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Abstract

Mechanics of the extracellular matrix (ECM) play a pivotal role in governing cell behavior, such 

as cell spreading and differentiation. ECM mechanics have been recapitulated primarily in elastic 

hydrogels, including with dynamic properties to mimic complex behaviors (e.g., fibrosis); 

however, these dynamic hydrogels fail to introduce the viscoelastic nature of many tissues. Here, 

we developed a two-step crosslinking strategy to first form (via platinum-catalyzed crosslinking) 

networks of polydimethylsiloxane (PDMS) and then to increase PDMS crosslinking (via thiol-ene 

click reaction) in a temporally-controlled manner. This photoinitiated reaction increased the 

compressive modulus of PDMS up to 10-fold within minutes and was conducted under 

cytocompatible conditions. With stiffening, cells displayed increased spreading, changing from 

~1300 to 1900 μm2 and from ~2700 to 4600 μm2 for fibroblasts and mesenchymal stem cells, 

respectively. In addition, higher myofibroblast activation (from ~2 to 20%) for cardiac fibroblasts 

was observed with increasing PDMS substrate stiffness. These results indicate a cellular response 

to changes in PDMS substrate mechanics, along with a demonstration of a mechanically dynamic 

and photoresponsive PDMS substrate platform to model the dynamic behavior of ECM.
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1. Introduction

The extracellular matrix (ECM) is a complex three-dimensional (3D) network composed of 

fibrous matrix proteins that influence cell behaviors and tissue organization. The physical 

features of the ECM (e.g., stiffness [1–6], viscoelasticity [7] and topography [8–10]) play 

pivotal roles in governing cell behavior. In particular, ECM stiffness is a key regulator of 
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cellular morphology [11–13], migration [14–16], proliferation [17–19], gene expression 

[20–22] and differentiation [23–25]. The elastic modulus of native ECM varies among 

different tissue types, ranging from 0.5 to 1 kPa in brain to 10-20 GPa in bone. Therefore, 

recapitulating the native mechanical environment is a useful strategy to investigate cell 

interactions with their microenvironment.

Numerous hydrogel systems have been developed to mimic the mechanical properties of 

ECM [26–29], including natural polymers (e.g., hyaluronic acid (HA), alginate, collagen, 

gelatin and chitosan) and synthetic polymers (e.g., polyacrylamide and polyethylene glycol 

(PEG)). To recapitulate the dynamic mechanical evolution of native ECM during biological 

processes (e.g., fibrosis [30], tumorigenesis [31,32] and tissue remodeling during wound 

healing [33–35]), both stiffening [36–38] and softening [39–42] hydrogels have been applied 

to cell culture studies. However, these dynamic hydrogels behave like elastic materials, 

lacking the viscoelastic nature of most tissues.

Only a few hydrogels (e.g., polyacrylamide [43,44] and alginate [45–47]) have been 

designed to be viscoelastic to directly investigate the influence of substrate viscoelasticity on 

cell behavior. Mesenchymal stem cells (MSCs) displayed increased proliferation, spread 

area, Rac activation and differentiation towards multiple lineages on acrylamide hydrogels 

with high loss modulus [43,44]. In alginate hydrogels, increased substrate stress relaxation 

promoted cell spreading, proliferation and osteogenic differentiation, indicating that stress 

relaxation is a key characteristic of cell-ECM interactions [47]. In addition, cells presented 

altered behavior (e.g., more spreading, proliferation, actin stress fiber organization and focal 

adhesions) in viscoelastic hydrogels compared to elastic hydrogels [47]. However, these 

viscoelastic hydrogels have not yet been designed with changing mechanics. Thus, a 

biomaterial system featuring both dynamic mechanics and viscoelasticity is desired to model 

the natural ECM.

Polydimethylsiloxane (PDMS) is a viscoelastic elastomeric material that has been widely 

used in cell culture [6,23,48–52]. PDMS can be simply prepared by mixing base and curing 

agent, where a platinum (Pt) catalyst facilitates hydrosilylation to crosslink vinylterminated 

PDMS (V-PDMS) base polymer with methylhydrogen siloxane units (from the curing 

agent), turning short polymer chains into an elastomeric network (Fig. 1a). The moduli of 

PDMS (from kPa to MPa) fabricated through this mechanism can be controlled by changing 

the base-to-curing agent mixing ratio, the curing temperature, and the reaction time 

[6,23,48,49]. PDMS substrates with a range of moduli have been used to investigate cellular 

responses to changing mechanical environments. For instance, 3T3 fibroblasts manifest 

larger cell spread areas and focal adhesions on stiff PDMS substrates [53] and myocardial 

cells and cardiac fibroblasts show increased spreading as well as higher matrix 

metalloproteinase-2 gene expression and protein activity with increasing PDMS modulus 

[54]. In addition to changes in spreading and focal adhesion size, lung myofibroblasts also 

exhibit higher expression of α-smooth muscle actin (α-SMA) on stiff PDMS substrates [55]. 

