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Skin wound repair by biomaterials has been extensively investigated. However, there have been
relatively few reports on the use of electrospun nanofibers as novel biodegradable materials in
skin defect repair. In this context, we evaluated electrospun scaffolds of collagen/chitosan (CL/CS)
nanofibers at an 80:20 ratio and silk fibroin/chitosan (SF/CS) nanofibers at a 50:50 ratio. To test the
biocompatibility of these two novel nanofiber scaffolds, we cocultured the materials with cells in vitro
and applied the scaffolds in an animal skin defect repair model in vivo. The morphology of the
electrospun nanofiber scaffolds was observed by field emission scanning electron microscopy. The
proliferation of Sprague-Dawley (SD) rat skin fibroblasts (FBs) and keratinocytes (KCs) seeded on
tissue culture plastic and CL/CS and SF/CS scaffolds was studied using methylthiazol tetrazolium
assays. The morphology of cells on the nanofiber scaffolds was investigated by scanning electron
microscopy. In vivo, the biocompatibility of the compound nanomaterials with the surface of the
wounded rat skin was assessed by conducting macroscopic observations and hematoxylin and
eosin staining of wound tissue samples. The results showed that the FBs and KCs isolated from
SD rat skin proliferated well on and within the nanofiber scaffolds. Compared with the control group
(gauze dressing), the CL/CS and SF/CS scaffolds had good biocompatibility and promoted wound
healing. Therefore, CL/CS and SF/CS nanofiber scaffolds may be good candidates for skin tissue
engineering applications.

Keywords: Fibroblasts, Keratinocytes, Collagen/Chitosan Nanofiber Scaffold, Silk
Fibroin/Chitosan Nanofiber Scaffold, Wound Healing.

1. INTRODUCTION
Wound healing is a restorative process that is neces-
sary for tissue repair and typically comprises a con-
tinuous sequence of inflammatory and repair activities
in which epithelial, endothelial, and inflammatory cells,
platelets and fibroblasts briefly interact in order to resume
their normal functions. This healing process consists of
four different and overlapping phases, namely, inflamma-
tion, granulation tissue formation, matrix remodeling and
reepithelialization.1

To restore the function of the skin after damage
and to facilitate the wound healing process, autologous
scaffolds are commonly used to repair the skin while
avoiding immune rejection.2 However, extensive skin dam-
age beyond the capabilities of conventional graft extrac-
tion methods requires the rapid in vitro manufacture of
biocompatible materials to promote wound healing.3–5

∗Authors to whom correspondence should be addressed.

After being transplanted onto the site of injury, these
biocompatible materials play the role of the extracellular
matrix (ECM) to prevent fluid loss and infection.
Collagen (CL), one of the main types of protein in

mammals, is a basic component of the three-dimensional
network structure of native ECM and is composed
of nano-scaled fibrils. CL has been utilized in bio-
materials for a wide variety of applications, includ-
ing drug delivery carriers,6 wound dressings7 and tissue
engineering scaffolds,8 due to its advantages of non-
immunogenicity, excellent biocompatibility and biodegrad-
ability. Silk fibroin (SF) is a natural protein that has
good biocompatibility, oxygen and water vapor permeabil-
ity, and biodegradability; in addition, it elicits a lower
inflammatory response than CL and is commercially avail-
able at a relatively low cost.9–11 As such, SF has been
widely used in tissue engineering. Chitosan (CS) is an
abundant polysaccharide derived from chitin. Because of
its excellent biocompatibility, appropriate biodegradability,
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excellent physicochemical properties and relatively low-
cost commercial availability, chitosan has also been widely
used in the pharmaceutical and medical fields.12�13 Stud-
ies have reported that CS and CL can form a com-
posite system14�15 with complementary and synergistic
performance.

Electrospinning is a versatile technique that has been
increasingly used as an efficient processing method
for manufacturing fibers with a diameter ranging from
nano- to micrometers.16–18 Consequently, it is very
easy to generate nanofibers mimicking the structure
of the ECM via electrospinning. Previous studies have
described electrospun CL-CS complexes and their inter-
molecular interactions,19–22 as well as electrospun SF/CS
complexes.23 However, for application as tissue engineer-
ing scaffolds, the biocompatibility and feasibility of elec-
trospun CL/CS and SF/CS nanofibers should be further
studied both in vitro and in vivo.

