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ABSTRACT

Effect of sequential release of sirolimus and rosuvastatin

using silk fibroin microneedle to prevent intimal hyperplasia

Eui Hwa Jang

Graduate program in Graduate Program of biomedical engineering

The Graduate School, Yonsei University

(Directed by Professor Young-Nam Youn)

Intimal hyperplasia (IH) is a major cause of vascular restenosis after bypass surgery,
which progresses as a series of processes from the acute to chronic stage in response to
endothelial damage during bypass grafting. A pharmacological approach is required to
understand the key signalling pathways at each stage to prevent [H. A strategic localized
drug delivery system that reflects the pathophysiology of IH and minimizes systemic side

effects is necessary in addition to systemic therapeutic approaches using oral or

vil



intravenous drugs. In this study, the sequential release of sirolimus, a mechanistic target
of rapamycin (mTOR) inhibitor, and statin, an HMG-COA inhibitor, was realized as a
silk fibroin-based microneedle device in vivo. The released sirolimus in the acute stage
reduced vascular smooth muscle cell (VSMC) proliferation and vascular fibrosis through
transforming growth factor (TGF)-beta/mTOR inhibition. Furthermore, rosuvastatin,
which was continuously released from the acute to chronic stage, reduced vascular
stiffness and apoptosis through TGF-beta/Y es-associated protein inactivation. The
sequential release of sirolimus and rosuvastatin confirmed the synergistic treatment
effects on vascular inflammation, autophagy, VSMC proliferation, and extracellular
matrix degradation remodeling through inhibition of the mTOR/nuclear factor kappa B
pathway. These results demonstrate the therapeutic effect on preventing restenosis with
sufficient vascular elasticity and significantly reduced vascular fiber density of the
neointima in response to endothelial damage. We also confirmed the safety of drug
toxicity by delivering the drug to the target lesion rather than by systemic diffusion. Thus,
the study suggests a promising strategy for treating coronary artery disease in patients
with underlying conditions such as diabetes, hypertension, and hyperlipidemia through

localized drug delivery of customized drug combinations.

Keywords: intimal hyperplasia, bypass surgery, microneedle, silk fibroin, localized drug

delive
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Effect of sequential release of sirolimus and rosuvastatin

using silk fibroin microneedle to prevent intimal hyperplasia

Eui Hwa Jang

Graduate program in Graduate Program of biomedical engineering

The Graduate School, Yonsei University

(Directed by Professor Young-Nam Youn)

I. INTRODUCTION

Coronary artery obstructive disease generally occurs due to atherosclerosis, which is the
leading cause of mortality worldwide. Coronary artery bypass grafting is considered a
clinical treatment for revascularization in more severe or acute cases 2.

However, restenosis has been reported in up to 40% of cases within 5 years of bypass
grafting, and patients with restenosis experience myocardial infarction, sudden death, or

reoperation. Although the preservation of grafted vessels is essential for long-term success,



the lack of an acceptable alternative makes it dependent on the systemic administration of
compounds in clinical practice *.

Restenosis is a major complication of long-term patency after revascularization, and its
pathophysiology is intricate and not fully understood. In contrast to vascular remodeling
caused by atherosclerosis, it is interpreted as a maladaptive response to endothelial layer
damage during bypass grafting. Restenosis primarily arises from neointimal hyperplasia
(IH) due to platelet aggregation, inflammation, vascular smooth muscle cell (VSMC)
proliferation, phenotypic switch, and extracellular matrix (ECM) deposition, which
contribute to restenosis over time after an endothelial layer injury 7°. In particular,
myofibroblasts differentiated through mechanical or biochemical simulation are the
majority of cells in restenotic lesions and contribute to vascular restenosis by inducing
vascular fibrosis !,

To prevent IH, a perivascular drug delivery system (DDS) for localized delivery through
diffusion of the loaded target drug from the adventitial layer into the tunica medial layer
while preventing de-endothelium is necessary ¢. The development and abundant preclinical
results of perivascular devices using various shapes and materials, such as the unimolecular
micelle/triblock gel hybrid system, poly(e-caprolactone) sheath, and external stents, have
been reported over the last 25 years. However, most strategies fail to meet expectations in
clinical practice due to physiological differences between the experimental models and
clinical conditions and poor reflection of time-dependent pathophysiological changes after

vascular injury. Improving the efficacy of these drug-loaded perivascular devices requires



the selection of effective compounds with a system design reflecting the pathophysiology
(acute to chronic stage) of IH >3,

Sirolimus is a well-known local DDS, which inhibits VSMC proliferation by interacting
with a mechanistic target of rapamycin (mTOR) to block the G1-to-S phase transition of
the cell cycle. Several DDSs, such as Selution SLR™ and MagicTouch™, have been widely
applied in clinical practice as breakthrough devices and have been approved by the FDA.
However, potency was reported to decrease from 95.1% at 3 months to 44.4% at 12 months,

unlike the preclinical results !

