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There is a growing appreciation for the functional role of matrix
mechanics in regulating stem cell self-renewal and differentiation
processes. However, it is largely unknown how subcellular, spatial
mechanical variations in the local extracellular environment mediate
intracellular signal transduction and direct cell fate. Here, the effect of
spatial distribution, magnitude, and organization of subcellular matrix
mechanical properties on human mesenchymal stem cell (hMSCs)
function was investigated. Exploiting a photodegradation reaction, a
hydrogel cell culture substrate was fabricated with regions of spatially
varied and distinct mechanical properties, which were subsequently
mapped and quantified by atomic force microscopy (AFM). The
variations in the underlying matrix mechanics were found to regulate
cellular adhesion and transcriptional events. Highly spread, elongated
morphologies and higher Yes-associated protein (YAP) activationwere
observed in hMSCs seeded on hydrogels with higher concentrations of
stiff regions in a dose-dependent manner. However, when the spatial
organization of the mechanically stiff regions was altered from a
regular to randomized pattern, lower levels of YAP activation with
smaller and more rounded cell morphologies were induced in hMSCs.
We infer from these results that irregular, disorganized variations in
matrix mechanics, compared with regular patterns, appear to disrupt
actin organization, and lead to different cell fates; this was verified by
observations of lower alkaline phosphatase (ALP) activity and higher
expression of CD105, a stem cell marker, in hMSCs in random versus
regular patterns of mechanical properties. Collectively, this material
platform has allowed innovative experiments to elucidate a novel
spatial mechanical dosing mechanism that correlates to both the mag-
nitude and organization of spatial stiffness.
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Tissue homeostasis is maintained by a complex interplay between
cells and their surrounding extracellular matrix (ECM), where

the ECM is dynamically remodeled and organized on numerous
length scales from the subcellular to the macroscopic (1). Although
a complex milieu of chemical signals, such as chemokines and cy-
tokines, provide a wealth of cues directing these processes, there is a
growing appreciation that contextual presentation of these mole-
cules within the surrounding physical environment can have a dra-
matic impact on cellular fate as well (2–4). For example, changes in
matrix mechanics are important in many biological processes in-
cluding the recruitment of cells to an injury site during wound
healing (5) and during disease development (6, 7). For instance,
local ECM organization plays a vital role in breast tumorigenesis, as
it is up-regulated by the development of highly cross-linked and
linearized local collagen structures, and such abnormal organization
can lead to severe tissue stiffening that sustains cancer cell survival
and promotes aggressive cellular invasion (8–10). This phenomenon
is also observed in heart tissue, where organized ECM is a critical
regulator that maintains normal valve function, and disarray of local
mechanics provokes pathophysiology such as cardiac hypertrophy or
valve calcification (7, 11).

Beyond basic tissue stiffening, matrix spatial organization and
the resulting mechanics appear to matter, but how they coordinate
a functional stimulus that facilitates intracellular signaling of
healthy or diseased phenotypes is poorly understood. Intricate
regulation of spatial matrix mechanics is implicated in tissue re-
generation during wound healing (12, 13); however, it is chal-
lenging to identify individual events of subcellular mechanical
stimulation, and investigate how such diverse variations in spatial
stiffness integrate to direct local cellular activity. In order to elu-
cidate some of these cell–matrix signaling processes in space, we
applied a biomaterial system that allows for the systematic in-
troduction of spatial variations in matrix mechanics. A tunable in
vitro platform was developed by exploiting a photolabile chemistry
to manipulate material properties of an initially isotropic hydrogel
in situ and then examine how spatially patterned elasticity directs
the cell fate of human mesenchymal stem cells (hMSCs).
Specifically, we explore whether activating (stiff) and deactivating

(soft) mechanical signals, when presented together, obstruct one
another, or if there is a threshold at which one signal dominates. To
interrogate these hypotheses and their effect on individual stem cell
fate, we use a poly(ethylene glycol) (PEG) hydrogel with photo-
labile linkages that allows for in situ softening of the material
modulus on subcellular length scales by controlled light exposure
through a photomask. Patterning is achieved on a micrometer scale
to create soft (∼2 kPa) and stiff (∼10 kPa) regions in the hydrogel
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derstanding of the role of extracellular matrix organization on
disease, aging, and regenerative processes.
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(14). This versatile, user-tunable platform allows one to elucidate
how hMSCs respond to mechanical microenvironmental signals that
often vary in space, and whether or not cell–matrix interactions lead
to mechanotransduction relationships that are linear, step functions,
or something more complex.