This study aimed to prepare Cl/CS and SF/CS nanofiber
scaffolds via electrospinning, assess the biocompatibility
of the scaffolds both in vitro and in vivo, and evaluate the
effects of the scaffolds on wound healing in a skin defect
model.

2. EXPERIMENTAL METHODS
2.1. Materials
Type I CL (mol. wt., 0.8–1× 105 Da) was purchased
from Sichuan Mingrang Bio-Tech Co., Ltd. (China), Bom-
byx mori silkworm cocoons were purchased from Jiax-
ing Silk (China), and CS (85%, deacetylated, Mn ≈ 106�
was purchased from Jinan Haidebei Marine Bioengineer-
ing Co., Ltd. (China). Regarding the solvents, 1,1,1,3,3,3-
hexfluoroisopropanol (HFIP) used for dissolving CL was
purchased from Fluorochem Ltd. (UK), and trifluoroacetic
acid (TFA) used to dissolve the CS was obtained from
Sinopharm Chemical Reagent Co., Ltd. (China). Glu-
taraldehyde (GTA), a crosslinking agent, was purchased at
a concentration of 25% from Sinopharm Chemical Reagent
Co., Ltd. (China). All culture media and reagents were pur-
chased from Solarbio Biomedical Technology Inc. (China).

2.2. Electrospinning of CL/CS and SF/CS Scaffolds
CL and CS solutions were prepared at a concentration
of 8% (w/v) by dissolving CL and CS in HFIP and
HFIP/TFA (v/v, 90/10), respectively. Then, the CL/HFP
and CS/HFP/TFA solutions were mixed at a ratio of 8:2
(CL/CS= 80/20, w/w). In the electrospinning process, the
polymer solution was placed into a 5-ml syringe with a
21-gauge needle. A clamp connected a high-voltage power
supply (JDF-1, China) to the needle, and a round piece of
aluminum foil was used as the collector. The needle and
collector were 13 cm apart, and nanofibers were deposited
on the collector using an applied voltage of 16 kV and
a solution feed rate of 0.8 ml/h. Cover slips 14 mm in
diameter were also placed on aluminum foil targets to

collect nanofibers for the biocompatibility investigation.
The nanofibers were dried and preserved in a vacuum oven
at room temperature for 7 days.
The preparation of the SF/CS nanofiber scaffolds was

very similar to that of the CL/CS nanofiber scaffolds.22�23

Before we prepared the SF/CS solution, we first prepared
regenerated silk, as follows: raw silk was degummed with
a 0.5% (w/w) Na2CO3 solution at 100 �C for 30 min and
washed with distilled water. This process was repeated
three times, and the silk was dried at 40 �C overnight.
Next, the degummed silk was dissolved in a ternary solvent
system of CaCl2/H2O/EtOH solution (1/8/2 molar ratio)
for 1 h at 70 �C. After dialysis with a cellulose tubular
membrane (250-7u; Sigma) in distilled water for 3 days
at room temperature, the SF solution was filtered and
lyophilized to obtain regenerated SF sponges. Next, the SF
was dissolved in HFIP at a concentration of 12% (w/v),
and CS was dissolved in an HFIP/TFA mixture (v/v 90:10)
at a concentration of 6% (w/v). Subsequently, the two solu-
tions were blended at a 50:50 ratio with sufficient stir-
ring at room temperature before electrospinning. A 2.5-ml
plastic syringe with a 21-gauge, blunt-ended needle was
filled with the solution and connected to a syringe pump
(789100C; Cole-Pamer, USA) at a distance of 150 mm
from the grounded collector. The solution was dispensed
at a rate of 0.5–1.0 ml/h. An applied voltage of 20 kV
was provided by a high-voltage power supply (BGG6358,
BMEI Co., China).
Before being used in any of the experiments, the pre-

pared CL/CS nanofiber mats were subjected to a crosslink-
ing process by first placing them in a sealed desiccator.
Next, 10 ml of a 25% GTA aqueous solution was placed
in a Petri dish at the bottom of the desiccator while
the nanofiber scaffolds remained on a perforated ceramic
shelf in the middle of the desiccator. The samples were
crosslinked in an atmosphere of water and GTA vapor at
room temperature for 2 days and were then kept in a vac-
uum oven at room temperature.

