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The spatial presentation of mechanical information is a key param-

eter for cell behavior. We have developed a method of polymeriza-

tion control in which the differential diffusion distance of unreacted

cross-linker and monomer into a prepolymerized hydrogel sink re-

sults in a tunable stiffness gradient at the cell–matrix interface. This

simple, low-cost, robust method was used to produce polyacryl-

amide hydrogels with stiffness gradients of 0.5, 1.7, 2.9, 4.5, 6.8,

and 8.2 kPa/mm, spanning the in vivo physiological and patholog-

ical mechanical landscape. Importantly, three of these gradients

were found to be nondurotactic for human adipose-derived stem

cells (hASCs), allowing the presentation of a continuous range of

stiffnesses in a single well without the confounding effect of dif-

ferential cell migration. Using these nondurotactic gradient gels,

stiffness-dependent hASC morphology, migration, and differentia-

tion were studied. Finally, the mechanosensitive proteins YAP,

Lamin A/C, Lamin B, MRTF-A, and MRTF-B were analyzed on these

gradients, providing higher-resolution data on stiffness-dependent

expression and localization.

mechanobiology | stem cell migration | stem cell differentiation |
extracellular matrix | stiffness

Stem cells receive a myriad of chemical and mechanical cues
from their environment and must integrate those signals to

commit to a specific lineage. Although the ability of chemical
signals (soluble and/or substrate-immobilized) to dictate stem
cell behavior in the microenvironment has been appreciated for
decades, only recently has significant research focus shed light
on the mechanical forces that shape organismal development
and direct disease response (1–3). Chemical gradients impacting
stem cell migration, proliferation, and differentiation are well-
described, and methods permitting their wide-scale use now al-
low efficient investigation of the effects they elicit (4–6).
Mechanotransduction is arguably more intuitive, as the func-

tional boundaries at multiple length scales in living systems at-
test. Physiological interfaces, such as those at neuromuscular
junctions, and pathological boundaries, e.g., infarcted fibrous heart
tissue adjacent to healthy myocardium, are prevalent in vivo and
imply that mechanical cues not only help guide differentiation
but play critical regulatory roles in disease response. Recent
studies have identified substrate stiffness as a significant factor in
cell spreading (7, 8), migration (9), proliferation (10), and dif-
ferentiation (11, 12) using both adipose-derived (13) and bone
marrow-derived stem cells (14). When mimicking the stiffness of
neural (∼1 kPa), muscle (∼12 kPa), and bone (∼30 kPa) tissues
(15, 16), substrate stiffness can induce differentiation toward
those specific tissue types. Furthermore, stem cells will migrate
toward regions of higher stiffness in a process known as “durotaxis”

(17–19), whereas neurons have shown preference for softer regions
(20, 21). Additionally, some cancer cell lines are inversely sensitive
to substrate stiffness and thus show markedly different migration
phenotypes (22–24). Given these complex and differential re-
sponses, it is apparent that any thorough in vitro investigation of
stem cell behavior must consider both the absolute substrate
stiffness value and the underlying stiffness gradient strength.
To create stiffness gradients in vitro, a multitude of diverse

methods have been proposed, including repeated freeze–thaw
methods with liquid nitrogen and cylindrical polyvinyl alcohol col-
umns (25), heat gradients within polymerizing polydimethylsiloxane
(PDMS) (10), polyelectrolyte monolayers with a patterned cross-
linker (26), inclusion of rigid particles in a soft hydrogel (27), and
microfluidic mixing of different polyacrylamide (PA) solutions.
However, all require significant technical background or equip-
ment or are exceedingly expensive. Other less complex methods
use photoinitiators and a patterned (28–30) or moving (31–33)
photomask overlying a polymerization chamber to create stiff-
ness gradients, although they are limited by the penetration
depth of the light source, nonhomogeneous diffusion of photons,
and residual toxicity of initiators left within the polymerized
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gel. Indeed, studies performed with gradient photomasks for UV
photopolymerization have shown poor reproducibility and gra-
dient linearity (19). Recent work has demonstrated the ability to
build stiffness gradients in PA based on diffusion-driven gradi-
ents, although these methods require photolithography and
microfluidics (34). Thus, although simple methods exist to pro-
duce chemical gradients (4–6), protocols to create simple (i.e.,
not requiring a clean room or photolithography facility) and
highly reproducible [i.e., not relying on photopolymerization
or PDMS interfaces] linear mechanical gradients spanning all
biologically relevant ranges remain elusive (Table S1) (15, 35).
Our aim is to develop a simple, nontoxic, cost-effective, and
highly reproducible culture surface that puts stiffness gradient
control into the hands of cell biology researchers who may not
otherwise have access to more complex methods. To do so, we
have investigated the stiffness-sensitive expression of the known
mechano-regulator YAP (Yes-associated protein), the nuclear
“mechanostat” Lamin A and its less stiffness-sensitive counterpart
Lamin B, and the transcription factors MRTF-A and MRTF-B to
a higher stiffness resolution than previously attained, revealing
heretofore unobserved “transition zones” between basal and sat-
urated levels of mechanosensitive proteins.

