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ABSTRACT
Purpose The nanofiber-hydrogel blend containing nitric oxide
(NO) donors and reactive oxygen species (ROS) scavengers
(Edaravone: EDV) was explored as an advanced strategy for
stabilization of Mast cells (MCs) to achieve efficient immune-
suppressive effects.
Methods Three types of nanofiber hydrogel composites (Bare-
Nanofibers (BNF), Nanofiber-Hydrogels (NF-Gel) and Cross-
linked Nanofiber-Hydrogels (NF-Gel-X)), were evaluated. The
degranulation rates of MCs were determined by measurement of
the extracellular levels of hydrogen peroxide and the released
amounts of β-hexosaminidase from the activated-MCs (a-MCs).
In addition, the effects of EDV on the selective scavenging of the
oxygen radicals and prevention of peroxynitrite formation were
evaluated. The roles of a-MCs in re-endothelialization and viability
of coronary artery endothelial cells (hPCAECs) were defined using
alamar blue and LDH assay, respectively.
Results Each polymer matrix has unique morphological charac-
teristics. The effects of EDV (~1.0mM) on the production of NO
were greatly influenced by the presence of superoxide or hydrox-
yl radicals. NF-G-X containing a mixture of EDV and S-
Nitroglutathione (GSNO) produced the highest level of NO
under the oxidative stress conditions. GSNO alone or a mixture
of GSNO and EDV significantly lowered the degranulation rate of
a-MCs (GSNO only: 55.8±5.4%; GSNO with EDV: 50.6±
0.6%), indicating that NO plays an integral role in degranulation of
a-MCs. There were no significant biochemical evidences of cyto-
toxic effects of GSNO and EDV on the hPCAECs.
Conclusions Nanofibers containing a mixture of nitric oxide
donors and ROS scavengers could be used as a promising strategy
to stabilize MCs from the ROS-mediated immune responses.
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ABBREVIATIONS
a-MCs Activated-Mast Cells
c48/80 Compound 48/80
EDV Edaravone
GSNO S-Nitroglutathione
RFUs Relative fluorescent units

INTRODUCTION

An endovascular stent has been considered as one of the most
important devices in the treatment of coronary artery diseases
(CAD). There are numerous types of commercially available
endovascular stents. They are bare-metal stent (BMS),
polymeric-coated stent and drug-eluted stent (DES) (1). De-
spite considerable advancements and promising clinical out-
comes, the recent studies reported that DES has triggered
stent thrombosis in the late application stage and resulted in
a long-term failure, especially after producing stenting com-
plex lesions (2). This is due in part to the fact that anti-
proliferative agents, such as Sirolimus and Paclitaxel, loaded
in DES hindered smooth muscle cell (SMCs) migration as well
as re-endothelialization of the substrate.

Various techniques, such as micro-pored film covering,
biological membrane coating and endothelial progenitor cells
(EPCs) seeding, have been introduced to improve surface
morphology of DES and its therapeutic efficacy (3,4). Because
the diameter and area of stent surface were very small, it is
difficult to load and deliver a sufficient amount of drugs from
DES for a longer period of time. In addition, as atheroma thin
layer is exposed to luminal blood flow, the atheroma can be
degraded by monocyte adhesion, that subsequently enhances
the angioplasty inducible pressure. Recently, the stent coating
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strategy with nanofiber has been emerged as an innovative
breakthrough in interventional cardiology due to noticeable
advantages; 1) it has a porous structure that could provide a
large surface area for diffusion, rendering stents a desirable
release profile, 2) the turbulent blood flow can be intervened
with laminar flow, and 3) fibers can be designed to dissolve
over an extended period of time to maintain the effective
concentrations of loaded drugs for a desired duration (5,6).

Mast cells (MCs) play a critical role in allergic diseases, such
as ventricular fibrosis, renal fibrosis and host defense (7,8).
Antigen-mediated activation of MCs stimulated a subcellular-
signaling cascade, that expelled secretory granules including
cytokines, tryptase, chymase, hydrogen peroxide and hista-
mine, resulting in promotion of allergic responses (9). Al-
though the mechanisms behind the physiological role of
MCs in cardiovascular diseases have not been fully elucidated,
several studies have confirmed the essential role of MCs in
cardiovascular diseases (10,11). A vast majority of physiolog-
ical stimuli including reactive oxygen species (ROS) trigger the
granular decomposition of MCs, potentially reversing the
atheroprotective function into atherogenetic one (12). There-
fore, the strategies intended to stabilize MCs will improve the
immunosuppressive efficacy of coronary artery angioplasty via
maintaining viability of coronary artery endothelial cells
(hPCAECs) (10).

Reactive oxygen species (ROS) are considered as a harmful
cause of various diseases including neurodegenerative disease,
diabetes and cardiovascular disease (13). Under the physio-
logical conditions, mitochondrial electron transport chain
serves as the major source of ROS production (14). It was
reported that the accumulation of ROS at the subcellular level
disrupted the redox balance of endothelial cells, ultimately
inducing cell apoptosis and triggering the rupture of atheroma
thin layer (15). Under the hypoxic conditions, externally
induced-ROS, such as oxidized-low density lipoprotein (ox-
LDL) and hydrogen peroxide (H2O2), traversed through cel-
lular membrane of activated-mast cells (a-MCs), subsequently
disrupting ROS regulation and producing undesirable cell-
signals including over-expression of MMP-2, -9 and NF-kB
(16,17).

Nitric Oxide (NO) generated by endothelial nitric oxide
synthase (eNOS) has been considered as a crucial protective
molecule in the vasculature, that increases the blood flow,
inhibits thrombus formation, regulates smooth muscle cells
(SMCs) tone, and stimulates endothelial proliferation
(15,18,19). Even though it is still unclear whether or not
MCs derived from rat or human could generate endogenous
NO, the exogenous NO has been effective on preventing
degranulation of MCs (i.e., stabilization) (20–24). Vascular
intimal hyperplasia (VIH) was triggered by a shortage of
NO, which is often marked by low expression of eNOS (25).
Therefore, the development of a novel formulation that is
capable of sustaining the NO release seems to be a viable

option to maximize the atheroprotective efficacy of MCs and
maintain viability of coronary artery endothelial cells
(hPCAECs).