These reports present PDMS mechanics in a static manner and current strategies used to 

modulate the modulus of PDMS can only be utilized in the absence of cells, as the PDMS 

substrates are normally cured at high temperatures.
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Radiation curing of PDMS has been reported as an alternative and efficient way to convert 

viscous and reactive PDMS liquids into solids [56–60]. Thiol-ene “click” photochemistry 

[61,62] provides several advantages over the traditional platinum-catalyzed approach to 

crosslink PDMS, including: (i) no requirement for expensive heavy-metal catalysts, (ii) 

quantitative conversions in relatively short timeframes at room temperature, (iii) reduced 

oxygen inhibition, and (iv) no generation of intracellular reactive oxygen species (ROS). 

Here, we developed a two-step crosslinking strategy by combining platinum-catalyzed 

crosslinking and light-initiated thiol-ene crosslinking to temporally manipulate the modulus 

of PDMS (Fig. 1a and b). PDMS substrates were fabricated through a stepwise process to 

introduce thiolate crosslinker and photoinitiator to the network, allowing the use of 

secondary photocrosslinking to stiffen the substrate and to modulate cellular response. Thus, 

this work demonstrates a photo-controllable and stiffness-tunable PDMS substrate for use as 

a platform to dynamically manipulate cell responses.

2. Materials and methods

2.1. Materials

Sylgard 184 Elastomer Kit (Dow Corning) was used to fabricate PDMS substrates. 4-6% 

(mercaptopropyl)methylsiloxane-dimethylsiloxane copolymer (S-PDMS) was purchased 

from Gelest. Bovine collagen type 1 solution was purchased from Advanced BioMatrix. All 

other chemicals were purchased from Sigma-Aldrich unless otherwise indicated.

2.2. Mechanical testing of photocurable PDMS substrates

Photocurable PDMS substrates were prepared by mixing V-PDMS, S-PDMS and 2,2-

dimethoxy-2-phenylacetophenone (DMPA) (0.5 wt%). Dynamic oscillatory time sweeps 

were performed using an AR2000ex rheometer (TA Instruments) with an ultraviolet light-

guide accessory (SmartSwap™, TA Instruments) connected to an ultraviolet light source 

(Omnicure S1000, EXFO). The photocrosslinking of PDMS mixtures were carried out under 

exposure to UV light (365 nm, 15 mW/cm2). Storage (G′) and loss (G″) moduli with time 

were monitored under 0.5% strain and 1 Hz, using a cone and plate geometry (1°, 20-mm 

diameter, 27 μm gap) at 25°C.

Compressive moduli of photocured PDMS substrates were measured by dynamic 

mechanical analysis (DMA, Q800, TA Instruments) fitted with a compression clamp, 

running at a constant strain rate of 10%/min in air at room temperature. The modulus was 

calculated from the slope of the stress-strain curve between 10 and 20% strain. PDMS 

mixtures (80 μL, including V-PDMS, S-PDMS and DMPA (0.5 wt%)) were transferred to a 

mold and covered with a glass coverslip. The samples were irradiated with UV light (365 

nm, 15 mW/cm2) for 2 min. Photocured PDMS substrates (~2 mm height, 5 mm diameter) 

were removed from molds for mechanical testing.

2.3. Fabrication of photo-stiffening PDMS substrates

The photo-stiffening PDMS substrates were all prepared through a two-step process. In the 

first step, PDMS mixtures were prepared by mixing base and curing agent at a ratio of 65:1, 

and placed under vacuum to remove any air bubbles. PDMS mixtures (80 μL) were 
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transferred to molds, covered with cover slips, and cured at 37°C for 2 days. In the second 

step, PDMS samples were then removed from the molds and incubated in 1 mL toluene 

containing varying amounts of S-PDMS (0-30 wt%), V-PDMS (0-30 wt%) and DMPA (10 

mM), where the total amount of S-PDMS and V-PDMS was 30 wt/% in toluene. After 3 h 

incubation at 37°C, PDMS samples were washed twice, once with toluene and once with 

hexane/acetone (1:1), and finally dried at 37°C overnight to evaporate the solvent. The 

secondary photocrosslinking of PDMS was carried out under exposure to UV light (365 nm, 

15 mW/cm2) for 2 min. Compressive moduli of PDMS samples (~2 mm height, 5 mm 

diameter) were measured using DMA as described above.

2.4. Preparation of PDMS substrates on glass coverslips

The PDMS substrates on glass coverslips were all prepared through a two-step process.

In the first thermo-curing step, PDMS mixtures (base and curing agent at a ratio of 65:1, 100 

mg) were spin-coated onto glass coverslips (22 mm × 22 mm) at a speed of 700 rpm for 30 

s, and cured at 37°C for 2 days. The thickness of PDMS layer on glass coverslip was ~0.2 

mm, which is also thick enough (>20 μm) for cells not to feel the underlying glass substrate 

[63]. In the second step, for unmodified PDMS substrates (UM), PDMS-coated glass 

coverslips were incubated in 4 mL toluene containing V-PDMS (30 wt%); for modified 

PDMS substrates (M), PDMS-coated glass coverslips were incubated in 4 ml toluene 

containing S-PDMS (10 wt%), V-PDMS (20 wt%) and DMPA (10 mM). V-PDMS (20 wt%) 

was used to prevent the uncrosslinked V-PDMS to be dissolved from the substrates by the 

pure toluene solution during the swelling process. The loss of V-PDMS in the substrate 

would weaken the mechanics of PDMS and decrease the efficiency of the secondary thiol-

ene photocrosslinking. After 3 h incubation at 37°C, PDMS samples were washed twice, 

once with toluene and once with hexane/acetone (1:1), and finally dried at 37°C overnight to 

evaporate solvent.

