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A B S T R A C T   

An increased level of reactive oxygen species (ROS) plays a major role in endothelial dysfunction and vascular 
smooth muscle cell (VSMC) proliferation during in-stent thrombosis and restenosis after coronary artery stenting. 
Herein, we report an electrospun core-shell nanofiber coloaded with 4-hydroxy-2,2,6,6-tetramethylpiperidine 1- 
oxyl (TEMPOL) and rapamycin (RAPA) that correspondingly serves as an ROS scavenger and VSMC inhibitor. 
This system has the potential to improve the biocompatibility of current drug-eluting stent (DES) coatings with 
the long-term and continuous release of TEMPOL and rapamycin. Moreover, the RAPA/TEMPOL-loaded mem-
brane selectively inhibited the proliferation of VSMCs while sparing endothelial cells (ECs). This membrane 
demonstrated superior ROS-scavenging, anti-inflammatory and antithrombogenic effects in ECs. In addition, the 
membrane could maintain the contractile phenotype and mitigate platelet-derived growth factor BB (PDGF-BB)- 
induced proliferation of VSMCs. In vivo results further revealed that the RAPA/TEMPOL-loaded covered stents 
promoted rapid restoration of vascular endothelium compared with DES and persistently impeded inflammation 
and neointimal hyperplasia in porcine models.   

1. Introduction 

Cardiovascular diseases (CVDs) remain the leading cause of global 
mortality and are a major contributor to disability [1], resulting in 
approximately 18 million CVD deaths and 17 million disability-adjusted 
life years annually [2]. To date, percutaneous coronary intervention 
(PCI) has been widely applied to treat ischemic heart disease as a 

nonsurgical approach [3]. However, PCI-related complications, such as 
restenosis and stent thrombosis, still occur at a relatively high rate and 
limit the procedure’s long-term success [4,5]. 

Neointima hyperplasia (NIH), which leads to in-stent restenosis 
(ISR), is a complex and time-dependent phenomenon that occurs in 
response to deep vascular injury, metal struts and stent polymers after 
stent implantation. This condition is characterized by VSMC migration 
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and proliferation, induced mainly by inflammation and ROS production 
[6,7]. Drug-eluting stents (DESs), embedded in an antiproliferative 
drug-eluting polymer, were developed to avoid such secondary com-
plications [8,9]. Antiproliferative drugs, such as rapamycin (RAPA) and 
rapamycin analogs (everolimus, biolimus A9, or zotarolimus), can 
effectively inhibit early in-stent restenosis by inhibiting the proliferation 
of VSMCs. However, despite the routine use of dual antiplatelet therapy, 
stent-associated thrombosis may occur after DES implantation. Delayed 
re-endothelialization is believed to be the primary cause of late throm-
botic events in a well-deployed DESs [10]. In addition to anti-
proliferative drug-induced delayed re-endothelialization, vascular 
inflammation and ROS production have also been identified as con-
tributors to in-stent thrombosis [6]. 

In our previous work, an antioxidant and anti-inflammatory mole-
cule, 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPOL), was 
loaded in an electrospun membrane to alleviate the harmful effects of 
ROS, reducing VSMC migration and protecting ECs from inflammatory 
injury [11]. However, TEMPOL exhibited a weakened inhibitory effect 
on VSMC proliferation [12], and this issue is assumed to be effectively 
solved by introducing rapamycin analogs. Conversely, the ROS scav-
enging roles of TEMPOL may be complementary to rapamycin analogs to 
preserve endothelial functions while inhibiting VSMCs. Therefore, the 
combination of TEMPOL and rapamycin is promising when used as a 
stent coating for DES. 

Electrospinning technology has been demonstrated as a promising 
method to incorporate bioactive substances into core-shell bio-
resorbable electrospun nanofibers for stent coating, artificial vessel 
grafting and other biomedical applications [13–15]. Electrospinning is 
an ideal approach for fabricating bioresorbable, nanofibrous stent 
coatings with desirable features, such as mimicking the natural extra-
cellular matrix morphology and providing a higher specific surface area 
and a suitable microenvironment for cell attachment and proliferation 
[16]. 

Therefore, in this study, a first attempt at a combination of RAPA and 
TEMPOL was used to prevent VSMC proliferation without inhibition of 
ECs by employing RAPA/TEMPOL-loaded polylactic acid (PLA)/poly-
vinyl alcohol (PVA) electrospun nanofibrous membranes as the drug 
release system. The manufacturing process, morphology, and drug 
release of the membrane were studied. Human umbilical vein endo-
thelial cells (HUVECs) and rat thoracic aorta smooth muscle cells 
(RASMCs) were chosen for in vitro cell experiments. The effects of 
RAPA/TEMPOL-loaded membranes on cell viability, endothelial barrier 
integrity and cell inflammation conditions were evaluated in HUVECs. 
RASMCs were utilized to investigate the antiproliferative and proapo-
ptotic effects as well as the anti-phenotype switching effect of the RAPA/ 
TEMPOL-loaded membranes. Furthermore, the in vivo anti-restenosis 
and re-endothelialization performance of the RAPA/TEMPOL-loaded 
membranes as stent coatings was evaluated in a porcine coronary ar-
tery stenting model. 

