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Abstract

Chemically defined substrates, which rigorously control protein-surface and cell-surface
interactions, can be used to probe the effects of specific biomolecules on cell behavior. Here we
combined a chemically-defined, array-based format with automated, time-lapse microscopy to
efficiently screen cell-substrate interactions. Self-assembled monolayers (SAMs) of
alkanethiolates bearing oligo(ethylene glycol) units and reactive terminal groups were used to
present cell adhesion peptides while minimizing non-specific protein interactions. Specifically, we
describe rapid fabrication of arrays of 1 mm spots, which present varied densities of the integrin-
binding ligand Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP). Results indicate that cell attachment, cell
spreading, and proliferation exhibit strong dependencies on GRGDSP density for both human
mesenchymal stem cells (nMSCs) and human umbilical vein endothelial cells (HUVECS).
Furthermore, relative spreading and proliferation over a broad range of GRGDSP densities are
similar for both primary cell types, and detailed comparison between cell behaviors identified a
1:1 correlation between spreading and proliferation for both HUVECs and hMSCs. Finally, time-
lapse microscopy of SAM arrays revealed distinct adhesion-dependent migratory behaviors for
HUVECs and hMSCs. These results demonstrate the benefits of using an array-based screening
platform for investigating cell function. While the proof-of-concept focuses on simple cellular
properties, the quantitative similarities observed for hMSCs and HUVECS provides a direct
example of how phenomena that would not easily be predicted can be shown to correlate between
different cell types.
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Introduction

Understanding how cells respond to specific biomolecules present on a cell culture substrate
or a surgical implant surface is critical in scenarios ranging from fundamental cell science to
biomaterials design. However, mechanistic details associated with how substrate-bound
biomolecules influence even basic cell functions, such as adhesion, remain limited by a lack
of systematic approaches aimed at probing cell-surface interactions.[1] On a surface, the
challenge of deconstructing specific biomolecule influences on cell function is primarily due
to rapid and non-specific protein adsorption to most biomaterials surfaces, which occurs
within seconds of contact with biological fluids.[2—-4] Thus, biological studies conducted on
typical cell culture surfaces in which cells interact with adsorbed protein layers that are
difficult to characterize and can denature during the adsorption process, do not allow one to
draw clear conclusions about cell-material interactions. To address this challenge, substrates
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designed to limit non-specific protein adsorption and simultaneously present specific
biomolecules can be used to chemically define protein-surface and cell-surface interactions.
[1-4] Of these types of defined substrates, self-assembled monolayers (SAMs) on gold
formed using alkanethiolates bearing oligo(ethylene glycol) units are particularly well-suited
to efficiently probe cell-biomolecule interactions, as they allow for strict control over
biomolecule presentation and simple functionalization chemistries.[2-9] To date, SAMs
have been used to identify unique insights into the effects of specific cell-extracellular
matrix interactions[2-9] as well as the effects of surfaces designed to sequester specific
soluble molecules such as growth factors and proteoglycans[8, 9]. These previous studies
highlight SAMs as unique biological tools.

Here we present a well-defined screening array platform that provides controlled cell-
substrate interactions and enables systematic studies of cell behavior. Our approach uses
simple elastomeric stencils to form arrays of biomolecules on SAMs formed on gold
surfaces (Figure 1), and uses automated, time-lapse microscopy to track cell behavior within
array spots. We created arrays containing varying densities of the fibronectin-derived cell
adhesion peptide Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP)[10-12] and used them to screen for
adhesion-dependent changes in cell behavior. Here, we chose to investigate human umbilical
vein endothelial cells (HUVECSs) and human mesenchymal stem cells (hMSCs) as they
represent two commonly used, but distinct, cell types in regenerative medicine. In particular,
HUVECs represent a model cell type that have been used to study endothelial cell roles in
blood vessel formation, barrier function, hemostasis, vascular tone, inflammation, leukocyte
interactions, and neoangiogenesis.[13-17] Conversely, hMSCs are a multipotent stem cell
type present in a variety of tissues that contribute to tissue and immune system homeostasis
via mechanisms including differentiation into a range of mature cell types[18-22] as well as
secretion of a range of soluble factors[23, 24]. Using SAM arrays to investigate these two
cell types, our results provide unique insights into the effects of cell adhesion ligand density
on HUVEC and hMSC behaviors, including cell attachment, spreading, proliferation, and
migration. Furthermore, direct comparisons between these two cell types identify
correlations that could not be obtained without an efficient, array-based approach.

Experimental methods

Materials

Carboxylic acid-capped hexa(ethylene glycol) undecanethiol (HS-C11-(O-CH3-CH>)g-O-
CH,-COOH) (referred to herein as “HS-C11-EGg-COOH”), was purchased from Prochimia
(Sopot, Poland). 11-tri(ethylene glycol)-undecane-1-thiol (HS-C11-(O-CHy-CH5)3-OH)
(referred to herein as “HS-C;1-EG3-OH”) was synthesized as described elsewhere.[25]
Fmoc-protected amino acids and Rink amide MBHA peptide synthesis resin were purchased
from NovaBiochem (San Diego, CA). Hydroxybenzotriazol (HOBt) was purchased from
Advanced Chemtech (Louisville, KY). Diisopropylcarbodiimide (DIC) was purchased from
Anaspec (San Jose, CA). N-hydroxysuccinimide (NHS), 7-(3-dimethylaminopropyl)-//-
ethylcarbodiimide hydrochloride (EDC), sodium dodecy! sulfate (SDS), trifluoroacetic acid
(TFA), diethyl ether, and deionized ultrafiltered water (DIUF H,0) were purchased from
Fisher Scientific (Fairlawn, NJ). Triisopropylsilane (TIPS), piperidine, dimethylformamide
(DMF), acetone, hexanes, and acetonitrile were purchased from Sigma-Aldrich (St. Louis,
MO). Absolute ethanol (EtOH) was purchased from AAPER Alcohol and Chemical Co.
(Shelbyville, KY). All purchased items were of analytical grade and used as received. Thin
films of 100 A Au <111>, 20 A Ti on 1" x 3" x 0.040" glass were purchased from Platypus
Technologies, LLC (Madison, WI. Cat. No. AU.0100.ALSI).
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Peptide synthesis