This study was aimed to explore the nanofiber-hydrogel
blend (sodium alginate) containing varying combinations of S-
Nitroglutathione (GSNO) (a NO donor) and Edaravone (a
ROS scavenger) as a novel strategy for stabilization of MCs.
Various properties of nanofiber-hydrogel composite, such as
morphological and mechanical assessments, degradation and
swelling rates, and the release profiles from nanofibers, were
characterized to optimize the loading conditions of GSNO
and Edaravone. To evaluate the effects of NO and ROS
scavengers on stability of mast cells (MCs), the degranulation
rates were determined by measuring the extracellular hydro-
gen peroxide (H2O2) levels and the released amount of β-
hexosaminidase in the activated-MCs (a-MCs). In addition,
the effects of Edaravone on the selective scavenging capacity
of the oxygen radicals and prevention of peroxynitrite forma-
tion were evaluated. The effects of a-MCs (i.e., pretreated with
hydrogen peroxide) on re-endothelialization and viability of
hPCAECs were elucidated using alamar blue and LDH assay,
respectively.

MATERIALS AND METHODS

Materials

Poly (dl-lactic-co-glycolic acid) (75:25) (PLGA) was purchased
from Lakeshore Biomaterials (Birmingham, AL). Sodium al-
ginate (SA), 4-Benzoyl-3-methyl-1-phenyl-2-pyrazolin-5-one
(Edaravone, EDV), Compound 48/80, Ampliflu Red, Perox-
idase from horseradish type II (HRP), 4-nitrophenyl N-Acetyl-
β-D-glucosaminide (p-NAG), 1,1,1,3,3,3 Hexafluoro-2-
propanol (HFIP) , Gluta th ione (GSH) , and 2–7
dichlorofluorescein diacetate (DCFH-DA) were purchased
from Sigma-Aldrich.

Human primary coronary artery endothelial cells
(hPCAECs) (PCS-100-200), rat peripheral blood derived mast
cells (RBL-2H3 or MCs), vascular cell basal medium (PCS-
100-030), eagle’s minimum essential medium (EMEM) (30–
2003) and endothelial growth kit–VEGF (PCS-100-041) were
purchased from ATCC. All other reagents and solvents were
of analytical grade.

Synthesis of S-Nitroglutathione

S-Nitroglutathione was freshly synthesized using previously
reported methods (26). Briefly, equimolar concentrations of
sodium nitrite and GSH were dissolved in 0.5 M cold HCl.
The solution was continuously stirred for 30 min at 4°C in the
dark-room for protection from UV light exposure. The solu-
tion was mixed with ice-cold acetone (20 ml) and remained
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under constant stirring for 30 min until it formed an insoluble
precipitate (pink color) that was vacuum-filtered through
0.22 μm filter. The precipitates were washed extensively with
cold pure acetone twice and cold diethyl ether once. After the
washing process, precipitates were vacuum-dried and stored
at −20°C until further use. The concentration of GSNO was
spectrophotometrically determined at the absorbance of
340 nm.

Synthesis of Nanofiber-Hydrogel

Nanofiber-Hydrogels (NF-Gel) and Bare-Nanofibers (BNF)
were produced through electrospinning techniques. The
electrospinning apparatus for cardiovascular stent coating
consists of a gamma high voltage supplier (Ormond Beach,
FL) for an electric field (15 kV), a single syringe pump (Fischer
Scientific, KS) for a constant feed rate (1.0 ml/h), a rotating
motor (Grainger, MO) for stent surface coating at 1,000 rpm
and 5 ml of syringe for electrospinning. The electrospinning
distance between a syringe tip and collector mandrel was kept
at 10 cm.

Preparation of Electrospinning Solutions

The electrospinning solution was prepared by blending a
mixture of 26% (w/v) of PLGA in HFIP, 2% (w/v) of
Edaravone (EDV) in HFIP, 2% (w/v) of GSNO in water
and 1% (w/v) of sodium alginate (SA) in water. Briefly, the
solution containing SA gel was prepared by dissolving sodium
alginate (SA) (1% (w/v)) in DI water. The continuous stirring
under mild heat was applied to dissolve the solutes. Once the
SA was fully dissolved, GSNO (2% (w/v)) were added under
continuous stirring at 4°C into the solution whose pH value
was adjusted to 8.5 using 0.25 M NaOH to protect GSNO
from being degraded under an acidic environment. The solu-
tion containing SA and GSNO was blended in a dropwise
manner into HFIP that already had 26% (w/v) of PLGA and
2% (w/v) of Edaravone. The electrospinning solution for
nanofiber-gels (NF-Gel) was stirred for 15 min until a homo-
geneous steady state was reached. The final concentrations of
polymeric solution were 13% (w/v) of PLGA, 1% (w/v) of
EDV, 1% (w/v) GSNO and 0.5% (w/v) of SA in a mixture
(1 ml) of water: HFIP (1:1 ratio).

For the BNF group, GSNO was dissolved in DI water in
the absence of SA. The DI water containing GSNO was
blended with the polymeric solution in a dropwise manner
and the rest procedures were same as described above.

Stent Coating by Electrospinning

An advanced approach to coat both inner and outer surface of
stent was previously reported (27). The process was divided
into two steps as shown in Fig. 1. First, electrospinning solution

(1 ml) was transferred into 5 ml of syringe and then nanofibers
produced by eletrospinning were deposited onto metallic wire
(16 gauge and 10 cm) covered with nylon yarn. A half of
solution was utilized for nanofibers fabricated on metallic
wire, and cardiovascular stent was carefully inserted in the
middle of deposited-nanofibers. The other half was
electrospunned under the same processing conditions as afore-
mentioned parameters. The formulations deposited onto me-
tallic mandrel were transferred into the vacuum dryer and
kept for 3 days to evaporate residual organic solvent from the
nanofiber formulations. After 7 days, nylon yarn was carefully
removed from the metallic wire, which made an enough space
for the stents to be detached from the wire. All the samples
were prepared in triplicate.

The Hardening Process of Nanofiber-Gel

NF-Gel was hardened through the crosslinking process, and
the products were assigned as NF-Gel-X. The stents coated by
NF-Gel were immersed in a micro-tube containing DI water
(1 ml) to which 2.5% (w/v) of CaCl2 was dissolved. The stents
were kept in the solution for 12 h at room temperature. After
the agitating process, the stents coated with NF-Gel were
removed from the solution and then gently dried by the air-
blow gun. It was kept in a vacuum-drying unit until the
residual solution was fully evaporated from them. The dried
formulations were immersed into PBS for 2 h to remove the
excess amount of calcium crystals, which were built up on the
surface of the formulations.

