
Mechanical Response of an Epithelial Island Subject to Uniaxial Stretch

on a Hybrid Silicone Substrate

YASHAR BASHIRZADEH, SANDEEP DUMBALI, SHIZHI QIAN, and VENKAT MARUTHAMUTHU

Mechanical & Aerospace Engineering, Old Dominion University, 4635 Hampton Blvd, 238e Kaufman, Norfolk, VA 23529, USA

(Received 23 July 2018; accepted 10 October 2018; published online 19 October 2018)

Associate Editor Pinar Zorlutuna oversaw the review of this article.

Abstract

Introduction—The mechanical response of large multi-cellu-
lar collectives to external stretch has remained largely
unexplored, despite its relevance to normal function and to
external challenges faced by some tissues. Here, we intro-
duced a simple hybrid silicone substrate to enable external
stretch while providing a physiologically relevant physical
micro-environment for cells.
Methods—We micropatterned epithelial islands on the sub-
strate using a stencil to allow for a circular island shape
without restraining island edges. We then used traction force
microscopy to determine the strain energy and the inter-
cellular sheet tension within the island as a function of time
after stretch.
Results—While the strain energy stored in the substrate for
unstretched cell islands stayed constant over time, a uniaxial
10% stretch resulted in an abrupt increase, followed by
sustained increase in the strain energy of the islands over tens
of minutes, indicating slower dynamics than for single cells
reported previously. The sheet tension at the island mid-line
perpendicular to the stretch direction also more than doubled
compared to unstretched islands. Interestingly, the sheet
tension at the island mid-line parallel to the stretch direction
also reached similar levels over tens of minutes indicating the
tendency of the island to homogenize its internal stress.
Conclusions—We found that the sheet tension within large
epithelial islands depends on the midline direction relative to
that of the stretch initially, but not at longer times. We
suggest that the hybrid silicone substrate provides an
accessible substrate for studying the mechanobiology of
large epithelial cell islands.
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tension, Micropatterning.

INTRODUCTION

External mechanical stimuli are known to regulate
physiological processes controlling tissue development,
maintenance and disease.15,16,33 Mechanotransduction
of signals due to substrate/ECM stretch via focal adhe-
sions and ion channels regulates growth, migration,
proliferation and differentiation in different cell
types.14,30–32,34 Particular cell responses to stretch de-
pend on both stretch direction and frequency. For in-
stance, adherent cells specifically reorient perpendicular
to the stretch direction for uniaxial cyclic strain.17 The
response of cells to stretch also depends on the extent of
cell–cell interactions, with rheological properties evolv-
ing over time for stretched monolayers.13

A primary aspect of the mechanical response of cells
is the change in the traction force exerted by the cells
on the substrate upon stretch. Traction force exertion
in human airway smooth muscle cells was impaired
right after stretch-unstretch maneuvers.18 Traction
forces exerted by uniaxially stretched human alveolar
single epithelial cells was greater than the baseline but
it significantly weakened to a level lower than the
baseline upon release.12 Human umbilical vein
endothelial cells also displayed traction forces that
increased by 5–20% upon uniaxial stretch.29 Under
equibiaxial sustained stretch, an acute cell stiffening
and enhancement of traction force was observed in
smooth muscle cells before their gradual reduction.20

The traction force and endogenous sheet tension of
epithelial islands (of 80 lm diameter) increased upon
application of equibiaxial stretch and returned to near
baseline levels over a time scale of < 10 min.7 How-
ever, the mechanical response of larger epithelial
clusters adherent to substrates have remained largely
unexplored.

Prior experimental systems to apply stretch and
simultaneously measure cell-exerted traction forces
have involved either polydimethylsiloxane (PDMS)-
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based discontinuous silicone pillar/micro-structured
substrates8,20 or continuous substrates that consist of
soft substrates like PAA gel coupled to hard PDMS
using chemical treatment.22 For stretch maneuvers
implemented with hydrogels such as polyacrylamide
(PAA) gel or matrigel, matrix hydraulics can be a
factor that needs to be considered.7,18 Thus, it is
desirable to use a continuous substrate that is not a
hydrogel, and therefore does not involve additional
hydraulic effects, in cell stretch maneuvers.