Standard solid phase Fmoc-peptide synthesis (Fmoc SPPS) was performed using a 316¢
automated peptide synthesizer (C S Bio, Menlo Park, CA). Rink amide MBHA resin was
used as the solid phase, and HOBt and DIC were used for amino acid activation and
coupling. After coupling the final amino acid, a 4-hr incubation in TFA, TIPS, and DIUF
H,0 (95:2.5:2.5) released the peptide from resin and removed protecting groups. Released
peptide was extracted from the TFA/TIPS/DIUF H,0 cocktail via precipitation in cold
diethyl ether. Lyophilized peptides were analyzed using matrix-assisted laser desorption/
ionization-time-of-flight (MALDI-TOF) mass spectrometry with a Bruker Reflex 11
(Billerica, MA). The purity of synthesized peptides was evaluated via HPLC using a C18
analytical column (Shimadzu, Kyoto, Japan) with a gradient of 0-70% H,O + 0.1% TFA/
acetonitrile and a flow rate of 0.9 mL/minute. GWGGRGDSP, GWGGRGESP,
GWGGIKVAYV, and GWGGVKALIV adhesion and mutant peptides were synthesized with
tryptophan-bearing spacers to aid in determination of peptide concentration via UV/Vis.
Peptide stocks were prepared at 300 uM in PBS at pH 7.4 as determined by absorbance at
280 nm using extinction coefficients outlined by Gill and von Hippel.[26] Fluorescently-
labeled GGRGDSPK was synthesized as previously described[7] and peptide concentration
was determined by absorbance of the 5(6)-carboxyfluorescein group at 492 nm using an
extinction coefficient of 81,000 cm™1M~1

Fabrication of elastomer wells

Elastomeric stencils containing arrays of wells were created using soft lithography.[27, 28]
Briefly, master molds containing arrays of 1100 um diameter posts were fabricated from
SU-8 (Microchem, Newton, MA) spin-coated silicon wafers using conventional
photolithography techniques. Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning,
Midland, MI) was prepared by mixing a 10:1 ratio of base/curing agent (w/w) followed by
degassing for ~30 mins. The degassed mixture was cast over the mold and cured for 4 hrs at
85 °C. Following curing, PDMS stencils were removed from molds and cleaned in hexanes
using an overnight Soxhlet extraction.[29] After cleaning, stencils were placed /n vacuoto
remove residual solvent from the Soxhlet extraction process.

Surface preparation and array fabrication

Gold slides were placed into a 150 mm glass Petri dish, covered with EtOH, and sonicated
for ~1 min using an ultrasonic bath (Bransonic 1510, Branson, Danbury, CT). Sonicated
gold chips were then rinsed with EtOH and blown dry with N,. SAM arrays were fabricated
as follows: An elastomeric stencil containing arrays of 1.1 mm holes was placed on a bare
gold surface to form an array of wells on the gold substrate OFigure 1B, Step 1). Wells were
then filled with 1 mM ethanolic alkanethiolate solution and incubated for 10 minutes in a
chamber containing a laboratory wipe soaked with ethanol to prevent evaporation during
local SAM formation (Figure 1B, Step 2). Alkanethiolate solutions were then aspirated and
wells were rinsed with DIUF H,0. Carboxylate groups were then converted to active ester
groups by adding a solution of 200 MM NHS and 250 mM EDC in DIUF H,0 pH 5.5 to
wells and incubated for 10 minutes. After an additional rinse with DIUF H,0, 300 uM
solutions of peptide in PBS at pH 7.4 were added to each well and incubated for 1 hrin a
humidity controlled chamber to covalently couple peptides to each array spot (Figure 1B,
Step 3). After a final rinse with DIUF H,0, regions surrounding array spots were backfilled
with HS-C11-EG3-OH. This was achieved by submerging the gold substrate and attached
elastomeric stencil in an aqueous 0.1 mM HS-C;1-EG3-OH solution (pH 2.0), removing the
stencil, and incubating for 10 minutes (Figure 1B, Step 4). Following backfilling, the array
was rinsed with 0.1 wt% SDS in DIUF H,0O, DIUF H,0, and EtOH and then dried under a
stream of N». Arrays were stored in sterile DIUF H,0 at 4 °C and used within 24 hrs.
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In this SAM array approach, each spot was designed to contain the same total molar density
(mol/cm?) of peptide from spot to spot. Therefore, control over GRGDSP density was
achieved by mixing GRGDSP with the mutant GRGESP peptide. In a typical SAM array,
SAMs were locally formed within spots using an 1 mM alkanethiolate mixture of 95% HS-
C11-EG3-OH and 5% HS-C11-EGg-COOH to create surfaces with a total of 5% carboxylate
groups for peptide conjugation. Here, “X%” refers to the mole percent of alkanethiolate
present during SAM formation and subsequently the approximate amount of an
alkanethiolate present on the surface after SAM formation. Next, to create a spot presenting
5% GRGDSP, a 300 uM peptide solution was used during peptide conjugation. Likewise, to
create a spot with 1.6% GRGDSP, a 300 uM peptide solution with 100 yM GRGDSP and
200 uM GRGESP was used during peptide conjugation (Figure 1B, Step 3). In this manner,
the amount of GRGDSP peptide could be varied between spots while holding total peptide
content constant and a three-fold dilution series of GRGDSP into GRGESP was used to
generate arrays with a range of GRGDSP densities such as 5.0, 1.6, 0.6, 0.2, 0.06, 0.02,
0.01, and 0% peptide. Likewise, mixtures of IKVAV and the mutant peptide VKAIV were
mixed together to generate arrays with a similar set of IKVAV peptide densities.

