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Abstract: 

Injury of endothelium is an inevitable consequence of cardiovascular stent implantation, 

which increases the incidence of in-stent restenosis (ISR) and late stent thrombosis 

(LST). Rapid and complete re-endothelialization, along with long-term suppression of 

smooth muscle cells (SMCs) are mandatory to alleviate these complications. To this 

goal, we designed a multi-functional stent coating, consisting of a vascular endothelial 

growth factor/CuII-dopamine(VEGF/CuII-DA) complex network for a spatiotemporal 

delivery of VEGF and nitric oxide (NO). We fabricated such network using a two-step 

stent-coating process: first a CuII-DA network with NO catalytic activity via metal-

catecholamine coordination chemistry, followed by conjugation of VEGF onto the CuII-

DA network via imine formation. The conjugated VEGF significantly accelerated the 

early-stage endothelial cell (EC) migration/growth for the first 7 days, forming a new 

and complete endothelial layer on the lumen. Furthermore, Cu ions sustainably 

decomposed endogenous S-nitrosothiols (RSNOs) in the bloodstream into NO for over 

30 days, suppressing SMC migration/proliferation and ultimately preventing ISR and 

LST. Altogether, such designed stent coating provides options for a phase-adjusted 

endothelial repair during cardiovascular treatment. 
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1. Introduction 

Cardiovascular diseases (CVDs) such as coronary artery diseases and stroke are a class 

of diseases mainly involving the heart and blood vessels [1]. As the leading cause of 

premature death and chronic disability worldwide - costing over $350 billion - they kill 

more than 18 million people every year [2]. To treat CVDs, intervention with 

cardiovascular stents is the most widely performed interventional treatment nowadays, 

accepting inevitable mechanical injuries of the endothelium [3]. Clinically used 

cardiovascular stents can be classified into bare metal stents (BMSs) and drug-eluting 

stents (DESs). Compared with BMSs with no surface modifications or coatings, DESs 

have polymer coatings loaded with drugs (e.g., sirolimus or paclitaxel) that suppress 

smooth muscle cell (SMC) migration/proliferation, and can dramatically reduce the 

restenosis rate from approximately 20% to 5-10% [4,5]. However, the loaded anti-

proliferative drugs indiscriminately suppress endothelial cell (EC) growth, leading to a 

delayed re-endothelialization process with impaired endothelial functions [6,7]. It has 

to be highlighted that long-term safety concerns of both BMSs and DESs remain 

because interventional cardiovascular stents inevitably injure the endothelium and 

trigger a series of cellular responses. 

 

The vascular endothelium plays a central role in maintaining antithrombotic and 

anticoagulant functions. Disruption of the endothelial layer caused by stent 

implantation initiates a cascade of cellular events which can be roughly divided into 

three phases: In phase 1, activated platelets and circulating leukocytes rapidly adhere 

and aggregate at the implantation site, resulting in acute/subacute inflammation, 

thrombosis, and subsequent neointimal proliferation [8-10]. In phase 2, ECs migrate to 

and proliferate at the implantation site for re-endothelialization [11]. If this process is 

delayed or incomplete, local inflammatory responses due to the platelet/leukocyte 

aggregation/activation may be extended, with the potential risk of in-stent restenosis 

(ISR) and late stent thrombosis (LST) [6]. It is, therefore, imperative to promote EC 

migration and proliferation onto the stent lumen immediately (7-10 days) after stent 

deployment as the rapidly formed endothelium can serve as a barrier against 

platelet/leukocyte adhesion [11-13]. At phase 3, SMCs proliferate at the intimal region 

with extracellular matrix (ECM) deposition for complete wound repair [14,15]. Long-

term excessive migration and proliferation of SMCs (up to 1 year) may lead to 
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maladaptive neointimal proliferation and reduced vessel lumen, leading to late-stage 

ISR [15,16]. An ideal cardiovascular stent, therefore, should enable early re-

endothelialization to prevent platelet/leukocyte aggregation, and subsequently provide 

long-term inhibition of SMC migration/proliferation to reduce the cascades of cellular 

responses to prevent ISR and LST. 

  

Considerable efforts have been made over the past decade in modification of the stent 

surface to improve the safety and efficacy of cardiovascular stents. In addition to 

maintaining adequate mechanical properties during vascular regeneration to avoid 

constrictive remodeling, surface modification can further improve hemocompatibility 

and bioactivity using a variety of biomolecules. Potential candidates for stent surface 

coating include cell-adhesive peptides (e.g., Arg-Glu-Asp-Val) [17,18] and 

polydopamine (PDA) to facilitate EC adhesion, proliferation, and migration [19], and 

nitric oxide (NO)-releasing/generating moieties [20-28]. NO production from the stent 

compensates for the lack of endogenous NO due to the endothelial damage and retains 

long-term vascular homeostasis by encouraging EC migration and proliferation while 

suppressing SMC migration and proliferation [24-28]. Moreover, as a potent 

vasodilator, the sustained and stable generation of NO can also counter ISR [24,26,28]. 