Results
Hydrogels with tunable mechanical properties were synthesized by
copolymerizing PEG monoacrylate (PEGA) with a photodegradable
PEG diacrylate (PEGdiPDA) (Fig. 1A). The photolabile cross-linker
allows in situ softening of the gel stiffness from an initial Young’s
modulus (E) of 9.6 ± 0.2 kPa to 2.3 ± 0.2 kPa by exposure to 365 nm
light at 10 mW/cm2 for 360 s (Fig. 1B). Cytoskeletal organization of
hMSCs seeded on the hydrogel formulation with the highest modulus
(subsequently referred to as stiff, E = 9.6 ± 0.2 kPa) exhibited more
organized actin bundles, as indicated by F-actin staining, and tensile
actomyosin fibers compared with those cultured on gel with the
lowest modulus (subsequently referred to as soft; E = 2.3 ± 0.2 kPa)
(Fig. 1C,Middle). In addition, seeding on uniformly stiff substrates led
to 90.9 ± 4.4% nuclear Yes-associated protein (YAP) (15) activation,
although YAP was mostly deactivated in the cytoplasm with only
6.6 ± 3.5% nuclear localization for hMSCs cultured on the softer gel
(Fig. 1C, Right), indicating that two opposite intracellular signals are
induced in this range of matrix mechanical properties.
Subsequently, the aforementioned stiff and soft signals were

introduced to hMSCs on the same surface through controlled
softening of the hydrogel via spatial degradation of the nitrobenzyl
ether cross-linker by passing light through a photomask and ex-
amining how spatial variations in mechanical signaling influences

hMSC response. We aimed to pattern mechanical regions that
were comparable in size to a mature focal adhesion (1 to 5 μm2)
(16, 17); so that spatial mechanical variations would be introduced
at a length scale that can potentially direct focal adhesion assembly
and subsequently affect cellular attachment and internal mecha-
notransduction. Uniform patterns of 2 μm by 2 μm squares were
created to introduce regions with distinct mechanical properties;
specifically, after light exposure, the ratio of stiff to soft regions was
varied as indicated in Fig. 2A. Also, because the average area of a
spread hMSC is ∼1,500 μm2 on uniformly soft substrates (Fig. S1),
the cells should sample a large number of both stiff and soft re-
gions. Thus, statistically, any single hMSC on the substrate should
experience a similar composition of mechanical cues.
Using several different lithographic masks, cell culture substrates

