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ABSTRACT: The geometric shape of a cell is strongly influenced by the cytoskeleton, which, in turn, is regulated by
integrin-mediated cell−extracellular matrix (ECM) interactions. To investigate the mechanical role of integrin in the
geometrical interplay between cells and the ECM, we proposed a single-cell micropatterning technique combined
with molecular tension fluorescence microscopy (MTFM), which allows us to characterize the mechanical properties
of cells with prescribed geometries. Our results show that the curvature is a key geometric cue for cells to
differentiate shapes in a membrane-tension- and actomyosin-dependent manner. Specifically, curvatures affect the
size of focal adhesions (FAs) and induce a curvature-dependent density and spatial distribution of strong integrins.
In addition, we found that the integrin subunit β1 plays a critical role in the detection of geometric information.
Overall, the integration of MTFM and single-cell micropatterning offers a robust approach for investigating the
nexus between mechanical cues and cellular responses, holding potential for advancing our understanding of
mechanobiology.
KEYWORDS: Integrin force, DNA-based tension probes, Cell geometry, Curvature, Mechanobiology

INTRODUCTION
Cell geometry, with its attributes like shape and size, has a
profound influence on a variety of cell functions, including but
not limited to cell adhesion, proliferation, stem cell differ-
entiation, and gene expression.1−3 The cellular microenviron-
ment in situ, as found within organs or tissues, is intricately
structured and plays a pivotal role in dictating the cell
structure, mechanics, polarity, and function.4,5 However, in
conventional cell culture settings, such as a culture dish, cells
develop randomly with undefined geometry, which poses a
challenge in studying the interplay between geometric
information and cell behavior.
To overcome this predicament, researchers have extensively

utilized various single-cell extracellular matrix (ECM) micro-
patterning methods to craft precise microscale patterns on cell

culture substrates.1,3,6−13 Using these geometrically controlled
microenvironments, they have delved into different aspects of
cellular physiology including cell adhesion, assembly of myosin
and the cytoskeleton network, cell migration, and differ-
entiation.6,10,14−20

Considering that cell geometry is largely influenced by the
cytoskeleton, which is modulated by the integrin-mediated
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mechanical interaction between the cell and ECM,1,5,21 there
has been a surge of interest in marrying cell mechanics
measurement techniques with single-cell ECM micropatterning
techniques. Researchers have dissected the responses of cells to
geometric information from a viewpoint of mechanical force,
thus shedding light on subtle mechanical differences that may
be overlooked on unrestricted substrates.7,22−24 This brought
to the fore innovative techniques, such as those introduced by
Fu et al., who established an elastic micropillar array that can
regulate cell morphology and cell traction force, revealing a
correlation between human mesenchymal stem cell (hMSC)

morphology, early traction, and differentiation fate.7 Sub-
sequently, Han et al. used microcontact printing and
micropillar arrays to control cell mechanics and adhesion
parameters and found that the contractile force of cells can be
regulated by a combination of substrate stiffness, spreading
area, and pillar density.22 By combining micropatterning with
traction force microscopy (TFM), Oakes et al. reported that
for a given pattern area, the work done by a cell on the
substrate is closely related to the local curvature of the cell
edge instead of the number of focal adhesions (FAs) or
substrate stiffness.23 In addition, Mandal et al. combined

Figure 1. Fabrication and validation of micropatterned substrates with DNA-based tension probes. (a) Schematic depicting the fabrication
process of substrates with micropatterned molecular tension probes. (b) 3D topography of Au NP patterns transferred to coverslips was
measured by AFM. (c) Schematic illustrating the mechanism of RSDTP. (d) From left to right: MEFs spreading on the micropatterned
substrates imaged using DIC with a 10× objective, immunofluorescent results of fixed MEFs on micropatterned substrates imaged using
epifluorescence microscopes with a 20× objective (blue is DAPI, red is actin, green is YAP), GFP-paxillin MEF on circular micropatterns
functionalized with 17 pN RSDTPs imaged using RICM, DIC, and TIRF with a 100× lens. (e) Representative TIRF images of 17 pN RSDTP
signals for 3T3, MEF, and CAF cells on unrestricted glass and circular pattern substrates, and (f) corresponding statistical analysis of mean
fluorescence intensity. Data are presented as mean values ± SEM from more than three independent experiments (for all shapes, number of
cells >11). Ordinary one-way ANOVA tests were used to assess statistical significance (***P < 0.001, **P < 0.01, ns, not significant P >
0.05).
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micropatterning and optical tweezers to map the mechanical
parameters of living cells and observed subtle mechanical
parameter differences between nontumorigenic and metastatic
cancer cells.24 While these pioneering studies have significantly
contributed to our understanding of cellular mechanics, certain
limitations in techniques like TFM or elastic micropillar arrays
can constrain our analyses. Specifically, their micrometer-level
spatial resolution and nano- to sub-nN force sensitivity are not
sufficient for probing the pN-level tensions transferred by
integrins at the molecular scale. These constraints may limit
the breadth and depth of our exploration of the interplay
between cell mechanics and geometry.
On the other hand, a series of groundbreaking studies in the