. This observation suggests that additional drug elution
may be required in the intermediate process, as well as inhibition of inflammation and
VSMC proliferation through interaction with the mTOR pathway. However, applications
that regulate and release two or more drugs from a single device are yet to be reported.
Moreover, the current treatment guidelines recommend high-dose statin therapy, such as
inhibiting  hydroxymethylglutaryl-coenzyme (HMG-CoA) reductase, with the
administration of antiplatelet drugs after DDS application. In particular, numerous clinical
trials have provided evidence that high-dose statin therapy is effective for IH as an
independent pleiotropic effect, including anti-inflammatory effects, endothelial function
improvement, and antioxidant activity from the hyperacute to chronic stage '*2!. Although
high-dose statin therapy is reportedly effective in patients with underlying diseases such as
exertional angina, heart failure, diabetes, left ventricular dysfunction, and chronic kidney

disease, its efficiency in patients with stable coronary artery disease is uncertain.

Additionally, statin therapy has the most common complaints, including statin-associated



muscle symptoms, hepatotoxicity, and renal toxicity, limiting the dosage and duration of
statins 2'"23. Moreover, no clinical trials have evaluated the effect of statins on restenosis
using a perivascular device.

Based on these current clinical results, we investigated the efficacy of perivascular
application of a systematic microneedle device that induces the sequential release of
sirolimus and rosuvastatin in the intensive treatment of localized vessels that minimizes the

systemic side effects of drugs in a rabbit model (Figure 1).
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Figure 1. Schematic illustration of the treatment strategy using a silk fibroin-based

microneedle device with programmable release of sirolimus (a transforming growth

factor beta (TGF-p inhibitor) and a statin (an hydroxymethylglutaryl-coenzyme

(HMG-CoA) inhibitor) in the injured abdominal aorta of the rabbit model.



II. MATERIALS AND METHODS

1. Fabrication and surface characterization of the MN devices

To prepare porous silk, 2.3 mL of aqueous silk solution (6.5%, w/w) was poured into a
60-mm Petri dish and frozen for 1 h. After freeze-drying for 1 d, the porous silk wrap was
cut and treated with 100% EtOH for 1 min for crystallization. After several washes in
deionized (DI) water, a highly porous silk warp with a width and thickness of 10 mm and
400 um, respectively, was fabricated. Negative polydimethylsiloxane MN molds with a
height and aspect ratio of 640 um and 1.6, respectively, were prepared using Si MN masters
24 To prepare a 2-ug rosuvastatin-embedded silk MN, 450 mg of rosuvastatin (PHR1928,
Sigma-Aldrich, USA) was dissolved in 10 mL of dimethyl sulfoxide (DMSO) for 12 h and
homogeneously mixed with an aqueous silk solution at a volume ratio of 1:9. Subsequently,
the statin-silk formulation was centrifuged on the negative MN molds for 5 min using an
ultracentrifuge (DT5-2B, Beijing Era Beili Centrifuge Co., Ltd., China). The residue of the
drug solution in the mold was cleaned by doctor-blading and dried for 30 min. After one
more repeated step, the Rosuvastatin-embedded silk MN was transferred to the silk wrap,
which was performed according to our previous study 2°. Finally, 1 ug of sirolimus
(rapamycin, R-5000, LC Laboratories, MA, USA) was dip-coated onto the rosuvastatin-
embedded MNs using a homogeneously mixed drug formulation (weight ratio of 3:1:0.33
=DMSO:PLGA 50/50:sirolimus). A silk MN wrap with sirolimus-coated and rosuvastatin-

embedded 2 x 4 silk MNs was then fabricated on a highly flexible and porous silk wrap.



For further in vivo studies, each silk MN wrap was placed on a clean bench for 30 min and

sterilized by UV.

2. Animals and comparative animal study group

Twenty male New Zealand White rabbits weighing between 3.0 and 4.0 kg were used in
this study and reared in the same care according to the “Guide for the Care and Use of
Laboratory Animals (National Research Council, USA).” The study protocol was approved
by the Institutional Animal Care and Use Committee of the Yonsei University Health
System (IACACN No. 2020-0206).

All experimental rabbits were injured by denudation of the endothelium using a balloon
catheter and divided into four groups to investigate the efficacy of reducing IH: B-MN
group (bare MN without drug; N = 5), S-MN group (1 pg of sirolimus dip-coated; N = 5),
R-MN group (2 ug of rosuvastatin embedded; N = 5), and SR-MN group (1 pg of sirolimus

dip-coated with 2 ug of rosuvastatin embedded; N = 5).

