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 Clickable, Photodegradable Hydrogels to Dynamically 
Modulate Valvular Interstitial Cell Phenotype 

   Chelsea M.    Kirschner     ,        Daniel L.    Alge     ,        Sarah T.    Gould     ,       and        Kristi S.    Anseth   *   

 Biophysical cues are widely recognized to infl uence cell phenotype. While this 
evidence was established using static substrates, there is growing interest 
in creating stimulus-responsive biomaterials that better recapitulate the 
dynamic extracellular matrix. Here, a clickable, photodegradable hydrogel 
substrate that allows the user to precisely control substrate elasticity and 
topography in situ is presented. The hydrogels are synthesized by reacting an 
8-arm poly(ethylene glycol) alkyne with an azide-functionalized photodegrad-
able crosslinker. The utility of this platform by exploiting its photoresponsive 
properties to modulate the phenotype of porcine aortic valvular interstitial 
cells (VICs) is demonstrated. First, VIC phenotype is monitored, in response 
to initial substratum modulus and static topographic cues. Higher modulus 
( E  ≈ 15 kPa) substrates induce higher levels of activation (≈70% myofi bro-
blasts) versus soft ( E  ≈ 3 kPa) substrates (≈20% myofi broblasts). Microtopo-
graphies that induce VIC alignment and elongation on low modulus 
substrates also stimulate activation. Finally, VIC phenotype is monitored in 
response to sequential in situ manipulations. The results illustrate that VIC 
activation on stiff surfaces (≈70% myofi broblasts) can be partially reversed 
by reducing surface modulus (≈30% myofi broblats) and subsequently re-
activated by anisotropic topographies (≈60% myofi broblasts). Such dynamic 
substrates afford unique opportunities to decipher the complex role of matrix 
cues on the plasticity of VIC activation. 

cells and their ECM, there is a growing 
interest in developing materials for in vitro 
cell culture that can respond dynamically 
to user-defi ned stimuli. [ 4 ]  In particular, 
hydrogels are often used as matrices to 
culture cells in two and three dimensions, 
and these water-swollen polymer networks 
are easily synthesized to span a range of 
tissue-like elasticities and/or to present 
various biological epitopes. [ 5 ]  Beyond con-
trolling initial hydrogel biochemical and 
biophysical properties, a class of pho-
toresponsive hydrogels was developed 
that allows remotely triggered changes in 
hydrogel properties, in a spatiotemporal 
manner in the presence of cells. [ 6 ]  These 
user-controlled dynamic responses have 
been used to engineer sophisticated cell 
culture scaffolds in 2D [ 7,8 ]  and 3D, [ 9,10 ]  
drug delivery vehicles, [ 11 ]  and actuators in 
microfl uidic devices [ 12 ]  and biosensors. [ 13 ]  

 Photodegradation of nitrobenzyl ether-
containing poly(ethylene glycol) (PEG)-
diacrylate (PEGDA) hydrogels, in par-
ticular, has been employed to modulate 
the physical properties of hydrogels 
including the material modulus [ 7 ]  and the 
presentation of topographic features [ 14 ]  to 

cell populations. Recently, two studies exploited this photola-
bile hydrogel system to investigate the infl uence of dynami-
cally changing substratum elasticity, in the presence of valvular 
interstitial cells (VICs) isolated from porcine heart valves, on 
the fi broblast-to-myofi broblast transition. [ 15,16 ]  VICs, like other 
fi broblasts, are responsible for maintaining tissue homeo-
statsis [ 17,18 ]  and, hence, play an important role in heart valve 
repair. In response to injury, VICs activate from a quiescent 
fi broblast phenotype to a myofi broblast, [ 19–22 ]  a cell with both 
fi broblast and muscle cell characteristics, [ 23 ]  elevated secre-
tory properties, [ 19–22 ]  and increased contractility. [ 21 ]  A hallmark 
of VIC myofi broblasts is expression of α-smooth muscle 
actin (α-SMA) stress fi bers. [ 24 ]  The contractile activity of VIC 
myofi broblasts is benefi cial for tissue remodeling but can be 
detrimental for tissue function [ 19,25 ] ; therefore, under normal 
wound-healing conditions, it is terminated when the tissue is 
repaired. [ 18 ]  The pathological persistence of myofi broblasts can 
lead to fi brosis characterized by excess matrix deposition and 
tissue stiffening. [ 19,26,27 ]  In both studies, stimulus-responsive 
hydrogels facilitated controlled in vitro experiments to investi-
gate the signals that regulate myofi broblast deactivation. VICs 

  1.     Introduction 

 Physical properties of the cellular microenvironment, including 
substratum topography and modulus, play a signifi cant role in 
regulating cellular function and fate. [ 1–3 ]  In vivo cells receive 
biophysical cues through dynamic interactions with the extra-
cellular matrix (ECM) and neighboring cells. Toward better 
understanding this dynamic exchange of information between 
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seeded onto stiff hydrogels ( E  ≈ 32 kPa) became activated, but 
this activation was reversible upon light-directed reduction 
of the substrate modulus to a more physiologic value ( E  ≈ 
7 kPa). [ 15,16 ]  In short-term culture (<7 d), this deactivation was 
shown to occur through downregulation of the valvular myofi -
broblast phenotype instead of apoptosis. [ 15 ]  