were synthesized with varying patterns to study the effects of a range
of different stiff to soft ratios (3:1, 1:1, 1:3, 1:8) and corresponding
areas of stiffness (75%, 50%, 25%, and 11%, respectively) on hMSC
matrix interactions and signaling. The resulting patterned substrates
were characterized by atomic force microscopy (AFM) as shown in
Fig. 2B; representative images for the regular 75% and 11% stiff, as
well as random 75% stiff substrates are shown in Figs. 2B, i, ii, and
iii, respectively. As evident from the AFM data, the spatial variations
in the moduli values are consistent with the patterns found on the
lithographic masks, indicating successful pattern transfer to the
intended regions of the hydrogels using photosoftening. In addition,
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Fig. 1. (A) Chemical structures of the photodegradable cross-linker (PEGdiPDA)
and PEGA. Acrylate functional groups are labeled in red and the photode-
gradable nitrobenyzl ether is labeled in blue. (B) Photodegradable hydrogels
polymerized from PEGdiPDA and PEGA monomers can be softened from stiff
(E = 9.6 ± 0.2 kPa) to soft (E = 2.3 ± 0.2 kPa) moduli by irradiation of 365 nm light
for 360 s. (C) Immunostaining of hMSCs on stiff and soft hydrogel surfaces. On
stiff hydrogels, hMSCs expressed tensile F-actin bundles and had 90.9 ± 4.4%
nuclear YAP activation; whereas, on soft hydrogels, hMSCs only had 6.6 ± 3.5%
nuclear YAP activation with less organized F-actin structure. DAPI (4’,6-diamidino-
2-phenylindole; blue) F-actin (red), YAP (green). Scale bars = 20 μm; n = 5 with
over 100 cells analyzed for each condition. percentage of 0%          11%          25%        50%         75%        100%
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Fig. 2. (A) An illustration of hMSCs seeded on mechanically patterned
hydrogel surfaces with different stiff-to-soft ratios. Black indicates chrome-
covered areas that will remain stiff, and white squares indicate areas exposed
to light that will be degraded to soft regions. (B) AFM elastic moduli maps of
(i) 75% stiff (regular pattern), (ii) 11% stiff (regular pattern), and (iii) 75% stiff
(random pattern) hydrogels. (iv) Representative force-deformation data and
model fits for two regions in iii. Scale bars = 2 μm.
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Fig. 3. (A, i) Paxillin staining (green) of hMSCs on stiff hydrogels illustrates clustered structures, which indicate the formation of mature focal adhesion.
(ii) However, paxillin staining of hMSCs seeded on soft hydrogels results in a basal uniform expression throughout the cell body. Paxillin (green); DAPI (blue).
Scale bars = 20 μm. (B) Relative localization of focal adhesions in hMSCs to mechanical regions on the patterned hydrogel. (i) Immunostaining of hMSCs on a
regularly patterned hydrogel with 11% stiff area. Focal adhesion formation was observed by staining for paxillin (green), and cytoskeletal organization was
observed by staining for F-actin (red). The localization of focal adhesions relative to the mechanically patterned regions was analyzed to identify the relative
paxillin intensity within stiff, soft, and interfacial regions based on the fluorescent and DIC channels (Right). For quantification, all paxillin intensities for each
image were normalized to the absolute value found in the soft regions. (ii) Immunostaining of hMSCs on regularly patterned hydrogel with 75% stiff area.
(iii) Immunostaining of hMSCs on randomized patterned hydrogel with 75% stiff area. In all three conditions, paxillin intensities were about threefold higher
in the stiff and interfacial regions relative to the soft regions. Paxillin (green), F-actin (red), DAPI (blue). Scale bars = 20 μm; n > 10 with over 50 cells analyzed
for each condition. Data plotted as mean ±SE.
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the magnitude of the moduli measured using AFM are in good
agreement with rheological bulk moduli measurements (Fig. 1B, Fig.
S2) of the uniformly stiff and soft substrates, with values ranging
from ∼2–3 kPa in the soft regions to ∼10–12 kPa in the stiff regions.
For reference, two AFM force (F)–deformation (δ) datasets from
Fig. 2B, iii are shown in Fig. 2B, iv. In both the soft and stiff regions,
the AFM F–δ data are well-described by the model used to extract
the moduli values (i.e., F is proportional to δ2), suggesting that the
contact geometry between the AFM tip and hydrogel surface is well
approximated by the analytical solution for a rigid conical indenter in
contact with an elastic half-space.
Complementary to the mechanical property measurements, the

surface roughness after gel patterning was also analyzed by AFM,
as surface topography has been shown to influence cell fate (18,
19). After photopatterning, the hydrogel surface (75% stiff) had
an rms roughness of 43 ± 2 nm, which is on the same order of
magnitude compared with the rms roughness of 12 ± 1 nm on the
uniformly stiff hydrogel, and 23 ± 2 nm on the uniformly soft
hydrogel (Fig. S3). Therefore, hydrogels were fabricated with
distinctly varying mechanical regions with minimal changes in the
surface topography that maintain a constant adhesive area among
conditions of different stiff-to-soft ratios.
Subsequently, markers of cell–matrix interactions were examined

to determine whether hMSCs can distinguish between differences in
mechanical properties on the μm scale, or if they simply sense the
overall average stiffness. Both the F-actin structure and the focal
adhesion protein paxillin were stained for hMSCs cultured on sur-
faces with spatially varying mechanical moduli (Fig. 3). In general,
punctate paxillin staining, indicating mature focal adhesions (20),
was observed at the cell–matrix interface when hMSCs were cul-
tured on the uniformly stiff substrates (Fig. 3A, i). In contrast,
hMSCs on the soft substrate (Fig. 3A, ii) had uniform basal paxillin
expression throughout the cell body instead of forming clustered
structures at the interface, indicating that fewer mature focal ad-
hesions were formed. It is interesting to note that when hMSCs
were cultured on patterned surfaces, punctate paxillin staining
appeared to concentrate in the stiff regions and along the border of
stiff-to-soft regions. This observation was further quantified by using
image analysis that first identified stiff and soft regions of the
hydrogel surface based on bright field images [differential in-
terference contrast (DIC channel)] and then calculated the relative
focal adhesion intensity (normalized to area) in both regions with
mechanically distinct properties, as well as within an interfacial edge
between them (Fig. 3B; Fig. S4). For hMSCs on both 11% (Fig. 3B,
i) and 75% (Fig. 3B, ii) stiff substrates, the focal adhesion intensities
within the interfacial region and stiff regions were almost threefold
higher, compared with that measured in the soft regions. However,
with distinct clustered paxillin structures, many more tensile F-actin
fibers were observed to initiate from focal adhesion sites in the stiff
regions when hMSCs were on 75% stiff substrates than those cul-
tured on 11% stiff substrates. This observation implies that cyto-
skeletal tension in hMSCs, which is much stronger on substrates
with a higher fraction of stiff regions, is generated as a function of
the mechanical property patterning (Fig. 3B, i and ii).
In addition, we hypothesized that the spatial organization of the

