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ABSTRACT: Facial nerve injury is a common clinical condition
that leads to disfigurement and emotional distress in the affected
individuals, and the recovery presents clinical challenges. Tissue
engineering is the standard method to repair nerve defects.
However, nerve regeneration is still not satisfactory because of
poor neovascularization after implantation, especially for the long-
segment nerve defects. In the current study, we aimed to
investigate the potential of chitosan tubes inoculated with stem
cell factor (SCF) and dental pulp stem cells (DPSCs) in facial
nerve-vascularized regeneration. In the in vitro experiment, DPSCs
were isolated, cultured, and then identified. The optimal
concentration of SCF was screened by CCK8. Cytoskeleton and
living-cell staining, migration, CCK8 test, and neural differentiation
assays were performed, revealing that SCF promoted the biological activity of DPSCs. Surprisingly, SCF increased the neural
differentiation of DPSCs. The migration and angiogenesis experiments were carried out to show that SCF promoted the
angiogenesis and migration of human umbilical vein endothelial cells (HUVECs). In the facial nerve, 7 mm defects of New Zealand
white rabbits, hematoxylin−eosin (HE), immunohistochemistry, toluidine blue staining, and transmission electron microscopy
observation were performed at 12 weeks postsurgery to show more nerve fibers and better myelin sheath in the SCF + DPSC group.
In addition, the whisker movements, Masson’s staining, and western blot assays were performed, demonstrating functional repair and
that the expression level of CD31 protein in the group SCF + DPSCs was relatively close to that in the group Autograft. In summary,
chitosan tubes inoculated with SCF and DPSCs increased neurovascularization and provided an effective method for repairing facial
nerve defects, indicating great promise for clinical application.

■ INTRODUCTION

Facial nerve defects severely influence the life quality of
patients, especially increasing the psychological burden, and
the treatment still faces a substantial clinical challenge.1−3

Some methods have been used for repairing nerve injury.4−8

Clinically, the end-to-end coaptation properly repaired the
short-gap defect of nerves9 and difficult to treat the long-gap
injury. Currently, the “gold standard” is still autologous nerve
transplantation for repairing long-gap nerve defects. However,
there are still some problems, including additional surgery,
potential cross-infection, lengthy surgical times, lack of host
sources, and the mismatches of the nerve length/diameter in
donor-recipient.9−11 Alternatives such as allografts from other
humans, nerve conduit,12−14 biodegradable functionalized
materials,13 neural stem cells, neurotrophic factors,15 or a
combination of the components are efficient in addressing the
above-mentioned limitations, but restricted sources present
additional issues.5,16 Novel approaches with similar perform-

ance to the Autograft are therefore required for repairing the
facial nerve defect.17

Stem cells play an increasingly important role in the repair of
nerve tissue. Among all kinds of stem cells, dental pulp stem
cells (DPSCs), first discovered in the dental pulp tissue,18 are
positive for CD105, CD44, CD73, CD90, and Stro-1.18−20 In
addition, DPSCs are capable of multilineage differentiation,
including ectodermal cells (nerve cells), mesodermal cells
(odontoblasts, osteoblasts, chondrocytes, and adipocytes), and
endodermal cells (insulin-producing cells under appropriate
conditions).18,21−27 Importantly, DPSCs are derived from the
neural crest and highly express neural markers such as GFAP,
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S100, and Nestin.28 As a result, DPSCs can aid nerve tissue
repair and regeneration.
Poor vascularization is one of the reasons behind the

regenerated nerves that cannot survive for a long time, leading
to a lack of blood supply.29−31 Therefore, neuro-angiogenesis is
vital for the survival of regenerative nerves in the long term.
Corresponding to the above point, we selected the stem cell
factor (SCF) in the current study. SCF, a glycoprotein dimer
(30 kDa) that performs biological activities by interacting with
and activating tyrosine kinase c-Kit receptors, is a powerful
chemokine. Moreover, SCF has shown excellent potential
application prospects because of its homing role in recruiting
progenitor cells.32,33 Currently, SCF has been used in research
related to the fertility, normal hematopoiesis, gut movement,
pigmentation, and the central nervous system.34 Furthermore,
no studies on the application of SCF in peripheral nerves have
been reported. In addition, the relevant literature35 has shown
that SCF (100 ng/mL) promoted the adhesion, activity,
proliferation, and migration of DPSCs, which laid a foundation
for repairing facial nerve defects by the SCF combined with
DPSCs.
Axons can spontaneously regenerate, but the fast-growing

connective tissue inhibits the regenerative process.36 Certainly,
the artificial nerve conduit, bridging the two stumps of the
defected nerves, provided enough space for nerve regener-
ation.8,37 The nerve conduit should have some characteristics,
such as sufficient transparency, low tissue adhesion, collapse
resistance, and high malleability to facilitate the coaptation of
nerve stumps and reduce postoperative complications.38,39

Several studies have reported that chitosan potentially
interacted with the microenvironment related to nerve
regeneration, which improved axonal regeneration and reduced
neuroma formation.40−42 The chitosan tube is now commonly
employed in the field of peripheral nerve surgery. In addition,
recent studies demonstrated that the chitosan tube might be
used to regenerate face nerves.43,44

In conclusion, the purpose of the current study was to
explore the potential of chitosan tubes immersed with stem cell
factors and inoculated with dental pulp stem cells to repair the
facial nerve. The SCF combined with DPSCs has the potential
to provide a new option for the treatment of facial nerve
defects.

