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Abstract 

Background: Stent-based revascularization remains limited by the competing demands of restenosis prevention and vascular 
healing. Although drug-eluting stents reduce neointimal hyperplasia by suppressing vascular smooth muscle cell (VSMC) 
proliferation, their cytostatic mechanisms can delay re-endothelialization and compromise vascular repair. This unresolved 
therapeutic tradeoff underscores the need for a regenerative scaffold strategy that preserves antirestenotic efficacy while actively 
restoring vascular healing. 
Methods: We developed a nanovesicle-eluting bioresorbable scaffold (NVE-BRS) by non-covalently loading MSC-derived 
nanovesicles (MSC-NVs) onto a PMB30W-functionalized, honeycomb-structured thin-strut PLLA scaffold, followed by 
lyophilization for off-the-shelf use. Lyophilization stability, coating and release behavior, shear retention, NV diffusion, radial 
expansion mechanics, in vitro vasculomodulatory activity, and in vivo efficacy were evaluated using computational analyses, vascular 
cells and a balloon-injured rabbit iliac artery model with angiography, OCT, histology, and immunofluorescence. 
Results: The PMB30W-based amphiphilic interface enabled uniform non-covalent MSC-NV loading and localized release without 
chemical conjugation, while lyophilization preserved EV-mimetic morphology, particle and cargo profiles, and bioactivity. 
Computational analyses supported transmural NV delivery and scaffold mechanical integrity after expansion. In vitro, MSC-NVs 
promoted endothelial recovery and angiogenic activity while suppressing VSMC inflammatory activation, proliferation, and pro-
atherogenic macrophage responses. In vivo, NVE-BRS maintained vascular patency and reduced neointimal thickness from 0.40 ± 
0.02 mm to 0.17 ± 0.01 mm and stenosis area from 48.8 ± 1.56% to 19.38 ± 1.67% compared with bare BRS. Histology further 
showed increased CD31-positive endothelial coverage and reduced VCAM-1, PDGFR-β, α-SMA, and CD68 signals. 

Conclusion: NVE-BRS establishes an off-the-shelf regenerative scaffold platform that enables therapeutic decoupling between 
antirestenotic efficacy and vascular healing through coordinated endothelial repair, suppression of VSMC activation, and 
inflammatory modulation. 

Keywords: anti-restenosis, bioresorbable scaffold, extracellular vesicles, mesenchymal stem cells-derived nanovesicles, vasculoregeneration 

 
Ivyspring  

International Publisher 



Theranostics 2027, Vol. 17, Issue 1 
 

 
https://www.thno.org 

525 

Introduction 
Atherosclerosis is the underlying pathological 

process of multiple cardiovascular diseases and a 
leading cause of global mortality [1-5]. Progressive 
arterial plaque formation narrows the lumen and 
impairs blood flow, often necessitating 
revascularization to restore perfusion. Although 
pharmacological therapy slows disease progression, 
patients with obstructive lesions ultimately require 
interventional treatment [6]. Coronary artery bypass 
grafting (CABG) and percutaneous coronary 
intervention (PCI) are the primary therapeutic options 
for restoring coronary blood flow. Although PCI is less 
invasive and offers faster recovery than CABG, stent 
implantation remains associated with restenosis [7, 8]. 
Bare-metal stents (BMSs) release metal ions that 
induce hypersensitivity reactions, triggering foreign 
body responses, impaired re-endothelialization, and 
vascular smooth muscle cell (VSMC) activation that 
induce neointimal hyperplasia [9]. These limitations 
led to the development of drug-eluting stents (DESs), 
which locally release antiproliferative agents to 
prevent abnormal VSMC growth for prolonged 
patency. Although DESs substantially reduce early 
restenosis, their cytostatic agents delay stent surface 
re-endothelialization, leading to late thrombosis and 
late-stage restenosis [8, 10, 11]. To address these 
challenges, polymer-based bioresorbable scaffolds 
(BRSs) have emerged as next-generation platforms to 
reduce late restenosis while enabling diverse surface-
modification strategies that promote rapid and 
functional re-endothelialization [12-14]. 

Mesenchymal stem cells (MSCs) are widely 
investigated as a promising cell therapy owing to their 
capacity to modulate immune responses, inhibit 
apoptosis, and promote tissue regeneration via 
paracrine mechanisms [15-18]. However, clinical 
translation of MSC-based therapies is limited to poor 
in vivo persistence, inefficient targeting, time- and 
resource-intensive nature of cell preparation, and risks 
of unpredictable biological behavior inducing off-
target effects [17, 19, 20]. Accordingly, MSC-derived 
small extracellular vesicles (EVs) (i.e., exosomes) have 
emerged as cell-free therapeutic alternatives that 
retain anti-inflammatory and pro-regenerative 
functions, while providing a nanoscale platform 
compatible with long-term storage and off-the-shelf 
use [21-24]. MSCs, MSC-derived exosomes, and their 
mimetics, such as artificial nanovesicles (MSC-NVs) 
synthesized by physical extrusion of live MSCs for 
increased productivity, have demonstrated 
therapeutic potential in vascular diseases [25, 26]. 
However, their application to stent-based 
revascularization strategies remain limited. Direct 

coating of viable cells onto stent surfaces presents 
substantial technical and translational challenges, 
including poor cell retention under physiological 
shear stress, short shelf life, and incompatibility with 
large-scale manufacturing and sterilization. Although 
exosome- and NV-based approaches provide cell-free 
alternatives, stable integration onto stent platforms 
requires long-term stabilization via lyophilization, for 
which systematic studies on bioactivity preservation 
and release remain limited [27]. Moreover, while MSC-
derived paracrine signaling is known to support 
endothelial repair, its effects on VSMCs are 
inconsistent, raising concerns regarding unintended 
activation and promotion of neointimal hyperplasia 
[28, 29]. Collectively, these biological ambiguities and 
translational constraints have hindered the adoption 
of MSC-based and MSC-derived therapies in anti-
restenotic stent platforms. 

In this study, we address these unresolved 
biological and translational challenges by developing 
a vasculomodulatory MSC-NV-eluting BRS (NVE-
BRS) (Figure S1). A biodegradable polymer-based BRS 
was functionalized with an amphiphilic polymer to 
form a stable MSC-NV interface on its surface. In vitro 
and in vivo studies demonstrate that MSC-NV or NVE-
BRS regulates vasculomodulation, by promoting re-
endothelialization while suppressing VSMC 
activation and inflammatory responses, overcoming 
limitations of conventional DES. Efficient delivery to 
the intima and media was enabled by the synergistic 
interplay between BRS architecture and the intrinsic 
transcytotic capability of MSC-NVs, supported by 
computational analysis and their EV-mimetic 
properties. Notably, MSC-NVs retained therapeutic 
efficacy following lyophilization, indicating that 
bioactivity was maintained along with the 
translational feasibility of the NVE-BRS platform for 
long-term storage and manufacturing. This work 
advances regenerative and clinically translatable 
precision vascular therapies by integrating clinically 
relevant bioactive NVs with the structural and 
chemical features of BRS to enable efficient delivery 
and balanced vascular repair. 

Results and Discussion 
Preparation and characterization of MSC-NVs 
and NVE-BRS 

MSC-NVs were produced via serial extrusion 
through membranes with pore sizes of 10, 5, and 0.4 
µm (Figure 1A). NVE-BRSs were prepared via 
sequential coating with poly(2-methacryloyloxyethyl 
phosphorylcholine-co-n-butyl methacrylate) 
(PMB30W) and MSC-NVs, followed by lyophilization 
and crimping for further experiments. Before in vivo 
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use, NVE-BRSs underwent lyophilization to facilitate 
stable delivery and long-term storage. To enhance 
MSC-NV stability during lyophilization, 4% trehalose 
was added as a cryoprotectant. Both fresh (Fresh-NVs) 
or lyophilized MSC-NVs (Lyo-NVs) exhibited 
diameters of approximately 100 nm, confirmed by 
transmission electron microscopy (TEM) and direct 
stochastic optical reconstruction microscopy 
(dSTORM) imaging (Figure 1B). dSTORM imaging 
further verified the presence of tetraspanin markers, 
including CD9, CD63, and CD81, supporting their EV-
mimetic identity. Lyophilization in the presence of 4% 
trehalose preserved NV morphology, particle size, and 
surface protein distribution without significant 
differences from fresh-NVs. Consistently, nanoparticle 
tracking analysis (NTA) and bicinchoninic acid (BCA) 
assay results showed that particle concentration 
(Figure 1C), particle size distribution (Figure 1D), and 
protein concentration (Figure 1E) were maintained 
after lyophilization with 4% trehalose. In addition, 
thermal stability of Lyo-NVs was evaluated via heat 
treatment at 40 °C for 300 s, reflecting thermal stress 
during crimping. Fresh-NVs in suspension or Lyo-
NVs in powder form exhibited no significant changes 
in total particle concentration (Figure 1F), protein 
content (Figure 1G), and intravesicular RNA quantity 
(Figure 1H). Moreover, microarray analysis revealed 
that 4% trehalose minimized lyophilization-induced 
alterations in intravesicular microRNA (miRNA) 
content (Figure 1I). 

The BRS surface was modified with the 
amphiphilic coating agent PMB30W to reduce its 
intrinsic hydrophobicity, confirmed via contact angle 
measurement (Figure 1J). To determine the MSC-NV 
concentration for BRS coating, BRSs were treated with 
DiD-labeled MSC-NV solutions at 400, 700, and 1,000 
µg/mL. The DiD-positive coating area was 
significantly lower at 400 µg/mL than at 700 and 1,000 
µg/mL, whereas no significant difference was 
observed between 700 and 1,000 µg/mL (Figure S2). 
Thus, 700 µg/mL (1.19×1011 particles/mL) was 
selected as the coating concentration for subsequent 
NVE-BRS preparation. Both uncoated (non-coated) 
and PMB30W-coated stents (PMB30W) showed a 
uniform and continuous NV layer, confirmed via 
confocal imaging, without significant differences in 
the adsorbed MSC-NV amount (Figure 1K). However, 
we hypothesized that hydrophilic surfaces form a 
stable hydration layer that limits direct interfacial 
contact of BRS and MSC-NVs, reducing adhesion 
strength and facilitating adsorbed NV release. 
Consistent with our hypothesis, static release testing 
showed increased NV release in the PMB30W group 
compared with the non-coated group (Figure 1K). 
MSC-NV coating stability was evaluated under 

simulated blood flow by applying a shear stress of 5.6 
dyne/cm² for 5 s using a syringe pump. The coating 
remained intact without detectable damage under this 
short-term dynamic condition (Figure 1L). 

Overall, these findings showed that adding 4% 
trehalose during lyophilization preserves the key 
physicochemical properties of MSC-NVs. 
Maintenance of morphology, surface marker 
distribution, protein content, particle concentration, 
and intravesicular RNA after lyophilization and heat 
exposure indicated stability under storage-related 
stress and transient thermal loads during stent 
crimping. Notably, reduced miRNA alterations in the 
4% trehalose group suggested that trehalose stabilizes 
both vesicle structure and cargo, which may help 
maintain MSC-NV bioactivity. In addition, the NV 
coating remained stable under the tested flow 
condition (5.6 dyne/cm² for 5 s), supporting short-
term resistance to shear-induced detachment. 
However, the applied shear stress and exposure 
duration were lower than typical arterial conditions, 
requiring additional in vivo evaluation of coating 
stability. Existing stent-based EV delivery strategies 
predominantly depend on chemical conjugation, 
restricting vesicle release and introducing transla-
tional barriers due to additional chemical modification 
steps [30, 31]. In contrast, this platform used a 
PMB30W coating layer, a biocompatible amphiphilic 
polymer, to alter surface hydrophilicity and enable 
simple NV adsorption and localized delivery [32-34]. 
Combined with preserved functionality after lyophi-
lization, this strategy supports a manufacturing-
compatible approach with translational potential for 
next-generation EV-eluting stent systems. 

