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Abstract: In this study, a mixture of poly(vinyl alcohol) (PVA) and chitosan oligosaccharides
(COS) was electrospun with silver nanoparticles (AgNPs) to produce fibrous mats for use in
wound healing. The AgNPs were reduced by COS prior to electrospinning or Ag* was reduced
via ultraviolet irradiation in nanofibers. The morphologies of the PVA/COS/AgNO, and PVA/
COS-AgNP nanofibers were analyzed by scanning electron microscopy. Formation of the AgNPs
was investigated by field emission transmission electron microscopy, ultraviolet-visible spec-
troscopy, Fourier transform infrared spectroscopy, and X-ray diffraction. We also evaluated the
biocompatibility of the nanofibers, particularly their cytotoxicity to human skin fibroblasts and
potential to cause primary skin irritation. The in vitro antibacterial activity and in vivo wound
healing capacity of the nanofibers were also investigated. The nanofibers had a smooth surface
with an average diameter of 130-192 nm. The diameters of the AgNPs were in the range of
15-22 nm. The nanofibers significantly inhibited growth of Escherichia coli and Staphylococcus
aureus bacteria. PVA/COS-AgNP nanofibers accelerated the rate of wound healing over that
of the control (gauze). The results of our in vitro and in vivo animal experiments suggest that
PVA/COS-AgNP nanofibers should be of greater interest than PVA/COS/AgNO, nanofibers
for clinical use as a bioactive wound dressing.

Keywords: preclinical study, wound dressing, electrospinning, silver nanoparticles, poly(vinyl
alcohol), chitosan oligosaccharides

Introduction
In the field of wound care and management, wound dressings have been
widely investigated. The goals of wound dressing include protection, removal of
exudates, inhibition of invasion by exogenous microorganisms, and improved skin
appearance. An ideal wound dressing should be biocompatible and biodegradable,
enhance the healing process,' be able to swell for absorption of excess exudates, and
have high porosity for respiration. Traditional dressings, such as natural or synthetic
bandages, cotton wool, lint, and gauze, all with varying degrees of absorbency, have
been used for the management of wounds, but have limited swelling capacity and
moisture vapor permeability. To address this issue, nanofibrous membranes produced
via electrospinning are beginning to emerge as wound dressing materials, due to their
close structural resemblance to the native extracellular matrix, their high surface
area-to-volume ratio, and good porosity.>?

Various materials, such as polythene and polycaprolactone,* have been designed
to produce wound dressings. However, a common drawback of such materials that
would discourage their use in the clinical setting involves the use of potentially
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allergenic materials or organic solvents in the manufactur-
ing process. Because of this problem, the practical use of
such conventional wound dressings in the clinical setting is
limited. Poly(vinyl alcohol) (PVA) is a biodegradable poly-
ester that has been investigated extensively as a biomedical
material. Many researchers have utilized electrospinning to
fabricate nanofibrous PVA scaffolds for use in wound heal-
ing.>”7 Additionally, chitosan displays unique polycationic,
chelating, and film-forming properties due to the presence
of active amino and hydroxyl groups. However, the poor
solubility of chitosan in common organic solvents and water
at physiological pH values (7.2—7.4) has restricted its use in
biomedical applications. However, the hydrolyzed products
of chitosan (ie, chitosan oligosaccharides [COS]) overcome
these limitations, providing wider applications in diverse
fields.® Combining COS with PVA for electrospinning can
reportedly improve fiber uniformity, especially for electro-
spinning in dilute solutions.’

Silver has antimicrobial properties due to its capacity to
interact strongly with the thiol group of compounds found
in the respiratory enzymes of bacterial cells. Further, silver
nanoparticles (AgNPs) display more efficient antimicrobial
properties than other salts due to their extremely large
surface area, which provides better contact with micro-
organisms.'® AgNPs interact with the sulfur-containing
proteins in bacterial membranes and phosphorus-containing
compounds, such as DNA, within bacterial cells. As a
result, AgNPs are effective antiseptic agents for controlling
broad-spectrum microbes and antibiotic-resistant bacteria
in vitro,'*"13 reducing the potential for bacterial resistance
more efficiently than antibiotics. Taken together, the
incorporation of AgNPs into wound dressings containing
PVA and COS creates a promising candidate for wound
management. However, the available preclinical data on
such wound dressings in both humans and animals are
scarce at present.

The objective of this study was to develop AgNPs contain-
ing nanofibers via electrospinning that could be used as ideal
wound dressings. We used two methods to reduce Ag* ions
into AgNPs via electrospinning. First, silver nitrate (AgNO,)
was added to an electrospun solution, and the reduced Ag*
was incorporated into the electrospun nanofibers via ultra-
violet irradiation. Second, we applied chemical reduction by
COS prior to electrospinning. Physicochemical character-
ization, biocompatibility, in vitro antibacterial activity, and
in vivo wound healing capacity were then investigated to
evaluate PVA/COS/AgNO, and PVA/COS-AgNP nanofibers
as ideal wound dressings.

