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Directional Cell Migration Guided by a Strain Gradient

Feiyu Yang, Pengcheng Chen, Han Jiang, Tianfa Xie, Yue Shao, Deok-Ho Kim, Bo Li,*
and Yubing Sun*

Strain gradients widely exist in development and physiological activities. The
directional movement of cells is essential for proper cell localization, and
directional cell migration in responses to gradients of chemicals, rigidity,
density, and topography of extracellular matrices have been well-established.
However; it is unclear whether strain gradients imposed on cells are sufficient
to drive directional cell migration. In this work, a programmable uniaxial cell
stretch device is developed that creates controllable strain gradients without
changing substrate stiffness or ligand distributions. It is demonstrated that
over 60% of the single rat embryonic fibroblasts migrate toward the lower
strain side in static and the 0.1 Hz cyclic stretch conditions at ≈4% per mm
strain gradients. It is confirmed that such responses are distinct from
durotaxis or haptotaxis. Focal adhesion analysis confirms higher rates of
contact area and protrusion formation on the lower strain side of the cell. A
2D extended motor-clutch model is developed to demonstrate that the
strain-introduced traction force determines integrin fibronectin pairs’
catch-release dynamics, which drives such directional migration. Together,
these results establish strain gradient as a novel cue to regulate directional cell
migration and may provide new insights in development and tissue repairs.

1. Introduction

Cells are constantly exposed to mechanical strains due to tis-
sue growth,[1] fluid flow,[2] muscle contraction,[3] etc. Numer-
ous in vitro and in vivo studies support that mechanical strain

F. Yang, H. Jiang, T. Xie, Y. Sun
Department of Mechanical and Industrial Engineering
University of Massachusetts Amherst
Amherst, MA 01003, USA
E-mail: ybsun@umass.edu
F. Yang,D.-H. Kim
Department of Biomedical Engineering
JohnsHopkinsUniversity
Baltimore,MD21218,USA
P.Chen, Y. Shao, B. Li
Department of EngineeringMechanics
TsinghuaUniversity
Beijing 100084, China
E-mail: libome@tsinghua.edu.cn
Y. Sun
Department of Biomedical Engineering
University ofMassachusetts Amherst
Amherst,MA01003,USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202302404

DOI: 10.1002/smll.202302404

is critically involved in various developmen-
tal and physiological processes, including
the maturation of cardiac tissues, lung re-
modeling, and epithelial regeneration.[4,5]

While the majority of current research fo-
cuses on the cellular responses to uni-
form strains, strain gradients also widely
exist due to heterogeneous tissue me-
chanical properties and bending/torsional
moment.[6,7] It has been observed in Xeno-
pus ectoderm tissues that neuroepithelial
cells collectively migrate along a strain gra-
dient when subjected to concentrated load-
ing, a process termed as “tensotaxis.”[8]

This phenomenon is drastically differ-
ent from the extensively reported obser-
vation that cells reorientated under cyclic
stretching.[9–11] However, it is still unclear
whether tensotaxis also regulates the di-
rectional migration of mesenchymal-like
cells.[12,13]

Directional cell migration can be guided
by both biochemical and biomechanical
cues in the cell microenvironment, includ-
ing gradients of diffusible biomolecules

(chemotaxis),[14] substrate bonded proteins (haptotaxis),[15,16]

substrate topography (topotaxis),[17] and the stiffness of extracel-
lular matrix (durotaxis).[18,19] Tensotaxis has yet been established
as a biomechanical cue to guide directional cell migration, par-
tially due to the difficulty of generating a controllable and physio-
logically relevant strain gradient (1–100% mm−1),[20] and more
importantly, the challenge to distinguish durotaxis and tenso-
taxis, as substrate stiffness changes with strain due to nonlin-
ear material responses for many biomaterials.[21,22] Thus, tenso-
taxis and durotaxis are often used interchangeably, referring to
the mechano-responsiveness of cells.[23]

Non-uniform strain fields have been generated using various
approaches.[24–28] In those works, it is consistently reported that
cell reorientation is a function of strain magnitude and cells tend
to avoid strain gradient and angle perpendicular to the principal
strain directions. However, none of the existing systems produce
a consistent strain gradient. As a result, the tensotaxis behaviors
have not been observed. In this work, we developed a novel strain
gradient generation device by introducing void regions with de-
fined geometries to a membrane. We used elastic polydimethyl-
siloxane (PDMS) membrane as the cell culture substrate to es-
tablish a strain gradient between 12% to 18%, which is within
the linear regime of the stress-strain curve of the PDMS,[29,30]

minimizing the possibility of generating a stiffness gradient
caused by strain-stiffening or strain-softening effects. Arduino
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Figure 1. Design and calibration of the strain gradient generation device. a) Photo of the strain gradient generation device. Scale bar, 10 mm.
b) Schematic showing the gear control mechanism. Scale bar, 10 mm. c) Photo of double-layer membranes with triangle cut-out (top) and square
cut-out (bottom). Scale bar, 10 mm. d) Schematic showing device assembly and stretching application. e) Simulated strain fields for uniform strain (left)
and strain gradient (right). f) Strain map showing experimental calibration of strain fields for uniform strain (left) and strain gradient (right).

microcontroller was used to precisely control the frequency
and magnitude of uniaxial stretch with a servomotor. Using
this device, we examined whether fibroblasts, which under-
went constant stretches in vivo,[31] respond to strain gradi-
ents directly. We further analyzed the role of adhesions and
the formation of protrusions in tensotaxis experimentally and
computationally by developing an extended 2D motor clutch
model.

2. Results

2.1. Design and Fabrication of the Device for Generating Strain
Gradient

To study the effects of strain gradient on cell migration, it
is essential to generate a controllable strain gradient to allow
the migration of single cells in an optimal culture environ-
ment. Devices using microfluidic or vacuum to stretch cells
can generate non-uniform strains. However, it is difficult to
maintain a consistent strain field with a uniform gradient.[32,33]

On the other hand, some systems require the encapsulation
of cells in a sealed configuration.[34] It is difficult to main-
tain the oxygen, pH, and nutrition conditions at optimal lev-
els for long-term cell culture, and the profusion flow may
introduce undesired shear stress, causing unexpected cellular
responses.[35]

