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Abstract: Nitric oxide (NO) is a highly potent, yet short-lived bioactive molecule with 

a broad spectrum of physiological functions. Continuous and controllable in situ 

generation of NO from vascular stent surface can effectively prevent restenosis and 

thrombosis after its implantation. In this study, inspired by the adhesion and protein 

cross-linking in the mussel byssus, through immersing the stents into an aqueous 

solution with dopamine (DA) and copper ions (CuII), we developed a one-step metal-

catecholamine assembled strategy to prepare a durable in situ NO-generating 

biomimetic coating (DA-CuII). Due to the high NO catalytic efficacy and robust 

chelation of CuII into the DA-CuII network, the coated stents exhibited excellent 

hemocompatibility. The coating also catalytically decomposed endogenous S-

nitrosothiols (RSNOs) from fresh blood, and locally generated NO for over 30 days 
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with a flux comparable to its physiological range (0.5 - 4 × 10-10 mol × cm-2 × min-1). 

Moreover, the optimized biomimetic coatings displayed specific cell selectivity to 

significantly enhance endothelial cell (EC) growth while substantially inhibit smooth 

muscle cell (SMC) proliferation and migration. This feature impressively promoted 

regeneration of a new endothelial cell layer after stent implantation, hence improved 

the anti-thrombogenic and anti-restenosis qualities of vascular stents in vivo. We 

envision that our long-term in situ NO-generating coatings could serve as biosurfaces 

for long-term prevention of stent thrombosis and restenosis. 

 

Keywords: Biomimetic coating; Nitric oxide generation; Metal-catecholamine 
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1. Introduction 

Cardiovascular diseases (CVDs) are a leading cause of premature death and chronic 

disability around the world [1]. The latest GBD (Global Burden of Disease) study on 

CVDs reported that there were an estimated 422.7 million cases of CVDs as well as 

17.92 million CVD deaths in 2015 [1]. Currently, surgical interventional treatments 

with cardiovascular stents, such as bare metal stents (BMSs) and drug eluting stents 

(DESs), are the most common clinical therapeutic methods for treating CVDs [2]. 

Compared with BMSs, DESs are coated with polymers loaded with drugs, such as 

sirolimus and paclitaxel, which can effectively prevent neointimal hyperplasia. DESs 

suppress migration and proliferation of smooth muscle cells (SMCs), and remarkably 

reduce the incidence of in-stent restenosis to 5 - 10% [3]. However, DESs result in an 

incomplete and a slower re-endothelialization of the stent lumen due to multiple factors 

including uncontrollable drug release dosage, low biocompatibility of implanted 

biomaterials, activated inflammatory side effects, and simultaneous suppression on 

endothelial cell (EC) growth [4]. Moreover, it may lead to subsequent serious 

complications like late stent restenosis (LSR) and thrombosis (LST), which severely 

limits the stent patency rate and hampers the long-term clinical success of the 

interventional treatment [5].  

https://academic.oup.com/eurheartj/article/36/47/3320/2398332
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To mitigate these clinical problems, considerable efforts have been made in the 

last decade to develop cardiovascular stents with improved safety and efficacy [6]. Stent 

surface modifications by coating with biomolecules such as adhesive peptides [7, 8], 

vascular endothelial growth factors (VEGFs) [9] and nitric oxide (NO)-

releasing/generating molecules [10-12] have been proposed as a one effective solution. 

Apart from preserving the adequate mechanical properties of the stent to prevent 

constrictive vascular remodeling, surface modification strategies can further improve 

the hemocompatibility of stents through the behavioral regulation of platelets, ECs and 

SMCs [3, 13]. Among these biomolecules, NO, which is a small but highly potent 

signaling molecule synthesized and secreted by ECs, plays the most critical role in 

several physiological processes including anti-atherogenesis, vasodilation, stimulation 

of EC growth, inhibition of SMC proliferation, and platelet activation/aggregation [14, 

15]. In various animal models, NO-releasing or -generating surface modifications 

exhibit greatly improved anti-thrombotic and anti-restenosis efficacy, and are thus 

highly sought after [4, 16, 17]. However, in stoichiometric NO-releasing coatings, most 

NO donors such as RSNOs and N-diazeniumdiolates are fragile because they are liable 

to spontaneous decomposition upon exposure to heat, moisture or light [18, 19]. In 

addition, unlike healthy ECs, which can sustainably generate a high cumulative amount 

of NO at a low level ranging from 0.5 - 4 × 10-10 mol × cm-2 × min-1, these donors can 

only release a limited amount of NO only for a short time period [11]. For these reasons, 

the NO-releasing coatings are unable to effectively alleviate late complications after 

stent implantation and are not suitable for long-term implantations. Moreover, NO in 

human blood is short-lived (approximately 1.8 s) and can only diffuse over a very short 

distance (approximately 100 μm) to exert its biological functions [20, 21]. Therefore, 

to endow the implanted stent with the ability to prevent LSR and LST, strategies for 

sustained and site-specific generation of NO on the stent surface are highly desirable. 

To generate NO in a controllable manner, our group previously adopted various 

glutathione peroxidase (GPx)-like catalytic mimics (i.e., selenocystamine and 3,3-

diselenodipropionic acid) to develop NO-generating coatings [22-24]. These catalytic 
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coatings took advantage of the endogenous NO donors (i.e., RSNOs) from the 

circulating blood for a stable and sustainable generation of NO at the blood/stent 

interface. To further improve the catalytic efficacy of the surface coatings, we propose 

a strategy in the present study that employs copper (Cu) ions, which are a transition 

metal ion with excellent GPx-like NO catalytic activity [25], to fabricate a biomimetic 

