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Abstract

A major medical problem is the persistent lack of approved therapeutic methods to prevent
postoperative intimal hyperplasia (IH) which leads to high-rate failure of open vascular
reconstructions such as bypass grafting. Hydrogel has been widely used in preclinical trials for
perivascular drug administration to mitigate postoperative IH. However, bulky hydrogel is
potentially pro-inflammatory, posing a significant hurdle to clinical translation. Here we developed
a new modality of directly “painting” drug-loaded unimolecular micelles (UM) to the adventitia
thus obviating the need for a hydrogel.

To render tissue adhesion, we generated amine-reactive unimolecular micelles with A-
hydroxysuccinimide ester (UM-NHS) terminal groups to form stable amide bonds with the
adventitia. To test periadventitial application, we either soaked balloon-injured rat carotid arteries
in crosslinked UM-NHS (Mode-1) or non-crosslinked UM-NHS (Mode-2), or painted the vessel
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surface with non-crosslinked UM-NHS (Mode-3). The UM-NHS were loaded with or without a
model drug (rapamycin) known to be IH inhibitory. We found that Mode-1 produced a marked IH-
mitigating drug effect but also caused severe tissue damage. Mode-2 resulted in lower tissue
toxicity yet less drug effect on IH. However, the painting method, Mode-3, demonstrated a
pronounced therapeutic effect (75% inhibition of IH) without obvious toxicity.

In summary, we present a simple painting modality of periadventitial local drug delivery using
tissue-adhesive UM. Given the robust IH-abating efficacy and low tissue toxicity, this prototype
merits further development towards an effective anti-stenosis therapy suitable for open vascular
reconstructions.

Keywords
Intima hyperplasia; Perivascular application; Painting; Tissue adhesive unimolecular micelle

Introduction

Coronary artery disease, carotid artery disease, and peripheral artery disease share a
common pathology of atherosclerosis, which affects around one third of adults and is a
leading cause of death [1, 2]. The prevalence of atherosclerosis increases with age and is
predicted to grow globally [1-3]. While endovascular approaches (e.g., stenting) are gaining
momentum in current clinical managements of atherosclerosis, open surgical reconstructions
such as bypass are often indispensable, especially in advanced stages of coronary and
peripheral artery diseases [4]. However, lumen-narrowing intimal hyperplasia (IH) occurs,
leading to recurrence of stenotic disease. To date, there is no IH-mitigating therapy clinically
available to prevent postoperative failure of open surgical reconstructions [5-7].

With a long-term goal to meet this medical need, we previously developed a perivascular
drug administration system using unimolecular micelles (UM) [8]. These nanoparticles
consist of a hydrophobic “core” to provide high drug-loading capacity and sustained drug
release, and a hydrophilic “shell” that enables solubility [8, 9]. To retain the soluble UM
from flowing away from the desired area, we synthesized a thermosensitive phase-transition
hydrogel to hold UM in the perivascular space. This UM/hydrogel hybrid system proved to
be effective in hampering IH when applied periadventitially in a rat model [8-10]. However,
potential issues remain, especially in the perspective of translation toward a clinical utility,
such as the following: 1) The semi-solid hydrogel can be momentarily dislocated from the
treatment site. 2) Once the UM-containing hydrogel decomposes, the UM will diffuse away.
3) Due to gel bulkiness, this UM/hydrogel system may not be applicable at some locations
with limited perivascular space. 4) During the decomposition process of bulk hydrogel, local
pH will decrease due to large amounts of acidic by-products, which would accelerate gel
degradation while inciting inflammation [11, 12]. Thus, a new nanoplatform
periadventitially applicable yet without needing the bulky hydrogel is highly desirable. Even
more importantly, an easy and quick application mode is key to its translation to clinical use.

In this study, we innovated tissue-adhesive UM that can covalently link to the adventitia. We
first tested periadventitial applications by soaking the vessel in a UM solution. To retain
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drug loading capacity while omitting a bulky hydrogel, we crosslinked UM into a network
(Mode-1) or applied non-crosslinked UM (Mode-2) for comparison. However, severe tissue
fibrosis, inflammation, and cell death occurred in Mode-1, but not in Mode-2. Based on this
finding, we conceived a simpler approach, to directly paint (pen brush) the vessel surface
with non-crosslinked UM (Mode-3). To our surprise, while consuming only /14 of drug-
loaded UM, Mode-3 produced a pronounced IH-abrogating effect yet with minimized tissue
toxicity. To the best of our knowledge, this is the first report of directly and covalently
painting nanoparticles onto the adventitia to efficaciously and safely mitigate IH.

Materials and Methods

Materials

Rapamycin was purchased from LC Laboratories (Woburn, MA). Methoxy-PEG-NH>
(MPEG-NH,, M,, = 5 kDa), NH,-PEG-OH (M,, = 5 kDa), maleimide-PEG-NH, (Mal-PEG-
NH,, Mn = 5 kDa), 4-arm PEG-NH, (M,, = 10 kDa), and 4-arm PEG-NHS (M, = 10 kDa)
were acquired from Biochempeg Scientific Inc. (Watertown, MA, USA). Cy5 dye was
obtained from Lumiprobe Corporation (Hallandale Beach, FL, USA). Succinic anhydride,
tin(I1) 2-ethylhexanoate (Sn(Oct),), and 4-dimethylamino pyridine (DMAP) were purchased
from Thermo Fisher scientific (Waltham, MA, USA). DSC was obtained from Oakwood
Chemical (Estill, SC, USA). Anhydrous pyridine was acquired from EMD Millipore
Corporation (Billerica, MA, USA). Other chemicals were obtained from Sigma-Aldrich (St.
Louis, MO).

