 Protein coating  

Gelatin A (Sigma), gelatin B (Sigma) and FNC coating mix (AthenaES, containing fibronectin, collagen 

and albumin) were selected as coating reagents to promote cell adherence and cell growth on PDMS.  

To coat gelatin A and gelatin B, 10 mg/ml gelatin A and gelatin B solutions were made with PBS 

separately. The gelatin solutions were autoclaved after reconstitution. 500 μl gelatin A and gelatin B 

solution were added onto PDMS membrane separately and were incubated at 37 °C overnight. Before 

seeding, the gelatin coated PDMS membrane was washed with PBS three times and UV-irradiated for 

30 minutes. Then 500 μl of solution containing 10 % P/S and 1 % amphotericin in deionized water 

(diH2O) was added onto PDMS membrane and incubated at 37 °C for 30 minutes to avoid bacteria and 

fungus growth. The PDMS membrane was then washed with PBS ten times and 500 μl FBS was added 

on the PDMS membrane. The PDMS membrane was incubated with FBS for 1 hour, washed with PBS 

and UV-irradiated before seeding. 

To coat FNC coating mix, 0.2 ml/ cm2 of solution was added to wells containing UV-irradiated plasma-

treated PDMS. Various incubation time was tested on coating outcome. The selected incubation times 

include 30 seconds, 10 minutes and 30 minutes. After incubation, FNC coating mix was removed and 

cells were seeded directly on PDMS membrane. 

3.3 Cell culture 

Immortalized HCEpCs  

Human papillomaviruses (HPV) is commonly used in the immortalization of epithelial cells [187]. 

Immortalized HPV-HCEpCs, a former gift from Dr. M. Griffith, were used. Cells were seeded on a T25 

flask (Falcon) with 5 ml serum-free medium (Keratinocyte medium supplemented with Keratinocyte 

growth factors and penicillin-streptomycin, KM, ScienCell). The flask was kept in the incubator 

(Thermo Scientific) with 5 % CO2 at 37 C. The medium was changed every other day until a confluence 

of 80 %. To sub-culture the cells, medium was removed and the cells were washed with 3 ml phosphate 

buffered saline (PBS, Sigma). Then 3 ml TrypLE Express (Thermofisher Scientific) was added to the 

flask and the flask was transferred to the incubator for 10 minutes. After incubation, 10 ml of trypsin 
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neutralization solution containing 89 % of Dulbecco’s modified eagle medium (DMED, Gibco), 10 % 

of Fetal Bovine Serum (FBS, Gibco) and 1 % penicillin- streptomycin (P/S, Sigma) was added to 

terminate cell dissociation. The cell suspension was harvested in a 15 ml conical tube (VWR) and was 

then spun down in the centrifuge (Beckman Coulter) at 1500 rpm for 6 minutes. The medium was 

aspirated and cells were resuspended in KM. Cell counting was done with a hemocytometer. Cell 

number was calculated and 0.5 million cells were seeded in a new T25 flask.  

To characterize cell growth on different substrates, HCEpCs were seeded on tissue culture polystyrene 

(TCPS) and PDMS. To characterize cell growth with different coating proteins, cells were seeded on 

the protein-coated PDMS membrane. The seeding density was 20,000 cells/cm2 and cell number was 

counted after 3 days of culture. To characterize cell response to in-plane tensile force and out-of-plane 

compressive force, cells were seeded on FNC-coated PDMS membrane, the seeding density was 20,000 

cells/cm2. Medium was changed every other day until confluence (6 days) or till expressing ZO-1 (11 

days) for characterization. 

Primary HCEpCs  

Primary HCEpCs were purchased from Cell Applications Inc. Cells were seeded on a T25 flask upon 

arriving. To subculture the cells, the culture medium (HCEpC Growth Medium (serum free), Cell 

Applications Inc) was removed and the cells were washed with 3 ml of Hanks’ Balanced Salt solution 

(HBSS, Sigma). 0.05 % Trypsin-EDTA solution was added into the flask and cell dissociation was 

conducted at room temperature for 2 minutes. When cells were detached from the flask, 5 ml of Trypsin 

Neutralizing Solution (TNS, Sigma) was added to the flask. The cell suspension was transferred to a 15 

ml conical tube. Another 5 ml of TNS was then added to the flask to remove the remaining cells and 

cell suspension was transferred to the same conical tube. Cells were centrifuged at 1500 rpm for 5 

minutes and supernatant was aspirated. Cells were resuspended in a 15 ml conical tube with HCEpC 

Growth Medium. Cell number was counted and calculated before seeding. To seed the cells on PDMS 

membrane, 7500 cells/cm2 were added into wells containing PDMS membrane. Medium was changed 

every other day until confluence (6 days) or till expressing ZO-1 (11 days) for characterization. 

3.4 Cell stretcher design 

The design and fabrication process of the cell stretchers are shown in Figure 11. Our design was based 

on the reported stretcher [167], [170] and was modified for corneal research purpose [188]. In brief, the 

mold of the fluidic cell stretcher and the parts of the electric cell stretcher were designed with 

SolidWorks. Appropriate material for 3D printing the cell stretcher or the mold was selected before 

printing. The fabricating material was then selected to fabricate the cell stretchers. After fabrication, 

calibration was conducted on the cell stretchers to determine the correlation between the controlling 

factor and cell culture membrane deformation (Figure 11). 
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Figure. 11 Schematic of cell stretcher design, fabrication and calibration. 

The fluidic cell stretcher including the cell culture membrane was fabricated using PDMS because of 

its stable properties in the physiological environment, its ability to stretch and its wide application in 

cell stretching systems [166], [189]. The mold used to fabricate the PDMS cell stretcher was printed 

with Acrylonitrile butadiene styrene (ABS) due to its chemical stability under 100 C which would 

prevent mold deformation during PDMS curing. The mold of the fluidic cell stretcher was designed 

with SolidWorks followed by 3D print. Three layers including top layer (cell culture layer), middle 

layer (loading layer) and bottom layer (inflation layer) were implemented for the cell stretcher. For 

effective demolding, each layer of the mold consisted of multiple parts as shown in Figure 12 A-C. 

When gas flows and inflates the bottom layer, the loading post in the middle layer is pushed upwards 

and indents the cell culture membrane to expose cells to tensile force. The gas inlet in the bottom layer 

should be able to be tuned so as to expose cells to different stress. In an initial prototype, a gas tank was 

used for gas inflation (Figure 12 D). The detailed dimension of each fluidic cell stretcher layer is listed 

in Table 2.  
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Figure. 12 Fluidic cell stretcher mold design. 

SolidWorks image of fluidic cell stretcher layer mold. A, Top layer: (i), inner part; (ii), aerial 

view of inner part; (iii), inner peg part; (iv), outer part 1; (v), outer part 2; (vi), fabricated 

PDMS top layer. B, Middle layer: (i), inner part; (ii), aerial view of inner part; (iii), inner peg 

part; (iv), outer part 1; (v), outer part 2; (vi), fabricated PDMS middle layer. C, Bottom layer: 

(i), inner part; (ii), outer part 1; (iii), outer part 2; (iv), tube part; (v), fabricated PDMS middle 

layer. D, Cross-section of assembled fluidic cell stretcher [188]. 
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Table. 2 Dimension of fluidic cell stretcher parts. 

