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A B S T R A C T

The tear film is a thin, aqueous, mucin-rich layer on the ocular surface that provides hydration and lubrication
for healthy vision. The ability of the tear film to provide a highly lubricious interface during ocular movement is
largely attributed to its entangled network of mucins secreted from the corneal and conjunctival epithelia.
However, the extent to which these mucin networks can provide lubricity and protect the epithelia over ex-
tended durations of contact lens interactions is unknown. In vitro tribological experiments were performed
against a monolayer of mucin-producing human corneal epithelial cells (hTCEpi) for 10,000 reciprocating cycles
at physiologically-relevant contact pressures and deliberately low and tribologically-challenging sliding speeds.
The use of a polyacrylamide hydrogel probe with a spherically-capped shell geometry enabled average normal
forces of FN ~200 μN and contact pressures on the order of 1 kPa, resulting in an average friction coefficient of
μ = 0.058 ± 0.008 over 10,000 reciprocating cycles. Cell survival after extended duration tribological ex-
perimentation was approximately 99.8%. Mucin was observed to accumulate during the experiment. From these
in vitro studies, we postulate that mucin production may be a cellular process driven in part by frictional shear
stress.

1. Introduction

The open eye's first line of defense against the external environment
is the tear film and a thin stratified layer of moist epithelial cells at the
surface of the cornea. The tear film is a complex, mucin-rich aqueous
layer (~5 μm in thickness) with a waxy lipid layer (50–100 nm in
thickness) at the air interface (Fig. 1) [1–5]. Ocular durability and
contact lens comfort are inexorably linked to the ability of these epi-
thelial cells to produce mucins, forming the glycocalyx [6] and stabi-
lizing the tear film [7–9]. Ocular mucins (Table 1) contribute to
homeostasis on the ocular surface, maintain clarity of the cornea and
the tear film [3,4], and provide a physical barrier of protection against
foreign debris, (e.g. pathogens [10–14], toxins [12,15], and environ-
mental particles [16,17]), while permitting rapid passage of selected
gases, fluids, ions, and nutrients [7,9,12,14,18–23]. Gel-forming mu-
cins are thought to clear foreign bodies and pathogens from the ocular
surface by trapping them in very large, blanket-like mucin structures

and transporting them into the nasolacrimal duct with every eyeblink
[2,3]. The cornea and conjunctiva express membrane-spanning mucins
(MUC1, MUC4, MUC16, and MUC20), which anchor the secretory and
gel-forming mucins (MUC2, MUC5AC) produced by goblet cells found
in the conjunctival epithelia [3,4,24,25]. The mucins present in the tear
film (MUC1, MUC2, MUC4, MUC5AC, and MUC16) together form a gel
layer that serves to maintain hydration and clarity of the ocular surface,
provide lubrication, and resist adhesion between the corneal and con-
junctival epithelia during ocular movements [1,4].

The eyes are rarely at rest and blink about 10,000 to 20,000 times a
day [45,46]. During a blink, the eyelid wiper accelerates to a maximum
speed of approximately 100 mm/s, approaches the lower eyelid, and
then retracts back; the entire process transpires in ~100 ms [47]. The
contact pressures exerted on the cornea by the eyelid during this ac-
tivity have not been directly measured, but are thought to be on the
order of 1–5 kPa [48]. The natural ocular environment is designed for a
myriad of other motions, including gaze stabilization, smooth pursuit
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movements, saccades during reading or scanning scenes, as well as
rapid eye movement (REM) during sleep cycles [49].

The inclusion of a hydrogel contact lens into the ocular system
(Fig. 2) disrupts the tear film and may also increase the in vivo contact
pressures [46]. The sliding motions of a contact lens against the corneal
epithelium during and after a blink are significantly slower than the
hydrodynamic lubrication conditions provided by the natural cornea-
eyelid interface [46,50,51]. Sliding speeds between the cornea and the
contact lens during a blink have been estimated to be as high as 35 mm/
s [51] while other studies have observed contact lens settling times
after a blink to be between 100 and 300 μm/s [52]. Previous tribolo-
gical studies of soft contact lens materials slid against corneal epithelial
cell monolayers and corneal tissues have investigated sliding speeds of
100 μm/s [53], 300 μm/s [54,55], and 1 mm/s [56]. Increased contact
pressures, decreased sliding speeds, tear film disruption, and increased
friction at the highly innervated corneal surface [57] may contribute to
reported discomfort during contact lens use [58,59].

