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Directed migration of corneal epithelial cells (CECs) is critical for maintenance of corneal homeostasis as
well as wound healing. Soluble cytoactive factors and the intrinsic chemical attributes of the underlying
extracellular matrix (ECM) participate in stimulating and directing migration. The central importance of
the intrinsic biophysical attributes of the microenvironment of the cell in modulating an array of funda-
mental epithelial behaviors including migration has been widely documented. Among the best measures
of these attributes are the intrinsic topography and stiffness of the ECM and electric fields (EFs). How cells
integrate these multiple simultaneous inputs is not well understood. Here, we present a method that
combines the use of (i) topographically patterned substrates (mean pore diameter 800 nm) possessing
features that approximate those found in the native corneal basement membrane; and (ii) EFs (0–
150 mV mm�1) mimicking those at corneal epithelial wounds that the cells experience in vivo. We found
that topographic cues and EFs synergistically regulated directional migration of human CECs and that this
was associated with upregulation of matrix metalloproteinase-3 (MMP3). MMP3 expression and activity
were significantly elevated with 150 mV mm�1 applied-EF while MMP2/9 remained unaltered. MMP3
expression was elevated in cells cultured on patterned surfaces against planar surfaces. The highest sin-
gle-cell migration rate was observed with 150 mV mm�1 applied EF on patterned and planar surfaces.
When cultured as a confluent sheet, EFs induced collective cell migration on stochastically patterned sur-
faces compared with dissociated single-cell migration on planar surfaces. These results suggest signifi-
cant interaction of biophysical cues in regulating cell behaviors and will help define design parameters
for corneal prosthetics and help to better understand corneal wound healing.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction microbial invasion by maintaining a protective junctional barrier.
The anterior corneal surface is covered by a stratified epithelial
layer that is intimately associated with a rich 3-D topographically
patterned specialization of the extracellular matrix (ECM), the ante-
rior corneal basement membrane (BM). Primary functions of the
corneal epithelium include protecting the eye from external physi-
cal, chemical and biological irritants, and providing a barrier to
Wounding of the epithelium results in loss of barrier function.
Directed cell migration of epithelial cells is a critical process in
wound healing. This involves interaction of epithelial cells with
the BM promoting cell adhesion and migration into the wound [1]
as well as coordinated responses to a multitude of soluble biochem-
ical cues that create chemotactic gradients [2,3]. Matrix metallopro-
teinases (MMPs) also participate in coordinated movement of cells
and matrix dynamics essential to wound repair processes.

Recent reports document another important and distinct class
of factors for regulating migration of corneal epithelial cells (CECs)
– namely biophysical cues intrinsic to the microenvironment of
cells. Of these, among the best characterized are surface topogra-
phy, substratum stiffness and electric fields (EFs). The cellular
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response to biophysical cues is an increasingly important compo-
nent of biomaterials design and as a factor for studying cell differ-
entiation, changes in gene and protein expression, and wound
healing. Corneal epithelial cells respond to substratum anisotropi-
cally ordered topographic cues by aligning parallel or perpendicu-
lar to the ridges and grooves, responses that are strongly
influenced by the size scale of the topographic features [4–8]. Sol-
uble factors [9], and coating with RGD peptides [10–12] and other
ECM proteins [13], can alter the extent of corneal cell alignment
and migration in response to the topographic cues. The use of anis-
tropically ordered substrates of ridges and grooves mimics one fea-
ture type, i.e. fibers, of the BM and provides a rapid readout of
cellular alignment response. However, it has been demonstrated
that the BM is a more three-dimensionally complex structure with
topographic features having stochastic surface order on the nano-
and submicron size-scale (50–500 nm) [14–20]. Here we report the
use of biomimetic, stochastically ordered substrates to best
approximate the features characteristic of the anterior corneal
BM, and use these to determine the interaction of topographic cues
with EFs in modulating CEC migration.

The responses of plant and animal cells to applied EFs were first
studied over a century ago. In 1780, Luigi Galvani discovered that
the muscles of dead frogs twitched when stimulated with an elec-
tric spark [21]. Wilhelm Roux in 1892 applied EFs to a variety of
animal eggs and observed stratifications of the cytoplasm [22].
The experimental techniques were later improved to use a more
physiological EF and minimize artifacts such as pH changes.
Indeed, cell migration in response to EFs (electrotaxis) was docu-
mented much later. In the presence of an applied EF, many cell
types, including neurons, neural crest cells, fibroblasts and others,
migrate to the cathode [23–27]. Our laboratory and others have
demonstrated that CECs and keratocytes, cultured on standard
plasticware, migrate to the cathode in physiological EFs [28–32].
The corneal epithelium actively pumps ions to generate an electri-
cal transepithelial potential (TEP). Corneal injury rapidly induces
large EFs and currents. CECs use these electric signals as a direc-
tional cue to guide them into the wound. Endogenous EFs at the
site of the wound are a stimulus equally as potent as soluble fac-
tors in directing cell migration [33]. Indeed, in the cornea, there
is a strong correlation between wound electrical activity and the
rate of wound healing [34]. In fact, Chiang and co-workers mea-
sured EFs of the order of 42 mV mm�1 near the wound edge on
the surface of isolated bovine eyes [35]. In mice and human skin,
bioelectric fields of the order of 177 mV mm�1 have been mea-
sured [36]. While wound currents of 4.3 lA cm�2 were reported
previously by our group in ex vivo rat corneal wounds [34], recent
measurements of corneal wound current in live anesthetized rats
in vivo were almost six times higher at 24.8 lA cm�2 (unpublished
data). For all experiments described in this study, we conserva-
tively use 150 mV mm�1 as our larger EF strength.

