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ABSTRACT: The graded mechanical properties (e.g., stiff-
ness and stress/strain) of excellular matrix play an important
role in guiding cellular alignment, as vital in tissue
reconstruction with proper functions. Though various methods
have been developed to engineer a graded mechanical
environment to study its effect on cellular behaviors, most of
them failed to distinguish stiffness effect from stress/strain
effect during mechanical loading. Here, we construct a
mechanical environment with programmable strain gradients
by using a hydrogel of a linear elastic property. When seeding
cells on such hydrogels, we demonstrate that the pattern of
cellular alignment can be rather precisely tailored by substrate
strains. The experiment is in consistency with a theoritical
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prediction when assuming that focal adhesions (FAs) would drive a cell to reorient to the directions where they are most stable.
A fundamental theory has also been developed and is excellent in agreement with the complete temporal alignment of cells. This
work not only provides important insights into the cellular response to the local mechanical microenvironment but can also be
utilized to engineer patterned cellular alignment that can be critical in tissue remodeling and regenerative medicine applications.
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1. INTRODUCTION

Cellular alignment, which refers to spatial and oriented
organization of cells,"” plays a critical role in pattern formation
during embryogenesis,3 tissue maturation,* and regeneration.s’é.
The formation of cellular alignment in vivo is generally
accompanied by differentiation,” proliferation,® and the changes
of physical cues in the surrounding cellular microenviron-
ment.”'® It can further lead to the formation of various
alignments of subcellular structures, including plasma mem-
brane, cytoskeleton, and cell-adhesion complexes.'’ Addition-
ally, cellular alignment combined with proliferation, migration,
and secretion of structural substances determines the hierarchy
of cells and tissues, providing the physical and mechanical
properties and special biological functions at tissue levels."”
Aligned organization of cells also results in secretion and
deposition of a highly anisotropic extracellular matrix (ECM),
which is specific to tissue type and critical in determining tissue
function."®> Therefore, it is essential to pattern cellular
alignment in vitro to regenerate structured and functional
tissue equivalents.

It is well-known that cellular behaviors in vivo are regulated
by mechanical properties of ECM7,'"*" e.g, stiffness and
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stress/strain, mostly in the format of spatiotemporal
gradients.lé_19 For instance, one common mechanical cue
that cells experience in vivo is the stiffness gradients of
extracellular matrix (ECM), ranging from ~0.1 kPa in soft
tissues such as brain tissues to ~20 kPa in hard tissues such as
bones.” Another example is that shear stress gradients
generated by changes in vascular wall sizes can induce
circumferential alignment of smooth muscle cells in the form
of a fibrous helix within vascular media, collagen fibers stacked
between bands of elastin, or discontinuous sheets of endothelial

20-22 . .
In heart muscles, native ventricular

basement membrane.
myocardium, composed of sheets of aligned cardiac fibers and
myocytes, is formed due to local tensile stress gradients, which
can have a strong ductility for heart beating.”® Therefore, it is
important to study how cellular behaviors in vitro are
influenced by the graded mechanical environment. Indeed, it

was already found that graded mechanical environment played
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Figure 1. Schematics of fabrication method for hydrogels with stress/strain gradients. (a) Hydrogels with designed trapezoidal shape are fabricated
with PMMA mold through an UV cross-linking reaction. (b) Hydrogels with programmable gradients including linear, parabolic, and exponential.
(c) Cells are seeded onto gradient hydrogels. (d) Cells respond to hydrogels with and without stress/strain gradients.

an essential role in regulating in vitro cellular alignment in
tissue remodeling and regenerative medicine applications.”***

