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Supplementary Fig. 1 | Schematic for the synthesis of maleimidyl alginate (A-M). A-M was 

synthesized by the coupling reaction between pristine alginate and N-(2-aminoethyl)maleimide 

trifluoroacetate (AEM.TFA) via aqueous carbodiimide chemistry. 

 

 

Supplementary Fig. 2 | 1H-NMR spectra of pristine alginate and maleimidyl alginate(A-M) of 

varying degrees of modification (DM). The chemical structure of A-M is presented with the 

assignment of peaks to the corresponding protons. 
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Supplementary Fig. 3 | Cure kinetics of maleimidyl alginate/gelatin (A-M/G) hybrid hydrogels 

at 37 °C characterized by dynamic mechanical test. a, Cure kinetics of the hydrogels formulated at 

varying mass ratios of A-M(9.3) to gelatin (mean ± SD, n = 3 independent samples). b, Comparison 

in shear modulus among them after 72 h (mean ± SD, n = 3 independent samples). The matrix shows 

the significance of difference among various groups determined by one-way analysis of variance 

(ANOVA) with Tukey post-hoc test. The mass concentration of the precursor solution (pH~7.5) was 

10 w/v% for both biopolymers. The dynamic mechanical test was performed at 37 °C, 5 % strain and 

1 rad s-1 angular frequency. 

 

 
Supplementary Fig. 4 | Summary on the tensile properties of maleimidyl alginate/gelatin (A-M/G) 

hydrogels at ambient temperature. (mean ± SD, n = 8 independent samples) The mass concentration 

of the precursor solution (pH~7.5) was 15 w/v% for both biopolymers. One-way ANOVA with Tukey 

post-hoc test was performed to determine the difference among them. 
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Supplementary Fig. 5 | Manipulation of A-M(9.3)/G_4/6 hydrogel in various manners. 

 

 

Supplementary Fig. 6 | Bright-field images and fluorescence images of vascular stents coated 

with poly(dopamine-co-hexanediamine) (P(DA-co-HDA)) or A-M(9.3)/G_4/6 hydrogel. 

 

 

Supplementary Fig. 7 | Scanning electron microscopy (SEM) images showing the strut surfaces 

of a bare-metal (316L stainless steel) stent and a stent coated with A-M(9.3)/G_4/6 hydrogel after 

balloon dilation at 37 °C. Two independent pairs of samples were tested with similar results. 
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Supplementary Fig. 8 | Energy-dispersive X-ray spectroscopy (EDS) mapping on the strut 

surfaces of a bare-metal stent (316L stainless steel) (a) and a stent coated with A-M(9.3)/G_4/6 

hydrogel (b) after balloon dilation at 37 °C. 
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Supplementary Fig. 9 | Schematic for the syntheses of gelatin glycinamidate (GelGA) and gelatin 

methacrylate (GelMA). a, Synthesis of GelGA through the conjugation of glycinamide to the 

glutamic acid and aspartic acid residues of gelatin. b, Synthesis of GelMA via the coupling reaction 

between the lysine residue of gelatin and methacrylic anhydride. 

 

 
Supplementary Fig. 10 | 1H-NMR spectra of pristine gelatin, gelatin glycinamidate (GelGA) and 

gelatin methacrylate (GelMA). The chemical structures of the modified amino acid residues are 

presented with the assignment of peaks to the corresponding protons. 
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Supplementary Fig. 11 | Effects of chemical modifications on the gelation potency of gelatin. a, 

comparison in shear modulus among pristine gelatin, gelatin glycinamidate (GelGA) and gelatin 

methacrylate (GelMA) hydrogels at ambient temperature. (mean ± SD, n = 6 independent samples) b, 

Comparison in melting points among the hydrogels. (mean ± SD, n = 6 independent samples) The 

melting point is defined as the temperature at which the shear modulus of a hydrogel is reduced by a 

half from that at ambient temperature. The mass concentration of the precursor solution (pH~7.5) was 

15 w/v% for all biopolymers. One-way ANOVA with Tukey post-hoc test was performed to determine 

the difference among various hydrogels. 