The impact of simultaneous presentation of biomimetic topo-
graphic cues and physiological EFs on CEC migration, and activity
and expression of MMPs is unknown. In this study we cultured
CECs on topographically patterned substrates possessing features
that mimicked those intrinsic to the native BM while simulta-
neously providing EFs similar to those naturally detected at corneal
wounds. We found these two biophysical cues to cooperatively
regulate directional migration of human CECs. This migration
occurred in association with upregulation of matrix metallopro-
teinase-3 (MMP3).
2. Materials and methods

Unless otherwise stated, chemicals and reagents were obtained
from Sigma Aldrich, St Louis, MO.
2.1. Cell culture

Immortalized human CECs (hTCEpi) [37], kindly provided by Dr
James V. Jester (University of California, Irvine), were maintained
at 37 �C, 5% CO2, in Epilife� medium (Invitrogen, Carlsbad, CA) sup-
plemented with Epilife� defined growth supplement (EDGS, Invit-
rogen, Carlsbad, CA) and 1% penicillin/streptomycin (Gibco,
Carlsbad, CA) and were used between passages 40 and 60. The
medium was changed every 2 days. All experiments were repeated
in triplicate.
2.2. Fabrication of stochastically ordered topographically patterned
polymeric substrates

Polymeric substrates with stochastically ordered topography
were fabricated as described previously [38]. Briefly, stochastically
patterned master substrates were fabricated by forming phase-
resolved and crosslinked polyelectrolyte multilayers (PEMs) of
poly(acrylic acid) and poly(allylamine hydrochloride) on silanized
glass slides (silanization was performed using 3-aminopropyltri-
methoxysilane; Sigma Aldrich, St Louis, MO)). High-fidelity repli-
cates of these nanotopographic features were created using a
composite stamp of hard and thin polydimethylsiloxane (PDMS)
and were designated as ‘‘master stamps’’. Using these master
stamps, the patterns were replicated onto a thin layer of NOA81
optical adhesive (Norland Products, Cranbury, NJ) that had been
coated across 60 or 100 mm tissue culture plates using a spin
coater and cured in a XL-1500 UV cross-linker under 365 nm light
for 100 min. NOA81, a proprietary mercaptoester compound of
Norland Products, was supplied as a single-component liquid
adhesive that readily cures as a rigid polymer with exposure to
UV light. Research from our laboratory has previously documented
NOA81 to be a suitable material for cell culture [39–41]. Fig. 1A
shows the stochastically ordered topographically patterned sub-
strate (mean pore diameter 800 nm) compared with the topo-
graphic features of the human corneal BM (pore diameter in the
range of 50–500 nm [18]). To provide a relevant surface chemistry,
we treated all polymeric substrates (planar and topographical)
with a proprietary mixture of fibronectin–collagen (FNC). For this,
immediately prior to cell seeding the surfaces were treated for 15 s
with FNC coating mix (Athena Enzyme Systems, Baltimore, MD) as
described previously [13]. Atomic force microscopic analysis con-
firmed that FNC coating did not alter the fidelity (roughness as
measured by root mean square (RMS) values and pore diameter)
of the topographic features (Fig. 1A).

2.3. Fabrication of electrotaxis chambers and application of EFs

All NOA81 substrates were sterilized by exposure to 280 nm UV
light for 30 min in a laminar flow hood. Prior to cell seeding, a
molecular coating of FNC (Athena Enzyme Systems, Baltimore,
MD) was applied to all surfaces. Generation of physiological EFs
to cells was accomplished as described in detail previously
[42,43]. Electrotaxis chambers were made as shown in Fig. 1B. Cells
(hTCEpi) were seeded at a density of 10,000 cells cm�2 onto flat or
stochastic patterned NOA81 surfaces and allowed to settle and
adhere for 2 h in an incubator at 37 �C and 5% CO2. The electrotaxis
chamber was connected to the power supply via 15 cm long agar-
salt bridges (1.5% agar in Steinberg’s solution) and beakers contain-
ing Steinberg’s solution which also contained Ag/AgCl electrodes.
Steinberg’s solution contained: 58 mM NaCl, 0.67 mM KCl, 0.44 mM
Ca(NO3)2, 0.3 mM MgSO4, 4.6 mM Trizma base, pH 7.8–8.0.
Cells were exposed to EFs with strength ranging from 25 to
150 mV mm�1 for 3 h at 37 �C with 5% CO2. Field strengths were
measured directly in the chamber at the beginning, in the middle