2. Materials and methods 

2.1. Preparation and characterization of RAPA/TEMPOL-loaded PLA 
electrospun membranes 

The shell solution was prepared by dissolving PLA (Mw = 300 kDA, 

Jinan Daigang Biomaterial Co., China) in Hexafluoroisopropanol (HFIP, 
Shanghai Darui Finechem Co., China) with a concentration of 10% (w/ 
v) and stirring at room temperature for 12 h. Then, RAPA (Aladdin 
Reagent Co., China) was added and dissolved for 1 h. A series of core 
solutions were prepared by dissolving TEMPOL (Aladdin Reagent Co., 
China) in 7.5% (w/v) PVA (Anhui Wanwei Group Co., Ltd., China) 
aqueous solution (which was stirred at 60 ◦C for 1 h and then at 90 ◦C for 
another 12 h) followed by room temperature stirring for over 0.5 h. 
Their concentrations are listed in Table 1. A coaxial electrospinning 
setup was used to prepare the RAPA/TEMPOL-loaded PLA electrospun 
membranes, as shown in Fig. 1a. The solutions for coaxial electro-
spinning were as follows: TEMPOL/PVA aqueous solution and RAPA/ 
PLA in HFIP solutions. For the subsequent coaxial electrospinning, the 
internal diameters of the coaxial spinneret were 0.34 mm and 1.06 mm. 
The shell and core solution were pushed by a syringe pump at speeds of 
1 mL/h and 0.1 mL/h, respectively, applied with a high voltage of 15 kV, 
and the collection distance was fixed to 15 cm. As a control, the same 
shell solutions without RAPA and core solutions without TEMPOL were 
also applied to prepare the nanofibrous membranes. In this work, all the 
electrospun membranes were collected for 1 h on a rotating drum (with 
a diameter of 7.8 cm) followed by vacuum drying at 40 ◦C for more than 
12 h to remove residual solvent for further usage. The samples prepared 
with the same 1% (w/v) RAPA in the shell solution and different 
TEMPOL concentrations in core solutions of 0% (w/v), 0.4% (w/v), 2% 
(w/v), and 10% (w/v) were named P-R1-T0, P-R1-T0.4, P-R1-T2 and P- 
R1-T10, respectively; the optimal one among the above, P-R1-T2, and its 
control samples without RAPA and without both RAPA and TEMPOL, 
named P-R0-T2 and P-R0-T0, respectively, were used (Table S1). 

Scanning electron microscopy (SEM) images were obtained with a 
Hitachi SU8010 system (Japan). Transmission electron microscopy 
(TEM) images were obtained with a JEM-2100 system (Japan). 

2.2. In vitro release behaviors of RAPA/TEMPOL-loaded PLA nanofibers 

To evaluate the release behavior of TEMPOL and RAPA from the 
nanofibers, we immersed membranes in 4 mL of phosphate-buffered 
saline (PBS, pH = 7.4) at 37 ◦C for release for certain time intervals; 
1 mL of the above solution was then taken and used for the following 
high-performance liquid chromatography (HPLC, LC 2050, China) 
analysis. The amounts of RAPA and TEMPOL were tested with a mobile 
phase consisting of acetonitrile:water = 75/25 (v/v). An equal volume 
of fresh PBS was added to the stock solution for subsequent release in-
cubations. The release percentage was calculated with the equation as 
follows:  

Mt = M1 + M2 + ⋅⋅⋅ + 4Mx                                                                   

where Mt is the cumulative amount of drug released from the electro-
spun membrane at predetermined time t, and Mx (x = 1, 2, 3 …) is the 
amount of drug in 1.0 mL PBS at predetermined time. 

2.3. In vitro performance 

2.3.1. Cell culture 
Each sample was cut into approximately 1.5 × 1.5 cm pieces to 

match the size of 12-well culture plates (Costar, USA) with a density of 
0.6316–0.7895 mg/cm2. All the samples were stored at 4 ◦C and 

Table 1 
Primers used in qRT-PCR.  

Gene Forward primer sequence (5′–3′) Reverse primer sequence (5′–3′) 

VCAM-1 GATTCTGTGCCCACAGTAAGGC TGGTCACAGAGCCACCTTCTTG 
TF CAGAGTTCACACCTTACCTGGAG GTTGTTCCTTCTGACTAAAGTCCG 
E-selectin GGACACCACAAATCCCAGTCTG TCGCAGGAGAACTCACAACTGG 
PAI-1 GGACACCACAAATCCCAGTCTG TCGCAGGAGAACTCACAACTGG 
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA  
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sterilized under ultraviolet light for 2 h. Stainless steel rings (Φ = 20 
mm, φ = 12 mm, δ = 2.0 mm) were used to prevent the membranes from 
floating. Cells were seeded on membranes in 12-well plates at a certain 
concentration. 

Primary HUVECs were obtained from ScienCell Research Labora-
tories (USA). Cells were provided at passage 1 and cultured in ECM 
(ScienCell Research Laboratories, USA) with 5% FBS, 1% endothelial 
cell growth supplement (ECGS) and 1% penicillin-streptomycin. 
RASMCs were obtained from the National Collection of Authenticated 
Cell Cultures (China). These cells were maintained in DMEM (Gibco, 
USA) with 10% FBS (Gibco, USA). Cells were cultured at 37 ◦C/5% CO2, 
and cells at the 3rd to 6th passages were used in the later experiments. 

2.3.2. Cell proliferation assay 
For the cell viability study, 1 mL of 2 × 105 HUVECs was seeded on 

electrospun nanofibrous membranes in 12-well culture plates and 
quantified at 24 h, 72 h and 120 h by CCK-8 assays (Dojindo Labora-
tories, Japan). 

For evaluation of the inhibition of membrane VSMC proliferation, 
RASMCs were seeded onto membranes at a density of 1 × 105 cells in 1 
mL/well and allowed to attach for 6–8 h. For the time course 

experiment, cells were cultured for 1 day, 3 days and 5 days. Cell pro-
liferation was evaluated at each time point by CCK-8 assays. The optical 
density was read by a microplate reader at a wavelength of 486 nm. For 
EdU analysis, cells after 60 h of platelet-derived growth factor BB 
(PDGF-BB) treatment were incubated with EdU (RiboBio, China) for 
another 12 h. The nuclei were counterstained with 4,6-diamidino-2-phe-
nylindole (DAPI, Weiao Biotech, China), and the images were captured 
by fluorescence microscopy (Leica, Germany). 