To address these issues, we designed a new device for gener-
ating controllable strain gradients. This device was comprised of
two primary components, the cell culture chamber and the con-
trol module (Figure 1a). In the control module, a programmable
servo motor attached to a rotational gear was fixed in the middle.
Two translational gears were tightly jointed with the rotational
gear (Figure 1b). By controlling the rotational gear’s motion on
the servo motor, the translational gears were driven to perform
a linear movement for uniaxial cell stretching. The strain gradi-

ents were generated by a double-layer membranemounted at the
end of the translational gears (Figure 1c). The bottom layer is a
silicone film (1/32 in.) with cut-outs of desirable geometries pro-
duced by laser cutting. On the top of the silicone base, we plasma-
bonded a layer of thin PDMS membrane. Two glass slides were
plasma-bonded at both ends of the silicone base (Figure 1c). The
advantage of this two-layer design is that the strain gradient can
be modulated by the geometry of the cut-out, which is indepen-
dent of the stretchingmagnitude and surfacematerial properties.
The assembly was mounted to the stretching device by clamping
the two glass slides tightly with acrylic screws (Figure 1d). During
the experiments, cells were seeded on the PDMS membrane in
the areawith the triangular and squire cut-off. A 60mmpetri dish
was placed underneath to submerge the cell into culture media
(Figure S1, Supporting Information).

2.2. Characterization of the Strain Field

To establish the correlation between the cut-out geometry and the
strain gradient, we first used finite element analysis (Ansys) to
simulate the strain field under uniaxial stretching. A graded and
a uniform strain field were established on the cell culture areas
for the triangular and square designs, respectively (Figure 1e). To
validate the simulation results, we further sought to characterize
the device by mapping the strain field experimentally. We ap-
plied the microcontact printing technique to print small markers
with equal distance across the cell culture surface to calculate
the strain across the cell culture area (Figure S2, Supporting
Information). Images were taken before and after applying the
stretch, and the displacement of markers was tracked using
ImageJ (Figure S2a, Supporting Information). The strain and
compression between two adjacent markers were calculated by
dividing the change of distance by the initial distance in the x and
y direction, respectively (Figure S2b, Supporting Information).
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Consistent with the simulation results, we found that stretching
the membrane with triangular cut-out by applying 15-degree
rotation with the rotational gear led to strains between 12%
to 18% across a horizontal distance of 1.5 mm, equivalent to
a strain gradient of ≈4% mm−1, while a uniform 15% strain
was found for the membrane with square cut-out by apply-
ing 20-degree rotation with the rotational gear (Figure 1f;
Figure S3, Supporting Information). Notably, the compres-
sion generated due to stretching was negligible (Figure S4,
Supporting Information). As shown in Figures S3 and S4,
Supporting Information, the sample-to-sample variations were
small, suggesting this approach could reproducibly generate
controllable strain gradients. The detailed experiment pro-
cedures and simulations can be found in the Experimental
Section.
It is possible that after extended cell culture or cyclic stretch-

ing, the changes of the material properties of the membranemay
influence the strain field. To evaluate the stability of the strain
gradient under these experimental conditions, samples were cal-
ibrated first, submerged into 1× DPBS in a 37 °C incubator for
24 h, cyclic stretched at 0.1 Hz for 3 h, and then were calibrated
again. We found no significant changes in the strain field, sug-
gesting that in our experimental conditions, the strain field re-
mained stable.

2.3. Establishing Strain Gradients with Uniform Stiffness and
ECM Distributions

A strain gradient may lead to stiffness gradient if the materials
shownonlinear strain-stiffening or strain-softening behaviors. To
confirm that no such stiffness gradient was established on the
double-layer membrane in the range of strain we plan to test (up
to 18%), we obtained the stress-strain curve of the PDMS mem-
brane using a soft material-specified tensile machine. Consistent
with previous studies,[29,30] the range of the strain gradient for the
double-layer membrane (12–18%) was within the linear regime
of the PDMS stress–strain curve (Figure S5, Supporting Informa-
tion). Therefore, the Young’s modulus of the PDMS membrane
remained constant at 0.827 MPa while the strain gradient was es-
tablished in our system, excluding potential involvement of duro-
taxis.
A strain gradient on the membrane may also result in a non-

uniform extracellularmatrix (ECM) distribution if themembrane
was coated prior to stretching. To minimize the effect of hap-
totaxis, for experimental groups with strain gradients imposed,
we stretched the double-layer membrane to desirable strains and
coated it with high concentration fibronectin (FN) (50 μg mL−1)
while it was stretched. The membrane was then released to re-
laxed status for cell seeding. After cell attachment, themembrane
was re-stretched to apply strain gradient to the cells. To validate
that the ECM molecules were distributed evenly under a strain
gradient, we used HiLyte 488-labeled FN to directly visualize the
FN distributions after stretching.[36,37] Our quantitative results
showed that FN distributions remained uniform across the cell
culturing area after applying a strain gradient to the cell (Figure
S6, Supporting Information). Hence, our protocol successfully
avoided introducing any ECM gradient, which minimized hapto-
tactic cell migration.

2.4. REFs Migrate Directionally toward Lower Strain Direction

We next investigated whether the migration of single REFs could
be influenced by the strain gradient. REFs were seeded on un-
stretched PDMS membranes with triangular and square cut-
outs for 15 h to fully attach before applying a static stretch-
ing as shown in Figure 1f. The gradient and uniform con-
ditions have a comparable average strain of 15%. The mem-
branes were held at the stretched status for the next 6 h and
cellmigration trajectories were tracked using live-cellmicroscopy
(Figure 2a; Videos S1–S5, Supporting Information). To avoid
potential artifacts caused by membrane boundaries, only the
cells in the center of the cell culture chamber were tracked. To
minimize the influence of intercellular interactions, cells were
seeded at a low density, and only samples with a total cell num-
ber of less than 170 cells were analyzed. Notably, only a few
cells divided within the first 24 h after cell seeding, and the
cells that divided during the experiment period would not be
tracked.
To quantify the directionality of the cell migration relative

to the strain gradient direction, we set up local coordinates
for each cell with the x-axis being the maximum gradient di-
rection (Figure 2b). We then connected the first and the last
cell coordinates during the cell tracking period to calculate
the migration angles. The cells were considered migrating to-
ward the lower strain direction when the migration angle was
between 90° to 270°. On the other hand, when the migra-
tion angle was between 0° to 90° or 270° to 360°, the cells
were considered migrating toward the higher strain direction
(Figure 2b). For the uniform strain conditions, as no strain gra-
dient was established, the x-axis was set to be along the stretch
direction.
Histograms were plotted for visualizing cell migration direc-

tion preferences (Figure 2c). We found 62.45% of cells migrat-
ing toward the lower strain direction in the static gradient group,
which was significantly larger than the higher strain direction
as confirmed by the Rayleigh test (Figure 2c). On the other
hand, in the uniform strain condition, consistent with previous
studies,[38,39] cells would prefer to migrate in the lateral direction
during static stretch (Figure 2c; Figure S7a,b, Supporting Infor-
mation). However, no unimodal preferences in the directionality
of cell migration were found due to the lack of strain gradient
(Figure 2c).

