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ARTICLE INFO ABSTRACT

Keywords: Open vascular reconstructions (OVR), including bypass grafts and dialysis access, are standard treatments for
Post-surgery failure of open vascular cardiovascular and renal diseases. Unfortunately, OVR often fail largely due to intimal hyperplasia (IH), and
recfmsirﬁcnonsl . there are no clinical methods to prevent this complication. Perivascular drug administration during OVR presents
i:il?;rafi’perp asta a promising strategy for IH suppression. However, durations of drug release from carriers are generally short

Arteriovenous fistula whereas sustained efficacy is essential for clinical success. This raises a critical question in clinical translation:

Perivascular drug delivery can IH suppression be realistically maintained long-term (e.g., over 6 months) with short-term perivascular

Pericelle interventions? To address this question, we modified a rat vein-graft model to prolong IH progression. We then

Long-term efficacy applied Pericelle, a nanoparticle/hydrogel hybrid system that we developed for perivascular delivery of rapa-
mycin, an established IH-inhibitory drug. Surprisingly, despite short (~3-month) drug release, Pericelle
demonstrated IH suppression throughout 3, 6, and 9 months with IH reduced from 115.58 + 27.89 to 40.34 +
5.18 at 9 months (P < 0.05, n = 6 rats), as indicated by morphometric analysis. Live animal ultrasonography
showed the same trend. Consistently, histone-3 lysine-27 trimethylation, an epigenetic mark associated with TH
progression, was decreased at 6 months after Pericelle treatment. Moreover, Pericelle exhibited promising ef-
ficacy in mitigating IH in a porcine model of arteriovenous fistula that mimics dialysis access. These results
suggest that Pericelle-mediated suppression of IH in rat vein-grafts extends much beyond drug release, offering
potential solutions to longstanding translational challenges in reducing OVR failure.

[1]. Among these, coronary and peripheral artery diseases hold partic-
ular prevalence, often requiring invasive interventions such as bypass
grafting, endovascular angioplasty, and endarterectomy. [2]. Bypass
grafting serves as the only and “last stand” treatment for left main

1. Introduction

Occlusive vascular diseases are a major cause of death worldwide.
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Abbreviations

AVF arteriovenous fistula

CCA common carotid artery
DLS dynamic light scattering
EC endothelial cells

H3K27me3 histone-3 lysine-27 trimethylation

HPLC high-performance liquid chromatography
IEL internal elastic lamina

H intimal hyperplasia

mTOR  mammalian target of rapamycin
NP unimolecular nanoparticle

OVR open vascular reconstructions
PAMAM poly(amidoamine)

PEG poly(ethylene glycol)

PLGA poly(lactic acid-co-glycolic acid)
pS6RP  phospho-S6 ribosomal protein
PSV Peak systolic velocity

SMC smooth muscle cells

coronary artery disease, three-vessel coronary artery disease, and
extensive peripheral artery disease, etc., with over 400,000 cases per-
formed each year in the US alone. [1,3]. Autologous vein grafts stand as
the most reliable and commonly used vascular conduits. [2]. Further-
more, hemodialysis serves as a lifeline for patients with end-stage renal
disease, with arteriovenous fistula (AVF) considered the optimal method
of vascular access, surpassing arteriovenous grafting, subcutaneously
fixed superficial arteries, and permanent vascular catheters. [4]. These
surgical procedures, including bypass grafting, dialysis access, and
endarterectomy, herein collectively referred to as open vascular re-
constructions (OVR) due to their requirement for open-body surgery,
amount to over a million cases each year in the US alone. [4,5]. Un-
fortunately, post-procedure failure rates are unacceptably high (e.g.
bypass initial year 15-50 %), inflicting tremendous human and financial
costs. [2,6]. Despite numerous studies, there remains an absence of
approved methods to prevent post-surgery failure of OVR aside from
standard post-operative care with aspirin and statins. [7,8].

Intimal hyperplasia (IH) is a common etiology for the post-surgery
failure of OVR. This process engenders a new layer of tissue on the
inner vessel wall occupying the lumen space. [2,9,10]. Numerous at-
tempts have been made to inhibit IH in bypass grafts via systemic drug
treatments, e.g., clopidogrel, ticlopidine, vitamin K antagonists, rivar-
oxaban, omega-3 fatty acids fish oil, and cilostazol. [2,4,8,9]. But none
has resulted in a clinical use, most likely owing to systemic toxicity and
limited duration of the therapeutics. Alternative to systemic treatments,
perivascular drug delivery is an attractive route particularly suitable for
OVR, taking advantage of accessibility to the exposed vessel during the
surgery. [10-14]. This approach allows for the use of various drug
carriers and maximizes the local concentration of the drug while
limiting its leak into the circulation. [12,14]. Clinical trials have
involved rapamycin-impregnated polymer mesh, vascular endothelial
growth factor (VEGF)-expressing adenovirus in collagen collars, and
rapamycin-eluting collagen wrap, etc. [14,15], but none has become a
clinical method [12]. Preclinical studies testing drug-releasing gels,
wraps, microneedles, and cuffs have shown efficacy yet with various
limitations such as physical stress on the vessel and short-term efficacy.
[12,14,16,17].

In recent years, there has been a growing utilization of microparticles
and nanoparticles (NPs) for perivascular therapeutic delivery. [13,16,
18-23]. NPs offer a multitude of advantages, including their adaptability,
multifunctionality, and minimal mass which imposes little physical stress
on the vessel [13]. In previous studies [19], we developed a NPs/hydrogel
hybrid system, subsequently named Pericelle (patent US10668017B2). In
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this prototype product, the model drug rapamycin, known for its clinical
efficacy in preventing restenosis in stents implanted post-angioplasty, is
encapsulated within unimolecular micelle NPs. These NPs are formed by
single multiarmed-star amphiphilic block copolymers with exclusively
covalent bonds, demonstrating excellent rapamycin-loading capacity and
in vivo stability [19]. The drug-loaded NPs are suspended in a thermo-
sensitive poly(lactic acid-co-glycolic acid)—poly(ethylene glycol)—poly
(lactic acid-co-glycolic acid) (PLGA-PEG-PLGA) triblock hydrogel
(referred to as triblock gel), which remains as a pre-gel solution when kept
on ice. Upon perivascular application, this liquid undergoes a phase
transition into a paste, effectively confining the drug-loaded NPs to the
targeted vessel. This NPs/gel combination, named Pericelle, outperforms
either NPs or triblock gel alone by providing a sustained rapamycin release
over approximately 3 months [19]. In a rat model of injury-induced acute
IH, perivascular application of Pericelle significantly inhibited IH at 3
months post-injury without affecting reendothelialization [19]. These re-
sults suggest the potential utility of Pericelle in preventing IH-associated
failure of OVR.

