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ABSTRACT.  

Purpose: To develop a mechanical model in which a contact lens is swept over ocular surface 

cells under conditions that mimic the force and speed of the blink, and to investigate the resulting 

biological changes. 

Methods: A computer controlled mechanical instrument was developed to hold a dish containing 

3D cultured stratified human ocular surface epithelial cells, across which an arm bearing a 

contact lens was swept back and forth repeatedly at a speed and force mimicking the human 

blink. Cells were subjected to repeated sweep cycles for up to 1 h at a speed of 120 mm/s with or 

without an applied force of 19.6 mN (to mimic pressure exerted by upper eyelid), after which the 

cell layer thickness was measured, the cell layer integrity was investigated using fluorescent 

quantum dots (6 and 13 nm) and the phosphorylation levels of various protein kinases were 

analyzed by human phospho-kinase arrays. Data for selected kinases were further quantitated by 

enzyme immunoassays. 

Results: The thickness of the cell layers did not change after exposure to sweep cycles with or 

without applied force. Quantum dots (6 and 13 nm) were able to penetrate the layers of cells 

exposed to sweep cycles but not layers of untreated control cells. The phosphorylation levels of 

HSP27 and JNK1/2/3 increased for cells exposed to sweep cycles with applied force compared to 

untreated control cells. 

Conclusions: The in vitro mechanical instrument is a useful tool to investigate the effects of 

blinking on the ocular surface.  

KEYWORDS. Biomechanical model, Corneal epithelial cells, Mechanical force, Protein kinase 

phosphorylation,  

1. INTRODUCTION 
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Blinking is essential for maintaining the health and well-being of the eye.1-4 Each blink spreads 

tears over the entire ocular surface to create a smooth optical surface, helping to keep the eyes 

moist and lubricated.3, 4 Blinking also clears away any debris and irritants.3, 4  The speed and 

frequency of the blink vary quite considerably among human subjects and with methodology and 

specific experimental parameters. Reasonable averages are a spontaneous blink rate of 14-15 

blinks/minute and a blink speed (taking into account both up and down phases) of 120 

mm/second.5, 6 Various studies have reported different measures of forces exerted on the ocular 

surface by the eye lids. One study reported a pressure of 50 mmHg (equivalent to 6.67 mN/mm2 

or 0.68 gf/mm2) or more during a hard lid squeeze,7 while another reported between 2 and 80 

grams of loading force (i.e., between 19.6 mN and 784.5 mN loading force) ranging from a 

normal blink to a hard blink.8 It is important to note that a number of forces are present at the 

ocular surface during blinking that depend on a variety of factors, such as ocular surface 

roughness, tear film thickness, composition and viscosity, lid wiper geometry, blink rate, surface 

mucins on ocular surface cells, and presence or absence of a contact lens. These factors act in 

tandem to regulate the exertion and distribution of the applied forces and dictate the health of the 

ocular surface. A detailed review of the contribution of individual factors can be found in Pult et 

al.9 

A variety of factors can influence blinking, including everyday activities such as reading,10 

ocular surface disease such as dry eye,11 and contact lens wear.12 As the eyelid moves across the 

ocular surface during a blink, it creates a mechanical force on the contact lens, which moves and 

deforms the lens in a way crucial for post-lens tear film exchange, thus improving comfort 

during contact lens wear.9 Moreover, the force generated on the contact lens during blinking is 

also transferred onto the ocular surface cells, and has both a normal and tangential component.13  

Furthermore, the movement and deformation of the contact lens during blinking induce tear fluid 

motion that creates shear pressure on the ocular surface cells.14 Corneal epithelial cells under 

varying degrees of shear stress showed altered cytoskeleton and migratory behavior,15 delayed 

wound healing,16 and gross damage.17  

Overall, it is well established that cells respond to the biophysical and biochemical properties 

of their microenvironment,18 but little is known about how ocular surface cells respond to the 

mechanical stress of a blink, and the added stress in the presence of a contact lens at the 

molecular level. Therefore the purpose of this study was to develop a stratified human corneal 
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epithelial cell (HCEC) culture based model that utilizes dynamic conditions mimicking the force 

and speed of the blink so that the mechanical effects of blinking can be determined at the cellular 

level.  

2. MATERIAL AND METHODS 

2.1. Development of the in vitro Mechanical Model 

A high-speed linear actuator and accompanying controller (Physik Instruments GmbH & Co. 

