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Microenvironment elasticity influences critical cell functions such as differentiation, cytoskeletal orga-
nization, and process extension. Unfortunately, few materials allow elasticity modulation in real time to
probe its direct effect on these dynamic cellular processes. Here, a new approach is presented for the
photochemical modulation of elasticity within the cell’s microenvironment at any point in time. A
photodegradable hydrogel was irradiated and degraded under cytocompatible conditions to generate

g@:j";’g“g’ a wide range of elastic moduli similar to soft tissues and characterized using rheometry and atomic force
Elzstic?ty microscopy (AFM). The effect of the elastic modulus on valvular interstitial cell (VIC) activation into
Photolithography myofibroblasts was explored. In these studies, gradient samples were used to identify moduli that either
Fibroblast promote or suppress VIC myofibroblastic activation. With this knowledge, VICs were cultured on a high

modulus, activating hydrogel substrate, and uniquely, results show that decreasing the substrate
modulus with irradiation reverses this activation, demonstrating that myofibroblasts can be de-activated
solely by changing the modulus of the underlying substrate. This finding is important for the rational
design of biomaterials for tissue regeneration and offers insight into fibrotic disease progression. These
photodegradable hydrogels demonstrate the capability to both probe and direct cell function through
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dynamic changes in substrate elasticity.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Fabrication of cell culture substrates with different elastic
moduli has been explored for the past decade, as researchers
identified that cell contractile forces and related cell functions, such
as motility [1], cytoskeletal organization [2], and differentiation
[3,4], are influenced by the elasticity of the underlying substrate
[5,6]. For example, in response to an injury, fibroblasts are known to
differentiate into myofibroblasts, a wound healing phenotype
responsible for repairing and replacing damaged extracellular
matrix (ECM) in injured tissues and organs [7]. As ECM is secreted,
the elastic modulus of the cell microenvironment increases. Once
the desired matrix modulus is achieved, the myofibroblasts deac-
tivate and undergo a number of cellular processes, including
senescence [8] and apoptosis [7], the exact pathways of which are
not well understood. If this de-activation is misregulated and the
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myofibroblast phenotype persists, ECM secretion continues,
increasing the matrix modulus and effecting fibrosis [9]. Under-
standing the role of the matrix modulus in dynamic cellular
signaling processes such as these is important for treatment of
fibrotic diseases, as well as in the design of tissue regeneration
strategies [3]. Many researchers have thus sought to explore the
influence of substrate elasticity on cell function by the develop-
ment of materials with highly regulated properties.

Researchers have used discrete poly(acrylamide)-, poly(ethylene
glycol) (PEG)-, or poly(dimethyl siloxane)-based gels with different
moduli to explore cellular processes such as myotube differentiation
[10], embryonic cardiomyocyte beating [11], and neuronal cell
process extension [12]; smooth muscle cell (SMC) proliferation and
focal adhesion formation [13]; and myofibroblastic activation [14],
respectively. These materials are useful but require the preparation
of a unique formulation for each gel (e.g., different crosslinker
concentration) to vary the modulus, and more importantly, the
material properties are fixed upon formation. To address some of
these limitations, advanced processing techniques have been
developed to create modulus gradients within hydrogels [15,16]. For
example, gradient hydrogels formed from mixtures of acrylamide
and bis-acrylamide have been used to study fibroblast migration
[17]. Improved gradient fabrication techniques, such as using
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microfluidics with poly(acrylamide)-hydrogels [18] and advanced
patterning with poly(dimethylsiloxane) (PDMS) [19] gels, have been
used to examine vascular SMC spreading and cytoskeletal organi-
zation [18] and fibroblast and endothelial cell migration [19],
respectively. While these approaches have been proven versatile,
the material properties are static. Recently, Frey and Wang devel-
oped a polyacrylamide-based photodegradable hydrogel whose
modulus can be decreased 20-30% of its initial value with irradiation
in the presence of NIH 3T3 fibroblasts [20]. This dynamic modula-
tion of substrate rigidity was used to study the influence of modulus
on 3T3 cell morphology and migration. In parallel to this work, we
were interested in probing the influence of dynamic changes in
substrate modulus on cell function (e.g., differentiation), which
often requires a large variation in modulus. Specifically, we have
developed a photodegradable monomer for synthesizing PEG-based
hydrogels that degrade in response to light, and the chemistry is
compatible with cell encapsulation and 3D cell culture [21]. Here,
we exploit this chemistry to create a 2D cell culture platform whose
elasticity can be tuned over a wide range of moduli and subse-
quently varied in real time by exposure to light. Experiments were
designed to answer how in situ changes in substrate modulus might
influence the fibroblast-myofibroblast differentiation process,
especially how myofibroblast de-differentiation might be directed
by a step change in the elasticity of its microenvironment. In general,
a cell culture substrate that allows on-demand creation of materials
with variable elasticity, either in a discrete or gradient fashion,
would allow the design of unique experiments to further explore the
influence of elasticity on cellular functions. Moreover, such mate-
rials would improve the understanding of how cells respond to
dynamic microenvironmental changes (e.g., the role of matrix
elasticity in promoting or suppressing fibrosis).