2.5. Atomic force microscopy (AFM) characterization of topography and viscoelasticity

Topographic imaging of PDMS substrates was performed with Dimension Icon AFM 

(Bruker, Santa Barbara, CA) to determine the roughness of the modified PDMS substrates 

before and after UV exposure. Images were acquired in tapping mode using an integral 

cantilever with attached silicon tips (spring constant 30-40 N/m). The AFM scan size was 

chosen as 5.0 mm at a scan rate of 1.25 Hz, and the images were 256 by 256 pixels. AFM 

images were analyzed using NanoScope analysis software (Bruker, Santa Barbara, CA).

AFM-nanoindentation and ramp-and-hold force relaxation tests were performed using 

microspherical colloidal tips (radius R = 5 μm, nominal spring constant k = 0.6 N/m, 

HQ:NSC36/Tipless/Cr-Au, cantilever C, NanoAndMore, Watsonville, CA) and a Dimension 

Icon AFM (BrukerNano, Santa Barbara, CA) at 10 μm/s indentation rate up to a maximum 

load of ~120 nN [64]. The nanoindentation was performed via microspherical tip (R = 5 μm) 

up to ~ 1 μm maximum indentation depth, which is within the limit of linear deformation 

(strain ε < 0.2, Dmax < 0.4R) [65]. In our experiment, the thickness of PDMS substrate is h 

~200 mm. According to the established contact mechanics theory [66], given h >> 12.8R in 

the linear deformation regime, the substrate constraint effect is negligible. Therefore, we 
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calculated the effective indentation modulus by applying contact mechanics model within 

the Hertzian framework to the loading portion of indentation F-D curves by assuming a 

semi-infinite medium.

During the measurement, the PDMS substrates were immersed in phosphate buffered saline 

(PBS), and indentation was performed on at least 10 different locations for each sample to 

account for spatial heterogeneity.

2.6. Imaging of collagen and calculation of collagen distribution on PDMS substrates

Collagen was adsorbed to PDMS samples to enhance cell adhesion. To visualize collagen 

adsorption, PDMS substrates were incubated with a solution of FITC-labeled bovine type I 

collagen (Chondrex, 4001) at a concentration of 0.1 wt% at 37°C for 3 h. After collagen 

incubation, collagen-coated PDMS substrates were incubated in high glucose Dulbecco’s 

Modified Eagle’s Medium (DMEM, 4.5 g/L glucose) containing 10% fetal bovine serum 

(FBS) (Gibco) and 1% penicillin/streptomycin (Invitrogen) at 37°C for 24 h before imaging. 

Adsorption was confirmed by imaging samples using an Olympus BX51 microscope (B&B 

Microscopes Limited) with a 10× magnification objective. To assess collagen distribution, 

binary masks of adsorbed collagen were generated using intensity-based thresholding from 

FITC-labeled collagen images, and the masks were then used to calculate the area covered 

by collagen. To assess any potential differences in collagen distribution resulting from 

PDMS stiffening, binary masks from collagen in the same PDMS regions were compared 

before and after UV exposure (365 nm, 15 mW/cm2, 2 min).

2.7. Cell culture of 3T3 fibroblasts and mesenchymal stem cells (MSCs)

NIH 3T3 fibroblasts and human bone marrow-derived MSCs were cultured at 37°C under a 

humidified-controlled environment with 5% CO2. 3T3 fibroblasts were cultured in high 

glucose DMEM containing 10% FBS and 1% penicillin/streptomycin. MSCs were 

purchased from Lonza, used at passage 3 for all experiments, and cultured in the media 

consisted of alpha-minimum essential media (α-MEM) supplemented with 16.7% FBS, 1% 

penicillin streptomycin and 1% :L-glutamine (Invitrogen). The cells were maintained in the 

above medium and media was replaced every three days. Before cell seeding, PDMS 

substrates on glass coverslips (22 mm × 22 mm) were placed in a non-tissue culture treated 

6-well plate and incubated with ethanol (70%, 2.5 mL) for 1 h, collagen (0.1 mg/mL in PBS, 

2.5 mL) for 3 h, and serum-contained media (10% FBS, 2.5 mL) for 30 min.