2.5. Tensotaxis Distinct from Topotaxis

When the PDMS membranes were stretched, the strain gradi-
ent could potentially lead to a variation of topography signals
across the PDMS membrane, such as micro-size fibrillar struc-
tures which might affect cell migration preferences.[29,40] In-
deed, after stretching the membrane a few times at the same
magnitude, microscale wrinkles could be observed by confo-
cal microscopy as shown in Figure S10, Supporting Informa-
tion. Those wrinkles aligned perpendicularly to the stretch di-
rection (Figure S10a, Supporting Information). We calculated
the distance between adjacent wrinkles by analyzing the in-
tensity profile (Figure S10b, Supporting Information) and cal-
culated the frequency (number of wrinkles every 200 μm)
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Figure 2. Tensotaxis behavior of REFs. a) Photos of REFs seeding on the gradient double layer membrane, before (left) and after (right) stretching. Region
of interests was encircled with white dash lines. Scale bar, 200 μm. b) Schematics for the adjusted reference based on the cell’s location on the gradient
(left) and the uniform double-layer membrane (right). c–e) Histograms showing cell migration direction distributions under static strain gradient group
(c, left, N = 7,M = 554), static uniform strain group (c, right, N = 8,M = 654), pre-stretched static strain gradient control group (d, N = 7,M = 732),
cyclic strain gradient group (e, left,N = 7,M = 649), and cyclic uniform strain group (e, right,N = 8,M = 630). f) Individual sample’s percentage of cells
migrate to lower strain direction. Two sample t-tests were run between each pair of groups. g) Schematic showing the FMI|| calculation. h) Violin plots
show individual cell’s FMI|| distribution for static gradient group (N = 7, M = 554) (Mean = 0.158), cyclic gradient group (N = 7, M = 649) (Mean =
0.228), and pre-stretched strain gradient control group (N = 7,M = 732) (Mean = −0.022). Mann–Whitney tests were run between each pair of groups.
i) Individual samples’ average FMI|| distribution for static gradient group (N= 7), cyclic gradient group (N= 7), and pre-stretched strain gradient control
group (N = 7). Two sample t-tests were run between each pair of groups. Rayleigh tests were run to determine the unimodal distribution of the circular
data. **p < 0.01. ***p < 0.001. ****p < 0.0001. N: Sample number;M: Cell number.
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along the stretch direction (Figure S10c, Supporting Informa-
tion) using customized MATLAB codes. We found no signifi-
cant difference in the wrinkle distribution from the tip to the
end of the membrane, suggesting a lack of global topological
cues.
To further exclude the influence of local topological cues, we

design a pre-stretched static group as a control (Figure 2d; Figure
S9b, Supporting Information). We first stretched the membrane
and then coated it with FN to create a uniform ECM coating. We
next seeded cells and tracked the cell migrations after 15 h of
incubation. In this way, cells would not be subjected to stretch,
therefore not being exposed to the strain and the strain gradient,
while the condition of the substrates was the same as the static
strain gradient group shown in Figure 2c, including any topologi-
cal cues. No significant preference of cell migration was found in
this pre-stretched condition, suggesting that cells directly sense
the strain gradient imposed on cell bodies, rather than substrate
material properties.

2.6. Cyclic Stretching Induces Cell Migration Perpendicular to
Stretching Direction

We next investigated whether cyclic stretching induced differ-
ent migration patterns. Both membranes with triangular and
square cut-outs were cyclically stretched for the first 3 h at 0.1 Hz,
then was held at the stretched status for the next 3 h. Inter-
estingly, more cells migrated to the direction perpendicular to
the strain gradient/stretching directions (migration angle close
to 90° and 270°), compared to the static condition (Figure 2e).
This trend is more prominent for the uniform strain condition
(Figure 2e; Figure S7c, Supporting Information).However, under
cyclic stretching conditions, we still observed a significantly high
percentage of cells (66.35%) migrated toward the lower strain di-
rection for the strain gradient condition (Figure 2e; Figure S9c,
Supporting Information). These data suggested that cell reorien-
tation to avoid strain gradients and tensotaxis are two indepen-
dent, competing mechanisms to regulate directional cell migra-
tion upon stretching. This observation is further confirmed by
the statistical analysis showing that biased cell migration toward
the lower strain direction only existed in the presence of a strain
gradient (Figure 2f).

2.7. Quantifying Tensotaxis Using the Forward Migration Index

Wenext evaluated the efficacy of the tensotaxis by quantifying the
forward migration index (FMI||),[41,42] the ratio of the cell migra-
tion distance in the maximum gradient direction and the accu-
mulated distance (Figure 2g). When the FMI|| was equal to 1 or
−1, the cell migrated along or against the maximum gradient di-
rection with no deviations, respectively. As such, a higher value
of FMI|| represents a higher efficacy of tensotaxis response. Con-
sistent with the histograms, we found that both static and cyclic
stretching of cell-seeded samples with strain gradient led tomore
cells with the FMI|| closer to 1, with an average FMI|| of 0.158 and
0.228, respectively (Figure 2h,i). In comparison, the pre-stretched
condition led to an average FMI|| closer to 0 (Figure 2h,i). No-
tably, the FMI|| for durotaxis of multiple cell types are smaller

than 0.2,[43] suggesting that strain gradient is a potent cue to drive
directional cell migration.