Top Layer Middle Layer Bottom Layer 

Height 17 mm Height 15 mm Height 15 mm 

Outer diameter 50 mm Outer diameter 50 mm Outer diameter 50 mm 

Wall thickness 5 mm Wall thickness 5 mm Wall thickness 10 mm 

Cell culture chamber 

height 

10 mm loading post 

diameter 

8 mm Base thickness 3 mm 

Cell culture chamber 

inner diameter 

10 mm Base thickness 3 mm   

Cell culture chamber 

wall thickness 

5 mm     

Cell culture membrane 

thickness 

0.5 mm     

The electric cell stretcher was mainly made of Aluminum 6061 because of its resistance to corrosion 

and compatibility to 3D printing. The indenter was made of PC-ABS with enhanced resolution. The O-

ring used to fix the cell culture membrane was made of rubber. The cell culture membrane was made 

of PDMS. The electric cell stretcher was designed with a height / length / width of 270 mm / 200 mm / 

350 mm, respectively. It mainly consists of two components: cell culture chamber (Figure 13 A) and 

linear actuator (Figure 13 B). The linear actuator was incorporated in the electric cell stretcher and 

programmed to control the movement of the indenter so as to introduce deformation of the cell 

culture membrane (Figure 13 C). The detailed dimension of each part is displayed in Table 3. 
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Figure. 13 Electric cell stretcher mold design. 

A, SolidWorks image of electric cell stretcher part. (i), Top membrane holder; (ii), Bottom 

membrane holder; (iii), L-shaped ledge - top; (iv), L-shaped ledge - bottom; (v), Indenter plate; 

(vi), Indenter; (vii), Combination of cell culture chamber parts; (viii), Cross-sectional view of 

cell culture chamber with indenter. B, Linear actuator. C, The assembled device [188]. 
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Table. 3 Dimension of electric cell stretcher parts. 

Cell culture membrane and 

membrane holder 

L-shaped ledge Indenter holding plate 

Cell culture membrane 

diameter 

10 mm L-shaped ledge 

(top) length 

130 mm Length 137 mm 

Bottom membrane holder 

diameter 

47.6 mm L-shaped ledge 

(top) width 

100 mm Width 80 mm 

Bottom membrane holder 

height 

12 mm L-shaped ledge 

(top) height 

10 mm Height 10 mm 

Top membrane holder 

diameter 

87.6 mm L-shaped ledge 

(bottom) length 

200 mm Indenter 

diameter 

5 mm 

Top membrane holder 

height 

12 mm L-shaped ledge 

(bottom) width 

100 mm   

O-ring diameter 12.4 mm L-shaped ledge 

(bottom) height 

10 mm   

O-ring thickness 2.6 mm     

 

3.5  Fluidic cell stretcher fabrication, setup and calibration 

3.5.1  Fabrication of fluidic cell stretcher cell culture chamber 

The fluidic cell stretcher mold was 3D printed with Acrylonitrile butadiene styrene (ABS). Then the 

mold was used to fabricate the three layers of fluidic cell stretcher with PDMS (Dow SYLGARD™ 

184 Silicone Elastomer Clear, base/curing agent of 10:1). Specifically, the mold of each layer was 

assembled and tightened with a rubber band. PDMS curing agent mixture was then poured into the 

stretcher mold and put in an oven at 60 °C for 24 hours to crosslink followed by careful demolding 

(Figure 14).  
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Figure. 14 Fluidic cell stretcher chamber fabrication [188]. 

3.5.2  Fluidic cell stretcher setup  

To setup the fluidic cell stretcher, the cell culture membrane was bonded with the top layer of the fluidic 

cell stretcher through PDMS gluing. Then the bonded top layer was assembled with the other two layers 

of the cell stretcher by the same method. A tube was inserted into the bottom layer for gas inlet.  

For cell stretching investigation, the fluidic cell stretcher was sterilized by UV irradiation and then 

HCEpCs were seeded on the membrane in the cell culture chamber. After cells reached confluence, a 

nitrogen gas cylinder was connected to the fluidic cell stretcher, allowing air-induced pressure to stretch 

the cell culture membrane (Figure 15). 
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Figure. 15 Fluidic cell stretcher setup. 

3.5.3  Fluidic cell stretcher calibration  

Calibration was conducted in order to measure the strain of cell culture membrane under pressure. The 

assembled fluidic cell stretcher was connected to a nitrogen gas tank for air inlet. A weight ring was 

placed on top of the stretcher to hold it stable under pressure. A microscope which allows image tracking 

on the computer was used to observe the deformation of the PDMS membrane (Figure 16 A). Gas was 

released to inflate to the fluidic cell stretcher for 1 minute, then the gas valve was closed and images 

were taken for strain calculation. To investigate the stability of the system, it was left undisturbed for 4 

more minutes after closing the gas valve. Images were taken every minute for strain analysis. To 

calculate the strain of the membrane, specific markers were made on the cell culture membrane to trace 

point-to-point displacement after stretching (Figure 16 B). The strain calculation was conducted with 

ImageJ. Fitted linear correlation of the strain - inlet air pressure was calculated in Origin 8. 
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Figure. 16 Fluidic cell stretcher calibration.  

A, Calibration setup. B, cell culture membrane before (i) and after (ii) stretching labelled with 

markers. Scale bar is 10 mm [188]. 

3.6  Electric cell stretcher fabrication, setup and calibration 

3.6.1 Electric cell stretcher fabrication 

The electric cell stretcher was 3D printed with Aluminum 6061. The linear actuator was selected as 

Acutonix Micro Linear Actuator L16 DC Linear Servo Motor (Actuonix motion devices Inc.) and was 

incorporated in the electric cell stretcher as controlling part. The cell culture membrane was made of 

PDMS with the same method stated above. 

3.6.2  Electric cell stretcher setup 

The linear actuator was connected to a computer through an Arduino uno board (Actuonix motion 

devices Inc.) following the manufacturer’s instruction (Figure 17 A). Customized codes were written 

together with Jonathan Rasmussen, another master student in our group, to control the movement of the 

linear actuator as is listed in appendix I. 
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Figure. 17 Electric cell stretcher setup and calibration. 

A, Electric cell stretcher assembly. B, Images of PDMS membrane before (i) and after (ii) 

stretching. Scale bar is 10 mm. 

3.6.3  Electric cell stretcher calibration 

The indenter was programmed to stay initially at the bottom of a specifically marked cell culture 

membrane. Then it was programmed to go up for 1-5 mm with pauses between movements of each mm. 

Images of the stretched membrane were taken using a digital microscope (pluggable USB2-MICRO-

250X Digital Microscope, Think Up Themes Ltd.) (Figure 17 B) and analyzed by ImageJ. Fitted linear 

correlation of the strain - indenter displacement was calculated in Origin 8. 

3.7 Compressive device design and setup 

3.7.1  Fabrication of compression stamps and compression setup 

Stamps for cell compression studies were made of PDMS. Pre-crosslinked PDMS solution was poured 

into mold wells with an area of 0.95 cm2, which was then put in an oven at 60 °C for 24 hours. PDMS 

columns were then taken out from the mold and immersed in 0.1 % Pluronic solution (Pluronic F127, 

Sigma, diluted in DI water) for 24 hours in order to inhibit cell adhesion. Before compression, the 

stamps were sterilized by UV irradiation for 30 minutes (Figure 18). 