However, these NO-releasing/generating coatings are still insufficient to promote rapid 

and complete re-endothelialization at an early stage; such delayed endothelialization 

possibly causes in-stent neo-atherosclerosis and very late stent thrombosis (>1 year 

post-implantation), thus hampering the clinical success of long-term stent implantation 

[29]. In addition, it is not feasible to enhance vascular endothelium formation by further 

increasing the amount of NO because excessive NO may damage ECs by altering 

protein structure and functions, and by the formation of peroxynitrite (ONOO−), a 

highly reactive cytotoxic compound [30]. Therefore, considering the sequential 

responses of the body to the implanted stent, it is necessary to combine multiple 

programmed therapeutic strategies to achieve phase-adjusted vascular healing 

(accelerated EC migration and growth for re-endothelialization at the early stage, 

followed by long-term suppression of SMC migration and proliferation) after 

intervention. 
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In this work, we developed a multi-functional cardiovascular stent coating consisting 

of a vascular endothelial growth factor/CuII-dopamine (VEGF/CuII-DA) complex 

network (Scheme 1). We first created the CuII-dopamine (CuII-DA) complex using 

metal-catecholamine coordination chemistry inspired by mussel surface [31]. CuII is an 

angiogenic stimulus by up-regulating the expression and secretion of VEGF [32]. It 

also has excellent glutathioneperoxidase (GPx)-like property, and catalyzes NO 

generation through decomposing endogenous NO donors (i.e., RSNOs) in circulating 

blood over a long period to prevent ISR and LST [28]. The outermost surface of the 

CuII-DA coating was covalently functionalized with VEGF by Schiff base/Michael 

addition reaction with DA. VEGF is supplemented as it promotes EC recruitment, 

adhesion, migration and proliferation [33,34], and inhibits local inflammatory reactions 

[35], thus suppressing SMC hyperproliferation and reducing the risk of neointimal 

hyperplasia and thrombosis. Such VEGF-deposited layer is expected to allow fast 

delivery of VEGF to regulate vascular cell behaviors, facilitate the rapid and complete 

re-endothelialization immediately after implantation, and counteract the limitations of 

only NO-releasing/generating coatings, indicated before. Altogether, this surface 

modification method allows easy transfer to industrial application, due to its simple 

procedure, high reproducibility, environmentally friendly nature (no involvement of 

organic solvents) and high bioconjugation efficiency. We envision that this 

spatiotemporal dual-delivery of therapeutic biomolecule (VEGF) and gas (NO) from 

cardiovascular stent coating can target vascular repair mechanisms to achieve fast re-

endothelialization and prevent ISR and LST, ultimately leading to a phase-adjusted 

vascular tissue reconstruction.  
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Scheme 1. Schematics showing fabrication and application of the multi-functional VEGF/CuII-

DA coating to spatiotemporally deliver the growth factor VEGF and bioactive nitric oxide (NO) 

to prevent ISR and LST. (A) Fabrication of the VEGF/CuII-DA complex coating onto a 316L 

stainless steel (SS) stents using a simple two-step dip coating approach. The stent was first 

immersed into an aqueous solution containing copper ions and DA to fabricate the CuII-DA 

complex on the stent surface via metal-catecholamine coordination chemistry. Then, the CuII-

DA coated stent was dipped into VEGF solution to covalently immobilize VEGF on the 

outermost surface of the coating via spontaneous Schiff base/Michael addition reaction. (B) 

Mechanism of prevention of stent thrombosis and restenosis using the VEGF/CuII-DA coated 

stents. The incorporated Cu ions in PDA coating could inhibit inflammation and sustainably 

decompose the endogenous RSNOs from local fresh blood into NO gas for a long extended 

period, thus reducing platelet aggregation and activation. The conjugated VEGF in the coating 

could significantly accelerate the early-stage EC migration and growth, forming a new and 

complete endothelium on the stent. Furthermore, NO released from RSNOs and the migrated 

ECs together could suppress the SMC migration/proliferation and reducing the thrombus 

formation. The spatiotemporal dual-delivery of VEGF and NO enables the fast re-

endothelialization of cardiovascular stents followed by long-term prevention of ISR and LST, 

thus remarkably improving the in vivo efficacy and safety of cardiovascular stents. 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/aqueous-solution
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2. Result and discussion 

2.1 Chemical and physical characterization of the metal-catecholamine coating.  

As an essential step required to proceed with further analyses on the coatings’ 

applications, the chemical structures, composition, and growth factor binding effects of 

the CuII-DA coating were firstly determined. An electron paramagnetic resonance (EPR) 

spectrum (Bruker A320) was taken to investigate the existing structures of the control, 

PDA, and CuII-DA samples (Fig. 1A). While the control and PDA had little presence 

in their respective samples, a signal of 3440 mT was found in the final group, indicating 

the formation of CuII-DA. Matrix-assisted laser desorption ionization mass 

spectrometry (MALDI-MS, MALDI micro MX time-of-flight mass spectrometer) 

analysis was performed of the CuII-DA to study the polymerization mechanism further. 

The peaks at 362, 511, 619, and 648 m/z (Fig. 1B) were assigned to some possible 

copper-containing structures due to their high chemical stability in a tetradentate or 

pentadentate coordination fashion. This would be a corroborative evidence for the 

chelation of copper ion with phenolic hydroxyl groups of DA derivatives (Fig. 1C, Fig. 

S1). Other possible structures are listed in Fig. S2. 
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Figure 1. (A) EPR spectra of a control, PDA, and CuII-DA. (B) MALDI MS spectrum of the 

CuII-DA coating. (C) Possible copper-containing structures with high chemical stability in a 

tetradentate or pentadentate coordination fashion. 