Cell viability was determined using an AlamarBlue assay according to the manufacturer’s 

protocol (Invitrogen). 3T3 fibroblasts were seeded at 1 × 105 cells/well (for short-term cell 

viability) or 1 × 104 cells/well (for long-term cell viability) on PDMS substrates (i.e., 

unmodified PDMS substrates (UM) and modified PDMS substrates (M)) placed in a non-

tissue culture treated 6-well plate 24 h prior to the experiment. After cell seeding, PDMS 

substrates were exposed to UV light on day 1 to present another two samples: unmodified 

PDMS substrate with UV exposure (UM + UV) and modified PDMS substrate with UV 

exposure (M + UV). Cell-seeded PDMS substrates (UM, M, UM + UV and M + UV) were 

transferred to a new non-tissue culture treated 6-well plate for the AlamarBlue assay. Cells 

were treated with 1200 μL of 10% AlamarBlue reagent in serum-containing media. 
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Subsequently, the cells were incubated at 37°C under a humidified-controlled environment 

with 5% CO2. After 4 h of incubation, 1000 μL (200 μL × 5) of solution from each well was 

transferred to a 96-well microplate and fluorescence measured (excitation/emission: 540 

nm/590 nm, Infinite M200, Tecan) to determine the metabolic activity.

2.8. Cell staining, imaging, and analysis

Phase contrast images of 3T3 fibroblasts on PDMS substrates were acquired using a Zeiss 

Axiovert 200 inverted microscope (Hitech Instruments, Inc.). Cells on PDMS substrates 

were fixed in 10% formalin for 15 min at room temperature (RT). Samples were then 

permeabilized with 0.1% Triton X-100 for 3 min. To visualize cells and nuclei, samples 

were stained for actin (rhodamine phalloidin, 0.5% in 3% bovine serum albumin (BSA) 

solution in PBS) and double-stranded DNA (DAPI, 0.1% in PBS) for 20 and 5 min, 

respectively. After staining, fluorescent images were acquired using an Olympus BX51 

microscope (B&B Microscopes Limited).

Time-lapse microscopy (EVOS FL Auto Imaging System equipped with motorized stage for 

multi-point acquisition and environmental chamber with gas mixer for live cell imaging) was 

used to track individual 3T3 fibroblasts and MSCs following substrate stiffening. Images of 

3T3 fibroblasts and MSCs cultured on Soft and Stiff static PDMS substrates, as well as in 
situ stiffened PDMS (Soft-to-Stiff) were captured every 20 min for at least 16 h and used to 

assess cell spreading of individual cells in real-time.

All image analysis was performed using ImageJ NIH image processing software (Bethesda, 

MD).

2.9. Cardiac fibroblasts isolation and culture

Rat cardiac fibroblasts were harvested from Sprague Dawley rat pups post-natal day 0-1, as 

previously described [67]. Briefly, hearts were trimmed of atria and vessels, minced and 

subjected to sequential rounds of trypsin digestion, washing, filtering, and centrifugation 

steps to remove red blood cells and debris. The cells were cultured in 3:1 ratio of 

DMEM:M199 (1×), 10% FBS, 10 mM HEPES (4-(2-Hydroxyethyl)piperazine-1-

ethanesulfonic acid, N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)), 1% 

Glutamine/Penicillin/Streptomycin (Gibco) at 37°C in a humidified incubator with 5% CO2.

A two-layer Percoll density gradient was used to separate the fibroblasts and myocytes, as 

previously described [68] utilizing Percoll solutions of density 1.07 g/mL and 1.09 g/mL. 

The cell suspension was layered on top of the gradient and centrifuged at 25°C at 2060 × g 
for 27 min using a low acceleration rate and no brake. After centrifugation, two distinct cell 

bands were visible: i) an upper band, located at the interface between the media and low 

density Percoll layer corresponding to the fibroblast layer, and ii) a lower band, located at 

the interface between the low and high Percoll densities corresponding to the myocyte layer. 

The fibroblast layer was collected and spun down at 700 μ g for 10 min at 25°C with mid-

range acceleration and deceleration. Cells were then resuspended in fresh media and plated 

for 24 h on a Collagen IV-coated Bioflex® plate (Flexcell International Corporation) to keep 

the fibroblasts quiescent before plating on experimental substrates.
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2.10. Immunostaining of cardiac fibroblasts and quantification of myofibroblast activation

Following the completion of the experiment, cells were rinsed with PBS, fixed in 4% 

formaldehyde for 10 min at RT, and simultaneously permeabilized and blocked with a 

solution containing 1% (w/v) BSA and 5% (v/v) goat serum (Cell Signaling Technology) in 

0.1% Triton X-100 for 15 min at RT. Cells were then washed in PBS and first incubated with 

rabbit anti-vimentin (1:500, Abcam) primary antibody overnight at 4°C followed by a 2 h 

incubation with TRITC-conjugated goat anti-rabbit (1:2000, Jackson ImmunoR-esearch) 

IgG at room temperature in the dark. A second round of staining was performed by 

simultaneously re-permeabilizing and blocking as described above. The cells were then 

incubated with mouse anti-α-smooth muscle actin (Sigma-Aldrich) primary antibody 

overnight at 4°C. Cells were then washed with PBS and then incubated with FITC-

conjugated goat anti-mouse (1:2000, Jackson ImmunoResearch) IgG for 2 h. Cells were 

counterstained with DAPI at 1 μg/mL in methanol for 10 min. Finally, the substrates were 

mounted on glass slides using Fluoromount G (Electron Microscopy Science) and imaged 

using a Nikon Eclipse 80i. Images were acquired under a 20× objective at a minimum of 8 

locations per sample using NIS Elements software. The three fluorescent channels were 

merged using ImageJ and total number of cells was counted along with the number of 

activated cells, indicated by α-SMA stress fiber formation.

