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Skin is the largest organ in the human body, whose structural
integrity plays a significant role in maintaining the stability of the in-
ternal environment of human body. However, the repair of large area
skin wounds and the healing of chronic skin ulcers are still unsolved
clinical problems. In the research, a novel electroactive oriented scaffold
composed of polycaprolactone (PCL) and carbon nanotubes (CNT) was
prepared by electrospinning method. By using polydopamine (PDA)
surface modification which was inspired by mussel, the basic fibroblast
growth factor (bFGF) was gently loaded onto the PCL/CNT fiber scaf-
fold, and the PCL/CNT-PDA-bFGF fiber scaffold was obtained, which
could release bFGF continuously within 14 days. Fibroblasts were
cultured on the scaffolds to evaluate the effect of scaffolds on wound
healing in vitro. The effect of these stents on wound healing in vivo was
studied using SD rat model of total cortical defect. In addition, the
mechanism of the new scaffold promoting wound healing by anti-
inflammatory, antioxidant, promoting granulation tissue regeneration
and collagen fiber deposition was explored through histological anal-
ysis. The results of both in vitro and in vivo experiments indicate that
PCL/CNT-PDA-bFGF fiber scaffold can effectively promote skin wound
healing. In summary, this study provides a promising novel strategy for
skin tissue repair (see Scheme 1).
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1. Introduction

As the largest organ of the human body, skin has important functions
and plays a significant role, such as protection, excretion, regulation of
body temperature, and sensitivity to stimulation [1]. The healing of skin
injury is a complicated process, involving four stages: hemostasis,
inflammation, proliferation and remodeling [2]. Skin injuries, especially
chronic injuries and large area burns, often require long-term treatment
[3,4]. This not only causes suffering to patients, but also imposes a huge
financial burden on the global healthcare industry. In recent years, with
the rapid development of tissue engineering, in order to better promote
skin tissue repair, more and more biological materials have been
developed, improved, and applied in the field of skin repair.

In cells, electrical signals can regulate cellular behavior and facilitate
intercellular communication [5]. Studies have shown that the active
endogenous electrical signals around cells are excellent signals for
inducing cell proliferation, migration, and promoting tissue repair [6].
Carbon nanotube (CNT) is quantum materials with special structure.
Due to its unique conductivity and electrical activity, CNT has gradually
attracted people’s attention in tissue engineering [7]. In addition,
electroactive materials can also promote tissue regeneration and
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functional recovery by regulating the immune microenvironment.
Among them, the most significant performance is to promote the
transformation of M1 macrophages into M2 macrophages, thereby
reducing the expression of inflammatory factors [8]. However, the use of
CNT has certain biosafety risks. Studies have shown that dispersing CNT
into other substances can reduce the toxic effects of CNT and enhance
biosafety [9].

At present, there are various types and forms of materials used in skin
tissue repair, such as sponges, hydrogels, powders, and fiber scaffolds
[10,11]. Among these, the electrospun nanofiber scaffold, prepared by
electrospinning technology has the following outstanding advantages:
(1) The fiber diameter is at the nanometer level, smaller than the cell
diameter, which can better simulate the structure and biological func-
tion of the natural extracellular matrix [12,13]; (2) It has large porosity
and specific surface area, allowing it to be combined with other mac-
romolecules to play the role of carriers [14]; (3) Some electrospinning
raw materials exhbit good biosafety and degradability, making them
suitable for human application and easy absorption [15]. Consequently,
the electrospun nanofiber scaffold has gained continuous attention in
the field of biomedicine, and has been effectively utilized in wound
repair, biological tissue engineering, drug-controlled release and so on.
Polycaprolactone (PCL) is a common raw material for creating electro-
spun nanofiber scaffolds. As a biocompatible material, approved by the
FDA for tissue engineering, PCL is characterized by easy processing, high
stability, and simple surface modification [16]. By dispersing CNT, as a
dispersant, into PCL, the PCL/CNT fiber scaffold would be oriented and
electroactive, so it can better simulate the extracellular matrix micro-
environment and promote tissue repair and healing [17,18]. On the
other hand, it can also reduce the cytotoxicity of CNT and enhance its
biocompatibility [9]. For example, Ahmadi et al. prepared PU/Cs/CNT
fiber scaffolds for cardiac tissue engineering [19]. Huang et al. added
CNT to carboxymethyl chitosan hydrogel to prepare a non-invasive
intelligent monitoring scaffold for bone regeneration and monitoring
[20]. However, the microenvironment of skin tissue repair is very
complex, and it is difficult to meet clinical needs only by PCL/CNT fiber
scaffolds without biological activity.
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To further enhance the performance of fibrous scaffolds in promoting
tissue healing, basic fibroblast growth factor (bFGF) was introduced in
this study. bFGF, a spherical protein composed of a single polypeptide, is
the most widely used and studied member of the FGF superfamily. It can
effectively promote wound healing and tissue regeneration [21], so
bFGF is widely used in the field of tissue repair [22]. However, bFGF has
a short half-life and rapidly loses its biological activity under normal
physiological conditions, resulting in a significant decrease in utilization
efficiency [23]. As a novel and effective strategy, using electrospinning
technology to bind bFGF to PCL/CNT fiber scaffolds can maintain the
activity of bFGF while leveraging the structural advantages of electro-
spinning scaffolds, resulting in a synergistic effect on promoting tissue
healing. However, due to the hydrophobic surface structure of the pure
polymer, it is difficult for the protein to attach, resulting in a decrease in
loading efficiency.