Numerical simulation for NV diffusion 
The integrated computational framework used to 

evaluate NV transport and stent mechanics is summa-
rized in Figure 2A. The mass transport model was 
constructed using a half-artery domain, with the stent 
surface defined as the drug-release boundary, whereas 
the structural model was used to simulate radial stent 
expansion under internal pressure. The temporal evo-
lution of drug concentration was strongly influenced 
by the assigned diffusion coefficient (𝐷𝐷). Our simula-
tive results demonstrate that the lower-diffusivity case 
maintained a higher mean normalized concentration 
over the 28-day period, indicating slower transport 
and prolonged local retention, while higher diffusivity 
promoted more rapid redistribution and clearance of 
the released NVs, leading to a faster reduction in mean 
concentration (Figure 2B). These results indicate that 
the diffusion coefficient is a key parameter governing 
the balance between local drug retention and spatial 
redistribution within the arterial wall tissue. 
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Figure 1. MSC-NV and NVE-BRS preparation and characterization. (A) Schematic illustration of MSC-NV preparation via serial extrusion using membranes with pore sizes of 
10, 5, and 0.4 µm, followed by incorporation onto BRS surfaces. (B) TEM and dSTORM images of MSC-NVs with and without lyophilization. Scale bar = 50 nm. (C-E) Particle 
stability evaluation following lyophilization with 4% trehalose supplementation. (C) Relative particle number (n = 5), (D) particle size distribution, and (E) relative MSC-NV 
protein concentration (n = 5). (F-H) MSC-NV thermal stability during stent crimping (40 °C, 300 s). (F) Relative particle number (n = 5), (G) relative protein concentration (n 
= 5), and (H) relative fluorescence intensity of intravesicular RNA (n = 5). (I) Comparison of miRNA expression profiles among fresh MSC-NVs (control), lyophilized MSC-
NVs without trehalose (saline), and lyophilized MSC-NVs with 4% trehalose. (J) Wettability analysis of stent surfaces (n = 5). (K) Representative 2D and 3D images of non-
coated and PMB30W-coated stents with or without NV coating (Bare BRS and NVE-BRS), with NVE-BRS shown at 0 and 24 h. Quantification of released NVs from non-coated 
and PMB30W-coated stents (n = 9). Scale bar = 500 µm. (L) Shear stress test under flow (5.6 dyne/cm², 5 s) showed no detectable loss of MSC-NV coating on PMB30W-
coated stents compared with non-coated stents (n = 5). Quantitative data are expressed as the mean ± standard deviation (SD). Statistical significance was determined using 
an unpaired two-tailed Student’s t-test for comparisons between two groups and one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test for 
comparisons among more than two groups. ns = non-significant, **p < 0.01, ****p < 0.0001. 
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Figure 2. Computational evaluation of NV delivery and structural BRS mechanics. (A) Simulation setup illustrating the mass transport in half of the artery (left) and the 
structural expansion under internal radial pressure (right). (B) Mean normalized concentration over 28 days for D = 5.5 × 10−12, 5.5 × 10−13, and 5.5 × 10−14 m2/s, showing the 
effect of diffusivity on drug concentration evolution. (C) Spatial heterogeneity index over 28 days for different diffusion coefficients, showing progressive homogenization of 
MSC-NV distribution within the arterial wall over time. (D) Cross-sectional concentration contours showing radial transmural drug diffusion over time. (E) Front-view 
concentration contours illustrating temporal drug distribution along the stent surface, including local accumulation near struts and progressive spatial redistribution. Panels D 
and E share the same color scale for normalized concentration. (F) Contour plot of total structural deformation under 2.5 MPa internal pressure. (G) Contour plot of equivalent 
von Mises stress. 
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In addition to the diffusivity-dependent 
concentration response, spatial heterogeneity of MSC-
NV distribution within the arterial wall was 
quantitatively evaluated using the spatial 
heterogeneity index (Figure 2C). Lower diffusion 
coefficients exhibited higher initial heterogeneity, 
indicating localized accumulation of MSC-NVs near 
the stent surface, whereas higher diffusivity promoted 
more rapid spatial homogenization over time. In all 
conditions, the heterogeneity index gradually 
decreased during the 28-day simulation period, 
reflecting progressive redistribution of MSC-NVs 
throughout the arterial wall tissue. These findings 
suggest that diffusion coefficient strongly influences 
not only overall concentration retention but also the 
spatial uniformity of NV exposure within the vessel 
wall. The contour plots obtained at 𝐷𝐷 = 5.5 ×
10−12 m²/s further illustrate the spatial evolution of 
NV transport. The cross-sectional views show the 
radial distribution of drug concentration across the 
arterial wall at different time points (Figure 2D). The 
concentration was initially localized near the stent-
facing region, became more spatially distributed 
across the arterial wall as diffusion progressed, and 
subsequently decreased as the released drug was 
depleted over time. Notably, the concentration had 
already decreased substantially by day 7, although the 
full transient simulation was performed over a 28-day 
period. The front-view contours show the 
corresponding temporal diffusion pattern along the 
stent surface (Figure 2E). These views demonstrate 
that the drug released from the stent initially 
accumulated around the stent struts and subsequently 
spread along the arterial surface, while the overall 
concentration intensity gradually diminished. Since 
panels D and E share the same color scale, the 
temporal changes in concentration magnitude and 
spatial redistribution can be directly compared. 

Together, these results suggest that MSC-NV 
delivery from NVE-BRS is governed by both 
diffusivity and spatial proximity to the strut surface. 
Lower diffusion coefficients favor prolonged local 
retention, whereas higher diffusion coefficients 
enhance spatial spreading and more rapidly reduce 
concentration gradients. This trade-off is important for 
optimizing stent-based drug delivery, where sufficient 
local retention is required for therapeutic efficacy, 
while excessive localization may result in nonuniform 
tissue exposure. A limitation of this analysis is that the 
diffusion coefficient was adopted from literature 
values reported for nanoparticles of comparable 
dimensions [35]. This approach also implicitly 
assumes that NV diffusion occurs through a 
homogeneous medium without anisotropy and that 
the NV transport process is Fickian, without reaction 

or entrapment. In other words, all NVs were assumed 
to diffuse through the different media. In addition, 
depletion of NVs in the carrier was modeled based on 
prior molecular depletion behavior of compounds 
with similar diffusion properties. Future work should 
address the experimental characterization of the NV 
transport process using a Franz cell system with 
vascular tissue to obtain a more precise estimate of the 
diffusion coefficient. 

Structural response of BRS to radial 
expansion 

Under an internal inflation pressure of 2.5 MPa, 
corresponding to approximately 25 atm, the poly(L-
lactic acid) (PLLA)-based BRS underwent radial 
expansion with a complex three-dimensional 
deformation pattern. The mechanical response was 
evaluated using equivalent von Mises stress, which 
provides a scalar representation of the multiaxial 
stress state and enables assessment of yielding and 
plastic deformation. The total deformation contour 
indicates a maximum displacement of approximately 
0.41 mm (Figure 2F). The deformation pattern 
demonstrates overall radial expansion of the scaffold, 
with slightly greater displacement near the 
longitudinal ends. This behavior is consistent with the 
dogboning deformation commonly observed during 
balloon-driven stent deployment. 

The von Mises stress distribution indicates a 
maximum stress of approximately 100.7 MPa, 
exceeding the initial tensile yield strength of PLLA, 
66.5 MPa (Figure 2G). This result suggests that 
localized plastic deformation occurred during balloon 
expansion, allowing the scaffold to retain its expanded 
configuration after deflation and provide mechanical 
support to the arterial wall. The highest stresses were 
observed near the U-shaped crowns and connecting 
struts, where deformation was primarily 
accommodated during deployment. The asymmetric 
scaffold design may also provide recognizable 
structural landmarks under imaging, thereby 
facilitating stent orientation and image-guided 
navigation. 

In vitro re-endothelialization and endothelial 
protective effects of MSC-NVs 

Rapid re-endothelialization after stent 
implantation is essential for restoring vascular 
homeostasis and maintaining long-term vessel 
patency. However, the post-implantation 
microenvironment is highly inflammatory, impairing 
endothelial cell (EC) migration and delaying 
endothelial recovery. In addition, mTOR inhibitors 
such as sirolimus or everolimus in DESs also exert 
antiproliferative, anti-migrative, and cytotoxic effects 
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on ECs, hindering re-endothelialization [36-38]. 
Therefore, strategies that simultaneously promote EC 
recovery and modulate the inflammatory vascular 
environment are required for preventing late-stage 
restenosis. Thus, MSC-NVs were used in vitro to 
confirm their anti-inflammatory and pro-endothelial 
recovery functions and to compare the therapeutic 
efficacy of Fresh- and Lyo-NVs. The endothelial 
recovery effects of MSC-NVs were evaluated by 
inducing inflammatory dysfunction in human 
coronary artery endothelial cells (hCAECs) via 
lipopolysaccharide (LPS) stimulation (100 ng/mL). 

Based on dose-dependent assessments of 
inflammatory regulation, metabolic activity, and 
cytotoxicity, 10 µg/mL (1.70×109 particles/mL) was 
selected for subsequent in vitro experiments. In LPS-
stimulated hCAECs, Fresh- and Lyo-NVs generally 
reduced inflammatory and endothelial dysfunction 
marker expression across concentrations of 0.1–50 
µg/mL, with robust effects at 10 µg/mL and limited or 
variable additional benefit at 50 µg/mL. CCK-8 
analysis further showed recovery of LPS-reduced 
metabolic activity, while NV-only Live/Dead imaging 
showed no overt cytotoxicity up to 50 µg/mL (Figure 
S3). Time-course analysis showed that cell-associated 
DiD fluorescence from both Fresh- and Lyo-NVs 
progressively increased in hCAECs over 0–24 h, with 
the highest fluorescence observed at 24 h (Figure 3A). 
Endothelial dysfunction is accompanied by the 
upregulation of pro-inflammatory cytokines and 
adhesion molecules, including intercellular adhesion 
molecule-1 (ICAM-1), vascular cell adhesion 
molecule-1 (VCAM-1), and E-selectin, promoting 
immune cell recruitment. Our results demonstrated 
both Fresh- and Lyo-NVs significantly downregulated 
pro-inflammatory cytokine and adhesion molecule 
expression (Figure 3B). Endothelial recovery was 
further evaluated via the cell migration assay. LPS 
treatment reduced hCAEC migration, whereas Fresh- 
and Lyo-NV treatment restored migration to levels not 
significantly different from the non-stimulated control 
(Figure 3C), indicating recovery toward baseline 
rather than enhancement beyond baseline. 
Additionally, immunofluorescence staining showed 
reduced VCAM-1 expression following MSC-NV 
treatment (Figure 3D). Tube formation analysis 
demonstrated that MSC-NVs significantly restored 
endothelial angiogenic activity impaired by 
cyclosporin A (CyA) (Figure 3E). To assess angiogenic 
recovery, human umbilical vein endothelial cells 
(HUVECs) were cultured on Matrigel and co-treated 
with CyA and MSC-NVs 2 h after seeding. 
Quantitative analysis of junctions, master junctions, 
master segments, and total tube length confirmed that 
MSC-NV treatment restored tube formation impaired 

by CyA. The results indicated that MSC-NVs enhance 
angiogenic activity and endothelial function 
regardless of lyophilization. 