Here, we show that elastic soft silicone substrates
bound to hard PDMS are suitable for simultaneous
stretch and traction force microscopy. We pattern
large epithelial cell islands hundreds of lm in diameter,
apply 10% uniaxial stretch and track temporal changes
in the traction forces exerted by these islands. We find
that traction forces exerted by these islands quickly
increase initially, but then continue to increase slowly
over tens of minutes, compared to that for single cells/
smaller islands reported previously. We also find that
the cell sheet tension in the island also increase several-
fold both in the stretch direction and in a direction
perpendicular to it. The results highlight the ability of
epithelial cell islands to both homogenize and bear
stress within the island.

METHODS

Cell Culture

MDCK II cells (generously provided by Daniel
Conway, Virginia Commonwealth University) were
cultured in DMEM (Dulbecco’s modified Eagle’s
medium, Corning, Corning, NY) supplemented with
L-Glutamine, sodium pyruvate, 1% Penicillin/Strep-
tomycin, and 10% Fetal Bovine Serum (FBS) (Corn-
ing) at 37 �C and under 5% CO2.

Preparation of Hybrid silicone Substrates

In a 60 mm petri dish, 0.85 g CY52-276 A/B (Dow
Corning, Midland, MI, USA) with an A:B ratio of 1:1
was cast on a cured piece of hard PDMS (Sylgard184
Silicone Elastomer kit, Dow Corning Corp., Freeland,
MI, USA) with pre-polymer to curing agent weight
ratio of 10:1 for the hard PDMS. After 10 min of de-
gassing, the soft silicone was cured on a hot plate at
70 �C for 30 min. The cured soft silicone was exposed
to deep UV light for 5 min and the top surface was
seeded with carboxylate fluorescent beads (Spherotech,
Lake Forest, IL, USA) of 0.44 lm diameter as follows
(Fig. 1). The sample was inverted7 on a suspension
containing 19 mg EDC (1-Ethyl-3-(3-dimethylamino-
propyl)-carbodiimide) (Thermo fisher scientific, Wal-

tham, MA, USA), 11 mg sulfo-NHS (N-
Hydroxysulfosuccinimide) (Thermo fisher scientific,
Waltham, MA, USA), 30 lL of 1% w/v fluorescent
beads, and 0.02 mg of collagen I from rat tail (Corning
Inc., Corning, NY) in 1 mL DI water for 30 min.3,4 By
incubation of the sample with this mixture, both flu-
orescent beads and collagen I were conjugated to the
top surface of the soft silicone. Then, a slab of
45 9 35 mm2 PDMS/soft silicone was cut and washed
with PBS before it was used for micropatterning.

Micropatterning of Large Epithelial Cell Islands

12 mm thick 316 stainless steel sheets with laser-
drilled 380 lm diameter holes (California Lasers, Simi
Valley, CA, USA) were used as biocompatible stencils
to topographically confine the plated epithelial cells.
Briefly, a few drops of DMEM were pipeted onto the
soft silicone sample before the perforated sheet was
placed on the substrate. This step is critical as it avoids
air entrapment in the sheet holes. Media with cells was
then plated on top of the perforated sheet so that the
cells settled on the substrate beneath the holes. After
overnight incubation at 37 �C, 5% CO2, micropat-
terned islands with the same size as that of the sheet
holes were obtained.

Substrate Stretch

A custom designed uniaxial stretcher was used to
uniaxially stretch micropatterned epithelial monolay-
ers. The stretcher was designed using Autodesk
Inventor, made of 316 stainless and machined at the
Batten College of Engineering Machine shop at Old
Dominion University. A 5/32’’ screw essentially con-
trolled the level of separation between two 10 mm
beams (on which the PDMS sample would be
clamped), with a pin preventing rotation of the beams
with respect to each other. The gap between two screws
on each side of the stretcher (along x–x in Fig. 1a) was
40 mm. Similar to previously designed uniaxial
stretchers,6,26 media for the micropatterned cells was
confined within a PDMS well placed on the substrate
that was mounted on the stretcher. Here, CY52276 A/
B (i.e., soft silicone) was used as a mechanically char-
acterized silicone substrate19,27 which can be coated
with different proteins to enhance cell attachment.1,10

Image Acquisition

Phase and fluorescence images of the cell islands
were acquired with a Leica DMi8 epifluorescence in-
verted microscope (Leica Microsystems, Buffalo
Grove, IL, USA) equipped with a Clara cooled CCD
camera (Andor Technology Ltd, Belfast, Ulster, UK),
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a 10 9 0.3 NA objective lens, and an airstream incu-
bator (Nevtek, Williamsville, VA, USA).

