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ABSTRACT: Many common wound healing aids are created
from biodegradable polymeric materials. Often, these materials
are unable to induce complete healing in wounds because
of their failure to prevent infection and promote cell growth.
This study reports the development of therapeutic materials
aimed at overcoming these limitations through the release of a
naturally occurring antimicrobial agent from a porous, poly-
meric fiber scaffold. The antimicrobial character was achieved
through the release of nitric oxide (NO) while the porous structure was fabricated through electrospinning polymers into
nanofibers. Three variations of the polymer poly(lactic-co-glycolic-co-hydroxymethyl propionic acid) (PLGH) modified to
include thiol and NO groups were investigated. Fibers of the modified polymers exhibited smooth, bead free morphologies with
diameters averaging between 200 and 410 nm. These fibers were deposited in a random manner to create a highly porous fibrous
scaffold. The fibers were found to release NO under physiological pH and temperature and have the capacity to release 0.026 to
0.280 mmol NO g−1. The materials maintained their fibrous morphological structure after this exposure to aqueous conditions.
The sustained morphological stability of the fiber structure coupled to their extended NO release gives these materials great
potential for use in wound healing materials.
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■ INTRODUCTION
Wounds caused by traumatic injury or disease often require
medical interventions for proper healing to occur since the
natural biochemical processes, required to restore function, are
disrupted.1 As such, artificial materials exhibiting therapeutic
action are often applied to chronic wounds in an attempt to
facilitate healing.2 However, current materials often fail to pre-
vent infection and promote cell growth, which leads to further
complications.3,4 An ideal material for wound care would (1)
prevent infection at the wound site and (2) support cell growth
by mimicking the natural extracellular matrix (ECM) on which
cells move and grow.
Today’s advanced wound care materials are designed to

contain antimicrobial agents to prevent bacterial adhesion at
the wound site in order to avoid infection. Common agents
incorporated into wound care devices include antibiotics or
other antimicrobial agents such as the antibiotic cefazolin5 or
silver.6 More recently, materials have been tailored with cell
lytic enzymes to target specific bacteria.7 However, antibiotic
resistant bacterial strains are becoming more common and
the effectiveness of any one antibiotic toward treating multiple
strains of bacteria remains a serious health concern.

Previous research has demonstrated that materials capable
of releasing predictable levels of nitric oxide (NO), a naturally
occurring biological molecule, could be capable of preventing
and treating several infection causing pathogens.8−10 Compared
to other common antimicrobial agents, NO is appealing since it
functions to prevent bacterial adhesion through a variety of
mechanisms. Nitric oxide induces membrane damage and DNA
deamination in bacterial cells while remaining noncytotoxic to
normal human skin cells. Because of these varied mechanisms
of action, wound treatments employing NO may be less likely
to develop bacterial resistance. In addition, unlike many anti-
biotics, NO has proven effective at killing multiple disease-
causing bacterial strains, making it a broad spectrum anti-
microbial agent.9,11,12

Not only does NO provide protection from infection, it also
plays a significant role in numerous biological functions,
including modulating hemostasis, reducing inflammation,13 and
promoting the healing of the skin.14 As such, several groups
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have reported the development of NO releasing polymers for
medical applications.15−20 The incorporation of NO into
wound healing materials is also beneficial as NO helps to
promote collagen deposition, a key factor in natural wound
repair. As the wound healing process occurs over a period of
days, prolonged release of NO is desirable for promoting
antimicrobial effects as the initial biological activities aimed to
rid the wound of bacteria take place during the first two days
of the normal wound healing process,21,22 and potentially
longer in the case of chronic wound situations. Toward this
end, storing NO in a polymeric scaffold could provide the
ideal route for safe storage and ideal delivery of NO in medical
applications.
The structure of the polymeric material used to deliver NO is

