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Supplementary Methods  

Detection of H2S release from DETU and MECT by WSP-1 probe 

Washington State Probe-1 (WSP-1, 5 mM) stock solution was prepared in dimethyl 

sulfoxide (DMSO). DETU (16 mM), MECT (16 mM) and cysteine (32 mM) stock solutions 

were prepared in ultrapure water. Then, 0.5 mL of DETU and MECT stock solution was mixed 

with 0.5 mL of cysteine stock solution and 2 μL WSP-1 stock solution, respectively. And the 

fluorescence intensity was detected at different time points with an microplate reader 

(Varioskan LUX, Thermo Fisher Scientific, USA, Ex/Em=465/515 nm). 

Preparation of PEG/PSBMA double-network hydrogel  

TCDI (90 mg/mL) stock solution was prepared in N’N’-dimethylformamide (DMF). 4-

arm-PEG-NH2 (0.4 g/mL), sulfobetaine methacrylate (SBMA, 2.4 g/mL), N’N’-

Methylenebisacrylamide (MBA, 3 mg/mL) and azodiisobulimidazoline hydrochloride (AIBA, 

60 mg/mL) stock solutions were prepared in ultrapure water.The PEG/PSBMA double network 

hydrogel is prepared by a one-step method. In brief, 50 μL 4-arm-PEG-NH2 stock solutions, 50 

μL SBMA stock solutions, 10 μL TCDI stock solutions, 10 μL MBA stock solutions and 10 μL 

AIBA stock solutions were added to 70 μL ultrapure water. The mixed solution was shaken and 

mixed uniformly, and reacted at 37 ℃ for 24 h to form a hydrogel. Pure PSBMA hydrogels are 

also prepared with the same procedure without adding 4-arm-PEG-NH2 and TCDI.  

Sample morphology and composition analyses  

DHV, GV, T-DHV, PEG-DHV, PEG/PSBMA-DHV were frozen in liquid nitrogen and 

subsequently removing the remaining water using a freeze dryer. The morphology of samples 

was analyzed using scanning electron microscopy (SEM; GeminiSEM300, Carl Zeiss, 

Germany) at an accelerating voltage of 5 kV after surface gold spraying. The surface element 

distribution of the samples was analyzed using energy dispersive spectroscopy (EDS; Hitachi, 

Japan), and elemental analysis (EA; EA3000, Euro Vector, Italy). The surface functional groups 

and chemical bonds of the samples were investigated using an attenuated total reflection 

Fourier-transform infrared (ATR-FTIR) spectrophotometer (Nicolet iS50R, Thermo Fisher 



 

 

Scientific, USA) with a wavenumber range of 500-3000 cm-1 and a resolution of 4 cm-1. A 

contact angle analyzer (Kruss, USA) was used to measure the hydrophilicity of the samples. 

Evaluation of H2S release ability and immunomodulatory capacity of 4-arm-PEG-NH2 

and SBMA 

In order to further exclude the influence of 4-arm-PEG-NH2 and SBMA on H2S release 

ability, 10 wt.% 4-arm-PEG-NH2 and 20 wt.% SBMA were dissolved in Dulbecco's Modified 

Eagle Medium (DMEM, high glucose, Hyclone, USA) supplemented with 10% FBS (Gibco, 

USA), 100 unit/mL penicillin and 100 μg/ml streptomycin (Biosharp, China) respectively, 

which was further used to evaluate the H2S release capacity by the detection paper as previously 

reported.1 Briefly, the filter paper strips were soaked in 20 mM lead acetate solution for 10 min 

and then placed in the oven to dry. Then, the filter paper strip was placed above the 10 wt.% 4-

arm-PEG-NH2 and 20 wt.% SBMA solution in a closed container (microcentrifuge tube) and 

incubated at 37 °C. When H2S is produced, the filter paper will turn black. At the same time, in 

order to further exclude the influence of 4-arm-PEG-NH2 and SBMA on immunoregulatory 

capacity, Raw264.7 was incubated for 48 h with complete medium containing 10 wt.% 4-arm-

PEG-NH2 and 20 wt.% SBMA respectively, and the proportion of CD206+ macrophages was 

analyzed by flow cytometry.  

