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Supplemental Methods 

PDMS-C2C12 Cellular Adhesion Response 
Cell adhesion assays using C2C12 myoblast cell line, were performed to test the bioactivity of 
PDMS-grafted FN. FN-coated tissue culture polystyrene was used as a positive control and FN 
was diluted into dPBS and applied at saturating density (20 g/mL; supplemental Figure 2)1. 
Followed by the FN washing steps described in section 2.3 in the main text, the surfaces were 
then disinfected with 70% ethanol for at least 2.5 hours, then washed 3 times with sterile dPBS 
and stored at room temperature for up to 24 hours before cell culture studies.  

C2C12 myoblasts were plated at 5,000 cells/cm2 in Dulbecco’s Modified Eagle Medium 
(DMEM; Thermo Fisher Scientific) with 1% fetal bovine serum (FBS; Thermo Fisher Scientific). 
After 2 hours incubation at 37ºC with 5% CO2, the cells were washed gently 3 times 
with dPBS and fixed using 4% paraformaldehyde. To quantify cell adhesion and spreading, cells 
were permeabilized with 0.1% Triton-X-100 and stained with Alexa Fluor 488 Phalloidin (30 
minutes to mark F-actin). Multiple fluorescence images were then taken for each test condition 
using an epifluorescence microscope (Nikon Eclipse Ts2R), and individual projected cell 
areas were quantified using ImageJ. 
 
C2C12 Micro-Skeletal Muscle (μSM) Formation 
To evaluate whether ECM grafted surfaces can enhance tissue stability and prevent tissue from 
collapsing, C2C12 myoblasts cell line, was used to form micro-skeletal muscles (SM). C2C12 
myoblast was seeded into “dog bone” shaped PDMS stencils atop Sylgard 527 substrates. After 
surface treatment and stencil mold assembly atop the substrate, 5 g/mL of FN was coated, 
followed by washing, quenching and disinfection steps. C2C12 (5 x 107/mL) were applied in a 3 
L volume (total of 1.5 x 105 cells) to fill each “dog bone” shaped stencil mold (Supplemental 
Figure S4 A). Seeded cells were incubated for 2 hours at 37ºC with 5% CO2 before adding 
DMEM with 5% FBS. The incubation step is to help prevent cells from shearing/floating off the 
substrates when adding media. Seeded SM were monitored for collapse and detachment daily 
over one week. Tissue stability was quantified using tissue occupied area, calculated by dividing 
tissue area by the total mold area. Area of the tissue and mold were measured using ImageJ. At 
least three representative tissues were measured. 
 

 

 

  



Figure S1. Tensile Testing to Characterize of PDMS Elasticity. A) Modulating elastomer 
properties by adding different amount of Sylgard 184 into Sylgard 527, uniaxial tensile testing 
was performed to determine material properties2. B) Elasticity quantification of different PDMS 
mixtures, highlighted area indicating 5 to 30 kPa elasticity was chosen for iPSC-HM study.  
C) Planar biaxial testing machine setup3. PDMS strips were clamped onto two load cells for 
uniaxial tension test. One of the actuators move at a constant 1 mm/s speed to stretch the 
PDMS, while the load cell recorded force and elongation. D) Stress vs strain curve for a PDMS 
sample tensile test until failure, linear region (yellow highlight) is extracted. E) Linear regions of 
the stress vs strain curves were used to get elasticity. Error bars: standard deviation (SD), n >10 
(B). 
 

 

  



Figure S2. Surface Characterization. A) Physical bond of PDMS and glass shown in left 
figure, PDMS strip was able to be removed from glass; successful plasma reaction will 
covalently bind PDMS and glass slides together (right figure), forced separation will cause 
PDMS to break. B) Representative images of ninhydrin colorimetric reaction upon APTES 
reaction4. C) Representative Li-cor scanning image of hFN 7.1 antibody intensity on different 
PDMS surfaces at different FN concentrations. As FN concentration increases, hFN 7.1 