crucial to the functioning of the device, and must therefore be
tailored with the goal of promoting cell growth and proliferation,
as well as releasing therapeutic amounts of NO. Electrospun
nanofibers have been extensively studied as versatile biomedical
device materials, including those involved in wound healing. This
is due to their increased surface area, tunable mechanical
properties, and ability to mimic the ECM.23,24 In particular, these
properties serve to increase proliferation and movement of cells
from the outer edges to the center of the wound. Although not
used clinically, several natural and synthetic polymer formula-
tions have been developed into nanofibers and investigated
as materials to aid in the repair and healing of skin.25−27 These
studies demonstrate the promise biodegradable electrospun
polymer materials have in supporting cell growth and
accelerating the wound healing process. Others have shown
that electrospun blends of poly-L-lactide (PLLA) and poly(D,L)-
lactide-co-glycolide (PLGA) allow complete cell migration into
the scaffold material during wound healing25 and electrospun
fibers consisting of a blends of PLGA and collagen accelerate
early stage wound healing.27

The incorporation of NO release capability into a bio-
degradable nanofibrous scaffold would provide a 2-fold healing
potential and have significant advantages over current material
platforms. Tailored NO release would provide a natural
therapeutic toward adverse bacterial responses whereas the fibrous
matrix would mimic the natural ECM and serve to support cell
attachment. Previous works on NO releasing fibers developed
from polymers blended with NO donors have been reported.
Coneski et al. developed microfibers by blending PROLI/NO
with polymer solutions of Tecoflex polyurethane and poly(vinyl
chloride).28 Lopez-Jaramillo et al. developed a multilayer NO
releasing transdermal patch where NO (generated from
acidified nitrite with ascorbic acid) was encapsulated in
Tecophilic polymer nanofibers.29 In both of these cases, the

fibers created were biostable. Others have reported the
development of degradable NO releasing nanofibers.30,31

While NO release has been demonstrated from these materials,
the NO release rates are rapid or not well characterized.
However, by using blended NO donors, chances of donor
leaching are a serious concern toward the biomedical
application of these materials. Consequently a stable incorpo-
ration of the NO donor as well as its specificity and controlled
release capability are ideal requirements. As such, it would be
beneficial to have a stable and prolonged NO release to provide
a long-term therapeutic effect.
Herein, we examine an electrospinning process developed to

prepare NO releasing nanofibers with prolonged NO relesase
from variations of thiol-derivatized poly(lactic-co-glycolic-co-
hydroxymethyl propionic acid) (PLGH) functionalized to
incorporate NO onto the polymer backbone. The morphology
of the fibers, NO release characteristics, and effects of short-
term aqueous exposure to the morphology of the fibers were
evaluated. Finally, preliminary studies investigating the
antibacterial efficacy resulting from these materials will be
presented. Taken together, this work describes the develop-
ment of a series of novel electrospun NO releasing materials
that have both the requisite morphologies and controllable NO
release properties that could be ultimately used to promote
wound healing.

■ EXPERIMENTAL SECTION
Materials. N,N′-dimethylformamide (DMF) and phosphate buf-

fered saline (PBS) were purchased from EMD chemicals (Gibbstown,
NJ, U.S.A.), and tertahydrofuran (THF) was purchased from
Mallinckrodt chemicals (Phillipsburg, NJ, U.S.A.). N-hydroxysuccini-
mide (NHS) and t-butyl nitrite were purchased from Acros Organics
(Morris Plains, NJ, U.S.A.). All other chemicals were procured from
Sigma-Aldrich (St. Louis, MO, U.S.A.) and used as received.

Methods. Polymer Synthesis. Thiolated and S-nitrosated PLGH
derivatives were prepared in house following our early reported
procedure32 illustrated in Figure 1. In brief, a carboxyl functionalized
polymer backbone (PLGH) was prepared by a ring-opening melt
polymerization of L-lactide (LA, 85% w/w) and glycolide (GL, 10%
w/w) with 2,2′-bis(hydroxymethyl propionic acid) (HMPA, 5% w/w)
using stannous octoate as the catalyst. The pendant carboxyl groups
were modified to thiol terminals (2) by covalently conjugating a
number of aminothiol derivatives such as cysteamine, cysteine and
homocysteine through amide linkages using 1-ethyl-3-(3-dimethyla-
minopropyl) carbodiimide hydrochloride (EDC.HCl) and N-hydrox-
ysuccinimide (NHS) in anhydrous DMF. The pendent thiol terminals
were nitrosated with t-butyl nitrite (pretreated with 10% w/v EDTA
disodium salt) using a mixture of dichloromethane:methanol (1:2)
to yield the corresponding S-nitrosated polymer derivatives (3). The
S-nitrosation was performed in an EPA-certified amber vial, free of

