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A series of ultrafine polyvinyl alcohol (PVA)/graphene oxide (GO) nanofibrous scaffolds (PGNSs) with
different GO content (0, 0.25, 0.5, and 1.0%) was fabricated via an electrospinning process. The
morphology, composition, mechanical behavior, surface wettability and protein adsorptivity of these
scaffolds were investigated. The results showed that the diameter of the nanofibers in the PGNSs was
230 £ 68, 197 + 46, 188 + 38 or 164 + 54 nm when the GO content in the scaffolds was 0, 0.25, 0.5 or
1.0%, respectively. The ATR-Fourier transform infrared spectra, Raman spectra, and X-ray diffraction
results revealed the successful introduction of GO into the PVA matrix. Mechanical testing indicated that
GO increased the tensile strength while reducing the ductility of the scaffolds. The biological properties
of the scaffolds were evaluated by water contact angle measurements, protein adsorption assays,
hemolysis ratio testing, cell co-culturing and in vivo skin repair in animal models. The results showed
that the GO-modified scaffolds had favorable hydrophilicity and enhanced protein-enrichment ability.
No visible hemolysis was observed for any of the scaffolds. Cellular behavior on the scaffolds revealed
that the PGNSs were suitable for the growth and adhesion of L929 fibroblasts. Moreover, the PGNS
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wound repair assessments showed that the wound contraction rate when treated by the PGNS

DOI: 10.1039/c7ra03997b containing a 0.25% GO content exceeded 90% within 9 days, suggesting excellent potential of the PGNS
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economical and is also limited by several potential disadvan-
tages, such as requiring an extra incision, the availability of

1 Introduction

(cc)

The skin's utmost important function is to form a natural
barrier to pathogens and to any damage between the internal
and external environment in bodily defense.' If the damaged
skin is not treated in time, open skin wounds are prone to be
invaded by microorganisms. Thus, a wound infected by
microorganisms will cause much pain and disfigurement, and
could even be life threatening.” Therefore, adequate wound
treatment for rapid healing is indispensable to prevent infec-
tion. To heal a skin defect, the transplantation of autologous,
xenogeneic and allogeneic skin grafts and tissue engineered
skin replacements has been widely used.®* However, the trans-
plantation of autografts, xenografts and allografts is not
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a compatible donor, and a mismatch in size between the donor
skin and the injured skin.*® To resolve these problems,
commercialized tissue engineered skin-substitutes, such as
Dermagraft, Integra, Alloderm, and Apligraft, have been devel-
oped.® However, in order to develop more and better products to
meet the demands of the market, these substitutes need to be
further optimized.® Therefore, ideal dressing materials for skin
tissue repair are still lacking.

Nanoscale biomaterials can mimic the structure of extra-
cellular matrices (ECMs) and provide a platform for cell
attachment, differentiation and proliferation. The amount of
research on nano-biomaterials as skin tissue engineering scaf-
folds is increasing tremendously. Five methods, including
phase separation, drawing, template assisted synthesis, self-
assembly, and electrospinning, have been commonly used to
fabricate nanofibrous scaffolds for skin tissue engineering.” Of
these techniques, electrospinning is one of the most simple and
cost-effective methods to prepare a variety of polymeric nano-
fibers.® As a result, the fabrication of ultrafine fibers from
various natural and synthetic polymers by electrospinning has
been extensively investigated.®

This journal is © The Royal Society of Chemistry 2017
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Polyvinyl alcohol (PVA) has excellent water absorption ability
and biocompatibility,’® and can provide a suitable environment
for cell growth because of its semi-permeability, flexibility and
pH-stability.” Based on these advantages, electrospun PVA
nanofibrous scaffolds have been used for skin tissue engi-
neering.""* However, owing to its insufficient functional groups
and cell recognition sites, the bioactivity of PVA, including its
protein adsorption ability, cell compatibility and skin repair
efficiency, needs to be further improved.”** One of the most
effective methods is to modify PVA using some special bioactive
composites. Graphene oxide (GO) is a good candidate with
bioactive performance due to its large surface area, abundant
functional groups and protein adsorption properties.”> Several
studies have shown that a small amount of GO (less than 5%)
could significantly improve many properties of the matrix, such
as mechanical strength,'® electronic conductivity,"” and protein
affinity.’® For example, GO has been used to bind proteins and
vitamins to improve cell proliferation.'* Moreover, the addition
of GO endows the matrix with some new functions such as
improving the drug loading capacity,® directing cell behav-
iors,* promoting wound healing,* and enhancing bone tissue
formation.” Shin et al have demonstrated that GO-incorpo-
rated nanofibrous films could promote the adhesion of human
fibroblasts, and accelerate skin regeneration.”® In addition,
because of its favorable antibacterial properties, GO can prevent
infection in wounds.*