stiff versus soft regions, which plays an important role in the regu-
lation of actin structure formation in hMSCs, would also affect cell–
matrix signal transduction. Therefore, we created materials with the
same ratio of soft and stiff regions, but distributed the regions in a
random (or disorganized) manner as shown in Fig. S5 and validated
in Fig. 2B, iii to investigate the corresponding cell responses. Spe-
cifically, hydrogels were fabricated by a repeating 50 μm by 50 μm
(2,500 μm2) square pattern, in which the locations of the 2 μm by
2 μm stiff and soft regions were randomized. This patterned region
is on the same size scale as a spread hMSC (Fig. S1), so the repeat
unit is large enough for a single cell to sense these variations. When
hMSCs were cultured on the random 75% stiff substrate (Fig. 3B,
iii), punctate paxillin was again observed to colocalize with the stiff

regions and with a similar distribution on stiff, soft, and interfacial
regions as that found on the regular patterns (Fig. 3B, iii, Right).
F-actin fibers stemmed from these focal adhesion sites; however,
due to the differences in spatial organization of the focal adhesions,
hMSCs on the random patterns had less organized tensile actin
bundles than those on the regular pattern, even on hydrogels with
the same percentage of stiff regions.
Based on the differences observed in hMSC–matrix interactions

on substrates with varying percentages of stiff and soft regions and
between regular and random patterns, we next sought to investigate
whether or not these differences in cytoskeletal tension would lead
to activation of the subcellular transcriptional coactivator YAP, the
mediator that gauges extracellular mechanical stimulations into ge-
netic events that can eventually affect hMSCs differentiation (15, 21,
22). Specifically, when hMSCs sense competing mechanical signals,
does a threshold or critical interfacial area exist that a cell needs to
sense in order for it to accumulate sufficient cytoskeletal tension to
sustain nuclear YAP activation? Moreover, how will the spatial or-
ganization of mechanical signals play a role in such regulation? To
answer these questions, hMSCs were studied on substrates patterned
with regular 11% and 75% stiff regions, which represent two distinct
stiff and soft ratios regimes from the cytoskeleton tension analysis
(Fig. 4A, i and ii). Intracellular YAP localization was visualized by
immunostaining, and more prominent nuclear YAP localization was
observed on the substrate with 75% stiff moduli; however on 11%
stiff substrates, YAP mainly remained inactive and localized in the
cytoplasm (Fig. 4A, i and ii). This activation level was quantified
based on the percentage of cells that had nuclear YAP staining,
which was 83.4 ± 6.9% and 11.6 ±4.5%, respectively (Fig. 4B, i).
Based on this analysis, further investigations were performed to

study whether there was a functional relationship that might dictate
intracellular YAP activation in hMSCs when they experience these
variations in spatial stiffness. To this end, hMSCs were seeded on
hydrogels with regularly patterned 0%, 11%, 25%, 50%, 75%, and
100% stiff regions as shown in Fig. 2A. A sigmoidal response was
observed (Fig. 4B, i), in which less than 20% activation was ob-
served on surfaces with 0%, 11%, and 25% stiff regions; whereas, a
statistically significant higher level of YAP activation was induced
when the underlying substrates were increased from 25% to 50%
stiffness, but the trend plateaus near 75% stiffness.
Because of the differences in cellular attachment and cell–matrix