Figure 1. Scheme illustrating the sysnthesis of S-nitrosated PLGH derivatives (i) NHS, EDC, NH2-R-SH and (ii) t-butyl nitrite, DCM:CH3OH
(1:2).
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metal ion contaminants that could result in premature S-nitrosothiol
decomposition. The structural and morphological properties of all the
intermediate and finished products were extensively characterized
using 1H NMR, FTIR-ATR, GPC, DSC, TGA, and SAXS, and
reported previously.32 Thiol content of the thiolated derivatives was
calculated by integrating proton intensities from the 1H NMR
spectrum of the respective thiol derivatives as reported previously.32

Electrospinning. PLGH, its thiolated derivatives, and the
S-nitrosated derivatives were dissolved in a 75:25 w/w mixture of
THF and DMF to obtain 10 to 40 w/w% solutions. Each polymer
solution was drawn into nanofibers by a modified electrospinning
process reported previously.5 A 1 mL syringe with a 22 G blunt tip
needle was loaded with polymer solution and inserted into a variable
speed syringe pump (Kent Scientific Corp., Torrington, CT, U.S.A.)
with a flow rate of 0.2 mL h−1. Various potentials were applied via a
high-voltage power supply (Gamma High Voltage Research, Ormond
Beach, FL, U.S.A.). Fibers were collected on glass slides attached to
a grounded copper plate. The temperature of the electrospinning
environment was 25 °C, and the humidity was 15%. As light can
induce decomposition of S-nitrosothiols, the nitrosated polymers were
electrospun with the syringe guarded from light exposure and the
lights off in the room.
Viscosity Measurements. Viscosity of polymer solutions at

concentrations used during electrospinning were recorded using a
stress-controlled AR-G2 rheometer (TA Instruments, New Castle,
DE, U.S.A.) equipped with at 40 mm, 2° steel cone. Sample sizes of
approximately 600 μL of 10% PLGH-cysteamine, 20% PLGH-cysteine,
40% PLGH-homocysteine, and 20% of each S-nitrosated PLGH-
cysteamine, -cysteine, and −homocysteine were used, and viscosities
for each material were measured in triplicate. Measurements were
recorded in Pa s at 25 °C under sheer rates ranging from 10 to 100 s−1.
Conductivity Measurements. Conductivity of polymer solutions

was measured using an accumet XL50 dual channel pH/ion/
conductivity meter (Fisher Scientific). The conductivity probe was
placed in a glass vial containing 1 mL polymer solution, and measure-
ments were recorded in μS/cm−1.
Fiber Morphological Stability under Physiological Conditions.

S-nitrosated polymer fibers spun onto glass slides were submersed in
10 mL PBS in separate glass vials. Vials were covered with a rubber
septum and nitrogen was bubbled into the system. Temperature was
maintained at 37 °C. After a period of 48 h, samples were removed
and rinsed with deionized (DI) water.
Fiber Analysis. Scanning electron microscopy (JEOL JSM-6500F,

JEOL U.S.A., Peabody, MA, U.S.A.) was used to visualize fiber
morphology. Images were acquired using an accelerating voltage of
15 kV. Before analysis, samples were sputter coated with 10 nm gold.
The average diameter of the polymer fibers were measured from the
original SEM micrographs at 10 000× magnification using Adobe
Photoshop CS5 software as described previously from Duan et al.33

The diameter of 25 fibers from three different SEM micrograph frames
was recorded, for a total of 75 measured fibers for each polymer
system. The number of measurements recorded was 75 based on
previously published work.28