Results and Discussion

Stiffness Gradient Hydrogel Fabrication: A Two-Step Polymerization

Process. Previous methods of reproducing in vivo stiffness gra-
dients in culture systems are either complex (19, 30, 34, 36, 37) or
lack the stiffness or gradient range (9, 30, 32) to interrogate the
physiological mechanical landscape fully (Table S1). Therefore,
we developed a method to fabricate planar PA hydrogels with
linear stiffness gradients capable of spanning both biologically
relevant ranges and disease conditions. Briefly, 24 × 20 × 1 mm
glass molds were constructed from glass slides, coverslips, and
cyanoacrylate. Aliquots (250 μL) consisting of a defined acryl-
amide monomer concentration (4, 6, 9, 12, or 15%) and 0.4%
N, N methylene-bis-acrylamide cross-linker (Fig. 1 A, i) were
poured into a dichlorodimethylsilane (DCDMS)-treated glass
mold and covered with a 3-(trimethoxysilyl)-propyl methacrylate
(3-TMPM)–treated glass coverslip so that the polymerization
chamber assumed the shape of a right-angled ramp with a 3°
angle in the vertical plane (Fig. 1 A, ii). The functionalized
coverslip reacts with the PA solution and subsequently serves as
a support for manipulating the hydrogel. After polymerization
and removal from the mold (Fig. 1 A, iii and iv), a second 280-μL
aliquot of acrylamide (6, 9, 12, 15, 16, or 20%) was poured into
the mold and covered with the first PA gel (Fig. 1 A, v) so that
the coverslip edge overhangs (Fig. 1 A, vi). After polymerization
of the second component, the compound structure was removed
from the mold (Fig. 1 A, vii and viii), yielding a 24- × 20- × 1-mm
PA hydrogel composed of two sequentially polymerized, inversely
oriented, ramp-shaped components. Ultimately, this system re-
quires only acrylamide/bis-acrylamide solution, DCDMS, 3-TMPM,
glass slides and coverslips, and cyanoacrylate glue (as few as five
common laboratory chemicals and supplies) for the fast formation
of gradient hydrogels suitable for cell biology studies. Furthermore,
because of the large, consistent surface area presented to the cells,
this system can assay higher numbers of cells per gel than any other
stiffness-gradient tool available (Table S1).

Topographical and Mechanical Characterization. Varying the con-
centration of acrylamide monomer can substantially alter the
stiffness of a planar PA surface (38). We therefore postulated
that an interface with a uniform slope between two sequentially
polymerized components of a compound PA hydrogel would
result in depletion of monomer and cross-linker from the second
component at a rate proportional to the relative thicknesses and
acrylamide/bis-acrylamide concentrations of those two compo-
nents (Fig. S1A). To test this hypothesis, we added Texas red-
labeled bis-acrylamide cross-linker and 100-nm green fluorescent
beads to the second PA-forming solution. Fig. S1A demonstrates
that bis-acrylamide leaches readily from the second PA-forming

