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Epithelial cells reside on specialized extracellular matrices that provide instructive cues to regulate
and support cell function. The authors have previously demonstrated that substrate topography with
dimensions similar to the native extracellular matrix (submicrometer and nanoscale features)
significantly impacts corneal epithelial proliferation and migration. In this work, synthetic hydrogels
were modified with both topographic and biochemical cues, where specified peptide ligands were
immobilized within nanopatterned hydrogels. The efficient, systematic study of multiple instructive
cues (peptide, peptide concentration, topographic dimensions), however, is contingent on the
development of higher throughput platforms. Toward this goal, the authors developed a hydrogel
array platform to systematically and rapidly evaluate combinations of two different peptide motifs
and a range of nanoscale topographic dimensions. Specifically, distinct functional pegylated peptide
ligands, RGD (GGGRGDSP) and AG73 (GRKRLQVQLSIRT), were synthesized for incorporation
into an inert hydrogel network. Elastomeric stencils with arrays of millimeter-scale regions were
used to spatially confine hydrogel precursor solutions on elastomeric stamps with nanoscale patterns
generated by soft lithography. The resulting topographically and peptide-functionalized hydrogel
arrays were used to characterize single cell migration. Epithelial cell migration speed and
persistence were governed by both the biochemical and topographical cues of the underlying

substrate. © 2012 American Vacuum Society. [http://dx.doi.org/10.1116/1.4762842]

. INTRODUCTION

The extracellular matrix (ECM) is a specialized network
that supports surrounding cells and also plays a principal
role in engineering the local cellular environment by actively
sequestering, releasing, and presenting critical biochemical
cues. The unique combinations of proteins, proteoglycans,
and glycosaminoglycans that constitute the heterogeneous
ECM produce the specific chemical and physical cues that
regulate and maintain proper cell phenotypes. A challenge in
the field of tissue engineering is developing well-defined
platforms to systematically and efficiently identify combina-
tions of specific ECM cues that guide and support represen-
tative cell behavior.

Numerous ECM cues have previously been investigated
as individual independent variables and shown to impact
cellular behavior. For example, stiff polymeric substrates
with nanometer scale topographic features that mimic the
dimensions of pores and fibers of the ECM control cell
proliferation," migration,” and differentiation.” These topo-
graphic substrates, however, maintain no control of the pre-
sentation of chemical cues as they allow nonspecific protein
adsorption. Likewise, others have shown substrate stiffness,4
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and presentation and density of biological ligands™® individ-
ually impacts cell spreading and proliferation. While these
individual cues provide important information about cell—
substrate interactions, the intersection of these physical and
chemical cues has significant potential in the development
and design of cell-instructive biomaterials. Thus, there is a
need to develop new synthetic ECMs that can simultane-
ously control nanometer scale topography and peptide
presentation to cells.

Numerous studies have focused on the development of
innovative techniques to spatially pattern chemical cues.’
Microcontact printing is a common technique to design
chemical patterns on the order of the size of cells (microns)
to study, for example, geometric restraints on cell apoptosis®
or viral propagation.” Other techniques such as e-beam
lithography,'®!" dip pen lithography,'? laser scanning lithog-
raphy,'® and colloidal lithography'* have been used to pat-
tern chemical cues on the length scales of focal adhesions
(nanometers). Chemical patterns on the nanometer scale
have been used to explore fundamental cell-substrate inter-
actions, including the limits of focal adhesion spacing. In
addition, nanometer length scale patterns have been used to
develop patterns for applied applications, for example, pat-
terns that support neuronal cell elongation while preventing
the adhesion of astrocytes.'” The chemical patterns have
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recently advanced to include techniques to spatially pattern
multiple chemical cues.'"'® This paper is not an additional
demonstration of the ability to pattern biochemical cues in
hydrogels, but rather, we use biomimetic length scale topo-
graphic patterns to enable the simultaneous study of biomi-
metic physical and biologically relevant chemical cues in a
soft material platform.