NO-generating coating. In addition, Cu is also an angiogenesis stimulus that promotes 

the recruitment and differentiation of blood cells by enhancing VEGF and hypoxia-

inducible factor expressions, which is beneficial for wound healing [26]. In order to 

immobilize the Cu ions onto a stent surface, we put forward a one-step metal-

catecholamine assembling strategy to form DA-CuII coordination complexes on 

cardiovascular stent surfaces. This facile surface engineering strategy is inspired by the 

adhesion and protein cross-linking chemistry of [Fe(DA)3] complexes found in mussel 

byssus coatings (Fig. 1A (i-iii)). To the best of our knowledge, it is the first report of 

such functional cardiovascular stent coatings combining in situ NO catalysis of CuII 

with excellent surface properties of DA. Such Cu-containing coatings exhibit admirable 

biocatalytic performances which enables continuous, controllable and local conversion 

of endogenous RSNOs to active NO. As a result, it significantly enhances EC functions, 

and effectively inhibits SMC migration and proliferation. More importantly, it 

ultimately promotes re-endothelialization and prevents LSR and LST. Due to the 

simplicity and availability of conjugating DA onto various material surfaces regardless 

of their complicated shapes, we envision that this strategy can be further extended to 

modify different blood-contacting surfaces for other biomedical applications. 

 

2. Materials and methods 

2.1. Preparation of DA-CuII coatings 

Dopamine hydrochloride at a constant concentration of 0.25 mg/mL was firstly 

dissolved by 10 mM Tris-HCl (pH 8.5). Afterwards, CuCl2·2H2O at concentrations of 

0, 1, 2.5, 5, 7.5 and 10 μg/mL were added separately. In order to form DA-CuII coatings 

onto the planar substrate, 316L SS planar substrate (10 mm × 10 mm) was dipped into 

the above mixed solution. After dip-coating for 12 h at room temperature, the coated 

about:blank
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samples were ultrasonically rinsed with distilled water to remove potential debris on 

the surfaces, and were dried under N2 gas. To prepare DA-CuII coatings onto 

cardiovascular stents, 0.25 mg/mL dopamine hydrochloride and 5 μg/mL CuCl2·2H2O 

were selected as the reaction solutions for 316L stainless steel (SS) stent (Φ1.65 mm × 

18 mm) surface engineering. The procedures of dip-coating cardiovascular stents and 

washing were similar as described above. 

 

2.2. Characterization of DA-CuII coatings 

The surface morphology and roughness were analyzed by the atomic force microscope 

(AFM, Bruker, Germany) using tapping mode configuration. Furthermore, the coating 

thickness was measured with a spectroscopic ellipsometer (M-2000V, J.A. Woollam, 

USA). Wavelengths from 370 to 1000 nm were used to measure the Δ and Ψ values, 

and a Cauchy model was applied to determine the coating thickness. The hydrophilicity 

alteration of the sample surface after dip-coating was examined by measuring water 

contact angles (WCAs) of the coating with a Krüss GmbH DSA 100 Mk 2 goniometer 

(Hamburg, Germany) at room temperature. Six different measurement sites in each 

sample were chosen at random. The surface elemental composition of NO-generating 

coatings was analyzed by X-ray photoelectron spectroscopy (XPS). In this study, two 

instruments of XPS were used. One of the instruments (XSAM800, Kratos Ltd, UK) 

was equipped with a monochromatic Al Kα (1486.6 eV) X-ray source operated at 12 

kV × 15 mA and a pressure of 2 × 10−7 Pa. Moreover, the C1s peak (binding energy 

284.8 eV) was used as a reference for charge correction. The full-width at half-

maximum (fwhm) value of 1.9 ± 0.2 eV was taken equally for all the components and 

was determined by a gold standard. The overview XPS spectra was taken between 50 

and 1300 eV with an energy step of 0.5 eV using a pass energy of 300 eV, while the 

detailed spectra peaks of interest were recorded with an energy step of 0.05 eV. The 

total acquisition time was 15 min for each sample. Electron paramagnetic resonance 

(EPR) measurement was performed on an A320 apparatus (Bruker, Germany) to 

evaluate the effect of DA-CuII coordination on coating network formation. In addition, 

the matrix assisted laser desorption ionization mass spectrometry (MALDI MS) was 
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measured with a MALDI micro MX time-of-flight mass spectrometer (Waters, Milford, 

MA) in order to investigate the chemical structure of DA-CuII coating. The detailed 

operation and analysis process were reported elsewhere [24, 27].  

 

2.3. Mechanical tests of DA-CuII coatings 

To assess the mechanical properties of DA-CuII coatings on the stents, a balloon 

dilatation test was performed. Firstly, the bare 316L SS cardiovascular stents were 

modified with DA-CuII coatings, and then mounted onto angioplasty balloons by stent 

crimpers. After dilating the balloon to a diameter of 3 mm at a pressure of 9 atm for 1 

min, field emission scanning electron microscopy (FE-SEM, JSM-6390, JEOL, Japan) 

was used to investigate the surface morphology of the post-expansion stents. 

 

2.4. NO catalytic generation from the DA-CuII coatings 

Real-time monitoring of NO generation induced by DA-CuII coatings was carried out 

with a chemiluminescence NO analyzer (Seivers 280i, Boulder, CO). In this study, DA-

CuII coatings were prepared onto the 316L SS foil (0.5 cm × 1 cm). The NO was 

catalytically generated from the DA-CuII coatings by immersing samples into a 5 mL 

test phosphate buffered saline (PBS, pH 7.4) solution, which contains 10 μM NO donor 

S-Nitrosoglutathione (GSNO, one of the most typical endogenous RSNO species used 

for NO release test) and 10 μM of reducing agent glutathione (GSH) at 37oC for about 

40 min. Then, the generated NO was transported to a chemiluminescence NO analyzer 

under a continuous stream of N2 gas. The amount of NO induced by the DA-CuII 

coatings was then calculated according to the calibration curves of the NO analyzer 

[28]. To further investigate the long-term catalytic effect of the DA-CuII coatings, the 

coated 316L SS foils were immersed into the test PBS solution containing the NO donor 

(10 μM GSNO and 10 μM GSH), which was replaced every 12 h, at 37oC for 1, 5, 10, 

15 and 30 days respectively. Then, the NO donor treated samples were tested for NO 

catalytic efficacy following similar steps as described above. 