 

 

The growth factor VEGF can contribute to the biocompatibility and EC proliferation 

capabilities of surface coatings. It was conjugated to the CuII-DA coatings for enhanced 

epithelization [33,34]. Analyses of the chemical structures of PDA, CuII-DA, and 

VEGF/CuII-DA coatings on 316L stainless steel (SS) was performed by grazing 

incidence attenuated total reflection Fourier transform infrared spectroscopy (GATR-

FTIR), as shown in Fig. 2A. SS was used as the surface to host the coatings due to its 

high biocompatibility, and its predominant application in common stents [36]. 

Although the basic bond structures of each sample were similar, the peak at 1658 cm-1 

suggested a C=O bond in the VEGF/CuII-DA sample, a significant difference expected 

from the copolymerization of VEGF with CuII-DA. An X-ray photoelectron 

spectroscopy (XPS) wide-scan survey spectra analysis was also taken, where the 
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differences in the chemical compositions of the samples were further verified (Fig. 2B, 

Table S1). CuII-DA caused a clear Cu2p signal, copper and nitrogen content were 

increased, and carbon and oxygen decreased, confirming an alteration in the surface 

chemical composition of the CuII-DA-coated samples. Furthermore, the immobilization 

of VEGF onto the CuII-DA coating was apparent in a reduced content of copper, carbon, 

and nitrogen content and increased oxygen content. Quartz crystal microbalance with 

dissipation monitoring (QCM-D) analysis was adopted to quantify the conjugated 

VEGF in real-time, and finally about 451 ± 18 ng/cm2 (n=4) VEGF was conjugated on 

the CuII-DA-coated samples, verifying the successful conjugation of VEGF to the CuII-

DA on the stent surface. 

 

Surface wettability of the VEGF/CuII-DA-coatings is an important property to be 

assessed. Water contact angle (WCA) measurements provide information about 

hydrophobicity or hydrophilicity of the surface, as well as changes in the interaction 

with liquids [37]. The WCAs of the PDA and CuII-DA-coated samples were found to 

be 60º, which is more hydrophilic than the untreated 316L SS surface (85°) (Fig. 2C). 

The immobilization of VEGF on the CuII-DA-coated samples led to a subsequent 

decrease in the WCA of the VEGF/CuII-DA-coated samples (38º), indicating higher 

hydrophilicity properties. Shin et al. [33] have reported similar findings, in which 

VEGF/PDA-coated samples had a lower WCA of 52.4 ± 2.4° than the bare poly(L-

lactide-co-ε-caprolactone) film attributable to the hydrophilic properties of VEGF and 

PDA.  
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Figure 2. (A) GATR-FTIR spectra of 316L SS, PDA, CuII-DA, and VEGF/CuII-DA. (B) XPS 

wide-scan survey spectra of 316L SS, PDA, CuII-DA and VEGF/CuII-DA. (C) Immobilization 

of VEGF on the CuII-DA using QCM-D analysis with Q-sense AB. (D) WCAs of 316L SS, 

PDA, CuII-DA and VEGF/CuII-DA. Data presented as mean ± SD (n=4). 

 

2.2 In vitro durability of nitric oxide (NO) generation and mechanical stability.  

The EPR and MALDI MS spectrum in Figure 1 confirmed the existence of CuII in the CuII-

DA and VEGF/CuII-DA coatings. In the presence of reducing substances such as glutathione 

(GSH), CuII was reduced into CuI and catalyzed NO release from NO donor such as S-

Nitrosoglutathione (GSNO) [38]. The release rate and durability of NO from the surface 

is important for the clinical performance. CuII-DA and VEGF/CuII-DA coatings on the 

316L SS samples were subjected for 30 days to deoxygenated PBS solution (pH 7.4) 

with NO donors. The NO release rates were determined in a real-time 

chemiluminescent assay (Fig. 3A and B). Both the CuII-DA and VEGF/CuII-DA 

coatings did initiate significant NO production 10 min after exposure to the NO donor, 

and stable catalytic release rates of (5.78 ± 0.49) ×10-10 mol×cm-2×min-1 (CuII-DA) and 

(5.86 ± 0.46) ×10-10 mol×cm-2×min-1 (p>0.05) (VEGF/CuII-DA) were obtained at 50 
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minutes, confirming that VEGF immobilization did not affect NO generation of the 

coating (Fig. 3A). NO production from the NO donor-exposed VEGF/CuII-DA stent 

samples continued for 30 days, sustaining 64% of the NO release rate measured 

immediately after the exposure to the NO donor solution (Fig. 3C). Thus, the 

VEGF/CuII-DA-coated samples continuously produced NO beyond 30 days, which is 

longer than the conventional NO generating Ti-Cu coatings [39]. Such long-term NO 

generation appears beneficial as it indicates increased chances for successful re-

endothelialization and inhibition of stent restenosis and thrombosis. 