Fig. 1. Experimental setup that combines substratum topography and physiological EFs. (A) Atomic force microscopy (AFM) height images of planar and BM-like stochastic
topography with or without fibronectin collagen (FNC) coating. Elevated root mean square (RMS) values demonstrate that stochastic topographies are ‘‘rougher’’ than planar
surfaces. The mean pore diameter of the stochastic surfaces was �800 nm. FNC coating did not appear to alter pore diameter or RMS values of the patterned surfaces. (B)
Experimental setup to test cell electrotaxis. Cells were seeded into an electrotaxis chamber 1 cm wide � 2 cm long created by gluing two cover glasses to the base of the Petri
dish. When the cells had adhered to the base the chamber was completed by placing a cover glass on top to create a narrow space through which the applied EF and current
flows.
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and the end of experiments. Phase-contrast timelapse images were
taken using a Zeiss Axiovert 200M microscope with a Zeiss Axio-
cam HRm camera (Carl Zeiss, Oberkochen, Germany) at 10 min
intervals at 10� magnification. Multiple fields of view were
defined using Axiovision 4.6 software (Carl Zeiss, Germany) which
also controlled the automated stage during image acquisition.
2.4. RNA isolation and quantitative real-time polymerase chain
reaction (PCR) analyses for MMPs

To determine the mRNA expression levels of cells cultured on
planar or topographically patterned surfaces, cells were harvested
for RNA isolation 3 h after the application of EFs of 0, 25, 50 or
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150 mV mm�1. RNA was isolated using the RNeasy kit (Qiagen) fol-
lowing the manufacturer’s instructions. Equal amounts of RNA
(75 ng) were used for all real-time quantitative PCR (qPCR) reac-
tions. Expression levels of MMP2, MMP3 and MMP9 were deter-
mined using the SensiFAST™ Probe Hi-ROX One-Step Kit (Bioline
USA Inc, Taunton, MA) and aptamers specific to MMP2
(Hs00234422_m1), MMP3 (Hs00968380_m1) and MMP9
(Hs00234579_m1), all from Life Technologies. The reverse-tran-
scription reaction was performed in a StepOne qPCR machine
(Applied Biosystems/Life Technologies) with the following param-
eters: 30 min at 50 �C followed by 10 min at 95 �C; 40 cycles of
60 �C for 1 min followed by 95 �C for 15 s. Relative expression lev-
els of the genes of interest were normalized to the expression of
GAPDH (Hs99999905_m1; Life Technologies). Values for gene
expression were normalized to mRNA level of the ‘‘no EF’’ samples,
which were assigned a value of 1.0. The Ct values obtained repre-
sent logarithmic changes in gene expression. DDCt values between
calibrator gene (GAPDH) and gene of interest (MMP2, etc.), nor-
malized to the control sample (‘‘no EF’’), were calculated as
described previously [44]. The experiment was performed in trip-
licate and repeated three times.

2.5. Protein isolation and Western blotting

Cell monolayers cultured on NOA81 surfaces were washed once
in PBS and lysed and scraped into RIPA buffer (Thermo Scientific,
Waltham, MA) supplemented with protease and phosphatase
inhibitors (Fisher Scientific, Hampton, NH) on ice. The cells were
homogenized and centrifuged at 1000g for 1 min to remove any
cell debris. In order to quantify the expression of MMP3 secreted
by cells, culture media was removed and used subsequently. Pro-
tein was quantified using a modified Lowry assay (DC assay, Bio-
Rad, Hercules, CA) with bovine serum albumin as the standard.
Protein homogenate/media supernatant was then denatured in
Laemmli buffer (Sigma Aldrich, St Louis, MO) by boiling for
10 min. Approximately 10 lg protein per well were loaded for each
sample. Protein was separated on NuPAGE� 10% Bis-Tris precast
gels and transferred onto nitrocellulose membranes (both Life
Technologies). Immunoblotting was done against anti-human
MMP3 and b-actin (Abcam, Cambridge, MA) overnight at 4 �C. This
was followed by incubation with secondary antibodies conjugated
with horseradish peroxidase (HRP; Kirkegaard & Perry Laborato-
ries, Gaithersburg, MD) for 1 h at 37 �C. Protein bands were
detected by chemiluminescence using a WesternBright Quantum
ECL detection kit (Advansta, CA). Blots were imaged using an
ImageQuant 350 imaging system (GE Life Sciences). Densitometry
analysis of the protein bands was performed using National Insti-
tutes of Health (NIH) ImageJ software (http://rsbweb.nih.gov/ij/)
[45].