Immunofluorescence and E-cadherin/Actin Intensity
Quantification

To perform immunofluorescence, the cells were
fixed and permeabilized with 4% paraformaldehyde
and 0.5% Triton-X. Primary antibody for E-cadherin
(DECMA-1, Santa Cruz Biotechnology, Dallas, TX)
and Alexafluor 488 conjugated phalloidin were used to
stain E-cadherin and actin, respectively. Alexafluor 594
conjugated anti-rat secondary antibody was from
Jackson ImmunoResearch, West Grove, PA. To
quantify E-cadherin and actin intensity at the cell–cell
contact, the intensity data for each frame was first
normalized based on the exposure time. The average
intensity of cell–cell contacts regions (of ~ 13 lm 9

3.5 lm size each) pooled from the mid-region of the
islands (for 105 contacts pooled from 21 unstretched
islands and 132 contacts pooled from 44 stretched is-

lands) were determined by using ImageJ. A 2-sample,
2-tail t-test assuming unequal variances was used for
statistical analysis.

Substrate Strain Field

PIV was used to characterize the strain field of the
substrate when stretched by 10% along the y direction.
Captured substrate bead images before and after
stretch were first preprocessed (e.g. adjustment of
brightness/contrast) in ImageJ.11,23 Then a direct
cross-correlation PIV algorithm (PIVlab,28 Version
1.42) in MATLAB (R2017a, MathWorks, Natick,
MA, USA) with 256 9 256 pix2 interrogation win-
dows and 50% overlap yielded the displacement field
(u, v) of the stretched substrate. After the application
of post-processing (i.e., standard deviation filtering,
local median filtering, data smoothing and removal of
displacement at frame corners as outliers), the strain
field of the substrate was computed as:

FIGURE 1. Preparation of hybrid silicone substrates and patterning of epithelial cell islands for stretch and traction
measurements. Soft silicone was cured on a layer of pre-cured hard PDMS, and then exposed to deep UV light (of wave lengths
185 and 254 nm) (a). It was then incubated with an aqueous mixture containing EDC, sulfo-NHS, fluorescent beads, and collagen I
in water (b). After washing with PBS, some cell culture media was added and a perforated stainless steel sheet was placed on the
soft silicone sample (c). Cells were then plated in media constrained by a Teflon well (d). After overnight incubation at 37 �C (and
5% CO2), the Teflon well and perforated sheet were removed and a PDMS well held replaced cell media supplemented with 10 mM
HEPES (e).
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Traction Force Microscopy

For control (unstretched) and stretched islands, red
fluorescence bead images were taken over time as well
as after the removal of the islands using 10% sodium
dodecyl sulfate. PIVlab28 (Version 1.42) was used to
process image pairs (bead image of a time point and
reference bead image). PIVlab was then used with the
fast Fourier transform window deformation method
with 50% overlapped interrogation windows of
64 9 64 and 32 9 32 pixel2 to quantify the displace-
ment of the beads resulting in a displacement vector
field at each time point. The Young’s modulus of the
substrate (cured CY52-276 A/B) was previously mea-
sured to be 7.2 ± 2.4 kPa3 using sphere indentation.
By considering the substrate to be an elastic isotropic
half space with Young’s modulus of 7.2 kPa and
Poisson’s ratio of 0.5, Fourier transform traction
cytometry5,21,24,25 was used to compute the traction
stress field using MATLAB.

Two-sample 2 tail student t-test was used to test the
statistical significance of the effects of substrate stretch.
Paired-sample 2 tail student t-test was used to test the
statistical significance of temporal changes of associ-
ated variables. Significant effects are expressed as
*p < 0.05, **p < 0.01, and ***p < 0.001.

