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ABSTRACT: Microcontact printing (μCP) is widely used to create
patterns of biomolecules essential for studies of cell mechanics,
migration, and tissue engineering. However, diﬀerent types of μCPs
may create micropatterns with varied protein−substrate adhesion,
which may change cell behaviors and pose uncertainty in result
interpretation. Here, we characterize two μCP methods for coating
extracellular matrix (ECM) proteins (stamp-oﬀ and covalent bond)
and demonstrate for the ﬁrst time the important role of protein−
substrate adhesion in determining cell behavior. We found that, as
compared to cells with weaker traction force (e.g., endothelial cells),
cells with strong traction force (e.g., vascular smooth muscle cells)
may delaminate the ECM patterns, which reduced cell viability as a
result. Importantly, such ECM delamination was observed on
patterns by stamp-oﬀ but not on the patterns by covalent bonds. Further comparisons of the displacement of the ECM
patterns between the normal VSMCs and the force-reduced VSMCs suggested that the cell traction force plays an essential role
in this ECM delamination. Together, our results indicated that μCPs with insuﬃcient adhesion may lead to ECM delamination
and cause cell death, providing new insight for micropatterning in cell−biomaterial interaction on biointerfaces.

■

INTRODUCTION
Microcontact printing (μCP) is a widely used biofabrication
method of coating or self-assembling macromolecules such as
DNA, extracellular matrix (ECM) proteins, and antibodies with
precisely deﬁned micropatterns on planar substrates.1−3 Over
the past two decades, μCP has become a fundamental tool for
cell research, drug screening, and tissue engineering.4−7 In
particular, μCP has enabled detailed studies on subcellular
motility and the cytoskeleton mediated by well-deﬁned
adhesion sites conﬁned by ECM proteins. For example, it has
been reported that μCP can achieve collagen VI stripes with
diﬀerent spacing distances to regulate chondrocyte behavior for
the development of cartilage replacement.8 Recently, a new
microcontact printing technique called pattern on topography
(PoT) was developed to examine the synergistic regulating
eﬀects of biophysical and biochemical cues with respect to
cardiomyocytes.9
The working principle of μCP mostly relies on cell adhesion
to the ECM protein, which is essential for many physiological
activities. At the cellular level, cell adhesion regulates apoptosis,
mitogenesis, cell diﬀerentiation, and cell migration.10−15 At the
tissue/organ level, the adhesive property of ECM is required for
tissue integrity16−18 and was highlighted by many genetic and
autoimmune diseases, such as muscular dystrophy.19 Clinical
practices have revealed the eﬀectiveness of using immobilized
ECM proteins in the central nervous system to repair nerves.20
© 2018 American Chemical Society

