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In this study, a novel nanofiber material with Polylactic acid (PLA), natural plant polysaccharides-Bletilla striata
polysaccharide (BSP) and Rosmarinic acid (RA) as the raw materials to facilitate wound healing was well prepared
through coaxial electrospinning. The morphology of RA-BSP-PVA@PLA nanofibers was characterized through
scanning electron microscopy (SEM), and the successful formation of core-shell structure was verified under
confocal laser microscopy (CLSM) and Fourier transform infrared spectroscopy (FTIR). RA-BSP-PVA@PLA
exhibited suitable air permeability for wound healing, as indicated by the result of the water vapor perme-
ability (WVTR) study. The results of tension test results indicated the RA-BSP-PVA@PLA nanofiber exhibited
excellent flexibility and better accommodates wounds. Moreover, the biocompatibility of RA-BSP-PVA@PLA was
examined through MTT assay. Lastly, RA-BSP-PVA@PLA nanofibers can induce wound tissue growth, as verified
by the rat dorsal skin wound models and tissue sections. Furthermore, RA-BSP-PVA@PLA can facilitate the
proliferation and transformation of early wound macrophages, and down-regulate MPO" expression of on the
wound, thus facilitating wound healing, as confirmed by the result of immunohistochemical. Thus, RA-BSP-

PVA@PLA nanofibers show great potential as wound dressings in wound healing.

1. Introduction

The skin is the greatest organ on the surface of the human body that
contacts the outside world. It is capable of the functions of resisting
microorganisms, regulating body temperature, and resisting external
environmental stimuli. However, it has always been exposed to
dangerous environments, (e.g., burns, frostbite and acute damage by
sharp instruments); it reduces the wound healing rate and causes the loss
of skin function under the effect of bacterial infection [1,2]. Wound
healing refers to a continuous process. At the inflammatory stage, it
primarily removes damaged or dead wound tissue, whereas the neu-
trophils will release numerous of reactive oxygen species (ROS), thus
damaging the epithelial cells; as a result, the secretion of inflammatory
cytokines can be facilitated [3]. Lastly, it creates a vicious cycle of
wound inflammation. It can be a huge mental burden on the patients.

Accordingly, therapeutic approaches are required to facilitate wound
healing while reducing wound inflammatory responses.
Electrospinning has become extensively used over the past few years
in a variety of industries, (e.g., food packaging, artificial intelligence,
medicine delivery, tissue engineering, and wound dressings) [4-10].
Wound dressings prepared from electrospun nanofibers exhibit a smooth
surface and similarity to the architecture of the natural extracellular
matrix (ECM) in comparison with conventional dressings, such that they
can facilitate cell adhesion, while enveloping and protecting a variety of
bioactive substances [11]. The most common electrospinning methods
of electrospinning are classified into uniaxial and multi-axis. Uniaxial
electrospinning methods have a single structure, which may cause rapid
dissociation of effective materials and drugs, reducing their biological
activity. However, multi-axis electrospinning technology is to spin
different materials through various channels to form a core-shell
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Scheme. 1. Schematic diagram of RA-BSP-PVA@PLA coaxial nanofiber design strategy. (A) Preparation and application of RA-BSP-PVA@PLA nanofibers, extraction
and preparation of BSP. (B) Schematic diagram of preparation of coaxial nanofibers and their promotion of wound healing.

structure, thus decreasing the dissolution rate of effective materials and
medicines and maintaining their biological activities [12,13].