solution into the first PA hydrogel, but large objects (i.e., the
green microbeads) do not. This result supports the idea
that unpolymerized components are absorbed by the already-
polymerized component, which is unsurprising given that solute
diffusion through hydrogels, which has been shown to be slower
than through water (39), is a feature in many drug-delivery ap-
plications (40). Furthermore, because the first component is
sloped, an inherent acrylamide gradient dynamically forms
within the top gel as polymerization progresses. The formation of
this gradient is enhanced by the fact that as the hydrogel poly-
merizes, acrylamide chains lengthen and become incorporated
into the cross-linked network, decreasing their diffusion coeffi-
cient and preserving the concentration gradient formed by fast
diffusion into the first component. This gradient was confirmed
with cryo-scanning electron microscopy (cryo-SEM) of 12/12%
(vol/vol) PA hydrogels (second polymerized PA hydrogel/first
polymerized PA hydrogel) at 1,000× and 5,000× magnification.
Images show that the average pore size is larger in the second
(top) hydrogel component although both solutions contain the
same initial acrylamide:bis-acrylamide ratio (Fig. S1B). Although
other systems have used polymerized PA above prepolymerized
PA (17), those systems had very small diffusion distances from
the surface of the gel to the underlying prepolymerized gel
(∼25 μm), allowing (i) an equilibrium concentration to form
before polymerization occurs and (ii) the mechanical proper-
ties of the underlying stiffness layer to influence those of the
upper layer.
Because the thinnest areas of the second hydrogel component

suffer the greatest proportional loss of monomer/cross-linker, a

Fig. 1. Fabrication and characterization of stiffness gradient PA hydrogels.
(A) A 24- × 20-mm rectangular mold is used to fabricate hydrogels in a
double polymerization process creating a two-layered PA hydrogel. (B) AFM
was used to probe the surface Young’s modulus, E, for hydrogels composed
of 12/12% = 2.9 kPa/mm (R2 = 0.9965) (black squares); 9/9% = 1.7 kPa/mm (R2 =
0.9764) (dark gray triangles); or 6/6% = 0.5 kPa/mm (R2

= 0.9041) (light gray
circles) (Left) or 20/4% = 8.2 kPa/mm (R2

= 0.9783) (black squares); 16/4% =

6.8 kPa/mm (R2
= 0.9532) (dark gray triangles); or 12/4% = 4.5 kPa/mm (R2

=

0.9415) (light gray circles) (Right). (C, Left) Cryo-SEM images of a 12/12% PA
hydrogel surface at low (blue), middle (green), and high (red) stiffness
ranges. (Scale bar: 25 μm.) (Right) The corresponding graph shows pore size
is inversely proportional to stiffness where the slope = −0.4676 μm/mm
(R2

= 0.7312).
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stiffness gradient subsequently results. To examine this gradient,
we measured the Young’s modulus of these hydrogels parallel
to the ramp axis with atomic force microscopy (AFM) (41). For
20/4, 16/4, 12/4, 12/12, 9/9, and 6/6% (top gel/bottom gel, vol/vol)
acrylamide solutions in which bis-acrylamide was held constant
at 0.4%, linear stiffness gradients of 8.2, 6.8, 4.5, 2.9, 1.7, and
0.5 kPa/mm were observed, respectively (Fig. 1B and Table S2).
Mechanical probing was repeated with a larger AFM tip to assess
whether stiffness varied appreciably with probe area. Fig. S2A
shows that differences in the stiffness data obtained by different
AFM tip geometries are insignificant. We also used compression
optical coherence elastography (OCE) (42) to characterize fur-
ther any potential stiffness gradient in the z axis (depth), because
previous studies have suggested that cells are able to feel up to
10–20 μm below the substrate surface (43, 44) when plated on
very soft (∼1 kPa) hydrogels. We found a maximal softening of
3.3% at a depth of 10 μm and 9.0% at a depth of 20 μm for the
stiffest regions of the gradient hydrogels (Fig. S3A and Table
S3). On the softest region of ∼10 kPa, a depth of 20 μm shows
a softening of less than 1 kPa. Although measurable, these dif-
ferences are likely inconsequential for mechanosensitive re-
sponses (e.g., both 9 and 10 kPa are myogenic). This progressive
softening in the z axis also correlates to cryo-SEM images taken
of hydrogel cross-sections (Fig. S1C), which show increasing pore
size with increasing distance from the culture surface.
The highest stiffness gradients measured here are mimetic