HCEpCs were seeded on PDMS membrane for compression. The cell culture membrane was made with 

the same method stated in section 3.1. After crosslinking, the PDMS membrane was punched to small 

round discs to fit into 24 well plates. The well plate with PDMS membrane inside was then air-plasma-

treated for 1 minute (Specialty coating systems Inc.) and then UV irradiated for 30 minutes. Prior to 

cell seeding, FNC coating mix (AthenaES, 0.2 ml/cm2) was added to wells with PDMS membrane and 

was incubated for 30 seconds. To conduct cell compression, HCEpCs were cultured until confluence, 

then half of the culture medium was removed from the well. The coated PDMS stamp was then put on 

top of cell layer. Metal blocks of different mass (2 g, 5 g, 0 g, 50 g, and 90 g) were placed on top of the 
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stamp to generate various loading (0.03 N/cm2, 0.05 N/cm2, 0.10 N/cm2, 0.52 N/cm2, and 0.93 N/cm2) 

(Figure 18). 

 

Figure. 18 Cell compression experiment setup. 

3.7.2  Cyclic compression on corneal epithelial cells 

Four compression episodes were conducted on HCEpCs to mimic cyclic eye rubbing pattern. Each set 

of compression episodes represents 3 minutes of cell compression at room temperature. Two 

compression episodes with an interval of 30 minutes were applied on cell monolayer followed by one-

hour resting/recovery period, after which the same two compression sets were repeated. Cells were 

incubated in an incubator except when compressing. 

 

Figure. 19 Cyclic cell compression protocol.  
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3.8 Cell culture and characterization 

3.8.1  HCEpCs culture and monolayer formation  

Immortalized HPV-HCEpCs were seeded on FNC-coated PDMS at 20,000 cells/cm2. Cell culture 

medium was replaced every other day till confluence (6 days) or till expressing ZO-1 (11 days) for 

characterization. 

3.8.2  Cell characterization after stretching 

HCEpCs were seeded in the middle area of the PDMS membrane and incubated for 6 days before 

stretching. The cell-seeded PDMS membrane was then assembled in the cell culture chamber of the 

electric cell stretcher. The linear actuator was connected to a computer to control the movement of the 

indenter. The cell culture membrane was stretched with an indenter displacement of 1 mm for 3 minutes. 

Cell viability was measured with LIVE/DEADTM Cell Imaging Kit (Invitrogen) after stretching. 

3.8.3  Cell characterization after compression 

3.8.3.1 Viability 

Cell viability was detected immediately (0 h) and 24 h after compression. Cells were incubated in the 

incubator before analyzing (for 24 h group). For Calcein AM uptake investigation, compressed cells 

were incubated for 0 min, 30 min, 60 min and 90 min before analyzing. Cell viability was conducted 

with the staining of LIVE/DEADTM Cell Imaging Kit (Invitrogen). Calcein AM stains live cells and 

Ethidium Homodimer-1 (EthD-1) stains dead cells. Cells were washed with HEPES-BSS buffer (Lonza) 

twice before staining and were incubated at room temperature for 45 minutes after staining. 2 % of 

Hoechst (Immunochemistry technologies) was then added with medium and cells were incubated for 

10 minutes for counterstaining. Fluorescence images were taken with an immunofluorescence 

microscope (Zeiss, X-Cite 120 LED). The microscope settings were kept the same when imaging 

different samples. Representative images were analyzed with Image J. 

3.8.3.2 Apoptosis   

Apoptosis test was conducted immediately (0 h), 1.5 h and 24 h after compression. Cells were incubated 

in the incubator before analyzing (for 1.5 h and 24 h groups). Cell apoptosis was conducted with 

Fluorochrome - Fluorochrome-Labeled Inhibitors of Caspases (FAM-FLICA) ® Poly Caspase Assay 

Kit (ImmunoChemistry Technologies) following the manufacturer’s instruction. The FAM-FLICA kit 

probe general caspase enzymes including caspase 1-10. Specifically, each vial of FLICA was 

reconstituted with 50 μl DMSO and then diluted 1:5 with PBS. Diluted FLICA was added to cell 

medium at 1:20 and was incubated for one hour at 37 °C. After incubation, medium was removed and 

the cells were washed three times with a 1x apoptosis wash buffer. 2 % of Hoechst 33342 

(Immunochemistry technologies) was then added with media and cells were incubated for 10 minutes 

for counterstaining. After staining, cells were washed with 1x apoptosis wash buffer and kept at 4 °C 

before imaging. Positive control of apoptosis cells was induced by exposing cells to 2 μM Staurosporine 

(Sigma) at 37 °C for 3 hours. Images were analyzed with an immunofluorescence microscope (Zeiss, 
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X-Cite 120 LED). Three separate experiments were conducted with two replicas included for each 

group. Four images were taken from each sample in the central area. Images were adjusted in ImageJ 

for proper brightness and exposure. Cell number was counted manually with ImageJ for the whole 

image. Percentage of apoptosis cells was calculated by dividing the number of apoptosis cells by the 

number of total cells. 

3.8.3.3 Cytoskeleton rearrangement 

Cytoskeleton rearrangement was detected immediately (0 h) and 24 h after compression. Cells were 

incubated in an incubator before analyzing (for 24 h group). Cells were washed with DPBS buffer (1x) 

(Gibco) before fixation with 4 % paraformaldehyde (PFA) (Sigma Aldrich) for 15 minutes. Cell 

permeabilization was done by incubation with 0.05 % Triton X-100 (Sigma) and 50 nM glycine 

(Aldrich) for 20 minutes. Cell nuclei and F-actin were stained with 4’,6-diamidino-2-phenylindole 

(DAPI, Invitrogen, 1:5000) and Alexa Fluor™ 488 Phalloidin (Invitrogen, 1:500) respectively and were 

incubated for 30 minutes. After staining, cells were washed with PBS and imaged with 

immunofluorescence microscope (Zeiss, X-Cite 120 LED). The microscope settings including exposure 

time, light intensity, light path and magnification were kept the same when imaging different samples. 

Images were adjusted in ImageJ for proper brightness and exposure. For cell growth characterization, 

cell number was counted manually with ImageJ for the whole image. 

3.8.3.4 Tight junction characterization 

ZO-1 expression was detected before and after compression with ZO-1 antibody conjugated with Alexa 

Fluor 488 (Invitrogen). Post-compressive analysis of ZO-1 was done 0 h and 24 h after compression. 

Cells were incubated in the incubator before analyzing (for 24 h group). Cells were washed with PBS 

and 1 ml cold methanol (-20 °C) was added into each well for fixing. 15 minutes later, cells were washed 

with PBS 3 times. PBS containing 0.1 %TritonX-100, 0.2 % Bovine serum albumin (BSA) and 5 μg/ml 

ZO-1- Alexa Fluor 488 was added to each well and well plate was incubated for 1 hour at room 

temperature. After incubation, cells were washed with PBS 3 times. Then 1:5000 DAPI diluted with 

PBS was added to stain nuclei. After 30 minutes of staining, cells were mounted and imaged with an 

immunofluorescence microscope (Zeiss, X-Cite 120 LED). Twelve images from three samples were 

selected and analyzed with ImageJ. Specifically, three random zones of each image were selected for 

analysis. Cell number and number of cells expressing ZO-1 were manually counted. Cells with all edges 

expressing ZO-1 were characterized as ZO-1 expressing cells. Percentage of ZO-1 expressing cells was 

calculated by dividing ZO-1 expressing cells over total cells. 