past decade have shown that molecular forces exerted on
membrane receptors are essential for cellular mechanotrans-
duction.25−27 In particular, the development of molecular
tension fluorescence microscopy (MTFM)28 and its var-
iants29−37 has shown that it is capable of measuring molecular
forces in living cells with high spatial resolution and pN force
sensitivity and has revealed that these tiny forces can have a
profound impact on processes such as T-cell receptor
activation,38−40 cell adhesion,27,41−44 and Notch signaling.27,45

However, in conventional MTFM experiments, cells grow in
an unrestricted manner. This randomness can often obscure
the finer nuances of different cell mechanics, making it
challenging to discern these subtleties by using MTFM
techniques alone. Here, we have developed a single-cell
micropatterning technique combined with DNA-based
MTFM probes, which allows for not only good control of
cell shape and ECM microstructure but also accurate
characterization of the mechanical transmission features in
cell adhesion structures at the molecular level. By analyzing the
tension signals on different micropatterns, we found a negative
correlation between the cell area and the magnitude of the
integrin force. More importantly, our results indicate that cells
respond to the local curvature on the micropattern by
adjusting not only the size of FAs but also the density and
spatial distribution of mechanically strong integrins in a
membrane-tension- and actomyosin-dependent manner. Fi-
nally, integrin subunit β1 has been demonstrated to play a
critical role in cell sensation of geometric information, possibly
through fine-tuning the activity of ARP2/3 and the mechanical
property of cell membrane. We believe this technique
effectively exploits the advantages of the single-cell patterning
method in regulating cell morphology with improved force
sensitivity and spatial resolution of cell mechanics measure-
ments.

RESULTS AND DISCUSSION
Fabrication of Substrates with Micropatterns Func-

tionalized with DNA Tension Probes. To image the
integrin tension of cells on micropatterns with MTFM probes,
we propose a microcontact-printing-based immobilization
method. This technique allows us to specifically modify the
MTFM probes in the patterned region, as demonstrated in
Figure 1a. In particular, we first fabricated a PDMS stamp with
the desired micropatterns from a microfabricated Si mold,
following the method outlined by the Bornens lab.46 After
treatment with oxygen plasma, the stamp was soaked in an
APTES solution for amination modification, and 5 nm Au
nanoparticles (NPs) were loaded onto the stamp via gold−
nitrogen bonds. Our next step was to transfer Au NPs from
PDMS to glass substrates, creating stronger Au−glass

connections than the gold−nitrogen bonds between the Au
NPs and the PDMS on the stamp. Specifically, plasma-treated
coverslips were modified with lipoic acid following the
procedure presented by the Salaita lab.29,40 The PDMS
stamp was then gently placed on the lipoic acid and mPEG
functionalized glass and kept in a liquid environment
overnight. As the gold−sulfur covalent bonds formed between
the Au NPs and glass are stronger than the gold−nitrogen
bonds, Au NPs were transferred to the coverslip after carefully
removing the PDMS stamp the next day. This process resulted
in the formation of micropatterns that replicated those on the
stamp. The effectiveness and stability of this pattern trans-
ferring approach were further verified by atomic force
microscopy (AFM) results. Here, intact patterns consistent
with the designed 2D geometries and 5 nm in height,
equivalent to the Au NP diameter, were observed (Figure 1b).
Finally, after cleaning the glass substrate with ultrapure water,
we incubated a drop of aqueous solution containing MTFM
probes on the coverslip for 1 h. These steps allowed us to
micropattern various molecular tension probes on the coverslip
by using patterned Au NPs. To illustrate this, we used a
recently developed DNA-based tension probe from our lab, the
reversible shearing DNA-based tension probe (RSDTP).47

RSDTP combines the reversibility of DNA hairpin probes30,32

with the wide force range of tension gauge tether (TGT)27 and
can be used to measure integrin-mediated forces in living cells
in a reversible and digital manner (Figures 1c and S1,
Methods). Briefly, RSDTP mechanically unfolds when the
cellular integrin force exceeds the design threshold of the DNA
hairpin structure; it refolds when the integrin force falls below
the structure’s folding force. Thus, the combination of MTFM
and the single-cell micropatterning method allows us to
observe the spatial distribution and magnitude of integrin
forces on these patterned cells through total internal reflection
fluorescence (TIRF) microscopy as well as to study how the
cell mechanics are modulated by different cell geometries.
To demonstrate the capability of the proposed method, we