Collectively, our findings suggested that MSC-
NVs may offer a therapeutic advantage by 
simultaneously attenuating endothelial inflammatory 
signaling and promoting re-endothelialization under 
restenotic conditions. These effects are relevant given 
the limitations of conventional DESs, which suppress 
VSMC proliferation and may also impair endothelial 
recovery. Both Fresh- and Lyo-NVs retained anti-
inflammatory and endothelial restorative effects, 
indicating that lyophilization does not compromise 
MSC-NV bioactivity. Conversely, quantitative real-
time PCR (qRT-PCR) results showed greater 
suppression of TNF, IL6, ICAM1, VCAM1, and SELE 
expression in Lyo-NVs compared with Fresh-NVs. 
The enhanced suppression of selected inflammatory 
and endothelial dysfunction markers by Lyo-NVs 
suggested that lyophilization may modulate the 
relative abundance of specific regulatory miRNAs, 
although further mechanistic validation is required.  

In vitro suppression of smooth muscle cell and 
adventitial fibroblast activation by MSC-NVs 

The anti-inflammatory effects of MSC-NVs on 
human aortic smooth muscle cells (hAoSMCs) were 
evaluated under TNF-α (10 ng/mL) and interferon-γ 
(IFN-γ) (10 ng/mL) stimulation. Based on dose-
dependent assessments of inflammatory regulation, 
metabolic activity, and cytotoxicity, 10 µg/mL 
(1.70×109 particles/mL) was selected for subsequent in 
vitro experiments. In hAoSMCs, Fresh- and Lyo-NVs 
generally attenuated TNF-α/IFN-γ-induced 
inflammatory marker expression across 
concentrations of 0.1–50 µg/mL, with robust effects at 
10 µg/mL and limited or variable additional benefit at 
50 µg/mL. CCK-8 analysis further showed attenuation 
of PDGF-BB-induced metabolic activity, while NV-
only Live/Dead imaging showed no overt cytotoxicity 
up to 50 µg/mL (Figure S4). No significant difference 
in uptake efficiency was observed between Fresh- and 
Lyo-NVs, consistent with our findings in ECs (Figure 
4A). A bilayered organ-on-a-chip system was used to 
assess transmural transport of MSC-NVs from the 
intima layer to the media layer, showing MSC-NVs 
were internalized in ECs and subsequently 
transported across the endothelial barrier and detected 
in SMCs (Figure 4B). Under inflammatory induction, 
TNF, IL1B, and IL6 expression significantly increased 
in hAoSMCs (Figure 4C). Fresh-NVs marginally 
attenuated IL6 expression, whereas TNF and IL1B 
expression did not significantly change. In contrast, 
Lyo-NVs suppressed the expression of pro-
inflammatory cytokines, including TNF, IL1B, and IL6. 
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Next, platelet-derived growth factor-BB (PDGF-BB), a 
key biomolecule for phenotypic switching of SMCs 
from a contractile to a synthetic phenotype, was 
combined with TNF-α and IFN-γ to mimic the 
restenotic microenvironment associated with 
neointimal hyperplasia [39-41]. Combined stimulation 
decreased ACTA2, CNN1, and TAGLN expression and 
increased PDGFRB expression. Fresh- and Lyo-NV 

treatment partially restored the contractile-marker 
profile and reduced PDGFRB expression (Figure 4D). 
Under the same combined-stimulation condition, both 
Fresh- and Lyo-NVs reduced hAoSMC migration 
(Figure 4E) and partially restored α-SMA fiber 
anisotropy (Figure 4F), supporting attenuation of SMC 
phenotypic switching. 

 

 
Figure 3. In vitro re-endothelialization and endothelial protective effects of MSC-NVs. (A) Time-dependent uptake of DiD-labeled Fresh- and Lyo-NVs in hCAECs was evaluated 
at 0, 0.5, 4, 8, and 24 h. Representative fluorescence images show DiD-labeled MSC-NVs (red) and DAPI-stained nuclei (blue). Cell-associated DiD fluorescence was quantified 
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per nucleus and normalized to the mean fluorescence value at 0 h (0 h = 1) (n = 4). Individual values and mean lines are shown. Scale bar = 250 µm. (B) Relative mRNA 
expression of pro-inflammatory and endothelial dysfunction markers in hCAECs determined via qRT-PCR (n = 4–5). (C) Representative images of a scratch assay performed 
on hCAECs following MSC-NV treatment at 0 and 10 h, with quantification of relative migration area at 10 h (n = 6). Values were normalized to the non-stimulated Saline 
control. Scale bar = 500 µm. (D) VCAM-1 expression (green) in hCAECs was determined via immunostaining quantification; nuclei were stained with 4′,6-diamidino-2-
phenylindole (DAPI, blue) (n = 5). Scale bar = 100 µm. (E) Endothelial protective effects of MSC-NVs on CyA-impaired tube formation. Images and their quantification results 
show the vascular protective effect of MSC-NV treatment (n = 5). Scale bar = 500 µm. In panels B–D, the first Saline group represents the non-stimulated vehicle control. The 
horizontal bar labeled “LPS (100 ng/mL)” identifies the second Saline and MSC-NV-treated groups as LPS-stimulated; accordingly, the second Saline group represents the LPS-
stimulated vehicle control. In panel E, the horizontal bar labeled “CyA” identifies the CyA-treated groups. Individual values and mean lines are shown in panel A. Quantitative 
data in panels B–E are expressed as mean ± SD. Comparisons among more than two groups were performed using one-way ANOVA followed by Tukey’s multiple comparisons 
test. ns = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 
Figure 4. In vitro inhibition of smooth muscle cell activation via MSC-NVs. (A) MSC-NV internalization into hAoSMCs was visualized using F-actin (red) and DiO (green). Scale 
bar = 100 µm. (B) Representative images and schematic illustration of the organ-on-a-chip and cellular arrangement. Red indicates hCAECs, magenta hAoSMCs, and green NVs. 
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Yellow arrows indicate the porous membrane. Scale bar = 100 µm. (C) mRNA expression of pro-inflammatory markers in hAoSMCs determined via qRT-PCR (n = 4). (D) 
mRNA expression of hAoSMCs phenotype-associated markers ACTA2, CNN1, TAGLN, and PDGFRB under combined PDGF-BB, TNF-α, and IFN-γ stimulation, determined via 
qRT-PCR (n = 4). (E) Representative images of a scratch assay performed on hAoSMCs following MSC-NV treatment at 0 and 10 h time points under combined PDGF-BB, 
TNF-α, and IFN-γ stimulation, with quantification of the relative migration area (n = 5). Scale bar = 500 µm. (F) α-SMA fiber organization (green) in hAoSMCs under the same 
combined-stimulation condition was evaluated via immunostaining and quantified using the relative anisotropy index (blue: nucleus with DAPI staining) (n = 5). The lower panels 
show magnified views of the boxed regions. Scale bar = 100 µm. The first Saline group in panels C–F represents the non-stimulated vehicle control. The horizontal bars indicate 
TNF-α and IFN-γ stimulation in panel C and combined PDGF-BB, TNF-α, and IFN-γ stimulation in panels D–F; the second Saline group represents the corresponding stimulated 
vehicle control. Quantitative data are expressed as the mean ± SD. Comparisons among more than two groups were performed using one-way ANOVA followed by Tukey’s 
multiple comparisons test. ns = non-significant, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 
These findings demonstrated that MSC-NVs 

retain the ability to regulate hAoSMC responses under 
inflammatory conditions relevant to vascular injury. 
In addition, the organ-on-a-chip system demonstrated 
transmural transport of MSC-NVs to the underlying 
SMC layer, indicating that MSC-NVs can affect both 
the intima and media layers. Furthermore, the 
combined stimulation model showed that MSC-NVs 
concurrently regulated transcriptional, migratory, and 
cytoskeletal features of SMC phenotypic modulation. 
The partial restoration of contractile-marker 
expression, reduction of PDGFRB expression and 
hAoSMC migration, and recovery of α-SMA fiber 
anisotropy suggested maintenance of a more 
contractile and homeostatic phenotype. As excessive 
SMC proliferation and transition to a synthetic 
phenotype drive neointimal hyperplasia and 
restenosis, these effects may be particularly relevant 
for vascular device applications. 

Adventitial fibroblasts have been reported to 
contribute to neointimal formation and extracellular 
matrix remodeling following vascular injury [42, 43]. 
Therefore, the effects of MSC-NVs were additionally 
evaluated in TGF-β1-stimulated human vascular 
adventitial fibroblasts (hBVAFs). TGF-β1 treatment 
increased the α-SMA-positive area per nucleus and the 
expression of ACTA2, TAGLN, POSTN, and COL3A1. 
Fresh- and Lyo-NV treatment attenuated these 
changes, supporting suppression of myofibroblast 
activation and profibrotic remodeling (Figure S5). 
Because fibroblast proliferation, migration, and 
accumulation were not directly evaluated, these 
findings were interpreted specifically as modulation of 
fibroblast activation. 

Overall, these results suggested that MSC-NVs 
exert coordinated therapeutic effects on SMCs and 
adventitial fibroblasts by attenuating inflammation, 
SMC phenotypic activation, and profibrotic 
remodeling, thereby contributing to neointimal 
hyperplasia inhibition following stent implantation. 
Notably, these effects are comparable to those of 
conventional mTOR inhibitors, which primarily 
inhibit SMC proliferation and migration. In this 
context, the findings also address previous concerns 
that MSC-based therapies may promote SMC 
proliferation [44, 45]. Notably, the restoration of 
endothelial migration and angiogenic activity, 

together with the suppression of SMC and fibroblast 
activation, indicates coordinated regulation of 
vascular cell responses. This functional selectivity 
represents a key advantage of MSC-NVs, highlighting 
their potential as a vasculomodulatory therapy 
capable of simultaneously promoting endothelial 
recovery and preventing restenosis. 

In vitro suppression of pro-atherogenic 
macrophage responses via MSC-NVs 

Macrophages contribute to atherosclerosis by 
mediating vascular inflammation, differentiating into 
foam cells via oxidized low-density lipoprotein (ox-
LDL) uptake, and driving foreign body responses that 
promote in-stent restenosis. To evaluate the anti-
inflammatory effects of MSC-NVs on macrophages in 
vascular inflammation, THP-1-derived macrophages 
(THP-1∅s) were stimulated with LPS and IFN-γ to 
induce a pro-inflammatory phenotype. Both Fresh- 
and Lyo-NVs were efficiently internalized by THP-1∅s 
(Figure 5A). Consistent with our previous findings, 
MSC-NV treatment suppressed the LPS- and IFN-γ-
induced upregulation of TNF, IL1B, and IL6 mRNA 
expression regardless of lyophilization (Figure 5B) 
[26]. Lyo-NVs were also associated with a modest 
increase in IL13, suggesting partial alleviation of 
inflammatory macrophage activation. In addition, 
both Fresh- and Lyo-NVs reduced inducible nitric 
oxide synthase (iNOS) expression in macrophages, as 
confirmed by immunofluorescence staining (Figure 
5C). Moreover, both Fresh- and Lyo-NVs significantly 
attenuated ox-LDL uptake in macrophages, indicating 
that MSC-NVs may inhibit further foam cell formation 
(Figure 5D). 