3.8.3.5 Cell image acquisition 

After staining, cells were mounted and imaged using an immunofluorescence microscope (Zeiss, X-

Cite 120 LED). For the same characterization, microscope setting including exposure time, light 

intensity, light path and magnification were kept the same when imaging different samples. Four images 

were taken from each sample in the central area of the PDMS membrane. Images from each sample 

were selected and analyzed with ImageJ. 
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3.9 Statistics  

Each experiment was repeated three times. Duplicates were made for each characterization method 

except for ZO-1. Statistical differences were compared between experimental groups with T-test 

analysis. Statistical significance with p<0.05 is denoted as *. 
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4.0 Results and Discussion  

4.1  HCEpCs monolayer formation 

HCEpCs were seeded and cultured with the method stated in section 3.3. To better understand the 

growth properties of HCEpCs, the effects of substrate, protein coating and cell incubation time were 

analyzed. 

4.1.1  Effect of substrate 

HCEpCs were stained and counted after 3 days of culturing on uncoated tissue culture polystyrene 

(TCPS) and PDMS substrate (Figure 20). As a stretchable material with comparable elastic modulus to 

cornea [190], PDMS is a promising candidate material for HCEpCs culture. However, there was almost 

a 30 % decrease in cell growth on PDMS membrane compared to that on TCPS.  
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Figure. 20 HCEpCs culture on different substrates. 

A, DAPI/ F-actin staining of HCEpCs monolayer at day 3 seeding on TCPS (i) and PDMS (ii). 

Scale bar is 100 μm. B, Cell number comparison of HCEpCs. The number of cells in 12 pictures 

(4 per sample) was counted using Image J. Cell number is normalized by dividing cell count 

seeded on different substrates with that seeded on TCPS. n=3. 

4.1.2  Effect of protein coating 

Various extracellular matrix (ECM) proteins were selected as a coating agent to promote cell growth 

and attachment on PDMS. The coating proteins chosen in this project include FNC coating mix, gelatin 

A and gelatin B. FNC-coated PDMS showed a significant increase in cell number at day 3; however, 

gelatin A and gelatin B had no significant effect on promoting cell growth (Figure 21 A). Additionally, 

FNC coating time was found to have no effect on cell growth or adhesion. The coating time ranging 
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from 30 seconds to 30 minutes all promoted cell adhesion and / or proliferation compared to non-coated 

PDMS; no significant difference was found among groups with different coating time (Figure 21 B). 

 

Figure. 21 Effect of coating protein.  

A, HCEpCs culture on PDMS with various coating proteins. B, HCEpCs cultured on PDMS 

with different FNC coating time. The number of cells in 12 pictures (4 per sample) was counted 

using Image J. Cell number is normalized by dividing cell count under each condition with cell 

count on non-coated PDMS (A) and 0s (B) respectively. * p<0.05, n=3. 
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4.1.3  Effect of incubation time 

We further analyzed the culture time needed to obtain confluent cell layer and tight junction protein 

expression. After 2 days of seeding, HCEpCs were attached to substrate with a relatively low density 

(Figure 22 A-i, ii). It took 4 days for HCEpCs to become confluent on FNC-coated PDMS (Figure 22 

A-iii, iv). However, at this time the cells were not expressing ZO-1. As is shown in Figure 22 B-i and 

ii, there was signs of ZO-1 expression at day 7, which was 3 days after reaching confluence, and an 

increased ZO-1 expression was observed until 11 days after seeding when abundant tight junctions were 

then present (Figure 22 B-iii-vi). 
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Figure. 22 Effect of incubation time on cell confluence and tight junction formation. 

A, Effect of incubation time on cell confluence with different incubation time. (i), (ii), HCEpCs 

at day 2; (iii), (iv), HCEpCs at day 4. B, Effect of incubation time on tight junction formation of 

HCEpCs monolayer with different incubation time. (i), (ii), day 7; (iii), (iv), day 9; (v), (vi), day 

11. Tight junction formation was characterized with ZO-1 staining (green). Representative 

images were selected from 3 separate experiments. Scale bar is 100 μm. 
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4.2  Cell stretcher calibration and cell stretching test  

4.2.1  Stress-strain curve of PDMS membrane 

Aiming to investigate corneal epithelial cell response under eye rubbing like tensile stress, it is essential 

to transfer the strain on cell culture membrane (PDMS) to tensile stress experienced by cells. To obtain 

a stress-strain curve, elongation of the cell culture membrane under given tensile stress was tested. 

Figure 23 shows that within 10 % of elongation of the PDMS membrane, the fitted linear equation is as 

follows: 

Y=1.88X+1.24                                                                  eq.1  

Where Y is the tensile stress on PDMS membrane (N/cm2) and X is strain (%) of the PDMS membrane. 

 

Figure. 23 PDMS stress-strain curve. n=3. 

The severe eye rubbing stress has been reported as 17 N/cm2 [149], which corresponds to 8.7 % strain 

of the PDMS membrane. Thus, it is critical to maintain the cell culture membrane deformation at or less 

than 8.7 % in order to investigate cell behavior affected by eye rubbing stress. 
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4.2.2  Fluidic cell stretcher characterization 

Fluidic cell stretcher calibration was conducted with the method stated in section 3.3. The effect of inlet 

air pressure and time were investigated. 

Effect of pressure 

Air inlet was controlled at 7 N/cm2, 10 N/cm2 and 13 N/cm2 and the cell culture membrane deformation 

was measured separately. Our results showed that the average strain increased with an elevated inlet 

pressure. The mean obtained strain for each pressure was 2.5 %, 3.6 % and 4.2 % respectively. The 

fitted strain-air pressure curve is shown in equation 1, which enabled us to predict and adjust the 

deformation of cell culture membrane by controlling inlet air pressure. 

Y=0.26X+0.74                                                                eq.2 

Where Y is the obtained strain (%) on cell culture membrane and X is the inlet air pressure (N/cm2). 

  

 

Figure. 24 Fluidic cell stretcher calibration curve.  

PDMS strain under various inlet pressure. n=3. 

 

Effect of time 

The change of PDMS membrane deformation over time is shown in Figure 25. As is shown, the strain 

was obtained within one minute of air inflation. Although the strain was kept stable for five minutes 

with negligible disturbance, a relatively high standard error was observed under 13 N/cm2 of inlet air 
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pressure compared with that at 7 N/cm2 and 10 N/cm2, indicating the intolerance of such high pressure 

of the built stretching system.  

 

Figure. 25 PDMS strain obtained on fluidic cell stretcher over time with different inlet air 

pressure. n=3. 

Our calibration results demonstrated a linear fit of the strain on the cell culture membrane and the 

inflated air pressure. Moreover, the strain variance was relatively low under a pressure at and lower 

than 10 N/cm2 over the first four minutes of stretching. These results indicate that our customized 

stretching system was controllable and stable at certain conditions, thus capable of cell stretching 

investigation. 

Based on equation 1 and equation 2, the relation between tensile stress sensed by cells and the inlet air 

pressure is shown below: 

Y=0.49X+1.39                                                                 eq.3 

Where Y is the tensile stress sensed by cells (N/cm2) and X is inlet air pressure (N/cm2). 

The calculated relation of inlet air pressure, membrane strain and tensile stress sensed by cells are listed 

in Table 4. The highest stress listed was noted as severe eye rubbing stress. As is shown in this table, 

the three set of tested inlet air pressure all induced tensile stress on the cell culture membrane within 

the range of severe eye rubbing stress. 
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Table. 4 Relation of inlet air pressure, PDMS membrane strain and tensile stress sensed by cells. 

