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Abstract

We have developed polymeric biomaterials capable of providing localized and sustained production of nitric oxide (NO) for the
prevention of thrombosis and restenosis. In the current study, we have characterized the kinetics of NO production by these materials
and investigated their efficacy in reducing platelet adhesion and smooth muscle cell proliferation in vitro. Three nitric oxide donors
with different half-lives were covalently incorporated into photopolymerized polyethylene glycol hydrogels. Under physiological
conditions, NO was produced by these hydrogels over periods ranging from hours to months, depending upon the polymer
formulation. NO production was inhibited at acidic pH, which may be useful for storage of the materials. The NO-releasing materials
successfully inhibited smooth muscle cell growth in culture. Platelet adhesion to collagen-coated surfaces was also inhibited following
exposure of whole blood to NO-producing hydrogels. The effects of NO production by these hydrogels on platelet adhesion and the
proliferation of smooth muscle cells suggest that these materials could reduce thrombosis and restenosis following procedures such as

balloon angioplasty. © 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Restenosis; Thrombosis; Hydrogel; Photopolymerization

1. Introduction

The introduction of percutaneous transluminal coron-
ary angioplasty (PTCA) for treatment of coronary artery
disease has greatly reduced the mortality rate in patients
with occluded coronary arteries. Approximately 500 000
coronary interventions were performed in the US in 1995
[1]. Unfortunately, 30-40% of patients treated with
PTCA will experience restenosis, reocclusion of the dis-
eased blood vessel [2].

Balloon inflation during angioplasty frequently dam-
ages the arterial wall, removing the non-thrombogenic
lining of endothelial cells and injuring the underlying
smooth muscle cells. This can result in rapid reocclusion
of the vessel due to thrombosis and elastic recoil, or
reocclusion months later due to restenosis, a type of
wound-healing response [3]. Restenosis results, at least
in part, from the migration and proliferation of smooth
muscle cells and their secretion of matrix proteins to form
an occlusive neointimal layer within the vessel [2,4,5].
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Nitric oxide (NO) is a molecule produced by uninjured
endothelial cells of the blood vessel intima. Nitric oxide
synthase produced by endothelial cells converts L-ar-
ginine to L-citrulline and nitric oxide [6]. NO has been
shown to reduce platelet adhesion and smooth muscle
cell proliferation, while stimulating endothelial cell pro-
liferation [7,8]. Thus, the delivery of NO to the injured
blood vessel segment may significantly reduce thrombo-
sis and restenosis. Several NO donors, low molecular
weight compounds that hydrolyze to produce NO, have
previously been identified and evaluated both in vitro
and in vivo. The materials that we have developed are
intended for use as tissue coatings to provide local and
sustained NO therapy following vascular injury. In this
study, we have investigated the release kinetics of three
different NO-producing hydrogels and their effects on
smooth muscle cell proliferation and platelet adhesion.

2. Materials and methods
2.1. PEG-Lyss-NO hydrogels

All chemicals were obtained from Sigma Chemical
Corp. (St. Louis, MO), unless otherwise specified.
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A PEG-Lyss-NO polymer was formed by first reacting
polyethylene glycol N-hydroxysuccinimide monoac-
rylate (ACRL-PEG-NHS, MW 3400, Shearwater Poly-
mers, Huntington, AL) with poly-L-lysine (DP = 5) at an
equimolar ratio in 50 mm sodium bicarbonate buffer (pH
8.5) for 2 h; the product was then lyophilized. Analysis of
the PEG-Lyss copolymer was performed using gel-per-
meation chromatography (GPC) with an evaporative
light-scattering detector and a UV detector at 260 nm
(Polymer Laboratories, Amherst, MA). Successful syn-
thesis of PEG-Lyss; was determined by a shift in the
position of the peak from the evaporative light-scattering
detector. The resultant copolymer was dissolved in water
and reacted with NO gas in an evacuated vessel, thus
forming NO-nucleophile complexes with the amine
groups on the lysine side groups. The extent of conver-
sion of amine groups to NO-nucleophile complexes was
measured using the ninhydrin assay [9]. Following
lyophilization, the PEG-Lyss-NO polymer was incorp-
orated into photopolymerizable hydrogels by mixing
with PEG-diacrylate (MW 3400) at a 1: 10 molar ratio in
aqueous solution with 1500 ppm 2,2-dimethoxy-2-phenyl
acetophenone as a long wavelength ultraviolet initiator.
0.15% N-vinylpyrrolidone was present in this mixture as
it was used as a solvent for the photoinitiator. Exposure
to UV light (365nm, 10 mW/cm?) was used to crosslink
the polymer, resulting in conversion to a hydrogel [10].
Hydrogels were stored in HEPES buffered saline (HBS)
at 37°C at pH 7.4 or 3. Production of NO by the hydro-
gels was quantified using the Griess assay [11].

