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guidance can also be driven by other types of interactions, such as cell—cell adhesion, still .
remains a question. Herein, this query is addressed by engineering a set of microstrip SN,
patterns of (i) cell—cell adhesion ligands and (ii) segregated cell—cell and cell—matrix stem cell I! !
ligands as a simple yet versatile set of platforms for the guidance of spreading, adhesion, #
and differentiation of mesenchymal stem cells. It was unprecedently found that [ ]
micropatterns of cell—cell adhesion ligands can induce contact guidance. Surprisingly, it
was found that patterns of alternating cell-matrix and cell—cell strips also induce contact guidance despite providing a spatial
continuum for cell adhesion. This guidance is believed to be due to the difference between the potencies of the two adhesions.
Furthermore, patterns that combine the two segregated adhesion functionalities were shown to induce more human mesenchymal
stem cell osteogenic differentiation than monofunctional patterns. This work provides new insight into the functional crosstalk
between cell—cell and cell—matrix adhesions and, overall, further highlights the ubiquitous impact of the biochemical anisotropy of

functionalities that predominantly mimic cell-matrix interactions. Whether contact @
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the extracellular environment on cell function.
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1. INTRODUCTION

Anisotropy is a ubiquitous characteristic of the cell environment.
A substantial part of this environment consists of the
extracellular matrix (ECM), an intricate network of macro-
molecules primarily made up of fibrous and thus anisotropic
proteins.' Variations in the composition of the ECM and in the
way its components are organized give rise to a huge diversity of
topographies, each adapted to the functional requirements of the
particular tissue.” For example, tendons are composed of fibers
that are organized in a hierarchical and anisotropic fashion.”
Bones are also known to possess distinct elastic properties
depending on the orientation of bone fibers.* There is a strong
correlation between the anisotropy of the cell environment and
cell function.’ In endothelial cells, for instance, anisotropic
surfaces induced a mechanical deformation of the cell nucleolus
via cytoskeletal tension.’ Others highlighted the importance of
osteoblasts in the regulation of bone anisotropy, where the
abnormal adhesion of osteoblasts resulted in the disruption of
apatite alignment and the formation of spongious bone.”
Neuron attachment, alignment, and proliferation are also
stimulated on anisotropic architectures.® Finally, through
controlled cell adhesions, anisotropic patterns differentially
influenced stem cell alignment and differentiation.” Thus, the
anisotropy of the cell environment is transduced into cell
alignment and therefore influences its behavior."’

A prominent manifestation of extracellular anisotropy is
contact guidance. the phenomenon whereby cells align and
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migrate along fibers. In vitro, contact guidance can be modeled
by artificial cell environments having anisotropic topo§raphies
such as grooves and ridges'' or chemical patterns.”” Such
chemical patterns can be based on functionalities for electro-
static interactions with cells,"® surface-bound growth factors,"*
or the pro-adhesive RGD peptide sequence.'” Using anisotropic
surfaces to study contact guidance, it was found that geometry is
transduced into biochemical signals, resulting in controlled cell
functional response.'® Examples of such a control include
switching from growth to apoptosis induced by micropatterned
substrates of decreasing size,'” nucleus deformation, and gene
changes in fibroblasts induced by microgrooved substrates.'®
Asymmetric patterns of alkanethiol self-assembled monolayers
were also shown to effectively direct fibroblast migration'” as
well as the differentiation of stem cells.”

Although platforms for the study of contact guidance have
been extensively explored for many years, they have so far been
limited to driving the adhesion of integrins, ubiquitous receptors
that link the actin cytoskeleton inside the cell and ECM
proteins.”’ On the other hand, anisotropy is also present in cell
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environments other than the ECM.”* This raises the following
question: is contact guidance exclusive to cell—matrix
interactions, or can it be observed for other receptors that
interact with cells? Specifically, can it be produced by cell—cell
adhesion receptors? Addressing this question is important
because intercellular forces, which are mediated by cell—cell
adhesive molecules called cadherins, are also known to be critical
in cell and tissue polarity”>** as well as the anisotropy of force
distribution in cell mig.;ration.zz’25 Notably, cadherins, which
form a direct link between the adjacent cell and cytoskeleton,*®
are required for the establishment of left—right asymmetry in
early embryonic development.”’

Herein, to explore the impact of anisotropy on cell—cell
interactions, chemically patterned surfaces were engineered to
steer cadherin-based contact guidance (see Figure la). The
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Figure 1. Biofunctional surfaces for the study of human mesenchymal
stem cell (hMSC) adhesion and differentiation. (a) Schematic
depiction of hMSCs adhering on biofunctionalized substrates
consisting of alternating metallic strips with periods of 5—150 um.
Monofunctional substrates are composed of a SiO, background, which
is passivated with silane-PEG to prevent nonspecific adhesion. Then,
the Au strips are either (b) derivatized with Ni(II)-NTA-terminated
monolayers via thiol chemistry, followed by attachment of histidine-
tagged E-cadherin, or (c) modified with carboxyl-terminated alkyl
thiols. Then, the GRGDS peptide sequence is coupled to the carboxyl
moieties via amide linkage. (d) Bifunctional surfaces are composed of a
TiO, background, which is modified with a carboxyl-terminated
monolayer via phosphonic acid chemistry, followed by attachment of
GRGDS through peptide linkage. Finally, gold is functionalized with
Ni(II)-NTA-terminated monolayers via thiol chemistry, followed by
attachment of histidine-tagged E-cadherin.