Preparation of tissue-adhesive UM-NHS

Synthesis of PAMAM-PVL-COOH—PAMAM-PVL-OH was first synthesized using
PAMAM-OH (41 generation, 31.50 mg, 6.33 umol) and &-valerolactone (411.19 pl, 4.43
mmol) through ring-opening polymerization with a catalyst, Sn(Oct), (0.48 pL, 1.48 pmol)
at 120°C for 24 hr as previously reported [8]. Then, PAMAM-PVL-OH (350 mg, 4.47 umol,
Mw 87.88 kDa) and succinic anhydride (279.88 mg, 2.80 mmol) were dissolved in
anhydrous dichloromethane (DCM) (20 ml) before adding DMAP (427.10 mg, 3.50 mmol)
[13]. The reaction was stirred at room temperature for 48 hr under N, atmosphere. To collect
the product, the mixture was slowly precipitated in cold diethyl ether and centrifuged at
10,000 g for 10 min. The precipitate was purified by dialysis against DI water using a
regenerated cellulose (RC) dialysis bag (molecular weight cut-off (MWCO) 15 kDa) for 48
hr, and lyophilized under vacuum.

Synthesis of Cy5-PEG-NH,—Cy5-SH (5 mg, 7 umol) was conjugated with Mal-PEG-
NH; (29 mg, 5.8 umol) in dimethyl sulfoxide (DMSO) (5 ml) through Michael addition
[14]. The reaction was stirred at room temperature for 24 hr in the dark. Thereafter, it was
purified by dialysis against DI water for 24 h using a RC dialysis bag (MWCO 2 kDa). The
product was obtained after lyophilization under vacuum.

Synthesis of PAMAM-PVL-PEG-OCH3/Cy5/0OH (UM-OH)—PAMAM-PVL-COOH
(100 mg, 1.28 umol, Mw 87.88 kDa), NHS (33.90 mg, 294.58 umol), and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) (47.06 mg, 245.48 umaol) were first dissolved in
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DCM (30 ml) to activate the carboxylic terminal, as reported [15]. mMPEG-NH (306.85 mg,
61.37 umol, 5 kDa), HO-PEG-NH,, (306.85 mg, 61.37 umol, 5 kDa), and NH,-PEG-Cy5
(25.57 mg, 5.11 umol, 5 kDa) were then added into the reaction. The reaction was stirred at
4°C to RT for 48 hr under N, atmosphere in the dark. The crude product was collected by
precipitation in cold diethyl ether and dialyzed against DI water using a RC dialysis bag
(MWCO 15 kDa) for 48 hr in the dark before lyophilization to obtain UM-OH.

Synthesis of PAMAM-PVL-PEG-OCH 3/Cy5/NHS ester (UM-NHS)—PAMAM-
PVL-PEG-OCH3/OH/Cy5 (120 mg, 0.50 pmol, Mw 247.88 kDa) was dissolved in DCM.
Then, DSC (10.32 mg, 20.15 pmol) and anhydrous pyridine (5.0 pl, 30.22 umol) were added
into the mixture in order to generate NHS terminal [16]. The reaction mixture was stirred at
room temperature for 24 hr in the dark. To remove unreacted PEG and DSC, the solution
was dialyzed against DCM using a RC dialysis bag (MWCO 15 kDa) for 24 hr and
precipitated in diethyl ether. The precipitate was then lyophilized to yield UM-NHS, which
was then stored in the dark.

Preparation of rapamycin-loaded UM-NHS—UM-NHS (60 mg) and rapamycin (20
mg) were dissolved in DMSO (5 ml). DI water (15 ml) was added dropwise into the mixture
to provide rapamycin-loaded UM-NHS, as previous reported [8]. The unloaded rapamycin
was removed by dialysis against DI water using a RC dialysis bag (MWCO 15 kDa) for 24
hr before lyophilization.

Characterization of UM-NHS

The chemical structures and molecular weights were determined by the 1H NMR
spectroscopy (Bruker Avance-400 MHz) (Figure S1), and gel permeation chromatography
equipped with triple detectors (GPC, Viscotek, Malvern), respectively [17]. The NMR
samples were prepared in deuterated chloroform (CDClI3) (~5 mg/ml) while the samples for
GPC analysis were dissolved in dimethylformamide (DMF) (~0.5 to 1.0 mg/ml). Fourier-
transform infrared (FTIR) spectroscopy (Tensor 27, Bruker) was used to confirm the
carboxylic acid at the terminal in PAMAM-PVL-COOH, and NHS functional groups in
UM-NHS. The hydrodynamic diameter and zeta-potential of UM-NHS were measured using
a dynamic light scattering (DLS) machine (Zetasizer NanoZS90, Malvern). For diameter
measurement, PAMAM-PVL-OH and PAMAM-PVL-COOH were dispersed in chloroform
(0.02 mg/ml), while UM-NHS was suspended in DI water (0.02 mg/ml). For zeta potential
measurement, all samples were dispersed in DI water (0.02 mg/ml) (Figure S2).
Additionally, morphology of UM-NHS was observed under transmission electron
microscope (TEM, FEI Tecnai TF-30) using phosphotungstic acid (PTA) as a negative stain.
To prepare the TEM sample, the UM-NHS solution (0.05 mg/ml in DI water) was dropped
onto a TEM grid (Formvar/Carbon coated copper grids, 200 mesh). The grid is air dried and
a drop of PTA solution (1%, pH 7) was added onto the grid. After 30 seconds, excessive
PTA solution was removed by a filter paper, and the grid was air dried. The rapamycin
loading content was quantified by HPLC (Elite LaChrom, Hitachi) at 278 nm using 0.5
mg/ml of drug-loaded UM-NHS in DMSO [8].
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Quantification of rapamycin release from UM-NHS in vitro