2.3. Scaffold Morphology Characterization
Scaffold morphology was observed by field emission scan-
ning electron microscopy (FE-SEM, S-4800, Japan). SEM
images were analyzed using ImageJ software (National
Institutes of Health). The average fiber diameter was deter-
mined by measuring 50 randomly chosen fibers.

2.4. Cell Culture
The isolation of primary SD rat dermal FBs was per-
formed as follows. Fresh 4-week-old SD rat skin biopsies
were washed using phosphate-buffered saline (PBS) with
1% (v/v) penicillin and streptomycin and were immersed
in 75% ethanol for 10 minutes. The biopsies were then
chopped into small pieces, which were immersed in
0.25% trypsin (Sigma, USA) in PBS 4 �C overnight.
Subsequently, the samples were digested with 1.5 mg/ml
type II collagenase (GIBCO, USA) in Dulbecco’s modified
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Eagle’s medium (DMEM) at 37 �C for 3 hours. The har-
vested dermal FBs were maintained in DMEM supple-
mented with 10% (v/v) fetal bovine serum, 100 U/ml
penicillin, and 100 mg/ml streptomycin in a humidified
incubator at 5% CO2 and 37 �C.
The isolation of primary SD rat KCs was performed

as follows. Fresh 4-week-old SD rat skin biopsies were
washed using PBS with 1% (v/v) penicillin and strepto-
mycin and were immersed in 75% ethanol for 10 minutes.
The biopsies were then chopped into small pieces and
immersed in 0.25% trypsin/PBS at 4 �C overnight. There-
after, the dermis was separated from the epidermis, and the
epidermal tissue was digested in 0.25% trypsin/PBS for
10 minutes. The harvested KCs were maintained in defined
keratinocyte serum-free medium (GIBCO, USA) contain-
ing 100 U/ml penicillin and 100 mg/ml streptomycin in a
humidified incubator at 5% CO2 and 37 �C.

The culture medium was changed every other day. Both
cell lines were subcultured when the cells had become
confluent.

2.5. Cell Proliferation
The biocompatibility and proliferative capacity of the
CL/CS and SF/CS nanofibers was evaluated in vitro. Sus-
pensions of fourth-passage FBs and KCs (1×105 cells/ml)
were seeded and cultured on 96-well culture plates with
and without CL/CS or SF/CS nanofibers at the bottom the
wells. FBs and KCs cultured on tissue culture plastic alone
or for one day with CL/CS and SF/CS nanofibers were
used as the controls. After being cultured for 1, 3, 5, and
7 days, absorbance values determined by the methylthiazol
tetrazolium (MTT) assay were measured and analyzed.

2.6. Cell Morphology
Fourth-passage FBs and KCs were seeded on CL/CS and
SF/CS nanofibers using the same method described above.
After one week of culture, the cells on the nanofibers were
fixed by gradient ethanol dehydration and freeze-dried to
be observed by SEM.

2.7. Wound Healing
First, SD rats were anesthetized, and a wound 2×1�5 cm2

in size was made on the back of each rat. The wound
was then dressed with a nanofiber scaffold, and gauze was
placed on top of the scaffold. For the control group, the
wound was only dressed with gauze. Each group included
15 rats. The general surveys of the wounds and H&E stain-
ing were performed on the 3rd, 7th, and 14th postoperative
days. The experiments were performed with the approval
of the Institutional Animal Ethics Committee.

2.8. Statistical Analysis
Statistical analyses were performed using Origin 7.5 (Ori-
gin Lab). The values (in at least triplicate) were averaged
and expressed as the mean± standard deviation. Statistical

differences were determined by one-way ANOVA, and
differences were considered statistically significant at
P < 0�05.