 

2.5. Adhesion and proliferation of human umbilical vein endothelial cells (HUVECs) 
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To simulate the in vivo environment of a cardiovascular system, the growth behaviors 

of HUVECs on the DA-CuII coatings were investigated. The HUVECs were seeded on 

the sample surface at an initial density of 5 × 104 cells/cm2. Then, the cells were cultured 

in the culture medium containing NO donor (10 μM GSNO and 10 μM GSH), and the 

NO donor was supplemented every 6 h. After incubation for 2, 24 and 72 h at 37°C 

under 5% CO2 respectively, the samples were gently taken out under aseptic conditions 

and the cells on the sample surfaces were subsequently stained with phalloidin 

conjugated tetramethyl rhodamine. Instructions provided by the manufacturer were 

strictly followed in order to accurately analyze the adhesion and spreading behaviors of 

the cells. Furthermore, proliferation of the cells cultured on the surfaces for 24 and 72 

h were evaluated with Cell Counting Kit-8 (CCK-8) [29].  

   

2.6. Function evaluation of HUVECs 

For the evaluation of functional expression of ECs, 1 mL HUVECs suspension with 1 

× 105 cells was added to each sample and cultured for 24 h. Then, 0.1% triton X-100 

and 10 mg/mL phenylmethanesulfonyl fluoride (PMSF) were added for 10 min while 

samples were placed on an ice-water bath. The pyrolysis solution was collected and 

centrifuged at 10000 rpm for 10 min at 4 oC. Then, the supernatant fluid was collected 

for the detection of plasminogen activator inhibitor (PAI), tissue plasminogen activator 

(tPA), von Willebrand factor (vWF) and prostaglandin I2 (PGI2) via ELISA assay kits 

according to the attached instructions.  

 

2.7. Adhesion and proliferation of human umbilical artery smooth muscle cells 

(HUASMCs) 

Similar to HUVEC assay, HUASMCs were also seeded onto the sample surfaces at a 

density of 5 × 104 cells/cm2 for 2, 24 and 72 h respectively. For the first 24 and 72 h of 

the culture, NO donor (10 μM GSNO and 10 μM GSH) was supplemented every 6 h. 

The morphology and proliferation of HUASMCs were detected via phalloidin staining 

and CCK-8, respectively [29].  
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2.8. Migration of HUVECs and HUASMCs 

To mimic the natural situation of ECs and SMCs in blood vessels, HUVECs or 

HUASMCs were seeded onto a sample surface at a density of 5 × 105 cells/cm2 and 

incubated for 6 h in order to form a complete cell layer on the surface. Briefly, the 316L 

SS foils with a size of 15 cm × 10 cm were first vertically folded in half, and were then 

immersed halfway into the reaction solution to form a DA-CuII thin film on one flank. 

Subsequently, HUVECs or HUASMCs were seeded onto another untreated flank of all 

316L SS foils. After culturing for 6 h, all samples were vertically turned over and 

transferred onto a new well plate so that the DA-CuII-coated flank was immersed into 

the fresh culture medium with NO donor supplemented every 6 h. After one day of 

continuous incubation, the samples were then washed with saline solution, and fixed 

with glutaraldehyde (2.5%) prior to phalloidin staining. Ultimately, the migration 

behavior of HUVECs or HUASMCs was observed and photographed by a Leica 

DMRX fluorescence microscope. 

 

2.9. Co-culture of HUVECs and HUASMCs 

To investigate the competitive adhesion and proliferation behaviors of HUVECs and 

HUASMCs, both types of cells were co-cultured on the stent surfaces. In order to mark 

the different cells, HUVECs and HUASMCs were pre-labeled in different colors with 

different cell trackers. HUVECs were labelled with green chloromethyl fluorescein 

diacetate (CMFDA), while HUASMCs were labelled with orange chloromethyl 

trimethyl rhodamine (CMTMR) under product instructions (Molecular 

Probes/ThermoFisher, Oregon, USA). Then, the labelled HUVECs and HUASMCs 

were digested by a trypsin-EDTA solution (0.25% wt) prior to being centrifuged at 

1200 rpm for 5 min. After re-suspension in the DMEM/F12 medium with 10% fetal 

bovine serum (FBS), a suspension solution of each cell type at a concentration of 5 × 

104 cells/mL was obtained separately. Finally, both types of cell suspensions were 

mixed at a volume ratio of 1:1 and added to the samples at a density of 5 × 104 cells/cm2. 

After co-culturing for 2 and 24 h in a cell incubator at 37°C under 5% CO2, the cells 
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were observed and photographed by a Leica DMRX fluorescence microscope. Twelve 

images were used to count the number of attached cells via Image J software. 

 

2.10. Anti-thrombogenicity test by ex vivo blood circulation 

All animal handling and surgical procedures were in agreement with the China Council 

on Animal Care, and the protocols used were approved by the Animal Ethics 

Committee of Southwest Jiaotong University. The experimental procedures were 

similar to those described in our previous studies [24, 30]. Six New Zealand white 

rabbits weighing 2.5 ~ 3.5 kg were chosen for the rabbit extracorporeal circuit model 

experiment. The left carotid artery and the right jugular vein of the rabbits were firstly 

isolated under general anesthesia, and were then connected with tubes to form an 

arteriovenous (AV) shunt. In this work, the uncoated and DA-CuII-coated 316L SS foils 

(0.8 mm × 1 mm) were curled and tightly assembled onto the inner wall of polyvinyl 

chloride (PVC) tubes (a kind of commercially available cardiopulmonary perfusion 

tube). After that, the assembled tube was integrated into the rabbit AV-shunt and 

remained running for 2 h with supplement of NO donor (0.0111 μmol/kg/min of the 

GSNO and 0.0111 μmol/kg/min of the GSH) into the blood. Cross sections of the tubes 

were photographed for analyzing their percent occlusion. The residual clots in the tube 

around the implanted samples were collected, photographed and weighted. The samples 

were removed, washed with PBS and fixed with glutaraldehyde solution (2.5%) 

overnight. After being dehydrated, dealcoholized and dried, all samples were finally 

inspected with SEM.  

