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The chemical and physical gradients in the native cell microenvironment induce intra-

cellular polarization and control cell behaviors such as morphology, migration and

phenotypic changes. Directed cell migration in response to substrate stiffness gradients,

known as durotaxis or mechanotaxis, has drawn attention due to its significance in

development, metastasis, and wound healing. We developed a microcomposite substrate

(μCS) platform with a microfabricated base and collagen hydrogel top to generate

physiological linear stiffness gradients without any variation in chemical or transport

properties. This platform is compatible with both 2D and 3D cell culturing and can be

assembled with common supplies found in most biology labs. Ligament fibroblasts (LFs)

and mesenchymal stem cells (MSCs) both respond to the mechanical gradient with

directed migration. Interestingly, LFs exhibit higher mechanosensitivity compared with

MSCs. Polarized nonmuscle myosin IIB distribution was also found on the μCS gradient,

confirming previous reports. This robust system provides an easily accessible platform to

study cell mechanosensing and a more physiological microenvironment for cell studies.

& 2014 Elsevier Ltd. All rights reserved.
r Ltd. All rights reserved.
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1. Introduction

The in situ cell microenvironment is often nonhomogenous
and anisotropic. The chemical and physical gradients in the
extracellular milieu induce intracellular polarization and
controls cell behaviors such as morphology, migration and
phenotypic changes (Engler et al., 2006; Lo et al., 2000).
Directed cell migration in response to chemical gradients,
termed chemotaxis, has been widely studied in the context of
development and metastasis (Cimetta et al., 2010; Wang
et al., 1994). Directed cell migration in response to substrate
stiffness gradients, known as durotaxis or mechanotaxis, has
drawn attention recently (Lo et al., 2000; Raab et al., 2012; Tse
and Engler, 2011; Wang et al., 2012). Other than the afore-
mentioned context, durotaxis may also be involved in wound
healing. For instance, the fibrin clot and platelet and myofi-
broblastic contractions at the wound site increase local
stiffness, thus promoting cell migration toward the wound
(Janmey et al., 2009). In addition to migration, substrate
stiffness is known to influence cell morphology, cytoskeleton
organization, proliferation and phenotypic expressions
(Engler et al., 2006; Janmey et al., 2009; Klein et al., 2009;
Yeung et al., 2005).

A number of approaches have been utilized to generate
stiffness gradients for the study of durotaxis. Polyacrylamide
crosslinking can be controlled via lithographic or concentration
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gradients to generate stiffness changes (Byfield et al., 2009; Tse
and Engler, 2011). These technologies often require microfluidic
devices or clean room access, which are not widely available to
biologists. Moreover, changes in polyacrylamide crosslinking
and density may change protein tethering behaviors, thus
changing the mechanical feedback mechanisms (Trappmann
et al., 2012). Another limitation of the polyacrylamide gel is that
it is not compatible with 3D cell encapsulation due to its toxicity.
Other polymer systems have been developed to control 3D
stiffness (Khetan et al., 2013; Legant et al., 2010). However, to
our knowledge, few studies have investigated polymeric sys-
tems of 3D stiffness gradients, due to the difficulty in controlling
cell-polymeric interactions in 3D (Khetan et al., 2013). Hadjipa-
nayi and coworkers generated a wedge-shaped collagen hydro-
gel, which was then compressed to a uniform thickness, thus
resulting in a scaffold of varying density (Hadjipanayi et al.,
2009). While cells are maintained in a 3D state in this system,
they are subjected to inhomogeneous compression and incre-
ases in collagen and ligand density.

Alternatively, studies have utilized hydrogel thickness to
modulate the effective surface stiffness (Leong et al., 2010).
Mesenchymal stem cells (MSCs) on the thin collagen gels
exhibit similar behaviors as those grown on hard substrates
and the cells cultured on thick gels behaved similarly as
those grown on soft substrates (Feng et al., 2013; Leong et al.,
2010). Taking advantage of this approach, we generated a
micro-composite substrate (μCS) with gradients by controlling
collagen hydrogel thickness with precise microfabricated
topography, without changes in collagen density. This
approach is completely cell compatible and provides both
2D and 3D capabilities. Moreover, the homogeneous gel
density ensures that, in the 3D configuration, cells of the
same distance to the gel surface are in the same nutrient/
waste environment as well as mechanical conditions. The
resulting stiffness gradient is linear within the field of view
using a standard 10� objective. Furthermore, the same
concept can be applied to a variety of materials available in
most life science labs to generate substrates of different
stiffness or stiffness gradients.