2.6. MMP3 immunocytochemistry

For labeling of MMP3, hTCEpi cells were fixed in 4% formalde-
hyde in phosphate-buffered saline (PBS; pH 7.4; 20 min), perme-
abilized in 0.1% Triton X-100 for 5 min, and blocked in a solution
containing 20% goat serum and 1% bovine serum albumin (BSA)
in PBS for 1 h. Cells were then incubated overnight at 4 �C with pri-
mary antibody specific to MMP3 (ab17790; Abcam, Cambridge,
MA) in a solution containing 0.1% Triton X-100/1% BSA in PBS. Cells
were washed three times with PBS and then incubated with goat
anti-mouse secondary antibody conjugated with Cy3 (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) for 90 min
at room temperature. Nuclei were counter-stained using DAPI (Life
Technologies, Grand Island, NY). After a final wash, cells were
mounted in Vectashield (Vector Laboratories, Inc., Burlingame,
CA) under a cover glass. Fluorescent images were taken using the
microscope described above (Section 2.3). All images were cap-
tured at the same exposure setting for each channel. Relative fluo-
rescence was quantified after background subtraction using NIH
ImageJ.

2.7. Quantification of MMP3 activity

MMP3 activity in the media supernatant and cell pellet was
quantified using the Sensolyte� 520 MMP3 assay (ANASPEC, Fre-
mont, CA) following the manufacturer’s protocol. Briefly, pro-
MMP was activated in the sample over 24 h at 37 �C by reacting
with 4-aminophenylmercuric acetate (APMA). Equal volumes
(50 ll) of pro-MMP3 activated sample and assay buffer were
mixed together. Enzymatic reaction was initiated upon the addi-
tion of 50 ll MMP3 substrate solution. Relative changes in fluores-
cence were determined at 490 nm excitation/520 nm emission,
every 5 min, for 60 min in a fluorescence spectrophotometer. The
linear region over which a change in fluorescence was observed
was used to determine enzyme activity. All reactions were per-
formed against a known concentration of purified MMP3.

2.8. Cell migration analysis

NIH ImageJ software was used to quantify migration directed-
ness and speed by tracing individual cells at frame intervals of
10 min. Only those cells that (i) did not move out of the field, (ii)
did not contact other cells and (iii) did not divide during the course
of the experiment were analyzed. Directedness (cosh) was used to
quantify the direction of cell migration, where h is the angle
between the field vector and the cell migration direction. Directed-
ness is �1 if a cell migrates directly to the left (negative cathode), 0
if cell migrates perpendicular to the field direction, and +1 if a cell
migrates directly to the right (positive anode). The equation

P
i

cosh/N was used to calculate the cell population average directed-
ness. Cell migration speed was quantified as trajectory speed and
displacement speed; trajectory speed (lm h�1) is the total migra-
tion distance divided by the time taken; displacement speed repre-
sents the straightline distance from startpoint to endpoint, divided
by time taken (also in lm h�1).

To monitor migration of confluent cell monolayers, a PDMS
stopper (1 mm wide) was placed on planar or topographically pat-
terned surfaces to create a cell-free analytic zone. Cells were
seeded onto either side of the gasket at a cell density of
25,000 cells cm�2 and incubated overnight. Immediately prior to
the application of EF/imaging, the gasket was removed, creating a
cell-free ‘‘wound’’ space into which cells could migrate. Timelapse
images were captured as above with an EF (150 mV) applied with
the cathode to the right. Penetration of cells into the ‘‘wound’’
space was analyzed using NIH ImageJ by measuring the distance
between adjacent pairs of cells at the wound edge at time zero
and between the same cells 3 h after gasket removal (n = 18 pairs
for both flat and stochastic). For experiments involving MMP3 inhi-
bition, a 20 mM stock solution of MMP3 inhibitor (MMP3i; Santa
Cruz Biotechnologies, CA, USA) was made in double-distilled water
and diluted in growth medium to a final working concentration of
20 lM.

2.9. Statistical analyses

Data are presented as mean ± standard error of the mean (SEM).
Comparisons of groups of cells with different treatments were
done using Student’s t-test/Mann–Whitney rank sum test, or
ANOVA followed by Dunnett’s multiple comparison/Dunn’s pair-
wise comparison test as appropriate. Compared with correspond-
ing control, significance is presented as: ⁄P < 0.05, ⁄⁄P < 0.01,
⁄⁄⁄P < 0.001 (statistics labeled with a * symbol are results compared

http://rsbweb.nih.gov/ij/
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with 0 mV mm�1 on stochastically pattered surfaces); #P < 0.05,
##P < 0.01 ###P < 0.001 (statistics labeled with a # symbol are
results compared with 0 mV mm�1 on planar surfaces); &P < 0.05,
&&P < 0.01 and &&&P < 0.001 (statistics labeled with a & symbol
are results comparing planar surfaces with stochastic surfaces).