KG, Germany, Figure 1) were employed as the driver for the movement of an arm bearing a 

contact lens over the ocular cells in vitro, which was controlled by a customized Matlab program 

(Mathworks, R2014b, Figure 2). An apparatus was designed around the actuator, which allowed 

for precise control of the magnitude of the force applied that was read by a laboratory scale 

(Figure 1) and recorded by the Matlab program. The elastic moduli of the human cornea and 

eyelid19, 20 were represented by a polyacrylamide gel with an elastic modulus of 25.50 ± 1.81 kPa 

placed underneath the cells, and a 1% agarose gel (elastic modulus 24.06 ± 5.4 kPa) placed 

between the contact lens and the arm tip. The fabrication of polyacrylamide gels was performed 

using formulations described previously.21 Prior to use, the elastic moduli of polyacrylamide and 

agarose gels were validated using Atomic Force Microscopy [MFP-3D Bio (Asylum Research), 

BioScope Resolve (Bruker Nano), Santa Barbara, CA] as described previously.21, 22  Finally, the 

entire apparatus was housed inside an incubator set at 37°C with humidity maintained using a 

water pan inside the incubator. The incubator also housed a CCTV camera for convenient 

monitoring of the movement of the actuator when the incubator door was closed during an 

experiment (Figure 2).  
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Figure 1. Illustration of the in vitro model system developed to study the effects of blinking on 

HCEC. Aluminum housing units 1 and 2 were used to stabilize the linear actuator 5 and arm 

guide 4. 1 slides along 2 to allow positioning of the culture insert. 4 is fastened to 1 and its 

vertical location is controlled by the screw on top of 1, which defines the magnitude of the force 

applied. The shaft on the actuator 5 pushes arm holder 6 along the arm guide 4. A contact lens is 

stabilized on the tip of arm 7 that moves with 6. The contact lens can be set to be either in 

contact with (applying force) or not in contact with cells (no force) in the culture insert 8. 

Compliant gels (not shown in the figure) were placed underneath the cells (polyacrylamide gel 

with an elastic modulus of 25 kPa) and between the contact lens and arm tip (agarose gel) to 

represent the mechanical properties of the human cornea and eyelid. 

 

Figure 2. The in vitro biomechanical force model system. (A) The experimental setup, and B) 

the graphical user interface (GUI) of the Matlab program to control the movement of the linear 

actuator.  The PC controlled the actuator and recorded the force applied to the cells. A CCTV 

camera in the incubator allowed for the movement of the actuator to be visualized on an external 

monitor when the incubator door was closed. The travel distance (defined by the starting and end 

positions), frequency (defined by the wait time between sweeps), duration (defined by the 

number of cycles) and velocity were set in the Matlab program GUI and are highlighted in red 

boxes. 

  

2.2. Cell Culture and Use of Cells in the Mechanical Model  

A validated telomerase immortalized human corneal epithelial cell line (hTCEpi) was used.23 

Briefly, cells were routinely maintained in KGM-2 culture media (Lonza Ltd., Switzerland) 

containing 0.15 mM Ca2+. One million hTCEpi cells in 1.5 mL of culture medium were passed 
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into collagen-coated culture inserts (24-mm diameter, 3.0 µm pore size, Corning Inc. Corning, 

NY) that were submersed in 2 mL of culture medium in the wells of a 6-well plate. The 

membrane of the inserts is polytetrafluoroethylene (PTFE) that is pre-coated with collagen by the 

manufacturer (elastic modulus 11.30 ± 3.16 MPa). Cells were incubated at 37 °C with 5% CO2 

overnight, then the medium was changed to KGM-2 containing 1.15 mM Ca2+.  The medium was 

changed every other day for 7 days. To promote stratification, after 7 days the medium was 

removed from the upper chamber of the culture insert, exposing the cells to an air-liquid 

interface. The 1 mL of medium underneath the culture insert was changed every day during air-

lifting for 7 days. 

 To perform an experiment, a culture insert with 1 mL culture medium covering the cells 

was mounted in the instrument and stabilized on a stainless steel holder, and positioned on the 

polyacrylamide gel in a petri-dish with ~ 5 mL culture medium. The large volume (1 mL) was 

necessary to fully cover cells on the insert and have enough depth (~ 2 mm) to immerse the 

contact lens (Biomedics 55, CooperVision, Scottsville, NY) stabilized at the arm tip.  During the 

experiment, the arm tip moved back and forth to its original position (a sweep cycle) at a defined 

speed of 120 mm/s.5, 6, 24, 25 The travel distance and resting time between sweeps were 18.5 mm, 

and 2 s, respectively.26 Please note that by adopting the above sweeping parameters, the 

theoretical number of sweep cycles per min is 26. However, due to the acceleration and 

deceleration processes of the actuator resulting in a slower average speed (less than 120 mm/s), 

the experimental number of sweep cycles per min was calculated to be 16. The design and size of 

the arm bearing the contact lens limited the contact area with the cells to a central strip 

(approximately 1 cm by 2 cm) of the insert. Therefore, at the end of the experiment, the central 

strip of the insert membrane over which the contact lens moved during the experiment was cut 

out and the cells were harvested for further analysis. For cells subjected to the sweeping motion 

without applied force (i.e., 0 gram-force [equivalent to 0 mN] and labeled as “0 mN” hereafter), 

the arm bearing the contact lens was positioned above the cells immersed in the culture media; 

hence, these cells were not subjected to any contact or force from the contact lens but were 

subjected to shear stress caused by turbulence of the culture media. To exert force on the cells, 

the arm bearing the lens was carefully moved into position until the contact lens touched the cells 

with the required amount of normal force (typically 2 gram-force (equivalent to 19.6 mN) and 

labeled as “19.6 mN” hereafter). The force was measured by the scale underneath and shown on 
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the scale screen. Furthermore, the force was continuously read during sweeping and recorded by 

the Matlab program. Stratified cells on culture inserts, which were not subjected to any 

manipulation, served as controls.  

