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Abstract

:

Cardiovascular stents enable the rapid re-endothelialization of endothelial cells (ECs), and the constant suppression of smooth muscle cell (SMC) proliferation has been proved to effectively prevent thrombosis. However, the development and application of such stents are still insufficient due the delayed re-endothelialization progress, as well as the poor durability of the SMC inhibition. In this paper, we developed a mussel-inspired coating with the ability for the dual delivery of both growth factor (e.g., platelet-derived growth factor, PDGF) and therapeutic gas (e.g., nitric oxide, NO) for thrombosis prevention. We firstly synthesized the mussel-inspired co-polymer (DMHM) of dopamine methacrylamide (DMA) and hydroxyethyl methacrylate (HEMA) and then coated the DMHM on 316L SS stents combined with CuII. Afterwards, we immobilized the PDGF on the DMHM-coated stent and found that the PDGF could be released in the first 3 days to enhance the recruitment, proliferation, and migration of human umbilical vein endothelial cells (HUVECs) to promote re-endothelialization. The CuII could be “sealed” in the DMHM coating, with extended durability (2 months), with the capacity for catalyzed NO generation for up to 2 months to suppress the proliferation of SMCs. Such a stent surface modification strategy could enhance the development of the cardiovascular stents for thrombosis prevention.
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1. Introduction


Cardiovascular diseases (CVDs) are the main cause of chronic disability and premature death globally [1]. Clinically, the most commonly used therapy for CVDs is the cardiovascular stents intervention, including bare metal stents (BMSs) and drug-eluting stents (DESs) [2,3]. Different from the bare BMSs, the DESs can significantly lower the restenosis rate due to the localized drug delivery of biological agents to the targeted sites, with therapeutically effective drug concentration and the minimal systemic toxicity [4,5]. For example, the paclitaxel-loaded DESs could limit smooth muscle cell (SMC) proliferation for reduced late-stage in-stent restenosis (ISR) [6]. In addition, the sirolimus-loaded DESs could also arrest the smooth muscle cells by inhibiting the cell cycle progression [7]. This is because long-term excessive SMC proliferation could result in maladaptive neointimal proliferation, leading to restenosis. Unfortunately, these generally used drugs could uniformly suppress endothelial cell (EC) growth, with hampered re-endothelialization leading to the compromised efficacy of treating ISR [8,9]. To this end, the DESs could not completely eliminate the ISR, which occurs at a rate of between 5% and 10% after DESs implantation [10,11,12]. Moreover, the inevitable pathological response of stent implantation, such as EC layer damage, could cause leukocyte aggregation and inflammation, ultimately leading to thrombosis. It has been reported that rapid re-endothelialization following stent implementation (7–10 days), with accelerated EC migration and proliferation, is critical for thrombosis prevention [13]. The regenerated EC could serve as a barrier against platelet/leukocyte adhesion to inhibit ISR. Therefore, the optimized stent coating should allow for rapid re-endothelialization and then offer long-term SMC proliferation suppression to prevent thrombosis.



To date, to boost the safety and effectiveness of cardiovascular stents, significant efforts have been made to design and engineer the stent surface. For example, the mussel-inspired polydopamine (PDA) coatings present universal adhesiveness to various surfaces in physiological underwater conditions [14]. The existence of multiple functional groups could also enable the further modification of the surfaces [15]. In addition, such PDA coatings present superior biocompatibility, with promoted EC adhesion, proliferation, and migration [16]. However, the homogeneity and robustness of the PDA coating may significantly affect the performance of the cell behaviors. Growth factors, such as platelet-derived growth factor (PDGF), could improve EC recruitment, adhesion, migration, and proliferation, while reducing the severity of the initial local inflammatory response after stent implantation [17]. Nevertheless, the effective immobilization and controllable release of PDGF is still the main problem regarding stent coating preparation. In recent years, the nitric oxide (NO)-releasing coatings have attracted substantial attention. The NO can not only suppress the SMC proliferation, but it can also promote EC migration and growth [8]. For instance, researchers have demonstrated that the CuII exhibits a biomimicking glutathione peroxidase (GPx) property which could catalyze NO production by degrading endogenous NO donors in the bloodstream. Thus, the CuII could serve as the NO generation catalyzer in the NO-releasing coatings [14]. However, these NO-producing coatings are not adequate to induce early re-endothelialization quickly. More importantly, they are unable to realize the durable NO release for effective long-term SMCs inhibition. Thus, the development of novel stent coatings with rapid early re-endothelialization and long-term NO release for SMC inhibition is highly demanded in clinic.



