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Abstract
Using novel nitric oxide (NO)-generating polymeric hydrogels that can be rapidly photopolymerized in situ, we can deliver NO
locally at the site of vascular injury. Depending on material design, these poly(ethylene glycol) (PEG)-based hydrogels can generate
NO for up to 50 d. This study demonstrates the ability of nitric oxide-generating hydrogels (PEG-Cys-NO) to inﬂuence key components of the restenosis cascade both in vitro and in vivo. PEG-Cys-NO hydrogels inhibited smooth muscle cell proliferation,
increased endothelial cell proliferation, and inhibited platelet adhesion in vitro. Moreover, in vivo, PEG-Cys-NO hydrogels inhibited intimal thickening in a rat carotid balloon injury model. The perivascular application of NO-generating polymers post-injury
reduced neointima formation at 14 d by approximately 80% compared to controls (intimal area/medial area (I/M): PEG-CysNO = 0.20 ± 0.17, control = 0.84 ± 0.19, p < 0.00002; intimal thickness: PEG-Cys-NO = 12 ± 10 lm, control = 60 ± 18 lm,
p < 0.00002). Treatment with the PEG-Cys-NO hydrogels caused a signiﬁcant decrease in the per cent of proliferating cell nuclear
antigen positive medial cells (29 ± 5%) at 4 d as compared to treatment with the control hydrogels (51 ± 1%, p < 0.02). Additionally,
vessel re-endothelialization at 14 d was slightly enhanced in the presence of the NO-generating hydrogels. These data indicate that
localized delivery of NO from these hydrogels can signiﬁcantly inhibit neointima formation in a rat carotid balloon injury model and
suggest that these materials may be useful in preventing restenosis.
 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Even after years of research, balloon angioplasty fails
in 20–40% of cases due to restenosis, or re-narrowing of
the vessel, within the ﬁrst 6 months [1–4]; the need to improve current methods drives biomedical research in this
area, including the development of new materials for
next generation stents and localized drug delivery.
Although delivery of NO has long been investigated
for the prevention of restenosis, because of NOÕs short
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half-life in vivo and its many systemic eﬀects, NOÕs potential therapeutic beneﬁts have not yet been realized.
However, by providing localized NO delivery it is possible overcome these issues. In this study, NO-generating
hydrogels are used to locally deliver NO. These hydrogels can be used to achieve therapeutic levels of NO at
the site of vascular injury and eliminate the possibility
for systemic eﬀects.
Restenosis is caused by a cascade events triggered by
vessel injury during the balloon angioplasty procedure.
Damage by the balloon to the vascular endothelium exposes the underlying thrombogenic extracellular matrix
(ECM) components to blood ﬂow, resulting in platelet
adhesion, activation, and aggregation at the site of injury. The activated platelets release growth factors and
cytokines, and the disruption of the ECM releases
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additional previously sequestered growth factors, which
together stimulate SMC migration, proliferation, and
ECM synthesis. The thrombus provides a scaﬀold onto
which cells can migrate and then proliferate and synthesize ECM, eventually resulting in the formation of the
occlusive neointima. Over 3–6 months, constrictive vessel remodeling by adventitial myoﬁbroblasts, leads to
additional loss in lumen diameter. Complete or partial
vessel re-endothelialization takes longer than 3 months;
re-endothelialization is associated with suspension of
SMC proliferation [5].
With the placement of a stent, acute recoil and longterm negative remodeling are limited by the force of the
stent pressing against the vessel wall; however, the
increased injury and inﬂammation caused by the stent
over the long term, leads to a higher proliferative response [6,7] and more pronounced long-term endothelial
dysfunction than is seen with balloon angioplasty alone
[8]. To halt this excessive neointimal growth and preserve lumen diameter, drug eluting stents (DES) have
been developed to provide localized drug delivery.
Although DES have the potential to reduce restenosis
rates, particularly among high-risk patients, such as diabetics, DES have their own drawbacks. The polymer
coatings used in DES for drug delivery elicit an increased inﬂammatory response and, therefore, in comparison to bare stents, slower or incomplete healing
has been observed [9]. In addition, the drugs being
incorporated into DES, chosen for their ability to inhibit
undesirable SMC proliferation and migration that cause
neointimal hyperplasia, also inhibit the highly desirable
EC proliferation and migration that is necessary for
vessel re-endothelialization and healing. To solve the
persistent problem of restenosis, we must develop new
techniques and materials to control and direct vessel
repair without eliciting an inﬂammatory response.
Nitric oxide (NO) is able to block a number of key
pathways in the restenosis cascade, including inhibiting
platelet activation/adhesion and smooth muscle cell
(SMC) proliferation and migration. Platelets have been
shown to play a major role in stimulating SMC migration into the intima following vascular injury in the rat
carotid artery [10]. SMC migration, proliferation, and
extracellular matrix (ECM) production at the site of balloon injury are major contributors to neointima formation. NO has been shown to inhibit platelet activation,
adhesion, and aggregation both in vitro and following
balloon injury [11–13]. Factors secreted by activated
platelets, such as platelet-derived growth factor, serotonin and thromboxane A2, also stimulate SMC proliferation [14–17]. NOs eﬀects on platelets are thought to be
mediated by the parallel activation of cyclic guanosine
monophosphate-dependent protein kinase (PKG) and
cyclic adenosine monophosphate-dependent protein
kinase (PKA) [18]. NO activates soluble guanylate
cyclase (sGC), which causes an increase in intracellular