Materials and methods

Materials

PVA (molecular weight 85,000-124,000, 87%—-89% hydro-
lyzed) was obtained from Sigma-Aldrich (St Louis, MO, USA).
COS (average molecular weight above 3,000, 100% water-
soluble) was purchased from Golden-Shell Pharmaceutical
Co, Ltd (Zhejiang, People’s Republic of China). The AgNO,
was obtained from Guanghua Sci-Tech Co, Ltd (Guangzhou,
People’s Republic of China). All reagents were of analytical
grade and used without further purification. Double-distilled
water was used to prepare all polymer solutions.

Synthesis of COS-Ag nanoparticles

The COS-AgNPs were prepared by stirring 35 mL ofa 0.1 M
AgNO,; solution containing 1 g COS for 5 hours at 50°C.
When the color of the solution changed from colorless to
brown, signifying the formation of AgNPs, the reaction vessel
was cooled to room temperature. Two volumes of acetone
were added to precipitate the product, which was then dried
at 100°C under a vacuum for 24 hours.

The quantity of silver present in the COS-AgNPs was
determined by dissolving 5 mg of the sample in 10 mL of
50% nitric acid (HNO,). The volume was then adjusted to
100 mL using double-distilled water as a releasing medium.
The silver concentration was measured via atomic absorp-
tion spectroscopy, and the results are reported as average
values (n=3).

Preparation and characterization

of electrospinning solutions

A 3% (w/v) COS solution was prepared by dissolving COS
powder in distilled water at room temperature with magnetic
stirring for 1 hour. An 11% (w/v) PVA solution was prepared
by dissolving PVA in distilled water at 80°C with stirring for
6 hours. The COS and PVA solutions were combined in several
ratios (1/2, 1/3, 1/4, and 1/5 v/v). The AgNO, was incorpo-
rated into the PVA-COS (2:1) solution at several concentra-
tions (1, 2, 3,4, 5 wt% to polymer). The synthetic COS-AgNPs
(3 wt% to polymer) were added to the PVA solution. All solu-
tions were stirred for 12 hours at room temperature to obtain a
homogenous mixture. The conductivity of the electrospinning
solutions was determined using an electric conductivity meter
(DDS-11A, Shanghai Precision and Scientific Instrument Co,
Ltd, Shanghai, People’s Republic of China) at 25°C.

Electrospinning
During electrospinning, a high-voltage power source (DW-
P303-1ACD8, Guangzhou, People’s Republic of China)
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was applied to the polymer solution contained in a syringe
through an alligator clip attached to the syringe needle (inter-
nal diameter 0.9 mm). The applied voltage was adjusted to
15 kV. A syringe pump (TJ-3A, Baoding Longer Precision
Pump Co., Ltd, People’s Republic of China) was used to
control the flow rate (0.5 mL/hour) of the polymer solution.
The fibers were collected on electrically grounded aluminum
foil placed 10 cm from the needle tip. Subsequently, the
PVA/COS/AgNO, nanofibers were irradiated with ultraviolet
light for 8 hours to convert the Ag* ions to AgNPs. The PVA/
COS-AgNP nanofibers did not require irradiation.

Cross-linking

The PVA/COS/AgNO, and PVA/COS-AgNP nanofibers
were cross-linked in glutaraldehyde vapor at room tempera-
ture for several hours, and heated at 80°C for another 4 hours
to remove any residual glutaraldehyde.

Physicochemical characterization

of nanofibers

Scanning electron microscopy and field emission
transmission electron microscopy

The morphology and diameter of the nanofibrous mats were
determined via scanning electron microscopy (S-3000N,
Hitachi, Tokyo, Japan) and field emission transmission
electron microscopy (FE-TEM, Libra 200, Zeiss, Germany).
The average diameter of the nanofibers was determined by
measuring the diameters of 50 randomly selected fibers.

Mechanical property measurements

The tensile strength of the electrospun nanofibers was tested
using a universal testing machine (AI-7000S, Gotech,
Taiwan). Test specimens (10 mm wide X 20 mm long) were
tested at a crosshead speed of 10 mm per minute and a gauge
length of 25 mm under ambient conditions. A minimum of
five specimens for each individual scaffold was tested.

Ultraviolet-visible spectroscopy

The ultraviolet-visible spectra of the PVA/CS/AgNO, and
PVA/COS-AgNP electrospinning fiber solutions were
recorded using a spectrophotometer (DU-800, Beckman
Coulter Inc, Fullerton, CA, USA). The scanning wave ranged
from 200—800 nm with an interval of 1.0 nm.