Characterization of Physicochemical Property
of the Formulations

Morphological Analysis

Morphological properties were assessed by scanning electron
microscopy (ESEM, XL 30, Hillsboro, OR). Specimens were
sputter coated with Au-Pd, and attached to aluminum stabs
with double-sided sticky carbon tape. The morphological
status was examined with Field-Emission SEM (FEG ESEM
XL30) at 5 kV accelerating voltage.

Mechanical Characteristics of Various Formulations

The mechanical properties of three different formula-
tions (i.e. BNF, NF-Gel, and NF-Gel-X) were examined
using the SSTM-5000 stress–strain analyzer (United
Calibration Corporation, CA) with a 150-lb load cell.
The samples were tightly attached to the grip of the
analyzer using cyanoacrylate adhesive (Zapit, Dental
Ventures of America, Corona, CA). A testing rate of
0.5 mm/min was applied for stress–strain measurement
at room temperature (28).
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Swelling and Degradation Rates of Various Formulations

The physicochemical properties of three different for-
mulations, such as BNF, NF-Gel and NF-Gel-X, were
characterized using the methods previously utilized in
our laboratory (29,30). The swelling and degradation
rates of formulations were examined by comparing the
water uptake capacity and biodegradability of formula-
tions. The formulations were immersed in 1 ml of PBS
with pseudo-physiological conditions as aforementioned
above and the swelling rate of nanofibers was assessed.
The moisture onto the formulations was gently removed
using kimwipes and carefully dried by the air-blowing
gun. After the weights of the swelled nanofibers were
measured, the formulations were kept in a vacuum
dryer for a week and dried weights were measured.

The swelling and degradation rates were calculated
using the following equations.

Swelling Rate %ð Þ ¼ Ww–Wdð Þ=Wd½ � � 100
Degradation Rate %ð Þ ¼ W i−Wdð Þ=W i½ � � 100

whereWi is the initial weight of polymers coated on the stent,
Ww is the weight of polymers with the absorption of water,Wd

is the weight of polymers free of residual moisture.

Evaluation of In Vitro Release Amount of Drugs

The drug release profile was spectro-photometrically
monitored under the pseudo-physical conditions. Briefly,
the formulations were immersed into the micro-tubes
with 1 ml of PBS solution (pH=7.4) and then kept in

Fig. 1 (Top) Schematic
presentation of electrospinning
solution, crosslinking of nanofibers-
sodium alginate composite and
cardiovascular stent coating.
(Bottom) Cardiovascular stent
coating under varying processing
parameters (a) high-voltage supply
(15 kV), (b) rotating motor
(1,000 rpm), (c) flow rate (1.0 ml/h)
and (d) distance between syringe tip
and rotating mandrel (10 cm).
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the incubator equipped with a continuous rotating plate
(120 rpm) at 37°C. The release media were replenished
with fresh PBS solution at pre-determined time inter-
vals. The medium was spectro-phtometrically investigat-
ed using Spetronic 20D (ThermoScientific, Waltham,
MA) (Edaravone at 240 nm and GSNO at 336 nm).
To determine the total amount of the drug initially
loaded in each stent, the drug amount left in the stent
at the end of the release study period was measured by
extracting drug from the stent through the solvent-
evaporation method. Briefly, the stent was immersed in
PBS (1 ml) containing 200 μl of acetone. The mixture
solution was probe-sonicated and kept in a vacuum
chamber to completely evaporate the organic solvent.
All the collected samples were gently filtered using the
syringe filters (0.22 μm) and analyzed for Edaravone at
a wavelength of 240 nm and for GSNO at 336 nm.

For the NO release profiles, NO produced by a
thermally-induced degradation of GSNO was quantified
using the Griess assay (29). Briefly, the formulations
(NF-Gel-X) were incubated in PBS (200 μl) under the
same conditions as described above. For the treatment
group, 600 μM H2O2 (1 μl) was applied to PBS
(200 μl) twice a day (i.e., about 3 μM each). The
samples were taken at pre-determined time intervals
for the first 4 days and then once per week for 35 days
until it reached the saturation state. The supernatant
(50 μl) was placed into 96-well Plate. 1% sulfanilamide
solution (50 μl) was added to each well and the plate
was incubated for 5 min at room temperature. Then,
0.1% NED solution (50 μl) was added to each well. The
absorbance was measured at 550 nm using the multi-
mode detector (DTX 880, Beckman Coulter) and ex-
trapolated to the concentration of NO (μM).

The Selective Scavenging Efficacy of Edaravone

The removal rate of ROS was assessed using the Fenton
reaction to determine the scavenging efficacy of EDV
(31). Various concentrations of EDV (0, 0.8, 1.2, 1.6,
2.0, 2.4 and 2.8 mM) were applied to the specific well
in the presence or absence of externally added H2O2

(400 μM) and FeSO4 (50 μM). As the equivalent vol-
umes of both solutions were mixed in 96-well plate, the
concentrations of the solutions decreased by a half
(50 μM of GSNO; 0, 0.4, 0.6, 0.8, 1.0, 1.2 and
1.4 μM of EDV). The plate was incubated for 4 h at
37°C to allow H2O2 to be fully dissociated into hydrox-
yl radicals. The Griess reagent was a homogeneous
mixture of two solutions; 0.1% of N-(1-Naphthyl)
ethylenediamine dihydrochloride (NED) dissolved in DI
water and 1% of sulfanilamide dissolved in 5% (v/v)
phosphoric acid solution.

In Vitro Cell Study

Preparation of Cell Culture

To prepare the culture medium, the basal medium was prop-
erly mixed with endothelial cell growth kit-VEGF. The sup-
plement growth kit containing rhVEGF (0.5 ng/ml), rhEGF
(5 ng/mL), rhFGF basic (5 ng/ml), rhIGF-1 (15 ng/ml), L-
glutamine (10 mM), heparin sulfate (0.75 Units/mL), hydro-
cortisone hemisuccinate (1 μg/mL), fetal bovine serum (2%)
and ascorbic acid (50 μg/mL), was thawed in the water bath
at 37°C. The medium was gently mixed with growth supple-
ments and kept in the refrigerator at 4°C. hPCAECs were
cultured in the medium under the standard cell culture con-
ditions (5% CO2 and humidified air at 37°C). For the medi-
um forMCs, EMEMwas gently mixed with 15% (v/v) of heat
inactivated fetal bovine serum (FBS) (Biowest LLC, MO).