interactions on regular and randomly patterned surfaces (Fig. 3B), an
additional investigation was performed to characterize YAP locali-
zation when hMSCs were seeded onto substrates with randomized
stiffness regions. To our surprise, when hMSCs were cultured on the
75% random stiff pattern, YAP was mostly deactivated in the cyto-
plasm with only 35.4 ± 6.5% nuclear localization (Fig. 4 A, iii, and B,
i), which was significantly lower than the 83.4 ± 6.9% intracellular
YAP activation in hMSCs on 75% stiff regular patterns. Additional
random patterns were generated from 11% to 75% spatial stiffness;
however, no statistically significant elevation in YAP activation was
observed as the spatial stiffness increased, in contrast to the cellular
response on the gels with regularly distributed stiffness (Fig. 4B, i).
These results implied to us that a mechanism other than a dose re-
sponse may be regulating the mechanotransduction process when the
spatial organization of the matrix stiffness is disrupted. These dif-
ferences were further quantified by comparing gene expression levels
of ANKRD1 and CTGF, two of the genes that are up-regulated by
the activity of YAP (15). Results show that there is significantly
higher expression of both ANKRD1 and CTGF for hMSCs cultured
on regularly spaced 75% stiff patterns compared with 75% ran-
domized stiff patterns (Fig. 4B, ii).
Complementary to these experiments, it was then investigated

whether cell morphology correlated with the activation trend ob-
served with the mechanosensor YAP in response to spatial me-
chanical dosing for both the regular and random patterns. On
uniformly stiff substrates, hMSCs spread to an area of 4,290 ±
163 μm2, which is approximately a threefold increase relative to
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those on uniformly soft microenvironments (1,431 ± 84 μm2) (Fig.
5A). Previous reports have noted that YAP activation can be regu-
lated by cell geometry through differences in cytoskeletal tension
(15). When cultured on hydrogels with regularly spaced patterns of
mechanical properties, the hMSC area was observed to increase in a
manner that corresponded to the percentage of stiff regions, and a
dramatic increase in cell area (2,338 ± 173 μm2 to 4,429 ± 757 μm2)
was observed when the hydrogel mechanics increased from 50% to
75% stiff (Fig. 5A, blue dashed line and symbols). In contrast, cell
spreading remained around 2,400 μm2 on hydrogels with random
patterns: from 2,430 ± 265 μm2 on the 11% stiff to 2,483 ± 221 μm2

on the 75% stiff samples regardless of the stiff to soft ratio (Fig. 5A,
red dashed line and symbols). Beyond measurements of cell
spreading, circularity was also examined, as it can be a quantitative
indicator of cytoskeletal tension (23) (Fig. 5B). Consistent with other
measurements, circularity of hMSCs decreased correspondingly to
the spatial stiffness area on the regular patterned surfaces (Fig. 5B,
blue dashed line and symbols); but was insensitive to increases in stiff
regions on the randomly patterned gels (Fig. 5B, red dashed line
and symbols).
The presented data suggest that the magnitude and spatial orga-

nization of a cell’s mechanical matrix environment are coupled and
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converge to be a functional regulator of hMSCs by influencing their
morphology and activating internal mechanotransduction sensors.
Based on this supposition, we hypothesized that the effect of regular
and random patterns of matrix mechanics in a cell’s niche can lead
to divergence in hMSC fate. To this end, we investigated hMSC
osteognesis by culturing them on regularly and randomly patterned
hydrogels with 75% stiff regions. First, alkaline phosphatase (ALP)
staining was performed (Fig. 6A), and cells on the regularly pat-
terned gels were more spread, larger in area, and stained darker,
indicating a higher expression of the osteogenic marker ALP, and
found to be similar to hMSCs cultured on the uniformly stiff gels. In
contrast, minimal staining was observed in hMSCs cultured on
randomly patterned surfaces and uniformly soft surfaces, suggesting
a significantly lower level of osteogenesis (Fig. 6A). It is intriguing to
note that a significantly higher level of expression of the stem cell
marker CD105 was observed in hMSCs that were cultured on either
the random patterned gels or the uniformly soft hydrogels (Fig. 6B),
implying that the randomized stiff cues were arranged in a manner
that inhibit hMSCs osteogenesis.