However, achieving even longer efficacy would be imperative for the
clinical use of Pericelle or other products, particularly considering that
IH progresses over 1-18 months following the initial surgery of human
vein grafting. [24,25]. It is a common challenge to translate preclinical
findings from acute preclinical models into long-term clinical benefits,
primarily due to two major barriers. First, disease phenotypes such as [H
often regress in acute models, limiting the ability to assess long-term
therapeutic effects. [20]. Second, drug carriers composed of natural or
synthetic materials are inevitably subject to decomposition in the body,
resulting in limited drug release durations. [19]. Indeed, perivascular
drug delivery to mitigate IH has been seldom explored in studies lasting
over three months. [19,26,27]. Despite technological advancements,
reports of long-term release (defined herein as over 6 months) of a drug
contained within a polymer carrier have been extremely rare. [28,29].
From this perspective, an important unanswered question arises: can
perivascular drug delivery for a short term realistically have an
IH-mitigating effect over a long term? Addressing this question is crucial
for bridging the knowledge gap in translational research and advancing
the development of effective treatments for IH in clinical practice.

In the current study, we tackled this longstanding question regarding
the sustained inhibition of IH. We introduced a modification to a rat
vein-graft model, enabling the observation of IH progression for at least
6 months post-grafting. This allowed us to evaluate Pericelle’s efficacy
for 12 months. Remarkably, despite the relatively short release duration
of rapamycin from Pericelle (~3 months [19]), we observed a sustained
[H-inhibitory effect lasting 9 months in rat vein grafts treated with
Pericelle. In our mechanistic investigation, we found that Pericelle
treatment led to a reduction in histone-3 lysine-27 trimethylation
(H3K27me3), a chromatin mark associated with the progression of IH.
[30,31]. To further explore the translational potential of Pericelle, we
tested it in a porcine AVF model, and the results further supported
Pericelle’s IH-inhibitory effect. Overall, our findings implicate the po-
tential of Pericelle to bridge the gap in translational research by offering
long-term efficacy in mitigating IH.

2. Materials and methods
2.1. Materials

Rapamycin was purchased from LC Laboratories (Woburn, MA).
Fourth generation Poly(amidoamine) (PAMAM) dendrimer was pur-
chased from NanoSynthons, LLC (Mt. Pleasant, MI). Dimethyl sulfoxide
(DMSO), d-valerolactone (VL) were purchased from Sigma-Aldrich (St.
Louis, MO). mPEG—COOH (Mn = 5 kDa) was acquired from JenKem
Technology (Allen, TX, USA). All other reagents were purchased from
Thermo Fisher Scientific (Waltham, MA, USA) unless otherwise speci-
fied. The purity of reagents is listed in Table S1.
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2.2. Preparation and characterization of rapamycin-loaded nanoparticles

Unimolecular micelle nanoparticles (herein denoted as NPs) were
prepared as we described before. [19]. In brief, PAMAM—PVL-OH was
synthesized through ring-opening polymerization of §-valerolactone
(VL) at 120 °C using PAMAM—OH G.4 (50 mg) as a macroinitiator, VL
(673 mg, 640 pL) as a monomer, and Sn(Oct), (2.283 pL) as a catalyst.
PAMAM-PVL-PEG was then produced by conjugating mPEG—COOH
(94.8 mg) to PAMAM-PVL-OH (20 mg) via an esterification reaction.

To prepare drug-loaded NPs, PAMAM—PVL—PEG (100 mg) and
rapamycin (30 mg) were dissolved in DMF followed by a dropwise
addition of DI water (DMF: DI water = 1:3 vol ratio). The solution was
then dialyzed via a cellulose membrane dialysis tubing (molecular
weight cutoff, 15 kDa) against DI water for 48 h and lyophilized. The
rapamycin-loaded NPs were characterized as we previously reported.
[19]. Briefly, polymer chemical structures were determined using ‘H
NMR spectroscopy, and their molecular weights were measured by gel
permeation chromatography (GPC). The rapamycin-loading level in the
NPs (20 % loading content of rapamycin in NP) and its release rate were
quantified by high-performance liquid chromatography (HPLC). The
morphologies of the NPs were determined by dynamic light scattering
(DLS, Zetasizer Nano ZS90, Malvern Instrument) and transmission
electron microscopy (TEM, FEI Tecnai G2 F30 TWIN 300 kV, E.A.
Fischione Instruments, Inc.). Consistent with our previous report [19],
the average hydrodynamic diameter of the NPs in an aqueous solution
was around 83.4 nm with PDI = 0.190, as measured by DLS (Fig. S1 and
Table S2), and the average diameter of dried NPs was around 35 nm, as
measured by TEM from previous work [19]. Furthermore, release pro-
files were determined in vitro (see our previous report [19]). Rapamycin
directly dispersed in a triblock hydrogel (described below) without
using NPs showed a profile of burst release that completed at ~30 days.
In contrast, rapamycin-loaded NPs suspended in the triblock gel
exhibited a superior sustained (~3-4 months) rapamycin release profile.
[19].

2.3. Synthesis of thermo-sensitive triblock hydrogel

The PLGA—-PEG—PLGA triblock gel was prepared as previously
described. [19]. Briefly, hydroxyl-terminated PEG (2.4 g) was dried
under vacuum at 120 °C for 2 h. Lactide (5.0 g) and glycolide (1.2 g)
were then added and vacuum-dried at 70 °C for 30 min. Upon complete
melting of the mixture, a catalyst amount of Sn(Oct)3 ([Sn(Oct)3]/[LA +
GA] = 1:500 mol/mol) was added, and polymerization proceeded at
150 °C for 8 h. The resultant mixture was dissolved in cold water (4 °C)
and precipitated at 80 °C. The precipitation process was repeated three
times to purify the co-polymers which, as the final product, were
lyophilized.

2.4. Preparation and in vivo application of pericelle

The PLGA—PEG—PLGA triblock copolymers were dissolved in water
(23 % by weight) at 4 °C, resulting in a pre-gel solution of the triblock
gel. The rapamycin-loaded, lyophilized NPs were added to ice-cold PBS
buffer and then suspended in the triblock gel solution contained within a
microcentrifuge tube, which was kept on ice. When transferred from the
tube onto a grafted vein or arteriovenous fistula (AVF), Pericelle, the
triblock gel containing NPs, rapidly solidified, transforming into a paste,
which was then spread to uniformly coat all sides of the graft.

2.5. Animals used for surgeries

All animal experiments complied with the Guide for the Care and Use
of Laboratory Animals (National Institutes of Health), and the protocols
are approved by the Institutional Animal Care and Use Committee of The
Ohio State University (Columbus, Ohio). Male Sprague-Dawley rats
were purchased from Charles River Laboratories (Wilmington, MA), and
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kept in isolation racks in an air-conditioned room with 12 h light-dark
cycle, fed with a normal diet, and free to access food and water. The
rats of 10-11 weeks old at 330-350 g were used for surgery. The ex-
periments using farm pigs were performed in The Ohio State University
Interventional Cardiology Cath Core Lab (Manager: Matthew Joseph).