Preliminary studies were conducted, subjecting cells to 300, 500, 600 and 944 sweep cycles 

with or without the force of 19.6 mN, after which cells were harvested and analyzed using 

phosphokinase arrays. Changes in phosphorylation were detectable at 300 sweep cycles and the 

change relative to control was greater with higher numbers of sweep cycles (data not shown), 

therefore subsequent experiments were conducted with 944 sweep cycles unless otherwise stated.  

 

2.3. Cell Layer Thickness Measurement 

Samples that were subjected to sweep cycles with or without force, as well as control samples, 

were fixed in 2 mL 0.1 mM sodium cacodylate with 2.5% glutaraldehyde and 20 mM calcium 

chloride for 30 min at room temperature followed by washing three times with 2 mL 0.1 mM 

sodium cacodylate buffer. A strip of ~3 mm × 1.5 cm was cut out from each insert membrane 

and placed in a 1.5 mL tube individually. All samples were incubated in 1 mL cacodylate buffer 

containing 0.75% potassium ferrocyanide, 0.15 M sodium cacodylate, 2 mM calcium chloride 

and 1% osmium tetroxide for 1 h on ice. After washing with 1 mL Milli-Q water at room 

temperature three times, the samples were incubated in 1 mL thiocarbohydrazide solution for 10 

min at room temperature followed by washing with 1 mL Milli-Q water three times. The samples 

were then incubated with 1 mL 1% osmium tetroxide for 15 min at room temperature followed 

by washing with water three times. Then the samples were placed in 1 mL 1% uranyl acetate and 

stored at 4 °C overnight. The next day, the samples were washed with Milli-Q water three times 

and incubated in a lead aspartate staining solution at 60 °C for 30 min followed by washing with 

Milli-Q water three times. All samples were dehydrated using ice-cold solutions of freshly 

prepared 20%, 50%, 70%, 90% and 100% acetone for 5 min each, and then placed in 100% 

acetone at room temperature for another 10 min. All samples were placed sequentially in 25%, 

50%, and 75% resin in acetone overnight, then placed in 100% resin for two days with daily 

changes. All samples were embedded in resin in a silicone rubber mold at 60 °C for 48 h. The 

blocks were cut into 200 nm sections and stained with Toluidine blue, and observed using a 

DeltaVision Spectris Core inverted microscope (Applied Precision, Issaquah, WA). The cell 

layer thickness was measured using softWoRx 1.0 software. For each sample, at least five 
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images were taken at various locations from at least two sections, and three measurements were 

taken for each image. The data were expressed as the mean thickness of more than 15 

measurements.  

 

2.4. Quantum Dot (QD) Imaging 

Quantum dots were used to determine whether exposure to sweep cycles with and without 

force affected cell layer integrity. Stratified hTCEpi cells on culture inserts were incubated with 

QDs (0.08 µM) with a diameter of 3.5 nm (fluoresce green, Sigma-Aldrich, Co. St. Louis, MO.), 

6 nm (fluoresce red, Sigma-Aldrich, Co.) and/or 13 nm (fluoresce green, Life Technologies, Inc. 

Carlsbad, CA) in 1 mL KGM-2 culture medium containing 1.15 mM Ca2+ at 37 °C with 5% CO2 

for 1 h. Based on the information provided by the vendors, QDs of 13 nm are nearly spherical, 

and QDs of 3.5 and 6 nm are irregularly shaped. Cells were washed with 2 mL PBS three times 

to remove any excess QDs. The membrane was cut out of each insert and embedded in Tissue-

Tek Optimal Cutting Temperature (OCT) compound (Sakura Finetck USA Inc. Torrance, CA). 

The OCT blocks were then cut into 10 µm sections on a cryostat, placed on slides, covered with 

Vectashield mounting medium for fluorescence containing a nuclear fluorescent dye DAPI 

(Vector Laboratories Inc. Burlingame, CA), and sealed with cover slips. All sections were 

imaged using a fluorescence microscope (Olympus IX71, Japan). This microscope cannot 

resolve individual QDs because of their small size thus the fluorescence signals were from 

clusters of QDs that were formed when they traveled through the cell layers.  

Some samples were also stained with rhodamine labeled actin stain phalloidin (Life 

Technologies, Inc. Carlsbad, CA). After exposure to sweep cycles, the cells were incubated with 

QDs as described above followed by the phalloidin solution for 20 min. Cells were washed with 

2 mL PBS three times, embedded in OCT and imaged following the procedure described above.   