2.2. PEG-DETA-NO hydrogels

Diethylenetriamine (DETA, Aldrich, Milwaukee, WI)
was reacted with ACRL-PEG-NHS (MW 3400, Shear-
water Polymers) in 50 mm sodium bicarbonate buffer (pH
8.5) at an equimolar ratio, lyophilized, and analyzed
using GPC as described earlier. The copolymer was
then dissolved in water and exposed to NO gas to
form NO-nucleophile complexes as described for PEG-
Lyss-NO and assayed for amine content using the nin-
hydrin assay. The PEG-DETA-NO was lyophilized and
then photopolymerized as described above to form
hydrogels. The hydrogels were stored in HBS at 37°C,
pH 7.4 or 2, and assayed for NO production using the
Griess assay.

2.3. PEG-S-nitrosocysteine hydrogels

For S-nitrosocysteine (Cys-NO) hydrogels, a copoly-
mer of ACRL-PEG-NHS (MW 3400, Shearwater
Polymers) and L-cysteine was synthesized by reacting
at a 1:2molar ratio in 50mm sodium bicarbonate
(pH 8.5). The solution was dialyzed in a cellulose ester
membrane (MWCO 500, Spectrum Labs, Laguna Hills,
CA) in diH, O, lyophilized, and analyzed using GPC as

described above. The copolymer was then reacted with
an equimolar amount of NaNO, at pH 2 and 37°C
for 20min to form S-nitrosocysteine. Conversion of
thiol groups to S-nitrosothiols was measured using
the Ellman’s assay [12]. The S-nitrosothiol solution
was adjusted to pH 7.4, and photopolymerized
hydrogels were formed and stored at 37°C in HBS,
pH 7.4 or 2.

2.4. Smooth muscle cell proliferation

Smooth muscle cells isolated from Wistar-Kyoto rats
(passage 11-15, provided by T. Scott-Burden) were cul-
tured in minimum essential medium supplemented with
10% FBS, 2mmMm L-glutamine, 500 units penicillin, and
100 mg/1 streptomycin, at 37°C in a 5% CO, environ-
ment. The cells were seeded into 24-well tissue culture
plates (Becton Dickinson, Franklin Lakes, NJ) at a den-
sity of 10000 cells/cm?. NO donors in either soluble or
hydrogel form were added to the media in the wells one
day after seeding. At 4 days culture, cell numbers were
determined by preparing single cell suspensions with
trypsin and counting three samples from each group
using a Coulter counter (Multisizer # 0646, Coulter Elec-
tronics, Hialeah, FL).

The effects of NO donors in solution on the prolifer-
ation of SMCs were first investigated by performing
a NO dose response curve, whereupon cells were cultured
with a range of NO donor concentrations (1 pM—10 mm)
in order to identify appropriate dosages for hydrogel
studies. NO-nucleophile complexes (Lys-NO and
DETA-NO) were formed by reacting either L-lysine or
DETA with NO gas in water for 24 h. Soluble Cys-NO
was synthesized by reacting an equimolar amount of
L-cysteine with NaNO, at pH 2 and 37°C for 20 min. All
NO donor solutions were adjusted to pH 7.4 prior to
addition to cell cultures.