seeded mouse embryonic fibroblast (MEF) cells on a coverslip
containing 17 pN RSDTP modified micropatterns. After 1 h of
cell spreading, we observed that these cells selectively adhered
to these micropatterns, indicating successful passivation in
other areas. The specific adhesion results were clearly visible
from the fluorescent staining results (Figures 1d and S2). Next,
we collected the fluorescence signals of 17 pN RSDTPs and
paxillin using TIRF microscopy. We also used the results of
reflection interference contrast microscopy (RICM) and
differential interference contrast microscopy (DIC) to validate
the quality of the reported tension signals (Figure 1d). The
results showed good overlap among the cell spreading area, Au
NP patterns, and cell adhesion regions as indicated by DIC,
RICM, and paxillin. Importantly, integrin tensions were
reported with a high signal-to-noise ratio and well colocalized
with paxillin at a spatial resolution close to the optical
diffraction limit. After disrupting the actomyosin machinery
using myosin II inhibitor (blebbistatin) or actin polymerization
inhibitor (cytochalasin D, cytoD), a significant attenuation of
the reported signals was observed (Figure S3), further
demonstrating the fidelity of the reported signals.
We then sought to visualize the mechanical differences

among fibroblast cells, including MEF cells, 3T3 cells, and
cancer-associated fibroblast (CAF) cells (Figure 1e,f).
Interestingly, while CAF cells displayed similar spatial
characteristics and intensity of integrin tension to both MEF
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cells and 3T3 cells when seeded on standard nonpatterned
substrates, their mechanical differences were clearly visible
when seeded on circular micropatterns. In particular, CAF cells
showed continuous and tightly arranged loaded integrins
encircling the pattern, clearly distinguishable from the
dispersed signals of MEF and 3T3 cells (Figure 1e). The
tension intensity of the CAF cells was also noticeably higher
(Figure 1f). These results highlight the potential of MTFM-
integrated micropatterns in detecting subtle mechanical
discrepancies, which may facilitate the evaluation of mechan-
ical homeostasis and interpretation of focal adhesion-mediated
mechanotransduction in cells.
Correlation between Cell Mechanics and Geometry.

In our previous study, we found that integrins capable of
transmitting a strong force (>56 pN) are a minority in FAs but
are critical for the stability of the FA structure in MEF.47 Here,
we used this highly mechanically stable probe, or 56 pN
RSDTPs, to investigate the distribution of strong integrin force
in cells with different geometries and the correlation between
mean intensity and cell geometry conformation. We first
functionalized circular patterns of different sizes (areas ranging
from 625 to 1600 μm2, Methods) with 56 pN RSDTPs. Note
that the critical force for DNA probes varies with force loading
rate and observation time scale;48 therefore, the thresholds of
RSDTPs we subsequently used (17, 56 pN) represent
differences in mechanical stability of the DNA probes rather

than the actual value transmitted by integrin in the
experiments. After seeding GFP-actin-labeled MEFs on these
patterns for 1 h, we collected the signals reported by the 56 pN
RSDTPs and the fluorescent signals of actin using TIRF
microscopy (Figure 2a and Supplementary Video). The results
showed that the cell spreading area was well dictated by the
pattern, with multiple stress fibers arching over the micro-
pattern. Overall, integrin forces were evenly distributed along
the circular edges. Interestingly, on the smaller circular
micropatterns (<900 μm2), the integrin forces were almost
exclusively present in a punctate form at the tips of the stress
fibers and were more evenly distributed between them, while
the tension signal gradually shifted to a rod-like shape as the
micropattern area increased, similar to what we have previously
observed on unrestricted glass.47 In addition, we found that the
mean intensity of 56 pN RSDTP was significantly stronger on
smaller patterns than on larger ones. To further analyze the
relationship between the integrin force and spreading area, we
calculated the integrated fluorescence intensity of the whole-
cell tension signal and plotted it as a function of spreading area.
The results showed a negative correlation between pattern area
and mean fluorescence intensity, indicating that the proportion
of strong integrin forces in cells decreased as the cell spread
(Figure 2b). Interestingly, imaging paxillin (Figure S4), we
found that FA size was positively correlated with spreading
area (Figure 2c), suggesting that cells achieved a larger

Figure 2. Relationship between cell mechanical force and micropattern area. Representative TIRF images of GFP-actin MEF cells on
substrates with (a) circular, (d) triangular, and (e) square micropatterns of different size. Plots of (b) the average fluorescence intensity of
56 pN RSDTPs and (c) FA area as a function of pattern area (for each shape, number of cells >48). Data are presented as mean values ±
SEM from more than three independent experiments.
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spreading area by reducing the density of strong integrin forces
in the FA.
Next, we prepared substrates consisting of micropatterns