2.8. Quantitative Analysis of Individual Cell Migration Features

Having established the directionality of cell migration under
the strain gradient, we further quantified important cell mi-
gration characteristics, including persistence (directness), mi-
gration distance, speed, velocity, and migration angle distribu-
tions at each timepoint. As shown in Figure S8, Supporting In-
formation, the persistence of the cell trajectories was generally
high, likely due to the short experiment timing (6 h) and lim-
ited migration distance (less than four cell bodies distances)
(Figure S8c, Supporting Information). We also found that cells
in the cyclic stretching groups showed lower directness, higher
speed and migration distance compared with the static stretch-
ing groups (Figure S8b,d, Supporting Information), which were
expected as cells tended to reorient andmigratemore rapidly dur-
ing cyclic stretching.[9,46] Moreover, we found the static-gradient
group showed a higher persistence but similar speeds compared
to the prestretch-gradient group (Figure S8b,d, Supporting Infor-
mation). This is consistent with previous studies which demon-
strated that static stretch would induce lateral migration along
the principle stretch direction.[38,39]

We further analyzed the migration angle distribution at each
time point. The directed lateral migration tendency was more
prominent for the static uniform strain group (Figure S7a,b, Sup-
porting Information). On the other hand, cells subjected to cyclic
stretch showed a significant preference to reorient and migrate
perpendicular to the stretch direction (Figure S7c, Supporting In-
formation), which conforms to previous studies.[9,46] It is notable
that for the static or cyclic gradient groups, cells would prefer to
migrate toward the lower strain side along with lateral or perpen-
dicular migration tendencies, respectively (Figure 2c,e). More-
over, the tensotaxis tendencieswere significant starting at the first
timepoint for both static and cyclic gradient groups (Figure S9a,c,
Supporting Information). In contrast, no unimodal preferences
in the directionality of cell migration were observed for the uni-
form strain groups (Figure 2c,e).

2.9. Strain Magnitude Regulates Tensotaxis Response Rate

We next investigated how strain magnitude regulated the tenso-
taxis. We divided each sample’s cell culture area into four regions
(R1 to R4) based on the strain magnitude (13.5–15%, 15–16%,
16–17%, and 17–18%) with a consistent strain gradient of about
4% mm−1. (Figure 3a). We compared the FMI|| for cells in each
region under static gradient, cyclic gradient, and pre-stretch con-
ditions. As shown in Figure 3b,c, we found that in both static
and cyclic gradient groups, the FMI|| was significantly larger for
the cells in R4. We also observed trends of average FMI|| increas-
ing from R1 to R4 for the static and cyclic groups (Figure 3e),
suggesting a higher strain magnitude triggers a stronger ten-
sotaxis response. No significant differences were found in
the pre-stretched group. Together, these results suggest that a
higher strain magnitude can increase the tensotaxis response
rate.
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Figure 3. Strain magnitude regulates REF tensotaxis. a) Photo of dividing an individual gradient sample into four strain magnitude regions (R1–R4).
Scale bar: 200 μm. b–d) Violin plots show individual cell’s FMI|| distribution from R1 to R4 for the static gradient group (b, N = 7,M1 = 94,M2 = 128,
M3 = 201, M4 = 131), cyclic gradient group (c, N = 7, M1 = 116, M2 = 242, M3 = 223, M4 = 68), and pre-stretched static gradient control group
(d, N = 7, M1 = 66, M2 = 171, M3 = 247, M4 = 248). e) Individual cells’ average FMI|| from R1 to R4 for the static gradient, cyclic gradient and pre-
stretched control group. Mann–Whitney tests were run between each pair of groups. *p < 0.05, **p < 0.01. N: Sample number;M1: Cell quantity in R1;
M2: Cell quantity in R2;M3: Cell quantity in R3;M4: Cell quantity in R4.

2.10. Increasing Focal Adhesion Formation and Cell Protrusion
on the Lower Strain Side of Cells

We next investigated molecular mechanisms for the tensotaxis.
As actin polymerization driven cell protrusion and the forma-
tion of new adhesion sites are the two most critical steps in
cell locomotion,[44] we sought to investigate the directionality of
single-cell protrusion and focal adhesion dynamics under a strain
gradient. The REF52 cells we used were transfected with a YFP-
Paxillin reporter,[45] and live-cell microscopy was used to evaluate
the dynamics of paxillin containing focal adhesions. Cells cul-
tured on membranes with triangular cut-outs were imaged be-
fore and 20 min after stretching (Figure 4a).
To analyze the focal adhesion dynamics as a function of strain

gradient, we divided each cell into two halves along the axis pass-
ing the center of the cell nucleus and perpendicular to the strain
gradient direction (blue line in Figure 4a). We used ImageJ to
automatically identify each focal adhesion and quantified their
sizes. After compensating for the imaging artifacts caused by
stretching (see Experimental Section for details), we found that
the total focal adhesion area increased significantly on the lower
strain half compared with the higher strain half after stretching
(Figure 4b).
We next quantified the cell protrusion and retraction on the

lower and higher strain sides. We found that within 20 min af-
ter stretching, a significant protrusion on the lower strain half of

the cell and retraction on the higher strain half could be found
in the majority of cells analyzed (Figure 4c,d). By simultaneously
analyzing focal adhesion dynamics and cell protrusion, we found
that 62.5% of cells have both a higher rate of protrusion forma-
tion and a relative increase of focal adhesion contact area at the
lower strain direction (n= 16), which conformed to the tensotaxis
response rate shown in Figure 2c. Together, these results suggest
that protrusion and preferential formation of focal adhesions on
the lower strain side of the cell may lead to the tensotaxis of cells.

2.11. Actomyosin Contractility Is Required for the Tensotaxis
Behavior

To confirm the involvement of actomyosin cytoskeleton in the
tensotactic cell migration, Blebbistatin (Bleb), a highly specific
inhibitor of non-muscle Myosin-II (NMII), was used to reduce
cellular contractility and disassembly of focal adhesions through
inhibition.[47] Previous studies have found that NMII inhibi-
tion would disrupt durotaxis.[48] and chemotaxis for some cell
types.[49] Here, we treated the REFs with 50 μm of Bleb for 1 h
before applying the static strain gradient. We visualized promi-
nent contracting and shape-changing of the REF cells (Figure
S11a,b, Supporting Information). Then we tracked cell migra-
tion directions for the following three hours. Quantitative results
revealed no migration preferences for the Bleb-treated strain
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Figure 4. Focal adhesion dynamics and polarized cell protrusion in response to strain gradient. a) Raw images (top) and focal adhesions identified
images (bottom) of a representative REF before (left) and after (right) stretching. Scale bar 20 μm. b) Normalized percentage change of the total focal
adhesion area in the lower and higher strain halves of the cells (N = 16). c) Overlapping the images before and after stretching by the nucleus center
(red dot) and the gradient direction (yellow dash line). The protrusions (purple) and retractions (blue) after stretching were color coded. d) Percentage
of cell area change in the lower and higher strain half (N = 17). Two sample t-tests were run. *p < 0.05. ****p < 0.0001. N: cell number.

gradient group (Figure S11c, Supporting Information). More-
over, consistent with previous studies,[50,51] we found higher cell
motility compared with the static strain group (Figure S11d, Sup-
porting Information).