Existing research has suggested that natural polymers and synthetic
polymers can be employed for electrospinning [14,15]. The natural
polymer is capable of inducing cell adhesion and growth [16], thus
achieving the biological activity of the natural polymer itself. Natural
plant polysaccharides have been extensively employed in the biomedical
field over the past few years [17-20]. BSP refers to a type of natural
plant polysaccharide. It is extracted from Bletilla striata (Thunb.) of
plant, comprising a-mannose, f-glucose, and p-mannose. Besides, it has
aroused wide interest for its functions of promoting skin healing, anti-
inflammation, and anti-fibrosis, as well as its excellent biocompati-
bility, biodegradation, and low cost. It can also apply to hydrogel,
sponge, microneedle and other medical materials [21-27]. Based on the
above-described findings, BSP was selected as one of the effective ma-
terials in the nuclear layer in this study, whereas, its spinnability is poor,
PVA has been already widely applied in biomedicine as a safe, biode-
gradable polymer [28], such that PVA was added as a support material
to enhance the spinnability of the nuclear layer [29,30]. Synthetic
polymers can apply to electrospinning nanofibers to enhance the me-
chanical properties of nanofibers, and they can adapt to wounds of
different sizes [31], (e.g., PLA, Polyethylene glycol (PEG), Poly (lactic-
co-glycolic acid) (PLGA), and Polycaprolactone (PCL) [32-34]). PLA has
been confirmed as one of the most used bioplastics worldwide.
Furthermore, it is a safe, non-toxic material exhibiting excellent
biocompatibility, degradability, and suitable mechanical properties, and
it has been applied in a wide range of fields of biomedicine [35,36].
Thus, PLA was selected as the on-shell part of coaxial nanofiber.

RA refers to a natural polyphenolic carboxylic acid, a major
component of a variety of medicinal ingredients and proprietary Chinese
medicines, with different potential biological properties. (e.g., antioxi-
dant and anti-inflammatory properties [37-39]). However, RA is sus-
ceptible to light and oxygen and readily breaks down, such that reactive
oxygen species scavenged at the inflammatory phase exhibit insufficient
capacity. Thus, coaxial ele2ctrospinning techniques can be used to
protect RA biological activity, reduce wound inflammation, and pro-
mote wound healing.

In this study, we created a core-shell nanofiber with BSP-PVA@PLA
as a scaffold to load RA into the nuclear layer and exert anti-
inflammatory and promote wound healing effects (Scheme. 1). The
characteristics of this study are as follows: (1) In order to ensure the
bioactivity of RA and BSP, RA and BSP were loaded into PVA@PLA
coaxial nanofibers to reduce the degradation rate of RA and BSP; (2) BSP
and RA in the nuclear layer improve the flexibility and mechanical
strength of wound dressing; (3) RA-BSP-PVA@PLA has great protective
effect and gas permeability, and because PLA has excellent hydrophobic
performance, it keep the wound moist environment, such that it can
facilitate wound healing [40,41]; (4) BSP and RA are capable of
inducing the polarization of M1-type macrophages to M2-type macro-
phages in wounds [42-44], which speeds up wound healing; (5) RA and
BSP in the nuclear layer can reduce wound inflammation, thus pro-
moting wound healing [45-47].
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2. Experimental section
2.1. Materials

Sichuan provided Dried Bletilla striata (B.striata) was purchased from
Sichuan Chinese Medicine Yinpian Co., Ltd. (Sichuan, China). Rosmar-
inic acid was purchased from Chengdu Durst Biotechnology Co., LTD.,
Polylactic acid (PLA, molecular weight = 80.000 W) and FITC were
obtained from Aladdin. Polyvinyl alcohol (PVA, Chengdu Cologne
Chemical Reagent Company), Chengdu Cologne Chemical Reagent
Company provided the chloroform (99.0 %) and N, N-dimethylforma-
mide (DMF, >99.9 %). Thiazolium blue (MTT) (Biofroxx, Germany),
dimethyl sulfoxide (DMSO) (MP Biomedicals, France), Hoechst 33258
staining solution (Shanghai Baissey Biotechnology Co., LTD., China). All
animals were purchased from SPF (Beijing, China) Biotechnology Co.,
Ltd., the ambient temperature is 23 + 2 °C; the relative humidity is 55 +
5 %; 12 h light/dark cycle. Throughout the entire trial, the animals had
unrestricted access to tap water and standard rat chew, and the beds
were changed out three times per week. Following the recommendations
for the handling and use of laboratory animals issued by the National
Institutes of Health in the United States, all animal experiments were
given the go-ahead by the Experimental Animal Protection Society of
Chengdu University of Traditional Chinese Medicine.