X-ray diffraction

The X-ray diffraction patterns of the electrospinning fibers
were obtained using an X-ray diffractometer (D/MAX-2500X,
Rigaku, Tokyo, Japan) with Cu Ko characteristic radiation

(wavelength A=0.154 nm at40kV, 150 mA, and a scan speed of
4° per minute in the 20 range of 5°-80°).

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy was performed
using a Spectrum PerkinElmer (Wiesbaden, Germany).
The infrared spectra of the AgNO,, COS, and COS-AgNP
powders and the PVA/COS, PVA/COS/AgNO, and PVA/
COS-AgNP mats were measured over a wavelength range
of 4,000-650 cm™.

Differential scanning calorimetry

The thermal behaviors of the drug, polymer, and electrospun
fibers were studied using differential scanning calorimetry
(STA-449 C, Netzsch, Selb, Germany). Samples were sealed
in aluminum pans and heated from 0°C to 400°C at a heating
rate of 10°C per minute.

Water vapor transmission rate

The water vapor permeability rate (WVPR) through the nano-
fibers was determined as described by Vargas et al using the
ASTM E 96 desiccant method." An open cup containing a
silica gel desiccant was sealed with the specimen membrane
so that the mouth of the cup masked the nonwoven fabric
(blank control group, thickness 0.20 mm) or the nonwoven
fabric and the test nanofibers stacked in two layers (treat-
ment group, thickness 0.35 mm). The assembly was then
placed in a test chamber at 37°C with a constant relative
humidity (RH) of 75% for 24 hours. The change in weight
of the permeation cup with the specimen was recorded. The
water vapor permeability rate was calculated using equation
(1) as follows:

R, =W/(A X Ap) (1

W

in which R, is the WVPR (g-h™"-cm™-mmHg™), W is
the quantity of water vapor permeating the film (g-h™),
A is the area of the exposed membrane (2.83 cm?), and Ap
is the vapor pressure difference (mmHg). The permeability
P was calculated using equation (2):

P=R,,,xd )

in which d is the thickness of the membrane.

Degree of swelling and weight loss
The degree of swelling and weight loss from both the neat and
the drug-loaded fiber mats was measured after the samples
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were submerged in phosphate-buffered solution (pH 7.4) at
37°C for 24 hours, according to the equations (3) and (4):

W, - W
Degree of swelling (% water uptake) = ['Td:| x 100
d

3)
W,

W —
Weight loss (%) = "T" x 100 4)

d
in which W and W are wet and dry weights of the mats after
submersion in the buffer solution for 24 hours, respectively,
and W_is the initial weight of the sample in its dry state.

In vitro Ag release

The PVA/CS/AgNO, and PVA/CS-AgNP electrospinning
fibers (approximately 25 mg) were immersed in a 50 mL
of acetate buffer (pH 5.5) after cross-linking. The samples
were incubated at 37°C and stirred at 100 rpm. Aliquots of
each sample (1 mL) were taken from the release medium
at specific intervals and diluted to 5 mL with fresh buffer
solution to assess the quantity of drug released at various
times up to 5 days. The Ag concentration of the solution was
determined using an atomic absorption spectrophotometer
(25000, Hitachi).

Primary skin irritation test

The primary skin irritation test was performed on healthy
New Zealand White rabbits (weighing 2-2.5 kg). The rabbits
were randomly divided into two groups, ie, a single applica-
tion group and a multiple application group.'> The fur was
removed from the dorsal surface of the rabbits 24 hours
prior to administration, and the injury model was obtained
by scarifying intact skin until capillary hemorrhage with an
area of 3 cm x 3 cm. For the irritation test, the dorsal skin of
each rabbit was divided into four regions for the application of
the PVA/COS/AgNO, nanofiber product, the PVA/CS-AgNP
nanofiber product, gauze, and no treatment. For the single
application group, the preparations were applied to the cor-
responding region, and the animals were examined for signs
of irritation at approximately one, 24, 48, and 72 hours after
application.'® For the multiple application group, the prepa-
rations were applied on the same skin regions for 24 hours.
The application sites were assessed 1 hour after removing
the preparation, and this procedure was repeated for another
3 days. After the final removal, the multiple administration
group was monitored for 72 hours. Mean erythema and edema
scores were recorded according to the Draize method,” ie,
for erythema and eschar formation (no erythema = 0; very

slight erythema = 1; well-defined erythema = 2; moderate
to severe erythema = 3; severe erythema and slight eschar
formation = 4), and edema formation (no edema = 0; very
slight edema = 1; slight edema = 2; moderate edema = 3;
severe edema = 4).