Assessment of Nitric Oxide (NO) Amount

Nitric Oxide (NO) produced through cellular interaction with
NF-Gel-X under oxidative stresses was quantified using the
Griess assay (29). hPCAECs (10,000 cells/well) in 100 μl of the
basal medium were seeded onto electrospunned nanofibers
placed on the circular cover slip in a 96-well plate. The plate
was incubated for overnight to allow cells to firmly attach to
fiber matrix. A whole medium in the plate was transferred to
the fresh 96-well plate and each well was replenished with the
same volume (100 μl) of the media with or without 100 μM
H2O2. The plate containing the medium at each well was left
at room temperature to allow it to reach an equilibrium state.
One percent sulfanilamide solution (50 μl) was added to each
well and the plate was incubated for 5 min at room temper-
ature. Then, 0.1% NED solution (50 μl) was added to each
well. The absorbance was measured at 550 nm using the
multimode detector and extrapolated to the concentration of
NO (μM) that was recorded as the day-1 release amount. The
NO concentrations under continuous oxidative stress were
quantified every day. For the negative control, endogenous
NO from hPCAECs in the absence of any drugs or oxidative
stress was utilized.

Effects of Various Substrates on the Proliferation Rate of hPCAECs

Alamar Blue Assay was used to assess the proliferation rate of
hPCAECs cultured on such substrates as tissue culture-treated
plate (TCP) upon exposure to various formulations containing
either GSNO alone or a mixture both drugs (Edaravone and
GSNO) under the oxidative stress (Life Technology, CA) (32).

Briefly, cells (5,000 cells/well in 100 μl) were seeded onto
TCP that was incubated (generally for 24 h) until the cells
were fully fixed on the substrates. Then, the media were
removed and replenished with 9% of the Alamar Blue
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solution (200 μl). The plate was further incubated for 4 h to
allow viable cells react with the Alamar Blue agent. Themedia
(10 μl) from the plate were transferred to fresh 96-well plate,
and then the same volume of the fresh media was added to the
test plate. For the group exposed with exogenous-oxidative
stress, the assigned wells were refilled with 100 μM of H2O2

(10 μl). 10 μl each of the test medium was transferred to fresh
96-well plate already filled with the fresh media (90 μl). The
fluorescent intensity of 100 μl of the solution was measured
using the multi-reader plate (Ex: 540 nm and Em: 590 nm).
The proliferation rates were determined every other day and
the fluorescent intensities were normalized with respect to
those at day 1.

Analysis of Reactive Oxygen Species (ROS) Produced
by Activated-Mast Cells

Intra- and extracellular ROS induced by the sensitizer, the
compound 48/80 (c48/80), was analyzed using a ROS-
sensitive fluorescent dye. For the extracellular ROS genera-
tion, Amplex™ Red with horseradish peroxidase (HRP) was
utilized. Briefly, MCs (2.0×104 cells/well) in EMEM (100 μl)
were seeded onto the black 96-well plate, which was incubated
for overnight to allow cells to attach to the bottom of the plate.
After incubation, each well was gently washed with DPBS
twice. Four different concentrations (0 ng/ml as the control,
100 ng/ml, 200 ng/ml and 300 ng/ml) of c48/80 in vascular
basal media (50 μl each) were added to each well already filled
with 50 μl of working solution (4.93 ml of DPBS, 20 μl of 20U
HRP and 50 μl of 10 mM Amplex™ Red). Thus, the final
concentration of c48/80 was reduced down to a half when
both solutions were mixed.

For generation of intracellular ROS, the inter-cellular
ROS level was determined using a ROS specific fluorescent
dye (DCFH-DA). MCs (2.0×104 cells/well) in 100 μl of
EMEM was seeded onto the black 96-well plate and incubat-
ed for overnight. The residual media were removed and
25 mM DCFH-DA solution (100 μl) equivalent to the subcel-
lular level concentration was added to each well. The plate
was incubated for 35 min to allow the dye to pass through the
cellular membrane. Then, the dye solutions were removed
and the plates were mildly washed once using DPBS. Four
different concentrations of c48/80 (0 ng/ml as the control, 50,
100 and 150 ng/ml) were added to the plate.

Both plates were read using the multi-reader plate at
predetermined time intervals: 5 min, 15 min, 30 min, 1 h,
6 h, 10 h, 15 h and 24 h (for Amplex™ Red, Ex: 530 nm and
Em: 590 nm; For DCFH-DA, Ex: 485 nm and Em: 535 nm).
The relative ROS levels were calculated based on the fluores-
cent intensities and expressed as the ratio between two read-
ings (the reading at the specific time and the reading at 0 min)
(i.e., Relative ROS Levels = the fluorescent reading at pre-
determined time intervals divided by the fluorescent reading

from the first reading (0 min)). The ratio is utilized to describe
the changes in the ROS levels from the initial value.

Assessment of Degranulation of Sensitized-Mast Cells (MCs)

The MCs were seeded on the 24-well plates (3.0×104 cells/
well), that were further incubated for 24 h to allow cells to
attach to the bottom of the plates. Once the cells were conflu-
ent, the medium was replaced with the basal medium con-
taining 150 ng/ml of c48/80. The degranulation rate of
activated-mast cells was assessed using the activity of β-
hexosaminidase, a granule-stored enzyme secreted into the
cell supernatant (9). The aliquots (10 μl) of each sample were
taken from 24-well plate at predetermined time intervals (1,
10, and 24 h) and then transferred into the fresh 96-well plate
already containing an equal amount of 1 mM of p-NAG. The
96-well plate was incubated at 37°C for 1 h, and 250 μl of
Na2CO3/NaHCO3 were added into each well. The absor-
bance was read at 400 nm using a multimode detector. To
quantify the total amount of β-hexosaminidase in cells, the
following procedure was performed. In brief, 2% Triton
X-100 (10 μl) was added to lyse cells. After 20 min, the
medium containing cell debris was centrifuged at 9,000 rpm
for 2 min. The aliquots (10 μl) of lysate solution were sampled
to measure the total amount of β-hexosaminidase (i.e., consid-
ered as 100% degranulation). The released amount in the
supernatant was calculated and expressed as the percentage
value (%), as the amount of β-hexosaminidase in the superna-
tant was divided by the total amount of β-hexosaminidase in
the lysate solution.