2.12. Extended Motor-Clutch Model Recapitulates Tensotaxis

To explain the mechanism of the tensotaxis behavior governed
by focal adhesion dynamics, we developed a modified version of
the extended 2D motor-clutch model (EMM).[52,53] We propose
that the cell motility is determined by the catch-release dynam-
ics of integrin and FN pairs, which are partially governed by
strain gradient dependent cell traction forces. Here, an individ-
ual REF is modeled as a polygon attached to a stretched elastic
substrate (Figure 5a), whose vertexes are connected by springs.
The actin filaments connect the cell vertexes to the nucleus cen-
troid (Figure 5b). By incorporating the EMM with each filament
to quantify the on-rate of integrin-FN bonds (kon), we found that
the higher affinity of bonds appears on the lower strain side of the
substrate, which is consistent with the focal adhesion dynamics
observed in the experiment. We then simulated the migration of
an individual REF coupled with 34 vertexes on a 4% strain gradi-
ent substrate for 6 h. We confirmed that the EMM is sufficient to
recapitulate the directional cell migrations (Figure 5c,d).
We further verified the consistency between EMM and exper-

iment results by calculating the life time percentage 𝛼 = Δt/T,

where Δt is the total time of engaging for integrin-FN pairs and
Tis the whole simulation time. As shown in Figure 5e, longer
lifetime of integrin-FN bonds is observed on the lower strain re-
gions, resulting in focal adhesions with longer life spans and
larger sizes. This result suggests higher traction and slower ret-
rogradation speed of actin filament on the side with lower strain
(Figure 5f), which enables cell protrusion toward lower strain re-
gion. Together, our extended motor-clutch model can well reca-
pitulate cell tensotaxis behaviors observed in our experiments.

3. Discussion

Cell migration in vivo is an essential process during development
and normal physiological activities, which requires precise guid-
ance to ensure proper cell localizations. Durotaxis, topotaxis, and
haptotaxis are prominent examples of howmechanical properties
and ligand distributions of ECM direct cell migration. However,
the role of active mechanical forces and consequently, mechani-
cal deformations of tissues has not been rigorously studied. Het-
erogeneous strain field, or strain gradient, can be established in
bending deformation or in tissues with heterogeneous mechani-
cal properties. Experimental systems that can effectively decouple
matrix mechanics and ligand distributions from strain gradients
are critical for rigorously studying this issue. In this work, we de-
signed a novel strain gradient generation device that could gen-
erate a continuous strain gradient in mm scale for long-term cell
migration tracking, distinct from the non-uniform strain field

Small 2024, 20, 2302404 © 2023 Wiley-VCH GmbH2302404 (7 of 12)
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Figure 5. Extended 2D motor-clutch modeling simulates tensotaxis. a) Schematic of a cell model. b) Motor-clutch module of an individual vertex.
c) Schematic of a simulated cell model migrating from (blue line) to (red line) on a 4% gradient of strain substrate. The cell centroid is located on the
15% strain region. Black dots are cell vertex. The numbers indicate the vertex index. d) Representative of predicted cell trajectories on the 4% gradient of
strain substrate (N = 10). Cell centroid (x = 0, y = 0) is located on 15% strain region. e) Life time percentage of f) engaged integrin-fibronectin pairs and
traction force, and actin retrogradation flow velocity during cell migration. Red and green regions represent the lower and high strain side, respectively.
N: cell number.

generated by applying concentrated forces.[27] As the strain gra-
dient can be tuned by changing the geometry of the cut-out in the
underlying silicone layer without altering stretching parameters,
the strain gradient and stretching magnitude, frequency, strain
rate, and surface material properties can be controlled indepen-
dently. No shear forces caused by the flow of media or air were
introduced into the system. Compared to microfluidic-based and
commercially available cell stretchers, our device is facile to fab-
ricate without the need for cleanroom facilities and completely
biocompatible,making it suitable for broader adaptations. Future
works shall focus on modifying the device to study how strain
gradient and other strain parameters synergistically regulate cell
migration and other cell functions such as stem cell differentia-
tion.
Our experiment clearly demonstrated that tensotaxis is dis-

tinct from durotaxis and haptotaxis. As the strain range we
tested was within the linear regime of the stress-strain curve
of PDMS,[29,30] no strain-stiffening/softening was generated to
induce durotaxis (Figure S5, Supporting Information). Addi-
tionally, durotaxis was generally investigated using soft hydro-
gels (E = 2–7 kPa) due to the narrow range of stiffness cells
can typically sense.[18] The PDMS membrane has a stiffness of
0.827 MPa, which is too stiff for cells to show significant duro-
taxis even minor strain-stiffening/softening exists. On the other
hand, to decouple the effects of heterogeneous ECM ligand dis-
tributions, we coated ECM molecules while the membrane was

stretched, and direct visualization of HiLyte 488 conjugated FN
distributions clearly demonstrated the uniformity of ECM af-
ter stretching (Figure S6, Supporting Information). Moreover,
in the control group (Figure 2d), we pre-stretched the mem-
brane and seeded cells on stretched membranes, which show
no preferences for cell migrations. Those well-controlled condi-
tions excluded any potential influences of topotaxis or haptotaxis
signals.
It has been established that cells utilize mechanosensitive

focal adhesions,[53–55] filopodia structures,[56] and contractile
machinery.[57] in their rigidity sensing. Our results in Figures 4
and 5 also showed that the focal adhesionswere sensitive to strain
and the stability and/or formation of new focal adhesions were
preferred in regions with lower strain, which may facilitate the
protrusion of cells toward lower strain direction. Moreover, we
found that Bleb-treatment would disrupt tensotaxis due to the
loss of contractility and disassembling of focal adhesions (Figure
S11, Supporting Information). One possible explanation is the
catch-slip bond-like behaviors observed in focal adhesions,[45]

Smaller strainmay lead to a force-dependent stabilization of focal
adhesions (“catch”), while larger strain may lead to the dissocia-
tion of focal adhesions (slip). As such, we have confirmed the hy-
pothesis through a modified version of the classic motor-clutch
model, demonstrating that the strain gradient would control the
binding and unbinding of integrin-FN bonds resulting in direc-
tional migration.

