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Abstract
Friction-induced inflammation is a new hypothesis that implicates interfacial shear stress as a trigger for the production of 
pro-inflammatory signals, which in severe cases may lead to chronic inflammation and pain. If frictional shear stresses at 
the interface exceed physiological norms, a likely cellular response may involve the release of pro-inflammatory signals 
(e.g., proteins, cytokines, chemokines, and enzymes). Ocular lubricity and comfort are critically dependent on the stabil-
ity of the tear film and the health of the corneal and conjunctival epithelium. The insertion of a contact lens may increase 
contact pressures and shear stresses on the epithelia, but these are difficult to measure in vivo. Epithelial cells are known 
to sense and respond to mechanical strains and deformations through a process called mechanotransduction. The effects of 
frictional shear stress on cellular responses were experimentally measured in vitro by sliding soft, spherical shell hydrogel 
probes against human corneal epithelial (hTCEpi) cell monolayers with two different normal forces: 500 and 1000 µN, giv-
ing ~ 30 and ~ 60 Pa shear stresses, respectively. Molecular biology assays (quantitative reverse transcription—polymerase 
chain reaction, RT-qPCR, and enzyme-linked immunosorbent assay, ELISA) followed friction experiments. Compared 
to control populations, RT-qPCR revealed frictional shear stresses of 60 Pa were sufficient to increase gene expression of 
the pro-inflammatory genes Interleukin-1β (IL-1β), Interleukin-6 (IL-6), Matrix Metalloproteinase 9 (MMP9), and pro-
apoptotic genes DNA Damage-Inducible Transcript 3 (DDIT3) and FAS Cell Surface Death Receptor (FAS). An ELISA of 
growth media sampled after sliding revealed IL-6 cytokine release increased by 100% following shear stress experiments. 
These results suggest that frictional shear stress may be at least partly responsible for inducing inflammatory responses in 
corneal epithelial cells in vitro.
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1 Introduction

Many soft medical implants (e.g., silicone implants, elas-
tomeric clamps and bands, reinforcing polymeric meshes, 
and contact lenses) are designed to adjust form or improve 
function through physical interactions against epithelial 
cells. However, complications can arise after implantation, 
even with FDA-approved “biocompatible” materials. Bio-
compatibility is defined as the intrinsic ability of a material 
to “perform its intended function, with the desired degree of 
incorporation in the host, without eliciting any undesirable 
local or systemic effects in that host” [1]. The ISO 10,993, 
which entails a series of standards for evaluating the bio-
compatibility of medical devices, is largely based on toxicity 
assays, but there is a gap in the knowledge of material bio-
compatibility regarding physical interactions (e.g., contact 
pressures, shear stresses, and friction) [2].
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Contact lenses, for example, are inserted between the 
corneal and conjunctival epithelia to correct vision for 
~ 130 million people worldwide [3, 4]. Despite decades of 
advancements in materials engineering and manufacturing 
processes [5], the rate of contact lens discontinuation or 
“drop-out” remains steady at ~ 30% [6–9], with end-of-day 
discomfort cited as the primary cause [10, 11]. While the 
exact etiology of contact lens discomfort remains unknown, 
it is postulated that contact lens wear may be intrinsically 
inflammatory,1 in part due to changes in natural lubrication 
[12, 13]. From a tribology perspective, this is understand-
able: during contact lens wear, the tear film is disrupted by 
a foreign object that is roughly 20–50 times thicker than 
the healthy tear film. Estimated contact pressures and shear 
stresses are higher than physiological norms [14]. Sliding 
speeds at the cornea/contact lens interface are also greatly 

reduced compared to the conditions normally observed at 
the cornea/eyelid interface during a blink. Epithelial cells 
are known to sense and respond to mechanical strains and 
deformations through mechanotransduction [15]; thus, any 
interaction between the ocular surface and a contact lens is a 
dynamic rather than static process, and the transfer of forces 
from the eyelid to the corneal epithelia will involve sliding 
or shearing forces in addition to simple compression (Fig. 1). 
This will bring into play both the frictional interaction of 
the eyelid with the lens, the lens and the cornea, and the 
mechanical and transport properties of the lens [16].

Sterile activators of inflammation are structurally diverse 
and can originate from both endogenous and exogenous 
sources. Mechanical trauma, hypoxia, metabolic distress, 
chemical and environmental insults, and ischemia can all 
provoke sterile inflammation [17, 18]. Emerging reports 
[19, 20] suggest that sterile inflammation may accompany 
exposure to synthetic and environmental irritants (e.g., silica 
[21], asbestos [21, 22], alum [23], and car exhaust [20]), 
metabolic factors (e.g., cholesterol [24], amyloids [25], and 
saturated fatty acids [26]), and endogenous danger signals 
released as a result of aberrant cell death [27]. In contact 
lens wear, sub-clinical mediators of inflammation include 
increased concentration of leukotrienes and cytokines in 
tears and a higher density of dendritic cells in the cornea 
and conjunctiva [13].

Friction-induced inflammation in epithelial cells is a 
new hypothesis that implicates frictional shear stress as 
a sterile trigger for the production of pro-inflammatory 
cytokines, which are powerful signaling proteins that initiate 

Fig. 1  The cell is a sensor. Contact pressures and shear stresses trans-
mit through the extracellular matrix and into the endoplasmic reticu-
lum (ER) and nucleus via actin  (red), intermediate filaments  (blue) 

and microtubules (light green). Epithelial cells sense and respond to 
pressure and shear deformation in a process known as mechanotrans-
duction [92]. See also Supplementary Material S5

1 The hallmarks of inflammation were described roughly 2,000 years 
ago by the Roman writer Celsus Aulus (Aurelius) Cornelius (30 B.C. 
to 45 A.D.) as, “rubor et tumor cum calore et dolore,” or, “redness 
and swelling with heat and pain.” In 1858, Rudolph Virchow included 
“functio laesa” (loss of function) to this basic framework [83, 84], 
essentially the integration of the previous four signs [13]. Together, 
these five central clinical determinants for inflammation remain intact 
today [12]. In the context of contact lens wear, the clinical signs of 
inflammation and a few examples of their manifestation are: rubor 
(redness): conjunctival or limbal hyperemia; calor (heat): increased 
conjunctival temperature due to increased blood flow; tumor (swell-
ing): corneal or conjunctival edema; dolor (pain): contact lens dis-
comfort; and functio laesa (loss of function): discontinued contact 
lens wear [13].
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inflammatory responses and are linked to pathological pain 
[27–29]. In this study, we investigate the effects of in vitro 
frictional shear on expression of genes associated with cor-
neal epithelial cell differentiation, inflammation, and cell 
death in human corneal epithelial cells using a custom-built 
linear reciprocating tribometer and low contact pressure 
hydrogel probes. Management of friction-induced inflam-
mation opens the door for new designs of soft implants, 
materials, surface patterns, textures, gels, and even phar-
macologic additions all focused on controlling friction and 
inflammation.

2  Materials and Methods

2.1  Cell Culture

A human telomerase-immortalized corneal epithelial cell 
line (hTCEpi) [30] was cultured in T25, 25 cm2 flasks incu-
bated at 37 °C, 5%  CO2, and > 80% relative humidity (RH), 
and grown in Keratinocyte Growth Media (KGM-Gold™) 
supplemented with KGM-Gold BulletKit (Lonza, Basel, 
Switzerland, calcium concentration: 0.1 mM) and used 
between passages 40 and 50. Prior to testing, cells were 
plated onto a fibronectin-coated glass-bottom culture dish 
and allowed to grow to ~ 95% confluence for 24 h, after 
which ~ 200,000 cells were in each well.

2.2  Differential Analysis Culture Dish

Cell monolayers were grown in two separate stadium-shaped 
wells (10 mm length of straight sides, 3.5 mm radius of 
semicircles at each end, area ~ 100  mm2) in a custom glass-
bottom culture dish machined from Ketron® PEEK 1000 
round. The dish was designed with a low, thin, and imperme-
able barrier across the diameter. During cell culture, the dish 
held ~ 4.5 mL of growth media shared by both cell popu-
lations. Prior to experimentation, the two cell populations 
on either side of the partition were physically isolated by 
removing 1.5 mL of growth media from the dish that was 
stored in a glass vial at − 20 °C for future analysis. One of 
the wells was designated as the testing side, and the width of 
the well accommodated the deflection of a hydrogel spheri-
cal shell membrane probe [31]. The well opposite of the 
partition was designated as the “reference side” which was 
not subjected to any externally applied shear stresses.

2.3  Tribological Experimentation

Tribological experiments were performed on confluent 
monolayers of corneal epithelial cells performed on a lin-
ear reciprocating microtribometer (Fig. 2a). Capacitance 
probes (5 µm/V, 100 µm range) were used to measure 

normal and friction forces from the deflections of a tita-
nium double leaf cantilever flexure (normal stiffness of 
160 µN/µm, lateral stiffness of 75 µN/µm) from tribologi-
cal experimentation. Combined standard uncertainties in 
normal and friction force measurements using this con-
figuration were ± 1 µN, respectively.