RESULTS

Compared to soft substrates such as PAA gels
coupled to hard PDMS used previously7,22 which re-
quire chemical treatments to bond the soft and hard
substrates, we found that soft silicone bonded as it
cured on hard PDMS without any need for chemical
treatments. This substrate also avoids issues due to
hydraulics observed previously with PAA bonded to
PDMS.7 We also devised a method to couple fluores-
cent micro-beads and collagen I just to the top surface
of the soft silicone as depicted in Figs. 1a and 1b,
drawing on previously published methods.2 Using a
custom built uniaxial stretcher (Fig. 2a), we assessed
the strain field in the substrate as it was stretched by
10%. As shown in Fig. 2b, the strain along the stretch
direction was 10%, with a strain magnitude about half
that in the normal direction, as expected. The shear
strain magnitude was more than an order of magnitude
less.

We wanted to utilize this hybrid silicone substrate to
assess how large epithelial cell islands mechanically
responded to external stretch. We patterned large

epithelial cell islands (Figs. 1c–1e) with a diameter
of ~ 380 lm and with about six times as many cells as
considered previously in 80 lm islands.7 Figure 3a
shows a map of traction stress exerted by an un-
stretched MDCK island. To characterize the mechan-
ical output of the island, we quantified the strain
energy stored in the substrate due to the work per-
formed by the cell island,5 computed as

WA ¼ 1

2

Z
~T rð Þ �~u rð ÞdA ð2Þ

where ~u rð Þ and ~T rð Þ are the displacement vector and
the exerted traction stress vector applied by the cell
island at a location of the substrate top surface,
respectively. The strain energy density for an island is
the strain energy divided by the cell island area.

Figure 3b shows the traction map for an MDCK
island uniaxially stretched by 10%. Notice the appar-
ent larger aspect ratio of the stretched island. As is
evident in Fig. 3b, the overall levels of traction stress
exerted are higher in stretched islands. Accordingly,
compared to the unstretched islands, the stretched is-
lands displayed higher strain energy density (Fig. 4).
The strain energy density of stretched islands were
significantly higher than unstretched islands even 5–
10 min post-stretch (p < 0.001). However, the strain
energy density after over an hour post-stretch was
slightly even higher (p < 0.05) than at 5–10 min post-
stretch, suggesting that the island mechanical response
continues to evolve slowly.

In order to obtain a measure of forces transmitted
through the cell island and from cell to cell, we then
proceeded to quantify the sheet tension at the midline
within the island9 as follows: the net force exerted by
the two halves of an island at the midline is given by

~Fi ¼
X

Tij
�!

i ¼ 1; 2 ð3Þ

where
P

Tij
�!

is the vector sum of the traction forces
over position j for each half i (i = 1, 2).

The average of these forces is the estimate for the
net force at the island midline and the cell sheet tension
per unit length is given by

FL
�! ¼ ð F1

�!� F2Þ
�!

2L
ð4Þ

where L is the length of the island mid-line (i.e., the
diameter of the island for unstretched islands). Com-
pared to unstretched islands, the cell sheet tension for
stretched cells at the midline (x–x) perpendicular to the
stretch direction (y) was significantly higher
(p < 0.001) even 5–10 min post-stretch (Fig. 5a).
Interestingly, the cell sheet tension at the midline (y–y)
parallel to the stretch direction (a) was also signifi-
cantly higher (p < 0.001, Fig. 5b) compared to that
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for the unstretched islands 5-10 min post-stretch.
While the cell sheet tension for stretched cells at the
midline perpendicular to the stretch direction didn’t
change over tens of minutes, sheet tension at the
midline parallel to the stretch direction was even higher
over an hour post-stretch compared to just 5–10 min
post-stretch (p < 0.001), indicating a slow increase.
To assess if E-cadherin or actin level changes accom-
panied this increase in cell sheet tension, we used
immunofluorescence to stain for E-cadherin and actin
in unstretched and stretched islands (30 min post
stretch, Fig. S1). Actin levels at the cell–cell contacts
did not significantly differ between the unstretched and
stretched islands (49.3 ± 29.5 arbitrary units (a.u) for
unstretched case vs. 54.5 ± 28.8 a.u for stretched case,
p = 0.17). E-cadherin levels at cell–cell contacts for
stretched islands was marginally less than for un-
stretched islands (5.36 ± 2.43 arbitrary units (a.u) for
unstretched case vs. 4.58 ± 2.57 a.u for stretched case,
p = 0.02 for the null hypothesis).