 Beyond the infl uence of the stiffness of the cellular micro-
environment, reports also suggest that cell morphology and 
alignment may also infl uence myofi broblast properties. [ 28 ]  In 
one example, corneal epithelial cells were cultured on grat-
ings ranging from 1400 to 4000 nm in width and results 
indicated that these nanoscale topographic cues modulated 
TGF-β-induced myofi broblast transformation and α-SMA 
stress fi ber formation possibly through the upregulation of 
Smad7. [ 29 ]  Likewise, in partially constrained tissue equiva-
lents, differentiated, dermal myofi broblasts aligned parallel to 
free edges where different mechanical loading environments 
led to differences in local gene and protein expression. [ 30 ]  Fur-
thermore, interstitial fl uid fl ow has been shown to induce col-
lagen alignment and myofi broblast differentiation of VICs in 
vitro. [ 31 ]  Although less is known about VIC response to sub-
strate topographies, the development of intracellular contrac-
tile stress can be modulated by substrate topography and is a 
prerequisite for the expression of α-SMA stress fi bers during 
the fi broblast to myofi broblast transition [ 17 ]  and stress fi ber 
formation increases after stimulation of actomyosin-mediated 
contractility. [ 24 ]  For example, Ayala and Desai [ 32 ]  demonstrated 
that fi broblasts cultured on “micropeg” topographies exhibited 
downregulation of α-SMA and that microtopographical con-
trol of gene expression was dependent on intracellular con-
tractility. Aortic valve disease preferentially begins in the valve 
layer called the fi brosa, [ 33 ]  where histological sections reveal 
that VICs are the most aligned and elongated. [ 34 ]  Research also 
shows that increasing cellular aspect ratio through substrate 
patterning leads to an increase in actomyosin contractility in 
human mesenchymal stem cells. [ 35 ]  Based on these fi ndings, 
we hypothesized that VIC alignment and elongation induced by 
substratum topography could be used in conjunction with sub-
stratum modulus to direct changes in VIC phenotype. 

 To investigate the effects of dynamic changes in biophysical 
cues on VIC phenotype, we developed a clickable, photode-
gradable hydrogel system that allows the user to control both 
stiffness and the presentation of topographic cues in real 
time. More specifi cally, the hydrogels are formed via a copper-
catalyzed step-growth polymerization between bi-functional 
poly(ethylene glycol) (PEG) azide and octa-functional PEG-
alkyne macromers, where photodegradability is achieved by 
incorporating a photolabile nitrobenzyl ether moiety into the 
PEG-azide. Here, the clickable, photodegradable hydrogel 
system provides predictable control of initial substratum elas-
ticity over a large range of moduli (e.g.,  E  ≈ 0.3–15 kPa) and 
allows for spatiotemporal control over precise reductions in 
modulus and/or the presentation of engineered topographic 
cues to the cell population in situ. In this contribution, we 
characterize the initial mechanical properties of two hydrogel 
formulations designed to promote or suppress VIC activation. 
Then, we regulate the materials properties in situ by either 
i) bulk irradiation with 365 nm light to change the stiff acti-
vating substrates to soft microenvironments or ii) the erosion 

of micron-sized topographic features into the hydrogel surface 
using photolithographic patterning techniques to control VIC 
alignment. First, VIC activation is characterized by immu-
nocytochemical staining for α-SMA stress fi ber formation 
in response to both initial substrate modulus and anisotropy 
induced by contact guidance along topographic features. Sub-
sequently, experiments are designed to demonstrate both the 
utility of sequential changes in the material properties and 
the plasticity of the VIC phenotype by seeding VICs onto stiff 
surfaces and monitoring phenotype, as the substrates are fi rst 
softened and then patterned. Collectively, this cell culture plat-
form will allow users to further characterize VIC function and 
pathobiology related to dynamic changes in substrate stiffness 
and cellular morphology and may lead to improved in vitro 
models for studying valve fi brosis.   

 2.     Results and Discussion  

 2.1.     Synthesis of Clickable, Photodegradable Hydrogels 

 A photodegradable cross-linker was synthesized by conju-
gating an azide-functionalized nitrobenzyl ether moiety to both 
ends of a linear poly(ethylene glycol) (PEG)- bis -amine ( M  n  ≈ 
3400 g mol −1 ). This cross-linker was reacted via a copper-cat-
alyzed click reaction with an 8-arm PEG-alkyne (PEG-yne) of 
two different molecular weights (i.e.,  M  n  = 10 000 g mol −1  or 
 M  n  = 40 000 g mol −1 ) to create hydrogels with a range of moduli 
( Figure    1  a), similar to what has been described previously. [ 36,37 ]  
An azide-functionalized arginine-glycine-aspartic acid (RGD) 
peptide was included in the hydrogel formulation at 2 × 10 −3   M  
to promote integrin-mediated VIC adhesion. [ 38,39 ]   

 To demonstrate the ability to precisely tune the initial mod-
ulus in the hydrogel, we formulated a series of macromer solu-
tions using the two 8-arm PEG-yne macromers with different 
molecular weights and by varying the total macromer weight 
percent (e.g., 5, 10, and 15 wt%) while keeping the ratio of azide 
to alkyne moieties equal. Rheological measurements were per-
formed to quantify the shear elastic modulus ( G ) of each con-
struct, which was then converted to a Young’s modulus ( E ) using 
rubber elasticity theory assuming a Poisson’s ratio ( ν ) of 0.5 for 
bulk measurements of an elastic PEG-hydrogel network. [ 16 ]  The 
Young’s modulus for each construct scaled directly with total 
weight percent of macromer in solution during gel formation 
and indirectly with PEG-yne molecular weight, as expected 
(Figure  1 b). The modulus conversion was performed because 
it was previously reported that substrates with a Young’s mod-
ulus above 15 kPa activate (≈50% myofi broblasts) VICs to their 
myofi broblast phenotype, whereas substrates below this value 
(e.g.,  E  = 7 kPa) do not (≈5% myofi broblasts). [ 16 ]  

 With this threshold in mind, we selected two hydrogel for-
mulations for cell culture studies, namely the 10K PEG-yne 
macromer at 15 wt% as a “stiff” and activating formulation 
( E  ≈ 15 kPa) and the 40K PEG-yne macromer at 10 wt% as a 
“soft” and inactivating formulation ( E  ≈ 3 kPa) (Figure  1 b). [ 38,40 ]  
More specifi cally, the fi nal gel-forming monomer solutions con-
tained: 1) 5.99 wt% 8-arm PEG-alkyne ( M  n  = 10 000 g mol −1 , 
[yne] = 46 × 10 −3   M ), 9.61 wt% azide-functionalized photodegrad-
able cross-linker ([azide] = 44 × 10 −3   M ), 2 × 10 −3   M  azide-RGD, 
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0.1 wt% copper sulfate pentahydrate and 1 wt% sodium ascor-
bate in PBS for stiff hydrogels or 2) 7.1 wt% 8-arm PEG-alkyne 
( M  n  = 40 000 g mol −1 , [yne] = 14 × 10 −3   M ), 2.5 wt% azide-func-
tionalized photodegradable cross-linker ([azide] = 12 × 10 −3   M ), 
2 × 10 −3   M  azide-RGD, 0.1 wt% copper sulfate pentahydrate and 
1 wt% sodium ascorbate in PBS for soft hydrogels.   