 

2.5. Protein Array and Enzyme-linked Immunosorbent Assay (ELISA) 

Immediately after exposure to sweep cycles with or without force as described above, the area 

of the insert membrane that was in contact with the arm bearing the contact lens was cut out from 

each sample, and placed into 1.5 mL Eppendorf tubes. Cells without any manipulation served as 

controls. Entire membranes from control samples were cut out and placed in 1.5 mL Eppendorf 

tubes. All samples were frozen in liquid nitrogen and stored at -80 °C until analysis. On the day 
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of testing using a Human Phospho-Kinase Array kit (R&D systems, Minneapolis, MN.), samples 

were lysed using the lysis buffer supplied in the kit. Cell lysate from 2-4 inserts that were 

subjected to the same treatment was pooled to obtain sufficient protein for analysis. The total 

amount of protein in each sample was determined using the BCA assay. The same amount of 

protein for control and test samples was loaded on the arrays. The assays were performed as per 

the manufacturer’s instructions and the membranes exposed to x-ray film for detection of the 

chemiluminescent signal. A sample x-ray film is shown in Figure S1 (Supporting Information). 

To determine the phosphorylation of the proteins on the array, a custom Matlab program was 

used to analyze scanned images of the developed x-ray film. Briefly, each target protein kinase 

presented itself as two duplicate spots, and the darkness of the spots indicated its relative 

phosphorylation level in the sample. The Matlab program located each target spot on the images 

based on the parameters of the array template provided by the manufacturer (Supporting 

Information, Table S1), and calculated the signal intensity of each spot individually. Then the 

signal intensities from two duplicate spots were corrected by subtracting background signal and 

averaged, and exported as the mean signal intensity for each target protein kinase on the film. 

 The data for selected protein kinases (HSP27, JNK1/2/3, p38α, and cyclic adenosine 

monophosphate response element-binding protein (CREB)) were then confirmed by quantitating 

the phosphorylation level by ELISA (R&D Systems, Minneapolis, MN).  All samples that were 

subjected to sweep cycles with or without force, as well as control samples, were processed and 

stored as described above.  On the day of testing, samples were lysed using the buffer supplied in 

each kit for each target protein kinase. Relevant samples were also pooled to obtain sufficient 

amount of protein for analysis. The total amount of protein in each sample was determined using 

the BCA assay. The same amount of protein for control and test samples was used for each 

assay. The assay was performed and the phosphorylation level of each protein kinase was 

calculated per the manufacturer’s instructions.  

 

2.6. Statistical analysis 

The data are expressed as mean ± SD. Differences in the phosphorylation levels of HSP27, 

CREB, JNK1/2/3, and p38α as well as cell layer thicknesses between control and treated 

samples were evaluated by one-way ANOVA followed by Tukey’s test where significance was 

found with p < 0.05.  
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3. RESULTS  

3.1. Cell Layer Thickness  

A montage of images of toluidine blue stained sections showing the 3D cultured hTCEpi cells 

on the insert membrane is presented in Figure 3A. The thickness of the cell layer was not 

uniform across the insert membrane with the number of layers ranging from 2 to 7. The average 

cell layer thicknesses were 16.3 ± 3.6, 25 ± 1.0, and 24 ± 7.8 µm for the control and cells 

exposed to 944 sweep cycles with forces of 0 mN and 19.6 mN respectively (Figure 3B). No 

statistically significant thickness differences were observed between control and treated samples 

indicating that exposure to a force of 19.6 mN did not induce gross damage to the stratified 

layers.  

 

Figure 3. Bright field image of 3D cultured hTCEpi cells on a culture insert and cell layer 

thickness measurements. A) A montage of toluidine blue stained section images showing the 

control cells on a membrane. The membrane became curved when embedded in resin during the 

sample preparation process described in Methods. The inset shows a higher magnification image 

of one area on the membrane. B) Cell layer thicknesses of samples without treatment (Ctrl) 

and exposed to sweep cycles with force of 0 mN or 19.6 mN. Data are expressed as mean ± SD 

from three independent experiments. Statistical analysis was performed using one-way ANOVA 

but no significant differences were observed (p=.14). 

3.2. Quantum Dot Imaging 

The use of QDs was previously demonstrated to be a valid method to evaluate cultured 

epithelial cell sheet barrier function.27 In a preliminary study, hTCEpi cells were incubated with 

QDs of 3.5, 6, or 13 nm diameter; QDs with a diameter of 3.5 nm penetrated through the cell 
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layers (data not shown), while QDs with a diameter of 6 or 13 nm did not. Therefore, QDs of 3.5 

nm were too small to evaluate cell layer integrity. As shown in Figure 4A, the red and green 

fluorescence of the 6 and 13 nm QDs, respectively, remained above the blue fluorescence of 

the DAPI stained cell nuclei indicating that these QDs stayed on top and did not penetrate the 

intact junctions of the cell layers. Cells on insert membranes were incubated with 2.5 mM EDTA 

for 3 h to disrupt cellular junctions followed by incubation with 6 or 13 nm QDs. We observed 

that QDs of both sizes were then able to penetrate through the cell layers, indicating disruption of 

the layers (Figure 4B). The 6 and 13nm QDs were then used to investigate layer integrity of cells 

subject to sweep cycles. For samples subjected to 944 sweep cycles without (0 mN, Figures 

4C&4D) or with (19.6 mN, Figures 4E&4F) force, there were always two patterns of 

fluorescent signal observed in the area where the arm bearing the contact lens was in contact 

with the cells. There were locations where the green and red fluorescence of the QDs was 

above the blue fluorescence from the cell nuclei indicating that in these areas the QDs did 

not penetrate through the cell layers as shown in the examples in Figure 4 C&4E. Also, there 

were locations where the green and red fluorescence from the QDs overlapped with the blue 

fluorescence from the cell nuclei indicating that in these particular regions the QDs penetrated 

through cell layers as shown in the examples in Figure 4D & F. 