2.2. Preparation of coaxial nanofiber

2.2.1. Preparation of BSP

BSP was created in the lab in accordance with the instructions of the
manufacturer [48]. The tuber of Bletilla striata was powdered. Subse-
quently, ethanol (95 %) and petroleum ether (60-90 °C) degree were
used at 70 °C for 2 times, 2 h each time, according to the solid-liquid
ratio of 1:5 (m/v). The medicinal powder was re-weighed and added
into deionized water according to the solid-liquid ratio of 1:40, the
powder was stirred at 70 °C for 2 h, then filtered and concentrated
extract. The protein was removed using a 1/3 Sevage reagent, and the
aqueous phase was subsequently collected. After cooling, 95 % ethanol
was added, and the polysaccharide was precipitated by stirring the
alcohol at a low speed. The polysaccharide was refrigerated at 4 °C for
12 h, filtered, and then washed. BSP was purified with the DEAE Cel-
lulose 52 columns (6.0 cm x 55.0 cm). The monosaccharide content and
the purity of the BSP were determined using the reverse-phase HPLC and
HPGPC.

2.2.2. Coaxial electrospinning solution preparation

For the nuclear layer solution, 10 % (w/v) PVA was dissolved in
deionized water. After the solution was fully dissolved, BSP (7.5 %, w/v)
and RA (2 mg/mL) were added and dissolved by magnetic stirring until
the nuclear layer solution PVA-BSP-RA was obtained. Furthermore, the
PLA shell solution was prepared by dissolving PLA 10 % (w/v) particles
in chloroform/DMF (8:2, v/v) and stirring on a magnetic stirrer for 24 h.

2.2.3. Coaxial electrospinning technology

A coaxial spinning needle with a 20-gauge needle core and a 10 mL
syringe filled with polymer was connected with a 17-gauge needle
housing. The flow rates were 0.06 mL/h and 0.5 mL/h for the core and
shell at 16 kV voltage, a sheet of aluminum foil was placed on a drum
collector with a diameter of 15 cm at a speed of 150 rpm for collection.
Likewise, the PVA@PLA and BSP-PVA@PLA coaxial nanofibers were
prepared.

2.3. Confocal laser scanning microscopy (CLSM)

FITC 2 mg and rhodamine powder 1 mg were accurately weighed
and then placed in PLA and RA-BSP-PVA solutions, respectively, and
spun according to the same method as above. After completion, the
collected coaxial nanofibers were placed under a confocal laser scanning
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microscope (DM6B, Leica, Germany) to characterize the fiber structure.
2.4. Scanning electron microscope (SEM)

The coaxial nanofibers were examined using SEM (Axio Imagerm2
EVO10, Germany). The coaxial nanofibers samples were gilded with a
sputter gilding machine for 40 s prior to observation. The diameters of
100 distinct nanofibers were randomly selected and determined using
Image J software (National Institutes of Health).

2.5. Transmission electron microscope (TEM)

The samples were tested using TEM (TEMH7800, Hitachi, Japan) at
an operating voltage of 120 kV to demonstrate the core-shell structure of
the samples. Moreover, a layer of carbon-coated copper mesh was fixed
to the collector for the preparation of the coaxial nanofiber sample prior
to observation.

2.6. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was performed using a Spectrum One Fourier
transform infrared spectrometer (PerkinElmer, USA) to determine the
molecular characteristics of several materials (PLA, PVA, BSP, RA, and
three coaxial nanofibers). The above-mentioned samples were ground
using three coaxial nanofiber samples. Subsequently, the powder was
compacted into disks of transparent potassium bromide for scanning in a
range of 4000-500 cm ™ *.

2.7. Water contact angle measurement

The water contact angle (WCAS) was tested using a video optical
contact goniometer (OCA25, dataphysics, Germany) to determine the
hydrophobicity after the coaxial nanofibers were divided into 5 cm x 5
cm.

2.8. Water vapor transmittance

The WVTR of coaxial nanofibers was examined through gravimetry
[49]. The glass bottle was filled with 5 mL of deionized water, and the
nanofibers were attached to the mouth of the glass bottle with a diam-
eter of 1.2 cm. The control group was open glass bottles. The glass
bottles were placed in a desiccator at 25 °C for 24 h. Measure the weight
of the glass bottle at intervals. Three times the experiment was run. The
following formulae are used to determine the WVTR:

WVTR (%) = WO — Wt/A x 100% @

Here WO and Wt are the initial and final weights of the glass bottle,
respectively. A is the area of the opening of the glass bottle.