surfaces consisted of alternating strips of (i) gold functionalized
with histidine-tagged E-cadherin via Ni-NTA-terminated alkyl
thiols and (ii) glass functionalized with ethoxysilane poly-
(ethylene glycol) (silane-PEG) (Figure 1b). Here, PEG was
used for its well-established antifouling properties.”® To
compare between cadherin-mediated contact guidance and
integrin-mediated contact guidance, alternating strips of (i)
RGD grafted onto carboxyl-terminated alkyl thiol on gold via
peptide linkage and (ii) silane-PEG-modified glass to produce
cell-ECM-mediated contact guidance were prepared (Figure
1c). Bifunctional surface patterning has been previously used to
promote cell adhesion, proliferation, differentiation, and
activation.”” "> Notably, multifunctional micropatterns were
recently used to modulate stem cell differentiation, focusing,
however, on the effect of spatial segregation of two molecules on

stem cell differentiation rather than on the anisotropy of the
molecule arrangement.*” Human mesenchymal stem cells were
chosen as a case study since contact guidance was previously
established for this cell type, and anisotropy is an important
modulator of both cellular adhesion and osteospecific
function.’”® It was demonstrated that human mesenchymal
stem cells (hMSCs) could be guided to adhere to E-cadherin-
functionalized microstrips and that, on sufficiently narrow lines,
cells elongated in the strip direction. To the best of our
knowledge, it is the first occurrence where contact guidance is
observed for E-cadherin. It must be noted that cell—cell and
cell-ECM adhesions are not completely separated from each
other. The signaling crosstalk of integrins and cadherins has long
been demonstrated” and is known to be crucial for directional
collective cell migration and guiding tissue development.*® This
occurs despite the fact that these two molecules are spatially
isolated from each other.”” This spatial isolation is maintained
throughout cell development, during which the cell environ-
ment gradually transitions from one that is rich in cell—cell
interactions to one that is dominated by cell-ECM interactions.
Although cadherin and integrin crosstalk is known to influence
epithelial and muscle cell behavior on anisotropic surfaces,”**”
the way cell—cell and cell-matrix cues converge to regulate
MSC differentiation is still mostly unclear.”” To model the
spatial isolation between cell—cell and cell-matrix adhesions,
anisotropic bifunctional surfaces were prepared to allow the
selective and controlled manipulation and segregation of
different cell—cell and cell—-ECM ligands. These surfaces consist
of alternating patterned microstrips of TiO, and gold, which
were selectively biofunctionalized with RGD and E-cadherin via
peptide linkage and Ni-NTA-—histidine conjugations, respec-
tively (Figure 1d). hMSC behavior was probed on bifunctional
surfaces and showed that contact guidance was maintained,
albeit to a lesser extent than for monofunctional surfaces.
Importantly, it was demonstrated that, when spatially segregated
on anisotropic surfaces, cell—cell and cell-ECM cues induce
more hMSC osteogenic differentiation than on monofunctional
surfaces consisting only of ligand types. Overall, this work
provides a novel perspective on the interplay between integrins
at focal adhesions and cadherins at adherens junctions, which
lead to the spatial organization of molecular signals and forces
that determine cell fate.

2. MATERIALS AND METHODS

2.1. Monofunctional Surfaces. Glass coverslips (22 X 22 mm)
were photolithographically patterned to obtain strips with S to 150 ym
widths. To ensure that, apart from periodicity, all other conditions are
kept identical and to facilitate the simultaneous analysis of the cells on
all the strips, the photolithography mask included areas with all strip
widths. Then, 15 nm Ti and 15 nm Au were successively evaporated,
resulting in 30 nm-wide strips of gold on glass after complete removal of
the photoresist in acetone. The bare glass surface was passivated by a
self-assembled monolayer of poly(ethylene glycol) (PEG) to prevent
nonspecific binding of proteins to the surface. The PEG solution was
prepared by dissolving ~2 mg of (PEG),-Si-(OEt); (M,, = S000 Da,
Nanocs) in 20 mL of anhydrous toluene and adding 20 uL of glacial
acetic acid as a catalyst. After plasma cleaning, the samples were
immersed into the PEG solution for 48 h, followed by immediate
rinsing with toluene, isopropanol, ethanol, and DI water and drying
under a stream of nitrogen. For RGD functionalization, gold strips were
then modified with a carboxyl (COOH)-terminated PEG thiol [O-(2-
carboxyethyl)-O’-(2-mercaptoethyl)heptaethylene glycol, Merck, Isra-
el; 1 mM in ethanol, overnight, RT]. After N-(3-dimethylaminoprop-
yl)-N’-ethylcarbodiimide hydrochloride/N-hydroxysuccinimide
(EDC/NHS, Merck, Israel, 0.2/0.1 M, in H,O, 1 h, RT) activation of
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the acid moieties, GRGDS (Genecust, France) was coupled to the
surface via amide linkage (1 mM in PBS, RT, overnight). For E-
cadherin functionalization, gold strips were modified with nitrilotri-
acetic acid-terminated thiol monolayers, as previously mentioned. After
chelation of nickel, histidine-tagged E-cadherin (Sinobiological,
ENCO, Israel) was attached (2 pg/mL in PBS, 4 °C). Prior to the
cell experiments, to prevent potential contamination, samples were
treated with penicillin—streptomycin (P/S), transferred to a sterile
laminar flow hood, and stored in sterile PBS.