cyclic guanosine monophosphate (cGMP) and cyclic
adenosine monophosphate, activating PKG and PKA
[18].
SMC migration, proliferation, and ECM synthesis at
the site of vascular injury lead to the formation of the
occlusive neointima. NO acts on smooth muscle cells
to prevent this through both cGMP-dependent and
cGMP-independent pathways. NO reversibly inhibits
SMC migration through a cGMP dependent mechanism, independent of cell proliferation or cytotoxicity
[19]. NO has been shown to inhibit SMC growth by
cGMP-dependent mechanisms both in vitro and in the
rat and porcine balloon injury models [18,20–22]. In
addition, NO has also been shown to reversibly block
SMC entry into S-phase, by a cGMP-independent mechanism [23]. Based on the ability of NO to impede critical
steps in neointima formation, delivery of NO has been
considered as a potential method to prevent restenosis
following vascular injury.
NO donors, compounds that produce NO under
physiological conditions, can be used to deliver NO
in vivo. NO donors fall into a number of diﬀerent chemical classes including organic nitrates, organic nitrites,
ferrous nitro complexes, sydnonimines, nucleophile adducts, and S-nitrosothiols [24]. Although pharmacological tolerance limits the long-term usefulness of organic
nitrates, this has not been shown to be a problem for
other classes of NO donors [24], including the S-nitrosothiol NO donors that are used in these studies. In addition, unlike organic nitrates and sodium nitroprusside,
S-nitrosothiols have been shown to induce very limited
oxidative stress [25].
S-nitrosothiols are of the form RSNO, where R can
be any of a wide range of chemical compounds. They
are formed by the nitrosation of low-molecular-weight
thiols or cysteinyl side chains [26]. In addition to being
synthesized for use as NO donors, S-nitrosothiols are
present in vivo and are thought to participate in NO
storage and transport [27]. Naturally occurring S-nitrosothiols include S-nitrosoglutathione, S-nitrosocysteine,
and S-nitrosoalbumin. S-nitrosothiols decompose by
hydrolysis, forming NO and a disulﬁde [28]. Since NO
release occurs without the need for enzymatic degradation, NO release from S-nitrosothiols is not dependent
on cellular involvement.
Numerous studies have looked at the ability of NO
donors and other NO-based interventions to prevent
balloon-induced arterial occlusion, the results of over
50 of which have been summarized by Janero and Ewing
[29]. The ACCORD study showed that systemic administration of NO donors caused an increase in minimal
luminal diameter immediately following balloon injury,
which was maintained through the ﬁnal 6-month assessment; the study found, however, no signiﬁcant decrease
in adverse coronary events [30]. The failure of clinical
outcomes to correlate with the promising results seen
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in animal models can be attributed to an incomplete
understanding of the biology of restenosis, drug dosages
that were below the therapeutic range due to issues with
systemic toxicity, and problems with the suitability of
the animal models [30,31]. To achieve therapeutic levels
of NO at the site of balloon-injury without inducing systemic toxicity, we propose that localized delivery is necessary. Hydrogels have been developed that are able to
release NO over a period of hours to months, depending
on material design [32,33]. At physiological pH and temperature, the photopolymerized S-nitrosocysteine (CysNO) hydrogels used in this study spontaneously release
NO over a period of approximately 2 h [32,33]. These
poly(ethylene glycol) (PEG)-based copolymers have
been previously shown to inhibit smooth muscle cell
growth in vitro and to signiﬁcantly reduce platelet adhesion to a model thrombogenic surface [32,33]. This study
demonstrates the ability of these NO-generating hydrogels to inhibit intimal thickening in a rat carotid injury
model of restenosis.
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2. Materials and methods
All chemicals were purchased from Sigma Aldrich
unless otherwise indicated.