with the same area as the circular pattern but with a different
shape (e.g., triangle and square) and repeated the afore-
mentioned experiments (Figure 2d,e). Unlike the circular
patterns, the forces of integrins in MEFs were mainly
distributed in the corners of the triangles or squares, which
is consistent with previous TFM observations.49 Enlarged
images of the different regions also showed that on triangular
or square micropatterns, only very weak integrin forces were
detected at the edges of the cells despite the presence of
obvious stress fibers that maintain the cell shape. Statistical
results showed that cells on circular, triangular, and square
micropatterns maintained a similar trend in FA size and
integrated fluorescence intensity of the tension signal relative
to the pattern areas (Figure 2b,c). In addition, the spatial
distribution of tension signals at the ends of stress fibers on
triangular or square micropatterns was more heterogeneous
than on circular micropatterns, and tension signals were
significantly denser at corners (zoom 1 in Figure 2d,e) than
along straight lines (zoom 2 in Figure 2d,e). These results
suggest that cells modulate the distribution of integrin tension

and the density of strong integrin forces to accommodate the
complex ECM geometries, maintain stable FAs, and promote
cell spreading.
Local Curvature Regulates the Magnitude and

Spatial Distribution of Integrin Forces. Now that we
have demonstrated that cells can modulate the spatial
distribution of strong integrins on homogeneous and
symmetric shapes like circles, squares, and equilateral triangles,
we wondered whether this phenomenon would still be present
when cells were seeded on arbitrary shapes like star patterns
and scalene triangles. To test this, we first prepared seven
different micropatterns functionalized with 56 pN RSDTPs
following the aforementioned protocol and collected the
signals of tension probes after MEFs were seeded for 1 h
(Figure 3a). The results showed that the correlation between
the cell shape and the spatial distribution of strong integrin
forces remained present, and the force signals reported by 56
pN RSDTPs were clearly observed at the corners. Interestingly,
we found that distinct spatial characteristics were observed
between triangular and circular or rectangular and circular
regions within the same pattern, suggesting that cells can
modulate the integrin-mediated adhesion and mechanotrans-
duction based on the local geometric information.

Figure 3. Effects of local curvature on the mechanical property of cells on micropatterns. (a) Representative RICM, TIRF, and overlay
images of MEF on asymmetric patterns functionalized by 56 pN RSDTPs. (b) Representative TIRF images of MEF cells tagged with GFP-
actin on substrates patterned with strips and circles of the same area (1400 μm2) but different curvature. (c,d) Quantification of the
inhomogeneity of tension signals using the ratio of average fluorescent intensity of tension signals in the “up” or “down” regions to that in
the “middle” region (for each pattern, number of cells >30). Bar plots of (e) FA size and (f) mean fluorescent intensity of tension signals of
cells on different micropatterns (for each pattern, number of cells >70). Data are presented as mean values ± SEM from more than three
independent experiments. Ordinary one-way ANOVA tests were used to assess statistical significance (****P < 0.0001, ***P < 0.001, **P <
0.01, *P < 0.05, ns, not significant P > 0.05).
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To further understand how geometric shapes influence the
spatial distribution of tension signals, we investigated the effect
of geometrical properties of micropatterns other than the area
on integrin tensions. We focused on the curvature as a
parameter that differentiates circles from triangles and squares
and defines the local geometry. To test this, we prepared
substrates patterned with circles or strips with rounded ends.
The area of all patterns was kept at 1400 μm2, but the
curvature radius for strips was either 16 or 11 μm at both ends,
while the radius of the circle was 21 μm (Figure 3b). By
comparing the spatial distribution of actin and tension signals

of MEFs transfected with GFP-actin after 1 h of seeding, we
observed a higher density of stress fibers at both ends of strips
compared to circles, and mechanical forces colocalized with
the stress fiber tips were also denser (zooms 3, 5 in Figure 3b),
similar to the phenomenon observed in the literature using the
TFM technique.23 To quantify the uneven distribution of
strong integrins, we calculated the average fluorescence
intensity of the probe signals either at the ends or in the
middle of the micropatterns, and their ratio was used to
measure the inhomogeneity (Figure 3c). The results showed
that unlike the uniformly distributed mechanical forces on the

Figure 4. Regulation of cellular mechanical responses to local curvature by membrane tension and integrin-mediated molecular clutch. (a)
Representative TIRF images of MEF cells tagged with GFP-actin after (a) hypertonic treatment or (b) hypotonic treatment. Bar plots of (c)
FA size and (d) mean fluorescent intensity of tension signals of cells on different micropatterns with the same area (1225 μm2) after
hypertonic and hypotonic treatment (for each pattern, number of cells >29). (e) Representative TIRF images of 17 pN RSDTP signals of
MEF after treatment with Y27632 (2 μM), blebbistatin (2 μM), and cytochalasin D (0.2 μM). (f) Representative TIRF images of MEFs after
hypertonic or hypotonic treatment, followed by treatment with Y27632 (2 μM), blebbistatin (2 μM), and cytochalasin D (0.2 μM). Data are
presented as mean values ± SEM from more than three independent experiments. Ordinary one-way ANOVA tests were used to assess
statistical significance (****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns, not significant P > 0.05).
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circular pattern where the ratio was close to 1, the densities of
highly loaded integrins at both ends of cells on strips were
significantly different from that in the middle with the ratio
much higher than 1. More importantly, the inhomogeneity of
cells on rounder strips with a larger curvature radius was
significantly lower than that with a smaller curvature radius
(Figure 3d), implying that cells can sense local curvatures and
adjust the spatial distribution of stress fibers and strong
integrins. Interestingly, even with the same area, there were

