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Abstract

Stenting is the primary treatment for vascular obstruction-related cardiovascular
diseases, but it inevitably causes endothelial injury which may lead to severe
thrombosis and restenosis. Maintaining nitric oxide (NO, a vasoactive mediator)
production and grafting endothelial glycocalyx such as heparin (Hep) onto the surface
of cardiovascular stents could effectively reconstruct the damaged endothelium.
However, insufficient endogenous NO donors may impede NO catalytic generation and
fail to sustain cardiovascular homeostasis. Here, a dopamine-copper (DA-Cu) network-
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based coating armed with NO precursor L-arginine (Arg) and Hep (DA-Cu-Arg-Hep)
is prepared using an organic solvent-free dipping technique to form a nanometer-thin
coating onto the cardiovascular stents. The DA-Cu network adheres tightly to the
surface of stents and confers excellent NO catalytic activity in the presence of
endogenous NO donors. The immobilized Arg functions as a NO fuel to generate NO
via endothelial nitric oxide synthase (eNOS), while Hep works as eNOS booster to
increase the level of eNOS to decompose Arg into NO, ensuring a sufficient supply of
NO even when endogenous donors are insufficient. The synergistic interaction between
Cu and Arg is analogous to a gas station to fuel NO production to compensate for the
insufficient endogenous NO donor in vivo. Consequently, it promotes the reconstruction
of natural endothelium, inhibits smooth muscle cell (SMC) migration, and suppresses
cascading platelet adhesion, preventing stent thrombosis and restenosis. We anticipate
that our DA-Cu-Arg-Hep coating will improve the quality of life of cardiovascular
patients through improved surgical follow-up, increased safety, and decreased

medication, as well as revitalize the stenting industry through durable designs.

Keywords
Cardiovascular stent coating; anti-restenosis; anti-thrombosis; endothelium-mimicking;

long-term nitric oxide production

1. Introduction

Cardiovascular disease (CVD) is the leading cause of disability and premature death.[1,
2] Plaque deposition, the accumulation of cellular debris, fatty substances, and
connective tissue at the lesion site, are the major contributors of vascular blockage in
CVD; its growth, calcification, and constriction of blood vessels eventually reduce
blood flow.[3] Surgical intervention with cardiovascular stents (CVSs) is widespread
to treat CVD with vascular obstruction.[4] However, stenting inevitably damages the
endothelial structure, decreasing endothelial NO synthase (eNOS) activity and
impairing NO production. This inability to maintain vascular homeostasis and
ultimately exacerbates vascular obstruction by aggregated platelets and overgrown
smooth muscle cells (SMCs).[5-7] Endothelial polysaccharide (such as heparin (Hep))
and nitric oxide (NO) produced by endothelial cells (ECs) maintain the anti-coagulant

environment under physiological conditions.[8-10] Hep glycocalyx inhibits



fibrinogen/platelet adhesion and promotes NO production by increasing eNOS
activity.[7, 11-13] Afterwards, the synthesized NO will feed back to EC to enhance
migration/proliferation (re-endothelialization), and the activated NO-cyclic guanylate
monophosphate (cGMP) pathway further inhibits platelet adhesion/activation (anti-
thrombosis) as well as SMC migration/proliferation (anti-restenosis).[14, 15] That is,
to prevent thrombosis and restenosis following stenting, it is essential to design an
endothelium-mimicking vascular stent with NO-producing capabilities.

Recently, scientists have developed numerous NO-releasing/generating CVS
coatings.[7, 16, 17] Due to its adhesive catechol structure, dopamine (DA) has been
widely used in coating fabrication. For example, nanometer-thin dopamine-copper
(DA-Cu) coatings with robust NO catalytic activity have been created.[17-19] Owing
to the glutathione peroxidase (GPx)-like activity of Cu, these coatings are able to
decompose endogenous S-nitrosothiols (RSNOs) into NO in vitro for more than 30
days.[19, 20] However, the coating designs often do not consider the low local
concentration and short half-life of endogenous NO donors in actual pathophysiological
microenvironments, so they may not support adequate NO catalyzing dosage in vivo.
In patients with CVD, oxidative stress increases thioredoxin secretion, which
accelerates the denitrosation and decomposition of endogenous RSNOs, resulting in a
significant decrease in plasma RSNO concentration from 39 nmol/L (normal state) to
15 nmol/L (disease state).[21, 22] This poses a risk of insufficient NO generation from
RSNOs in vivo, jeopardizing the long-term safety and efficacy of the coatings. Herein,
in addition to incorporating NO catalyzing moieties into the CVS coating system, NO
precursors should also be supplied to compensate for the potential reduction in RSNO
levels in the actual pathophysiological microenvironment. As a naturally existing NO
precursor in vivo, L-arginine (Arg) can generate NO via eNOS regardless of levels of
endogenous RSNOs, ensuring adequate NO supply and NO storage.[23] Meanwhile,
considering the disruption of endothelial structure and the impairment of eNOS, the
introduction of glycocalyx Hep not only provides anticoagulant properties, but also
increases the level of eNOS, thus facilitating NO production from Arg to maintain
vascular homeostasis. Accordingly, incorporating Arg and Hep into the coating system
is expected to prevent the systemic administration of RSNOs after stenting, reducing
adverse effects such as vasodilation and hypotension.[24]

Here, a DA/hexamethylenediamine (HD)-Cu network with Arg and Hep



immobilization is used to produce an endothelium-mimicking, self-sustaining NO-
fueling stent coating. In this system, DA adheres firmly to the stent surface via catechol
interactions, while HD provides sufficient amino groups for surface grafting,
establishing a solid foundation for biomolecule anchoring. DA and Cu form a
coordination compound by complexation, where Cu can catalyze NO generation in situ
by decomposing endogenous RSNOs. NO precursor Arg is covalently grafted to DA
via Schiff base Michael addition, and releases NO under the influence of eNOS.
Meanwhile, the grafted endothelial glycocalyx Hep enhances eNOS activity to facilitate
NO production from Arg, forming a self-sustaining NO-producing and endothelium-
mimicking stent coating and ensuring a sufficient and continuous supply of NO after
stenting, even in the presence of low endogenous RSNOs (Fig. 1). This design enables
each component of the DA-Cu-Arg-Hep coating to work complementarily and
synergistically in endothelium reconstruction. From the aspect of coating stability, the
DA-Cu base improves the hydrophilicity of the stent surface and provides abundant
surface grafting sites. Then, the incorporation of Arg provides sufficient NO storage
and the Hep modification enhances the hemocompatibility of the coating. From the
aspect of coating function, Cu, Arg and Hep synergistically facilitate the NO production.
Specifically, Cu acts as NO catalyzer, Arg serves as NO fuel, while Hep works as eNOS
booster, and such supply chain compensates for the possible reduced levels of RSNOs
in the actual pathophysiological microenvironment. Thus, this DA-Cu-Arg-Hep coating
itself serves as a gas reactor to self-sustain NO production, fully fueling the regulation
of vascular cell behavior without the need for additional input from the systemic
administration of RSNOs. We anticipate that our DA-Cu-Arg-Hep coatings will
promote re-endothelialization and inhibit platelet adhesion and SMC
adhesion/proliferation/migration, and overcome the challenge of stent thrombosis and