 

Figure 4. QD imaging of 3D cultured hTCEpi cells. Fluorescence images of (A) control, (B) 

cells treated with EDTA, (C) and (D) different areas of cells on the membrane in contact with the 

contact lens during 944 sweep cycles without force, (E) and (F) different areas of cells on the 

membrane in contact with the contact lens during 944 sweep cycles with force of 19.6 mN. 

Blue: DAPI nuclear stain, Red: 6 nm QDs, Green: 13 nm QDs. Top and Bottom in the 

figure indicate the top and bottom of the cell layers. These are representative data from three 

independent experiments 
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 We also investigated the cell layer integrity of stratified corneal epithelial cells in areas 

that were not in contact with the arm bearing the contact lens during sweep cycles without (0 

mN) and with (19.6 mN) force. In this study, rhodamine labeled actin stain phalloidin was 

used for better visualization of the locations of the QDs (only 13 nm QDs were tested). As 

shown in Figure 5, two patterns of fluorescent signal were also found. There were locations 

where the green fluorescence of the QDs remained above the blue fluorescence from the 

cell nuclei and red fluorescence from actin staining indicating that the QDs did not penetrate 

through the cell layers in those areas, as shown in Figure 5 A &B. Also, there were locations 

where the green fluorescence from QDs overlapped with the blue fluorescence from the cell 

nuclei and red actin staining indicating that QDs penetrated through cell layers, as shown in 

Figure 5C & D. 

 

Figure 5. QD imaging of 3D cultured hTCEpi cells in areas that were not in contact with the 

contact lens during exposure to sweep cycles.  Fluorescence images of areas that were not in 

contact with the contact lens during 944 sweep cycles without force (A and C) and with force of 

19.6 mN (B and D). Blue: DAPI nuclear stain, Red: rhodamine labeled phalloidin staining, 

Green: 13 nm QDs. Top and Bottom in the figure indicate the top and bottom of the cell 

layers. These are representative data from two independent experiments. 

 

3.3. Protein array and ELISA 

Human Phospho-Kinase Array kits were used to detect the relative levels of phosphorylation 

of 43 different kinases and two related proteins. As modification of signaling proteins occurs 

prior to changes in effector protein levels, due to the short sweep duration (1 h), we chose to 

determine alterations in phospho-kinase levels. Among the 45 targets, several of the kinases, 
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such as HSP27, JNK1/2/3, and p38α, showed consistent changes (in this case increased) among 

three independent experiments whereas for others, such as CREB, the changes were variable 

(Supporting information, Table S2). As the array only provides relative changes in 

phosphorylation levels, we used ELISAs to quantitate the changes in specific kinases. As shown 

in Figure 6, HSP27 and JNK1/2/3, but not CREB nor p38α, showed significantly increased 

phosphorylation in cells treated with force of 19.6 mN for 944 cycles compared to control 

samples. No statistically significant increase in phosphorylation for any of the four kinases was 

found in cells exposed to force of 0 mN compared to control samples, although the levels were 

greater than in controls. Phosphorylation of HSP27 and JNK1/2/3 was increased in cells exposed 

to sweep cycles with a force of 19.6 mN compared to cells exposed to sweep cycles without 

force but this only reached statistical significance for HSP27. For the cells that were not in 

contact with the contact lens during sweeping, there were no significant differences in the 

phosphorylation levels of HSP27 and JNK1/2/3 among control and cells subjected to 0 mN and 

19.6 mN (data not shown). 

 

Figure 6. Quantification of phosphorylation levels of HSP27, JNK1/2/3, CREB, and p38α 

from control and hTCEpi cell samples exposed to 944 sweep cycles (0 mN and 19.6 mN). Data 

are expressed as mean ± SD from three independent experiments. Statistical analysis was 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 14

performed using one-way ANOVA followed by Tukey’s test where significance was found. 

*p<.05. 

4. DISCUSSION 

Mechanical stress is exerted onto the cornea by the movement of the eyelids during blinking, 

and likely increases with contact lens wear.9 In the present study, we developed an in vitro 

system to investigate the effects of mechanical stress on cellular characteristics. In this system, 

individual parameters (duration, speed, distance, frequency, and the applied force) of the arm 

bearing the contact lens were independently controlled. Literature values for the frequency and 

speed of the blink vary considerably based on the methodology and specific experimental 

parameters. It has also been reported that contact lens wearers have higher blink rates.28, 29 In this 

study, we employed an “eye blink” rate in the region of 14-15 eye blinks/minute26 and a preset 

blink speed of approximately 120 mm/s.5, 6, 24, 25 Moreover, the reported normal pressure exerted 