of pathological stiffness gradients in vivo (i.e., myocardial in-
farction, ∼7 kPa/mm) (45). Furthermore, one of the gradients
(2.9 kPa/mm) spans several physiologically relevant ranges from
adipose (∼2 kPa) to osteoid tissue (∼35 kPa) (1). As acrylamide
concentration increases, e.g., 15/15% (vol/vol) acrylamide, the
steepest gradients are achieved (9.8 kPa/mm), but limited mono-
mer depletion from the second layer can compromise reproduc-
ibility (see larger error bars in Fig. S2B). For hydrogels with lower
absolute acrylamide concentrations (i.e., 6/6%: 0.5 kPa/mm; 9/9%:
1.7 kPa/mm; and 12/12%: 2.9 kPa/mm), we found homogenous
stiffness values perpendicular to the ramp axis, ensuring homo-
geneous polymerization along stiffness lines (Fig. S4).
To confirm Young’s moduli gradients independently in high

resolution, we used OCE (42) to capture 3D images with ex-
perimentally measured axial and lateral resolutions of 7.8 and
11 μm, respectively, up to 2–3 mm into the hydrogels (Fig. S3B).
3D reconstruction of a 12/12% (2.9 kPa/mm) PA hydrogel vi-
sualizes the stiffness gradient at the surface (Fig. S3B) as well as
the ramp-angle interface between the first and second layers
(Fig. S3B, Top, white line). The 5% compression required for
OCE imaging resulted in a slight absolute change in reported
moduli, whereas the slope of the gradient was unchanged at
2.9 kPa/mm (Fig. S3B).
The mechanism creating this stiffness gradient also suggests an

accompanying pore-size gradient along the hydrogel surface,
because higher degrees of crosslinking would result in smaller
pore sizes in stiffer regions (38). Cryo-SEM images at 500×
magnification taken at the low, middle, and high stiffness ranges
on the surface of 2.9 kPa/mm PA hydrogels confirm a pore size
gradient from largest (11 ± 5.2 μm) to smallest (4.1 ± 0.4 μm)
from the soft to stiff ends, respectively (Fig. 1C). Stiffness-
dependent behavior does not depend on pore size (38), but
surface topography is known to influence cell migration (46). To
exclude pore size as an influence on surface topography, 20- ×
20-μm surface AFM scans corresponding to low, middle, and
high stiffness ranges were generated. We found insignificant
variation in surface topography between hydrogel formulations,
thus excluding roughness as an influence on observed cellular
behavior (Fig. S2C).

Cell-Adhesive Protein Functionalization of Gradient Hydrogels. PA
hydrogels do not contain cell-adhesive domains and thus require
a covalently attached protein coat such as fibronectin or collagen
(8). Previous studies have confirmed that the overall amount of
protein that can bind to differentially cross-linked PA does not

change as stiffness increases (36). However, concerns have been
raised regarding the degree of protein tethering as a function of
pore size (47), which we have shown varies across the gradient
surface. To ensure that any subsequent observed differences in
interaction between cells and PA hydrogels is not a result of
differential levels of protein tethering, Förster resonance energy
transfer (FRET) (38) was used to measure the degree of fibro-
nectin unfolding across the gradient. ECM proteins are exposed
to traction force before any subsequent ECM deformation; thus
this FRET sensor is not a metric of overall traction force, which
is stiffness-dependent (48, 49), but rather is a confirmation that
the ECM protein itself does not experience any differential
unfolding as the result of potential changes in protein–hydrogel
tethering. The unfolding of the protein layer was measured as a
function of the ratio of the maximum intensities of the second
fluorophore (acceptor) to those of the first fluorophore (donor).
FRET ratios for PA gradient hydrogels (0.5, 1.7, and 2.9 kPa/mm)
in each stiffness condition (low, middle, and high) showed no
significant differences (Fig. S5A). To characterize the adhesive
protein layer further using a different ECM protein, collagen-
coated PA hydrogels were immunostained, and pixel-intensity
histograms were computed for PA hydrogels at all stiffness con-
ditions as described in Wen et al. (38). One-way ANOVA was
used to compare the area under the curve (AUC) of these his-
tograms within each hydrogel. The 0.5, 1.7, and 2.9 kPa/mm
hydrogels showed no significant differences in collagen function-
alization across their surfaces (P > 0.05) (Fig. S5B).