However, increasing evidence suggests that cells do not
passively attach to ECM. Instead, this cell−ECM adhesion is
a two-way mechanical interaction mediated by focal adhesions
(FAs)21−23 and cytoskeletal networks.24−27 That is, the
mechanical signals may transduce from ECM to cells and
reorganize the cytoskeleton networks. As a result, the cellular
force is then iteratively changed, causing a disruption of the
constitution and structure of ECM.28−31
Early μCP methods involved the binding of molecules on a
substrate through chemical reactions such as metal-alkanethiolate bonding,32,33 silanization,34 and carbodiimide cross-linking
schemes.33 More recently, researchers have implemented μCP
using noncovalent bindings to achieve the more rapid and
ﬂexible micropatterns.35,36 These μCP procedures usually
include polymer surface activation, either oxygen plasma
bombardment2 or ultraviolet−ozone irradiation.37 However,
diﬀerent μCP methods may create micropatterned ECM
protein with varied protein−substrate adhesion. As a result,
the cell traction force is resisted to diﬀerent levels, leading to
changes in cytoskeleton organization and regulation of cell
behavior, but it is rarely addressed.
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Figure 1. μCP of ECM proteins for achieving diﬀerent protein−substrate adhesion using (a) stamp-oﬀ based on direct adsorption and (b) the
covalent bond based on intermediate binding molecules. Scale bars in all insets: 10 μm. (c) Contact angles at diﬀerent surface modiﬁcation steps
during the μCP processes. FN stands for ﬁbronectin.
The ﬁrst μCP method (stamp-oﬀ) utilized a microstructured stamp
to create patterns by removing ECM protein from some regions on a
ﬁbronectin-adsorbed PDMS substrate.35 As shown in Figure 1a, we
prepared a PDMS stamp (10:1 monomer−curing agent ratio) with
microstructures of a negative pattern based on traditional soft
lithography.39 The PDMS stamp was prepared using the photolithography of SU-8 photoresist (Microchem) on a silicon wafer
followed by the silanization of trichloro(1H,1H,2H,2H-perﬂuorooctyl)silane. The PDMS stamp was further treated with oxygen plasma
(PDC001, Harrick Plasma, Ithaca, NY) to enhance its molecular
adhesion to ﬁbronectin. To coat ﬁbronectin on the PDMS substrate,
we pipetted 50 μg/mL ﬂuorescent ﬁbronectin in water to cover the
PDMS substrate for 2 h in order to facilitate the protein adsorption.
After blow-drying with compressed air, the microstructured PDMS
stamp was placed on the ﬂat ﬁbronectin-coated PDMS for 20 s. As the
plasma-treated PDMS stamp had a stronger molecular adhesion,
ﬁbronectin on the contact surfaces between the stamp and the
substrate were removed after the stamp was peeled oﬀ.35,40,41 We then
applied a 0.1% surfactant (pluronic F127, Sigma-Aldrich) to the
substrate for 15 min to prevent unexpected cell−substrate attachment
in the uncoated regions and rinsed the substrate with distilled water.
The second μCP method (covalent bond) applied intermediate
molecules to achieve covalent bonds between the protein coating and
the substrate for stronger protein−substrate adhesion (Figure 1b).
Ester-based protein immobilization was adapted to bind the
ﬁbronectin molecules onto the PDMS substrate through covalent
bonding42 (Figure 2a). Brieﬂy, we treated the PDMS substrate with
oxygen plasma, following by applying 4% (v/v) 3-mercaptopropyl
trimethoxysilane (MPTMS; Gelest, Morrisville, PA) in ethanol to
cover the PDMS substrate for 45 min. The substrate was washed with

In this paper, we analyze cell behavior for growth on ECM
protein micropatterns coated with two diﬀerent μCP methods
(stamp-oﬀ and covalent bond). The stamp-oﬀ patterning relies
on the direct molecular adsorption while the covalent-bond
scheme applies intermediating molecules with the higher
binding strength by linking both ECM proteins and substrates
with covalent bonds. We seed cells onto the substrates and
inspect the role of protein−substrate adhesion in the two-way
cell−ECM interactions. On the ECM side, we observe any
changes in the protein patterns induced by the seeded cells. On
the other side, we examine whether the cell characteristics such
as morphology, viability, and cytoskeleton formation are
diﬀerent on the micropatterns coated with the diﬀerent μCP
methods.