significant changes in FA size and the density of strong force-
bearing integrins between these three micropatterns (Figure
3e,f), indicating that cells may respond to the local curvature of
micropatterns through a complex cascade of responses in
addition to the area.
Membrane Tension and Actomyosin Regulate the

Response of Integrin-Mediated Adhesion to Geometry.
Since membrane tension has been reported to be closely
related to the shapes of cells,50,51 we wondered whether it was

Figure 5. Effects of integrin subunits αv and β1 on mechanical responses of cells to geometry of micropatterns. (a) Schematic diagram of
integrin-subunit-mediated mechanotransduction. (b) Representative TIRF images of WT MEF, αv-KO MEF, and β1-KO MEF seeded on an
unrestricted substrate with 56 pN RSDTPs and (c) the corresponding statistical results of cell spreading area and (d) the corresponding
mean fluorescence intensity of tension signals (for each type, number of cells >24). Data are mean values ± SEM from three independent
experiments. Ordinary one-way ANOVA tests were used to assess statistical significance (****P < 0.0001, ns, not significant P > 0.05). (e)
Immunofluorescent results of different fixed MEFs on micropatterned substrates of the same region (1225 μm2) with a 20× objective (blue
is DAPI, red is actin). From left to right: WT MEF, αv-KO MEF, and β1-KO MEF. (f) The statistical results of the proportion of a single cell
covering the entire pattern in Figure e (for each type, number of cells >100). (g) Representative TIRF images of WT MEF, αv-KO MEF, and
β1-KO MEF seeded on triangular micropatterns with 625 and 1225 μm2 and (h) corresponding mean fluorescent intensity of tension signals
(for each pattern, number of cells >42). Statistical comparisons were tested using an unpaired two-tailed Student’s t test (****P < 0.0001,
***P < 0.001). (i) Representative RICM and zoom images of WT MEFs and β1-KO MEFs. (j) Representative RICM images of WT MEFs
before and after treatment with CK666. (k) Immunofluorescent results of fixed MEF cells pretreated with CK666 (150 μM) on
micropatterned substrates of the same region (1225 μm2) using a 20× objective (blue is DAPI, red is actin). (l) The statistical results of the
proportion of a single cell covering the entire pattern after pretreated with CK666 (for each type, number of cells >100). (m) Representative
TIRF images of WT MEF cells pretreated with CK666 seeded on triangular micropatterns with 625 and 1225 μm2. Data are mean values ±
SEM from three independent experiments.
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also involved in regulating the interaction between the local
curvature of the ECM and cell mechanics. To test this, we first
attempted to observe the mechanical responses of cells on
micropatterned substrates with different shapes but equal areas
(1225 μm2) after manipulating the membrane tension through
osmotic shock experiments. Specifically, after seeding for 1 h,
MEF cells were treated with sucrose or 0.5× PBS for 30 min,
and stress fibers and tension signals of the cells were recorded
(Figure 4a,b). The results showed that altering the membrane
tension through hypertonicity led to significant rearrangement
of the cytoskeleton with smaller FAs and more actin bundles in
the central regions of all three patterns (Figure 4a,c). The
relationships between micropattern shape and tension signal
intensity were also changed (Figures 4d and S5), and the
uneven distribution on square and triangular micropatterns
was weakened (Figures 4a and S5), suggesting the critical role
of membrane tension in regulating the arrangement of integrin-
mediated adhesion in response to geometric cues. Interest-
ingly, after hypotonic treatment, the trends in mechanical
properties, including mean fluorescence intensity and FA size,
were similar to that before the treatment (Figures 4c,d and
S6), and the inhomogeneous distribution of strong integrin
forces on square and triangular micropatterns persisted
(Figures 4b and S6). We speculate that these discrepancies
between hypertonicity and hypotonicity may arise from their
different effects on the membrane tension. For instance, the
expansion of the membrane through hypotonic treatment
increases global membrane tension but maintains the pattern
of tension induced by local curvatures, while the contraction of
the membrane through hypertonic treatment reduces global
tension and eliminates local differences.
Next, as we have demonstrated the role of actomyosin in