The systematic investigation of combinations of biologi-
cally relevant physical and biochemical cues requires the de-
velopment of screening platforms with increased throughput
in order to study the large number of possible inputs. There
have been significant advancements in the combinatorial
screening of materials for the optimization of cell culture
conditions over the last decade. The most prevalent studies
investigate the cellular response to an array of chemical pa-
rameters including combinations of peptides,'”> ECM pro-
teins,16 and acrylated monomers.'” While these studies
enable the identification of an optimal surface chemistry for
a specific outcome (e.g., clonal growth of pluripotent stem
cells), there is little control over other material properties
known to influence cell behavior, such as nanometer-scale
topography.

In the current work, we simultaneously investigate two
different cues by developing strategies to replica mold well-
defined cell instructive hydrogel materials. Elastomeric sten-
cils separated different hydrogel precursor solutions into
millimeter-scale circular array spots, which were formed on
nanometer-scale ridge and groove patterned stamps. When
the hydrogels were polymerized and released from the stamp
and stencil, the result was an array of peptide functionalized,
nanopatterned hydrogels. This approach allowed multiple
parameters to be tested within the same culture conditions
while also limiting material consumption. These arrays are a
facile platform for investigation of multiple biologically rel-
evant cues, namely nanotopography and specific peptide
ligands. Using these arrays, we show that human epithelial
cell migration was dictated by both the nanoscale topogra-
phy and the specific peptides presented in the hydrogel sub-
strate. Platforms with increased throughput, like these
arrays, are necessary to elucidate key synergistic combina-
tions of instructive physical and chemical cues.

Il. EXPERIMENT
A. Fabrication of micro- and nanopatterned hydrogels

Ridge and groove patterned silicon surfaces'® (pitch of
400, 1400, or 4000 nm; depth of features was 300 nm; ridge to
groove ratio was 1:1) were used as masters to generate polydi-
methylsiloxane (PDMS) stamps.' PDMS stamps were used as
templates for replication of the patterns in poly(ethylene gly-
col) diacrylate (PEGDA) hydrogels. A PDMS stencil (rectan-
gular [1.2 mm X 6 mm] or circular [d=2 mm] arrays) was
fabricated via replica molding of a silicon master.'” A stencil
was applied to a PDMS stamp with the desired topographic
features. Hydrogel precursor solutions of 3.4kDa PEGDA
(Ref. 20) (20 wt. % w/w), the photoinitiator lithium phenyl-
2,4,6-trimethylbenzoyl-phosphinate®’ (2.2mM), and acryloyl
functionalized pegylated peptides® (RGD = acryloyl-PEG,;-
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GGGRGDSP; AG73 = acryloyl-PEG,7;-GRKRLQVQLSIRT)
were pipetted within the void spaces of the stencil. The
precursor solutions were then covered with glass coverslips
that had been treated with 3 -(trichlorosilyl)propyl methacry-
late (Sigma Aldrich) and exposed to a UV source (3654,
8.7 mW/cm?) in a nitrogen environment for 300s (Fig. 1).
Samples were hydrated and maintained in a hydrated state for
the duration of the experiment. Hydrogels were sterilized
with ethanol (70% v/v) and UV light (2654) for 15 min and
then equilibrated with phosphate buffered saline (1X PBS)
prior to cell culture.

B. Hydrogel characterization

Hydrogels were imaged by atomic force microscopy
(AFM) to measure the pitch of the ridge and groove features.
Samples were hydrated in deionized water for at least 48 h at
room temperature prior to measurements. In a fluid cell, sam-
ples were scanned in contact mode using a SNL-10 silicon
nitride cantilever with a silicon tip (Veeco Probes, CA) using
a Nanoscope IIIa Multimode scanning probe microscope
(Veeco Instruments, Inc., CA).