Evaluation of immunomodulatory capacity of 4-arm-PEG-NH2, SBMA, DHV, GV, T-

DHV, PEG-DHV and PEG/PSBMA-DHV in the presence of cysteine  

To compare the immunomodulatory capacity of T-DHV, PEG-DHV, and PEG/PSBMA-

DHV in the presence or absence of cysteine. RAW264.7 was digested, counted, and cultured 

in 12-well plates at the density of 170,000 cells/well overnight. The DHV samples were treated 

similar as for cytotoxicity assay and subsequently added to the macrophages to co-culture for 

48 h with or without 0.8 M cysteine. And then, M2 macrophages were labeled with FITC-anti 

mouse CD206 (Abcam, UK) according to the supplier’s instructions, and the proportion of M2 

macrophage was quantified by flow cytometry (CytoFLEX, BD Biosciences, Oxford, UK). 

The effect of paracrine products of macrophage on HUVECs and BMSCs behavior 

Collection of conditional medium (CM). RAW264.7 was digested, counted, and cultured in 

12-well plates at the density of 170,000 cells/well overnight, which were further co-cultured 



 

 

with samples for 48 h. The supernatant in the 12-well plate was collected, and the CM was 

obtained by centrifugation at 1500 rpm. 

In vitro cell migration assay. The cell migration assay was performed as previously 

reported.2 In brief, HUVECs were seeded in 24-well plates, and wounds were made with 1 mL 

sterile pipette tips. Detached cells were washed with PBS buffer and added 50% CM and 50% 

complete ECM medium. After 24 h incubation, cells were stained with crystal violet dye 

(Beyotime, China) and cells migrating to the scratched area were photographed under the 

bright-field microscopy (Zeiss, Germany). The migration rate was calculated:  

Migration rate = [(wound length at 0 h - wound length at 24 h) / wound length at 0 h)] × 

100% 

In vitro BMSCs migration. The 24-well plates and transwell system (8 metric linear unit 

pore, Corning Life Sciences) was used to assess the vitro migration, as previously reported.3 

Briefly, the 1 × 104 cells/well of BMSCs were seeded in the upper face of the transwell filter. 

After 4 h, detached cells were washed with PBS buffer, and CM and complete medium with 

ratio of 1: 1 were added. After 24 h, the transwell filters were removed, washed with PBS and 

the cells were strained by crystal violet dye solution (Beyotime, China). And then, the upper 

face of the transwell filters was clean with a cotton swab. The BMSCs in the lower face of 

filters were imaged under the bright-field microscopy (Zeiss, Germany). The number of 

transwell cell migration in each image were counted using ImageJ software. 

Statistics and reproducibility 

Statistical analysis was performed using GraphPad Prism 8.0. Each experiment was 

repeated independently at least three times and with similar results. All measurements were 

expressed as mean ± SD, the differences were considered significant at p < 0.05 (** P < 0.01, 

*** P < 0.001, **** P < 0.0001). T-test was used for comparison between the two groups, and 

one-way ANOVA with Bonferroni-corrected t-test was used for comparison more than two 

groups. The correlation was analyzed using a Pearson correlation test.  

 

 



 

 

 

Supplementary Figure. 1 Characterization of the effect of decellularization strategies. A) 

Before and after decellularization, sections were stained with HE, Masson, EVG and von Kossa. 

HE for cell and extracellular matrix, Masson stain for collagen, EVG stain for elastin, DAPI 

(blue) for cell. B) DNA content detection (n=5). Data were expressed as mean ± SD, *P < 0.05, 

**P < 0.01, ***P < 0.001, and ****P < 0.0001. n means the number of independent experiments. 

For box plots, the lower edge denotes the first quartile (Q1, or the 25th percentile) of the data, 

the central line within the box signifies the median (Q2, or the 50th percentile), while the upper 

edge of the box corresponds to the third quartile (Q3, or the 75th percentile). The lower whisker 

extends to the minimum value, indicating its range of variation, and the upper whisker reaches 

the maximum value, demonstrating its variability. T-test was used for analyzing the data. 