The hTCEpi cell culture dish was fit with a custom 
lid with an opening on the “testing side” to accommo-
date the motions of the hydrogel probe. The dish and lid 
were placed on a linear reciprocating micro-translation 
stage (Physik Instrumente PLS-85, 0.05 µm resolution) 
and enclosed within a custom-built incubator that accom-
modated tribological testing and limited evaporation. The 
incubator enclosing the tribometer maintained physiologi-
cally relevant conditions (37 °C, 5%  CO2, and > 80% RH) 
for the duration of the sliding experiment. Images of the 

Fig. 2  Illustration of in vitro friction experiments on human corneal 
epithelial (hTCEpi) cells. a Schematic of microtribometer showing 
detail of the double leaf cantilever flexure assembly. Capacitance 
probes mounted axially and laterally measure normal and friction 
forces acting on the spherical shell membrane probe due to loading 
and sliding against a cell monolayer. b The hTCEpi cells are grown 
to confluence in custom glass-bottom culture dishes. During culture, 
both cell populations in their separate wells share the same growth 
media. Prior to sliding, some cell growth media is removed until the 
level is below the partition shown in the cross-sectional view, thereby 
fully isolating both cell populations. The incubator maintains physi-
ologically relevant experimental conditions, shown on the right
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cell layer in the sliding path were taken before and after 
testing (Supplementary Material S1).

Hydrogel probes were polymerized using 7.5 wt% poly-
acrylamide and 0.3 wt% bisacrylamide following the meth-
ods in Urueña et al. [32]. Probes were molded in a spherical 
cap membrane geometry following the methods described in 
Marshall et al. [31], here with a ~ 2 mm radius of curvature 
and ~ 1 mm wall thickness. After polymerization, probes 
equilibrated in ultrapure water (18.2 MΩ) for at least 1 week 
and equilibrated in KGM-Gold™ growth media warmed to 
37 °C prior to testing. The membrane probe was fixed to the 
free end of a 4–40 nylon set screw threaded to the cantilever 
flexure and was lowered into contact with the hTCEpi cells 
in the well of the “testing side” of the culture dish (Fig. 2b).

The hydrogel membrane probe slid against the recipro-
cating hTCEpi cell layer for 900 cycles2 (5.5 h) at 1 mm/s 
sliding speed,3 10 mm stroke length, and a set normal force4 
(500 or 1000 µN) under physiologically relevant environ-
mental conditions. Normal and friction forces were recorded 
at a data acquisition rate of 100 Hz during the entire sliding 
experiment. After testing, the hydrogel membrane probe was 
unloaded and cell monolayers in the entire sliding path and 
in the control well were imaged to monitor any morphologi-
cal changes that may have occurred as a result of the sliding 
experiment. A few milliliters of the growth media were col-
lected from each well of the culture dish for future analysis, 
and the hydrogel membrane probe was removed from the 
nylon set screw and stored separately at − 20 °C in a vial of 
ultrapure water.

2.4  Extraction, Purification, and Reverse 
Transcription of Total RNA from hTCEpi

After tribological experimentation, the culture dish was 
taken to a biosafety cabinet where 500  µL of a 0.05% 

solution of trypsin was added to each well. The culture 
dish was incubated for 5 min, after which 500 µL of 0.05% 
solution of soybean trypsin inhibitor was added to each 
well. Cells were collected from both wells and centrifuged 
separately. After removing the supernatant fluid, the pel-
let of cells was rapidly lysed with a lysis buffer (guanidine 
isothiocyanate) and individually homogenized. The lysate 
was combined with 80% molecular grade ethanol, and the 
sample was passed through an RNeasy UCP MinElute® spin 
column (provided in a Qiagen RNeasy® UCP Micro Kit). 
RNA bound to the silica membrane of the spin column was 
washed to remove contaminants. High quality RNA was 
eluted in 14 µL of diethylpyrocarbonate (DEPC)-treated 
ultrapure water. Throughout the tribological testing, imag-
ing, and RNA extraction process, special precautions were 
taken to ensure that cross-contamination between the two 
cell populations did not occur and that all containers, tools, 
and working surfaces were free of ribonuclease (RNase) 
using RNaseZap®. A NanoDrop 2000 Spectrophotometer 
was used to detect nucleic acid extracted from both wells 
and ensure high purity RNA samples (260/280 nm ~ 2) prior 
to performing reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) with an Eppendorf Mastercy-
cler using the Luna® Universal One-Step RT-qPCR kit 
(#E300S).

2.5  Real‑Time RT‑qPCR Analysis

Quantitative reverse transcription polymerase chain reaction 
(RT-qPCR) is one of the most sensitive and reliably quanti-
tative methods to assess gene transcription [33]. It was used 
in this study to determine relative changes in mRNA expres-
sion levels as a ratio of the amount of initial target sequence 
between the reference well and the experimental well of the 
custom culture dish. Briefly, target mRNA sequences are 
first reverse transcribed (RT) into cDNA copies which are 
then amplified by quantitative polymerase chain reaction 
(qPCR) and analyzed by the comparative Ct method [34]. 
Changes in gene expression are reported as percent change, 
which is the fold change multiplied by 100. Additional 
details of the RT-qPCR method and analysis are included in 
Supplementary Material S2.

To determine if frictional shear stress alone was capa-
ble of activating genes associated with cellular differen-
tiation, inflammation, or apoptosis, reverse transcription 
real-time quantitative PCR (RT-qPCR) was used to meas-
ure the relative abundance of mRNA transcripts encod-
ing 13 genes in total RNA isolated from reference and 
experimental hTCEpi monolayers after sliding. These tar-
gets were chosen based on known function and previous 
reports documenting their expression within the ocular 
surface [30, 35–44]. The complete list of all target genes 
used in these experiments is shown in Table 1, along with 

2 Transcription, translation, and cell signaling are complex time-
dependent processes. For eukaryotic cells, transcription is estimated 
to take ~ 10 min/gene, while translation is estimated to take ~ 1 min/
protein [76]. Experiments were performed over 5.5 h to increase the 
probability of measuring transcriptional changes through RT-qPCR.
3 Previous studies using soft contact lens materials to slide against 
corneal epithelial cells have examined a wide range of sliding speeds: 
0.1  mm/s [85], 0.3  mm/s [86, 87], 1  mm/s [88, 89], and 120  mm/s 
[70]. Physiological sliding speeds at the cornea/contact lens interface 
during a blink (as high as ~ 35 mm/s [90]) and after a blink (~ 100–
300  µm/s [91]) are much lower than natural cornea/eyelid speeds 
(~ 100 mm/s [14]). The sliding speed of 1 mm/s is likely within the 
range of physiological conditions during cornea/contact lens interac-
tions [89].
4 Contact pressures between the healthy cornea/eyelid interface are 
estimated to be between 1 and 5 kPa, and may be higher during con-
tact lens wear [14]. In this study, applied normal loads of 500 µN and 
1,000 µN were selected to achieve ~ 1 kPa and ~ 2 kPa contact pres-
sures, respectively.
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their corresponding primer sequences and descriptions of 
their likely functions (see also: Supplementary Material 
S3). Primer sequences were generated using the qPrimer 
depot algorithm [45] and validated for efficiency. To elimi-
nate the possibility of genomic DNA (gDNA) contamina-
tion affecting our results, all primer sets spanned introns 
and amplicon fidelity was confirmed by melting curve; 
for each primer set, only one species was observed and 
exhibited the precise melting temperature (Tm) predicted 
by the primer design algorithm. No amplification products 
were observed in the no template controls (NTC). Sam-
ple-to-sample variations in RT-qPCR efficiency and errors 
in sample quantification were corrected by an invariant 
endogenous control (“housekeeping gene”) β-actin (ACTB) 
[46], which is constitutively expressed by hTCEpi cells 
during both normal and experimental conditions [47–49], 

and has been experimentally determined in this study to be 
insensitive to variations in frictional shear stress.