Therefore, in this work, we introduced GO as a modifier to
improve the bioactivity of PVA-based nanofibrous scaffolds. It
was expected that the bioactivity of PVA could be enhanced
because of the addition of GO. In order to verify our hypothesis
and further investigate the effects of the GO content on their
biological properties, a series of PVA/GO nanofibrous scaffolds
(PGNSs) with different GO content was fabricated via an elec-
trospinning process, and then the physicochemical properties
and the in vitro biocompatibility of the PGNSs were investigated.
Finally, the in vivo wound repair efficiency of the PGNSs was
evaluated in a defective rat wound model by macroscopical
observation and histological analysis.

2 Materials and methods
2.1 Materials

The L929 mouse fibroblast cell line used in this study was from
the Shanghai Institutes for Biological Sciences (SIBS), Chinese
Academy of Sciences (Shanghai, China). Alpha minimum
essential medium (o«-MEM) and fetal bovine serum (FBS) were
obtained from Sigma Aldrich. Polyvinylalcohol (PVA, polymeri-
zation degree PD = 1750 + 50) was purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Graphene oxide
(GO, diameter of 0.5-5 um and thickness of 0.6-1.0 nm, purity >
99%) was obtained from Suzhou Hengqiu Technology Co., Ltd
(Suzhou, China). 3-(4,5-Dimethyl-2-thiazoly (2,5-diphenyl-2H-
tetrazolium bromide)) (MTT) was obtained from Invitrogen
Corporation (Gibco BRL, Grand Island, NY, USA) and 4,6-dia-
midino-2-phenylindole dihydrochloride (DAPI) was obtained
from Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
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China). The other chemicals were of analytical grade and used
without further treatment.

2.2 Fabrication of electrospun GO-modified PVA
nanofibrous scaffolds

The fabrication procedure of the PVA/GO composite solution is
as follows: PVA solution was prepared by dissolving 2 g of PVA
granules in a 20 mL acetic acid/distilled water (1 : 1, v/v) solvent
mixture with constant stirring at 80 °C for 4 h. Similarly, 0.4 g
GO powder was added to 20 mL of deionized water and stirred
by magnetic stirring for 30 min, and then ultrasonically
dispersed for 30 min. After the preparation of both solutions, 0,
0.25, 0.5, and 1.0 mL of the GO solution (20 mg mL™") was
dispersed into 20 mL of PVA solution with magnetic stirring.
After 24 h, homogeneous composite solutions were obtained,
which were used for electrospinning according to a previous
method.* Briefly, the PVA/GO composite solution was loaded
into a 5 mL syringe with a needle with an inner diameter of 0.69
mm, and then was electrospun at a positive DC voltage of 18 kV
and a flow rate of 1.2 mL h™". A piece of aluminum foil used as
a collector was placed under the capillary needle tip at
a distance of 14 cm. The electrospun PVA/GO nanofibrous
scaffolds (PGNSs) were cross-linked and stabilized in glutaral-
dehyde steam in a ventilation cabinet for 36 h. The obtained
fibrous scaffolds were stored in a desiccator for further char-
acterization. The PVA/GO nanofibrous scaffolds with different
GO content were coded as PGNS-n, where n = 0, 0.25, 0.5 or 1.0,
corresponding to the weight percent of GO in the scaffolds. For
example, PGNS-0.25 indicates the PVA/GO nanofibrous scaffold
with a 0.25% GO content and PGNS-0 indicates the neat PVA
nanofibrous scaffold without GO.