2. Materials and methods
2.1. Hydrogel preparation

The photodegradable crosslinker (PEGdiPDA) was synthesized as previously
described [21]. PEGdiPDA (M, ~ 4070 g/mol, 8.2 wt%) was copolymerized with
PEGA (M, ~ 400 g/mol, 6.8 wt%, Monomer-Polymer and Dajac Laboratories, Inc) in
PBS via redox-initiated free radical polymerization using 0.2 M ammonium persul-
fate (AP) and subsequently adding 0.1 m tetraethylmethylenediamine (TEMED)
while vortexing. The polymerization is complete within 5 min, based on modulus
evolution followed by rheometry. The hydrogels were formed in situ for rheometry
experiments. For all other experiments, hydrogels were polymerized between glass
coverslips (22 mm x 22 mm) separated by a 0.25-mm thick spacer (9 mm x 9 mm).
For cell experiments, fibronectin (100 nm, BD Bioscience) was mixed in the monomer
solution and entrapped within the hydrogel. Uniform presentation of fibronectin
with degradation was verified by fluorescent labeling of the protein and subsequent
imaging in situ (Supplemental Figure S1). The hydrogel was covalently linked to one
of the coverslips during polymerization by methacrylation of the coverslip directly
prior to use. The methacrylated coverslip was prepared by cleaning of the slip with
Piranha (30 min, 3:1 by volume sulfuric acid:hydrogen peroxide), rinsing with
copious amounts of deionized (DI) water, rinsing with acetone, and chemical vapor
deposition of methacrylopropyltrimethoxysilane (Gelest) at 60 °C for 3 h under
argon. After preparation, hydrogels were transferred to PBS for AFM characterization
or to cell culture media (M199, Invitrogen) with 1 pg/mL amphotericin B, 50 U/mL
penicillin, and 50 pg/mL streptomycin. Media was refreshed after 12 h to remove any
remaining monomer or initiator.

2.2. Hydrogel characterization with rheometry

Hydrogel degradation was characterized with a photorheometer (y=10%,
= 10 rad/s for linear viscoelastic regime, ARES, TA). A thin hydrogel film (0.05 mm)
was polymerized in situ between an 8 mm diameter flat quartz plate and
a temperature-controlled Peltier flat plate (25 °C). Upon complete polymerization,
the hydrogel was surrounded with a small amount of water to prevent dehydration,
and the hydrogel storage modulus (G') was monitored, which dominates for these
elastic polymer networks (G = G’ when G’ > G”) [22], while irradiating the sample
with UV light (365 nm at 10 mW/cm?, EXFO, Novacure, high-pressure mercury arc
lamp with light guide and collimating lens). To follow degradation, G’ was
normalized to its initial value G,'. The storage modulus was converted to Young’s
modulus (E) using rubber elasticity theory, where G=E/2(1+v), assuming

a Poisson’s ratio (v) of 0.5 for bulk measurements of elastic hydrogel polymer
networks [22,23].