In this paper, we developed a mussel-inspired coating with the capability of the dual delivery of both PDGF and NO for thrombosis prevention (Figure 1). We firstly synthesized the mussel-inspired co-polymer (DMHM) of dopamine methacrylamide (DMA) and hydroxyethyl methacrylate (HEMA), based on methods provided in the literature [18]. Then, we dip coated the 316L SS stents with the DMHM and CuII combined to embed the CuII into the DMHM layer. This is because the DMHM could be strongly coated on the 316L SS stents because of the presence of the adhesive catechol groups [19]. Interestingly, we found the CuII could be “sealed” in the DMHM coating during the DMHM coating assembling process, with long-term durability (2 months), which could realize the long-term NO regeneration. Then, we immobilized the PDGF on the DMHM-coated stent, with even distribution. We demonstrated that the PDGF could be released in the first 3 days to recruit the human umbilical vein endothelial cells (HUVECs) and enhance the HUVECs proliferation and migration, as well as promote endothelialization by enhancing the vascular endothelial growth factor (VEGF) production to induce the promoted ECs lineage commitment. In addition, due to the effective sealing of the CuII in the DMHM coating, it could catalyze NO production by degrading endogenous NO donors and realize long-term catalyzed NO generation for 2 months. The generated NO could suppress the SMCs proliferation by activating the cGMP pathway [8]. Therefore, such a smart combinational release of PDGF and NO could achieve rapid re-endothelialization and long-term ISR inhibition [8,20]. We hope that such a stent surface modification strategy will enhance the development of cardiovascular stents for thrombosis prevention.




2. Materials and Methods


2.1. Synthesis of the DMHM


The DMHM was synthesized based on the methods in a previous study [18]. Briefly, 3.4 mL hydroxyethyl methacrylate (HEMA, Macklin reagent, China), 1.2 g dopamine methacrylamide (DMA, Macklin reagent, China), and 84 mg azobisisobutyronitrile (AIBN, Macklin reagent, China) were added to the flask with 20 mL dimethylformamide (DMF, Macklin reagent, China). The mixture was co-polymerized at 60 °C, with nitrogen protection. The resultant product was precipitated by diethyl ether and dried in an oven. Fourier transform infrared (FTIR) spectroscopy was used for the copolymer evaluation [8].




2.2. Preparation and Characterization of the Coatings


For the preparation of the DMHM-CuII (D-Cu) coatings, the DMHM was first dissolved in the ethanol with a 4 mg/mL concentration. Then, 10 µg/mL CuCl2 (Macklin reagent, China) was added to the DMHM solution. The mirror-polished 316L SS foils (Wenhou Metal Co., Ltd., Hefei, China) were cleaned by acetone, ethanol, and DI water, followed by thoroughly drying them in air. Then, the D-Cu coated samples were immersed in the phosphate-buffered saline (PBS, pH 7.4, Thermo Fisher, Suzhou, China) with 1 µg/mL PDGF for 12 h at 37 °C to obtain the final PDGF immobilized samples (D-Cu-P). Energy-dispersive X-ray spectroscopy (EDX, Hitachi, Tokyo, Japan) was used to image and quantify the Cu element distribution and content [21,22]. The optical contact angle measuring and contour analysis systems (DataPhysics Instruments, Filderstadt, Germany) were used to evaluate the water contact angle (WCA) of the samples with 10 µL deionized (DI) water [21]. The release kinetics of the PDGF were analyzed using an enzyme-linked immunosorbent assay (ELISA) kit for PDGF, following the manufactory’s protocol [23].




2.3. Biocompatibility and Cell Recruitment Evaluations


The HUVECs (Cyagen, Suzhou, China) was used in these experiments to test the viability, adhesion, and proliferation of HUVECs on the prepared samples. Briefly, HUVECs (5 × 104 cells/cm2) were seeded onto different samples and cultured in endothelial cell medium (ECM, Sciencell, Carlsbad, CA, USA) supplemented with fetal bovine serum (10%, Gibco, Suzhou, China) and Penicillin-Streptomycin (1%, Gibco, Suzhou, China). After 1, 2, and 3 days of incubation, the Live/Dead kit (Thermo Fisher, Suzhou, China) and a CCK-8 quantification assay (Beyotime, Shanghai, China) were used to study the adhesion, viability, and proliferation of HUVECs [19].