In recent years, polydopamine (PDA) coating has become a simple,
popular and common surface modification method. Inspired by mussels,
PDA is a polymer formed from dopamine monomera through self-
polymerization reaction, which has good biocompatibility, degradabil-
ity and adhesion, and can form a uniform and strong covering layer on
the material’s surface [24]. Its synthesis requirements are simple and
mild, and its thickness can be adjusted by changing basic parameters,
such as temperature, pH, dopamine concentration and reaction time
[25]. In addition, PDA contains a variety of functional groups, such as
catecholamines, amines, and imines, providing abundant binding sites
for the desired molecules [26]. Protein polypeptides can form covalent
bonds with PDA through Michael addition or Schiff reaction under mild
reaction conditions, thus achieving efficient loading and slow release of
substances [27]. In recent years, PDA, as a polymer coating material, has
been widely used in biomolecular delivery systems to enhance the
loading efficiency. Cui et al. prepared a PCL fiber scaffolds, which was
coated with PDA and loaded with thrombin, to promote wound hemo-
stasis [28]. Pi et al. prepared a PCL/CNT-PDA fiber scaffolds loaded with
brain-derived neurotrophic factor to promote peripheral nerve repair
[17]. In addition, studies have also demonstrated that PDA has the effect
of clearing ROS and reducing inflammation. The rich catecholamine

"o onmo  om

R T

PCL/CNT-PDA-bFGF

\
Tt
s 4

Ptymricgion

n

pll =8.5
PCL/CNT-PDA

lmmune regulanon stage

ROS T
g "stor, Matio,

%\

Ho, )
N ,/Flo
.

‘Ei
wRES

PDA+0; — PDA+0;
PDA+0;+2H,0; — PDA+H,0,+20H"

M1 @TNF-a 1L-6 == Fibroblast o o

M2 @®INOS @®IL-10 Collagen

Scheme 1. Preparation
wound healing.

-
proliferation

e
migration

granuiation | =

- reconstruction

4 > -
= orientation =

SRR

Collagen depasition

PDA Collagen I
bFGF Collagen 11T

of polydopamine-modified electrospinning nanofiber scaffold loaded with basic fibroblast growth factor and its application

n



D. Cui et al.

groups on the surface of PDA can REDOX reactions with ROS, thus
playing an antioxidant role [29]. PDA can also further reduce the
damage by trapping free radicals. In addition, PDA can further promote
the transformation of macrophages from M1 to M2 by removing ROS,
thereby exhibiting anti-inflammatory and immune regulatory properties
[30]. For example, Ma et al. developed a microneedle (MN) patch
encapsulated in PDA NP to overcome the adverse effects of oxidative
stress induced by reactive oxygen species (ROS) on wound healing [30].
Wu et al. developed a polydopamine nanoparticle for relieving early
osteoarthritis [29].

In this study, polycaprolactone/carbon nanotube (PCL/CNT) nano-
fiber scaffolds were prepared using electrospinning technology, and
bFGF was loaded onto the scaffolds through PDA surface modification
method. First, the microstructure and surface element distribution of the
fiber scaffold were observed. The material properties such as water
contact angle, electrical conductivity and degradation rate were evalu-
ated. The release spectrum and loading efficiency of bFGF were evalu-
ated by enzyme-linked immunosorbent assay (ELISA). Subsequently, the
fibroblasts were cultured on the scaffold to assess the function in wound
healing in vitro. The biosafety of fiber scaffolds was evaluated by sub-
cutaneous tissue embedding experiment in rats. Finally, the ability to
promote tissue repair of the scaffolds was evaluated in a full-layer skin
injury model of SD rats.

2. Materials and methods
2.1. The preparation of the scaffolds

Dissolve 1 g PCL (PCL, 110-120 kDa, Jinan Daigang Co., Ltd., Jinan,
China) in 8 mL trifluoroethanol (TFE) (Sigma, USA), and then disperse
0.03 g Carboxyl multi-walled CNTs (MWCNT-COOH) (XFNANO, Nanj-
ing, China) in 2 mL TFE. Then, mix the two kinds of solutions evenly and
fill in a 10 mL injection pump. A rotating roller was used to collect the
fibers. The electrospinning parameters were fixed as follows: the voltage
wasl5 kV, flow rate was 1 mL/h, roll speed was 1000 rpm, and working
distance was 15 cm. At the end of the process, PCL/CNT fiber scaffolds
with a thickness of 0.2 mm, were obtained and dried under vacuum
overnight at room temperature.

Dissolve the dopamine powder (153.18 Da, McLean Reagent Co.,
Ltd., Beijing, China) in 10 mM Tris-HCL Buffer (pH = 8.5) to prepare the
dopamine solution of 2 mg/mL. Cut the PCL/CNT fiber scaffolds into 12
x 12 mm squares and place in 12-well plates. Each well was added with
1 mL dopamine solution, and soaked on a shaking table at room tem-
perature away from light for 6 h. Then the fiber scaffolds were removed
and washed in sterile deionized water 3 times for 5 min each time, and
freezing-dried for future use. The sample was named PCL/CNT-PDA.