2.2. Bifunctional Surfaces. Substrate preparation was based on
photolithographic pattering of alternating strips of Au and TiO, and
their orthogonal functionalization with the Arg-Gly-Asp peptide
(RGD) and E-cadherin ectodomain, respectively. First, 22 X 22 mm
glass coverslips were coated with Ti (15 nm) and Au (1S nm),
respectively, by evaporation. Then, the surfaces were patterned by
photolithography with photoresist strips of S, 10, 50, 100, and 150 m
widths. Selective etching of the gold using KI/I,-based Au etchant and
complete removal of the remaining photoresist with acetone yielded
alternating strips of Au and Ti, whose surface was oxidized by exposure
to air. The TiO, strips were functionalized with a carboxyl-terminated
alkyl phosphonic acid monolayer according the protocol described in
the literature.*! Briefly, after plasma cleaning (1 min, Harrick Plasma,
USA), samples were incubated in 11-phosphoundecanoic acid ($ mM,
RT, overnight) and then immediately baked for 24 h at 120 °C.
Following succinimidyl activation of the acid moieties using EDC/NHS
(0.2/0.1 M, in H,0, 1 h, RT), the GRGDS peptide sequence was
grafted via amide linkage (1 mM in PBS, RT, overnight). Gold strips
were modified with a nitrilotriacetic acid (NTA)-terminated alkyl thiol
monolayer (NTA terminal-SAM formation reagent, Merck, Israel).
Finally, after chelation of nickel using NiCl,-6H,0 (0.5 M, 2 h, RT),
histidine-tagged E-cadherin was coupled to the gold strips (2 yg/mL in
PBS, 4 °C) overnight. All substrate types were treated with P/S
according to the procedure mentioned above.

2.3. Characterization of RGD-Functionalized Surfaces.
Whether on titanium or gold, the linker molecules used to graft RGD
do not contain nitrogen species. The detection of the nitrogen-
containing RGD sequence is therefore possible using X-ray photo-
electron spectroscopy (XPS). To do so, COOH-terminated surfaces
were prepared and one set was activated with EDC/NHS, while the
other was not. All surfaces were then incubated in a GRGDS-containing
solution and analyzed by XPS. Effective grafting of GRGDS was
assessed via the high-resolution scans of the N s region. XPS data were
collected using an X-ray photoelectron spectrometer ESCALAB 250
ultrahigh vacuum (1 X 107° bar) apparatus with an Al Ka X-ray source
and monochromator. The X-ray beam size was 500 pm, the survey
spectra were recorded with a pass energy (PE) of 150 eV, and the high-
energy resolution spectra were recorded with a PE of 20 eV. To correct
for charging effects, all spectra were calibrated relative to a carbon C 1s
peak positioned at 284.8 eV. The processing of the XPS results was
carried out using the AVANTAGE program. Because the X-ray beam is
wider than the largest strips used in this study, either Ti or Ti/Au were
deposited (15 nm each) on 22 X 22 cm coverslips and the surfaces were
chemically modified according to the procedure previously described.

2.4. Characterization of E-Cadherin-Modified Surfaces. Due
to the presence of nitrogen in the nitrilotriacetic moiety of the surface
linker (NTA) as well as in the peptide backbone of E-cadherin, using
XPS to characterize E-cadherin-modified surfaces is not possible.
Indirect immunofluorescence was therefore used. For this, micro-
patterned samples were prepared and functionalized with E-cadherin
(see Section 2), For immunofluorescence, first, mouse anti-human E-
cadherin (Abcam, via Zotal, Israel; 1:40 in PBS with 5% skim milk,
overnight, 4 °C) was conjugated onto E-cadherin-terminated surfaces.
Then, anti-mouse Alexa Fluor 568 (Molecular Probes, via rhenium,
Israel; 1:40 in PBS with 5% skim milk, overnight, 4 °C) was coupled to
the mouse anti-human E-cadherin. Samples were first rinsed for 24 h in
PBS with 0.01% Tween-20 (Merck), then twice with neat PBS, and
once with DI water and finally mounted with Dako mounting gel
(Agilent). Samples were then imaged using a Nikon Ti2e
epifluorescence microscope equipped with the appropriate filters.
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2.5. Cell Culture. The human bone marrow-derived mesenchymal
stem cells (hMSCs) were purchased from Lonza (cat. #PT-2501). Cells
were cultured in a growth medium, which is DMEM (low glucose)
(Thermo; cat. #10567022) supplemented with 10% FBS (Thermo; cat.
#12662029) and 1% penicillin/streptomycin (Thermo; cat.
#15140122). Only early passage hMSCs were used. MSCs (passage
6) were plated at ~2000 cells/ cm? on the functionalized surface in
serum-free medium for 3 h and subsequently fixed for immuno-
fluorescence analysis or changed to the differentiation medium. MSC
differentiation was carried out as described previously.>”** The
osteogenesis induction medium (OIM) contained a growth medium,
0.1 uM dexamethasone, S mM p-glycerophosphate, and 50 yM L-
ascorbic-2-phosphate in a culture medium. The adipogenesis induction
medium (AIM) contained a growth medium, 1 #M dexamethasone, 0.5
mM 3-isobutyl-1-methylxanthine, 10 pg/mL insulin, and 100 uM
indomethacin in a culture medium. The mixed differentiation medium
contained 1:1 OIM/AIM.**¢

2.6. Antibodies and Chemicals. The antibodies used were as
follows: rabbit anti-N-cadherin (GTX127345; Genetex), mouse anti-
vinculin (V450S, Sigma), mouse anti-activated integrin f1
(MAB2259Z, Millipore), Alexa Fluor 488 phalloidin (A12379,
Thermo), Alexa Fluor 568-anti-mouse IgG (A11031, Thermo), Alexa
Fluor 488-anti-mouse IgG (A11029, Thermo), and Alexa Fluor 568-
anti-rabbit IgG (A11036, Thermo). Hoechst 33342 was purchased
from AAT Bioquest.