In this manuscript we report on a study in which a hydrogel probe
was slid against a mucin-producing confluent layer of human corneal
epithelial cells for an extended number of cycles under physiologically-
relevant contact pressures (P < 7 kPa) and tribologically-challenging
sliding speeds (1 mm/s). Studies of blinking indicate a wide range of
number of blinks per day, but a generally accepted range is 10–20
thousand blinks per day. These experiments were run for 10,000 con-
tinuous reciprocating cycles with a period of 6 s per cycle. The cells and
mucin were stained and monitored in situ with fluorescence microscopy.
The normal forces, friction forces, contact area, mucin production, and
cell viability were quantitatively measured during experiments.

2. Materials and methods

2.1. Cell culture

Human telomerase reverse transcriptase-immortalized corneal

Fig. 1. A schematic of the corneal epithelium, tear film, mucins associated with the ocular surface, including mucin MUC20 secreted between cells, and the waxy lipid layer. The tear film
(~5 μm thickness) covers the corneal epithelial cells of the ocular surface (~55 μm thickness) [26]. Inset 1 shows lipid rafts (50–100 nm in thickness) which are produced by meibomian
glands at the rim of the eyelids and are thought to impede evaporation of the tear film [27–32] and prevent fine dust and debris from entering the ocular environment. Inset 2 illustrates
the large molecular weight and complex structure of secretory and gel-forming, as well as soluble, tear film mucins. Inset 3a shows the ultrastructure of the corneal epithelium and detail
of the microvilli on the surface of the stratified squamous epithelium, which increase the surface area for secreting membrane-bound mucins MUC1, MUC4, and MUC16. Together these
mucins anchor the secretory and soluble mucins and form a bio-polymer hydrogel, called the glycocalyx, which stabilizes the tear film and prevents dewetting [7,33]. Inset 3b illustrates
the molecular architecture of the transmembrane mucin burgeoning through the lipid bilayer of the cellular membrane. The polypeptide backbone “apomucin” is extensively decorated
with chain-stiffening [34] domains of O-linked oligosaccharides, which comprise approximately 80% of the molecular weight of the mucin protein [35,36].

Table 1
Mucin genes and their association with the eye: MUC1 [25]; MUC2 [41,42]; MUC4 [37-39]; MUC5AC [4,33,39]; MUC5B [43,44]; MUC7
[4,43]; MUC16 [40]; MUC20 [24].
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epithelial (hTCEpi) cells [60] were used between passages 5 and 10 and
cultured in Keratinocyte Growth Media (KGM-Gold™) supplemented
with KGM-Gold BulletKit (Lonza, Basel, Switzerland). These cells are
well known to produce membrane-associated ocular mucins (MUC1,
MUC4, and MUC16) [61–63]. An island of cells was created by de-
positing a ~50 μL droplet of hTCEpi cells suspended in growth media
onto a fibronectin-treated glass-bottom culture dish. The cells were
allowed to grow and migrate for 12 h until a confluent monolayer was
obtained. The cell bodies were stained with fluorescent red dye (5 μL/
mL CellTrace™ Calcein Red-Orange ThermoFisher Scientific, Waltham,
Massachusetts, USA) and 1.2% of dimethyl sulfoxide (DMSO), which is
a vital dye that permeates the cytosol and monitors cell viability during
prolonged experiments. Mucin production was monitored using a
fluorescent green lectin stain (3 mL of 50 μg/mL of Concanavalin A
Alexa Fluor® 488 Conjugate ThermoFisher Scientific, Waltham, Mas-
sachusetts, USA).

While mucins are the subset of glycoproteins most abundantly
produced by the hTCEpi cells, the lectin stain used here labels a broader
range of glycoproteins. Thus, an antibody-based mucin labeling assay
was developed, employing a primary antibody of human MUC4 and a
fluorescent secondary antibody. Mucin growth dynamics determined
from this antibody-based assay were consistent with the Concanavalin
A lectin stain. Fig. 5a shows a confocal microscope image at 100×
magnification of a monolayer of hTCEpi cell bodies stained red and
mucin stained green 24 h after plating.

2.2. Hydrogel spherical shells as probes for ultra-low contact pressure

The elastic modulus of corneal epithelial cells is reportedly on the
order of 3–10 kPa [65], and shear stresses on the order of 100 Pa have
been found to cause cell membrane rupture [66]. In this study, contact
pressures about 1 kPa were achieved on cell monolayers using a sphe-
rical shell hydrogel probe that could be cast in a mold or 3D printed
[67,68]. The hydrogel probe was composed of 7.5 wt% acrylamide,
0.3 wt% bisacrylamide, 0.15 wt% ammonium persulfate, and 0.15 wt%
tetramethylenediamine as described in Urueña et al. [69]. Contact area
of the hydrogel probe was measured using fluorescence microscopy and
followed methods described in Marshall et al. [68].