Evaluation of Cytotoxicity of Sensitized-MCs on hPCAECs

To evaluate cytotoxicity of activated-MCs on hPCAECs,
LDH assay (CytoTox-ONE™ Homogeneous Membrane In-
tegrity Assay, Promega Co.) was performed on the transwell
co-culture system as depicted in Fig. 2. Briefly, hPCAECs
(1.0×105 cells/well) in the basal media (1 ml) were seeded
onto electrospunned nanofibers placed on circular cover slip
(18mm circles, VWRScientific) in a 12-well plate.MCs (3.0×
104 cells/well) in 500 μl of EMEM were seeded onto 12 mm
transwell inserts (0.4 μm pore polycarbonate membrane,
Corning) and transferred into 12-well plate containing 1 ml
of EMEM. Both 12-well plate containing hPCAECs and
transwell inserted-12-well plate containing MCs were incu-
bated separately overnight to allow the cells to attach to the
bottom of the plate. Once both cells were confluent, the
medium was removed and the insertions containing MCs
were combined with 12-well plate in which hPCAECs were
confluent. MCs were sensitized using c48/80 (150 ng/ml in
the basal media).

The plate of the co-culture system was incubated for 48 h
under the standard culture condition. Each medium (100 μl)
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from the insertion wells and bottom wells was transferred into
the fresh 96-well plate at pre-determined time intervals (24 h
and 48 h incubation), that was subsequently mixed with LDH
reagent. The same amount of the mediumwas refilled into the
wells. The fluorescent intensity (Ex: 560 nm, Em: 590 nm) of
the 96-well plate was read using the multimode detector.

For the assessment of the inhibitory efficacy of degranula-
tion by exogenous NO, the β-hexosaminidase levels in the
media (10 μl) from the insertion wells were determined at pre-
determined time intervals.

Statistical Analysis

Data were presented as mean ± standard deviation (SD).
Independent t-test was used to compare the means of two
independent samples. P value was determined using SPSS
software (SPSS, Chicago, IL) and P values of less than 0.05
were reported as statistically significant. All experiments were
conducted in triplicate and repeated at least three times.

RESULTS AND DISCUSSION

Preparation of Cardiovascular Stent-Coated
by Nanofiber-Hydrogel

Nanofiber-hydrogel composites produced by electrospinning
technique were evaluated for the surface coating efficacy of
the cardiovascular stent (Fig. 1). As described in Table I, three
different coating groups were applied onto metallic substrates.
Each group has unique characteristics including different
morphologies and varying amounts of incorporated drugs in
the polymer matrix. The weight amount of polymer matrix
coated on the external/internal sides of NF-Gel stent was
greater than that of BNF (3.53±0.6 mg for BNF and 4.38±

0.13 mg for NF-Gel). It was previously demonstrated that the
electrospinnability increased, as the concentration of HFIP
decreased in the co-solvent system. The enhancement of the
matrix mass per stent may be due to higher viscosity of the co-
solvent system (water: HFIP, 50:50), leading to enhanced
electrospinnability and subsequently resulting in the greater
amount of polymeric matrix per stent (i.e., higher than the
compositional ratio).

It was found that there was a significant loss of GSNO in
NF-Gel-X during the hardening process, whereas there was
no significant loss of EDV. NF-Gel immersed in the CaCl2
solution for the crosslinking process may cause GSNO, a
hydrophilic compound, to be partially degraded in nanofi-
bers. In addition, the weight amount of cross-linked NF-Gel-
X was greater than NF-Gel due to the absorption of calcium
(Ca++) to sodium alginate.

Morphological Assessment of Nanofiber Formulations

The morphology of nanofiber formulations was assessed using
SEM analysis to determine the structural variation of nanofi-
bers. As shown in Fig. 3b and Table I, the mean diameter
distribution of three nanofiber formulations (i.e., BNF, NF-Gel
and NF-G-X) ranged from 200 nm to 1.1 μm that was
significantly affected by the amount of sodium alginate during
the blending process. The mean diameter of cross-linked
alginate gel (1097.5±417.2 nm for NF-G-X) was greater than
both BNF and NF-Gel (329.17±193.7 nm for NF-Gel), be-
cause the connection of alginate with Ca++ ions occurred at
the outer layer of nanofibers that was confirmed by the mag-
nified images (Fig. 3c). As compared to BNF and NF-Gel (left
and middle in Fig. 3c), the space denoted by star markers
within NF-G-X was narrow and compact. It was concluded
that the blending process greatly affected the morphology of

GSNO -> NOEdaravone

:Activated-Mast Cells(A-MCs) 

: Inflammatory Cytokines

:Reactive Oxygen Species 

: Degranulationof A-MCs 

: Nanofiber Substrate

: Endothelial Cells (hPCAECs)

Fig. 2 Schematic presentation of
the transwell-insertion.
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the nanofiber and the crosslinking process generated the bulky
but a tighter and compact space within nanofibers.

Mechanical Properties of Nanofiber Formulations

For the assessment of physicochemical properties, the elonga-
tion, degradation, and swelling rates were examined using the
previously utilized methods (19,33). Because cardiovascular
stent needs to be expanded during the angioplasty process, the
elongation rate of nanofibers was measured as a compulsory
property. As shown in Fig. 4, the elongation rates of nanofi-
bers blended with sodium alginate (NF-Gel and NF-Gel-X)
were much greater than those of PLGA-nanofibers (BNF)
(Fig. 4a). Once sodium alginate was bound with Ca++ ions,
the elongation rate of NF-Gel-X was reduced, but was still
greater than that of BNF.