fluorescence intensity increase, PDMS-APTES and PDMS-APTES-GA surfaces have 
qualitatively higher intensity, 0 g/mL FN was used to extract from measured mean 
fluorescence intensity to eliminate autofluorescence of different surfaces. D) hFN 7.1 
fluorescence intensity on different surfaces when coated with 20 g/mL FN, one-way ANOVA 
indicates no significant difference between surfaces. E) Representative Phalloidin stain image of 
C2C12 cell spreading on different surfaces, left to right: TCP, unmodified PDMS, PDMS-
APTES, and PDMS-APTES-GA. F) Adherent C2C12 cell number per mm2 for different surfaces 
coated with 20 g/mL FN, no significant difference was observed (p = 0.735) G) C2C12 
projected area quantification on different surfaces coated with 20 g/mL FN, no significant 
difference in cell spread area was observed between different surfaces (p = 0.156). Error bar: 
SD. 

  



 

Figure S3. Quantification of Cardiomyocyte Purity. A) Representative negative control 
images of flow cytometry quantification of iPSC-cardiomyocyte purity (cTnT antibody, 13-11), 
cells from non-beating walls after iPSC differentiation were used for negative control. B) 
Representative flow cytometry quantification of non-purified cardiomyocytes directly after iPSC 
differentiation. C) Representative flow cytometry quantification image of cardiomyocytes treated 
with lactate media for 4 days5. D) Quantification of flow cytometry data on different purified and 
non-purified batches. Cardiomyocytes purity is statistically significant between purified and non-
purified (p value = 0.03). Purified cardiomyocytes batches used in this study has the average 
purification of 86%. * indicates p < 0.05, Error bar: SD. 

  



 

Figure S4. Tissue Detachment Analysis using Motion Tracking Algorithm and TFM 
Algorithm. A) Contraction velocity of tissues formed on unmodified PDMS (Day 9-detached), 
PDMS-APTES (Day 16-detached), and PDMS-APTES-GA (Day 16-attached), motion was 
detected for all tissues, high tissue contraction velocity indicating tissue contract freely without 
doing mechanical work against substrate (resistance). Attached tissue (PDMS-APTES-GA) has 
significant lower contraction velocity compared to collapsed tissue (unmodified PDMS, p = 
0.0003, PDMS-APTES, p = 0.03) B) Beat rate for tissues formed on different substrates, no 
significant difference was seen on different surfaces (p = 0.709). C) Traction force analysis of 
the fluorescent beads motion, not much motion of the beads was detected on detached tissue 
(on unmodified PDMS and PDMS-APTES), while traction was detected for PDMS-APTES-GA 
tissues. *. *** and **** indicates p < 0.05, 0.001, and 0.0001, respectively. Error bar: SD. 

  



 

Figure S5. Consistent C2C12 Micro-Skeletal Muscle (μSM) Formation on Modified PDMS 
Substrates. A) Representative micrographs of C2C12 micro tissue formation on different 
substrates at 1 and 5 days after seeding. B) Quantification of collapse of C2C12 micro tissues 
over the first 6 days of culture; for TC and PDMS-APTES-GA, C2C12 SM are “stable” 
compared with unmodified PDMS and APTES modified PDMS, where tissues tend to collapse. 
C) Statistical analysis of the quantified data, both unmodified PDMS and APTES modified 
PDMS are significantly collapsed compared with positive control, while PDMS-APTES-GA is 
similar to the positive control. Scale bars: B: 1000 m. Error bars: SD, n =3.  
 
 

  



Figure S6. Finite Element Analysis of Shaft vs. Knob Regions of the TFM Substrates. A) 
Point stimulation using a displacement vector in the middle of the knob regions to visualize 
substrate deformation, substrate displacement field (right) indicating majority of the motion was 