 

2.11. In vivo stent implantation 

Eight healthy New Zealand white adult rabbits (3.5 ~ 4.0 kg) and 16 cardiovascular 

stents were used in this experiment. The rabbits were divided into two groups: the 

control uncoated 316L SS stents group and the DA-CuII coated 316L SS stents group. 

After general anesthesia, two stents from each group were implanted into the left and 

right iliac arteries of the rabbit. The rabbits were then sacrificed at time points of 1 and 

3 months (n = 4 for each time point) before the post-implantation stents were taken out 
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for analysis. The angiography under anesthesia was performed to confirm the patency 

of the iliac artery following the implantation of 1 and 3 months. Half of the stented 

arteries were snipped lengthwise and fixed with glutaraldehyde (2.5%) in PBS. After 

being dehydrated, dealcoholized and critical point dried, these stented arteries were 

observed using SEM. The other half of the stented arteries were fixed with 

formaldehyde (10%) in PBS for 2 days, and were then stained with Van Gieson’s stain 

for histomorphometric examination. 

 

2.12. Statistical analysis 

All materials, cells, ex vivo and in vivo experiments were performed independently at 

least in quadruplicate for statistical significance. The results of the experiments were 

expressed as mean ± standard deviation (SD). Data analysis was performed by one-way 

analysis of variance (ANOVA), and a p value of less than 0.05 was considered 

statistically significant. 

 

3. Results and discussion 

3.1. Characterization of DA-CuII coatings 

The DA-CuII coatings on the 316 L SS surface (one of the most common biomaterials 

for cardiovascular stents [31]) were prepared by one-step dip-coating of the samples 

into an alkaline aqueous solution (pH 8.5), that contains CuII ions and DA. To obtain 

NO-generating coatings with adjustable and controllable release rates, DA-CuII 

coatings produced by immersing samples into various CuCl2·2H2O feed concentrations 

of 0, 1, 2.5, 5, 7.5 and 10 μg/mL were evaluated. After 12 h of immersion, the 316L SS 

substrates displayed a polydopamine-like brown color (Fig. 1B). AFM images 

confirmed the presence of DA-CuII thin coatings on the 316 L SS surface (Fig. S1) with 

coating thickness ranging from 18.4 to 28.6 nm, as indicated by the spectroscopic 

ellipsometer (Fig. 1C). WCA analysis also confirmed the success of the surface 

coatings on the 316 L SS surface (Fig. S2). The unmodified 316L SS substrates 

presented a WCA value of 75.0 ± 2.9°, and was sharply reduced to 35 - 43° after 

deposition with DA-CuII coatings, probably attributed to the introduction of hydrophilic 
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DA [32]. To further understand the surface chemical compositions, the coatings were 

characterized by XPS. The presence of a new peak of Cu2p (∼934 eV) of the coated 

surface revealed a successful chelation of Cu ions (Fig. S3). Moreover, as shown in Fig. 

1D, the content of the Cu in the DA-CuII coatings was proportional to the feed 

concentrations of CuCl2·2H2O (Table S1), indicating that we can adjust the distribution 

of Cu in the DA-CuII coatings simply by changing the feed concentration of 

CuCl2·2H2O. 

 

Fig. 1. Formation and characteristics of DA-CuII coatings. (A) Mussel-inspired 

adhesive and cross-linking strategy for CuII coating: (i) Schematic displaying a mussel 
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strongly adhering to a wet surface by secreting a bundle of threads called byssus. 

Reactive catechol-containing compound Levo-DA (L-DA) and lysine are the two key 

residues for mussel adhesion and curing. (ii) The catechol moieties of L-DA in byssus 

form strong tris [Fe(DA)3] complexes to crosslink mussel foot protein 1 (mfp-1). (iii) 

Bio-inspired by the adhesion and cross-linking chemistry of the FeIII complexes, DA 

and CuII are chosen to form DA-CuII thin films on stent surfaces to immobilize the CuII 

catalyst. (B) Control 316L SS substrates before and after modification with DA-CuII 

coatings, which were prepared with different feed concentrations of CuCl2·2H2O 

ranging from 0 to 10 μg/mL. (C) Thickness of DA-CuII coatings. (D) Atomic 

compositions of copper in DA-CuII coatings. 

 

Next, we used EPR spectroscopy to demonstrate the contribution of DA-CuII 

coordination on the coating network formation. Aqueous suspensions of control 

uncoated, DA-coated and DA-CuII-coated samples were introduced into an EPR tube 

to test for the presence of paramagnetic species. It was found that the spectrum of DA-

CuII-coated samples showed a broad Cu-related signal at 3440 mT (Fig. 2A), indicating 

the formation of a DA-CuII coordination network. To further understand the possible 

polymerization process of the DA-CuII coatings, MALDI MS analysis was performed. 

The successful immobilization of DA onto the surface was demonstrated by peaks at 

685, 523 and 409 m/z. For DA-CuII coating synthesis, the introduction of CuII 

significantly influenced the self-polymerization manner of DA. The possible 

crosslinking reaction between the CuII and DA was mainly based on the catechol-metal 

coordination chemistry to form bis- and tris-catechol-CuII complexes, as demonstrated 

by the clear presence of peaks at 362 and 511 m/z (Fig. 2B and C). Overall, the above 

results demonstrated that the 316L SS substrate was successfully modified with a thin 

film of DA-CuII coordination complexes. 
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Fig. 2. EPR spectra and MALDI MS analysis of the DA-CuII coatings. (A) EPR spectra 

of uncoated control, DA-coated and DA-CuII-coated samples. (B) MALDI MS analysis 

of the DA-CuII complexes (red peak represents CuII, blue peak represents DA). (C) 

Possible chemical reactions between CuII and DA. 