2.6  Enzyme‑Linked Immunosorbent Assay (ELISA)

To determine if transcriptional changes correlated with 
changes in protein expression, we measured secretion of the 
protein IL-6 by hTCEpi monolayers from both wells before 
and immediately following sliding experiments using the 
Quantikine Human IL-6 Immunoassay (IL-6 Quantikine 
ELISA Kit, R&D Systems # D6050). This assay employs 
the quantitative sandwich enzyme immunoassay technique, 
and samples were run in duplicate. Briefly, a monoclonal 
antibody specific for human IL-6 was pre-coated onto a 
microplate. Standards and samples were pipetted into the 
wells and any IL-6 present was bound by the immobilized 

Table 1  Sequences for real-time quantitative polymerase chain reaction (qPCR) primers

HGNC ID Gene 5′–3′ Sequence Description

Differentiation
 6442 KRT5 R CTG GTC CAA CTC CTT CTC CA Expressed during differentiation of simple and stratified epithelial tissue

L GGA GCT CAT GAA CAC CAA GC
 6416 KRT14 R TCT GCA GAA GGA CAT TGG C Expressed during differentiation of epithelial tissue; forms cytoskeleton of epithe-

lial cellsL GGC CTG CTG AGA TCA AAG AC
Inflammation
 5991 IL-1α R CCG TGA GTT TCC CAG AAG AA Pleiotropic cytokine involved in various immune responses and inflammatory 

processesL ACT GCC CAA GAT GAA GAC CA
 5992 IL-1β R AAG CCC TTG CTG TAG TGG TG Mediator of the inflammatory response; involved in proliferation, differentiation, 

and apoptosisL GAA GCT GAT GGC CCT AAA CA
 6001 IL-2 R GCA CTT CCT CCA GAG GTT TG Required for T-cell proliferation and immune response regulation

L TCA CCA GGA TGC TCA CAT TT
 6014 IL-4 R GTG TCC TTC TCA TGG TGG CT Mediates the immune regulatory signal response

L CAG ACA TCT TTG CTG CCT CC
 6018 IL-6 R GTC AGG GGT GGT TAT TGC AT Produced at acute and chronic inflammation sites; induces a transcriptional 

inflammatory responseL AGT GAG GAA CAA GCC AGA GC
 5962 IL-10 R CTC ATG GCT TTG TAG ATG CCT Has pleiotropic effects in immunoregulation and inflammation

L GCT GTC ATC GAT TTC TTC CC
 6440 TNF-α R AGA TGA TCT GAC TGC CTG GG Involved in cell responses to cytokines and stress; regulates the immune response 

to infectionsL CTG CTG CAC TTT GGA GTG AT
 7176 MMP9 R TTG GTC CAC CTG GTT CAA CT Capable of degrading several extracellular molecules and bioactive molecules

L ACG ACG TCT TCC AGT ACC GA
Apoptosis
 2726 DDIT3 R TGG ATC AGT CTG GAA AAG CA Induces cell cycle arrest and apoptosis in response to endoplasmic reticulum (ER) 

stressL AGC CAA AAT CAG AGC TGG AA
 11920 FAS R TCC TCA ATT CCA ATC CCT TG Plays a central role in the physiological regulation of programmed cell death; 

implicated in pathogenesis of malignancies of immune systemL GCA TCT GGA CCC TCC TAC CT
 17637 PERP R GCG AAG AAG GAG AGG ATG AA Physiological processes regulate transcription of cell death

L TCA GAG CCT CAT GGA GTA CG
Reference
 132 ACTB R GTT GTC GAC GAC GAGCG Housekeeping gene; involved in cell motility, structure, and expressed in all 

eukaryotic cells under normal and pathophysiological conditionsL GCA CAG AGC CTC GCCTT 
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antibody. After washing away any unbound substances, an 
enzyme-linked polyclonal antibody specific for human IL-6 
was added to the wells. Following a wash to remove any 
unbound antibody-enzyme reagent, a substrate solution was 
added to the wells and color developed in proportion to the 
amount of IL-6 bound in the initial step. The color develop-
ment was then stopped and the intensity of the color was 
measured using a fluorometer.

3  Results and Discussion

3.1  In Vitro Modeling of the Ocular Surface/Contact 
Lens Interface

Prior to sliding experiments, the capacity of hTCEpi cells 
to transcriptionally activate pro-inflammatory gene expres-
sion in response to appropriate stimuli was assessed in 
the protocol outlined in Supplementary Material S4. To 
determine if tribological conditions occurring at the ocular 
surface–contact lens interface during normal contact lens 
wear are associated with cellular differentiation, inflamma-
tion, and/or cell death, expression of key regulators/mark-
ers of these processes in confluent monolayers of hTCEpi 
following repeated cycles of externally applied sub-lethal 
shear stress was compared with that of unstressed controls. 
To recapitulate physiological conditions at the ocular sur-
face–contact lens interface during normal contact lens wear, 
cellular monolayers of hTCEpi cells were subjected to 900 
cycles (~ 5.5 h) of sliding against a spherical shell hydrogel 
probe at a target normal force of either 500 µN or 1,000 µN, 
corresponding to shear stresses of 30 or 60 Pa. The aver-
age normal forces and friction forces measured over each 
sliding experiment, as well as other experimental values, 
are reported in Table 2. The measured friction forces for 
a representative cycle during mild shear stress (τ ~ 30 Pa) 
conditions are shown in Fig. 3 alongside a histogram of aver-
age friction coefficients calculated for all 900 cycles of the 
experiment.

Microscopic images of hTCEpi monolayers exposed to 
frictional shear stresses were compared with images of mon-
olayers in the reference well, both before and after sliding. 
The images did not reveal significant gross morphological 
changes (e.g., size, shape, intracellular features) or increased 
apoptosis or necrosis in monolayers subjected to frictional 
shear stresses. Interestingly, cells within the sliding path of 
the membrane probe did not release from the culture surface 
as readily as the cells in the reference well after the 0.05% 
trypsin treatment prior to RNA extraction, which may indi-
cate augmented cell adhesion in response to shear stress.

3.2  Gene Expression Analyses

Gene expression analysis revealed transcription of IL-1α, 
IL-2, IL-4, IL-10, TNF-α, KRT5, and KRT14 was below 
detectable levels in all samples. Transcription of IL-1β, 
IL-6, DDIT3, FAS, and MMP9 increased following expo-
sure to frictional shear stress. Notably, the relative levels of 
transcriptional induction for IL-1β, IL-6, DDIT3, and FAS 
increased with increasing frictional shear stress (Fig. 4). 
Statistical analysis was performed using triplicate qPCR 
samples to determine the average and standard deviation of 
changes in gene expression for each experiment [50].

To determine if the observed transcriptional changes 
correlated to changes in cytokine secretion, a solid phase 
(plate-based) ELISA was performed to detect IL-6 protein 
in growth media withdrawn from both wells of the culture 
dishes before and after tribological experimentation. The 
ELISA determined that shear stress doubled IL-6 protein 
expression in hTCEpi cells compared to the reference popu-
lation. Specifically, we determined IL-6 was present at a 
concentration of 3 and 6 pg/mL in media from reference and 
testing wells, respectively. The minimum detection threshold 
of this assay is 0.70 pg/mL. Normal human circulating IL-6 
is in the 1 pg/mL range, with slight elevations during the 
menstrual cycle [51], modest elevations in certain types of 
cancer [52], and large elevations after surgery [53].

Table 2  Results of tribological experiments on corneal epithelial cell 
monolayers (hTCEpi) under relatively low and high shear stresses

Shear stress conditions

Low (~ 30 Pa) High (~ 60 Pa)

Normal force (Fn) 492.8 ± 2.7 µN 946.2 ± 41.4 µN
Friction force (Ff) 9.7 ± 2.7 µN 24.9 ± 7.1 µN
Friction coefficient (µ) 0.019 ± 0.005 0.026 ± 0.006
Contact pressure (P) 1300 ± 160 Pa 2100 ± 260 Pa
Contact radius (a) 340 ± 20 µm 380 ± 20 µm
Sliding distance (d) 18 m 18 m
Test duration 5.5 h 5.5 h

Fig. 3  Tribological experiments using hydrogel membrane probes 
against a monolayer of corneal epithelial cells (hTCEpi) result in a 
friction forces for a representative cycle and b corresponding fric-
tion coefficients averaged over each cycle for the entire experiment 
(Fn ~ 500 µN, v = 1 mm/s, l = 10 mm, 900 cycles, ~ 5.5 h)
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The increase in IL-6 concentration is noteworthy for 
two reasons: (1) the main thrust of the approach was to 
analyze transcriptional changes following exposure to 
frictional shear; we harvested cells for RNA isolation and 
media for ELISA immediately following sliding when the 
transcriptional response is at peak induction. However, 
because of the lag time between transcriptional induction 
and the synthesis and accumulation of secreted protein 
[54], the concentration of IL-6 in test media likely would 
not reach maximum levels for 30–90 min post sliding. 
(2) The contact area of the hydrogel probe during sliding 
experiments covered approximately 8–12% of the surface 
area of the monolayer and therefore only a small fraction 
of the cells was exposed to frictional shear and thus, capa-
ble of IL-6 production.

The primary function of IL-1-type cytokines is to control 
pro-inflammatory reactions in response to tissue injury by 
pathogen-associated molecular patterns (PAMPs, such as 
bacterial or viral products) or, during sterile inflammation, 
damage- or danger-associated molecular patterns (DAMPs) 
released from damaged cells, such as uric acid crystals [23, 
55] or ATP [56, 57]. As shown in Fig. 5, IL-1β cytokine 
secretion is tightly regulated at the transcriptional and post-
translational level. The observed transcriptional activation 
of IL-1β and downstream targets of IL-1 signaling (IL-6 
& MMP9), the fact that this increase was directly propor-
tional to the applied force, and the detectable increase in 

IL-6 secretion all indicate true activation of IL-1β signaling 
in hTCEpi cells in response to frictional shear stress.