2.9. Tensile strength

The samples mechanical strength was examined with a texture
analyzer (Rapid TA+, Shanghai Tengba Instrument Technology Co.,
LTD.). The prepared coaxial nanofiber sample (50 mm long x 10 mm
wide) was fixed with two clamps and measured at 0.2 mm/s. Further-
more, the stress-strain curves were recorded for RA-BSP@PLA,
BSP@PLA, as well as PVA@PLA nanofibers.

2.10. Biocompatibility test

2.10.1. Apoptosis assay

A total of three distinct coaxial nanofibers were co-cultured with
L1929 cells for 24 and 48 h using the 24-well plates. After being co-
incubated, the samples were fixed with 4 % paraformaldehyde at
ambient temperature for 15 min, washed with PBS buffer 3 times, 3 min
each time. The cells were stained for 30 min with Hoechst 33258
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Fig. 1. Coaxial nanofibers appearance and distribution of diameters. (a) SEM images at 1000x and 2000 x magnification. Scale bar: 10 pm and 4 pm. (b-d) According
to statistics derived from SEM images, the nanofibers' diameter distributions and average diameter (n = 100).

staining solution. The cells were stained, and the apoptosis was observed
under a fluorescent microscope (Leica, Wetzlar, Germany) (The nuclei of
normal cells were light blue, whereas the nuclei of apoptotic cells
showed bright blue fluorescence).

2.10.2. MTT

3000 cells were blown into single-cell suspensions using MDEM
media supplemented with 10 % fetal bovine serum and 1 % dual anti-
body to seed L929 cells into 96-well plates. Different coaxial line
nanofibers were inserted and then treated for 24, 48, or 72 h, respec-
tively, after being incubated for the first 24 h. After the treatment, 100
pL of fresh media and 10 pL of MTT solution were added, and the
mixture was incubated for 2 h with the old medium removed. After the
culture was completed, the supernatant was carefully taken out, 150 pL
of DMSO was added to the respective well, and the crystals were thor-
oughly dissolved by shaking for 15 min., The absorbance of the
respective well was measured at 490 nm on a microplate reader (Thermo

Fisher Scientific, Ulm, Germany), and cell viability was determined.

2.10.3. Cell morphology experiment

A wide variety of coaxial nanofibers were added after 24 h of CO2
incubator incubation and cell seeding in 24-well plates. Subsequently
the cells were incubated for another 24 or 48 h. After treatment, the
cells' morphological alterations were examined under a microscope
(Leica, Wetzlar, Germany).

2.11. Wound healing and histopathological analysis

2.11.1. Wound healing

The effect of coaxial nanofibers on the wound-healing process was
examined through in-vivo experimental research. Nine male SD rats
weighing 200-300 g were selected as the subjects in the experimental
research. Pentobarbital was injected intraperitoneally for anesthesia
after the rats were randomly assigned to the control and treatment
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Fig. 2. Coaxial nanofibers structural features. (a) Coaxial nanofibers under the fluorescence microscope. The shell is composed of PLA and stained with FITC (green).
The inner layer consists of RA-BSP-PVA and is stained with Rhodamine (red). Scale bar: 50 pm. (b) (i) Schematic diagram of coaxial needle (ii) TEM image of coaxial
nanofibers. Scale bar: 1 pm. (c) FTIR spectra of coaxial nanofibers and FTIR spectra of raw materials (RA, BSP, PVA, PLA).

groups. They had their back hair shaved with a razor, leaving a 0.8 cm-
diameter circular wound in their flesh. The wounds in the control group
were covered with the gauze, while the wounds in the treatment group
were healed using coaxial nanofibers. Lastly, the rats were raised indi-
vidually to track the healing of the wounds, and the wounds were
captured at 0, 5, 10, and 15 days. After the wound's size was measured
with ImageJ software, the wound closure % was determined as follows:

RA and BSP can induce M1 macrophages to transform into M2 macro-
phages and have anti-inflammatory effects [42-47], the expression of
macrophages and the expression level of inflammatory factor MPO™
were measured after staining of macrophages with FITC and CY3, to
evaluate the synergistic effect of RA and BSP in promoting macrophage
conversion and anti-inflammatory function.