during blinking varies widely (9.8 - 784.5 mN) in the literature.7, 30 Herein, a relatively low force 

of 19.6 mN was used based on the data of Shaw et al.30 In the case of sweep cycles without 

force, the movement of the arm bearing the contact lens created turbulence in the culture media 

inducing shear stress on the cells. The shear stress was estimated to be in the range of 0.57 – 1.10 

dyne/cm2 (See Supporting Information for detailed calculation), which is comparable to reported 

shear stress values on corneal epithelial cells.15,31  

Cell layer thickness was measured after exposure to sweep cycles to ascertain if there was 

thinning of cell layers, which would indicate gross damage to the cells. Exposure with (19.6 mN) 

or without (0 mN) force for 50, 250, 500, and 944 sweep cycles did not result in cell layer 

thinning (data not shown for 50, 250 and 500 cycles). However, we noted the variation in the 

number of cell layers across the membranes, resulting in marked variations in the measured cell 

layer thicknesses. As this may mask the effect of force, especially as the force (19.6mN) applied 

in our experiments was at the lower end of the reported lid pressure values,7, 30 we also tested the 

effect of larger forces (98.1 and 196.1 mN, equivalent to 10 and 20 gram-force respectively) to 

determine if changes could be visualized using our approach. We found that sweep cycles with 

larger forces did induce cell layer thinning, indicating severe damage (Supporting information, 

Figure S2).  Therefore, we concluded that the low force applied in our experimental setup did not 

cause significant shear or subsequent damage to the cells. 
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While gross damage was not observed for cells subjected to force in our experimental setup, 

several modalities were employed to determine whether there were biological changes in the 

integrity of the cell layers as well as cellular structures. In preliminary studies, we investigated 

potential changes in the distribution of the cell junction protein ZO-1 and rearrangement of the 

actin cytoskeleton by immunostaining but did not observe any remarkable difference among cells 

with/without exposure to sweep cycles using this approach (data not shown). Recent studies 

reported cytoskeleton changes for monolayer cells grown on glass slides after 24 h exposure to 

shear stress.15, 16 The results from those studies are not directly comparable to the present study 

due to different experimental parameters used. Our model utilized multiple layers of stratified 

cells and short time of exposure (1 h), and these may have contributed to the fact that we did not 

observe cytoskeleton changes.  

We used QDs to probe cell layer integrity due to their unique advantages for imaging because 

of their defined sizes.27 QDs with a diameter of 3.5 nm traveled freely through control cell 

layers, and therefore, were too small to provide any information on cellular integrity for cells 

subjected to sweep cycles. QDs with a diameter of 6 or 13 nm stayed on top of the layers of 

control cells, but penetrated through the layers if the cell junctions were disrupted by EDTA. 

Therefore, QDs of 6 and 13 nm were used to investigate cell layer integrity. Interestingly, we 

observed two patterns of fluorescence marking the location of the QDs in cells exposed to sweep 

cycles. In one, the fluorescent signal was within/below the cell layers, showing that the QDs 

penetrated through indicating compromised cell layer integrity. As we did not observe changes in 

ZO-1 staining, the penetration of QDs might be due to the change in the size of the paracellular 

space as shown by Duncan et al.27 Whether this change is permanent or transient is not known 

and warrants further investigation. Alternatively, in other areas, the fluorescence from the QDs 

remained above the cells, indicating no penetration and existence of intact cell layers. One 

possible reason for this pattern is that the unevenness of the cell layers (Figure 3) may create 

weaker spots that are more readily prone to damage when subject to shear stress and mechanical 

forces. More significantly, we found that both patterns of fluorescence were present for cells 

exposed to sweep cycles with or without force of 19.6 mN. This indicates that cells responded 

not only to the force, but also to shear stress induced by the turbulence of the culture media. This 

observation was confirmed by imaging the cells on areas of the membrane that were not in 

contact with the contact lens during application of the downward normal force. Another reason 
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may be that the QDs were endocytosed and internalized by the corneal epithelial cells, although 

it is unlikely due to the short incubation time (1 h) and the negatively charged QD surfaces that 

are unfavorable for endocytosis. Passive uptake of charged/functionalized QDs by semi-

confluent cell layers has been documented when used at very high concentrations over long time 

periods.32-35 The likelihood of this in our system is minimal since the stratified corneal epithelial 

cells were exposed to a low concentration of non-modified QDs for a short period of time. Some 

localization of QDs within the cytosol in corneal epithelial cells may also be attributed to G-

protein coupled receptor (GPCR) mediated endocytosis.36 A growing body of literature 

documents the link between GPCRs, shear stress, and mechanotransduction through cytoskeletal 

remodeling,37-40 leading us to infer that any internalization of QDs may be due to the applied 

force. 