3. Induced intimal hyperplasia through denudation of endothelium and applications

All procedures, including surgery, sonography, specimen extraction, and sacrifice, were
performed under general anesthesia with zoletil (10 mg/kg, intramuscular), rompun (5
mg/kg, intramuscular), and isoflurane (1.5%—2.0%, inhalation). A deendothelialized artery
model was generated as a balloon injury three times using a 2 F Fogarty® embolectomy

catheter (120602F, Edwards Lifesciences, CA, USA) in the abdominal aorta from the



femoral artery. The MN devices were carefully wrapped around the external surface of the
injured abdominal aorta and fixed using a surgical clip (LIGACLIP®, Titanium Medium,
Mexico) to fit the individual aortic diameter measured by ultrasonography before surgery.
Heparin sodium (100 U/kg, Hanlim, Seoul, Korea) was administered immediately before
balloon injury to prevent acute thrombosis, and aspirin (100 mg/day, Bayer Korea, Seoul,

Korea) was administered for 4 weeks after surgery.

4. Evaluation of blood and tissue compatibility

Whole blood samples from a normal healthy rabbit were collected into
ethylenediaminetetraacetic acid (EDTA) for hemocompatibility. Platelet-rich plasma
(PRP) was obtained by double centrifugation at 3000 X g for 5 min and 700 X g for 15 min
26 After collection, 350 pL of PRP with MN devices was placed in a 24-well plate and
incubated at 37 °C for 2 h. The morphology of the adhered platelets on the surface of the
MNs was studied by scanning electron microscopy (SEM, IT-500HR), after washing with
phosphate buffered saline and fixing with 2.5% glutaraldehyde, dehydrating, and gold
spraying. Hemolysis experiments were performed as described by Yang et al. with minor
modifications?’. Briefly, 4 mL of whole blood was placed in 5 mL of 0.9% NaCl solution,
centrifuged at 1500 rpm for 15 min, and red blood cells (RBC) were collected. All samples
were then placed in a 24-well plate with 40 uL of RBC and 960 pL of 0.9% NacCl, and the
plates were incubated at 37 °C for 1 h. Subsequently, the solutions were placed in centrifuge

tubes and centrifuged at 3000 rpm for 15 min. Finally, the absorbance at 540 nm was



measured using a spectrophotometer (Soft Max, Molecular Devices, Sunnyvale, CA).
Hemolysis ability was quantified as the percentage reduction in absorbance using Triton
X-100 and 0.9% NacCl as positive and negative controls, respectively.

The histological biocompatibility of the MN mesh was detected by implantation in a
rabbit model by wrapping around the dissected bilateral carotid artery under surgical
conditions. The sham, control, B-MN, and SR-MN groups were prepared for analysis using
a cardiovascular pledget (TFE polymer, #517717, J&J Healthcare System). Three vessels
were implanted in each group for 4 weeks and analyzed using hematoxylin and eosin

(H&E) staining.

5. In vivo drug release analysis

MN devices were applied to the abdominal tissues of 15 rabbits to identify the sirolimus
and rosuvastatin released from the tissue and blood. On days 7, 14, and 28 after application,
five animals at each time point were sacrificed, and the abdominal aortas were harvested.
Subsequently, 5 mL of whole blood was collected in EDTA tubes after 1, 3, 7, 14, and 28th
day of follow-up. Blood samples were stored at -80 °C until drug determination.

Sirolimus and rosuvastatin levels were determined by high-performance liquid
chromatography (HPLC, UltiMate™ 3000, Thermo Fisher Scientific, USA) coupled with
a Q-Orbitrap mass spectrometer (Q-ExactiveTM Plus, Thermo Fisher Scientific, USA).
The separation was achieved using an Acquity UPLCBEH C18 column (100 % 2.1 mm, 1.7

um, Waters, Milford, MA, USA). The mobile phase consisted of 6.5 mM ammonium



bicarbonate in distilled water (A) and 6.5 mM ammonium bicarbonate acetonitrile (B) as
eluents at a flow rate of 0.40 mL/min with the following gradient: 0-2 min, 10% B; 2—8
min, 100% B; 8-12 min, 100% B; 12—12.5 min, 10% B; 12.5-15 min, 10% B. The injection
volume was 10 uL, and the oven temperature was set to 40 °C. Selected reaction monitoring
transitions of m/z 912.54, 480.16, and 790.47 were applied for sirolimus, rosuvastatin, and
ascomycin (internal standard), respectively. Mass data and data analysis were acquired

using the Thermo software.

6. Evaluation of local arterial stiffness by Doppler ultrasonography

A point defined as a portion 1 cm away from the injured abdominal aorta in a longitudinal
view with an ultrasound incident angle of < 60 °was measured. Using remote palpation
conducted shear waves through ultrasonography (S8Exp, SonoScape, China), pulse wave
velocity (PWYV), peak systolic velocity (PSV), and pulsatility index (PI) were measured for
the aortic function index, and the circumferential strain (Circ strain), distensibility (DC),
compliance (CC), and Young’s modulus were calculated to evaluate the vascular

pathological situation. The vascular pathological situation is defined as follows:

Circ strain =22 x 100, DC = 2222 pwv = /i cc= y=b L
D AP DC AP h DC

where A is the surface area of the lumen, 44 is the change in the transverse section of
the vessel between diastole and systole, 4P is the change in pressure between diastole and
systole, D is the diastolic diameter, AD is the change in diameter between diastole and

systole, and h is the thickness of the vessel wall.