Animals

The rapamycin release profiles from Mode-1 (UM-NHS with gel), Mode-2 (UM-NHS), and
Mode-3 (UM-NHS) were measured following the reported protocol [8] with some
modifications. In Mode-1, UM-NHS (1 ml, 250 mg/ml in NaHCO3 buffer, pH 8), 4-arm For
Mode-1, PEG-NHS (0.75 ml, 320 mg/ml in NaHCO3 buffer, pH 8) and 4-arm PEG-NH,
(0.75 ml, 320 mg/ml in NaHCOg buffer, pH 8) were mixed and enclosed in a RC dialysis
bag (MWCO 8 kDa). For Mode-2 and Mode-3, UM-NHS (1 ml, 250 mg/ml in NHCO3, pH
8) was stored in the same type of dialysis bag (MWCO 8 kDa). The dialysis bags were then
immersed in PBS (25 ml, pH 7.4) with 0.2% tween80 and kept in a horizontal shaker (140
rpm) at 37°C. At the time points indicated in the figure legend, supernatants (1 ml) were
collected and replaced with fresh media (1 ml). The amounts of rapamycin in the
supernatants were quantified by HPLC at 278 nm.

All animal experiments were carried out in accordance 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 University of Virginia. Sprague-Dawley
rats were purchased from Charles River Laboratories (Wilmington, MA). Females differ
from males in body structure and artery size which affect the IH-inducing open surgery. To
omit this confounding variable, we used only male rats for experiments (300 — 330 g body
weight). They were kept in isolation racks in an air-conditioned room with 12 hr - 12 hr
light-dark cycle, fed with a normal diet, and free to access food and water.

Model of open surgery of rat carotid artery balloon injury to induce IH

Balloon injury was performed as previously described [18, 19]. In brief, rats were
anesthetized with inhalation of isoflurane (5% for induction and 2% for maintenance), a
midline incision was made in the neck, and carotid arteries were dissected. A 2-Fr. balloon
catheter was inserted via an arteriotomy on the external carotid artery, and the entire length
of common carotid artery (CCA) was injured by withdrawing the balloon catheter inflated at
1.5 atm. The balloon was withdrawn straight 3 times, while at the 4t time retracted with
rotation. In all surgeries, the omohyoid muscle was resected when dissecting carotid arteries,
and sternocleidomastoid muscle was also resected at the time of periadventitial crosslinked-
UM application. Bupivacaine (up to 8 mg/kg) was locally injected at the incision site, and
carprofen (5mg/kg) and buprenorphine (0.05 mg/kg) were subcutaneously injected after the
surgery. The rats were euthanized 14 days after surgery and CCAs were collected after
perfusion fixation with 4% paraformaldehyde (PFA). The collected arteries were fixed in 4%
PFA for 12-24 hr, paraffin-embedded, and then processed for morphometric analysis.

Periadventitial application of rapamycin-encapsulated UM-NHS

The UM-NHS nanoparticle as a drug carrier was applied in 3 different modes. In Mode-1,
UM-NHS were crosslinked into a network. PEG-based gels with NHS and amine (-NHy)
terminal groups, that are commonly used for sealant [20], are utilized to form the
crosslinked system. As illustrated in Figure 1A, the 4-arm PEG-NH, (10 kDa) can react with
both UM-NHS and 4-arm PEG-NHS (10 kDa) to form a network. For each rat, 250 mg/ml
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UM-NHS (120 ul), 320 mg/ml of 4-arm PEG-NH, (90 pl), and 320 mg/ml of 4-arm PEG-
NHS (90 pul) were first prepared in NaHCO3 buffer with a pH value of 8. These components
were mixed right before perivascular application. In Mode-2, UM-NHS were not crosslinked
and remained in solution (250 mg/ml in NaHCO3 buffer, pH 8) until periadventitial
application (Figure 1B). In these two modes, immediately after balloon injury of the CCA,
UM-NHS (crosslinked or non-crosslinked) were contained in a cup formed with a Parafilm
membrane (Bemis Company, Inc, Neenah, WI) around the injured artery. In Mode-1, we
observed solidification of the components (~1 min), while in Mode-2, we incubated the
arteries for 15 min and gently rinsed the outer surface of the arteries with PBS. Cy5
Fluorescence imaging confirmed the presence of UM-NHS even 14 days after the
periadventitial application (Figure S3). In Mode-3, the CCA was quickly rinsed with PBS
drops, and cleaned with gauze. A pen brush (Sable Brushes, size 4, Solo Horton Brushes,
Inc., Winsted, CT) was then used to dip into the non-crosslinked UM-NHS solution (250
mg/ml in NaHCOg3 buffer, pH 8) and to paint the solution throughout the surface of the
injured artery (Figure 1B). The painting process was completed in 30 seconds. The excess
solution on the artery was immediately removed with gauze. For each periadventitial
application mode, empty UM-NHS (no rapamycin loaded) was used as no-drug control for
rapamycin-loaded UM formulations. Weights of the painted UM-NHS solution were
measured every time.