To mimic cellular behavior in native graded mechanical
environment, various cell culture models have been established
with hydrogels due to their high water content and
biocompatibility, as well as tunable chemical and physical
properties.”*™>* Quite a few methods have been developed to
generate mechanical gradients in hydrogels, such as microfluidic
and photolithography methods.** " For microfluidics, con-
centration gradients of polymer precursors are generated by a
diffusion process generated in microfluidic channels and then
stabilized by the appropriate cross-linking reaction, resulting in
the gradient of hydrogel monomer fraction and thus stiffness.
For photolithography, graded photomask (i.e., masks with
gradient UV light transmitted patterns) is used to generate
gradients in cross-linking density of polymer networks and thus
stiffness. Although various hydrogels with stiffness gradients can
be fabricated using these methods, it is still challenging to
engineer stress/strain gradients in vitro, which exist within
physiologic processes, such as gut peristalsis and heart
contraction.*>* This is mainly because the effects of stiffness
and stress/strain are often intertwined, where the stiffness of
hydrogels will change during mechanical loading due to the
intrinsic nonlinear mechanical property of most hydrogels.36 It
is challenging to distinguish which stimulus, stiffness or stress/
strain, predominantly regulates cellular behaviors (e.g, cellular
alignment) with existing platforms. Although several ap-
proaches can offer a pure unistrain environment that can
clarify the contribution of strain easily, they have limited ability
to form a cellular environment with gradual strain gradients,
which are important in guiding cell fate in vivo.”” > Currently,
there is a strong demand for a simple and controllable method
to engineer hydrogels with stress/strain gradients without
involving significant changes of stiffness.

In this study, we develop a simple and feasible strategy to
fabricate hydrogels with strain gradients ranging from 0 to 20%,
which covers the physiological range of muscle and heart
contraction in vivo. The separation of the effect of stiffness
from that of strain has been achieved by using the
methacrylated gelatin (GelMA) hydrogel which has linear

elastic properties in the testing strain range. Hydrogels with
programmable strain gradients were formed by UV cross-
linking reaction with designed shapes and then applied by static
stretch loading. We then found that strain gradients of
hydrogels cause a specific alignment of cells seeded on different
locations of the hydrogel. By assuming that FAs would drive a
cell to reorient to directions where they are most stable, we
theoretically predicted the variation of cellular alignment with
strain levels on substrate, which was in consistency with
experimental observation. This work indicates that cellular
alignment can be rather precisely and significantly tailored with
the developed method, which holds great potential to impact a
wide range of fields, such as mechanosensitivity, tissue
engineering and regenerative medicine.

2. EXPERIMENTAL SECTION

2.1. Methacrylated Gelatin Synthesis. In this study, methacry-
lated gelatin was synthesized as described previously.***" Briefly, type
A porcine skin gelatin (Sigma-Aldrich, St. Louis, MO, USA) was mixed
at 10% (w/v) into Dulbecco’s phosphate buffered saline (DPBS;
GIBCO) at 65 °C and stirred until fully dissolved. Methacrylate (MA)
was added to the gelatin solution at a rate of 0.5 mL/min under stirred
conditions at 50 °C until the target volume was reached, and they were
allowed to react for 1-2 h. The fraction of lysine groups reacted was
modified by varying the amount of MA present in the initial reaction
mixture. Following a SX dilution with additional warm (40 °C) DPBS
to stop the reaction, the mixture was dialyzed against distilled water
using 12—14 kDa cutoff dialysis tubing for 1 week at 40 °C to remove
salts and methacrylic acid. The solution was lyophilized for 1 week to
generate porous foam and stored at —80 °C until further use.

2.2. Gradient Hydrogel Fabrication. Gradient hydrogel was
fabricated by using a two-step approach as schematically illustrated in
Figure 1. First, a designed trapezoidal shape (6 mm (upper bottom) X
10 mm (lower bottom) X 10 mm (height)) was drawn by AutoCAD
2011a (Autodesk). Then, a poly(methyl methacrylate) (PMMA) mold
(Shuguang Plexiglas Co., Ltd,, Anging, China) was etched by a laser
machine (Universal VLS2.30, Universal Laser Systems, Scottsdale, AZ,
USA). Specifically, PMMA mold was composed of two parts, i.e., the
cover mold containing a trapezoidal in the same size of the designed
shape with thickness of 1 mm, and the base mold without any
framework acting as a support bottom. Two parts were bound using
double-sided tape. Then, 750 uL of (15% (w/v)) GelMA precursor
solution mixed with 0.05% (w/v) photoinitiaitor (2-hydroxy-2-
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Figure 2. Characterization of strain/stress of different hydrogels. (a) Stress/strain curve of hydrogels including PAM/GelMA, PAM/PEGDMA, and

PAM/alginate, in which I and II is in mass ratios 2:1 (wp/ w,), 1:1 (wp/ Wheg

), 5:1 (wp/ w,), and 2:1 (wp/ w,), respectively. (b) Stress/strain curves of

hydrogels with GelMA fraction in 15% and 20% (w/v) (Rlzg: 0.987, 10% (w/v); R;* = 0.975, 20% (w/v)). (c) Schematics of the curved trapezoid
hydrogels. (d) Representative images depict the microbeads used in the texture correlation algorithm before (left) and after (right) stretch to
determine strain distribution. (e) FE simulation of strain distribution of hydrogels with inverse gradients. (f) Theoretical distribution of inverse
gradients. (g) Shape design of the curved trapezoid for the inverse gradients. (h) Verifications with experimental results and FE simulation for the

inverse gradients.