Nitric Oxide Release. Real-time NO release from polymer fibers was
determined using a Siever’s chemiluminescence NO analyzer (NOA
280i, GE Analytical, Boulder, CO, USA) using methods published
previously.17 Briefly, the instrument was calibrated before each analysis
using nitrogen as the zero gas and a standard 45 ppm NO gas.
Approximately 5 mg of S-nitrosated electrospun polymer samples were
accurately weighed and inserted into an NOA measurement cell,
containing 30 mL deoxygenated 10 mM phosphate buffered saline
(PBS, pH 7.4) submersed in a water bath to maintain system
temperature at 37 °C and shielded from direct exposure to light using
aluminum foil. Measurements were recorded in triplicate at a data
interval of 5 s at a gas sampling rate of 200 mL min−1 with a cell
pressure of 9.7 Torr and an oxygen pressure of 6 psig. Since the
released NO is constantly removed from the sample cell to be detected
via chemiluminescence, the NO release profiles show the real-time NO
released at each time point. As a result, the real-time curves shown
have not been curve fit.

In Vitro Antibacterial Studies. Thirty milligrams of S-nitrosated
PLGH-cysteamine was dissolved in 1.8 mL PBS buffer, shaken, and
heated to 37 °C for two minutes. A 0.2 mL aliquot of solution
containing the bacteria, Acinetobacter baumannii, was added to each
vial. The vials were then shaken and heated at 37 °C for 2 h. A 0.1 mL
sample from each of the three vials was taken and diluted by a factor
of 10, five times. These samples were then spread on BHI culture
plates and left to incubate for 48 h. The number of colonies on each of
the plates was then recorded.

Statistical Analysis. All experiments were performed in triplicate.
Data is expressed as a mean ± standard deviation. Statistical analysis
was performed using the t test and significance was considered at
p ≤ 0.05.

■ RESULTS AND DISCUSSION
Nanofiber Formation and Morphology. In this study, an

electrospinning method was developed to create a porous
scaffold structure with preserved NO release function from
degradable S-nitrosothiol PLGH polymers. Previous groups
have studied the use of unmodified PLGA nanofibers or blends
of unmodified PLGA with other polymers for applications in
biomedical devices, especially those related to wound healing.5,27

We began with the parameters reported by Katti et al.5 and
varied the voltage applied, polymer flow rate through the
syringe, and polymer concentration until uniform nanofibers
were achieved.34,35 For this work, applied voltages between 8
and 15 kV and polymer concentrations between 10 and 40% in
a 75:25 w/w solution of THF/DMF were investigated. Distance
between the nozzle and collecting plate were maintained at a
constant 15 cm. By examining the SEM micrographs, we found
uniform, bead free fibers were successfully spun from thiolated
and nitrosated PLGH derivatives using the parameters
summarized in Table 1. Specifically, an applied voltage of

10 kV and a flow rate of 0.2 mL h−1 produced uniform fiber
morphologies for all polymers evaluated: unmodified PLGH,
thiolated PLGH, and nitrostaed PLGH. However, different
concentrations of the polymers were necessary to produce bead
free fibers across all polymer derivatives.
In general, polymer concentrations between 10 and 40 w/w %

were necessary to produce fibers from the thiolated polymers,
whereas fibers prepared from the nitrosated polymers were
able to be electrospun at a constant polymer concentra-
tion (20 w/w %). For both PLGH-cysteamine and PLGH-
homocysteine, the use of a 20 w/w% solution resulted in
severe bead formation. By altering polymer concentrations,
bead free fibers of PLGH-cysteamine and PLGH-homocysteine
were successfully created using 10 w/w% and 40 w/w%
solutions, respectively.
Representative SEM micrographs of the nanofibers from all

of the polymer derivatives are shown in Figure 2. Both the
thiolated and nitrosated electrospun polymers resulted in
highly porous structures with interconnected pores distributed
throughout the fibrous structure. All fibers exhibited a random

Table 1. Summary of Optimized Electrospinning Conditions

parameter variables optimized conditions

polymer concentration 10−40%
applied voltage 10 kV
flow rate 0.2 mL h−1

solvent system THF/DMF (75:25 w/w)
distance between the nozzle and collector 15 cm
electrospinning time 30 min
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orientation. The overall shape, orientation, and pore size of the
fibers are similar regardless of the identity of the thiol (i.e.,
cysteine, cysteamine, and homocysteine) or the subsequent
nitrosation. Further, the scaffolds were similar to that of
unmodified PLGH. The fiber morphology exhibits high surface-
to-volume area and high porosity in a three-dimensional structure.
This is important as the nanofiber structure mimics that of the
natural ECM thereby capable of supporting cellular attachment.36