A solution of bFGF (Solarbio, Beijing, China) with a concentration of
1 pg/mL was prepared. The sterilized PCL/CNT fiber scaffolds and PCL/
CNT-PDA fiber scaffolds were respectively placed in 12-well plates. Add
1 mL bFGF solution to each well, soak at room temperature for 12 h,
remove the fiber film and freeze dry for future use. The samples were
named PCL/CNT-PDA-bFGF and PCL/CNT-bFGF, respectively.

2.2. The characterization of scaffolds

The cross-section of the sample was adhered upward to the sample
table with the conductive adhesive. After gold spraying, the structure of
the fiber film was observed by field emission scanning electron micro-
scope (SEM, HITACHI SU8010, Tokyo, Japan) at 5 kV accelerated
voltage. The energy dispersive spectroscopy (EDS) and element mapping
techniques were used to analyze the surface chemical elements of scaf-
folds. Use Image-Pro Plus 6.0 software (Media Cybernetics, Rockville,
MD, USA) to selected 100 nanofibers randomly from samples. Then, the
diameter distribution of nanofibers was analyzed. Next, water contact
Angle tester (OCA20, DataPhysics, Filderstadt, Germany) was used to
measure the water contact angle of PCL/CNT, PCL/CNT-PDA fiber
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scaffolds. PCL/CNT, PCL/CNT-PDA, PCL/CNT-PDA-bFGF samples (12
x 12 mm) were immersed in phosphate buffered saline (PBS) (pH = 7.4)
at 37 °C to determine the degradation rate of the fiber scaffold. After 3
months, the stent was removed, dried under vacuum and weighed. The
weight loss was defined as the difference between the original weight
and the remaining weight. The ratio of weight loss to original weight is
the degradation rate. Each group was independently measured 3 times
and a separate sample was used for each data.

2.3. bFGF loading and release assay

To evaluate the distribution and loading capacity of bFGF on PCL/
CNT and PCL/CNT-PDA fiber scaffolds, fluorescein isothiocyanate-
labeled bovine serum albumin (FITC-BSA) (Solarbio, Beijing, China)
was used as a model drug for bFGF. After loading the FITC-BSA, collect
the fiber scaffolds, wash it with deionized water, and observe by
confocal laser Scanning microscope (CLSM) (TCS-SP8, Leica, Wetzlar,
Germany).

PCL/CNT and PCL/CNT-PDA fiber scaffolds were prepared into 12 x
12 mm squares and soaked in 1 mL 1 pg/mL bFGF solution. After
standing at room temperature for 12 h, PCL/CNT-bFGF and PCL/CNT-
PDA-bFGF fiber scaffold were collected, washed with deionized water,
and freeze-dried. The bFGF ELISA kit (Multisciences (Lianke) Biotech
Co., Ltd, Hangzhou, China) was uesd to determine the remaining
amount of bFGF in the supernatant. The bFGF loading amount was
defined as the difference between the original amount and the remain-
ing amount in the supernatant. Then, the load ratio of bFGF is defined as
the ratio of the loading amount to the original amount.

To evaluate the release of bFGF, 12 x 12 mm PCL/CNT-bFGF and
PCL/CNT-PDA-bFGF fiber scaffold were immersed in 2 mL PBS and
shaken with the roll speed of 100 rpm at 37 °C. At day 1, 3, 7, and 14,
collect 1 mL supernatant and replaced it with 1 mL PBS. Then, the
amount of bFGF in the supernatant was measured by ELISA kit. The
release curve of bFGF is drawed according to the change of bFGF cu-
mulative release percentage over time.

2.4. Fibroblast proliferation experiment and morphological observation

The proliferation of L929 cells on PCL/CNT, PCL/CNT-PDA, PCL/
CNT-PDA-bFGF scaffolds at day 1, 3, and 5 was measured using CCK8 kit
(Dojindo, Tokyo, Japan). After 1, 3, and 5 days of culture, wash the
sample with PBS and incubate in 10 % CCK-8 solution. After incubation
for 2 h, measure the absorbance of the solution at 450 nm using an
enzymoleter (SpectraMaxM2, Molecular Devices, Sunnyvale, CA, USA).

1929 cells were implanted on PCL/CNT, PCL/CNT-PDA, PCL/CNT-
PDA-bFGF fiber scaffold. After culturing 3 days, the culture medium was
removed. The samples were washed with PBS solution for 3 times, fixed
with 3 % glutaraldehyde for 12 h, and dehydrated with gradient alcohol.
After gold spraying, the samples were observed by SEM. The cells were
stained with 4, 6-diamino-2-phenyllindo (DAPI) (Sigma, USA) and F-
actin (Solarbio, China), and observed by confocal laser microscope
(OLYMPUS FV1000, Tokyo, Japan).