Inlet air pressure 

N/cm2 

Strain on PDMS 

membrane % 

Stress sensed by cells 

N/cm2 

7 2.5 5 

10 3.6 8 

13 4.2 9 

29 8.8 17 

 

4.2.3  Electric cell stretcher calibration curve 

Effect of indenter displacement 

Due to the limitation of the linear actuator, the minimum displacement of the indenter was 1 mm. Thus, 

the cell culture membrane could not be deformed continuously. As is shown in Figure 26, the strain of 

cell culture membrane increased with increased displacement of the indenter, which were 2.6 %, 6.5 %, 

13.3 %, 23.0 %, 32.0 % at the indenter displacement of 1 mm, 2 mm, 3 mm, 4 mm, 5 mm, respectively. 

 

Figure. 26 Electric cell stretcher calibration curve with PDMS strain under various indenter 

displacement. n=4. 

Effect of time 

The strain of the cell culture membrane was measured within 5 minutes of stretching with an indenter 
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displacement of 1-2 mm. It is shown in Figure 27 that no significant difference was detected on the 

strain of the cell culture membrane, indicating the stability of the electric stretching system.  

  

Figure. 27 PDMS strain on the electric cell stretcher under indenter displacement of 1 mm and 

2 mm. n=3. 

4.2.4  Cell viability upon stretching 

HCEpCs were seeded on the PDMS membrane of the electric cell stretcher and were stretched with the 

indenter displacement of 1 mm. HCEpCs viability was assessed with Live/Dead assay (Calcein AM 

stains live cells, EthD-1 stains dead cells). As shown in Figure 28, increased cell detachment was 

observed after stretching. This may result from either mechanically-induced detachment of the cells 

from the substrate or cell death induced detachment. The result was consistent with the previous 

reported observation where human alveolar basal epithelial cells (A 549 cells) presented significant cell 

detachment after stretching at 20 % strain for 8 hours [191]. Another study observed increased A549 

cell death and cell detachment when cells were exposed to a combination of tensile stress (from 50 % 

strain stretch) and shear stress for 2 minutes, indicating short-period induced cell damage upon high 

mechanical stress gradient [192]. Calculated from equation 1, the selected cell culture membrane 

deformation exposed the cells to a tensile stress of 6 N/cm2, which would be considered a severe rubbing 

stress (see Table 4).  If one may compare the difference between cell monolayer and the corneal 

epithelium (stratified layer), the stress used in the cell stretching study may be considered  at a high 

level for monolayer, which may result in cell death immediately after stretching. Our results presented 

here indicate a direct damage on HCEpCs by tensile stress, highlighting potential of epithelium 

wounding caused by eye rubbing. 
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Figure. 28 Effect of tensile stress on cell viability. Immortalized HCEpCs were stretched for 3 

minutes and then stained with Calcein AM / EthD-1. Calcein AM stains live cells in green and 

EthD-1 stains dead cells in red. Representative images were selected from 2 separate 

experiments. Scale bar is 100 μm.  

4.3  Cell behavior upon compression 

4.3.1   Cell viability upon compression 

HCEpCs viability was assessed with Live/Dead assay (Calcein AM stains live cells, EthD-1 stains dead 

cells) immediately and 24 hours after compression. At 0h, no change was observed under 0.03 N/cm2 

compressive stress (Figure 29 A-i, ii). However, HCEpCs stained with EthD-1 after being exposed to 

compressive stress at or higher than 0.05 N/cm2 (Figure 29 A-iii, iv), suggesting that cells had died. 

When the compressed cells were allowed to recover for 24 hours, no difference in live/dead staining 

was seen on the HCEpCs exposed to 0.03 N/cm2 and 0.05 N/cm2 compressive stress compared to control 

group (Figure 29 A-v,vii), suggesting that the compression induced cellular damage and the uptake of 

EthD-1 was reversible within 24 hours. In contrary, cellular uptake of EthD-1 at 0.10 N/cm2 

compressive stress did not change after 24 hours, indicating exposing cells to such a compressive stress 

resulted in killing the majority of the cells (Figure 29 A-viii). Primary HCEpCs showed similar 

fluorescence uptake upon 0.05 N/cm2 compression where most cells were permeable to EthD-1 after 

compression but recovered and stained with Calcein AM after 24 h of incubation (Figure 29 B).  

Unlike the higher compressive stress (0.10 N/cm2), which resulted in cell death in immortalized HCECs, 

the medium compressive stress (0.05 N/cm2) seemed to only induce damage to cells transiently, which 

was overcome within 24 h. Cell damage and cell death induced by compression has been reported 

extensively in various cell types [193]–[195], which is consistent with our result upon the highest 

compressive stress (Figure 29 A). However, the “reversible cell damage” observed on HCEpCs under 

a compressive stress of 0.05 N/cm2 may likely be explained by the cellular uptake of EthD-1 

immediately after compression resulting from a transient damage in cell membrane permeability. 
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Figure. 29 Effect of compressive stress on cell viability. 

A, Immortalized HCEpCs viability under different compressive stress. B, Effect of medium load 

stress (0.05 N/cm2) on primary HCEpCs. Calcein AM (stains live cells in green) / EthD-1 (stains 

dead cells in red) staining was conducted immediately after compression (0 h) and after cells 

were incubated for 24 h after compression (24 h). Representative images were selected from 3 

separate experiments. Scale bar is 100 μm.  

Cell viability was further characterized for the HCEpC monolayer with developed tight junctions. After 

forming tight junctions, HCEpC monolayer could hold a compressive stress of 0.93 N/cm2, 9 times 

more than the highest load tested earlier. At 0h, no change was seen on cells under 0.52 N/cm2 (Figure 

30 A, B). At higher compressive stress (0.93 N/cm2), cell detachment was observed after compression 

(Figure 30 C) and the detachment increased with increasing compressive stress (data not shown). 

Increased cell death and cell detachment were also present 24 hours after compression (Figure 30 D, E, 

F). Different from the HCEpCs without ZO-1, which were still attached on the substrate after 

compression even when they stained dead (Figure 29 A-G), cells with ZO-1 detached immediately from 

the substrate once they died from compression. Moreover, unlike HCEpCs without ZO-1 

formation/expression, there was no change in EthD-1 uptake within 24 hours after compression. These 

differences may indicate the protective role of ZO-1 on HCEpCs upon compression in that cells with 

ZO-1 could tolerate higher loading of compression and that cell membrane permeability could maintain 
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stable after compression.  

The protective role of ZO-1 upon compression has been reported with the finding that Salvianolic Acid 

B [196] and curcumin [197] could protect rat spinal cord against compressive injury, both of which 

work through upregulating the expression of ZO-1. 

 

Figure. 30 Effect of high compressive stress on cell viability. 

Viability test of ZO-1 expressing immortalized HCEpCs 0 h (A-C) and 24 h (D-F) after 

compression. Calcein AM (stains live cells in green) / EthD-1 (stains dead cells in red) staining 

was conducted immediately after compression (0 h) and after cells were incubated for 24 h after 

compression (24 h). Representative images were selected from 3 separate experiments.  

Scale bar is 100 μm.  

4.3.2  Calcein AM uptake upon compression 

The previous section indicated cell permeability change after compression with a compressive stress of 

0.05 N/cm2. Although no change in Calcein AM /EthD-1 uptake was seen at 0.03 N/cm2 immediately 

after compression, we decided to detect whether cell permeability was also affected by compression at 

this loading weight. Calcein AM/EthD-1 staining was conducted within 90 minutes after compression 

of 0.03 N/cm2. No change in HCEpCs was seen immediately after compression (Figure 31 A, i-iv); 

however, dramatically increased Calcein AM uptake was observed when cells were incubated for 30-

90 min after compression at low compressive stress (0.03 N/cm2) (Figure 31 A, v-xii). Excessive 

Calcein AM was washed with PBS after staining, indicating that the observed increased Calcein AM 

intensity was a result of cellular uptake. Thus, we speculate a change in cell permeability caused by 

compression. However, this phenomenon was not observed on primary HCEpCs, which showed no 

change of Calcein AM uptake within 30 min after compression (Figure 31 B). The increased Calcein 

AM uptake observed here correlates with the finding that increased fluorescein permeability was shown 

in the cornea after penetrating keratoplasty as a result of mechanical stimuli [198].  
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Figure. 31 Effect of compressive stress on Calcein AM uptake.  