The fiber diameter obtained for the unmodified PLGH
polymer (803 ± 205 nm) was found to be comparable to that
reported for other electrospun fibers prepared with PLGA of
similar composition (760 ± 210 nm).34,37 The fiber diameters
of this unmodified PLGH materials were found to be almost
twice to four times larger than the fibers electrospun from the
thiolated and S-nitrosated polymer analogs (Table 2). Fiber
diameters ranged from an average of 200−330 nm for the
thiolated PLGH polymers and 250 to 410 nm for the
S-nitrosated polymers. However, no trend in fiber diameter was

observed for the thiolated or S-nitrosated materials regardless of
the specific thiol system used. The mean values for the thiolated
and S-nitrosated polymers are similar (roughly between 200
and 400 nm) and are within one standard deviation of each
other. Although the standard deviations are large for all samples,

Figure 2. SEM images at 10 000× of electrospun nanofibers of (a) PLGH, (b) PLGH-cysteamine, (c) PLGH-cysteine, (d) PLGH-homocysteine, (e)
S-nitrosated PLGH-cysteamine, (f) S-nitrosated PLGH-cysteine, and (g) S-nitrosated PLGH-homocysteine. Electrospun fibers after exposure to physiological
pH and temperature in PBS for 48 h: (h) S-nitrosated PLGH-cysteamine, (i) S-nitrosated PLGH-cysteine, and (j) S-nitrosated PLGH-homocysteine.

Table 2. Average Fiber Diameters for Electrospun PLGH
Polymersa

polymer fiber diameter (nm)

PLGH 803 ± 205
PLGH-cysteamine 330 ± 78
PLGH-cysteine 200 ± 205
PLGH-homocysteine 216 ± 116
PLGH-cysteamine SNO 250 ± 93
PLGH-cysteine SNO 410 ± 145
PLGH-homocysteine SNO 281 ± 116

an = 75.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am300383w | ACS Appl. Mater. Interfaces 2012, 4, 3022−30303025



subsequent analysis of the measured diameters from each SEM
image (n = 75) did not reveal a trend with regards to (a) the
diameter size, (b) the location on the image, or (c) whether each
of the polymer samples had fiber diameters with significant
outliers (see histograms in Supporting Information). Taken
together, the images as well as the measured fiber diameters
suggest that the resulting diameters are randomly dispersed but
fall within relative ranges of each other. The fiber diameters
within the natural ECM are also random and range from several
tens to hundreds of nanometers.38 This makes these nanofibers
an ideal representation of the natural ECM environment.
Although polymer concentration seemingly had the most

significant influence on the ability to form nanofibers, fiber
morphology is also known to be influenced by solution viscosity
and conductivity. To determine the contribution of viscosity and
conductivity on the ability to form NO releasing nanofibers,
additional experiments were performed. Viscosity measurements
were performed for all thiolated and nitrosated PLGH polymers
at the concentrations which successfully produced the electro-
spun fibers. All polymer derivatives exhibited Newtonian
viscosity across sheer stresses ranging from 10 to 100 s−1.
As a result, final viscosity measurements were determined by
averaging the values over this sheer range. As shown in Table 3,