2.3 Characterization

2.3.1 Morphological observation and composition anal-
ysis. The surfaces of the PGNSs were sputter-coated with a thin
layer of gold and their morphologies were observed by a scan-
ning electron microscope (SEM, VEGA3, TESCAN, Czech
Republic) at 20 kV. The fiber diameters of the PGNSs were ob-
tained from analysis of 100 nanofibers randomly selected from
each of the SEM images using Image-Pro Plus software. For
Attenuated Total Reflection Fourier Transform Infrared Spec-
troscopy (ATR-FTIR) analysis, the PGNSs were cut into 2 x 2 cm?
pieces and the spectra were recorded on a spectrometer (TNZ1-
5700, Nicolet, USA) over a wavelength range from 4000 to 650
em™ ', To investigate the chemical composition, the PGNSs were
characterized by a fully automated laser Raman microscope
(LabRAM Aramis, HORIBA Jobin Yvon, France) with a 633 nm
excitation wavelength and 50x magnification at room temper-
ature. X-ray diffraction measurements were carried out using
a WAXD diffractometer (D8-Advance, Bruker, USA). The
patterns were recorded over the region of 26 from 5 to 40° with
a scan rate of 5° min~" using a Cu target and Ka. radiation (1 =
0.15405 nm) at 40 kV and 30 mA.

2.3.2 Mechanical properties. The mechanical properties of
the PGNSs were measured using the universal testing machine
(CMT6503, Shenzhen SANS Test Machine, China) at a tensile
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rate of 10 mm min~'. Each sample with dimensions of 10 mm
width x 70 mm length and 0.02 £ 0.01 mm thickness was
analyzed and the analysis was repeated three times. The tensile
strength and elongation at break of the samples were recorded.

2.3.3 Surface wettability and protein adsorptivity. To esti-
mate the surface wettability of the scaffolds, the water contact
angle of the PGNSs was measured by a video contact angle
system (FTA100, First Ten Angstroms, Inc, America). The
droplet size was set at 3 puL, and six samples were used for each
test. The protein adsorption onto the PGNSs was measured
according to the literature with a minor modification.® Briefly,
the PGNSs were cut into 10 x 10 mm? pieces, fitted into a tube,
soaked in 75% ethanol for 2 h and then rinsed three times with
phosphate buffered saline (PBS). The wetted scaffolds were
exposed to BSA solution (3 mL, 4 mg mL ™" in PBS buffer) for 24
h in a shaker at 37 °C. Then, the PGNSs were taken out and the
protein concentration of the BSA solution after adsorption was
quantified by its absorbance at 280 nm based on a calibration
curve generated with BSA.

2.3.4 Hemolysis assays. The experiment was performed in
compliance with the relevant laws and institutional guidelines,
such as “Guiding Opinions on the Treatment of Animals (09/30/
2006)” from the Ministry of Science and Technology of the
People's Republic of China. All procedures concerning animals
were approved by and conformed to the guidelines of the
Animal Care & Welfare Committee of the Wuhan University
School of Medicine. New Zealand Rabbits were obtained from
the Wuhan University Animal Center. The hemolysis ratio of
PGNSs was examined by hemolysis assays according to our
previous study.”® Briefly, fresh rabbit blood was collected in
anticoagulant 3.8 wt% trisodium citrate dihydrate-containing
tubes for standard hemolysis testing. The PGNSs were
immersed in an extraction medium stabilized with heparin and
incubated for 2 h at 37 °C in a gently shaking water bath,
transferred to new tubes, and centrifuged at 3000 rpm for 10
min. The positive and negative control in this experiment were
distilled water and sterilized PBS, respectively. The anti-
coagulated rabbit blood was diluted by sterilized PBS. Then a 1
x 1 cm?® piece of each sample was added and incubated for 60
min in a water bath at 37 °C. Thereafter, the absorbance of the
supernatant from each sample was measured at 545 nm using
a UV-vis spectrophotometer (Shimadzu UV-1601, Japan). The
hemolysis ratio was calculated using the following equation:

Hemolysis ratio (%) = [(AS — AN)/(AP — AN)] x 100 (1)

where AS, AP, and AN are the average absorbance values of the
samples, positive control, and negative control, respectively.

2.3.5 In vitro cytocompatibility evaluation

2.3.5.1 Cell culture. L929 mouse fibroblasts were seeded in
a-MEM supplemented with 10% FBS and 1% antibiotics in a 25
em? cell culture flask and incubated at 37 °C in a humidified
atmosphere containing 5% CO,. The culture medium was
replaced every three days. Cells were subcultured upon 80%
confluency with 0.25% trypsin-0.1% EDTA.

2.3.5.2 Cell viability. The extracts from the PGNSs were
prepared according to ISO 10993-12:2007. The PGNSs were
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immersed in cell culture medium (0.2 g of membrane per 1 mL
of «-MEM) and incubated at 37 °C for 72 h. The extracts were
collected and stored at 4 °C before use.

