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Electrospinning has become a popular nanotechnology for the fabrication of tissue engineering scaffolds, which can precisely
regulate fiber diameter and microstructure. Herein, we have prepared a three-dimensional polyacrylonitrile (PAN) nanofiber
by liquid-assisted electrospinning. The spacing between PAN nanofibers can reach to 15-20 μm, as the uniform internally
connected pore structure can be formed, through the regulation of parameters. Furthermore, the chitosan attached to the as-
prepared nanofibers gives the material antibacterial effect and increases its biocompatibility. Meanwhile, the special structure of
chitosan also provides the possibility for further loading drugs in dressings in the future. This newly developed nanocomposite
seems to be highly suitable for wound healing due to its unique properties of biodegradability, biocompatibility, and
antimicrobial effectiveness.

1. Introduction

As the largest organ of the human body, the skin is the first bar-
rier for the human body to protect itself. However, due to the
physical characteristics of the skin and its associated soft tissue,
it is vulnerable to external stimulation and is damaged easily. In
China, the number of trauma patients seeking medical treat-
ment is as high as 62 million times per year, among which the
number of deaths is about 600-700 thousand. Therefore, there
is a great clinical demand for trauma repair.

Skin dressing materials can replace the damaged skin
and resist the secondary injury caused by external mechani-
cal factors, such as the invasion and touch of foreign bodies,
as well as resist the secondary pollution and injury caused by
chemical factors, and prevent the wound from drying and
the loss of body fluid. Traditional medical dressings mainly
include cotton ball, cotton gauze and other natural fiber
materials, which play the role of physical isolation. However,

there are some defects, such as retearing at the scab of the
wound during cleaning, easy infection of the wound, and
poor hemostatic performance. Biomedical dressings can
overcome those shortcomings and become the focus of
researchers.

Electrospinning is an effective, versatile, and scalable tech-
nique of preparing the skin dressing materials from a variety
of synthetic or natural polymers with diameters down to the
nanoscale [1, 2]. Moreover, there are many controllable
parameters to control the fiber diameter, morphology, and
secondary structure more accurately. In particular, the use of
liquid as a receiving device for electrospinning nanofibers
could obtain the interconnected 3D (three-dimensional)
structure [3, 4]. Compared with most multilayer electrospin-
ning techniques [5, 6] and template techniques [7], the 3D
electrospinning technique of liquid reception is more con-
cerned with increasing fiber spacing than with the construc-
tion of macroscopic 3D structure [8–10]. And compared
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with the pore-forming agent technique [11], the aperture is
not too large and the pore distribution is more uniform [3].
In addition, this technique is convenient to operate and does
not need other complex postprocessing technology such as salt
leaching or template removal [12].

Polyacrylonitrile (PAN) is a kind of semicrystalline
synthetic organic polymer, which is an important raw mate-
rial of the ultrafiltration membrane, reverse osmosis hollow
fiber, fabric fiber, and carbon fiber [13]. Meanwhile, the cost
of industrial PAN staple fibers is low while the mechanical
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Figure 1: (a) SEM images and (b) fiber diameter distribution of electrospinning 2D-PAN fiber mats; (c) SEM images and (d) fiber diameter
distribution of the electrospinning 3D-FNFS nanofiber.
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Scheme 1: Schematic illustration of the setup for liquid-assisted electrospinning.
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properties are stable. In addition, PAN solution in electro-
static field is easy to be spun into silk, which could provide
the cells with an environment that closely resembles their
native extracellular matrix (ECM). It is expected that
compared with general materials, it has better cytocompat-
ibility, which is conducive to promoting the reproductive
growth of wound cells and accelerating wound healing. In
addition, 3D structure provides more crosslinking sites,
which is conducive to the adhesion of materials and the
adsorption of tissue fluid [14–16]. Consequently, electro-
spinning nanofibers are considered to be an effective mate-
rials in tissue engineering application, which is of great
significance in real life [17–20]. As a biomaterial with rich
pore structure, electrospinning nanofibers can be used as
scaffold for three-dimensional cell culture in tissue engineer-
ing [21]. Moreover, due to their porous structure which pro-
vides sufficient space for cells’ uniform distribution and
facile delivery of oxygen and nutrients, the 3D nanofiber
can mimic the topology and biological functions of the
extracellular matrix (ECM) for guided cell growth.