methylpropiophenone H0991; TCI, Shanghai Development Co., Ltd.)
was filled into al PMMA mold and coverd with a glass side. The
PMMA mold was exposed to UV light (XLE-1000 A/F, Spectroline,
Westbury, NY, USA) and polymerized for 25—30 s. Fabricated
hydrogels were soaked in PBS solution for 24 h and then used for
stretching and cell experiments.

2.3. Mechanical Characterization of Hydrogels. To obtain the
stress/strain curves of gradient hydrogels, we used a magnetic-assisted
method.* Briefly, we encapsulated a magnetically responsive sphere
into one side of the hydrogel and another side was fixed on a
TMSPMA glass side. Then we applied a magnetic force using a
permanent magnet to test stress/strain curves of the GelMA hydrogel.
The experimental stress of hydrogel samples was calculated as ¢ = F/A,
where A represents the initial cross-section area of the hydrogel
without mechanical loading and F represents the stretch force testing
from Stokes’ principle. The engineering strain of the hydrogels was
calculated as € = AL/L, where L is the original length and AL is the
change of length. The elastic modulus E was determined by taking the
slope of the stress versus strain curve in the linear regime between 5%
and 20% strain. For other types of hydrogels, including polyacrylamide
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(PAM)/GelMA (2:1, wp/wg), PAM/poly(ethylene glycol) dimetha-
crylates (PEGDMA) (1:1, w,/w,.,), PAM/alginate I (5:1, w,/w,), and
PAM/alginate II (2:1, wp/wa), the stress/strain curve was tested at a
rate of 10% strain/min on an Instron 2360 mechanical tester.

2.4. Analysis of Stress/Strain Distribution on Gradient
Hydrogels. To identify spatial stress/strain distribution on gradient
hydrogels under stretch loading, we first performed finite element
(FE) simulation using COMSOL Multiphysics 4.4a to simulate the
strain and stress of stretched gels with different shapes. Due to the
much slower diffusion of solvent molecules compared with the
experiment process (i.e, the migration of solvent in and out of the
hydrogel during the experiment could be ignored), we regarded this
material as isotropic and used the soild mechanics interface to simply
perform strain and stress analysis. The material properties used in the
model are as follows: Young’s modulus is 10 kPa (Figure 2a), the
Poission ratio is 0.45, and the density is 1000 kg/m’. The bottom
boundary of the hydrogel is fully fixed (no displacements), and the
other side is given a prescribed displacement of 2 mm, as was done in
the experiment. For experimental images of the strain map of gradient
hydrogels, we implemented the scale invariant feature transform
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Figure 3. Theoretical and numerical simulation of programmable gradients on hydrogels: (a—c) design of elementary mechanical gradients in a
curved trapezoid; (d—f) strain distribution of the linear, parabolic and exponential gradients; (g—i) shape design of the curved trapezoid for the
inverse, linear, parabolic, and exponential gradients; (j—1) verifications with theoretical and FE simulation for the inverse, linear, parabolic, and

exponential gradients.

(SIFT) method to extract features of iron bead encapsulated in
hydrogels, and the positions with salient features were selected.”
Experimental results of strain distribution in gradient hydrogels were
obtained from the microscopy images processing with software Image-
Pro Plus (IPP, version 6.0, Media Cybernetics, Silver Spring, MD,
USA) and then analyzed using Matlab R2010a.

2.5. Swelling Characterization. Polymerization was performed as
described for mechanical testing. Immediately following hydrogel
formation, a 16 mm radius disc of each composition was punched from
a flat thin sheet and placed in PBS at 37 °C for 24 h. Discs were
removed from PBS and blotted with a KimWipe to remove the
residual liquid, and the swollen weight was recorded. Samples were
then lyophilized and weighed once more to determine the dry weight
of polymer. The mass swelling ratio was then calculated as the ratio of
swollen hydrogel mass to the mass of dry polymer.