Smooth muscle cell proliferation in the presence of
NO-producing and control hydrogels was then investi-
gated using the optimal NO dose determined above.
Hydrogels containing Lys-NO, DETA-NO, and Cys-NO
were formed as described above, except that the gel
solutions were sterile filtered through 0.2 um syringe fil-
ters (Gelman Sciences, Ann Arbor, MI) prior to adding
2,2-dimethoxy-2-phenyl acetophenone. PEG-diacrylate
hydrogels containing no NO donors were used as a con-
trol. The hydrogels were photopolymerized in cell culture
inserts (§um pore size, Becton Dickinson, Franklin
Lakes, NJ) and placed in the media over the cultured
cells.

2.5. Platelet adhesion
Blood was obtained from a healthy volunteer by

venipuncture and anticoagulated with 10 U/ml heparin.
Platelets and white blood cells were fluorescently labeled
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with mepacrine at a concentration of 10 um. A solution of
2.5mg/ml collagen I in 3% glacial acetic acid in diH,O
was prepared and applied to glass slides for 45min in
a humidified environment at room temperature. Cys-NO
and PEG-diacrylate hydrogels were prepared as de-
scribed above and incubated with the labeled whole
blood at 37°C for 30 min. The hydrogels were removed
and the blood was then incubated with the collagen-
coated glass slides (two per group) for 20 min at 37°C and
then rinsed with HBS. Platelet counts per field of view at
40 x were counted under a fluorescent microscope (Zeiss
Axiovert 135, Thornwood, NY) in four randomly chosen
areas per slide.

2.6. Statistical analysis

Data sets were compared using two-tailed, unpaired
t-tests. P-values less than 0.05 were considered to be
significant.

3. Results
3.1. Polymer synthesis

Analysis of the polymers using gel permeation
chromatography confirmed that NO donors were
covalently bound to ACRL-PEG-NHS. As determined
by the ninhydrin assay, the conversion of amine groups
in the PEG-Lyss polymer to NO-nucleophile complexes
ranged from 60-80%, and over 85% of the amine groups
in PEG-DETA were converted to NO-nucleophile com-
plexes. Approximately 90% of the thiol groups in PEG-
Cys were converted to S-nitrosothiols, as measured by
Ellman’s assay.

3.2. Release kinetics

There was evidence of production of NO by PEG-
Lyss-NO hydrogels over a period of several months at
pH 7.4 (Fig. 1). The release of NO from these hydrogels at
different pH levels was also examined in order to identify
conditions where NO production can be inhibited for
storage of the material. NO release was found to be
significantly inhibited at acidic pH values (Fig. 1). PEG-
DETA-NO hydrogels were synthesized to obtain a ma-
terial with faster release kinetics. As shown in Fig. 2, these
hydrogels produced NO over a period of approximately
two days at pH 7.4, and NO release was inhibited at
pH 2. PEG-Cys-NO hydrogels were designed to provide
very rapid NO production, suitable for use in short-term
applications. These hydrogels displayed rapid release ki-
netics, with the majority of NO being produced in the
first 4 h (Fig. 3). There was significantly inhibited release
of NO from the S-nitrosocysteine hydrogels at acidic pH.
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Fig. 1. Production of NO from PEG-Lyss;-NO hydrogels at pH 7.4
(circle) and pH 3 (square) was assessed using the Griess assay. Each data
point is the mean of three samples and error bars are standard devi-
ations.
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Fig. 2. Production of NO from PEG-DETA-NO hydrogels at pH 7.4
(circle) and pH 2 (square) was assessed using the Griess assay. Each data
point is the mean of three samples and error bars are standard devi-
ations.

3.3. Smooth muscle cell proliferation

Inhibition of smooth muscle cell (SMC) proliferation
was investigated to probe possible efficacy of these ma-
terials in the prevention of restenosis. A concentration of
2 mM NO released over the course of the experiment was
chosen as the optimal NO concentration from studies
performed with a range of soluble NO donor concentra-
tions; this concentration resulted in maintenance of cell
number near the initial seeding density. At lower concen-
trations of NO (50 um-1 mm), SMC proliferation was still
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Fig. 3. Production of NO from PEG-Cys-NO hydrogels at pH 7.4
(circle) and pH 2 (square) was assessed using the Griess assay. Each data
point is the mean of three samples and error bars are standard devi-
ations.

significantly inhibited. All three hydrogel NO donors
significantly inhibited SMC growth (p < 0.0001). The
number of smooth muscle cells remained near that of the
seeding density, which ranged from 10 to 15% of the final
control cell number for all experiments (Fig. 4).