Evaluation of Physicochemical Properties of Various
Formulations

To further elucidate the changes in physicochemical proper-
ties induced by the blending process with sodium alginate, the
degradation and swelling rates of those formulations were
determined. As shown in Fig. 4b and c, the crosslinking
process enhanced the degradation rate of all formulation
types, and the degradation profile reached an equilibrium
status in about 14 days. It was reported that the dissolution
of the alginate nanofibers cross-linked with bivalent metal
ions, such as Ca++, Ba++ or Sr++, occurred as a result of the
exchange between Na+ ions and Ca++ ions that formed salt
bridges (34,35). NF-Gel-X group showed the fast degradation
rate in the first 2 weeks. However, in biological system, the ion
exchange rate is maintained at a lower level than those in the
PBS, so the intercalated Ca++ within alginate chains
remained stable for the extended period of time. Subsequent-
ly, NF-Gel-X can maintain integrity of polymeric fiber for a
prolonged time period. Although the removal of deposited
calcium was attempted, it may be possible that there was a
trace amount of calcium crystal remained in the surface of

nanofibers that may have a direct impact on the degradation
rate. Thus, it is integral to thoroughly remove the calcium
through the proper procedure.

It was found that the swelling rate for the formulations
composited with hydrogel during the incubation for 1 day
was faster than that for BNF group (4.9±1.2% for BNF, 18.5
±4.9% for NF-Gel and 14.6±1.5% for NF-Gel-X). However,
there were no significant differences in the swelling rates
between BNF, NF-Gel andNF-Gel-X for 5 weeks. Nanofibers
of NF-Gel and NF-Gel-X prepared using the blending tech-
niques (i.e., the composites of PLGA and SA) may yield the
enhanced therapeutic efficacy via increased elongation rates in
the blood vessels when they are applied to angioplasty surgery.

In Vitro Release Profiles of Loaded Drugs

The drug release studies were performed over a period of
35 days under the pseudo-physiological conditions. The cu-
mulative released profiles of a ROS scavenger (Edaravone,
EDV) and a NO donor drug (GSNO) from the formulations
of BNF, NF-Gel and NF-G-X were compared in Fig. 5.

EDV from the formulations showed greater sustained re-
lease pattern over a period of 5 weeks. There was a burst
release of EDV for the first day in the release profiles that
gradually reached a plateau. In addition, the composition of
the formulations significantly affected the cumulative released
amount of EDV. For NF-Gel, the released amount up to
35 days was 21.5±1.1%, that was significantly smaller than
that of BNF (36.1±4.3% at 35 days) (p<0.05, n=3). Although
an initial loss of EDV from NF-G-X during the crosslinking
process was still observed (Table I), its release rates were
significantly slowed as compared to those of both BNF and
NF-Gel (5.7±0.2%, p<0.01, n=3). The intercalated-SA
caused EDV to be stabilized and remained intact for the
extended period of time, yielding its sustained release profiles
from nanofiber-based matrix. The outer layer of NF-G-X
composed of sodium alginate-gel prevents EDV from being
directly exposed to the environmental solution, thus
protecting them for a longer period of time.

Table I Characterization of Various Test Formulations

Amount of loaded-drug per stent (μg) Amount of polymeric matrix
per stent (mg)

Diameter distribution (nm)

Edaravone GSNO

Bare-NFa 137.7±6.6 182.3±19.8 3.53±0.6 198.54±66.1

NF-Gelb 154.3±2.7 185.9±8.9 4.38±0.13 329.17±193.7

NF-Gel-Xc 143.6±7.2 125.4±12.4 4.62±0.1 1097.5±417.2

Data are shown with Mean ± S.D. (n=3)
a 13% (w/v) of PLGA
b 13% (w/v) of PLGA + 0.5% (w/v) of sodium alginate (SA)
cNF-G-X represents the formulation of cross-linked NF-Gel
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The release profiles of NO donors (GSNO), a hydrophilic
compound, were further assessed for the characterization of
nanofibers blended with alginate hydrogel. As shown in
Fig. 5b, it was found that almost 50% of GSNOwere released
from BNF in 3 days, whereas the sodium alginate blended

formulations (NF-Gel) displayed a significantly sustained re-
lease profile of GSNO, taking a week to release 50% of the
total amount of initially loaded GSNO. The release rate of
GSNO from NF-G-X showed a similar pattern to those from
both BNF and NF-Gel for the first day of incubation, but,
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Fig. 3 Morphological characteristics of various nanofibers consisting of Poly (dl-lactic-co-glycolic acid) (75:25) (PLGA) and Sodium Alginate (SA). (a) SEM results of
stent- surface coated with nanofiber. Top, the side view of stent. Bottom, the magnified-side view of stent.White arrow point to metallic struts. (b) SEM images of
three nanofiber formulations. Top: Bare-Nanofibers (BNF), Poly (dl-lactic-co-glycolic acid) (75:25) (PLGA) only;Middle: NF-Gel, PLGA blended with SA; Bottom:
NF-G-X. (c) Magnified-SEM images. Left: BNF;Middle: NF-Gel; Right: NF-G-X. Double-head arrow indicated the space between nanofibers (BNF and NF-Gel).
Marks on NF-G-X point out the shrinkage of space after the crosslinking process.
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after that point, the release rate of GSNO from NF-G-X was
much slower than those from both BNF and NF-Gel groups.
These results support that the release rates of loaded drugs
from nanofibers can be slowed down by being blended with
hydrogel and the subsequent crosslinking process.

Effects of ROS on Production of NO

The scavenging efficacy of Edaravone (EDV) was evaluated
by assessing the changes in the amount of NO in the system.
The assessment of NOx (any degraded products of nitric oxide
metabolites such as NO2 or NO3) by the Griess assay has

accurately reflected the nitric oxide production (36,37). It was
found that the amount of NO produced in the system de-
creased, as the concentration of EDV increased, indicating
that the amounts of NO were significantly affected by the
oxidative stress imposed on the experimental system.