restenosis.
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Fig. 1. A schematic illustrating the structure and function of an endothelium-
mimicking, self-sustaining NO-fueling DA-Cu-Arg-Hep coating for
cardiovascular stents. The proposed DA-Cu-Arg-Hep coating has a structure that
resembles endothelium. The DA polymerizes and forms a network to allow sufficient
Arg and Hep grafting, and Cu catalytically and continuously decomposes the
endogenous NO donors (RSNOs) from the blood into NO. Meanwhile, Arg is converted
to NO by eNOS whose activity can be upregulated by Hep. It compensates for the
possibly diminished levels of RSNOs within the actual pathophysiological
microenvironment. Such a combination of the DA-Cu network, Arg, and Hep
reconstructs the endothelium structure and functions synergistically to ensure a
sufficient, continuous, and self-sustainable supply of NO after stenting. In addition, it
promotes EC migration and proliferation (a crucial role of endothelialization), inhibits
platelet adhesion/activation/aggregation (a critical event in thrombosis), and SMC
migration and proliferation (a significant factor contributing to restenosis), eventually

enhancing re-endothelialization while inhibiting stent thrombosis and restenosis.



2. Materials and Methods

2.1 Materials

DA, HD, CuCly-2H>0, 2-(N-morpholino) ethanesulfonic acid hydrate (MES), N-
hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC),
and S-Nitroso-Nacetylpenicillamine (SNAP) were purchased from Sigma-Aldrich,
USA. Glutathione (GSH), Hep, and tris-(hydroxymethyl)-aminomethane hydrochloride
(Tris-HCI) originated from Aladdin, China. Total NO assay kit, 3-Amino,4-
aminomethyl-2',7'-difluorescein diacetate (DAF-FM DA) probe and NG-Monomethyl-
L-arginine (L-NMMA) were supplied by Beyotime, China. FITC-Phalloidin, TRITC-
phalloidin, 4’,6-diamidino-2-phenylindole (DAPI), and cell counting kit-8 (CCK-8),
Cell Tracker green and red were from Thermo Fisher, Hong Kong. cGMP enzyme
linked immunosorbent assay (ELISA) Kit and eNOS ELISA Kit were from Elabscience,
China. CD31 antibody and the FITC-secondary antibody was from Novus Biologicals,
USA. Finally, human umbilical vein endothelial cells (HUVECs) were from ATCC,
USA; human umbilical artery smooth muscle cells (HUASMCs) were from
Otwobiotech, China; endothelial cell culture medium (ECM) and kit were from
Sciencell, USA; and vascular smooth muscle cell medium and kit were from

Otwobiotech, China.

2.2 Preparation of DA-Cu-Arg-Hep coatings

DA (1 mg/mL) and HD (2.44 mg/mL) were dissolved in pH 8.5 Tris-HCI (10 mM).
CuCl>-2H0 (5 pg/mL) was then added to prepare a DA-Cu solution.[19] 316L SS foils
and vascular stents were immersed in DA-Cu solution at room temperature for 24 h to
prepare DA-Cu coatings onto the 316L SS substrates. Subsequently, the DA-Cu coated
samples were immersed in a 1 mg/mL Arg solution (dissolved in PBS, pH 7.4) for 24 h
to prepare the DA-Cu-Arg coatings.[17] Then, Hep (I mg/mL) was preactivated by
NHS (0.5 mg/mL) and EDC (1 mg/mL) in a 10 mg/mL MES (pH 5.5) solution for 20
min, and the DA-Cu-Arg samples were dipped into the above-stated activated Hep
solution for 24 h and rinsed with ultrapure water.[7] The samples were ultraviolet (UV)-

sterilized for 30 min.

2.3 Characterization of DA-Cu-Arg-Hep coatings



The chemical structure of the DA-Cu chelation was analyzed using the Matrix Assisted
Laser Desorption/lonization-Time of Flight Mass Spectrometer (MALDI-TOF, Bruker,
Germany). Using X-ray photoelectron spectroscopy (XPS, Thermo Scientific NEXSA),
the elemental composition of coating surfaces was determined. Using attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR, Thermo Scientific
NEXSA), the chemical structure of DA-Cu-Arg-Hep coatings was determined.
Through scanning electron microscopy (SEM, Tescan VEGA3, Czech Republic), the
surface morphology was examined. The mass of Arg immobilized onto the DA-Cu and
Hep grafted onto the DA-Cu-Arg coating was determined using a quartz crystal
microbalance with dissipation equipment (QCM-D, Q-sense AB, Sweden). Arg graft
quantification was performed by inserting the coated samples into the QCM-D chamber
and then injecting Arg solution into the QCM-D system. After saturation of Arg grafting,
the samples were washed with PBS for 8 h to remove the weakly bound Arg and the
residual Arg then indicated the Arg grafting amount. The final adsorbed mass was
calculated according to the Sauerbrey equation. Similarly, for Hep quantification, the
Hep solution was injected into the QCM-D system until the absorption was saturated,
then the samples were washed with PBS for 8 h to remove the weakly bound Hep, and
the final data were recorded to calculate the final adsorption mass. Using a
spectroscopic ellipsometer (M-2000V, J.A. Woollam, USA), the coating thickness was
measured. Water contact angle (WCA) was examined using a contact angle meter
(OCA-20, Dataphysics Instruments, Germany) and calculated by the DSA 1.8 software
to determine surface hydrophilicity at room temperature. A balloon dilation test was
used to evaluate the mechanical stability of the coatings. The angioplasty balloon was
connected to the DA-Cu-Arg-Hep-coated 316L SS cardiovascular stent. After the
balloon was expanded for 1 min at 9 atm pressure, the expanded stent was examined
by SEM to determine if the coating had any cracks.[18] Finally, the long-term stability
of the DA-Cu-Arg-Hep coating under phosphate buffer saline (PBS) flow was
performed by installing dilated DA-Cu-Arg-Hep stents into a polyvinyl chloride (PVC)
tube and connecting it to a peristaltic pump with 200 mL/min PBS flush for 30 days.

SEM was used to observe the surface morphology changes.

2.4 Evaluation of long-term NO production

To validate eNOS elevation effect of Hep and NO production effect of Arg, eNOS



inhibition test was carried out. Briefly, HUVECs were seeded at 5 x 10* cells/cm? on
the coated samples in the medium with or without eNOS inhibitor L-NMMA (0.5 mM,
supplemented every 24 h). After co-culture for 3 days, the eNOS level was measured
by ELISA, the NO production was quantified by total NO kit and the NO signal was
traced by DAF-FM DA probe. For long-term NO production, bare 316L SS, DA-Cu
and DA-Cu-Arg-Hep coated foils (the coated samples were prepared as described in
2.2, where 1 mg/mL DA, 5 pg/mL CuCl>-2H>O, 1 mg/mL Hep and 1 mg/mL Arg were
used). All the samples were immersed at 37°C in 1 mL of PBS (pH 7.4) containing NO
donors (10 uM GSH and 10 uM SNAP, replaced every 6 h).[25-27] A total NO assay
kit was used to quantify the long-term NO production for 1, 5, 10, 15, and 30 days. To
examine the NO production from Arg, samples immersed in PBS at 0, 7, 14 and 28 days
were removed, and HUVECs were seeded at 5 x 10* cells/cm? on each sample in the
medium with or without NO donors (10 puM GSH and 10 uM SNAP) to evaluate the
effect of Arg on NO production. The NO production at the cellular level was tracked
using the DAF-FM DA probe, and the NO fluorescent signal was observed using a

fluorescence microscope (DM2500, Leica, Germany).