3. Results

3.1. Electrotaxis of single cells on flat and topographically patterned
surfaces

The direction of cellular migration was observed to be random
in the absence of EFs on both topographically patterned and planar
surfaces (Fig. 2A; traces show cell migration trajectories with the
first position of each cell in the center). However, EFs of increasing
strength stimulated migration towards the cathode (Fig. 2B–E; see
also Supplementary movies 1–4). Cell directedness was enhanced
as the field strength increased (Fig. 3A). With an EF strength of
150 mV mm�1 cell migration directedness was �0.943 ± 0.007 on
Fig. 2. Biomimetic stochastic topography and EFs synergistically enhance cell migration
Increasing EF strength induced cell migration to the cathode. Cell tracks to the left (b
increasing EF strength, migration on the stochastic surface appeared to be enhanced. (E
stochastic surfaces. Cell tracks show the cell migration towards the cathode. Scale bars
flat surfaces (n = 180) and �0.925 ± 0.010 on stochastic surfaces
(n = 303), which is close to the theoretical maximum of �1. An
EF of 150 mV mm�1 induced significantly faster cell migration on
topographically patterned surfaces compared with flat (Fig. 3B;
P < 0.001). No significant differences in directedness of cell migra-
tion towards the cathode were observed between planar and topo-
graphically patterned surfaces (P > 0.05) at all field strengths tested
(Fig. 3A). Cell migration rate was, however, significantly greater on
topographically patterned surfaces than on planar surfaces for all
EF strengths (Fig. 3B; 25 mV mm�1, P < 0.05; 50 mV mm�1,
P < 0.001; 150 mV mm�1, P < 0.001). Interestingly, reduced cell
migration rates were observed on both surfaces in the presence
of 25 and 50 mV mm�1 EF in comparison to 0 mV mm�1 EF,
although migration rate was significantly elevated when an EF
strength of 150 mV mm�1 was applied. In the presence of
150 mV mm�1 applied EF, cell migration speed was greatest, at
20.203 ± 0.649 lm h�1 on flat surfaces (n = 180), and 25.702 ±
0.575 lm h�1 on topographically patterned surfaces (n = 303) and
this EF was thus chosen for monolayer migration assays.
. (A) With no EF, cells on planar and stochastic surfaces migrated randomly. (B–D)
lack) = cathodal migration. Cell tracks to the right (red) = anodal migration. With
) Sample images showing cells at time zero and after 3 h EF application on flat vs.
25 lm. See also Supplementary movies 1–4.



Fig. 3. Biomimetic stochastic topography and EFs synergistically enhance cell
migration. (A) Cell migration directedness was enhanced with increasing EF
strength but was not significantly different when comparing stochastic and planar
surfaces. (B) In an EF of 150 mV mm�1 cell migration speed was significantly
enhanced and was also significantly faster on stochastic compared to planar
surfaces. All results are mean ± standard error: ⁄P < 0.05, ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001
(ANOVA followed by Dunnett’s comparison, * are results compared with
0 mV mm�1 on stochastically patterned surfaces); #P < 0.05, ##P < 0.01 ###
(ANOVA followed by Dunnett’s comparison, # are results compared with
0 mV mm�1 on planar surfaces); &P < 0.05, &&P < 0.01 and &&&P < 0.001 (Mann–
Whitney rank sum test, & are results comparing planar surfaces with stochastic
surfaces under the same conditions).

Fig. 4. Biomimetic stochastic topography and EFs specifically upregulated expres-
sion and activity of MMP3. (A) MMP3 (but not MMP2 or MMP9) expression (relative
mRNA level) was significantly increased in human CECs after application of an EF of
150 mV mm�1 for 3 h (⁄⁄P < 0.01). (B) In an EF of 150 mV mm�1, MMP3 expression
was significantly enhanced on stochastic surface compared to flat (⁄⁄P < 0.01,
###P < 0.001 compared with ‘‘no EF’’; &&P < 0.01 compared with planar). (C) MMP3
activity was increased in an EF- and surface-dependent manner. MMP3 inhibitor
(MMP3i) significantly suppressed MMP3 activity (⁄⁄⁄P < 0.001). Fluorescence pro-
files for the MMP3i and control groups were similar, although the actual
fluorescence values for the MMP3i group were lower than those of control group,
and thus appeared to be negative in activity.
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3.2. Effect of applied EF on MMP gene expression

To determine the underlying molecular consequences of apply-
ing EFs to cells, changes in gene expression on planar surfaces in
the presence or absence of EF was quantified by qPCR. Following
EF application (3 h at 150 mV mm�1) MMP3 expression level was
significantly increased. The relative expression level was 2 times
the control level (Fig. 4A; P < 0.01). The expression levels of
MMP2 and MMP9 were not significantly different (comparing
150 mV mm�1 and no EF control; P > 0.05). As a consequence, we
targeted MMP3 for further investigation.