4. Release of NO
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2.1. Poly(ethylene glycol) hydrogel precursor synthesis
Polyethylene glycol diacrylate (PEG-DA) was prepared by combining 0.1 mmol/ml dry PEG (6 kDa;
Fluka), 0.4 mmol/ml acryloyl chloride, and 0.2 mmol/
ml triethylamine in anhydrous dichloromethane
(DCM) and reacting under argon overnight. DCM
was added to bring the PEG-DA concentration to
0.04 mmol/ml and 2 mol of K2CO3 (2 M stock in
diH2O) were added per initial mole of acryloyl chloride.
Anhydrous MgSO4 was used to dry the organic phase
and then removed by ﬁltration. The PEG-DA was then
precipitated with diethyl ether; the solution was allowed
to mix for at least 1 h, ﬁltered, and dried under vacuum.

Fig. 1. Summary of PEG-Cys-NO synthesis scheme.

37 mmol/l N-vinylpyrrolidone, and 100 lmol/l eosin
Y as a visible light photoinitiator. The PEG-Cys-NO
synthesis scheme is summarized in Fig. 1. Polymer precursors were sterilized by ﬁltration (0.8 lm pre-ﬁlter,
0.2 lm ﬁlter, Acrodisc Syringe Filter, Pall Gelman Laboratory). To assess NO release, hydrogels were formed,
placed in HBS buﬀer, and stored at 37 C. NO release
was assessed using the Griess assay [34].

2.2. PEG-Cys-NO nitric oxide donor hydrogel synthesis

2.3. PEG-Cys-NO hydrogels impact endothelial cell
and smooth muscle cell proliferation

PEG-Cys-NO hydrogels were formed by covalently
binding cysteine to polyethylene glycol N-hydroxysuccinimide monoacrylate (ACRL-PEG-NHS; MW
3.4 kDa, Shearwater). PEG-Cys was then reacted with
an equimolar amount of sodium nitrite (NaNO2) at
pH 2 and 37 for 20 min to form PEG-Cys-NO. Conversion of thiol groups to S-nitrosothiols was measured
using EllmanÕs Assay. The pH was adjusted to 7.4,
and the PEG-Cys-NO was incorporated into the PEG
hydrogel precursor (MW 6000 g/mol), which contained
20% (w/v) PEG-diacrylate and 115 mmol/l triethanolamine in HEPES buﬀered saline (pH 7.4, HBS),