Wound closure (%) = (Wound area at day 0 — wound area at day N)/Wound area at day 0 x 100% )

2.11.2. Histopathological analysis

On days 5, 10, and 15, the rats in each group were put to death, and
the wound tissue was removed. For 48 h, the samples were fixed in 10 %
paraformaldehyde. The specimens were fixed, viewed under a micro-
scope, embedded in paraffin, and the photographs were gathered and
processed. Sections measuring 5 pm each were cut using the microtome.
Slices of tissue were stained with hematoxylin and eosin (H&E) and
Masson's trichrome (Masson). Rat wounds' histological alterations were
then examined under a microscope and captured on camera.

2.12. Immunohistochemical analysis

In wound healing, preventing inflammation is crucial, including in-
flammatory cytokines secretion and inappropriate macrophage differ-
entiation. It has two kinds of M1, and M2 macrophages phenotype, M1
macrophages in wounds will continue to release proinflammatory fac-
tors, and M2 macrophages can accelerate fibroblast proliferation, and
anti-inflammation, and promote wound healing. Neutrophils (MPO™)
are the direct expression of inflammatory factors. If MPO™ increases, it
indicates that wound inflammation is continuously developing and
increasing, slowing down the process of wound healing [50]. Since both

2.13. Statistical analysis

Origin 2021 was used in a one-way ANOVA with Tukey's post hoc
test to evaluate whether there were any significant differences. The
statistically significant difference was defined as P < 0.05.

3. Results and discussion
3.1. Preparation of BSP

In this experiment, BSP that was isolated from the same batch as that
used in our lab was used [25]. According to the experimental findings,
BSP comprises mannose and glucose at a ratio of 2.95:1, with (1 — 4)-
linked-D-mannose serving as the primary link in the main chain. Purified
BSP has Mw and Mn of 3.99 x 10° g/mol and 7.09 x 10* g/mol,
respectively. BSP contains 90.18 % carbs in total.

3.2. Morphological characteristics of coaxial electrospinning film

Coaxial electrospinning has certain requirements on the flow rate,
concentration, and core-shell ratio of the solution, and the flow rate of
the nucleus must be lower than that of the shell [13]. For this reason, the
core-to-shell velocity ratio is set to 1: 8.3 in this study. As depicted in
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Fig. 3. Water contact Angle and water vapor transmittance. (a) Water contact angles of three different coaxial nanofibers (n = 3). (b) Water vapor transmission rate

of coaxial nanofibers (n = 3). Data represent mean + SD; *P < 0.05, ***P < 0.001.

Fig. 1a, the fiber surface was smooth and free of holes, beads, cracks, and
other defects, and the fibers were mixed, suggesting that the composi-
tion of the core and shell significantly affects the shape of the fiber. The
diameter of the PVA@PLA coaxial nanofibers in this study was 0.50 +
0.06 pm (Fig. 1b), and the diameter distribution range expanded with
the inclusion of BSP and RA. The diameter of the BSP-PVA@PLA
nanofiber with BSP as its core material was 0.49 + 0.08 pm (Fig. 1c).
When BSP and RA served as the core materials, RA-BSP-PVA@PLA
nanofiber exhibited a diameter of 0.69 + 0.09 pm (Fig. 1d) with a
fairly uniform diameter distribution.

Based on the reported approach, rhodamine and FITC fluorescein
were added to the core and shell, respectively, to view the core-shell

Before

structure in more detail [51], A fluorescent microscope image
(Fig. 2a) indicates the distribution of the core-shell structure. The suc-
cessful realization of the core-shell structure was confirmed through
fluorescence measurements.

Fig. 2b(i) illustrates the structure of the coaxial needle device, The
analysis of the result of TEM (Fig. 2b(ii)) indicated the structure and
morphology of coaxial nanofibers, with the middle layer being black and
the outer surface gray.