Cytotoxicity evaluation

The potential cytotoxicity of the nanofibers was evaluated
against human skin fibroblasts. The PVA/COS/AgNO, and
PVA/COS-AgNP nanofibers were sterilized under ultravio-
let light for 1 hour on each side, then immersed in serum-
free medium containing only Dulbecco’s Modified Eagle’s
Medium and placed in an incubator for 24 hours to produce
extraction media 0f 0.2, 0.4, 0.8, and 1.0 mg/mL. The super-
natant was then filtered through a 0.22 pm Millipore mem-
brane (Millipore, Billerica, MA, USA). Fresh Dulbecco’s
Modified Eagle’s Medium supplemented with 10% fetal
bovine serum was used as a negative control. The human
skin fibroblasts were plated in 90 uL of Dulbecco’s Modified
Eagle’s Medium supplemented with 10% fetal bovine serum
ata density of 1 x 10’ cells/well in 96-well plates, and the cells
were cultured at 37°C in a wet atmosphere containing 5%
CO,. Twenty-four hours after plating, the extraction medium
containing 10% fetal bovine serum was replaced, and the
cells were incubated for an additional 24 hours. The tested
extraction solutions were then removed. Finally, the cells were
incubated in 100 UL of MTT-containing medium (1 mg/mL)
for 4 hours. After the medium was removed, the formazan
crystals formed in the living cells were dissolved in 100 L.
of dimethylsulfoxide. Cell viability (%) was calculated based
on the absorbance at 490 nm using a microplate reader (353-
MK3, Thermo Labsystems, Franklin, MA, USA).

Antibacterial assessment

Zone of inhibition

Escherichia coli and Staphylococcus aureus were used as test
organisms for the zone of inhibition test. A bacterial solution
(100 uL, with a concentration of ~10° colony-forming units
per mL) was dispensed onto an agar plate, and neat PVA/
COS (2:1), PVA/COS/AgNO, (3%), and PVA/COS-AgNP
nanofibers (1.5 cm X 1.5 cm) were placed on the surface of
the plate. The zone of inhibition was measured after 24 hours
of incubation at 37°C.

Antibacterial kinetic testing

Approximately 15 mg of neat PVA/COS (2:1), non-
treated PVA/COS/3% AgNO,, PVA/COS with varying
concentrations of AgNO, (1%, 3%, and 5%), and PVA/
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COS-AgNP nanofibers were added into 50 mL of bacteria
nutrient solution with a bacterial concentration of ~10*
colony-forming units per mL). A bacteria nutrient solution
with the same concentration was used as the control. The opti-
cal density of the bacterial broth at 600 nm was measured by
ultraviolet-visible spectrophotometry.'® The inhibition ratios
of the fibers were calculated using equation (5):

o . A -A
Inhibition ratio (%) =100—-100 X ———, (5)
ACOH - AO
in which A is the optical density of the bacterial broth
medium prior to incubation, and A and A_ are the optical
densities of the bacterial solutions after incubating the fibers
and control sample for the desired interval, respectively.

Wound healing test

Twelve Sprague Dawley rats (200-250 g) were used in this
study, which was approved by the ethical committee of the
Experimental Animal Centre of the Third Military Medical
University. After anesthetization, a 5 cm X 4 cm area on the
dorsal side of the rats was shaved. Four full-thickness cir-
cular wounds with a surface area of 2.25 cm?* were created
on the back of each rat. Each wound was covered with the
test samples. Group 1 wounds were treated with PVA/COS/
AgNO, nanofibers, group 2 wounds were treated with PVA/
COS-AgNP nanofibers, group 3 wounds were covered with
gauze as a blank treatment, and group 4 wounds were treated
with woundplast (Yunnan Baiyao Group Co, Ltd, Jiangchuan,
People’s Republic of China) as a control. The area of the wound
was measured using the planimetry method at one, 3, 7, 10
and 14 days after injury. The percentage healing is defined by
equation (6):

Wound area (%) = AT/AO x 100 (6)

in which AO is the initial wound area and AT is the mea-
sured area. In addition, the wounded skin was removed at 7
and 14 days after injury for histopathological observation of
epithelialization and granulation.

Statistical analysis

The statistical analyses were performed using Statisti-
cal Package for the Social Sciences version 18 software
(SPSS Inc., Chicago, IL, USA). All data are expressed
as the mean = standard deviation. For comparisons among
groups, one-way analysis of variance with post hoc
Bonferroni tests were performed. Differences were consid-
ered statistically significant at P<<0.05.

Results and discussion

Electrospinning

Conductivity is an important parameter during the electro-
spinning process. Table 1 shows the effect of the PVA mass
ratio and COS and AgNO, concentrations on the conductivity
of the electrospinning solutions. The conductivity clearly
decreased as the mass ratio of PVA and COS increased, but
was not significantly altered by AgNO, concentration.