Rat aortic smooth muscle cells (RASMCs) were
obtained from Cell Applications. The cells were cultured
(passage 4–6) in DulbeccoÕs Modiﬁed Eagle Medium
supplemented with 10% FBS, 2 mM L-glutamine, 500
units penicillin, and 100 mg/l streptomycin, at 37 C in
a 5% CO2 environment. Human umbilical vein endothelial cells (HUVECs, passage 3–4, isolated as previously
described [35]) were cultured in M199 Medium with
identical supplements and culture conditions to those
of the SMCs. All culture ﬂasks and wells used for
HUVECs were pre-coated with 1% gelatin in PBS for
30 min at 37 C.
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To determine the eﬀect of PEG-Cys-NO on cell proliferation, SMCs and ECs were seeded in 24-well tissue
culture dishes at 10,000 cells/cm2 and allowed to adhere
for 24 h. PEG-Cys-NO hydrogels were synthesized as
described above and cells were incubated for 24 h in
the presence of PEG-Cys-NO hydrogels (0.5 lmol NO
released per well) or PEG-DA control hydrogels.
To evaluate proliferation, three wells per condition
were immunostained for proliferating cell nuclear antigen (PCNA), and the per cent of PCNA positive cells
was quantiﬁed. Cells were ﬁxed in formalin for 10 min,
rinsed with PBS, and permeabilized with methanol for
2 min. The cells were then incubated with 3% H2O2 to
block endogenous peroxidase activity and rinsed with
PBS. The primary antibody, mouse IgG anti-PCNA
(Dako) diluted 1:100 in PBS containing 5% fetal bovine
serum (FBS), was added to each well, and incubated for
1 h at room temperature. The wells were then rinsed
with PBS, the secondary antibody, anti-mouse IgG
HRP diluted 1:100 in PBS containing 5% FBS, was
added, and incubated for 40 min at room temperature.
The wells were rinsed and the incubated with AEC
(Dako) for 10 min. MayerÕs hematoxylin was used as
the counterstain. As a negative control, the primary
antibody was omitted in a sample set.
To assess cell viability, three wells per condition were
stained using a Live/Dead staining kit (Molecular
Probes, Eugene, OR). Cells were treated with calcein
AM (2 lmol/l), which causes viable cells to ﬂuoresce
green, and ethidium homodimer-1 (4 lmol/l), which
causes dead cells to ﬂuoresce red. The cells were examined using a ﬂuorescence microscope (Zeiss Axiovert
135, Thornwood, NY), and micrographs were taken
using a digital camera (Nikon). The number of viable
cells was compared to the total cell number in four randomly chosen ﬁelds of view per well to assess viability.
2.4. Reduction of platelet adhesion to a model
thrombotic surface
The ability of the PEG-Cys-NO hydrogels to inhibit
platelet adhesion to a thrombotic surface was assessed.
Blood was obtained from a healthy volunteer by venipuncture and anticoagulated with 10 U/ml heparin.
Whole blood was incubated with mepacrine at a concentration of 10 lM for 20 min at 37 C to ﬂuorescently
label the platelets. Glass slides were coated with a solution of 2.5 mg/ml collagen I in 3% glacial acetic acid in
diH2O, incubated for 45 min in a humidiﬁed environment at room temperature, and then gently rinsed. Mepacrine labeled whole blood was incubated with either
PEG-Cys-NO hydrogels or PEG-DA hydrogels for
30 min at 37 C. The hydrogels were then removed.
The blood was transferred to collagen I-coated glass
slides and incubated for 20 min at 37 C. Slides were