Fic. 1. (Color online) Schematic of the molding process demonstrates the
use of a PDMS stencil to obtain distinct, topographically patterned hydrogel
regions. In the process, PDMS stencils were placed on PDMS stamps with
ridge and groove features, where the pitches range from 400 to 4000 nm.
Hydrogel precursor solutions were constrained within the void space of the
stencil, covered with a treated glass cover slide and polymerized by expo-
sure to UV light source. Discrete arrays of topographically molded hydro-
gels were then released from the elastomeric stamp and stencil.
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Topographically patterned hydrogels with different con-
centrations of peptide were imaged with a GE Healthcare
Typhoon Tri Variable Mode Imager to qualitatively measure
peptide concentration. Hydrogel arrays were equilibrated in
1X PBS and then equilibrated with 0.15 M NaHCO; buffer
solution. An excess of Alexa Fluor 488 5-SDP Ester (Life
Technologies) was then added to the buffered solution and
allowed to react with any available primary amine incorpo-
rated in the hydrogel (AG73 sequence: GRKRLQVQLSIRT)
for 1 h. After the reaction, the hydrogel arrays were equili-
brated with 1X PBS. Scanned images were colored and ana-
lyzed with IMAGEJ.

C. Cell culture

Telomerase-immortalized human corneal epithelial
(hTCEpi) cells** were donated by James Jester from Univer-
sity of California, Irvine. hTCEpi cells were cultured in epithe-
lial medium containing a 3:2 ratio of Ham’s F-12:Dulbecco’s
modified eagle medium (DMEM) (Invitrogen) supplemented
with 2.5% fetal bovine serum, 0.4 ugml~' hydrocortisone,
8.4ngml ™' cholera toxin, 5 ug ml~" insulin, 24 yug ml~" ade-
nine, 10ngml~" epidermal growth factor, 100 IU ml~" peni-
cillin, and 100 ug m1™! streptomycin.23 2% Mitomycin-c treated
Swiss 3T3 fibroblasts were used as a feeder layer to maintain
hTCEpi stocks on 100 mm tissue culture plates. hTCEpi stock
plates were incubated at 37 °C and 5% CO,. When hTCEpi
colonies reached approximately 70%-80% confluence,
hTCEpi cells were plated on hydrogel arrays. hTCEpi cells
between passages 45 and 55 were used for experiments.

D. hTCEpi cell migration analysis

hTCEpi cells plated at a density of 10 000 cells cm 2 on

topographically patterned, peptide functionalized hydrogels
were incubated for 4 h for initial attachment. An automated
Nikon TiE inverted microscope with a stage top incubation
system to control temperature and CO, levels was used to
collect 10x images of hTCEpi cells every 12min for 6h.
The images were analyzed with NIS Elements. A migrating
cell was defined as a cell whose center of mass traveled a
distance of more than one cell length during the tracking pe-
riod. Cells that divided, interacted with other cells, or
migrated out of the imaging field were excluded from the
analysis. Mean squared displacements for the centroid path
of each cell were calculated using the method of overlapping
intervals using CELL_MmoTILITY software.”” Cell speed was
determined by dividing the root mean square displacement
by the tracking interval At=12min. The confinement ratio
was calculated by dividing the displacement of the cell from
the origin by its total path length. Cell persistence time was
fit using a nonlinear least squares regression in MATLAB by
inserting the cell’s average speed into a random walk model
for cell migration

((Av)?) = 28°P [(At) - P(l - e*f’))} :

where ((Ax)?) is the mean square displacement of the cell
over time interval (Af), S is the root mean square cell speed,
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and P is the persistence time. Error bars represent the 95%
confidence interval of the mean.

lll. RESULTS AND DISCUSSION

A. Design of nanopatterned, peptide functionalized
arrays

In the current work, we developed an approach to investi-
gate a combination of two independent variables that mimic
instructive cues of the native extracellular matrix of the cor-
neal epithelium. Specifically, peptide cell-adhesion ligands
were incorporated into nanoscale patterned hydrogel arrays,
enabling the efficient study of peptide type and topographic
dimensions. The two peptides selected, RGD and AG73,
have significant biological roles in wound healing. RGD, a
fragment of fibronectin, interacts with select integrin cell—
surface receptors that, when upregulated, promote migration
and proliferation.26 AGT73, a fragment of laminin-1, interacts
with the heparin sulfate domain of syndecan-1 that is found
at the leading edge of wounds,”® and the lack of syndecan-1
activation results in a decreased migration rate.”’ The tight
regulation of both integrins and syndecans in the native cel-
lular environment during wound healing provides sufficient
motivation to use RGD and AG73 as the initial chemical
cues in the hydrogel arrays described here.