2.7. MSC Staining. The protocol of MSC staining was carried out
as described previously.*® To double-stain alkaline phosphatase (ALP)
and lipid, cells were fixed in 4% paraformaldehyde at room temperature
for 10 min, rinsed in PBS, and then stained with fast BCIP/NBT
(Sigma) for the activity of ALP. Subsequently, cells were rinsed in 60%
isopropanol at room temperature for 2 min, stained with 30 mg/mL Oil
red O (Sigma) in 60% isopropanol at room temperature for 10 min, and
rinsed in PBS. Finally, cell nuclei were then stained with Hoechst 33342
in PBS for the total cell count. The cells were photographed using a
Nikon Eclipse TE100. Of the total cell count, the number of cells
showing purple signals scattered in the cytoplasm (ALP activity) was
determined as the percentage of osteogenesis, while the number of cells
with red droplets accumulated in the cytoplasm (lipids; Oil red O
staining) was counted as the percentage of adipogenesis.

2.8. Immunofluorescence Analysis. MSCs were fixed with 4%
paraformaldehyde in cytoskeleton buffer [10 mM MES (pH 6.1), 138
mM KCl, 3 mM MgCl,, and 2 mM EGTA] at room temperature for 20
min, permeabilized with cytoskeleton buffer containing 0.5% Triton X-
100 at room temperature for 5 min, and blocked with blocking solution
(3% BSA/0.02% Triton-X100 in PBS) at room temperature for 60 min.
Subsequently, the cells were incubated with the indicated primary
antibodies in blocking solution at 4 °C for 16 h and then incubated with
fluorescent dye-conjugated secondary antibody at room temperature
for 1 h.

2.9. Imaging and Analysis. For the vinculin/F-actin and N-
cadherin/activated integrin 1 staining, epifluorescence images were
obtained using a microscope (DMRBE, Leica) coupled with a 63X NA
1.4 objective lens (Leica) and a S12B EMCCD (Andor) operated by
Micro-Manager 1.4 software (Leica). For the ALP/Oil red O staining,
images were taken using a microscope (Nikon Eclipse TE200) coupled
with a 20X NA 0.45 objective lens (Nikon) and CCD (White) operated
by TCapture (White). The adhesion area, cell orientation, adhesion
orientation, and actin-bundle orientation were analyzed by in-house
MATLAB (MathWorks).

2.10. Statistics. SPSS was used to confirm that the data were
normal distribution and equal variances. Subsequently, Student’s ¢-test
was used for normal distribution of the data and large datasets.
Statistical significance was set at p < 0.05, p < 0.01, and p < 0.001. All the
graphs were illustrated and plotted with Excel software (Microsoft).

3. RESULTS AND DISCUSSION

3.1. Biofunctionalization of the Surfaces Used in This
Study. A variety of strategies were used to functionalize TiO,
and gold to produce both monofunctional and bifunctional
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Figure 2. Impact of RGD, E-cadherin, and bifunctional microstrips on cell adhesion. Monofunctional surfaces consist of alternating Au/SiO,
microstrips with widths ranging from S to 150 pum where gold is modified with RGD or E-cadherin and SiO, is passivated with antifouling
poly(ethylene glycol). Bifunctional surfaces consist of alternating Au/TiO, microstrips functionalized with E-cadherin and RGD, respectively. (a)
Images of immunostained vinculin (red) and phalloidin (green) in hMSCs that were mixed in serum-free medium and seeded on the surfaces for 3 h.
Scale bar, 25 ym. The indicated 25 gm X 25um boxed regions in the left image are magnified in the right two images. (b) Left: Polar histograms of the
orientation of vinculin-labeled adhesions in relation to the microstrips within hMSCs plated on the surface. Right: Percentage of vinculin-labeled
adhesions showing alignment with the strips (within 30°). Data are mean + s.e.m. [RGD, n =2741 FAs/4 cells (S ym), 3328 FAs/4 cells (10 um), 3656
FAs/4 cells (50 um), 2586 FAs/4 cells (100 ym), and 3330 FAs/4 cells (150 um); E-cadherin, n = 7638 FAs/4 cells (S um), 6627 FAs/4 cells (10 ym),
4506 FAs/4 cells (50 um), 3883 FAs/4 cells (100 um), and 4346 FAs/4 cells (150 um); bifunction, n = 7273 FAs/4 cells (S um), 6498 FAs/4 cells (10
pum), 3952 FAs/4 cells (50 um), 3820 FAs/4 cells (100 ym), and 6287 FAs/4 cells (150 ym)]. NS, not significant. (c) Left: Polar histograms of the
orientation of F-actin in relation to the microstrips (blue) and the median actin-bundle orientation (red) within hMSCs plated on the surface. Right:
Spread distribution of F-actin orientation in relation to the microstrips (blue) and the median actin-bundle orientation (red) was statistically
calculated. Data are mean + s.e.m. [RGD, n = 13 cells (S ym), 12 cells (10 um), 12 cells (50 um), 12 cells (100 ym), and 12 cells (150 ym); E-cadherin,
n=12cells (5 um), 12 cells (10 um), 11 cells (50 um), 9 cells (100 um), and 7 cells (150 um); bifunction, n= 15 cells (S um), 11 cells (10 um), 11 cells
(50 um), 11 cells (100 ym), and 13 cells (150 um)]. *p < 0.0S, **p < 0.01, ***p < 0.001. NS, not significant.