2.5 Evaluation of adhesion, proliferation and migration of HUVECs and
HUASMC:s on the developed coatings

HUVECs or HUASMCs were seeded at 5 x 10* cells/cm? on bare and coated foils (DA,
DA-Cu, DA-Cu-Arg, DA-Cu-Hep and DA-Cu-Arg-Hep coatings). The cells were then
cultured either with or without NO donors (10 puM GSH and 10 pM SNAP,
supplemented every 6 h). Live/dead staining was carried out to evaluate the cytotoxicity
of the coatings. In brief, after co-culture of cells and samples with NO donors for 72 h,
Calcein-AM and pyridine iodide (PI) solution was prepared by diluting the concentrates
at a ratio of 1:1000 and 1:500 and incubation at 37°C for 20 min. The live (green) and
dead (red) cells were observed using a fluorescence microscope. Samples were fixed
with 4% paraformaldehyde and stained with FITC-phalloidin for fluorescence detection
after 2, 24, and 72 h to examine cell adhesion and morphology. CCK-8 was used to
assess cell proliferation on various coatings after 24 and 72 h of culture, and the results
were normalized with respect to the amount of cells on the 316L SS group to obtain
relative cell growth data.

To study the cell migration behaviors, the 316L SS foils (1.5 cm x 1.5 cm) were



folded in half vertically. Half of the foil was immersed in the reaction solution to form
a coating on one side while the other remained uncoated. Before migration experiments,
cells were seeded on one side of the semi-uncoated 316L SS surfaces and incubated for
4 h to ensure cell attachment. The side not covered by cells was then turned vertically
and transferred to a new plate with fresh medium (NO donors were refreshed every 6
h), allowing the cells to migrate from the cell-covered side to the coating side. The
samples were stained with FITC-phalloidin after 24 h. The cell migration was finally

observed using a fluorescence microscope.[17]

2.6 Study on the competitive adhesion of HUVECs and HUASMCs on the
developed coatings

By co-seeding these two cell types on the uncoated and coated surfaces, the competitive
adhesion behaviors of HUVECs and HUASMCs were examined. Fluorescent cell
trackers were pre-labeled with different colors to identify different cells. Green
fluorescence was used to label HUVECs, whereas red fluorescence was used to label
HUASMC:s. The pre-labeled HUVEC and HUASMC suspensions were combined in
equal volume and plated at 2 x 10 cells/cm? on uncoated and coated samples (DA, DA-
Cu, DA-Cu-Arg, DA-Cu-Hep and DA-Cu-Arg-Hep coatings). After 24 and 72 h of
culture (NO donors were replaced every 6 h), the cells on the samples were observed
using a fluorescence microscope. The number of adhered cells was calculated from at
least ten images using Image J software to determine the effects of different coatings

on competitive adhesion of HUVECs and HUASMCs.[28]

2.7 Platelet adhesion assay

Fresh blood from male Sprague-Dawley rats (350-450 g) in good health was utilized.
Blood collection was conducted following procedures approved by the Hong Kong
Polytechnic University's Ethics Committee (18-19/70-BME-R-GRF). To verify the
bioactivity of Hep, anti-Factor Xa (FXa) assay was performed following the guidance
of the manufacturer. Briefly, platelet-poor plasma (PPP) was obtained by centrifugation
of full blood under 3,000 rpm for 15 min, then the samples were incubated with 50 uLL
PPP at 37°C for 30 min. Afterwards, FXa testing reagents, including GENMED buffer,
negative fluid and substrate solution, were added into each sample. After incubation for

60 min at 37°C, 100 pL of the supernatant was transferred to a new 96-well plate, and



absorbance was measured at 405 nm using a microplate reader. Afterwards, fibrinogen
adsorption and activation were tested by measuring the level of fibrinogen (FN) and
fibrinogen gamma chain (Fg-y), respectively. Briefly, all the samples were incubated
with 100 pL PPP with NO donors at 37°C for 2 h. The samples were then washed by
PBS. For FN measurement, 100 uL of HRP labeled anti-rat fibrinogen was added and
incubated at 37°C for 60 min, and then 50 pL chromogenic substrate 3,3',5,5'-

tetramethylbenzidine solution (TMB) was added and incubated for 10 min. The reaction
was terminated by introducing quenching buffer and the absorbance was measured at
405 nm. Similarly, for Fg-y measurement, 100 pL of HRP labeled anti-rat fibrinogen y
chain was added and incubated for 60 min, followed by the introduction of 50 uL TMB
solution and color reaction termination by quenching buffer, and the absorbance was
measured at 405 nm. For platelet observation, platelet-rich plasma (PRP) was obtained
by centrifuging whole blood at 1,500 rpm for 15 min. The platelet count of PRP was
2.56 x 107 cells/mL and the PRP was diluted prior to seeding onto the surface of coated
samples at 3x10* cells/well. The platelets were then incubated for 2 h at 37°C with NO
donors. For adhesion observation, all samples were washed with PBS and preserved
with 2.5% glutaraldehyde solution at 4°C overnight, followed by dehydration and
dealcoholization with increasing ethanol concentrations (30, 50, 70, 90, and 100%).
Each sample's platelet morphology was analyzed using SEM. To visualize platelet
adhesion, Calcein-AM and PI were used to stain live and dead platelets respectively.
Briefly, Calcein-AM and PI solution was prepared by diluting the concentrates at a ratio
of 1:1000 and 1:500 and incubated at 37°C for 20 min. The platelets were observed by
a fluorescence microscope and the number of adhered platelets was calculated using
Image J software. To investigate the mechanism of anti-platelet effect, after 2 h of
incubation with PRP, Triton-X was added followed by sonication. The mixture of co-
incubation system was centrifuged at 2,500 rpm for 5 min, and the supernatant was

collected and analyzed using a cGMP ELISA kit.[7, 29]

2.8 Underlying mechanism elucidation

To evaluate the possible mechanism and downstream signaling pathways influenced by
DA-Cu-Arg-Hep coating, RNA sequence analysis was performed. Briefly, HUVECs
were seeded at 5 x 10 cells/cm? onto bare and DA-Cu-Arg-Hep surface (supplemented

NO donors every 6 h). After 3 days of incubation, total RNA of each group was
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extracted by Trizol reagent. Afterwards, NEBNextRUItraTM RNA Library Prep Kit
was used to prepare RNA-seq libraries, and the sequencing was performed using the
[llumina hiseqx-10 platform. Gene Ontology (GO) enrichment and Kyoto Encyclopedia
of Genes and Genomes (KEGQG) analysis were performed using the cluster Profiler R

package.[30]