 

 

 

Supplementary Fig. 12 | Comparison in tensile property among pristine gelatin, gelatin 

glycinamidate (GelGA) and gelatin methacrylate (GelMA) hydrogels at ambient temperature. 

(mean ± SD, n = 8 independent samples) One-way ANOVA with Tukey post-hoc test was performed 

to determine the difference among various hydrogels. 
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Supplementary Fig. 13 | Comparison in tensile property among A-M(9.3)/G_4/6, A-

M(9.3)/GG_4/6 and A/G_4/6 hydrogels. (mean ± SD, n = 8 independent samples) One-way ANOVA 

with Tukey post-hoc test was performed to determine the difference among various hydrogels. 

 

 

Supplementary Fig. 14 | Optical images of metal springs coated with A-M(9.3)/G_4/6, gelatin or 

gelatin methacrylate (GelMA, illuminated by UV for 30 min) hydrogel before and after 1,000 

cycles of stretching and compressing at ambient temperature. 
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Supplementary Fig. 15 | Catalytic generation of nitric oxide (NO) in the hydrogel. a, 

Determination of selenocystamine (SeCA) conjugated to A-M(9.3) by inductively coupled plasma 

mass spectrometry (ICP-MS). The mass concentration of the work solution for SeCA-conjugated A-

M(9.3) was 20 mg mL-1. b, Quantification on the burst release ratios of NO catalyzed by the nitric 

oxide-eluting (NOE) hydrogels conjugated with different contents of SeCA (mean ± SD, n = 6 

independent samples). c, Representative curve of NO release from S-nitrosoglutathione (GSNO, 10 

μM in PBS at 37 °C) catalyzed by the NOE hydrogel conjugated with 1.0 mM SeCA. The release rate 

of NO declined upon the removal of the hydrogel from the solution, but then returned to the original 

value after re-submergence. 

 

 
Supplementary Fig. 16 | Clustering assay showing the general variations in gene expression of 

human umbilical artery smooth muscle cells (HUASMCs) among different groups and replicates. 
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Supplementary Fig. 17 | Mechanical stability of the nitric oxide-eluting (NOE) hydrogel coating 

on a bare-metal stent (316L stainless steel) tested by mock angioplasty in a catheter. a, Photograph 

of the NOE hydrogel-coated stent implanted into a PVC catheter. b-f, Fluorescence images showing 

the preservation of the NOE hydrogel coating on the stent after being flushed by PBS at 37 °C for 

different durations. The NOE hydrogel was labeled with fluorescein isothiocyanate. 

 

 
Supplementary Fig. 18 | Ex vivo thrombogenicity test of the nitric oxide-eluting (NOE) hydrogels. 

a, Schematic illustration for the arteriovenous extracorporeal circuit established on rabbits. b, 

Photographs of the thrombi formed on various substrates. (upper panel: cross-sections of the catheters 

containing the samples after the ex vivo thrombogenicity test; lower panel: thrombi on the expanded 

samples). c, Quantitative assessment on the thrombogenicities of various substrates (mean ± SD, n = 

8 independent experiments). d, Scanning electron microscopy (SEM) images of thrombi on various 

substrates. One-way ANOVA with Tukey post-hoc test was performed to determine the difference 

among various groups. 
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Supplementary Fig. 19 | Scanning electron microscopy (SEM) images showing the thrombus 

formation on the bare-metal stent (316L stainless steel) and the blank hydrogel- or NOE 

hydrogel-coated stents post the ex vivo thrombogenicity test. Three independent samples were 

observed with similar results for each group. 

 

 

Supplementary Fig. 20 | Photos showing the process of stent implantation in rabbit iliac arteries 

(a) and the stented arteries (b). 