in the middle of the knob regions and expanded in the surrounding areas close to the “dog-
bone” regions while minimal motion was seen at shaft region. B) Tissue contraction simulation 
(using 1% shrinkage of tissue, left panel) to visualize substrate deformation, results indicating 
majority of deformation happens on the edges of the knob regions and on the shoulders of the 
shaft region. C-D) Representative images of TFM experiment data for shaft regions (C) and 
knob regions (D), from left to right: bright field tissue image, fluorescence beads image and 
computed traction force heatmap (color scale unit: Pa), traction heat map indicating minimal 
force were observed in the middle of the shaft region. E) FEA simulation results quantified at 
shaft vs knob regions (normalized by maximum value) indicates much less displacement, stress 
and energy in the shaft regions compared to knob regions. F) Experimental TFM quantification 
of stress distribution on shaft vs knob regions, significant higher stress was shown in knob 
regions. These results indicate knob regions, where tissue fully attached can better represent 
tissue contractility (p = 0.0016). Scale bars: C-D: 200 m, G: 500m. ** indicates p < 0.01. 
Error bar: SD. 

  



 
Figure S7. iPSC-HM Contractility with and without Stencil atop Soft Substrate at Day 9. 
Stencil mold effects on tissue contractility was validated by carefully removing stencil at day 9. 
TFM was recorded before and after stencil removal. A) Contractility of iPSC-HM on 5 kPa 
substrate at day 9, no significant difference was found with or without stencil, p value 0.3853. B) 
Contractility of iPSC-HM on 15 kPa substrate at day 9, no significant difference was found with 
or without stencil, p value 0.9813. 
  



 

Figure S8. iPSC-HM Stress Generation (Traction per unit tissue area) on Day 9 and Day 
16. A) Average tissue occupied area in knob regions on day 9 and day 16, a decrease in area 
indicates potential tissue compaction over time6. B) Day 9 tissue traction force generated per 
unit area, 30 kPa tissue generate most stress (contraction over area) compared to 5 and 15 kPa 
tissues (p < 0.0001), 15 kPa tissue also has significantly higher stress than 5 kPa (p = 0.018). 
C) Day 16 spontaneous contraction force per unit area. Compared to day 9, there is no 
significant change of unit contractility for 5 kPa (p = 0.861) and 15 kPa (p = 0.875), however, a 
significant amount of unit contractility decrease for 30 kPa from day 9 to day 16 (p < 0.0001). 
Meanwhile, 15 kPa HM generates significantly higher stress than 5 kPa HM (p = 0.008). D) 
Day 16 1.5 Hz field pacing tissue traction force per unit area. One-way ANOVA indicates no 
significant difference between groups (p = 0.182). No significant difference was found between 
spontaneous contractility vs 1.5 Hz pacing for 5 kPa (p = 0.861),15 kPa (p = 0.995) and 30 kPa 
(p = 0.938). ****, ** and * indicates p < 0.0001, 0.01 and 0.05, respectively. Error bar: SD. 

  



 

Figure S9. iPSC-HM Day 9 and Day 16 Calcium Decay Times. A-B) Calcium 30 at 
spontaneous beating and 1.5 Hz field pacing. C-D) Calcium 50 at spontaneous beating and 1.5 
Hz pacing. E-F) Calcium 75 at spontaneous beating and 1.5 Hz pacing. Based on beat rate 
corrected calcium decay values7, 15 kPa HM has significant lower decay values compared to 
30 kPa HM on day 9, this trend become more significant on day 16. We observed calcium 
decay time decrease over time (two-way ANOVA indicates time factor p < 0.0001). At 1.5 Hz 
pacing. 30 kPa HM decay times are significant longer compared to 5 and 15 kPa tissues (p < 
0.0001). Compared to spontaneous beating, calcium decay times decreases at 1.5 Hz pacing. 
****, ***, ** and * indicates significant difference p < 0.0001, 0.001, 0.01 and 0.05, respectively. 
Error bars: SD. 



 

Figure S10. Sarcomere Regularity Quantification using Fourier Analysis. A) Regions of 
Sarcomere that was selected for Fourier analysis (5 kPa HM). B) Fast Fourier Transform 
(FFT)8 was used to generate smoothed power spectrum based on selected sarcomere regions. 
C) Fourier domain intensity representing regularity of the sarcomere, upon subtracting 
background signal, the Fourier domain intensity for sarcomere picks were identified. Scale bar: 
10 m. 
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