2.5. Cell migration assay

1929 cells were inoculated into a 96-well plate, and cultured in a
constant temperature incubator. After the cells had fully grown, use a
sterile gun to evenly scratch the wells. Then the old culture medium was
removed and the cells were washed with PBS two to three times until the
scratched cells were washed clean. Add the extraction solution and take
photos of each group as a 0 h control. Incubate the cells in a 5 % CO3
incubator. The scratch width was observed, and images were taken at
the same position after 24 h and 48 h.
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2.6. Cell antioxidant assay

The neutralization ability of free radicals was evaluated by DPPH
method. In the initial step, the DPPH solution is prepared in 0.1 mM
ethanol. The material was then soaked in a solution, incubated at 37 °C,
and shielded from light for half an hour. After incubation, the absor-
bance level of the sample at 519 nm was measured with the Agilent
Cary5000 UV-VIS-NIR spectrophotometer (USA). Clearance rate (%)=
(1-Am/As) x 100 %. As represents the initial absorbance of DPPH,
while Am represents the absorbance of DPPH after 30 min of sample
interaction.

ROS detection kit (Beyotime) was used to evaluate the antioxidant
effects of these materials on cells. L929 cells and RAW264.7 cells were
inoculated into a 24-well plate containing the material and incubated for
72 h. After incubation, wash the cell with phenol free red DMEM two
times, then add 400 pL 50 pM hydrogen peroxide (H202) to each well for
another 2 h. Then, the plate was cleaned twice to remove hydrogen
peroxide before adding 10 mM DCFH-DA probe. Incubate the culture
dish in the dark for 20 min and wash twice to remove unreacted probes.
Observe the intracellular ROS level using a fluorescence microscope and
measure the fluorescence intensity. Cell viability was measured by CCK-
8 assay.

2.7. Macrophage phenotypic regulation assay

RAW264.7 cells were inoculated onto confocal disks at a density of 3
x 10*/well. After 12 h of culture, PCL/CNT, PCL/CNT-PDA and PCL/
CNT-PDA-bFGF scaffold were added into the corresponding holes,
respectively. After continuing the culture for 24 h, remove the material.
The cells were then stabilized with 4 % paraformaldehyde for 10 min
and washed three times with 500 pL PBS for 3 min each time. Pene-
tration was performed with 0.5 % Triton X-100 within 5 min, then sealed
with 1 % bovine serum albumin (BSA) at 37 °C for half an hour. Next, the
cells were successively treated with 1 pm Rhodamine labeled phlebo-
cyclin for 30 min, and with 2 pm DAPI for 10 min. Laser confocal mi-
croscopy is then used to observe the arrangement of stained cytoskeletal
actin.

2.8. Quantitative reverse transcription-Polymerase Chain reaction
(qPCR)

After culturing for 5 days, extract the total RNA from L929 cells and
RAW264.7 cells using an RNA purification kit (ES Science, Shanghai,
China). Then use a reverse transcription kit (ABM, Vancouver, Canada)
to reverse transcribe into cDNA. Perform the quantitative real-time PCR
on a CFX96TM Real-Time PCR System (Bio-Rad, Hercules, CA, USA)
using SYBR Green Real-time PCR Master Mix (TOYOBO, Osaka, Japan).
The 2722 method was used to calculate the relative gene expression
and gene GAPDH was normalized against the housekeeping. The primers
used in this study were shown in Supplementary Material Table S1.

2.9. Biosafety in vivo

All experimental procedures in this study were carried out in
accordance with ethical guidelines and approved by the Animal Ethics
Committee of Peking University People’s Hospital (approval number:
2021PHEQ067). To evaluate the biocompatibility of the scaffolds in vivo,
we conducted animal experiments. First, use pentobarbital sodium to
anesthetize the SD rats and remove the hair on the back. Then cut open
the back skin, and implant 20 mg sample. In the blank control group,
only performe skin incision, and without implanting any material. After
14 days, euthanize the two groups of rats, and collect the samples of
organs including liver, heart, lung, spleen and kidney. Then, observe the
results of HE staining of these tissues and assess whether the materials
caused damage to organs.
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2.10. In vivo wound healing experiment

All experimental procedures in this study were carried out in
accordance with ethical guidelines and approved by the Animal Ethics
Committee of Peking University People’s Hospital (approval number:
2021PHE067).

The experimental animals were randomly divided into 4 groups
including control group, PCL/CNT group, PCL/CNT-PDA group, and
PCL/CNT-PDA-bFGF group, and each group have 6.

After anesthesia, the back hair of the rats was removed, and the skin
defect wound with a diameter of 1 cm was made in the middle of the
dorsal side with a skin punch. Skin defects were covered with corre-
sponding materials in each group except control group. In order to re-
cord the healing process of the wound, the wound was photographed at
0, 3, 7 and 14 days after treatment. The calculation formula of wound
healing rate is:

Wound healing rate = (Ag - A) / Ap x 100%

Ay is defined as the initial wound area and A is defined as the current
wound area.

After treatment, the rats were killed on the 7th and 14th day,
respectively. The tissues were fixed with phosphate buffered formalin
for 24 h, dehydrated, and embedded in paraffin. Cut the paraffin-
embedded sample into 5 pm slices, dewax with xylene and dehydrate
with gradient alcohol. Then, according to the established protocol, the
wound were observed by standard hematoxylin and eosin (HE) staining,
and was quantitatively treated. Collagen deposition was observed by
Masson staining. Additionally, type I collagen and type III collagen
primary antibody were used to incubate with the sections, then the
positive staining results were quantitatively counted. Additionally,
immunofluorescence staining of TNF-a, IL-6 and ROS were used to
evaluate the inflammatory response in tissue.