2.9 Evaluation of the anti-thrombogenic efficacy ex vivo of the stent coatings

To further assess the anti-thrombogenicity of the developed coatings, an ex vivo rabbit
arteriovenous (AV)-shunt model was established. Six male adult New Zealand white
rabbits (3.5 - 4.0 kg) were used for this experiment, and each rabbit had 4 shunted PVC
tubes (Fig. 6A), i.e., 4 parallels for each group. The ex vivo experiment was conducted
according to procedures approved by the Ethics Committee of Affiliated Dongguan
Hospital, Southern Medical University (K2022-01-011-014). Before the animal
experiments, the bare, DA, DA-Cu, DA-Cu-Arg, DA-Cu-Hep and DA-Cu-Arg-Hep
coated 316L SS foils were affixed into the wall of a commercial PVC blood transfusion
system. After general anesthesia and barbering, the left carotid arteries and right jugular
veins of rabbits were exposed. Then, their veins and arteries were connected to the
blood transfusion system made from PVC. After 2 h of blood transfusion, the circuits
were stopped, and the PVC tubes containing samples were fixed with a 2.5%
glutaraldehyde solution for SEM analysis. Photographs of tube cross-sections were
used to calculate the occlusion rate (original tube diameter minus final tube diameter
divided by original tube diameter). Blood clots were additionally collected,

photographed, and weighed.[31, 32]

2.10 Assessment of re-endothelialization and anti-restenosis efficacy in vivo of the
stent coatings

An in vivo experiment was conducted according to procedures approved by the Ethics
Committee of Affiliated Dongguan Hospital, Southern Medical University (K2022-01-
011-014). Twenty-four male adult New Zealand white rabbits (3.5 - 4.0 kg) were used
in the in vivo studies (four rabbits for 1 week, ten rabbits for 1 month and ten for 3
months). The rabbits were anaesthetized using 1% pentobarbital sodium and the
iliofemoral arteries of the rabbits were exposed after being shaved. Commercial

Primtech™ (bare 316L SS) stents and DA-Cu-Arg-Hep coated stents were implanted
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in the opposite sites of the iliofemoral arteries. We observed that the surviving rabbits
were able to move around, eat normally and were in a healthy state. After 1 week, 1
month, and 3 months of implantation, the stented arteries were harvested. Using CD31
fluorescence staining and SEM, each sample's endothelialization was monitored for 1
week. Each implanted sample was stained with Van Gieson's stain to examine the shape

and form of the stented artery 1 and 3 months after implantation.[33, 34]

2.11 Statistical analysis

Unless otherwise stated, each experiment was conducted in triplicate. The data were
presented using the mean =+ standard deviation. T-test and one-way ANOVA were used
to conduct statistical analysis using GraphPad Prism 8.0. p <0.05, 0.01, and 0.001 were

considered statistically significantly different, denoted with *, **  *** respectively.

3. Results and Discussion

3.1 Chemical and physical properties of the DA-Cu-Arg-Hep coatings

The DA-Cu-Arg-Hep coatings on the surface of 316L SS (a material commonly used
for CVS) were prepared by organic solvent-free three-dipping method in aqueous
solution, avoiding the potential toxicity. The resultant 316L SS plates displayed a brown
color, and SEM analysis revealed that all coated samples possessed uniform coating
distribution (Fig. S1A). According to the energy-dispersed X-ray (EDX) data, all area
contained Cu, S, C, N, and O peaks. The protuberant area had stronger elemental signals,
while the flat area had less elemental distribution (Fig. S1B). Further MALDI-TOF-MS
analysis was conducted to comprehend the potential polymerization between DA and
Cu (Fig. 2A). The crosslinking reaction between DA and Cu was based on catechol and
metal coordination, and peaks at 212, 335, and 610 m/z indicated the possibility of DA-
Cu immobilization.[19] XPS was then used to analyze the elementary composition. As
shown in Fig. 2B, DA-Cu and DA-Cu-Arg-Hep exhibited Cu peaks, demonstrating the
successful coordination of Cu. In contrast to bare surface and DA-Cu coating, DA-Cu-
Arg-Hep coating exhibited a distinct S peak (belongs to Hep). GATR-FTIR was further
used to confirm the chemical structure of the DA-Cu-Arg-Hep coating. Fig. 2C
demonstrated that both the DA-Cu and DA-Cu-Arg-Hep coatings had DA characteristic
peaks relative to the uncoated samples, whereas the DA-Cu-Arg-Hep coating had a -

C=N peak (~1700 cm™) and a -S=O peak (~1000 cm™), belonging to Arg and Hep,
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respectively. QCM-D analysis was then used to quantify the grafting amount of Arg and
Hep on the DA-Cu and DA-Cu-Arg bases in real-time. On the DA-Cu-coated and DA-
Cu-Arg-coated surface, approximately 513 = 11 ng/cm? Arg and 430 + 28 ng/cm? Hep
were grafted, as shown in Fig. 2D and Fig. 2E. These results demonstrate that the DA-

Cu-Arg-Hep complexes successfully modified the 316L SS substrate.
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samples. (I) A representative image of a DA-Cu-Arg-Hep coated stent with dilated
angioplasty balloon. (J) Representative SEM micrographs of a DA-Cu-Arg-Hep-coated
316L SS stent before and after dilation.

Physical properties of the DA-Cu-Arg-Hep coating were then investigated. The
thickness data (Fig. 2F) demonstrated that the coating became thicker after adding Arg
and Hep, and the coating thickness ranged from 48 nm to 61 nm. This indicated that the
DA-Cu-Arg-Hep coating was nano-thin, which was more stable than the micro-
thickness and had minimal effect on the surface structure of the stent. Meanwhile, the
zeta potential data (Fig 2G) presented a fluctuated tendency: the incorporation of Arg
in the DA-Cu-Arg coating could elevate the zeta potential while the introduction of
anionic Hep shielded the positive charge, indicating the DA-Cu-Arg-Hep had the
potential to increase the endothelial homeostasis as cationic surface may adhere some
macromolecules in blood. Subsequently, the WCA of each sample was measured.[17]
As shown in Fig 2H, the bare 316L SS surface had extremely high WCA (~85.8°),
whereas it was reduced (< 60°) for all DA-coated samples. This indicated that the
immobilization of Cu, Arg, and DA increased the hydrophilicity of 316L SS bare stents.
With the addition of Hep, the WCA of coated samples decreased dramatically to ~29°,
which was attributed to the excellent hydrophilic properties of Hep. The increased
hydrophilicity is conducive for cell adhesion and growth. The coated stents were then
expanded with a balloon to evaluate the mechanical stability of the DA-Cu-Arg-Hep
coating. SEM was used to observe the morphology of the dilated coated stents (to detect
any crack formation) (Fig. 21).[18] As depicted in Fig. 2J, the DA-Cu-Arg-Hep coating
was homogeneous and compact before and after balloon dilation, with no visible cracks.
To test the long-term stability of the DA-Cu-Arg-Hep coating under fluid flow, PBS
was flushed through the stents for 30 days. As depicted in Fig. S2A, the coating was
continuous and homogeneous without peeling after 30 days of PBS flush. Additionally,
EDX spectroscopy (Fig. S2B) revealed that the DA-Cu-Arg-Hep coating still exhibited
evident chemical element distribution (such as C, N, O, S, and Cu), demonstrating the
coating's exceptional long-term stability. Collectively, these above results demonstrated
the successful modification of the DA-Cu-Arg-Hep coating on the 316L SS substrates;

such a coating was deformable and mechanically resistant to long-term fluid flow.
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3.2 NO production from the DA-Cu-Arg-Hep coating