Discussion
Previous investigations of subcellular adhesive ligand organiza-
tion (17, 24–26) and surface nanotopography features (18, 19,
27) on stem cell behavior demonstrated the fundamental role of
ECM structure in directing cell–matrix interactions. However,
the effect of matrix mechanics is still largely unknown. Specifi-
cally, it is challenging to precisely define and elucidate the spatial
organization and presentation of matrix mechanics in vivo and
in cellular culture platforms. For example, the heterogeneous
chemical composition of native bone tissue leads to varied me-
chanical properties on a wide range of length scales. This homeo-
stasis is disrupted by physical deformity upon injury and subsequent
inflammatory response, leading to disorganized chemical and
physical structures in the local cell microenvironment (28). Other
examples in liver pathology further emphasize the regulatory role
of matrix organization in fibrotic diseases through the modulation
of tissue morphogenesis, in which the functional hepatic archi-
tecture is disturbed by an abnormal accumulation of ECM pro-
teins and lead to fibrous scar and subsequent cirrhosis (29–33).
Elucidating how cells, especially stem cells that are recruited to
the wound site, distinguish and respond to these discrepancies in
the mechanical environment is critical for the field to deepen our
collective understanding of the tissue regeneration process. Here,

we applied a unique phototunable hydrogel system to introduce
and characterize the effects of spatial variations in mechanical
properties on cells cultured on the matrices. We observed that
spatially altering mechanical stiffness affects hMSCs in a dose-
dependent manner through the regulation of cytoskeletal tension
and intracellular transcriptional activation. Specifically, focal
adhesion formation colocalized with activating, stiff regions on
hydrogel substrates, which in turn directed the formation of the
actin cytoskeleton structure. Increasing the stiffness ratio on reg-
ularly patterned hydrogels promoted YAP activation, as well as
increased cell spreading and led to more elongated cell mor-
phologies. It is interesting to note that hMSCs became insensitive
to increases in the spatial stiffness of their microenvironment if the
regions were arranged in a randomized manner. Further, the
randomization was observed to disrupt the actin structure, reduce
YAP activation, and decrease cell spreading.
This dosing response was found to be specific to the presentation

of spatially patterned mechanical regions, but independent of similar
spatial variations in adhesive area among the different patterns. As
previously reported, 95% of the adhesive ligand RGD remains at-
tached after cleavage of the cross-linker because it was conjugated to
the nondegradable region of the network (21), so that the mechan-
ically patterned hydrogel has a relatively homogenous adhesive ligand
concentration across stiff and soft regions. Additional experiments
were conducted to ensure that the ∼5% decrease in RGD concen-
tration in the soft area after irradiation did not affect cellular mor-
phology and downstream transcriptional activation events (Fig. S6).
As another control experiment, we introduced the adhesive protein
fibronectin onto hydrogels of a uniform modulus of elasticity, in this
case the stiffer formulation, and then created patterns of adhesive
and nonadhesive areas (24). In this system, no significant differences
in YAP activation (∼90%; Fig. S7) were observed in hMSCs when
they were exposed to adhesive ligands that were regularly patterned
in 25%, 87%, or randomly patterned in 25% of the area. These re-
sults further support the conclusion that the observed trend in YAP
activation is not regulated through variations in ECM contact area,
but is defined by spatial variations in mechanical signals that induce
different magnitudes of cytoskeletal tension.
Previous literature has indicated that surface roughness is a