10



7. Analysis of histopathological characteristics

Histopathological characteristics were evaluated and assessed by H&E, Van Gieson
(VG), Masson’s trichrome (MT), Picrosirius red (PSR), and TUNEL staining. All extracted
samples were cross-sectioned (5 um thick) from the paraffinized blocks, de-paraffinized in
xylene, and dehydrated. The structure of each histological section was manually identified
using an Olympus microscope (BX53), and the area of each blood vessel layer was
measured using the NIH Image J software in a blinded manner. To assess the narrowing of
the vessel lumen and NI formation and normalize the influence of the size of the blood

vessel, the NI/media and adventitia/media ratios are defined as follows:

neointimal area

NI formation = X 100 (%)

neointimal area+luminal area

__ neointimal area

Ratio of NI / Media X 100 (%)

media area

Adventitia area

Ratio of Adventitia / Media = X 100 (%)

media area

The internal elastic lamina (IEL) defect was analyzed by calculating the loss area as a
percentage of the whole IEL in the vessel wall using VG staining. Fibrosis was calculated
by automatically measuring the integrated density at 100x magnification on an average of
four sections per MT staining. Collagen fiber metrics, including PSR area, count, width,
and length, were measured using PSR staining. The images for collagen fiber metrics were

acquired using a confocal microscope (Zeiss LSM 700, Carl Zeiss Meditec, Oberkochen,

11



Germany), visualized using the ZEN program (Carl Zeiss Meditec), and then measured
using CT-FIRE fiber detection software (LOCI, Madison, Wisconsin, USA) 252,

The number of apoptotic cells was counted using automatic cell counting at 100x
magnification in an average of four sections per TdT-DAB staining (TUNEL, TREVIGEN

4810-30-k).

8. Western blot analysis

The abdominal aortas were used for the western blotting assay. All samples were
homogenized in RIPA lysis buffer (Bylabs, R0146CD) containing an EDTA-free protease
inhibitor cocktail and centrifuged at 13,000 rpm for 10 min at 4 °C. The supernatants were
collected, and the total protein content was measured using the Pierce BCA protein assay
kit protocol (Thermo Scientific, Ref. 23227). The protein samples were then separated with
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to
polyvinylidene fluoride membranes (Bio-RAD, HC, USA). After 24 h of blocking with 5%
non-fat milk in Tris-buffered saline with Tween 20 (TTBS), the membrane was incubated
overnight at 4 °C with primary antibodies followed by 1 h with secondary antibodies in
TTBS. Most primary antibodies were used at 1:1000 dilutions, except p-actin (1:10000),
while horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (H+L) and HRP-
conjugated goat anti-mouse IgG were used as secondary antibodies at a dilution of 1:5000.
Protein bands were detected using West-Q Pico Dura ECL Solution and Femto ECL

Solution (GenDEPOT, Houston, TX, USA). (Table 1)

12



Table 1. List of antibodies for western blot

Antibodies Source Identifier Dilution
PCNA Abcam Cat#ab19166
a-Smooth muscle actin Cell Signaling Cat#19245S
Technology

TGFB1 (Y369) Bioworld Cat#BS1361

Technology, Inc.
Collagen I GeneTex Cat#GTX26308
Collagen III Abcam Cat#ab6310
YAP1 Santa Cruz Cat#fsc-271134
RhoA (26C4) Santa Cruz Catttsc-418 1:1,000
LC3B Abcam Cat#ab48394
SQSTM1/p62 (D-3) Santa Cruz Catf#cs-28359
mTOR (30) Santa Cruz Cat#sc-517464
Phospho-mTOR Santa Cruz Catf#sc-293133
(59. Ser2448)
NFkB p65 (G-5) Santa Cruz Cat#sc-8008
IL-6 (E-4) Santa Cruz Catt#tsc-28343
ICAM-1/CD54 (G-5) Santa Cruz Catffsc-8439
B-actin Abcam Cat#abg8224 1:10,000
Goat anti-mouse 1gG GenDEPOT Cat#SA001
(FFL-HRP 1:5,000
Goat anti-rabbit IgG GenDEPOT Cat#SA002

(H+L)-HRP

13



9. Statistical analysis

All data are reported as mean + standard deviation (SD) and were analyzed using
GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). Comparisons between
groups were carried out using one-way analysis of variance with Tukey’s multiple

comparison test. Statistical significance was set at p <0.05.

14



III. RESULTS

1. Fabrication and controlled drug delivery of MN devices

A 2 X 4 array of silk MNs, which consisted of dip-coated 1 ug of sirolimus and
embedded 2 pg of rosuvastatin, were structured and attached to the silk film using a transfer
molding method. Figure. 2A show the array and surface of silk MNs on the silk film, which
were confirmed by optical and SEM images. The results revealed that the MNs did not fall
off the device 28 d after application to the rabbit abdominal aorta and remained stable.
(Figure 3).