3.3. FITR analysis

FTIR spectra of polymer and drug samples were analyzed to evaluate

—— RA-BSP-PVA@PLA 0
—— BSP-PVA@PLA
. ——PVA@PLA 804
__704
R
= X 60
7 %]
[
& 4 é 40
©
2304
3 S
w 20

Strain(%)

PVA@PLA

Tensile Strength (Mpa)

BSP-PVA@PLA  RA-BSP-PVA@PLA

PVA@PLA BSP-PVA@PLA  RA-BSP-PVA@PLA

Fig. 4. Mechanical properties of coaxial nanofibers. (a) The optical photos of the stress-strain behavior of RA-BSP-PVA@PLA. (b) Stress-strain curves of coaxial
nanofibers (n = 3). (c) Extension at peak of three different coaxial nanofibers (n = 3). (d) Tensile strength of three different coaxial nanofibers (n = 3). Data represent

mean + SD; *P < 0.05, ***P < 0.001.
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bond formation. Fig. 3c illustrates the FTIR spectra of RA, BSP, PVA,
PLA, as well as coaxial nanofibers. The main characteristic peaks of RA
were identified at 3399 cm’l(O—H) and 1656 cm’l(C:O stretching
vibration) [37]. BSP displayed a characteristic peak at 1633 cm’l(CZO
stretching vibration) and 2800-3600 cm™}(O—H stretching vibration),
whereas PVA indicated a characteristic peak at 3409 em }(O—H
stretching vibration). No bands (e.g., PVA, BSP, and RA) were identified
in the drug samples. The PLA in the 1500-2000 cm ' and 3000 cm *
correlation regions were highlighted in the three coaxial nanofibers. The
characteristic peaks of PVA, BSP, and RA were not identified, suggesting
that PVA, BSP, and RA were completely encapsulated in the core layer
[52]. On that basis, the formation of the coaxial structure was verified in
accordance with the result of confocal microscopy and TEM images.
Furthermore, the degradation performance of PLA material was tested
(Support information, Fig. S1).

3.4. Water contact angle experiment

The wettability of three kinds of coaxial spinning films was tested by
contact angle experiment. Due to the hydrophobicity of the PLA material
[53], the solution of BSP and RA in the core can be prevented. The
contact angles of PVA@PLA, BSP-PVA@PLA, and RA-BSP-PVA@PLA are
111.93 + 3.48°,117.17 + 1.80° and 129.10 + 2.08° (Fig. 3a). This may
be because the PLA gathered on the surface gradually increased with the
increase of the components in the shell, and the hydrophobicity was
strong, close to the superhydrophobic surface (150°) [54]. At the same
time, droplet formation is seen in all three types of coaxial nanofibers.

3.5. WVIR

Only wound dressings with WVTR between 76 and 9360 g/m?/ day
can accelerate wound healing [55]. As depicted in Fig. 3b, the WVTR of
the bottle without film was 847.45 + 41.45 g/m?/day. The water vapor
transmittance of PVA@PLA film is 551.62 + 3.54 g/m?/day, BSP-
PVA@PLA film is 558.37 + 12.70 g/mz/day, RA-BSP@PLA film is
555.29 + 7.02 g/ m?/day. The diameter of water vapor is generally
about 0.0004 pm [56], and the pore size of nanofibers is almost in the
range of 0.01-10 pm diameter [57]. Accordingly, it can be argued that
the blocking effect of the coaxial nanofibers on the water vapor is small,
and meet the requirements of wound dressing WVTR, can be applied to
wound healing.

3.6. Tensile strength

Good mechanical properties are essential for wound dressings, such
that the stress-strain behavior of the coaxial nanofiber was tested, as
presented in Fig. 4a and b. Notably, RA-BSP-PVA@PLA exhibited the
right tensile strength and flexibility. The tensile strength of human skin
ranged from 1 to 32 MPa, and its elongation at break fell into a range of
17 % to 27 % [58]. Displaying the mechanical characteristics of the
prepared coaxial nanofibers (Fig. 4c and d). PVA@PLA displayed a
tensile strength of 5.20 & 0.14 MPa and an elongation at break of 40.13
+ 5.71 %, respectively. BSP-PVA@PLA exhibited a tensile strength of
9.08 + 0.16 MPa and an elongation at a break of 44.43 + 3.05 %.
Tensile strength and elongation at break of RA-BSP-PVA@PLA coaxial
nanofibers are 6.31 + 0.10 MPa and 76.62 + 4.51 %, respectively.
Indicating that the prepared coaxial nanofibers have suitable
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Fig. 6. Coaxial nanofibers promote wound healing. (a) Representative rat wound healing photos, as well as the wound healing between the control and treatment
groups (n = 3). (b) Wound healing rate of control group and treatment group (n = 3).

mechanical properties and can be used in wound healing. Interestingly,
compared with PVA@PLA, the mechanical properties of the nanofiber
membrane were significantly enhanced after the addition of BSP, which
may arise from the existence of numerous hydrogen bonds in the
structure of BSP. Furthermore, the tensile strength of the fiber mem-
brane was slightly reduced after the addition of RA in the core layer,
whereas its elongation at break was increased.