3.3. MMP3 expression and activity

The influence of topographic cues on MMP3 expression and
activity in the absence or presence of applied EFs was determined.
MMP3 mRNA expression level remained unaltered in cells when EF
strengths of 25 or 50 mV mm�1 were applied. However, with the
application of a 150 mV mm�1 EF, MMP3 expression level was sig-
nificantly increased (Fig. 4B). Intriguingly, expression of MMP3 was
greater in cells cultured on topographically patterned surfaces
compared with planar surfaces (Fig. 4B). Concurrently, MMP3
activity in the media supernatant was significantly elevated in an
EF strength-dependent manner (Fig. 4C). MMP3 activity was also
greater in the media supernatant of cells cultured on topographi-
cally patterned surfaces in comparison with planar surfaces. Spec-
ificity of MMP3 activity was confirmed by treatment of cells with
20 lM MMP3i (MMP3 inhibitor) which significantly inhibited
MMP3 activity in the supernatant (Fig. 4C) although changes in
MMP3 protein expression level were not observed (Fig. 5A).

As it was difficult to collect the lysate from cells cultured on
patterned surfaces, we quantified MMP3 expression on planar sur-
faces. MMP3 expression was quantified in media supernatant and
total cell lysate by immunocytochemistry and Western blotting.
An EF strength-dependent increase in MMP3 expression was
observed in total protein lysates (cell pellet), although no signifi-
cant differences were observed in secreted MMP3 expression in
the media supernatant (Fig. 5A and B). Additionally, treatment of



Fig. 5. Biomimetic stochastic surface and EFs specifically upregulated expression
and activity of MMPs. (A and B) MMP3 protein expression was enhanced in an
applied EF in the cells but not in the supernatant, indicating minimal secretion.
Treatment of cells with 20 lM MMP3 inhibitor (MMP3i) did not significantly impair
the expression of MMP3 in either supernatant or cell lysate (⁄P < 0.05, ⁄⁄⁄P < 0.001).
(C) Fluorescent labeling of MMP3 (red) shows upregulation of the protein after
application of EF of 150 mV mm�1 for 3 h. Blue = DAPI labeling of DNA. Scale
bars = 20 lm. Relative fluorescence intensity was also quantified from multiple
images obtained and expressed as mean ± standard deviation (n = 10 locations).

Fig. 6. Synergistic enhancement of cell migration by EFs and stochastic topography
was mediated by MMP3. (A) Cell tracks show reduced migration rate in EF on both
flat and stochastic surfaces in the presence of MMP3 inhibitor (MMP3i). (B)
Quantification of cell migration showed that cell directionality in 20 lM MMP3i
was impaired. This impairment was greater on stochastic than on flat surfaces. (C)
Cell migration speed was dramatically reduced in MMP3i, especially on stochastic
surfaces. Results are mean ± standard error; Mann–Whitney rank sum test,
⁄⁄⁄P < 0.001 are results comparing stochastic surfaces with planar surfaces for each
treatment; ###P < 0.001 are results comparing MMP3i treated cells with control
cultures on respective surfaces.
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cells with 20 lM MMP3 inhibitor (MMP3i) did not significantly
impair the expression of MMP3 in either supernatant or cell lysate
(Fig. 5B). Immunocytochemistry results revealed that while
expression of MMP3 was elevated in the presence of an applied
EF, its subcellular distribution was generally uniform and not pref-
erentially aligned towards the cathode (Fig. 5C).

3.4. Electrotaxis of individual cells on topographically patterned
substrates in the presence of MMP3 inhibitor

In the absence of an EF, directedness of cell migration was not
significantly different on planar vs. patterned surfaces and was
similar in the presence or absence of 20 lM MMP3i. Greater cell
migration rate was observed on stochastic surfaces in comparison
with planar surfaces (data not shown). In the absence of an EF,
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migration rate on planar and topographically patterned surfaces
was unaffected by the presence of 20 lM MMP3i. In contrast, treat-
ment of cells with 20 lM MMP3i had significant phenotypic conse-
quences on cell migration when a 150 mV mm�1 EF was applied
(Fig. 6). Specifically, directed migration of single cells was impaired
in the presence of MMP3i and impairment was exacerbated on pat-
terned surfaces (Fig. 6A and B). Likewise, cell migration rates were
significantly lower for those cultured on patterned surfaces in
comparison with planar surfaces with the simultaneous presenta-
tion of both EF and MMP3i (Fig. 6C).