then rinsed with PBS. Platelets per ﬁeld of view at
400· were counted under a ﬂuorescence microscope at
four randomly chosen areas per slide.
2.5. PEG-Cys-NO reduces neointima formation
Balloon denudation injury of the carotid artery of
male Sprague–Dawley rats (425–450 g, Harlan) was
used as an experimental model to assess the ability of
PEG-Cys-NO hydrogels to inhibit intimal thickening.
After induction of anesthesia with isoﬂurane (Henry
Schein), the left carotid artery was surgically exposed.
An inﬂated 2F Fogarty embolectomy catheter (Edwards
Lifesciences) was passed three times through the common carotid to denude and injure the vessel. Either
NO-generating PEG-Cys-NO hydrogel precursor solution (1.25 lmol NO) or control PEG-diacrylate hydrogel precursor solution was applied perivascularly
immediately following the injury. To do this, the PEG
hydrogel precursor solution was prepared as described
above and frozen at 20 C in 150 ll aliquots. At the
time of application, an aliquot was thawed, and 50 ll
of PEG-Cys-NO (1.25 lmol) in HBS or 50 ll of
HBS alone was added. The photoinitiator, eosin Y
(100 lmol/l), was then added, in addition to 37 mmol/l
N-vinylpyrrolidone. The hydrogel solution was applied
topically to the adventitial surface of the left carotid artery and the solution was polymerized using visible light
(5 min) to convert the liquid precursor to a hydrogel.
Previous studies have shown that neither the PEG-diacrylate hydrogel nor the photopolymerization process
alters the vascular response [36]. The injured segment
of the left carotid artery was explanted after 4 d or
14 d for histological analysis.
After vessels were excised, they were gently rinsed in
PBS. For the 4 d studies, the vessels were immediately
frozen at 80 C. For the 14 d studies, vessels were
divided into ﬁve segments. The center, distal end, and
proximal end segments were immediately frozen at
80 C. The remaining two middle segments were
embedded in paraﬃn and sectioned to 10 lm using a
rotary microtome (MICROM). To investigate intimal
thickening after injury, slides were stained with van
GiesonÕs elastin stain; digital image processing was used
for analysis. Additional slides were stained with hematoxylin and eosin.
2.6. PEG-Cys-NO reduces cell proliferation in the
medial layer
To examine cell proliferation, the left and right carotid vessels were excised at 4 d, gently rinsed in PBS, and
immediately cryopreserved at 80 C. The vessels were
then sectioned radially to 10 lm (MICROM) and ﬁxed
for 5 min in acetone at 20 C before immunohisto-
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chemical staining for PCNA. Samples were incubated in
3% H2O2 in methanol for 12 min, washed three times
with PBS, blocked for 20 min with 5% fetal bovine serum (FBS) in PBS, incubated overnight at 4 C with
mouse anti-PCNA (Zymed) diluted 1:100 in PBS containing 5% FBS. Samples were then washed three times
with PBS and incubated for 1 h at room temperature
with peroxidase-conjugated rabbit anti-mouse IgG2a
as the secondary antibody (Zymed) diluted 1:50 in
PBS containing 5% FBS. They were then washed three
times with PBS, stained with the HRP substrate diaminobenzidine (DAB; Vector Laboratories) for 7 min,
and counter-stained with MayerÕs hematoxylin
(DAKO). Negative controls were exposed to the secondary antibody only. The number of proliferating cells and
the total number of cells in the medial layer were quantiﬁed by counting three sections for each animal.
Counted sections were from the distal end, middle,
and proximal end of the middle region of the injured
vessel. This was done for both the right (uninjured)
and left (injured) vessels. The primary antibody was
omitted for negative immunostaining controls.
2.7. PEG-Cys-NO inﬂuences injured vessel
re-endothelialization
To assess re-endothelialization of the injured vessels
at 14 d, frozen vessel segments (distal, middle, and proximal) were cryosectioned longitudinally to 10 lm and
immunostained for the endothelial cell marker CD-31
in the same manner as described above with mouse
anti-rat CD31 (Serotec), peroxidase-conjugated goat