2.11. Statistical analysis

All data are expressed as mean =+ standard deviation (SD). The data
was analyzed using SPSS 13.0 statistical software and one-way analysis
of variance (ANOVA). *p < 0.05, **p < 0.01, ***p < 0.001 were defined
as all statistical tests were significant, ns which meant p > 0.05, was
defined as no statistical difference in the results.

3. Results
3.1. Characterization of scaffolds

The SEM image, as shown in Fig. 1B, shows that the fibers of the PCL/
CNT and PCL/CNT-PDA scaffolds are arranged in a directional manner.
The PCL/CNT scaffolds had a smooth surface, while in comparison, the
PCL/CNT-PDA scaffolds had a rough surface. In addition, from the
surface chemical elements diagram in Fig. 1B, it can be seen that after
coating PDA, the content of N increases from 0 % to 5.74 %. The fiber
diameter distribution was shown in Fig. 1C and D. It can be seen that
after coating PDA, the fiber diameter increases from 1.52 + 0.8 pm to
1.71 £ 0.71 pm. Furthermore, as shown in Fig. 1E, after coating PDA,
the water contact angle significantly decreased from 119.06° +
4.89°-32.36° + 2.34° (p < 0.01). Additionally, Fig. S1 shows the result
of degradation rate of the scaffolds, and it can be seen that the three
kinds of fibrous scaffolds all exhibited a degradation rate of about 3 %
after 1 months.

3.2. bFGF loading and release properties

Fig. 1F shows that the fluorescence intensity of PCL/CNT-PDA fiber
scaffold is much higher than that of PCL/CNT, indicating that more
bFGF (FITC-BSA) model proteins are loaded on PCL/CNT-PDA fiber
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Fig. 1. (A) Cincrete steps for preparing scaffolds. (B) SEM and EDS elemental mapping images of PCL/CNT and PCL/CNT-PDA fibrous scaffolds. Fiber diameter
distribution of (C) PCL/CNT and (D) PCL/CNT-PDA. (E) Water contact angles of PCL/CNT and PCL/CNT-PDA fibrous scaffolds (n = 3, **p < 0.01). (F) CLSM images
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kinetics of bFGF from PCL/CNT-bFGF and PCL/CNT-PDA-bFGF scaffolds (n = 3).
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scaffold than PCL/CNT. Furthermore, Fig. 1G shows that the loading
efficiency of bFGF had a marked increase from 20.29 % =+ 1.82 %-82.96
% + 1.73 % (p < 0.01) after coating PDA, which is accordant with the
observation of CLSM in Fig. 1F. In addition, the release property of bFGF
are shown in Fig. 1H. The PCL/CNT-bFGF fiber scaffold went through a
rapid and extensive release phase, and more than 35 % of the load bFGF
were released on the first day. After this burst phase, the release from the
PCL/CNT-bFGF scaffold significantly slowed down and reached a stable
state on day 3. In contrast, no significant burst release was observed in
the PCL/CNT-PDA-bFGF fiber scaffold, with approximately 55 % of
bFGF released at a relatively stable rate over a 14-day period. This
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indicates that compared to PCL/CNT, PCL/CNT-PDA can release bFGF
more stably and persistently.

3.3. Proliferation and morphology of L929 cells

To evaluate the biosafety of fiber scaffolds in vitro, we conducted cell
experiments (Fig. 2A). Fig. 2B shows the detection results of CCK-8,
which indicating that 1L929 cells proliferated continuously on PCL/
CNT, PCL/CNT-PDA, and PCL/CNT-PDA-bFGF scaffolds. After culturing
for 1 day, there was no significant difference in the proliferation ca-
pacity of L929 cells among the three groups (p > 0.05). After culturing
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Fig. 2. (A) Schematic diagram of cell co-culture experiment in vitro. (B) Proliferation of L929 cells grown on PCL/CNT, PCL/CNT-PDA and PCL/CNT-PDA-bFGF
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DAPI (blue). CLSM Image (E) of the cell migration experiment and migration rate (F). Relative mRNA expression levels of Col I (G) and Col III (H). (**p < 0.01).
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for 3 days, the proliferation ability of L929 cells on PCL/CNT-PDA-bFGF
scaffold was significantly better than that in the other two groups (p <
0.01). After culturing for 5 days, the proliferation ability of L929 cells
cultured on PCL/CNT-PDA and PCL/CNT-PDA-bFGF was significantly
better than that on PCL/CNT scaffolds (p < 0.01). As shown in the SEM
image of Fig. 2C, L929 cells adhered to the surface of the scaffold and
formed a spindle shape along the fiber axons. From the CLSM image in
Fig. 2D, it is obvious that the L929 cell density in PCL/CNT group is
much lower than that in other two groups, and PCL/CNT-PDA-bFGF
group was significantly better than PCL/CNT-PDA group (p < 0.01).
The results of the cell migration experiment are shown in Fig. 2E and F.
After cultivating for 24 h, the cell migration area of the PCL/CNT-PDA-
bFGF group was significantly larger than that of PCL/CNT group and
PCL/CNT-PDA group. After cultivating for 48 h, the cell migration area
of the PCL/CNT-PDA-bFGF group was still significantly larger than that
of the PCL/CNT group and PCL/CNT-PDA group (p < 0.01). This result
indicates that compared to PCL/CNT and PCL/CNT-PDA, PCL/CNT-
PDA-bFGF can better promote cell migration. The PCR results are shown
in Fig. 2G and H. The relative mRNA expression levels of Coll I and Coll
III in the PCL/CNT-PDA-bFGF group were higher than that of the other
two groups (p < 0.01).