the differences in viscosity were significant for the thiol-modified
PLGH polymers, with the 10% PLGH-cysteamine solution
exhibiting the lowest viscosity (0.0020 Pa s) and the 40%
PLGH-homocysteine solution exhibiting the highest viscosity
(0.0364 Pa s). The nitrosated polymers (all in solutions
of 20% w/w%) were also all statistically different from each
other. The measured viscosities ranged from 0.0032 Pa s for
S-nitrosated PLGH-cysteamine solution to 0.0080 Pa s for
S-nitrosated PLGH-homocysteine solution. The solution
containing the PLGH-cysteine derivative was the only solution
where the same polymer concentration was used to produce
electrospun fibers from both thiolated and S-nitrosated
materials. On the other hand, the viscosity of the polymer
solutions were altered by the nitrosation process as the thiolated
and S-nitrosated polymers exhibit statistically different viscos-
ities. Taken together, these results show no apparent relation-
ship between polymer concentrations and viscosity under fiber-
forming concentrations of the polymers. Even the S-nitrosated
polymers, which were all electrospun at the same concentration,
exhibit different viscosities.
Another factor known to influence fiber formation is solution

conductivity. It has been reported that more uniform fibers with
fewer bead defects can be produced by increasing the solution
conductivity;39 however, there is conflicting literature as to the
role conductivity plays in fiber diameter.40,41 To explore this
further, we measured the conductivity of the thiolated (10 wt %)
and nitrosated (20 wt %) PLGH-cysteamine polymer solutions
that produced bead free fibers. We found that functionalization
with a nitroso group significantly decreased the solution
conductivity. The reason for this observed changed in solution
conductivity may be due to the decrease in SH moieties.

On the basis of these experiments, we have determined
neither viscosity nor conductivity provide adequate explana-
tions for the variations in thiolated polymer concentrations
necessary for forming nanofibers. The effect of polymer
concentration on nanofiber formation however may be best
explained by analyzing the thiol content of each polymer
derivative. All of the polymer solutions had the same amount
of thiols present (i.e., ∼0.7 mmol·g−1), where, as reported
previously,32 each of the thiol modified PLGH polymers had
different loadings of the respective thiol groups cysteamine
(0.57 ± 0.03 mmol·g−1), cysteine (0.39 ± 0.02 mmol·g−1), or
homocysteine (0.18 ± 0.05 mmol·g−1). When each polymer
solution was normalized for thiol content (mmol·g−1) in the
electrospinning solution, the thiol content in solution was
found to be similar across polymer derivatives (See Table 4).

This correlation between thiol content and solution concen-
tration suggests that the extent of thiols in solution may have the
greatest influence on fiber formation for these materials. This
observed behavior may arise from the extensive cross-linking of
the polymer chains through disulfide linkages under the given
applied voltage. Consequently, to prevent this disulfide bond
formation, a lower polymer concentration for higher thiol
content polymers was required to produce bead free nanofibers.
This explanation is also consistent with the observation that all of
the nitrosated polymers (cysteamine, homocysteine, and cysteine
PLGH derivatives) were successfully electrospun at a solution
concentration of 20 wt %. After nitrosation, far fewer thiol
groups exist, thus eliminating the possibility of disulfide bond
formation. As an example, PLGH-homocysteine has 96% of
thiols converted to S-nitrosothiols after the nitrosation process
while PLGH-cysteamine has a 93% conversion. In contrast,
PLGH-cysteamine demonstrates only a 43% conversion.32

As no correlations were found to exist between solution
conductivity, viscosity, and nanofiber formation, we hypothe-
size that the difference in diameter size can be explained by
considering the lattice structures of the unmodified and
modified polymers. Incorporation of the thiol functionalities
onto the polymer backbone increases the randomness in the
polymer lattice. This, in turn, increases the self-repulsion
interactions between the polymer chains. Consequently, these
repulsive forces enhance the stretching force of the polymer jet
under the applied field42 and result in comparably smaller fiber
diameters for the thiolated and S-nitrosated PLGH derivatives
compared to unmodified PLGH.