MN devices were applied to the abdominal aorta for 28 d to confirm sequential drug
delivery by the MN device in vivo, as shown in Figure 2B. LC-MS/MS analysis was used
to determine the concentrations of sirolimus and rosuvastatin in the abdominal aorta and
whole blood, and their drug concentration-time profiles are shown in Figs. 2B and C.
Concentrations of sirolimus and rosuvastatin in the blood and abdominal aorta were
determined at various time intervals. In the abdominal aorta, the peak concentrations of
sirolimus were achieved after 7 d of application, followed by a rapid decrease on day 7. In
contrast, the concentration of rosuvastatin gradually increased for 28 d and reached the
maximum concentration. The concentrations of sirolimus and rosuvastatin in the whole
blood were not significantly different in any of the samples. Thus, sequential MN drug

devices can safely deliver drugs to local tissues without being released into the blood.

15



In addition, we confirmed drug absorption in local lesions except for systemic diffusion
through pathological analysis of organs including liver, kidney, and skeletal muscle. There
were no centralized nuclei of myofibers with stain-associated myopathy. And inflammatory

cells, necrosis were no present in liver and kidney tissues. (Figure 4.)

16
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Figure 2. In vivo installation of silk-fibroin microneedle devices and the confirmed
sequential drug delivery. (A) Application of SF-MN on the balloon-injured rabbit
abdominal aorta. (B) Concentration of sirolimus and rosuvastatin in the abdominal aortic
tissue after applying MN in rabbit (mean + standard deviation (SD), n = 5). (C) Plasma
concentration-time profiles of sirolimus and rosuvastatin after applying MN in rabbit (mean

+ SD, n=5).
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Figure 3. Confirmed of the silk fibroin (SF) microneedle (MN) devices. (A) Scanning
electron microscopy images of the MN surfaces (Scale: 100 um and 10 pum). (B)
Hematoxylin and eosin H&E image of the silk fibroin MN 28 d after implantation (Scale:

100 pm).
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with drug-containing MN. (Scale: 100).



2. In vitro and in vivo biocompatibility of MN devices

Biocompatibility is a main criterion for demonstrating its use in medical devices for
cardiovascular diseases. Hence, platelet adhesion tests, hemolysis, and H&E staining were
performed to evaluate the blood and tissue compatibility of the MN devices. As shown in
Figure 5A, platelets were rarely observed on the surface of the MN devices, and a similar
number of adhered platelets was observed in all the samples. Hemolysis rates were less
than 2% regardless of drug loading, indicating that the chemical safety criterion of 5% did
not increase (Figure 5B). In addition, histocompatibility analysis was performed based on
the low cytotoxicity and high cell viability of the MN device, as verified in a previous
study®. Sham interventions and product applications were used to analyze the
histocompatibility of the drug delivery system, excluding collateral effects such as
anesthesia, surgical trauma, and postoperative management. As shown in Figure 5C, the
MN device was applied to the carotid artery for tissue compatibility analysis, and
morphological changes, such as inflammation and collagen, were confirmed after 28 d. No
histological changes were observed in the surface and structural carotid arteries compared

to those in the sham and control groups within 4 weeks.
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Figure 5. Biocompatibility assessment of the silk-fibroin microneedle devices (MN).
(A) Scanning electron microscopy images of adhered platelets on MN surfaces. White
arrows indicate adhered platelets (Scale: 100 pm and 1 pm). (B) Hemolytic ability of MN;
appropriate quantities of 0.9% NaCl and Triton X-1000 were used as the controls; values
are mean £ SD (n = 3). (C) Schematics of the in vivo test for tissue compatibility and

hematoxylin and eosin (H&E) images of the tissue-implanted MN (n = 12; Scale: 100 um).
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3. Reduction of NI formation and IEL defect

We performed in vivo studies in four groups using an [H-induced rabbit model through
denudation of the endothelium for 4 weeks and comparatively analyzed the B-MN and
injury (injury only, N = 5) groups to confirm whether the B-MN group was suitable as a
control group. The evaluation of the histological change during 2—4 weeks revealed that
the NI formation and NI/media ratio were similar in both groups (Figure 6 A and 6B).
Using H&E images, a significant therapeutic effect was observed in the NI formation
(13.13 £ 11.17%), NI/media ratio (26.45 £ 9.28%), and adventitia/media ratio (121.33 £
10.75%) in the case of the SR-MN group than that in the B-MN group (Figs. 7A and 7B).
In particular, the amount of proliferation in the whole layer of vessels, including the intimal,
medial, and adventitial layers, was lower in sirolimus release than that in strains. The elastin
fiber disruption was significantly reduced in the drug-containing MN groups (S-MN group:
14.56 +4.23%; R-MN group: 14.50 + 7.31%; and SR-MN group: 13.13 £ 6.3%) compared
to that in the B-MN group (35.29 + 18.64%).