 2.2.     Manipulation of Hydrogel Properties Through 
Spatiotemporally Controlled Photodegradation 

 This hydrogel design was selected to allow spatiotemporal con-
trol of surface topographies through mass loss, as photodegrad-
able step-growth networks display considerably faster erosion 
rates than chain-growth-polymerized networks. [ 41 ]  Yet tunable 
bulk modulus reduction is also possible in these photode-
gradable hydrogels, as the octa-functional PEG-yne macromer 
leads to high network connectivity and a relatively wide range 
of modulus softening before reverse gelation is reached. The 
critical fraction of photocleavable bonds that must be broken 
to reach reverse gelation in these hydrogels,  P  rg , which was 
previously defi ned by Tibbitt et al., [ 31 ]  is approximately 0.6. In 
contrast, if a tetra-functional PEG-yne were used,  P  rg  would be 
≈0.4, meaning that the selection of octa-functional precursors 
allows for much longer irradiation times and a wider dynamic 
modulus range. 

 In these clickable, photodegradable hydrogels, the kinetics of 
photodegradation are dictated by the quantum yield of the pho-
tolabile nitrobenzyl ether moiety, the irradiation intensity, and 
the wavelength of light. To verify that the hydrogels follow the 
expected photocleavage kinetics and are consistent with prior 
reports on nitrobenzyl ether-containing hydrogels, [ 7,41,42 ]  the 
photodegradation kinetics of each formulation where character-
ized by in situ rheology. Briefl y, optically thin fi lms (≈10 µm) 
were polymerized in situ between two parallel plates on a 
rheometer and exposed to 365 nm light at 2.5, 5, or 10 mW cm −2  
until reverse gelation was reached. In general, the modulus of 
the gels decreased with irradiation time in a dose-dependent 

manner ( Figure    2  a,b). By fi tting the curves to an exponential 
model (Figure S1, Supporting Information), effective rate con-
stants for the photodegradation at 365 nm,  k  eff , were calculated 
to be 2.9 ± 0. 4 and 3.9 ± 0.5 × 10 −3  cm 2  mJ −1  for the stiff and 
soft formulations, respectively ( p  < 0.05; Table S1, Supporting 
Information). Although slightly different from each other, these 
numbers are comparable to what has previously been reported 
for nitrobenzyl ether-containing hydrogels. [ 7,9,41–44 ]  Part of the 
difference between the two formulations might be attributed to 
slight differences in light attenuation, as the higher concentra-
tion of photodegradable PEG-azide macromer in the stiff for-
mulation ( ε  365  = 2875  M  −1  cm −1 ; Figure S2, Supporting Infor-
mation) resulted in an ≈3.5-fold increase in light attenuation 
through the thickness of the gel (Table S2, Supporting Infor-
mation). In addition, slight differences in non-idealities in the 
hydrogel network resulting from chain entanglement may have 
contributed to the observed differences in the hydrogel photo-
degradation kinetics. 

  Importantly, from a quantitative understanding of hydrogel 
photodegradation, precise and predictable user-directed manip-
ulations of hydrogel modulus are possible. To demonstrate this 
and also to develop a protocol for dynamic modulation of VIC 
phenotype, we explored softening of the stiff hydrogel formu-
lation. More specifi cally, we sought to show that the modulus 
of the stiff formulation, which was chosen to be above the 
threshold for VIC activation to the myofi broblast phenotype, 
could be reduced to that of the soft, non-activating formulation. 
Briefl y, using an irradiation dosage of 70 s at 9 mW cm −2  (i.e., 
630 mJ cm −2 ), the hydrogels could be softened to a modulus 
that was 16% of the initial value, almost precisely matching the 
soft formulation (Figure  2 c). 

 In addition to softening, we were also interested in exploiting 
photodegradation of the hydrogel surface to create defi ned topog-
raphies at the cell-gel interface to study the infl uence of VIC 
alignment and elongation on myofi broblast activation. [ 33,34 ]  In 
this case, gels were exposed to light doses that induced mass 
loss through a chrome-on-quartz photomask to generate chan-
nels microtopographies. Feature heights, which were measured 

   Figure 1.    Hydrogel composition, network structure, and substrate modulus. a) The clickable, photolabile hydrogels were synthesized by reacting an 
8-arm PEG-yne with an azide-functionalized photodegradable cross-linker via a copper-catalyzed click reaction, forming a step-growth network func-
tionalized with RGD to promote cell adhesion. b) Bulk rheology of swollen hydrogel samples demonstrates that these materials can be altered through 
the PEG molecular weight and/or initial macromolecular solution concentration to create hydrogels that both have a modulus high enough to induce 
VIC activation ( E  ≈ 15 kPa) and low enough to maintain a quiescent fi broblast phenotype ( E  ≈ 3 kPa). Error bars: 95% confi dence intervals. 
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by contact profi lometry, scaled with UV exposure time and the 
stiff hydrogels required a higher light dosage to erode channels 
( Figure    3  ). Approximately, 1-µm deep channels were produced in 
the stiff hydrogels after 125 s of irradiation at 10 mW cm −2 . In 
contrast, even at 2.5 mW cm −2  light intensity, only 14 s of irra-
diation was needed to produce ≈1-µm deep channels in the soft 
gels. In addition to measuring the depth of erosion, fi delity of 
the pattern transfer in the  x – w  plane was quantifi ed by imaging 
fl uorescently labeled hydrogel constructs and analyzing the fea-
ture dimensions with ImageJ (Figure S3, Supporting Informa-
tion). The average fi nal dimensions of the topographical features 
in the gel were all within 4% of the originally defi ned mask fea-
ture sizes of 5 µm. All degradation experiments were performed 
under conditions that were previously shown to be cytocompat-
ible [ 7 ]  and based on our studies with VICs, the degradation prod-
ucts, short-PEG chains with carboxylic acid or ketone end-groups, 
were not expected to infl uence cell viability or function. [ 15,16 ]     