2.4. Re-Endothelialization Evaluations


To evaluate the re-endothelialization efficacy of the coating, the cell migration of HUVECs was analyzed with HUVECs (5 × 104 cells/cm2). After the cell confluence, a p200 pipette tip was adopted to scratch the cell monolayer. After 24 h of incubation, the HUVECs were stained with crystal violet for observation. The wound healing rate was calculated by: H = (H0 − H1)/H0 × 100%, where H0 and H1 were the initial and final scratch areas, respectively [24]. Then, a tube formation assay was further adopted. In detail, round samples (10 mm in diameter) were placed in the bottom of the 24-well plate and pre-coated with Matrigel. The HUVECs (5 × 104 cells/cm2) were deposited onto the Matrigel-coated samples and incubated at 37 °C in 5% CO2. After predetermined time points, we observed the tube formation with Calcein AM staining (Beyotime, Shanghai, China). We also quantified the total branch length and the average number of junctions, based on methods described in the literature [25].




2.5. Catalyzed NO Generation and SMCs Inhibition Evaluations


We adopted human umbilical artery smooth muscle cells (HUASMCs) for the evaluation of the SMCs inhibition efficacy of coating, cell adhesion, and proliferation. HUASMCs (2 × 104 cells/cm2) were seeded onto different samples and cultured in DMEM/F12 medium (Thermo Fisher, Suzhou, China) supplemented with fetal bovine serum (10%, Gibco, China) and Penicillin-Streptomycin (1%, Gibco, China). After culturing for 2 h, 24 h, and 72 h, the SMCs were stained with Calcein AM (Beyotime, Shanghai, China) and observed by fluorescence microscopy (Nikon, Tokyo, Japan). The CuII ions in the D-Cu and D-Cu-P coatings (sealed by the DMHM co-polymer) can slowly release and catalyze the NO generation, with help of an NO donor (e.g., RSNO) and glutathione (GSH). Briefly, the D-Cu and D-Cu-P coated samples were immersed in 5 mL of PBS supplemented with 10 μM RSNO and 10 μM GSH. The NO generation occurred due to the degradation of added NO donors catalyzed by the CuII ions. The NO generation was quantified by the Griess method, in which the nitrite concentration was tested at predetermined time points [26].




2.6. Statistical Analysis


All the data were demonstrated as mean ± standard deviation (SD), with n = 3, unless otherwise stated. Then, one-way and two-way analysis of variance and Tukey’s post hoc test were adopted to analysis the statistical significance (SPSS Statistics, IBM, Armonk, NY USA). A p-value < 0.05 was considered statistically significant.





3. Results and Discussions


3.1. Preparation and Characterization of Coatings


We firstly synthesized the DMHM polymer, as described in the literature, and used the FTIR to evaluate the synthesized DMHM (Figure 2A). We found that all the characteristic peaks of the DMHM could be observed at 1290 cm−1 (catechol groups), 1400–1600 cm−1 (benzene skeleton), and 1650 cm−1 (amide in DMHM), indicating the successful materials synthesis [27]. Afterwards, we prepared the DMHM-coated 316L SS foils, along with the CuII (D-Cu), through a one-pot coating process. We used scanning electron microscopy (SEM) to observe the coating, and we found the DMHM could form a homogenous coating on the stent (Figure 2B,C). We found that the CuII could be evenly distributed and sealed in the DMHM coating, as demonstrated by the energy-dispersive X-ray spectroscopy (EDX) evaluation (Figure 2D). Next, we further immobilized the PDGF onto the prepared D-Cu samples (D-Cu-P). We used the fluorescein isothiocyanate-labelled bovine serum albumin (FITC-BSA) as a model protein and found that the PDGF could be homogeneously distributed onto the D-Cu-P due to the possible Schiff-base reaction and the electrostatic interaction (Figure 2E,F) [28]. It has been widely reported that wettability plays a critical role in the cell adhesion. Thus, we evaluated the wettability of the prepared surface. We found that the DMHM-coated and D-Cu coatings are more hydrophilic compared to the naked samples. The immobilization of PDGF led to a further decrease in the contact angle, indicating higher hydrophilicity properties (Figure 2G). Such results are consistent with those in the literature, and could result from the hydrophilicity moieties on the DMHM and PDGF [29]. Then, we tested the release of CuII and PDGF from the prepared coatings. The release of PDGF was tested by an enzyme-linked immunosorbent assay (ELISA) kit for PDGF. After the PDGF immobilization, the PDGF could be released from the D-Cu-P coating for 3 days, without burst release, indicating the DMHM could realize the stable and controllable early release of the PDGF, which is of great importance for the early re-endothelialization process (Figure 2H) [23]. Moreover, we also tested the durability of CuII sealed in the DMHM coating, and we found that the CuII presented a similar distribution under EDX analysis, after 2 months (Figure 2I). The quantification of the CuII further revealed a decrease of around 1.71% of the Cu element after 2 months, indicating the existence of residual CuII (Figure 2I and Table 1). However, we also found that the CuII element concentration in coatings decreased around 78% after 2 months (from 2.19% to 0.48%). This could be attributed to the degradation of the DMHM coating, creating a durability concern regarding our coating after 2 months, which may require further evaluation.