Morphometric analysis of IH

One rat in treated group with empty UM-NHS group was excluded due to thrombotic
occlusion. At 14 days after balloon injury, CCAs were collected. Each CCA embedded in
paraffin was cut into 3 segments: proximal, middle, and distal. At least 4 sections (each 5 um
thick) representing different locations were cut from these segments for morphometric
analysis. The sections included two from the proximal and distal ends of CCA and the other
two from the ends of the middle segment. These specimens were processed for hematoxylin-
eosin and Masson’s trichrome staining. Morphometric analysis was conducted using Image J
software (NIH, Bethesda, MD, USA). Lumen area, area inside internal elastic lamina (IEL),
area inside the outer boundary of adventitia together with lumen and IEL perimeters were
determined. Calculations were conducted as follows; intimal area = IEL area - lumen area;
standardized intimal thickness, intima area/IEL perimeter; stenosis rate, (intima area/IEL
area)*100; intima/media ratio (I/M ratio), intima area/(area inside adventitia - IEL area). The
values from 4-6 CCA sections were averaged to produce a mean for each animal, and the
means from all animals in each group were averaged again to calculate mean + SEM
(standard error of mean). To observe the localization of Cy5-labelled UM, snap frozen
samples were used, and examined under fluorescent microscope.

Quantification of collagen density in the artery

Four to six cross-sections cut from different locations (see detailed description above) from
the balloon-injured CCA per each animal were used for Masson’s trichrome staining. The
color images were transformed into monochrome images at an 8-bit scale using Image J.
After adjusting the threshold consistent through the analysis, integrated density of interest
was measured. Data values from 6 sections were averaged for each animal, and averages
from total animals in a group were used to calculate mean + SEM and statistical analysis.

Biomaterials. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shirasu et al.

Page 7

Immunohistochemistry analysis of tissue toxicity

Paraffin-embedded specimens were processed into 5-pum thick sections for immunostaining.
The slides were deparaffinized and hydrated through series of xylenes and graded alcohol.
Antigens were retrieved using citrate buffer for 2 hours at 80°C in a high-pressure cooker.
Endogenous peroxidase was blocked by incubation with 3% H202 for 10 min. Following
the application of a monoclonal antibody against either cleaved Caspase 3 (1:400 dilution)
(9661, Cell Signaling Technology, Inc., Danvers, MA) or CD68 (1:100 dilution) (T-3003,
BMA Biomedicls, Augst, Switzerland), an anti-rabbit secondary antibody was used, which
was included in the ImMmPRESS Polymer HRP (peroxidase) detection kit (MP-7451, Vector
Laboratories Inc., Burlingame, CA). The staining intensity was visualized using InmPACT
DAB Peroxidase (HRP) Substrate (SK-4105, Vector Laboratories). Data values from 6
different portions were averaged for each animal, and averages from total animals in a group
were used to calculate mean + SEM and statistical analysis.

Statistical analysis

Results

Data sets were subjected to normality check using Shapiro-Wilk test. Student’s t-test was
used for two group comparison; one-way analysis of variance (ANOVA) was performed for
multiple group comparison followed by post hoc test (specified in figure legends). All data
are presented as mean + standard error of the mean (SEM). A difference is considered
statistically significant when a p value is < 0.05.

Preparation and characterization of UM-NHS

PAMAM-PVL-OH was prepared via ring-opening polymerization as described previously
[8], and then reacted with succinic anhydride under basic pH to yield PAMAM-PVL-COOH.
The IH NMR spectra of both products showed characteristic peaks at 6 4.08, 2.34, and 1.67
ppm, assigned to the methylene protons in PVL, and at 3.65 ppm as terminal methylene
protons in PVL (Figure S1A, S1B) as previously reported [8, 13, 17]. Additionally, the
average number of repeating units of the PVVL was calculated to be 23, based on the area
ratio of the peaks at (c) 4.08 ppm and (c’) 3.65 ppm (Figure S1A). The hydrodynamic
diameters of PAMAM-PVL-OH and PAMAM-PVL-COOH were 23.0 £ 2.4 and 24.6 £+3.4
nm, respectively. However, the zeta potential of PAMAM-PVL-OH was almost neutral (1.28
+ 1.01 mV) while that of PAMAM-PVL-COOH was negative (—22.97 + 0.99 mV), which
can be attributed to the carboxyl terminal groups (Table S1). Furthermore, FTIR spectra of
PAMAM-PVL-OH and PAMAM-PVL-COOH were studied. C=0 stretching of carbonyl
(1726 cm™1) was found in both compounds due to PVL segments while anti-symmetric C=0
stretching of carboxyl (1552 cm™1) was only observed in PAMAM-PVL-COOH (Figure
S2C) [21, 22]. Next, PAMAM-PVL-COOH was activated by EDC-NHS, followed by
PEGylation with amine-PEG-OCH3/Cy5/OH to produce PAMAM-PVL-PEG-
OCH3/Cy5/0H (UM-OH) [16]. Then, hydroxy at the terminal of UM-OH was reacted with
the carbonyl group in DSC to generate PAMAM-PVL-PEG-OCH3/Cy5/NHS (UM-NHS)
under basic condition (Figure 2). We found that the hydrodynamic diameter of UM-NHS
was about 65.66 £ 5.73 nm, and the zeta potential became neutral (~1.50+0.84 mV) (Table
S1, Figure S2A). Additionally, the diameter of the spherical UM-NHS nanoparticle
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measured by TEM was around 63 nm (Figure S2B). The chemical structures of UM-OH and
UM-NHS were characterized by 1H NMR. The peaks at 6 ~6.5-7.0 and 3.64 ppm indicated
the conjugation of Cy5 and PEG, respectively (Figure S1C, S1D) [17]. The NMR
characteristic peak of NHS ester was shown at & 2.84 ppm in UM-NHS [23]. Additionally,
FTIR was used to confirm the presence of NHS, which was found at 1637 cm™! (N-O
stretching) and 1778 cm™1 (C=0 stretching; anhydride) from UM-NHS, but not in the UM-
OH (Figure S2D) [24].