2.6. Modified vein-graft model for long-term studies

Interposition vein-graft surgeries were performed using a cuff tech-
nique as described [32-34] with minor modifications. The cuffs were cut
from a 20-gauge intravenous catheter (BD InsyteTM, BD, Franklin Lakes,
NJ). The rat was kept anesthetized via inhalation of 2-2.5 % of iso-
flurane/oxygen flow. A saline solution of 100 units of heparin was
injected subcutaneously. The external jugular vein was carefully
dissected, collected, and stored in a heparin saline solution (50 U/ml)
after gently flushing its lumen with the same solution. The proximal and
distal ends of the remaining vein were ligated.

The right common carotid artery was dissected, ligated in the mid-
dle, and then transected in between the two ligated sites. The cuff was
slipped over the proximal common carotid artery (CCA) and secured in
place by clamping its handle, and the open end of the CCA was everted
over and tied to the cuff. The same procedures were repeated for the
distal CCA. The vein-graft was then sleeved over the cuffed arterial ends,
and the vein-artery connections were secured with sutures. The blood
flow was resumed, and the internal carotid artery (ICA) and external
carotid artery (ECA) were both ligated at the previously looped sites,
leaving only the occipital artery and the superior thyroid artery open for
restricted blood flow. After confirmation of graft patency, 3 mg of Per-
icelle with 20 wt % of rapamycin (equivalent to 600 pg) loaded in the
NPs was applied around the graft. Since the purpose of the experiment is
to test the therapeutic effect of Pericelle as the whole product, vein-
grafts in the control group of rats were generated without applying
Pericelle. The neck incision was then closed. The rat was kept in a clean
cage with a warming pad until fully recovered and the pain was
controlled by subcutaneous administration of Buprenorphine.

Forty-eight rats were randomly allocated to either the control or
Pericelle groups. In each group, the 24 rats were randomly assigned for
the post-surgery endpoint of 3, 6, 9, or 12 months (6 rats in each sub-
group). One rat in the Pericelle 9-month subgroup had occlusion in the
vein-graft at 6 months. Another rat in the control 12-month subgroup
died in the 38th week with an unknown cause.

2.7. Creation of porcine AVFs and perivascular application of pericelle

Arteriovenous fistulas (AVFs) were created according to previous
descriptions. [35,36]. Briefly, the anesthesia of farm pigs was induced
with an intramuscular injection of ketamine (15 mg/kg) and midazolam
(0.2 mg/kg) and maintained with inhalation of 2-3% isoflurane. The
preoperative analgesics buprenorphine (0.005 mg/kg) and carprofen (4
mg/kg) and the broad-spectrum antibiotic Excede (5 mg/kg, Zoetis,
Parsippany, NJ) were given intramuscularly. All surgical procedures
including perivascular drug application were conducted under sterile
conditions. Through the 8-10 cm longitudinal skin incisions just caudal
to the inguinal ligaments, femoral veins (~6 mm in diameter) were
dissected with ligations of all visible tributaries. We then designed the
anastomosis 2 cm proximal to the assumed end of the femoral veins.
Femoral arteries (~4 mm in diameter) were dissected only at the site of
anastomosis and clamped. After the dissection of bilateral femoral ar-
teries and veins, we prepared arteries for anastomosis by soaking in the
mixed solutions of 10 ml of 2 % lidocaine and 10 ml of 0.5 % bupiva-
caine for 5 min. Pigs were heparinized with an initial dose of 5000 USP
plus 1000 USP every hour. Side-to-end anastomoses were created with
6-0 Surgipro™ sutures (Covidien, Dublin, Ireland). After completion of
anastomoses, the patency of AVFs were confirmed with palpitation of
thrill and/or auscultation of bruit.

After the creation of bilateral AVFs and confirmation of hemostasis,
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we applied Pericelle containing 2-4 mg rapamycin in the NPs around the
left-side AVF, leaving the right-side AVF without Pericelle treatment.
Surgicel (Ethicon Inc) was used to underlie the gel. To prevent its
migration, the gel was loosely wrapped inside Surgicel. Postoperative
courses were uneventful except for percutaneous drainage of fluid
collection on the right side in two pigs. In another experiment, we tested
the usefulness of Tisseel (fibrin sealant, Baxter International Inc.,
Deerfield, IL) in 2 pigs as an equivalent of the triblock gel used in Per-
icelle. We dispersed the rapamycin-containing NPs in Tisseel and
applied it around the left side AVF leaving the right side AVF without
treatment.

2.8. Postoperative cares and euthanasia of pigs

Oral Carprofen (4 mg/kg) was administered postoperatively for 3
days. Pigs were administered with aspirin EC 325 mg one day before
surgery until post-surgery day 28. Omeprazole (40 mg BID) and
Sucralfate (1g) were given from day 1 through day 28. We examined the
patency on day 7, 14, and 28 by auscultation and ultrasound. At the time
of euthanasia on day 28, intra-arterial angiography was performed via
the left common carotid artery. After systemic injection of 10000 USP
heparin, pigs were euthanized, and bilateral AVFs were harvested en bloc
to include 3 cm proximal to the anastomosis. Lumens were gently
flushed with saline to remove the residual blood. The AVFs were fixed in
10 % neutral buffered formalin for 48 h and then dehydrated in 70 %
ethanol. The specimens were cut at the anastomosis and 4 mm intervals
towards the downstream of the veins, as previously described [36]. The
first 3 blocks (proximal) beyond the anastomosis (juxta-anastomotic
region) were considered to be exposed to perivascularly applied
Pericelle.

Upon the application of Pericelle in rats and pigs, we determined the
rapamycin drug doses based on our and others’ reports. We previously
used Pericelle containing 600 pg rapamycin per rat, a dose that effec-
tively reduced IH in a carotid arterial injury model [19]. In the current
study, we used the same dose for rat vein grafts. For pig AVF experi-
ments, we referenced a report using a dose of 60 jig rapamycin per cm ™2
that mitigated IH in a pig vein graft model [26]. Based on the outer
surface areas covered by Pericelle on rat vein grafts and pig AVFs, we
estimated that the local concentrations of rapamycin in these models
were within the range of 50-100 pg/ em?.

2.9. Ultrasonography with live animals

We examined the vein-grafts by ultrasound imaging (Vevo 3100,
FUJIFILM VisualSonics, Toronto, Canada) at different time points after
surgery. The rats were anesthetized with 5 % of isoflurane in a chamber
and then maintained at 2-3% of isoflurane in a supine position on the
Vevo imaging station during imaging. The graft was detected by the
MX550D transducer (25-55 MHz) and quantified at three quartile points
between two cuffs. Parameters of peak systolic velocity, lumen diam-
eter, and total graft wall thickness were measured at each quartile point.