Cell viability was evaluated by an MTT assay at 24, 48 and 72
h after cell seeding. Briefly, L929 cells were re-suspended in
culture medium and incubated in a 96-well tissue culture plate
at a density of 1 x 10> cells per well (200 pL per well) at 37 °C in
a humidified atmosphere of 5% CO, for 24 h. Then the medium
was replaced with the extracts. A culture medium with the same
number of cells was used as a control. After incubating for 24,
48, or 72 h, the cells were treated with 20 uL of MTT per well and
incubated for another 4 h at 37 °C in a humidified 5% CO,
atmosphere. Afterwards, MTT solutions were removed and 200
pL of dimethyl sulfoxide was added to dissolve the formazan
crystals. The plate was incubated at room temperature on
a shaker for 30 min to enhance the dissolution of the formazan
crystals. A 100 pL aliquot from each well was transferred to
another 96-well tissue culture plate. Then absorbance values
were tested at a wavelength of 490 nm using a multi-well
microplate reader (Tecan GENios, Tecan Austria GmbH, Salz-
burg, Austria). The cell viability was calculated using the
following equation:

Cell viability (%) = (Aiesd Acontro)) X 100 2)

where At and Aoniro) are the absorbance values of the test and
control wells, respectively.

2.3.5.3 Cell adhesion and morphology. To evaluate the
potential application of PGNSs as cell culture scaffolds, L929
cells were used to observe their adhesion, proliferation and
distribution. A 10 mm stainless ring and PGNSs were placed in
a 24-well plate and immersed in 70% ethanol, washed twice
with sterile PBS and irradiated with UV light for 2 h. L929 cells
were then seeded onto the surfaces of the PGNSs at a density of
2 x 10" cells per well and cultured with o-MEM at 37 °C in a 5%
CO, humidified atmosphere. Three days later, the cells were
fixed in 2.5% glutaraldehyde and then washed with PBS three
times. Finally, the samples were stained with 4,6-diamidino-2-
phenylindole dihydrochloride (DAPI) and analyzed with a fluo-
rescence microscope (IX73, OLYMPUS, Japan).

The morphology of the cells cultured on the PGNSs was
observed by SEM using 20 kV as the accelerating voltage. Briefly,
the scaffolds with cultured cells were fixed in 2.5% glutaralde-
hyde overnight. Then, the scaffolds were washed with deionized
water and dehydrated with graded concentrations (50, 70, 80,
90, and 100% v/v) of ethanol. Finally, the scaffolds were
vacuum-dried and coated with gold for cell morphology
observations.

2.3.6 Repair of a skin wound using nanofibrous scaffolds
as a dressing in a rat model. The experiment was performed in
compliance with the relevant laws and institutional guidelines
such as “Guiding Opinions on the Treatment of Animals (09/30/
2006)” from the Ministry of Science and Technology of the
People’'s Republic of China. All procedures concerning animals
were approved by and conformed to the guidelines of the
Animal Care & Welfare Committee of the Wuhan University
School of Medicine. Fifteen male SD rats provided by the

This journal is © The Royal Society of Chemistry 2017
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Wuhan University Animal Center were anesthetized through an
intraperitoneal injection of chloral hydrate. One full-thickness
circular wound of 1.4 cm in diameter was created on the back of
each rat. The wound was covered by a piece of scaffold, followed
by covering with a silicon sheet and was fixed by 4-0 nylon
sutures at three corners. The animal behavior and silicon sheet
integrity were monitored during the experiment. The wound
area was measured by tracing the wound margin using Image-
Pro Plus Software. Wound contraction rates were calculated by:

Wound contraction rate (%) = (4, — A,)/ A, x 100 (3)

where A, and 4, are the original wound area and actual wound
area, respectively.

2.3.7 Histological analyses. At day 12, the newly regen-
erated skins were harvested and fixed in 4% (w/v) para-
formaldehyde at 4 °C for 12 h for histological analysis. Then,
they were embedded in paraffin and sliced into 5 pm sections.
The sections were subjected to hematoxylin-eosin staining and
masson staining, respectively. Finally, the sections were
observed and photographed using a fluorescence microscope
(IX73, OLYMPUS, Japan).

2.3.8 Statistical analysis. All of the quantitative data were
expressed as the mean =+ standard deviation. Statistical
comparisons were performed using one-way ANOVA with PASW
17.0 software (SPSS Incorporated, Chicago, IL). P < 0.05 was
considered statistically significant.