3.4. Modulation of immune response in vitro

To further explore the mechanism of scaffold promoting wound
healing, we evaluated its anti-inflammatory, antioxidant and immune
regulating functions (Fig. 3A). The results of DPPH clearance were
shown in Fig. 3B, which can be seen that compared to PCL/CNT, PCL/
CNT-PDA and PCL/CNT-PDA-bFGF have higher clearance rates, indi-
cating that PCL/CNT-PDA and PCL/CNT-PDA-bFGF have stronger abil-
ity to scavenge free radicals. The results of reactive oxygen species
staining (DCFH) are shown in Fig. 3C and F. The fluorescence intensity
of PCL/CNT-PDA group and PCL/CNT-PDA-bFGF group was signifi-
cantly lower than that of PCL/CNT group (p < 0.01). Similarly, it can be
seen from Fig. 3D and E that after treatment with PCL/CNT-PDA and
PCL/CNT-PDA-bFGF, the cell viability was higher than that of the HyO»
group and PCL/CNT group, indicating that the antioxidant capacity of
the fiber membrane was significantly enhanced after PDA coating,
which can effectively reduce the damage of ROS to cells. Fig. 3G shows
the morphology of macrophages. It can be seen that in the PCL/CNT-
PDA and PCL/CNT-PDA-bFGF groups, there was a significant increase
in M2 phenotype macrophages, which means that PDA has the great
function of regulating the transformation of macrophages from M1 to
M2 phenotype. Additionally, the experimental results of PCR showed
that the expression levels of pro-inflammatory cytokines TNF-a, iNOS
and IL-6 in the PCL/CNT-PDA group and PCL/CNT-PDA-bFGF group
were significantly decreased, significantly lower than those in the PCL/
CNT group (Fig. 3H-J). At the same time, the anti-inflammatory factor
IL-10 in the PCL/CNT-PDA group and PCL/CNT-PDA bFGF group was
significantly higher than that in the PCL/CNT group (Fig. 3K).

3.5. Evaluation of wound healing

We established a model of total cortical defect in SD rats to evaluate
the effect of PCL/CNT-PDA-bFGF fiber scaffold on wound healing
(Fig. 4A). All animal experiments were approved by the People’s Med-
ical Ethics Committee of Peking University (Ethics License No.:
2021PHEO067). The healing of full-layer skin wounds on day 0, 3, 7, and
14 after surgery, was shown in Fig. 4B-D. It can be seen that at the same
time point the healing process of PCL/CNT-PDA-bFGF group was
significantly faster than that of other groups. After 7 days of treatment,
the wound area was significantly decreased compared with the third day
after surgery in each group. After 14 days, the wounds of PCL/CNT-PDA-
bFGF group were basically completely healed. PCL/CNT-PDA treated
wounds were also almost completely healed, only remaining a very
small wound area, while the control group and the PCL/CNT group still
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had a large wound area. For quantification and visualization, we tracked
the dynamic healing process of each group, and the result was shown in
Fig. 4C. The quantitative results (Fig. 4D) at each time point also showed
that the wound healing rate in PCL/CNT-PDA-bFGF group was higher
than that in other groups (p < 0.01), which was accordant with the
general observation results. It is worth noting that the wound healing
rate of PCL/CNT-PDA group was lower than that of PCL/CNT-PDA-bFGF
group (p < 0.01), indicating that bFGF had a positive effect on wound
healing.

3.6. Evaluation of biosafety in vivo

To further evaluate the biosafety of PCL/CNT-PDA-bFGF scaffold in
vivo, we conducted subcutaneous embedding experiment. The results in
Fig. 5B shows that the other groups didn’t show significant foreign body
reactions or inflammatory reactions, compared with the control group.
To futher evaluate the biotoxic effects on other organs, like lung, heart,
liver, spleen and kidney, the results of HE in various organs were
compared after 14 days of implantation (Fig. 5C). Histological analysis
showed that no significant substantive damage was found in the organs
of rats treated with PCL/CNT-PDA-bFGF, meaning that there were no
obvious biotoxic effects on the digestive system, respiratory system,
circulatory system and metabolic system.