In this study, we report the preparation of 3D PAN
nanofiber scaffolds by electrospinning and crosslinking with
different concentrations of chitosan. The 3D network struc-
ture was formed by the stacking of one-dimensional nano-
wires, and the amino group of chitosan was used to
complete the crosslinking to enhance the antibacterial prop-
erty of the material. These scaffolds were then characterized
by analyzing the morphological structure and chemical
structure, as well as examining the cytotoxicity and antibac-
terial property.

2. Materials and Methods

2.1. Materials. N,N-Dimethylformamide (DMF, ACS
reagent), chitosan, glutaraldehyde, acetic acid, glycine, and
other reagents used for the preparation of PBS buffer were

purchased from Sigma-Aldrich. To prepare the PBS buffer,
8.0 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, and 0.24 g KH2PO4
were dissolved in 800mL deionized water. HCl solution
and NaOH solution were used to adjust the pH to 7.4, and
finally, the solution was diluted with deionized water to
1000mL. The PAN staple fibers (Macklin) were dissolved
in N,N-dimethylformamide (DMF) at a concentration of
10% (w/v) and magnetic stirred at 50°C overnight to obtain
the electrospinning precursor solution. Other cell culture
media and supplements were purchased from Sigma.

2.2. Electrospinning. The solution for electrospinning was
placed in a 1mL syringe equipped with a 23-gauge needle.
The solution was dispersed by a syringe pump at a feeding
rate of 1.0mL/h, with a humidity of 40-53%. The collector
was a conductive metal square shell container covered with
aluminum foil, wherein the liquid was a mixed solution of
ethanol and water (4 : 1, V/V). The typical distance between
the syringe tip and the collector was 10 cm. An electrospin-
ning voltage of 11-12 kV was applied between the syringe
tip and the aluminum foil.

The resultant electrospinning nanofibers were collected
into a beaker which contained a mixed solution of ethanol
and water by a glass rod on the collector. The as-prepared
nanofibers were then washed with deionized water for three
times. Finally, the appropriate amount of electrospinning
nanofibers was allocated to the 12-hole plate or 48-hole plate
and freeze dried overnight to obtain the fluffy nanofiber
sponges (FNFSs).

2.3. Crosslinking. The chitosan was dissolved in 1.0% (v/v)
acetic acid at a concentration of 0.050%, 0.075%, 0.100%,
and 0.125% (w/v). The as-prepared FNFSs were immersed
into the chitosan solutions and then shocked slightly,
followed by freeze-drying overnight to remove solvents.
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Figure 2: SEM images of (a) CNS0.050, (b) CNS0.075, (c) CNS0.100, and (d) CNS0.125 (scale bar, 10μm) composites.
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A culture dish contained 25% (v/v) glutaraldehyde solu-
tion was placed at the bottom of a dryer. The samples
treated with chitosan were placed on the bracket above the
culture dish at 40°C for 24 h. The samples were then
immersed in glycine solution (0.1M) to block the unreacted
aldehyde group. Then, the samples were rinsed with PBS
three times and dried to obtain the chitosan-coated nanofi-
ber scaffolds (CNSs). The CNSs containing chitosan were
named CNS0.050, CNS0.075, CNS0.100, and CNS0.125 accord-
ing to their respective chitosan concentration.

2.4. Characterization. Infrared spectra of the PAN and CNS
were obtained using a Nicolet iS10 FTIR instrument
(Thermo Fisher Scientific, Waltham, MA) with wavenumber
ranges from 400 to 4000 cm-1 by accumulating 16 scans at a

resolution of 5 cm-1. The morphologies of three-dimensional
FNFS, two-dimensional fibrous membrane obtained from
the aluminum foil, and CNS with different concentrations
of chitosan solution were observed by scanning electron
microscopy (SEM). Prior to imaging, the specimens were
sputtered with gold.

2.5. Cell Cytotoxicity Assays. The biocompatibility of the as-
prepared composites was evaluated by 3T3 fibroblast cells.
The 3T3 fibroblast cells were cultured on CNSs with differ-
ent concentrations of chitosan solution, as the cells cultured
on TCPs in the microplate were tested as the blank control.