Interestingly, the gene showing the largest increase in 
transcription following frictional shear stress was DDIT3, 
a major stress-inducible pro-apoptotic gene in endoplas-
mic reticulum (ER) stress-induced apoptosis. DDIT3 is 
expressed at a very low level under baseline cell culture con-
ditions but significantly increases in the presence of severe 
or persistent ER stress. Notably, the induction of DDIT3 
correlates well with the onset of ER stress-associated apop-
tosis and silencing DDIT3 expression protects cells against 
apoptosis induced by prolonged ER stress. The PERK/
eIF2α /ATF4 arm of the unfolded protein response (UPR) 
is considered as the major inducer of DDIT3 expression. As 
shown in Fig. 6, the accumulation of unfolded proteins in 
the ER lumen drives PERK-mediated phosphorylation of 
eIF2α. This disrupts cap-dependent mRNA translation and 
causes a global decrease in protein synthesis and preferential 
translation of IRES-containing mRNA transcripts for stress-
related genes (e.g., ATF-4) that promote cellular recovery 
or, if the response fails, drive apoptosis. There are a number 
of studies that report inflammasome activation in response 
to ER stress [58–61].

The results of our study are consistent with a number of 
recent reports highlighting the link between biomaterials-
induced sterile inflammation and mechanical stimuli [62–70] 
as well as those showing that mechanical stress is sensed by 

Fig. 4  Results of RT-qPCR studies following four experimental 
shear stress conditions: no hydrogel probe (white) τ = 0 Pa; hydrogel 
probe with no contact, τ = 0 Pa (light gray); τ ~ 30 Pa (gray); τ ~ 60 Pa 
(dark gray). Of the target genes listed in Table 1, only the five shown 
above were detected and showed changes in response to tribological 
testing. The average percent change in gene expression is calculated 
from a reference using the comparative Ct method described in the 
Materials and Methods section, and error bars represent the standard 

deviation calculated from PCR triplicates. Compared to the reference, 
increased gene expression was observed following 5.5 h of tribologi-
cal testing for a pro-inflammatory genes (IL-1β, IL-6, and MMP9) 
and for b pro-apoptotic genes (DDIT3 and FAS). The two control 
experiments revealed negligible changes in gene expression (approxi-
mately ± 100% change) of pro-inflammatory genes and pro-apoptotic 
genes without (white) or with (light gray) the presence of a non-con-
tacting hydrogel membrane probe
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the NLRP3 inflammasome and leads to IL-1β processing and 
IL-1β cytokine secretion [18, 71–75].

3.3  Limitations

Our experimental method is specifically designed to investi-
gate the biotribological behavior of epithelial cells, cell lay-
ers, and tissues. The conceptual framework of incorporating 
gene expression analyses utilizing high sensitivity/specificity 
assays and a well-defined living component with a precision 
biotribometer has been demonstrated using soft hydrogel 
probes sliding against living hTCEpi cell monolayers for 
over 5 h. However, there are several significant limitations 
inherent in these experiments, outlined below.

This study reports only one sliding speed (1 mm/s) to 
compare the effects of frictional shear stress on gene expres-
sion of corneal epithelial cells. The biotribometer design 
is amenable to wider ranges of sliding speed, and the rate-
dependent effects of repeated frictional shear events on cel-
lular gene expression is a research direction worth exploring 
in future studies. This study reports only one set of sliding 
cycles (900) for a total sliding duration of 5.5 h. The experi-
mental method was optimized for transcription, which is 
estimated to take ~ 10 min/gene [76]. Extended duration test-
ing increased the probability of measuring transcriptional 
changes through RT-qPCR and provided a simplified model 
of “end-of-day” conditions during contact lens wear. Com-
plex temporal dynamics in cell signaling [54] suggest future 
studies should investigate multiple time points to identify 
the role of cell signaling cascades in cellular responses to 
frictional shear stress. Intermittent shear stress events [49] 
or delaying RNA extraction after tribological testing may 
reveal time-dependent gene expression.

The cells described herein are plated on fibronectin-
coated glass, which has been previously used in wound-
healing assays [77]; future studies will utilize extracellular 
matrices that more closely recapitulates the ocular epithelial 
microenvironment (e.g., collagen). While cell monolayers 
grown on glass substrates enable fluorescence microscopy, 
this configuration does not reproduce the mechanical or bio-
logical complexities of stratified cells found in vivo at the 
corneal epithelium. Air-lifted cell cultures or cells grown 
on softer substrates would likely produce more physiologi-
cally relevant biological substrates [78]. However, the use 
of compliant hydrogel probes ensures that contact pressures 
remain within likely physiological norms.

4  Concluding Remarks

We developed an in vitro experimental platform integrat-
ing tribological instrumentation and biomolecular assays to 
address core aspects of contact lens biocompatibility: ster-
ile, sub-clinical inflammation of the anterior eye is intrin-
sic to contact lens wear. We created near-physiological 
testing conditions for in vitro lubricity measurements and 
performed gene expression analyses on human corneal epi-
thelial (hTCEPi) cells during friction testing and reported 
increased expression of pro-inflammatory cytokines and 
proteases indicative of activated IL-1β signaling, as well as 
pro-apoptotic factors consistent with endoplasmic reticulum 
(ER) stress due to direct sliding contact by a soft hydro-
gel membrane probe. Together, these data indicate that the 
intrinsic inflammatory nature of contact lens wear may be 
the result of frictional shear stress at the ocular surface.

Today, the Tribology community is presented with tre-
mendous opportunities to link the materials design and sur-
face modulus of large mesh size gel layers to control the 
surface contact pressures of the ocular epithelia (edges and 
eyelid) to target shear stress levels and strains that are not 
pro-inflammatory, nor causing additional apoptosis, cell 
lysis, or necrosis. Studies involving the applications of drugs 
or other solution treatments around Dry Eye and contact 
lens-induced Dry Eye (CLIDE) can be explored in vitro with 
biological readouts that are relevant to the condition.

Our experimental method is specifically designed to 
biotribologically investigate epithelial tissues in vitro to 
understand the link between frictional shear stress and bio-
logical responses. This experimental method is not lim-
ited to applications of the ocular epithelia; the concept of 
imposing frictional shear stresses in vitro on cell layers or 
organoids and processing gene expression broadly applies 
to multiple viable cell and tissue types. With appropriate 
modification to the existing infrastructure, this experimen-
tal method may also be applied to other friction-responsive 

Fig. 5  Frictional shear stress triggers production of inflammatory 
genes and cytokine secretion. Active IL-1β cytokine secretion is 
tightly regulated by a multiprotein complex known as the inflamma-
some that controls activation of the IL-1β-processing protease cas-
pase-1 [82]. The functional regulation of an active inflammasome in 
a cell is a ‘two-hit’ process that converges on the activation of the 
NF-κB and AP-1 transcription factors that drive pro-inflammatory 
cytokine/chemokine production. The ‘first hit’ (blue symbols and 
arrows) requires a non-activating stimulus to promote the transcrip-
tional expression of pro-IL-1β and NALP3. This is thought to prime 
the inflammasome before its activation by second stimuli (second 
hit). The ‘second hit’ (orange symbols and arrows), either by the 
same and/or by additional stimuli, results in  K+ efflux and increased 
cytosolic  Ca2+ levels that drive the production of mitochondrial reac-
tive oxygen species (ROS) that promote inflammasome oligomeri-
zation and proteolytic processing of pro-IL-1β by caspase-1. Active 
IL-1β is secreted and acts in a paracrine or systemic manner to acti-
vate expression of dozens of pro-inflammatory genes. In addition, 
IL-1β induces its own expression in an autocrine (red symbols and 
arrows) or paracrine manner, creating an auto-regulated positive feed-
back loop that amplifies the IL-1β response. See also: Supplementary 
Material S5

◂
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biological systems, including cartilage and tissue explants 
[79, 80]. Epithelial cells represent a first-line-of-defense 
for the innate immune system, and defend an area of 
approximately 400 m2 across our digestive, respiratory, 
and reproductive tracts; it is clear that epithelial cells work 
together with dendritic cells as a “sentinel” pair that initi-
ate the immune response [81], and as such, the friction-
induced cytokine production may be a general function of 
epithelial cells.

Acknowledgements The authors gratefully acknowledge Alcon Labo-
ratories for supporting this work. Special thanks to Prof. James V. 
Jester for donating the hTCEpi cell line used in this study, and to Dr. 
Rachael Watson Levings for assistance with ELISA and for invaluable 
discussions.