 2.3.     Modulation of VIC Phenotype Using Static Biophysical Cues 

 To demonstrate the utility of this clickable, photodegradable 
hydrogel as a culture scaffold for studying and modulating VIC 
phenotype, we fi rst confi rmed VIC attachment and myofi bro-
blast activation in response to the selected stiff ( E  ≈ 15 kPa) and 
soft ( E  ≈ 3 kPa) hydrogel formulations. VICs at passage 2 were 
seeded at 10 000 cells cm −2  on smooth hydrogels with and cul-
tured for 3 d in low serum (1% FBS) medium to limit prolifera-
tion. Samples were then fi xed and stained for the myofi broblast 
marker, α-SMA, along with ethidium homodimer to visualize 
nuclei. Activated myofi broblasts were identifi ed as α-SMA-
positive cells where the α-SMA was organized into stress fi bers, 

   Figure 2.    Photodegradation of hydrogel substrates. a,b) Representative 
photodegradation curves plotted as the ratio of the dynamic Young’s 
modulus ( E ) to the initial Young’s modulus ( E  0 ) over time. Irradiation 
intensity controlled hydrogel degradation, i.e., higher intensity resulted in 
faster degradation. Photodegradation was also dependent on the original 
network structure. The 40K PEG-yne hydrogels degraded more quickly 
than the 10K PEG-yne hydrogels under the same irradiation conditions, 
most likely due to differences in light attenuation within the hydrogels 
as well as the presence of non-idealities in the network. c) Irradiation of 
10 µm thin fi lms of the Stiff 10K PEG-yne hydrogel for 70 s at 9 mW cm −2  
during rheological testing resulted in a fi nal modulus nearly identical to 
that of the Soft 40K PEG-yne hydrogel control, as predicted from the pho-
todegradation kinetics. 

   Figure 3.    Fabrication of topographically modifi ed hydrogel substrates. a) 
Smooth hydrogels were swollen to equilibrium and then irradiated with 
365 nm, collimated light through a chrome-on-quartz photomask to pro-
duce topographically modifi ed surfaces. b,c) Contact profi lometry shows 
that feature height can be controlled by varying irradiation time at a fi xed 
wavelength and intensity for stiff and soft hydrogel formulations, respec-
tively Error bars: 95% confi dence intervals. 
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and VIC activation was quantifi ed by counting the numbers of 
activated and non-activated cells per in at least 10 random fi elds 
of view per sample with three replicates for each condition. 
The percentage of myofi broblasts was calculated as (number 
of α-SMA-stress fi ber-positive cells/total number of cells) × 
100%. In brief, stiff substrates induced a higher proportion of 
activated myofi broblasts (70% activated) versus soft substrates 
(21% activated), and confi rmed previous observations related to 
VIC activation using different types of PEG hydrogel systems 
( Figure    4  ). [ 15,16 ]  Given the ability to induce activation of VICs or 
promote the maintenance of the quiescent phenotype by selec-
tion of the substrate elasticity, we next sought to examine the 
response of VICs to topographical cues that might induce align-
ment, on these same hydrogel formulations.  

 Channel microtopographies, 5 µm wide with 5 µm spacings, 
have been previously shown to induce high levels of alignment 
and elongation based on orientation and cellular aspect ratio 
(AR ∼7) measurements in human mesenchymal stem cells. [ 14 ]  
For this reason, similar channel topographies were replicated 
in both the stiff and soft hydrogel substrates ( Figure    5  a). For 
all VIC experiments, irradiation conditions were selected that 
resulted in feature heights of ≈1 µm in each hydrogel system 

to allow for directed cell spreading and alignment without the 
physical constraint that might be induced by features that are 
much deeper than the cell height. On day 3, samples were 
again fi xed and stained for α-SMA and ethidium homodimer 

   Figure 4.    VIC activation in response to initial substrate elasticity. a) Rep-
resentative images of immunocytochemical staining of α-SMA (green) 
and ethidium homodimer to visualize nuclei (red) in VICs on stiff (left) 
and soft (right) substrates. Activated myofi broblasts were identifi ed as 
cells where α-SMA formed fi brils. Scale bars: 50 µm. b) The average per-
centage of activated cells on stiff and soft smooth substrates. Stiff sub-
strates induced higher activation than soft. Error bars: 95% confi dence 
intervals. Stars represent statistically signifi cant differences (Marascuilo 
procedure, α = 0.05). 