3 Results and discussion
3.1 Fabrication of the PGNSs

According to the general literature, water was used as the
solvent for PVA for electrospinning.>** In the pre-experiment,
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we found that a series of uniform electrospun PGNSs could be
obtained when the concentration of the PVA solution was in
a range of 8-15%. The final optimized concentration of the PVA
solution for electrospinning was 10% in this work. However, we
found that the tip of the needle was occasionally blocked by the
electrospinning solution when water was used as the solvent. In
order to avoid the blocking phenomenon, we tried to introduce
50% acetic acid into the water which significantly enhanced the
spinnability of the PVA solution. Due to the nature of PVA, the
electrospun PVA fibers easily dissolved in water. To avoid the
dissolution of the PGNSs into water, glutaraldehyde steam was
used to cross-link and stabilize them. As a result, a series of
water-insoluble PVA nanofibrous scaffolds with or without GO
were fabricated by an electrospinning process.

3.2 Morphology and structure of the PGNSs

SEM images of the PGNSs are shown in Fig. 1. The PGNSs were
formed by randomly oriented fibers. These fibers interweaved
with each other and showed a smooth surface with no aggre-
gation or nodes. The diameters of PGNS-0, PGNS-0.25, PGNS-
0.5, and PGNS-1.0 were 230 + 68, 197 + 46, 188 &+ 38, and 164 +
54 nm, respectively. It was clear that the PGNSs were of nano-
scale diameter. After GO was introduced into the scaffolds, the
diameter of the nanofibers decreased gradually in the range
from 197 £+ 46 nm to 164 + 54 nm with increased GO content.
The decrease in fiber diameter is probably attributed to the
following reasons: (1) the change in the properties of the elec-
trospinning solution, such as surface tension and solution
viscosity*® and (2) GO improved the electronic and ionic
conductivity of the electrospinning solution so that the nano-
fibers were well elongated, split off, and separated into thinner
nanofibers under the same processing conditions.*
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Fig.1 SEM images and the diameter distribution of the electrospun fibers in PGNS-0 (A and E); PGNS-0.25 (B and F); PGNS-0.5 (C and G); and

PGNS-1.0 (D and H).
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3.3 Surface structure of the PGNSs

First, ATR-FTIR was used to confirm the existence of GO in the
PVA matrix. As shown in Fig. 2A, the characteristic peaks at 3401,
1727, 1624, 1396, and 1065 cm ' of GO are assigned to the
stretching vibrations of hydroxyl groups, the stretching vibrations
of carboxylic acid, skeletal vibrations of unoxidized graphitic
domains, O-H deformations of the C-OH groups, and C=0
stretching vibrations, respectively. However, in the ATR-FTIR
spectra of PGNS-0.25, PGNS-0.5 and PGNS-1.0, the characteristic
band of GO (1624 cm ') was not observed. Thus, more sensitive
Raman spectra were further used to confirm the incorporation of
GO and these Raman spectra are shown in Fig. 2B. The Raman
spectra of the PGNSs showed the characteristic D band and G
band of GO at 1396 and 1624 cm ™', respectively, suggesting the
presence of GO in PGNS-0.5 and PGNS-1.0.”” However, the char-
acteristic D and G bands of GO were not observed in PGNS-0.25,
which was due to insufficient GO loading. Afterwards, the crys-
talline characteristics of the PGNSs were investigated by XRD as
shown in Fig. 2C. The characteristic XRD diffraction peaks of neat
GO and PGNS-0 appear at 260 = 10.4° and 19.46°, respectively.
After being incorporated into the PVA matrix, the characteristic
peak of GO disappeared, while PGNS-0.25, PGNS-0.5 and PGNS-
1.0 only show the PVA diffraction peak at about 26 = 19.5°. The
results revealed that GO has a limited effect on the XRD pattern,
resulting in an invisible change in the crystalline characteristics.
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3.4 Mechanical properties