2.3. Hydrogel film degradation and characterization with AFM

A surface elasticity gradient was created by irradiating the surface of a photo-
degradable hydrogel with a light gradient (365 nm at 10 mW/cm? for 0-5 min
across the surface, where light penetration and gel degradation are limited to the
top ~50 um of the gel). This light gradient was achieved by irradiating the hydrogel
while continuously covering the hydrogel surface with an opaque plate from one
side (0 mm) to another (9 mm) with a cover plate attached to a linear motion stage
[24]. The covering rate is set so that the entire sample was covered prior to complete
degradation of the sample surface (<10 min of 365 nm at 10 mW/cm? as deter-
mined by rheometry). This degradation gradient creates a gradient in surface
elasticity from the initial hydrogel modulus on one side of the gel to a modulus that
is ~20% of the initial value after 5 min of degradation on the other side of the gel.
The resulting surface elasticity gradient was measured with atomic force micros-
copy [25] (AFM, PicoPlusTM scanning probe microscope, Molecular Imaging, Inc.,
pyramidal silicon nitride tip with force constant 0.12 N/m, radius =10 nm,
height = 2.5-3.5 nm, and angle of pyramid = 35°), where E at various linear posi-
tions across a gel surface was obtained using the Hertz model and » = 0.2 for the
surface of a PEG hydrogel [26]. Discrete samples with high and low moduli were
similarly prepared except with either no irradiation or flood irradiation of the entire
sample for 5 min (365 nm at 10 mW/cm?). In addition, elasticity was modulated in
the presence of cells on discrete, high-modulus samples with flood irradiation for
5 min (365 nm at 10 mW/cm?).

24. Cell culture

VICs were isolated from porcine aortic valve leaflets by sequential collagenase
digestion as previously described within 24 h after sacrifice [27]. Isolated cells were
cultured in growth media (Medium 199, 15% fetal bovine serum (FBS), 2% penicillin/
streptomycin (100 U/mL), 0.4% fungizone (0.5 pg/mL)) and successively passaged
(passage 2 and 3 used for experiments). All experiments were performed in low
serum (1% FBS supplemented) media to minimize cell proliferation and plated at
40,000 cells/cm?.

2.5. Real-time cell tracking

Time lapse images of cell movement were captured every 15 min over a 3 day
period using a Nikon TE 2000 PFS fluorescent microscope equipped with a motor-
ized stage and an environmental sample chamber. Images were collected and
analyzed using MetaMorph software (Molecular Devices). Velocities were calculated
by taking the change in cell position divided by the time interval (i.e., 15 min) over 3
days, which were subsequently averaged for each cell. The velocities presented are
average velocities for several cells over 3 days on the gradient substrates.

2.6. Immunostaining

Samples were fixed with 10% buffered formalin, permeabilized in 0.05 wt%
Tween 20, blocked with 3 wt% bovine serum albumin (BSA), and incubated with
mouse anti-o-smooth muscle actin (aSMA) (Abcam) antibody. Following primary
antibody coupling, samples were washed and incubated with goat-anti-mouse
Alexa 488 (Invitrogen) and phalloidin-tetramethylrhodamine B isothiocyanate
(Sigma-Aldrich). Samples were subsequently counter-stained with DAPI and imaged
on a Nikon TE 2000 epi-fluorescence microscope with 20x magnification objective.
Images from each fluorescent channel were merged, and the background was flat-
tened using MetaMorph. The number of cells was counted using the DAPI channel
and Image] (Analyze Particles function, NIH). The number of myofibroblasts was
counted manually by identifying cells with «SMA organized into fibrils, and the
percentage of myofibroblasts was calculated by dividing the number of myofibro-
blasts by the total number of cells and multiplying by 100%.

2.7. Gene expression

Cells were transfected with a aSMA-luciferase reporter construct (5 pg plasmid),
developed by N.A. Rice [28], using an Amaxa Nucleofector (program U-23 as rec-
ommended by the manufacturer). Cells were then seeded on hydrogels, and samples
were analyzed for luciferase activity on Day 1 and 3 (Promega Bright-Glo Luciferase
Assay System per manufacturers instructions).