 

3.2 In vitro evaluation of catalytic NO generation from the DA-CuII coatings 

NO is an important signaling molecule associated with several critical vascular 

physiological processes, such as maintaining vascular homeostasis as well as acting as 

a potent vasodilator [14]. Although gaseous NO is short-lived (approximately 1.8 s) 

and has low generation rates from the healthy endothelial layer (0.5 - 4 × 10-10 mol × 

cm-2 × min-1), a deficiency of NO production or a reduction in its bioavailability is 

associated with intimal hyperplasia and thrombosis formation [20, 33]. Therefore, a 

long-term, continuous, and stable release of NO from the surface of biomedical devices 

is crucially important for the sake of cardiovascular tissue engineering.  

As previously mentioned, transition metals such as Cu are able to catalytically 

initiate NO release from both endogenous and synthetic RSNOs via decomposing 

RSNOs in the presence of reductant GSH [19, 34]. We thus believe that the 
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incorporation of CuII into cardiovascular stents for long-term localized supplement of 

NO would be a feasible method to alleviate LSR and LST. In this work, NO 

catalytically generated under physiological pH from the DA-CuII coatings was 

evaluated via a chemiluminescence-based NO analyzer. As shown in Fig. 3A and B, 

real-time monitoring of NO generation revealed that the DA-CuII coatings exhibited a 

stable and dose-dependent manner of CuII immobilization: by increasing the feed 

concentration of CuCl2·2H2O from 1 to 10 μg/mL, the NO release rates can be 

modulated from 0.4 to 6.5 × 10-10 mol × cm-2 × min-1, which are comparable to the 

physiological level of the NO synthesis rate (0.5 - 4 × 10-10 mol × cm-2 × min-1). Such 

differences in the NO release rate may be attributed to the higher catalytic ability of 

CuII at the higher feed concentration of CuCl2·2H2O [19, 34, 35]. In addition, after 

continuous immersion in PBS solution for 30 days, the NO flux of the DA-CuII coatings 

(5 μg/mL CuCl2·2H2O) decreased slightly, but still remained as high as 3.8 × 10-10 mol 

× cm-2 × min-1, representing 72% of the NO generation rate of the initial DA-CuII 

coatings (Fig. S4). XPS analysis of the DA-CuII coating after 30 days of immersion in 

PBS solution revealed a high retention of approximately 69% in the initial content of 

copper (Fig. S5, Table S2). These results suggested that our coatings demonstrated an 

excellent long-term (30 days) stability for NO catalytic activity, which clearly 

outcompetes other existing platforms that usually provide limited NO gas and show a 

substantial reduction in the NO release rate as time progresses [24, 36]. Consequently, 

our DA-CuII coatings can be concluded to possess the ability to produce a controllable, 

stable and durable release of NO flux, with a potential long-term therapeutic efficacy 

as coatings for blood-contacting devices. 
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Fig. 3. Catalytic NO generation from the DA-CuII coatings. (A) Catalytic NO 

generation patterns of various samples prepared at different feed concentrations of 

CuCl2·2H2O (1, 2.5, 5, 7.5 and 10 μg/mL) in PBS consisting of NO donor (10 μM 

GSNO and 10 μM GSH). (B) Calculated release rates of NO induced by different DA-

CuII coatings. 

 

3.3 Effects of DA-CuII coatings on growth behavior of ECs and SMCs 

The interactions of vascular cells, such as ECs and SMCs, with the surrounding 

microenvironment provided by the biomaterials are pivotal in determining the ultimate 

functionality of implanted blood-contacting devices [37]. It has been frequently 

demonstrated that a rapid regeneration of healthy EC layer on the cardiovascular stent 

surfaces after implantation alleviates the issues of LSR and LST [37, 38]. Therefore, it 

is important to know how ECs respond to DA-CuII coatings. Firstly, we cultured the 

HUVECs on the DA-CuII coatings either with or without presence of NO donor in a 

culture media, and investigated the effects of coatings on cell adhesion, proliferation 

and migration (Fig. 4). In the group without donor supplements, the HUVECs on all 

DA-CuII coatings showed slightly improved adhesion after 2 h of culture. Another 

important detail to note was that the cell growth was enhanced after 24 and 72 h of 
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culture when compared with the control 316L SS. It indicated that the DA-CuII coatings 

offered a better microenvironment to support cell growth (Fig. 4A and B). This was 

most likely due to the introduction of positively charged amine groups and Cu content 

on the coating surfaces [26, 32]. When we added the donor supplement to the medium, 

the DA-CuII coatings on average displayed a significantly enhanced adhesion and 

proliferation effect of HUVECs compared to the control 316L SS due to the presence 

of NO produced by the DA-CuII coatings (Fig. 4A and C). We also found that if the 

feed concentration of CuCl2·2H2O for the coating exceeded 5.0 μg/mL, the resultant 

DA-CuII coating slightly inhibited HUVEC proliferation, possibly due to the high 

concentration of generated NO (excessive amount of NO may produce peroxynitrites 

(ONOO-), an undesirable compound for stent re-endothelialization in vivo [39]). 

Physiological function of ECs grown on the vascular stents is as important as cell 

adhesion and proliferation. Therefore, based on the evaluation of cell adhesion and 

proliferation, we further evaluated some of the functional molecules secreted by ECs 

cultured on the previously mentioned surfaces with/without NO donor, namely vWF, 

PAI, tPA, and PGI2 via ELISA. The results revealed that the DA-CuII coatings, whether 

in the group supplemented with NO donor or without NO did not seem to sacrifice the 

normal function of ECs, because there was no significant difference in the secretion of 

all the functional molecules between the bare 316L SS and DA-CuII coated surfaces 

(Fig. S6). This indicated the good biocompatibility of the DA-CuII used as stent coating.  