This versatile and simple platform was validated using
MSCs and ligament fibroblasts (LFs). LFs have been shown to
express smooth muscle-actin, exhibit phenotypes of contrac-
tile myofibroblasts and migrate at wound sites (Murray et al.,
2002; Murray and Spector, 1999; Unterhauser et al., 2004). In
addition to linear gradients, we also generated patterns to
produce a radial gradient to study more complex mechanical
cues that may occur during mesenchymal condensation or
scar formation (Ghosh et al., 2009; Mammoto and Ingber,
2010; Tse and Engler, 2011). 3D capability of our system was
demonstrated by the durotactic behavior of MSCs and the
mechanisms behind durotaxis in 2D and 3D were explored.
2. Materials and methods

2.1. Micro-composite substrate (μCS)

The composite substrate was prepared with collagen gel and
PDMS (polydimethylsiloxane, Sylgard 184, Dow Corning, USA)
microstructure. The PDMS microstructure was fabricated by
soft lithography. Briefly, SU-8 2025 photoresist (MicroChem,
USA) was spin-coated on a silicon wafer, exposed to UV light
through a mask, and developed to form a master with feature
heights of 60 μm. PDMS elastomer was prepared with 10%
cross-linking agent in PDMS solution and casted on the
master at 70 1C for 2 h. Collagen gel (BD, USA, rat tail type I,
1.5 mg/mL) was neutralized according to the manufacturer's
protocol and immobilized on the PDMS microstructure by
treating the PDMS surface with air plasma for 10 min (Harrick
Plasma, USA) and incubated overnight at 37 1C. Plasma is
believed to activate PDMS surfaces by changing its hydro-
phobicity, thus promoting protein immobilization (Chang
et al., 2007). Collagen gel height was controlled with silicon
spacers (100 and 400 μm thick) and cover glass. The ‘window’

in the spacers, in which the collagen gel periphery is defined,
is 1 cm�1 cm in size. In control studies, uniform thickness
substrates were made by binding collagen gels of specified
thickness to smooth PDMS substrates. Fig. 1A illustrates the
design of the composite substrates.

2.2. Mechanical measurements

Effective modulus at the surface of composite substrate was
determined by nano-indentation analysis using an atomic
force microscope (AFM, AsylumResearch MFP-3D-BIO, USA)
equipped with a Molecular Force Probe 3D controller. Soft
silicon nitride cantilevers (TR400PB, Olympus, USA) with a
pyramidal tip (nominated spring constant of 0.02 N/m) were
calibrated by the thermal fluctuation method in PBS. The
cantilever descended toward the collagen gel at a velocity of
1.98 μm/s to achieve an indentation depth of 1 μm. Force–
distance curves were collected and analyzed according to the
Hertz model (Rotsch et al., 1999; Rotsch and Radmacher,
2000). The gel was modeled with a Poisson ratio of 0.5
(Leong et al., 2010). Effective moduli across the substrates
(parallel to gradient) were obtained every 100 μm. 20 repeated
force curves on 10 locations obtained from three samples
were used to calculate the average effective modulus for each
type of substrate.

2.3. Cell culture

Ligament fibroblasts (LFs) were harvested from anterior
cruciate ligaments (ACLs) of young porcine knees via enzy-
matic digestion. Ligament sections were diced and incubated
in 0.2% collagenase solution (Invitrogen, USA) on a shaker
overnight. After digestion, the mixture was passed through a
100 μm cell strainer and the isolated LFs were maintained
without passaging. Human bone marrow-derived mesenchy-
mal stem cells (MSCs) were kindly provided by Dr. Shih-Chieh
Hung at National Yang-Ming University (Tsai et al., 2010). For
all studies, MSCs were used at passages 11–20. Unless other-
wise noted, cells were seeded at 7000 cell/cm2 for LFs and
5000 cell/cm2 for MSCs.