2.11. Statistical analysis

All images and data are representative of the results of at least two or more independent 

biological experiments. The box and binned data plots were generated using Origin 

software. Boxes present first and third quartiles with median lines; circles show the mean 

value; error bars indicate the range of 1.5 × interquartile. One-way analysis of variance 

(ANOVA) was performed for statistical analysis. Significance was set at p < 0.05 with *, **, 

or *** indicating p < 0.05, 0.01, or 0.001 respectively. Error is reported in figures as the 

standard deviation of the mean unless otherwise noted.

3. Results and discussion

3.1. Fabrication of mechanically dynamic PDMS substrates via a two-step crosslinking 
strategy

Standard crosslinking of PDMS occurs with a Pt-catalyzed reaction between V-PDMS and 

methylhydrogen siloxane (major component in curing agent) (Fig. 1a). To introduce 

photoinducible crosslinking, we utilized thiol-ene click chemistry where V-PDMS can be 

crosslinked with the (mercaptopropyl)methylsiloxane-dimethylsiloxane copolymer (S-

PDMS), where the thiols from S-PDMS react with the terminal vinyl groups of V-PDMS in 

the presence of photoinitiator DMPA and UV light (365 nm, 15 mW/cm2) (Fig. 1b). 

Rheology was used to monitor the crosslinking of V-PDMS and S-PDMS, where the 

crossover of the storage (G′) and the loss (G″) moduli occurred within seconds and a 

plateau modulus was reached within ~1 min (Fig. 1c), indicating rapid crosslinking of V-

PDMS and S-PDMS in response to UV light. The moduli of photo- initiated V-PDMS/S-

PDMS networks increased in a crosslinker concentration-dependent manner (Fig. 1d). These 

results demonstrate that PDMS networks can be fabricated through a photo-induced thiol-
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ene reaction with short light exposure times and the network moduli can be tuned through 

the concentration of the crosslinker.

After illustration of these two crosslinking mechanisms, we then combined them into a two-

step crosslinking process of Pt-catalyzed crosslinking and then thiol-ene click reaction to 

fabricate photoresponsive and stiffness-tunable PDMS substrates. PDMS substrates were 

prepared via a stepwise process featuring 1) crosslinking of V-PDMS and methylhydrogen 

siloxane under Pt catalyst and 2) swelling of S-PDMS and DMPA into the cured PDMS 

substrate where V-PDMS was also added in the solution to inhibit the dissolution of 

uncrosslinked V-PDMS from the PDMS substrate by toluene (Fig. 2a). It was not possible to 

directly introduce S-PDMS during the initial crosslinking, as thiolates can react with the Pt 

catalyst and diminish its catalytic ability.

To generate a soft PDMS substrate while maintaining excess V-PDMS for secondary 

crosslinking, V-PDMS and methylhydrogen siloxane were mixed at a 65:1 ratio and cured at 

37°C for 2 days, presenting an initial modulus of ~3 kPa. The moduli of PDMS substrates 

did not change after the S-PDMS and DMPA swelling step alone; however, stiffening was 

introduced with UV light exposure in a S-PDMS concentration-dependent manner (Fig. 2b), 

up to a modulus of ~200 kPa with 30 wt% S-PDMS. Furthermore, the modified PDMS 

substrates could be stiffened after prolonged incubation in serum-containing media, 

indicating that the crosslinker (S-PDMS) and photoinitiator (DMPA) were quite stable 

within the PDMS substrates (Fig. 2c). Also, post-stiffening, the mechanics of PDMS 

substrates were maintained in serum-containing media for up to 7 days (Fig. 2d). These 

results confirm that our two-step crosslinking approach can elicit substrate stiffening in a 

user-defined manner for up to 7 days in a biological environment.

These photo-responsive PDMS substrates can also be stiffened gradually with intermittent 

light exposure. Three light intensities (5, 10 and 15 mw/cm2) were applied to demonstrate 

the gradual stiffening as well as the tunability of the stiffening rate in changing the PDMS 

modulus (Fig. S1). PDMS was stiffened at a slower rate using lower light intensity, 

generating modulus changes in the range of 3-45 kPa over multiple time points. In addition, 

this two-step PDMS crosslinking can be applied to PDMS prepared with various base-to-

curing agent ratios. PDMS modulus varied with changes in the initial base-to-curing agent 

ratio and the extent of modulus change was dependent on this initial ratio (Fig. S2).