■

EXPERIMENTAL SECTION

ECM Patterning Techniques. We adopted two μCP techniques
(stamp-oﬀ and covalent bond) with diﬀerent levels of protein−
substrate adhesion. Poly(dimethylsiloxane) (PDMS), the widely used
biocompatible polymeric material (Dow Corning, Midland, MI),38 is
used as the substrate. All of the PDMS substrates were cast from a
trichloro(1H,1H,2H,2H-perﬂuorooctyl)silane (Sigma-Aldrich, St.
Louis, MO)-treated ﬂat silicon wafer with a monomer−curing agent
in a weight ratio of 10:1 after baking at 80 °C for >20 h. In this work,
we selected the ﬁbronectin conjugated with ﬂuorescent molecules
(Alexa Fluor 488 protein label kit, Thermo Fisher Scientiﬁc, Waltham,
MA) as the ECM protein for visualizing the coated protein patterns
using the selected μCP methods.
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Figure 2. (a) Key chemical reactions at diﬀerent steps in the ECM protein patterning based on covalently bonded molecules. (b−f) S 2p and N 1s
XPS spectra at key steps in the covalent-bond method. All spectra were referenced to the C 1s peak of the PDMS substrate (284.8 eV).
Deconvolutions were conducted to analyze the spectra.
infrared spectra of the ﬁbronectin-coated substrates in diﬀerent
fabrication stages. The surface hydrophobicity was measured using a
drop-shape analyzer (DSA100, Kruss, Hamburg, Germany).
Cell Culture. Primary human vascular smooth muscle cells
(VSMCs; Lonza, Walkersville, MD) were cultured in the standard
medium kit (SmGM-2 BulletKit, Lonza). Primary human umbilical
vein endothelial cells (VECs; Lonza) were cultured in the standard
medium kit (EGM-2 BulletKit, Lonza). NIH/3T3 ﬁbroblasts (3T3;
ATCC, Manassas, VA) were cultured in Dulbecco’s modiﬁed Eagle’s
medium (DMEM; Life Technologies, Carlsbad, CA) supplemented
with 10% bovine serum, 100 units/mL penicillin, and 1% L-glutamine.
The cells were cultured in a 5% CO2 humidiﬁed cell culture incubator
at 37 °C. The cells were trypsinized and subcultured once their
population reached >80% conﬂuence. Only cells with a passage
number <6 were used for the more consistent cell properties.
Cell Analysis. We performed cell viability tests using a live/dead
viability/cytotoxicity kit (calcein AM for live cells and EthD-1 for dead
cells; Thermo Fisher Scientiﬁc, Waltham, MA) such that the live and
dead cells were stained with green and red ﬂuorescent signals,
respectively. In these tests, we used ﬁbronectin without ﬂuorescence in
the μCP process to eliminate any disturbance to the GFP signals
stained in live cells. To further investigate the correlation between FN
disruption and cell viability, we seeded the cells on ﬂuorescent 488-FN
micropatterns, followed by staining the cells with 4 μM EthD-1 (from
the live/dead assay kit) and 1 μg/mL Hoechst H33342 (Sigma-