Figure 1A shows scanning electron microscopic images
of the PVA/COS (2:1), PVA/COS/3%AgNO,, and PVA/
COS-AgNP fiber mats, indicating smooth fibers with
diameters of 192.57 £ 59.30 nm, 159.43 £ 40.35 nm, and
130.13 + 43.55 nm, respectively (Figure 1B), without
beads. The decrease in diameter of the nanofibers is largely
due to the conductivity of the solution (Table 1). When the
conductivity of a solution increases, the diameter of the
nanofiber decreases.’ Solutions with high conductivity will
have greater charge-carrying capacities; with the aid of high
charge density, high elongation forces are then imposed upon
the jet, resulting in a reduction in diameter.>'®

Figure 1C shows FE-TEM micrographs of non-
ultraviolet-treated PVA/COS/3% AgNO,, post-ultraviolet-
treated PVA/COS/3% AgNO,, and PVA/COS-AgNP fiber
mats. The AgNPs were spherically dispersed on the surface
of the fibers. A higher AgNP density was observed in the
post-ultraviolet-treated PVA/COS/3% AgNO, and PVA/
COS-AgNP nanofibers. The diameters of the AgNPs in the
PVA/COS-AgNP and PVA/COS/3%AgNO, nanofibers were
15.70 £ 4.73 nm and 22.26 £ 7.00 nm, respectively.

The tensile strengths of PVA/COS/3%AgNO, and
PVA/COS-AgNP fiber mats were 9.90 + 1.83 MPa and
15.21 + 1.86 MPa, respectively, with the latter nanofiber
showing better tensile strength. These results indicate that
the mechanical properties of the nanofiber membranes are

Table | Conductivity of the PYA/COS solutions

Components Conductivity (mS cm™)
PVA:COS = 2:1 243 £ 0.04
PVA:COS = 3:1 1.89 +£0.03
PVA:COS = 4:1 1.79 £ 0.04
PVA:COS = 5:1 1.45 +0.08
PVA:COS:1% AgNO, 2.73 £0.09
PVA:COS:2% AgNO, 2.76 £ 0.02
PVA:COS:3% AgNO, 2.80 £ 0.06
PVA:COS:4% AgNO, 2.72+0.03
PVA:COS:5% AgNO, 2.71 £0.08
PVA:COS-AgNPs 321 +£0.14

Abbreviations: AgNPs, silver nanoparticles; COS, chitosan oligosaccharide; PVA,
poly(vinyl alcohol).
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Figure | (A) Scanning electron micrographs of (al) the neat PVA/COS nanofiber, (a2) the PVA/COS/3% AgNO, nanofiber, and (a3) the PVA/COS-AgNP nanofiber.
(B) Diameter distribution of (bl) the neat PVA/COS nanofiber, (b2) the PYA/COS/3% AgNO, nanofiber and (b3) the PVA/COS-AgNPs nanofiber. (C) Field emission
transmission electron micrographs of (cl) the non-UV-treated PVA/COS/3% AgNO, nanofiber (c2) the post-UV-treated PVA/COS/3% AgNO, nanofiber, and (c3) the PVA/

COS-AgNP nanofiber.

Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA, poly(vinyl alcohol); UV, ultraviolet; Std dev, standard deviation.

sufficient for practical handling during the wound healing
process.

Formation of AgNPs in the electrospinning solution was
detected by ultraviolet-visible spectroscopy. The ultraviolet-
visible spectra of the different nanofiber solutions are shown
in Figure 2. For the COS-AgNP, PVA/COS/AgNO,, and
PVA/COS-AgNP fiber mats, maximum absorption was
observed at approximately 405 nm, which is a typical surface
plasmon absorption for AgNPs.!” The non-ultraviolet-treated
PVA/COS/AgNO, mats showed a slight absorption band,
likely due to the small quantities of AgNPs generated by
light during the electrospinning process.

X-ray diffraction

The X-ray diffraction pattern of the PVA/COS-AgNP mat
(Figure 3B) showed clear peaks at approximately 38.3 and
44.2, corresponding to the crystal (111) and (200) planes,
respectively, of the standard Ag cubic phases.?’ Similar peaks
were observed for the PVA/COS/AgNO, mat (Figure 3A)
but at lower intensities, which can be attributed to the low
AgNP content.

Fourier transform infrared spectroscopy
The Fourier transform infrared spectra for the PVA/COS,
PVA/COS/AgNO,, and PVA/COS-AgNP nanofibers are
shown in Figure 4. The characteristic peaks of the neat
PVA/COS nanofibers were assigned as follows: 3,308 cm™
(N-H group), 2,942 cm™ (CH, asymmetric vibration), and
1,715 and 1,085 cm™ (C=0 bond). The peak at 1,248 cm™!
was associated with C=0O=C vibrations and indicates the
cross-linking of some PVA radicals.?! For the PVA/COS and
PVA/COS/AgNO, mats, the two spectra were similar with
no shifts in any of the peaks, suggesting that the AgNPs were
physically entrapped in the scaffold by van der Waals forces.
Similar results have been reported by others.?> A significant
change in the shape of the band at 3,338 cm™! was observed
between the PVA/COS nanofibers and the PVA/COS-AgNP
nanofibers, indicating that N-H vibration was affected by
attachment of the AgNPs.