TCP, CNS0.050, CNS0.075, CNS0.100, and CNS0.125 were
examined in 5 groups. Before cell inoculation, all samples
were immersed in 75% ethanol-water (v/v) solution for
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Figure 3: (a) FTIR spectra of PAN (i), CNS0.050 (ii), CNS0.075 (iii), CNS0.100 (iv), and CNS0.125 (v), with the inset showing the photographs of
CNS0.050, CNS0.075, CNS0.100, and CNS0.125 from left to right (lower row) and their corresponding constructs before crosslinking (upper
row). (b) FTIR spectra of CNS0.100 before (i) and after (ii) crosslinking.
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Figure 4: Continued.
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30min and treated by ultraviolet radiation for another
30min in the 24-well microplates. Thereafter, 3T3 fibroblast
cells were seeded onto CNSs at a density of 1:5 × 104 cells
per well. 3T3 fibroblast cells were cultured in medium
(DMEM, 10% v/v fetal bovine serum and 1% v/v penicil-
lin/streptomycin solution) at 37°C under 5% CO2 in a cell
culture incubator for 2 days.

The cell samples were washed with PBS for three times.
Then, the cells were fixed with a 4% formaldehyde solution
and stained with a Fluo-4 AM (2.5mM) solution. The stan-
dard MTT [22] assay was used to examine the viability of
cells. Each sample was retested three times. The fluorescent
images were taken by a fluorescence microscope (Olympus)
configured with a Nuance CCD camera.

2.6. Cell Proliferation Assay. According to the same opera-
tion for the cell cytotoxicity assays, 3T3 fibroblast cells were
cultured on the standard tissue culture plates (TCPs),
two-dimensional PAN/chitosan cellulose membrane, and
CNS0.075. The samples were taken for 24 h, 36 h, and 48h.
The wavelength of OD was measured at 450 nm. The stan-
dard MTT assay was used to examine the cell proliferation.
The cells were fixed with a 4% formaldehyde solution and
stained with a 4′,6-diamidino-2-phenylindole (DAPI) solu-
tion. Immunostaining the cytoskeleton of 3T3 fibroblast cells
with FITC-labeled anti-Actin antibody was done as per the
well-documented methods.

2.7. Antibacterial Experiment. Staphylococcus aureus (S.
aureus) and Escherichia coli (E. coli) were selected and inoc-
ulated in 100mL HS medium. The HS culture medium was
composed of glucose 25, yeast extract 5, peptone 5, citric
acid monohydrate 1.2, and Na2HPO4 2.7 (g L

−1). After inoc-
ulation, they were placed in the shaking table and shaken for
24 hours. 100 cfu mL-1E. coli and S. aureus bacteria cells was

grown in 50mL liquid LB medium supplemented with
10μgmL-1 CNS0, CNS0.050, CNS0.075, CNS0.100, and
CNS0.125. The antibacterial activities of CNS0, CNS0.050,
CNS0.075, CNS0.100, and CNS0.125 were determined by the
shaking flask method. Growth rates and bacterial concentra-
tions were determined by measuring the optical density
(OD) of LB in broth medium at 600nm every 6 hours.