ethanol and then covered with 0.28% (w/v) N-γ-maleimidobutyryloxy
succinimide ester (GMBS, Thermo Fisher Scientiﬁc) in ethanol for
another 15 min. On the other side, ﬁbronectin was applied to a
positive microstructured stamp. We then placed the stamp on the
chemically treated substrate for 20 s. After the peeling of the stamp, we
applied pluronic F127 and rinsed the substrate to avoid any
unexpected cell attachment.
Surface Characterization. X-ray photoelectron spectroscopy
(XPS) experiments were conducted using an XPS facility (PHI
model 5802 with a monochromatic Al Kα X-ray source at 1486.6 eV;
Physical Electronics, Chanhassen, MN) with a pressure of 10−10 mBar
and a resolution of 0.1081 eV. Attenuated total reﬂectance Fourier
transform infrared spectroscopy (ATR-FTIR, PerkinElmer 1600,
PerkinElmer, Waltham, MA) together with a zinc selenide crystal
was used to characterize the covalent bonds between molecules. An
ellipsometer with a resolution of 0.1 nm (Jobin Yvon-PZ2000; Horiba
Scientiﬁc, Edison, NJ) using a He−Ne laser (632.8 nm) was used to
measure the thickness of the protein layer. The adhesion force was
determined by the Universal Testing Machine (UTM-EZ-LX,
Shimadzu Scientiﬁc Instruments, Columbia, MD). Immediately before
the test, the moving plate (diameter: 8 mm) was treated with
underwater glue (JH-5553; Jin Hong Glues, Hangzhou, China). The
speed of the moving plate was set to 10 mm min−1 to obtain the load−
displacement curve. The applied load was set as 10 N, and the contact
time between the sample and the moving plate surface was 5 min. In
addition, we measured the surface hydrophobicity and recorded
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covalent-bond method, the contact angle decreased to 16.4 ±
0.5° after the plasma treatment; the contact angles after
conjugating MPTMS, GMBS, and ﬁbronectin were 114.6 ±
1.7°, 112.6 ± 1.1°, and 86.7 ± 0.7°, respectively. The ﬁnal
contact angles of the two μCP methods are similar (90.7 versus
86.7°), which means that the wettability of the surfaces were
well controlled between the two experimental groups.
We examined the chemical reaction processes in the
covalent-bond method by XPS spectra (Figure 2b−f). There
is a broad peak at 168.3 eV in the S 2p spectra after GMBS
conjugation (Figure 2b,c). Previous reports pointed out that
such a broad, high-binding energy peak is evidence of the
formation of the chemical bond of C−S,45,46 indicating the
reaction between MPTMS and GMBS. Moreover, for the XPS
spectra of N 1s, the disappearance of the peak at 402.4 eV (N−
O bond47) indicates that the N-hydroxysuccinimide group is
substituted and the FN is bonded to the substrate (Figure
2d,e). Furthermore, the ratio of the amino group (∼399.0
eV48) of the conjugated FN protein was signiﬁcantly reduced,
which also indicated the success of FN conjugation (Figure
2e,f). The surface chemical properties in the covalent-bond
method were also characterized by ATR-FTIR for diﬀerent
samples: pure PDMS, after MPTMS treatment, and after
GMBS treatment are shown in Figure S3. As noted, after
treating the PDMS substrate with MPTMS, a C−C absorption
(∼1270 and 1290 cm−1) and an S−H absorption (∼2575
cm−1) appear on the spectra, indicating the conjugation of
MPTMS molecules on PDMS. After treating the PDMS surface
with GMBS, the conjugation of GMBS molecules indicated by
N−H absorption (∼3400 cm−1) and CO absorption (∼1735
cm−1) could be observed in the spectra.
Delamination of ECM Protein Micropatterns. After
patterning ﬂuorescent ﬁbronectin onto the substrates with
diﬀerent μCP methods, the pattern quality can be examined by
the ﬂuorescence intensity that represents the local density of
ﬁbronectin (insets in Figure 1). For demonstration, we
extracted the intensity along a line on the patterns (Figure
S1), of which a high contrast between the pattern (bright) and
gap (dark) regions indicated good patterning ﬁdelity. Moreover, the geometry of focal adhesions was strongly conﬁned by
the micropatterns fabricated by the stamp-oﬀ method as well as
the covalent-bond method, which indicated the success of
blocking the cell attachment from the unpatterned area by
pluronic F127.
Cells, as living objects, often exert traction forces on the
extracellular environment to which they attach. We chose a cell
type with relatively large traction forces (i.e., the primary
human vascular smooth muscle cells (VSMCs)) to examine any
delamination of ECM patterns with the diﬀerent μCP methods.
VSMCs were seeded on substrates with uniform and
micropatterned ﬁbronectin layers, fabricated by the stamp-oﬀ
and covalent-bond methods. For both the uniformly coated and
micropatterned ECM protein substrates, the pattern delamination can be clearly observed on the stamp-oﬀ, but no pattern
delamination was shown on the covalent-bond surfaces (Figure
3). Very likely, the ECM protein−substrate adhesion
determines such a pattern delamination process. To give a
brief validation, we measured the protein adhesion force by a
mechanical test machine (see Experimental Section). The
molecular binding strength by the stamp-oﬀ process is low
(1.28 ± 0.34 kN/m2) because the protein deposition is mainly
based on the weak intermolecular forces.49 In contrast, the
chemical covalent-bond scheme obtains more than 8 times