Differential scanning calorimetry
Figure 5 shows the differential scanning calorimetry ther-
mograms for PVA, PVA/COS, PVA/COS/AgNO,, and
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Absorbance (AU)

500 600 700 800

Wavelength (nm)

Figure 2 Ultraviolet-visible spectra for the nanofiber aqueous solutions. (A) The neat PVA/COS nanofiber, (B) the non-ultraviolet-treated PVA/COS/AgNO, nanofiber,
(C) the PVA/COS/AgNO, nanofiber, (D) the PVA/COS-AgNP nanofiber, and (E) COS-AgNPs.
Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA, poly(vinyl alcohol); AU, absorbance units.

PVA/COS-AgNP nanofibers. The melting points (7, s) of the
PVA and PVA/COS nanofibers were observed at 188.2°C
and 184.5°C, respectively. The T s of the PVA/COS/
AgNO, and PVA/COS-AgNP nanofibers were observed at
180.6°C and 189.4°C, respectively.

Water vapor permeability
Wound dressings require permeability of moisture and
gases through the film to keep the wound comfortable and

LA (200)

W‘W wliu
‘W’nﬁ H
(111) WWWMAWWW W’WNWMM

el LW’*VW

Intensity (au)

MJ‘MW\G WW\‘WWWW’ B

1 Il 2 ;
30 40 50 60 70 80
20 (degrees)

Figure 3 X-ray diffraction curves for (A) the PVA/COS/AgNO, nanofiber and
(B) the PYA/COS-AgNP nanofiber.

Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA,
poly(vinyl alcohol).

aid in the healing process.' Figure 6A shows the water
vapor permeability of the PVA/COS (2:1) mats cross-
linked by glutaraldehyde vapor at various intervals. The
nanofibers did not exhibit any statistically significant dif-
ference (P<<0.05) in water vapor permeability measured
within 48 hours, but were significantly reduced after
72 hours. As the volume ratio of the PVA/COS increased,
the water vapor permeability decreased (Figure 6B). No
significant difference in water vapor permeability was
noted between the PVA/COS/AgNO, and PVA/COS-
AgNP mats.

Swelling and weight loss of the neat

and drug-loaded fiber mats
Figure 7A shows the degree of swelling and weight loss for
the nanofibers cross-linked by glutaraldehyde vapor at vari-
ous intervals after immersion in a pH 7.4 phosphate-buffered
solution at 37°C. The high degree of swelling observed at
shorter cross-linking intervals was due to the large quantity
of water absorbed by the highly porous membrane. As the
cross-linked time increased, the degree of swelling and
amount of weight loss both decreased.

When the cross-linking time was fixed at 48 hours,
the volume ratio of the PVA and COS increased, and the
degree of swelling and weight loss decreased slightly.
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Figure 6 Water vapor permeability of (A) the PYA/COS nanofibers with a volume ratio of 2:| cross-linked by glutaraldehyde vapor at various intervals and (B) the neat
and drug-loaded nanofibers.
Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA, poly(vinyl alcohol).

Two drug-loaded fiber mats showed reduced weight loss and An ideal wound dressing should be permeable to maintain
slightly increased swelling compared with the neat electro-  a moist environment and prevent dehydration.?* Therefore, it
spun fiber mat (Figure 7B). Electrospun PVA/COS-AgNPs  should have high permeability, a high degree of swelling, and
showed less weight loss than electrospun PVA/COS/AgNO,,  little weight loss. Generally, we found that cross-linking with
with no statistically significant difference (P>0.05) in the  glutaraldehyde vapor for 48 hours and a PVA:COS volume
degree of swelling. ratio of 2:1 produced optimal nanofibers.
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Figure 7 Degree of swelling and weight loss from (A) the PYA/COS nanofibers with a volume ratio of 2:1 cross-linked with glutaraldehyde vapor at various intervals and

(B) the neat and drug-loaded nanofibers.

Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA, poly(vinyl alcohol).

Silver loading and in vitro release study

To determine the quantity of Ag that was actually present in
the COS-AgNP sample, 5 mg of the sample was dissolved
in 10 mL of 50% nitric acid (HNO,), allowed to digest for
2 hours, and diluted to 100 mL using double-distilled water
as areleasing medium. The Ag-containing solution obtained
was subjected to atomic absorption spectroscopy, and the

actual content of Ag in the nanoparticles was found to be
0.143 g/100 mL.