Cell Migration and Durotaxis. To investigate cell migration on
fibronectin-coated stiffness gradients, we used time-lapse mi-
croscopy to observe human adipose-derived stem cells (hASCs)
(Fig. 2, Fig. S6, and Movies S1–S11). Durotaxis, or migration in
response to a stiffness gradient, generally causes cells to migrate
toward stiffer regions, with cell velocity correlating to gradient
strength (19). Therefore we compared the migration of sparsely
plated hASCs on a shallow gradient (2.9 kPa/mm) with the mi-
gration on a steep, pathology-mimicking gradient (8.2 kPa/mm)
by calculating the instantaneous speed and direction of cells
from multiple regions over 72 h (Fig. 2A). Average cell speed
was similar on both gradients (Fig. 2B); however, when the cell
speed was divided into components either perpendicular to or
parallel to the gradient direction (x and y, respectively), the steep
gradient (8.2 kPa/mm) exhibited significantly higher y velocities,
indicating durotaxis toward the stiffer region (Fig. 2 A and B).
Because the average y velocity of cells on the 2.9-kPa/mm
hydrogel was not significantly different from zero, we can con-
clude that the gradient did not induce biased migration. These
data improve upon the durotactic threshold suggested in previous
studies (17, 19) by narrowing the range in which the threshold
potentially occurs to above 2.9 kPa/mm and below 8.2 kPa/mm. To
rule out the possibility that cell attachment or cell proliferation is
biased by the stiffness gradients, the centroid of all measured cells
was calculated at low (20,000 cells per hydrogel) and high (50,000
cells per hydrogel) density cell seeding on the 2.9-kPa/mm
hydrogels (depicted and quantified in Fig. 3 A and B, respec-
tively). For all samples collected after 1 d, the centroid was not
significantly different from 50% in either x or y, indicating that cell
attachment was not biased (Fig. 3 A and B). After 6 d on the
gradient hydrogels, low-density populations exhibited a slight shift
toward the stiffer region (∼4%). In high-density populations, this
shift was much higher (∼11%), suggesting that cell density plays a
role in stiffness-based proliferation changes (Fig. 3 A and B).
Once we established that the durotactic threshold for hASCs

was above 2.9 kPa/mm, we characterized cell migration on three
nondurotactic gradient gels (0.5, 1.7, and 2.9 kPa/mm). Although
hASCs migrated at different speeds according to their local
stiffness (i.e., cells moved faster on higher-stiffness regions), they
did not exhibit any bias in the x or y direction, indicating that
durotaxis was not occurring (Fig. 2C and Fig. S6). This absence
of durotaxis means that cells plated on these gradient hydrogels will
not preferentially move to stiffer regions, allowing the examination
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of cell behavior and protein expression in response to a contin-
uous range of stiffnesses without the confounding effect of
biased migration.

Stem Cell Mechanotransduction and Differentiation. In this set-up,
gradients can be fabricated both above and below the durotactic
threshold, giving this system dual utility. As explored above, gels
with gradients above the durotactic-promoting threshold can be
used to analyze cell migration toward stiffer or softer regions.
Perhaps more interestingly, gels with gradients below the dur-
otactic threshold can be used as single-well platforms for analyzing
cellular responses to a wide range of static substrate stiffnesses
without the confounding effect of biased cell migration. We used
the inability of the 2.9-kPa/mm gradients to induce durotaxis
(Fig. 2C and Fig. S6) to our advantage to investigate mechano-
transduction and differentiation decoupled from durotaxis.
To demonstrate the ability to assess cellular morphological

characteristics in a high content fashion, nuclei and the actin
cytoskeleton were stained on these gradient hydrogels, allowing
the analysis of thousands of cells in a single well (Fig. 3A). We
found that in hASCs, both the cell-spread area and the nuclear
area increase with stiffness (Fig. 3D). In addition, despite steady
increases in cross-sectional area, the aspect ratio of both cells
and nuclei remained consistent across the entire stiffness range,
suggesting that the stresses contributing to nuclear expansion were
isotropic (Fig. 3C). This finding is in contrast to data obtained
from C2C12 mouse myoblasts, in which the cellular-spread area
increased with stiffness but the nuclear cross-sectional area
remained generally constant (Fig. 3D). Because nuclear stiffness
has been shown to increase as differentiation progresses, it follows
that nuclei in more terminally differentiated cells would com-
press less in response to traction forces (50). Thus, this system

presents an opportunity for high content analysis of simple
morphological responses of different cell types. This system can
also be extended to specialized cell populations (i.e., knockouts)
in which interesting morphological changes (cell aspect ratio,
focal adhesion area, and so forth) in response to substrate
stiffness can be assessed.
The use of immunofluorescence allows the examination of