3.2. Characterization of PDMS substrates using atomic force microscopy

Atomic force microscopy (AFM) was used to characterize the topography and mechanical 

properties of modified PDMS substrates. For AFM measurements, PDMS substrates were 

spin-coated on glass coverslips, cured, and modified through the stepwise process to 

introduce crosslinker (S-PDMS) and photoinitiator (DMPA). The roughness of modified 

PDMS substrates did not change after UV exposure as the root mean square roughness (Rq) 

values were 0.67 ± 0.01 nm and 0.60 ± 0.02 nm before and after UV exposure, respectively 

(Fig. S3).

AFM-nanoindentation and force relaxation were performed to quantify the elastic and 

viscoelastic properties of the PDMS substrates at the microscale. Exposure to UV light 
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resulted in significant stiffening of the PDMS substrates, showing ~10-fold increase in both 

the equilibrium modulus (E∞, increased from ~3 to 37 kPa) and the effective indentation 

modulus (Eind, increased from ~6 to 60 kPa) (Fig. 3a). The equilibrium modulus (changed 

from 3 to 37 kPa after UV exposure) measured by AFM in nanoscale was quite similar to 

the compressive modulus (changed from 3 to 45 kPa after UV exposure) measured by DMA 

in bulk. In addition, the degree of elasticity, as indicated by the ratio E∞/Eind became 

significantly higher (Fig. 3b), indicating a more elastic polymeric network due to the 

presence of higher covalent crosslink density. In addition, E∞ and two viscoelastic 

relaxation modes, (E1, τ1) and (E2, τ2), were extracted from the five-element standard linear 

solid (SLS) model shown in Fig. 3c [69]. We also observed an increase in the longterm 

relaxation time, τ2, after UV exposure (Fig. 3d), indicating the increased crosslinking 

density in the polymer network as well as the increased hindrance of polymer chain 

movement following UV-mediated secondary crosslinking. These AFM results confirm that 

secondary crosslinking increased the modulus as well as the degree of elasticity and 

viscoelasticity of PDMS network after UV treatment.

3.3. Cell spreading in response to in situ stiffening of PDMS substrates

Cells were seeded on PDMS substrates that were spin-coated on glass coverslips. To 

facilitate cell adhesion on PDMS substrates, collagen was used as a coating material through 

physical adsorption. Fluorescent dye-labeled collagen was used to visualize collagen 

distribution on the PDMS substrates. The morphology of collagen did not change after UV 

exposure and the collagen- covered area on the PDMS substrates with different conditions 

was quite similar (Fig. S4), indicating that the modification and UV treatment did not affect 

collagen distribution on the PDMS substrates.

Fibroblasts are the most abundant cell type in connective tissue, where they produce 

structural proteins that comprise the ECM. Here, 3T3 fibroblasts were used to investigate the 

cytocompatibility of modified PDMS substrates as well as the cell response to the change in 

substrate stiffness. Cells were seeded on unmodified (UM) and modified (M) PDMS 

substrates, and UV light (365 nm, 15 mW/cm2, 2 min) was applied after cell seeding for 24 

h to form two UV-treated PDMS samples: unmodified PDMS substrates with UV exposure 

(UM + UV) and modified PDMS substrates with UV exposure (M + UV). An AlamarBlue 

assay was performed to quantify the cellular metabolic activity and used as a proxy for cell 

viability. The metabolic activity of cells was examined right after UV irradiation, indicating 

that UV irradiation did not change the cells as the UM + UV and M + UV samples presented 

similar metabolic activity compared to the UM and M samples, respectively (Fig. S5). In 

addition, no toxicity was observed for the cells cultured on these four PDMS substrates and 

cells continued to proliferate for up to 7 days (Fig. 4), demonstrating that modified PDMS 

substrates were cytocompatible.

Recent studies have shown that the mechanical properties of culture substrates impact 

fibroblast spreading and adhesion morphology [53,70]. Here, 3T3 fibroblasts seeded on soft 
modified PDMS substrates manifested a smaller spread area (~1300 μm2), while 3T3 

fibroblasts cultured on the stiff UV-exposed modified PDMS substrate spread to larger area 

(~1700 μm2) (Fig. 5a top and 5b). These results indicate that the increased PDMS substrate 
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stiffness increased spreading of fibroblasts. Meanwhile, 3T3 fibroblasts initially cultured on 

soft substrates were responsive to secondary crosslinking-induced stiffness changes of the 

substrate, presenting similar spread area (~1900 μm2) to the cells cultured on stiff static 

substrates (~2100 μm2) (Fig. 5a bottom and 5c). 3T3 fibroblasts cultured on unmodified 

PDMS substrates remained small (~1300 μm2) even after UV exposure (Figs. S6a and S6b). 

This demonstrates that the modified PDMS substrates are mechanically dynamic and their 

tunable stiffness can direct cell response. Similar area changes of cardiac fibroblasts and 

MSCs were observed on these dynamic PDMS substrates (Fig. 6 and Figs. S6c-S6f), where 

cardiac fibroblast spreading increased from 1100 μm2 to 1500 μm2 and MSC spreading 

increased from 2700 μm2 to 4600 μm2. The change in cell spreading over time was 

monitored by tracking single cells immediately after stiffening of the PDMS substrates. 