Small 2024, 20, 2302404 © 2023 Wiley-VCH GmbH2302404 (8 of 12)
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In conclusion, by generating a controllable strain gradient on
cells, we demonstrated cells directly respond to a small strain gra-
dient (≈4% mm−1) and migrate directionally toward the lower
strain. This mechanosensitive behavior, termed tensotaxis, is dis-
tinct fromdurotaxis or haptotaxis, and depends on themagnitude
of the strain applied to the cells. Subcellular analysis revealed
that lower strain increases the levels of focal adhesions and facil-
itates cell spreading. Simulations suggest that gradient-induced
traction variation would determine the binding and unbinding of
integrin-FN bonds, which drive the tensotaxis of cells. Together,
we establish the strain gradient as a mechanical cue to guide the
directional migration of single cells and provide insights into the
mechanisms of tissue remodeling and morphogenesis. Our re-
sults demonstrate that the tensotaxis of cells depends on themag-
nitude of strain and is initiated by strain dependent focal adhe-
sion formation and cell protrusion.

4. Experimental Section
Device and Double-Layer Membrane Fabrication: Parts of the cell

stretching device were printed with a laser cutter (40 Watt Epilog Mini 18
× 12) using the acrylic sheet (Figure 1a), and assembled with screws and
sealed with PDMS. In the control module, a programmable servomotor
(DS3218, Annimos) attached with a rotational gear was fixed in the mid-
dle. The ArduinoUnomicrocontroller was adopted to control the servomo-
tor. Two translational gears were properly joined with the rotational gear
on two sides, which were designed to connect the cell culture chamber
with the control panel (Figure 1b). Two small openings in between allowed
the translational gears to extend into the cell culture chamber. Parafilms
(PM-996, Bemis) were wrapped around the translational gears to seal the
openings (Figure S1, Supporting Information).

The cell culture chamber was encapsulated to create a contamination-
free, biocompatible environment. The chamber could be opened from the
top and the bottom (Figure S1, Supporting Information). A removable lid
was designed to cover the top of the chamber, and small gaps were left to
access air. On the bottom, an opening was made below the double-layer
membrane, which was sealed with a removable acrylic sheet by screws.

The double-layer membrane was fabricated with 1/32 in silicone film,
PDMS membrane, plasma bonded on two glass slides at both ends
(Figure 1c; Figure S12a, Supporting Information). The silicone film (base
layer) was cut through with a laser cutter to create desired shapes. Dow
Corning Sylgard 184 silicone elastomer and cure agent (GMID: 04019862)
were mixed in the 10:1 ratio to fabricate the PDMS membrane (top layer).
A small amount (<500 μL) of PDMS was pipetted on the center of an Ø85
mm acrylic circle. The PDMS was spin-coated the acrylic circle at 500 RPM
for 30 s and then at 1000 RPM for another 2 min (WS650MZ23NPPB,
Laurell Technologies). PDMS-coated acrylic circles were cured in a 65 °C
oven overnight. A thin layer of PDMS membrane with a thickness of
around 100 μm was formed on top of the acrylic circle. The thickness was
measured with a precise micrometer (293-340330, Mitutoyo). The PDMS
coated acrylic was laser cut into 22 × 14 mm and 14 × 14 mm pieces for
the triangular and the squire cut-off, respectively (Figure 1c). The glass
slide (125444, Fisher Scientific) was cut into 20 × 25 mm pieces. Acrylic
template was laser printed in the shape of the double-layer membrane for
precise alignment (Figure S12, Supporting Information). All parts were
cleaned with 100% ethanol. The silicone film base, PDMSmembrane, and
glass slides were bondedwith a plasma cleaner (PDC-001,Harrick plasma)
at 500 psi for 3 min, then baked at 65 °C overnight for firm bonding. The
dimensions of the designs were illustrated in Figure S13, Supporting In-
formation.

REF Cell Culture in the Cell Stretching Device: REF-52 expressing YFP-
paxillin fusion protein (a gift from Dr. Jianping Fu) were cultured in T-
25 flasks and subcultured at 90% confluency. The culture media were
composed of DMEM (11960051, Gibco) supplemented with 10% FBS

(10082147, Gibco), 1% MEM NEAA (11140050, Gibco), 1% GlutaMAX
(35050061, Gibco), and 1% Penicillin Streptomycin (15140122, Gibco).

To prepare the device for cell seeding. The double-layer membrane was
first sonicated for 5min in 100% ethanol to remove all particles on the sur-
face, and then sterilized by autoclaving. The cell stretch device was sprayed
with 70% ethanol, then blow-dried in a biosafety cabinet. The membrane
was then mounted onto the device and cyclically stretched a few times for
testing. To avoid the effect of haptotaxis, the membranes were stretched
to the desired magnitudes before coating FN. The membranes were incu-
bated at room temperature with 50 μg mL−1 FN (33016-015, Gibco) for
1 h by pipetting 100 μL solution on the cell culture area, which was then
rinsed off with 1× DPBS.

REFs were seeded at the density of 50 K to 80 K mL−1 by pipetting
100 μL cell suspensions on top of the cell culture chamber. The device
was then placed into a 37 °C incubator for 1 h for cell attachment, and
then 5 mL culture media were added to submerge the cells for overnight
incubation. For Bleb-treated static gradient group, REFs were treated with
50 μm Bleb for 1 h before applying the strain gradient. The stretching and
imaging procedures would begin 15 h after cell seeding.

Finite Element Analysis: Finite element modeling of the double-layer
membrane was conducted using the Ansys simulation software. Two-layer
3D models were constructed to mimic the structures of the double-layer
membrane (Figure S14a, Supporting Information). The PDMSmembrane
was defined to bond on top of the silicone base (Figure S14b, Supporting
Information). For simplicity, only the cell seeding chamber was modeled.
For the silicone film, a tensile test was conducted to acquire the test stress-
strain data (Mark-10 Force Gauge Model M7-5), which was curve-fitted
using the polynomial 2nd order equation in the simulation (Figure S14c,
Supporting Information). For the PDMS membrane, the material proper-
ties were defined based on previous literature,[58] with Young’s modulus
set to 1.1 MPa, the Poisson’s ratio to 0.45, and density to 970 kg m−3.

In the simulation, the forces applied in the x-direction were estimated
to conform to the experimental strain magnitude across the cell culture
area. To mimic the uniaxial stretching, forces were applied on both sides
of the models (Figure S14a, Supporting Information). The parameters of
the simulation were described in Table S2, Supporting Information.

Strain Field Calibration: To quantify the strain across the cell culture
area, patterns of small markers (Ø 50 μm) with equal distance were trans-
ferred from microfabricated PDMS stamps using the micro-contact print-
ing technique.[59] Patterns with center to center distances of 80 μm and
100 μm were used. PDMS stamps were incubated with 50 μg mL−1 Alexa
Fluor 555-labeled BSA (A34786, Molecular Probes) at room temperature
for 1 h, rinsed with DI water and blow-dried. The double-layer mem-
branes were UV treated for 7 min for surface activation (Model 30, Jelight
Company). The fluorescence markers were printed by pressing the PDMS
stamp onto the membrane.