anti-mouse (Sigma) as the secondary antibody, and
DAB as the peroxidase substrate. The sections were
counterstained with MayerÕs hematoxylin (DAKO). Sections were scored based on the percentage of the lumen
endothelialized by an observer blinded to the treatment
groups.
Control injuries were done on two rats to determine
whether the vessel had been completely de-endothelialized during the procedure; these vessels were excised
after 24 h, cryosectioned longitudinally, and immunostained for CD31 as described above. There was no
positive staining for CD31 along the entire length of
the control injury vessels, thus indicating that the vessels
were completely de-endothelialized by the balloon
injury. Uninjured right carotid vessels were used as
positive controls.
2.8. Statistical analysis
All experiments were performed minimally in triplicate. Error bars reﬂect standard deviations, and p-values
were assessed using two-tailed, unpaired t-tests. p-Values less than 0.05 were determined to be signiﬁcant.
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3. Results
3.1. PEG-Cys-NO hydrogels impact endothelial cell
and smooth muscle cell proliferation
NO release from PEG-Cys-NO hydrogels signiﬁcantly decreased SMC proliferation and signiﬁcantly increased EC proliferation in vitro. When RASMCs were
cultured in the presence of the PEG-Cys-NO hydrogels,
there was a signiﬁcant decrease in the per cent of cells
that stained positively for the proliferation marker
PCNA (49 ± 7%) as compared to the per cent of cells
that stained positively for PCNA when treated with
PEG-DA control hydrogels (83 ± 6%, p < 0.0003). In
contrast, HUVECs cultured in the presence of PEGCys-NO hydrogels showed a signiﬁcant increase in the
per cent of PCNA-positive cells (77 ± 5%) as compared
to the per cent PCNA-positive cells when cultured in the
presence of PEG-DA control hydrogels (35 ± 17%,
p < 0.02). Based on the ratios of viable cells to total cell
number found using on the live/dead assay, there was no
diﬀerence in cell viability between cells cultured in the
presence of controls and cells cultured in the presence
of PEG-Cys-NO hydrogels for either the RASMCs or
the HUVECs.
3.2. Reduction of platelet adhesion to a model
thrombotic surface
Treatment with PEG-Cys-NO hydrogels signiﬁcantly
reduced platelet adhesion to a model thrombotic surface
(collagen I). Signiﬁcantly fewer platelets adhered to collagen I-coated glass slides when the mepacrine-labeled
whole blood was incubated with PEG-Cys-NO hydrogels (70 ± 10 platelets/ﬁeld of view) as compared to
when the blood had been incubated with PEG-DA control hydrogels (451 ± 32 platelets/ﬁeld of view,
p < 0.003).
3.3. PEG-Cys-NO reduces neointima formation
Neointima formation was signiﬁcantly reduced by the
perivascular application of PEG-Cys-NO hydrogels following balloon injury. At 14 d post-injury, the intimal
thickness of vessels treated with NO-generating PEGCys-NO hydrogels was 80% less than vessels treated
with the PEG-DA control hydrogel (p < 0.00003), and
the intimal area to medial area ratio was 77% lower
for vessels treated with NO-generating PEG-Cys-NO
hydrogels than for vessels treated with the PEG-DA
control hydrogel (p < 0.00002). Medial thickness and
medial area were not aﬀected by the PEG-Cys-NO treatment. Photomicrographs of representative left carotid
artery cross-sections and numerical results are presented
in Fig. 2. PEG-Cys-NO treatment also impacted intimal
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Fig. 2. Treatment with PEG-Cys-NO hydrogels signiﬁcantly inhibited neointimal formation in a rat model of balloon angioplasty at t = 14 d.
Histological sections of injured arteries treated with (A) PEG-DA control hydrogel and (B) PEG-Cys-NO hydrogel. Arrows indicate the internal
elastic lamina. Sections stained with van GeisonÕs elastin stain. (C) Intimal thickness was approximately 80% less and (D) the intimal area to medial
area ratio was approximately 77% lower in injured vessels treated by PEG-Cys-NO hydrogels as compared to vessels treated with PEG-DA control
hydrogels (*p < 0.00003, n = 7).