Additionally, protein expressions of proliferating cell nuclear antigen (PCNA) and a-
smooth muscle actin (a-SMA) were measured and quantified by the western blot analysis
to examine the underlying mechanism of the effect of MN devices on VSMC proliferation
induced by balloon injury, as shown in Figure 7C. The relative protein expression levels of
PCNA and o-SMA were not significantly different. However, the relative protein

expression level of PCNA tended to be lower in the S-MN and SR-MN groups than in the
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B-MN group. In agreement with the histological results, the protein expression of PCNA

showed the same trend as their respective H&E counterparts.
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Figure 6. Comparative animal study to identify the bare-MN group as the control
group. (A) H&E images of the injured rabbit abdominal aorta and SF-MN application
change from 2 to 4 weeks (Scale: 500 um and 200 pm). (B) Quantitative analysis of amount
of NI formation, NI/media ratio. (¥*<0.01). I: tunica intima; M: tunica media; A: tunica

adventitia.
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Figure 7. Comparative animal study of drug delivery efficacy for intimal hyperplasia
reduction. (A) H&E and Van Gieson images of the SF-MN-applied abdominal aorta of the
rabbit after a 4-week follow-up (Scale: 100 pum). White arrows indicate disrupted internal
elastic lamina. (B) Quantitative analysis of the amount of proliferation in the whole layer
of vessels (intima, media, and adventitia), NI formation, NI/media ratio, adventitia/media
ratio, and elastin fiber losing area (*<0.05, **<0.01, and ***<0.001). (C) Protein
expression of proliferating cell nuclear antigen (PCNA) and a-smooth muscle actin (o-

SMA) as detected by the western blot.
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4. Attenuated balloon injury-induced vascular fibrosis via inhibition of TGF-p
pathway

To identify the potential effect of the MN devices on vascular fibrosis, we first measured
the collagen density in each layer of the vessels using Masson’s trichrome stain. As shown
in Figs. 8A and 8B, the collagen density significantly reduced in the drug-containing MN
groups (S-MN group: 99.47 &+ 9.70%; R-MN group: 107.70 £ 15.97%; and SR-MN group:
96.78 £ 12.98%) compared to that in the B-MN group in the adventitial layer (121.70 +
6.90%). In the intimal and medial layers, a significant reduction in collagen density was
observed in the S-MN and SR-MN groups containing sirolimus.

In the chronic stage of IH and vascular fibrosis, the ECM accumulates and occupies most
of the neointimal volume. Collagen fibers are a major component of this ECM.
Accordingly, we analyzed the collagen fiber metrics (count, width, and length) in the intima
layer of the MN device groups using PSR staining and CT-FIRE analysis (Figs. 9A and
9B). The PSR area and number of collagen fibers were observed to have significantly
decreased in the SR-MN group (33.09 £+ 7.24% and 140.89 + 81.60, respectively) compared
to that in the B-MN group (40.84 £+ 10.33% and 212.38 + 66.69, respectively). In addition,
no significant difference was observed in the length of the collagen fibers between groups.
However, a statistically significant decrease in the width of collagen fibers in the drug-
containing MN groups (S-MN group: 6.72 = 0.36 px; R-MN group; 6.69 £ 0.32 px; and
SR-MN group: 6.74 £ 0.27 px) was observed compared to that in the B-MN groups (7.05

+ 0.32 px).
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Finally, we investigated whether the changes in collagen deposition were related to the
transforming growth factor- B (TGF-B) pathway (Figure 8C). The relative protein
expression levels of collagen I, and collagen III decreased in the drug-containing groups
compared to those in the B-MN group. particular, the collagen III protein levels in the
sirolimus-containing group further decreased, and the ratio of collagen I to collagen III was
higher. The relative protein expression levels of TGF-f in the SR-MN group was

significant decreased compared to the B-MN group.
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Figure 8. Comparative animal study of drug delivery efficacy for vascular fibrosis. (A)
Masson’s trichrome and Sirius red images of SF-MN-applied abdominal aorta of the rabbit
applied SF-MN after 4-week follow-up (Scale: 100 um). (B) Quantitative analysis of the
collagen density in the whole layer (intima, media, and adventitia). (C) Protein
expressions of TGF-B, collagen I, and collagen III as detected by the western blot. (¥<0.05,

*%<0.01, ***<0.001, and ****<(0.0001).
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Figure 9. Comparative animal study of drug delivery efficacy for the collagen fiber
metrics in the intima layer using CT-FIRE analysis. (A) Fluorescent picrosirius red
(PSR) images and CT-FIRE fiber quantification software. (B) Quantitative analysis of the
PSR area and collagen fiber metrics (count, width, and length) in the intimal layer. (*<0.05,

#£<0.01) .
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5. Ameliorated vascular stiffness and remodeling through Yes-associated protein