NO Release. The ability of the electrospun fibers to
maintain their NO release capabilities after fabrication is
important if the resulting material is to be practically useful
for the treatment of bacterial infections. Thus, our primary
aim was to demonstrate that nanofibers could be formed from
S-nitrosated PLGH derivatives without diminishing their
capability of releasing NO. We also wanted to investigate the
effect of the different thiols on NO release profiles of the

Table 3. Viscosities of PLGH Polymer Solutions

viscosity (Pa·s)

polymer thiol SNO

PLGH-cysteamine 0.00201 ± 8.27 × 10−5 0.00319 ± 0.00038
PLGH-cysteine 0.00762 ± 0.00045 0.00886 ± 0.00092
PLGH-homocysteine 0.03637 ± 0.00491 0.00795 ± 0.00056

Table 4. Thiol Content of Polymers Normalized for
Concentration in Electrospinning Solution

electrospinning process

polymer
polymer concentration
in solution (% w/w)

net thiol content in polymer
solution (mmol g−1)

PLGH-cysteamine 10 0.06
PLGH-cysteine 20 0.08
PLGH-homocysteine 40 0.07
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resulting polymers. In this regard, we evaluated the extent of
NO release from nanofibers under physiological pH and
temperature in PBS buffer using a highly specific, real-time
chemiluminescence NO analyzer. Above, NO release results
from the nanofibers are presented in terms of (1) comparison
to thin-films and (2) comparison to the various thiol analogs.
Comparison between Thin Films and Nanofibers.

Figure 3 shows the representative real-time NO release profiles
normalized for the weight of each polymer analog as a function
of fabrication method: electrospun nanofibers and spin-coated

films. The shapes of the curves and relative magnitude of
release demonstrate that the high voltages applied to the
polymer solution during the electrospinning process do not
alter the NO storage capabilities or release kinetics of the
material compared with other processing methods. While the
total amount of NO released from the electrospun S-nitrosated
PLGH-homocysteine (0.033 ± 0.007 mmol·g−1) was found
to be statistically similar to the spin-coated films (0.026 ±
0.004 mmol·g−1), the electrospun S-nitrosated PLGH-cysteine
and -cysteamine materials exhibited statistically significant

Figure 3. Representative NO release kinetic profiles from individual thin film and electrospun S-nitrosated polymers under experimental
physiological conditions (10 mM PBS buffer/pH 7.4/37 °C) for 48 h: (a) S-nitrosated PLGH-cysteine, (b) S-nitrosated PLGH-cysteamine, and
(c) S-nitrosated PLGH-homocysteine.
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differences (p ≤ 0.05) in the total moles of NO released after
48 h (see Table 5). For these materials, however, no trend in

the loss of NO release capability was observed. Thin film
S-nitrosated PLGH-cysteine exhibited an NO release of
0.155 ± 0.009 mmol·g−1, which was greater than the amount
of NO released from the electrospun material (0.110 ± 0.007
mmol g−1). In contrast, the electrospun S-nitrosated PLGH-
cysteamine demonstrated a greater NO release over 48 h
when compared to the same polymer processed as a thin film
(0.281 ± 0.016 mmol g−1 as compared to 0.241 ± 0.004 mmol g−1).
These small differences in NO release after processing can be
attributed to the relative stability of the S-nitrosothiol materials
and not the fabrication process itself.
Comparison between S-Nitrosated Nanofibers. The

NO release profiles of all S-nitrosated nanofibers can be
characterized by an initial rapid release of NO followed by
a slower release rate over the remaining 48 h (see Figure 4).

In general, the higher storage capacity materials exhibited the
larger initial rate of NO release. Nanofibers made from
S-nitrosated PLGH-cysteamine demonstrated the greatest release
rate over 48 h, followed by the cysteine and homocysteine
analogs. The instantaneous NO release peaked between 30 min
to 1 h for all three polymer systems. The relatively lower NO
release level of the homocysteine derivative can be attributed
to the relative higher stability of the S-nitrosated homocysteine
species compared to the cysteine and cysteamine derivatives
under the release conditions. The trends in NO release from the
different S-nitrosated nanofibers are consistent with those of the
thin films.
While we report the amount of NO released from the nano-

fibers over 48 h, none of these materials had exhausted their
NO release capacity during this time period. The 48 h release
profiles for S-nitrosated PLGH-cysteamine and S-nitrosated

PLGH-cysteine fit well to an exponential function. Based on this
fit, the S-nitrosated cysteamine and cysteine nanofibers would be
expected to release NO for 85 h before reaching baseline. On
the other hand, the NO release from the homocysteine analog
quickly achieved a steady state release level that was maintained
for 46 h after the initial 2 h spike. As such, if these fibers
maintained this rate of NO release, the material would actively
release NO for 198 h before reaching baseline.
One of the major advantages of this system is the sustained

release of NO over multiple days. In previous work,28 NO
release from composite electrospun fiber material occurred
rapidly over the period of minutes. Our materials provide
continuous release of NO over long periods of time, creating a
better solution in the prevention of bacterial infection.