Calcein AM uptake of immortalized HCEpCs (A) and primary HCEpCs (B) under compressive 

stress. Calcein AM (stains live cells in green) / EthD-1 (stains dead cells in red) staining was 

conducted immediately after compression (0 min) and after cells were incubated for 30 min and 

90 min after compression. Representative images were selected from 3 separate experiments. 

Scale bar is 100 μm.  

The Calcein AM uptake was also assessed on HCEpC monolayer with ZO-1 formation. Unlike the 

HCEpCs without tight junction, ZO-1 expressing cell monolayer displayed no minimal change in 
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Calcein AM uptake at any loading weight (Figure 32) when incubated for up to 60 minutes after 

compression.  

 

Figure. 32 Effect of high compressive stress on Calcein AM uptake. 

Calcein AM uptake of immortalized HCEpCs under compressive stress. Calcein AM (stains live 

cells in green) / EthD-1 (stains dead cells in red) staining was conducted immediately after 

compression (0 min) and after cells were incubated for 30 min and 60 min after compression. 

Representative images were selected from 3 separate experiments. Scale bar is 100 μm. 

4.3.3  Cell apoptosis upon compression 

Caspases, members of cysteine proteases which are activated in apoptotic cells, were characterized in 

HCEpCs 0 h, 1.5 h and 24 h after compression. As is shown in Figure 33, Figure 34 and Figure 35, no 

difference was seen in cellular expression of caspase for cells 0 h and 1.5 h after compression. However, 

24 hours after compression, a significantly increased apoptosis rate was observed in cells which had 

been exposed to a compressive stress of 0.05 N/cm2 (Figure 35, Figure 36). Similar results were 

observed on ZO-1 expressing cells. No difference in caspase expression was detected 0 h (Figure 37) 

and 1.5 h (Figure 38) after compression. However, when HCEpCs were incubated for 24 h after 

compression, an increase in caspase expression was observed on the cells compressed with 0.52 N/cm2 

compressive stress (Figure 39, Figure 40). 

Apoptosis is a form of programmed cell death that exists in normal cells under physiological condition 

in order to eliminate damaged cells. Aberrant cellular apoptosis upon external mechanical compression 
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has been reported in various cell types [199]–[202]. Although no research has been published on 

compression-induced apoptosis on HCEpCs, the findings of increased apoptosis observed in HCEpCs 

under shear stress [136] and substrate stiffness [122] highlight the potential of apoptosis activation as a 

mechanoresponse of HCEpCs. 

It has been found that corneal keratocytes could undergo increased apoptosis as a result of wounded 

epithelium [203]. In this process, IL-1 [204] has been suggested as a potential mediator in regulating 

apoptosis. The potential role of IL-1 on HCEpCs apoptosis has also been proven with the finding that 

IL-1 Receptor Antagonist could inhibit cell apoptosis in human corneal limbal epithelial cells [205]. 

Thus, the increased apoptosis observed at 24 hours after compression in our results may be related to 

IL-1 released by HCEpCs. 

 

Figure. 33 Effect of compressive stress on apoptosis of immortalized HCEpCs (0 h). 

Cell apoptosis was detected by poly caspase staining (FAM-FLICA, green) immediately after 

compression. In the positive control, apoptosis was induced by staurosporine. Representative 

images were selected from 3 separate experiments. Scale bar is 100 μm.  



53 

 

 

Figure. 34 Effect of compressive stress on apoptosis of immortalized HCEpCs (1.5 h). 

Cell apoptosis was detected by poly caspase staining (FAM-FLICA, green) after incubating cells 

for 1.5 h post-compression. In the positive control, apoptosis was induced by staurosporine. 

Representative images were selected from 3 separate experiments. Scale bar is 100 μm. 
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Figure. 35 Effect of compressive stress on apoptosis of immortalized HCEpCs (24 h). 

Cell apoptosis was detected by poly caspase staining (FAM-FLICA, green) after incubating cells 

for 24 h post-compression. In the positive control, apoptosis was induced by staurosporine. 

Representative images were selected from 3 separate experiments. Scale bar is 100 μm. 
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Figure. 36 Percentage of apoptosis cells after compression. Cell apoptosis was characterized 

with poly caspase staining (FAM-FLICA). Caspase positive cells were counted using Image J. 

Percentage was determined by dividing caspase expressing cell number with total cell number. 

*p<0.05. n=3. 
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Figure. 37 Effect of compressive stress on apoptosis (0 h, ZO-1 expressing cells). 

Cell apoptosis of ZO-1 expressing immortalized HCEpCs upon different compressive stress. 

Cell apoptosis was detected by poly caspase staining (FAM-FLICA, green) immediately after 

compression. In the positive control, apoptosis was induced by staurosporine. Representative 

images were selected from 3 separate experiments. Scale bar is 100 μm. 
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Figure. 38 Effect of compressive stress on apoptosis (1.5 h, ZO-1 expressing cells). 

Cell apoptosis of ZO-1 expressing immortalized HCEpCs upon different compressive stress. 

Cell apoptosis was detected by poly caspase staining (FAM-FLICA, green) after incubating cells 

for 1.5 h post-compression. In the positive control, apoptosis was induced by staurosporine. 

Representative images were selected from 3 separate experiments. Scale bar is 100 μm. 
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Figure. 39 Effect of compressive stress on apoptosis (24 h, ZO-1 expressing cells). 

Cell apoptosis of ZO-1 expressing immortalized HCEpCs upon different compressive stress. 

Cell apoptosis was detected by poly caspase staining (FAM-FLICA, green) after incubating cells 

for 24 h post-compression. In the positive control, apoptosis was induced by staurosporine. 

Representative images were selected from 3 separate experiments. Scale bar is 100 μm. 
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Figure. 40 Percentage of apoptosis cells after compression (ZO-1 expressing cells). Cell 

apoptosis were characterized with poly caspase staining (FAM-FLICA). Cells were counted 

using Image J. Percentage was determined by dividing caspase expressing cell number with 

total number. *p<0.05. n=3. 

4.3.4  Cytoskeleton rearrangement upon compression 

Cytoskeleton rearrangement was observed after compression as characterized with Alexa-Fluor488 -

phalloidin staining. HCEpCs displayed F-actin network with peripheral stress fiber before compression 

(Figure 41 A-C). However, increased and thickened stress-fibers tended to accumulate in the periphery 

around the cells under compression, especially when the compressive stress was at or higher than 0.05 

N/cm2 (see arrows in Figure 41 H, K), indicating a responsively arranged cytoskeleton under 

compression.  
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Figure. 41 Effect of compressive stress on the cytoskeleton (0 h). 

F-actin arrangement of ZO-1 expressing immortalized HCEpCs before (A-C) and after (E-O) 

compression. Scale bar is 50 μm. D, H, I, P, Magnified view of F-actin arrangement. Scale bar 

is 10 μm. F-actin was stained with phalloidin (green) immediately after compression. 