stiffness-dependent cell behavior beyond morphological charac-
terization. The nuclear intermediate filament Lamin A exhibits
scaled expression with tissue stiffness (51) and a dose-dependent
mechanosensing response. To determine to what extent switch-
like vs. dose-dependent signaling regulates behavior at inter-
mediate stiffness in single cells, hASCs were stained for Lamin A
and Lamin B on 2.9-kPa/mm-gradient hydrogels (Fig. 4A). Lamin
A expression was found to scale in a logarithmic dose-dependent
manner in response to stiffness (Fig. 4B), i.e., exhibiting quick
increases in intensity between 2 and 18 kPa and marginally slower
increases above 18 kPa. These high stiffness-resolution data are
consistent with previous reports of logarithmic increases of Lamin
A expression in single cells that assayed only three distinct stiffness
values (51). Furthermore, by staining the same cell populations for
Lamin A and Lamin B, we obtained individual Lamin A/Lamin B
ratios for thousands of cells over a range of physiological stiff-
nesses, revealing an exponential increase in this ratio as stiffness
increases (Fig. 4G). In contrast with hASCs, C2C12 cells showed
less stiffness-dependent Lamin A expression, with nuclear Lamin
A levels saturating above 10 kPa (Fig. 4I). Again, this finding

Fig. 2. Migration of hASCs on stiffness gradient hydrogels. (A) Represen-
tative hASC migration plots on 2.9-kPa/mm (Left) and 8.2-kPa/mm (Right)
fibronectin-coated PA stiffness gradient hydrogels over 72 h. (B) The xy

speed, x velocity, and y velocity (in micrometers per minute) on 2.9- and
8.2-kPa/mm fibronectin-coated PA gels on which the positive y velocity
vector is toward the stiffest end of the hydrogel. (C) Average speed (xy) and
x and y velocity over 72 h of hASCs on low (blue), middle (green), and high
(red) stiffness ranges of 0.5-, 1.7-, and 2.9-kPa/mm gradient hydrogels. Cells
were seeded at low density (<20,000 cells per well) for A and B and at high
density (>50,000 cells per well) for C. For A and B, all data are shown as
mean ± SEM (speed) and mean ± SD (velocity) (>695 cells analyzed). For C,
n = 6 (30 cells tracked per n). In stiffness runs along the y axis, more posi-
tive = stiffer. Blue = low, green = middle, and red = high stiffness range. For
all: *P < 0.05, ***P < 0.001; n.s., not significant.

Fig. 3. Centroid and morphological characteristics of hASCs and C2C12s on
stiffness gradient hydrogels. (A) Centroids of cell on gradient gels are indicated
with a cross for current image at day 1 (orange), day 1 (yellow), day 6 at low
density (green), and day 6 at high density (blue). White dashed lines intersect
at the center of the image (relative x and y positions of 50%). (B) Relative x

and y positions from A are graphed. (C) Cellular (green) and nuclear (red)
aspect ratios are plotted as a function of Young’s modulus, E. (D) Nuclear area
(in square millimeters) vs. cell area (in square millimeters) for hASCs (Left) and
C2C12s (Right) as a function of stiffness (2 kPa: blue to 40 kPa: red). *P < 0.05,
***P < 0.001, ****P < 0.0001, n.s, not significant.
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mirrors previous observations that more terminally differentiated
cells tend to have more stable patterns of Lamin A expression (52).
YAP displays a biphasic regulation pattern by alternatively

localizing to the cytoplasm on soft matrices and to the nucleus on
stiff matrices (53). This substrate stiffness-dependent behavior
was recently analyzed in more detail, increasing the stiffness res-
olution to six discrete static PA hydrogels, allowing discernment
of the specific stiffness regime in which YAP translocates to the
nucleus (49). However, these and other studies have struggled to
identify the stiffness range that shows a transition-level trans-
location, as opposed to on/off behavior. On 2.9-kPa/mm gradient
hydrogels, the nucleus/cytoplasm ratio of YAP appeared sig-
moidal, with a minimum ratio found from 2–12 kPa, followed by
a linear increase in nuclear localization from 12–20 kPa and a
saturated nuclear localization state above 20 kPa (Fig. 4 C and
D). This result suggests that the nuclear translocation of YAP is
indeed stiffness-dose dependent for certain stiffness ranges, with
a fairly broad sigmoidal transition zone that includes physiolog-
ical stiffness values, in contrast to prior suggestions of binary,
switch-like localization patterns. Finding transition zones like
these can have important implications in the understanding of
many signaling pathways, because they indicate that intermediate
levels of expression or localization potentially could result in
outcomes different from “on” or “off.” Indeed, C2C12 myoblasts,
which have been shown to have a pattern of YAP expression and