3.7. Histological analysis

HE also was used to discuss the concrete biological mechanism of
wound healing. The results in Fig. 4E showed that during the remodeling
stage, the PCL/CNT-PDA and PCL/CNT-PDA-bFGF groups achieved
reepithelialization and granulation tissue formation, while the wound
healing was delayed in the PCL/CNT group and the control group
(Fig. 4E). Overall, the thickness of granulation tissue of each group was
gradually increased, and the wound length was gradually shortened
with wound healing, among which the PCL/CNT-PDA-bFGF group
showed the most obvious statistical trend. The quantitative statistics in
Fig. 4F and G also confirmed the results of HE staining. Furthermore, the
wound length of PCL/CNT-PDA-bFGF group was significantly lower
than that of other groups (p < 0.01). In addition, compared with the
other groups, the PCL/CNT-PDA-bFGF group developed more new
granulation tissue and a more complex epidermal structure at day 14, as
well as tissue resembling skin appendages. It is suggested that PCL/CNT-
PDA-bFGF group can significantly heal the wound, and the healing time
is short.

Masson staining showed that the collagen deposition in PCL/CNT-
PDA-bFGF fiber scaffold group was extensive and orderly compared
with others. More new hair follicles appeared in PCL/CNT-PDA-bFGF
group (Fig. 6E). This suggests that the PCL/CNT-PDA-bFGF fiber scaf-
fold improves ECM remodeling capability (Fig. 6B). Coll I and Coll III are
the main types of collagen that are involved in the skin repair. The
immunohistochemical staining results of Col I and Col III were shown in
Fig. 6C and D. The deposition of Coll I and Coll III in all stent groups
increased with time, and the collagen expression was higher than that in
control group (p < 0.01). The expressions of both kinds of collagen in
PCL/CNT-PDA-bFGF group were higher than that in other groups, fol-
lowed by PCL/CNT-PDA group, which was also significantly higher than
that in control group and PCL/CNT group (p < 0.05) (Fig. 6F and G). As
is well known, the enrichment of collagen is beneficial for matrix
remodeling and wound healing. These results suggest that the PCL/CNT-
PDA-bFGF group can promote wound healing by accelerating the
deposition and remodeling of the two kinds of collagen.

The immunofluorescence staining and fluorescence statistical anal-
ysis results of TNF-a, IL-6 and ROS are shown in Fig. 7. On day 7 and 14,
the fluorescence intensity of TNF-a and IL-6 in PCL/CNT-PDA group and
PCL/CNT-PDA-bFGF group was lower than that of the PCL/CNT group
(Fig. 7E and F). That means that, PCL/CNT-PDA and PCL/CNT-PDA-
bFGF have better anti-inflammatory properties and can reduce
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inflammatory reactions in tissues. Similarly, from the quantitative
analysis results of ROS (Fig. 7G), it can be seen that compared to the
PCL/CNT group, the PCL/CNT-PDA group and PCL/CNT-PDA-bFGF
group have lower ROS fluorescence intensity, indicating that PCL/
CNT-PDA and PCL/CNT-PDA-bFGF have a stronger ability to clear
ROS in vivo.

4. Discussion

The integrity of skin structure plays a significant role in maintaining
the normal physiology of the human body. However, the repair of skin

10

injury, especially the healing of large area skin injury, is still a difficult
problem to be solved clinically [31,32]. In this study, PCL/CNT elec-
trospun nanofiber scaffolds were prepared using the electrospinning
technique, and basic fibroblast growth factor (bFGF) was loaded onto
the scaffold through PDA surface modification. In this way,
PCL/CNT-PDA-bFGF scaffold was prepared to use in the field of skin
tissue repair.

Electrospun fiber scaffold is widely used in tissue engineering due to
its advantages, like small fiber diameter, large specific surface area, high
porosity, easy preparation and application [33-35]. In this study,
PCL/CNT-PDA-bFGF fiber scaffold was prepared. Among them, PCL is
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one of the commonly used raw material for electrospun fiber scaffold.
CNT is one of the emerging electroactive biomaterial that can conduct
electrical, electrochemical, and electromechanical stimulation to cells
[36,37]. Due to its unique electrical activity, CNT is widely used to
improve the arrangement of cells and make them closer to normal
human tissues, thereby accelerating up tissue healing [38]. Secondly, in
order to further enhance the ability of the scaffold to promote tissue
healing, the PCL/CNT-PDA fiber scaffold was loaded with bFGF. bFGF is
an endogenous polypeptide growth factor with high affinity for heparin,
which can promote cell proliferation and migration and promote tissue
healing [39]. In addition, in order to improve the loading rate of bFGF,
the hydrophobic structure of PCL/CNT polymer surface was modified by
coating with PDA. PDA is a biomimetic polymer with high adhesion,
biocompatibility and degradability, which can form a stable and
adjustable thickness PDA coating on the material surface [40,41]. At the
same time, there are many functional groups on the surface of PDA, such
as amino groups, carboxyl groups, catechol, etc., which are easy to form
coupling with the protein part, and improve the loading rate and achieve
the slow and lasting release while maintaining the activity of the protein
[42]. The test results showed that the water contact angle of
PCL/CNT-PDA was obviously smaller than that of PCL/CNT, and the
loading rate of bFGF was obviously higher than that of PCL/CNT, which
indicates that the hydrophilicity and loading performance of the mate-
rials coated with PDA were significantly improved. The results of bFGF
release curve show that PCL/CNT-bFGF fiber scaffold has an obvious
bFGF abrupt release stage. In contrast, PCL/CNT-PDA-bFGF can release
bFGF more stably and sustainably. In addition, by coating with PDA to
improve the hydrophilicity and the loading rate of bFGF, the adhesion
and proliferation of cells were promoted additionally, which is condu-
cive to tissue regeneration.