As shown in Fig. 6a, EDV treatments (~1.0 mM) had a
significant impact on changes in the NO concentrations under
the oxidative stress. The effects of EDV on the production of
NO were greatly influenced by the presence of superoxide or
hydroxyl radicals in the system. It was shown that theNO level
significantly decreased in the absence of oxidative stress, that is
in accord with previous reports including suppression of the
NOx levels in neonatal hypoxic/ischemic brain damage by
EDV (36). The scavenging activity of EDV was potent and
highly selective to superoxide or hydroxyl radicals (37).
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As shown in Fig. 6b, it was found that the NO level under
the continuous oxidative stress was higher than that without
oxidative stress. The significant difference in the NO concen-
tration levels during the entire treatment period of 35 days
indicated that NO donor-eluted stent could overcome endog-
enous oxidative stresses produced by a-MCs or oxidized-low
density lipoprotein (ox-LDL) in atherosclerosis lesion. It is
highly likely that the high level of NO suppresses the forma-
tion of peroxynitrite (ONOO-) (via consuming oxygen) that
has been considered as strong radicals and has negative effects

on vascular endothelial cells. Therefore, co-administration of
a radical scavenger (i.e., EDV) appears to be a promising
strategy to reduce the ROS-mediated immune responses.

The concentration of NO produced via interaction be-
tween hPCAECs and NF-G-X for a week was assessed and
compared with the negative control group as a baseline,
because NO could be inherently produced by hPCAECs. As
shown in Fig. 6c, NF-G-X containing EDV andGSNOunder
conditions of oxidative stress induced by exogenous com-
pounds produced the higher level of NO than the negative
control group, indicating that EDV could capture oxygen
radicals and maintained higher viability. Furthermore, it was
demonstrated that the production of NO from NF-G-X con-
taining only EDV (without GSNO) under oxidative stress
conditions was similar to that from the negative control. The
concentrations of NO from NF-G-X containing both drugs
(EDV and GSNO) under no oxidative stress conditions
showed a similar pattern to that under oxidative stress condi-
tions. ROS could trigger the production of peroxynitrite in the
presence of NO that stimulated the apoptosis of vascular
endothelial cells. However, when the radical scavenger
(EDV) was co-administered, the level of ROS decreased,
because EDV could scavenge both oxygen and peroxynitrite
radicals.

Proliferation of hPCAECs on Various Substrates

The effects of various substrates on the proliferation rate of
hPCAECs were evaluated using Alamar Blue assay. The
fluorescent unit measured on the first day was utilized to
normalize the fluorescent data analysis. As shown in Fig. 7,
the amount of NO released from NF-G-X containing GSNO
significantly enhanced the proliferation rate of hPCAECs as
compared to those from NF-G-X without GSNO (p<0.01 at
3, 5, and 7 day). Because the formulations had no scavenger
(i.e., EDV) in them, an increase in NO concentration could
trigger rapid re-endothelialization on hPCAECs.

The study on the effects of drugs (a: EDV and GSNO
combination) on the proliferation rate of hPCAECs analyzed
by fluorescent units (RFUs) demonstrated that the oxidative
stress has a major impact on the proliferation rate (p<0.01 at 3
and 5 day, p<0.05 at 7 day), indicating that NO derived by
GSNO could ac t a s a ca ta ly s t to enhance re -
endothelialization. Because the concentration of NO was
lowered by the radical scavenger in the absence of oxidative
stress, the display pattern of the RFUs was similar to that of
NF-G-X without GSNO. On the other hand, the prolifera-
tion rate of NF-G-X containing a mixture of GSNO and
EDV under oxidative stress yielded rapid endothelialization.
Thus, nanofibers incorporated with a mixture of EDV and
GSNO seem to be a suitable platform for coating the surface
of endovascular stent, accomplishing rapid endothelialization
of cells migration onto stent surface.
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Assessment of ROS Production by Activated Mast Cells
(a-MCs)

The amounts of intracellular and extracellular ROS produced
by activated mast cells (a-MCs) were evaluated using the
previously reported method (38,39). Mast cells (MCs) were
activated using varying concentrations (0, 50, 100 and
150 ng/ml) of the compound 48/80 (c48/80).

For the assessment of intracellular responses to oxidative
stress, fluorescent intensity of oxidized-DCF was measured
using the multi-reader plate at predetermined time intervals.
As shown in Fig. 8a, the level of oxidized-DCF was signifi-
cantly greater than that of the control. It was also demonstrat-
ed that the ROS levels analyzed based on fluorescent intensity
at the subcellular level during 1 h incubation of all treatments
were greater than the initial reading by about 2 folds. As the
concentration of c48/80 increased, the fluorescent intensity
also increased after 1 h and reached a plateau after 10 h
treatment. In all treatment groups, the levels after 10 h treat-
ment were greater than the initial reading by about 3 folds,
whereas it was greater than the initial reading by about 2.5
folds in the control group.

The amount of hydrogen peroxide (H2O2; ROS) generat-
ed by a-MCs upon exposure to c48/80 (150 ng/ml) was
measured using Amplex™ Red reagent (Fig. 8b). There were
no significant changes in the amount of H2O2 until incubation
for 3 h, however, since then the fluorescent intensities
reflecting the amount of H2O2 of the treatments groups
continuously increased, as the c48/80 concentration in-
creased. The amounts of H2O2 of the treatment groups were
significantly greater than the control group after 6 h incuba-
tion. The amounts of H2O2 from the treatment groups with
100 and 150 ng/ml for 27 h were greater than those from the
control by about 4 and 5 folds, respectively.

In addition, the fluorescent images taken by fluorescent
microscopy (Leica DMI 3000D, IL) displayed the enhanced
bright field inside cells as shown in Fig. 9. Since the treatment
with 150 ng/ml showed the highest enhancement of oxidative

stress, the concentration of 150 ng/ml was chosen for further
studies. The intensity of the bright fields marked by white

Fig. 7 Effects of a mixture of
GSNO and Edaravone on the re-
endothelialization rates of
hPCAECs. (a and β indicates
significant differences between two
groups at p<0.05 and p<0.01,
respectively, n=3).
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arrows in the treatment group for 10 h incubation is similar to
that for 24 h. For the control groups, it was difficult to detect
the bright field throughout the incubation period.

The oxygen radicals released from the degranulated mast
cells were converted to H2O2 by SOD present in the
degranulated mast cells (15). It was observed that the level of
H2O2 in the extracellular medium increased, as the intracel-
lular level of H2O2 increased. After incubation for 15 h, the
degranulation of a-MCs was observed and various
byproducts, such as inflammatory cytokines and histamine,

were released from them. Therefore, the stabilization of a-
MCs seems to be a key factor to the successful application of
angioplasty.