 

1.0 mM SeCA

NOE hydrogels

Bare-metal stent Blank hydrogel 0.2 mM SeCA

500 μm

100 μm

10 μm

5 mm

a b



12 

 

Supplementary Fig. 21 | Time-resolved quantitative analyses on neointimal hyperplasia of the 

stented rabbit iliac arteries (mean ± SD, n = 12 independent animals). One-way ANOVA with 

Tukey post-hoc test was performed to determine the difference among different times. 

 

 

 
Supplementary Fig. 22 | Quantitative analysis on endothelial regeneration of the stented rabbit 

iliac arteries (mean ± SD, n = 10 independent animals). One-way ANOVA with Tukey post-hoc test 

was performed to determine the difference among different groups and times. 

 

 
Supplementary Fig. 23 | Scanning electron microscopy (SEM) images showing the luminal faces 

of stented arteries at 1 week post stent deployment in a New Zealand rabbit. Three independent 

pairs of samples were observed with similar results. 
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Supplementary Fig. 24 | Scanning electron microscopy (SEM) images showing the luminal faces 

of stented arteries at 1 month post stent deployment in a New Zealand rabbit. Three independent 

pairs of samples were observed with similar results. 

 

 

Supplementary Fig. 25 | Histological analyses on the stented rabbit iliac arteries at 1 week post 

stent deployment. a, Hematoxylin and eosin (H&E) staining on the cross-sections of the stented 

arteries. b, CD68 immunostaining on the cross-sections of the stented arteries. Three independent 

samples were observed with similar results for each group. 
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Supplementary Fig. 26 | Histological analyses on the stented rabbit iliac arteries at 1 month post 

stent deployment. a, Hematoxylin and eosin (H&E) staining on the cross-sections of the stented 

arteries. b, CD68 immunostaining on the cross-sections of the stented arteries. Three independent 

samples were observed with similar results for each group. 
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Supplementary Fig. 27 | Histological analyses on the stented rabbit iliac arteries at 3 months post 

stent deployment. a, Hematoxylin and eosin (H&E) staining on the cross-sections of the stented 

arteries. b, CD68 immunostaining on the cross-sections of the stented arteries. Three independent 

samples were observed with similar results for each group. 

 

 
Supplementary Fig. 28 | Quantitative analysis on inflammation of the stented rabbit iliac arteries 

(mean ± SD, n = 9 struts examined over 3 independent animals). Two-tailed Student’s t-test was 

performed to determine the difference between two groups. 
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Supplementary Fig. 29 | Photos showing the process of stent implantation in the coronary 

arteries of a Bama miniature pig. 

 

  

Supplementary Fig. 30 | Scanning electron microscopy (SEM) images showing the luminal faces 

of stented arteries at 2 weeks post stent deployment in a Bama miniature pig. Three independent 

samples were observed with similar results for each group. 
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Supplementary Fig. 31 | Scanning electron microscopy (SEM) images showing the luminal faces 

of stented arteries at 3 months post stent deployment in a Bama miniature pig. Three independent 

samples were observed with similar results for each group. 
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Supplementary Fig. 32 | Hematoxylin and eosin (H&E) staining on the cross-sections of the 

stented porcine coronary arteries at 2 weeks post stent deployment. Three independent samples 

were observed with similar results for each group. 
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Supplementary Fig. 33 | Hematoxylin and eosin (H&E) staining on the cross-sections of the 

stented porcine coronary arteries at 3 months post stent deployment. Three independent samples 

were observed with similar results for each group. 

 

  
Supplementary Fig. 34 | Quantitative analysis on inflammation of the stented porcine coronary 

arteries (mean ± SD, n = 12 struts examined over 3 independent animals) (a) and its correlation 

with neointimal hyperplasia (mean ± SEM, n = 6 independent animals) (b). The increments in 

neointimal thickness between 2 weeks and 3 months post stent deployment were plotted versus the 

mean inflammation scores during that period of time. One-way ANOVA with Tukey post-hoc test was 

performed to determine the difference among different groups. 
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Supplementary Fig. 35 | Release profiles of Rhodamine B (a) and fluorescein isothiocyanate 

(FITC)-labeled bovine serum albumin (BSA) (b) from the nitric oxide-eluting (NOE) hydrogel 

incubated in PBS at 37 °C (mean ± SD, n = 8 independent samples). 