generating the integrin tension of cells seeded on micro-
patterns (Figure S3), we attempted to probe its effect on the
spatial characteristics of integrin-mediated adhesion. To this
end, we first observed the effects of Y27632 (2 μM),
blebbistatin (2 μM), and cytochalasin D (0.2 μM) at a lower
dose that would disturb actomyosin contractility or actin
polymerization without completely inactivating integrins. As
strong integrins were mostly inhibited after the treatment with
these drugs, we replaced 56 pN RSDTPs with 17 pN RSDTPs
to report integrin tension. We found that while the intensity of
integrin tension was weakened, consistent with Figure S3, the
spatial reorganization of integrin-mediated adhesion was
distributed along the edge of the pattern rather than
concentrating on the corners, which was clearly disturbed
after the treatment (Figure 4e). These results indicate that
actomyosin participates in regulating not only the strength but
also the spatial organization of integrin-mediated adhesion
during spreading on micropatterns.
Given that both membrane tension and actomyosin

machinery have been identified to regulate the spatial
characteristics of integrins, we wondered whether their effects
were interconnected. To test this, we collected the tension
signals of 17 pN RSDTPs after treating cells in hyper/
hypotonic solution with Y27632, blebbistatin, and cytochalasin
D at a low concentration. The results in situ showed that the
spatial dependence of integrin-mediated adhesion on the local
curvatures, disturbed in hypertonic solution, was not recovered
by either drug, and the tension signals after all treatment were
mostly attenuated, especially in hypotonic solution (Figures 4f
and S7, and S8). Thus, we speculate that the spatial

distribution of integrin-mediated adhesion was regulated by
both membrane tension and actomyosin independently.
Taken together, our findings indicate that both membrane

tension and actomyosin are crucial in regulating the
mechanical response of cells to local curvature, likely through
the interplay with the integrin-mediated molecular clutch. For
example, higher membrane tension at the corners of micro-
patterns may lead to increased resistance during actin
polymerization and enhance integrin recruitment to slow
actin retrograde flow.52 This may require further investigation
through biophysical modeling.

β1 Integrin Is Particularly Important in Sensing ECM
Geometry. The α5β1 and αv-like integrins in MEF cells bind
to RGD peptides in fibronectin to mediate cell adhesion and
migration, and different types of integrins are assigned specific
functions in these processes.53,54 However, it is unclear
whether these integrins have different functions in sensing
geometric information. To investigate this, we disrupted cell−
ECM interactions and observed the mechanical properties of
cells on triangular micropatterns. Specifically, we created two
cell lines with different cell−ECM interaction characteristics by
knocking out integrin subunits αv (αv-KO MEF) or β1 (β1-KO
MEF) using CRISPR/Cas9 (Figure S9). To verify their effects
on cell−ECM interactions, we seeded both knockout and wild-
type (WT) MEFs on unrestricted substrates modified with 56
pN RSDTPs for 1 h (Figure 5a,b). We found a slight difference
in the spreading area of these cells (Figure 5c), which suggests
that knockout of either αv or β1 does not affect normal
adhesion and spreading on unrestricted substrates function-
alized with RSDTPs. On the other hand, the statistical results
of the mean fluorescence intensity showed a decreased force
signal in knockout cells compared to WT (Figure 5d),
consistent with reported effects of αv and β1 integrins on
cellular traction.53

Next, we tested the effect of cell−ECM interactions on the
recognition of geometric information in micropatterns by
seeding β1-KO MEFs, αv-KO MEFs, and WT MEFs for 1 h on
different patterns in the same area (1225 μm2) modified with
56 pN RSDTPs before fixation (Figures 5e and S9).
Surprisingly, the statistical results showed that while 53% of
αv-KO MEFs were still able to recognize the shape, slightly
lower than that of WT MEFs (75%), only 11% of β1-KO MEFs
reached the corners of the pattern, staying only within the
central region of the pattern (Figure 5f). This result suggests
that the integrin subunit β1 is critical for pattern shape
recognition. To test whether cell mechanics are related to this
regulatory role of integrin subunit β1, we imaged the tension
signals of the 56 pN RSDTPs of these three types of cells that
completely covered the triangles. Interestingly, while the
tension signals of WT MEFs and αv-KO MEFs decreased
with increasing area, the opposite trend was observed in β1-KO
MEFs (Figure 5g,h). Furthermore, when β1-KO MEF cells
were spread over the pattern, the mechanical signal was not
confined to the vertexes of the triangle. Instead, a significant
amount of strong integrins was observed along the sides or
inside the triangles, especially in larger triangle. A similar
change in the spatial distribution of cellular force was also
observed in β1-KO MEFs seeded in square patterns (Figure
S10) and mouse myoblast cells (C2C12) with β1 integrins
knocked down using shRNA (Figures S11, S12).
Since our results have demonstrated the critical role of