Cells initially cultured on soft substrates responded to the in situ stiffening of the substrates, 

presenting an increase in spread area over time (Fig. S7).

3.4. Stiffening PDMS substrates promote myofibroblast activation

Cardiac fibroblasts play essential roles in myocardial function, where they are involved in 

ECM deposition and remodeling as well as in chemical and mechanical signaling. The 

differentiation of cardiac fibroblasts to myofibroblasts is currently recognized as a key step 

during maladaptive cardiac remodeling [71,72]. Sustained activation of myofibroblasts 

results in excess production and deposition of ECM proteins in the myocardium, known as 

fibrosis, which leads to distorted architecture and cardiac dysfunction [73–75]. Here, we 

applied photoresponsive PDMS substrates to investigate the contribution of stiffness changes 

to myofibroblast differentiation. After stiffening of the PDMS substrates, we observed an 

increase in the percentage of activated myofibroblasts, using α-SMA as a marker, to levels 

comparable to glass substrates (Fig. 7a top and 7b). Additionally, activation of fibroblasts 

was found to be time-dependent: the highest activation (~20%) was observed after 4 days in 
vitro on the dynamic soft-to-stiff substrates (Fig. 7a bottom and 7b). As a control, cardiac 

fibroblasts cultured on unmodified PDMS substrates presented low activation even after UV 

exposure (Fig. S8). These results demonstrate that photoresponsive PDMS substrates can 

model the mechanically dynamic features of ECM during cardiac fibrosis, where the 

activation of cardiac fibroblasts is promoted by substrate stiffening.

4. Conclusion

Here, we present a two-step crosslinking strategy to fabricate a mechanically dynamic 

PDMS substrate, where Pt-catalyzed crosslinking was used to cure the PDMS and thiol-ene 

photocrosslinking was subsequently applied to stiffen the PDMS. The viscoelasticity and 

stiffness of the PDMS substrates were temporally controlled using light. The 

photoresponsive PDMS substrates were cytocompatible and capable of modulating cell 

behavior, showing a strong correlation between substrate stiffness and cell spreading. When 

substrates were stiffened using light, adhered cells increased their spreading, and cardiac 

fibroblasts were activated to myofibroblasts. Taken together, this photo-stimulated 

crosslinking approach is a fast and cytocompatible way to control the stiffness and 

viscoelasticity of PDMS, and the photoresponsive PDMS substrates provide a promising 

platform to study cell-matrix interactions in a dynamic manner.
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Fig. 1. Crosslinking of PDMS
(a) Pt-catalyzed crosslinking and (b) light-initiated thiol-ene crosslinking. (c) Rheological 

characterization of the photocrosslinking of base agent (V-PDMS, 80 wt%) and thiolated 

crosslinker (S-PDMS, 20 wt%) with DMPA (0.5 wt%) under UV exposure (365 nm, 15 

mW/cm2). (d) Compressive moduli of photocrosslinked V-PDMS and S-PDMS with varied 

concentrations of S-PDMS after UV exposure (365 nm, 15 mW/cm2) for 2 min. The mixing 

ratios between V-PDMS and S-PDMS were 90:10, 80:20 and 70:30 by weight. (n = 3. Data 

presented as mean ± s.d.).
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Fig. 2. Stiffening PDMS substrates through secondary thiol-ene photocrosslinking
(a) Schematic of the stepwise preparation of photoresponsive PDMS substrates, where cured 

V-PDMS via Pt-catalyzed crosslinking was placed in toluene with S-PDMS, DMPA and V-

PDMS, the toluene was allowed to evaporate, and the sample was exposed to light for 

crosslinking. (b) Moduli of photoresponsive PDMS substrates with different concentrations 

of S-PDMS as a crosslinker in the presence of DMPA with UV exposure (365 nm, 15 

mW/cm2) for 2 min. PDMS substrates were prepared through two steps: 1) V-PDMS and 

curing agent were mixed at a ratio of 65:1 to form soft substrates after curing at 37°C for 2 

days; 2) PDMS substrates were incubated in toluene containing varying amounts of S-

PDMS (0-30 wt%), V-PDMS (0-30 wt%) and DMPA (10 mM), with the total amount of S-

PDMS and V-PDMS at 30 wt/% in toluene. (c) Moduli of photoresponsive PDMS substrates 

(10wt% S-PDMS) after incubation in serum-containing media (10% FBS) for different time 

points (1, 3, 7 days) and then stiffened. (d) Moduli of photo-stiffened PDMS (10wt% S-

PDMS) incubated in serum-containing media (10% FBS) for up to 7 days. (n = 3. Data 

presented as mean ± s.d.). For PDMS substrates used in (c) and (d), PDMS substrates were 

also prepared through the two-step process as used in (a), while S-PDMS (10 wt%) and V-

PDMS (20 wt %) and DMPA (10 mM) were used in the swelling step. The presence of V-

PDMS (20 wt%) prevents any uncrosslinked V-PDMS from diffusing from the substrates 

during the swelling process.
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Fig. 3. AFM-based nanoindentation and force relaxation measurements of PDMS substrates
(a) Equilibrium modulus (E∞), indentation modulus (Eind), and (b) the ratio of E∞/Eind of 

modified PDMS substrates before (M) and after UV exposure (M + UV). (c) Schematic of 

the five-element SLS model implemented with two viscoelastic relaxation time constants, τ1 

and τ2. Temporal modulus, E(t) = E∞ + E1 exp(−t/τ2) + E2 exp(−t/τ2), where E1 and E2 are 

the moduli, η1 and η2 are the viscosities corresponding to the two relaxation time constants, 

τ1 and τ2, respectively. (d) Representative relaxation curves of PDMS substrates. 