Due to the GPx-like activity of Cu in our prepared DA-Cu-Arg-Hep coating (Fig. 3A),
it catalytically decomposes endogenous RSNOs into NO under the influence of GSH
with the formation of a by-product glutathione disulfide (GSSG).[18] When
endogenous NO donors are insufficient, adding Arg, a NO precursor, will increase the
NO production and improve the cardiovascular function. In the presence of oxygen and
nicotinamide adenine dinucleotide phosphate (NADPH), Arg will be converted to
citrulline by eNOS, producing NO, which is expected to be elevated further by the
grafted Hep. The elevated NO generation is conducive to EC proliferation.[31, 35] In
addition, the produced NO can activate soluble guanylyl cyclase (sGC), and this
interaction enables sGC to convert guanosine triphosphate (GTP) to cyclic guanylate
monophosphate (cGMP).[36] Once cGMP is produced, various effects ensue, including
SMC inhibition, anti-platelet adhesion, and vasodilation.[37] The self-sustaining NO
fueling stent coating is anticipated to promote reendothelization and reduce thrombosis
and restenosis. First, to verify the upregulation of eNOS by Hep and the NO production
from Arg under eNOS, eNOS blocking experiments were carried out using NOS
inhibitor L-NMMA .[38] As shown in Fig. S3A, eNOS was inhibited (black column)
when L-NMMA was added, while significant eNOS upregulation was found in DA-Cu-
Hep and DA-Cu-Arg-Hep containing groups (orange column) without L-NMMA. In
Fig. S3B and C, the NO production was inhibited after eNOS suppression (black
column). When eNOS inhibition was removed, DA-Cu-Arg and DA-Cu-Arg-Hep
group could generate NO by Arg decomposition. Owing to the increased eNOS by Hep,
DA-Cu-Arg-Hep had the highest NO amount. These experiments validated the eNOS
upregulation effect of Hep, and NO production by Arg under the effect of eNOS.
Afterwards, the long-term NO production was evaluated. Fig. 3B demonstrated that the
bare samples had no obvious NO production, while both the DA-Cu and DA-Cu-Arg-
Hep coatings initiated significant NO production in the presence of NO donors, with no
significant difference between the two groups, confirming that Arg and Hep grafting
did not affect the catalytic NO generation by Cu. After 30 days of immersion in PBS
containing NO donors, the coated samples continuously produced NO and maintained
approximately 50% of their initial NO production. As Arg can generate NO via eNOS
in ECs, NO production at the cellular level was additionally measured without NO

donors. Briefly, HUVECs were incubated on the sample surfaces without donors at
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different time intervals. The quantitative results (Fig. 3C) demonstrated that in the
absence of NO donors, the bare and DA-Cu samples could not produce NO, whereas
the DA-Cu-Arg-Hep coating produced NO continuously by the synergistic effect of Arg
and Hep. The NO signal could only be detected in the DA-Cu-Arg-Hep coating when
the NO production was tracked with a fluorescent probe (Fig. 3D). The detected total
NO surface flux rate of the DA-Cu and DA-Cu-Arg-Hep with NO donors were 3.139
and 4.082 x 10'° mol/cm*’min respectively, which were comparable to the
physiological NO rate (0.5 - 4 x 10'° mol/cm?/min). As a result, such a DA-Cu-Arg-
Hep coating is expected to promote endothelization and inhibit stent restenosis and

thrombosis by enduringly releasing NO, with or without NO donors.
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of self-sustained NO production from the DA-Cu-Arg-Hep coating and its effects on
regulation of vascular cell behaviors. (B) Long-term NO generation by bare 316L SS,
DA-Cu and DA-Cu-Arg-Hep coatings in the presence of NO donors. (C) Quantification
of NO production in the absence of NO donors by bare 316L SS, DA-Cu and DA-Cu-
Arg-Hep on HUVECs. (D) NO production in HUVECs (green signal) induced by bare
316L SS, DA-Cu and DA-Cu-Arg-Hep in the absence of NO donors at 0, 7, 14, and 28

days, as measured by the fluorescence probe DAF-FM DA.

3.3 Effects of coated samples on the growth behaviors of HUVECs and
HUASMCs

3.3.1 Effect of coating on HUVEC adhesion/proliferation

The interaction between ECs/SMCs with their microenvironment is crucial for
implanted cardiovascular stents.[39] Rapid regeneration of ECs on the surface of a stent
facilitates re-endothelialization and the formation of a healthy endothelial layer.[40] In
contrast, the overgrowth of SMCs induces extracellular matrix deposition, resulting in
neointimal hyperplasia.[41] A desirable stent coating should be able to promote the
growth of ECs but inhibit the proliferation of SMCs. As one of the primary components
of the endothelium, NO and eNOS have been shown to support EC growth and inhibit
SMC proliferation, which provides a unique advantage for the reconstruction of
endothelium and the prevention of restenosis.[42, 43]

We thus analyzed the growth of HUVECsS in each sample with and without NO
donors. We found that in the absence of NO donors (Fig. S4A and B), the growth of
HUVECs on uncoated, DA-coated, and DA-Cu-coated groups was restricted because
Cu cannot catalytically generate NO in the absence of NO donors. The DA-Cu-Arg and
DA-Cu-Hep groups exhibited enhanced proliferation, and the DA-Cu-Arg-Hep coating
had the most potent effect due to the synergistic effect of Arg and Hep. In the presence
of NO donors (Fig. 4A), the growth of HUVECs on the Cu-contained groups was
enhanced compared to the bare and DA samples due to the catalytic NO production
effect of Cu, and the DA-Cu-Arg-Hep group having the most potent effect on HUVEC
growth promotion. At 72 h, the surface of DA-Cu-Arg-Hep was entirely covered by
cells, and the quantitative data (Fig. 4B) demonstrated that the DA-Cu-Arg-Hep coating
significantly increased the growth of HUVECs by 3.12-fold in comparison to the bare
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samples. It demonstrates that the production of NO by Cu and Arg as well as the
elevation of eNOS by Hep can stimulate the proliferation of HUVECs on the DA-Cu-
Arg-Hep coating.
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Fig 4. Growth behaviors of HUVECs on the DA-Cu-Arg-Hep coating with NO
donors and the mechanism study. (A) Fluorescence images of HUVECS treated with
NO donors for 2, 24, and 72 h, respectively. (B) Relative cell growth determined by
CCK-8 assay after 24 and 72 h of culture. (C) The concentration of eNOS in HUVECs
72 h after exposure to NO donors. (D) Quantification of NO production in HUVECs
incubated with or without NO donors for 72 h. (E) Fluorescence images demonstrating
NO production in HUVECs with and without NO donors. *, ** and *** represent intra-
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group comparison, and *, * an indicated inter-group comparison.