 

A VEGF/CuII-DA-coated 316L SS stent was mounted onto a dilated angioplasty 

balloon for a stent dilation analysis, as shown in Fig. 3D. The balloon dilation measured 

a 65 ± 4% increase in diameter, where scanning electron microscopy (SEM) images 

revealed a dense and homogenous stent coating without cracks and delamination, 

demonstrating the adaptability of the coating to surface manipulation (Fig. 3D). This 

adhesion is crucial for in vivo application, where a similar set-up is necessary during 

implantation to adjust to the target accordingly [28]. The mechanical stability and 

flexibility of the coating, and the efficiency and long-term stability in NO generation 

confirm the potential of the VEGF/CuII-DA coatings for therapeutic purposes. 

 

 

Figure 3. (A) Catalytic NO generation patterns of the CuII-DA (left) and VEGF/CuII-DA (right) 

coating, as well as (B) NO release rates from the VEGF/CuII-DA after continuous subjection to 

PBS (pH 7.4) containing NO donors. The NO donor solutions were replaced every 12 h, and 
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the release rates were monitored using the NO analyzer Seivers 280i. (C) Image taken with a 

digital camera of a dilated angioplasty balloon carrying a 316L SS stent sample coated with a 

VEGF/CuII-DA coating and (D) SEM micrographs taken with Quanta 200 of dilated 

VEGF/CuII-DA-coated 316L SS. 

 

 

2.3 In vitro biological properties of metal-catecholamine coatings.  

The promotion of appropriate cell adhesion and proliferation is desired on an ideal 

biocompatible surface coating. The production of a physiological NO concentration 

induced by exposure to the NO-donating solution can enhance EC growth for improved 

cell repair [20]. Thus, in vitro studies were performed using human umbilical vein 

endothelial cells (HUVECs) with and without the presence of NO-donor supplements 

to examine their behaviors. Cell morphology of the HUVECs cultured on 316L SS, 

PDA, CuII-DA, and VEGF/CuII-DA surfaces for 2, 24, and 72 h showed little difference 

between the samples, regardless of the presence of NO-donating supplements (Fig. 4A, 

Fig. S3). Adhesion of the HUVECs, however, was significantly enhanced 2h after 

seeding onto the VEGF/CuII-DA coating, particularly in comparison to the 316L SS 

coatings. This difference was further enhanced with NO donors. The VEGF/CuII-DA 

sample showed a HUVEC cell density of 539 ± 39.9 cell/cm2 adherent to the surface 

after 2 h of culture, while the 316L SS sample only had 315 ± 44.1 cells/cm2 (Fig. 4B). 

HUVEC proliferation was also examined in Fig. 4C. The VEGF/CuII-DA surface 

resulted in the highest cell viability after 72 h, in comparison to 316L SS. Fluorescent 

imaging further revealed an enhanced HUVEC migration on the VEGF/CuII-DA 

coating under NO-promoting conditions (Fig. S6). This enhanced HUVEC adhesion 

and proliferation exceeded values for CuI and CuII coatings without growth factor 

reported by Luo et al. [40], or the REDV- amphiphile/Dopa-amphiphile coatings 

studied by Ceylan et al [41]. Because HUVEC adhesion and proliferation showed 

significant difference in the presence versus absence of NO-donating supplements, it is 

concluded that the NO generation provided the strongest promotion of HUVEC 

adhesion and proliferation. 
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Figure 4. Adhesion and proliferation of HUVECs cultured in media containing NO donor (10 

μM GSNO and 10 μM GSH). (A) Fluorescent staining of HUVECs cultured on bare 316L SS, 

PDA, CuII-DA and VEGF/CuII-DA samples for 2, 24 and 72 h. (B) Quantification of HUVECs 

onto the samples after 2 h of incubation (n=12). (C) Proliferation of HUVECs grown on the 

samples after 24 and 72 h of incubation. Data presented as mean ± SD (n = 4) and analyzed 

with a one-way ANOVA (*p < 0.05, ***p < 0.001). 

 

 

Additionally, inappropriate overproliferation and migration of cells may also be 

harmful, such as overgrowth and migration of SMCs, as it frequently occurs after stent 

implantation in ISR [10,16]. The inhibitory effect of the VEGF/CuII-DA coating on 

adhesion and proliferation of human umbilical artery smooth muscle cells (HUASMCs) 

was tested in the presence and absence of NO donors. In a similar fashion to the 

HUVEC studies, the HUASMCs were cultured on the four sample coatings in presence 
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or absence of NO donor and observed after 2, 24, and 72 h. The VEGF/CuII-DA coating 

in the presence of NO donors showed significant suppression of HUASMCs compared 

to the bare 316L SS (Fig. 5A, Fig. S4). Numerical evaluation of the cell adhesion after 

2 h (Fig. 5B) confirmed this impression. The NO donor-absent samples did not inhibit 

HUASMC adhesion. VEGF/CuII-DA also inhibited the viability of HUASMCs, 

determined by the metabolic CCK-8 (Cell Counting Kit-8) assay (Fig. 5C). Metabolic 

activity of HUASMCs on VEGF/CuII-DA increased only slightly from 24 h to 72 h 

culture (1.05 ± 0.09 OD to 1.90 ± 0.10 OD, respectively), in comparison to a prominent 

change on bare 316L SS (1.25 ± 0.01 OD to 3.10 ± 0.14 OD, respectively). 