2.10. Morphometric analysis of intimal hyperplasia in rat vein-grafts

At each time point (specified in figure legends), the rats were anes-
thetized with 2-2.5 % isoflurane and perfused with phosphate-buffered
saline followed by 4 % paraformaldehyde (PFA) at a physiological
pressure of 100 mm Hg. The animals were then euthanized. The grafts
were collected and fixed in 4 % PFA overnight. Then, grafts were
chopped into three portions of the same length: proximal, middle, and
distal. Paraffin sections (5 pm thick) were excised from these vein seg-
ments at 100 pm intervals and then Van Gieson-stained for morpho-
metric analysis of proximal and distal portion of the grafts. We used
Image-J to measure the area inside the internal elastic lamina (IEL),
IEL perimeter, and lumen perimeter. Morphometric parameters were
calculated as follows: Intima area (IEL area - lumen area), normalized
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intima area (intima area/IEL length), and stenosis rate (intima area/IEL
area). As vein-graft samples are flabby, the lumen space tends to collapse
compromising lumen area quantification. To circumvent this problem
for more accurate measurement, we calculated lumen area mathemati-
cally using lumen perimeter which is not affected by the shape of the
lumen. Measurements were performed by a researcher blinded to the
experimental conditions using 3-4 sections from each of the proximal
and distal segments of the graft. The data from all sections were pooled
to generate the mean for each animal. The means from all animals were
then averaged, and the standard error of the mean (SEM) was calculated.

2.11. Immunofluorescence on vein-graft cross-sections

The assay was conducted according to our previously reported pro-
tocol [37]. In brief, cross-sections of veins or vein-grafts were incubated
overnight in cold room with an antibody specific to H3K27me3 [38]
(Cat#9733, Cell Signaling Technology, Danvers, MA, USA) or
phospho-S6 ribosomal protein (pS6RP, phosphorylation at Ser235/236,
Cat#2211, Cell Signaling Technology, Danvers, MA, USA). The sections
were then rinsed and incubated with an anti-rabbit secondary antibody
conjugated with Alexa Fluor 594 (A-11037, Invitrogen, Carlsbad, CA).
DAPI was used to stain the nuclei. Images of the specific staining of
H3K27me3 was captured with the EVOS M7000 cell imaging system
(Thermo Fisher Scientific). Quantification was performed using ImageJ.
For each animal, 4-5 immunostained cross-sections were used. The
values from all cross-sections were pooled to generate the mean for each
animal. The means from all animals in each group were then averaged,
and the final mean + SEM was calculated.

2.12. Histological analysis of AVFs

The collected specimens were embedded in paraffin, cut transversely
at 4 pm thickness, and stained with the Verhoeff-Van Gieson method.
Morphometric analysis was conducted using Image J software (NIH,
Bethesda, MD, USA). Fresh thrombus was excluded from IH measure-
ment as previously described. [36]. Lumen area (A;), the length or
perimeter of the abluminal border of media (L), and the area surrounded
by this border (A;) were determined. Intima + media area (IM area) and
IM thickness (or normalized IM area) were calculated as A,-A; and
(A2-A1)/L, respectively. The raw stenosis rate was (Az-A;)/A,. Since
veins are prone to distortion and compression, we corrected the stenosis
rates based on the perimeter (L). The corrected stenosis rate was
calculated as (IM area)/(L*L/4/x). Values from each block were used for
statistical analysis.

2.13. Mass spectrometry determination of rapamycin retention after
pericelle application

Under general anesthesia with 2-2.5 % of isoflurane inhalation and
through a midline incision in the neck, the left sternocleidomastoid
muscle and omohyoid muscle were resected, and the left CCA was
dissected for Pericelle application. The rats were randomly assigned to 2
treatment groups: intravenous injection (600 pg free naked rapamycin
via right external jugular vein, n = 8) or perivascular treatment with
Pericelle [600 pg rapamycin in NPs dispersed in 400 pL of triblock
hydrogel). Four rats of each group were euthanized with overdose
anesthesia on day 14, and the other four on day 28. After perfusion with
phosphate-buffered saline, the left carotid arteries were harvested for
tissue concentration analysis of rapamycin.

Tissue samples were extracted by pre-weighing tissue before adding
100 pL of methanol per mg of tissue, 2 pL of internal standard per 100 pL
of MeOH and then sonicating the extraction mixture for 20 cycles of 30-s
on/off sonication with a Biorupter® (Diagenode, Denville, NJ). The
samples were then centrifuged and aliquoted into LC vials for quantifi-
cation. Calibration solutions were prepared by creating standards of
rapamycin from 1.0 ng/mL up to 10000 ng/mL in pure water or MeOH
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and protein precipitate or incubated with samples before running,
depending on which sample type was being run.

UltiMate 3000 HPLC (Thermo Fisher Scientific) was used. A 5 pL
sample was injected for every run. We used Hy0 with 0.1 % formic acid
as Solvent A and 100 % MeOH as Solvent B. Column was Poroshell 120
SB-C18 (2 x 100 mm, 2.7 pm particle size). The flow rate was set at 200
pL/min, and the column temperature was maintained at 38 °C. The
gradient began with an initial flow rate of 2 % solvent B for 3 min, then a
linear ramp to 45 % B at 12.5 min, 90 % B from min 14 to min 18, down
to 20 % at 20 min, and back to 2 % B from 25 min and equilibration of 2
% B until 30min.

The samples were quantified using a heated electrospray ionization
source on a TSQ Quantiva triple-stage quadrupole mass spectrometer
(Thermo Fisher Scientific) at The Ohio State University Mass Spec and
Proteomics Facility. For rapamycin, the transition monitored was pre-
cursor 936.6 m/z and product 409.29 m/z and collision energy of 25 V,
while the internal standard ascomycin was monitored from 809.5 m/z to
756.39 m/z at 16 V, and everolimus was monitored at the transition
from 975.6 m/z to 908.5 m/z at 16 V. For all experiments, the capillary
voltage was set to 4.0 kV with a capillary temperature of 350 °C, a
vaporizer temperature of 100 °C, a sheath gas of 10, and auxiliary gas of
8.

2.14. Statistical analysis

Values are presented as mean =+ standard error of the mean (SEM).
Statistical analysis was conducted using unpaired Student t-tests, mul-
tiple t-tests, one-way analysis of variance (ANOVA), or otherwise spec-
ified. Data are considered statistically significant if a P value is < 0.05.

3. Results

3.1. A modified rat vein graft model enables the progression of I[H
throughout 6 months

In traditional acute models, such as arterial injury in rodents, IH
typically stops progressing approximately one month after surgery [20],
posing limitations for long-term translational research. Longer IH pro-
gression can be observed in rat vein-to-artery grafting models. However,
the neointimal morphology is often eccentric, thin, and highly variable
[39-42], complicating IH data interpretation.