2.6. Cell Preparation and Seeding. The C2C12 cell line from
the Cell Bank of the Chinese Academy of Sciences (Shanghai, China)
was used in this study. C2C12 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM/F-12, GIBCO) supplemented with
10% fetal bovine serum (FBS; GIBCO) and 1% penicillin-
streptomycin mixture (GIBCO) at 37 °C in 95% humidity and 5%
CO,. Cells were passaged approximately 2 times per week and media
was exchanged every 2 days. Cells were seeded onto gradient
hydrogels after hydrogel swelling equilibrium (24 h) (Supporting
Information Figure Sla), and cell density was 6 X 10° cells/mL. The
culture medium was exchanged after cell adhesion on gradient
hydrogels for 2 h and then exchanged every 4 h until four times.

2.7. Cell Fixing and Immunofluorescence Staining. For
cellular experiments, F-actin stress fibers and nucleus were stained
by FITC conjugated phalloidin (Acti-stain 488 phalloidin, Cytoske-
leton, Inc.) and DAPI (Invitrogen). For stress fiber staining, hydrogel
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samples were first fixed by 4% formaldehyde for 15 min at room
temperature and permeabilized in 0.5% Triton X-100 for S min. Then,
hydrogel samples were washed using PBS for 30 s and covered with
200 uL of 100 nM FITC phalloidin and incubated at room
temperature in the dark for 30—40 min. For nucleus staining, 200
uL of 100 nM DAPI was added on hydrogel samples at room
temperature for 30 s. The stained hydrogel samples were located on a
drop of antifade mounting medium (Invitrogen) on a glass side, which
was stored in the dark at 4 °C. All of the fluorescence images were
analyzed using Image-Pro Plus.

2.8. Cellular Alignment Analysis. Here, we used an automated
method, binarization-based extraction of alignment score, to determine
the cell orientation distribution in a wide variety of microscope images,
following our previously developed method.** This method is
composed of a sequential application of locally adaptive thresholding
approaches, median and band-pass filters, and image processing
techniques. Briefly, quantification of alignment and extraction of
overall orientation are implemented in MATLAB 20104, as follows

2, T, cos(2(¢p — 0))
2.1 (1)

A(9) =

The overall direction of alignment score 6* was defined as the value
of  that maximized A(0). For each angle 0, the degree A(6) to which
the cells were aligned in the @ direction was calculated by taking the
average, weighted by cell size, of the cosine of twice each cell’s angle
relative to 6.

2.9. Statistical Analysis. All error bars represent standard
deviation, with n = 5 for both mechanical and structural character-
ization and n = 9 for cell seeding experiments. Student’s t-test and
paired t-test were used to analyze the statistically significant differences

DOI: 10.1021/acsami.5b04450
ACS Appl. Mater. Interfaces 2015, 7, 15088—15097


http://dx.doi.org/10.1021/acsami.5b04450

ACS Applied Materials & Interfaces

Research Article

-~
Stretching
gdirection®

Tensile stretching
-

PICICIONGIC)

Observed cell region

Strain: 19.7 £ 1.0%

Strain: 18.2 £ 0.5%
Stretching
¢ direetion’}

Strain: 17.0 £ 0.5%

1 -
Stretching
direction

o -
"0 30 60 90 120150180
Orientation (degrees)

Orientation (degrees) Orientation (degrees)

Strain: 15.4 £ 0.4%
|\ "Stretching
direction )

0.0:
0 30 60 90 120150180

0.0
0 30 60 90 120150180
Orientation (degrees)

Strain: 13.5 £ 0.7%

__. Stretching
direction

Strain: 14.4 £ 0.5%

=Stretching
direction

-—
Stretching
direction

°

Alignment score
o © A A
o O u

Orientation (degrees)

Orientation (degrees)

Orientation (degrees)

o1 Cell alignment gradients
9
=
© 18
»
Q
2 15
)
|_
e——
12 Stretching direction

6%%%

-

75 90 105 120

135 150 165

Orientation (degrees)

Figure 4. Analysis of cellular alignment generated on gradient hydrogels: (a) schematics of different regions for cellular alignment formation on
gradient hydrogels; (b—g) florescent images and quantification of cell orientation on gradient hydrogels with and without (control) stretch loading
after 3 days culture (cellular F-actin fibers were stained by phalloidin (green) and nuclei by DAPI (blue); scar bar, 100 um); (h) profile of cellular
alignment under different strains on gradient hydrogels (cellular alignment gradients can be generated on gradient hydrogels with strains ranging

from 13% to 20%).

of Young’s modulus and cell viability, respectively. Statistical
significance threshold was set at 0.05 (i.e, p < 0.05) for all tests.