Observations on cell migration using fluorescence images revealed negligible cell 

migration on the VEGF/CuII-DA coatings in the presence of NO donor supplements 

(Fig. S7). The CuI and CuII coatings without VEGF, developed by Luo et al. [39] 

displayed only weak inhibition of HUASMC attachment. The VEGF component of the 

VEGF/CuII-DA coatings, therefore, apparently improved the ability to inhibit 

attachment and proliferation of HUASMCs from the NO generation.  
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Figure 5. Adhesion and proliferation of HUASMCs cultured in media containing NO donor 

(10 μM GSNO and 10 μM GSH). (A) Fluorescent staining of HUASMCs on 316L SS, PDA, 

CuII-DA and VEGF/CuII-DA samples after culture for 2, 24 and 72 h. (B) Quantification of 

HUASMCs onto samples after 2 h of incubation (n = 12). (C) Proliferation of HUASMCs 

grown on the samples after 24 and 72 h of incubation. Data presented as mean ± SD (n = 4) and 

analyzed with a one-way ANOVA (*p < 0.05, ***p < 0.001). 

 

 

Previously, we have found that re-endothelialization is influenced by the competition 

of EC and SMC [26-28]. To understand the effect of our coating on EC and SMC 

behaviours, HUVECs and HUASMCs were co-cultured on the four surfaces and 

examined 2 and 24 h after seeding. As illustrated in Fig. 6A, a significant increase in 

HUVECs (green) and decrease in HUASMCs (red) was evident, which was enhanced 

particularly on the VEGF/CuII-DA coating with NO donor supplements. In contrast, 
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samples co-cultured in the absence of NO donor supplements exhibited negligible 

differences between the numbers of the two cell types (Fig. S5). The ratios of the two 

cell types were calculated and compared for the different time points (Fig. 6B and C). 

Obviously, the increase in the levels of HUVECs and the subsequent decrease in levels 

of HUASMCs are most visible on the NO donor-exposed VEGF/CuII-DA coating, 

indicating the promotion of HUVEC adhesion and proliferation with the simultaneous 

repression of HUASMC adhesion and proliferation. The NO-generating VEGF/CuII-

DA coatings have the ability to inhibit or enhance adhesion and proliferation of SMC 

and EC, respectively, providing a biocompatible microenvironment for vessel wall 

healing.  

 

 

Figure 6. HUVECs and HUASMCs co-cultured in cell culture media supplemented with NO 

donor (10 μM GSNO and 10 μM GSH). (A) Cell tracker green CMFDA staining of HUVECs 

(green) and red CMTMR staining of HUASMCs (red) after 2 and 24 h co-culture on the 316L 

SS, PDA, CuII-DA, and VEGF/CuII-DA samples. The ratio of HUVECs vs. HUASMCs grown 

on different sample surfaces was calculated for (B) 2 and (C) 24 h. Data presented as mean ± 

SD (n = 16) and analyzed using a one-way ANOVA (*p < 0.05, ***p < 0.001). 
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2.4 Ex vivo thrombogenic potential of coated stents. 

The VEGF/CuII-DA coating was subjected to an ex vivo blood circulation study to 

analyze its anti-thrombogenicity. Arteriovenous shunts of polyvinyl chloride (PVC) 

tube from the carotid artery to the jugular vein were prepared in New Zealand white 

rabbits for the thrombogenic assay. Uncoated and VEGF/CuII-DA-coated 316L SS foils 

were installed into two parallel shunt tubes (Fig. 7A). The samples were subjected to 

blood flowing through the arteriovenous shunts for 2 h, where the VEGF/CuII-DA-

functionalized 316L SS foils displayed a significantly lower clot thrombus formation 

than the bare SS foil (Fig. 7B). The occlusion rates of the circuits with the VEGF/CuII-

DA-coated 316L SS foils were significantly reduced compared to the uncoated 316L 

SS foils (11.8 ± 2.3% versus 86.4 ± 4.7%, respectively, Fig. 7C). The occlusion rate 

also reflects in the blood flow rates during circulation. We also found that the 

VEGF/CuII-DA-coated circuit retained a significantly higher blood flow rate of 90.1 ± 

9.1% of the initial flow rate, greatly exceeding that of the uncoated circuits at 18.7 ± 

7.4% (Fig. 6A). 

 

The reduced clot formation on the VEGF/CuII-DA-coated foils was also visible in the 

thrombus weight (Fig. 7D and E). The weight of the thrombus on the VEGF/CuII-DA 

sample was 1.7 ± 1.2 mg, compared to 19.2 ± 4.2 mg on the uncoated samples (p<0.001). 

Scanning electron microscopy (SEM) images of the sample surfaces after ex vivo 

circulation, indicate apparent thrombus formation on the uncoated samples with a fibrin 

network entrapping a large number of red blood cells, whereas on the VEGF/CuII-DA-

coated samples there was only a small amount of platelets adherent with a low degree 

of activation (Fig. 7F). These results from the ex vivo circulation demonstrate that the 

NO-inducing VEGF/CuII-DA-coated 316L SS foils provided enhanced anti-

thrombogenic properties.  
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Figure 7. Thrombogenicity of the VEGF/CuII-DA-coated 316L SS foils in a New Zealand 

white rabbit arteriovenous shunt model; NO donor (10 μM GSNO and 10 μM GSH) was 

additionally supplemented in blood during the circulation. (A) Image of the ex vivo circulation 

thrombogenicity assay of a rabbit. (B) Images of cross-sectioned tubing containing uncoated 

and VEGF/CuII-DA-coated 316L SS foils exposed for 1.5 h to blood flow in a rapid 

arteriovenous shunt model (C) Percent occlusion of the circuits’cross-sectional area. (D) 

Photographs of the thrombi formed on the uncoated and VEGF/CuII-DA-coated 316L SS foils. 