A successful tissue engineering scaffold must have sufficient
mechanical integrity to withstand manual manipulation.”® The
tensile strength and elongation at break of native human skin
were 5-30 MPa and 35-115%, respectively.” If a scaffold could
match the native skin's mechanical properties, it would be
beneficial for the repair of skin wounds. The tensile strain-stress
curves, and the tensile strength and elongation at break of the
PGNSs, are shown in Fig. 3. The tensile strength and elongation
at break were 2.0 MPa and 69.22% for PGNS-0, 2.74 MPa and
58.15% for PGNS-0.25, 4.12 MPa and 52.93% for PGNS-0.5, and
5.17 MPa and 36.74% for PGNS-1.0, respectively. Notably, the
addition of GO increased the tensile strength of the scaffolds,
but reduced the elongation at break. These results might be
explained as follows. Firstly, GO made the scaffolds more
effective in absorbing energy against an applied load. Secondly,
due to the hydrogen interactions between the hydroxyl groups of
PVA and the oxygen-containing functional groups of GO, more
energy would be needed to disrupt the fibers, resulting in
increased tensile strength. However, due to the 2D topological
planar structure of GO, parts of GO under stress might tend to be
perpendicular to the fibers. Therefore, these parts of GO cannot
transfer the force. In addition, the interaction and large aspect
ratio between the PVA matrix and GO restrict the movement of
the polymer chains,* decreasing the elongation at break.
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Fig. 2 ATR-FTIR spectra (A), Raman spectra (B) and XRD patterns (C) of the GO powder and electrospun nanofibers.
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Fig. 3 Typical stress—strain curves (A) and tensile strength and elongation at break (B) of the PGNSs. All values are the mean = standard deviation
(n = 3). *P < 0.05 (compared to PGNS-0), #P < 0.05 (compared to PGNS-0.25) and P < 0.05 (compared to PGNS-0.5).

In this study, all elongation at break values for the PGNSs
were within the range of human skin's elongation at break,
while the values of tensile strength of PGNS-0.5 and PGNS-1.0
were close to that of human skin. This indicated that the
mechanical properties of PGNS-0.5 and PGNS-1.0 matched
those of native skin, showing their good potential as skin
wound dressings. However, for skin tissue engineering appli-
cations, soft skin grafts with low tensile strength should be
more suitable to treat damaged skin. Barnes's study showed
that a scaffold with low tensile strength was more advantageous
for cell culture because of its similarity to soft tissues such as
collagen and elastin.?" In addition, the grafts were seldom under
high tensile stress when immobilized at the wound site.*
Therefore, PGNS-0.25, with a lower tensile strength than human
skin, may be satisfactory as a wound dressing and may be
a good potential candidate for a skin tissue engineering
substitute.

3.5 Surface wettability and protein adsorptivity

The attachment and growth of cells need scaffolds with

a relatively hydrophilic surface.®® In general, high
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hydrophilicity was favorable for cell adhesion. Moreover,
scaffolds with improved protein adsorption properties will be
more conducive to cell adhesion, growth, and wound heal-
ing.** As shown in Fig. 4, GO reduces the hydrophilicity of
scaffolds, while increasing protein adsorption. Moreover, the
higher the GO content, the lower the hydrophilicity, but this
also causes an invariable protein adsorption level. This was
mainly because the covalent interactions between hydrophilic
OH, C-0O-C and COOH groups in GO and the OH group in PVA
chains were enhanced through the cross-linking of glutaral-
dehyde while the number of free hydrophilic groups
decreased. Thus, GO weakened the interaction between
oxygen-containing groups and water molecules, resulting in
decreased hydrophilicity. Besides, the addition of GO
increased the specific surface area of the PGNSs and improved
their affinity to proteins, leading to enhanced protein
enrichment. However, due to steric hindrance, the amount of
protein adsorbed was not significantly changed when the GO
content increased. These results were consistent with Lamp-
in's report.* Finally, it should be noted that all of the PGNSs
were still hydrophilic so they may be suitable for cell
adhesion.
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Fig. 4 Water contact angle (A) and protein adsorption (B) of the PGNSs. *P < 0.05 (compared to PGNS-0), #P < 0.05 (compared to PGNS-0.25)

and %P < 0.05 (compared to PGNS-0.5).
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3.6 Evaluation of the hemolysis ratio

The hemolysis ratio is a major concern for evaluating the
hemocompatibility of biomaterials, as scaffolds will come into
direct contact with blood in vivo.*® A scaffold which could cause
obvious hemolysis is not suitable for tissue engineering. The
results of the hemolysis assays of water (positive control), PBS
(negative control), and the PGNSs are shown in Fig. 5. Obvious
hemolysis was observed in water, while no visible hemolytic
phenomenon was found in PBS and in the PGNS groups. The
relative hemolysis percentage for all of the scaffolds was less
than 2%, suggesting that no hemolysis occurs.