Collectively, these findings indicated that MSC-
NVs effectively suppress pro-inflammatory 
macrophage activation in microenvironments 
mimicking post-stent implantation. Activated 
macrophages amplify local inflammation via 
sustained cytokine release and inflammatory 
signaling, aggravating endothelial injury and 
promoting VSMC activation [46, 47]. MSC-NVs 
attenuated pro-inflammatory macrophage responses 
and cytokine secretion while inhibiting foam cell 
formation. These effects highlight their therapeutic 
relevance in vascular interventions and their potential 
to modulate upstream atherogenic processes. 
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Figure 5. In vitro suppression of pro-atherogenic macrophage responses via MSC-NVs. (A) MSC-NVs internalization into THP-1 macrophages visualized using 1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindodicarbocyanine (DiD, red) and DiO (green). Scale bar = 100 µm. (B) mRNA expression of pro-inflammatory markers in THP-1 macrophages determined 
via qRT-PCR (n = 4). (C) iNOS expression (red) in THP-1 macrophages determined via immunostaining quantification (blue: nucleus with DAPI staining) (n = 6). Scale bar = 50 
µm. (D) DiI-labeled ox-LDL (DiI-ox-LDL) uptake assay in THP-1 macrophages treated with LPS and IFN-γ (n = 9). Scale bar = 50 µm. Quantitative data are expressed as the 
mean ± SD. Comparisons among more than two groups were performed using one-way ANOVA followed by Tukey’s multiple comparisons test. ns = non-significant, **p < 
0.01, ***p < 0.001, ****p < 0.0001. 
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Procedural outcomes, follow-up angiography, 
and optical coherence tomography findings 

Successful establishment of the restenosis rabbit 
model before BRS implantation was confirmed by 
angiography, optical coherence tomography (OCT), 
and histological analyses (Figure S6). Angiographic 
analysis demonstrated that the mean luminal diameter 
in the balloon injury artery was significantly decreased 
compared with that in the normal artery at 1 week 
after balloon injury (1.47 ± 0.39 mm vs. 2.43 ± 0.17 mm; 
p < 0.001, two-sample t-test). OCT analysis also 
confirmed a significantly smaller lumen area in the 
balloon injury artery than in the normal artery (1.45 ± 
0.05 mm² vs. 4.01 ± 0.17 mm²; p < 0.001, two-sample t-
test). Histological evaluation using hematoxylin and 
eosin (H&E) staining demonstrated a significant 
increase in the thickness of intimal tissue in balloon 
injury artery compared with the normal artery (0.43 ± 
0.11 mm vs. 0.18 ± 0.03 mm; p < 0.001, two-sample t-
test). These findings confirm that balloon injury 
successfully induced reproducible luminal narrowing 
and neointimal hyperplasia, thereby establishing a 
restenotic vascular environment that more closely 
reflects the pathological conditions. The use of this 
pre-existing restenosis model provides a more 
stringent and clinically relevant platform for 
evaluating the therapeutic performance of NVE-BRS, 
particularly its effects on vascular healing, neointimal 
remodeling, and prevention of recurrent restenosis. 

Angiographic and OCT analyses evaluated 
vascular patency and neointimal hyperplasia 
following NVE-BRS implantation. BRS placement was 
successful in all study groups. All rabbits survived to 
the end of the study without procedure-related 
complications. Follow-up angiography and OCT 
findings are shown in Figure 6A and summarized in 
Table S1. Follow-up angiography at 4 weeks revealed 
maintained BRS patency after the BRS placement in 
both the bare BRS and NVE-BRS groups (Figure 6B). 
Additionally, reduced neointimal formation was 
observed in the NVE-BRS group compared with the 
bare BRS group, as assessed via OCT analysis (Figure 
6C). The luminal diameter change, reflecting late 
lumen loss, was significantly lower in the NVE-BRS 
group than in the bare BRS group (Figure 6D), 
whereas the actual luminal diameter was significantly 
higher in the NVE-BRS group, indicating better 
preservation of vessel patency (all p < 0.01, two-sample 
t-test) (Figure 6E). Neointimal thickness at stented 
arteries was significantly lower in the NVE-BRS group 
than that in the bare BRS group (0.17 mm ± 0.01 vs. 0.40 
mm ± 0.02; p < 0.001, two-sample t-test) (Figure 6F). 
Furthermore, the percentage of stenosis area (SA) was 
also significantly lower in the NVE-BRS group than in 

the bare BRS group (19.38% ± 1.67 vs. 48.8% ± 1.56; p < 
0.001, two-sample t-test) (Figure 6G). Angiography 
and OCT findings demonstrated that NVE-BRS 
suppressed inflammatory tissue responses and severe 
neointimal tissue formation caused by BRS-induced 
mechanical injury in the balloon-injured rabbit iliac 
artery. In contrast, the bare BRS used in this study 
primarily provided only transient mechanical support 
and relied on passive vascular healing. This passive 
response resulted in heterogeneous endothelial 
coverage and excessive SMC proliferation, 
contributing to BRS restenosis [48, 49]. MSC-NV has 
potentials to inhibit SMC proliferation and promote an 
anti-inflammatory effect [50]. NVE-BRS enables 
localized MSC-NV delivery to the target artery, 
actively modulating the vascular tissue response 
microenvironment. Exosome eluting stents promote 
endothelial migration and coverage while suppressing 
excessive neointimal formation via paracrine signaling 
rather than cytotoxic inhibition [30]. Consistent with 
this mechanism, steadily released MSC-NVs actively 
promote regulated endothelial and SMC responses 
from the initial inflammatory phase to late vascular 
remodeling. Our results demonstrated that direct and 
localized delivery of MSC-NVs via BRS effectively 
suppress excessive neointimal tissue formation after 
BRS placement in the balloon-injured rabbit iliac 
artery. NVE-BRS demonstrates therapeutic potential 
for restenosis prevention while offering 
biocompatibility and eliminating the need for BRS 
removal. As a preliminary tissue-level safety 
assessment, representative H&E-stained sections of 
the heart, liver, lung, and kidney showed no overt 
histopathological abnormalities in either the bare BRS 
or NVE-BRS group at 4 weeks (Figure S7). 

The present study was designed to evaluate the 
early biological response following NVE-BRS 
implantation using a balloon-injured rabbit iliac artery 
model rather than long-term scaffold degradation. 
This model provides a reproducible and well-
established platform for assessing vascular 
remodeling and restenosis after BRS implantation, 
although it does not fully recapitulate human 
atherosclerotic coronary disease. Vascular healing 
after BRS implantation progresses through 
overlapping phases involving acute thrombosis and 
inflammation, SMC migration, extracellular matrix 
deposition, re-endothelialization, and subsequent 
neointimal maturation [51, 52]. In rabbits, these 
processes occur more rapidly than in humans, with a 
substantial neointimal response generally established 
within 28 days [53]. Accordingly, the 4-week endpoint 
captures the transition from the active proliferative 
phase to early vascular remodeling and enables 
assessment of scaffold patency, luminal stenosis, 
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neointimal formation, endothelial recovery, fibrin 
deposition, inflammatory responses, and vascular 
injury [52, 54]. Although PLLA-based BRSs require 
approximately 2–3 years for complete bioresorption, 
the present findings should therefore be interpreted as 
evidence of early vasculomodulatory effects rather 
than long-term scaffold performance. Future studies 

should extend validation to atherosclerotic disease 
models and larger-animal coronary models, 
particularly porcine systems, to evaluate NVE-BRS 
under more clinically relevant vascular anatomy, 
plaque burden, and healing conditions while 
incorporating cardiac functional assessment as part of 
a comprehensive cardiovascular safety evaluation. 

 

 
Figure 6. Follow-up angiography and optical coherence tomography (OCT) findings after BRS placement in a balloon-injured rabbit iliac artery model. (A) Flow diagram of the 
study design and follow-up. (B) Representative angiography images obtained before, immediately after, and 4 weeks after BRS placement show BRS patency (arrowhead) (white 
double-headed arrows, OCT analysis segments) in the study groups. (C) OCT images obtained immediately and at 4 weeks after BRS placement show the extent of neointimal 
tissue formation (white double-headed arrows) in the bare BRS and NVE-BRS groups. (D) Graphs show the percentage of luminal diameter change obtained via follow-up 
angiography, (E) mean luminal diameter, (F) mean neointimal thickness, and (G) percentage of stenosis area obtained from follow-up OCT at 4 weeks after BRS placement. 
Data are expressed as the mean ± SD. **p < 0.01, ***p < 0.001. 
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Coordinated vasculomodulation by NVE-BRS 
Histological and immunofluorescence analyses 

assessed vascular remodeling, including 
inflammation, neointimal formation, and re-
endothelialization, following NVE-BRS implantation. 
Quantitative results are summarized in Table S1, and 
the representative H&E and MT staining images are 
provided in Figure S8. First, at 28 days after 
implantation, DiD-associated MSC-NV fluorescence 
remained detectable along the NVE-BRS struts and 
within deeper regions of the vascular wall (Figure 7A). 
Hematoxylin and eosin (H&E) staining showed that 
inflammatory cell infiltration was significantly lower 
in the NVE-BRS group than in the bare BRS group (p < 
0.001, Mann–Whitney U test) (Figure 7B). Masson’s 
trichrome (MT) staining showed that fibrin (Figure 
7C) and collagen deposition (Figure 7D) were 
significantly reduced in the NVE-BRS group 
compared with the bare BRS group (all p < 0.001, 
Mann–Whitney U test). Verhoeff-Van Gieson (VVG) 
staining further demonstrated elastic lamina (EL) 
structure preservation in the NVE-BRS group; 
however, it was disrupted in the bare BRS group (p < 
0.001, Mann–Whitney U test) (Figure 7E). 
Representative low-magnification images of the entire 
vessel cross-sections are provided in Figure S9. 
Immunofluorescence staining further showed that 
VCAM-1- (Figure 7H), platelet-derived growth factor 
receptor-β (PDGFR-β)- (Figure 7I), α-SMA- (Figure 
7J), and CD68-positive areas (Figure 7K) were 
significantly reduced in the NVE-BRS group, and 
CD31-positive endothelial coverage was significantly 
higher than in the bare BRS group (p < 0.001, Mann–
Whitney U test) (Figure 7G), indicating suppressed 
SMC activation and macrophage infiltration, and 
enhanced EC recruitment in the NVE-BRS group. In 
conventional BRS implants, neointimal tissue 
thickness ranged from 0.35 to 0.50 mm at 28–30 d. This 
neointima showed severe collagen deposition and 
increased inflammatory cell infiltration, comprising 
approximately 50–60% of the neointimal area [55, 56]. 

Conventional antiproliferative drug-coated BRS 
have been extensively investigated for restenosis 
prevention through sustained release of agents such as 
sirolimus (SRL) and everolimus. While these platforms 
effectively suppress neointimal hyperplasia, previous 
studies have also reported delayed endothelial 
recovery resulting from the non-selective 
antiproliferative effects of these agents [57]. 
Additional comparison with sirolimus-eluting 
bioresorbable scaffold (SRL-BRS) further supported 
the role of NVE-BRS in therapeutic decoupling of 
neointimal suppression and re-endothelialization. 
NVE-BRS showed significantly lower tunica intima 

thickness, higher CD31-positive deposition, and lower 
α-SMA-positive deposition than both bare BRS and 
SRL-BRS (all p < 0.001) (Figure S10). 