2.4. Cell displacement monitoring

For migration studies, cells were cultured overnight in the
composite substrate and fitted into a modified migration
chamber as previously described (Chao et al., 2000; Tandon



Fig. 1 – Schematic and realization of the μCS. (Α) μCS design. (B) Confocal z-stack images of the μCS immediately after cell
seeding. Thick blue arrows indicate the cell location and the orange triangles indicate the PDMS–collagen interface in the step
region. Green – collagen, red – actin cytoskeleton. (C) AFM assessment of the mechanical properties of the μCS. Red lines
indicate linear fits where R2¼0.95 and 0.81 for the 100 and 400 μm gradient groups, respectively. Linear trend analysis found
po0.001 for both groups. Inserted figure shows the overlay of the two groups. Open black squares represent the 100 μm
gradient group and solid red circles represent the 400 μm gradient group. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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et al., 2009). The closed chamber was then placed on an
inverted microscope (Leica, Germany) and phase-contrast
images were taken every 15 min for 1 or 2 h. Fields of view
were chosen with the microstructure in the middle, away
from the gel edge, and those cells that came into contact with
other cells were not analyzed. During the observation period,
no significant changes in the focal plane was observed,
suggesting low levels of displacement in the z-axis (Feng
et al., 2013). Cell location and morphology were measured by
manually tracing the cells in Image J to determine the
centroid and spreading area of each cell (Fig. 2C) (Abramoff
et al., 2004). Cell migration distance and angle (θ) were
calculated from the centroid locations of each individual cell
with time. Cell directionality was calculated as cos θ, where θ

is the angle between cell displacement axis and the stiffness
gradient direction with 01 and indicates that the cell migrated
in the direction of the gradient (cos θ¼1).

For the cell enrichment studies, cell-seeded 2D μCS sys-
tems were maintained in 6-well plates in a cell culture
incubator for 3 days. Cell location was monitored daily by
imaging the post and surrounding regions. Cell density was
calculated as the cell count normalized by the imaged
culture area.

2.5. Cytoskeleton visualization

Fluorescent staining was used to visualize the actomyosin
cytoskeleton. Cells were fixed with 3.7% formaldehyde and
incubated with Alexa 488-conjugated phalloidin (Invitrogen)
to label f-actin. To visualize myosinIIB, the cells were fixed,
permeabilized and treated with primary antibodies (Cell
Signaling) at 4 1C overnight, followed by secondary antibody
labeling (Alexa 568-conjugated, Invitrogen). Florescence sig-
nals were imaged with a confocal laser scanning microscope
(Leica TCS SP5) with a 20� water-immersion objective.

2.6. Image processing

MyosinIIB distribution was quantified with a custom Matlab
program. Images of individual cells were selected and segmented
based on the outline of actin cytoskeleton morphology (Chao
et al., 2006), which was then divided into four quadrants (Fig. 6B).
Average myosinIIB intensity was calculated for each of the four
quadrants and normalized to the overall cell intensity. Asym-
metry index (AI) was defined as the difference of the average
intensity between the quadrant facing the gradient subtracted
with the quadrant away from the gradient (Fig. 6). A positive AI
value would indicate frontal polarization of myosinIIB (toward
the stiffer region, or the right side of the image); where as a
negative value would indicate rear polarization.

2.7. Pharmacological studies

Pharmacological agents were used to examine the involvement
of various signaling molecules. Blebbistatin (Caymen Chemicals,
USA) was used to inhibit myosin II activity. After cells were
seeded for a day, 50 mM blebbistatin was added to the cell culture
medium for 12 h (Ulrich et al., 2009). In separate studies, rhoA
inhibitor exoenzyme C3 transferase (2 mg/ml, Cytoskeleton, USA)
was applied in serum-free medium (Provenzano et al., 2008).
After treatment, samples were rinsed and supplied with fresh
culture medium (with serum) before the migration studies.

2.8. Statistical analysis

Analyses of variance (ANOVA) with post-hoc tests (LSD) were
used to investigate multiple comparisons. Significance level
(α) was set at 0.05. Statistical analysis was performed using
SPSS16 (IBM, USA). Data were reported as mean7standard
errors of the mean.
3. Results

We generated μCS by combining collagen hydrogel with an
underlying PDMS substrate with a step topography. As shown
in Fig. 1B, by changing the spacer size, we could generate gels
of different thicknesses, thus controlling cell distance from
the underlying PDMS. This also corresponded with effective
material properties. AFM analysis found a significant linear
change of mechanical properties across the gel surface within
500 μm of the step topography, approximately the field of
view of a regular 10� objective (Fig. 1C). By modifying the
total gel thickness with spacers, we generated two μCS at 100
and 400 μm, resulting in stiffness gradients of 17.4 and
1.2 kPa/mm, respectively.