   Figure 5.    VIC response to topographically modifi ed substrates. a) Soft 
hydrogel substrates covalently, fl uorescently labeled with Alexa Fluor 555 
Azide to visualize smooth and topographically modifi ed, i.e., channels 
substrates. b) Brightfi eld, phase constrast images show VICs attach and 
spread on smooth hydrogels and exhibit contact guidance on channels. 
c) Immunocytochemical staining for α-SMA shows increased fi bril forma-
tion and activation on the channels topographies. d) Quantifi cation of 
α-SMA staining revealed approximately twofold increase in activation on 
channels microtopographies. Scale bars: 50 µm. 
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 2.4.     Dynamic Modulation of VIC Phenotype 

 With these results in mind, we next sought to exploit the ability 
to dynamically change substrate modulus and topography in 
situ, to study how VICs might respond by activating or deac-
tivating to changes in their microenvironment. VICs were cul-
tured on the base stiff hydrogel formulation and then a series of 
changes in the microenvironment were introduced sequentially 
at experimenter-defi ned time points: initially stiff, softened, and 
then topographically patterned, all while monitoring changes in 
the VIC phenotype. A schematic of this process is depicted in 
 Figure    6  a. Samples were collected at each of the three stages of 
microenvrionmental changes, and each construct was stained 
for α-SMA along with ethidium homodimer to identify and 
quantify activated myofi broblasts (Figure  6 b). In the initial state, 
VICs cultured on the stiff substrates became activated to myofi -
broblasts in 3 d (66% myofi broblasts), but this activation was 
partially reversed by softening the gel environment. Gels were 
softened to 3 kPa at day 3 and only 33% myofi broblasts were 
observed 2 d later. These results support fi ndings in previous 

to identify and quantify the percentage of the VIC popula-
tion that were activated to the myofi broblast phenotype. VICs 
attached and spread on the smooth hydrogels, while exhibiting 
contact guidance along the channels on the microtopographi-
cally modifi ed substrates (Figure  5 b). Interestingly, channels 
microtopographies created in the soft substrates increased 
activation approximately twofold versus smooth soft substrates 
(Figure  5 c). This result may be attributed to the alignment of 
the VIC actin fi laments, which could allow for increased VIC 
contractile force generation and subsequent addition of α-SMA 
stress fi bers to the cytoskeleton. However, channels micro-
topographies created in the stiff substrates did not signifi cantly 
infl uence activation (Figure S4, Supporting Information). We 
speculate that this observation is likely related to the fact that 
VICs are already highly activated on the stiff surfaces, so addi-
tional activation is limited through modifi cation of cell mor-
phology. Overall, these results demonstrate that VIC elonga-
tion and orientation along physical microtopographic cues can 
induce increased activation to the myofi broblast phenotype on 
otherwise non-activating surfaces.    

   Figure 6.    VIC response to dynamic physical cues. a) A schematic of the process employed to expose a VIC population to a series of physical cues: 
stiff, soft, and soft channels-patterned substrates. VICs were initially seeded onto smooth, stiff substrates and cultured for 72 h in low serum media 
before the hydrogels were softened to  E  ∼3 kPa via photodegradation (365 nm, 10 mW cm  −2 , 70 s). After softening in situ, the same VIC-laden gels 
were cultured for an additional 48 h in low serum media before the softened hydrogels were patterned to create channels (365 nm, 2.5 mW cm  −2 , 
56 s). Cells were cultured for another 48 h after patterning before fi nal analysis. b) VIC phenotype was monitored at all three stages of this process. 
Samples were fi xed and stained for α-SMA along with ethidium homodimer to identify and quantify activated myofi broblasts. Scale bars: 50 µm. c) 
Culturing VICs on stiff substrates resulted in a relatively high proportion of activated myofi broblasts (66% activated), which was reduced after softening 
(33% activated). The subsequent presentation of channels on soft substrates induced cellular elongation and alignment and also recovered a higher 
percentage of myofi broblast activation in the same cell population (59%). Error bars: 95% confi dence intervals. Stars represent statistically signifi cant 
differences (Marascuilo procedure, α = 0.05). 
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 4.     Experimental Section 
  Photodegradable PEG-Azide Synthesis : Nitrobenzyl azide was 

synthesized as previously described. [ 9 ]  Complete synthetic details and 
spectroscopic characterization are in the Supporting Information. To 
obtain a nitrobenzyl azide-functionalized PEG macromer (PEG-diNBA), 
this molecule was conjugated to a PEG  bis -amine using standard 
peptide-coupling chemistry. Briefl y, 1 g (0.294 mmol) of PEG  bis -amine 
( M  n  = 3400 g mol −1 ; Laysan Bio, Inc., Arab, AL, USA) was dissolved in 
minimal anhydrous  N,N -dimethylformamide (DMF; Sigma–Aldrich, St. 
Louis, MO, USA) with 205 µL (1.47 mmol) of triethylamine (Sigma–
Aldrich, St. Louis, MO, USA) and allowed to stir at room temperature for 
≈15 min. In a separate vessel, 0.603 g (1.47 mmol) of nitrobenzyl azide 
was combined with 0.557 g (1.47 mmol) of O-benzotriazole- N,N,N′,N′ -
tetramethyl-uronium-hexafl uorophosphate (HBTU; Chem-Impex Inter-
national, Inc., Wood Dale, IL, USA), dissolved in minimal anhydrous 
DMF, and allowed to stir at room temperature for ≈5 min. The two 
vessels were then combined and the reaction was allowed to proceed 
overnight at room temperature. Crude product was subsequently 
obtained by precipitation in cold diethyl ether. Purifi cation was achieved 
by dialysis against deionized water for 2 d. Lyophilization produced 
1.005 g of PEG-diNBA as a light yellow solid (82% yield). Nitrobenzyl 
azide functionalization was estimated to be 95% by comparing 
integrations of the aromatic peaks from the nitrobenzyl azide moiety 
(7.54 and 7.09 ppm) to those of the PEG backbone (3.50 ppm).  1 H NMR 
(400 MHz, DMSO- d  6 ): δ = 7.93 ppm (t,  J  = 5.6 Hz, 2H; –CO–NH–), 
7.54 ppm (s, 2H; Ar H), 7.09 ppm (s, 2H; Ar H), 6.20 ppm (q,  J  = 
6.5 Hz, 2H; O–CH–), 4.04 ppm (t,  J  = 6.5 Hz, 4H; –CH  2  –), 3.93 ppm 
(s, 6H; O–CH  3  ), 3.50 ppm (s; [CH 2 CH 2 O]  n  ), 3.39 ppm (t,  J  = 5.9 Hz, 4H; 
–CH 2 –), 2.42 ppm (t,  J  = 7.3 Hz, 4H; –CH 2 –), 2.24 ppm (t,  J  = 7.4 Hz, 
4H; –CH 2 –), 1.98 – 1.88 ppm (m, 4H; –CH 2 –), 1.80 – 1.70 ppm (m, 4H; 
–CH 2 –), 1.58 ppm (d,  J  = 6.5 Hz, 6H; –CH 3 ). 