The increased CD31-positive endothelial 
coverage in the NVE-BRS group suggested accelerated 
and stabilized re-endothelialization. ECs were aligned 
between the implanted BRS and lumen, indicating 
formation of a continuous endothelial layer covering 
the BRS surface. This endothelial coverage may 
enhance barrier integrity and reduce platelet adhesion 
and inflammatory cell infiltration, suppressing late-
stage thrombosis and restenosis [58, 59]. These 
findings are consistent with the in vitro results shown 
in Figure 3, demonstrating enhanced endothelial 
migration and tube formation. Together, these results 
support a mechanistic link between MSC-NV 
treatment and improved endothelial recovery and 
tubular network formation. The in vivo findings also 
supported that NVE-BRS significantly inhibits 
inflammatory cell infiltration and fibrotic tissue 
remodeling via the local MSC-NV release. Together 
with the computational analysis in Figure 2 showing 
predicted outward diffusion and local retention of the 
MSC-NVs within the arterial wall, and the organ-on-a-
chip model in Figure 4B demonstrating their 
transendothelial migration, the persistent DiD-
associated signal at 28 days supports local MSC-NV 
distribution across the intimal and medial vascular 
compartments. In addition, the preservation of EL 
integrity in the NVE-BRS group suggested attenuation 
of pathological vascular remodeling as EL 
fragmentation is a consistent early adverse finding in 
polymeric BRSs and is closely associated with 
exaggerated neointimal proliferation [9, 55]. Reduced 
PDGFR-β- and α-SMA-positive deposition near the 
BRS in the NVE-BRS group was consistent with the in 
vitro findings in Figure 4, demonstrating inhibition of 
SMC activation via MSC-NVs and supporting a 
mechanistic basis for neointimal hyperplasia 
suppression. Inflammatory responses after BRS 
implantation were attenuated in the NVE-BRS group, 
as evidenced by reduced VCAM-1 expression, 
indicating decreased monocyte recruitment, and 
decreased CD68-positive macrophage infiltration. 
These findings are consistent with the in vitro results 
shown in Figures 3 and Figure 5. The reduced collagen 
deposition observed in the NVE-BRS group may also 
partly reflect attenuation of profibrotic remodeling, 
consistent with the in vitro hBVAF findings in Figure 
S5. In contrast, the bare BRS group showed persistent 
VCAM-1 upregulation and CD68-positive areas 
reaching 20–25% during early vascular healing, 
reflecting a pro-inflammatory microenvironment 
consistent with previous studies [60]. Overall, MSC-
NVs released from NVE-BRS modulate the early 
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inflammatory phase, facilitate endothelial recovery 
during healing, and suppress the late proliferative 

phase following BRS placement, providing temporally 
coordinated regulation of vascular remodeling. 

 

 
Figure 7. Representative microscopic and immunofluorescence images of histological sections in the bare BRS and NVE-BRS groups. (A) Distribution of DiD-stained MSC-
NVs and histological staining with H&E, MT, and VVG in the bare BRS and NVE-BRS groups (star, BRS strut). Graphs show the mean degrees of (B) inflammatory cell infiltration, 
(C) fibrin deposition, (D) collagen deposition, and (E) EL changes with statistical comparisons in between study groups. (F) CD31, VCAM-1, PDGFR-β, α-SMA, and CD68 
immunofluorescence images show significant differences between study groups (star, BRS strut). Graphs show mean degrees of positive deposition of (G) CD31, (H) VCAM-
1, (I) PDGFR-β, (J) α-SMA, and (K) CD68 with statistical analysis for each group. Star = scaffold strut. Data are expressed as the mean ± SD. ***p < 0.001. 
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Despite its strong therapeutic efficacy, 
biocompatibility, and off-the-shelf potential enabled 
by lyophilized MSC-NVs, additional manufacturing 
and quality-control requirements must be addressed 
before clinical translation of NVE-BRS. First, 
reproducible MSC-NV manufacturing will require 
control of MSC source and culture conditions, 
extrusion yield, vesicle size and number, molecular 
cargo, surface-marker profile, and functional potency 
to ensure batch-to-batch consistency. Previous 
demonstrations of reproducible GMP manufacturing 
of extrusion-derived cell vesicles support the 
feasibility of standardized MSC-NV production [61], 
while current EV characterization frameworks may 
provide a basis for defining vesicle-related quality 
attributes [62]. Second, the long-term stability of the 
assembled NVE-BRS product must be established 
beyond the short-term preservation of lyophilized 
MSC-NVs demonstrated in the present study. This 
should include retention of NV bioactivity, coating 
integrity, and scaffold mechanical properties after 
prolonged storage, crimping, and deployment. 
Trehalose-assisted lyophilization may support off-the-
shelf storage of stem-cell-derived vesicles [27]; 
however, the shelf life and retained performance of the 
final NVE-BRS product remain to be determined. 
Sterilization compatibility should also be considered, 
preferably by sterilizing the scaffold components 
before MSC-NV loading, followed by aseptic NV 
coating and final assembly under GMP-compliant 
conditions to preserve MSC-NV bioactivity and 
coating integrity. Finally, batch-release criteria for 
NVE-BRS should integrate vesicle-level and scaffold-
level attributes, including NV loading per scaffold, 
coating coverage and uniformity, release profile, 
retained biological potency, and post-deployment 
mechanical integrity. 

MSC-NV miRNA cargo associated with 
coordinated vasculomodulation 

The vasculomodulatory effects described above 
were observed across ECs, SMCs, adventitial 
fibroblasts, and macrophages. To further investigate 
the MSC-NV components associated with these 
effects, the miRNA cargo of MSC-NVs was analyzed 
via small RNA sequencing, which showed consistent 
expression profiles across replicates (Table S2). The 50 
most abundant miRNAs included several members of 
the let-7 family, together with miR-21-5p, miR-100-5p, 
miR-221-3p, miR-199a-3p, miR-10a-5p, and miR-143-
3p (Figure 8A). Retrieval of experimentally validated 
targets of the top 50 miRNAs yielded 1,024 unique 

genes from a background of 2,502 validated targets of 
all miRNAs detected in MSC-NVs (Table S3). Among 
670 significantly enriched gene ontology (GO) 
biological process terms, 72 were classified into four 
vascular remodeling-related categories: 
endothelialization (30 terms), inflammation (19 terms), 
VSMC activation (13 terms), and fibroblast activation 
(10 terms) (Figure 8C-F, Table S4). Among 421 target 
genes annotated to these terms, 55 genes targeted by 
four or more of the top 50 miRNAs were defined as 
hub genes. Through these hub genes, 38 of the top 50 
miRNAs were connected to one or more of the four 
categories (Figure 8B), and the corresponding 
miRNA-target-GO relationships are shown in Figure 
S11. These findings suggested that several highly 
abundant MSC-NV miRNAs are associated with 
common target genes involved in vascular 
remodeling. 

In the endothelialization category, enriched GO 
terms included regulation of angiogenesis, blood 
vessel EC migration, and regulation of the EC 
apoptotic process (Figure 8C, Table S5). Several 
abundant MSC-NV miRNAs have previously been 
associated with endothelial function. miR-21 has been 
reported to regulate PTEN-dependent endothelial 
signaling and miR-10a to limit pro-inflammatory NF-
κB signaling in the endothelium, whereas miR-27b has 
been associated with endothelial sprouting and 
angiogenesis [63-65]. These reported functions were 
consistent with the reduced endothelial inflammatory 
responses, restored hCAEC migration, and recovery of 
angiogenic activity observed following MSC-NV 
treatment (Figure 3B-E), suggesting that the miRNA 
cargo of MSC-NVs may partly contribute to 
endothelial recovery. In the VSMC activation category, 
enriched GO terms were mainly associated with SMC 
proliferation (Figure 8D, Table S5), and the hub genes 
annotated to these terms included KLF4, MYC, and 
CDK6 (Figure 8B). miR-143 has been reported to 
regulate SMC phenotype through the KLF4-associated 
transcriptional network, and miR-24 and miR-29a to 
regulate PDGFR-β in the SMC response to vascular 
injury [66], while miR-22, miR-140-3p, and miR-23b-3p 
have been associated with suppression of SMC 
phenotypic modulation or neointimal hyperplasia [67-
69]. These findings were consistent with the partial 
restoration of ACTA2, CNN1, and TAGLN expression, 
reduced PDGFRB expression and hAoSMC migration, 
and recovery of α-SMA fiber organization following 
MSC-NV treatment (Figure 4D–F), suggesting that the 
MSC-NV miRNA cargo may contribute to 
maintenance of a more contractile and homeostatic 
SMC phenotype. 
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Figure 8. miRNA cargo of MSC-derived nanovesicles (MSC-NV) targets genes enriched in four vascular-remodeling-relevant processes. (A) Top 50 most abundant miRNAs 
in MSC-NV (n = 3), ranked by normalized expression (mean log2 TMM-CPM). (B) Network of the miRNAs in (A) (yellow), their target genes shared by ≥4 miRNAs (“Hub 
gene”, grey), and the four mechanism categories (large colored nodes). (C-F) GO Biological Process terms enriched among validated targets of the miRNAs in (A), shown 
separately for each mechanism category: (C) Endothelialization, (D) VSMC activation, (E) Inflammation, and (F) Fibroblast activation. 

 
In the fibroblast activation category, enriched GO 

terms were predominantly associated with TGF-β 
signaling (Figure 8F, Table S5), and the hub genes 
annotated to these terms included SMAD2, SMAD4, 
and TGFB2 (Figure 8B). miR-27b has been reported to 
inhibit fibroblast activation through TGF-β signaling, 
and the miR-29 family to repress collagen and other 

extracellular matrix genes [70, 71], consistent with the 
reduced α-SMA-positive area per nucleus and the 
attenuated ACTA2, TAGLN, POSTN, and COL3A1 
expression observed in TGF-β1-stimulated hBVAFs 
following MSC-NV treatment (Figure S5). 
Inflammation-related GO terms were associated with 
regulation of inflammatory responses and cytokine 
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production rather than with macrophage-specific 
processes (Figure 8E, Table S5). However, let-7c has 
been reported to regulate macrophage polarization, 
and miR-22 to regulate macrophage polarization and 
NLRP3 activation [72], which was consistent with the 
reduced inflammatory cytokine expression, iNOS 
expression, and ox-LDL uptake observed in THP-1-
derived macrophages (Figure 5B–D). 

Collectively, these findings suggested that the 
miRNA cargo of MSC-NVs is associated with 
biological processes involved in endothelial recovery, 
VSMC phenotypic modulation, inflammatory 
regulation, and fibroblast activation, and may partly 
explain the coordinated vascular responses observed 
in this study. However, several limitations apply to 
this interpretation. GO enrichment does not indicate 
the direction of biological regulation, and the most 
abundant miRNAs included species with context-
dependent or opposing reported activities in the same 
cell type. The analysis also describes the relative 
abundance of miRNAs within MSC-NVs rather than 
their enrichment relative to the parental cells, and 
individual miRNAs and their target genes were not 
experimentally validated in MSC-NV-treated cells. 
Further studies are therefore required to determine the 
specific contributions of individual miRNAs to these 
effects. 

Conclusion 
Current DESs primarily use antiproliferative 

agents to suppress VSMC proliferation, whereas this 
non-selective inhibition also impairs endothelial 
regeneration, contributing to restenosis and late 
thrombosis. This limitation highlights the need for a 
cell-dichotomous therapeutic strategy for 
synchronized vascular repair that selectively promotes 
re-endothelialization while suppressing pathological 
inflammation and VSMC activation, thereby enabling 
therapeutic decoupling between restenosis prevention 
and vascular healing. Accordingly, a 
vasculomodulatory engineering platform was 
developed that integrates MSC-NVs onto a BRS to 
enable balanced vascular healing while addressing 
key translational barriers. NVE-BRS was optimized 
with a thin-strut microarchitecture that facilitates 
efficient transmural MSC-NV diffusion into deep 
vascular tissue, while maintaining structural integrity 
and radial strength for effective scaffolding. MSC-NVs 
were integrated using a non-covalent surface 
modification strategy based on amphiphilic polymers. 
This approach preserves NV signaling cargo and 
native bioactivity by avoiding harsh chemical 
denaturation, while providing a highly biocompatible 
interface that minimizes the inflammatory response 
associated with complex chemical conjugation. 