References

 1. Williams, D.F.: On the mechanisms of biocompatibility. Biomate-
rials. 29, 2941–2953 (2008). https ://doi.org/10.1016/j.bioma teria 
ls.2008.04.023

 2. Williams, D.F.: There is no such thing as a biocompatible material. 
Biomaterials. 35, 10009–10014 (2014). https ://doi.org/10.1016/j.
bioma teria ls.2014.08.035

 3. Davidson, H.J., Kuonen, V.J.: The tear film and ocular mucins. 
Vet. Ophthalmol. 7, 71–77 (2004). https ://doi.org/10.111
1/j.1463-5224.2004.00325 .x

 4. Willcox, M.D.P., Argüeso, P., Georgiev, G.A., Holopainen, J.M., 
Laurie, G.W., Millar, T.J., Papas, E.B., Rolland, J.P., Schmidt, 
T.A., Stahl, U., Suarez, T., Subbaraman, L.N., Uçakhan, O., Jones, 
L.: TFOS DEWS II tear film report. Ocul. Surf. 15, 366–403 
(2017). https ://doi.org/10.1016/j.jtos.2017.03.006

 5. Franz, S., Rammelt, S., Scharnweber, D., Simon, J.C.: Immune 
responses to implants—a review of the implications for the design 

Fig. 6  Frictional shear stress triggers production of pro-inflammatory 
and pro-apoptotic genes. Above, activation of PERK/eIF2α/ATF4 
signaling in response to friction-induced endoplasmic reticulum (ER) 
stress. a In unstressed (control) cells, PERK forms a stable complex 
with the ER chaperone BiP. b Perturbation of protein folding from 
ER stress promotes reversible dissociation of BiP from the lumenal 
domain of PERK. Loss of BiP results in the activation of PERK. 
Active PERK then mediates the phosphorylation of the α subunit of 
eIF2 resulting in the promotion of a pro-adaptive signaling pathway 
by the inhibition of global protein synthesis and selective translation 
of ATF4. ATF4 also enhances the expression of additional transcrip-

tion factors, ATF3 and DDIT3 (CCAAT/enhancer-binding protein 
homologous protein)/GADD153 (growth arrest and DNA damage-
inducible protein), that assist in the regulation of genes involved in 
metabolism, the redox status of the cells and apoptosis. Reduced 
translation by eIF2 phosphorylation can also lead to activation of 
stress-related transcription factors, such as NF-κB (nuclear fac-
tor κB), by lowering the steady-state levels of short-lived regulatory 
proteins such as IκB (inhibitor of NF-κB). During conditions of pro-
longed ER stress, pro-adaptive responses fail and apoptotic cell death 
ensues. See also: Supplementary Material S5

https://doi.org/10.1016/j.biomaterials.2008.04.023
https://doi.org/10.1016/j.biomaterials.2008.04.023
https://doi.org/10.1016/j.biomaterials.2014.08.035
https://doi.org/10.1016/j.biomaterials.2014.08.035
https://doi.org/10.1111/j.1463-5224.2004.00325.x
https://doi.org/10.1111/j.1463-5224.2004.00325.x
https://doi.org/10.1016/j.jtos.2017.03.006


Tribology Letters (2018) 66:81 

1 3

Page 11 of 13 81

of immunomodulatory biomaterials. Biomaterials 32, 6692–6709 
(2011). https ://doi.org/10.1016/j.bioma teria ls.2011.05.078

 6. Pritchard, N., Fonn, D., Brazeau, D.: Discontinuation of contact 
lens wear: a survey. Int. Contact Lens Clin. 26, 157–162 (1999). 
https ://doi.org/10.1016/S0892 -8967(01)00040 -2

 7. Vajdic, C., Holden, B.A., Sweeney, D.F., Cornish, R.M.: The fre-
quency of ocular symptoms during spectacle and daily soft and 
rigid contact lens wear. Optom. Vis. Sci. 76, 705–711 (1999)

 8. Richdale, K., Sinnott, L.T., Skadahl, E., Nichols, J.J.: Fre-
quency of and factors associated with contact lens dissatisfaction 
and discontinuation. Cornea. 26, 168–174 (2007). https ://doi.
org/10.1097/01.ico.00002 48382 .32143 .86

 9. Young, G.: Why one million contact lens wearers dropped 
out. Contact Lens Anterior Eye 27, 83–85 (2004). https ://doi.
org/10.1016/j.clae.2004.02.006

 10. Gipson, I.K., Argüeso, P., Beuerman, R.: Research in dry eye: 
report of the research subcommittee of the international dry eye 
workshop. Ocul. Surf. 5, 179–193 (2007)

 11. Jones, L., Brennan, N.A., González-Méijome, J., Lally, J., Mal-
donado-Codina, C., Schmidt, T.A., Subbaraman, L., Young, G., 
Nichols, J.J.: The TFOS international workshop on contact lens 
discomfort: report of the contact lens materials, design, and care 
subcommittee. Investig. Opthalmol Vis. Sci. (2013). https ://doi.
org/10.1167/iovs.13-13215 

 12. Efron, N.: Contact lens wear is intrinsically inflammatory. Clin. 
Exp. Optom. 100, 3–19 (2017). https ://doi.org/10.1111/cxo.12487 

 13. Efron, N.: Rethinking contact lens discomfort. Clin. Exp. Optom. 
101, 1–3 (2018). https ://doi.org/10.1111/cxo.12629 

 14. Dunn, A.C., Tichy, J.A., Uruenã, J.M., Sawyer, W.G.G., Urueña, 
J.M., Sawyer, W.G.G.: Lubrication regimes in contact lens 
wear during a blink. Tribol. Int. 63, 45–50 (2013). https ://doi.
org/10.1016/j.tribo int.2013.01.008

 15. Huang, H.: Cell mechanics and mechanotransduction: pathways, 
probes, and physiology. AJP Cell Physiol. 287, C1–C11 (2004). 
https ://doi.org/10.1152/ajpce ll.00559 .2003

 16. Tighe, B.J.: A decade of silicone hydrogel development. Eye 
Contact Lens Sci. Clin. Pract. (2013). https ://doi.org/10.1097/
ICL.0b013 e3182 75452 b

 17. Shen, H., Kreisel, D., Goldstein, D.R.: Processes of sterile 
inflammation. J. Immunol. 191, 2857–2863 (2013). https ://doi.
org/10.4049/jimmu nol.13015 39

 18. Wu, J., Yan, Z., Schwartz, D.E., Yu, J., Malik, A.B., Hu, G.: Acti-
vation of NLRP3 inflammasome in alveolar macrophages contrib-
utes to mechanical stretch-induced lung inflammation and injury. 
J. Immunol. 190, 3590–3599 (2013). https ://doi.org/10.4049/
jimmu nol.12008 60

 19. Rock, K.L., Latz, E., Ontiveros, F., Kono, H.: The sterile inflam-
matory response. Annu. Rev. Immunol. 28, 321–342 (2010). https 
://doi.org/10.1146/annur ev-immun ol-03040 9-10131 1

 20. Lukens, J.R., Gross, J.M., Kanneganti, T.-D.: IL-1 family 
cytokines trigger sterile inflammatory disease. Front. Immunol. 
(2012). https ://doi.org/10.3389/fimmu .2012.00315 

 21. Dostert, C., Petrilli, V., Van Bruggen, R., Steele, C., Mossman, 
B.T., Tschopp, J.: Innate immune activation through Nalp3 inflam-
masome sensing of asbestos and silica. Science 320, 674–677 
(2008). https ://doi.org/10.1126/scien ce.11569 95

 22. Donaldson, K., Murphy, F.A., Duffin, R., Poland, C.A.: Asbestos, 
carbon nanotubes and the pleural mesothelium: a review and the 
hypothesis regarding the role of long fibre retention in the parietal 
pleura, inflammation and mesothelioma. Part. Fibre Toxicol. 7, 5 
(2010). https ://doi.org/10.1186/1743-8977-7-5

 23. Eisenbarth, S.C., Colegio, O.R., O’Connor, W., Sutterwala, F.S., 
Flavell, R.A.: Crucial role for the Nalp3 inflammasome in the 
immunostimulatory properties of aluminium adjuvants. Nature 
453, 1122–1126 (2008). https ://doi.org/10.1038/natur e0693 9

 24. Duewell, P., Kono, H., Rayner, K.J., Sirois, C.M., Vladimer, G., 
Bauernfeind, F.G., Abela, G.S., Franchi, L., Nuñez, G., Schnurr, 
M., Espevik, T., Lien, E., Fitzgerald, K.A., Rock, K.L., Moore, 
K.J., Wright, S.D., Hornung, V., Latz, E.: NLRP3 inflammasomes 
are required for atherogenesis and activated by cholesterol crys-
tals. Nature. 464, 1357–1361 (2010). https ://doi.org/10.1038/natur 
e0893 8

 25. Halle, A., Hornung, V., Petzold, G.C., Stewart, C.R., Monks, B.G., 
Reinheckel, T., Fitzgerald, K.A., Latz, E., Moore, K.J., Golen-
bock, D.T.: The NALP3 inflammasome is involved in the innate 
immune response to amyloid-β. Nat. Immunol. 9, 857–865 (2008). 
https ://doi.org/10.1038/ni.1636

 26. Hellmann, J., Zhang, M.J., Tang, Y., Rane, M., Bhatnagar, A., 
Spite, M.: Increased saturated fatty acids in obesity alter resolu-
tion of inflammation in part by stimulating prostaglandin produc-
tion. J. Immunol. 191, 1383–1392 (2013). https ://doi.org/10.4049/
jimmu nol.12033 69

 27. Chen, G.Y., Nuñez, G.: Sterile inflammation: sensing and reacting 
to damage. Nat. Rev. Immunol. 10, 826–837 (2010). https ://doi.
org/10.1038/nri28 73

 28. de Oliveira, C.M.B., Sakata, R.K., Issy, A.M., Gerola, L.R., 
Salomão, R.: Cytokines and pain. Rev. Bras. Anestesiol. 61, 
255–265 (2011). https ://doi.org/10.1016/S0034 -7094(11)70029 -0