Thus, our data showed that although there was no gross damage (no reduction in cell layer 

thickness) after exposure to sweep cycles, shear stress as well as mechanical forces caused 

compromise of cell layer integrity. This phenomenon is unlikely to occur in vivo because: 1) 

corneal epithelial cells in vivo are more tightly coupled compared to the stratified cells in vitro; 

2) in vitro experimental conditions are different from in vivo such as the solution volume (1 mL 

in vitro vs ~7 µl in vivo41) and solution composition (culture medium in vitro vs protein-

containing tears in vivo), which may affect the magnitude of forces experienced by cells; 3) 

glycocalyx expressed by stratified cells in vitro may be different from glycocalyx in vivo, thus 

resulting in potential differences in barrier function. 

Cellular changes at the molecular level were determined by measuring relative 

phosphorylation levels of various protein kinases by protein arrays and then confirming the 

changes in select kinases by ELISA. Significantly greater phosphorylation was observed for 

HSP27, JNK1/2/3, and p38, when the cells were subjected to a sweep-shear force. This response 

was further enhanced in the presence of the downward force of 19.6 mN. Phosphorylation of 

HSP27, p38, and JNK1/2/3 has been observed in a variety of cell types subjected to different 

stresses such as UV irradiation,42-44 hyperosmotic stress,45-48 oxidative stress,49 injury,50 and 

shear stress.51 Transient up-regulation of phosphorylation of JNK has also been found upon 

corneal injury in vivo52 and in vitro.53 While we did not observe any changes in phosphorylation 

of CREB regardless of applied shear and downward forces, increased phosphorylation of CREB 

has been reported in chondrocytes,54 osteoblasts,55, 56 and vascular endothelial cells36, 57, 58 under 
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mechanical and/or shear stress suggesting that not all stress responses are uniform across 

different cell types. Our data demonstrate that shear and mechanical forces are  capable of 

triggering a stress response in corneal epithelial cells. Whether these alterations are 

cytoprotective or detrimental remains to be elucidated taking into consideration that differential 

blink forces (shear and downward) may be exerted on ocular surface cells under adverse 

conditions in vivo.  

As a contact lens travels along the cornea with the eyelid during a blink, the tribological 

characteristics may transition between brush-to-brush lubrication and hydrodynamic lubrication,9 

which determines the friction experienced by cells. The transition between different lubrication 

mechanisms is determined by factors such as lens properties, blink velocity (slow vs. high), tear 

film composition and quality, and cell properties such as quality of mucins on the cell surface.9, 

59 Furthermore, the deposition of lipids and proteins from tear film to contact lenses also affects 

the hydration of the contact lens surface, thus the lubrication between the lens and cells. The 

intrinsic physicochemical properties of the lens material contribute towards the coefficient of 

friction and subsequent frictional force. Therefore, the surface and bulk properties of contact 

lenses affect the lubrication mechanisms during blinking, thus the forces experienced by cells. 

Consequently, cells may respond differently to different contact lens materials. In this study, we 

used one type of contact lens (Biomedics 55, Ocufilcon D) to test our in vitro biomechanical 

system. Biomedics 55 is a Group 4 hydrogel contact lens and was selected for the study because 

of its conventional characteristics in comparison to newer silicone hydrogels, which have very 

different mechanical and surface properties. It is likely that various materials (synthetic and 

biological) may indeed elicit different responses by cells of the ocular surface. That being said, 

this first study was performed to validate our model, establish baseline responses, and enhance 

our understanding of whether downward and shear forces have potent effects on cells. We 

anticipate using this model to systematically study the effect of each individual factor on cells in 

comprehensive future studies. 

 

5. CONCLUSIONS 

We developed an in vitro model to study the cellular effects of blinking on corneal epithelial 

cells. This model allows for independent control over the movement speed, frequency, duration 

and distance, which offers advantages to study the effect of each individual factor during 
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blinking. Using this model, we found that HCEC responded not only to shear stress created by 

fluid turbulence, but also to applied mechanical forces. No gross damage was observed under the 

experimental conditions employed; however, cells responded at the molecular level with altered 

levels of protein-kinase phosphorylation, suggesting that the blinking motion created stress and 

induced inflammation. It is feasible that such changes observed are an adaptive response when 

cells transition from a non-physiological static culture system to a more dynamic system that 

may be representative of physiological conditions in the native ocular surface. Further studies 

would be required to comprehensively understand the implications of such a response. This 

model is not limited to the study of ocular surface cells, but can be used to study the effects of 

mechanical forces on a wide variety of adherent cell types. Additionally, various materials can be 

tested by replacing the contact lens at the end of the arm tip. Therefore, this model provides us a 

useful tool to evaluate the cellular responses to mechanical forces under varying conditions and 

will be of benefit in elucidating their contribution to the pathology underlying ocular conditions 

such as contact lens discomfort and dry eye.  