Preservation of MSC-NV bioactivity following 
lyophilization highlights their suitability for long-term 
storage, manufacturing, and clinical deployment. 
Notably, this platform is inherently adaptable and 
could incorporate patient-derived MSC-NVs or 
various EV-related therapeutics in the future, 
supporting personalized and clinically scalable anti-
restenotic therapies. Collectively, these findings 
position the NVE-BRS as a clinically translatable and 
highly effective alternative to conventional non-
selective drug-based stent technologies, establishing a 
versatile platform for next-generation regenerative 
vascular implants. 

Materials and Methods 
Cell culture 

Human adipose-derived stem cells (hASCs; PT-
5006) and HUVECs (CC-2519) were purchased from 
Lonza (Basel, Switzerland). hCAECs (#6020), 
hAoSMCs (#6110), and hBVAFs (#1110) were 
purchased from ScienCell (Carlsbad, CA, USA). 
Human monocytic leukemia THP-1 cells (THP-1s; TIB-
202) were purchased from ATCC (Manassas, VA, 
USA). hASCs, HUVECs, hCAECs, hAoSMCs, 
hBVAFs, and THP-1 cells were cultured in low-
glucose Dulbecco’s modified Eagle’s medium (Thermo 
Fisher Scientific, Waltham, MA, USA), EGM® 
Endothelial Cell Growth Medium BulletKit® (CC-
3124, Lonza), Endothelial Cell Medium (#1001, 
ScienCell), Smooth Muscle Cell Medium (#1101, 
ScienCell), Fibroblast Medium (# 2301, ScienCell), and 
RPMI-1640 medium (R8758, Sigma-Aldrich, St. Louis, 
MO, USA), respectively. All media were 
supplemented with 10% fetal bovine serum (FBS; 
Thermo Fisher Scientific) and 1% penicillin-
streptomycin (P/S; Cytiva, Marlborough, MA, USA). 
Adherent cells were passaged at 80% confluency using 
0.25% trypsin-EDTA (Thermo Fisher Scientific). THP-
1 cells were treated with 200 nM phorbol 12-myristate 
13-acetate (PMA; Sigma-Aldrich) for 24 h to induce 
macrophage-like differentiation. All experiments used 
cells between passages 3 and 6, except THP-1 cells. 

MSC-NV preparation 
For MSC-NV extrusion, MSCs reaching 80% 

confluency in 150 mm dishes were washed twice with 
Dulbecco’s phosphate-buffered saline (DPBS; 
Welgene, Gyeongsan, Republic of Korea). 
Subsequently, cells were detached via incubation with 
0.25% trypsin-EDTA solution for 3 min, and 
centrifuged at 200 × g for 3 min. The cell pellet was 
resuspended in DPBS. The cell suspension was serially 
extruded through polycarbonate membranes (Cytiva) 
with pore sizes of 10, 5, and 0.4 µm using a mini-
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extruder kit (Avanti Polar Lipids Inc., Birmingham, 
AL, USA). For each membrane pore size, the 
suspension was extruded through the membrane six 
times. The solution extruded through the 0.4 µm 
membrane was washed three times by centrifugation 
at 21,400 × g for 30 min each. After washing, NVs were 
resuspended in fresh DPBS and quantified using a 
BCA protein assay kit (iNtRON Biotech, Seongnam, 
Republic of Korea). The isolated NVs were stored at 
−80 °C until further experiments. 

NVE-BRS preparation and coating-
concentration analysis 

MSC-NVs were resuspended in a 4% trehalose 
solution at a protein-equivalent concentration of 700 
µg/mL (1.19×1011 particles/mL). PMB30W-
functionalized BRSs were coated with 100 µL of the 
MSC-NV suspension per scaffold, incubated for 10 
min, and subsequently lyophilized. 

To evaluate the effect of MSC-NV concentration 
on scaffold coating, DiD-labeled MSC-NVs were 
applied at 400, 700, or 1,000 µg/mL under otherwise 
identical coating conditions. Confocal fluorescence 
images were acquired using a confocal microscope 
(LSM800Airy, Carl Zeiss, Germany) under identical 
imaging parameters for all groups. The DiD-positive 
area was quantified using ImageJ (version 1.54g; 
National Institutes of Health) and expressed as the 
percentage of the scaffold area occupied by DiD 
fluorescence. Six independent scaffolds were analyzed 
per group. 

Numerical simulation for NV diffusion 
The transport of NVs from the BRS to the arterial 

wall was simulated using ANSYS Fluent 2023 R1. The 
computational domain was spatially discretized using 
a hybrid mesh consisting of 2.5 million mixed-cell 
elements [73]. NV transport was modeled by solving 
the transient advection-diffusion equation for 
concentration, C, within the arterial domain: 

𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ ∇ ∙ (𝜌𝜌𝒖𝒖𝐶𝐶) = ∇ ∙ (𝐷𝐷∇𝐶𝐶) 

where ρ denotes the domain density, u is the 
velocity vector, and D is the diffusion coefficient of the 
NVs. To account for physiological hemodynamics, 
blood viscosity (µ) within the lumen was modeled as a 
non-Newtonian fluid using the Carreau-Yasuda 
model [74]: 

𝜇𝜇 = 𝜇𝜇∞ + (𝜇𝜇0 − 𝜇𝜇∞)[1 + (𝜆𝜆𝛾̇𝛾)2]
𝑛𝑛−1
2  

where 𝜇𝜇0 and 𝜇𝜇∞ are the zero-shear and infinite-
shear viscosity limits, respectively, 𝛾̇𝛾 is the shear rate, 
and 𝜆𝜆 is the relaxation time. To simulate a 
physiological elution window of 28 days within a 

computationally feasible timeframe, a time-
compression scaling factor of 𝑆𝑆 = 1000 was applied, 
reducing the physical simulation duration to feasible 
time steps. The transient release of NVs from the BRS 
was described using an exponentially decaying mass 
flux to account for depletion of the carrier: 

𝐽𝐽(𝑡𝑡) =  𝐽𝐽0𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑡𝑡
𝜏𝜏𝑠𝑠
� 

where 𝐽𝐽0 is the initial mass flux, normalized to 1, 
and 𝜏𝜏𝑠𝑠 = 262.656 s is the scaled decay constant. This 
value was derived under the assumption that the 
physical mass flux decreases to 1% of its initial 
maximum value over the 14-day elution window. To 
model physiological clearance by the perivascular 
system, a perfect-sink Dirichlet boundary condition 
( 𝐶𝐶 = 0 ) was imposed at the distal adventitial layer. 
The parameters used for the numerical simulations are 
summarized in Table 1. 

 

Table 1. Parameters in NV diffusion simulation. 

Parameter Symbol Value 
Blood density 𝜌𝜌blood 1060 kg/m³ 
Artery density 𝜌𝜌artery 1300 kg/m³ 

Zero-shear viscosity 𝜇𝜇0 0.161 kg/(m·s) 
Infinite-shear viscosity 𝜇𝜇∞ 0.0035 kg/(m·s) 
Relaxation time 𝜆𝜆 39.418 s 
Power-law index 𝑛𝑛 0.479 
NV diffusion coefficient 𝐷𝐷 5.5 × 10−12 m²/s 

 
A baseline diffusion coefficient of 5.5 ×

10−12 m²/s was selected to reflect the physical 
transport characteristics of NVs with an average 
diameter of approximately 100–150 nm. This selection 
is consistent with established experimental and 
computational characterizations of microvesicles and 
drug-encapsulated nanoparticles in vascular 
environments [35, 75]. To account for uncertainty 
regarding the precise in vivo diffusion behavior of 
these NVs, a parametric study was performed using 
diffusion coefficients of 5.5 × 10−12 , 5.5 × 10−13 , and 
5.5 × 10−14 m²/s. The primary parameters applied in 
the simulation are summarized in Table 1. The 
numerical solution was obtained using a pressure-
based transient solver with the SIMPLE pressure-
velocity coupling algorithm. Spatial discretization was 
performed using second-order schemes for pressure 
and momentum, and a first-order upwind scheme for 
transport. 

Structural analysis of stent expansion 
To evaluate the mechanical integrity and 

deformation behavior of the BRS during deployment, 
structural finite element analysis was performed using 
ANSYS Mechanical 2023 R1. The stent material, PLLA, 
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was modeled using an elasto-plastic material 
representation incorporating a multilinear isotropic 
hardening model to capture nonlinear post-yield 
behavior. The baseline mechanical properties assigned 
to the PLLA domain, adapted from Pauck and Reddy, 
included a density of 1250 kg/m³, Young’s modulus of 
2300 MPa, Poisson’s ratio of 0.43, and an initial tensile 
yield strength of 66.5 MPa [76]. The complete stress-
strain curve defining the plastic deformation limits of 
the PLLA material model is presented in Figure S12. 

To simulate the physical balloon-driven 
expansion process, a uniform outward radial pressure 
was applied to the inner luminal surfaces of the stent 
struts. The loading was ramped to a maximum 
internal pressure of 2.5 MPa, corresponding to 25 atm. 
Under these physiological loading conditions, the 
solver computed the resulting equivalent von Mises 
stress and plastic strain distributions. This analysis 
enabled characterization of the structural loading 
response and identification of localized regions 
undergoing permanent plastic deformation upon full 
expansion. 

MSC-NV characterization 
MSC-NV morphology was visually evaluated 

using TEM (JEM-F200, JEOL, Japan). MSC-NV size 
and concentration were determined via NTA using a 
NanoSight Pro (Malvern Panalytical, Worcestershire, 
United Kingdom; NFEC-2024-02-294501). dSTORM 
(Nanoimager S; ONI, Oxford, United Kingdom; 
NFEC-2025-09-308493) imaging was performed to 
characterize surface proteins on MSC-NVs, and 
tetraspanin markers CD9, CD63, and CD81 were 
labeled on the NV surface. miRNA expression was 
analyzed via microarray at Macrogen, Inc. (Seoul, 
Republic of Korea) using an Affymetrix GeneChip® 
miRNA 4.0 Array (Homo sapiens). 

Cellular uptake of MSC-NVs 
For hCAEC uptake time-course analysis, MSC-

NVs were labeled with DiD (Thermo Fisher Scientific). 
Purified NVs were incubated with DiD for 30 min at 
37 °C in the dark, centrifuged three times at 21,400 × g 
for 30 min each to remove unbound dye, and washed 
twice with DPBS. hCAECs were treated with 10 
µg/mL DiD-labeled Fresh- or Lyo-NVs and fixed at 0, 
0.5, 4, 8, and 24 h after incubation. Nuclei were stained 
with DAPI, and fluorescence images were acquired 
using a fluorescence microscope (ECLIPSE Ts2-FL, 
Nikon, Japan) under identical imaging conditions. 
Cell-associated DiD fluorescence was quantified using 
ImageJ, normalized to the number of DAPI-positive 
nuclei, and expressed relative to the mean fluorescence 
value at 0 h. For hAoSMC and PMA-induced THP-1 
macrophage-like cell uptake analysis, MSC-NVs were 

labeled with DiO (Thermo Fisher Scientific). Purified 
NVs were incubated with DiO for 30 min at 37 °C in 
the dark, centrifuged three times at 21,400 × g for 30 
min each to remove unbound dye, and washed twice 
with DPBS. Cells were treated with 10 µg/mL DiO-
labeled MSC-NVs for 4 h. DiO-labeled NV uptake was 
analyzed using a confocal laser scanning microscope 
(LSM800 Airy, ZEISS, Germany) at the BT Research 
Facility Center, Chung-Ang University. For 
hAoSMCs, F-actin staining was performed using 
ReadyProbes™ Reagent F-Actin Phalloidin 
Conjugates (Invitrogen, Carlsbad, CA, USA), and 
fluorescence imaging was conducted using a 
fluorescence microscope (ECLIPSE Ts2-FL, Nikon, 
Japan). Additionally, an organ-on-a-chip system 
(MEPS-TBC-WL, pore size = 3 µm, PETE membrane; 
MEPSGEN, Seoul, Republic of Korea) assessed MSC-
NV transendothelial transport. hCAECs, MSC-NVs, 
and hAoSMCs were labeled with DiD, DiO, and DiI, 
respectively. 