To verify the mechanism of increased EC growth, eNOS level and NO production
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were evaluated. As an important functional protein of ECs, eNOS can promote the
proliferation of ECs and convert Arg into NO, so increasing the expression of eNOS in
HUVEC:s is highly advantageous.[23, 31] Fig. 4C shows the normalized eNOS level
and NO production by cell number from the uncoated and coated surfaces. It
demonstrated that the DA-Cu-Arg-Hep group significantly enhanced the eNOS level,
increasing from 0.16 £+ 0.02 U/mL (bare 316L SS) to 0.27 + 0.03 U/mL (DA-Cu-Arg-
Hep) without NO donor, and 0.18 + 0.02 U/mL (bare 316L SS) to 0.32 = 0.03 U/mL
(DA-Cu-Arg-Hep) with NO donor. Although NO production could positively feed back
to the level of eNOS, the difference between eNOS level with or without NO donors in
the same group showed no significance after normalization, as the eNOS increase was
mainly contributed by the presence of Hep. The NO production at the cellular level was
further evaluated. Fig. 4D demonstrates that in the absence of NO donors, the DA-Cu-
Arg-Hep coating could produce NO at 0.24 + 0.01 nM with an evident green-
fluorescence signal, indicating considerable NO production (Fig. 4E). In the presence
of NO donors, the amount of NO in all Cu-containing coatings increased significantly,
with the DA-Cu-Arg-Hep group having the highest fluorescence intensity and NO
concentration (0.31 = 0.02 nM), 2.05-fold higher than the bare group. Meanwhile, the
mean fluorescence intensity of NO signal (Fig. S5) showed a similar trend that the DA-
Cu-Arg-Hep coating could produce the highest amount of NO regardless of the
presence of NO donor. Contributing to the synergistic NO production of Cu and Arg
and the increased eNOS level, the DA-Cu-Arg-Hep coating ensured an EC-friendly

microenvironment.

3.3.2 Effects of coating on HUASMC adhesion/proliferation

The adhesion and proliferation of HUASMCs to each sample were analyzed to study
the SMC inhibitory effect. Without NO donors (Fig. S6A and B), HUASMCs grew well
on each surface after 24 and 72 h of incubation. The growth of HUASMCs was slightly
inhibited in the Hep-containing groups, as Hep has been reported to possess SMC-
suppressing properties.[31] In the presence of NO donors, HUASMCs were attached to
all substrates at 2 h (Fig. S7A). However, after 24 and 72 h of incubation, the growth
of HUASMCs was significantly inhibited in the NO generation groups, with DA-Cu-
Arg-Hep exhibiting the most potent inhibitory effect at 2.10-fold (24 h) and 2.27-fold
(72 h) relative to the bare surface (Fig. S7B). The increased cGMP level brought about
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by NO and Hep exemplifies the mechanism of SMC inhibition.[44-46] In Fig. S7C, the
cGMP level was very low in the bare, DA, DA-Cu, and DA-Cu-Arg groups in the
absence of NO donors, whereas the DA-Cu-Hep and DA-Cu-Arg-Hep groups exhibited
elevated ¢cGMP expression. In the presence of NO donors, all the Cu-containing
coatings were found to elevate the cGMP level, which was highly correlated with the
NO flux. The DA-Cu-Arg-Hep group displayed the highest cGMP expression,
demonstrating its potent inhibitory effect on SMCs. These findings indicated that the
DA-Cu-Arg-Hep coating could effectively inhibit HUASMC proliferation and intimal
hyperplasia formation.

Furthermore, a live/dead staining of HUVECs and HUASMCs on each sample
was performed to investigate the cytotoxicity of the developed stent coating, where
green fluorescence was used to label living cells, and red fluorescence represented dead
cells. As shown in Fig. S8, there was no obvious red fluorescence that appeared on the
surface of stent coatings, which meant that the coatings had no obvious toxicity to cells,
and the cell growth trend was consistent with that of the CCK-8 results (Fig. 4B and
Fig S7B).

3.3.3 Effects of coating on HUVEC and HUASMC migration

Migration of ECs from adjacent endothelial tissue to the stent surface is essential for in
situ re-endothelialization following stenting.[35] In contrast, inappropriate over-
migration of SMCs can be harmful, frequently resulting in hyperplasia and in-stent
restenosis after stent implantation.[47] In this regard, the migration distance of
HUVECs and HUASMCs on various surfaces was measured. For HUVECs (Fig. SOA
and B), fluorescence images revealed negligible cell migration on bare (26.60 + 4.22
um) and DA (41.25 £ 2.36 um) surfaces. In contrast, the DA-Cu-Arg-Hep coating
significantly increased cell motility (109.01 £ 5.87 um) with NO donor supplements.
For HUASMC:s (Fig. S9C and D), the bare and DA surfaces exhibited only weak
inhibition of HUASMC migration, with cells migrating 87.48 + 7.54 pm and 71.54 +
6.87 um, respectively. In contrast, all NO generating groups improved the ability to
inhibit the migration of HUASMCs, and the migration in DA-Cu-Arg-Hep (20.45 +
1.27 um) was reduced by 4.63-fold compared to the 316L SS alone. These results
suggest that the DA-Cu-Arg-Hep would provide a biomimetic surface to promote EC

migration from adjacent tissues while inhibiting SMC migration for healthy re-
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endothelialization following stent placement.

3.3.4 Effects of coating on the competitive growth of HUVECs/HUASMCs

As the competitive growth of ECs and SMCs is essential for forming new endothelium
and inhibiting restenosis, we investigated the effects of different coatings on the
competitive growth of HUVECs/HUASMCs by co-seeding these two types of cells at
a ratio of 1:1 on different samples while monitoring their fluorescence (green for
HUVECs and red for HUAMSC:s).[48] As shown in Fig. S10A, after 72 h of co-culture,
the bare samples were predominantly covered by HUASMCs (red) and had few
HUVECs (green). In contrast, the DA-Cu-Arg-Hep coating exhibited a strong green
fluorescence with a diminished red signal, indicating the increased growth of HUVECs
and the inhibition of HUASMCs. Fig. S10B demonstrated that the proliferation of
HUVEC:s on the DA-Cu-Arg-Hep was significantly enhanced relative to SMCs at 72 h,
and the ratio of HUVECs/HUASMC:s increased from 0.504 + 0.051 (bare 316L SS) to
1.814 £ 0.223 (DA-Cu-Arg-Hep), with 1.81-fold HUVEC enhancement and 2.11-fold
HUASMC inhibition compared to the bare samples, demonstrating excellent selectivity
for HUVEC growth. In conclusion, these results validate the superiority of the DA-Cu-
Arg-Hep coating for generating a new endothelium and inhibiting SMC-induced

restenosis.