 29. Zhang, J.-M., An, J.: Cytokines, inflammation, and pain. Int. 
Anesthesiol. Clin. 45, 27–37 (2007). https ://doi.org/10.1097/
AIA.0b013 e3180 34194 e

 30. Robertson, D.M., Li, L., Fisher, S., Pearce, V.P., Shay, J.W., 
Wright, W.E., Cavanagh, H.D., Jester, J.V.: Characterization of 
Growth and differentiation in a telomerase-immortalized human 
corneal epithelial cell line. Investig. Opthalmol. Vis. Sci. 46, 470 
(2005). https ://doi.org/10.1167/iovs.04-0528

 31. Marshall, S.L., Schulze, K.D., Hart, S.M., Urueña, J.M., McGhee, 
E.O., Bennett, A.I., Pitenis, A.A., O’Bryan, C.S., Angelini, T.E., 
Sawyer, W.G.: Spherically capped membrane probes for low 
contact pressure tribology. Biotribology (2017). https ://doi.
org/10.1016/j.biotr i.2017.03.008

 32. Urueña, J.M., Pitenis, A.A., Nixon, R.M., Schulze, K.D., Ange-
lini, T.E., Sawyer, W.G.: Mesh size control of polymer fluctuation 
lubrication in gemini hydrogels. Biotribology 1, 24–29 (2015). 
https ://doi.org/10.1016/j.biotr i.2015.03.001

 33. Yuan, J.S., Reed, A., Chen, F., Stewart, C.N.: Statistical analysis 
of real-time PCR data. BMC Bioinform. 7, 85 (2006). https ://doi.
org/10.1186/1471-2105-7-85

 34. Schmittgen, T.D., Livak, K.J.: Analyzing real-time PCR data by 
the comparative CT method. Nat. Protoc. 3, 1101–1108 (2008). 
https ://doi.org/10.1038/nprot .2008.73

 35. Nishida, K., Adachi, W., Shimizu-matsumoto, A., Kinoshita, S., 
Mizuno, K., Matsubara, K., Okubo, K.: A gene expression profile 
of human corneal epithelium and the isolation of human keratin 
12 cDNA. Investig. Ophthalmol. Vis. Sci. 37, 1800–1809 (1996)

 36. McMahon, F.W., Gallagher, C., O’Reilly, N., Clynes, M., 
O’Sullivan, F., Kavanagh, K.: Exposure of a corneal epithelial cell 
line (hTCEpi) to Demodex-associated Bacillus proteins results 
in an inflammatory response. Invest. Ophthalmol. Vis. Sci. 55, 
7019–7028 (2014). https ://doi.org/10.1167/iovs.14-15018 

 37. O’Reilly, N., Gallagher, C., Reddy Katikireddy, K., Clynes, M., 
O’Sullivan, F., Kavanagh, K.: Demodex-associated Bacillus pro-
teins induce an aberrant wound healing response in a corneal epi-
thelial cell line: possible implications for corneal ulcer formation 
in ocular rosacea. Investig. Ophthalmol. Vis. Sci. 53, 3250–3259 
(2012). https ://doi.org/10.1167/iovs.11-9295

 38. Luo, L., Li, D.-Q., Pflugfelder, S.C.: Hyperosmolarity-induced 
apoptosis in human corneal epithelial cells is mediated by 
cytochrome c and MAPK pathways. Cornea 26, 452–460 (2007). 
https ://doi.org/10.1097/ICO.0b013 e3180 30d25 9

https://doi.org/10.1016/j.biomaterials.2011.05.078
https://doi.org/10.1016/S0892-8967(01)00040-2
https://doi.org/10.1097/01.ico.0000248382.32143.86
https://doi.org/10.1097/01.ico.0000248382.32143.86
https://doi.org/10.1016/j.clae.2004.02.006
https://doi.org/10.1016/j.clae.2004.02.006
https://doi.org/10.1167/iovs.13-13215
https://doi.org/10.1167/iovs.13-13215
https://doi.org/10.1111/cxo.12487
https://doi.org/10.1111/cxo.12629
https://doi.org/10.1016/j.triboint.2013.01.008
https://doi.org/10.1016/j.triboint.2013.01.008
https://doi.org/10.1152/ajpcell.00559.2003
https://doi.org/10.1097/ICL.0b013e318275452b
https://doi.org/10.1097/ICL.0b013e318275452b
https://doi.org/10.4049/jimmunol.1301539
https://doi.org/10.4049/jimmunol.1301539
https://doi.org/10.4049/jimmunol.1200860
https://doi.org/10.4049/jimmunol.1200860
https://doi.org/10.1146/annurev-immunol-030409-101311
https://doi.org/10.1146/annurev-immunol-030409-101311
https://doi.org/10.3389/fimmu.2012.00315
https://doi.org/10.1126/science.1156995
https://doi.org/10.1186/1743-8977-7-5
https://doi.org/10.1038/nature06939
https://doi.org/10.1038/nature08938
https://doi.org/10.1038/nature08938
https://doi.org/10.1038/ni.1636
https://doi.org/10.4049/jimmunol.1203369
https://doi.org/10.4049/jimmunol.1203369
https://doi.org/10.1038/nri2873
https://doi.org/10.1038/nri2873
https://doi.org/10.1016/S0034-7094(11)70029-0
https://doi.org/10.1097/AIA.0b013e318034194e
https://doi.org/10.1097/AIA.0b013e318034194e
https://doi.org/10.1167/iovs.04-0528
https://doi.org/10.1016/j.biotri.2017.03.008
https://doi.org/10.1016/j.biotri.2017.03.008
https://doi.org/10.1016/j.biotri.2015.03.001
https://doi.org/10.1186/1471-2105-7-85
https://doi.org/10.1186/1471-2105-7-85
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1167/iovs.14-15018
https://doi.org/10.1167/iovs.11-9295
https://doi.org/10.1097/ICO.0b013e318030d259


 Tribology Letters (2018) 66:81

1 3

81 Page 12 of 13

 39. Rabinowitz, Y.S., Dong, L., Wistow, G.: Gene expression profile 
studies of human keratoconus cornea for NEIBank: a novel cor-
nea-expressed gene and the absence of transcripts for aquaporin 
5. Investig. Ophthalmol. Vis. Sci. 46, 1239–1246 (2005). https ://
doi.org/10.1167/iovs.04-1148

 40. Kinoshita, S., Adachi, W., Sotozono, C., Nishida, K., Yokoi, N., 
Quantock, A.J., Okubo, K.: Characteristics of the human ocular 
surface epithelium. Prog. Retin. Eye Res. 20, 639–673 (2001). 
https ://doi.org/10.1016/S1350 -9462(01)00007 -6

 41. Enríquez-de-Salamanca, A., Castellanos, E., Stern, M.E., Fernán-
dez, I., Carreño, E., García-Vázquez, C., Herreras, J.M., Calonge, 
M.: Tear cytokine and chemokine analysis and clinical correla-
tions in evaporative-type dry eye disease. Mol. Vis. 16, 862–873 
(2010)

 42. De Paiva, C.S., Corrales, R.M., Villarreal, A.L., Farley, W.J., Li, 
D.Q., Stern, M.E., Pflugfelder, S.C.: Corticosteroid and doxycy-
cline suppress MMP-9 and inflammatory cytokine expression, 
MAPK activation in the corneal epithelium in experimental dry 
eye. Exp. Eye Res. 83, 526–535 (2006). https ://doi.org/10.1016/j.
exer.2006.02.004

 43. Stern, M.E., Pflugfelder, S.C.: Inflammation in dry eye. Ocul. Surf. 
2, 124–130 (2004). https ://doi.org/10.1016/S1542 -0124(12)70148 
-9

 44. Jones, D.T., Monroy, D., Ji, Z., Pflugfelder, S.C.: Alterations of 
Ocular Surface Gene Expression in Sjögren’s Syndrome. In: Sul-
livan, D.A., Dartt, D.A., Meneray, M.A. (eds.) Lacrimal Gland, 
Tear Film, and Dry Eye Syndromes 2, pp. 533–536. Springer, 
Boston (1998)

 45. Cui, W., Taub, D.D., Gardner, K.: qPrimerDepot: a primer data-
base for quantitative real time PCR. Nucleic Acids Res. 35, D805–
D809 (2007). https ://doi.org/10.1093/nar/gkl76 7

 46. Stürzenbaum, S.R., Kille, P.: Control genes in quantitative molec-
ular biological techniques: the variability of invariance. Comp. 
Biochem. Physiol. Part B Biochem. Mol. Biol. 130, 281–289 
(2001). https ://doi.org/10.1016/S1096 -4959(01)00440 -7

 47. Roy, S., Sun, Y., Pearlman, E.: Interferon-γ-induced MD-2 protein 
expression and lipopolysaccharide (LPS) Responsiveness in cor-
neal epithelial cells is mediated by janus tyrosine kinase-2 activa-
tion and direct binding of STAT1 protein to the MD-2 promoter. 
J. Biol. Chem. 286, 23753–23762 (2011). https ://doi.org/10.1074/
jbc.M111.21934 5