Cellular uptake of DiI-labeled ox-LDL (DiI-ox-
LDL) 

THP-1 monocytes were differentiated into 
macrophages using 200 nM PMA for 48 h, followed by 
a 24 h resting period in RPMI-1640 medium 
supplemented with 10% FBS and 1% P/S. 
Subsequently, cells were starved for 24 h in DMEM/F-
12 medium (Sigma-Aldrich) supplemented with 1% 
FBS and 1% P/S. Thereafter, cells were activated into 
M1 macrophages via incubation with 1 µg/mL LPS 
(Sigma-Aldrich) and 20 ng/mL IFN-γ for 24 h. Foam 
cell formation was induced via incubation with 10 
µg/mL DiI-ox-LDL (Invitrogen) for an additional 24 h.  

In vitro dose-response and cytocompatibility 
assays 

Fresh- and Lyo-NVs were evaluated at 0.1, 1, 10, 
and 50 µg/mL. For hCAEC qRT-PCR and CCK-8 
analyses, cells were stimulated with LPS (100 ng/mL) 
and treated with MSC-NVs for 6 h. For hAoSMC 
inflammatory-gene analysis, cells were stimulated 
with TNF-α and IFN-γ (10 ng/mL each) and treated 
with MSC-NVs for 6 h. For hAoSMC metabolic activity 
analysis, cells were stimulated with PDGF-BB (20 
ng/mL) and treated with MSC-NVs for 48 h. 

For each stimulation experiment, the first Saline 
group served as the non-stimulated vehicle control, 
whereas the second Saline group received the 
indicated stimulus without MSC-NV treatment. Fresh- 
and Lyo-NV groups received the same stimulus 
together with the corresponding MSC-NV 
formulation. The stimulated groups were identified by 
the horizontal stimulus bar in each figure. 
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Metabolic activity was evaluated using a CCK-8 
kit (Dojindo, CK04). Following incubation with the 
CCK-8 reagent for 2 h, absorbance was measured at 
450 nm using Multiskan GO microplate reader 
(Thermo Fisher Scientific). Live/Dead assays were 
performed separately in non-stimulated cultures 
treated with Fresh- or Lyo-NVs alone for 6 h using 
Live/Dead™ Cell Imaging Kit (Invitrogen, R37601). 
Live and dead cells were visualized as green and red 
fluorescence, respectively, using an ECLIPSE Ts2-FL 
fluorescence microscope (Nikon, Japan). 

SMC phenotypic modulation 
For SMC phenotypic analysis, hAoSMCs were 

stimulated with PDGF-BB (20 ng/mL), TNF-α (10 
ng/mL), and IFN-γ (10 ng/mL) and treated with 
Fresh- or Lyo-NVs at 10 µg/mL. qRT-PCR and α-SMA 
immunofluorescence analyses were performed after 
48 h, whereas cell migration was assessed over 10 h 
under the same combined-stimulation condition. The 
expression of ACTA2, CNN1, TAGLN, and PDGFRB 
was analyzed via qRT-PCR. 

hBVAF activation assay 
hBVAFs were stimulated with TGF-β1 (10 

ng/mL) and treated with Fresh- or Lyo-NVs at 10 
µg/mL for 48 h. Experimental groups comprised a 
non-stimulated Saline control, a TGF-β1-stimulated 
Saline vehicle control, and TGF-β1-stimulated Fresh- 
and Lyo-NV treatment groups. Fibroblast activation 
was evaluated via α-SMA immunofluorescence and 
qRT-PCR analysis of ACTA2, TAGLN, POSTN, 
COL3A1, and FN1. 

Cell migration assay  
Cells were seeded in 24-well plates at a density of 

2 × 104 cells per well and cultured for 48 h until 
adequate confluency was reached. hCAEC migration 
was evaluated under LPS stimulation, whereas 
hAoSMC migration was evaluated under combined 
PDGF-BB, TNF-α, and IFN-γ stimulation, with or 
without the corresponding MSC-NV treatment. A 
scratch was created using a 200 µL micropipette tip, 
and detached cells were removed by DPBS washing 
before replacing the medium with the appropriate 
experimental medium. Cell migration was observed 
under a microscope equipped with a 10× objective 
lens, and the migrated area was quantified using 
ImageJ (version 1.54g; National Institutes of Health, 
Bethesda, MD, USA). For each biological replicate, 
three predefined fields of view along the scratch area 
were imaged at the same positions at each time point 
and used for quantification. The migration area was 
calculated as follows: (original scratch area) − 
(remaining scratch area). Following quantification, 

values were normalized to the non-stimulated Saline 
control group. 

Immunofluorescence staining and analysis 
Cells were washed with DPBS and fixed with 4% 

paraformaldehyde for 10 min at room temperature. A 
blocking solution was prepared by dissolving 250 mg 
bovine serum albumin and 30 µL Tween-20 (Sigma-
Aldrich) in 5 mL DPBS, and cells were incubated with 
blocking solution at 4 °C for 1 h. Subsequently, cells 
were treated with the primary antibodies anti-VCAM-
1 (Cat. No. ab134047; Abcam, Cambridge, United 
Kingdom; 1:250), anti-α-SMA (Cat. No. 14-9760-82; 
Invitrogen; 1:500), and anti-iNOS (Cat. No. ab3523; 
Abcam; 1:50) for 1 h at room temperature, followed by 
overnight incubation at 4 °C. Thereafter, secondary 
antibodies anti-mouse Alexa Fluor 488 (Cat. No. A-
11001; Invitrogen; 1:1000), anti-rabbit Alexa Fluor 488 
(Cat. No. A-11008; Invitrogen; 1:500), and anti-rabbit 
Alexa Fluor 568 (Cat. No. A-11011; Invitrogen; 1:500) 
were applied for 2 h at room temperature. Nuclear 
staining was performed using DAPI (Invitrogen; 
1:3000). VCAM-1 expression was imaged using a 
confocal laser scanning microscope (LSM800 Airy), 
and α-SMA was visualized using a fluorescence 
microscope (ECLIPSE Ts2-FL). For in vitro 
immunofluorescence quantification, 1–3 randomly 
selected fields of view were imaged per biological 
replicate and used for analysis. For hAoSMC 
phenotypic analysis, α-SMA fiber organization was 
quantified using ImageJ-based image processing and 
orientation analysis and expressed as the relative 
anisotropy index. A total of 6 randomly selected non-
overlapping fields were analyzed per biological 
replicate, and field-level measurements were averaged 
to generate one value per replicate. Values were 
normalized to the non-stimulated Saline control. For 
hBVAF analysis, a fixed fluorescence-intensity 
threshold was applied uniformly to all α-SMA images 
using ImageJ. The threshold-positive α-SMA area was 
normalized to the number of DAPI-positive nuclei in 
the same field and expressed as α-SMA-positive area 
per nucleus. A total of 6 randomly selected non-
overlapping fields were analyzed per biological 
replicate, and field-level measurements were averaged 
to generate one value per replicate. For in vivo analysis, 
primary PDGFR-β (Cat. No. orb671428), CD31 (Cat. 
No. orb688857), and CD68 (Cat. No. orb735704) 
antibodies were obtained from Biorbyt (Durham, NC, 
USA), while VCAM-1 (Cat. No. BS-0920R) and α-SMA 
(Cat. No. BS-3418R) antibodies were obtained from 
Bioss (Woburn, MA, USA). Secondary antibodies, 
including anti-mouse Alexa Fluor 594 (Cat. No. 715-
585-150), anti-goat Alexa Fluor 594 (Cat. No. 705-585-
147), anti-mouse Alexa Fluor 488 (Cat. No. 715-545-
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150), and anti-goat Alexa Fluor 488 (Cat. No. 705-545-
147), were obtained from Jackson ImmunoResearch 
(Bar Harbor, ME, USA). DAPI was obtained from 
Vector Laboratories (Newark, CA, USA). 
Immunofluorescence analysis was performed on 
paraffin-embedded sections using primary antibodies 
stained against PDGFR-β, α-SMA, VCAM-1, CD68, 
and CD31. Samples were counterstained with DAPI to 
visualize cell nuclei. The degree of PDGFR-β-, α-SMA-
, VCAM-1-, CD68-, and CD31-positive cell deposition 
was subjectively based on density and distribution 
around BRS struts as follows: 1, mild; 2, mild to 
moderate; 3, moderate; 4, moderate to severe; 5, 
severe. For in vivo immunofluorescence analysis, 10 
randomly selected fields per sample were evaluated 
using CaseViewer software. 

Quantitative real-time-PCR and RNA analysis 
Total RNA was isolated from cells using the 

RNeasy Mini Kit (Qiagen, Hilden, Germany). 
Complementary DNA was synthesized using 
AccuPower® CycleScript RT Premix (Bioneer, 
Daejeon, Republic of Korea) according to the 
manufacturer’s instructions. qRT-PCR was performed 
using SYBR Green Master Mix (Thermo Fisher 
Scientific) on a QuantStudio 1 Real-Time PCR system. 
Relative gene expression was calculated using the 
ΔΔCt method, normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as the reference 
gene. Primers used in this experiment are listed in 
Table 2. 

 

Table 2. List of primer sequences used for qRT-PCR. 

Gene Forward (5′3′) Reverse (3′5′) 
hGAPDH ATGTTGCAACCGGGAAGGAA GGAGCGCAGGGTTAGTCAC 
hIL1B GCTGCTCTGGGATTCTCTTCA TGGCGAGCTCAGGTACTTCT 
hIL6 TTCGGTCCAGTTGCCTTCTC TCTTCTCCTGGGGGTACTGG 
hTNF AGTGCTGGCAACCACTAAGA GATCAAAGCTGTAGGCCCCA 
hVCAM1 TGACTTGCAGCACCACAGG CACCTTCCCATTCAGTGGAC 
hICAM1 ACAACAGGCCCAAAAAGGGA GATAGGTTCAGGGAGGCGTG 
hSELE GGTCCAGCTGTGAGTTCTCC GCCACATTGGAGCCTTTTGG 
hIL13 ATGCATCCGCTCCTCAATCC AGTGAGAGCAATGACCGTGG 
hACTA2 GTTCCGCTCCTCTCTCCAAC TGAAGCGGAAGTCTGGGAAG 
hCNN1 CCAACGACCTGTTTGAGAACA

CC 
ATTTCCGCTCCTGCTTCTCTG
C 

hTAGLN TGTCCGAACCCAGACACAAG CAGCCAATGCACTCACAAGG 
hPDGFR
B 

TGCAGACATCGAGTCCTCCAA
C 

GCTTAGCACTGGAGACTCGT
TG 

hPOSTN AGGTCACCAAGGTCACCAAA CTTCCTCACGGGTGTGTCTC 
hCOL3A
1 

CGCCCTCCTAATGGTCAAGG CCAGGGTCACCATTTCTCCC 

hFN1 TTCTGGTCAGCAACCCAGTG TCTTGTCCTACATTCGGCGG 

 