2.8. Statistics

All data collected are presented as mean + standard error of three or more
samples. A Student’s t-test was used to compare data sets, and the resulting p values
that were used to determine statistical significance are noted.
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Fig. 1. Hydrogel preparation and characterization. (a) Photodegradable hydrogels were synthesized by redox-initiated radical chain copolymerization of a PEGA (bottom, 6.8 wt%)
with PEGdiPDA (top, 8.2 wt%) in PBS. The PEG-based crosslinking macromer contains two nitrobenzyl ether photolabile groups that cleave upon irradiation, releasing PEG and
decreasing the modulus of the hydrogel. (b) Degradation was characterized with rheometry, where a thin hydrogel was irradiated in situ (365 nm at 10 mW/cm?), and the decrease
in its elasticity was monitored (storage modulus G’ normalized to initial value G’ = 10.6 kPa, Young’s modulus (E) ~ 32 kPa). The elasticity of the hydrogel can be tuned to any of
these moduli by irradiation for the corresponding time prior to complete hydrogel degradation, ~10 min. These substrates with tunable elasticity can then be used to investigate
a range of moduli and to identify substrate moduli that promote (left image) or suppress (right image) VIC myofibroblastic activation (aSMA green, nuclei blue, and f-actin red).
Scale bars, 100 pm.

3. Results and discussion

3.1. Synthesis of photodegradable hydrogels and tuning of their
mechanical properties with irradiation

Valvular interstitial cell (VIC) activation to myofibroblasts has
been linked to fibrotic valve disease [29]. Further, the fibroblast-to-
myofibroblast transition is important in numerous wound healing
processes and has been linked to several disease states [7]. To

VIC culture and myofibroblastic activation, we synthesized hydro-
gel films by copolymerizing a photodegradable PEG diacrylate
crosslinking macromer (PEGdiPDA) [21] with PEG monoacrylate
(PEGA) in phosphate buffered saline (PBS) (Fig. 1a). Bulk degrada-
tion of these hydrogels under cytocompatible irradiation condi-
tions [30] was characterized with rheometry. Thin films were
polymerized and subsequently uniformly irradiated while moni-
toring changes in the hydrogel storage modulus (G’). As the
hydrogel degrades, G’, which is directly proportional to the cross-

investigate the influence of in situ substrate modulus variation on linking density, decreases (plot, Fig. 1b). With continuous
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Fig. 2. Cell culture substrate preparation, degradation, and characterization. (a) Exploiting this tunable degradation, hydrogel films were irradiated while covering the film from left
to right with an opaque plate to create a linear exposure gradient across the hydrogel (9 mm x 9 mm x 0.25 mm). The left side of the hydrogel received no irradiation, the right side
received 5 min of irradiation, and a continuous gradient of irradiation was achieved in between these two extremes (left). This exposure pattern generates an elasticity gradient
across the hydrogel surface, the top ~50 pum of the gel, corresponding to the elasticity profile observed with rheometry. (b) Young’s modulus (E) was measured at points across the
hydrogel with AFM (blue triangles). The moduli across the hydrogel compare well to rheometric measurements at corresponding irradiation times (red line, G’ converted to E using
rubber elasticity theory) and confirm the creation of an elasticity gradient. This gradient spans E ~ 32-7 kPa across the surface, moduli similar to that of soft tissues from
collagenous bone to muscle [4].
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Fig. 3. Cell movement on the elasticity gradient. Cell migration at different positions along the elasticity gradient (32, 15, and 7 kPa) was monitored in real time over 3 days (15 min
intervals). Cell velocities in the x- and y-direction on each elasticity include 0 pm/min, indicating that there was no specific direction in which the cells were traveling (i.e., no
directional migration) (table). In addition, no statistical difference was observed between the x or y velocities for these elasticity regions (p < 0.9), indicating that cell movement at
each position is similar. The movement of several cells was tracked at positions corresponding to different moduli, and corresponding traces of their movement reveal that cells
sample many x-y positions but do not move in any specific direction along the gradient nor great distances (<100 um on average over 3 days, ~0.3 kPa change over 100 um).

irradiation, the thin film undergoes reverse gelation within 10 min. specifically, VIC differentiation into myofibroblasts (images, Fig. 1b).
Prior to this, degradation is arrested by ceasing irradiation [21]. The myofibroblast phenotype, which is up-regulated upon valve
Hydrogel elasticity thus can be tailored spatially and temporally via injury, demonstrates unique wound healing functions such as
the control of irradiation. producing significant amounts of ECM for tissue regeneration.