Aldrich). Hoechst H33342 has been widely applied to live cell staining
and does not cause cell death.43
The intracellular components (nucleus and cytoskeletal actin) were
visualized by immunoﬂuorescence staining on cells. The cells were
ﬁxed with 4% paraformaldehyde (PFA, Sigma-Aldrich) in phosphatebuﬀered saline (PBS, Sigma-Aldrich) for 10 min and then treated with
0.3% Triton X-100 in PBS for 10 min. We applied 10% goat serum for
1 h to avoid nonspeciﬁc binding of the staining molecules in the next
steps. The cytoskeletal actin was stained with Alexa-555 conjugated
phalloidin (Life Technologies) followed by staining the nucleus with
4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) for 10 min.
For focal adhesion staining, cytoskeleton extraction was ﬁrst
conducted to remove the soluble vinculin proteins. The extraction
buﬀer was prepared as a basal buﬀer (10 mM PIPES, 50 mM NaCl,
150 mM sucrose, 3 mM MgCl2, and 0.5% Triton X-100; all chemicals
were analytical grade, purchased from Sigma-Aldrich; pH was adjusted
to 6.5−6.8) supplemented with 1 μg/mL aprotinin, 1 μg/mL
leupeptin, and 1 μg/mL pepstatin (purchased from Sigma-Aldrich).
The cells was rinsed with the chilled extraction buﬀer for 60 s. After
being rinsed with chilled PBS, the sample was ﬁxed with 4% PFA for
10 min. Then the cells were treated with 0.3% Triton X-100 (in PBS)
for 10 min, ﬂowing by blocking the cells with 10% goat serum for 1 h.
The primary antibody (mouse monoclonal antivinculin primary
antibody, Life Technologies) was added to the sample later for 1 h,
following by adding secondary antibody (Alexa-647 conjugated goatantimouse secondary antibody, Life Technologies) for another 1 h.
All ﬂuorescence microscope images were taken on either a
motorized inverted ﬂuorescence microscope (TE300, Nikon, Melville,
NY) or a laser scanning confocal microscope (TCS-SP8, Leica
Microsystems, Wetzlar, Germany). The images were processed using
ImageJ (NIH, Bethesda, MD).
Coherence of Actin Fiber Orientation. We have utilized a wellestablished algorithm 44 for microscopic images, followed by
computing the coherence of the ﬁber orientation, Ψactin, with the
equation

ψactin =

⎧
⎫
2⎪
π ⎪ ∑x , y I(x , y) cos[θ(x , y) − θavg ]
⎨
− ⎬
⎪
∑x , y I(x , y)
π − 2⎪
π⎭
⎩

(1)

where x and y are horizontal and vertical pixel locations in an image,
respectively. I(x, y) is the intensity of a image pixel; θ(x, y) is the ﬁber
orientation angle at a pixel location; and θavg is the average orientation
angle over the image. The angle θ(x, y) − θavg is always adjusted to lie
between −90 and 90°. Adjustment factors 2/π and π/(π−2) ensure
that Ψactin = 0 for random ﬁber orientations and Ψactin = 1 for strictly
aligned actin ﬁbers.
Circularity. To assess the polarization of the cell body and the focal
adhesions, the circularity was obtained by circularity = 4π × area/
perimeter2. Rounded shapes will give a higher circularity while
polarized shapes will give a lower circularity.
Statistical Analysis. A two-tailed t-test was performed using
commercial software (Excel, Microsoft, Seattle, WA). We considered a
diﬀerence to be signiﬁcant for p < 0.05.

■

RESULTS AND DISCUSSION
Surface Characterization. We ﬁrst characterize the
contact angles of surfaces by the selected μCP methods after
key surface modiﬁcation steps. The thickness of the coated
protein layers was 36.5 ± 9.2 nm for stamp-oﬀ surfaces and
34.4 ± 11.8 nm for covalently bound surfaces. Here, we
considered the ﬁbronectin layers without any micropatterns for
the contact angle measurements, achieved by skipping protein
removal by the mold for the stamp-oﬀ process and using a ﬂat
mold without microstructures for the stamp-oﬀ and covalentbond methods. As shown in Figure 1c, the initial PDMS surface
exhibited a contact angle of 111.9 ± 1.0° before the μCP
processes. For the stamp-oﬀ case, the contact angle decreased
to 90.7 ± 0.9° after the ﬁbronectin adsorption. For the
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(0.61 kN/m2).52 Our results show that 3T3 cells could induce
pattern delamination only on the stamp-oﬀ surfaces but less
often than that for VSMCs (Figure 4). The endothelial cells
could not cause any pattern delamination (Figure 4). Thus, the
occurrence frequency of pattern delamination seems to
correlate with the cell types with diﬀerent traction forces. In
fact, these observations of pattern delamination matched well
with the relative magnitude of the cell traction force in contrast
to the protein−substrate adhesion forces: protein−substrate
adhesion created by the stamp-oﬀ method (1.28 kN/m2) could
resist only the traction force exerted by VECs (0.61 kN/m2)
while the adhesion created by the covalent-bond method (11.9
kN/m2) could resist the traction forces of all three cell types,
even the VSMCs (6−10 kN/m2) (Figure S2c).
To further validate the role of cell traction force, we have
performed again the experiments with the blebbistatin-treated
(50 μM) VSMCs growing on the μCP surfaces. In this case, the
drug treatment would suppress the actomyosin traction force53
and no pattern delamination was observed (Figure 5).
Moreover, treating VSMCs with a small dosage of blebbistatin
(50 μM in our case) signiﬁcantly improved the viability of
VSMCs on the stamp-oﬀ substrate (Figure S6), a phenomenon
that has been reported earlier for culturing cardiac myocytes.54
Thus, for a cell type with a larger traction force to disrupt the
ECM protein, VSMC for example, protein−substrate adhesion
can play a critical role in the cell−ECM interaction. Hence,
selection of the correct μCP method for ECM protein patterns