The arrays of topographically and peptide-functionalized
hydrogels were generated using elastomeric millimeter-scale
stencils on nano- and micron patterned stamps (Fig. 1). The
lateral dimensions of the large area PDMS stamps used in
this study were 400, 1400, or 4000 nm with feature depths of
300 nm. The lateral dimensions were selected as they span
from the biologically relevant nanoscale features of the
native extracellular matrices>° to the micron-scale, which is
the prevalent length scale for topographic features in previ-
ous studies. For confined area replica molding, PDMS sten-
cils with arrays of millimeter-scale rectangles or circles were
used to spatially confine and isolate hydrogel precursor solu-
tions. The hydrogel precursor solution consists of a nonfoul-
ing PEG polymer and peptides, where both components
were functionalized with acrylate groups.® In the presence of
a photoinitiator and UV source, the hydrogel precursor com-
ponents were copolymerized, creating a cross-linked hydro-
gel network that retained the nanoscale ridge and groove
pattern of the stamp. The hydrogel arrays were hydrated and
allowed to swell prior to cell culture, which resulted in an
approximate 30% increase in the hydrogel volume. Yanez-
Soto et al. demonstrated that hydrogels composed of 20 wt. %
PEGDA (MW 3400) retained the topographic features and
had anti-fouling properties.>'

There was good fidelity between the stamp lateral dimen-
sions and the resulting hydrated hydrogel surface dimen-
sions; replica molded hydrogels had pitches of 400, 1400, or
4000 nm with groove depths ranging from 450 to approxi-
mately 200 nm, as measured with AFM (Fig. 2). The primary
purpose of the AFM measurements was to demonstrate the
retention of the topographic features in hydrated substrates
following release from the mold. The feature depths of the
substrates were not absolutely known due to the limitations
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FiG. 2. (Color online) AFM measurements of the hydrated samples show the
groove and ridge features molded into hydrogels with pitch sizes of 400,
1400, and 4000 nm. The difference in elevation from the ridge and groove is
approximately 300 nm.

of using contact mode AFM on the soft hydrogel surfaces
(Young’s Modulus ~ 100 kPa). We have previously demon-
strated that feature depth of topographic features is a signifi-
cant parameter, where increased groove depth resulted in an
increase in the number of cells elongating and aligning in
the direction of the grooves.*? It is important to note, how-
ever, that differences in feature depths ranging from 200 to
450 nm, as measured by AFM (absolute or not) in this study,
would not have elicited significantly different cellular
responses.

The hydrogel arrays provide exquisite control of both
physical and chemical cues presented to the cells. Previ-
ously, we demonstrated that the conjugation of peptides to
pure, monodisperse PEG spacers and subsequent acrylate
functionalization allows peptides to be incorporated via radi-
cal polymerization at high efficiencies, with high reproduci-
bility.® The peptides are covalently bound via an amide bond
to eliminate concerns of hydrolysis of the peptide for long-
term studies that usually accompany peptide incorporation
schemes like Michael-type addition.” The hydrolytic cleav-
age of the PEGDA ester bonds between the aliphatic poly-
mer backbone and the crosslinking unit has been shown by
other groups to be limited during the time frame of our
experiments, and the swelling ratio has been shown to not
significantly change over the course of 6 weeks (where com-
plete degradation is estimated to be on the order of months
to years).33

The final arrays featured isolated millimeter-scale hydro-
gel regions that never contacted adjacent precursor solutions,
thus preserving the desired biochemical properties. To dem-
onstrate that the precursor solutions were isolated and
retained within the desired regions of the stencil, three dif-

J. Vac. Sci. Technol. B, Vol. 30, No. 6, Nov/Dec 2012

06F903-4

]
980 1940[

intensity scale :

Fic. 3. (Color online) (a) Fluorescence image of topographically molded
hydrogel arrays functionalized with different concentrations of fluorescently
tagged peptide. Rectangular or circular areas were spatially defined by a
PDMS stamp, where the individual domains are isolated from the other
regions. (b) Photograph of a rectangular topographically molded hydrogel
array.