The strain and compression were calculated by quantifying the change
of distance between two adjacent markers along and perpendicular to the
stretching direction, respectively (Figure S2, Supporting Information). The
strain/ compression fields were mapped based on the coordinates of the
markers after stretching and the corresponding strain/compression us-
ing the MATLAB contour (Figures S3, S4, Supporting Information). The
strain/compression fields were symmetrical based on the x-axis starting
from the triangle’s vertex for the triangular design in the stretch direction.
For the square sample, the strain/compression field was symmetrical both
in the x and y directions to the sample’s center. To reduce variations dur-
ing calibration, the strain/compression fields were averaged based on the
respective symmetry axes for both designs.

Three samples for both designs were calibrated (Figures S3, S4,
Supporting Information). To compare each sample’s strain/compression
fields, the strain/compressionmagnitude was plotted against the distance
from the origin in the direction L1, L2, and L3 (Figures S3b,d, S4b,d, Sup-
porting Information). For the triangular design, the origin was the vertex
(Figures S3a, S4a, Supporting Information), and the L1 was the line start-
ing from the vertex to the x-direction. L2 and L3 were acquired by rotating
L1 for 15 and 30 degrees counterclockwise, respectively. For the square
design, the origin was the square center (Figures S3c, S4c, Supporting
Information), L1 started from the center to the x-direction, and L2 and
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L3 were acquired by rotating L1 for 45 and 90 degrees counterclockwise,
respectively. Data points close to the reference lines were used for quantifi-
cations (Figures S3a,c, S4a,c, Supporting Information). To compare the
strain gradients, plots were linearly fitted to acquire slopes (Figures S3b,d,
S4b,d, Supporting Information). Three slopes were obtained for reference
lines L1 to L3 for each sample. One-way ANOVA test was used to com-
pare individual samples using the slopes for both designs. No significant
differences were found.

To quantify the stiffness of the PDMS membrane while applying the
strain gradient, the stress–strain curve was obtained using a soft material-
specific tensile machine (Mark-10 Force Gauge Model M7-5) (Figure S5,
Supporting Information). The stiffness of the PDMSmembrane remained
constant between 0% to 30% of strain.

Fibronectin Distribution Analysis: HiLyte 488 -FN (FNR02, Cytoskele-
ton, INC) was coated on the double-layer membrane to directly visualize
the FN distribution after applying strain gradient. 100 μL of 50 μgmL−1 Hi-
Lyte 488-FNwas pipetted on the cell seeding area and incubated at 4 °C for
24 h while the membrane was stretched. Then the stretch was released to
seed REFs at low density. After cells were attached overnight in a CO2 incu-
bator, the double-layer membrane was re-stretched, then the cells were in-
cubated in Hoechst-medium mixture (R37605, ThermoFisher) for 30 min
for nuclear staining, and then fixed in Fluoromount-G (0100-01 Southern-
Biotech) at the stretched status on a glass slide for imaging.

To quantify the HiLyte 488-FN fluorescent intensity profile across the
membrane, five lines were drawn using the plot profile function of Im-
ageJ for each sample to automatically plot the intensities from the tip to
the end along the lines (Figure S6, Supporting Information). Intensities
were normalized by dividing the lowest value for each sample, and aver-
age intensities were quantified every 200 μm in the distance to quantify
the significance (Figure S6b, Supporting Information). No significant dif-
ferences were found from tip to end, indicating the uniform distributions
of FN density across the membrane after stretching.

Visualization and Analysis of the Wrinkles Produced by Stretching: A con-
focal microscope (Leica ACCM) was used to directly visualize the linear
wrinkles produced on the membrane after stretching a few times at the
same magnitude (Figure S10a, Supporting Information). To quantify the
distribution of the wrinkles, the intensity profile was quantified by draw-
ing a straight line in the stretch direction from the tip to the end of the
triangle using the plot profile function in ImageJ. The image’s contrast
was adjusted to enhance the wrinkle intensity. A peak of intensity was
shown in the data for each wrinkle. Then peaks were identified using a
customized MATLAB code. The distance between each adjacent peak and
the frequency (number of wrinkles for 200 μmdistance) were automatically
calculated (Figure S10b,c, Supporting Information).

Microscopy for Cell Migration Trajectory: An epifluorescence micro-
scope (Leica, DMi8) was used to image the cell migration trajectories and
fluorescent signal calibrations. During the experiment, the device was kept
in the 37 °C incubators for cell culture. The device was placed onto the mi-
croscope stage outside the incubator for imaging, which would take less
than 2 min each time for each sample in the cell migration tracking exper-
iment using the 10× phase contrast. Small air bubbles might be trapped
underneath the corner of the cell culture area, which could be removed by
lightly knocking the device one or two times. For the consistency of the
culture condition, all samples would be subjected to the same knocking
motion before imaging. The images were acquired every 50 min for the
static strain condition, every 30 min for the cyclic strain condition for 6 h,
and every 30 min for Bleb-treated static condition for 3 h.

The obtained image sequences were aligned by tracking two reference
points that stayed at the constant location on the substrate for the entire
experiment period. The reference points could be small particles left on
the sample surface. The first image acquired after the stretching step was
set to be the fixed image. The MATLAB fitgeotrans function was used for
the translation and the imrotate function for the rotation to align the im-
age sequence, allowing clear cell migration trajectories for tracking. Before
cell tracking, lines on the image sequences were drawn to encircle the re-
gion of interest (Figure 2a). All cells with clearmigration trajectories within
the encircled region were tracked with the ImageJ MTrackJ plugin, and the
direction angles were quantified using customized MATLAB codes. The

representative cell tracking movies for six experiment groups were shown
in Videos S1–S6, Supporting Information.

Device Modification for Focal Adhesion Imaging: The designs of the de-
vice were adjusted to allow high-resolution imaging for focal adhesion
analysis. To minimize the distance between the cells and the objective,
a glass bottom PDMS dish was specifically designed (Figure S15b, Sup-
porting Information). 30 g of PDMS was poured into a 60 mm Petri dish
to form a dish-shaped PDMS slab. A 20 × 46 mm cuboid was cut off in
the middle, and then the opening was covered by plasma-bond a thin 24
× 50 mm cover slide. The dish was baked in a 65 °C oven overnight for
firm bonding. The removable bottom of the device was redesigned as well
(Figure S1, Supporting Information). A 60mmdiameter opening was laser
cut on the removable acrylic bottom. The opening was designed to hold
the PDMS dish properly, and small gaps were left for manual adjustment
of the height of the PDMS dish during focal adhesion imaging.