Representative images were selected from 3 separate experiments.  

The rearranged F-actin organization triggered by compression was recovered when HCEpCs were 

incubated for 24 hours after compression. As shown in Figure 42, F-actin network and stress fiber 

organization did not significantly vary among the cells both with and without compression. However, 

a lower intensity of the phalloidin staining was observed under the high loading (Figure 42K), showing 

the potential destructive effect of mechanical stimuli on F-actin polymerization. Except for changes in 

F-actin distribution, cell detachment and increased space between cells were also observed after 

compression. 
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Figure. 42 Effect of compressive stress on the cytoskeleton (24 h). 

F-actin arrangement of ZO-1 expressing immortalized HCEpCs before (A-C) and after (D-L) 

compression. F-actin was stained with phalloidin (green) after incubating cells for 24 h post-

compression. Representative images were selected from 3 separate experiments.  

Scale bar is 50 μm. 

Medium loading was selected for a compression test on primary HCEpCs. Under compression, the 

accumulation of F-actin stress fiber around the primary HCEpCs was more obvious, which was shown 

as a dramatically increased phalloidin-staining intensity (Figure 43 A). However, this phenomenon was 

not seen 24 h after compression, when there was no difference on F-actin arrangement between non-

compressed and compressed samples (Figure 43 B). 
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Figure. 43 Effect of compressive stress on cytoskeleton (primary cells). 

F-actin arrangement of primary HCEpCs upon compressive stress of 0.05 N/cm2. F-actin was 

stained with phalloidin (green) immediately (A) and after incubating cells for 24 h (B) post-

compression. Representative images were selected from 3 separate experiments.  

Scale bar is 50 μm. 

The results presented in this section corroborate results from a previous study. It was demonstrated that 

the cyclic compression of 2 hour on chondrocytes resulted in punctate distribution of actin filaments 

and increased stress fiber intensity [206]. Stress fiber, which are F-actin bundles, are produced with the 

aid of cross-linking proteins including fimbrin, fascin and α–actinin [207], [208]. They act as prominent 

cytoskeletal structures. The mechanoresponse of stress fibers were investigated in an in vitro study 

using optical tweezers to compress individual stress fiber axially [209]. It was shown that F-actin 

bundles tend to buckle closer in response to mechanical stress, which may explain the increased stress 
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fiber in HCEpCs after compression in this thesis. When the stress fibers were allowed to relax after 

compression, the closely bond F-actin bundle was not recovered to initial state, indicating a deformative 

memory adaptive to mechanical stimuli [209]. The recovery of rearranged stress fibers has been studied 

at various timescale. Compression-induced rearrangement of cytoskeleton was shown to recover 1 hour 

after unloading of compression in chondrocytes [206]. Another in vitro study reported reversible and 

elastic response of stress fibers after 10 s of optical-tweezers-driven deformation [210]. It was also 

shown that long-term deformation (1000 s) of stress fibers would result in its irreversible response, 

indicating time-scaled mechanoresponse of stress fibers [210]. 

Alexa-Fluor488-phalloidin staining was also conducted on HCEpC monolayer with abundant 

expression of ZO-1 to assess the role of tight junctions on cellular compressive response. Our results 

showed no significant difference on F-actin arrangement of HCEpCs with and without compression 

either at 0 h or 24 h (Figure 44). Our results are consistent with a recent report that no change in F-actin 

recruitment was seen after compression in ZO-1-expressing S180 murine sarcoma cells [211]. The 

unchanged F-actin arrangement may indicate that cellular tight junction protects cytoskeleton from 

mechanical stimuli, which is consistent with the finding that presence of ZO-1 is essential in 

maintaining unified actin filaments in mouse intestinal epithelial cells both in vivo and in vitro [212]. 

This may result from the close interaction between F-actin and ZO-1 through their binding sites or 

molecules including C-terminal of ZO-1 [213], occludin [214] and myosin [215]. Additionally, ZO-1 

also binds to other cytoskeleton components, such as α-catenin, vinculin and cortactin [216]. The strong 

network of ZO-1 and cytoskeleton provides mechanical support for cells, which is believed to stabilize 

the assembly and function of F-actin upon mechanical stimuli [217].  
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Figure. 44 Effect of compressive stress on cytoskeleton arrangement (ZO-1 expressing cells). 

F-actin arrangement of ZO-1 expressing immortalized HCEpCs upon different compressive 

stress. F-actin was stained with phalloidin (green) immediately (A) and after incubating cells for 

24 h (B) post-compression. Representative images were selected from 3 separate experiments. 

Images except iv, vii, xii, Scale bar is 50 μm. iv, vii, xii, Magnified view of F-actin arrangement. 

Representative images were selected. Scale bar is 10 μm. 

Collectively, our results revealed a mechano-response of F-actin upon compression. Before the 

formation of ZO-1, increased peripheral stress fiber formation was observed with increased F-actin 

intensity. In contrast, when cells were expressing ZO-1, compression could not significantly affect the 

distribution and recruitment of F-actin. We postulate that ZO-1 may act as a protector to maintain stable 

equilibrium of the cytoskeleton under compressive stimuli. 
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4.3.5  ZO-1 expression upon compression 

ZO-1 expression was detected at 0 h and 24 h after compression to determine the effect of compressive 

stimuli on cellular tight junctions. From our results, the percentage of HCEpCs expressing ZO-1 was 

61 ± 8 % before compression and it was found to be decreased immediately after compression under 

both compressive stress (Figure 45 C). Statistical significance was shown under the load of 0.93 N/cm2, 

showing a 30 % decrease of ZO-1 expressing cells (Table 5).  

When cells were incubated for another 24 hour after compression, there was a further decrease on ZO-

1 expressing cells. Significant difference was observed under the load of 0.93 N/cm2 (Figure 46) 

compared to both the control group and the lower compressive stress group. As shown in table 4, the 

decrease of ZO-1 expressing cells under the compressive stress of 0.52 N/cm2 and 0.93 N/cm2 was 17 % 

and 30 %, respectively, indicating extensive damage on cellular tight junctions.  
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Figure. 45 Effect of compressive stress on ZO-1 formation.  

ZO-1 expression of immortalized HCEpCs upon different compressive stress. ZO-1 was stained 

with ZO-1 antibody (green) immediately (A) and after incubating cells for 24 h (B) post-

compression. Representative images were selected from 3 separate experiments. Scale bar is 

10μm in A and 20μm in B. 
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Figure. 46 Percentage of ZO-1 expressing HCEpCs comparison 0 h and 24 h after compression. 

Percentage of ZO-1 expressing cells were characterized by dividing ZO-1 expressing cell 

number with total cell number. * p<0.05 n=3. 

 

Table. 5 Decrease of ZO-1 expressing cells under compression. n=3. 

Compressive stress Decrease of ZO-1 % induced by compression 

 0h 24h 

0.52 N/cm2 13%±3% 17%±9% 

0.93N/cm2 30%±10% 30%±10% 

 

Tight junction, as an intercellular adhesion complex, is closely associated between adjacent cells. The 

responsive modulation of tight junction induced by external mechanical stress or wound has been 

extensively reported. The compressed rat spinal cord was shown to present dramatically decreased 

expression of ZO-1 24 hours after injury [196]. Decreased ZO-1 expression was also detected in rat 

cerebral cortex upon electromagnetic compressive stress [218]. In the contrary, two studies reported 

increased ZO-1 expression in response to cyclic stretching in both vascular endothelial cells [219] and 

ZO-1-transfected S180 murine sarcoma cells [211]. These findings demonstrate the responsive nature 
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of ZO-1 expression upon mechanical stimuli. ZO-1 expression has also been detected in various rat 

cells after exposure to electromagnetic cyclic compression [220]. Either increased or decreased ZO-

1expression was detected in the investigated organ cells, indicating dual-directional mechanical-

responsive expression of ZO-1 [220].  