2.3.3. Endothelial permeability assay 
HUVECs were seeded into the upper compartment of a Transwell 

chamber (Corning, USA) with a pore size of 0.4 μm. HUVECs were 
cultured for 2 days before attaching electrospun nanofibrous mem-
branes to the bottom of the upper compartment and incubated for an 
additional 3 days. Fluorescein isothiocyanate (FITC)-coupled dextran 
with a molecular weight of 70 kDa (Sigma, USA) was added to the upper 
compartment prior to the indicated time points. The fluorescence of 
FITC-dextran (Ex485 nm/Em535 nm) in the lower compartment was 
measured by a microplate reader equipped for fluorescence measure-
ment (Multishan Go, Biotek, USA). Endothelial permeability was 
expressed as the OD value of the medium in the lower compartment. 

Fig. 1. Development of a RAPA/TEMPOL-loaded nanofibrous coating for the vascular stent. (a) Schematic illustration for the preparation of RAPA/TEMPOL-loaded 
PLA electrospun fibrous coating; (b) A digital photo of the stent without and with the nanofiber coating; (c) A representative TEM image of the P-R1-T2 nanofiber; (d) 
SEM images and corresponding diameter quantitative analysis of the nanofibers (left) without and (right) with RAPA/TEMPOL-loaded; e Schematic illustration for 
stent deployment in porcine coronary arteries with coating topically releasing TEMPOL and RAPA to the vessel wall. 
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2.3.4. Cell apoptosis assay 
Cell apoptosis status was evaluated by terminal deoxynucleotidyl 

transferase (TdT)-mediated dUTP nick end labeling (TUNEL, Beyotime 
Biotech, China) staining according to the manufacturer’s protocol. 
Phalloidin (AAT Bioquest, USA) and DAPI were stained simultaneously 
with TUNEL to identify the cell configuration and cell nuclei. 

2.3.5. ROS-scavenging capability 
ROS production was evaluated using 2,7-dichlorodihydrofluorescein 

diacetate (DCFH-DA, Sigma, USA) staining. HUVECs and RASMCs were 
seeded on electrospun membranes for 3 days in complete medium before 
stimulation with 0.8 mM H2O2 (Sigma, USA) for 16 h and 20 ng/mL 
PDGF-BB for 24 h, respectively. Cells were digested with 0.05% trypsin 
(Gibco, USA) and collected in 1.5 mL microcentrifuge tubes (Eppendorf, 
Germany). Complete medium with DCFH-DA (10 mM, Sigma, USA) was 
used to resuspend collected cells, which were incubated for 1 h at 37 ◦C. 
DCFH-DA was discarded, and the cells were washed twice with cold PBS. 
Then, the cells were resuspended in 1 mL of complete medium per 
sample. DCFH-DA-positive cells were identified and recorded by flow 
cytometry (Becton, Dickinson and Company, USA). 

2.3.6. Anti-inflammatory capacity of HUVECs 
HUVECs were cultured on the membranes for 3 days to reach over 

80% confluence before the cells were stimulated with 10 ng/mL TNFα 
(PeproTech, USA) for 2 h. Thereafter, the cells were collected, and total 
RNA was extracted for further qRT-PCR. 

Total RNA was extracted using an adsorption column-based extrac-
tion kit (Tiangen Biotech, China) according to the manufacturer’s in-
structions. For gene expression analysis, isolated RNA was reverse 
transcribed using PrimeScript RT Master Mix (TaKaRa, Japan). qRT-PCR 
was performed in triplicate using TB Green Premix Ex Taq II (TaKaRa, 
Japan) with a CFX96 real-time PCR system and CFX Manager Software 
(Bio-Rad Laboratories, Germany). Samples were normalized to the 
expression of GAPDH for gene expression targets. Target relative 
amounts were calculated using the 2− ΔΔCT method. The qRT-PCR 
primers were as follows: 

2.3.7. Immunoblot analysis of HASMCs 
Protein extracted from cells was denatured at 95 ◦C, reduced with 

sample buffer (0.1 mol/L Tris, pH 6.8, 40% glycerol, 2% SDS, 2% beta- 
mercaptoethanol and 0.02% bromophenol blue) and separated by SDS- 
PAGE. Then, the proteins were blotted onto a nitrocellulose membrane, 
which was blocked in 5% BSA and incubated with primary antibodies 
against calponin (CNN1, Proteintech, 24844-1-AP, USA), transgelin 
(SM22a, Proteintech, 10493-1-AP, USA), osteopontin (OPN, Pro-
teintech, 22952-1-AP, USA), proliferating cell nuclear antigen (PCNA, 
Cell Signaling Technology, 13110, USA) and β-actin (Cell Signaling 
Technology, 4970, USA) overnight. Subsequently, the membranes were 
treated with HRP-conjugated light chain-specific detection antibody 
(1:5000, Weiao Biotech, China) for 1 h. The membranes were developed 
using chemiluminescence (Millipore, WBLUF0500) on an Xograph pro-
cessor (Bio-Rad Laboratories, GelDoc Go, Germany). 

2.4. In vivo performance 

2.4.1. Stent preparation 
Bare metal stents (BMS, 3.0 × 17 mm, 316L stainless steel, JW 

medical system, China) were laser cut from the stent tube (Φ = 1.8 mm), 
and subjected to stent coating. For the stent coating, P-R1-T2 was pre-
pared according to the method above and collected with a rotation of 
BMS for 138 s. Coated stents were cramped onto balloon catheters using 
tweezers and sterilized by beta radiation prior to in vivo use. 