3.2. Biocompatibility and Cell Recruitment Evaluations


We then performed the biocompatibility and cell recruitment evaluations. We used the human umbilical vein endothelial cells (HUVECs) as the model cells, since they are critical in the re-endothelialization process. After directly seeding the HUVECs onto different samples, all the DMHM-coated samples showed significantly higher cell recruitment rates after 2 h (Figure 3A,B). The D-Cu groups presented 1.4-fold initial cell numbers compared to the 316L SS groups. In addition, we also observed the cell viability and proliferation, and found that all the groups showed over 90% cell viability, and the CuII had no detrimental effect on the cell growth (Figure 3B). As expected, the D-Cu-P presented the highest cell proliferation rate among all the groups (1.6 and 1.9-fold proliferation compared to the 316L SS and D-Cu groups), indicating that the PDGF could enhance the proliferation of HUVECs (Figure 3C). These results indicated the excellent biocompatibility of our D-Cu-P coating, which would not have a harmful effect when the released Cu enters circulation. Such results are also consistent with those in the literature. In addition, our D-Cu-P coating could also effectively recruit HUVECs and promote cell growth [30,31].




3.3. Re-Endothelialization Capacity Evaluations


Next, we moved on to the evaluation of the re-endothelialization capacity of our developed coatings. We firstly tested the HUVECs migration on our coatings because the enhanced cell migration is the key to accelerate re-endothelialization and prevent ISR. We found that the DMHM coating could enhance the HUVECs migration, which could be attributed to the increased cellular affinity after the DMHM modification. Notably, the D-Cu-P group, presented by the PDGF release, significantly increased the cell migration rate with a 2.2-fold increase in the wound healing rate compared to that of the 316L SS group (Figure 4A,C). Further, we also used the tube formation assay to validate the capacity of HUVECs to form capillary-like structures in a three-dimensional microenvironment. We found that the 316L SS group, the DMHM groups, and the D-Cu group showed a similar number of cells extending pseudopodia, with limited cell connections after 12 h (Figure 4B). However, the tubular structure was clearly visible in the D-Cu-P group. The quantification of the average tube length and branching points also revealed that the D-Cu-P group exhibited a 2.2- and 2.4-fold increase compared with the 316L SS group, revealing the superior tubulogenesis of HUVECs in the D-Cu-P group (Figure 4C,D). Since there is no NO donor in any of the experiments, the effect of CuII catalyzed NO generation could be ignored. To this end, these results collectively confirm that our D-Cu-P coating could realize re-endothelialization, along with the enhanced migration of the HUVECs, as well as tubulogenesis.