The release characteristics for the model drugs from
the cross-linked PVA/COS-AgNP and the PVA/COS/
AgNO, nanofibers were determined using the total immer-
sion method with acetate buffer (pH 5.5) as the transferring
medium at 37°C. The cumulative release of the drug from
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the drug-loaded fiber mats as a function of immersion time
is shown in Figure 8. Release of Ag from both samples was
rapid during the first 8 hours after immersion in the releasing
medium and increased gradually thereafter. The maximum
release of Ag from the PVA/COS-AgNP fiber mat exceeded
the quantity released from the PVA/COS/AgNO, fiber mat.
Therefore, the PVA/COS-AgNP fiber mat released Ag
into the acetate buffer more readily than the PVA/COS/
AgNO,. This rapid and constant release of Ag from the fiber
web could provide more rapid and constant antimicrobial
activity at the wound site.

Indirect cytotoxicity evaluation

The cytotoxicity of various concentrations of the extrac-
tion medium from the neat PVA/COS, PVA/COS/AgNO,,
and PVA/COS-AgNP nanofiber mats is shown in Figure 9.
Cell viability decreased significantly when human skin
fibroblasts were incubated with higher concentrations
(0.8-1.0 mg/mL) of the extraction medium from the PVA/
COS/AgNO, nanofiber mat when compared with the con-
trol (P<<0.05). However, no significant cytotoxicity was
observed at any concentration with the neat PVA/COS
and PVA/COS-AgNP nanofiber mats. These data suggest
that the PVA/COS-AgNP nanofiber mat has excellent
in vitro biocompatibility and has marked benefits over

the PVA/COS/AgNO, nanofiber mat at the concentrations
tested (0.8—1.0 mg/mL).

Skin irritation test

The results of the skin irritation test for single and multiple
applications are shown in Tables 2 and 3, respectively.
According to the intensity criteria for skin irritation, scores
below 0.5 were regarded as indicating no irritation. As shown
in Tables 2 and 3, both PVA/COS/AgNO, and PVA/COS-
AgNP nanofiber mats caused no irritation to normal skin after
single and multiple applications, indicating the acceptability
of these nanofibers for transdermal drug delivery.

Antibacterial assessment

The antibacterial properties of the nanofibers were explored
in S. aureus and E. coli by measuring bacterial growth inhibi-
tion halos and by bactericidal kinetic testing. Figure 10 shows
the antibacterial activity of the neat PVA/COS, PVA/COS/
AgNO,, and PVA/COS-AgNP nanofibers using a zone
inhibition test. In these experiments, no zones of inhibition
were observed for the neat PVA/COS nanofiber. As shown
in Figure 9B-F, PVA/COS/AgNO, and PVA/COS-AgNP
nanofibers displayed high antibacterial activity against both
S. aureus and E. coli. The size of the zone of inhibition
increased slightly for the PVA/COS-AgNP nanofiber.
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Figure 8 In vitro Ag release profiles from the PVA/COS-AgNP nanofiber and the PVA/COS/AgNO, nanofiber.
Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA, poly(vinyl alcohol).
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Notes: *P<<0.05 compared with the negative control. The data are presented as the mean + standard deviation (n=5).
Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA, poly(vinyl alcohol).

Figure 11 shows the bactericidal kinetic testing results
for the various nanofibers. The neat PVA/COS nanofiber
displayed slight antibacterial activity at 12 hours. The
AgNP-decorated PVA/COS nanofibers demonstrated excel-
lent bactericidal efficiency toward both microorganisms.
As the quantity of AgNO, increased, the inhibition ratio
expanded. The PVA/COS-AgNP mat (average AgNP
diameter 15 nm) showed more effective antibacterial
activity than the PVA/COS/AgNO, mat (average AgNP
diameter 22 nm) against both microorganisms, a differ-
ence that may be due to the release rates for Ag* ions or
AgNPs,¢ and the sizes of the AgNPs.? The larger surface
area of the smaller AgNPs provided a larger area for bac-
teria interaction, enhancing their antibacterial effect.!%2627

Table 2 Average primary skin irritation index values for single
application (n=4)

Samples Average score

I hour 24 hours 48 hours 72 hours
PVA/COS/AgNO, 0.05+0.10 0.00 + 0.00 0+0.00 0+0.00
nanofiber mat
PVA/COS-AgNP  0.28+0.19 0.18+0.13 0.05+0.10 0%0.00
nanofiber mat
Gauze 0.16+£0.21 0.10+0.20 0+0.00 0+0.00

Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA,
poly(vinyl alcohol).

Thus, the AgNP-containing nanofibers are advantageous
as antibacterial materials.