Rapamyecin release Profiles from UM-NHS in vitro

The rapamycin loading content in UM-NHS was 20.3 wt%, which was measured by HPLC
following our previously reported method [8]. Figure S2E shows two release profiles, from
crosslinked (corresponding to Mode-1) and non-crosslinked UM-NHS (Mode-2 and
Mode-3), with 38.3% and 83.6% release at Day 60 from the crosslinked and non-crosslinked
delivery system, respectively. The release from the crosslinked delivery system was retarded
probably due to a drug-trapping effect of the crosslinked network, similar to the UM
encapsulated in a hydrogel [25].

Periadventitial drug delivery using crosslinked and non-crosslinked UM-NHS for IH

mitigation

To evaluate the utility of tissue-adhesive UM for periadventitial local drug delivery, we
opted to use the well-established model of rat carotid artery balloon angioplasty that robustly
induces IH. Upon surgery, the rat neck needs to be opened through an incision in order to
dissect out the carotid arteries. As such, this model resembles open vascular surgery, and
hence meets our purpose of testing perivascular application of the UM formulations for their
IH-mitigating efficacy. We used rapamycin as an IH-inhibitory model drug, which is
established in both pre-clinical and clinical settings.

To eliminate a hydrogel that was used in our previous studies to sequester nanoparticles in
the periadventitial space, we first crosslinked UM-NHS into a network to retain a high drug-
loading capacity (Mode-1). For comparison, an equal amount of UM-NHS (non-crosslinked)
was used, which remained as a UM nanoparticle liquid solution during the periadventitial
application (Mode-2). To ensure sufficient conjugation of UM-NHS with the NH, group on
the adventitial matrix proteins, we soaked (incubated) the balloon-injured carotid artery in
UM-NHS (crosslinked in Mode-1; non-crosslinked in Mode-2) for 15 min, in a reservoir
formed around the artery with a Parafilm membrane. In each mode, the empty UM
formulations (no drug) were used as a control against the rapamycin-loaded UM. At 14 days
post-surgery, animals were euthanized for morphometric analysis of IH and tissue toxicity
evaluations through immunohistochemistry.

To measure IH, we primarily used the intima versus media area ratio (I/M). We also
normalized the intima area to IEL length, termed as normalized intima thickness (NIT),
taking advantage of the fact that IEL length, unlike IEL area, is not subject to the variability
caused by morphological deformation of the artery cross sections. Moreover, stenosis rate
was also calculated (Figure 3). We used these three parameters to evaluate IH. In Mode-1,
the I/M ratio, NIT, and stenosis rate were significantly reduced (with vswithout rapamycin)
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by 74.6% (from 0.90 £ 0.12 to 0.23 + 0.03), 77.4% (from 68.3 £ 8.9 to 15.4 + 3.3), and
67.9% (from 37.5 + 5.2% to 12.0 + 1.4%), respectively, yet the lumen area did not change.
In Mode-2, IH was also inhibited by the rapamycin-loaded UM (vsno drug). The I/M ratio,
NIT, and stenosis rate significantly decreased (with vswithout drug) by 53.8% (from 0.94 +
0.04 t0 0.43 + 0.05), 51.3% (from 67.9 + 3.8 to 33.1 + 4.5), and 53.1% (from 40.4 + 2.7% to
18.9 £+ 2.7%), respectively. The lumen area increased significantly by 42.9% (from 238465 +
18301 to 340728 + 18192). Since the stenosis rate is also subject to changes of overall vessel
size, we assessed it by measuring the length of external elastic lamina (EEL). Indeed, the
EEL length in Mode-1 decreased (no statistical significance), which could account for the
lack of increased lumen area even though the neointima was markedly reduced. By contrast,
the vessel size in Mode-2 increased albeit without reaching statistical significance. Thus,
while IH was mitigated to a greater extent in Mode-1 than in Mode-2, a desired increase of
lumen area occurred in Mode-2 but not in Mode-1.

Tissue toxicity of crosslinked UM-NHS after periadventitial application

During the experiment, we noticed a bulging of the animal neck in Mode-1 but not in
Mode-2 (Figure 4). Upon tissue collection at the end of the Mode-1 experiment, we
observed that the CCAs were buried in scar tissues and hardly dissectible, a problem that did
not occur in Mode-2 (Table S2). Consistently, histology showed that the arteries from
Mode-1 but not Mode-2 appeared to be tightly connected with surrounding tissues,
suggestive of tissue fibrosis (Figure 4A). We thus performed Masson’s trichrome staining to
evaluate collagen accumulation in the vessel wall. Indeed, severe fibrosis occurred in
Mode-1 in comparison to Mode-2 (the empty UM condition), as indicated by much
intensified adventitial collagen accumulation (Figure 4B, 4C). Rapamycin alleviated this
fibrotic severity in Mode-1, a finding consistent with the previously reported anti-fibrotic
effect exhibited by rapamycin [26].

Considering that tissue fibrosis is often associated with inflammation, we next determined
macrophage infiltration via immunostaining of the marker CD68. In agreement with the
above observations, the number of CD68-positive cells of the Model-1 empty UM condition
was the highest across all conditions in Mode-1 and Mode-2. While this number was
significantly higher above the injury-only background control either in the adventitial or
medial layer or when counted in all layers (Figure 5), the difference was abolished by
rapamycin in Mode-1. Compared to the Mode-1 empty UM condition, CD68 staining in
Mode-2 remained significantly lower. In the neointima layer, no significant difference in
CD68 staining was seen across all conditions. The number of cells stained positive for
activated (cleaved) caspase-3 was significantly higher in the neointima layer in Mode-1,
either compared to no treatment control or Mode-2. In other layers, while there appeared to
be more apoptotic cells in the Mode-1 empty UM condition than other conditions, the
differences were not significant.