Figure 3. ECM protein delamination in cell spreading regions on
uniform (upper) and micropatterned (lower) ﬁbronectin layers.
Hidden lines highlight the delamination regions of ﬁbronectin. Arrows
indicate displacements of the ﬁbronectin microislands. Scale bar: 12
μm.

higher protein−substrate adhesion (11.9 ± 2.5 kN/m2).
(Figure S2) As a result, the traction force of cells was resisted.
Cell Traction Force in ECM Protein Delamination. A
possible explanation of the ECM protein delamination is that a
suﬃciently large cell traction force may overcome the molecular
binding and dislocate the protein patterns. To evaluate this
possibility, we tested two other cell types with smaller cell
traction forces than for VSMCs (6−10 kN/m2):50 3T3 mouse
ﬁbroblasts (1.5 kN/m2)51 and human vascular endothelial cells

Figure 4. (a) VECs, 3T3 cells, and VSMCs on stamp-oﬀ surfaces with uniform and micropatterned ﬁbronectin coatings. Scale bar: 25 μm. (b)
Occurrence frequency of protein delamination of the diﬀerent cell types on uniform and micropatterned surfaces. Note that the images for VSMCs
are adapted from Figure 3.
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Figure 5. Micrographs of stained VSMCs treated with 50 μM blebbistatin (reducing the cell traction force by suppressing myosin II) on diﬀerent
μCP surfaces. Scale bar: 20 μm.

Figure 6. Focal adhesions (FA, represented by vinculin) of the VSMCs on micropatterned and uniform surfaces fabricated by diﬀerent methods.
Scale bar: 20 μm.

ﬁbronectin is upregulated during the wound healing process.55
Fibronectin displacement is considered to be a good indicator
for integrin traﬃcking because of the many subtypes of integrin
bind to ﬁbronectin.58 Similarly, the ﬁbronectin dislocations
toward the cell center as displayed in Figure 3 may indicate
paths of integrin traﬃcking.59
Regulation of Cell Behaviors by Protein−Substrate
Adhesion. Considering that the cell traction force can induce
the delamination of the protein micropatterns with low
protein−substrate adhesion, it is interesting to examine whether
such binding strength is a biophysical factor aﬀecting cell
behavior as a two-way interaction. We further investigated

is particularly important for generating appropriate conditions
for revealing relevant cell behaviors and promising cell analyses.
In fact, the interplay of ECM protein patterns and cellular
traction force can be observed under many in vivo conditions,
such as myoﬁbroblasts and damaged ECM in the wound
healing process,55 vascular smooth muscle cells, and split ECM
in the vascular repairing process.56 Previous reports have also
proposed the role of cellular mechanical stress in ECM
deformation and stability,24,57 especially in muscle ﬁbers.19 In
these processes, it has been well studied that integrin plays an
important role in the related cell migration and traction force
modulation. For instance, the α5β1 integrin binding to
1755
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Figure 7. (a) Spatial maps of actin orientation. Scale bar: 10 μm. (b−e) Statistics of spreading areas, cell circularity, coherence of actin orientation,
and viability of VSMCs on the μCP micropatterned ﬁbronectin and on the uniform ﬁbronectin. (f) Micrographs and statistics of the live (green) and
dead (red) VSMCs cultured on the ﬁbronectin micropatterns. Scale bar: 50 μm. (g) Correlations between FN delamination and VSMCs viability.
Scale bar: 20 μm.