layer cellularity. Vessels treated with PEG-Cys-NO
hydrogels had a signiﬁcantly higher number of cells
per intimal area than vessels that had been treated with
PEG-DA control hydrogels, signaling a decrease in
ECM synthesis. Cellularity of the medial layer was not
aﬀected. Numerical results are given in Table 1.
3.4. PEG-Cys-NO reduces cell proliferation in the
medial layer
Treatment with the PEG-Cys-NO hydrogels caused a
signiﬁcant decrease in the per cent of medial cells that
stained positive for the proliferation marker PCNA
(29 ± 5%) as compared to treatment with the PEG-DA

Table 1
Summary of the quantitative analysis of injured vessel morphology

Intimal area (mm2)
Intimal thickness (lm)
Medial area (mm2)
Medial thickness (lm)
I/M
Intimal cellularity (cells/mm2)
Medial cellularity (cells/mm2)

Control hydrogel

PEG-Cys-NO
hydrogel

0.151 ± 0.052
60 ± 18
0.176 ± 0.027
57 ± 8
0.838 ± 0.194
9320 ± 3750
3670 ± 1570

0.034 ± 0.028
12 ± 10
0.178 ± 0.019
61 ± 7
0.197 ± 0.168
15,940 ± 6170
4470 ± 700

Fig. 3. SMC proliferation in the medial layer of injured and uninjured
vessels at t = 4 d. The per cent of PCNA-positive medial cells in
injured vessels treated with the PEG-Cys-NO hydrogel was signiﬁcantly lower than in injured vessels treated with the PEG-DA control
hydrogel (*p < 0.02, n = 3).

control hydrogels (51 ± 1%, p < 0.02) at 4 d post-injury
(Fig. 3). In uninjured contralateral vessels, 5 ± 1% of
cells in the medial layer stained positive for PCNA.
3.5. PEG-Cys-NO inﬂuences vessel re-endothelialization
Vessels treated with the PEG-Cys-NO hydrogels
showed a trend of enhanced re-endothelialization as
compared to vessels treated with the PEG-DA control
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Fig. 4. Re-endothelialization of injured vessel. Representative histological sections of the proximal segments of injured vessels treated with (A) PEGDA control hydrogel and (B) PEG-Cys-NO hydrogel at t = 14 d. Vessels have been cryosectioned lengthwise and immunostained for the endothelial
cell marker CD31. (C) Per cent of vessel lumen endothelialized. Histogram shows number of animals per bin. n = 7 per group.

hydrogels at 14 d post-injury. Although none of the
middle segments of vessel showed substantial re-endothelialization, the proximal segments of vessel tended
to have a greater percentage of the luminal surface endothelialized when they had been treated with the NO-generating PEG-Cys-NO hydrogel as compared to having
been treated with the PEG-DA control hydrogel
(Fig. 4). No conclusions could be drawn about the distal
vessel segments; the proximity of these segments to the
ligated external carotid created inconsistencies between
the samples.

4. Discussion
Platelet activation, adhesion, and aggregation at the
site of balloon injury and subsequent SMC migration,
proliferation, and extracellular matrix (ECM) production are key factors contributing to neointimal hyperplasia; impeding these steps in the restenosis cascade may
be the principal mechanism by which the PEG-CysNO hydrogels inhibited neointima formation in this
study. Treatment with PEG-Cys-NO hydrogels signiﬁcantly decreased medial SMC proliferation at 4 d, as
compared to proliferation with control hydrogel treatment. This decrease in proliferation alone does not com-