Taken together, the above results indicated that Mode-1 but not Mode-2 produced a
significant IH-mitigating therapeutic effect. However, the severe tissue damage imposed by
this crosslinked UM drug delivery platform is prohibiting for further translation.
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Adventitial painting of non-crosslinked UM-NHS for effective non-toxic mitigation of IH

To create a simple, non-toxic modality for anti-IH periadventitial drug application, we
sought for further improvement based on Mode-2, which proved to be less toxic than
Mode-1. Since the soaking approach requires extra time and materials for preparation and a
Parafilm reservoir which nonetheless is subject to spill of the UM-NHS solution, we
replaced it with direct painting of non-crosslinked UM-NHS over the artery outer surface. In
addition, as the NHS-ester/NH, reaction is known to occur rapidly and robustly under basic
condition, we eliminated the 15-min incubation step used in the soaking approach.

Instead, we used a pen brush to dip into the non-crosslinked UM-NHS solution and painted
it onto the outer surface of the injured carotid artery (Mode-3). The entire painting process
took less 30 seconds. It was interesting to note that only /1 of the UM-NHS solution was
consumed as compared to the soaking approach (Mode-2). To minimize quenching of UM-
NHS by NH,-containing molecules (e.g., soluble proteins) in the body fluid, the artery was
pre-cleaned prior to painting. To prevent unreacted free UM-NHS or the byproduct (NHS)
from diffusing into the surrounding tissues, the artery surface was gently cleansed with
gauze immediately after painting. As indicated by the Cy5 fluorescence, UM was effectively
sequestered in the adventitial layer after cleaning with gauze (Figure 6A). Cy5 fluorescence
remained visible in the adventitial layer 7 days after application. The fading of fluorescence
could be due to quenching, or loss of the Cy5 group possibly due to the hydrolytic and
enzymatic cleavage of the ester bond linking the PEG arms onto the UM.

Importantly, morphometric analysis showed that a remarkable IH-mitigating effect was
achieved through this painting approach (Figure 6). The I/M ratio was decreased by 75.5%
(from 1.50 £ 0.37 to 0.37 £ 0.04) in the animal group applied with rapamycin-loaded UM-
NHS compared to the empty UM control. Similarly, the NIT and stenosis rate were reduced
by 68.9% (from 86.5 + 17.1 to 26.9 + 3.7) and 66.6% (from 49.2 + 11.2% to 16.4 + 2.1%),
respectively. In accordance, the lumen area increased by 37.7% (from 244743 to 336968)
albeit without reaching statistical significance (p = 0.12). The EEL length also increased,
though without reaching statistical significance.

The next important question concerned the potential toxicity of the adventitial modification
by UM-NHS (regardless of drug loading). Compared to the un-treated group (no adventitial
modification), painting with empty UM-NHS did not increase the inflammation and
apoptosis markers in any of the artery tissue layers. Instead, UM-NHS reduced apoptosis in
the adventitial layer (Figure 7).

Rapamycin reduced CD68 staining in the vessel wall, and also lowered the overall number
of caspase-3 positive cells, as compared between the conditions with and without drug
loaded. Thus, Mode-3 appeared to be a highly desirable approach for periadventitial drug
delivery, although it is not directly comparable to Mode-2 considering that these two modes
were performed at different times, multiple variables between these experiments, including
incubation time (30 seconds versus 15 min) and application method (painting versus
soaking). Moreover, since macrophage infiltration occurs early following arterial injury and
the inflammation reaction may resolve later, the assays using specimens collected at Day14
may not capture such early-phase events. Nonetheless, we found that Mode-3 provides an
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easy and quick application to efficaciously stymie IH progression. To further test the efficacy
of Mode-3 for a longer term, we performed another set of experiments and collected arteries
at 1 month after surgery (Figure S4). The I/M ratio, NIT, and stenosis rate decreased (with

vs without drug) significantly by 40.4% (from 1.03 + 0.07 to 0.61 + 0.04), 35.8% (from 59.5
+5.71038.2 £ 2.5), and 43.7% (from 36.3 + 4.1% to 20.4 + 1.3%), respectively. The lumen
area significantly increased by 41.7% (from 257089 + 30104 to 364264 + 7553). The overall
vessel size (EEL length) was slightly enlarged although the change was not statistically
significant (p = 0.14).

Discussion

We report here a simple modality of drug delivery aimed at perivascular application to
mitigate IH following surgical vascular reconstructions. The delivery platform is a
unimolecular micelle (UM) with NHS ester terminal groups that enable tissue-adhesion. Its
periadventitial application is simple, requiring only a pen brush, and quick, within 30
seconds. Yet, the therapeutic outcome is remarkable, with a 75% decrease of IH without
obvious tissue damage. Thus, the most prominent feature of this prototype is its simplicity,
efficacy, and safety. Given an estimated ~15 to 70% of 1-year failure rate of open vascular
reconstructions [6, 7, 27-29] for which no preventive measures are clinically available, this
prototype merits further development.

Open surgical procedures remain a major approach for vascular reconstruction. These
mainly include coronary artery bypass graft surgery, vein grafting for peripheral arteries, and
renal dialysis access, collectively accounting for over 1 million cases annually in the US
alone [1, 30, 31]. Unfortunately, there remains a lack of effective methods to prevent these
grafts from post-operation failure which primarily results from IH [5-7]. One potential
option to prevent vein graft failure is external stents to mitigate IH by appropriating the
turbulent flow [32]. However, this method is ineffective for the perianastomatic lesions at the
two ends of the graft where IH is particularly severe, occurring in the crucial period of 1-24
months after grafting [6]. In fact, the first trial of external stent revealed worsened patency at
anastomotic lesions compared to the non-stent group [32]. Clearly, there remains a critical
medical need for a perivascular drug delivery method that is particularly suited for 1H-
mitigating therapy following open vascular surgery.