(E) Thrombus weight on the uncoated and VEGF/CuII-DA-coated 316L SS samples. (F) SEM 

images of platelet adhesion on the uncoated and VEGF/CuII-DA-coated 316L SS surface. (G) 

Blood flow rates of the uncoated and VEGF/CuII-DA-coated 316L SS generated using different 

circuits at the end of ex vivo circulation. Data presented as mean ± SD (n = 4) and analyzed 

using a one-way ANOVA (***p < 0.001). 

 

 

2.5 In vivo stent implantation.  

An in vivo stent implantation was performed in rabbit iliac arteries to examine the 

effects of VEGF/CuII-DA coating on restenosis and re-endothelialization. CD31 

(Platelet endothelial cell adhesion molecule-1, PECAM-1/CD31) immunofluorescent 
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stain of the vascular stents implanted in vivo for one week was carried out to identify 

whether the cells on the stent surface were ECs. The results detected via laser confocal 

microscope showed that VEGF/CuII-DA-coated stent was covered by a confluent 

monolayer of cells with strong positive expression of CD31, which was inferred as EC 

monolayer; however, on the uncoated 316L SS stent, CD31 fluorescence signals can 

hardly be detected (Fig. 8A), indicating the VEGF/CuII-DA coating had the ability to 

accelerate re-endothelialization. Relative fluorescence intenisty of CD31 analyzed by 

Image J further demonstrated a stronger flurorescence intensity on the surface of the 

VEGF/CuII-DA-coated stent than the bare 316L SS stain (Fig. 8D). SEM images of the 

stents after 1 and 3 months implantation also showed significantly greater re-

endothelialization on the VEGF/CuII-DA coating compared to the naked 316L SS stent 

surface (Fig. 8B). The VEGF/CuII-DA-coated stent was covered by a compact 

monolayer of ECs at 1 month, which formed a thinner layer of intima at 3months, and 

an overall defined stent profile. In contrast, the uncoated stent observed in one month 

was not fully covered by an EC layer, followed by obvious intimal hyperplasia making 

the outline of the stent unclear. 

 

Van Gieson's stains (acid fuchsin& picric acid) of hard tissue sections were used for 

histomorphometric analysis. The VEGF/CuII-DA-coated stents showed reduced 

neointimal hyperplasia, visible in the wider artery lumens, compared to narrow lumens 

at the uncoated stents, indicating that the VEGF/CuII-DA-coated stents suppressed 

restenosis (Fig. 8C). This was further examined by measuring the mean neointimal area 

at 1 and 3 months after implantation. We found that the VEGF/CuII-DA-coated stents 

maintained a low mean neointimal area with 2.3 ± 0.48 mm2 at 1 month and 3.6 ± 0.79 

mm2 at 3 months, while the uncoated stents displayed a drastic increase of the mean 

neointimal area from 4.52 ± 0.68 mm2 at 1 month to 9.87 ± 0.91 mm2 at 3 months (Fig. 

8E). Neointimal stenosis percentage was also quantified of the stent samples, where the 

uncoated stents exhibited an extreme increase from 19.8 ± 4.6% to 37.4 ± 4.9%, 

whereas the VEGF/CuII-DA-coated stents increased insignificantly from 9.7 ± 2.7% to 

15.3 ± 1.9% (Fig. 8F), indicating the capability of the VEGF/CuII-DA-coating to 

suppress the ISR.  
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Figure 8. Cardiovascular stents with and without VEGF/CuII-DA coatings for enhanced re-

endothelialization and reduced restenosis. (A) Re-endothelialization of uncoated and 

VEGF/CuII-DA-coated 316L SS stents after implantation for 1 week detected by laser confocal 

microscope after CD31 immunoflurorescence, phalloidin and DAPI stain. Stent strut was 

between two red dotted line, and the white rectangular dashed frame is the uppermost layer of 

the strut. (B) Re-endothelialization of uncoated and VEGF/CuII-DA-coated 316L SS stents after 

implantation for 1 and 3 months observed using SEM. (C) Histomorphometric analysis on ISR 

at bare 316L SS and VEGF/CuII-DA-coated stents using Van Gieson's staining of hard tissue 

slices. (D) Mean fluororescence intensity of CD31 for bare 316L SS and VEGF/CuII-DA-coated 

stents in (A). (E) Neointimal area and (F) neointimal stenosis analysis of uncoated and 

VEGF/CuII-DA-coated 316L SS stents (n=3). Data presented as mean ± SD and analyzed using 

a one-way ANOVA (***p < 0.001). 
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3. Conclusion 

In summary, we present here a multi-functional VEGF/CuII-DA stent coating capable 

of spatiotemporal dual-delivery of the growth factor VEGF and therapeutic gas NO. 