3. RESULTS AND DISCUSSION

Hydrogels with strain gradients were first fabricated using a
designed PMMA mold with trapezoid shapes and a simple
photolithography method (Figure la). As we all know, the
stiffness and stress/strain of hydrogels both change when the
hydrogels are stretched, especially for large deformation
(>10%). To isolate the effects of stiffness and stress/strain,

15092

here we used hydrogels of linear elastic properties. To
characterize the mechanical properties of prepared hydrogels,
tensile stretch tests were performed for hydrogels with GelMA
fraction in 15% and 20% both with weak swelling properties
(Supporting Information Figure S1), respectively. The stress/
strain curve of gradient hydrogels shows a much better linear
relationship from 0 to 20% strain, compared with other
hydrogels including (PAM)/GelMA, PAM/PEGDMA, and
PAM/alginate (Figure 2ab). These results indicate that the
elastic modulus (thus stiffness) of graded hydrogels would not

DOI: 10.1021/acsami.5b04450
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Figure 5. Model of cellular reorientation upon a static stretch. (a) The cellular mechanosensing system on a substrate consists of stress fibers (SFs)
adhering on the substrate via FAs. (b) There exist three phases in the response of the stability of FAs to substrate stretch. (c) Schematics of a SF
oriented at an angle 6 to x axis on substrate. (d—f) These panels illustrate the variation of cellular reorientation with tensile strain on the substrate.

change upon stretch in the range of 0—20% strain, suggesting
that we can use this model to distinguish the effect of stiffness
from that of stress/strain on cellular behaviors. Young’s moduli
of 15% and 20% GelMA are 10 and 22 kPa, respectively. In
subsequent experiments, 10% GelMA was used, as its
mechanical properties are similar to some native soft tissues.

Since there is no significant change of elastic modulus (i.e.,
stiffness) upon stretch in the range of 0—20% strain, we can
theoretically program the stress gradients on hydrogel by
designing the specific shape of hydrogel following the
relationship: ¢ = F/A, where o represents the stress, F
represents the applied force on hydrogel, and A is the original
cross-area of the hydrogel. To demonstrate this, we designed
hydrogels with inverse strain gradient when a unidirectional
load is applied (Figure 2c—h). If the hydrogel is thin and
slender, we can consider the trapezoid as a one-dimension
structure and thus calculate the shape of the hydrogel. For the
sake of convenience, we defined two parameters (&y, k) to
describe the dimensionless strain gradients that we want, where
&, represents the smallest strain at the big bottom of the curved
trapezoid and k represents the slope of the strain gradients.
Through the reverse operation (see the Supporting Information
for details of the derivation process), we can obtain the shape
function of the curved trapezoid, as shown in Figure 2g. To
verify the designed mechanical gradients, we compared the

theoretical strain distribution with the experimental measure-
ment Figure 2d (only the inverse one) and FE simulated results
Figure 2e, which has shown a good fit. For Experimental
Section, we encapsulated a population of iron beads in
hydrogels during the photo-cross-linking process, which were
used as markers to determine the spatial distribution of
deformation (i.e., strain) on hydrogels under stretching. The
typical averaged strain (¢) over the central region in the tension
direction could reach up to 20%. According to the theory of
nics for homogeneous deformation, the elasticity of gradient
hydrogel is determined by the displacement as

1 T
e=_[(Vu) + (Vu)] 2)
where & represents the uniform strain of hydrogels and u
represents the displacement of the nonboundary hydrogel side.
To calculate the strain of gradient hydrogels, we captured the
microscopy images of hydrogels with encapsulated iron beads
under varying strain.

Following the same strategy, we further designed linear
(Figure 3a), parabolic (Figure 3b), and exponential (Figure 3c)
strain gradients, since these are the elementary mechanical
gradients, combinations of which can generate other gradients.
The function and the corresponding strain distribution for
these three gradients are shown in Figure 3d—f with the same
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& = 10% and different slope k. The theoretically calculated
strain distributions agree very well with FE simulation, as
shown in Figure 3j—1. These results indicate that stress/strain
gradient can be designed and fabricated in a programmable
manner by stretching hydrogels with designed shapes.