Effects of the Compound48/80 on Degranulation
of MCs

Degranulation of a-MCs was monitored with the release
profiles of two different mediators, granule-associated β-
hexosaminidase and histamine. A significant discrepancy

Fig. 9 The endogenous ROS level
activated by c48/80 (150 ng/ml) and
traced by DCF-DA dye. White
arrows point to bright fields exerted
by the interaction between DCF-
DA and ROS. All scale bars indicate
100 μm.
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in degradation outcome was previously reported mainly due
to the fact that the fluorometric assay has not been selective for
histamine alone, but reacted with other amines to give fluo-
rescent adducts (40). MCs appeared to be a reliable model to
study IgE-mediated degranulation of secretory cells,
exhibiting a bell-shaped dose–response curve as a function of
anti-DNP IgE concentration (41).

To evaluate the exocytic response of MCs stimulated by
c48/80, the amount of β-hexosaminidase released into the
supernatant was quantified at pre-determined time intervals
(1, 10, and 24 h) (9). As shown in Fig. 10, the level of β-
hexosaminidase gradually increased as a function of time.
However, for the control group, no changes in the degranu-
lation rate were observed during the same period. The de-
granulation rate at 24 h (45.8±4.5%) in the testing group was
significantly greater than that in the control group (8.9±0.7%,
p<0.05 (n=3)).

Effects of Exogenous Nitric Oxide (NO) and ROS
Scavengers on Sensitized MCs

The efficacy of a mixture of NO donors and ROS scavengers
on degranulation of a-MCs and viability of hPCAECs were
investigated using alamar blue and LDH assay, respectively.
As shown in Fig. 11a, there were no significant cytotoxic
effects of GSNO and Edaravone on the viability of hPCAECs.
The compound 48/80 (c48/80), a sensitizer to induce ROS,
at all tested concentrations didn’t affect the viability of a-MCs
(Fig. 11b). The results of this study were closely correlated with
previous findings, in which the degranulation of mast cells
were accelerated without affecting the viability of MCs, when
MCs were activated by Ag+ (42).

Fig. 10 The β-Hexosaminidase level assessed for exocytosis of mast cells
induced by compound 48/80 (** denotes statistically significant difference at
p<0.01 compared to the control group, n=3).

a b

c d

Fig. 11 Effects of a mixture of
GSNO and Edaravone on the
viability of hPCAECs (a) The viability
of hPCAECs at different
concentrations of GSNO and
Edaravone (b) the viability of a-MCs
against the exocytic substances for
24 h and 48 h (c) the cytotoxic
effects of ROS on the viability of
hPCAECs. (d) The β-
Hexosaminidase level of activated-
mast cells in the presence or
absence of Edaravone and GSNO
for 24 h and 48 h incubation. (* and
** indicated a significant difference at
p<0.05 and p<0.01 compared to
the negative control group at 48 h,
respectively, n=3).

2476 Oh and Lee



It was reported that the exocytic substances containing
cytokine secretion and hydrogen peroxide by a-MCs played
an essential role in the viability of hPCAECs (43). As shown in
Fig. 11c, the control group (hPCAECs without any drug
treatments) showed the lowest viability of hPCAECs owing
to the degranulation of a-MCs (80.5±7.2% for 24 h incuba-
tion and 56.7±10.1% for 48 h incubation by a-MCs). EDV
applied to the system had no significant effects on the viability
of hPCAECs (73.6±6.7% for 24 h and 60.9±1.9% for 48 h
incubation). However, both GSNO group and the group
containing a combination of GSNO and EDV significantly
enhanced the viability of hPCAECs after incubation for 48 h
(73.7±1.3% and 76.5±5.4%, respectively) mainly due to the
stabilization of a-MCs by exogenously delivered NO from the
exocytic substances. As shown in Figs. 6 and 11c, the efficacy
of EDV onMCs stabilization decreased, as the level of NO in
the system decreased, subsequently enhancing the cytotoxic
response of hPCAECs.

To evaluate the inhibitory efficacy of exogenously
delivered NO on the degranulation of MCs, the β-
hexosaminidase levels were measured from MCs loaded
in transwell as designed in Fig. 2. Although it is still in
dispute whether or not mast cells produce NO, it was
previously demonstrated that mast cell degranulation
was inhibited by exogenous NO (20,44). The exocytic
expression of a-MCs increased as incubation time in-
creases (% of β-hexosaminidase, 41.3±6.2% for 24 h
and 67.8±3.7% for 48 h incubation). The degranula-
tion rate reflected by the amount of β-hexosaminidase
decreased, as a-MCs were treated with either GSNO or
a mixture of GSNO and EDV. For the EDV treatment
group, the amount of β-hexosaminidase remained
constant.

GSNO alone or a mixture of GSNO and EDV significant-
ly lowered the degranulation rate of a-MCs (GSNO only:
55.8±5.4%; GSNO with EDV: 50.6±0.6%), indicating that
NO plays a major role in degranulation of a-MCs (Fig. 11c
and d). The efficacy of a combinatory approach of GSNOand
EDV on the ROS-mediated immune responses from
activated-MCs was validated by demonstrating the balance
between NO and ROS, stabilizing the atherosclerosis lesion,
and enhancing the viability of hPCAECs.

It is noteworthy that as in the early days of the fiber-based
stent, however, enthusiasm for these techniques needs to be
supplemented by apprehension of potential risks, the extent of
which has not been identified. Moreover, it should be inves-
tigated that endothelial progenitor cells or bone-marrow de-
rived stem cells are effectively migrated onto the nanofiber
substrates against blood flow. Therefore, the development of
culture systems that allow stem cells to proliferate and survive
as stem cells with no potential side effects should be a prereq-
uisite for extensively application of the fiber-based stent to the
treatment of CAD.

CONCLUSION

Nanofiber having an utmost porous structure could provide a
large surface area for diffusion, rendering stents a desirable
release profile. Advanced cardiovascular stent coated with
nanofiber containing a mixture of nitric oxide donors and
ROS scavengers could be used as a promising strategy to
protect mast cells (MCs) from the ROS-mediated immune
response. This approach will ensure the viability of vascular
lining against the degranulation of activated-MCs, thus pro-
viding a novel method to protect the atherosclerosis lesion and
progress of CAD. The enormous feasibility of this approach
has been demonstrated, and it can be anticipated that these
techniques will be adapted in numerous clinical trials in the
near future.
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