When cells are seeded on this composite substrate, no
significant changes can be detected in cell size in response to
hydrogel thickness, while MSCs were significantly larger than LFs
(Fig. 2A). However, when observed for 2 h, a significant trend of
cell migration toward the thinner/stiffer region of the composite
substrate can be found in LFs (Fig. 2B). In MSCs, directed
migration was only observed in the 100 μm total thickness
gradient group, but not in the 400 μm group. Migration in any
of the uniform thickness groups were in random directions,
resulting in an average cos θ value of 0. In both LF and MSCs,
cells on the 100 μm gradient demonstrated better migration
directionality. When comparing migration speed, LFs on the
gradient μCS migrated faster than the cells on the uniform
thickness control groups. No such trends could be found
with MSCs.

To explore the probability of utilizing this system to simulate
mesenchymal condensation (Ghosh et al., 2009) and promote cell
enrichment, we designed an alternative μCS in post configura-
tion, where a thin hydrogel region was surrounded by thick gels
(Fig. 3A). While there was an initial response of cell enrichment
in the central thinner/stiffer region, this effect dissipated after 2
days (Fig. 3B). Note that only minor increases in cell density were
observed for the uniform thickness groups. The initial enrich-
ment was also observed in cells treated with mitomycin (data
not shown), thus negating a role of proliferation. We investigated
this phenomenon by changing the cell seeding density on the
μCS with step microstructures. At high cell density, cell direc-
tionality as well as migration speed were significantly reduced
(Fig. 4A). Further examination found that high seeding density
lead to close proximity and cell–cell interactions similar to a tug-
of-war (Fig. 4B) and reduced the durotaxis phenomenon on the
μCS in post configuration.

When the MSCs were encapsulated in the collagen gel,
generating a 3D environment, the cells exhibited similar



Fig. 2 – (A) Cell size measured on uniform thickness substrates after 24 hours of culture. 40 μm (control thin of the 100
μm-thick gel) and 400 μm (control thick of the 400 μm-thick gel) represent the thinnest and thickest gel thickness used in the
current study. (n¼36–46; ** represents po0.001 when the two indicated groups are compared. No significant differences were
found within the indicated groups.) (B) Cell migration response on the μCS. Porcine LF and human MSCs were seeded on the
μCS for one day and cell translocation were observed for two hours. (n¼28–80 for LF and 23–77 for MSCs. * indicates po0.05
compared with the respective gradient group and § indicates po0.05 compared with the respective 100 μm total thickness
group) (C) MSC migration on the 100 μm gradient μCS. Scale bar equals 50 μm. (see Supplementary Video 1).
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Fig. 3 – (A) The μCS in post configuration. Post diameter is 300 μm. (B) MSC density changes during the three-day culture period
on the μCS. (* represents po0.0001 compared with the day 0 group, † indicates po0.01 compared with the previous time point,
§ indicates po0.05 compared with the post group, n¼4–20 fields of view).

Fig. 4 – (A) Effect of MSC density on μCS directed migration (* represents po0.001 compared with all other groups, n¼120–232
cells) (B) MSC interactions on the 100 μm gradient substrate (see Supplementary Video 2). Scale bar equals 50 μm.
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Fig. 5 – MSC migration in the 100 μm-thick 3D μCS. (* repres-
ents po0.05 compared with other groups, § indicates po0.001
compared with the thick group, n¼31–39 cells).

Fig. 6 – Myosin IIB polarization in response to the μCS
gradient (A) Actin organization and myosin IIB distribution
in the control (flat) substrate as well as on gradient μCS
(scale bar equals 20 μm). (B) Quantification of myosin IIB
distribution. Asymmetry index (AI) was calculated as the
difference of intensity between the region facing the
gradient (F) and away from the gradient (R). (* represents
p¼0.02 compared with the control substrate, n¼13–17).
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directionality toward the thinner/stiffer region of the compo-
site substrate, albeit to a lesser degree compared with the 2D
system (Fig. 5). Interestingly, migration speed in the uniform
thickness groups were about twice as fast as the 2D groups,
while the gradient groups migrated at similar speeds.