The photodegradable hydrogels were thus used to examine the However, myofibroblast persistence is associated with the develop-
influence of the substrate elasticity on fibroblast activation, ment of fibrotic pathologies including valvular stenosis [29,31-33],
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Fig. 4. Cell differentiation on gradient elasticity hydrogels. (a) VICs cultured on elasticity gradient hydrogels were immunostained for «SMA (green), an indicator of differentiation to
myofibroblasts, as well as f-actin (red) and nuclei (blue). Images were taken at different representative positions along the gradient (moduli noted on image). On Day 1, diffuse aSMA
was present in more cells on the high-modulus region of the gradient but not organized. By Day 3, 2SMA was prominent in cells on the high-modulus side of the gradient and was
organized into stress fibers, indicating myofibroblastic differentiation. (b) To quantify the amount of activated cells, the myofibroblasts at each position on the gel were counted,
where increased activation was observed on the high-modulus regions of the gradient as compared to the low-modulus regions of the gradient on Day 1 (blue diamonds) and Day 3
(red squares). Scale bars, 100 pm.
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a degenerative hardening of the valve [34] characterized by a change
from an elastic, pliable tissue to a stiff, calcified tissue [35]. Myofi-
broblasts possess qualities of fibroblasts and of SMCs, with an intri-
cate cytoskeleton dominated by a-smooth muscle actin (aSMA)
positive stress fibers [36]. In response to stimuli such as exposure to
the growth factor TGF-B4 [37] or in vitro cell culture on stiff substrates
[38], the VIC population begins to differentiate, exhibiting an
increased myofibroblast presence as indicated by de novo aSMA
production and organization into stress fibers. Controlling this VIC
differentiation into myofibroblasts has significant implications for the
improvement of strategies to treat valve disease or regenerate healthy
leaflets; however, this differentiation in response to microenviron-
ment stiffness remains poorly understood. To date, a substrate able to
prevent VIC differentiation based on its modulus has yet to be iden-
tified (Fig. 1b), and thus gradient modulus substrates were first used
to screen the influence of a range of moduli on VIC phenotype.

3.2. Substrates with a gradient in modulus created by hydrogel
photodegradation

A hydrogel elastic modulus gradient was induced in a photode-
gradable hydrogel film by moving an opaque platform across the
surface during irradiation [24]. Thus, the hydrogel film was
continuously covered from left to right, creating a linear exposure
gradient across its surface (Fig. 2a). The resulting modulus gradient
was characterized by AFM [25,26], and the observed elastic moduli
at discrete points across the surface compared well with rheometry
measurements at corresponding irradiation times (Fig. 2b). The
elastic modulus varies continuously across the surface, ranging
from an initial, non-irradiated value of ~32 kPa (at 0 mm) to a final
value of ~7kPa (at 9 mm) after 5 min of irradiation. With this
approach, the hydrogel modulus was controlled post-polymeriza-
tion via irradiation to create a gradient that spans the modulus
range of soft tissues, from collagenous bone to muscle [4].