In addition, as promoted EC migration from adjacent natural endothelia to stents 

plays a vital role in the in situ re-endothelialization after implantation, we further 

performed a cell migration assay. We found that the DA-CuII coating (5 μg/mL 

CuCl2·2H2O was chosen for fabrication of coating for the cell migration assay based 

on the results of HUVEC proliferation) also enhanced HUVEC migration in the group 

without NO donor. After supplementing the NO donor in the cell media, the DA-CuII 

coating showed further enhancement in HUVEC migration due to the physiological 

effect of NO generated by the coatings (Fig. S7). 
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Fig. 4. Adhesion and proliferation of HUVECs cultured on different samples. (A) 

Fluorescence staining of HUVECs incubated in cell culture media with and without NO 

donor (10 μM GSNO and 10 μM GSH) for 2, 24 and 72 h, respectively. Proliferation 

analysis of HUVECs incubated in cell media (B) without and with (C) NO donor for 

24 and 72 h. Data are presented as mean ± SD and analyzed by one-way ANOVA (n = 

4, *p < 0.05, **p < 0.01, and ***p < 0.001). 

 

Vascular SMCs promote neointimal hyperplasia through cellular expansion and 

extracellular matrix deposition [4]. Therefore, the inhibition of its adhesion, 

proliferation and migration is crucial to reduce the risk of LSR. Thus, the responses of 

HUASMCs to the DA-CuII coatings were also further investigated in addition to 

about:blank
about:blank
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HUVECs. As shown in Fig. 5A and B, in the absence of the NO donor, HUASMCs 

grew well on 316L SS and all DA-CuII coated surfaces. However, for the group 

supplemented with NO donor, the adhesion and growth of HUASMCs on the DA-CuII 

coatings were substantially inhibited (Fig. 5A and C). In addition, it was noteworthy 

that the inhibitory effect on the HUASMCs could be further enhanced with a higher 

concentration of CuCl2·2H2O. This implies that an increase in chelation of the CuII in 

the DA-CuII coatings improved the bioavailability and bioactivity of NO by increasing 

its catalytic ability (Fig. 5C). In the subsequent migration assay of SMCs, we found 

that the migration rate of HUASMCs on the DA-CuII coating (5 μg/mL CuCl2·2H2O) 

without presence of the NO donor was slightly reduced as compared to the 316L SS. 

Nevertheless, we observed a remarkable decrease in the migration behavior of 

HUASMCs in the DA-CuII coatings (with a dramatic decrease of 250% in the migration 

distance) in the presence of the NO donor (Fig. S8). The data acquired suggested that 

our DA-CuII coatings could effectively discourage attachment, migration and 

proliferation of HUASMCs, with a great potential for suppressing intimal hyperplasia 

and following stenosis. 
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Fig. 5. Adhesion and proliferation of HUASMCs cultured on different samples. (A) 

Fluorescence staining of HUASMCs incubated in cell culture media with and without 

NO donor (10 μM GSNO and 10 μM GSH) for 2, 24 and 72 h, respectively. 

Proliferation analysis of the HUASMCs incubated in cell media (B) without and with 

(C) NO donor for 24 and 72 h. Data are presented as mean ± SD and analyzed by one-

way ANOVA (n = 4, ***p < 0.001). 

 

Many studies have demonstrated that competitive adhesion and growth of ECs and 

SMCs in vivo are also crucial for the formation of a new yet pure EC layer on a stent 

surface as well as the prevention of LSR and LST [23, 40, 41]. To evaluate the 

competitive behaviors between ECs and SMCs on the DA-CuII coatings, HUVECs and 
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HUASMCs were co-seeded onto the surfaces of various samples at a ratio of 1:1. After 

co-culturing for 2 h, the result of competitive adhesion demonstrated that the ratio of 

HUVECs to HUASMCs in the 316L SS sample was 0.52 ± 0.07, slightly lower than 

that in most of the DA-CuII-coated samples (Fig. 6A and B). Following the addition of 

the NO donor to the culture medium, a notable increase in the amount of HUVECs and 

a decrease in the HUASMCs were observed, especially in the DA-CuII coatings which 

had a high CuII content (Fig. 6A and C). Similarly, in the absence of the NO donor, cell 

growth on the 316L SS and DA-CuII coatings showed no significant difference after 24 

h of culture. In contrast, the amount of HUVECs grown on the DA-CuII-coated surfaces 

remarkably increased after the addition of NO donor, whereas the amount of 

HUASMCs was dramatically reduced (Fig. 6). The competitive adhesion and growth 

advantages of HUVECs over HUASMCs on the DA-CuII coatings achieved via 

catalytic generation of NO suggested the potential in forming an endothelial layer on 

stents in vivo. 

 



21 
 

Fig. 6. Competitive adhesion between HUVECs and HUASMCs on the uncoated and 

DA-CuII-coated 316L SS stents after culture for 2 and 24 h. (A) Fluorescence staining 

of HUVECs using CMFDA (green) and HUASMCs using CMTMR (red). The ratio of 

HUVECs/HUASMCs grown on the different stent surfaces (B) without and (C) with 

the addition of NO donor (10 μM GSNO and 10 μM GSH) into the cell culture media.  

Data are presented as mean ± SD and analyzed by one-way ANOVA (n=6, **p < 0.01 

and ***p<0.001). 

 

Overall, the above results implied that the DA-CuII coatings could endow the 

cardiovascular stents with the ability of long-term in situ NO generation to improve re-

endothelialization by selectively promoting EC attachment, proliferation and migration. 