2.4.2. Porcine model of stent implantation 
All porcine animal procedures were approved by the local ethical 

committee for animal experiments, Zhongshan Hospital, Fudan 

University, Shanghai, China. Eight male and female mini pigs (3–6 
months old, 35–45 kg) underwent percutaneous coronary intervention 
by transfemoral access (n = 5/stent group). All pigs received a loading 
dose of aspirin and clopidogrel orally before the procedure and main-
tained the dual antiplatelet therapy until sacrifice (by propofol overdose 
followed by perfusion with a saturated KCl solution, under general 
anesthesia). Three coronary arteries [left anterior descending (LAD), left 
circumflex (LCX), and right coronary arteries (RCA)] of each animal 
were stented. Either a BMS or a drug-eluting stent (DES, EXCEL®, 3.0 ×
17 mm, JW Medical System, China) or a RAPA/TEMPOL-loaded covered 
stent (RTCS, 3.0 × 17 mm) was randomly stented in the porcine coro-
nary artery. Angiography and optical coherence tomography (OCT, St. 
Jude Medical, USA) were performed 2 weeks, 1 month and 3 months 
after stent implantation, followed by harvesting of coronary arteries. 

2.4.3. OCT image analysis in pigs 
OCT imaging was performed at stent implantation and at follow-up 

using the Ilumien Optis imaging system (St. Jude Medical, USA) ac-
cording to previously published methods [17]. Briefly, the OCT catheter 
(Dragonfly Optis, St. Jude Medical, USA) was positioned at least 5 mm 
distal to the stent, and automated pullback was triggered by hand in-
jection of 6–8 mL contrast. The analysis of contiguous cross-sections was 
performed at every frame within the segment to assess the minimal 
lumen area, stent area, stent strut coverage and neointimal volume 
consistent with previously validated methodologies (Supplemental file). 
The data were analyzed using the OCT image analysis system, QIVUS3.0 
Version with OCT Module (Medis Medical Imaging, Netherlands). 

2.4.4. ROS-scavenging capability in vivo 
Stent struts were carefully removed under a stereomicroscope 

shortly after artery explantation. Strut-free vessels were embedded in 
optimal cutting temperature compound (Sakura Finetek, USA) and 
stored at − 80 ◦C before final processing (within 72 h). The vessel sec-
tions were equilibrated at room temperature for 0.5 h before incubation 
with 10 μM DCFH-DA for 30 min at 37 ◦C. DCFH-DA was removed, and 
sections were rinsed with PBS 3 times before imaging. Images were 
captured by digital fluorescence slide scanner (Pannoramic, 3D Histech, 
Hungary). 

2.4.5. Characterization of the stented arteries 
Stented coronary arteries were explanted, washed with heparin so-

lution (100 units/mL) and fixed in 10% paraformaldehyde for 24 h 
before final processing. The tissue was then dehydrated and infiltrated 
with resin (Light polymerizing Kulzer, EXAKT, Germany). The tissue was 
embedded in resin and polymerized by light of different wavelengths 
(white/blue light) for 10 h. A thin section as thin as 100 μm was cut and 
further ground to 15 μm by a micro grinding system (E400CS, EXAKT, 
Germany) for subsequent staining. The cross-sectional slices were 
stained with hematoxylin and then used for histomorphometric analysis. 

The stented coronary arteries for endothelialization analysis were 
cut longitudinally and fixed in 2.5% glutaraldehyde for 24 h before final 
processing. Scanning electron microscopy was performed at 1 month 
post-stenting for the analysis of endothelization according to previously 
published methods [18]. 

2.5. Statistical analysis 

All quantitative data are presented as the mean ± SD (standard de-
viation). Statistical differences between groups were analyzed by one- 
way ANOVA and Tukey’s multiple comparison test with Prism® 9. P 
values < 0.05 were considered to be statistically significant between 
groups. 
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3. Results and discussion 

3.1. Characterization 

This study used a coaxial electrospinning process to incorporate 
TEMPOL and RAPA into nanofibers (Fig. 1a–d). For preparation of 
uniform nanofibers, polymers with good electrospinnability (PLA and 
PVA) were selected for electrospinning [19]. Given the poor water sol-
ubility of RAPA and the good water solubility of TEMPOL, RAPA was 
dissolved in the PLA/HFIP solution and loaded in the shell layer, while 
TEMPOL dissolved in the PVA aqueous solution and loaded in the core 
(Fig. 1a). To release TEMPOL and RAPA topically to the broken vascular 
intima, we collected the nanofibers and coated them onto the bare metal 
stents. As shown in Fig. 1b, the struts and gap of the stent were coated 
with the as-obtained nanofibers, indicating that a good coating of 
RAPA/TEMPOL nanofibers covered the stent plating area. For the 
micromorphology of such nanofibers, the as-electrospun nanofibers in 
such a coaxial electrospinning system presented a core-shell structure 
with a clear boundary (Fig. 1c). The surface morphology of the 
as-electrospun membranes with different loading amounts of TEMPOL 
and RAPA was demonstrated by SEM (Fig. 1d and Fig. S1). As shown in 
these SEM images, all fibers were smooth and randomly oriented with no 
visible beads-on-a-string or spindles-on-a-string phenomena and had 
close mean diameters. SEM images of P-R1-T2 and P-R0-T0 showed that 
the fiber diameter distribution is more concentrated for P-R1-T2 than for 
P-R0-T0 (Fig. 1d). This result indicated that the addition of TEMPOL and 
RAPA improved the uniformity of the nanofibers. 