3.4. Catalyzed NO Generation and HUASMCs Inhibition Evaluations


After demonstrating the rapid re-endothelialization performance, we then studied the catalyzed NO generation and SMCs inhibition, with or without the addition of NO donors (S-nitrosothiols (RSNO) and glutathione (GSH)) [32]. We used the HUASMCs as the model cells. We found that the D-Cu and D-Cu-P groups demonstrated a substantial inhibition of the HUASMCs compared with the naked 316L SS samples after 24 h with NO donor addition (Figure 5A). The quantification evaluation of the cell number further confirmed such an inhibition effect (Figure 5B). Previously, it has been reported that the PDGF is a significant stimulant of human smooth muscle cell growth due to the activation of PDGF-Rα and enhancing of the phosphorylation of ERK1/2 and Akt [33]. However, in our study, we found that such stimulation was neutralized by the robust NO generation catalyzed by CuII. Such contradictory result could be attributed to the inhibition effects of the released NO, which could inhibit SMCs proliferation by cGMP-independent mechanisms [34]. However, such an inhibitory effect disappeared without the addition of the NO donor, indicating the potential role of NO generation in the fate modulation of the SMCs (Figure 5C). Thus, we then tested the NO regeneration of coatings with the NO donor. We found that the CuII-bearing groups could generate NO, even after 2 months. In all, the exhibited long-term NO catalyzed formation is high favorable for the long-term anti-thrombotic effects (Figure 5D). Additionally, our CuII-bearing coating, in place over 60 days, still catalyzed NO generation which is a longer period than that reported in previous studies also adopting CuII as a catalyzer. For example, the unbalanced magnetron sputtering of the Ti–Cu could only realize catalyzation up until 30 days of the CuII release [32]. Such an extended-release period of our coating demonstrated the excellent “sealing” effect of our proposed mussel-inspired co-polymer (DMHM), which could significantly enhance the durability up to 2 months and achieve the prolonged CuII catalyzing efficacy. Clinically, myocardial infarction is commonly associated with hyperglycemia, with increased glucose concentration. Thus, we noted the possibility that the CuII may possibly be reduced to CuI via such reducing agents (e.g., glucose) [35,36]. To this end, the long-term efficacy of CuII in our coating in real pathological condition requires further in-depth studies.





4. Conclusions


In this paper, we developed a mussel-inspired coating with dual delivery capabilities for PDGF and NO for use in thrombosis prevention. We synthesized the DMHM polymer followed by the coating on 316L SS stents in combination with CuII. Afterwards, we immobilized the PDGF on the DMHM-coated stent, with even distribution. We found that the PDGF could be released in the first 7 days to recruit the HUVECs, and enhance HUVECs proliferation and migration to promote re-endothelialization. The CuII could be “sealed” in the DMHM coating, with the capacity for catalyzed NO generation for up to 2 months to suppress the proliferation of HUASMCs. We hope that such stent surface modification strategy will enhance the development of the cardiovascular stents for thrombosis prevention. However, there are some limitations of our present study. (1) The long-term efficacy of CuII in our coating in real pathological condition requires further in-depth studies. The CuII could be reduced by the reducing agents (e.g., glucose) present in a myocardial infarction condition, which may compromise its efficiency. (2) The CuII element concentration in the coatings decreased by around 78% after 2 months, and the durability of the coating after 2 months rquires further characterization. (3) The in vivo compatibility evaluation of the coating should be performed to further clarify the potential toxicity of the CuII element in our coating.







Author Contributions


Experiment, H.C. and X.X.; original draft, H.C.; writing—data analysis and editing, H.C., X.X. and F.Z.; formal analysis, H.C. and X.X.; writing—review and editing, H.C., X.X. and F.Z.; supervision, H.C. and Y.S.; funding acquisition, Y.S. All authors have read and agreed to the published version of the manuscript.




Funding


The study was funded by Gusu School, Nanjing Medical University, Nanjing Medical University (GSRCKY20210203 to Y.S.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data are available upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhao, D.; Liu, J.; Wang, M.; Zhang, X.; Zhou, M. Epidemiology of cardiovascular disease in China: Current features and implications. Nat. Rev. Cardiol. 2019, 16, 203–212. [Google Scholar] [CrossRef] [PubMed]

	



Fattori, R.; Piva, T. Drug-eluting stents in vascular intervention. Lancet 2003, 361, 247–249. [Google Scholar] [CrossRef]

	



Kip, K.E.; Hollabaugh, K.; Marroquin, O.C.; Williams, D.O. The problem with composite end points in cardiovascular studies: The story of major adverse cardiac events and percutaneous coronary intervention. J. Am. Coll. Cardiol. 2008, 51, 701–707. [Google Scholar] [CrossRef]

	



Shlofmitz, E.; Iantorno, M.; Waksman, R. Restenosis of drug-eluting stents: A new classification system based on disease mechanism to guide treatment and state-of-the-art review. Circ. Cardiovasc. Interv. 2019, 12, e007023. [Google Scholar] [CrossRef]

	



Van Mieghem, C.A.; Cademartiri, F.; Mollet, N.R.; Malagutti, P.; Valgimigli, M.; Meijboom, W.B.; Pugliese, F.; McFadden, E.P.; Ligthart, J.; Runza, G. Multislice spiral computed tomography for the evaluation of stent patency after left main coronary artery stenting: A comparison with conventional coronary angiography and intravascular ultrasound. Circulation 2006, 114, 645–653. [Google Scholar] [CrossRef] [PubMed]

	