3.4 Platelet adhesion

Before we evaluated the platelet adhesion, Hep bioactivity was tested. In general, active
Hep will bind with FXa, which decreases the residual FXa level, hence the detection of
FXa can reflect Hep activity.[49-52] The results (Fig. S11A) showed that the anti-FXa
effect was enhanced after Hep grafting, and the absorbance of PPP co-incubated
supernatant decreased from 1.028 (bare 316L SS) to 0.489 (DA-Cu-Hep) and 0.412
(DA-Cu-Arg-Hep), indicating the reduction of FXa and the Hep conjugated on the
surface of DA-Cu-Hep and well-maintained bioactivity of DA-Cu-Arg-Hep. To
investigate the antithrombotic function of the DA-Cu-Arg-Hep coating, fibrinogen
adsorption assay was first carried out.[53, 54] The results showed that all samples had
obvious fibrinogen adsorption, and the DA, DA-Cu, DA-Cu-Arg groups showed higher
adsorption amount than the bare surface, which might be caused by the amino groups

and increased surface roughness. In contrast, fibrinogen adsorption was decreased in the
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DA-Cu-Hep and DA-Cu-Arg-Hep groups due to depletion of the amine groups by Hep
grafting and the anticoagulant property of Hep. Afterwards, we performed fibrinogen
activation assay. The results showed that both the bare and DA groups had high
fibrinogen activation ability whereas the NO-producing groups reduced activation
potential. We speculated that the NO might influence the protein conformation, thereby
interfering activation process. Among all groups, the DA-Cu-Hep and DA-Cu-Arg-Hep
groups showed the strongest inhibitory effect on fibrinogen activation, having a great
potential to inhibit thrombosis.

After stenting, the initial cellular event potentially causing thrombosis is the rapid
adhesion and aggregation of activated platelets at the implantation site; therefore, it is
crucial to evaluate the antiplatelet properties of our newly developed coating.[31, 55,
56] As shown in Fig. S11D, neither the bare nor the DA substrates inhibited the
adhesion of platelets. In contrast, the DA-Cu-Arg-Hep coating showed significant
suppression of platelet adhesion with the NO donor supplement. To examine the effects
of NO and Hep, the cGMP level in platelets on the bare and coated surfaces was
measured (Fig. S11E). The coating of DA-Cu-Arg-Hep significantly increased the
cGMP synthesis, corresponding to the decreased number of platelets on its surface. To
further observe adherent platelets on each sample, live/dead assay was performed,
where green fluorescence refer to live platelets and red signal represent dead platelets.
The results (Fig. SI1F and G) showed that the DA-Cu-Arg-Hep coating had least
platelet adhesion, indicating DA-Cu-Arg-Hep has great anti-thrombotic potential.
These results demonstrated the effectiveness of our proposed NO fueling coating in
preventing thrombus formation on the surface of cardiovascular stents. In vitro
experiments demonstrated that the DA-Cu-Arg-Hep coating selectively supported the
EC proliferation/migration, suppressed SMC growth/migration, and inhibited platelet
adherence/aggregation by its robust self-sustained NO production, promoting re-

endothelization and inhibiting intimal hyperplasia and thrombosis.

3.5 Underlying mechanism evaluation

To reveal the underlying mechanism by which the DA-Cu-Arg-Hep coating affected
HUVEC growth and endothelialization, we performed transcriptomic analysis of
HUVECs cultured on the bare and DA-Cu-Arg-Hep surfaces. Pearson correlation

analysis (Fig. S12A) shows that the correlation coefficients of all samples were larger
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than 0.98, which was within the acceptable range (>0.92), suggesting that all the
samples had satisfactory stability. Subsequently, the volcano plot (Fig. SA) shows that
1430 genes were up-regulated, and 419 genes were down-regulated by the DA-Cu-Arg-
Hep compared with the bare sample, revealing the coating-dependent changes in gene
expression. Next, we performed the GO database evaluation using differential
expression genes (DEGs), and the results shows that our proposed coating influenced
many aspects including biological processes, molecular functions, and cellular
components. Notably, the DA-Cu-Arg-Hep coating up-regulated many important genes
that support endothelialization and angiogenesis such as EC adhesion, proliferation,
migration and cell junction.

To explore the specific mechanisms of our proposed coating on cell behaviors, we
performed KEGG pathway analysis based on these DEGs. Fig. 5B lists some pathways
significantly regulated by the DA-Cu-Arg-Hep coating. Notably, pathways that are
highly related to vascular endothelial health were influenced by our proposed coating,
such as the mitogen-activated protein kinase (MAPK) pathway (relevant to NO
mediated EC proliferation),[57, 58] the vascular endothelial growth factor (VEGF)
pathway (key regulator for vascular development and re-endothelialization),[59, 60]
Notch pathway (related to intimal hyperplasia in cardiology) [61-63] and Wnt pathway
(coordinates with Notch pathway for normal vascular development).[64-66]

We then studied the specific gene expression to investigate how these pathways
are influenced. The heatmap (Fig. 5C) shows that the DA-Cu-Arg-Hep coating
decreased the level of some genes (such as DNAHS, SLC40A1 and IL33) that are
involved in diseases (like huntington disease) or apoptosis. Meanwhile, genes favoring
endothelial development were all upregulated, such as positive genes for both VEGF
and MAPK pathways (SphK1 and PLA2G4C), a protective factor that prevents
endothelial-mesenchymal transition (MAPK?7), an activator of Wnt signaling and an
inhibitor of Notch activity (Dvl).[68-71] Additionally, the ITPR3 gene associated with
eNOS and NO was also activated, which favors blood vessel relaxation.[72, 73]
Together, these results suggested that our DA-Cu-Arg-Hep coating could positively
mediate EC behaviors through MAPK pathway, VEGF pathway and Wnt pathway,

which was highly beneficial for shaping a healthy endothelial microenvironment.
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3.6 Ex vivo anti-thrombogenic efficacy of DA-Cu-Arg-Hep coatings

An AV-shunt assay was used to investigate the antithrombotic properties of the
developed coatings under blood flow.[42, 72] Briefly, the circuit connected the left
carotid artery to the right external jugular to permit blood flow, while the samples were
placed in the tubes' middle portion (Fig. 6A).[73, 74] After 2 h of ex vivo circulation,
each group's thrombosis formation, occlusion, and blood flow rates were evaluated. As

depicted in Fig. 6B, the uncoated 316L SS and DA cross-sections were entirely
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occluded by blood clots, whereas there were reduced wall clots in other coated foils and
the DA-Cu-Arg-Hep group had only a bare amount of thrombus on the wall. The SEM
results (Fig. 6C) revealed many adhered platelets on the uncoated surface. In contrast,
the number of platelets deposited on the coated surfaces decreased. The DA-Cu-Arg-
Hep coating demonstrated the most significant platelet decrease due to the reduced
thrombus formation. The occlusion rate (Fig. 6D) revealed that the bare and DA
samples had an extremely high occlusion rate of 94.5 + 2.5% and 93.7 + 2.2%,
respectively, while the DA-Cu-Arg-Hep samples had no discernible occlusion (7.4 +
4.5%). Moreover, the thrombus weight in the DA-Cu-Arg-Hep group (10.46 £4.91 mg)
was significantly less than that of the bare foils (58.32 = 9.69 mg) (Fig. 6E). The
decreased thrombus and occlusion facilitate the restoration of blood flow: the circuit of
DA-Cu-Arg-Hep-coated foils had a higher blood flow rate (85.6 + 6.3%) than the initial
flow rate, significantly outperforming the bare foil at 10.1 + 7.6% and DA at 11.5 +
3.1%, while the blood flow in the DA-Cu-Arg-Hep coated foils were 1.48-fold, 1.60-
fold and 1.35-fold higher than the DA-Cu, DA-Cu-Arg and DA-Cu-Hep, respectively
(Fig. 6F). This indicates that the DA-Cu-Arg-Hep restored the most blood flow in the
blood vessels toward normalcy. The DA-Cu-Arg was found to have a slightly greater
occlusion and thrombus weight than the DA-Cu and DA-Cu-Hep. This could be due to
the surface-exposed cations of the Arg. With the addition of Hep, the positive charge of
Arg could be shielded, and the eNOS level could be increased to facilitate NO
production from Arg, resulting in enhanced antithrombotic effects. Overall, the DA-Cu-
Arg-Hep coating demonstrated superior antithrombotic, anti-occlusive, and blood flow

restoration properties compared to the other groups.
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Fig. 6. Thrombogenicity of coated samples in a rabbit arteriovenous shunt (AV-
shunt) model. (A) Diagram illustrating rabbit ex vivo circulation. (B) Photographs of
tubes containing foils exposed to blood flow for 2 h. (C) SEM images of platelet
adhesion. (D) Percentage of circuit occlusion and (E) thrombus weight. (F) Blood flow

rate generated by various circuits after ex vivo circulation. (n=4)