Nanofiber Morphological Stability after Immersion in
PBS. For a nanofiber material to function to promote wound
healing, the fiber morphology of the material must be maintained
in physiological conditions long enough to promote cell
attachment. Degradation properties of the bulk PLGH materials
have been previously conducted and demonstrated a complete
degradation of the material over nearly 40 weeks for PLGH-
cysteamine, 30 weeks for PLGH-cysteine and 20 weeks for
PLGH and PLGH-homocysteine polymer derivatives.32 As such,
we wanted to ensure the fibers were capable of maintaining
morphology under physiological conditions in the first 48 h, the
time needed to begin suitable cell attachment. The exposure of
these fibers to physiological conditions for 48 h demonstrated
that the electrospun matrix maintains its characteristic fibrous
form. Figure 2 shows the random orientation of the fibers after
NO release. The maintenance of fiber form over a period of days
is beneficial for applications in wound healing when the material
must initially remain intact in order to provide a strong scaffold
for cell growth and proliferation. On the basis of the previous
findings with the bulk material, it is expected the scaffold will
completely degrade over a longer time-scale. The complete
degradation of the material is intended and advantageous after cell
infiltration into the scaffold has occurred.

Preliminary Antimicrobial Evaluation. In preliminary
studies to determine whether the NO released from these
materials was sufficient to kill bacteria, we treated Acinetobacter
baumannii with S-nitrosated PLGH-cysteamine for 2 h at 37 °C
in PBS buffer. As shown in Figure 5, the NO release profile
presented an initial burst of NO release followed by a slower

Table 5. Comparison between NO Released over 48 h from
Polymers Processed into Thin Films and Nanofibers

NO released after 48 hb

S-nitrosated polymer thin filma (mmol g−1)
nanofibers
(mmol g−1)

PLGH-cysteamine SNO 0.241 ± 0.004 0.281 ± 0.016
PLGH-cysteine SNO 0.155 ± 0.009 0.110 ± 0.007
PLGH-homocysteine SNO 0.033 ± 0.007 0.026 ± 0.004
aAs reported previously.32 bUnder physiological conditions (10 mM
PBS/pH 7.4/37 °C).

Figure 4. Comparison of NO release from electrospun polymers over
48 h.

Figure 5. NO release profile of 30 mg S-nitrosated PLGH-cysteamine
used during bacterial studies.
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decay. Integrating the area under the curve, the treatment
dosage of 0.0035 mmol of NO resulted in a 96% reduction in
the bacterial counts. This kill efficiency is higher than any other
reported NO delivery material to date. Previous studies using
NO releasing sol−gel derived xerogels in an adhesion model
have shown a bacterial reduction by 70 to 80%.43,44 On the
basis of these preliminary studies, the estimated quantities
required to achieve nearly 96% bacterial reduction using various
polymeric forms are summarized in Table 6. Future studies are

underway to understand the dose−response relationship of the
NO releasing materials in various fabrication forms.

■ CONCLUSIONS
In this study, a series of thiolated and NO releasing
biodegradable PLGH polymers were successfully electrospun
to create nanofiber scaffolds capable of continuous NO release
over a period of days when submerged in PBS under physio-
logical temperature and pH. Each material exhibited its own
unique NO release properties. Short-term exposure to aqueous
conditions did not alter the morphology of the fibers as all
materials were shown to maintain their nanofibrous forms after
48 h. The development of biodegradable nanofibers containing
covalently attached NO donors may provide a novel paradigm
for applications in wound healing. The nanofibers act to mimic
the natural extracellular matrix while controlled and extended
NO release provides bactericidal activity. With both properties
combined into one material, further investigation into the
impact of these materials in preventing bacterial responses and
promoting cell attachment in wounded tissue are warranted.
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