Virmani, R.; Liistro, F.; Stankovic, G.; Di Mario, C.; Montorfano, M.; Farb, A.; Kolodgie, F.D.; Colombo, A. Mechanism of late in-stent restenosis after implantation of a paclitaxel derivate–eluting polymer stent system in humans. Circulation 2002, 106, 2649–2651. [Google Scholar] [CrossRef] [PubMed]

	



Nakazawa, G.; Finn, A.V.; Vorpahl, M.; Ladich, E.R.; Kolodgie, F.D.; Virmani, R. Coronary responses and differential mechanisms of late stent thrombosis attributed to first-generation sirolimus-and paclitaxel-eluting stents. J. Am. Coll. Cardiol. 2011, 57, 390–398. [Google Scholar] [CrossRef]

	



Qiu, H.; Qi, P.; Liu, J.; Yang, Y.; Tan, X.; Xiao, Y.; Maitz, M.F.; Huang, N.; Yang, Z. Biomimetic engineering endothelium-like coating on cardiovascular stent through heparin and nitric oxide-generating compound synergistic modification strategy. Biomaterials 2019, 207, 10–22. [Google Scholar] [CrossRef]

	



Lee, J.M.; Choe, W.; Kim, B.-K.; Seo, W.-W.; Lim, W.-H.; Kang, C.-K.; Kyeong, S.; Eom, K.D.; Cho, H.-J.; Kim, Y.-C. Comparison of endothelialization and neointimal formation with stents coated with antibodies against CD34 and vascular endothelial-cadherin. Biomaterials 2012, 33, 8917–8927. [Google Scholar] [CrossRef]

	



Serruys, P.W.; Silber, S.; Garg, S.; Van Geuns, R.J.; Richardt, G.; Buszman, P.E.; Kelbæk, H.; Van Boven, A.J.; Hofma, S.H.; Linke, A. Comparison of zotarolimus-eluting and everolimus-eluting coronary stents. N. Engl. J. Med. 2010, 363, 136–146. [Google Scholar] [CrossRef]

	



Aoki, J.; Kozuma, K.; Awata, M.; Nanasato, M.; Shiode, N.; Tanabe, K.; Yamaguchi, J.; Kusano, H.; Nie, H.; Kimura, T. Three-year clinical outcomes of everolimus-eluting stents from the post-marketing surveillance study of cobalt-chromium everolimus-eluting stent (XIENCE V/PROMUS) in Japan. Circ. J. 2016, 80, 906–912. [Google Scholar] [CrossRef]

	



Kozuma, K.; Kimura, T.; Kadota, K.; Suwa, S.; Kimura, K.; Iwabuchi, M.; Kawai, K.; Miyazawa, A.; Kawamura, M.; Nakao, K. Angiographic findings of everolimus-eluting as compared to sirolimus-eluting stents: Angiographic sub-study from the Randomized Evaluation of Sirolimus-eluting versus Everolimus-eluting stent Trial (RESET). Cardiovasc. Ther. 2013, 28, 344–351. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.-J.; Yang, Y.-J.; Xu, B.; Zhang, Q.; Jin, C.; Tang, Y.; Tian, Y.; Mintz, G.S. Atorvastatin Accelerates Both Neointimal Coverage and Re-Endothelialization After Sirolimus-Eluting Stent Implantation in a Porcine Model–New Findings From Optical Coherence Tomography and Pathology. Circ. J. 2012, 76, 2561–2571. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Y.; Zhang, Y.; Zhao, Q.; Xie, Y.; Luo, R.; Yang, P.; Weng, Y. Immobilization of nano Cu-MOFs with polydopamine coating for adaptable gasotransmitter generation and copper ion delivery on cardiovascular stents. Biomaterials 2019, 204, 36–45. [Google Scholar] [CrossRef] [PubMed]

	



Ryu, J.H.; Messersmith, P.B.; Lee, H. Polydopamine surface chemistry: A decade of discovery. ACS Appl. Mater. Interfaces 2018, 10, 7523–7540. [Google Scholar] [CrossRef]

	



Zhang, Z.-Q.; Yang, Y.-X.; Li, J.-A.; Zeng, R.-C.; Guan, S.-K. Advances in coatings on magnesium alloys for cardiovascular stents–a review. Bioact. Mater. 2021, 6, 4729–4757. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.-L.; Li, B.-C.; Li, Z.-J.; Ren, K.-F.; Jin, L.-J.; Zhang, S.-M.; Chang, H.; Sun, Y.-X.; Ji, J. Electropolymerization of dopamine for surface modification of complex-shaped cardiovascular stents. Biomaterials 2014, 35, 7679–7689. [Google Scholar] [CrossRef] [PubMed]