3. Results and Discussion

3.1. Morphology of Fluffy Nanofiber Sponges (FNFSs). We
successfully fabricated the fluffy nanofiber sponges (FNFSs)
by the optimized electrospinning technique. The electrospin-
ning process as shown in Scheme 1 was employed to fabricate
the nanofibers in this study. 80% ethanol-water solution was
used as the receiving device for electrospinning nanofibers to
obtain the interconnected 3D (three-dimensional) structure.
The SEM micrographs of three-dimensional FNFSs and two-
dimensional fibrous membrane obtained from the aluminum
foil are shown in Figure 1. From it, we can see that the fiber
spacing of the two-dimensional fibrous membrane was less
than 5μm (Figure 1(a)), and fibers were accumulated and
entangled mostly, with an average diameter of about
835 nm (Figure 1(b)). However, fiber spacing of the three-
dimensional FNFSs could reach from 15μm to 20μm, and
the fibers were obviously more dispersed from each other
(Figure 1(c)) with an average diameter of about 808nm
(Figure 1(b)). The three-dimensional FNFS appeared as
fibers with interconnected pores in the liquid environment
(80% ethanol), presenting properties that were not available
in two-dimensional fiber membranes (aluminum foil), which
provided good application prospect in adsorption materials,
tissue engineering, and other fields. This fact suggests that
the three-dimensional FNFSs received by liquid are more sta-
ble, and the diameter distribution is narrower.
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Figure 4: (a) Cell viability and (b) fluorescence images of 3T3 fibroblast cells cultured on the TCPs, CNS0.050, CNS0.075, CNS0.100, and CNS0;
(c) the proliferation of 3T3 fibroblast cells cultured on the TCPs and CNS0.075 (24 h, 36 h, 48 h); (d) fluorescence images of 3T3 fibroblast
cells cultured on CNS0.075.
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3.2. Characters of Chitosan-Coated Nanofiber Scaffolds
(CNSs). The SEM micrographs of CNSs with different chito-
san concentrations are shown in Figure 2. The chitosan
looks like a layer of membranes at the surface of the CNSs,
which do not affect the shape of the CNSs or the three-
dimensional mesh structure. With the increase of the con-
centration of chitosan from 0.050% to 0.125% (w/v), the
chitosan nanofibers loaded on CNS increased obviously.
On the one hand, the incorporation of chitosan with syn-
thetic CNS scaffolds had shown vital advantages in improv-
ing scaffold biocompatibility, maintaining morphology and
structural stability of three-dimensional scaffolds under
low pressure. On the other hand, scaffolds with enough
interconnected space were favorable for cell growth, migra-
tion, and proliferation.

Figure 3 exhibits the FT-IR spectra of PAN and CNSs.
Three intense peaks at 2933 cm-1, 2242 cm-1, and 1450 cm-1

belong to C-H bands, C≡N bands, and -CH2 bands, respec-

tively [23, 24]. The characteristic structures of PAN are
observed both in the spectra of PAN and CNSs, showing
the characteristic structures of PAN. There were three new
peaks in the spectrum of CNSs appeared at 3368 cm-1,
2870 cm-1, and 1559 cm-1, which could, respectively, be due
to the telescopic vibration of the O-H, the telescopic vibra-
tion of the C-H, and the bending vibration of the N-H in
molecular chitosan [25]. Taking these results into consid-
eration, it was clear that the combined electrospinning
scaffolds (CNSs) contained both PAN and chitosan.
Figure 3(b) displays the FT-IR spectra of CNS0.01 before
(i) and after (ii) crosslinking. After crosslinking, the charac-
teristic N=C telescopic vibration peak at 1656 cm-1 becomes
stronger and the characteristic N-H bending vibration
absorption peak becomes weaker. Combining the photos of
CNS with the photos of CNS after crosslinking, it can be
found that due to the formation of N=C bands, CNS becomes
slightly yellow.
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Figure 5: Bacteria suspension concentration (OD600) of CNS0, CNS0.050, CNS0.075, CNS0.100, and CNS0.125 by E. coli (a) and S. aureus (b).
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3.3. Cytotoxicity and Cell Proliferation of CNSs. The 3T3
fibroblast cells as model cells were cultured on CNSs with
different concentrations of chitosan solution for 2 days.
The cytotoxicity of different samples was evaluated by
MTT cell viability assay. As shown in Figure 4(a), 3T3 fibro-
blast cells maintained nearly 104% and 92% of cell viability
on the substance of CNS0.050 and CNS0.075, respectively,
but only 87% and 67% of CNS0.100 and CNS0.125, respec-
tively. The blank control experiments were included using
the standard tissue culture plates (TCPs) for comparison with
normalization. It suggests that both CNS0.050 and CNS0.075
exhibit very low cytotoxicity for 3T3 fibroblast cells. 3T3 cells
were imaged with a fluorescent microscope after they were
cultured on TCPs and CNSs with different concentrations of
chitosan for 2 days. As shown in Figure 4(b), the number of
cells cultured on CNS0.050 and CNS0.075 are similar to that
on TCPs. It also confirmed the low cytotoxicity of CNS0.050
and CNS0.075 for 3T3 fibroblast cells. Meanwhile, it was obvi-
ous that the cells growing on smooth TCP were better distrib-
uted because of the freedom of cell migration, while the
growth of the cells cultured on CNS presented local directiv-
ity, indicating that the cells basically grew towards the direc-
tion of the fibers. These results suggested that CNS0.050 and
CNS0.075 could provide good biocompatibility and well-
controlled microenvironments for the growth and prolifera-
tion of 3T3 fibroblast cells.