  PEG-yne Synthesis : Octa-functional PEG-yne macromers were 
prepared from PEG-OH precursors of two molecular weights ( M  n  = 
10 000 g mol −1  and 40 000 g mol −1 ; JenKem Technology, Inc., Allen, 
TX, USA) using the method of van Dijk et al. [ 45 ]  Both reactions were 
performed using 5 g of PEG starting material. The general reaction 
conditions were as follows: PEG was added to an argon-purged fl ask and 
dissolved in 75–100 mL of dry tetrahydrofuran (extra dry over molecular 
sieves; Acros Organics, NJ, USA). 2.5 equiv. of dry sodium hydride 
(Sigma–Aldrich, St. Louis, MO, USA) was added to the reaction portion-
wise while stirring vigorously. After ≈15 min, 2.5 equiv. of propargyl 
bromide (80 wt.% in toluene; Sigma–Aldrich, St. Louis, MO, USA) was 
added to the reaction via dropwise addition with a syringe. The reaction 
was allowed to proceed at room termperature overnight. After fi ltering 
off the sodium salts, the reaction mixture was concentrated by rotary 
evaporation and the crude PEG-yne products were precipitated from cold 
diethyl ether. After dialysis and lyophilization, the alkyne-functionalized 
PEG macromers were obtained as a white solid in ≈80% yield. Alkyne 
functionalization was estimated to be 90% by comparing integrations 
of the peaks from the propargyl group (4.20 and 2.43 ppm) to those 
of the PEG backbone (3.64 ppm).  1 H NMR (400 MHz, DMSO- d  6 ): δ = 
4.20 ppm (d,  J  = 2.4 Hz, 16H; –O–CH 2 –), 3.64 ppm (m; [CH 2 CH 2 O]  n  ), 
2.43 ppm (t,  J  = 2.3 Hz, 8H; C≡CH). 

  N 3 -RGD Synthesis : To promote cell attachment to the hydrogels, the 
fi bronectin mimetic integrin-binding peptide RGD was synthesized using 
a standard Fmoc solid-phase peptide synthesis protocols. The synthesis 
was performed at the 0.25 mmol scale on an automated peptide 
synthesizer (Tribute Peptide Synthesizer; Protein Technologies, Tucson, 
AZ, USA) using Rink amide MBHA resin (Novabiochem, Darmstadt, 
Germany). During synthesis, Fmoc deprotection was achieved by 
treatment with 20% piperidine and 2% 2,8-diazobicyclo[5.4.0]undec-
7-ene (Sigma–Aldrich, St. Louis, MO, USA) in  N -methylpyrrolidone 
(NMP; Applied Biosystems, Grand Island, NY, USA). Amino acid 
coupling was performed in peptide synthesis grade DMF (Applied 
Biosystems, Grand Island, NY, USA) using four equiv. of protected amino 
acid (all from Chem-Impex International, Inc., Wood Dale, IL, USA), 
four equiv. of HBTU activator, and eight equiv. of 4-methylmorpholine 

literature, [ 15,16 ]  but the third step extends these concepts to test 
if the deactivated VICs can be reactivated to myofi broblasts by 
the introduction of a second biophysical matrix cue. Here, the 
subsequent presentation of channels on the softened substrate 
induced cellular elongation and alignment and led to higher 
levels of myofi broblast activation (59%) in the same VIC popu-
lation (Figure  6 c). 

  Collectively, these results demonstrate the possibility of pre-
senting a series of physical cues to a single-cell population both 
spatially and temporally. Here, we show that the VIC popula-
tion continues to be responsive to activating cues (i.e., align-
ment) even after they have been deactivated, suggesting that 
the fi broblast-to-myofi broblast transition in VICs is relatively 
plastic. We fi nd it interesting to compare these types of in vitro 
results to in vivo fi ndings. For example, the fi brosa layer of the 
heart valve leafl et is prone to manifesting symptoms of disease 
fi rst, [ 33 ]  and the VICs in this layer after often elongated and 
aligned in a manner that correlates with collagen fi ber organi-
zation. [ 34 ]  Increased VIC activation to the myofi broblast pheno-
type with the anisotropic morphology of the cells in this region 
may also be related to increases intracellular contractility, a 
prerequisite for activation, and that could in turn lower the 
threshold for activation. Since the myofi broblast properties of 
VICs and the reversal of this activation are complex processes, 
but important for those interested in better understanding 
valve disease progression, it would be an interesting next step 
to present multiple biophysical cues in a complementary way 
such as increasing substrate modulus to mimic one aspect of 
fi brosis while cells are elongated. These types of experiments 
could allow researchers to better elucidate how elongated VICs 
in the fi brosa may respond differently to microenvironmental 
cues than those with a more isotropic morphology.    