Our previous endeavors led to a UM/hydrogel delivery system for open surgery that proved
effective in restricting IH in a rat model [8, 10]. Bulky hydrogel was required to keep UM in
place after perivascular application. However, the gel is subject to dislocation and it also
evokes inflammation upon decomposition. To resolve these major shortcomings, we
conceived a gel-free painting paradigm to immobilize UM directly onto the adventitia
through stable covalent bonds.

To our knowledge, a painting method has not been previously reported for periadventitial
applications to treat IH. In other applications (e.g., skin wound healing), various tissue-
adhesive molecules have been tried, including aldehydes, biotin/avidin, and a collagen-
binding fibronectin domain [33-37]. However, limitations exist, particularly thinking of
clinical applications that impinge on the tender vascular tissues proximal to vital organs such

Biomaterials. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shirasu et al.

Page 12

as heart, where the toxicity of aldehydes is a grave concern [33]. While the biotin/avidin pair
features high binding affinity and low toxicity, neither biotin nor avidin is tissue-
adhesive[34]. Although fibronectin adheres to collagen-containing tissues, the binding is
non-covalent and hence unstable; moreover, a fibronectin domain per seis a signaling
molecule that possibly elicits pro-IH complications [35, 36]. Catechol-based adhesives
represent another important bioinspired adhesive technology [37]. However, the underlying
Dopa chemistry submits to influences of redox, pH, metal ion chelating, and surface drying
condition etc., and to a propensity of crosslinking into polymers (herein unwanted, as
demonstrated by Mode-1). As such, this technology demands stringent control of the
microenvironment. We chose NHS ester for covalent UM-tissue bonding because of the
following main advantages [38—40]:

1) NHS ester is highly desired in protein conjugation applications for its quick robust
reaction with the NH, group; 2) the reaction generates an amide bond, which is relatively
stable; 3) the by-product, NHS, is generally regarded as minimally toxic [38] and can be
easily cleansed, as herein demonstrated using gauze. It is thus not a surprise that NHS esters
have been widely used in protein industry and bioengineering applications.

When initially designing the Mode-1 periadventitial UM-NHS application, we prioritized
drug-loading capacity. A crosslinked UM network enabled loading of 6 mg of rapamycin for
each animal, a dosage expected to markedly reduce IH based on our previous report [8].
Unfortunately, we observed severe tissue-damaging side effects, as evident from the fibrotic,
inflammatory, and apoptotic markers in the adventitial and periadventitial tissues. Since this
occurred in both animal groups receiving crosslinked UM with or without rapamycin, we
suspected that UM crosslinking per se might be a problem. Indeed, implanted synthetic
polymers with a significant mass are often recognized as “alien” by the immune systems,
and inflammatory/fibrogenic responses may hence set off [41]. Moreover, the rigidity of a
crosslinked network may impose mechanic stress on the vessel promoting inflammation/
fibrosis [41, 42]. By contrast, tissue damage was markedly ameliorated in Mode-2, where
UM-NHS alone rather than a bulky crosslinked network was applied. We further noticed that
by soaking the vessel for extended time in Mode-2, UM-NHS might over-react with the
tissue potentially causing harm. We were therefore prompted to use a painting approach
(Mode-3) for a faster and cleaner UM-NHS application.

The Mode-3 application is quick (completable in 30 seconds) and requires much less
rapamycin-loaded UM-NHS (only ~ 1/14 of that used in Mode-2). Yet, the outcome from
Mode-3 was superior: a 75% reduction of IH and nearly undetectable tissue damage. There
are several possible explanations for this. First, quick painting followed by immediate
removal of excess UM-NHS solution could avoid damage of overreaction with tissues.
Second, without forming a crosslinked network, the small sized (~50 nm in diameter)
individual UM-NHS molecule/nanoparticle can readily infiltrate into the adventitia. In
contrast, the crosslinked network (Mode-1) cannot infiltrate but rather acts as a rigid “cast”
that impinges on the vessel thereby prompting damage. Third, the adventitia is essentially a
“sponge” composed of various scaffolding extracellular matrix proteins such as collagen,
elastin, and fibrillin fibers, which confer extended surface area for UM’s covalent
attachment via the NHS ester/NH reaction [43]. As such, the UM conjugated onto the
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adventitia constitute a drug reservoir, with a much larger volume than it would appear to be
if calculated based on the outer surface of the vessel. Last yet importantly, with the durable
UM slowly and locally releasing rapamycin into the adjacent media/intima layer, the
minimal effective drug dosage can be substantially reduced [8].

Therefore, this Mode-3 direct painting modality of local drug delivery appears to meet the
basic criteria for translatability to the clinical setting. 1) Mode-3 is highly effective in
hampering IH with low rapamycin dosage. 2) This method appears to be tissue-friendly
without causing obvious damage. 3) It provides local delivery to minimize systemic
complications. 4) The UM nanoparticle has excellent stability in comparison with self-
assembled multimolecular nanoparticles since the UM nanoparticle is formed by a single
molecule containing only covalent bonds. 5) Rapamycin release from UM is sustainable at
least for 2 months, consistent with our previous report [8]. 6) This painting method is easy
and quick to apply without needing sophisticated devices - a feature critically important for a
potential clinical utility and commercialization.