 

 

 

 



 

 

Supplementary Figure. 2 The standard curve of the amino group with ethylenediamine as the 

standard sample based on ninhydrin method (n=5). n means the number of independent 

experiments. 



 

 

 

Supplementary Figure. 3 Study on H2S release mechanism of thiourea. A) NMR map of 

DETU reaction products in the presence of cysteine. DETU was used as a model molecule for 

thiourea. Cysteine, DETU, DETU+ cysteine (0day) were used as controls for product analysis. 

B) mass spectrum of DETU reaction products in the presence of cysteine. d, 

MS:C6H11N2O2S2-,[(M-H)-]: calcd.: 207.03; found: 207.07; e, MS:C4H4NO2S2-,[(M-H)-]: 

calcd.: 161.97; found: 161.99; f, MS:C4H5NO3S22-,[(M-2H)2-]: calcd.: 178.97; found:179.08. 



 

 

Supplementary Figure. 4 Construction and characterization of PEG/PSBMA dual network 

hydrogels. A) schematic overview presenting the fabrication process of PEG/PSBMA dual 

network hydrogel. B) Stress-strain curves of PSBMA hydrogel for each stretching cycle. Strain: 

100%, rate: 18 mm/min. C) Self-recovery rate statistics of PSBMA hydrogels (n=5). D) Stress-

strain curves of PEG/PSBMA dual network hydrogels for each stretching cycle. Strain: 100%, 

rate: 18 mm/min. E) Self-recovery rate statistics of PEG/PSBMA dual network hydrogels (n=5). 



 

 

Data were expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 

n means the number of independent experiments. 

 

 

 

 

 

Supplementary Figure. 5 Construction and characterization of PEG/PSBMA-DHV. A) 

infrared spectroscopy of DHV, PEG-DHV and PEG/PSBMA-DHV. B) Stress-strain curves of 

DHV, T-DHV, PEG-DHV and PEG/PSBMA-DHV. Rate: 18 mm/min.  

 

 

 

 

 

 

 

 

 

  



 

 

 

Supplementary Figure. 6 Evaluation of immunomodulatory capacity of PEG-NH2 and SBMA. 

A) Flow cytometry was used to analyze the effects of PEG-NH2 and SBMA on the phenotype 

of macrophages. B) H2S release of PEG-NH2 and SBMA was investigated by lead acetate test 

paper method. Black is positively correlated with H2S. Neither PEG-NH2 nor SBMA 

demonstrated H2S release capacity. C) Statistics of the proportion of CD206 positive cells (n=5). 

Data were expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 

n means the number of independent experiments. For box plots, the lower edge denotes the first 

quartile (Q1, or the 25th percentile) of the data, the central line within the box signifies the 

median (Q2, or the 50th percentile), while the upper edge of the box corresponds to the third 

quartile (Q3, or the 75th percentile). The lower whisker extends to the minimum value, 

indicating its range of variation, and the upper whisker reaches the maximum value, 

demonstrating its variability. One-way ANOVA was used for analyzing the data. 

 

 

  



 

 

 

Supplementary Figure. 7 Evaluation of immunomodulatory capacity of PEG-NH2, SBMA, 

DHV, GV, T-DHV, PEG-DHV and PEG/PSBMA-DHV in the presence of cysteine. A) Flow 

cytometry was used to analyze the effects of PEG-NH2, SBMA, DHV, GV, T-DHV, PEG-DHV 

and PEG/PSBMA-DHV on the phenotype of macrophages in the presence of cysteine. B) 

Statistics of the proportion of CD206 positive cells (n=5). Data were expressed as mean ± SD, 

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. n means the number of independent 

experiments. For box plots, the lower edge denotes the first quartile (Q1, or the 25th percentile) 

of the data, the central line within the box signifies the median (Q2, or the 50th percentile), 



 

 

while the upper edge of the box corresponds to the third quartile (Q3, or the 75th percentile). 