 

Supplementary Table 1 | Events of stent thrombosis in rabbit iliac arteries 

 1 week 1 month 3 months 

Bare-metal stent 2 0 0 

NOE hydrogel-coated stent 0 0 0 

 

Supplementary Table 2 | Criteria for inflammation scoring 

Attribute Score Description of assigned weight 

No inflammation 0 No inflammatory cells 

Minimal inflammation 1 0 < Inflammatory cells ≤ 5 

Mild inflammation 2 5 < Inflammatory cells ≤ 10 

Moderate inflammation 3 10 < Inflammatory cells ≤ 20 

Severe inflammation 4 Inflammatory cells > 20 

 

Supplementary Table 3 | Events of stent thrombosis in porcine coronary arteries 

 2 weeks 3 months 

NOE hydrogel-coated stent 0 0 

Blank hydrogel-coated stent 1 0 

DES 0 0 

Polymer-coated stent 1 0 
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Supplementary Table 4 | Comparison of our stents with other stents 

Name of stents 
Stent designs 

Thrombogenicity 
Endothelialization Area stenosis (%) 

Stent base Stent coating Therapeutics 1 week 1 month 3 months 1 week 1 month 3 months 

I. Drug eluting stents (DESs) 

NOE hydrogel-coated 

stent (our data) 

316L SS Hydrogel Nitric oxide Low Complete Complete Complete 11.1±2.7 13.7±6.1 19.4±5.4 

Akt1 siRNA-eluting stent1 CoCr BRP Akt1 siRNA Low NA NA NA NA 9.4±1.6 NA 

D65495-eluting stent2 CoCr None D65495 High NA Complete Complete NA 7.9±2.2 NA 

Cerivastatin-eluting stent3 CoCr Silica sol-gel Cerivastatin Low NA Complete Complete NA 15.0±6.0 NA 

Gene-eluting stent4 SS NBRP 7ND cDNA Low NA Complete Complete NA 24.6±5.2 NA 

Paclitaxel and NO-eluting 

stent5 

SS NBRP 

Paclitaxel & Nitric 

oxide 

Low NA NA NA NA 15.0±5.1 NA 

Corolimus-eluting stent6 CoCr 

Crosslinked omega-3 

fatty acid 

Corolimus Low NA NA NA NA NA 22.3±10.0 

miR-145-eluting stent7 CoCr BRP miR-145 Low NA NA NA NA 15.2±5.2 NA 

NO-eluting stent8 316L SS 

EPC-targeting 

peptide 

Nitric oxide Low Complete Complete Complete NA 18.3±2.2 20.2±1.4 

6-mercaptopurine-eluting 

stent9 

CoCr BRP 6-mercaptopurine High Complete Complete Complete NA 14.9±1.0 NA 

Sirolimus-eluting stent10 CoCr NBRP Sirolimus Low Incomplete Incomplete NA NA 13.7±5.3 NA 

Zotarolimus-eluting stent10 CoCr NBRP Zotarolimus Low Incomplete Incomplete NA NA 13.7±6.1 NA 

Everolimus-eluting stent10 CoCr NBRP Everolimus Low Incomplete Incomplete NA NA 13.7±6.2 NA 

NF-κB decoy-eluting stent11 SS NBRP NF-κB High NA Complete Complete NA 41.5±6.2 NA 

XIENCE V®12 CoCr NBRP Everolimus Low Incomplete Incomplete NA NA NA NA 

Atorvastatin-eluting stent13 CoCr BRP Atorvastatin High NA NA NA NA 14.8±5.1 NA 

Endeavor®12,14 CoCr NBRP Zotarolimus Low Incomplete Incomplete Incomplete NA 14.3±4.1 15.4±2.4 