surfaces, which were previously described and character-
ized.""*’=" Briefly, the covalent grafting of RGD onto
carboxyl-terminated TiO, and Au surfaces via peptide linkage
was confirmed using XPS. The chelation of histidine-tagged E-
cadherin onto Ni-NTA-modified gold strips was demonstrated
using indirect immunofluorescence with an E-cadherin-specific
primary antibody followed by a fluorescently labeled secondary
antibody. Finally, the site-specific attachment of biomolecules

22402

onto bifunctional surfaces consisting of alternating strips of TiO,
and Au was confirmed using indirect immunofluorescence. As a
proof of principle, instead of RGD, biotin was attached to the
carboxyl-functionalized TiO, via peptide linkage followed by
attachment of green fluorescent NeutrAvidin. Gold was
modified with histidine-tagged E-cadherin and a red fluorescent

probe, as previously mentioned. Details of the characterizations
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of the mono- and bifunctional surfaces used in this study are
shown in Figures S1 and S2 (Supporting Information).

3.2. Anisotropy of Cadherin and Cadherin—RGD
Pattern Induces Contact Guidance. Having demonstrated
the biofunctionalization strategy, the impact of the function-
alized surfaces on hMSC adhesion and orientation was
investigated. To avoid cell adhesion induced by serum
fibronectin®® or cell—cell contacts by the confluent cell layer,
hMSCs were suspended in serum-free medium, and cells were
seeded in low density (~2000 cells/cm?) on strips of E-cadherin
and alternating RGD/E-cadherin strips for 3 h. RGD strips were
also used for control as integrin-mediated contact guidance has
been broadly demonstrated before.”’ After incubation, cells
were stained for vinculin and phalloidin to visualize integrin-
mediated®” and cadherin-mediated*>** adhesions and F-actin,
respectively. Vinculin is a focal adhesion marker that interacts
with actin and is therefore a compelling indicator of integrin-
mediated cell morphological changes.”” Additionally, vinculin is
a key component of adherens junctions mediated by E-
cadherin®® or N-cadherin,”* thus making it an ideal means of
assessment of the impact of the substrates.

Representative images of cells on RGD or E-cadherin
monofunctional and alternating RGD/E-cadherin bifunctional
surfaces are shown in Figure 2a. For RGD or E-cadherin
monofunctional substrates, regardless of strip width, preferential
cell attachment to the functionalized gold strips was observed
(Figure S3, Supporting Information). Although hMSCs
predominantly express N-cadherin,”” the enhanced expression
of E-cadherin on oriented E-cadherin substrates has been
reported previously,’® indicating that the homophilic E-
cadherin-mediated adhesion supports cell attachment on E-
cadherin monofunctional substrates. Surprisingly, N-cadherin-
based adhesions, but not integrin-mediated adhesions, were
detected in hMSCs when cultured on oriented E-cadherin
substrates (Figure S4, Supporting Information), revealing the
possibility of heterophilic binding between N-cadherin and E-
cadherin. Steering cell attachment, which has been previously
reported,”” stems from the combination of pro-adhesive
molecules on gold and antifouling PEG molecules and thus
confirms the efficacy of passivation of glass with PEG.
Conversely, on bifunctional micropatterned surfaces with
widths larger than 100 um, cells showed no pronounced
attachment toward either of the biomolecules present (Figure
S3, Supporting Information). This observation can be explained
by the fact that alternating RGD and E-cadherin domains
provide a continuous array of available anchor points for the
cells.

With the confirmation that hMSCs interact specifically with
the E-cadherin or RGD strips on monofunctional substrates,
focus was given on how the cadherin-based cell adhesions and
focal adhesions aligned with these bioactive strips (Figure 2b).
Here, a value of 0° corresponds to an alignment of the vinculin-
marked adhesions with the strips. About 40—50% of vinculin-
marked adhesions with pronounced alignment with the strips
(within 30°) were observed, regardless of the width, on E-
cadherin monofunctional, RGD monofunctional, or bifunc-
tional micropatterned surfaces (Figure 2b). These revealed that
the E-cadherin and RGD peptides presented on the strips were
able to guide hMSCs to adhere and assemble adhesions. Because
the adhesions are dynamic structures, which coordinate with the
overlying actin cytoskeleton, the organization of actin bundles
was investigated. To calculate the orientation of actin bundles
within a cell, the images of phalloidin-stained cells were analyzed