Passage 2 human umbilical vein endothelial cells were expanded at low density (less than
70% confluence) on tissue culture polystyrene to no more than 14 population doublings.
During HUVEC expansion and experiments on SAM arrays, HUVECs were cultured in
medium 199 (m199, Mediatech, Manassas, VA) containing 1% penicillin/streptomycin
(Hyclone, Logan, UT) and supplemented with Clonetics EGM-2 BullitKit (Lonza
Walkersville, Inc., Walkersville, MD) containing hydrocortisone, hFGF-B, VEGF, R3-
IGF-1, ascorbic acid, heparin, fetal bovine serum, hEGF, GA-1000 growth supplements.
Bone marrow-derived human mesenchymal stem cells (Lonza, Walkersville, MD) were
expanded at low density on tissue culture polystyrene plates to maintain multipotency as
described by Sotiropoulou et al.[30] and used by passage 7. During hMSC expansion and
experiments on SAM arrays, hMSCs were cultured in minimum essential medium, alpha
(Mediatech, Manassas, VA) containing 10% MSC qualified fetal bovine serum (Invitrogen,
Carlsbad, CA) and 1% penicillin/streptomycin. For simplicity, throughout the methods
section “media” will refer to the respective media used for culture of HUVECs and hMSCs.

Cell Assays on SAM Array

HUVECs or hMSCs were removed from plastic culture plates using a 0.05% trypsin
solution, resuspended in media, and seeded onto SAM arrays in sterile polystyrene Petri
dishes at 2,500 and 1,500 cells/cm? respectively, unless specified otherwise. After allowing
cells to attach for ~ 1 hr in a humidified incubator at 37 °C and 5% CO», arrays were dipped
in warm media to remove loosely attached cells and then transferred to a rectangular
multidish (Thermo Scientific/Nunc, Rochester, NY) with warm media and imaged ~4 hrs
later serving as “0 hr.” For the initial time point and subsequent time-lapse imaging, arrays
were placed on an incubated stage and each array spot was imaged every 15 mins for 72 hrs.
Furthermore, all cell experiments for comparison between HUVECs and hMSCs were run
simultaneously, and thus both cell types were exposed to identical environmental conditions
and monitored at the same experimental time points.

Immunocytochemistry

At 24 and 72 hr time points during the time-lapse experiment, staining for the actin
cytoskeleton and focal adhesion markers was performed as directed by the manufacturer
(Catalog No. FAK100, Millipore, Billerica, MA). Briefly, cells on arrays were fixed using
4% formaldehyde in PBS for 15 minutes. Following fixing, arrays were washed and then

Integr Biol (Camb). Author manuscript; available in PMC 2013 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Koepsel et al.

Page 5

permeabilized using 0.1 % Triton X-100 (MP Biomedicals, Aurora, OH) in PBS for 5
minutes. After an additional wash and a blocking step using 1% (w/v) bovine serum albumin
(Fisher Scientific, Fairlawn, NJ) arrays were exposed to a PBS solution containing an anti-
vinculin primary antibody for 1 hr at room temperature. Arrays were then exposed to a PBS
solution containing a FITC-conjugated secondary antibody and TRITC-conjugated
phalloidin for 60 minutes at room temperature. After a final rinse, arrays were mounted with
a cover slip using Prolong Gold Antifade Reagent with DAPI (Invitrogen, Eugene, OR) as
indicated by the manufacturer. Integrin staining was performed using a similar protocol
except primary antibody staining for 1 (Abcam, Cambridge MA) was performed overnight
at 4°C and secondary antibody staining was performed for 2 hrs at room temperature.

Array Imaging

A GE Healthcare Typhoon Trio Variable Mode Imager was used to scan SAM arrays
containing fluorescently-labeled peptide and fluorescent intensity was quantified using
Image J (ImageJ, Freeware, NIH, Bethesda, MD) imaging software. Cells in culture on
SAM arrays were imaged using a Nikon Eclipse Ti inverted microscope equipped with the
Perfect Focus System; filters for FITC, TexasRed, and DAPI; and a T1Z Tokai Hit incubated
stage that was humidified and maintained at 37 °C and 5% CO,. For phase contrast imaging,
a 10X PhL objective was used to capture 4 images of each spot, which were automatically
stitched together using the Nikon NIS Elements software. Immunofluorescence images of
each array spot were acquired at 30X and stitched together from 20 images. For
immunofluorescence imaging, exposure times for each channel were kept constant from
array to array.

Analysis, Quantification, and Statistics

Relative cell attachment at 0 hrs was quantified by counting the number of attached cells per
spot and normalizing cell numbers to maximal attachment conditions. Normalized cell
number was calculated by dividing the number of cells per spot at 72 hrs (C7,) to the cell
number observed on the same spot at 0 hrs (Cgp). Relative proliferation was determined by
dividing normalized cell numbers at 72 hrs by the maximum average normalized cell
number observed across GRGDSP density conditions. Similarly, relative spreading was
determined by dividing projected cell areas to the maximum average projected cell area
observed across GRGDSP density conditions. Analysis of projected cell area was achieved
using Nikon NIS Elements Software (Melville, NY). Briefly, stacked images of array spots
were thresholded and then automated measurements of area and counts were tabulated. For
each spot, average cell projected area was calculated by dividing the thresholded actin
staining (red channel) by the total number of nuclei in the same spot. For cell tracking, the
cell tracking module in NIS Elements was used to monitor single cell migration in time
lapse images over 6 hrs starting at ~12 hrs into cell culture experiments. During
quantification, migration was classified as a single cell that migrated more than an average
distance of 2 nuclei and did not divide or interact with other cells. Additionally, migration
speed was only reported for conditions in which more than 15% of single cells were
migrating. To clearly display phase contrast and fluorescence images in the manuscript,
adjustments to brightness and contrast were performed in accordance to guidelines outlined
by the Journal of Cell Biology.[31] Statistical analysis of all data sets was performed using a
two-tailed Student’s t-test, where p < 0.05 is used to denote statistical significance.