ferent precursor solutions with increasing concentrations of
AGT73 were dispensed into three adjacent regions. After po-
lymerization, the AG73 peptide was fluorescently labeled
and imaged with a fluorescence scanner. Each hydrogel array
element had a distinct concentration, as demonstrated by flu-
orescence intensity, that was unaffected by the proximity of
neighboring solutions (Fig. 3). In addition to isolating com-
ponents, the PDMS stencil also reduced the amount of pre-
cursor material consumed and enabled multiple precursor
solutions (varying peptide density or combinations of multi-
ple peptides) to be tested on a single coverslip for a given
topographic pitch. The resulting arrays, in combination with
an automated microscope, were used to effectively monitor
cellular dynamics or image fixed cells.

B. Epithelial cell migration on hydrogel arrays

To highlight this new materials platform and strategy for
its use in medium throughput assays, we selected three topo-
graphic features and two distinct peptides for cell studies.
Note that this platform will also allow the study of many
other variables, including peptide density, combinations of
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F1G. 4. (Color online) hTCEpi cells migrate parallel to the pattern on both RGD (a) and AG73 (b) functionalized surfaces, where the arrow indicates the direc-
tion of the ridges and grooves. (c) The speed of cell migration was dependent on both the pitch of the topography and the biochemical cues of the peptide.
(d) Similarly, the confinement ratio was also dependent on the pitch of the topography and the peptide. * is 0.01 <p < 0.05, ** is 0.001 <p < 0.01, and *** is

p < 0.001 compared to the flat control (c) or the corresponding RGD gel (d).

many different peptides, different topographic geometries
and substrate compliances, which have the potential to sig-
nificantly alter the cell response. The peptides RGD and
AGT73, which interact with two distinct cell-surface recep-
tors, were incorporated into patterned hydrogel arrays at con-
centrations previously shown to support similar cell
spreading and proliferation rates. The topography was also
varied, including molded ridge and groove patterns of 400,
1400, and 4000 nm pitches and nonpatterned surfaces. The
combinatorial effect of topography and biochemical cues on
epithelial cell migration was assessed using the aforemen-
tioned array platform.

hTCEpi cell migration was analyzed on the array surfa-
ces. hTCEpi cells were selected for the cell experiments to
align with our interest in developing synthetic basement
membrane constructs for corneal prosthetic devices.'® The
experimental format, however, is generalizable for other cell
types where control of chemical and physical cues is desira-
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ble. For migration experiments, hTCEpi cells were imaged
with an automated microscope every 12min for 6h. The
migration of the cells was analyzed to obtain cell tracks, cell
speed, confinement ratios, and persistence times for the eight
different conditions. The confinement ratio is the ratio of the
average distance from the origin to the total cumulative path
length. Persistence time provides an assessment of cell mo-
tility, where short persistence times correlate with random
movement and long persistence times suggest persistent
migration in a particular direction. The migration analysis
provides biologically meaningful output to understand the
cellular response to the combinatorial sample set.

Corneal epithelial cells migrated parallel to the ridge and
groove topographies, where the extent of directional migra-
tion was dictated by the peptides incorporated into the
hydrogel. Control surfaces, where the PEGDA was not func-
tionalized with a peptide, did not support cell attachment for
any of the flat or patterned conditions (data not shown). Cells
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on RGD functionalized surfaces migrated in the direction of
the ridges and grooves for all topographic pitches [Fig. 4(a)].
The cell tracks were distinct on the topographically molded
surfaces when compared to the nonpatterned hydrogels; the
cells explored a larger space, migrating on average over
100 pm, and had directed migration parallel to the ridges and
grooves. The hTCEpi cell speed on RGD surfaces, however,
was dependent on the pitch of the topography. Cells
migrated significantly faster on 1400 and 4000 nm pitches
than on the nonpatterned surfaces [Fig. 4(c)]. On the
1400 nm patterned RGD surfaces, a significant fraction of
the cell population migrated at a faster speed than on any
other surface tested. In addition, the cell population appears
to be divided, where one subset migrated at a fast rate, while
the other subset migrated at a much slower rate. This distri-
bution of cells is possibly related to a percentage of cells in
certain phases of the mammalian cell cycle. The confinement
ratio of the cells on both nonpatterned and patterned RGD
surfaces was approximately constant [Fig. 4(d)].