(YAP) inactivation

Ultrasonography shows excellent resolution for distinguishing between vessel wall
morphology and vasoconstriction. Because the arterial stiffness and remodeling was
induced by mechanical damage in the rabbit injury model, we observed the location,
diameter, thickness, pressure gradient, and blood flow velocity before and 4 weeks after
surgery (Figs. 10A and 10B). Compared to the B-MN group (4.88 £ 0.33 m/s and 63.10 +
0.83 cm/s, respectively), the aortic PWV and PSV dramatically decreased in the drug-
containing MN groups (S-MN group: 1.80 + 0.26 m/s and 50.10 = 9.26 cm/s; R-MN group:
2.14 £ 0.29 m/s and 43.38 + 5.50 cm/s and SR-MN group: 2.34 + 0.31 m/s and 46.69 +
5.49 cm/s, respectively). Conversely, the Circ strain increased in the drug-containing MN
groups, with significant differences observed in the S-MN group (B-MN group: 3.32 +
0.36%; S-MN group: 14.92 + 4.30%; R-MN group: 8.24 + 1.54%; SR-MN group: 7.97 £
2.14%). We also confirmed that the aortic PI among the aortic function indices significantly
decreased in the R-MN group (2.89 + 0.42) compared to that in the S-MN group (3.95 +
1.20) (Figure 10C).

We also confirmed that DC and CC, which measure the ability of arteries to expand and
the ratio of change in volume in response to pulse pressure, increased in drug-containing
MN groups compared to that in the B-MN group. The Young’s modulus, which is defined
as the modulus of elasticity, was also observed to have decreased significantly in the drug-

containing MN groups (S-MN group: 0.06 = 0.04 MPa; R-MN group: 0.05 + 0.03 MPa;
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and SR-MN group: 0.06 £ 0.02 MPa) compared to that in the B-MN group (0.22 + 0.13
MPa) (Figure 10C).

Yes-associated protein (YAP) activation mediates arterial stiffness via the TGF-§
pathway. To determine whether vascular stiffness and remodeling were reversed through
Y AP inactivation, we assessed the relative protein expression levels of YAP and RhoA, an
upstream regulator of YAP and a major stiffness signal transmitter. Application of MN
devices containing sirolimus and rosuvastatin (S-MN group or/and R-MN group) decreased
the expressions of RhoA and YAP1 compared to the B-MN group. Furthermore, the MN
devices containing sirolimus and rosuvastatin (SR-MN group) exhibited additive effects

(Figure 10D).
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Figure 10. Comparative animal study of drug delivery efficacy for arterial stiffness
via non-invasive sonography. (A) Sonographic images of the sagittal view and color
Doppler of the abdominal aorta applied in the device. (B) Sonographic images of the
abdominal aorta at the systole and diastole to evaluate arterial stiffness. (C) Quantitative
analysis of aortic stiffness by Circ strain, aortic pulse wave velocity (PWYV), aortic pulse
systolic velocity (PSV), aortic pulsatility index (PI), distensibility, compliance, and
Young’s modulus (D) Protein expression of RhoA and YAP1 as detected by the western

blot. (*<0.05, ¥+<0.01, and ****<0.0001).
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6. Inhibition of balloon injury-induced medial SMC apoptosis via mTOR/nuclear
factor kappa B (NF-kB) signaling pathway

Vascular stress, such as stretching of the medial SMC after balloon injury, can lead to
intimal proliferation and the rapid onset of apoptosis. The previous results indicated that
inactivated YAP was involved in cell survival, proliferation, and apoptosis. In agreement
with YAP protein expression results, the TUNEL assay results showed that apoptotic cells
reduced in drug-containing MN groups (S-MN group: 294.40 + 186.40; R-MN group:
200.05 £ 93.07; and SR-MN group: 167.25 + 28.63) compared to the B-MN group (528.00
+ 270.74), and the rosuvastatin-containing groups particularly showed a remarkable
difference (Figure 11A).

Western blot analysis was performed to understand the apoptosis inhibition function of
the drug-containing MN devices by considering the mechanism of action of sirolimus and
rosuvastatin, which are mTOR and HMG-CoA inhibitors, respectively. All drug-containing
MN groups showed reduced mTOR phosphorylation compared to the B-MN group.
Nuclear factor kappa B (NF-«B), which is controlled by mTOR downstream targets, is a
key transcription factor that regulates proliferation, inflammatory responses, and autophagy.
Consistent with the results of mTOR inactivation, the relative protein expression levels of
NF-«B decreased in the drug-containing MN groups compared to that in the B-MN group;

however, a significant difference was observed in the SR-MN group (Figure 11B).
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Next, we evaluated whether NF-kB reduction by drug-containing MN affected the
expression of NF-kB target genes. We found that SR-MN significantly decreased the level

of ICAM-1 protein and decreased the levels of IL-6 and SQTM1/p62 (Figure 11C).
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Figure 11. Comparative animal study of drug delivery efficacy to inhibit apoptosis in
vascular smooth muscle cells (VSMCs) via mechanistic target of rapamycin (mTOR)/
nuclear factor kappa B (NF-kB) signaling pathway. (A) TUNEL images of the SF-MN-
applied abdominal aorta of a rabbit after a 4-week follow-up, and quantitative analysis of
apoptotic cells (Scale: 500 um). (B) Protein expression of mTOR, p-mTOR, and NF-«xB
detected by the western blot. (C) Protein expression of 1L.-6, ICAM-1, and SQTM1/p62

detected by the western blot (¥<0.05).
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IV. DISCUSSION