To mitigate the interference of the PDMS membrane in the light path,
the double-layer membrane was flipped to make cells face down during
imaging (Figure S15, Supporting Information). To fit the cell culture sam-
ple into the PDMS dish, the glass slide was cut into smaller 20 × 14 mm
pieces (Figure S15b, Supporting Information). The PDMS membrane and
the silicone film base were bonded in the first step. The sample was then
flipped to bond the glass slides on the opposite side of the PDMS mem-
brane (Figure S15a, Supporting Information). As a result, when the ad-
justed double-layer membrane was mounted onto the device, the length
of the silicone film was the same as the regular triangular sample, making
the cells exposed to the same strain gradient and stretch magnitude as
the cell tracking experiments. The sample was baked at 65 °C in an oven
overnight for firmbonding after both steps, and thenmounted onto the de-
vice. During the experiment, the device was flipped to coat FN and seeded
cells on the bottom side of the PDMSmembrane. Then the device was put
into the incubator upside down for cells to attach for 1 h. The device was
then flipped back and added 3–5 mL culture media into the PDMS dish.
The culture media component was adjusted by replacing the DMEM with
the non-phenol red type (21063029, Gibco). Other reagents remained the
same.

Right after taking the first image, the cells were stretched once, and then
the device was placed back into the incubator for 10 min before taking
the second image. The time gap between two focal adhesion images was
within 20 min. A 40× objective and YFP cube were used to image the focal
adhesions.

Focal Adhesion and Protrusion/Retraction Image Processing and Quan-
tification: The focal adhesion raw images were processed through Im-
ageJ. Briefly, the backgroundwas removedwith the Subtracted Background
function using the Sliding paraboloid option. To enhance contrast, the
CLAHE plugin was used with the Blocksize set to 19, Histogram bins set
to 256, and the Maximum slope set to 6.[60] The Brightness/Contrast was
further adjusted automatically to increase brightness. The focal adhesions
were enhanced at this point. The image format was turned into 8 bits and
adjusted the threshold automatically. The sizes and the coordinates of fo-
cal adhesions were quantified with the Analysis particle function.

The fluorescence intensity declined after cell stretching. Therefore, to
effectively compare the focal adhesion dynamics within each cell, the data
was normalized using images prior to stretching. The normalization was
calculated as below:

PNH =
AH2 ×

A1
A2

− AH1

AH1
(1)

where A1, AH1 are the focal adhesion size for the entire and one half of
the cell before stretching, respectively; A2, AH2 are the focal adhesion size
for the entire and one half of the cell after stretching, respectively; and
PH

N is the normalized percentage change of focal adhesion sizes in the
respective half of the cell.

To quantify protrusion and retraction, the cell and the nuclei bound-
aries were manually encircled with dots using the ImageJ MTrackJ plugin.
(Figure 4a,c). The dots were connected automatically withMATLAB to gen-
erate the boundaries. For each cell, the images before and after stretching
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were aligned with the mass center of the nucleus and the maximum gradi-
ent direction axis. The cell spreading areas were automatically quantified
using the Analysis particle function.

Implementation of the Extended Motor-Clutch Model: An EMMwas de-
veloped to simulate the interactions of cells and the elastic substrate based
on the previously established model.[52,53] Briefly, the cell was simplified
as a polygon, with the vertexes connecting to the elastic substrate with
integrin-FN bonds. The randomly engaged bonds transmitted cell traction
forces between cells and substrates. The on-rate and off-rate of the bonds
control stochastic cell-substrate interactions. It was assumed that the ver-
tex exposed to lower strain would be larger since it would naturally bind
the substrate more easily. As such, the on-rate kon would be larger at the
lower strain side. Based on a previous study,[61] it was proposed that the
on-rate and off-rate of integrin-FN bonds could be calculated as

kon =
k0on

1 + e(𝜀−0.16)∕0.008
(2)

koff = 1.5
(
4.376e(0.1003Fclutch∕F0) + 0.004299e(−0.09225Fclutch∕F0)

)
(3)

in which k0on and 𝜖 represent the reference on-rate and the local strain
of substrates, respectively. Fclutch = kc (xc − xsub) is the clutch force of a
single integrin─FN bond. kc is the spring constant, xc is the displacement
of bond on the filament, and xsub is the substrate displacement. F0 = 1 pN
is the reference forcemagnitude to normalize Fclutch.With the engagement
of integrin-fibronectin pairs, the substrate displacement can be calculated
from

xsub =
kc
∑neng

i=1 xc,i
ks + nengkc

(4)

where neng is the number of the engaged bonds on the filament and xc, i
is the displacement of the ith bond on the filament. According to Cerruti
problem, spring constant of substrate ks can be calculated by:

[52]

ks = 2𝜋Ga∕ (2 − 𝜈) (5)

where 𝜈 is the Poisson ratio and G = E/2(1 + 𝜈).
The cell migration can be modeled by the motion equation of each ver-

tex, which is given by:

𝜇dri∕dt = −∇i
(
Ushape

)
+ 𝜇 (VP + Vr) n

p
i (6)

where 𝜇 is the friction coefficient. The first term is constituted by contrac-
tion force f li, area constraint force f

a
i and bending force f

b
i (Figure 5a).

[52]

The second term is the cell polarization force, where VP and Vr are the poly-
merization and retrogradation flow speed along the orientation of each fil-
ament npi , respectively. Retrogradation flow velocity is determined by cell
tractions,[53] and can be calculated as

Vr = V0
(
1 − Ftrac∕NmFm

)
(7)

where V0 is the unloading velocity of each filament and Ftrac = ks xsub is the
total traction force magnitude exerted by the filament. Nm is the number
of myosin motors, whose stall force is denoted by Fm. The myosin mo-
tors exert cell contractions along filaments. These simulations were im-
plemented on MATLAB, and detailed parameters are provided in Table S1,
Supporting Information.

Statistics: Statistical analysis was performed using OriginLab and R.
Rayleigh tests were used to determine the unimodal distribution of circu-
lar data in cell migration direction analysis.[62] For non-circular datasets,
normality tests were run to determine the normality of the distribution. For
statistical comparisons of two normal distributed datasets, p-values were
calculated using the two-sample t-test. For statistical comparisons of two
non-normal distributed datasets, p-values were calculated using the non-
parametric Mann–Whitney test. For statistical comparisons of multiple

normal distributed datasets, p-values were calculated using the one-way
ANOVA test.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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