size of focal adhesions on micropatterns and covalent-bond
surfaces implies a stronger traction force on such a substrate.63
As a result, the increase in traction force, which was known to
stimulate the formation of bundled stress ﬁbers, may lead to a
shrinkage in cell spreading64 and a decrease in cell circularity65
such that smaller and more anisotropic cells were observed on
micropatterns and covalent-bond surfaces (Figure 7b,c).
It is important to note that such an increase in the traction
force, accompanying by decreases in cell spreading and
circularity, do not seem to be the reason for higher cell
viability. For cells on a micropatterned surface, cells generally
exhibited a greater FA size (Figure 6, which corresponds to a
higher traction force) and decreased cell spreading and
circularity (Figure 7b,c) than did cells on a uniform surface.
Importantly, between cells on micropattered and uniform

eﬀects of the protein−substrate adhesion on the behavior of
cells (e.g., focal adhesion formation, cell size, cell circularity,
actin ﬁber orientation, and cell viability) growing on both
uniform and micropatterned (Figures 6 and 7) ﬁbronectin
coatings.
An increase in focal adhesion size was found by comparing
cells on micropatterns to those on uniform surfaces, and a
further increase was observed with the use of the covalent-bond
method (Figure 6). A previous report suggests a positive
correlation between the size of the focal adhesion and the cell
traction force.60 As opposed to the highly polarized focal
adhesions on the uniform surfaces, focal adhesions were
strongly conﬁned to a round shape when cultured on the
micropatterns fabricated by either the stamp-oﬀ method or the
covalent-bond method.61,62 More importantly, the increased
1756
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cell−ECM interactions as well as the surface-functionalized
biomaterials and tissue engineering applications.

surfaces, the diﬀerence in cell morphology did not cause a
diﬀerence in cell viability (Figure 7e). Thus, it seems that cell
live/dead is not simply brought about through the cell
morphological change.66
On the other hand, higher cell viability and increased
coherence of actin orientation were found only on the covalentbond surface, indicating the importance of protein−substrate
adhesion (Figure 7d). In general, ECM plays a role in
stabilizing actin ﬁbers by resisting the cellular force, and the
rigorous disruption of ECM may induce cell apoptosis,19
especially for those cell types with a higher traction force.67
Thus, the increased protein−substrate adhesion is likely needed
to stimulate and maintain the formation of bundled stress
ﬁbers, which is the hallmark of normal muscle cells,68−70 and
contributes to higher cell viability.71 On the contrary, for a
surface prepared by the stamp-oﬀ method, the weaker protein−
substrate adhesion can result in protein delamination, which is
equivalent to unstable or disrupted ECM and causes subcellular
reorganization (actin ﬁber orientation and focal adhesion
formation)72 as well as lower cell viability. The correlation
between cell viability and FN delamination was also proved by
the coexistence of ECM disruption and cell death (Figures 7f,g
and S5). Considering the lower viability caused by ECM
delamination, stable ECM protein deposition is thus crucial to
the long-term growth of cells, especially for those cell types
with a higher traction force.67
Fabricating micropatterned surfaces to investigate cell−ECM
interactions has led to many emerging ﬁndings in subcellular
behavior, such as size-dependent smooth muscle actin recruitment during focal adhesion maturation,73 asymmetric focal
adhesion assembly,62 and integrin subcellular segregation.41 By
considering the previously ignored cell mechanical feedback
(i.e., ECM delamination by VSMCs) onto the extracellular
environment,62,74 we revealed that the feedback could again
inﬂuence the cell behavior. Moreover, for the cell types with a
smaller traction force (e.g., VECs and 3T3 ﬁbroblasts in Figure
S4), the diﬀerences in some cell behaviors (cell size and
circularity) on the stamp-oﬀ surface and covalent-bond surface
diminished. While this phenomenon could not be generalized
to all cell types, our results provide an important demonstration
that for the cell type with a large cell traction force such as
VMSCs and possibly other cell types with a large traction force
(myoﬁbroblasts, cardiac smooth muscle cells, etc.), mechanical
feedback may delaminate the ECM protein in micropatterning,
which may lead to uncertainty in the interpretation of results
and should not be ignored.
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