FIGURE 2. Application of uniaxial stretch. (a) Schematic of the custom designed uniaxial stretcher. (b) The region of the sample
(where the islands are patterned, shown as circles) is schematically shown (middle), with y being the stretch direction. Strain field
(eyy, exx, exy) of the substrate at the center (right images) and corner (left images) of the sample under 10% uniaxial stretch are
shown.

FIGURE 3. Traction forces exerted by control and uniaxially
stretched MDCK islands. (a, b) Traction stress vector field
(left) and traction stress magnitude (right) of a micropatterned
MDCK cell island that hasn’t been subjected to stretch (a) and
that has been subjected to 10% uniaxial stretch (b) for 35–
40 min.
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DISCUSSION AND CONCLUSION

We introduced a hybrid silicone substrate that can
be fabricated relatively easily and avoids some of the
steps (like chemical treatment for bonding) and com-
plications (like hydraulic effects) of hydrogel-PDMS
hybrid substrates.7,22 Using stencil-based micro-pat-
terning, we patterned large epithelial cell islands and

uncovered aspects of their mechanical response to
external stretch. We found that the density of strain
energy stored in the substrate for stretched islands even
at 5–10 min post-stretch was higher than that for un-
stretched islands. However, there was also a slow
evolution of the strain energy density over tens of
minutes, in contrast to that for single cells20 and small
islands7 that exhibited smaller time scales for alter-

FIGURE 4. Temporal changes in strain energy density stored in the substrate for control (black) and stretched (red) cell islands.
Strain energy per unit area of the control cell islands (N = 14 islands) stays essentially constant. Stretched islands (N = 17 islands)
exhibit greater strain energy which continues to slowly increase over time after the initial abrupt increase. Error bars show the
corresponding values of the standard error of the mean for all islands.

FIGURE 5. The sheet tension at the midline of control (black) (N = 14 islands) and stretched (red) (N = 17 islands) cell islands. Cell
sheet tension of cell islands along the x–x (a) and y–y (b) midlines are shown. Error bars show the corresponding values of the
standard error of the mean for all islands.
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ations in exerted traction. Our data shows that this
slower evolution is related to the slower increase in the
cell sheet tension acting at the midline (y–y) parallel to
the stretch direction (y), as it co-evolved with the strain
energy density over tens of minutes. In contrast, the
cell sheet tension acting at the midline (x–x) perpen-
dicular to the stretch direction (y) maintained its
magnitude over tens of minutes after the initial in-
crease.

Our data indicate that epithelial islands under
uniaxial stretch tend to homogenize their cell sheet
tension in orthogonal directions over time, and that
the time constants for these tension changes depend
on the direction. The data also indicate that the cell
sheet can sustain much higher increases in sheet ten-
sion (compared to baseline levels) without rupturing
cell–cell contacts. This may reflect the inherent
strength of the cell–cell contacts or rapid changes that
help adapt the contacts to external challenges.
Immunostaining of the islands did not show any
significant increase in the extent of actin or E-cad-
herin localization at stretched cell–cell contacts (see
‘‘Methods’’) when compared to unstretched contacts
(Fig. S1). However, we cannot strictly rule out subtle
localized changes as there was large heterogeneity in
the levels both E-cadherin and actin at the cell–cell
contacts between islands. Future studies over longer
time periods can reveal further changes that may
occur in response to external stretch.

In vitro methods to exert external stretch on large
cell collectives are essential to understand how multi-
cellular collectives dynamically adapt and modify their
behavior in response to external mechanical chal-
lenges. Understanding the response to a step increase
in stretch can in turn help decipher responses to more
complex stretch maneuvers. We propose that the hy-
brid substrates used here may enable enhanced studies
of cell response to stretch as it facilitates both optical
observations and force measurements.
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