Vascular restenosis with IH is an excessive wound-healing reaction of the vessels that
occurs in vascular revascularization procedures, such as percutaneous transluminal
angioplasty, stent implantation, and bypass grafting **. The leading cause of IH is
endothelial damage, which is unavoidable in all vascular regeneration procedures. This
process develops over time from the acute to chronic phase; the platelets aggregate and
adhere to the injured endothelial lesion, releasing mitogenic growth factors to attract
macrophages and VSMCs to switch their phenotype to synthetic. Growth factors and
inflammatory mediators induce synthetic proliferation of VSMCs, secretion of ECM
components, and migration into the subintimal space. The neointima, which is mostly
composed of the resynthesized ECM, is then clearly thickened. Myofibroblasts are derived
from the cytokine TGF-3, a major biochemical inducer of myofibroblast differentiation,
which is generated under mechanical and biochemical stimuli ®!°. Although myofibroblasts
can be derived from adventitial fibroblasts, they can also be derived from the
transdifferentiation of SMCs in the tunica media and endothelial cells.

Moreover, depending on the degree of damage, the activated myofibroblasts either
undergo apoptosis or survive, contributing to vascular fibrosis and remodeling *. In
addition, biophysical signals such as compressive and tensile forces play important roles in
vascular healing, such as controlling transcriptional programs for cell proliferation,

differentiation, and transformation. An increase in ECM stiffness results in the nuclear
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translocation of YAP/TAZ to regulate cell growth migration and differentiation, sense
ECM stiffness through local adhesion, and promote stress fiber formation 3!32,

By understanding these multifactorial properties, we developed a microneedle-based
outer-wall device that induces the short- and long-term release of sirolimus (an mTOR
inhibitor) and rosuvastatin (an HMG-CoA inhibitor), respectively, as a therapeutic strategy.
In addition, according to our previous studies, the drug release rate was successfully
controlled by a dip-coating method using 50/50 PLGA with a fast degradation rate as a
drug delivery carrier ** and an eluting method using silk fibroin with a longer degradation
rate as a carrier 2°. As shown in vivo through the abdominal aortic injury model (Figure 2),
the reduced collagen density, fibrosis, and TGF-f expression in the SR-MN group were
found to be remarkable, suggesting a synergistic effect of the inhibition of the TGF-
pathway through sequential drug release (Figure 8).

Additionally, consistent with the results of the reduction of vascular fibers, which are the
main component of the hyperproliferated intima, the inhibitory effect of the initially
released sirolimus on intimal proliferation, and the inhibitory effect on intima and
adventitia through the sequential release of the two drugs were confirmed (Figure 8-9). In
addition, regarding the inactivation of RhoA and YAP through the sequential release of
drugs, significant reductions were observed in aortic PWV and PSV ( representative
indicators of arterial stiffness) and Young’s modulus (an indicator of vascular electricity)

(Figure 10)*.
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In particular, the activation of YAP mediated arterial stiffness via the TGF-§ pathway,
which is caused by inducing TGF-f inhibition through the intervention of sirolimus and
rosuvastatin from the acute to chronic phase in an IH process. Furthermore, the strategic
mediation of the mTOR/NF-kB signaling pathway through the sequential release of
sirolimus and rosuvastatin decreased levels of VCAM-1 and IL-6, which are major players
in [H progression, and reduced apoptosis through autophagy induction. Consistent with the
TUNEL assay results, the apoptotic cells significantly reduced in the drug-containing MN
device, which was interpreted as a result of SMC apoptosis in the medial through the
mediation of the mTOR/NF-kB pathway 3.

Our study showed that the drug released through an external vascular device with
microneedles was sufficiently absorbed into the localized lesion, except for systemic
diffusion, preventing vascular restenosis without affecting organs. (Figure 4).

However, these results were observed on day 28, and longer follow-up results, including
peak value and extinction period of drugs and IH progression in vivo, are required for
clinical trials. In addition, most patients with coronary artery disease belong to a high-risk
group with underlying diseases, such as diabetes, hypertlension, and hyperlipidemia, and
have uncomplicated lesions ¥, Therefore, further studies are essential for evaluation and
analysis via the application of high-risk models and complex lesions, which will be a
promising strategy in clinical practice. Furthermore, the long-term release of the target drug
can be sufficiently controlled by the degree of density of silk fibroin as a drug delivery

carrier, which can be an efficient treatment strategy for coronary artery disease and surgical
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vascular access, such as peripheral vascular disease and arteriovenous fistulas in renal

dialysis patients 3%,

V. CONCLUSION

The perivascular device is a promising approach for intensive drug delivery to the lesion
after bypass surgery, and the sequential release of sirolimus and rosuvastatin, which reflects

the pathophysiology of restenosis, can be a useful treatment strategy in clinical practice.
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