Conclusions

Currently, there is no approved therapy to prevent IH-associated postoperative failure of
surgical reconstructions, which are commonly performed to treat atherosclerotic stenosis. In
response to this critical medical need, we developed a painting modality for perivascular
drug delivery to mitigate IH. Literally, with minimal manipulation, we may have turned the
vessel adventitia into a self-serving drug reservoir for controlled release. This method is
quick and easy in application, and effective in curbing injury-induced IH without causing
tissue damage. However, IH in humans often develops in a background of other disease
conditions and it may progress for a long term. In this regard, an encouraging clue can be
found in our previous studies, namely, treating IH with rapamycin-loaded nanoparticles in
rats could have an IH-mitigating effect extended beyond the end of drug release [8, 10].
Nevertheless, future research is warranted to further develop this painting modality, using
UM formulations capable of more prolonged drug release and preclinical models with a
human-like condition, such as hypercholesterolemic Zucker rats.
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Figure 1.

Schematic illustration of the design and application of UM-NHS. (A) Schematic illustration
of the chemical structure of UM-NHS. (B) Mode-1: UM-NHS crosslinked at pH 8.0 and its
periadventitial application via soaking with the artery. (C) Mode-2: Periadventitial
application of non-crosslinked UM-NHS via soaking with the artery. (D) Mode-3:
Periadventitial application of non-crosslinked UM-NHS via pen-brush painting onto the
artery.
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(A) The reaction between NHS ester and amine under basic condition to generate a stable
product with amide bond. (B) The synthetic procedure to yield PAMAM-PVL-PEG-NHS
(UM-NHS) that can be used to react with amine on the vascular outer surface.
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Figure 3. IH-mitigating effect of rapamycin periadventitially delivered through crosslinked
(Mode-1) or non-crosslinked UM (Mode-2).

The open surgery of rat common carotid artery angioplasty followed by periadventitial
application of UM (without or with rapamycin) was described in Methods. At post-surgery
14 days arteries were harvested for cross-section preparation and H&E staining. (A)
Representative H&E-stained artery cross-sections. Scale bar: 200 um. (B) High-mag images.
Scale bar: 50 um. (C) Morphometric quantification: mean + SEM, n = 6-8 rats, as indicated
by the data points in each plot. Statistics: ANOVA and Bonferroni test: *P <0.05. r.u.,
relative unit. The calculation of I/M ratio, normalized intimal thickness, and stenosis rate are
described in Methods.
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Figure 4. Pro-fibrotic effect of the Mode-1 (vs Mode-2) application on the artery.
(A) Photographic illustration of periadventitial application of UM. The photos show post-

application (14 days) neck bulging in Mode-1 and lack of thereof in Mode-2. Note that the
Cy5 fluorophore appeared blue at higher concentrations but not at lower concentrations
(refer to Figure 6A). Shown on the right are representative H&E-stained cross-sections
including undissectible surrounding tissues in Model-1. Scale bar: 200 um. (B)
Representative images of Masson’s trichrome staining of artery cross-sections. Scale bar:
200 pum. (C) Quantification: mean + SEM, n = 3 rats. Statistics: ANOVA and Bonferroni
test: *P <0.05. r.u., relative unit.
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Figure 5. Pro-inflammatory/pro-apoptotic effect of the Mode-1 (vs Mode-2) application on the

artery.

(A and B) Immunostaining of the inflammation marker CD68. Shown in A are
representative staining images. Scale bar: 50 um. Non-treatment control: no UM application.
Quantification: mean £ SEM, n = 3 rats. Statistics: ANOVA and Bonferroni test: *P <0.05,
**P<0.01, **P<0.001. (C and D) Immunostaining of the apoptosis marker active (cleaved)
caspase-3. Shown in C are representative staining images. Scale bar: 50 um. Non-treatment
control: no UM application. Quantification: mean = SEM, n = 3 rats. Statistics: ANOVA and
Bonferroni test: *P <0.05.
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Figudre 6. IH-mitigating effect of rapamycin periadventitially delivered using a painting approach
Mode-3).

EDpen su)rgery followed by periadventitial application of UM-NHS (without or with
rapamycin) was described in Methods. At post-surgery 14 days arteries were harvested for
cross-section preparation and H&E staining. (A) Photographic illustration of the UM-NHS
painting approach (Mode-3). Left panel: Balloon-injured common carotid artery after
painting UM-NHS with a pen brush (pointed by white arrow head). Note the painted UM-
NHS appeared colorless. Right panel: Rat neck at post-surgery Day 14. Note the lack of
neck bulging. (B) Representative images of Cy5 fluorescence from artery cross-sections.
Cy5 was conjugated on UM. Images were taken on the sections of arteries collected right
after UM application (day 0) or 7 days post application (day 7). Autofluorescence from
elastic laminae profiles the medial layer. Scale bar: 200 pm. (C) Representative H&E-stained
artery cross-sections. Scale bar: 200 um (low mag), 50 um (high mag). (D) Morphometric
quantification: mean + SEM, n = 6 rats. Statistics: Student t-test: *P <0.05, **P<0.01. r.u.,
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relative unit. The calculation of I/M ratio, standardized intimal thickness, and stenosis rate is
described in Methods.
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Figure 7. Determination of the tissue toxicity of the Mode-3 formulations.

(A and B) Immunostaining of the inflammation marker CD68. Shown in A are

representative staining images. Scale bar: 50 um. Non-treatment control: no UM application.
Quantification: mean £ SEM, n = 3 rats. Statistics: ANOVA and Bonferroni test: *P <0.05,
**P<0.01. (C and D) Immunostaining of the apoptosis marker active (cleaved) caspase-3.
Shown in C are representative staining images. Scale bar: 50 um. Non-treatment control: no
UM application. Quantification: mean + SEM, n = 3 rats. Statistics: ANOVA and Bonferroni

test: *P <0.05.
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