membrane tension in the spatial pattern of integrin-mediated
adhesion, we wondered whether β1 integrin mediates the
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sensation of geometric information through regulating the
mechanical properties of the membrane. To test this, we
initially observed the morphology of lamellipodia using RICM,
and the results demonstrated a reduction in the lamellipodial
size in β1-KO cells compared to both WT and αv-KO cells
(Figures 5i and S13). This result is consistent with the known
dynamics of β1 integrin during cell spreading, where it
preferentially localizes to the leading edge, including
lamellipodia and membrane ruffles.55 We speculate that this
disturbance could hinder cells from navigating through the
ECM landscape. For instance, the narrow lamellipodia may
stop cells from exploring regions with a small radius of
curvature, as we observed in β1-KO cells.
Next, we attempted to identify the cytoskeleton adaptor

protein involved in this β1 integrin-membrane-geometric
sensation pathway. Since ARP2/3 was reported to be a key
player in actin branching that is regulated by β1 integrin instead
of αv integrin,53 we seeded MEFs that were pretreated with
CK666 to inhibit ARP2/3 on flat substrates as well as
micropatterned substrates and compared the morphology and
reported tension signals to that of control cells. The results
showed that, consistent with the existing report,56 the
lamellipodia of cells seeded on flat substrates were significantly
inhibited after the treatment of CK666, similar to that in β1-
KO cells (Figure 5j). More importantly, even though the
spreading area of MEFs was not affected by the treatment of
CK666, the capability of cells to fill the patterns and the spatial
patterns of strong integrins was clearly interrupted (Figure 5k−
m). These results prompt us to hypothesize that the knockout
of the β1 integrin could inhibit the activity of ARP2/3,
resulting in disordered membrane properties and associated
sensation of geometric cues.

CONCLUSIONS
Measurements of cell mechanics at the molecular level, in
particular, integrin-mediated force measurements, can provide
insights into the physical interaction between cells and the
microenvironment and the molecular mechanisms underlying
these interactions. In this paper, we develop a combination of
MTFM and ECM micropatterning to probe the cellular
response to geometrical information from the perspective of
mechanical forces.
We discovered that curvature is a crucial geometric cue for

cells to distinguish between shapes, such as circles, triangles,
and squares. This process is dependent on the membrane
tension and actomyosin. Our results demonstrate that
curvature not only affects the size of FAs but also induces a
curvature-dependent density and spatial distribution of strong
force-bearing integrins. Specifically, the density of these
mechanically robust integrins is significantly higher in areas
of greater curvature, leading to a difference in their spatial
distribution on circles, triangles, or squares. This differential
distribution and density of mechanically strong integrins add
further dimensions for exploring the relationship between cell
shape and physiological function. For instance, the high density
of mechanically robust integrins in the corners of cells seeded
on triangles or squares may promote stronger integrin-
mediated downstream signaling, offering a fascinating
approach to explore the interplay between cell shape and
integrin-dependent processes, such as proliferation and differ-
entiation. Importantly, the interplay between membrane
tension and corner sensing could be utilized to fine-tune the
cellular microenvironment for applications in tissue engineer-

ing and regenerative medicine. By adjusting the geometric
features of the ECM, we could potentially manipulate integrin-
mediated mechanotransduction to guide cell behavior,
influencing processes, such as stem cell differentiation, tissue
organization, and wound healing. Moreover, we have
demonstrated the specific involvement of the integrin subunit
β1 in the sensation of ECM geometry, in which ARP2/3 has
been further identified as a key component.
Looking ahead, the technique can be further extended by

modifying other DNA-based probes. For instance, by replacing
RSDTPs with TGTs that perturb integrin−ligand interaction
once the transmitted forces exceed its designed thresholds,27

we found the corners of micropattern were rarely filled,
indicating the significance of intact integrin−ligand interaction
in processing local geometrical information like curvatures
(Figure S14). In addition, it can be seamlessly integrated with
multiwell plates57 to overcome the contradiction between the
rich molecular information provided by MTFM experiments
and their low throughput, which can potentially be applied to
the screening of drug targets related to cell mechanics.58

Overall, the combination of MTFM and cell micropatterning
techniques could provide a powerful tool for investigating the
relationship between mechanical cues and cellular responses,
enabling discoveries and advances in the field of mechanobi-
ology.

METHODS
Cell Culture and Transfection. Mouse embryonic fibroblasts

(MEF) were maintained in Dulbecco’s modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum, HEPES (9.9
mM, Sigma), sodium pyruvate (1 mM), L-glutamine amide (2.1 mM),
penicillin G (100 IU/mL), and streptomycin (100 μg/mL) and
incubated at 37 °C with 5% CO2. αv-KO MEF and β1-KO MEF cell
lines were constructed in our laboratory by using CRISPR-Cas9.
Briefly, the selected DNA sequences (target sequences 1:5′-
tggagtttaagtcccaccag-3′ for subunit αv and target sequences 2:5′-
aatgtcaccaatcgcagcaa-3′ for β1 integrin) were designed and cloned
into PX459- CPISRP/Cas 9 Plasmid gifted by Prof. Kai Jiang at
Wuhan University. Sh β1 MEF and sh β1 C2C12 cell lines were
constructed in our lab using shRNA (5′- agatgaggttcaatttgaaat-3′
cloned into pLKO.1 vector). All transfections were carried out using
the Lipofectamine 3000 Transfection Reagent (Invitrogen), following
the standard protocols provided by Life Technologies.
Preparation of Molecular Tension Probes. Reversible DNA