3.2. In vitro release of TEMPOL and RAPA 

Compared with the coating of commercial DES (spray or dip 
coating), nanofiber membrane coating provides the stent with sustained 

drug release profile, and synergical release of one more drug with the 
structure design of nanofiber. In vitro release measurements were con-
ducted on the RAPA/TEMPOL-loaded PLA electrospun membranes 
using HPLC to monitor their release behaviors. As shown in Fig. 2e, it 
was found that the release behavior of both TEMPOL and RAPA expe-
rienced two stages: the initial burst release on the first day and the 
continuous slow release on the following days. The initial burst release is 
mainly attributed to the diffusion of TEMPOL and RAPA on the surface 
of the nanofibers [20]. In the stage of continuous slow release, the 
release rates of TEMPOL and RAPA slowed down; the release amount of 
TEMPOL gradually tended to be stable after the first day, while that of 
RAPA maintained a significant increase. This finding is because RAPA is 
more hydrophobic than TEMPOL and is not easy to dissolve in a water 
solution, so it exhibits more lasting in vitro release. Based on the in vitro 
release property of P-R1-T2, we selected the third day (TEMPOL was 
mostly released) as the time point to study how P-R1-T2 affected the in 
vitro behaviors of HUVECs and RASMCs with TEMPOL and RAPA. 

3.3. In vitro cytocompatibility 

The antiproliferative agents in the DES coating are effective in 
inhibiting VSMC proliferation. However, the antiproliferative stent 
coating can also delay re-endothelialization in the stented segment, 
contributing to late in-stent thrombosis events. The concern of in-stent 
thrombosis has led to the extended duration of dual antiplatelet ther-
apy [21–23]. Thus, an ideal stent coating must inhibit vicinal VSMCs 
while promoting the regeneration ability and preserving the functions of 
ECs [24–26]. 

Previous studies have reported that TEMPOL can inhibit VSMC 
migration, while such an effect does not act on ECs [11]. To further 
complement this effect, we incorporated RAPA into this system. We 
started our investigation by evaluating EC and VSMC proliferation on 

Fig. 2. Cytocompatibility and in vitro release 
behavior of RAPA/TEMPOL-loaded nanofiber mem-
branes. The viability of (a) HUVECs or (b) RASMCs on 
nanofiber membranes for 1 day, 3 days and 5 days 
(mean ± SD, n = 5 independent samples); Schematic 
illustration (c) and quantitative analysis (d) of the 
permeability of HUVECs cultured with nanofiber 
membranes using a FITC-dextran infiltration model 
(mean ± SD, n = 3 independent samples). (e) TEM-
POL and RAPA in vitro release curves of the P-R1-T2 
nanofiber membrane (mean ± SD, n = 3 independent 
samples). One-way ANOVA and Tukey’s multiple 
comparison test were performed to determine the 
differences among various membranes. Statistically 
significant differences are indicated by *P < 0.05, 
**P < 0.01, or ***P < 0.001.   
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RAPA/TEMPOL-loaded membranes. CCK-8 assays were performed 1 
day, 3 days and 5 days after seeding ECs and VSMCs on the membranes. 
None of the membranes caused a significant inhibition of cell viability of 
ECs at 1 day and 3 days (Figs. 2a and S2a). Nevertheless, membranes 
incorporated with a high concentration of TEMPOL (P-R1-T10) exhibi-
ted a significant inhibitory effect toward ECs with or without rapamycin 
at 5 days (Figs. 2a and S2a), which was also shown in our previous study 
[11]. The viability of adherent VSMCs was not changed by TEMPOL 
incorporation at any time point. Alternatively, significant inhibition of 
VSMC viability was observed in the RAPA group. Notably, TEMPOL 
enhanced the VSMC inhibition ability of the RAPA-loaded membranes. 
The P-R1-T2 group exhibited higher VSMC inhibition than either the 
P-R1-T0 or P-R0-T2 group (Figs. 2b and S2b). A further increase in 
TEMPOL loading (P-R1-T10) did not enhance the antiproliferative 
ability of the membrane. In contrast, P-R1-T2 exhibited a significantly 
stronger antiproliferative effect on VSMCs than P-R1-T10. The above 
results indicate that the P-R1-T2 membrane has the best inhibition of 
VSMCs while sparing ECs. 

In addition to EC proliferation and viability, endothelial perme-
ability is crucial in determining endothelial barrier formation [27]. 
RAPA was reported to impair endothelial barrier function by down-
stream disruption of p120-VE cadherin in vascular endothelium [28]. 
Thus, we measured TEMPOL- and RAPA-induced alterations in endo-
thelial barrier function by an in vitro dextran diffusion permeability 
assay (a schematic illustration is shown in Fig. 2c). The P-R1-T2 group 
did not show more dextran diffusion to the lower chamber than the 
control membrane group at any time point (Fig. 2d). To the best of our 
knowledge, the results suggest that concentrations of RAPA did not 
reach the threshold of endothelial barrier disruption. 

To further study the cellular inhibitory effect of RAPA/TEMPOL- 
loaded nanofibers, we conducted a live/dead assay to evaluate the cell 
death status of VSMCs grown on the membranes. As shown in Fig. 3a and 
Fig. S3, P-R0-T0 and TEMPOL incorporation did not change the cell 
death status of VSMCs. However, RAPA caused nearly 50% VSMC death 
(Fig. 3c). The combination of RAPA and TEMPOL did not further in-
crease VSMC death observed on the membranes. 