pletely account for the substantial restriction of
neointima formation in the PEG-Cys-NO treated vessels. Decreased ECM production and increased vessel
re-endothelialization in the presence of the PEG-CysNO hydrogels may have also played a role in limiting
neointimal hyperplasia.
The results of this study suggest that local delivery of
NO may potentially enhance the rate of vessel re-endothelialization following vascular injury. During vascular
intervention, the normal protective endothelial cell lining of the vessel is often damaged or destroyed, exposing
the medial SMCs and ECM components to blood. In
addition to serving as a barrier, the endothelium secretes
a number of protective substances, including NO, that
help ECs maintain vascular homeostasis. Even in the
absence of medial damage, denudation of the vascular
endothelium has been shown to be followed by smooth
muscle cell proliferation and migration, leaving to intimal thickening [37]. Re-growth of the endothelium
has, in turn, been shown to down regulate intimal
smooth muscle cell proliferation in the rat carotid artery
model [38]. NO may enhance vessel re-endothelialization
by inﬂuencing EC proliferation and migration. NO has
been shown to enhance EC growth [18]. NO supports
EC migration by maintaining the expression of integrin
avb3 [39]; there are conﬂicting conclusions about
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whether NO enhances or inhibits EC migration overall
[40]. NO also seems to be critical in sustaining the endothelial barrier function [18]. Local delivery of NO, such
as in this study, may aid in the prevention of restenosis
by enhancing the rate of vessel re-endothelialization
following vascular injury and by replacing some of
the damaged endotheliumÕs natural protective function,
until re-endothelialization occurs.
These results suggest that these PEG-Cys-NO hydrogels may be useful in the prevention of restenosis. Several other types of NO-releasing materials have been
used for localized NO delivery studies. NO-releasing
polyethyleneimine microspheres have been incorporated
into vascular grafts for localized NO delivery [41]. NOreleasing diazeniumdiolate donors have been incorporated into polyurethane and poly(vinyl chloride) to
improve their thromboresistivity for use in biomedical
applications [42]. Polyurethane and polycaprolactonederived NO-releasing coronary stent coatings have been
investigated in the porcine coronary injury model; success of these treatments was limited by inﬂammatory response to the base material [43,44].
Combination NO donor and paclitaxel-NO donor
conjugate polymethacrylate-based stent coatings have
been shown to reduce stenosis in a rabbit model compared to coatings containing paclitaxel alone. The success of these materials was, however, also limited by
inﬂammation; the NO and paclitaxel combination coating only reduced the degree of stenosis to the same level
as seen with a bare stent [45].
The PEG-based copolymers used in this study oﬀer
advantages over the polymers previously used. PEG is
widely considered one of the most biocompatible synthetic polymers known [46–48]. Due to the high motility
of hydrated PEG chains and the hydrogen bonding of
PEG with water, volume exclusion and steric repulsion
inhibit protein adsorption and cellular and bacterial
adhesion to surfaces coated with PEG and to PEG
hydrogels. This lack of protein and cellular interactions
makes PEG hydrogels non-thrombogenic and allows
them to invoke only a minimal inﬂammatory response
[46]. In addition, these hydrogels have the ability to be
polymerized in situ as thin ﬁlms [36,49], making it possible to use these materials as a tissue or stent coating
for highly localized NO delivery. Hydrogel barriers
formed on the inside of balloon-denuded vessels have
been shown to inhibit thrombosis and reduce intimal
thickening by approximately 80% in both a rat and rabbit injury model [49,50]. When formed over a stent
immediately after deployment, endoluminal hydrogels
decreased thrombosis at 1 h and 3 d post-stenting and
reduced the degree of neointimal hyperplasia development by 34% at 30 d in porcine models [51,52]. In the
current study, the hydrogels were applied periadventitially rather than intraluminally to allow examination
of the eﬀects of the locally delivered NO. The use of

NO-generating intraluminal hydrogels should provide
optimal results by combing the passive non-thrombogenic barrier of the hydrogel coating and the active
delivery of NO; this system will be tested in more challenging animal models in the future.
5. Conclusions
Localized NO release from biomaterials used in the
vascular system provides potential beneﬁts for both
long-term and short-term applications. In the rat carotid
balloon angioplasty model, perivascular application of
PEG-Cys-NO hydrogels following vessel injury
signiﬁcantly inhibited neointima formation. Using the
PEG-Cys-NO hydrogels either as a stent coating or as
an endoluminal paving, may inhibit vascular smooth
muscle cell proliferation and enhance vessel re-endothelialization, thereby promoting vessel healing and
reducing restenosis.
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