3.7 Evaluation of cytocompatibility

3.7.1 Evaluation of cytotoxicity. In order to assess the
toxicity of the PGNSs to L929 cells, MTT assays were performed
at 24, 48, and 72 h after cell culture. Cells cultured on a tissue
culture plate (TCP) were used as a control. As shown in Fig. 6,
the cell viability of L929 cells decreased with increasing GO
content. However, the cell viability in PGNS-0.25, PGNS-0.5, and
PGNS-1.0 was higher than that in PGNS-0 at 48 and 72 h after
cell culture. The cell viability in the PGNS-0.25 group was much
higher than that in other groups during the cell culture period
of 72 h. Although many studies have reported the biocompati-
bility of GO, it is not clear which content range is the best or how
GO could stimulate cell growth and proliferation. A widely
agreed statement is that GO has dose- and time-sensitive cyto-
toxicity. Indeed, our results also verified the statement, namely,
a low GO content enhances cell viability, while a high GO
content decreases cell proliferation and viability.*® The probable
reason is that a high GO content causes increased oxidative
stress with a significant production of reactive oxygen species
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Fig. 5 (A) Photo of a solution of rabbit red blood cells treated with
water, PBS, and the nanofibrous scaffolds, followed by centrifugation.
(B) The hemolysis ratio of rabbit red blood cells after being incubated
with water, PBS, PGNS-0, PGNS-0.25, PGNS-0.5 or PGNS-1.0.
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Fig. 6 Cell viability of L929 cells cultured in extracts from the PGNSs
for 24, 48, and 72 h. *P < 0.05 (compared to TCP), P < 0.05 (compared
to PGNS-0), P < 0.05 (compared to PGNS-0.25) and °P < 0.05
(compared to PGNS-0.5).

(ROS) in cells and induces a decrease in cell viability.*”** In
addition, a high GO content could significantly increase the
expression level of apoptosis-associated molecule Caspase-3,*°
and induce apoptosis, growth delay and cell cycle alterations in
different cell types.?**® As a result, a low GO content improved
cell proliferation while a high GO content increased the cyto-
toxicity and suppressed cell proliferation.

3.7.2 Cell adhesion and morphology. To further evaluate
the potential application of the PGNSs as cell reactors or skin
tissue engineering scaffolds, L929 cells were cultured on the
scaffolds for 72 h. The fluorescence images and SEM images of
the L929 cells are shown in Fig. 7. Blue stained cells by DAPI are
found in all of the scaffolds, clearly revealing good attachment
and spreading of cells on the surface of the scaffolds.> Cells
that are in contact with the PGNSs show more uniform growth
than those with TCP. The cell density on PGNS-0.25 was the
highest among the scaffolds, while no significant difference was
found between the PGNS-0.25 and TCP groups. SEM images
show the different morphologies of the cells on TCP and the
PGNSs. Unlike on TCP, cells cultured on the PGNSs spread out
in various directions and cover most of the area of the scaffolds.

It has been reported that GO could enhance the attachment
and proliferation of mammalian cells,” and low GO loading
favored cell spreading.”® Similar results were obtained in this
study. Good hydrophilicity is beneficial for cell attachment. As
demonstrated in previous results, all of the PGNSs showed
hydrophilicity, and PGNS-0.25 with a low GO content showed
the highest hydrophilicity. Therefore, the scaffold with a GO
content of 0.25% would be more beneficial for the spread and
growth of L929 cells.

3.8 Repair of skin defects with electrospun nanofibrous
scaffolds in vivo

The wound repair efficiency of the PGNSs was evaluated in an in
vivo full thickness skin wound model. Fig. 8A shows the repair
process of skin defects. The process of wound healing and

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Fluorescence microscopy images of cells stained with DAPI (A—E), cell density (F), and SEM images (G-K) of L929 cells cultured on TCP
and on the surfaces of the PGNSs for 72 h. (A and G) TCP; (B and H) PGNS-0; (C and I) PGNS-0.25; (D and J) PGNS-0.5; (E and K) PGNS-1.0; (F) the
statistical cell density on the PGNSs. *P < 0.05 (compared to TCP) and #P < 0.05 (compared to PGNS-0.25).

wound contraction rates at different time points from both the
PGNSs and control group are shown in Fig. 8B and C. During
the 12 day in vivo experiment, the wound size of all of the groups
shrank with time. Three days after surgery, the wound area in
the PGNS-0.25 group was significantly smaller than that in other
groups, and this trend was sustained for 9 days. The wound area
was similar between PGNS-0.5 and the control group, and the
wound area in the PGNS-1.0 group was obviously larger than
that in the other groups. During the early process of wound
healing, a small amount of scar formation was observed in the
PGNS-0.25 group at day 3. Moreover, the wound contraction rate
in the PGNS-0.25 group reached more than 70% after 6 days and
up to 90% within 9 days. These results indicated that a low GO
content promoted the healing of wounds.