potent physical cue that affects cell–ECM interactions (27, 34, 35).
As we aimed to define and independently vary spatial stiffness, we
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Fig. 5. (A) Cell spreading area increased correspondingly to stiff percent-
ages on regularly patterned hydrogels, indicated by the blue dashed line and
symbols, consistent with the trend of intracellular YAP activation. A signif-
icant increase of cell area was observed from 50% to 75% stiff gels. On the
other hand, cell spreading was insensitive to the change of underlying stiff
percentages on randomly patterned hydrogels, indicated by the red dashed
line and symbols; * compared with regular 50% stiff, P < 0.01 based on one-
way ANOVA using Tukey’s multiple comparisons test. (B) Complimentary,
cellular circularity decreased relative to stiff percentages on regularly pat-
terned hydrogels, indicated by the blue dashed line and symbols. However,
circularity did not change significantly with increased stiff area on randomly
patterned hydrogels, indicated by the red dash line and symbols; # compared
with 75% regular stiff, P < 0.01 based on one-way ANOVA; n > 5 with over
100 cells analyzed for each condition. Mean ± SE.
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Fig. 6. (A) ALP staining of hMSCs on uniformly stiff, 75% stiff with regular and
random patterns and uniformly soft hydrogels after 7 d culture in mixed media.
hMSCs on uniformly stiff and regularly patterned 75% stiff samples had prominent
ALP expression; but the expression levels were significantly lower on the randomly
patterned 75% stiff and uniformly soft samples. ALP (purple). Scale bar = 100 μm.
(B) CD105 staining of hMSCs on uniformly stiff, 75% stiff with regular and random
patterns and uniformly soft hydrogels after 7 d culture in mixed media. hMSCs on
uniformly soft and randomly patterned 75% stiff samples had significantly higher
CD105 expressions than those on uniformly stiff and regularly patterned 75% stiff
samples. CD105 (green), DAPI (blue). n = 3. Scale bar = 20 μm.
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carefully designed and optimized the photodegradation procedure
to minimize significant differences in surface topography. In mul-
tiple examples, significant changes in cellular behavior and stem cell
markers have been observed when MSCs sense topographical fea-
tures > 100 nm, e.g., between Rq 1 and 100 nm (35); on 100-nm
topography features (19) and on 300-nm topography features (34).
Therefore, we expected the effect of rms roughness (43 ± 2 nm) on
hMSC responses to patterned surfaces to be minimized, because the
compliant and flexible nature of the hydrogel rendered systems with
minimal changes in nanoscale topography feature that would sig-
nificantly alter cellular attachment and cytoskeletal structure.
Finally, osteogenic differentiation of hMSCs cultured on hydro-

gels with regularly patterned mechanical regions was significantly
higher than those cultured on random patterns, as measured by
ALP staining. Complementary, the randomized stiffness patterns
promoted a higher CD105 expression in hMSCs, thus demon-
strating the regulatory role of the spatial organization of the local
environmental stiffness in determining cell fate decisions. Col-
lectively, these observations support the notion that mechanical
dosing influences hMSCs, but in a manner that correlates to
both spatial distribution and organization of the matrix mechanics.
In previous work by Dalby et al. (19), it was reported that

nanotopography features that were randomly introduced on poly
(methyl methacrylate) surfaces promoted cell adhesion (long
fibrillarlike adhesions) and subsequent higher osteogenic dif-
ferentiation than surfaces with more orderly and organized
nanotopography features. Although we are using two quite different
platforms, e.g., rigid poly (methyl methacrylate) surfaces vs. com-
pliant hydrogel substrates; nanoscale topography vs. micrometer-
scale mechanical patterns, our findings support similar conclusions,
which are: organization of extracellular matrix impacts stem cell
signaling through systematic regulation of cytoskeletal structure,
transcriptional activation, and gene expression profile. In our study,
we observed that the regularly spaced micrometer-scale mechanical
pattern promoted a focal adhesion structure that induced higher
cytoskeletal tension (Fig. S8), which further led to YAP activation

and enhanced osteogenesis. On the other hand, Dalby et al. ob-
served that certain disordered nanotopographical features alter
cellular cytoskeletal structure in a way that lead to distinct gene
expression profiles, which promote osteogenesis. It is clear that
the morphological changes in cytoskeletal structure upon cell–
ECM interaction initiates the downstream transduction of ex-
tracellular signal, which implies that a complex interplay between
integrin expression, surface chemistry, protein conformation, to-
pography, and mechanics most likely intersect to influence the
overall cell–ECM contact.
Taken as a whole, our results begin to provide insight into stem

cell behavior during dynamic events that occur during matrix
remodeling, as to whether the organization of the matrix envi-
ronment acts as a mechanical “switch” for cell lineage decisions.
These findings highlight the importance of new biomaterial ma-
trices that allow experimenters intimate control of cell-matrix in-
teractions and signaling. Innovations in biomaterial chemistry are
enabling novel experiments to be performed that are improving the
field’s understanding of mechanotransduction, especially as it re-
lates to changes in cell behavior that occurs during tissue remod-
eling in development, disease processes, and wound healing.

Materials and Methods
Human mesenchymcal stem cells (hMSCs) were isolated from fresh human bone
marrow (Lonza). P2 hMSCs were used in these experiments. Distinct mechanical
regions were introduced on the photodegradable hydrogels by photopatterning
using 36 nm light and characterized by AFM. Cellular morphology, gene ex-
pressions, and differentiations on the patterned substrates were analyzed similar
to previous studies (21). For complete details of materials and methods, please
refer to Supporting Information.
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