3. RESULTS AND DISCUSSION
3.1. Morphology of the Materials
SEM images of the electrospun nanofibers comprising CL
and CS at a ratio of 80:20 are shown in Figure 1(a). SEM
images of the electrospun nanofibers comprising SF and
CS at a ratio of 50:50 are shown in Figure 1(b). The
fiber diameter measurements are shown in Figure 1(c);
the CL/CS scaffolds had a fiber diameter of 417 ±
146 nm, and the SF/CS scaffolds had a fiber diameter
of 516± 125 nm. The fiber diameters of the two scaf-
fold types were not significantly different, and the mor-
phologies of the two electrospun nanofiber scaffolds were
similar.

3.2. Cell Proliferation
The cell proliferation capacity and biocompatibility of the
CL/CS and SF/CS nanofiber scaffolds at different times
were evaluated by MTT assays (Figs. 2(a, b)). Cells cul-
tured on tissue culture plastic alone or for one day on
CL/CS and SF/CS nanofiber scaffolds were used as con-
trols. As shown in Figure 2(a), the FBs proliferated more
rapidly in wells containing a CL/CS or SF/CS nanofiber
scaffold. Figure 2(b) shows that the KCs also prolifer-
ated more rapidly in wells containing a CL/CS or SF/CS
nanofiber scaffold. These results demonstrated the bio-
compatibility of the nanofiber scaffolds. Furthermore, the
nanofiber structure may provide a three-dimensional space
for cell growth, which suggests the potential for its future
application in the construction of skin tissue. The growth
rate of cells cultured on the nanofiber scaffolds was signifi-
cantly different from that of cells cultured on tissue culture
plastic alone on the 3rd, 5th, and 7th days, indicating that
the nanofiber scaffolds have good biocompatibility.

3.3. Cell Morphology
The morphologies of the FBs and KCs as determined using
an inverted microscope are shown in Figures 3(a and b),
respectively. The FBs had a fusiform morphology, and
the cell contours were clear. The KCs exhibited a cob-
blestone shape and colony-type growth, and the cell con-
tours were clear. Figures 3(c and e) show SEM images
of the morphology of FBs on the CL/CS and SF/CS
nanofiber scaffolds, respectively, after 7 days of culture.
The cells exhibited more integration with the nanofibers
with increasing cell number. Figures 3(d and f) show
SEM images of the morphology of KCs on CL/CS and
SF/CS nanofiber scaffolds, respectively, after 7 days of cul-
ture. The cell contours were clear, and the shape of these
cells was similar to that of cells grown on tissue culture
plastic.
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Fig. 1. SEM images of (a) CL/CS and (b) SF/CS scaffolds; (c) the fiber diameters of the CL/CS and SF/CS scaffolds.

3.4. Wound Healing
The general appearance of the wound surfaces after 3, 7,
and 14 days of treatment with CL/CS and SF/CS nanofiber
scaffolds is presented in Figures 4(a1 and a2), Figures 4(b1
and b2) and Figures 4(c1 and c2), respectively. The general
appearance of wounds in the control group at the same
time points is shown in Figures 4(a3, b3 and c3). The H&E
staining results from the 3rd, 7th, and 14th days are shown
in Figures 5(a, b and c), respectively.

The general condition of the wounds treated with the
CL/CS and SF/CS nanofibers on the third postoperative
day is displayed in Figure 4(a). In the CL/CS group, the
wound surfaces were clean with no signs of infection. The
margins of the wounds had slightly decreased (Fig. 4(a1)).
In the SF/CS group, the wound surfaces were also clean
and showed no signs of infection (Fig. 4(a2)). In the
control group, the wound surfaces were red compared

(a) (b)

Fig. 2. Cell proliferation on the nanofiber scaffolds. (MTT Absorbance at 680 nm). (a) A: FBs; B: CL/CS+ FBs; C: SF/CS+ FBs (∗P < 0�05).
(b) A: KCs; B: CL/CS+KCs; C: SF/CS+KCs (∗P < 0�05). (∗P < 0�05; significant difference in cell growth after 3, 5, and 7 days of culture).