This journal is © The Royal Society of Chemistry 2017

Twelve days after surgery, the regenerated skins were then
subjected to histological analysis. The images of HE-stained
and Masson-stained sections are shown in Fig. 8D. The
multiple-layer epithelial cells formed a thick slice of epidermis
layer in all of the groups, and the epidermis layer covered the
wound site. Large amounts of fibroblasts and dense collagen
deposition were observed in the wound area, revealing active
healing processes. However, histological specimens in contact
with the PGNS-0.5 and PGNS-1.0 groups showed the accumu-
lation of inflammatory cells. This biological response may be
caused by an overdose of GO, so an optimum content of GO
should be used to prevent adverse effects during wound heal-
ing.*® In contrast to scaffolds with a higher GO content, the
PGNS-0.25 group had dense new blood vessels and only a few
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(A) The photographs of the surgery process. An electrospun scaffold (a), the circle pattern drawn on the dorsal skin of a rat (b), the blank

wound defect without any treatment (c), the defect covered with an electrospun scaffold (d), and the wound defect covered with an electrospun
scaffold and silicon sheet (e). (B) Repair of skin defects with electrospun scaffolds in SD rats for 12 days. (C) Wound contraction rate in each group
(N = 5in each group) atday 0, 3, 6, 9, and 12. *P < 0.05 (PGNS-0.25 compared to control group) and #P < 0.05 (PGNS-1.0 compared to control
group). HE and Masson stained sections of the wound sites treated with electrospun scaffolds at day 12 (D). RE: re-epithelialization, IC:
inflammatory cells, BV: blood vessel, MF: myofibroblasts and C: collagen.

inflammatory cells. These results suggested that the in vivo
wound repair efficiency of the PGNS-0.25 group was the highest.

Electrospun nanofibers have proven to be promising for skin
tissue engineering application due to ECM-like structures. The
structures show great surface to volume ratios, providing
abundant space for cell adhesion and growth. A small amount
of GO has been used to modify the nanofibers. These modified
nanofibers showed a soft surface and suitable hydrophilicity.
Furthermore, these nanofibers provided a surface with

28834 | RSC Adv., 2017, 7, 28826-28836

improved bioactivity and cell affinity for skin wound regenera-
tion. However, for the wound repair efficiency of the PGNSs,
there are some explanations to be pointed out. Firstly, scaffolds
with a soft surface and good hydrophilicity showed excellent cell
affinity.’® Secondly, the scaffolds containing GO have better
protein adsorption abilities, favoring the proliferation of
various cells and enhancing collagen deposition and neo-
vascularization.”** Thirdly, scaffolds containing a small
amount of GO could decrease the expression of inflammation

This journal is © The Royal Society of Chemistry 2017
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factor IL-1.*® Fourthly, a low GO content could significantly
increase the deposition of collagen and upregulate expression
levels of various proteins.'®** Finally, a higher GO content could
obviously increase the expression levels of the apoptosis-
inducing factor, limiting cell proliferation and inhibiting cell
viability.**” As a result, a GO content of 0.25% was selected as
the optimal loading in this work. Therefore, PGNS-0.25 might
be a suitable candidate for skin tissue engineering.

4 Conclusion

Four kinds of PVA/GO nanofibrous scaffold (PGNS) with
different GO content were successfully fabricated by an elec-
trospinning process in this work. The resulting nanofibrous
scaffolds showed smooth surfaces and interweaved structures.
Invisible hemolysis and suitable hydrophilicity were observed
in the PGNSs. The PGNSs showed enhanced tensile strength,
reduced ductility and improved bioactivity in terms of protein
adsorption ability and cell viability. The animal experiments
showed that the PGNS with a 0.25% GO content had the highest
skin repair efficiency. These results suggested that PGNS-0.25
was optimal for facilitating skin regeneration and showed
potential application as a skin wound dressing.
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