3.5. Migration of cells from a confluent monolayer

We noticed differences in cell behavior on stochastically pat-
terned surfaces vs. flat when the cells were grown to confluence
and allowed to migrate into a cell-free analytic zone. Cells on pla-
nar surfaces spread out and migrated individually, whereas cells on
patterned surfaces stayed together and migrated as a unified sheet
(Fig. 7A and Supplementary movies 5 and 6). We analyzed cell
migration by measuring the distance between adjacent pairs of
cells across the ‘‘wound space’’ at time zero and 3 h after stopper
removal. Confluent cells on patterned surfaces remained cohesive
and migrated collectively, whereas cells on planar surfaces dissoci-
ated from the confluent monolayer to migrate individually
(Fig. 7B). Migration rates, although presented in Fig. 7C should be
compared taking into consideration that monolayer cell migration
vs. single-cell migration on patterned vs. planar surfaces were
observed, respectively.
Fig. 7. Stochastically patterned surfaces facilitate cell migration as a sheet in the presence
of a confluent cell-monolayer on stochastic surfaces. (B) 3 h after the application of an E
planar surfaces, while the distance between cells was lesser on stochastic surfaces. Result
Apparent cell migration rates of cohesive cell monolayers on stochastic surfaces ar
mean ± standard deviation; t-test, ⁄P < 0.05 in comparison with planar surfaces.
4. Discussion

CECs are exposed simultaneously to a variety of biochemical,
topographical and electrical cues in vivo. The corneal BM, by which
CECs attach to the underlying stroma in vivo, possesses a rich 3-D
stochastically organized nanoscale topography comprised of ECM
proteins [16,18,46]. Biomimetic topographic cues have been docu-
mented to modulate a wide menu of CEC behaviors important to
wound healing, including adhesion, migration and proliferation
[6,39,47]. CECs migrate across the BM while being exposed to
numerous soluble cytoactive factors and endogenous EFs. Natural
EFs arise spontaneously upon wounding of many tissues, including
epithelia, and are necessary for normal healing [48–50]. Wound
electrical activity is a long-lasting response, and enhancing or
inhibiting this electric signal increases or decreases wound healing,
respectively [49]. Cells responsible for wound healing such as CECs
or skin keratinocytes migrate directionally in EFs of physiological
magnitude [31]. To our knowledge, there have been no prior pub-
lished reports investigating the simultaneous influence of natural
EFs and biologically and anatomically relevant topographic cues,
both potent cues that impact epithelial cell behaviors during
wound healing. In our studies, migration rate was significantly ele-
vated when cells were cultured on topographically patterned sub-
strates in comparison with planar surfaces, both in the presence or
absence of an applied EF. A similar increase in migration rate has
been reported in endothelial cells cultured on biomimetic stochas-
tic surfaces [38]. The mechanisms underlying substratum-medi-
ated elevated migration-rate remain poorly understood.
of an EF. (A) Cell tracks show single-cell migration on planar surfaces and migration
F, a greater distance between adjacent cells indicated dissociated cell migration on
s are mean ± standard error; t-test, ⁄P < 0.05 in comparison with planar surfaces. (C)
e significantly lower than single-cell migration on planar surfaces. Results are
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MMPs are a family of extracellular enzymes that facilitate cell
migration by breaking down localized collagen or matrix proteins
allowing for turnover of the ECM. Additionally, MMPs are capable
of impacting the microenvironment of migrating cells by acting
on chemokines, cytokines, surface receptors and proteins [51–
54]. The differing roles of various MMPs in epithelial repair and
migration have been recently reviewed [55]. For example, MMP1
was demonstrated to be crucial for CEC migration when stimulated
by soluble growth factors (hepatocyte growth factor) [56]; the
modulation of MMP expression and activation by biophysical cues
is not known. While MMP9 and MMP2 are most widely reported in
wound healing of the skin and cornea, few studies have reported
the role of MMP3 in wound healing. Mice lacking MMP3 demon-
strated impaired skin wound contraction [57], and weak and tran-
sient localization of MMP3 was observed in the anterior stroma of
rabbit corneas 3–7 days after anterior keratectomy. The exact
role(s) of MMP3 in epithelial migration and repair remains poorly
defined.

CECs in the presence of EFs demonstrated no change in gene
expression of MMPs implicated in epithelial wound healing
(MMP2, MMP9). Nevertheless, Rho- and Cdc42-mediated direc-
tional cell migration in the presence of an applied EF has previ-
ously been reported in bovine CECs [32]. In the present study, a
2-fold increase in MMP3 gene expression was observed in these
CECs after application of EF. Secondary validation by Western blot-
ting and immunocytochemistry conclusively verified elevated pro-
tein expression. This was accompanied by a concurrent increase in
MMP3 activity in the media supernatant, indicating that stimula-
tion of cells by EF resulted in secretion of MMP3 allowing for
Fig. 8. Schematic representation of the simultaneous effect of stochastic topography and
EF, single cells cultured on stochastically patterned surfaces migrate towards the cathod
When cultured as a confluent sheet, cells cultured on stochastically patterned surfaces
migrated as single cells on planar surfaces despite being cultured as a confluent sheet.
ECM turnover to facilitate cell migration. Indeed, in the presence
of EF, cell migration was significantly faster than without EF.