	



Shao, H.; Bachus, K.N.; Stewart, R.J. A water-borne adhesive modeled after the sandcastle glue of P. californica. Macromol. Biosci. 2009, 9, 464–471. [Google Scholar] [CrossRef] [PubMed]

	



Tu, Q.; Zhao, X.; Liu, S.; Li, X.; Zhang, Q.; Yu, H.; Xiong, K.; Huang, N.; Yang, Z. Spatiotemporal dual-delivery of therapeutic gas and growth factor for prevention of vascular stent thrombosis and restenosis. Appl. Mater. Today 2020, 19, 100546. [Google Scholar] [CrossRef]

	



Cornwell, T.L.; Arnold, E.; Boerth, N.J.; Lincoln, T.M. Inhibition of smooth muscle cell growth by nitric oxide and activation of cAMP-dependent protein kinase by cGMP. Am. J. Physiol. 1994, 267, C1405–C1413. [Google Scholar] [CrossRef]

	



Liu, H.; Pan, C.; Zhou, S.; Li, J.; Huang, N.; Dong, L. Improving hemocompatibility and accelerating endothelialization of vascular stents by a copper-titanium film. Mater. Sci. Eng. C 2016, 69, 1175–1182. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.; Pu, C.; Fisher, R.K.; Mountain, D.J.; Gao, Y.; Liaw, P.K.; Zhang, W.; He, W. A Zr-based bulk metallic glass for future stent applications: Materials properties, finite element modeling, and in vitro human vascular cell response. Acta Biomater. 2015, 25, 356–368. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Zeng, Y.; Zhang, C.; Chen, Y.-X.; Yang, Z.; Li, Y.; Leng, X.; Kong, D.; Wei, X.-Q.; Sun, H.-F. The prevention of restenosis in vivo with a VEGF gene and paclitaxel co-eluting stent. Biomaterials 2013, 34, 1635–1643. [Google Scholar] [CrossRef] [PubMed]

	



Riahi, R.; Yang, Y.; Zhang, D.D.; Wong, P.K. Advances in wound-healing assays for probing collective cell migration. J. Lab. Autom. 2012, 17, 59–65. [Google Scholar] [CrossRef]

	



DeCicco-Skinner, K.L.; Henry, G.H.; Cataisson, C.; Tabib, T.; Gwilliam, J.C.; Watson, N.J.; Bullwinkle, E.M.; Falkenburg, L.; O’Neill, R.C.; Morin, A. Endothelial cell tube formation assay for the in vitro study of angiogenesis. J. Vis. Exp. 2014, 91, e51312. [Google Scholar] [CrossRef] [PubMed]

	



Schulz, K.; Kerber, S.; Kelm, M. Reevaluation of the Griess method for determining NO/NO−2 in aqueous and protein-containing samples. Nitric Oxide 1999, 3, 225–234. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Xu, T.; Bei, H.P.; Zhao, Y.; Zhao, X. Sculpting Bio-Inspired Surface Textures: An Adhesive Janus Periosteum. Adv. Funct. Mater. 2021, 31, 2104636. [Google Scholar] [CrossRef]

	



Luo, R.; Tang, L.; Wang, J.; Zhao, Y.; Tu, Q.; Weng, Y.; Shen, R.; Huang, N. Improved immobilization of biomolecules to quinone-rich polydopamine for efficient surface functionalization. Colloids Surf. B 2013, 106, 66–73. [Google Scholar] [CrossRef] [PubMed]

	



Davoudi, P.; Assadpour, S.; Derakhshan, M.A.; Ai, J.; Solouk, A.; Ghanbari, H. Biomimetic modification of polyurethane-based nanofibrous vascular grafts: A promising approach towards stable endothelial lining. Mater. Sci. Eng. C 2017, 80, 213–221. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, F.; Zhang, Q.; Li, X.; Huang, N.; Zhao, X.; Yang, Z. Mussel-inspired dopamine-CuII coatings for sustained in situ generation of nitric oxide for prevention of stent thrombosis and restenosis. Biomaterials 2019, 194, 117–129. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Q.; Shi, X.; Tan, X.; Wang, R.; Xiong, K.; Maitz, M.F.; Cui, Y.; Hu, Z.; Tu, Q.; Huang, N. Durable endothelium-mimicking coating for surface bioengineering cardiovascular stents. Bioact. Mater. 2021, 6, 4786–4800. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Akhavan, B.; Jing, F.; Cheng, D.; Sun, H.; Xie, D.; Leng, Y.; Bilek, M.M.; Huang, N. Catalytic Formation of Nitric Oxide Mediated by Ti–Cu Coatings Provides Multifunctional Interfaces for Cardiovascular Applications. Adv. Mater. Interfaces 2018, 5, 1701487. [Google Scholar] [CrossRef]