Similar to what was observed for RGD surfaces, hTCEpi
cells on patterned AG73 surfaces migrated further and had
more directed migration as compared to cells on nonpatterned
AGT73 surfaces. The cell tracks on AG73 surfaces, however,
suggest minor differences in cellular migration on AG73 and
RGD surfaces. For instance, cells had less directed migration
parallel to the pattern on AG73 surfaces on 1400 nm pitches
than on the analogous RGD surfaces. Similarly, cells migrated
shorter distances from the origin on 400 nm AG73 surfaces as
compared to the corresponding RGD surface. There were also
significant differences between cell speed trends and confine-
ment ratios on the different peptide functionalized surfaces.
The hTCEpi cell speed increased as the pitch of the topogra-
phy increased on AG73 patterned surfaces. The confinement
ratio was larger on topographically patterned AG73 surfaces
than on the nonpatterned AG73 surfaces.

These results, namely directional migration and speed of
migration on RGD modified surfaces, were in agreement with
our previous reports on stiff polyurethane substrates that did
not selectively target specific cell receptors. On polyurethane
substrates, the epithelial cell migration on a range of topo-
graphic features was characterized as a biphasic response,
where migration was stimulated in the 1600 nm range when
compared to both larger and smaller size topographic
pitches.? This is likely correlated with previous observations
on polyurethane substrates that the 1400 nm region was at
the transition region where pitches smaller than 1400 nm
elicited stronger cell adhesion than on larger pitches.** Cell
migration has previously been shown to be an inverse func-
tion of the affinity of cell-substrate interactions.>> Interest-
ingly, this biphasic trend was not observed on AG73
functionalized surfaces. These results suggest that the acti-
vated integrin receptor dominates the cell behavior response
on nonselective surfaces for corneal epithelial cells.

hTCEpi cells migrated faster and more frequently returned
to the origin on RGD patterned hydrogels as compared to the
AGT73 surfaces. Cells migrated approximately 100 um in a
directed path from the origin during the 6 h of observation on
both RGD and AG73 functionalized surfaces; however, the
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hTCEpi cells on RGD surfaces frequently retraced their
migration path (supplementary Fig. 1, Ref. 36). This back-
tracking phenomenon explains the smaller confinement ratios
and shorter persistence times (supplementary Fig. 2, Ref. 36)
measured on RGD surfaces as compared to AG73 surfaces.
There are numerous factors that contribute to persistent migra-
tion;*” external guidance cues such as the topographic cues
presented here can geometrically constrain adhesion sites or
intrinsic cues that can result in a decrease in the number of pe-
ripheral cell protrusions that is correlated with a decrease in
Racl activity.*® Syndecan-1 mediated cell adhesion (mode of
cell-substrate interaction on AG73 surfaces) has previously
been linked to rapid changes in activity of several Rho GTP
binding proteins.*> We hypothesize that the activity of Racl
or other GTP binding proteins plays a role in the increased
persistent migration on AG73 surfaces. Biomaterials that
implement instructive cues, such as guided nanoscale topogra-
phy or peptides that support persistent migration in a particu-
lar direction could have considerable impact on wound
healing applications where sustained, directed migration is
desirable.

IV. SUMMARY AND CONCLUSIONS

We developed a hydrogel array platform suitable for sys-
tematically measuring multiple peptides in combination with
different topographic dimensions. The arrays were used to
demonstrate that both biochemical and physical cues provide
essential signals for epithelial cell migration. The choice of
peptide affected speed and persistence of the cell migration
on the patterned surfaces, while the pitch of the topography
only influenced the speed of migration. Tools, like these
arrays, that facilitate the investigation of an increased combi-
natorial space have great potential for gaining insight on
cell-substrate interactions for the rational design of biomate-
rial substrates. In addition to controlling topography and
peptide type, other parameters of this synthetic array can
also be modulated, including substrate stiffness, peptide den-
sity, and peptide presentation.
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