This coating was conveniently prepared on cardiovascular stents by facile and 

sequential immersion in metal-catecholamine and VEGF solutions via metal-

catecholamine coordination chemistry and spontaneous Schiff base/Michael addition 

reaction, respectively. The rapid endothelialization and long-term catalytic generation 

of NO thanks to the grafted VEGF and incorporated Cu ions, respectively, endowed the 

stents with excellent and long-term anti-coagulation and anti-intimal hyperplasia 

properties. Altogether, our data suggest that the VEGF/CuII-DA coating enables the fast 

re-endothelialization of stents followed by prevention of ISR and LST, providing the 

potential to be a feasible and effective coatings strategy to improve the clinical efficacy 

and safety of cardiovascular stents. 

 

4. Experimental section 

4.1 Preparation of PDA, CuII-DA, and VEGF/CuII-DA coatings.  

PDA, CuII-DA and VEGF/CuII-DA coatings were prepared on 316L SS discs and 

vascular stents (Ø 1.65 mm, 18 mm) respectively. In detail, the 316L SS discs and 

vascular stents were immersed in 0.25 mg/mL dopamine hydrochloride solution with 0 

and 5 μg/mL CuCl2 for 24 h at 25 ℃ to construct the PDA and CuII-DA coatings. Then 

the samples were cleaned in ion-free water using ultrasound to remove loosely attached 

molecules and ions. The CuII-DA samples were sterilized by UV light and then 

immersed in 0.5 μg/mL sterile VEGF solution in PBS (pH 7.6) for 12 h at 37 °C to 

prepare the VEGF/CuII-DA samples.  

 

4.2 Surface characterization.  

Electron paramagnetic resonance (EPR) spectra of the PDA, CuII-DA and VEGF/CuII-

DA coatings were detected to analyze the possible antiferromagnetic coupling of Cu2+ 

ions using a Bruker A320 instrument with appropriate receiver gain, modulation 

amplitude, modulation frequency, and microwave power. Matrix-assisted laser 

desorption ionization mass spectrometry (MALDI MS) analyses of the CuII-DA 

coatings were obtained by a MALDI micro MX time-of-flight mass spectrometer 

(Waters, Milford, MA) to reveal the possible reaction manner between the Cu2+ ions 
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and the dopamine molecules. Chemical structures of the PDA, CuII-DA and 

VEGF/CuII-DA coatings were determined by Fourier transform infrared spectroscopy 

(GATR-FTIR, Nicolet 5700, America) in the range of 4000-400 cm. The surface 

elemental composition of the coatings mentioned above was analyzed using X-ray 

photoelectron spectroscopy (XPS, XSAM800, Kratos Ltd, UK) at 12kV×15 mA and a 

pressure of  2×10−7 Pa. The C1s peak (binding energy 284.8 eV) served as a reference 

for charge correction. WCA was detected using a contact angle meter (DSA100, 

KrüssGmbH, Hamburg, Germany) and calculated by DSA 1.8 software. QCM-D 

equipment (Q-sense AB, Sweden) was used to quantify the weight of VEGF covalently 

immobilized onto the CuII-DA coating. Quartz crystals (AT-cut, 5 Hz, Ø 10 mm) were 

coated with CuII-DA and mounted in the QCM-D equipment chamber, and then VEGF 

solution (0.5 μg/mL, pH 7.6) was continuously perfused into the chamber until the 

curve equilibrated. Finally, PBS was perfused to remove the weakly bound VEGF. The 

mass shift of immobilized VEGF vs. time curve was recorded using QTools modeling 

software.  

 

4.3 Catalytic NO generation.  

The Cu2+ ions in the CuII-DA and VEGF/CuII-DA coatings cancatalyze the NO 

formation from the donor RSNO in the presence of the reducing agent glutathione 

(GSH). The generated NO was determined in real-time using a chemiluminescence NO 

analyzer (NOA 280i, Sievers, Boulder, CO, USA). Briefly, the CuII-DA and 

VEGF/CuII-DA coatings were prepared on 316L SS foils (5 cm × 1 cm). 5 mL of PBS 

containing 10 µM RSNO and 10 µM GSH was injected into the reactor of NO analyzer, 

then the CuII-DA and VEGF/CuII-DA samples were immersed into the reactor for at 

least 40 min. The real-time NO release curve was recorded, and the amount of NO was 

calculated according to calibration curves. To investigate the sustained NO catalytic 

abilities, the samples were immersed in PBS containing NO donor for 1, 3, 7, 15 and 

30 days respectively, where the donor solution was replaced every 12 h. The NO 

formation of the samples treated with NO donor was detected as above.   

 

4.4 Adhesion, proliferation, and migration of HUVECs and HUASMCs.  

As the growth behavior of vascular cells on vascular stents is the significant factor of 

their long-term function, the influence of CuII-DA and VEGF/CuII-DA coatings on 
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vascular cells should be systematically investigated. For adhesion of a single cell type, 

HUVECs or HUASMCs at a density of 5 × 104 cells/cm2 were seeded on 316L SS discs 

(Ø 1 cm) with PDA, CuII-DA and VEGF/CuII-coatings and cultured in complete 

medium (DMEM/F12 supplemented with 15% FBS for HUASMCs and additionally 15 

ng/ml VEGF for HUVECs) with or without NO donor supplement (10 µM SNAP and 

10 µM GSH). The NO donor was replenished every 6 h. Samples were taken out after 

2 h, 1 and 3 days, fixed with paraformaldehyde and stained by rhodamine for 

fluorescence detection. Cell proliferation was evaluated by CCK-8 according to the 

manufacturer’s instruction. 