with those in the two nanofiber groups (Fig. 4(a3)). The
H&E staining results of the wounds in the CL/CS, SF/CS
and control groups on day 3 are shown in Figure 5(a).
Many capillaries were open and dilated, and there was
a high degree of neutrophil infiltration. Necrotic tissue
was observed in the wounds treated with CL/CS and
SF/CS nanofibers (Figs. 5(a1, a2)). No significant differ-
ences were observed between the two nanofiber groups
(Fig. 5(a3)).
The general condition on day 7 of the wounds treated

with the nanofibers or the control is shown in Figure 4(b).
The wound surfaces in the CL/CS group were clean with
no signs of infection. Scabs were observed on the wound
surfaces, and the margins of the wounds had greatly
decreased (Fig. 4(b1)). The wound surfaces in the SF/CS
group were less clean than those in the CL/CS group but
had no signs of infection (Fig. 4(b2)). Of the three groups,
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Fig. 3. (a) FBs; (b): KCs; (c): FBs on CL/CS nanofibers; (d): KCs on CL/CS nanofibers; (e): FBs on SF/CS nanofibers; (f): KCs on SF/CS nanofibers.

the wound surface area was largest in the control group
(Fig. 4(b3)).
The H&E staining results of the wounds in the CL/CS,

SF/CS and control groups on day 7 are shown in
Figure 5(b). The number of opened and dilated capillar-
ies was reduced, and the degree of neutrophil infiltra-
tion had also decreased. In addition, epithelial cells were
observed on the CL/CS and SF/CS nanofiber membranes
(Figs. 5(b1, b2)). The H&E staining results of the control
group showed that many capillaries were still opened and
dilated, and a considerable degree of neutrophil infiltration
remained (Fig. 5(b3)).
The general condition of the wounds in the CL/CS,

SF/CS and control groups at postoperative day 14 is
shown in Figure 4(c). The wound surfaces in the CL/CS
group were clean with no signs of infection. Scabs were
observed on the wound surfaces, and the margins of

the wounds had greatly decreased such that the wound
edges were touching (Fig. 4(c1)). The wound surfaces
in the SF/CS group were clean with no signs of infec-
tion (Fig. 4(c2)). The control group showed poorer wound
healing than the CL/CS and SF/CS groups (Fig. 4(c3)).
The H&E staining results of the CL/CS, SF/CS and con-
trol groups at the fourteenth postoperative day are dis-
played in Figure 5(c). The numbers of open and dilated
capillaries were reduced compared with those on the 3rd
and 7th days, the degree of neutrophil infiltration had
decreased, and epithelium had formed (Figs. 5(c1, c2)).
The wound repair in the CL/CS and SF/CS groups was
better than that in the control group (Fig. 5(c3)). Compared
with the control, the CL/CS and SF/CS nanofiber scaffolds
demonstrated good biocompatibility and promoted wound
healing.
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Fig. 4. General condition of the wounds in the CL/CS (1), SF/CS (2) and control (3) groups on the third (a), seventh (b), and fourteenth (c)
postoperative days.

Fig. 5. H&E staining of wounds in the CL/CS (1), SF/CS (2) and control (3) groups on the third (a), seventh (b), and fourteenth (c) postoperative
days.

4. CONCLUSIONS
Many advances have been made in tissue engineering
research, and biological wound dressings are undoubt-
edly one of the most successful alternative materials yet
produced. In our study, we verified that the CL/CS and

SF/CS nanofiber scaffolds have good biocompatibility both
in vitro and in vivo. In vitro, the proliferation of cells
on the CL/CS and SF/CS nanofiber scaffolds and tis-
sue culture plastic was assessed at different times by
MTT assays, and there were significant differences in cell
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growth between the nanofiber scaffold and control groups
after 3, 5, and 7 days of culture. The morphology of cells
cultured on the CL/CS and SF/CS nanofiber scaffolds for
seven days was clearly observed by SEM. In vivo, we
verified that the CL/CS and SF/CS nanofiber scaffolds
were more suitable as biological wound dressings than
traditional gauze. In summary, these CL/CS and SF/CS
nanofiber scaffolds greatly promote wound healing; there-
fore, while further research is necessary, these two types
of scaffolds have great potential for use in skin tissue engi-
neering applications.
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