The lower whisker extends to the minimum value, indicating its range of variation, and the 

upper whisker reaches the maximum value, demonstrating its variability. One-way ANOVA 

was used for analyzing the data. 

 

 



 

 

 

Supplementary Figure. 8 Cell invasion assay by transwell method was used to analyze the 

effect of macrophages on stem cell migration after T-DHV, PEG-DHV and PEG/PSBMA-DHV 

treatment. A) Bright field photos of the adherent cells on the lower surface of the upper chamber 

of transwell treated with different media conditions (n=5). B) Statistical analysis of the number 

of adherent cells (n=5). Data were expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P < 

0.001, and ****P < 0.0001. n means the number of independent experiments. For box plots, 

the lower edge denotes the first quartile (Q1, or the 25th percentile) of the data, the central line 

within the box signifies the median (Q2, or the 50th percentile), while the upper edge of the 

box corresponds to the third quartile (Q3, or the 75th percentile). The lower whisker extends to 

the minimum value, indicating its range of variation, and the upper whisker reaches the 

maximum value, demonstrating its variability. One-way ANOVA was used for analyzing the 

data. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Supplementary Figure. 9 The gating strategy of flow cytometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Table. 1 Cross-linking methods of heart valves 

Crosslinking method Crosslinking agents 
Ultimate tensile 

strength (MPa) 

Degradability 

of crosslinking 

agent 

Functionality Toxicity 

Crosslinking stability                                                         

(Weight loss after collagenase 

treatment for 24 h) 

Limitation 

1,1'-

thiocarbonyldiimidazol

e 

1,1'-thiocarbonyldiimidazole 11.79 ± 0.48 Yes 

H2S release, immune 

regulation, accelerated tissue 

regeneration 

No 0.65 ± 2.29 %    

Glutaraldehyde Glutaraldehyde4,5 10.87 ± 1.03 NO No special Cytotoxicity 4.5 - 6.44 %  
Cytotoxicity，calcification，

inflammation5,6 

Natural products  

Genipin7 

14.26 ± 2.43  Yes 

No special  No 81.58% 
Exorbitant price, complex 

extraction process 

Procyanidins8-10 
Antioxidant, reduce 

calcification, anti-calcification 
No 14 - 40.85 %  Poor crosslinking stability11 

Curcumin12,13 Reduce calcification No 76.2 - 88.84 %  Poor crosslinking stability11 

EDC/NHS  EDC/NHS14,15 11.95 ± 1.48 NO No special  No 3.74 - 4.51 %  NO 

Epoxy compounds Epoxy modified chitosan16 7.81 NO No special Cytotoxicity 6% 
Cytotoxicity, calcification, 

inflammation17 

Photo-crosslinking  
Riboflavin18/ultraviolet light , 

Rose-bengal/visible light,19 I2959 
13.5 ± 1.5 NO No special  Cytotoxicity 2.3 - 10 %  

Low crosslinking efficiency,11 

cytotoxicity 

Oxazolidines 
Bicyclic 

hydromethyloxazolidine20  
16.2 ± 3.2 NO No special No 7.06% Complex synthesis 

Polyphenol crosslinkers 
3,4-Dihydroxybenzaldehyde,21 

Tannic acid22,23 
13.5 ± 1.6 NO No special No 6.41% Poor crosslinking stability11 

Free radical 

polymerization 
Acrylamide, 24,25SBMA5 12.7 ± 1.7 NO No special Cytotoxicity 3.56 - 4 %  Cytotoxicity 

 

 

 



 

 

 

Supplementary Table. 2 The primer sequences used in this paper 

Name Forward Reverse 

IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG 

Arg1 TGGCTTGCGAGACGTAGAC GCTCAGGTGAATCGGCCTTT 
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