Fig. 3. Effect of the RAPA/TEMPOL-loaded nanofiber membrane on the cellular status of VSMCs. RASMCs were incubated for 3 days on nanofiber membranes. (a) 
Calcein-AM/PI staining fluorescence images displaying live (green) and dead (gold) RASMCs seeded onto various membranes (mean ± SD, n = 3 independent 
samples). (b) TUNEL and phalloidin costaining fluorescence images displaying apoptotic RASMCs (green) seeded onto various membranes (mean ± SD, n = 5 in-
dependent samples). (c, d) Quantitative analysis of live/dead and apoptotic cells. One-way ANOVA and Tukey’s multiple comparison test were performed to 
determine the differences among various membranes. Statistically significant differences are indicated by n.s. not significant, ***P < 0.001; ###P < 0.001 compared 
with P-R0-T0. 
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Moreover, fluorescence staining was then performed to evaluate the 
apoptosis of VSMCs cultured on membranes using TUNEL assays 
(Figs. 3b and S4). The results showed that the number of apoptotic cells 
was rarely observed in the control and TEMPOL groups. However, after 
3 days of culture, the apoptotic rates in the P-R1-T0 and P-R1-T2 groups 
were 58.1% and 57.0%, respectively (Fig. 3d). On the P-R1-T0 and P-R1- 
T2 membranes, the number of apoptotic cells was significantly higher 
but did not show a difference between the two groups, which is 
consistent with the live/dead assay results. Notably, VSMC morphology 
was shifted from a spindle shape to an irregular “dying” shape after 
RAPA incorporation. This result indicates that RAPA can directly induce 
VSMC apoptosis. TEMPOL can act with rapamycin to inhibit VSMC 
proliferation yet shows no effect on cell death or apoptosis of VSMCs. 
Above all, we preliminarily believe that a proper amount of TEMPOL can 
act with RAPA in VSMC inhibition while preserving endothelial barrier 
function. 

3.4. ROS scavenging and anti-inflammatory effects on endothelial cells 

In addition to delayed endothelial healing associated with anti-
proliferative drugs eluting from DESs, stent-induced or polymer-induced 

inflammation has also been identified as an essential factor in stent 
thrombosis [29–31]. Inflammatory responses to drugs, stents, or poly-
mers may result from nonspecific innate immune responses and ROS 
production [32]. Several studies have also identified stent-induced ROS 
production and inflammation in the pathobiology of restenosis, stent 
thrombosis and vasomotor disturbance [33–35]. 

Oxidative stress refers to the production of reactive oxygen species 
(ROS) and the resulting intracellular antioxidant imbalance, leading to a 
series of cellular dysfunctions. To study the ROS scavenging activity of 
RAPA/TEMPOL-loaded nanofiber membranes in vascular cells, we used 
DCFH-DA as a probe to fluorescently monitor the total intracellular ROS 
levels. Flow cytometry allowed the quantitative evaluation of cellular 
ROS levels. The results of flow cytometry of ROS are shown in Fig. S5. As 
expected, the ROS level markedly increased in the H2O2-treated groups 
at 16 h. However, the TEMPOL-loaded nanofiber membranes could 
counterbalance the ROS level increase in the ECs stimulated by H2O2, 
while RAPA did not further improve the ROS scavenging effect. 

The de novo synthesis of cell adhesion molecules (e.g., VCAM-1 and 
E-selectin) of endothelial cells is known to occur in cases of vascular 
injury and inflammation [36]. We thus examined whether the expres-
sion of VCAM-1 and E-selectin can be inhibited by the membrane in an in 

Fig. 4. Inhibition of adhesive molecules and pro-
thrombogenic factor expression in HUVECs. HUVECs 
were incubated with nanofiber membranes for 3 days 
before stimulation with 10 ng/mL TNFα for 2 h; qRT- 
PCR analysis of E-selectin (a), VCAM-1 (b), TF (c) and 
PAI-1 (d) mRNA expression showing the anti- 
inflammatory and antithrombogenic performance of 
membranes in HUVECs (mean ± SD, n = 5 indepen-
dent samples). One-way ANOVA and Tukey’s multi-
ple comparison test were performed to determine the 
differences among various membranes. Statistically 
significant differences are indicated by *P < 0.05, 
**P < 0.01, or ***P < 0.001.   
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vitro endothelial injury model. The mRNA expression of VCAM-1 
(Fig. 4a) and E-selectin (Fig. 4b) was markedly elevated after TNFα 
treatment at 2 h. Compared with the control cells, the HUVECs cultured 
on the TEMPOL- and RAPA-loaded nanofiber membranes presented 
significantly reduced mRNA expression of VCAM-1 and E-selectin. 
Notably, the nanofibers with both TEMPOL and RAPA further reduced 
VCAM-1 and E-selectin levels. Stent implantation was reported to 
stimulate the release of TNFα from activated inflammasomes in target 
lesions, which could induce persistent vascular inflammation by acti-
vating signaling pathways in ECs [37]. TEMPOL was able to stop this 
process by ROS scavenging, which led to impediment of inflammasome 
activation. Therefore, the results indicated better inhibition of inflam-
mation in the P-R1-T2 group, which is in line with the clinical expec-
tations of stents in terms of inhibiting inflammation. 

Vascular endothelial cells produce many modulatory proteins, such 
as tissue factor (TF) and plasminogen activator inhibitor-1 (PAI-1), 
which accelerate the development of thrombotic states in response to 
inflammation or injury [38]. Thus, the inhibitory effect of membranes 
on prothrombogenic factors was evaluated. RAPA/TEMPOL-loaded 
nanofiber membranes rescued the TF (Fig. 4c) and PAI-1 (Fig. 4d) 
elevation in the HUVECs stimulated by TNFα. These data demonstrate 
that only the P-R1-T2 membrane achieved the optimal combination of 
all these effects when compared to the RAPA and TEMPOL only mem-
branes. Consistent with our previous work demonstrating that TEMPOL 
drives ROS balance, guaranteeing vascular homeostasis, we believe that 
RAPA and TEMPOL, with the nanofiber membrane delivery system, act 
together to reduce the risk of inflammation and in-stent thrombosis. 