To address these challenges, we adopted a modification of the model
originally proposed by Jiang et al., who induced augmented IH in New
Zealand White rabbits by completely ligating the distal internal carotid
artery (ICA) and partially ligating the external carotid artery (ECA) at
the time of vein implantation. [34]. In our modified model, we fully
ligated both the ECA and ICA, thereby restricting blood flow to only the
thin occipital artery and superior thyroid artery (Fig. 1A and B). We then
morphologically characterized the vein grafts at three time points (1, 3,
and 6 months). Remarkably, the neointimal tissue appeared relatively
even, concentric, and thick, especially on the proximal side of the vein
graft (Fig. 1C; for the distal side, see Fig. S2). Most importantly, we
observed a trend of continuous increase in IH over the 6-month period
following grafting (Fig. 1D). Significant differences (P < 0.05) were
found in the normalized intima area on both the proximal side (3-6
months) and distal side (1-6 months), as well as in the stenosis rate on
both sides (1-6 months and 3-6 months for proximal side; 1-3 months
and 1-6 months for distal side). Thus, our modified rat vein graft model
enables continuous progression of IH for at least 6 months, facilitating
long-term studies (herein denoted as >6 months).

3.2. Morphometric analysis indicates the long-term effectiveness of
pericelle for IH mitigation in rat vein grafts

We were thus able to test the therapeutic effect of Pericelle on IH for
12 months. As depicted in Fig. 1E, rapamycin served as the model drug,

86

Bioactive Materials 44 (2025) 82-96

which was harbored inside the hydrophobic core of the unimolecular
NPs. The rapamycin-loaded NPs were then dispersed in the triblock
hydrogel (kept as a pre-gel solution in a microcentrifuge tube on ice).
[19]. The rapamycin release was determined to be ~3 months as we
previously reported [19]. When transferred onto the outer surface of the
vein graft, the hydrogel became a paste (Fig. 1F), which sequestered the
NPs in the perivascular space yet without physically impinging on the
vessel.

Since neither the triblock gel alone nor the unimolecular NPs
affected IH, as previously determined [19], herein our focus shifted to
evaluating the long-term efficacy of Pericelle, the NPs/gel combination
as a complete product, particularly with consideration for future clinical
translation. Accordingly, Pericelle was applied to vein-grafts in one
group of rats, while vein-grafts in another group served as untreated
controls without Pericelle. A total of forty-eight rats were randomly
assigned to the 3-, 6-, 9-, or 12-month groups, with each subgroup
comprising 6 rats and receiving either saline or Pericelle treatment.

Fig. 2 displays morphometric parameters, with IH represented by the
intima area normalized to the internal elastic lamina (IEL) perimeter
which is a measurement unaffected by morphological distortions (for
full-view cross-sections, see Fig. S3). On the proximal side, Pericelle
treatment reduced IH from 126.68 + 7.92 to 75.06 + 5.04 after 3
months, from 176.21 + 16.07 to 119.61 + 16.10 after 6 months, and
from 115.58 + 27.89 to 40.34 + 5.18 after 9 months. Accordingly, the
stenosis rate decreased from 35.74 + 3.02 to 20.66 + 2.04 after 3
months, from 47.89 + 4.36 to 33.86 + 5.81 after 6 months, and from
34.9 + 5.52 to 15.02 + 2.26 after 9 months. The data of intima area
without normalization showed the same trend (Fig. S4A). The media
area was not altered by Pericelle treatment (Fig. S4B).

The values for IH and stenosis rate in the middle and distal portions
of the grafts largely mirrored those observed in the proximal side at 3, 6,
and 9 months, although with varying statistical outcomes. At 12 months,
no significant differences in IH or stenosis rate were found, except for a
difference in distal stenosis rate (Fig. 2B). Over the 12-month period, a
trend toward increased lumen area was observed in the Pericelle groups
compared to the control groups. Statistical significance was reached at 6
months for the proximal side and at 12 months for the middle and distal
portions. The overall size of the graft (adventitia perimeter) remained
unchanged by Pericelle treatment at either time point (Fig. S5).

Thus, perivascular treatment with Pericelle effectively mitigated IH
at least for 9 months in rat vein grafts following graft surgery.

3.3. Ultrasonography reveals a trend of IH mitigation by pericelle
treatment

Shown in Fig. 3 are ultrasonographic parameters, which could be
conveniently recorded for the whole graft (proximal, middle, and
distal). Fig. 3A and B illustrate how these parameters were measured.
Total wall thickness is an excellent parameter to noninvasively deter-
mine possible therapeutic effects by using live animals. We found that
there was a general trend of decrease in total wall thickness at 3, 6, and 9
months after initial surgery, in Pericelle-treated groups vs the control
groups. The Pericelle-vs-control differences were significant (P > 0.05)
at 6 months in all the proximal, middle, and distal portions and at 3
months in the proximal and distal portions, but not at 9 months and 12
months. If compared within the control groups, total wall thickness
increased from 3 months to 6 months (Fig. 3C). Peak systolic velocity
(PSV) tends to increase at the narrowed vessel site. We observed that
PSV was decreased by Pericelle at 3 months and 6 months (P = 0.063) in
the middle portion of the grafts and at 12 months on the distal side
(Fig. 3D). Lumen diameter showed a trend of increase in Pericelle-
treated groups vs controls throughout 12 months in the whole graft
but with no statistical significance (Fig. S6). Thus, the result of total wall
thickness measured via ultrasonography is overall consistent with the
inhibitory effect of Pericelle on IH measured by morphometry.

To confirm that the drug rapamycin could truly diffuse into the graft
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Fig. 1. A modified rat vein-graft model exhibits prolonged IH progression.

Vein-grafts were created in Sprague-Dawley rats by completely ligating both the internal carotid artery (ICA) and external carotid artery (ECA) to restrict blood flow.
This method represents a modification of the previously reported technique used in rabbits, where only the ICA was completely ligated while the ECA was partially
ligated. A. Schematic of the modified vein-graft model using the interposition cuff technique. Both ICA and ECA are ligated, leaving only occipital and superior
thyroid arteries open for blood flow. B. Pictures showing the procedures of interposition grafting of the jugular vein to the common carotid artery in rats. C.
Representative Van Gieson-stained cross-sections from the vein-graft proximal side. I, intima. M, media. Scale bar: 500 pm. D. Quantification: The values from
multiple sections were pooled to generate the mean for each portion of the graft (proximal or distal) in each animal. The means from all animals in each time-point
group were then averaged, and the final mean (£SEM) was calculated (n = 5 rats). Multiple t-test for pairwise comparison: *p < 0.05, **P < 0.01. E. Schematic. The
unimolecular NP has a core-shell structure. While the hydrophobic core provides high drug-loading capacity, the hydrophilic PEG shell renders the NP highly soluble
and readily dispersible in the triblock hydrogel, which is a pre-gel solution on ice but becomes a paste at body temperature. F. Representative picture showing
perivascular application of Pericelle which is the white paste on the rat vein-graft.
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Fig. 2. Long-term inhibition of vein-graft IH by Pericelle.