Interestingly, in the presence of the strongest EF
(150 mV mm�1), MMP3 expression in cells, as well as activity in
the cell-culture medium, were more elevated when cells were pla-
ted on topographically patterned surfaces in comparison with pla-
nar surfaces having the same surface chemistry. This result
indicates that biomimetic substratum topography acted synergisti-
cally with applied EF in increasing MMP3 expression and activity.
This may perhaps suggest that a threshold could exist that could
bring about maximal responses when simultaneous biophysical
cues are presented. Further studies will be required to delineate
this phenomenon conclusively. To investigate the role of MMP3
in cell migration, we inhibited MMP3 activity in cells using a com-
mercially available small molecule compound. Neither migration
nor directness was significantly affected in the absence of EF (data
not shown). However, in the presence of applied EFs, migration
rate and directedness of cells were both strongly reduced when
treated with MMP3 inhibitor. Intriguingly, stochastic topography
exaggerated the extent of attenuation for both migration direction
and speed. In aggregate, these data suggest topographic cues and
EFs cause an acceleration in migration that is at least partially
mediated through MMP3 activity. However, the interplay between
gene and protein expression, and enzyme activity for the various
MMPs, with the simultaneous presence of EFs and substratum bio-
physical cues, appears to be complex and requires further investi-
gation. The specific roles of tissue inhibitor of metalloproteinase in
MMP-EF mediated cell migration will be the subject of future
studies.
applied EF on single and collective cell migration. (A) In the presence of an applied
e significantly faster than those cultured on chemically identical planar surfaces. (B)
migrate collectively as one would expect in a wound in vivo. In comparison, cells
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Re-establishment of the BM is one of the critical events that
occur during corneal wound healing. Collective migration of CECs
as a sheet occurred when cultured as a monolayer on topographi-
cally patterned surfaces in the presence of an applied EF, whereas
cells dissociated from the wound margin and migrated individually
into the wound space when cells were cultured on planar surfaces.
This finding suggests that biomimetic topographic cues facilitate
wound closure as a sheet. While further studies are required to
examine the underlying mechanism(s) for this effect, we feel it
likely that stochastic topographic cues promote increased intercel-
lular adhesions. It is well documented that anisotropic topographic
cues modulate single-cell–substrate adhesion [6]. The extent to
which cell–substrate and cell–cell adhesion is altered on stochasti-
cally patterned surfaces when cultured as a monolayer is yet to be
determined.

Although the results suggest that migration of confluent cells is
slower than single-cell migration, such comparisons ought to be
made in light of the crucial differences in migratory patterns.
When cultured as a confluent layer and in the presence of an
applied EF, on cells planar surfaces dissociated from the ‘‘wound’’
margin and migrated as single cells. In contrast, on stochastically
patterned surfaces, cells were cohesive and migrated collectively
as one would observe in a wound in vivo. Thus comparing the
migratory rates directly should be approached cautiously. How-
ever, this result is most interesting in light of recent work showing
that cells in sheets or groups are much more sensitive to applied
EFs than individual cells [58]. This result is particularly relevant
in highlighting the importance of the BM-like features and bio-
physical stimuli when evaluating the efficacy of drugs/cytoactive
factors that promote cell migration/wound closure. Results pre-
sented in this study demonstrate that CECs are more responsive
to an EF on a biomimetic topographical substrate and MMP3
may play a significant role in facilitating CEC migration.
5. Conclusions

Human CECs migrated towards the cathode in the presence of
an EF on both flat and nanopatterned surfaces. Because cells
migrated significantly faster on stochastically patterned biomi-
metic surfaces mimicking the BM, this finding may be exploited
for engineering novel strategies to promote corneal wound healing.
While the molecular mechanisms responsible for the interaction
between EFs and topographic cues are not yet clear, our study
highlights the importance of presentation of simultaneous yet bio-
logically relevant cues to study corneal wound healing processes,
and that MMPs may play a significant role in the regulation of
EF-mediated directional cell migration. This is in stark contrast to
the flat hard surfaces of tissue culture plastic used in most
in vitro investigations. A summary of the findings reported here
is illustrated as a schematic in Fig. 8. In the proposed model, we
suggest that an EF enhances single-cell migration to a greater
extent on stochastically patterned surfaces. In addition, when cells
are cultured as a confluent sheet and in the presence of an applied
EF, the underlying biomimetic topography promotes collective cell
migration rather than single-cell movement, which is a character-
istic of corneal epithelial wound closure in vivo.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figures 1, 2, 5 and 6
are difficult to interpret in black and white. The full colour images
can be found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2014.10.007.
Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.actbio.2014.
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