 3.     Conclusion 

 Here, a clickable, photodegradable cell culture scaffold was syn-
thesized and characterized that allows for the modulation of 
biophysical cues in real time and in the presence of cultured 
cells. Experiments were conducted that demonstrate the ability 
to sequentially expose VICs to a series of physical cues in situ 
and revealed the ability to study the plasticity of VIC response 
to matrix cues, especially the fi broblast-to-myofi broblast transi-
tion. Controlled modulus changes allowed us to initially acti-
vate VICs to myofi broblasts (66%) on 15 kPa gels, but then 
partially reverse this activation (33%) by light-induced softening 
of the gel to 3 kPa. Finally, the patterning of channels into 
the same substrate led to reactivation in the same cell popu-
lation (59% myofi broblasts). The ability to alter substrate stiff-
ness and cellular morphology in situ, as we report here, could 
potentially be exploited to study how VICs respond to step or 
gradual changes in their extracellular microenvironment over 
time. Such experiments may prove useful for testing hypoth-
eses about the role of microenvironment changes and their 
contribution to initial stages of valve disease progression. Of 
course, dynamic changes in cell-matrix interactions are broadly 
interesting across cells and tissue types, so this biomaterials 
approach may fi nd broader application to researchers interested 
in biomechanical matrix signaling.   
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an irradiation fi xture connected to 365-nm UV light source (Omnicure, 
Mississauga, Ontario, Canada). In this experimental setup, gels were 
irradiated from the bottom through a fi xed quartz plate. To minimize 
light attenuation through the hydrogel samples, a 10-µm gap size was 
used (see the Supporting Information for light attenuation calculations). 
After network evolution was complete (≈20 min), the shutter was opened 
on the UV light source, and the samples were irradiated until reverse 
gelation was reached. Three different light intensities were tested: 2.5, 5, 
and 10 mW cm −2 . Dynamic shear modulus measurements were recorded 
at 1 rad s −1  and 1% strain, which was within the linear viscoelastic 
regime for the hydrogels. The measurements when then converted to 
Young’s modulus, and the kinetic constant for photodegradation was 
calculated by fi tting  E / E  0  to an exponential curve and using the following 
relationship:

 
E
E

kte
0

= −
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   Here,  E  is the instantaneous Young’s modulus,  E  0  is the initial Young’s 
modulus,  t  is time, and  k  is the apparent rate of photodegradation. For 
photocleavage kinetics,  k  is defi ned as
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 where  φ  is the quantum yield of photodegradation,  I  0  is the incident 
light intensity,  N  A  is Avogadro’s number,  h  is Planck’s constant, and  ν  
is the frequency at the wavelength of irradiation. As all of the variables 
except  I  0  can be considered as constants in our photodegradation 
experiments, an effective rate constant,  k  eff , was defi ned by gathering all 
of the variables except  I  0 . This approach provides valuable information 
about how irradiation dosage can be used to tune the hydrogel modulus. 
Additional details and data for the curve fi tting are provided in the 
Supporting Information. 

  Fabrication and Characterization of Topographically Modifi ed Substrates : 
Photolithographic techniques were used as described previously [ 14 ]  to 
topographically modify substrates. Briefl y, smooth hydrogels attached 
to coverslips were swollen to equilibrium and placed into direct contact 
with the chrome side of a chrome-on-quartz photomask. Hydrogel 
surfaces were exposed to controlled irradiation by 365 nm, collimated 
light. Dosages were varied for each hydrogel formulation by adjusting 
UV intensity and exposure time to fabricate the desired feature heights. 
To create topographically modifi ed surfaces for cell culture experiments, 
photolithography was performed inside a sterile biosafety cabinet. For 
dynamic experiments performed after seeding cells onto samples, 
photolithography was performed through a sterile mold made of a 
gasket (thickness: 20–50 µm, Artus Corporation, Englewood, NJ, USA) 
and a coverslip (25 mm, No. 1, Fisher, Pittsburgh, PA, USA). 

 ImageJ software was used to measure the dimensions of several 
channels in the  x – y  plane of fl uorescent images for three replicates of 
each hydrogel formulation (Figure S3, Supporting Information). Feature 
heights were measured by contact profi lometry (DekTak 6M Stylus 
Profi ler, Veeco, Plainview, NY, USA). 

  VIC Culture : Aortic valve leafl ets were excised from porcine hearts 
(Hormel Foods Corporation, Austin, MN, USA) within 24 h of sacrifi ce. 
Primary VICs were isolated from porcine aortic valve leafl ets using a 
sequential collagenase digestion, as previously described. [ 47 ]  The isolated 
cells were cultured in growth medium (Medium 199, 15% fetal bovine 
serum (FBS), 50 U mL −1  penicillin, 50 × 10 −6   M  mL −1  streptomycin, and 
0.5 µg mL −1  amphotericin B) and expanded overnight. Passage 2 cells 
were seeded onto samples at 10 000 cells cm −  2  in low serum (1% FBS) 
medium and cultured for 3–5 d. Medium was refreshed with low serum, 
differentiation medium after 3 d in culture for longer assays. 

  VIC Staining, Imaging, and Quantifi cation : Immunocytochemical 
staining for α-SMA was used to identify activated myofi broblasts. All 
staining steps were performed at room temperature. Cells on hydrogels 
were fi xed using a two-step process. First, half of the medium was 
removed from each well and replaced it with 4% paraformaldehyde 

(Sigma–Aldrich, St. Louis, MO, USA). To minimize deletion sequences, 
capping was performed after each step using a solution of 5% acetic 
anhydride and 6% 2,6-lutidine (both from Sigma–Aldrich, St. Louis, 
MO, USA) in NMP. After the automated synthesis was complete, azide 
functionalization was achieved by solid-phase coupling of 4-azidobutyric 
acid (see the Supporting Information for synthetic details) to the 
N-terminus of the peptide. This coupling performed just as described 
for the amino acid couplings, and was verifi ed using the ninhydrin test. 
Peptide cleavage and deprotection was achieved by treatment with 
trifl uoroacetic acid/phenol/triisopropyl-silane/dH2O (90/5/2.5/2.5). 
The peptide was recovered by precipitation in cold diethyl ether, washed 
twice with cold diethyl ether, and then dried in a vacuum desiccator. 
The crude peptide was subsequently purifi ed by reverse-phase HPLC 
(gradient = 5% acetonitrile in water for 3 min, 5%–20% acetonitrile over 
7 min, 20–40 acetonitrile over 20 min; 20 mL min −1  fl ow rate; column 
= Waters XSelect CSH C18 OBD Prep Column, 130 Å, 5 µm, 30 mm 
× 150 mm) and lyophilized. The purifi ed peptide was reconstituted in 
sterile PBS and stored at −70 °C until use. MALDI-TOF MS [M + H] 
calculated for C 19 H 33 N 11 O 8  544.5; found 543.8. 