 48. Robertson, D.M., Ho, S.-I., Cavanagh, H.D.: Characterization of 
∆Np63 isoforms in normal cornea and telomerase-immortalized 
human corneal epithelial cells. Exp. Eye Res. 86, 576–585 (2008). 
https ://doi.org/10.1016/j.exer.2007.12.007

 49. Hampel, U., Garreis, F., Burgemeister, F., Eßel, N., Paulsen, F.: 
Effect of intermittent shear stress on corneal epithelial cells using 
an in vitro flow culture model. Ocul. Surf. (2018). https ://doi.
org/10.1016/j.jtos.2018.04.005

 50. Livak, K.J., Schmittgen, T.D.: Analysis of relative gene expres-
sion data using real-time quantitative PCR and the  2–∆∆CT 
method. Methods 25, 402–408 (2001). https ://doi.org/10.1006/
meth.2001.1262

 51. Angstwurm, M.W.A., Gärtner, R., Ziegler-Heitbrock, 
H.W.L.: Cyclic plasma IL-6 levels during normal menstrual 
cycle. Cytokine 9, 370–374 (1997). https ://doi.org/10.1006/
cyto.1996.0178

 52. Yamamura, M., Yamada, Y., Momita, S., Kamihira, S., Tomonaga, 
M.: Circulating interleukin-6 levels are elevated in adult T-cell 
leukaemia/lymphoma patients and correlate with adverse clinical 
features and survival. Br. J. Haematol. 100, 129–134 (1998). https 
://doi.org/10.1046/j.1365-2141.1998.00538 .x

 53. Sakamoto, K., Arakawa, H., Mita, S., Ishiko, T., Ikei, S., Egami, 
H., Hisano, S., Ogawa, M.: Elevation of circulating interleukin 
6 after surgery: Factors influencing the serum level. Cytokine 6, 
181–186 (1994). https ://doi.org/10.1016/1043-4666(94)90040 -X

 54. Kholodenko, B.N.: Cell-signalling dynamics in time and 
space. Nat. Rev. Mol. Cell Biol. 7, 165–176 (2006). https ://doi.
org/10.1038/nrm18 38

 55. Aganna, E., Martinon, F., Hawkins, P.N., Ross, J.B., Swan, D.C., 
Booth, D.R., Lachmann, H.J., Gaudet, R., Woo, P., Feighery, C., 
Cotter, F.E., Thome, M., Hitman, G.A., Tschopp, J., McDermott, 
M.F.: Association of mutations in theNALP3/CIAS1/PYPAF1 
gene with a broad phenotype including recurrent fever, cold sen-
sitivity, sensorineural deafness, and AA amyloidosis. Arthritis 
Rheum. 46, 2445–2452 (2002). https ://doi.org/10.1002/art.10509 

 56. Weber, A., Wasiliew, P., Kracht, M.: Interleukin-1 (IL-1) pathway. 
Sci. Signal 3, 1–7 (2010)

 57. Mariathasan, S., Weiss, D.S., Newton, K., McBride, J., O’Rourke, 
K., Roose-Girma, M., Lee, W.P., Weinrauch, Y., Monack, D.M., 
Dixit, V.M.: Cryopyrin activates the inflammasome in response 
to toxins and ATP. Nature 440, 228–232 (2006). https ://doi.
org/10.1038/natur e0451 5

 58. Kitamura, M.: Biphasic, bidirectional regulation of NF-κB by 
endoplasmic reticulum stress. Antioxid. Redox Signal. 11, 2353–
2364 (2009). https ://doi.org/10.1089/ars.2008.2391

 59. Harding, H.P., Zhang, Y., Zeng, H., Novoa, I., Lu, P.D., Calfon, 
M., Sadri, N., Yun, C., Popko, B., Paules, R., Stojdl, D.F., Bell, 
J.C., Hettmann, T., Leiden, J.M., Ron, D.: An integrated stress 
response regulates amino acid metabolism and resistance to oxida-
tive stress. Mol. Cell. 11, 619–633 (2003). https ://doi.org/10.1016/
S1097 -2765(03)00105 -9

 60. Lerner, A.G., Upton, J.-P., Praveen, P.V.K., Ghosh, R., Nakagawa, 
Y., Igbaria, A., Shen, S., Nguyen, V., Backes, B.J., Heiman, M., 
Heintz, N., Greengard, P., Hui, S., Tang, Q., Trusina, A., Oakes, 
S.A., Papa, F.R.: IRE1α induces thioredoxin-interacting protein 
to activate the NLRP3 inflammasome and promote programmed 
cell death under irremediable ER stress. Cell Metab. 16, 250–264 
(2012). https ://doi.org/10.1016/j.cmet.2012.07.007

 61. Oslowski, C.M., Hara, T., O’Sullivan-Murphy, B., Kanekura, 
K., Lu, S., Hara, M., Ishigaki, S., Zhu, L.J., Hayashi, E., Hui, 
S.T., Greiner, D., Kaufman, R.J., Bortell, R., Urano, F.: Thiore-
doxin-interacting protein mediates ER stress-induced β cell death 
through initiation of the inflammasome. Cell Metab. 16, 265–273 
(2012). https ://doi.org/10.1016/j.cmet.2012.07.005

 62. Anderson, J.M.: Inflammatory response to implants. Trans. Am. 
Soc. Artif. Intern. Organs. 34, 101–107 (1988)

 63. Anderson, J.M.: Mechanisms of inflammation and infection with 
implanted devices. Cardiovasc. Pathol. 2, 33–41 (1993). https ://
doi.org/10.1016/1054-8807(93)90045 -4

 64. Anderson, J.M., Rodriguez, A., Chang, D.T.: Foreign body reac-
tion to biomaterials. Semin. Immunol. 20, 86–100 (2008). https 
://doi.org/10.1016/j.smim.2007.11.004

 65. Anderson, J.M.: Inflammation, Wound Healing, and the Foreign-
Body Response. Elsevier, San Diego (2013)

 66. Anderson, J.M.: Exploiting the inflammatory response on bioma-
terials research and development. J. Mater. Sci. Mater. Med. 26, 
121 (2015). https ://doi.org/10.1007/s1085 6-015-5423-5

 67. Boccafoschi, F., Mosca, C., Cannas, M.: Cardiovascular biomate-
rials: when the inflammatory response helps to efficiently restore 
tissue functionality? J. Tissue Eng. Regen. Med. 8, 253–267 
(2014). https ://doi.org/10.1002/term.1526

 68. Christo, S.N., Diener, K.R., Bachhuka, A., Vasilev, K., Hayball, 
J.D.: Innate immunity and biomaterials at the nexus: friends or 
foes. Biomed Res. Int. (2015). https ://doi.org/10.1155/2015/34230 
4

 69. Williams, D.F.: Biocompatibility pathways: biomaterials-induced 
sterile inflammation, mechanotransduction, and principles of bio-
compatibility control. ACS Biomater. Sci. Eng. 3, 2–35 (2017). 
https ://doi.org/10.1021/acsbi omate rials .6b006 07

 70. Qin, G., Baidouri, H., Glasser, A., Raghunathan, V., Morris, C., 
Maltseva, I., McDermott, A.M.: Development of an in vitro model 

https://doi.org/10.1167/iovs.04-1148
https://doi.org/10.1167/iovs.04-1148
https://doi.org/10.1016/S1350-9462(01)00007-6
https://doi.org/10.1016/j.exer.2006.02.004
https://doi.org/10.1016/j.exer.2006.02.004
https://doi.org/10.1016/S1542-0124(12)70148-9
https://doi.org/10.1016/S1542-0124(12)70148-9
https://doi.org/10.1093/nar/gkl767
https://doi.org/10.1016/S1096-4959(01)00440-7
https://doi.org/10.1074/jbc.M111.219345
https://doi.org/10.1074/jbc.M111.219345
https://doi.org/10.1016/j.exer.2007.12.007
https://doi.org/10.1016/j.jtos.2018.04.005
https://doi.org/10.1016/j.jtos.2018.04.005
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/cyto.1996.0178
https://doi.org/10.1006/cyto.1996.0178
https://doi.org/10.1046/j.1365-2141.1998.00538.x
https://doi.org/10.1046/j.1365-2141.1998.00538.x
https://doi.org/10.1016/1043-4666(94)90040-X
https://doi.org/10.1038/nrm1838
https://doi.org/10.1038/nrm1838
https://doi.org/10.1002/art.10509
https://doi.org/10.1038/nature04515
https://doi.org/10.1038/nature04515
https://doi.org/10.1089/ars.2008.2391
https://doi.org/10.1016/S1097-2765(03)00105-9
https://doi.org/10.1016/S1097-2765(03)00105-9
https://doi.org/10.1016/j.cmet.2012.07.007
https://doi.org/10.1016/j.cmet.2012.07.005
https://doi.org/10.1016/1054-8807(93)90045-4
https://doi.org/10.1016/1054-8807(93)90045-4
https://doi.org/10.1016/j.smim.2007.11.004
https://doi.org/10.1016/j.smim.2007.11.004
https://doi.org/10.1007/s10856-015-5423-5
https://doi.org/10.1002/term.1526
https://doi.org/10.1155/2015/342304
https://doi.org/10.1155/2015/342304
https://doi.org/10.1021/acsbiomaterials.6b00607