3.5. In vitro effects on the biological function of vascular smooth muscle 
cells 

In response to vascular injury, activated inflammatory cells, platelets 
and VSMCs release growth factors, especially PDGF, thereby leading to a 
switch of VSMCs from a quiescent, contractile phenotype to a dediffer-
entiated, synthetic phenotype [39]. This phenotypic switching process is 
characterized by downregulation of the expression of VSMC contractile 
markers such as CNN1 and SM22α as well as upregulation of synthetic 
protein expression of OPN. In addition, ROS were reported to participate 
in VSMC phenotypic switching by activating the NFkB signaling cascade 
in response to vascular injury [40]. Our previous work also showed that 
TEMPOL could attenuate PDGF-BB-triggered VSMC migration by ROS 
scavenging. Moreover, mTOR is responsible for VSMC dedifferentiation 
and proliferation; thus, inhibition of mTOR by RAPA can effectively 
maintain the contractile phenotype of VSMCs [40]. Thus, we next 
examined whether RAPA and TEMPOL have synergistic effects on 
PDGF-BB-induced ROS production and VSMC phenotypic switching. 

Consistent with findings in ECs, TEMPOL-loaded nanofiber mem-
branes reduced VSMC ROS levels stimulated by PDGF-BB, while RAPA 
incorporation further lowered the ROS levels (Figs. S5b and S5d). We 
examined the proliferation of VSMCs subjected to PDGF-BB stimulation 
by performing EdU assays (a schematic illustration is shown in Fig. 5a). 
As shown in Fig. 5c, the percentage of EdU-positive cells significantly 
increased from 28.7 ± 7.5% to 63.0 ± 12.2% after PDGF-BB stimula-
tion. TEMPOL and RAPA significantly attenuated VSMC proliferation 
with PDGF-BB stimulation, and the EdU-positive cells were 44.7 ± 4.6% 
and 28.9 ± 4.0%, respectively. The combination of RAPA and TEMPOL 
further inhibited VSMC proliferation below physiological levels (12.1 ±
2.9%). 

Western blotting was further performed to determine the function of 
RAPA/TEMPOL-loaded nanofiber membranes on VSMC phenotypic 
switch biomarkers. As shown in Fig. 5d, the TEMPOL group and RAPA 
group showed an obviously reversed PDGF-BB-triggered VSMC pheno-
typic switch from contractile to synthetic cells by upregulating CNN1 
(Fig. 5e) and SM22α protein levels (Fig. 5h) as well as downregulating 
OPN protein expression (Fig. 5f). Combining TEMPOL with RAPA 
further promoted this process. Moreover, the abnormal changes in the 

cellular proliferation marker PCNA (Fig. 5g) were significantly sup-
pressed in the RAPA group and P-R1-T2 group. VSMCs play a central 
role in neointima formation, vascular remodeling, and progression to in- 
stent restenosis after stent deployment. VSMCs undergo profound 
modifications during these processes. They switch to a synthetic 
phenotype and acquire high proliferative and migratory capacities. 
Thus, the current attempt to influence the phenotypic switch process of 
VSMCs by ROS scavenging could be instrumental in designing stent 
coatings that prevent in-stent restenosis. 

3.6. Effect of RAPA/TEMPOL-loaded covered stents on in-stent restenosis 
and strut endothelialization 

Encouraged by the results above, we coated BMS with P-R1-T2 
nanofibrous membranes and implanted them into porcine coronary ar-
teries. The in situ endothelialization ability and inhibition of excessive 
intimal hyperplasia were evaluated. BMS of 316L stainless steel and 
rapamycin-eluting commercialized DES were used as controls. Three 
groups of stents were randomly implanted in the LAD, LCX and RCA of 
Bama mini pigs. All stents were implanted with the guidance of real-time 
OCT coregistration with angiography. Complete stent apposition was 
achieved immediately after stent implantation (Fig. S6). The implanta-
tion procedure and angiographical follow-up are shown in Fig. S7. 
Coronary angiography and OCT were repeated at the 2 weeks-1 month-3 
months follow-up. OCT imaging at any time point showed no noticeable 
stent area differences in the three groups (Fig. 6d), indicating sufficient 
radial force for either group. However, the mean luminal area of the 
RTCS group (5.57 ± 0.21 mm2) was significantly larger than that of the 
BMS group (4.94 ± 0.26 mm2) at 12 weeks of follow-up (Fig. 6c). 
Luminal area stenosis (AS, expressed as % of the lumen area traced on 
native lumen contrast OCT images) was analyzed in each of the three 
stent groups from 5 pigs at 2 weeks-1 month-3 months of consecutive 
OCT follow-up after stent implantation (n = 5 stents/group). The neo-
intima area of the BMS group was 0.72 ± 0.20 mm2 at 2 weeks and 1.03 
± 0.11 mm2 at 1 month and reached 1.70 ± 0.27 mm2 at 3 month post- 
implantation. AS increased from 10.93 ± 2.89% to 25.31 ± 3.45% 
during that time (Fig. 6e and f). Upon loading of the RAPA coating, DES 
strongly inhibited neointimal hyperplasia. The neointima area and AS 
for DES were 0.53 ± 0.12 mm2 and 8.14 ± 2.03%, respectively, at 1 
month. Nevertheless, the neointimal inhibitory effect seems unsustain-
able, as we found that the indices increased to 0.93 ± 0.24 mm2 and 
14.27 ± 3.94% at 3 month. In comparison, RTCS demonstrated slow and 
steady neointima growth since the neointima area was slightly enhanced 
from 0.68 ± 0.20 mm2 at 1 month to 0.82 ± 0.17 mm2 at 3 month. The 
degree of stenosis and neointimal area in the BMS group were consis-
tently greater than those in the RTCS group and DES group after 1 month 
(Fig. 6e and f). The result was confirmed by histomorphometric obser-
vation of hematoxylin-eosin-stained cross-sections (Fig. 7e and f). Cross- 
sections of BMS-stented arteries showed neointimal hyperplasia and the 
presence of inflammatory cells surrounding stent struts at 3 month. In 
contrast, the extent of neointima and inflammation were lower in the 
RTCS and DES groups (Fig. 7c). On the other hand, as shown in Table S2, 
qualitative OCT analysis demonstrated the greatest incidence of un-
covered struts in DES, while RTCS and BMS showed more stent coverage 
at 2 weeks (20.33 ± 5.36%, 47.19 ± 12.14%, and 50.05 ± 14.63%, 
respectively, p = 0.0025). At 1 month follow-up, half of the struts of DES 
were still uncovered, significantly higher than RTCS group. OCT images 
at 3 months showed almost complete strut coverage in all three groups. 