Jugular vein to common carotid artery interposition grafting was performed in Sprague-Dawley rats. To determine the effect of Pericelle as a whole product on IH and
to mimic clinical translation, Pericelle was applied onto vein-grafts in one group of rats leaving the vein-grafts in the other group of rats untreated (saline control).
Morphometric analysis was performed on Van Gieson-stained vein-graft sections.
A. Representative van Gieson-stained vein-graft sections. A, adventitia. M, media. I, intima. Bar: 200 pm

B. Quantification. The values from multiple sections were pooled to generate the mean for each portion of the graft (proximal, middle, or distal) in each animal. The
means from all animals in each group were then averaged, and the final mean (+SEM) was calculated (n = 6 rats). Multiple t-tests for pairwise comparison: *p < 0.05,

**P < 0.01, ***P < 0.001.

wall, we determined the tissue concentration of rapamycin in the vessel
tissues by mass spectrometry (Fig. S7). The tissue concentrations
appeared high at 14 and 28 days after perivascular application of Peri-
celle, in contrast to the near-zero concentrations after intravenous in-
jection of free rapamycin of the same dosage, although a statistical
significance was not found possibly due to data variability. This result
nonetheless supports the drug availability in the vessel wall after Peri-
celle application.

To determine whether rapamycin persisted in the grafts until 3
months, we extracted small molecules from tissue sections. Mass
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spectrometry analysis revealed no detectable rapamycin remaining in
the tissue (Fig. S8). Given the potential loss of rapamycin during the
paraffin section preparation that may confound the result, we employed
an alternative approach. We used reduction of pS6RP, a key downstream
effector of mammalian target of rapamycin (mTOR), as an indicator of
rapamycin’s inhibitory effect on mTOR [43,44]. Immunofluorescence
analysis of vein graft sections indicated a reduction in pS6RP at 3
months (Fig. 4A), but not at 6 (Fig. 4B) or 9 months (Fig. S9) after
Pericelle treatment. This in vivo observation, consistent with our in vitro
data showing ~3-4 months of rapamycin release [19], suggests that



T. Shirasu et al.

Distal cuff

Il Control
O Pericelle

Proximal

0.6 0.6 #

—

*% —
0.4 m—
0.2 ﬂ I
0.0,

Bioactive Materials 44 (2025) 82-96

Distal

Proximal cuff

Total wall thickness (mm)

Middle Distal

*
T T
Months 3m 6M oM 12M

*%
044 * -
) ﬂ I In Iﬂ
0.0- 1, T T
3M 6M oM  12M

3Mm 6M oM  12M
Peak systolic velocity (PSV, mm/second)
- Proximal 500 Middle 500 Distal
400 400 400
P=0.
300 300 4 288 300 P=0.086
200 200 200
100 100 |’| ﬂ I rl 100 n I rl I |'| lﬂ
0 T T T 0 T T T 0 T T T
Months 3m 6M oM 12M 3m 6M oM 12M 3m 6M 9M  12M

Fig. 3. Ultrasonographic measurement of the effect of Pericelle on vein-graft IH. Ultrasonography was performed with live animals at each time point before their

euthanization for morphometric analysis.

A. Representative still picture of ultrasonography for the measurement of vein-graft wall thickness (longitudinal view). Arrows point to the cuffs used for the

interposition grafting surgery.

B. Representative still picture of ultrasonography for the measurement of peak systolic velocity.
C. and D. Quantification. Data are presented as mean + SEM (n = 6 rats). Pairwise comparisons were conducted using multiple t-tests, with significance denoted as

follows: *p < 0.05, **P < 0.01. *P < 0.05.

rapamycin remained available in the grafts at 3 months but not much
longer, likely in residual amounts considering the high efficacy of this
drug. These results confirm the limited in vivo duration of rapamy-
cin/Pericelle while highlighting its long-term inhibitory effect on IH (at
least 9 months, see Fig. 2B).

Taken together, the above findings demonstrate that Pericelle is an
effective perivascular delivery system that produces long-term efficacy
of IH mitigation for rat vein grafts.

3.4. Upregulation of IH-associated histone mark H3K27me3 is observed
in vein-grafts, which is suppressed by pericelle treatment

IH is a complex process of vascular wall remodeling that involves
multiple cell types including smooth muscle cell (SMC), endothelial cell
(EC), and immune cells [45,46]. This remodeling is closely associated
with epigenetic dysregulation [47,48]. We previously observed a surge
of the histone-3 mark H3K27me3 in rat arteries that underwent
injury-induced IH [49], a finding further elaborated in others’ and our
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reports [38,50]. Tamping down H3K27me3 reduced IH [31,38,50].
However, whether H3K27me3 upregulation occurs in vein grafts
remained unknown. To address this, we conducted immunostaining for
H3K27me3 on cross-sections of vein-grafts. As seen in Fig. 5A,
H3K27me3 levels in grafted veins markedly increased at 1 month after
grafting and remained high at 3 months and 6 months compared to that
in the veins without grafting (0 month). This result indicates an upre-
gulation of H3K27me3 in vein-grafts associated with IH.

To investigate a potential epigenetically related mechanism under-
lying the IH-mitigating effect, we assessed the impact of Pericelle on
H3K27me3 levels. Since our data showed a robust inhibitory effect of
Pericelle on IH at 6 months, determined either by histology or ultra-
sound imaging (Figs. 2 and 3), we chose this time point for immuno-
staining of H3K27me3 on vein-graft sections. We found that Pericelle
treatment lowered vein-graft H3K27me3 substantially (Fig. 5B). This
observation of rapamycin/pericelle inhibiting H3K27me3 in vein-grafts
represents a novel finding not previously reported.



T. Shirasu et al.

A Control Pericelle 3 months
Q
m »>
& 4 pS6RP
& 4 i *%
p=0.009
o | _ 407
S| 2 *
s | I = 30
[«] Q »> » °
E| o Q
a b v =
™ ' 2 201
o = o*
= 5 1] =
£ o
.8 0'—1—.—
»
2 © ¥
g & 2
& S
B
& ; 6 months
©
)
Q » 4
pS6RP
v
14 = 50, p=0.519
S| g il
g g i % 40 °
E| 3 S
© % i E‘ 1 .y
@ 9 2 20-
g § "1+ L
£ 101 .
L] L}
§) -+
3 &
< o {\
w (&) Q@
Fig. 4. Effect of Pericelle on reducing pS6RP levels in rat vein grafts.

Jugular vein to common carotid artery interposition grafting was performed in
Sprague-Dawley rats. Immunofluorescence staining of pS6RP was conducted on
the cross-sections of vein-grafts collected at 3 months (A) and 6 months (B). For
quantification, the values from multiple sections were pooled to generate the
mean for each animal. The means from all animals in each group were then
averaged, and the final mean (+SEM) was calculated. Student t-test: **p <
0.01, n = 5 rats. Arrows demarcate the intimal thickness.

3.5. Pericelle treatment does not exert fibrogenic toxicity on rat vein-
grafts

During the 12-month study period, we monitored natural weight
gain in both control and Pericelle-treated groups of rats, without
observing a significant difference in body weight between the two
groups (Fig. S10). This suggests the absence of systemic toxicity asso-
ciated with the perivascular application of Pericelle.