Results and Discussion

Control Over Peptide Identity and Density in Cell Culture

An elastomeric stencil approach was used to generate SAM arrays with precise spot-to-spot
control over peptide composition (Figure 1). The local density of GRGDSP was controlled
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by mixing GRGDSP and GRGESP (a non-bioactive mutant peptide) together during peptide
coupling, maintaining a constant total peptide density of 5%. To visualize differences in
peptide density on a typical array, 5(6)-carboxyfluorescein-labeled GRGDSPK was mixed
with GRGESP at varied ratios and coupled to SAM array spots presenting 5% total HS-Cy1-
EGg-COOH (Figure 2A). 5% HS-C11-EGg-COOH density was chosen for this work as
previous results have demonstrated good control over peptide density while limiting non-
specific interactions with background functional groups.[6, 7] On SAM arrays, fluorescence
was confined to the array spots and the fluorescence intensity in each spot correlated with
the amount of labeled peptide included in the coupling reaction (Figure 2A). Furthermore,
this trend exhibited a linear relationship between fluorescent intensity and peptide density
(Figure 2B), indicating control over peptide density that is similar to what we have reported
in a previous SAM array approach.[7] Taken together, fluorescent visualization of peptide
incorporation demonstrated control over peptide density between spots and the ability to
generate a range of peptide conditions on a single SAM array.

SAM arrays provide a robust and controllable platform for primary, human cell culture
(Figure 3). HUVECs and hMSCs were seeded onto identical SAM arrays presenting varied
densities of GRGDSP, and imaged using time-lapse microscopy over 72 hrs (See
Supplement Movies 1A-D). Over the course of an experiment, HUVEC and hMSC
attachment and growth was limited to SAM regions presenting GRGDSP and there was no
cell attachment observed on background oligo (ethylene glycol) regions or on spots
containing only GRGESP and no GRGDSP (Figure 3A). In long term studies in which
hMSCs were grown for 20 days with repeated media exchange, cells remained confined
within GRGDSP-presenting array spots (Figure 3B). Thus, these results demonstrate that
SAM arrays can be used to probe for ligand specific effects on cell behavior and suggest that
arrays can be used for long-term studies such as those aimed at understanding stem cell
differentiation.

The elastomeric stencil approach used here has several advantages over previously described
SAM array approaches developed by us[7] and others[32]. In a previous study[7], we varied
the density of HS-C11-EGg-COOH between spots prior to peptide coupling, resulting in
variation in total peptide density across the array. In our current approach we instead varied
biologically active peptide density while holding the total peptide density constant by
including an inactive (scrambled) peptide. These two approaches both yield SAM arrays
with control over peptide density, similar to the approach described by Orner et al.[32].
However, by maintaining constant total peptide density, the current approach limits
chemical variation from spot to spot and thus provides a more robust strategy for probing the
effects of a specific peptide sequence. From a practical standpoint, an additional advantage
of the current approach is that functionalization does not require localized SAM removal via
UV irradiation[32] or borohydride chemistry[7] and complete cell-seeded arrays can be
generated in less than 2 hrs in a few steps with a standard pipette and PDMS stencil (Figure
1B). Additionally, arrays generated on substrates the size of a standard microscope slide (3"
x 1") can contain over 100 spots, each with a different cell-interactive substrate (Figure 1C).
Taken together, the approach described here reduces the logistical complexity required to
rapidly generate SAM arrays with a wide range of peptide densities, enabling systematic
investigation of chemically-defined cell culture substrates without a need for specific
expertise in organic synthesis or SAMs chemistry.

Cell Attachment

HUVEC and hMSC attachment were each GRGDSP-dependent and both cell types showed
similar cell attachment trends across conditions (Figure 4), suggesting similar response to
changes in adhesion ligand density. HUVEC and hMSC attachment was similar over 3
orders of magnitude of GRGDSP density, and minimal required GRGDSP densities for cell
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attachment were also similar (~0.006% GRGDSP) (Figure 4A). The similarities in hMSC
and HUVEC attachment to GRGDSP functionalized SAMs is interesting in the context of
previous studies, which have reported attachment for bovine aortic endothelial cells
(BAECs) [33] and hMSCs [6, 7] on SAMs functionalized with cell adhesion ligand. BAEC
attachment was insensitive to adhesion ligand density above the minimum GRGD density
required for adhesion at 0.001%[33] while minimum GRGDSP density required for h(MSC
attachment has been reported in several studies[5-7] with values ranging from 0.1%[6] to
0.0005%[7] GRGDSP. It is unclear whether discrepancies between previous and current
results for minimal cell attachment conditions are due to subtle differences in cell culture
protocols, the differing cell adhesion ligand identity (RGD vs. RGDSP), or the different
endothelial cell types used (bovine vs. human derived endothelial cells). However, the
difficulty in directly comparing these studies highlights the utility of standardized platforms
that can probe similarities and differences in cell behavior while minimizing experimental
errors or differences in experimental conditions. Here, we were able to probe a wide range
of GRGDSP densities using identical substrate conditions, and thus identify previously
unreported similarities in the mechanisms governing the initial attachment of these primary
cell types to GRGDSP-terminated surfaces.

HUVEC and hMSC attachment to arrays presenting varied densities of the well-known
laminin-derived cell adhesion ligand lle-Lys-Val-Ala-Val, IKVAV (Supplement Figure 1)
was minimal (less than 5 cells per spot) and equivalent to non-bioactive control or PEG-only
background. This result may contrast with previous studies have demonstrated that IKVAV
adsorbed onto plastic cell culture plates can support HUVEC attachment. [34, 35] However,
several other studies have demonstrated that HUVEC attachment to IKVAV is minimal and
significantly less than RGD-functionalized materials [36] [37]. Similarly, previous studies
have demonstrated that hMSC spreading on polystyrene-block-poly(ethylene oxide)-
copolymer surfaces presenting IKVAV is minimal when compared to RGD.[38] Taken
together, these previous results demonstrate that HUVEC and hMSC attachment to IKVAV
is significantly lower that RGD and our current results suggest that when presented in a
chemically well-defined context, neither cell type adheres to IKVAV. It is noteworthy that
our array-based platform allowed us to efficiently explore 8 distinct IKVAV densities that
span 3 orders of magnitude, which strongly indicates that these cell types do not adhere to
IKVAV.