Normalized E(t) versus initial, instantaneous indentation modulus (E0), curves showed 

distinctive relaxation behaviors of modified PDMS substrates before and after UV exposure. 

Red lines are the SLS model fits by non-linear least squares regression via the Levenberg-

Marquardt algorithm (LMA). (e) Relaxation time constants of PDMS substrates. M = 

modified PDMS, M + UV = modified PDMS with UV exposure (n = 10 per group. Data 

presented as mean ± s.d.) ***: p < 0.001, **: p < 0.01, n.s.: not significant. Spin-coated 

PDMS substrates were prepared through a two-step process: 1) V-PDMS and curing agent 

were mixed at a ratio of 65:1 to form soft substrates after curing at 37°C for 2 days; 2) 

PDMS substrates were incubated in toluene containing S-PDMS (10 wt%), V-PDMS (20 wt

%) and DMPA (10 mM). (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.)
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Fig. 4. Cytocompatibility testing of PDMS substrates
Metabolic activity of 3T3 fibroblasts on PDMS substrates, with normalization to UM at day 

3. UV exposure was applied to form UM + UV and M + UV samples after cell seeding for 

24 h (day 1), and the AlamarBlue assay was performed on day 3, 5 and 7. UM = unmodified 

PDMS, UM + UV = unmodified PDMS with UV exposure, M = modified PDMS, M + UV 

= modified PDMS with UV exposure. (n = 3 per group. Data presented as mean ± s.d.). The 

values of metabolic activity at all time points on each PDMS substrate were statistically 

significant from each other (p < 0.001 for all comparisons).
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Fig. 5. 3T3 fibroblast spreading in response to in situ stiffening of PDMS substrates
(a) Representative images of 3T3 fibroblasts on soft and stiff static substrates, as well as a 

dynamically stiffened soft-to-stiff substrate (stiffening performed on day 1). 3T3 fibroblast 

spreading quantification on (b) day 1 and (c) day 2. Stiff substrates were used as a positive 

control as photocrosslinking was applied before cell seeding and static soft substrates did not 

receive light exposure. The moduli for the Soft and Stiff substrates were ~3 and ~37 kPa 

(measured by AFM indentation), respectively. The modulus of the Soft-to-Stiff substrate was 

changed from ~3 to 37 kPa after stiffening. Thus, the final moduli of the Soft, Soft-to-Stiff 

and Stiff substrates were ~3, ~37 and ~37 kPa, respectively. n > 40 cells per group. ***p < 

0.001, n.s.: not significant.
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Fig. 6. Cardiac fibroblast and MSC spread areas are dynamically tuned to PDMS stiffness
Representative images (a,c) and spread area quantification (b,d) of (top) cardiac fibroblasts 

and (bottom) MSCs on soft and stiff static substrates, as well as on a soft-to-stiff dynamic 

substrate on day 2 (stiffening performed on day 1). Stiff substrates were used as a positive 

control as photocrosslinking was applied before cell seeding and static soft substrates did not 

receive light exposure. The moduli for the Soft and Stiff substrates were ~3 and ~37 kPa, 

respectively. The modulus of Soft-to-Stiff substrate was changed from ~3 to 37 kPa after 

stiffening. Thus, the final moduli of the Soft, Soft-to-Stiff and Stiff substrates were ~3, ~37 

and ~37 kPa, respectively. Cardiac fibroblasts were stained with vimentin (red), nuclei 

(blue); MSCs were stained with F-actin (red), nuclei (blue). n > 40 cells per group. ***: p < 

0.001, n.s.: not significant. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 7. Stiffening of PDMS substrates promotes myofibroblast activation
(a) Representative images for cardiac fibroblasts on soft and stiff static substrates, as well as 

on soft-to- stiff dynamic substrates on day 2 and day 4 (stiffening performed on day 1). (b) 

Myofibroblast activation quantification of cardiac fibroblasts at these same time points. The 

moduli for the Soft and Stiff (Glass) substrates were ~3 and ≥ 1 GPa, respectively. The 

modulus of Soft-to-Stiff substrates changed from ~3 to 37 kPa after stiffening. Thus, the 

final moduli of the Soft, Soft-to-Stiff and Stiff (Glass) substrates were ~3 kPa, ~37 kPa and 

≥1 GPa, respectively. Cells were stained with vimentin (red), nuclei (blue) and α-SMA 

(green). n ≥ 2 measurements per group. **: p < 0.01, n.s.: not significant. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of 

this article.)
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