2.3. Tribometer

In situ tribological experiments were performed on a living con-
fluent monolayer of hTCEpi cells 12 h after plating. A microtribometer
installed on the condenser turret of an inverted Nikon Eclipse Ti in-
verted epifluorescence microscope enabled in situ observations of cell
viability and mucin production during experiments. These measure-
ments followed the methods described in the references [54,55,69–76]

with this setup having a cantilever with a normal stiffness of 160 μN/
μm and a lateral stiffness of 75 μN/μm. Linear reciprocating motion
was performed by a micro-translation stage (Physik Instrumente
M.112.1DG, positional resolution of ~7 nm) mounted onto the trans-
lation stage of the microscope.

2.4. Friction experiments on cell monolayers

The glass-bottom culture dish containing the monolayer of hTCEpi
cells and 3 mL of growth media was secured to the micro-translation
stage. The hydrogel probe was lowered into contact with the cells to a
normal load of approximately 200μN and held stationary while the cell
monolayer reciprocated beneath at a sliding velocity of 1 mm/s over a
3 mm stroke length for a total of 10,000 reciprocating cycles (60 m of
total sliding distance). Both the hydrogel probe and hTCEpi monolayer
were fully submerged in growth media during all sliding experiments.
An incubator on the microscope maintained environmental conditions
(37 ± 0.2 °C, 5% CO2, and> 80% relative humidity) for the cells
during tribological experimentation to reduce external contributions to
cell damage.

In situ TRITC and FITC fluorescence microscopy monitored overall cell
viability and mucin production, respectively. TRITC and FITC images of the
entire wear track (4 mm× 1mm) were taken on the Nikon Eclipse Ti in-
verted epifluorescence microscope prior to sliding and after every 500 cy-
cles up to 3000, then every 1000 reciprocating cycles (every 6 m of sliding
distance, approximately every 2 h) up to 10,000 cycles.

2.5. Image analysis

At each time point, the images of cells under the entire wear track
are background-subtracted using an automated thresholding algorithm
that separates populations of pixels by maximizing their inter-class
variance. After background subtracting and setting the floor intensity of
all images to 0, the mean intensity across the entire wear track is cal-
culated. To estimate confidence in this mean and to measure fluores-
cence intensity variation from cell-to-cell, coarse-grained images are
produced in which each new pixel has an intensity equal to the average
intensity of the corresponding 16 × 16 pixel2 patch from the high-re-
solution images (about the area occupied by the average cell). We
compute the spatial standard deviation of intensities from these course-
grained images. This process provides a measure of the variation in
mucin accumulation from cell-to-cell, washing out the variations in
mucin density that occur over sub-cellular length-scales. To quantify
the relative amount of mucin accumulation over time, we compute the
difference in mean fluorescence intensities between any time-point and
the first time-point, and divide by the mean intensity at the first-time
point. The resulting number represents the relative amount of mucin

Fig. 2. The natural tear film disrupted and completely consumed
by the insertion of a hydrogel contact lens (at least 20× thicker
than the tear film) between the corneal epithelium and the pal-
pebral conjunctival epithelium of the eyelid. During a blink, the
eyelid passes over the contact lens at high speeds and the contact
lens moves over the corneal surface at lower speeds.
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increase. For example, a measurement of 1 means the amount of mucin
has doubled. We propagate standard deviations according to this cal-
culation and report confidence intervals as± 3 standard deviations.

3. Results and discussion

A monolayer of hTCEpi cells was cultured, fluorescently tagged, and
subjected to 10,000 reciprocating cycles at 37 ± 0.2 °C, 5% CO2,
and> 80% relative humidity. The normal force averaged over
10,000 cycles was FN = 218.6 ± 20.3 μN and the friction force was
FF = 12.8 ± 3.2 μN. The friction coefficient, calculated as the ratio of
the friction force to the normal force over all 10,000 cycles, was
μ = 0.058 ± 0.008 (Fig. 3). The average contact pressure was about
1 kPa and was found by dividing the measured normal load by the
measured contact area of the hydrogel probe, 0.2 mm2.

Mucin growth dynamics of the hTCEpi monolayer were analyzed
from FITC fluorescence images (Fig. 4). During sliding experiments on
the inverted epifluorescence microscope, the mean fluorescence in-
tensity increased, which indicated persistent mucin production and
accumulation although the first data point at 500 cycles of sliding un-
doubtedly includes short term transients associated with the accumu-
lation of dye on pre-existing mucin. The increase in fluorescence mea-
sured in this way resembles the fluorescence intensity of dyed mucin
produced by unperturbed cells as described in Hormel et al. [64]. This
confocal microscopy time-lapse of the unperturbed hTCEpi cell mono-
layer showed an increase in fluorescence intensity over time, which is
consistent with previous studies observing mucin production in corneal
epithelial cells [3,62]. An additional time-lapse experiment was

performed on a confocal microscope in which a MUC4 antibody stain
was used in place of the more general lectin stain. In this case, an in-
crease in fluorescence intensity was observed, but on a much smaller
scale (a total of ~20% increase over similar time periods) than with the
lectin stain. Detailed analysis of hTCEpi mucin growth dynamics is
discussed in Hormel et al. [64]. Future studies will examine the degree
to which the rate of mucin production is a cellular mechanotransduc-
tion response to an applied shear stress.