In order to investigate the proliferation of 3T3 fibroblast
cells cultured on CNS0.075, the control experiments were
included using the standard tissue culture plates (TCPs) and
the two-dimensional PAN/chitosan cellulose membrane for
comparison with normalization. Figure 4(c) shows the prolif-
eration of cells which were cultured for 24h, 36h, and 48h.
After 24h in culture, the proliferation of cells on these three
materials was almost the same. After 36h in culture, the pro-
liferation of cells on the two-dimensional PAN/chitosan cellu-
lose membrane and CNS0.075 began to be lower than that of
TCPs. After 48h in culture, the proliferation of cells on the
CNS was about 90% of TCPs but higher than that on the
two-dimensional PAN/chitosan membrane. Taken together,
these results suggest that CNS three-dimensional scaffolds
can provide good biocompatibility and well-controlled micro-
environments for cell growth and proliferation, which can be
applied to wound healing in the future.

From Figure 4(d), we can see that the 3T3 fibroblast cell
growth forms between the multilayered structures of the
materials. The cellular skeleton structure was immuno-
stained with the primary antibody (Rabbit, antitubulin anti-
body) and the secondary antibody (Goat anti-Rabbit IgG,
FITC-labelled by Phalloidin-Oregon). Cell nuclei were
stained by Hoechst (DAPI). The images displayed that 3T3
fibroblast cells grew very well in the 3D space of CNS0.075
substrates. This preliminary experiment suggests that the
3D-CNS composite has a good biocompatibility in terms
of cell culture, resulting in good 3D microenvironments
for cell culture.

3.4. Antibacterial Performance. The antibacterial perfor-
mance of the CNS0, CNS0.050, CNS0.075, CNS0.100, and
CNS0.125 nanofibers was investigated by both Gram-

negative bacterial strains, E. coli, and Gram-positive bacterial
strains, S. aureus [26]. As shown in Figure 5, the bacterial
OD600 values of CNS0.050, CNS0.075, CNS0.100, and CNS0.125
were lower than that of CNS0 (the control group) in the
experiments of relatively short incubation time (6 h, 12 h),
on both E. coli and S. aureus, due to the antibacterial prop-
erties of chitosan [27]. Furthermore, the OD600 percentage
of S. aureus bacterial suspension with CNS after 12 h cultiva-
tion is lower than that of E. coli, which indicated that CNS
has better antibacterial properties for Gram-positive bacteria
than Gram-negative bacteria [28].

4. Conclusions

Here, the fluffy nanofiber sponge was successfully prepared
by controlling the process parameters of liquid-assisted elec-
trospinning. Compared with the traditional electrospinning
technology, the nanofiber spacing can reach to 15-20μm,
forming an interconnected pore structure. Then, chitosan
was loaded on the prepared nanofibers and crosslinked.
The composite scaffolds were used as three-dimensional
scaffolds for 3T3 fibroblasts in vitro, and a series of cell
experiments and in vitro antibacterial experiments were
carried out. The results show that these composite three-
dimensional scaffolds have low cytotoxicity, providing a
good biological microenvironment for cell adhesion, migra-
tion, and proliferation, and are conducive to self-repair of
damaged tissue in the wound. At the same time, these
three-dimensional composite scaffolds have good antibacte-
rial properties due to chitosan loading, which can effectively
prevent wound infection in practical application, where tra-
ditional medical dressings cannot achieve. In addition, chi-
tosan itself has excellent loading capacity, which is often
used to make a carrier. The addition of chitosan provides
great help for loading new drugs into wound dressings and
simplifies the process. In the future, we believe that the
excellent properties of this kind of CNS material will be used
in biology, adsorption materials, tissue engineering, and
other fields.
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