Small RNA sequencing and data processing 
Small RNA libraries were prepared from MSC-

NV samples (n = 3 biological replicates) using the 

NEBNext Small RNA Library Prep Set for Illumina 
and sequenced on an Illumina platform as 101-bp 
paired-end reads (Macrogen, Seoul, Republic of 
Korea). Raw sequencing reads were quality-filtered, 
adapter-trimmed (Cutadapt v4.4), and reads mapping 
to ribosomal RNA were removed. Processed reads 
were aligned to miRBase (release 22.1) precursor 
sequences using Bowtie (v1.1.2), and mature miRNA 
read counts were extracted using the miRDeep2 
(v2.0.0.8) Quantifier module. Mature miRNA 
identifiers and raw read counts were used to construct 
the raw count matrix for all downstream analyses. 
miRNAs with a non-zero count in at least 2 of 3 
samples were retained and normalized using the 
trimmed mean of M-values (TMM) method (edgeR 
v4.8.2), followed by log2(counts per million) 
transformation (prior count = 1). Sample quality and 
consistency across replicates were confirmed by 
pairwise Pearson correlation and principal component 
analysis (PCA) of log2(TMM-CPM) values. 

miRNA target prediction and functional 
network analysis 

For each miRNA, mean log2(TMM-CPM) 
expression was calculated across the three MSC-NV 
replicates, and the 50 miRNAs with the highest mean 
expression were selected for downstream analysis. 
Validated target genes of these miRNAs were 
retrieved from the multiMiR database (v1.32.0; 
"validated" table), restricted to interactions with strong 
experimental support (support type "Functional MTI" 
or "positive"); the same procedure was applied to all 
miRNAs detected in MSC-NV to define a background 
gene set. Over-representation of GO biological process 
terms among the target genes of the top 50 miRNAs, 
relative to this background, was tested with enrichGO 
(Benjamini–Hochberg-adjusted p < 0.05, q < 0.2, 
maximum gene-set size 250). Enriched GO biological 
process terms were classified into four mechanism 
categories relevant to vascular remodeling 
(endothelialization, VSMC activation, inflammation, 
and fibroblast activation) by keyword matching on 
term descriptions. A network linking the top 50 
miRNAs, their target genes annotated to the enriched, 
mechanism-relevant GO terms, and the four 
mechanism categories was constructed and visualized; 
target genes shared by four or more of the top 50 
miRNAs ("hub genes") were retained. 

Endothelial tube formation 
HUVECs were used for the tube formation assay 

instead of hCAECs owing to their robust and 
reproducible network formation on Matrigel under 
static culture conditions, enabling consistent 
assessment of CyA-induced endothelial dysfunction 



Theranostics 2027, Vol. 17, Issue 1 
 

 
https://www.thno.org 

546 

and its recovery following MSC-NV treatment. 
Matrigel (Corning, NY, USA) was coated onto 24-well 
plates at 200 µL per well before seeding HUVECs. 
After seeding, HUVECs were incubated at 37 °C for 2 
h to allow attachment to the Matrigel. CyA (Sigma-
Aldrich), an inhibitor of endothelial cell function and 
tube formation, was added to each well at 25 µg/mL 
with or without MSC-NVs. After 12 h of treatment, 
cells were stained with calcein AM (Thermo Fisher 
Scientific) for visualization. Tubulogenesis was 
analyzed using a fluorescence microscope (ECLIPSE 
Ts2-FL) and quantified from acquired images using 
ImageJ (version 1.54g; National Institutes of Health). 

Animal study design 
Balloon injury was performed using a push–pull 

technique in the targeted iliac artery to establish a 
stenosis model in 16 male New Zealand white rabbits 
(JA BIO, Suwon, Gyeonggi-do, Republic of Korea), 
weighing 3.5–4.0 kg (mean weight, 3.84 kg). Rabbits 
were randomly divided into two groups (n = 6), 
receiving either bare BRS or NVE-BRS in the injured 
iliac artery 1 week after balloon-induced injury. The 
remaining four rabbits were used for specific 
experimental purposes: two rabbits, one normal and 
one balloon-injured, were used to validate 
establishment of the balloon-injury model before BRS 
implantation, whereas the other two rabbits received 
SRL-BRS for supplementary comparison analyses. The 
SRL-BRS group underwent the same balloon injury 
and BRS implantation procedures as the main 
experimental groups and was followed for 4 weeks 
after implantation. All 16 rabbits were maintained 
under the same housing and animal care conditions 
and were included under the same approved 
Institutional Animal Care and Use Committee 
(IACUC) of Asan Institute for Life Sciences protocol. 
MSC-NVs in NVE-BRS were fluorescently labeled 
with DiD (Thermo Fisher Scientific) for further 
visualization. After BRS placement, all animals 
received aspirin (40 mg/d; Bayer AG, Leverkusen, 
Germany) and clopidogrel (Plavix 75 mg, 4 mg/kg; 
HANDOK Inc., Seoul, Republic of Korea) according to 
standard treatment guidelines. The drugs were 
administered daily, starting from one day before BRS 
placement until sacrifice. Animals were housed at 24 ± 
2 °C under a 12 h day/night cycle with free access to 
water and food. Rabbits were euthanized 4 weeks after 
BRS placement via potassium chloride overdose (by 75 
mg/kg), to evaluate early vascular healing, including 
re-endothelialization, inflammatory responses, and 
neointimal remodeling following BRS implantation. 

Balloon-induced injury model in the rabbit 
iliac artery 

Rabbits were anesthetized using 50 mg/kg 
zolazepam, 50 mg/kg tiletamine (Zoletil 50; Virbac, 
Carros, France), and 10 mg/kg xylazine (Rompun; 
Bayer HealthCare). Thereafter, an endotracheal tube 
was placed and anesthesia was maintained via 
inhalation of 0.5–2% isoflurane (Ifran®; Hana Pharm. 
Co., Seoul, Republic of Korea) with a 1:1 oxygen 
concentration (510 mL/kg/min). The left common 
carotid artery was exposed via skin incision and 
punctured using an 18-Gauge angiocath. The 
angiocath was replaced with a 6-Fr sheath (Radifocus 
IntroducerTM; Terumo, Tokyo, Japan) under 
fluoroscopic guidance (OEC Elite CFD; GE 
HealthCare, Chicago, IL, USA). Heparin (100 U/kg; 
JW Pharm Co., Seoul, Republic of Korea) was 
administered through the sheath. A 0.035-inch 
guidewire (Radifocus®) with a 6-Fr guiding catheter 
(envoy®; Johnson & Johnson, New Brunswick, NJ, 
USA) was advanced into the common iliac artery. Pre-
angiography measured the luminal diameter of the 
targeted iliac artery. A 3 mm diameter, 12 mm NC 
balloon catheter (NC TREK NEOTM; Abbott, Illinois, 
USA) was used to induce iliac artery injury using a 
push-pull technique [77]. The balloon catheter was 
inflated with a mixture of contrast medium and saline 
to 10–12 atm, achieving a BRS-to-artery diameter ratio 
of 1.3 to induce vascular injury (Figure S13). After the 
procedure, all catheters were removed, the incision 
was repaired and the animal was allowed to recover.  

BRS placement into the balloon-injured iliac 
artery 

After anesthesia in the same manner described 
above, a 0.014-inch micro-guidewire (Traxcess®; 
MicroVention, Aliso Viejo, CA, USA) with the 6-Fr 
guiding catheter was advanced into the balloon-
injured iliac artery. Pre-angiography determined the 
location of BRS placement. The balloon catheter 
clamped with a BRS (2.5 mm diameter, 8 mm length, 
and 100 µm strut thickness) was inserted over the 
guidewire. The BRS was deployed at 8 atm using a 
pressure gauge, and post-angiography confirmed BRS 
patency and identified procedure-related adverse 
events (Figure S14). Ketorolac tromethamine (1 
mg/kg) (Hana Pharm Ltd.) and gentamicin (7 mg/kg) 
(Shin Poong Pharm Ltd., Seoul, Republic of Korea) 
were administered intramuscularly for 3 d to manage 
postoperative pain and infection. 

Follow-up angiography and optical coherence 
tomography 

Angiography and OCT (Aurios™; Dotter Inc., 
Yeonsu-gu, Incheon, Republic of Korea) were 
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performed immediately and at 4 weeks after BRS 
placement to assess BRS patency and complications. 
Luminal diameters from follow-up angiography were 
measured and compared between study groups using 
RadiAnt DICOM viewer (version 2020.2, Medixant 
Company, Poland). Luminal diameter changes were 
calculated using the following formula: Luminal 
diameter change (%) = [(luminal diameter at 4-weeks 
− immediate luminal diameter) / immediate luminal 
diameter] × 100. The OCT system and OCT imaging 
catheter (Benetis™; Dotter Inc., Yeonsu-gu, Incheon, 
Republic of Korea) were advanced distally into the 
target lesion via a 0.014-inch micro-guidewire. OCT 
catheter pullback was performed with contrast 
injection through the guiding catheter (with typical 
flush rates of 4.0–5.5 mL/s at 300–400 psi). Continuous 
cross-sections were analyzed at 180 µm longitudinal 
intervals with pullback speed adjustment according to 
validated methods [78-81]. Luminal diameters were 
measured at the middle segment of the stented iliac 
artery using the OCT software system. Ten cross-
sections per segment were obtained to analyze 
neointimal thickness and SA. The percentage of SA 
was calculated using the formula: SA% = (neointimal 
area/stent area) × 100. 

Histological analysis 
Stented iliac arteries were surgically extracted 

after sacrifice. Both iliac arteries were flushed with 
heparinized saline and samples were fixed in 10% 
formaldehyde. Stented segments were embedded in 
paraffin and sectioned into 5 µm-thick slices. Samples 
were subsequently stained with H&E, MT, and VVG. 
Histological evaluation using H&E staining 
determined the degree of inflammatory cell infiltration 
and fibrin deposition. The degree of collagen 
deposition was determined in MT-stained sections. 
The degree of inflammatory cell infiltration, fibrin 
deposition, and collagen deposition were evaluated 
according to the density and distribution around BRS 
struts as follows: 1, mild; 2, mild to moderate; 3, 
moderate; 4, moderate to severe; and 5, severe [82-84]. 
VVG staining evaluated changes in the EL. EL changes 
were classified into three grades: 0 = no injury; 1 = 
break in the internal elastic membrane; 2 = media 
perforation; 3 = perforation of the external elastic 
membrane extending to the adventitia [78, 85]. All 
stained samples were scanned using a digital slide 
scanner (Panoramic 250 FLASH III; 3D Histech Ltd., 
Budapest, Hungary). Slides were analyzed using 
CaseViewer (3D Histech Ltd.) by evaluating 10 
randomly selected fields for statistical reliability. 

Statistical analyses 
Data are presented as the mean ± standard 

deviation (SD). For comparisons between two groups, 
normally distributed continuous variables were 
analyzed using an unpaired two-tailed Student's t-test, 
whereas non-normally distributed data were analyzed 
using the Mann–Whitney U test. For comparisons 
among multiple groups, one-way analysis of variance 
(ANOVA) followed by Tukey's post hoc test was used 
for normally distributed data, whereas the Kruskal–
Wallis test with Dunn's post hoc test was used for non-
normally distributed data. A p value < 0.05 was 
considered statistically significant. Statistical 
significance is indicated as follows: ns, not significant; 
*p < 0.05; **p < 0.01; ***p < 0.001, and ****p < 0.0001. 
Statistical analyses were performed using SPSS 
(version 28.0; IBM, Chicago, USA) and GraphPad 
Prism (version 10.3.1; La Jolla, CA, USA). 
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