Next, we investigated vein graft fibrosis, a commonly used indicator
of vascular tissue toxicity. As depicted in Fig. 6, Pericelle treatment did
not lead to increased collagen deposition in the graft wall. Rather,
Pericelle significantly reduced collagen deposition at 6 months
compared to the control group. This result suggests a potential protec-
tive effect of Pericelle against vein graft fibrosis, further supporting its
safety profile in vascular tissues.

3.6. Pericelle reduces IH in the porcine model of AVF

Testing therapeutic interventions in large animal models is crucial
for translating preclinical successes into clinically useful treatments.
Moreover, there exists a similarity between vein grafts and AVFs in their
IH pathobiology. [4,51]. We were thus motivated to test Pericelle on
porcine AVFs. Following the methods outlined by the Roy-Chaudhury
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group [35,36], we generated femoral AVFs (Fig. 7A) on both sides of
the pig and applied Pericelle onto the left-side AVF but not the right-side
AVF. Ultrasonography revealed patent AVF arteries and veins
throughout the 4-week observation period, although the blood flow in
the veins appeared turbulent compared to that in the arteries (Fig. 7B).
After 4 weeks, the pigs were euthanized, and the patency of the fixed
veins and arteries was confirmed (Fig. 7C).

Angiography further confirmed the patency of the AVF veins and
arteries. Notably, while control veins exhibited narrowed sites, the
Pericelle-treated veins appeared smoother and more homogeneous
(Fig. 8A). Morphometric analysis revealed a reduction in IH in the
Pericelle group compared to controls, with a 62.9 % decrease in IM (I +
M) area, a 47.3 % decrease in IM thickness, and a 21.1 % reduction in
stenosis rate (Fig. 8B and C). To assess whether the triblock gel in Per-
icelle uniquely facilitated the IH-mitigating therapeutic effect, we also
tested Tisseel, a fibrin sealant commonly used in clinical practice to
control bleeding, as a carrier for rapamycin-containing NPs (Fig. S11).
However, both angiography and morphometric analyses showed no
difference in IH between NPs/Tisseel and the control (Fig. S11). Thus,
the combination of NPs/triblock gel (Pericelle) but not NPs/Tisseel for
rapamycin delivery was effective in reducing IH in porcine AVFs.

4. Discussion

Our major finding is that mitigation of IH in rat vein-grafts can be
sustained at least for 9 months via perivascular application of Pericelle,
despite its rapamycin-release duration of only ~3 months. This finding
challenges the conventional perception that IH mitigation would cease
once drug release completes. Whereas the inevitable decomposition of
drug carriers limits drug release to relatively short periods [28,29],
long-term efficacy is important for clinical applications. This reality has
seemingly dashed the hope of translating preclinical successes into
long-term clinical benefits. Indeed, despite numerous preclinical dis-
coveries, there is a persistent translational gap in attaining long-term
efficacy of perivascular treatment of IH [3,14]. Currently, there are no
approved clinical methods to prevent post-surgery failure of OVR. [6,
51]. Hence, a critical question arises: Can long-term IH suppression be
realistically achievable through short-term perivascular treatments?
Unfortunately, there has been a lack of research specifically addressing
this question. In this context, the achievement of 9-month IH mitigation
via Pericelle in our study represents a significant breakthrough.

The sustained IH-inhibitory efficacy of Pericelle for 9 months (Fig. 2)
is somewhat surprising, considering the limited duration of its ~3-
month drug release [19] (Fig. 4). To our knowledge, this is the first
report of mitigating vein-graft IH for such an extended duration via
perivascular drug delivery. Previous studies have demonstrated IH
reduction at 6 months post-surgery in pigs and baboons through the
external application of polymer stents, although these did not include a
drug component. [52-54]. Additionally, inhibition of IH for 6 months
was observed in rabbits through ex vivo delivery of oligo gene therapy to
saphenous vein-grafts. [55,56]. Despite these findings and the PREVENT
clinical trials [8,15], no clinical treatments have materialized. [2,57]. It
is noteworthy that our perivascular drug treatment utilized a nano-
particle/hydrogel system, a strategy markedly different from those
employed in these previous studies.

The exact mechanism underlying the observed long-term efficacy
resulting from short-term drug release in our study remains unclear at
present. However, it can be rationalized considering the major molec-
ular and cellular events that drive IH in vein grafts. First, the dissection
and severing of the vein during harvesting impose physical trauma [58].
Second, vascular cells within the harvested vein experience ischemic
damage during the period before grafting. [58]. Third, the grafted vein is
subject to transient ischemia, high arterial pressure, and shear stress, all
contributing to EC and SMC damage, as well as disruption of tight
junctions between ECs. [59]. This leads to exposure of the underlying
basement membrane rich in collagen, promoting platelet accumulation
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Fig. 5. Effect of Pericelle on H3K27me3 levels in rat vein grafts.

Jugular vein to common carotid artery interposition grafting was performed in Sprague-Dawley rats. Inmunofluorescence staining of H3K27me3 was conducted on
vein-graft sections. For quantification, the values from multiple sections were pooled to generate the mean for each animal. The means from all animals in each group

were then averaged, and the final mean (+SEM) was calculated.

A. Upregulation of H3K27me3 in vein-grafts. A, adventitia. M, media. I, intima. Bar: 200 pm. Zero month refers to the veins that were not grafted. Statistical analysis:

ANOVA/Dunnett’s test: *p < 0.05, n = 5 rats.

B. Inhibition of H3K27me3 by Pericelle. Vein-graft sections were collected 6 months after grafting. Statistical analysis: Student t-test: **p < 0.01, n = 6 rats.

and subsequent recruitment of immune cells, which produce large
amounts of pro-inflammatory cytokines. [2]. In such a pathogenic
environment, SMCs and ECs along with other cells transform into
pro-inflammatory and IH-forming cells, perpetuating inflammation and
IH in a vicious cycle. [25,59].

There is evidence indicating that the activation of pro-IH signaling
pathways and rapid progression of IH occur mainly in the initial 1-3
months in the rabbit saphenous vein-graft model [34,60], largely
agreeing with that observed in rat and pig vein-graft models. [26,36,61,
62]. It is thus plausible to infer that disrupting the early phase pro-IH
vicious cycle, even for a relatively short period, could have an extended
effect on the later progression of IH. Supporting this notion, our previous
research has demonstrated that perivascular delivery of rapamycin
using nanoparticles in Pluronic gel, with an estimated drug release of
approximately 1-2 weeks, resulted in IH mitigation at 4 weeks
post-surgery in an acute IH model of arterial injury in rats. [20]. In
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human saphenous vein-grafts, the postoperative 1-12 months represent
the most active period of IH development, accounting for graft failure
rates ranging from 15 % to 50 %. [24,63]. From this perspective, we
speculate that the 9-month efficacy observed with Pericelle in rats may
be potentially extendable to cover the fast-growing phase of IH occur-
ring within the 1-12 month postoperative period in human vein-grafts.
This suggests that the short-term intervention provided by Pericelle
holds promise for yielding long-lasting benefits in curbing IH progres-
sion in clinical settings.