A viability assay was performed on a separate hTCEpi monolayer whose
cell bodies were fluorescently dyed red (CellTrace™ Calcein Red-Orange)
and subjected to the same sliding conditions for 10,000 cycles. Both live and
dead cells were stained at the end of the 10,000 cycle sliding experiment to
quantify cell death (ReadyProbes® Cell Viability Imaging Kit [Blue/Green],
ThermoFisher Scientific, Waltham, Massachusetts). The additional tribolo-
gical experiment with a new hTCEpi cell monolayer was required to avoid
the inevitable FITC fluorescence signal overlap between the Concanavalin A
lectin stain used in the first experiment and the NucGreen® Dead stain of the
viability assay.

Cell viability was determined by counting the total number of cells
compared to dead cells; NucBlue® Live stained the nuclei of all cells
blue while NucGreen® Dead stained only the nuclei of cells with com-
promised membranes green. Fig. 5b shows that no measureable cell
death occurred after 10,000 cycles at average contact pressures of 1 kPa
and shear stresses below 60 Pa, which is consistent with previous stu-
dies [54,79–82]. The live/dead assay (Fig. 5c) showed that< 0.2% of
hTCEpi cells died during the 10,000 cycle sliding experiment (0.2% cell
death is within the expected cell death percentage found in the control
group). As a final verification of the effectiveness of the live/dead assay,
a 1% solution of Triton X-100 [83] in phosphate-buffered saline in-
duced cell lysis in all remaining cells and confirmed the efficacy of the
staining protocol.

During the entire 10,000 cycle experiment (nearly 24 h of con-
tinuous sliding) negligible cell death was observed (99.8% survival).
This is counter to Hofmann et al.’s recent hypothesis that frictional
energy [53] could be correlated with cell death [56]. In this study, after
10,000 cycles of sliding the integrated frictional energy was approxi-
mately 0.72 mJ yet essentially zero cell death was measured. An ad-
ditional experiment under identical conditions of force and sliding
speed but with increased probe stiffness and resulting shear stress
(~200 Pa) induced significant cell death (approaching 100%) after

Fig. 3. a) A representative friction loop for one cycle. For each cycle, the middle 50% of
the wear track (black line) was analyzed to eliminate effects associated with the change of
velocity at the reversals. b) The average friction coefficient was calculated for 425, 500,
645, and 1000 cycles, then every 500 cycles up to 3000, and then every 1000 cycles up to
10,000. The vertical error bars correspond to the± 1 standard deviation of the friction
coefficient over each set of cycles [77,78].

Fig. 4. Mucin accumulation over extended duration sliding experiments using a poly-
acrylamide probe applying ~200 μN of load against a monolayer of corneal epithelial
cells at a sliding velocity of 1 mm/s. Each data-point reports the relative amount of ad-
ditional mucin accumulated after sliding the hydrogel probe begins. These data reveal
that the total amount of mucin increases by more than five-fold over the course of 10,000
sliding cycles. (vertical error bars:± 3 standard deviations about the mean, computed as
described in Section 2.5).
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only 10 sliding cycles – a condition that dissipated only a few μJ of
frictional energy. Frictional energy is directly related to friction coef-
ficient and under certain experimental conditions may correlate with
cell death. However, a critical shear stress for apoptosis and cell lysis is
a compelling alternate hypothesis linking friction to cell death. Con-
sidering a few Pascals of shear stress at the apical surface of a cell is
sufficient to elicit a response through the mechanotransduction ma-
chinery [80,81], we expect that the frictional forces applied here do the
same. In the future it will be interesting to examine the protective
production of mucin as an active cellular response to frictional shear
stresses and its ability to reduce shear stress and protect the cells.

4. Concluding remarks

A monolayer of hTCEpi cells was cultured, fluorescently tagged, and
subjected to 10,000 reciprocating cycles at physiologically-relevant and
challenging conditions. The normal forces and shear forces applied by
the spherical shell hydrogel probe during sliding did not lead to any
appreciable cell death. A viability test confirmed that the cell mono-
layer was still living even after 10,000 reciprocating cycles. Mucin
production of cells subjected to low shear forces as a result of tribolo-
gical experimentation appeared to continually persist over time.
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