Bevacizumab-eluting stent15 316L SS Phosphorylcholine Bevacizumab Low Incomplete Incomplete NA NA 16.7±1.6 NA 

Taxus Liberté®12 316L SS NBRP Paclitaxel High Incomplete Incomplete NA NA NA NA 

Synergy®16 PtCr BRP Everolimus High Incomplete Incomplete NA NA NA NA 

BioMatrix Flex®16 316L SS BRP Biolimus A9 High Incomplete Incomplete NA NA NA NA 

Cypher®12,14 316L SS NBRP Sirolimus High Incomplete Incomplete Incomplete NA 8.8±4.1 20.1±9.0 

Taxus Element®17 PtCr NBRP Paclitaxel High Incomplete Incomplete NA NA 21.6±5.8 NA 

cRGD-eluting stent18 CoCr None cRGD peptide High Incomplete Incomplete NA NA 23.4±7.0 NA 

Taxus Express®17 316L SS NBRP Paclitaxel High Incomplete Incomplete NA NA 25.2±7.1 NA 

As2O3- eluting stent19 SS BRP Arsenic trioxide High Incomplete Incomplete NA NA 26.1±6.1 NA 

D24851-eluting stent20 SS BRP D24851 High Incomplete Incomplete Incomplete NA 20.2±5.2 NA 

II. Bare metal stents (BMSs) 

BMS (our control) 316L SS None None High Incomplete Complete Complete 8.3±2.7 20.3±6.4 31.2±6.9 

BMS21 Ti None None Low NA NA NA NA 20.0±3.8 NA 

Driver®1 CoCr None None High Incomplete Complete Complete NA 19.5±9.7 10.0±2.8 

R-Stent Evolution 222 316L SS None None High NA Complete Complete NA 23.3±11.3 NA 

BMS21 SS None None High NA NA NA NA 24.8±7.5 NA 
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Supplementary Table 4 | Comparison of our stents with other stents (Continued) 

II. Bare metal stents (BMSs) (Continued) 

Coroflex Blue®23 CoCr None None High NA NA NA NA 31.0±10.2 NA 

CNUH23 CoCr None None High NA NA NA NA 35.0±18.6 NA 

ACS Multilink Duet®24 316L SS None None High NA Complete Complete NA 25.9±1.2 31.9±4.4 

MULTI-LINK Vision®10 CoCr None None High Incomplete Complete NA NA 20.7±6.3 NA 

Bx Velocity®17 316L SS None None High Incomplete Incomplete NA NA 25.7±3.5 NA 

III. Fully bioresorbable stent 

Absorb BVS®16,25 BRP BRP Everolimus High Incomplete Incomplete Incomplete NA NA 30.4±3.0 

IV. Other stents 

REDV-immobilized stent26 316L SS 

REDV-immobilized 

NBRP 

None Low Complete Complete Complete NA 41.0±1.9 NA 

Anti-ApoA-I-immobilized 

stent22 

316L SS 

Anti-ApoA-I 

antibody 

None Low NA Complete Complete NA 23.3±13.8 NA 

TiO2 nanotube-coated stent21 Ti TiO2 nanotube None Low NA NA NA NA 17.2±1.1 NA 

VEGF-immobilized stent27 316L SS 

VEGF-immobilized 

BRP 

None High NA Complete Complete NA 42.6±5.0 NA 

Plasma polymer-coated stent28 316L SS Plasma polymer None Low Incomplete NA NA 12.1±1.2 NA NA 

TENAX®29 316L SS Silicon carbide None High NA NA NA NA 15.2±3.1 NA 

BX Isostent®30 SS 32P coating β particle High Incomplete Incomplete Incomplete NA NA 11.5±3.0 

Heparin-immobilized stent31 CoCr 

Heparin-immobilized 

BRP 

None Low Incomplete Incomplete NA NA 39.0±28.7 NA 

SS: Stainless steel; CoCr: Cobalt chromium alloy; PtCr: Platinum chromium alloy; Ti: Titanium; BRP: Bioresorbable polymer; NBRP: Non-bioresorbalbe 

polymer; NA: Not available 

Low Property inferior to that of our NOE hydrogel-coated stent 

Low Property comparable to that of our NOE hydrogel-coated stent 

Low Property superior to that of our NOE hydrogel-coated stent 

 