a

Day 1

Day 2

Day 3

3.3. Cell migration on gradient moduli samples was insignificant

VICs were cultured on the modulus gradient hydrogels to
examine the influence of substrate moduli on VIC myofibroblastic
activation. Cell adhesion was promoted by entrapment of the adhe-
sive ECM protein fibronectin into the hydrogel matrix. To avoid
migration via mechanotaxis, a shallow modulus gradient across the
surface was created (~3 kPa/mm), minimizing the modulus varia-
tion across an individual cell body (~0.03 kPa over 10 um as
compared to ~1.6kPa over 10 um, where migration has been
observed with 3T3 fibroblasts [17]) and focusing the study on cell
activation rather than migration. While this approach may limit
migration, vascular smooth cell mechanotaxis has been observed on
a similar modulus steepness (~0.94 kPa/mm) with polyacrylamide
gradient moduli hydrogels [1]. To verify that VIC migration was
insignificant on the gradient substrates presented here, cells were
tracked by real-time imaging at discrete positions across the gradient
(32, 15, and 7 kPa) over 3 days. The average x- and y-direction
velocities of the tracked cells were statistically the same and include
0 um/min, indicating that the cells were not migrating in any specific
direction (Fig. 3). Although no significant directional migration was
observed under these conditions, a steeper hydrogel elasticity
gradient [17], which can be easily achieved with these photode-
gradable substrates, might encourage cell migration and be useful for
exploring this cellular process.

3.4. Substrate moduli for promoting or suppressing myofibroblastic
differentiation elucidated with gradient moduli hydrogels and
confirmed with discrete modulus hydrogels

VIC differentiation into myofibroblasts was examined with
immunostaining for «SMA, which, when organized into fibrils, is

a conclusive indicator of myofibroblasts [7]. Initially, the aSMA
concentration was diffuse and slightly higher on the high-modulus
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Fig. 5. Cell differentiation on discrete moduli extremes. (a) To confirm promotion or suppression of differentiation on the two modulus extremes of the gradient, E ~ 32 kPa and
7 kPa, VICs were seeded on discrete high and low-modulus samples. On Day 1 and Day 2, some diffuse «SMA was present but not organized. By Day 3, organized aSMA stress fibers
were prominent on high-modulus samples, and limited «SMA was present on low-modulus samples. (b) A luciferase reporter gene expression assay for «SMA was quantified on
these substrates and showed a statistical decrease in aSMA on low-modulus substrates as compared to high-modulus substrates (blue 32 kPa, red 7 kPa, measured in relative light
units and normalized to high-modulus substrate expression (control) at each time, *p < 0.001 and **p < 0.009). These results confirm the promotion and suppression of myofi-
broblastic differentiation by high-modulus and low-modulus substrates, respectively. As a whole, this study indicates that substrate elasticity similar to collagenous bone [4]
promotes the differentiation of VICs to myofibroblasts, while elasticity similar to muscle [4] suppresses myofibroblastic differentiation. Scale bars, 100 pm.
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Fig. 6. Modulation of substrate elasticity in situ directs myofibroblast de-activation. VICs were cultured on myofibroblast promoting or suppressing substrates for 5 days and
immunostained to assess activation: (a) 32 kPa and (b) 7 kPa. On Day 3, a portion of the 32 kPa substrates with activated cells were irradiated for 5 min, decreasing the substrate
modulus. By Day 5, almost all cells were de-activated by this in situ modulus change ((c) 32-7 kPa on Day 3), with a similar number of myofibroblasts present on substrates with
a modulus of 7 kPa for the full 5 days. Modulation of substrate elasticity in dynamic cellular processes such as this can lead to a better understanding of its influence on cell function.

Scale bars, 100 pm.

region of the hydrogel (i.e., non-irradiated region, E ~ 32 kPa)
(Fig. 4a). By Day 3, aSMA stress fibers were pronounced on the
high-modulus region, indicating significant myofibroblastic differ-
entiation. Conversely, on the low-modulus region of the hydrogel
(E ~ 7 kPa), aSMA was initially diffuse on Day 1 and, by Day 3, no
longer observed. The percentage of myofibroblasts was quantified
at representative positions, and a decrease in cell activation was
observed along the gradient, with a minimum value on the
low-modulus region of the hydrogel (Fig. 4b). A modulus threshold
for VIC activation around 15 kPa was identified with these gradient
modulus hydrogels, establishing a modulus above or below which
myofibroblastic activation could be either induced or prevented.
To verify that the two modulus extremes individually promote
or suppress VIC differentiation, uniform samples of high (32 kPa)
and low modulus (7 kPa) were prepared. Modest aSMA expres-
sion was observed on both substrates over the first two days, but
a marked increase in aSMA stress fibers was observed on the
high-modulus substrates by Day 3 (Fig. 5a), confirming the initial
gradient screening conclusion that low-modulus substrates limit
VIC activation. Moreover, aSMA transcriptional up-regulation was
confirmed by a firefly luciferase-driven aSMA gene expression
reporter assay, which indicates up-regulation of «SMA on high-
versus low-modulus substrates on both Day 1 and 3 (Fig. 5b).