 

For the study of the competitive adhesion of HUVECs and HUASMCs, HUASMCs 

were labeled with Cell Tracker Orange CMTMR, and HUVECs labeled with Cell 

Tracker Green CMFDA (Thermo Fisher Scientific Inc, USA). The labeled HUVECs 

and HUASMCs were respectively resuspended in DMEM/F12 medium with 15% FBS 

with or without NO donor to a concentration of 5 × 104 cells/mL. Then, 0.5 mL of 

HUVECs and HUASMCs cell suspension were mixed and seeded onto the samples in 

a 24-well cell culture plate and cultured under standard cell culture conditions for 2 and 

24 h. Then the cells on the samples were observed using a fluorescence microscope 

(IX51, Olympus, Japan), and the numbers of adherent HUVECs and HUASMCs were 

counted from at least 12 images. 

 

The migration of HUVECs and HUASMCs on PDA, CuII-DA, and VEGF/CuII-DA 

coatings were investigated as described previously [42]. Briefly, the 316L SS foils (15 

cm × 10 cm) were symmetrically folded to form a right angle. The PDA, CuII-DA, and 

VEGF/CuII-DA coatings were deposited onto one of the vertical planes. HUVECs or 

HUASMCs were seeded on the bare vertical plane at a density of 5 × 105 cells/cm2 and 

cultured for 6 h to ensure the formation of a confluent cell layer, then the samples were 

turned, allowing the adherent cells to migrate from the bare vertical plane to the coated 

one. The cells were continuously incubated for 1 day in complete medium with or 

without of NO donor. Finally, the migrated cells were stained with rhodamine and 

observed using a fluorescence microscope. 

 

4.5 Hemocompatibility evaluation by ex vivo blood circulation.  
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The ex vivo blood circulation was performed as described before [28]. All operation 

procedures of animal experiments were performed in compliance with the Chinese 

Council on Guide for the Care and Use of Laboratory Animals. A total of eight adult 

New Zealand white rabbits (2.5~3.5 kg) were used in the experiment. First, the bare 

and VEGF/CuII-DA-coated 316L SS foils (0.8 mm × 1 mm) were rolled up and affixed 

tightly onto the inner wall of a commercial PVC blood transfusion tube, which have 

been pre-immersed in 500U/mL heparin solution for 12 h. After general anesthesia and 

shaving, the left carotid artery and right jugular vein of the rabbit were exposed and 

then connected to the PVC tubes with samples to build an arteriovenous circuit. Each 

circuit contained a bifurcation, one branch was installed with a bare 316L SS foil and 

another with a VEGF/CuII-DA-coated foil. After 90 min circulation, all the 

arteriovenous circuits of the rabbits were stopped. Samples in 4 circuits were washed 

with PBS and fixed in 2.5% glutaraldehyde solution for SEM inspection. The other 4 

circuits were rinsed with PBS. Cross-section of the tubes was photographed to calculate 

the occlusion rate. The thrombus was collected, photographed, and weighted.    

 

4.6 Mechanical stability of VEGF/CuII-DA coatings and in vivo stent implantation.  

Before implantation, 316L SS vascular stents coated with VEGF/CuII-DA were 

compressed and expanded. SEM images of the VEGF/CuII-DA coatings in different 

magnifications before and after compression and expansion of the vascular stent were 

taken to investigate their mechanical stability.  

 

All the in vivo implantations of vascular stents were performed in compliance with the 

Chinese Council on Guide for the Care and Use of Laboratory Animals. Nine adult New 

Zealand white rabbits (2.5~3.5 kg) were anesthetized by 1% pentobarbital sodium. 

After shaving, the bilateral iliofemoral arteries of the rabbits were isolated. Bare 316L 

SS stents and VEGF/CuII-DA-coated stents were compressed and symmetrically 

implanted in the left and right iliac arteries, respectively. After implantation for 1 week, 

1 and 3 months, each three stents were harvested. The stent samples harvested after 1 

week were fixed in 4% paraformaldehyde, blocked with bovine serum albumin, stained 

with CD31/PECAM-1 antibody (Novus, NBP2-44342), phalloidin (Sigma, P1951) and 

DAPI (Sigma, D9542), finally scanned using laser confocal scanning microscope 

(Nikon, A1R+). The relative fluorescence intensity of  CD31 was calculated using 



25 
 

Image J. For the stent samples harvested after 1 and 3 months, each stent was 

transversely divided into two equal parts, one for SEM detection and the other for 

histomorphometric analysis. For SEM detection, the stent samples were fixed in 2.5% 

glutaraldehyde solution and longitudinally divided, then went through a series of 

processes such as dehydration, critical point drying, gold spraying and observation. For 

histomorphometric analysis, the stent samples were dehydrated, embedded in 

methacrylate solution (consisting of n-Butyl and methyl methacrylate with benzoyl 

peroxide), solidified and cut into 10 μm slices, and then stained with Van Gieson's 

solution (acid fuchsin & picric acid). 

 

4.7 Statistical analysis.  

All blood, cell, and animal assays were performed with no less than three parallel 

specimens. The data were presented as mean ± SD value. Statistical analysis was carried 

out by one-way ANOVA, with *p < 0.05 indicating significant statistical difference. 
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