At the same time, they potentially reduced LSR and LST risks by suppressing SMC 

attachment, proliferation and migration. Based on the above systematic in vitro 

evaluation, the NO-generating DA-CuII coatings formed by immersion in 5 μg/mL 

CuCl2·2H2O showed the most desirable NO generation and biological effects (i.e., 

enhanced growth and migration of HUVECs and reduced adhesion and proliferation of 

HUASMCs). For this reason, 5 μg/mL of CuCl2·2H2O has been selected to engineer 

stent surface for the subsequent ex vivo and in vivo evaluation. 

 

3.4 Ex vivo anti-thrombogenic property of the DA-CuII coatings 

An arteriovenous shunt (AV-shunt) assay was employed to obtain further insight into 

the anti-thrombogenic properties of the DA-CuII coatings under the actual blood flow 

using a rabbit extracorporeal circuit model (Fig. 7A). After 2 h of circulation, there was 

only little wall clot in the perfusion tube with internal installation of the DA-CuII coated 

316L SS foil compared to that of the naked 316L SS foil (Fig. 7B and C). The correlated 

statistical analysis of the occlusion exhibited that the naked 316L SS foils had a 

considerably high percent occlusion of 89.5 ± 7.5 %, whereas no distinct occlusion was 

detected in the DA-CuII coated samples (Fig. 7D). Moreover, the DA-CuII coated 316L 

SS foils also possessed substantially reduced weight in the formed thrombus compared 

to the naked 316L SS foil, 38.2 ± 5.5 mg and 1.1 ± 0.2 mg, respectively (Fig. 7E). To 
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further understand the influences of the DA-CuII coatings on platelet adhesion, surface 

morphology of the samples was analyzed with SEM after 2 h of blood circulation. The 

results indicated that the number of adhered platelets and formation of fibrin deposited 

on the DA-CuII coated surfaces significantly decreased when compared to that on the 

316L SS control group, possibly due to the reduced formation of thrombus (Fig. 7F). 

In addition, as undisturbed blood flow in the tube of the implanted cardiovascular stent 

is another essential characteristic of hemocompatibility, we then analyzed the blood 

flow data of different circuits during the ex vivo AV-shunt assays. We found that the 

blood flow rate of all circuits decreased to different degrees at the end of extracorporeal 

circulation experiments compared to the initial value (Fig. 7G). However, the blood 

flow rate in circuits with the DA-CuII coated 316L SS foil still remained noticeably 

high at 91.3 ± 5.4%. On the other hand, an approximate decrease of 78% was observed 

from the circuits with naked 316L SS foil. All in all, these ex vivo results ascertained 

an improved hemocompatibility of blood-contacting devices when using our DA-CuII 

coatings to continuously generate NO in situ. 
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Fig. 7. Anti-thrombogenicity analysis of the DA-CuII-coated 316L SS foils. (A) 

Representative images of ex vivo AV-shunt model of a rabbit. (B) Cross-sectional 

photographs of tubes with internal installation of uncoated and DA-CuII-coated 316L 

SS foils after exposure to blood flow for 2 h. (C) The thrombus formed on the luminal 

surface of uncoated and DA-CuII coated 316L SS foils. (D) Occlusion percentage of the 

tube calculated by cross-sectional diameter. Please note the significant reduction in the 

occlusion after coating the foil surface with DA-CuII thin films. (E) Thrombus weight 

formed in different 316L SS circuits. (F) SEM images of platelets and fibrinogen on 

the surface of uncoated and DA-CuII coated 316L SS foils. (G) Blood flow rates in 

different tubing circuits at the end of extracorporeal circulation experiments. Data are 

presented as mean ± SD and analyzed by one-way ANOVA (***p < 0.001). 

 

3.5 In vivo stent implantation 

During the process of cardiovascular stent implantation, a stent is mounted onto an 

angioplasty balloon and dilated to desired target size. As a result, the stent undergoes a 

rigorous and complex distortion. Good coating adhesion strength and flexibility play 

key roles in withstanding stent deformation for the maintenance of the surface 

performance after stent implantation [23]. Thus, we performed a balloon dilatation test 

before the in vivo implantation experiment to investigate the mechanical behaviors of 

DA-CuII coating on the 316L SS cardiovascular stents. The SEM results demonstrated 

that the DA-CuII coating was still intact, homogeneous and continuous without any 

appearance of delamination or destruction after balloon dilatation, indicating that the 

DA-CuII coating is strong enough to endure the deformation of the 316L SS stent during 

the dilation procedure (Fig. S9). 

We then performed in vivo implantation in a rabbit iliac artery replacement model 

to evaluate the feasibility of the DA-CuII coatings to promote re-endothelialization and 

suppress LSR and LST. The uncoated and DA-CuII coated 316L SS stents were 

collected after implantation for 1 and 3 months, and were then analyzed by SEM to 

examine endothelialization (Fig. 8). From the SEM images, we could observe that the 

luminal surface of the naked 316L SS stent was not fully covered with elongated ECs 
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after 1 month, while the DA-CuII coated stent surface was completely covered by a 

compact EC monolayer. After 3 months of implantation, the surface of the naked 316L 

SS stent showed little endothelial coverage, but a multitude of fiber-like tissues. In 

contrast, an intact endothelium with alignment along the blood stream was observed on 

the DA-CuII coated surface, indicating better re-endothelialization.  

 

Fig. 8. Representative SEM images of cardiovascular stents modified by the DA-CuII 

coatings to enhance re-endothelialization after implantation for 1 and 3 months. 