The possible reason for the above-mentioned result is the increase in
the number of hydrogen bonds between BSP and RA in the core layer
solution. However, the two reacted with each other to reduce the for-
mation of partial hydrogen bonds, thus resulting in the increase of
elongation at break of coaxial nanofibers. This may be attributed to the
increase in the number of hydrogen bonds between BSP and RA in the
core layer solution, such that the mechanical properties of coaxial
nanofibers were enhanced. However, the mechanical strength of

nanofibers may also be related to the concentration of solution in the
nuclear layer, which is the focus of further research.

3.7. Cell biocompatibility

Fibroblasts refer to the primary cells of the skin and take on a critical
significance to the respective stage of wound healing. They are capable
of increasing the speed of wound healing after injury. Moreover, the
safety of coaxial nanofibers for fibroblasts was examined through cell
apoptosis experiment, cell morphology experiment and MTT method
[59] since the solution of PLA material is chloroform and DMF. Fig. 5a
and b present the apoptosis of 1929 cells after PVA@PLA, BSP-
PVA@PLA and RA-BSP-PVA@PLA were co-cultured with 1929 fibro-
blasts for 24 h, 48 h, and 72 h. Compared with the control group, only a
small number of cells in the three types of fibroblasts were positive
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(bright blue). As depicted in Fig. 5c, L929 fibroblasts were spindle-
shaped and did not change significantly after the co-culture of L929 fi-
broblasts with three coaxial nanofibers. As revealed by the above-
mentioned results, the coaxial nanofibers do not affect the fibroblasts.
The MTT experiment results still indicated a small toxic side effect,
probably correlated with the precursor solution of spinning. However,
compared with the control group, all exhibited good cell viability,
higher than 90 % (Fig. 5d), suggesting that there was a slight difference
in cell viability among the three groups. The above results suggested
that, PVA@PLA, BSP-PVA@PLA, and RA-BSP-PVA@PLA exhibit good
biocompatibility and safety properties.

3.8. Wound healing rate analysis

Wound healing rate has been proven as a vital metric for evaluating

medical materials, and it can be adopted to determine the effectiveness
of medical materials. Thus, a wound model was developed to assess
wound healing. By analyzing the wound photos (Fig. 6a) after 5, 10, and
15 days of treatment, Image J software was used to measure the wound
healing rate. The wound healed well in the RA-BSP-PVA@PLA group;
both wound size and size healed after 5 and 10 days of treatment under
the effect of RA-BSP-PVA@PLA on wound healing, whereas the healing
was poor in the blank and PVA@PLA treatment groups. In the control
group, the wound healing rate reached 31.06 + 18.67 %, 75.13 + 26.46
%, and 87.33 £ 9.68 % on the 5th, 10th, and 15th days (Fig. 6b), and
large unhealed wounds were identified the healing rate exceeded 80 %
on the 10th day after BSP-PVA@PLA and RA-BSP-PVA@PLA treatment.
On the 15th day, RA and BSP reached 93.10 + 5.45 % and 97.43 + 2.98
%. The possible reason for this result is that RA and BSP in nanofibers
can facilitate wound healing and anti-inflammatory. Accordingly, RA-
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BSP-PVA@PLA is a potential medical material for a wound dressing that
can expedite wound healing. However, the RA-BSP-PVA@PLA coaxial
nanofibers only have the function of promoting wound healing, but lack
antibacterial properties. Thus, the antibacterial properties of nanofibers
by improving the nanofibers should be urgently enhanced. At the later
stage, it is planned to add metal nano ions and other substances with
good antibacterial properties, so as to achieve the versatile coaxial
nanofibers exhibiting antibacterial and healing promoting effects.