To explain the difference among stent groups, we examined the ROS 
level of stented arteries at 1 month. Fluorescent images of the DHE- 
stained sections, allowing detection of ROS in the red channel, were 
used to evaluate the in vivo ROS scavenging ability of the RAPA/ 
TEMPOL-loaded covered stents. Of note, in contrast to those of the 
BMS and DES groups, the ROS level in the RTCS group was lower in the 
arterial media and neointima of stented arteries (Fig. 7a, d and S8). 

SEM was further performed to demonstrate the potential of the RTCS 
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Fig. 5. Effects of the RAPA/TEMPOL-loaded nanofiber membrane on the PDGF-BB-induced phenotypic switch of VSMCs in vitro. RASMCs were seeded on nanofiber 
membranes and stimulated with PDGF-BB for 3 days. (a) Schematic illustration of VSMC phenotypic switching and EdU incorporation. (b) EdU assays indicating the 
antiproliferative properties of various membranes in RASMCs (mean ± SD, n = 5 independent samples). (d) Expression of the VSMC phenotypic biomarkers CNN-1, 
OPN, SM22a and PCNA detected by Western blots and (e–h) corresponding quantitative analysis (mean ± SD, n = 5 independent samples). One-way ANOVA and 
Tukey’s multiple comparison test were performed to determine the differences among various membranes. Statistically significant differences are indicated by *P <
0.05, **P < 0.01, or ***P < 0.001; +P < 0.05, ++P < 0.01, +++P < 0.001 compared with the P-R0-T0 group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the 
P-R0-T0+PDGF-BB group. 
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for re-endothelialization. SEM of the luminal side of stented arteries 
revealed that endothelialization was remarkably delayed on the DES 
compared with other stents at 1 month. Both the BMS and RTCS groups 
achieved a high grade of endothelialization, whose ECs were elongated 
and oriented in the direction of blood flow at 1 month (Fig. 7b). 

Herein, we further report that RAPA/TEMPOL-loaded covered stents 
promote in vivo endothelial healing while reducing ROS production, 
leading to in-stent restenosis and inflammation compared to DES and 
BMS, respectively. While rapid endothelialization is achieved in the 
presence of BMS, ROS production and inflammation in vascular injury 
and the foreignness of metal struts eventually lead to in-stent restenosis 
[41]. The antistenotic effect of DES was counterbalanced by incomplete 
endothelialization at 1 month, consistent with previous studies [18]. 
Our study demonstrates that RTCS is efficient for both rapid endothe-
lialization and ROS scavenging. This phenomenon leads to the formation 
of a seemingly healthy endothelial barrier with anti-inflammatory 
properties, and a thin neointimal layer resembles DES. We therefore 
believe that RAPA/TEMPOL-loaded nanofiber membranes are a feasible 
approach for stent coating and could meet the improvement expected in 

the stent field. However, a long-term follow-up (≥6 months) and 
research in atheromatous animal models would be necessary for the 
translational perspective. 

4. Conclusion 

In this work, we developed a multifunctional drug-loaded nano-
fibrous stent coating through coaxial electrospinning with RAPA in the 
shell and TEMPOL in the core spinning solution. The RAPA/TEMPOL- 
loaded nanofiber membrane showed sustained and controlled drug 
release kinetics. Specifically, this membrane showed a great anti-
proliferative and proapoptotic effect on arterial smooth muscle cells 
(RASMCs) while preserving endothelial barrier functions (HUVECs). 
Additionally, this membrane not only significantly mitigated TNFα- 
induced endothelial inflammation but also maintained the VSMC con-
tractile phenotype under PDGF-BB stimulation through the synergistic 
effect of RAPA and the ROS scavenger TEMPOL. The in vivo results 
demonstrated that the RAPA/TEMPOL-loaded covered stents achieved 
ROS scavenging, rapid re-endothelialization, and effective prevention of 

Fig. 6. In vivo evaluation of in-stent stenosis by optical coherence tomography. (a) Schematic illustration of neointimal hyperplasia of the BMS, DES and RTCS at the 
3-month follow-up. (b) OCT was performed at 2 weeks, 1 month and 3 months post-implantation. Asterisks indicate uncovered stent struts. Broken lines indicate 
the stent contour (outside) and luminal contour (inside). Quantitative analysis of (c) the lumen area, (d) stent area, (e) neointima area and (f) area stenosis rate (mean 
± SD, n = 5 independent stented arteries). One-way ANOVA and Tukey’s multiple comparison test were performed to determine the differences among various stents. 
Statistically significant differences are indicated by *P < 0.05, **P < 0.01, or ***P < 0.001. 
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in-stent restenosis. These RAPA/TEMPOL-loaded covered stents could 
combine neointima inhibition and rapid re-endothelialization, which 
provided a promising and effective method for addressing the major 
clinical complications of coronary stent implantation. 
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