To further confirm the effect of strain gradients in hydrogels
substrate on cellular behaviors, the orientation of cells was
assessed under static stretch (Figure 4a). Here we chose the
hydrogel with inverse strain gradients as a model to study
cellular alignment behavior, due to the large strain range
formation on hydrogels. We also selected the center area as the
observed region to avoid the effect of force concentration in the
corners. The cytoskeleton of C2C12 cells (F-actin) seeded on
gradient hydrogels was stained at 1, 3, and 5 days during
culturing, respectively. Then, we quantified the orientation of
cellular stress fiber (Figure 4b—g). The formation of cellular
alignment on strained hydrogels at day 3 and day 5 was
observed, whereas cells randomly oriented after 1 day culture
(Supporting Information Figure S2). The results showed that
for a large strain region (17.0 + 0.5% to 19.7 + 1.0%) on
gradient hydrogels, cells aligned almost perpendicularly to the
stretching direction (Figure 4b—d), whereas cells randomly
oriented in the control group (nonstretch loading). With
decreasing strain from 15.4 + 0.4% to 13.5 + 0.7%, stress fibers
gradually oriented toward the stretching direction (Figure 4e—
g), which is also in agreement with the results shown from the
13% and 10% group without strain gradients (Supporting
Information Figure S3a—d). Cells cultured on the nongradient
group with 20% strain almost aligned perpendicularly to the
stretching direction (Supporting Information Figure S3e). We
here successfully created a cellular alignment gradient on the
GelMA hydrogel surface under static stretching (Figure 4h), in
which the stress gradient generated on hydrogels also ranged
from 1.9 + 0.3 to 3.2 + 0.1 kPa. These results indicate that
cellular response to gradient hydrogels under static stretching is
different from the principle that cells orient in the direction of
minimal substrate deformation, known as strain-avoidance or
stretch-avoidance.**™** One possible reason may be the stretch
magnitude we applied here is larger than the range shown to
induce stretch-avoidence in 2D (<10% strain), which indicated
that cell cytoskeleton sensitively responds to high strain. Here
we found for the first time that cellular alignment could be
formed on gradient hydrogels under static stretch loading,
which may provide proof that cell responds differently to small
and large strain of their mechanical environments and even in
static and dynamic stretch loading state.

To understand how the cellular alignment was tailored by a
static stretch on hydrogels, we proposed a model based on the
notion that a cell's mechanosensing system on a substrate
consists of stress fibers (SFs) adhering on the substrate via
FAs* (Figure Sa). When the adhered substrate is subjected to a
mechanical stretch, the coupled FAs or SF can be further
loaded. We regard that there exist three phases in the response
of the stability of FAs to a tensile strain on a substrate (Figure
Sb). Note that the microstructure of a SF bears significant
similarities to that of a skeletal muscle fiber, which would
shorten or lengthen depending on applied forces.*”*° For a
relatively small tensile strain, which is at phase I, we regard that
the extra force built within the SF can be completely relaxed
through its lengthening. At this phase, the force within the SF
or on its coupled FAs maintains its isotonic value*” and there is
little effect on the stability of FAs. As the tensile strain on
substrate increases, it can be envisaged that the SF would

approach its 1engthenin§ limit, for example, due to the finite
size of sarcomere units,* beyond which the force within the SF
or on its coupled FAs would then increase almost linearly with
the tensile strain. This is termed as phase II. Since FAs are
force-responsive and grow in the direction of the force, it will
become larger and therefore more stable at phase IL°'
However, as the tensile strain on substrate increases further,
the force on a FA gets too large and a FA should eventually
become less stable or partially damaged, termed as phase III.

Cellular orientation generally coincides with that of SFs. By
assuming that FAs would drag the coupled SF to slide or rotate
to the direction where they are most stable,*” we predicted the
cellular reorientation when the substrate is subjected to a static
biaxial stretch. Consider a SF oriented at an angle 6 on a
substrate (Figure Sc). The substrate is subjected to a biaxial
stretch, with €, being the normal strain along the x direction
and ¢, the normal strain along the y direction. The tensional
modulus of the SF is EA. In the local coordinates, x"0y’, where
the «’ should be parallel to red lines in Figure 5c and coincide
with the axial direction of the SF, the strain along the «’
direction is

£, = €,(cos> @ — r sin’ 6) (3)

where r = —¢, /€,,. For uniaxial tension, r will be exactly the
Poisson’s ratio. Here we only consider r > 0. Due to relatively
high flexibility of a SF, ~1 pN/nm,*” we regard that &, in the
substrate is completely transmitted to the SF via FAs. The
strain within the SF is initially at its homeostasis state, &.