 

To further understand the effect of DA-CuII coatings on in-stent restenosis, we 

conducted a histomorphometric analysis with Van Gieson’s staining (Fig. 9). The 

staining images showed that there was noticeably little neointimal hyperplasia 

percentage on the lumen of the DA-CuII coated 316L SS stents when compared to the 

control 316L SS stents after implantation for 1 or 3 months. Quantitative analysis 

revealed that both mean neointimal area and neointimal stenosis percentage were 

markedly reduced in the DA-CuII coated samples (1.5 ± 0.3 mm2 and 11.5 ± 2.1 %) 

after 1 month when compared to the control 316L SS stents (3.2 ± 0.8 mm2 and 25.2 ± 
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6.4 %) (Fig. 9B and C). After 3 months of implantation, despite that the mean 

neointimal area and stenosis percentage of the control 316L SS stents dramatically 

increasing to 6.4 ± 1.1 mm2 and 41.5 ± 7.2 % respectively, there was only a small 

change in the DA-CuII coated samples (1.9 ± 0.4 mm2 for the mean neointimal area, 

13.2 ± 3.2 % for the neointimal stenosis percentage). Overall, these results from the in 

vivo experiment showed that the DA-CuII coated stents created a beneficial 

microenvironment to support stent re-endothelialization and achieved a physiological 

function of blood vessels. More importantly, it played a vital role in reducing in-stent 

restenosis to maintain long-term patency of the cardiovascular stents. 

 

Fig. 9. Cardiovascular stents modified by the DA-CuII coatings to reduce in-stent 

restenosis. (A) The effect of uncoated and DA-CuII-coated 316L SS cardiovascular 

stents on restenosis evaluated by histomorphometric analysis after implantation for 1 

and 3 months (n=4 for each time point). (B) Mean neointimal area and (C) neointimal 

stenosis percentage revealed that restenosis was considerably reduced after 
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modification of the stents with DA-CuII. Data are presented as mean ± SD, and analyzed 

by one-way ANOVA (***p < 0.001). 

 

Although NO demonstrates numerous desirable physiological functions applied in 

the modification of vascular stents, its physiological functions are strongly dose 

dependent. An insufficient dosage of NO provided by vascular stents will not likely 

meet the demand of therapy, while an excessive dosage of NO can potentially cause a 

greater degree of interactions with superoxide to form peroxynitrites, leading to the 

harming of normal cells and tissue [42]. Therefore, a safe, controllable dose of NO 

generated from the stent surface is crucial to the success of stent implantation. NO-

releasing and NO-generating materials are two representative types of materials which 

have been developed for surface modifying blood-contacting materials/devices. NO-

releasing materials have been widely demonstrated and proposed that they are not 

suitable for application in long-term blood-contacting devices. This is due to the short 

half-lives of most NO donors which were used as prodrugs for fabricating NO-releasing 

materials and the unstable release of NO dosages (e.g. burst release of NO in the initial 

stage of implantation and insufficient dose of NO after implantation for 1 - 2 weeks) 

for in vivo applications [43-46]. The NO-generating materials, which can continuously, 

stably generate NO from their surfaces through the catalytic decomposition of S-RSNO 

into NO, are a promising application in long-term biomedical devices [22-24, 47, 48]. 

However, most of the existing strategies for constructing NO-generating materials 

usually involve complicated surface treatments or tedious multi-step processes [22, 23, 

47, 48], thus limiting their practical application. Recently, we developed a mussel-

inspired “one-pot” method to form an adhesive NO-generating coating on a 316 L SS 

stent-based one-step copolymerization of selenocystamine and dopamine (SeCA/DA) 

[24]. This “one-pot” method has unique advantages such as an environmentally friendly 

manufacturing condition, a simple manufacturing procedure, high stability, widespread 

practical applicability and no usage of organic solvents. Although the numerous 

advantages have been demonstrated by employing NO-generating coating of SeCA/DA, 
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it is subjected to its limited NO catalytic capability, with the biggest NO release rate 

being approximately 2 × 10-10 mol × cm-2 × min-1. This value was less than the optimal 

physiological value (4 × 10-10 mol × cm-2 × min-1) [20]. In consideration of an 

insufficient amount of NO leading to undesirable physiological functions, we further 

developed a one-step metal-catecholamine assembled strategy to prepare a durable in 

situ NO-generating biomimetic coating (DA-CuII). Using this new strategy, the 

obtained DA-CuII NO-generating coatings possessed an adjustable NO catalytic release 

rate of 0.4 to 6.5 × 10-10 mol × cm-2 × min-1, which is comparable to the NO synthesis 

rate at physiological levels (0.5 - 4 × 10-10 mol × cm-2 × min-1) [20]. It is noteworthy 

that we optimized the NO release rate which was suitable for EC growth, due to the 

much higher release rate of NO generated by the CuII-DA coating rather than SeCA-

DA. This work serves as a guide for the design of an ideal NO-generating coating for 

improving anti-thrombogenicity, anti-restenosis as well as the endothelialization of 

vascular stents. 

 

4. Conclusion 

In this study, we have developed a facile “one-pot” surface modification approach to 

successfully prepare a tunable NO-generating coating onto cardiovascular stents. We 

used the method of dip-coating with an aqueous solution containing DA and CuII. The 

resultant DA-CuII coating exhibited effective catalytic decomposition of endogenous 

RSNOs in the circulating blood. Also, it enabled local, stable and long-term NO 

generation with a flux comparable to the physiological level produced by natural 

healthy ECs. In addition, in vitro cell studies demonstrated that such NO-generating 

coatings could selectively promote HUVEC attachment, migration and growth, while 

simultaneously inhibiting HUASMC adhesion, proliferation and migration. Moreover, 

we observed significant enhancements of the competitive adhesion and growth of 

HUVECs over HUASMCs on the DA-CuII coatings. The ex vivo anti-thrombogenic 

tests and in vivo implantation experiments further revealed that the DA-CuII coated 

stents with good mechanical properties not only inhibited platelet 
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activation/aggregation and thrombus formation, but also promoted re-

endothelialization and reduced neointimal formation. In summary, this one-step surface 

modification strategy that prepares bio-inspired DA-CuII coatings offers the possibility 

to address major drawbacks of current BMS and DES technologies. Our strategy 

provides a native endothelium-mimetic microenvironment that supports rapid in situ 

re-endothelialization, and prevents long-term complications such as LSR and LST. 

Consequently, our surface modification strategy has great potential to be extensively 

applied in the field of blood-contacting devices. 
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