The biocompatibility of the scaffold is also an important factor
influencing tissue regeneration [43,44]. The ideal scaffold should
possess biodegradability while maintaining biological activity and pro-
moting the adhesion, proliferation and differentiation of cells [23,38,
45]. In PCL/CNT-PDA-bFGF scaffold, PCL, PDA and bFGF all have good
biocompatibility, which has been widely acknowledged. However, the
biocompatibility of CNT depends on a number of factors. Many studies
have shown that incorporating other materials with CNT could signifi-
cantly reduce its toxicity and improve the biocompatibility [36,46-48].
In order to further accurately evaluate the biosafety performance of the
material, in this study, fibroblast coculture tests in vitro and embedding
tests in vivo were carried out. The results demonstrated that the scaffold
prepared in the study exhibited excellent biocompatibility.

Macrophages play an important role in the immune system, playing
an important regulatory role in the microenvironment of wound repair.
During the process of damage repair, macrophages are mainly inflam-
matory phenotype (M1) at the beginning, which plays the role of
clearing damaged tissues. Subsequently, it was then converted to an
anti-inflammatory phenotype (M2) that promotes wound healing [49].
However, this process may cause excessive oxidative stress and in-
flammatory storms when tissues are damaged, impeding the transition
from M1 phenotype to an M2 phenotype, and hindering the progression
of subsequent wound regeneration. The results show that the
PCL/CNT-PDA-bFGF scaffold can effectively functions as an
anti-inflammatory and antioxidant role. On the one hand, PDA plays an
antioxidant role by engaging in the REDOX reactions between ROS and
the abundant catecholamine groups on the surface, trapping reactive
oxygen species, and promoting the transformation of macrophages from
M1 to M2. On the other hand, CNT, as an electroactive material, can also
promote the transformation of macrophages from M1 to M2 and regu-
late the immune microenvironment. The combined effect of the two
materials equips the scaffold with anti-inflammatory and antioxidant
properties.

In order to further evaluate the ability of composite materials in
promoting tissue healing, this study conducted a full-layer skin injury
model of SD rats, and the test results showed that compared with the
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other groups, the rats treated with PCL/CNT-PDA-bFGF had a narrower
scar width, thicker granulation tissue, and more new hair follicles,
indicating that the PCL/CNT-PDA-bFGF indeed had a more rapid and
effective ability to promote tissue healing. In addition, to verify the
positive effects of PCL/CNT-PDA-bFGF fiber membrane on anti-
inflammatory and antioxidant, cell antioxidant assays and immunoflu-
orescence staining of IL-6 and TNF-a were conducted. The results
showed that PCL/CNT-PDA-bFGF can effectively reduce the levels of
ROS in cells and the content of inflammatory factors in tissues, which
means that the fiber scaffold can alleviate inflammation and oxidative
damage effectively. The good performance of PCL/CNT-PDA-bFGF in
tissue repair is attributed to the following mechanisms: (1) In this study,
the material existed in the form of nanofiber which was characterized by
small diameter and high porosity, and was conducive to promote rapid
tissue repair, through simulating the microenvironment of extracellular
matrix and providing matrix platform for tissue repair [50,51]. (2) Due
to the addition of CNT, PCL/CNT-PDA-bFGF fiber scaffold had electrical
activity, which made the cells arrange according to the shape of the fi-
bers and better simulate the arrangement of normal tissue cells [18]. (3)
In addition, coating with PDA, the hydrophilicity of the polymer was
significantly increased, which was conducive to maintaining a moist
environment of the wound and accelerating tissue recovery [45]. (4)
PDA can effectively remove ROS and promote the transformation of
macrophages from M1 to M2. At the same time, CNT, as an electroactive
material, can also effectively promote the transformation of M1 to M2,
thus endowing the PCL/CNT-PDA-bFGF scaffold with good
anti-inflammatory and antioxidant effects. These mechanisms work
together at the wound site to promote tissue regeneration and repair.

In this study, PCL/CNT-PDA-bFGF fiber scaffold was prepared by
electrospinning technology, and it was proved that the scaffold had good
tissue healing and biosafety performance. However, there are still some
aspects to be improved: (1) The animal model used in this study was SD
rat, and no other animals were used for further performance evaluation;
(2) The small number of animal samples may lead to a certain bias in the
results.

5. Conclusions

In this study, PCL/CNT-PDA-bFGF fiber scaffolds were prepared and
the effect on wound healing was evaluated by in vitro and in vivo assays.
In vitro, PCL/CNT-PDA-bFGF fiber scaffold can significantly promote
the adhesion and proliferation of fibroblasts. In vivo, PCL/CNT-PDA-
bFGF fiber scaffolds can effectively promote the granulation tissue
regeneration and collagen fiber deposition to promote wound healing.
It’s considered that the function of PCL/CNT-PDA-bFGF scaffolds is the
result of a combination of multiple favorable factors, including the
electrical conductivity, regular fiber orientation, PDA surface modifi-
cation, anti inflammatory, antioxidant, and stable bFGF release. In
conclusion, the PCL/CNT-PDA-bFGF fiber scaffold can be considered as
a promising material to apply to the skin tissue repair engineering.
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