by rotating each cell image so that the median actin-bundle
orientation became horizontal. The spread of the distribution of
actin-bundle orientations provides a measure of the degree of
actin-bundle polarization. On RGD monofunctional or E-
cadherin monofunctional surfaces, hMSCs possessed higher
degrees of aligned actin-bundle orientation on narrow strips (5—
10 um) (Figure 2c, red). With increasing width of strips of RGD
or E-cadherin monofunctional surfaces and bifunctional
surfaces, wider distributions of actin-bundle orientation were
observed (Figure 2c, red). When a criterion was set to calculate
the orientation of actin bundles with respect to the direction of
these bioactive strips (Figure 2c, blue), a pronounced alignment
of the actin bundles with the strips was observed up to 10 um
widths on RGD or E-cadherin monofunctional surfaces (Figure
2¢, blue). The wider strips (50—150 um) of RGD or E-cadherin
monofunctional surfaces and bifunctional surfaces are large
enough to accommodate an entire cell; hence, no preferential
directionality was noted (Figure 2c, blue). In turn, actin-bundle
alignment correlates well with cell alignment (Figure SS). This
phenomenon called contact guidance'” has been previously
described in vivo®® as well as in vitro on different anisotropic
substrates and for numerous cell types,59 including mesen-
chymal stem cells.”’

For the surfaces used in this study, the adhesive molecules
were immobilized on metallic strips with a thickness of 30 nm. It
was reported that grooves with depths as shallow as 35 nm could
induce contact guidance.60 However, in the latter work,
pronounced contact guidance was maintained for grooves with
a pitch-to-depth ratio of 6 and below but was gradually reduced
for increasing pitch-to-depth ratios and completely vanished for
micrometer-scale grooves with a pitch-to-depth ratio of ~16 and
above. In the present systems, this pitch-to-depth ratio is greater
than 160:1. It is therefore envisaged that topographic effects are
negligible in this case. This is also supported by the fact that, in
the case of MSCs, a critical width of 10 ym was necessary to
guide cellular adhesion and modulate subsequent cellular
functions except for 330 nm-deep grooves, which are an order
of magnitude deeper than the ones in the present work.”
Although purely chemically driven contact guidance is less
explicitly reported,'”'*" contact guidance of MSCs was
observed on 10 gm-wide strips of patterned fibronectin on an
adhesion-resistant background.”” In the present work, the
fabricated patterned surfaces can be likened to ridges of gold
functionalized with RGD and grooves of PEG-modified glass
with a depth of 30 nm but where the depth-to-pitch ratio is too
high for topography to have a notable impact. Analogous to the
work on patterned fibronectin, the surfaces can guide spatial
positioning of hMSCs, where adhesion is hindered by the
chemical barrier stemming from the antifouling PEG moieties,
while it is facilitated by the presence of RGD on the gold ridges.
It is generally agreed that cell polarization is driven by the
alignment of adhesion proteins to the topographic and/or
chemical cues of the surface.®® This explains why, in the present
case, contact guidance is observed on the 5—10 ym-wide strips
since focal adhesions have a typical length of 1-§ um.**
However, for the 50 ym-wide strips, it appears that it is the
confinement of the entire cells, provided by PEG on glass, that
drives their alignment to the micropatterns and the subsequent
alignment of focal adhesions and actin bundles, although the
functionalized surface did not influence the anisotropic
orientation of actin bundles of hMSCs.

As previously mentioned, it was found that both adhesion
actin-bundle linkages and cell alignment occurred on E-
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Figure 3. Impact of RGD, E-cadherin, and bifunctional microstrips on cell adhesion formation and maturation. hMSCs in serum-free medium were
plated on the microstrips for 3 h, and then images were captured by epifluorescence microscopy, as shown in Figure 2a. (a) The plot shows the number
of segmented vinculin-marked adhesions per 100 ym? cell spreading area. (b) These plots show the percentage of vinculin-marked adhesions with area
under 0.5 um? (left) and above 0.5 ym? (right) within a single cell. In (a) and (b), data are mean =+ s.e.m. [RGD, n = 2741 FAs/4 cells (5 um), 3328
FAs/4 cells (10 um), 3656 FAs/4 cells (50 um), 2586 FAs/4 cells (100 ym), and 3330 FAs/4 cells (150 ym); E-cadherin, n = 7638 FAs/4 cells (5 um),
6627 FAs/4 cells (10 um), 4506 FAs/4 cells (50 um), 3883 FAs/4 cells (100 um), and 4346 FAs/ 4 cells (150 um); bifunction, n = 7273 FAs/ 4 cells (S
pum), 6498 FAs/4 cells (10 ym), 3952 FAs/4 cells (50 ym), 3820 FAs/4 cells (100 ym), and 6287 FAs/4 cells (150 um)]. *p < 0.0S, **p < 0.01, **%*p <

0.001.

cadherin-modified strips with widths of 5 and 10 um but
markedly less for widths of S0 ym and above (Figure 2b,c and
Figure S5, Supporting Information). Cadherins were previously
used to promote cell adhesion via adherens junctions® and for
stem cells in particular.’**® Still, this is the first time that
cadherin-induced contact guidance is observed. Cadherin strips
were previously used to control the migration of cells, but these
patterns did not induce any observable contact guidance,
presumably because of the absence of any antifouling agent
between the cadherin strips.”® This highlights the importance of
anti-adhesive agents, such as PEG, for contact guidance. Similar
to RGD micropatterns, for 5 and 10 pm-wide strips, cell
alignment on cadherin-modified strips is driven by the alignment
of adherens junctions.66 However, in contrast to RGD, contact
guidance visibly wanes on 50 pm-wide strips and therefore
suggests that, although PEG passivation prevents cell spreading
onto the glass strips, E-cadherin-mediated adhesion may not be
strong enough to steer cell alignment to the extent that RGD
does.