	



Li, L.; Blumenthal, D.K.; Terry, C.M.; He, Y.; Carlson, M.L.; Cheung, A.K. PDGF-induced proliferation in human arterial and venous smooth muscle cells: Molecular basis for differential effects of PDGF isoforms. J. Cell. Biochem. 2011, 112, 289–298. [Google Scholar] [CrossRef] [PubMed]

	



Ignarro, L.J.; Buga, G.M.; Wei, L.H.; Bauer, P.M.; Wu, G.; del Soldato, P. Role of the arginine-nitric oxide pathway in the regulation of vascular smooth muscle cell proliferation. Proc. Natl. Acad. Sci. USA 2001, 98, 4202–4208. [Google Scholar] [CrossRef] [PubMed]

	



Hori, M.; Nishida, K. Oxidative stress and left ventricular remodelling after myocardial infarction. Cardiovasc. Res. 2009, 81, 457–464. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, A.; Kaneto, H.; Miyatsuka, T.; Yamamoto, K.; Yoshiuchi, K.; Yamasaki, Y.; Shimomura, I.; Matsuoka, T.A.; Matsuhisa, M. Role of copper ion in the pathogenesis of type 2 diabetes. Endocr. J. 2009, 56, 699–706. [Google Scholar] [CrossRef]








[image: Biomolecules 12 01715 g001 550] 





Figure 1. The schematic showing the surface modification strategy of the cardiovascular stent with the dual delivery of PDGF and NO. 
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Figure 2. The evaluation of the surface modification of the 316L SS foils. (A) FTIR spectra of the synthesized DMHM (the dotted line indicated the position of specific peaks). (B,C) SEM evaluation of the stents after DMHM and CuII coating. (D) The EDX evaluation of the Cu element on the DMHM- and CuII-coated samples. (E,F) The evaluation of the PDGF immobilization through the fluorescence intensity of FITC-BSA. (G) The contact angle evaluation of the prepared coatings. (H) The cumulative PDGF release of the PDGF immobilization samples. (I) The EDX evaluation of the Cu element after 2 months. ** p < 0.01 and *** p < 0.001 denote the statistical significance. 
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Figure 3. The biocompatibility and cell recruitment evaluations of the coated samples. (A) Live/dead staining of the HUVECs after 2, 24, and 72 h. (B) Cell adhesion rate, (C) viability, and (D) proliferation rate of the samples. * p < 0.05 and *** p < 0.001 denote the statistical significance. 
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Figure 4. Re-endothelialization capacity evaluations of HUVECs. (A) HUVECs migration assay and (B) tube formation assay for the different coated samples. (C) The quantification of cell migration rate in the migration assay. The quantification of (D) branch points and (E) total length of tubulars in tube formation assay. ** p < 0.01 and *** p < 0.001 denote the statistical significance. 
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Figure 5. Catalyzed NO generation and SMCs inhibition evaluations. (A) Live/dead staining of the SMCs after 2, 24, and 72 h. (B) Cell adhesion rate, (C) viability, and (D) proliferation rate of the samples. *** p < 0.001 denote the statistical significance. 






Figure 5. Catalyzed NO generation and SMCs inhibition evaluations. (A) Live/dead staining of the SMCs after 2, 24, and 72 h. (B) Cell adhesion rate, (C) viability, and (D) proliferation rate of the samples. *** p < 0.001 denote the statistical significance.



[image: Biomolecules 12 01715 g005]







[image: Table] 





Table 1. The relative chemical compositions of the DMHM-CuII coating initially and after 2 months.
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	Time (Days)
	C (%)
	N (%)
	O (%)
	Cu (%)





	0
	74.33 ± 2.34
	11.29 ± 1.97
	12.19 ± 1.33
	2.19 ± 0.35



	60
	75.73 ± 3.14
	11.47 ± 1.83
	12.32 ± 1.02
	0.48 ± 0.05
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