3.4. Platelet adhesion

The effect of NO release on platelet adhesion was
investigated to assess the potential of these materials
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Fig. 4. Inhibition of smooth muscle cell growth by PEG-Lys-NO,
PEG-DETA-NO, and PEG-Cys-NO hydrogels. PEG-diacrylate hy-
drogels were used as a control. The solid line represents the initial cell
seeding density. N = 3 per group, data presented are mean + SD. (*):
p < 0.0001 compared to control.

for prevention of thrombosis. Glass slides coated with
collagen were used as a thrombogenic surface to which
platelets would normally adhere. When the blood was
incubated with control PEG-diacrylate hydrogels,
69.25 + 446 (mean + SD) adherent platelets were ob-
served per field of view (40x). This number was reduced
to 7.65 + 6.16 when blood was pre-exposed to the PEG-
Cys-NO hydrogels (p < 0.0001). Fluorescence micro-
graphs of control and NO-exposed surfaces are shown
in Fig. 5.

Fig. 5. Fluorescence micrographs of platelets adherent to collagen I-coated glass after exposure to PEG-diacrylate hydrogels (A) or PEG-Cys-NO
hydrogels (B). Exposure to the NO-producing hydrogels for 30 min significantly reduced platelet adhesion to collagen I (p < 0.0001).
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4. Discussion

The current study has described the synthesis and
characterization of a new group of biomaterials that
can be photopolymerized in situ to coat tissues and
that produce NO for prolonged periods of time. We
have previously reported the use of interfacially photo-
polymerized PEG hydrogels to prevent thrombosis
and intimal thickening in rat and rabbit balloon injury
models [13,14]. The materials reported here can
be used to serve the same functions as non-thrombogenic
barriers, but also provide sustained and localized treat-
ment with NO. Based on the results of this study regard-
ing reduction of smooth muscle cell proliferation and
platelet adhesion, we expect these new materials to be
substantially more effective for the prevention of throm-
bosis and restenosis than PEG hydrogels without phar-
macological activity. These materials may have
applications in other disease states affected by NO, such
as asthma, mucosal injury, and dermal wound healing
[15-19].

Intravenous administration of NO donors such
as molsidomine and S-nitroso-N-acetylpenicillamine
(SNAP) has been shown to reduce smooth muscle
cell proliferation following animal models that re-
semble angioplasty [20,21]. However, their adminis-
tration has not been concentrated at the site of injury,
thereby introducing issues of systemic toxicity.
Synthesis of NO-producing polymers has been
previously reported [22]. These materials were fabricated
into microspheres and then incorporated into vascular
grafts to reduce thrombogenicity. The materials
that we have developed combine both pharmaco-
logical and barrier functions to prevent thrombosis
and restenosis following vascular injury. Our hydrogels
may be polymerized via interfacial photopolymerization
in direct contact with the damaged vessel to form
a thin, conformal coating on the surface of the
vessel wall [13,14]. In addition, we can easily
alter the NO release kinetics from the hydrogels by using
NO donors with different half-lives. There still
exist many uncertainties in the process of restenosis,
so varying NO donors may allow us to determine an
optimal treatment protocol for the prevention of resteno-
sis. In the current study, we have combined the mono-
acrylate NO-producing PEG derivatives with PEG-
diacrylate to allow crosslinking into hydrogels.
Biodegradable PEG-diacrylate derivatives, such as
copolymers with a-hydroxy acids [10] or proteolytically
degradable peptides [23] could be substituted to
create biodegradable hydrogels. This allows separate de-
termination of NO production kinetics and biodegrada-
tion characteristics. Flexibility in the duration of
NO release may also prove useful in the extension of
this therapy to applications other than thrombosis and
restenosis.
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