3.7 In vivo re-endothelialization and anti-restenosis efficacy of DA-Cu-Arg-Hep
coatings

To further investigate the effects of the DA-Cu-Arg-Hep coatings on re-
endothelialization and anti-restenosis, rabbit iliofemoral arteries were implanted with
coated stents.[75, 76] The SEM results at 1 week (Fig. 7A) confirmed the re-
endothelialization of the DA-Cu-Arg-Hep stents, which was completely covered with
a thin endothelium. In contrast, the control Primtech™ (a commercial bare 316L SS
stent) exhibited limited endothelial coverage and apparent platelet adhesion on its
surface. CD-31 immunofluorescence staining of the newly formed tissue was
performed 1 week after implantation to verify endothelium coverage on the DA-Cu-
Arg-Hep coating, where red fluorescence indicated cytoskeleton, green signal referred
to ECs, and the blue signal was the cell nucleus (Fig. 7B). The results revealed
discontinuous ECs on the Primtech™ stent. In contrast, the DA-Cu-Arg-Hep coated
stents were completely covered by a continuous cell layer with a strong CD31 signal,

confirmed by a newly formed endothelial layer. It indicates that the DA-Cu-Arg-Hep
26



coating provided a more favorable microenvironment for EC migration and
proliferation. The DA-Cu-Arg-Hep stent's mean fluorescence intensity indicating
CD31 signal (Fig. 7C), which was 2.35 times higher than that of the Primtech™ stent.
These results demonstrated that the DA-Cu-Arg-Hep coating is capable of achieving
rapid re-endothelialization.

Histomorphometric analysis was performed to investigate the anti-restenosis
effect of the DA-Cu-Arg-Hep coated stents in greater detail (Fig 7D). At 1 month after
implantation, the in-stent restenosis was not evident in these two groups; however,
slight thickening was observed in the lumen of the Primtech™ stent, while the DA-Cu-
Arg-Hep coated stents retained a distinct outline. At 3 months, the Primtech™ stents
exhibited severe neointimal hyperplasia, whereas the DA-Cu-Arg-Hep coated stents
exhibited significantly less restenosis. Mean neointimal area and stenosis percentage
(Fig. 7E and F) were significantly reduced in the DA-Cu-Arg-Hep coated stents (0.80
+0.21 mm? and 14.12 + 1.73%) compared to the Primtech™ stent (1.03 £ 0.14 mm?
and 19.88 £+ 4.35%) after 1 month. After 3 months of implantation, the mean neointimal
area and stenosis percentage of the Primtech™ stents significantly increased to 3.09 +
0.56 mm? and 47.37 £ 5.23%, respectively. In contrast, the DA-Cu-Arg-Hep coated
stents possessed only 1.21 + 0.24 mm? mean neointimal area and 23.69 + 3.22%
neointimal stenosis percentage. Taken together, these in vivo experimental results
demonstrated that the DA-Cu-Arg-Hep-coated stents created a favorable
microenvironment that supports stent re-endothelialization and reduces restenosis,

preserving the long-term patency of CVSs.
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Fig. 7. Long-term re-endothelialization and anti-restenosis efficacy of the DA-Cu-
Arg-Hep coatings. (A) Representative SEM images of implanted stents 1 week
following implantation. (B) Fluorescent images of cytoskeleton (red by TRITC-
phalloidin), CD31 (green by FITC-antibody) and cell nuclei (blue by DAPI) showing
re-endothelialization of implanted stents 1 week after implantation. The DA-Cu-Arg-
Hep stent was fully covered by a continuous green CD31 signal, indicating a great
number of ECs grew on the stent surface, which had significant re-endothelialization
effect. (C) The mean intensity of fluorescence of the CD31 signal. (D) Van Gieson's
staining analysis of cardiovascular stent restenosis. (E) Neointimal area and (F) stenosis

analysis of implanted stents (n=7).

4. Conclusion

In this study, we prepare a DA-Cu-Arg-Hep coating for cardiovascular stents using a
three-dipping technique with no involvement of organic solvents. This stent coating
combines Cu, Arg and Hep to produce NO synergistically under any condition.

Specifically, with abundant endogenous RSNOs, Cu catalyzed the generation of NO;
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without RSNOs, the coating is able to produce NO by decomposing Arg under the effect
of eNOS, whose activity can be enhanced by Hep. Thus, this DA-Cu-Arg-Hep coating
improves endothelial functions to ensure a sufficient and self-sustainable fueling of NO,
regardless of the presence or absence of NO donors (Fig. S13). The DA-Cu-Arg-Hep
coating was found to enhance the proliferation of ECs, suppressed SMCs, and
decreased platelet adhesion. Further ex vivo and in vivo animal experiments
demonstrated that the DA-Cu-Arg-Hep coating significantly improved blood and tissue
compatibility, in situ re-endothelialization, anti-hyperplasia, and thrombus inhibition.
Gene sequencing analysis demonstrates that the DA-Cu-Arg-Hep coating regulates
several endothelial development-related pathways including the MAPK pathway, the
VEGF pathway, the Notch pathway as well as the Wnt pathway. These results suggest
that our coating represents a feasible and effective method to restore a healthy
endothelium and to address stent thrombosis and restenosis. As far as we know, this is
the first study to integrate Arg, Hep, and NO-generating moieties into a single CVS
coating system using only simple, reproducible, and environmentally friendly
procedures (no organic solvents involved) to fuel self-sustainable NO production. It
facilitates mass production and widespread use in numerous settings, including public
hospitals. This project provides a CVS coating strategy to prepare a biomimicking, self-
sustainable CVS coating to persistently generate NO and prevent thrombosis and
restenosis under any pathophysiological microenvironment (with or without the
presence of sufficient endogenous RSNOs), potentially eliminating the need for
systemic RSNO administration after stenting. It is highly advantageous, as systemic
RSNO administration may cause adverse effects after stenting. Therefore, we believe
that our DA-Cu-Arg-Hep coating can be widely applied in CVS, and the impact of the
developed stent coatings on the quality of life of CVD patients will be immeasurable,
including but not limited to decreased postoperative complications and reduced cost of

medications such as extra NO donor supplementation and Arg administration.
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