According to eq 1, the maximum of &,,, which is equal to
&, takes place at 0° or 180°. The maximal relaxation strain of a
SFE due to lengthening is denoted as €. If ¢,, < g, the extra
force built within the SF will be completely relaxed through
lengthening, i.e., at phase I. There will be a trivial effect on the
stability of FAs. Thus, cellular orientation hardly changes under
this condition. F; denotes the force upon which FAs are most
stable. Let ¢, = F,/EA. If ¢, < €., < €., where €. = €, + & — &,
the response of FAs with certain cellular orientation would be
at phase II. Under this condition, the FAs at 0° or 180° are
most stable, where the force on them is the largest.

If €, < ¢, the response of FAs with certain cellular orientation
would be at phase III. For example, the FAs at 0° or 180° will
become less stable. Under this condition, it can be shown that
the most stable FAs exists at

— 1 a2 e 1—r
6 = — cos — or
2 1+reg, 1+7r
1 2 85 1—r
=7 — — cos — =
1+reg, 147 4)

where the force within the SF is equal to F,. One branch of 8 is
plotted in Figure Sd—f, which shows its dependence on ¢, r, and
€. As the static substrate stretch gets larger, the cell reorients
further away from the x axis, which is in consistency with the
experiments. Our experiemental data indicate that &, is less than
10% and e, ~ 13%. The neglect of the effect of cell—cell
adhesion or shear strain in the substrate may have led to some
deviation of our prediction from the experiments.

Gradients in the mechanical environment (e.g, stiffness and
stress/strain) widely exist in native tissues, which play a critical
role in regulating cellular behaviors and provide certain
structures with specific properties to perform particular tissue
functions. Thus, it is neccassary to construct a graded
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mechanical environment in vitro for applications in cell
mechanics, tissue remodeling, and tissue engineering. Existing
studies produced a large body of knowledge and provided
valuable insights into fabricating environment in vitro with
stiffness gradients through various approaches including
microfluidic and photolithography method. However, to our
knowledge, no existing method has been developed to engineer
a stress/strain gradient environment with such structures and
further study their influence on cell functions. Our strategy may
be employed to address this issue. For example, we can obtain a
wide range of stress/strain gradient properties by using
trapezoidal shaped hydrogels with a long-range length.
Additionaly, stress/strain gradients can be easily regulated by
programming the hydrogel’s shapes. We also use this platform
for the first time to precisely engineer cellular alignment
gradients in vitro, which is well-known to exert significant
effects on tissue regeneration (e.g, neuron) and modulate
mechanical properties of tissues including skeleton, cardiac
muscle, and tendon.

4. CONCLUSIONS

In summary, we here developed a simple and feasible method
to engineer patterned cellular alignment in vitro. Programmable
stress/strain gradients on GelMA hydrogels are realized by
stretching hydrogels with linear elastic property. When seeding
cells on such hydrogels subjected to static stretches, we find
that cells on hydrogels align almost perpendicularly to the
stretch direction in regions of large strains and gradually align
toward the stretch direction in regions of relatively small
strains, whereas cells orient randomly in the control group. The
effect of substrate strains on cellular alignment is explained with
the theory by assuming that FAs would drive the cell to reorient
to the directions where they are most stable. Such results
indicated that the strain distribution of the substrate
significantly and precisely influences the cytoskeleton organ-
ization and alignment of cells, which may support a better
understanding toward the role of SFs and FAs in response to
the deformation of external substrates. In addition, the model
system first enabled us to find that, for static stretching, cells
only predominantly orient in the constraint direction in a
specific uniform strain range (~10% to 13%), in which cellular
orientation is a stable phase and supports that cells align to the
direction of maximal effective stiffness.>> For hydrogels with
strain gradients in the range of ~13% to 20%, cell alignment is
totally in disagreement with the findings from corresponding
2D model systems®>** and regulated by the strain of the
substrate. We provide here a novel framework for addressing
and understanding the response of cellular alignment toward
strain gradients of the substrate. The current work not only
provides important insights into the cellular response to the
local mechanical microenvironment for understainding cellular
mechanosensitivity but can also be utilized to engineer
patterned cellular alignment that can be critical in tissue
remodeling and regeneration.
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