We next investigated the mechanosensing mechanisms
behind the directional migration in the current system. Similar
to previous reports on polyacrylamide gradients, nonmuscle
myosinIIB demonstrated polarization against the direction of
stiffness in both 2D and 3D (Fig. 6) (Raab et al., 2012). Inhibition of
myosin II with blebbistatin abolished directional migration on
the gradient substrate, with no significant effects on cell migra-
tion speed (Fig. 7). Additionally, involvement of the small GTPase
rhoA, an upstream regulator of myosin was tested. RhoA
inhibition with the C3 exoenzyme revealed a partial inhibition
of migration speed and directionality.
4. Discussion

We report a simple yet robust system for generating stiffness
gradients in hydrogels that can be used for 2D and 3D culturing.
This platform is designed based on controlling the underlying
support structure while maintaining a uniform top layer to
present an otherwise homogeneous cellular environment. There
are recent studies using similar approaches that require
complex microfabrication processes (Cortese et al., 2009; Kuo
et al., 2012). While we used microfabrication to produce the step
features, common lab supplies can be adapted to control
topography, such as layering of coverglass, transparency plas-
tics, silicon spacers, or 3D printing. Additionally, extracellular
matrix binding to the PDMS can be achieved through chemical
treatments instead of plasma, such as via sulpho-SANPAH
(Evans et al., 2009; Trappmann et al., 2012). The resulting
stiffness gradient can be manipulated to span the physiological
and pathological ranges (approximately 1–20 kPa/mm (Tse and
Engler, 2011)) by controlling the overall hydrogel thickness and
feature height (60 μm in the current study). The absolute
stiffness values of the gel can also be regulated to simulate
different tissue properties (1�4100 kPa (Engler et al., 2006)) by
defining the absolute thickness of the gel. Other hydrogel
parameters can also be adapted easily in the system, such as
changing the collagen concentration or using Matrigel or fibrin
gels for a wide variety of applications.

Both LF and MSCs exhibited durotaxis on the μCS, although
LFs appeared to bemore sensitive, responding to the 1.2 kPa/mm
gradient at 400 μm thickness (Fig. 2B). The cells may also be
responding differently to the different absolute stiffness values



Fig. 7 – Inhibition of RhoA and myosin II modulates directed
MSC migration on the μCS. (* represents po0.01 compared
with control, § indicates po0.05 compared with the C3
group, n¼58–160 cells).
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in these gradients (0.4–1.2 kPa and 5–20 kPa for the 400 and
100 μm thick gels, respectively). Isenberg and coworkers demon-
strated that while cell morphology may be dependent on the
absolute stiffness values, durotaxis is dependent on gradient
strength (Isenberg et al., 2009). No difference in cell size for either
cell type was found between the softest and hardest substrates
in the current study (0.4 and 20 kPa, respectively), yet the cells
are responding with durotaxis to the mechanical gradient. We
recently reported that fibroblasts on collagen gels of different
thickness respond differently to substrate anisotropy, while
maintaining similar sizes (Feng et al., 2013). Although many
studies investigate the effects of substrate mechanical properties
by measuring cell size (Lin et al., 2010; Sen et al., 2009), our
results suggest that additional parameters can generate a more
complete understanding of cellular mechanosensing (Zemel
et al., 2010). For instance, neither MSC nor LF exhibited changes
in cell size but both demonstrated durotactic behaviors. Mod-
ifications in cytoskeleton organization during stem cell differ-
entiation are known to result in different cell stiffnesses (Morita
et al., 2013). The disparity between MSC and LF behaviors may
therefore be attributed to the different cytoskeleton organiza-
tions, leading to distinct mechanosensing and migration
mechanisms. The versatility of our novel platform will allow
future studies to further investigate the mechanosensing inter-
actions between absolute stiffness and gradient strengths and
the cellular mechanisms behind the different phenotypic
behaviors.