Expression of Cytoskeletal and Adhesion Components

Immunofluorescence was used to visualize f-actin (red, for cytoskeleton) and vinculin
(green, a component of focal adhesions) to gain insight about how adhesion ligand density
induced changes in cell structure (Figure 5). Both cell types had vinculin-containing focal
adhesions [39] and well-organized f-actin structure at high GRGDSP densities (5.00% and
1.67%). However, HUVECs and hMSCs had distinctly different cytoskeletal structure and
focal adhesion organization at each GRGDSP density. Specifically, at high GRGDSP
densities HUVECs expressed thick f-actin stress fibers terminated by focal adhesions
prominently around the cell perimeter, while hMSCs were more elongated and fibroblastic,
with f-actin stress fibers running longitudinally (parallel to the long axis of the cell) through
the cell and terminated by focal adhesions. As GRGDSP density was decreased, HUVECs
became more elongated (Figure 5, 0.19%, 0.06% GRGDSP) with stress fibers taking on a
more longitudinal orientation and focal adhesions occurring on the ends of the elongated cell
body. Changes for hMSCs were subtler over the intermediate GRGDSP densities, with
hMSCs maintaining an elongated shape and longitudinal stress fiber orientation but adopting
a more spindle-shaped morphology. At the lowest GRGDSP density (Figure 5, 0.01%
GRGDSP), HUVECs and hMSCs both became morphologically compact with highly
condensed f-actin and vinculin staining throughout the cell that made structure difficult to
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distinguish. Quantified focal adhesion density, size, and average staining intensity
(Supplemental Figure 2) also exhibited GRGDSP dependent changes in focal adhesion
expression for both cell types, although HUVECs exhibited significantly higher focal
adhesion density compared to hMSCs for several GRGDSP densities. These changes in
hMSC morphology with respect to GRGDSP density are consistent with those previously
observed in our work using SAM substrates.[5-7] Additionally, while there has been little
previous work done to characterize HUVEC response using RGD presenting SAM
substrates, the gradual changes in cytoskeletal morphology observed in this work are similar
to results observed using other systems to vary the density of RGD on HUVEC culture
surfaces.[40] It is interesting to note that at intermediate GRGDSP densities we could
identify similarities in morphology and structure between hMSCs and HUVECs (e.g.
HUVECs at 0.19% and hMSCs at 0.56%), which is in stark contrast to observations from
high adhesion ligand density conditions (5%) or standard culture of these cell types.

Projected cell area was not significantly different for HUVECs and hMSCs at 24 hrs for any
of the conditions investigated, with maximal projected cell areas of greater than 4000 um?
occurring at 1.6% and 5% GRGDSP (Figure 6A-B). These maximal projected cell areas at
24 hrs agree with previous reports of HUVEC spreading on glass substrates[41-43] and
hMSC spreading on GRGDSP presenting SAMs.[5-7] Furthermore, both cell types
exhibited GRGDSP density-dependent changes in spreading. In the case of hMSCs
spreading with respect to ligand density, results agree well with results from our previously
described SAM array system.[7] Taken together, these spreading results and the initial
attachment results (Figure 4A) highlight that, despite differences in cytoskeletal and
adhesion component structures (Figure 5 and Supplemental Figure 2), the two different cell
types exhibited remarkably similar attachment and spreading.

While spreading at 24 hrs was similar for HUVECs and hMSCs, changes in spreading
differed markedly for the two cell types from 24 to 72 hrs in culture (Figure 6C), with
HUVECs increasing their projected cell area for all GRGDSP densities above 0.06% (Figure
6D), and hMSCs projected area either decreasing or remaining constant with increasing
adhesion ligand density (Figure 6E). Previous studies of cell spreading have typically
examined projected cell area at a static 24 hr time point or for changing time over the first
few hrs to 24 hrs. For example, HUVECs on glass substrates have previously been
documented to continually increase their projected cell area until maximal spreading is
achieved between 3 and 24 hrs.[41-43] However, at 72 hours we observe maximal HUVEC
spreading reaching 6000 pm?2 on 1.67% and 5% GRGDSP as well as a general increase in
spreading across several adhesion ligand densities. Conversely, we observed slight decreases
in hMSC projected cell areas from 24 to 72 hrs across several GRGDSP densities (Figure
6E). These data suggest that it may be desirable to track cell adhesion over greater than 24
hrs to understand dynamics of cell phenotype, as cell spreading has been clearly correlated
to changes in differentiated function of both HUVECs and hMSCs.[44-51] Interestingly,
even with temporal changes in spreading, the relative spreading is almost identical for both
cell types at both 24 and 72 hrs (Figure 6F). Therefore, while these results indicate that
temporal changes extend beyond timeframes typically used to characterize cell spreading,
they also suggest that cell behavior maintains a similar dependence on adhesion ligand
density over time.

Antibody staining revealed differences in HUVEC and hMSC B1 integrin expression (Figure
7). HUVECs and hMSCs have the capacity to attach through a wide range of integrins, with
each expressing a variety of different a and f subunits [52, 53] [54]. However, B1-integrins
are known to facilitate a range of cellular functions such as attachment, spreading, and
migration, and several integrin receptors with 1 subunits are known to bind RGD [10-12,
55-57]. Therefore, we compared expression of 1-integrin for HUVECs and hMSCs using
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immunohistochemistry (Figure 7). After 24 hours on SAM arrays presenting GRGDSP,
hMSCs exhibited increased levels of staining for B1 integrins compared to HUVECSs across
all RGD densities that promoted cell attachment (Figure 7). The expression of f1-integrin at
an elevated level for h(MSCs is interesting, as we also observed elevated focal adhesion
expression for HUVECSs (Supplement Figure 2). Importantly, these observations indicate
that despite global similarities in cell attachment and spreading at 24 hours, the adhesion
mechanisms that facilitate these processes may be quite different in terms of the
involvement of 1 integrin subunits and the density and size of focal adhesions.