nuclear localization different from that of stem cells, were found
to have a much broader transition zone, with nuclear localization
increasing steadily from 2 to 38 kPa (Fig. 4J) (54).
The transcription factors MRTF-A and MRTF-B, also known

as “Mkl1/MAL” and “Mkl2/MAL16,” have been shown to shuttle
naturally between the cytoplasm and the nucleus (55), to play a
role in myogenic differentiation (56), and to be directly affected by
the actin polymerization state of the cell (57). MRTF-A interac-
tions with YAP have generated substantial interest in the nuclear
localization patterns of MRTF-A (58–60), but to date nearly all
investigations that test stiffness variations have analyzed only two
distinct values (61, 62). Leveraging our gradient system, we ana-
lyzed expression patterns of MRTF-A and MRTF-B in hASCs
plated for 24 h on 2.9-kPa/mm hydrogels and found that although
MRTF-B localization was independent of stiffness (Fig. 4F),
MRTF-A expression peaked at ∼20 kPa (Fig. 4E). This finding is
in contrast with reported time-dependent increases in nuclear
localization of MRTF-A in hMSCs on 100-kPa PA substrates (62),
although we did not analyze supraphysiological stiffnesses higher
than 40 kPa. However, these results are intriguing in that
MRTF-A has been shown to regulate miRNAs with roles in
myogenic differentiation, a process that occurs near the stiffness
region at which we observed MRTF-A to peak in ref. 63.
To explore this platform’s utility further, specifically in the

context of stem cells, we analyzed stiffness-dependent hASC
differentiation after 6 d on 2.9-kPa/mm gradient hydrogels. In
agreement with previous studies (1), the expression of the adi-
pogenic marker PPARγ was found to peak at low stiffnesses
(E <3 kPa) and to decrease quickly as stiffness increased (Fig.
4H, blue). Similarly, expression of the myogenic transcription
factor MyoD was found to peak at E∼12 kPa (Fig. 4H, green), and
CBFA1, an osteogenic marker, was highest around E∼36 kPa (Fig.
4H, red), also in agreement with a large body of literature on
mechanosensitive myogenic and osteogenic differentiation.

Conclusion

Nearly all phenomena in cell biology are affected to some degree
by substrate stiffness, from stem cell differentiation (1) to cancer
cell chemoresistance (64) to heart cell function (65). The stiff-
ness gradient platform described here allows the investigator to
test a wide range of mechanical induction signals on the same
surface. Furthermore, because the slope of stiffness built into
this technology is easily tunable, it can be customized to a wide
variety of biological conditions or disease processes under in-
vestigation; shallow slopes can isolate stiffness as an inductive
factor, and steeper slopes can elicit durotaxis. This method offers
a simpler solution than those previously available to fabricate
synthetic stiffness gradients and is easily reproducible because it
requires only a few simple components that can be procured and
assembled in any biochemistry laboratory. Most importantly, the
shallower gradients created by this method enable observations
of more subtle behaviors in stem cells, e.g., the dose-dependent
rather than switch-like responses of YAP to intermediate stiff-
ness values, exemplifying the utility of these gradient hydrogels.

Materials and Methods

PA gradient hydrogels were fabricated using a two-layer polymerization
method. After characterization of hydrogels, human ASCs or C2C12 cells were
cultured on fibronectin-functionalized hydrogels. Time-lapse microscopy was
used to study cell migration, and immunocytochemistry was used to measure
cell distribution and to show cell mechanotransduction and stem cell dif-
ferentiation. Further details aboutmold fabrication, cell assays, and statistical
analyses can be found in SI Materials and Methods.

The use of freshly aspirated human adipose tissue was approved by the
University of California, San Diego human research protections program
(Project # 101878).
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