Even more surprisingly, guidance of the vinculin-mediated
adhesions was observed on RGD/E-cadherin bifunctional
microstrips with widths equal to or smaller than the cell size,
i.e, S and 10 gm. Similar to vinculin-mediated adhesions, cells
aligned along the 5 ym-wide microstrips (Figure S5, Supporting
Information). This result is intriguing. On the one hand,
bifunctional surfaces provide a continuous layer of pro-adhesive
molecules. On the other hand, it is obvious that cells can still
sense the geometry of the spatial segregation between these two
types of molecules. As suggested previously, the contact
guidance analysis of monofunctional RGD and E-cadherin
strips reveals that, although both surface types induce contact
guidance—the one observed on RGD is more pronounced since
it can be observed on microstrips up to 50 m wide, which is not
the case for E-cadherin. This is an indication that there are two
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effects that may be simultaneously at play to explain such a
behavior. First, using the very same surface chemistry, the
surface density of biomolecules immobilized onto TiO, was
found to be higher than that onto Au, with values of 130 and 30
fmol/mm? for TiO, and Au, respectively."' In both cases, the
surface density is higher than the reported threshold of 1 fmol/
mm” of cell adhesion molecules sufficient to promote adhesion
and spreading for both integrin-mediated67 and cadherin-
mediated adhesions.”® Remarkably, this threshold was estab-
lished based on arrays of segregated ligands separated by tens of
nanometers, whereas continuous layers were used in the present
case, and these continuous layers provide the maximal surface
density of both ligands to the cells. Importantly, this also implies
that the differences in surface densities, if they exist, cannot
explain alone the contact guidance on bifunctional surfaces. In
contrast, second, it was found that the force per E-cadherin-
mediated adhesion is 3.6 nN/um?2% while that of integrin-
mediated adhesion is 5.5 nN/um2’® While these values are
close, their conjunction with the differences in surface densities
between TiO, and Au reveals that the overall adhesion strength
on RGD-modified TiO, is ~6 times greater than that on E-
cadherin-modified Au. This combination between the differ-
ences in surface densities and adhesion strengths creates a
contrast between cadherin- and integrin-mediated adhesions,
and it is plausible that this contrast is the driving force behind the
observed contact guidance on the alternating RGD—E-cadherin
strips.

3.3. Stem Cell Osteogenic Commitment Correlates
with Contact Guidance and Adhesion Signals. With the
confirmation that hMSCs were able to form aligned adhesions
on the RGD- or E-cadherin-presenting strips of our substrates,
whether these bioactive strips regulated adhesion formation and
maturation was further investigated. It was found that, within the
same width of the strip, hMSCs on the E-cadherin monofunc-
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Figure 4. Impact of RGD, E-cadherin, and bifunctional microstrips on hMSC differentiation. (a) Images of hMSCs in serum-free medium plated on
RGD monofunctional, E-cadherin monofunctional, and bifunctional surfaces for 3 h and then switched to a mixed differentiation medium
[osteogenesis induction medium (OIM)/adipogenesis induction medium (AIM) = 1:1] for 14 days; these were stained for the presence of lipid (Oil
red O; red) and ALP activity (purple). Scale bar, 100 ym. (b, c) Percentage of cells showing osteogenesis (ALP-positive cells) and adipogenesis (Oil
red O-positive cells). Data are mean + s.e.m. (n = S independent experiments). *p < 0.05, **p < 0.01.

tional surfaces and bifunctional micropatterned surfaces were
able to form more vinculin-marked adhesions than on the RGD
monofunctional surfaces (Figure 3a). These revealed the
dominant effect of E-cadherin signals in adhesion formation
and further supporting RGD signals for adhesion formation on
bifunctional micropatterned surfaces. The size distribution of
vinculin-marked adhesions was quantified, and it was found that,
compared with the wider strips (150 ym), cells on the RGD (5
to SO0 um) or E-cadherin monofunctional surfaces (S to 10 ym)
contained a larger number of small adhesions (<0.5 ym*) and a
reduced number of big adhesions (>0.5 ym?*) (Figure 3b). Thus,
narrow strips constrain not only the maturation process of focal
adhesions but also that of E-cadherin-mediated adhesions. This
supports earlier studies showing that focal adhesion maturation
is physically limited by the anisotropy in strips of collagen.”!
However, on the bifunctional surfaces, a higher percentage of big
adhesions (>0.5 ym?) in hMSCs on the 5 ym-wide strips was
detected when compared to the 150 ym-wide strips. Therefore,
the spatially segregated signals of E-cadherin-based cell—cell
adhesions and focal adhesions in a single cell can significantly
activate hMSCs to promote adhesion formation and maturation
process (Figure 3); this occurs most likely via adhesive crosstalk
between E-cadherin- and integrin-mediated signals.ss’56