3.9. Histopathological

The resultant profiles after HXE and Masson staining are depicted in
Fig. 7a. On day 5, granulation tissue in the respective group indicated
different levels of inflammation. In addition, the fibrin gum epithelium
in the RA-BSP-PVA@PLA group was close to shutting down, and it was
completely shut down on day 10. On the 15th day, a thick epidermal
thickness was still identified in the blank group (Fig. 7b). For BSP-
PVA@PLA and RA-BSP-PVA@PLA groups, the staining indicated dark
blue and thick granulation tissue (Fig. 7c). The above results suggested
that RA-BSP-PVA@PLA can effectively treat wounds while expediting
wound healing.

3.10. Macrophage polarization and inflammatory reaction in wound

3.10.1. Macrophages are polarized
Inflammation has been confirmed as an essential phase of wound
healing is inflammation. CD86 and CD206 were served as markers of M1

10

and M2 macrophages to evaluate the degree of alterations in wound
inflammation brought on by various coaxial nanofibers [60]. Fig. 8a
depicts the immunofluorescence labeling of wound macrophages
expressing CD86 and CD206 at days 5 and 10 after therapy. As indicated
by the results (Fig. 8b and c) showed that the expression of M2 macro-
phages (CD206) in the wound on the 5th day after RA-BSP-PVA@PLA
treatment reached the maximum among the four groups, and the
expression of CD206 in BSP-PVA@PLA was higher than that in the
control group and PVA@PLA, whereas the CD86 level in the control
group was the highest and the CD206 level was lower. This may be
related to the function that both BSP and RA have in inducing macro-
phage polarization. On day 10 after treatment, the expression of CD86 in
wound macrophages was down-regulated, whereas CD206 expression
was up-regulated slightly. The control group remained in the inflam-
matory phase on day 10 and could not go on to the subsequent stage of
healing since they achieved the highest level of CD86 and the lowest
level of CD206 of these.

3.10.2. Inflammatory reaction in wound

MPO™ refers to one of the indicators capable determining the level of
inflammation in a wound [61]. Accordingly, the expression of MPO™ in
wound tissue after treatment with three coaxial nanofibers was
employed as an evaluation criterion for the anti-inflammatory proper-
ties of coaxial nanofibers. Fig. 9a presents the expression of MPO™ in the
wound tissue at day 5 and day 10 after treatment. As depicted in Fig. 9b
and c, the granulation tissue of the wound was surrounded by
MPO " neutrophils on days 5 and 10 in the blank control group,
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pm. (b) MPO™ neutrophils after day 5 (n = 3). (c) MPO™ neutrophils after day 10 (n = 3). Data represent mean =+ SD; *P < 0.05, **P < 0.01.

suggesting that there were still more permanent inflammatory factors in
the above-mentioned wounds. However, in RA-BSP-PVA@PLA, fewer
neutrophils were remaining on day 5 compared with the other three
groups. Besides, on the 10th day, a higher density of neutrophils was
identified in the blank control group, PVA@PLA, and BSP-PVA@PLA
groups, which proved that the inflammation was still sustained, but
only a small number of neutrophils remained in the RA-BSP-PVA@PLA
group, thus further confirming the function of RA in improving wound
inflammation.

4. Conclusion

In brief, in terms of RA-BSP-PVA@PLA, the results indicated that the
average diameter of the fiber was uniform without beaded particles. The
addition of BSP and RA significantly enhanced the mechanical proper-
ties of the coaxial fiber, probably correlated with the number of
hydrogen bonds between molecules. Compared with the control group,
RA-BSP-PVA@PLA showed excellent biocompatibility. Using the rat
model, it has demonstrated that it has the potential to enhance wound
healing. In addition, the histological examination showed that the
collagen deposition was favorable, epidermal thickness and granulation
tissue recovered adequately, and that the addition of RA could cooperate
with BSP to promote the conversion of M1 macrophages into M2 mac-
rophages, reduce the release of inflammatory factors, and promote
effective wound healing.

As a result, the coaxial fibers developed in this study have the po-
tential to be employed as wound dressings in clinical settings. They are
safe, efficient, stable, and capable of promoting wound healing.
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