Cell Proliferation

Migration

To further characterize cell adhesion-dependent influences on cell behavior using SAM
arrays, we investigated how systematic changes in adhesion ligand density influenced
proliferation for HUVECs compared to hMSCs (Figure 8). Proliferation was quantified by
normalizing the cell number at 72 hrs (Cy,) to the number of cells at 0 hr (Cp). Based on this
notation, normalized cell numbers greater than one (C7,/Cy > 1) indicate proliferation and
values less than one (C72/Cy < 1) indicate cell death or detachment. Cell types exhibited
different proliferation rates with HUVECSs achieving a maximum normalized cell number of
1.6 and hMSCs achieving a maximum of 6.1 (Figure 8A). Despite these differences in
maximum proliferation, proliferation as a function of ligand density was similar for both
HUVECs and hMSCs with increasing proliferation over GRGDSP densities = 0.06% and no
proliferation below 0.06% GRGDSP (Figures 8A). Furthermore, calculation of relative
proliferation depicts similar proliferative responses to adhesion ligand density (Figure 8B).
Here we see that both cell types exhibit similar adhesion ligand dependencies for
proliferation. This positive correlation adhesion and proliferation coincides well with what
other investigations have reported in a range of cell types.[58-61] However, an important
difference here is that through a well-controlled comparison, we found that adhesion
dependence on proliferation is identical for two distinct cell types over a wide range of
adhesion ligand density.

Although HUVEC and hMSC spreading and proliferation trends over 72 hrs were similar,
we observed stark differences in migration morphology and relative number of migrating
cells as a function of cell adhesion (Figure 9). The fraction of migrating hMSCs was
insensitive to adhesion ligand densities with greater than 37% of the cell migrating for each
condition (Figure 9C). In contrast, HUVEC migration was highly dependent on adhesion
ligand density with virtually no cells migrating on high GRGDSP densities but over 30% of
the cells migrating at lower GRGDSP densities. The morphology of migrating cells was also
a function of adhesion ligand density (Figures 9A, B) and more clearly observed in time-
lapse movies (Supplemental Movies 2A-D). HUVECs exhibited static behavior on 5%
GRGDSP in which the cell body continuously oscillated, but little net movement was
observed. In contrast, hMSCs migrating on high GRGDSP densities exhibited migratory
phenotypes characterized by polarized membranes with leading edges driven by active
membrane protrusions such as lammellipodia and filopodia, consistent with phenotypes of
migrating fibroblasts.[62] At lower densities of adhesion ligand, both cell types exhibit
migratory phenotypes that were similar to hMSC behavior on 5% GRGDSP (polarized cell
body with leading edge protrusions) but had subtle differences. hMSCs on high densities of
adhesion ligand concertedly progressed through the following steps of migration: i)
protrusion of the leading edge, ii) attachment to the surface, iii) contraction of the
cytoplasm, and iv) release and retraction of the rear end.[62-64] hMSC and HUVEC
migration on low densities of adhesion ligand also followed these steps of migration, but
each step was more clearly defined giving the cells a more sporadic migration appearance
(Figure 9B). These results suggest a potential adhesion-dependent role for protrusion
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dynamics, with more fan or sheet-like protrusions (lammellipodia) at high RGD densities,
but more pronounced spike-like protrusions (filopodia) at low density. Changes in migratory
phenotypes also corresponded to changes in migration speed, with hMSCs exhibiting
maximal migrations speeds below 1.67 % GRGDSP (Figure 9D). Interestingly, HUVECs on
0.06% GRGDSP (the only condition with a significant number of cells to track for speed)
exhibited migration speeds similar to those observed for hMSCs. This change in migration
morphology and speed is similar to recent work in which fish keratocytes, a model
migratory cell type, exhibited two distinct migration regimes when cultured on surfaces with
varied densities of RGD.[65] Here, we see qualitative evidence of differences in migration
phenotypes in two primary human cell types, however a more thorough investigation is
required to decipher potential differences in migratory mechanisms with respect to adhesion
ligand density.

Adaptability of SAM arrays to various human cell types

The SAM array platform described here affords enhanced throughput experimental
methodologies that not only enable screening a large set of experimental variables, but also
direct comparison of multiple cell types. In addition to the carbodiimide chemistries used in
this work for peptide immobilization, the SAM array fabrication process described here is
also amenable to other immobilization chemistries such as copper catalyzed azide-alkyne
cycloadditions previously used in our lab[5, 6] (data not shown) offering several strategies
for immaobilization of a range of different biomolecules (i.e. peptides, nucleic acids,
polysaccharides). To date, we have successfully used GRGDSP SAM arrays with primary,
immortalized, and pluripotent cell types (Figure 10). Taken together, we demonstrate that
SAM arrays provide a flexible strategy for biomolecule immobilization that is compatible
with several cell types and has the potential to probe a wide variety of fundamental
biological questions aimed at deconstructing the influence of the microenvironment on cell
function.