Cells sense the mechanical environment through attach-
ment sites and cytoskeletal contraction, although the
mechanisms are not thoroughly understood (Jiang et al.,
2006; Style et al., 2013; Walcott and Sun, 2010). Cell contrac-
tility generated from the actomyosin cytoskeleton is one of
the key components in the mechanical sensory system
(Georges and Janmey, 2005; MacKay et al., 2012). In mechan-
ical gradients, the force balance results in more stable focal
adhesions and cytoskeleton bundles on the stiffer side of the
gradient and promotes migration in this direction (Bischofs
and Schwarz, 2003; Walcott and Sun, 2010). Nonmuscle
myosin II isoform phosphorylation and polarization are
reported to be involved in this force balance (Lo et al., 2004;
Raab et al., 2012). In our μCS system, a similar polarization of
myosinIIB against the stiffness/thickness gradient was found
in both 2D and 3D (Fig. 6). Moreover, inhibition of myosin or
its upstream regulator RhoA suppressed the durotaxis beha-
vior in our system (Fig. 7), confirming previous reports.

Using a comparable stiffness gradient, Tse and coworkers are
able to achieve MSC enrichment on photocrosslinked PDMS
substrate for seven days. Cell density indeed increased for the
first 2 days in our system, suggesting that the mechanical/
topographical gradient guided cell migration initially. Cell pro-
liferation is unlikely to result in this increase since the changes
in cell density on the control substrates are minor comparatively
(Fig. 3B) and mitomycin treatment revealed similar results (data
not shown). However, cell migration toward the central thinner/
stiffer area ceased beyond day three. A possible mechanism is
the nonlinear properties of the collagen gel, where the fibrous
network exhibit strain-stiffening behaviors and transmit stresses
several cell-lengths away (Ma et al., 2013; Storm et al., 2005;
Winer et al., 2009). In contrast to the polymeric gels used in the
other study, this heightened nonlinearity allows cells to be
influenced by relatively distant objects (Sen et al., 2009). This
behavior is evident in our system as demonstrated by the
durotaxis response of the smaller LF (lengtho100 μm) on the
400 μm thick μCS (Fig. 2). The cessation of cell enrichment with
time therefore suggests that the increase in density, and
decrease in cell–cell distance, result in complex interactions
between cells and the mechanical gradient and halt cell dur-
otaxis in our system (Fig. 4).

A number of significant differences have been highlighted
between 2D and 3D cell behaviors (Benya and Shaffer, 1982;
Cukierman et al., 2001; Doyle et al., 2009). Our system provides a
useful platform to study 3D cell behaviors, since the uniform gel
density ensures that cells on the same focal plane are exposed
to the same nutrient transport and mechanical environment.
Furthermore, cell position in the 3D configuration can be more
precisely controlled. We previously reported that by taking
advantage of the self-assembly behavior of collagen, layered
constructs can be generated with specific cell depth in 3D (Feng
et al., 2013). Raab and coworkers investigated 3D durotaxis
using a gel overlay system (Raab et al., 2012). In agreement with
their findings, no differences were found in the myosin-
mediated durotaxis between 2D and 3D in our μCS. The
migration speeds measured in our system are in the same
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order of magnitude as reported in the literature, although
somewhat different measures were taken (Raab et al., 2012;
Vincent et al., 2013). While different cytoskeletal structures may
exist in 2D and 3D systems, the contractile behaviors are similar
and can result in similar signaling and force balances (Kraning-
Rush et al., 2011). Future studies can combine the current
system with traction force microscopy to further delineate the
cellular mechanisms behind the contractile and force-sensing
behaviors (Wang and Lin, 2007). The ability to provide consis-
tent platforms to study cell behaviors in 2D, 3D, or even
combined co-cultures (3D cancer cells with a 2D layer of
epithelium, for instance) allows well-controlled investigations
into the effects of stiffness gradients on wound healing,
metastasis, and development.
5. Conclusions

We developed a μCS platform that allows easy access to
mechanical gradient studies. Simple geometry controls such
as the single step or post configurations permit a wide array
of gradient patterns. Using this system, we are able to
generate linear and radial gradients to investigate durotaxis
as well as cell enrichment behaviors. Furthermore, the plat-
form can be easily applied in 3D studies with the same
chemical and transport parameters, a significant improve-
ment over previous systems. Cells responded to the gradients
with directed migration using the same underlying actomyo-
sin mechanism as previous reports. Future studies will
investigate the possible interactions between thickness and
stiffness gradients, the effects of the nonlinear collagen gel
behaviors and coculture systems.
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