Wound healing and histological

examination

To assess wound healing, four full-thickness circular wounds
were cut into the back of each rat, and the wounds were cov-
ered with PVA/COS/AgNO,, PVA/COS-AgNP nanofiber
mats, commercially available woundplasts (positive control),
or gauze (negative control). Figure 12 shows the animals
from each group at one, 7, and 14 days after grafting. Wound
closure was observed in all treatment groups within 14 days.
The grafts prepared with nanofiber scaffolds were well inte-
grated into the surrounding skin. The wound areas decreased

Table 3 Average primary skin irritation index values for multiple
applications (n=4)

Samples Average score

I hour 24 hours 48 hours 72 hours
PVAICOS/AgNO, 0.10£0.12 0.13£0.15 0.08+0.15 0.05%0.10
nanofiber mat
PVA/COS-AgNP  0.03 +0.05 0.05+0.10 0.05+0.10% 0.03 +0.05
nanofiber mat
Gauze 0.10+0.14 0.18+0.13 0.23+0.05 0.10+0.08

Note: *P<<0.05 compared with gauze.
Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA,
poly(vinyl alcohol).
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Figure 10 Zone of inhibition test for (A and D) the neat PVA/COS nanofiber (B and E) the PVA/COS/AgNO, nanofiber, and (C and F) the PVA/COS-AgNP nanofiber.
Also shown are photographs of the disk sensitivity test for Staphylococcus aureus (A—C) and Escherichia coli (D—F).
Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA, poly(vinyl alcohol).
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Figure | | Bactericidal kinetic study against Staphylococcus aureus (A) and Escherichia
coli (B) for the different nanofibers.
Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA,
poly(vinyl alcohol); UV, ultraviolet.

gradually, reaching approximately 3% at 14 days after treat-
ment with the four different wound dressings. Figure 13 shows
the changes in wound area at the different healing times.
During the first 7 days, the PVA/COS-AgNP nanofiber mats
enabled better wound healing than the gauze (P<<0.05), and
produced results similar to those for the PVA/COS/AgNO,
nanofiber mats and the commercial woundplasts. However,
the difference between the PVA/COS/AgNO, nanofiber mats
and gauze was not statistically significant. A possible cause for
this difference may be the rapid and constant release of AgNPs
and the excellent antibacterial capacity of PVA/COS-AgNP
nanofibers. The wound area percentages for all treatments
between day 9 and recovery were similar.

According to the histological examination shown in
Figure 14, the PVA/COS-AgNP nanofiber demonstrated
superior wound healing compared with gauze and the
PVA/COS/AgNO, nanofiber. Seven days after grafting, the
wounds in the PVA/COS/AgNO, nanofiber and gauze groups
displayed ulcerated surfaces, formation of granulation tis-
sue, and infiltration of inflammatory cells. In contrast, the
granulated tissue in the PVA/COS-AgNP group disappeared
without capillary hyperplasia. Late-stage healing processes
in the control group were similar to those in the AgNP-
containing nanofiber groups. On day 14, newly synthesized
fibrous tissue and sparse inflammatory cells in the dermis
and subcutis were covered by completely re-epithelialized
epidermis in each group. These data further confirm that
the PVA/COS-AgNP nanofibrous membrane could provide
a suitable scaffold for wound healing.
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Figure 12 Wound appearance at |, 7 and 14 days after grafting with (A) gauze,
(B) the PVA/COS/AgNO, nanofiber, (C) the PVA/COS-AgNP nanofiber, and
(D) the commercial woundplast.

Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA,
poly(vinyl alcohol).
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Figure 13 Wound healing with the PYA/COS/AgNO, nanofiber, the PVA/COS-
AgNP nanofiber, commercial woundplast, and gauze.

Notes: *P<<0.05 compared with the gauze. The data are presented as the mean *
standard deviation (n=6).

Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA,
poly(vinyl alcohol).

Figure 14 Histological examination after wounds had been covered for 7 and
14 days with (A) gauze, (B) the PVA/COS/AgNO, nanofiber, (C) the PVA/COS-
AgNP nanofiber, and (D) the commercial woundplast.

Abbreviations: AgNP, silver nanoparticle; COS, chitosan oligosaccharide; PVA,
poly(vinyl alcohol).

Conclusion

In the present study, AgNPs (15 nm average diameter) were
successfully prepared using a green method. Nonwoven
mats of PVA/COS/AgNO, blends and PVA/COS-AgNP
blends were fabricated by electrospinning. The presence of
AgNPs was confirmed via scanning electron microscopy,
FE-TEM, X-ray diffraction, Fourier transform infrared
spectroscopy, and differential scanning calorimetry. The
PVA/COS-AgNP nanofiber mats were in the nanometer
range, were nontoxic and biocompatible, and displayed
sustained-release characteristics, demonstrating excellent
antimicrobial activity against Gram-positive S. aureus and
Gram-negative E. coli. Moreover, the PVA/COS-AgNP
nanofiber mats accelerated the early stages of wound heal-
ing compared with the PVA/COS/AgNO, nanofiber mats,
suggesting that these materials have great potential for use
as wound dressings.
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