 

 

 

 

 

 

. 
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Thrombogenicities of the NOE hydrogels 

Blood coagulation is a mechanism to stop bleeding and prevent overexposure to infectious agents in 

the environment when injury occurs. However, it is also a barrier for angioplasty because the 

unavoidable damage to vessel wall will induce the release of tissue factors that can activate thrombin 

and platelets32, thereby triggering clotting cascade on the implant. NO is capable of activating 

guanylate cyclase, which catalyzes the production of cyclic guanosine monophosphate (cGMP) that 

can inhibit the activation and aggregation of platelets33. Due to the capacity to catalyze the degradation 

of RSNO into NO, our NOE hydrogels were supposed to possess anti-coagulant potency upon the 

supplementation of NO donors in blood. To assess their thrombogenicities, we established an 

arteriovenous extracorporeal circuit model on rabbits (Supplementary Fig. 18a). The circuit consisted 

of four catheters that were connected to a carotid artery and a jugular vein of a rabbit through two 

connecting hoses. Each of the four catheters contained a specimen and was constantly flushed by blood 

flow during the test. 

After the ex vivo test, catheters containing a bare stainless steel foil were severely occluded by 

thrombi (Supplementary Fig. 18b). For those foils with a hydrogel coating, thrombus formation varied 

dramatically. The thrombogenicity of the blank hydrogel seemed to be on par with that of bare stainless 

steel. In fact, quantitative assessment (Supplementary Fig. 18c) indicated no significant difference 

between bare stainless steel and the blank hydrogel in terms of the occlusion and patency of the host 

catheter, as well as the thrombus weight on the foil. However, with the introduction of SeCA, the NOE 

hydrogels became anti-coagulant. For the NOE hydrogel conjugated with 0.2 mM SeCA, the occlusion 

of the host catheter decreased from 67.2% to 20.3% (P < 0.0001) with the thrombus weight reduced 

from 25.4 mg to 6.8 mg (P < 0.0001), whereas the patency of it increased from 47.9% to 73.5%. With 
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the content of conjugated SeCA increasing to 1.0 mM, the NOE hydrogel became even non-

thrombogenic as almost no thrombus could be seen on any specimen of it with naked eyes 

(Supplementary Fig. 18b). Consequently, the host catheters presented low occlusion (2.4%) and high 

patency (93.9%) after the ex vivo test, approaching the values of empty ones. Scanning electron 

microscope (SEM) displayed the magnified details of the thrombi formed on various substrates 

(Supplementary Fig. 18d). The thrombi on the bare stainless steel foil and blank hydrogel were mainly 

thick aggregations of erythrocytes interwoven with dense filaments. These filaments were believed be 

the assemblies of fibrin originating from the hydrolysis of fibrinogen catalyzed by thrombin, which 

played an important role in the process of blood coagulation34. In stark contrast, the thrombus formed 

on the NOE hydrogel conjugated with 0.2 mM SeCA was only a thin layer of filaments dispersed with 

sparse erythrocytes and tiny floccules. These floccules might be the precipitates of some plasma 

proteins, but we were unable to determine their composition. Excitingly, when the content of 

conjugated SeCA increased to 1.0 mM, only sporadic blood cells and floccules were found on the NOE 

hydrogel.  

To demonstrate that the NOE hydrogels also function on the vascular stents, we performed the ex 

vivo test to compare the bare-metal stent and hydrogel-coated stents directly. As expected, similar 

trends were observed when the stents were tested (Supplementary Fig. 19). Taken together, these 

results confirmed the NO generation catalyzed by the NOE hydrogel could effectively retard the 

process of blood coagulation or even completely inhibit it depending on the content of conjugated 

SeCA. 
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