Implications of similarities between cell types

Numerous studies have linked attachment, spreading, proliferation, and migration to changes
in adhesion and have identified strong correlations between them for a given cell type[2, 4,
40, 50, 58-61, 66-70], yet comparisons between cell types as a function of systematically
varied adhesion[53] ligand density have not typically been investigated. Direct comparison
between hMSC and HUVEC attachment and spreading using SAM arrays exposed several
similarities between these cell types that would not necessarily be easily predicted. For
example, initial attachment and spreading at 24 hrs were nearly identical for both cell types,
despite substantial differences in cytoskeletal structure (Figures 4-6) and expression of focal
adhesions (Supplement Figure 2) and B1-integrin (Figure 7). One possible reason for these
similarities may be that both cell types recover from trypsinization at similar rates. Previous
work has shown that buffer conditions and duration of trypsinization significantly impact
HUVEC spreading and attachment dynamics over 24 hrs and that cell attachment was
dependent on synthesis of new integrins.[43] Therefore, although we observed differences in
B1 integrin expression (Figure 7), the rates at which other integrins are synthesized
following trypsinization may be similar leading to similar attachment and projected cell
areas at 24 hrs. We speculate that after this initial recovery phase, cell behavior may be
regulated by additional, perhaps more cell type-dependent, mechanisms that promote the
observed differences in spreading behavior at 72 hrs. However, the relative dependence of
spreading on ligand density at 72 hrs remains similar to that observed at 24 hrs.

Analogous to trends observed for attachment and spreading, proliferation for both cell types
exhibited similar dependencies on RGDSP (Figure 8A). Further, when relative proliferation
is compared to relative spreading, both HUVECs and hMSCs exhibit a 1:1 correlation
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between spreading and proliferation (Figure 8C), suggesting a similar fundamental
relationship between these properties across two distinct cell types. In a landmark paper,
Folkman and colleagues used poly(2-hydroxyethyl methacrylate) coatings to control the
extent to which bovine aortic endothelial cells (BAECS) spread on culture surfaces and
found that proliferation exhibited a positive correlation with cell spreading.[71]
Additionally, Ingber and co-workers observed a similar positive correlation between bovine
capillary endothelial cell spreading and proliferation when fibronectin, an extracellular
matrix protein that contains the GRGDSP motif, was adsorbed onto polystyrene surfaces at
varied densities.[40] Since these studies, a range of other studies have investigated this
relationship [58-61], including approaches that explicitly defined endothelial cell spreading
using microscale adhesive islands, and implicated cell spreading is the dominating factor
influencing proliferation.[67—70] The observations in the current manuscript are consistent
with these previous observations of endothelial cell behavior. While there are several studies
investigating the relationship between endothelial cell spreading and proliferation, there has
been little investigation of this effect in hMSCs. Instead, prior studies have focused on
correlating changes in cell shape and projected cell area to hMSC differentiation down
osteogenic, adipogenic, myogenic, chondrogenic, and neurogenic lineages.[45-51] Here we
observe clear correlations between spreading and proliferation indicating that changes in
hMSC proliferation in response to a given cell culture substrate may also need to be
considered. In addition to identification of this relationship in hMSCs, we believe this is the
first example in which the influence of cell spreading on proliferation for two distinct
primary human cell types has been shown to follow identical trends, a result that suggests a
similar fundamental adhesion-dependent mechanism.

While attachment and spreading follow similar trends for HUVECs and hMSCs, migration
was significantly different for several RGD densities. Specifically, at RGD densities above
0.06%, a higher fraction of hMSCs were motile and had increased migration speed
compared to HUVECs (Figure 9C-D), a result that may be correlated to differences in
expression of integrins (Figure 7) and focal adhesions (Suppliment Figure 2). Focal
adhesions play an important role for migration[72], but maturation leads to a more stationary
phenotype [73-76]. Many previous studies have implicated 1 integrin-containing
heterodimers as regulators of cell migration [77, 78]. Additionally, while the increased 1
integrin expression observed for hMSCs may play a role in the increased migratory
phenotype compared to HUVECS, there are several integrins that could facilitate motility
and thus further investigation will be required to better understand the specific role for
integrins on RGD-SAMs.

The clear change in HUVEC behavior from static to migratory phenotype at 0.06%
GRGDSP (Figure 9C) coincides with several other observations in this work. In particular,
the observed induction of migration at 0.06% GRGDSP corresponds with changes in
cytoskeletal and focal adhesion organization observed in HUVECs at low adhesion ligand
densities where cells take on a more elongated phenotype (Figure 5). Furthermore, 0.06%
GRGDSP also appears to be a transition point for HUVEC proliferation; above 0.06%
HUVEC:s proliferate to varied extents and below 0.06% HUVECs detach and/or die (Figure
8). Therefore, this suggests that HUVECs change between migratory and proliferative
phenotypes when cultured on GRGDSP presenting surfaces, while hMSCs may not exhibit
the phenomenon. The ECM-dependent migration data may have implications for function of
these cell types /in vivo. hMSCs and endothelial cells can each migrate into sites of injury,
and the changing ECM conditions during wound healing may significantly influence this
type of cell infiltration into a wound site.[79, 80] In addition, recent discoveries that hMSCs
express markers that are similar to pericytes suggest that these two cell types can migrate to
similar locations during tissue development and maintenance.[81-83] Further analyses of
ECM-dependent migration of these cell types in 3-D and further insights into the ontogeny
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of hMSCs in future studies will help to illuminate the importance of their ECM-dependent
migration. Regardless, these results further implicate the adhesive state of a cell as a major
determinant of cell behavior and highlight the utility of the SAM arrays as a means to
interrogate these dependencies.

In summary, here we used a chemically-defined array-based platform to report the influence
of cell adhesion ligand density on primary human cell behavior. Our results demonstrated
that multiple fundamental cellular properties (attachment, spreading, and proliferation) for
two distinct primary human cell types (HUVECs and hMSCs) followed virtually identical
trends across a wide range of cell adhesion conditions. This result was unexpected, as one
would generally predict that distinct cell lineages would display very different responses to
the extracellular environment. However, a series of recent studies suggest an important link
between endothelial cells and mesenchymal stem cells. Recent /n vivo studies suggest that
hMSCs may represent pericytes that surround the endothelium in blood vessels. [81-83] In
addition, prior /n vitro studies have demonstrated that hMSCs can differentiate into an
endothelial cell phenotype[84], and HUVECs can transform into an hMSC-like phenotype.
[85, 86] While the goal here was not to investigate these phenotypic transitions, emerging
evidence suggests their important role in several diseases including fibrosis and heterotopic
ossification[83, 85, 86]. These prior studies, coupled with the quantitative similarities
observed in our current study, suggest interesting phenotypic similarities between these
distinct cell lineages, and motivate further discovery-based screening to characterize
phenotypic similarities and ECM dependencies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Generating defined culture substrates using alkanethiolate self-assembled monolayer arrays.