 

Supporting Information 

The Human Phospho-Kinase Array assay results, shear stress estimation, and the cell layer 

thickness measurement for cells treated with forces up to 196.1 mN are included in the 

supporting information. This material is available free of charge via the Internet at 

http://pubs.acs.org. 
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Supporting information 

Development of an in vitro model to study the biological effect of 

blinking  

Guoting Qin1, Hasna Baidouri1, Adrian Glasser1, VijayKrishna Raghunathan1, Carol Morris2, 

Inna Maltseva2, Alison M. McDermott1 

 

1. Data Analysis of the Human Phospho-kinase Array Assay 

Each array has capture and control antibodies spotted on the nitrocellulose membrane. After 

incubation with lysates of control cells (Ctrl), and cells subjected to sweep cycles of 0 mN (0 

mN) and 19.6 mN (19.6 mN), the membranes were processed per the manufacturer’s 

instruction. The x-ray film was scanned and saved as a Tiff image file (Figure S1). The 

intensity of each spot was determined using a Matlab program, and was correlated with each 

protein target according to the coordinates provided by the manufacturer (Table S1).    
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Figure S1. A typical x-ray film image showing human phospho-kinase arrays of various 

samples. 

 

Table S1. Human phospho-Kinase array coordinates provided by the manufacturer. 

 

Membrane/ 

Coordinate 
Target/Control 

Membrane/ 

Coordinate 
Target/Control 

A-A1, A2 Reference Spot A-F3, F4 
Chk-2 

A-A3, A4 p38α A-F5, F6 
FAK 

A-A5, A6 ERK1/2 A-F7, F8 
PDGF Rβ 

A-A7, A8 JNK 1/2/3 A-F9, F10 
STAT5a/b 

A-A9, A10 GSK-3α/β A-G1, G2 
Reference Spot 

A-B3, B4 EGF R A-G3, G4 
PRAS40 

A-B5, B6 MSK1/2 A-G9, G10 
PBS (Negative Control) 

A-B7, B8 AMPKα1 B-A13, A14 
p53 

A-B9, B10 Akt 1/2/3 B-A17, A18 
Reference Spot 

A-C1, C2 TOR B-B11, B12 
Akt 1/2/3 

A-C3, C4 CREB B-B13, B14 
p53 
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A-C5, C6 HSP27 B-C11, C12 
p70 S6 Kinase 

A-C7, C8 AMPKα2 B-C13, C14 
p53 

A-C9, C10 β-Catenin B-C15, C16 
c-Jun 

A-D1, D2 Src B-D11, D12 
p70 S6 Kinase 

A-D3, D4 Lyn B-D13, D14 
RSK1/2/3 

A-D5, D6 Lck B-D15, D16 
eNOS 

A-D7, D8 STAT2 B-E11, E12 
STAT3 

A-D9, D10 STAT5a B-E13, E14 
p27 

A-E1, E2 Fyn B-E15, E16 
PLC-γ1 

A-E3, E4 Yes B-F11, F12 
STAT3 

A-E5, E6 Fgr B-F13, F14 
WNK1 

A-E7, E8 STAT6 B-F15, F16 
PYK2 

A-E9, E10 STAT5b B-G11, G12 
HSP60 

A-F1, F2 Hck B-G17, G18 
PBS (Negative Control) 

 

 

2. Summary of Human Phospho-kinase Array Assay Results from three Independent 

Experiments. 

Table S2. Summary of the relative changes of phosphorylation levels of 43 kinase 

phosphorylation sites and 2 related proteins (β-catenin and HSP60) of hTCEpi cells subjected to 

sweep cycles with force (19.6 mN) compared to control samples. Orange, white and green boxes 

represent increased, stable, and decreased levels of phosphorylation of protein kinases or amount 

of total protein (β-catenin and HSP60) in treated samples compared to control samples from 

three independent experiments. Purple highlights the four protein kinases whose phosphorylation 
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levels were quantitated using ELISA. These were selected as three (p38α, JNK1/2/3 and HSP27) 

were consistently increased in all three experiments and one (CREB) showed variable changes in 

each experiment.  
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3. Estimation of shear stress experienced by cells undergoing sweeping cycles without 

force. 

 

We first determined the viscosity of the growth medium (0.83 mPa.s, experimentally 

determined) at 37 °C using water at 22 °C (1.06 mPa.s, experimentally determined) and 37 

°C (0.69 mPa.s, Perry’s handbook) as standards using a Thermo Scientific Haake Mars 60 

Rheometer. Growth medium exhibited Newtonian behavior under the conditions tested. We 

then assumed that the arm traverses parallel to the cellular surface.  

Using equations for parallel plate shear, � = μ����� ∗

�


�
 

where, τ = shear stress, µmedia = viscosity of media,  U = shear rate, and h = height of the 

media, we determined the shear stress applied by the arm in the absence of a downward load 

to be in the range of 0.57 – 1.10 dyne/cm2. 

 

4. Cell Layer Thickness for Cells on Membrane Inserts Treated with Higher Forces (98.1 mN 

and 196.1 mN).  

A significant decrease in cell layer thickness was found for cells treated with forces of 98.1 

mN and 196.1 mN for 1 h and 3 h, respectively. These data showed that some cells were 

swept off from the membrane under large mechanical forces, indicating severe gross damage.  
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Figure S2. Cell layer thicknesses of samples without treatment (Ctrl) and treated with 98.1 

mN g for 1 h or 196.1 mN for 3 h.  Data are expressed as mean ± SD from 27-33 measurements. 

Statistical analysis was performed using one-way ANOVA followed by Tukey’s test where 

significance was found. * P<0.05. 

 

 