hairpins, or RSDTPs, unfold when the applied force is beyond the
designed threshold and refold when the force is reduced. Irreversible
DNA duplexes or TGTs rupture when the transmitted forces exceed
the designed threshold. The threshold of both RSDTP and TGT can
be adjusted from 4 to 60 pN by altering the positions of functional
peptides such as cRGD (cyclic Arg-Gly-Asp), leading to a wide range
of force threshold. This is because changes in the position of the
applied force cause a shift in the unfolding mode between unzipping,
mixed, and shearing. The RSDTPs employed in this study have
structures and sequences that were previously established by our
lab,47 and the TGTs were slightly modified from the original ones
described by the Ha Lab27 in order to be covalently attached to Au
NPs (Figure S1).
Micropatterning of DNA Probes Using Microcontact

Printing. A Si master mold with desired geometric features was
first fabricated via photolithography following the process developed
by the Bornens lab.46 The maximum size of the pattern is chosen
based on the spreading area of MEFs after seeded on glass substrate
for 1 h, and the minimum area is determined by the minimum size of
the stamp that we can fabricate with our microfabrication facility.
After the degassed mixture (10:1) of PDMS prepolymer and curing
agent (Dow Corning) was poured into the mold and cured at 80 °C
for 2 h, the cross-linked PDMS layer was peeled off and carefully cut
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into multiple small stamps. Next, the stamp was activated in the
oxygen plasma chamber for 3 min (30 s.c.c.m., 300 mTorr) and
incubated with a 1% v/v (3-aminopropyl) triethoxysilane (Sigma-
Aldrich) in ethanol for 1 h for amination. After being washed with
ethanol two times, the stamp was dried with nitrogen and heated in an
oven for 1 h at 80 °C to stabilize the functionalized amino groups.
The stamp was then soaked in Au NP solution, which was synthesized
using the method described by Piella et al.,59 at 4 °C overnight and
washed with nanopure water. Subsequentially, a coverslip was
passivated and functionalized with lipo-acid following the procedures
developed by the Salaita lab40 prior to the gentle placement of the
PDMS stamp on its center at 4 °C overnight. After the removal of the
stamp, 10 μL of DNA tension probe solutions (50 nM) was added
onto the coverslip and incubated at room temperature for 1 h. Finally,
these functionalized coverslips were rinsed with PBS solution to
remove nonspecifically bound probes.
Fluorescence Immunostaining. Cells were fixed and permea-

bilized with 4% PFA and 0.2% Triton X-100 (Sigma) in PBS for 10
min at room temperature. After being rinsed three times in warm PBS,
fixed cells were blocked using 3% BSA for 1 h at room temperature
and washed with PBS three times. To label F-actin, the prepared
samples were incubated with 1 μg/mL phalloidin-TRITC (Solarbio)
for 1 h at room temperature. A 1:200 dilution of mouse monoclonal
anti-YAP (Santa Cruz Biotechnology) and a 1:200 dilution of Alexa-
Fluor-488-conjugated goat antimouse IgG (Sangon Biotech) were
used as primary and secondary antibodies for immunostaining of YAP
following the protocol provided by the manufacture, respectively.
Also, nuclei were labeled by incubating cells with 5 μg/mL DAPI
(Sangon Biotech) for 10 min. Finally, all of the stained specimens
were rinsed extensively with PBS, prior to microscopic observations.
AFM Measurement. The surface topography of the micro-

patterned samples was characterized by AFM (BioScope Resolve,
Bruker) in ScanAsyst Air mode with ScanAsyst Air probes. All results
were processed and rendered by using NanoScope Analysis (Bruker).
Cell Experiments. Functionalized coverslips were first assembled

into cell imaging chambers (Thermo Fisher). After cell seeding, the
chambers were placed in an incubator (37 °C, 5% CO2, 95%
humidity) to allow cell spreading. Imaging was performed using a
Nikon Eclipse Ti2 inverted microscope with Nikon LU-N4 laser units,
a stage top chamber (Okolab) for live-cell imaging and an EMCCD
camera (ANDOR).
Imaging Processing and Statistical Analysis. Images were

processed by using ImageJ and MATLAB software. All statistical data
were derived from at least three independent experiments by using
GraphPad Prism 9 or MATLAB software. Data are presented as the
mean ± SEM. Two-tailed Student’s t tests and ordinary one-way
ANOVA tests were carried out to determine statistical significance
between two cases and within more cases, respectively.
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