Thus, a substrate modulus similar to that of collagenous bone [4]
promotes VIC myofibroblastic differentiation, while a modulus
similar to that of muscle [4] suppresses this differentiation. This
finding allows further insight into the progression of valve
fibrosis. During disease progression, fibrotic valves become
increasingly stiff in response to aberrant matrix accumulation;
while the initial insults resulting in fibrosis are unclear, increases
in matrix stiffness may lead to a feedback mechanism that
accelerates the rate of progression of fibrosis, eventually leading
to sclerotic and stenotic pathologies. Similar myofibroblastic
responses to substrate modulus from resident fibroblast cells have
been observed in dermal tissue [7], but what remains unclear is
what happens to myofibroblast fate when the matrix modulus is
relaxed. Answering this question requires the culture of cells on
substrates with moduli that can be dynamically changed during
the experiment.

3.5. In situ tuning of substrate modulus induces myofibroblastic
de-activation

The uniqueness of the photodegradable chemistry enables
modification of the substrate modulus in the presence of cells,
which allows one to explore the effect of dynamic modulus
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variation on VIC activation. VICs were cultured on uniform hydro-
gels of either high or low modulus (32 or 7 kPa) for 5 days (Fig. 6a
and b). On Day 3, a portion of the high-modulus samples, where the
VICs had been activated (see Fig. 5), was irradiated to partially
degrade the material and decrease its modulus (from 32 to 7 kPa).
Upon this in situ decrease in modulus, cytoskeletal reorganization
and cell de-activation were observed by Day 5 (Fig. 6¢). Here, aSMA
was not observed in the cytoskeleton, indicating VIC de-activation
from the myofibroblast phenotype; it should be noted that cell
number and viability were unaffected by the irradiation or modulus
change (Supplemental Figure S2), indicating that the de-activated
cells do not immediately undergo apoptosis. In addition, cell
differentiation and viability did not change with exposure to gel
degradation products and light in control experiments (Supple-
mental Figure S3), confirming that cell de-activation was exclu-
sively initiated by decreasing the modulus of the underlying
substrate. To our knowledge, this is the first study showing myo-
fibroblastic de-activation in response to a substrate mechanical
stimulus. This finding can be used in the design of materials for
valve regeneration and furthers understanding of how substrate
modulus regulates the fibroblast-to-myofibroblast transition. In
future experimentation, these photodegradable substrates should
prove useful in long-term culture to elucidate the fate of these de-
activated cells or to explore the influence of dynamic microenvi-
ronment elasticity on other cell types or functions.

4. Conclusions

In sum, photodegradable hydrogel films were degraded under
cytocompatible irradiation conditions to create substrates with
a discrete or gradient modulus from a single hydrogel composition.
The gradient substrates were used to screen the influence of
microenvironment elasticity on cell differentiation without influ-
encing cell migration, identifying high and low moduli that
promoted or suppressed VIC myofibroblastic differentiation.
Finally, the influence of dynamic changes in the elasticity on VIC
fibroblast-to-myofibroblast activation was examined by irradiating
samples with activated cells, decreasing the modulus and inducing
cell de-activation. A new platform for the control of substrate
modulus has been created and may prove useful for further
exploration of mechanotransduction and its effect on cell differ-
entiation and migration for understanding their role in disease and
tissue regeneration.
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Appendix

Figures with essential colour discrimination. Figs. 1-6 in this
article are difficult to interpret in black and white. The full colour
images can be found in the online version, at doi:10.1016/j.
biomaterials.2009.09.025.

Appendix. Supplementary data

Supplementary data associated with this article can be found in
the online version, at doi:10.1016/j.biomaterials.2009.09.025.
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