A study reported that the decreased ZO-1 expression detected in compressively triggered rat cerebral 

cortex [218] was a result of gelatinase-mediated degradation. It was found that the ZO-1 mRNA 

expression was unchanged, however, increased expression of gelatinases including MMP-2 and MMP-

9 were detected [221]. This may explain the decreased ZO-1 expressing cells in our results. It is 

hypothesized that HCEpCs could release MMP-2 and MMP-9 upon exposure to mechanical stress based 

on the fact that increased MMP-2 [222] and MMP-9 [223], [224] expression has been detected in the 

tears of keratoconus patients. As a result, ZO-1 could be degraded by the secreted MMP-2 and MMP-

9. Different from the conventional analysis of ZO-1 expression in the reported literature, the percentage 

of ZO-1 expressing cells was characterized in this thesis. Cells were regarded ZO-1 expressing only 

when all edges of the cells are fluorescently stained with ZO-1. In this case, cells with free cell boundary 

(i.e. cells not being surrounded by other cells when the cell layer confluence was interrupted) would be 

neglected, yielding an underestimation of ZO-1 expressing cells. It is recommended to quantify ZO-1 

expression with the commonly adopted ZO-1 quantification method, the analysis of ZO-1 fluorescence 

intensity, which could be further compared to previous literature in characterizing the change of ZO-1.  
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5.0 Conclusion and Recommendations  

This project put forward two different kinds of mechanical models to investigate HCEpCs behavior 

under in-plane tensile stress and out-of-plane compressive stress. The mechanoresponse of HCEpCs 

showed signs observed in KC epithelium, highlighting the potential impact of eye rubbing on the 

formation of KC. 

5.1  Design of cell stretching system and characterization of cell response to in-plane tensile 

stress 

Two stretching models were designed and fabricated to investigate HCEpCs response to in-plane tensile 

stress: a fluidic cell stretcher and an electric cell stretcher that could stretch the substrate on which 

HCEpCs were seeded or a real cornea. The fluidic cell stretcher was built with air pressure controlled 

stretching system, and the electric cell stretcher was built with electrically controlling system. As a 

proof-of-concept, a nitrogen gas tank was used as the source of air pressure. Calibration and cell test 

were conducted on the fluidic cell stretcher and the electric cell stretcher.  

Our calibration results showed that the lab-built fluidic cell stretcher could achieve designated 

stretching strain, which could be kept stable within five minutes under low inlet pressure. However, 

variation in strains was observed under high inlet air pressure. This may limit our investigation of 

HCEpC response to tensile stress at high range. The variations observed in the data may result from the 

deformation or air leak of the PDMS cell stretcher at high pressure. Upgrades, such as strengthening 

the binding of different layers, need to be made to prevent these problems. The variability in the data 

may also be due to the limitation of the gas tank. Unlike a pump that could automatically and precisely 

control the air pressure, a gas tank can only be handled manually by the switch to achieve a certain 

pressure. A lag time exists after switching on to achieve a steady pressure as well as after switching off 

to remove the pressure. In this way, the air pressure injected into the fluidic cell stretcher was not steady 

during the lag time, resulting in the disturbance observed during calibration. It is recommended that a 

pump should be incorporated as a more precise air pressure controlling system. Calibration of the 

electric cell stretcher displayed precise and stable deformation of the cell culture membrane at certain 

indenter displacement within five minutes.  

With a precise controlling system and the availability to mount an animal cornea, the electric cell 

stretcher is regarded as a more promising in current research. A cell experiment on the electric cell 

stretcher showed an increased cell detachment upon stretching, revealing that HCEpCs reacted to 

external tensile stimuli. As part of preliminary study, only static stretch was conducted on HCEpCs. 

However, multiple eye rubbing occurs in KC patients. In order to better mimic eye rubbing induced 

mechanical stimuli, it is recommended to apply cyclic stretch on HCEpCs. 

5.2  Design of cell compressing system and characterization of cell response to out-of-plane 

compressive stress 

A compressing model was also built to investigate the effect of out-of-plane compressive stress on 

HCEpCs. Cyclic compressive stress was applied on HCEpCs monolayer to investigate how 

compressive stress could contribute to the development and progression of KC. Cellular 
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characterization including cell viability, apoptosis, cytoskeleton rearrangement, and ZO-1 expression 

were analyzed 0 and 24 hours after compression. Our findings indicated that HCEpCs were vulnerable 

to mechanical stimuli with increased cell death rate and apoptosis, formation of peripheral stress fiber, 

abnormal cell membrane Calcein AM uptake and decreased ZO-1 formation. Compared with severe 

eye rubbing stress of 17 N/cm2, the compressive stress adopted during compression study was very low 

(0.10 N/cm2 for cell monolayer without ZO-1 expression and 0.93 N/cm2 for ZO-1 expressing 

monolayer). Cellular change upon compressive stress revealed the responsive nature of HCEpCs to 

mechanical stimuli, shedding light on the potential pathological path of mechanically triggered KC.  

The mechanical stress-induced changes in cell viability and F-actin network rearrangement were both 

recovered after 24-hour incubation. However, the number of apoptotic cells was dramatically increased 

24 hours after compression, indicating that cells were not fully recovered from compression. Moreover, 

the loss of cellular tight junctions under mechanical compression would last longer than 24 hours. As 

HCEpCs without tight junctions are more vulnerable to compressive stress, the compression-induced 

loss of ZO-1 may impose higher risk of damage on corneal epithelium without its protection. The stress-

induced cell death and decreased cell-cell junction expression are in accordance with the increased 

epithelial cell loss found in KC cornea [66], [96], [97]. The cytoskeleton rearrangement observed under 

compressive stress showed a similar pattern as corneal epithelial cellular response to other mechanical 

stimuli including shear stress and substrate stiffness change reported recently [122], [123].  

As investigation of cellular behavior under out-of-plane compressive stress was only pursued on 

HCEpCs monolayers instead of corneal epithelium, the results presented in this thesis may be limited 

regarding the pathological path of KC. Thus, it is recommended to continue these studies to include 

stratified corneal epithelial cells and an animal cornea.  

5.3  Recommendations for future work 

As a pilot study, this thesis successfully designed and fabricated in vitro mechanical models that could 

apply in-plane tensile stress and out-of-plane compressive stress on corneal cells. It was put in evidence 

that corneal epithelial cells react to mechanical stimuli, which can contribute to a better understanding 

of the pathological path of KC. Recommendation is proposed to strengthen the fluidic cell stretcher and 

to remedy for the imprecise controlling system of the cell stretcher for further investigation. It is also 

recommended to perform experiments with in-plane tensile stress and out-of-plane compressive stress 

on stratified corneal epithelial cells or animal corneas in order to better understand corneal response to 

mechanical stimuli.  
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Appendix - Codes for electric cell stretcher 

#include <Servo.h> 

Servo myservo;  // create servo object to control a servo 

// twelve servo objects can be created on most boards 

int pos = 82;    // initial position 

stop pos = 81; 

void setup() { 

  myservo.attach(9);  // attaches the servo on pin 9 to the servo object 

} 

void loop() { 

  myservo.write(pos); 

} 

 