(A) SAMs can be designed to present covalently immobilized biomolecules, such the
integrin binding ligand Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP), to cells while minimizing the
effects of non-specific protein adsorption via oligo(ethylene glycol) moieties that limit
protein-surface interaction. (B) Schematic representation of SAM array fabrication: (2)
Adhere elastomeric stencil to gold substrate to generate a microwell array superstructure, (2)
locally form a SAM in each well with alkanethiolate mixtures containing carboxylic acid-
terminated and hydroxyl-terminated oligo(ethylene-glycol) alkanethiolates, (3) covalently
conjugate peptides to array spots via carbodiimide condensation of peptide n-terminal
primary amine and SAM carboxylic acid terminal moities, and (4) remove mask and backfill
with inert SAM. (C) Example of hMSCs on a SAM array containing 1 mm spots (hMSCs
were stained using hematoxylin and eosin to visual cells).
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Figure 2.
SAM arrays presenting varied GRGDSP density. (A) Fluorescent surface scan of a SAM

array presenting varied densities of fluorescently-labeled peptide. (B) Quantification of
fluorescence intensity in SAM array spots (Error bars represent standard error of the mean).
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Figure 3.
SAM arrays for assaying cell behavior. (A) HUVECs and hMSCs were seeded on array

spots presenting varied densities of GRGDSP: 1.6%, 0.2%, and 0% GRGDSP shown at t=48
hrs. (Time-lapse videos of GRGDSP spots over 48-72 hrs included in Supplement Movies
1A-D). (B) hMSCs were seeded on SAM arrays at 50,000 cells/cm? and imaged at 1 and 20
days.
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Figure4.

Screening for cell attachment using SAM arrays. HUVECs and hMSCs were seeded onto
SAM arrays presenting varied GRGDSP densities for 1 hr and then rinsed to remove
unattached cells. (A) Cell attachment per spot was scaled to maximal attachment conditions
to observe relative cell attachment. (B) Focal adhesion complexes and cytoskeletal
organization (vinculin:green, actin:red, and nuclei:blue) of HUVECs and hMSCs on SAM
arrays at 24 hrs. (Error bars indicate standard error of the mean. Asterisks indicates
significant increase in hMSC attachment compared to HUVECs at the same GRGDSP
density, p < 0.05.)
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Figureb.

Screening for cell morphology using SAM arrays presenting varied GRGDSP densities.
HUVECs and hMSCs cultured for 24 hrs on arrays were stained for focal adhesion
complexes and cytoskeletal organization (vinculin:green, actin:red, and nuclei:blue).
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Figure6.

Dynamic cell spreading. (A) High magnification images of HUVECs and hMSCs on 5%
RGD at 24 and 72 hrs (vinculin:green, actin:red, and nuclei:blue). Quantification of
projected cell areas between cell types at (B) 24 and (C) 72 hrs as well as comparison within
(D) HUVECs and (E) hMSCs at both time points. (F) Relative spreading was determined by
scaling projected cell area to maximum projected areas for each cell type and time point.
(Error bars indicate standard error of the mean. Asterisk indicates significant increase and
cross indicates significant decrease in projected cell area at the indicated GRGDSP density,
p<0.05)
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Figure?7.

Staining for integrin expression using SAM arrays presenting varied GRGDSP densities.
HUVECs and hMSCs cultured for 24 hrs on arrays were stained for B, integrin expression.
(By integrin: green, actin:red, and nuclei:blue).

Integr Biol (Camb). Author manuscript; available in PMC 2013 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Koepsel et al.

>

Norm. Cell Number (C,,/C,)
o© =2 N W & o o N

.006 0.06 0.6
% GRGDSP

Figure8.

Relative Proliferation

e
w

-
(S

o
©

(4
o

0

OHUVEC
®hMsC

o8 ofF P A% o\ 8 ®

% GRGDSP

@)

Relative Proliferation

HUVEC
®hmMsC

y=1.11x-0.12
Ri=093 |

y=1.11x-047
R*=0.95

)

1
Relative Spreading

Page 25

Screening for proliferation using SAM arrays. Arrays seeded with HUVECs and hMSCs
were imaged at 0 and 72 hrs in culture and quantification of proliferation was achieved by
normalizing cell number at 72 hrs (C75) to 0 hrs (Cq) for (A) HUVECs and hMSCs. (B)
Relative proliferation over 72 hours for each cell type was determined by scaling
proliferation at each condition to maximum proliferation and was also compared to (C)

relative spreading at 24 hrs. (Error bars indicate standard error of the mean. Asterisk
indicates significant difference between HUVECs and hMSCs at a specific GRGDSP

density, p<0.05.)
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Screening for cell migration using SAM arrays. Arrays seeded with HUVECs and hMSCs
were imaged every 15 mins using automated microscopy and tracked over 12—18hrs.
Example sequences of cells on (A) 5% GRGDSP and (B) 0.06% GRGDSP are shown and
single cell tracking was used to quantify the (C) percentage of cells migrating and (D)
migration speed on each GRGDSP condition. (Error bars indicate standard error of the
mean. Asterisk indicates significant increase compared to 5% GRGDSP conditions and
“NS” indicates no significant difference between cell types at a single GRGDSP density, p <
0.05. Note: Migration speed is only reported for conditions in which more than 15% of
single cells were migrating.) Time-lapse videos of these cells are included in Supplement
Movies 2A-D.
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Figure 10.

SAM array versatility. Arrays presenting GRGDSP can be used to culture a range of cell
types including human dermal fibroblasts (hDFs), human fibrosarcoma cells (HT-1080s),
and induced pluripotent stem cells, iPS(IMR90)-4 (iPS).
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