  General Procedure for Hydrogel Polymerization : Clickable, 
photodegradable hydrogels were synthesized through a copper-catalyzed 
click reaction of an 8-arm PEG-alkyne ( M  n  = 10 000 g mol −1  or  M  n  = 
40 000 g mol −1 ) with an azide-functionalized photodegradable PEG 
cross-linker and an azide-functionalized RGD peptide to promote cell 
adhesion. The gel-forming monomer solution contained 5.99 wt% 
8-arm PEG-alkyne ( M  n  = 10 000 g mol −1 ), 9.61 wt% azide-functionalized 
photodegradable cross-linker, 2 × 10 −3   M  RGD, 0.1 wt% copper sulfate 
pentahydrate (Fisher) and 1 wt% sodium ascorbate (Sigma-Aldrich, St. 
Louis, MO, USA) in PBS for stiff hydrogels or 7.1 wt% 8-arm PEG-alkyne 
( M  n  = 40 000 g mol −1 ), 2.5 wt% azide-functionalized photodegradable 
cross-linker, 2 × 10 −3   M  RGD, 0.1 wt% copper sulfate pentahydrate 
(Fisher, Pittsburgh, PA, USA) and 1 wt% sodium ascorbate (Sigma 
Aldrich, St. Louis, MO, USA) in PBS for soft hydrogels. All components 
were dissolved in sterile PBS or sterile-fi ltered to avoid contamination in 
cell cultures. To visualize hydrogel substrates fl uorescently, Alexa Fluor 
555 Azide (Life Technologies, Grand Island, NY, USA) was incorporated 
into the hydrogel precursor solution (300 × 10 −6   M ). Each individual 
aliquot of the hydrogel precursors was initiated with copper sulfate 
and quickly pipetted into a mold made of two glass coverslips, one 
siliconized with Sigmacote (Sigma Aldrich, St. Louis, MO, USA) and 
the other treated with an azide-functionalized silane-coupling agent. 
Coverslips (18 mm, No. 2, Fisher) were silanted via liquid deposition of 
the silane, 0.5% 6-azidosulfonylhexyl-triethoxysilane (Gelest, Morrisville, 
PA, USA), in 95% ethanol/water solution for 3 min. Coverslips were 
then dried at 80 °C. Hydrogels were covalently attached to the glass 
coverslips via the silane-coupling agent during polymerization. Smooth 
hydrogel samples were soaked in 0.1  M  ethylenediaminetetraacetic acid 
(EDTA) for 20 min at room temperature to chealate and remove any 
residual copper. The EDTA solution was aspirated and samples were 
subsequently rinsed three times with PBS. Hydrogels were then stored 
in ultra-low attachment 6-well plates (Corning, Corning, NY, USA) and 
swollen in PBS for at least 24 h before topographic modifi cation or cell 
seeding. 

  Rheological Characterization : The rheological properties of swollen 
hydrogel fi lms were measured as previously described. [ 46 ]  Briefl y, 
freestanding fi lms of each hydrogel formulation were cast between 
two siliconized glass slides to produce discs (height: 1 mm; diameter: 
7 mm), which were swollen to equilibrium for bulk rheological 
measurements. The storage and loss moduli (i.e.,  G ′ and  G ′′) were 
quantifi ed on a parallel plate rheometer (DHR-3, TA Instruments, New 
Castle Delaware, USA) equipped with an 8-mm plate. The hydrogels 
were subjected to an oscillatory shear at 1% strain through a dynamic 
angular frequency range of 0.1 to 100 rad s −1 . 

  Photodegradation Kinetics : The photodegradation kinetics of the soft 
and stiff hydrogel formulations were measured by in situ degradation 
on a rheometer, as previously described. [ 7 ]  Briefl y, the hydrogels were 
polymerized between 8 mm parallel plates on a Discovery DHR-3 
rheometer (TA Instruments, New Castle Delaware, USA) equipped with 
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for 5 min. Then, this solution was replaced with 4% paraformaldehyde 
for an additional 10 min. The VICs were permeabilized in 0.2% Triton 
X-100 (Sigma Aldrich, St. Louis, MO, USA) for 10 min and samples were 
blocked with 5% bovine serum albumin (BSA, Sigma Aldrich, St. Louis, 
MO, USA) in PBS for 1 h. Mouse monoclonal anti-α-SMA antibody 
(Abcam, Cat# a b7817, Cambridge, MA, USA) was diluted at 1:200 in 
an immunofl uorescence (IF) solution of 3% BSA with 0.1% Tween 20 
in PBS. Cells were incubated with the primary antibody solution for 1 h. 
After washing with IF solution, samples were incubated with goat-anti-
mouse IgG Alexa Fluor-488 secondary antibody (1:200 in IF solution, 
Sigma Aldrich, St. Louis, MO, USA) for 1 h. After washing with IF 
solution, the cells were incubated with ethidium homodimer (4 × 10 −6   M , 
in PBS) for 30 min. Samples were subsequently washed with IF solution 
for 5 min and mounted using Prolong Gold Antifade reagent (Life 
Technologies, Grand Island, NY, USA) to preserve for imaging. 

 All microscopy was performed on an upright, epi-fl uorescent 
microscope (Axio Examiner, Zeiss, Germany). To quantify activation on 
each sample, 10 random fi elds of view were imaged at 20× magnifi cation. 
Activated myofi broblasts were counted as cells with α-SMA organized 
into stress fi bers by counting merged images using the Cell Counter 
Plugin in ImageJ. The percentage of activated cells was calculated as 
(number of myofi broblasts/total number of cells) x 100%. All images 
from each replicate were counted and averaged to calculate the average 
percentage of activated cells. Statistical differences were determined 
using the Marascuilo procedure, α = 0.05.  
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