Tribology Letters (2018) 66:81 

1 3

Page 13 of 13 81

to study the biological effects of blinking. Ocul. Surf. (2018). 
https ://doi.org/10.1016/j.jtos.2017.12.002

 71. Lv, Z., Wang, Y., Liu, Y.-J., Mao, Y.-F., Dong, W.-W., Ding, Z.-N., 
Meng, G.-X., Jiang, L., Zhu, X.-Y.: NLRP3 inflammasome activa-
tion contributes to mechanical stretch–induced endothelial-mes-
enchymal transition and pulmonary fibrosis. Crit. Care Med. 46, 
e49–e58 (2018). https ://doi.org/10.1097/CCM.00000 00000 00279 
9

 72. Cabrera-Benítez, N.E., Parotto, M., Post, M., Han, B., Spieth, 
P.M., Cheng, W.-E., Valladares, F., Villar, J., Liu, M., Sato, M., 
Zhang, H., Slutsky, A.S.: Mechanical stress induces lung fibro-
sis by epithelial–mesenchymal transition*. Crit. Care Med. 40, 
510–517 (2012). https ://doi.org/10.1097/CCM.0b013 e3182 2f09d 
7

 73. Nowell, C.S., Odermatt, P.D., Azzolin, L., Hohnel, S., Wagner, 
E.F., Fantner, G.E., Lutolf, M.P., Barrandon, Y., Piccolo, S., 
Radtke, F.: Chronic inflammation imposes aberrant cell fate in 
regenerating epithelia through mechanotransduction. Nat. Cell 
Biol. 18, 168–180 (2015). https ://doi.org/10.1038/ncb32 90

 74. Cassel, S.L., Sutterwala, F.S.: Sterile inflammatory responses 
mediated by the NLRP3 inflammasome. Eur. J. Immunol. 40, 
607–611 (2010). https ://doi.org/10.1002/eji.20094 0207

 75. Rubartelli, A.: Redox control of NLRP3 inflammasome activation 
in health and disease. J. Leukoc. Biol. 92, 951–958 (2012). https 
://doi.org/10.1189/jlb.05122 65

 76. Shamir, M., Bar-On, Y., Phillips, R., Milo, R.: SnapShot: time-
scales in cell biology. Cell 164, 1302–1302.e1 (2016). https ://doi.
org/10.1016/j.cell.2016.02.058

 77. Dua, H.S.S., Gomes, J.A.A., Singh, A.: Corneal epithelial wound 
healing. Br. J. Ophthalmol. 78, 401–408 (1994)

 78. Discher, D.E., Janmey, P., Wang, Y.: Tissue cells feel and respond 
to the stiffness of their substrate. Science 310, 1139–1143 (2005). 
https ://doi.org/10.1126/scien ce.11169 95

 79. Waller, K., Zhang, L., Jay, G.: Friction-induced mitochondrial 
dysregulation contributes to joint deterioration in Prg4 knockout 
mice. Int. J. Mol. Sci. 18, 1252 (2017). https ://doi.org/10.3390/
ijms1 80612 52

 80. Leong, D.J., Hardin, J.A., Cobelli, N.J., Sun, H.B.: Mechanotrans-
duction and cartilage integrity. Ann. N. Y. Acad. Sci. 1240, 32–37 
(2011). https ://doi.org/10.1111/j.1749-6632.2011.06301 .x

 81. Sompayrac, L.M.: How the Immune System Works. Wiley, Hobo-
ken (2015)

 82. Yerramothu, P., Vijay, A.K., Willcox, M.D.P.: Inflammasomes, 
the eye and anti-inflammasome therapy. Eye (2017). https ://doi.
org/10.1038/eye.2017.241

 83. Virchow, R.: Cellular Pathology as Based Upon Physiological and 
Pathological Histology. J. B. Lipponcott and CO., Philadelphia 
(1858)

 84. Rather, L.J.: Disturbance of function (Functio Laesa): the legend-
ary fifth cardinal sign of inflammation, added by galen to the four 
cardinal signs. Bull. N. Y. Acad. Med. 47, 303–322 (1971)

 85. Sterner, O., Aeschlimann, R., Zürcher, S., Scales, C., Riederer, 
D., Spencer, N.D., Tosatti, S.G.P.: Tribological classification of 
contact lenses: from coefficient of friction to sliding work. Tribol. 
Lett. 63, 9 (2016). https ://doi.org/10.1007/s1124 9-016-0696-5

 86. Dunn, A.C., Cobb, J.A., Kantzios, A.N., Lee, S.J., Sarntinoranont, 
M., Tran-Son-Tay, R., Sawyer, W.G.: Friction coefficient measure-
ment of hydrogel materials on living epithelial cells. Tribol. Lett. 
30, 13–19 (2008). https ://doi.org/10.1007/s1124 9-008-9306-5

 87. Cobb, J.A., Dunn, A.C., Kwon, J., Sarntinoranont, M., Sawyer, 
W.G., Tran-Son-Tay, R.: A novel method for low load friction 
testing on living cells. Biotechnol. Lett. 30, 801–806 (2008). https 
://doi.org/10.1007/s1052 9-007-9623-z

 88. Hofmann, G., Jubin, P., Gerligand, P., Gallois-Bernos, A., 
Franklin, S., Smulders, N., Gerhardt, L.-C., Valster, S.: In-vitro 
method for determining corneal tissue friction and damage due 
to contact lens sliding. Biotribology 5, 23–30 (2016). https ://doi.
org/10.1016/j.biotr i.2016.01.001

 89. Pitenis, A.A., Urueña, J.M., Hormel, T.T., Bhattacharjee, T., 
Niemi, S.R., Marshall, S.L., Hart, S.M., Schulze, K.D., Angelini, 
T.E., Sawyer, W.G.G.: Corneal cell friction: survival, lubricity, 
tear films, and mucin production over extended duration in vitro 
studies. Biotribology (2017). https ://doi.org/10.1016/j.biotr 
i.2017.04.003

 90. Chauhan, A., Radke, C.J.: Modeling the vertical motion of a 
soft contact lens. Curr. Eye Res. 22, 102–108 (2001). https ://doi.
org/10.1076/ceyr.22.2.102.5521

 91. Wojtkowski, M., Kowalczyk, A.: Studies of dynamic processes in 
biomedicine by high-speed spectral optical coherence tomography. 
Proc. SPIE. 6436, 1–13 (2007). https ://doi.org/10.1117/12.71752 
6

 92. DuFort, C.C., Paszek, M.J., Weaver, V.M.: Balancing forces: 
architectural control of mechanotransduction. Nat. Rev. Mol. Cell 
Bio. 12(5), 308–319 (2011)

https://doi.org/10.1016/j.jtos.2017.12.002
https://doi.org/10.1097/CCM.0000000000002799
https://doi.org/10.1097/CCM.0000000000002799
https://doi.org/10.1097/CCM.0b013e31822f09d7
https://doi.org/10.1097/CCM.0b013e31822f09d7
https://doi.org/10.1038/ncb3290
https://doi.org/10.1002/eji.200940207
https://doi.org/10.1189/jlb.0512265
https://doi.org/10.1189/jlb.0512265
https://doi.org/10.1016/j.cell.2016.02.058
https://doi.org/10.1016/j.cell.2016.02.058
https://doi.org/10.1126/science.1116995
https://doi.org/10.3390/ijms18061252
https://doi.org/10.3390/ijms18061252
https://doi.org/10.1111/j.1749-6632.2011.06301.x
https://doi.org/10.1038/eye.2017.241
https://doi.org/10.1038/eye.2017.241
https://doi.org/10.1007/s11249-016-0696-5
https://doi.org/10.1007/s11249-008-9306-5
https://doi.org/10.1007/s10529-007-9623-z
https://doi.org/10.1007/s10529-007-9623-z
https://doi.org/10.1016/j.biotri.2016.01.001
https://doi.org/10.1016/j.biotri.2016.01.001
https://doi.org/10.1016/j.biotri.2017.04.003
https://doi.org/10.1016/j.biotri.2017.04.003
https://doi.org/10.1076/ceyr.22.2.102.5521
https://doi.org/10.1076/ceyr.22.2.102.5521
https://doi.org/10.1117/12.717526
https://doi.org/10.1117/12.717526

	Friction-Induced Inflammation
	Abstract
	1 Introduction
	2 Materials and Methods
	2.1 Cell Culture
	2.2 Differential Analysis Culture Dish
	2.3 Tribological Experimentation
	2.4 Extraction, Purification, and Reverse Transcription of Total RNA from hTCEpi
	2.5 Real-Time RT-qPCR Analysis
	2.6 Enzyme-Linked Immunosorbent Assay (ELISA)

	3 Results and Discussion
	3.1 In Vitro Modeling of the Ocular SurfaceContact Lens Interface
	3.2 Gene Expression Analyses
	3.3 Limitations

	4 Concluding Remarks
	Acknowledgements 
	References