Next, the effect of adhesive signals on hMSC commitment
switch between osteogenic fate and adipogenic fate was
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explored. hMSCs plated on the strips were exposed for 14
days to a 1:1 combination of adipogenesis- and osteogenesis-
promoting solution cues via a mixed differentiation medium
[osteogenesis induction medium (OIM) and adipogenesis
induction medium (AIM) in a ratio of 1:1]. In the mixed
differentiation medium, hMSCs received soluble factors and
were able to differentiate between osteogenic fate and
adipogenic fate.*”** Thus, hMSCs cultured in the mixed
differentiation medium can verify whether the adhesive signals
on the functionalized surfaces can act specifically on the lineage
commitment process. After 14 days, cells were then stained for
alkaline phosphate (ALP) activity and with Oil red O for the
presence of lipid droplets, which are markers of osteogenesis’*
and adipogenesis,”’ respectively (Figure 4a). Figure S6
(Supporting Information) reveals that the potential cross-
reaction in the differentiation media or staining process can be
excluded; thus, the percentage of hMSCs expressing ALP
activity or lipid droplets for single cells was further determined,
demonstrating a marked effect of adhesive signals on commit-
ment. It was found that, regardless of the width of the strips,
more cells showed ALP activity on RGD monofunctional
surfaces and bifunctional surfaces and less ALP activity on E-
cadherin monofunctional surfaces (Figure 4b). This result
revealed the dominant effect of integrin signaling on hMSC
osteogenesis. The ratio of osteogenesis to adipogenesis was

https://dx.doi.org/10.1021/acsami.9b20939
ACS Appl. Mater. Interfaces 2020, 12, 22399—22409


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b20939/suppl_file/am9b20939_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.9b20939?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b20939?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b20939?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b20939?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b20939?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

analyzed, and it was found that cells on the 5 ym E-cadherin
monofunctional surfaces showed about 69% (69.33 + 0.03%)
osteogenesis and about 31% (30.67 + 0.03%) adipogenesis,
while cells on the wider strips (150 ym) displayed about 59%
(59.05 + 0.04%) osteogenesis and about 41% (40.95 + 0.04%)
adipogenesis. However, the width of the RGD strips did not
influence the differentiation lineage of osteogenesis and
adipogenesis. Interestingly, compared with the wider strips
(150 ym) on the bifunctional surfaces (osteogenesis: 76.34 +
0.03%; adipogenesis: 23.66 + 0.03%), the narrow strips (S pm)
resulted in about 90% (89.64 + 0.05%) osteogenesis and about
10% (10.35 + 0.05%) adipogenesis (Figure 4b). Although RGD
signaling plays a dominant role in directing hMSC osteogenesis,
cells on the S pm-wide bifunctional strips significantly increased
osteogenesis to about 90%. These results revealed that the
spatially segregated adhesive signals with contact guidance were
able to provide the best conditions to promote hMSC
osteogenesis.

Previous studies have also used patterned substrates to study
how cell—cell contacts and focal adhesions affect hMSC
osteogenic commitment. These have revealed that hMSC
osteogenic differentiation is restricted by signals of cadherin-
mediated cell—cell adhesions and promoted by integrin-
mediated signals by enhancing cytoskeletal tension.*”*"”*
These support our results that RGD monofunctional surfaces
enhance hMSCs’ commitment toward an osteoblast lineage,
while E-cadherin monofunctional surfaces weaken osteogenic
differentiation (Figure 4b). However, mixed surfaces coated
with a mix of HAVDI and RGD reveal that HAVDI ligation
alters ECM mechanosensing and significantly suppresses YAP/
TAZ nuclear translocation to induce a soft phenotype, ** which is
predicted to suppress hMSC osteogenesis. This implies the
importance of spatial segregation of E-cadherin- and integrin-
mediated adhesive ligands in fate commitment of hMSCs. In our
study, the bifunctional surfaces and RGD monofunctional
surfaces significantly induced osteogenic differentiation, as
evidenced by the higher ALP activity (Figure 4b). Interestingly,
the narrower strips on the E-cadherin monofunctional surfaces
increase the degree of osteogenic differentiation. This suggests
that E-cadherin ligation acts as a signaling offset while giving
hMSCs the ability to eventually sense contact guidance.
Moreover, cells on the bifunctional surfaces presenting E-
cadherin and RGD display increased osteogenic differentiation,
which is more pronounced on the narrower strips (Figure 4c).
Thus, spatially segregated E-cadherin-mediated cell—cell
adhesion signals can alter hMSC perception of the anisotropy
of the substrate and further cooperate with the integrin-
mediated adhesive signals for hMSC differentiation lineage
toward osteogenesis.

4. CONCLUSIONS

The influence of anisotropy in organisms is multifactorial.
Contact guidance, one of the most visible manifestations of
anisotropy, is known to be driven by a balance of cell -ECM and
cell—cell interactions. Herein, surfaces consisting of alternating
strips of chemically modified metals were designed whereby the
influence of cell-ECM and cell—cell interactions could be
individually assessed. Using human mesenchymal stem cells as a
case study, it was unambiguously shown that surface chemistry
consisting of alternating strips of pro- and anti-adhesive
molecules was just as powerful as topography in inducing
contact guidance. This aspect is often overlooked in vitro and has
direct repercussions in vivo since the ECM contains both pro-
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and anti-adhesive proteins.”> Importantly, this is the first time
that contact guidance induced by cadherins was observed. It was
also shown that, in the case of spatially segregated adhesive
molecules known to operate in distinct pathways, not only the
balance but also the contrast in adhesive forces can generate
contact guidance. Finally, it was shown that spatially segregated
cell-ECM and cell—cell adhesions in a single cell could
significantly activate hMSCs to promote adhesion and, crucially,
provided the optimal conditions to promote hMSC osteo-
genesis. Using a simple yet controlled system, it was
demonstrated that combining anisotropy and spatially segre-
gated multifunctionality was essential in determining cell
behavior, and such a system is envisaged to be used in a wide
range of applications.
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