It is interesting to note that the difference in IH between the Pericelle
and control groups disappeared at 12 months. This phenomenon could
be ascribed to either the regression of IH, which would minimize the
difference between the groups, or the cessation of the therapeutic effect.
Given that IH began to regress after 6 months in the rat vein-graft model,
we were unable to discern between these two scenarios. Consequently,
we are not able to determine whether the IH-abating effect of Pericelle
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Fig. 6. Effect of Pericelle on collagen density in the vein-graft wall. Mason’s trichrome staining was performed with vein-graft cross-sections.

A. Representative stained sections. I, intima. Bar: 200 pm

B. Quantification. The values from multiple sections of different locations (proximal, middle, distal) were pooled to generate the mean for each animal. The means
from all animals in each treatment group were then averaged, and the final mean (+SEM) was calculated (n = 6 rats). Multiple t-tests for pairwise comparison: *p

< 0.05.

could last for even longer (>9 months) if a longer-term IH model would
be available. It is therefore important to continue the research using a
vein-graft model that more closely mimics human vein-grafts with
progressive IH. Obese Zucker rats, which bear human-like diseases such
as diabetes mellitus and hypercholesterolemia [64], may serve this
purpose. Nevertheless, to our knowledge, this is the first study to
demonstrate the therapeutic benefit of IH mitigation for a 9-month long
duration via perivascular drug delivery in a vein-graft model. Thus, our
study provides valuable insights and is encouraging as it suggests the
feasibility of achieving prolonged IH-mitigating therapeutic efficacy
using polymer delivery tools such as Pericelle despite limited drug
release time.

As demonstrated by our tests using the porcine AVF model, Pericelle
has the potential to be applied to AVFs, especially considering fistular-
ized veins and the high risk of IH in fistula failure. [4,51]. Since he-
modialysis is essential to replace kidney function in patients with
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end-stage renal disease, AVF failure can jeopardize a patient’s quality
of life and even pose life-threatening risks. [4,9]. Despite reported pri-
mary patency rates of 50%-70 % at one year, AVFs often deteriorate in
the course of hemodialysis, particularly at the anastomosis or due to
repetitive punctures. [9]. IH is a major contributor to AVF failure,
alongside other factors such as early thrombosis, inadequate vessel di-
ameters, poor inflow or run-off, and infection. [10,21]. Therefore, the
prevention of IH in AVF is an urgent challenge. Several therapeutic trials
have been performed, and antineoplastic, anti-inflammatory, and
antithrombotic agents are the most auspicious. [4]. However, achieving
a perivascular treatment that offers long-term effectiveness in prevent-
ing AVF failure remains an unmet clinical need. Further development of
Pericelle for this purpose is therefore warranted.
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Fig. 7. Application of Pericelle to the porcine model of AVF. Femoral arterio-venous fistula (AVF) was generated in farm pigs.
A. Pictures showing the completed AVF, perivascular application of Pericelle (white paste) around the AVF, and loose wrapping of Pericelle with Surgicel to prevent

migration of the gel.

B. Representative still pictures of ultrasonography (longitudinal view). The left picture shows the patency of the AVF. The superimposed image (middle) illustrates
turbulent blood flow in the AVF vein. On the right, a cartoon explains the orientations of the vein and artery that form the AVF.
C. Fixed tissue block of AVF. The cross-sections of the AVF artery and vein were cut at different locations of the block. Arrows points to the vein which appears patent.

The AVF was collected 4 weeks after the surgery and Pericelle application.
4.1. Study limitations

The current study has several limitations that merit consideration for
future studies. Pericelle could serve as a perivascular delivery platform
for testing other IH-inhibitory drugs either individually or as a mixture
of NPs loaded with different agents. Candidate drugs like UNC1999 or
EED226, known for effectively reducing H3K27me3 and mitigating IH in
an injury-induced rat model [31,38,49,50]1, could be explored in future
investigations. Our in vivo data indicate that rapamycin-containing
Pericelle lowers H3K27me3 levels in rat vein grafts, consistent with
previously observed effects of rapamycin on H3K27me3 in cancer cells
[65]. These observations suggest a potential crosstalk between the
mTOR pathway and chromatin remodeling, warranting further explo-
ration. Recent discoveries suggest that the histone mark H3K27me3 and
its associated "epigenetic memory" can persist across mitotic genera-
tions, maintaining cell phenotypic traits [66]. Our data also show sus-
tained H3K27me3 upregulation in rat vein grafts for at least six months,
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accompanied by the prolonged H3K27me3-suppressing effect of Peri-
celle treatment. This raises intriguing questions as to whether epigenetic
memory (H3K27me3 and suppression thereof) contributes to the
extended efficacy of Pericelle. While Pericelle offers advantages in tar-
geting the perivascular space, future studies should monitor potential
drug leakage into the bloodstream. Moreover, research using animal
models that more closely replicate human disease conditions which do
not regress, such as obese Zucker rats [64] for the vein-graft model,
could provide further insights. Extending testing to large animals, like
pigs, would also enhance the comprehensive evaluation of Pericelle’s
translational potential.

5. Conclusions
Alongstanding question in translational research pertains to whether

short-term perivascular treatments can yield prolonged inhibition of IH.
In this study, we present the first evidence demonstrating that mitigation
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Fig. 8. IH-inhibitory effect of Pericelle on porcine AVFs.

Femoral AVFs were generated on both sides of the pig. Pericelle was applied onto the left-side AVF and the right-side AVF was not treated (saline control). The AVFs

were collected 4 weeks after the surgery.

A. Angiography showing compromised patency in controls and normal patency in Pericelle-treated AVFs, as indicated by the blue arrow heads.

B. Representative van Gieson-stained AVF vein cross sections. M, media. I, intima. Red arrowhead demarcates the abluminal border of the media.

C. Quantification. Data are presented as mean + SEM, which is calculated using the values pooled from multiple AVF vein sections; n = 5 pigs (control) or n = 3 pigs
(Pericelle). Unpaired Student t-test: **P < 0.01, ***P < 0.001. IM area refers to the area that contains both intima and media. IM thickness refers to the IM area
normalized to the perimeter of the abluminal border of the media (see red arrowhead).

of IH in rat vein-grafts could be extended to 9 months via Pericelle, with
this mitigation involving chromatin remodeling and possibly epigenetic
memory. Moreover, our findings indicate that Pericelle is effective in
reducing IH in a porcine AVF model, further underscoring its potential
for clinical translation. Given more than a million OVR cases a year in
the US alone, further development of the Pericelle technology is war-
ranted, which may ultimately contribute to improved management of
post-surgery failure of OVR.
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