■ MATERIALS AND METHODS
DPSCs Isolation and Identification. Dental pulp tissues

were removed completely from the intact teeth, digested with
collagenase type I for 40 min, neutralized with Dulbecco’s
modified Eagle medium (DMEM) (10% fetal bovine serum
and 1% antibiotic), and cut into pieces (1 mm3), then
inoculated into the dish containing 10% medium. The culture
medium was changed every 2 days. All reagents were
purchased from Corning.
Immunohistochemical Staining. The cell slides inoculated

with DPSCs at a density of 1.5 × 104/well were harvested, fixed
with 4% formaldehyde, and permeated with Triton-X100
(0.1%). After being treated with 3% H2O2 for 15 min and
blocked with normal sheep serum, the samples were incubated
with primary antibodies against vimentin (Abcam, ab45939,
1:200) and a second antibody (Invitrogen, a48282, 1:400).
Next, they were visualized using a DAB chromogenic Kit
(Sangon Biotech, PW017) and stained with hematoxylin.
Finally, the images were obtained using a bright-field
microscope (Leica).

Immunofluorescence Staining. Another cell slide set, also
inoculated with DPSCs at the density of 1.5 × 104/well and
fixed with 4% formaldehyde, was permeated for 20 min with
Triton-X100 (0.1%) and incubated with 1% bovine serum
albumin (BSA) for 30 min. Then, they were stained with
NF200 (Invitrogen, 711025, 1:2500) and Stro-1 (Invitrogen,
14-6688-82, 1:25) at 4 °C overnight, followed by secondary
antibody (Invitrogen, a48282, 1:400 and Invitrogen, 31430,
1:5000) for 2 h. After that, the samples were stained with
DAPI for 10 min and visualized under a fluorescent
microscope.

Alizarin Red Staining.When DPSCs were inoculated on the
24-well plates at a density of 6 × 104/well spread up to 80%,
and the 10% medium was replaced with the osteogenic
medium (DMEM supplemented with 10% FBS, 0.1 mM
dexamethasone, 10mMb glycerophosphate, 0.05 mM ascor-
bate-2-phosphate, 100 U/mL penicillin, 100 mg/mL strepto-
mycin, and 100 U/mL penicillin). The osteogenic medium was
changed every two days. Alizarin red staining was carried out
to reveal the mineral nodule after 21 days.

Alkaline Phosphatase Staining. When DPSCs were
inoculated on the 24-well plates at a density of 7 × 104/well
spread up to 80%, the 10% medium was replaced with the
above-mentioned osteogenic medium. Similarly, the osteogenic
medium was changed every two days. Alkaline phosphatase
staining was performed according to the instruction of the
alkaline phosphatase kit (Sigma Aldrich) after 21 days,
revealing the blue−purple precipitate.

SCF Solution Preparation and Screening of the
Optimal Concentration. SCF powder (PeproTech) was
resuspended in ultrapure water and diluted from the stock (10
mg/mL) to the working solution. DPSCs were digested,
centrifuged, and seeded into a 96-well plate with different
concentrations (25, 50, 100, 150, and 200 ng/mL) of the SCF
at the concentration of 8 × 103/mL. There were three
replicates in each group. Absorbance values of DPSCs were
measured at 460 nm by the CCK8 assay (Dojindo) on the first,
fourth, and seventh days. Finally, the optimal concentration
was screened.

Cytoskeleton Staining Experiment. DPSCs were
inoculated on the cell slides at a density of 1 × 104 cells/
well, and the SCF was added into the culture medium in the
SCF + DPSCs group. The cell slides with or without SCF were
collected at 24 h, fixed with 4% paraformaldehyde, permeated
by 0.1% Triton-X100, and incubated with rhodamine-labeled
phalloidin staining solution (Invitrogen) for 40 min after
blocking with 1% BSA and dyed with DAPI (Beyotime).
Finally, the images were obtained using confocal fluorescence
microscopy (Zeiss LSM 710, Germany; pixel dwell of 2.55 μs,
the pinhole aperture of 39 μm, and the lasers were at 488 nm).

Cell Activity Assays. DPSCs were inoculated on the cell
slides (1 × 105 cells/well). SCF was added to the culture
medium in the SCF + DPSCs group. After being washed with
PBS, DPSCs were separately dyed for 30 min with calcein AM
(Dojindo). Furthermore, the images were photographed using
the same microscope equipment described above and were
analyzed using the Image J software to count the number of
living cells.

Cell Proliferation Assay. DPSCs were inoculated on the
cell slides at a density of 8 × 103/well, and the SCF was added
into the culture medium in the SCF + DPSCs group. There
were four multiple pores in each group. Absorbance values of
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DPSCs were detected through the CCK8 Kit (according to the
instructions) on days 1, 4, and 7.
Cell Migration Assay. DPSCs were inoculated (2 × 104

cells/well) on the transwell insert (nested 24-well plate). Then,
300 μL of the medium was added to the lower chamber.
Additionally, SCF was added to the group SCF + DPSCs. After
the unmigrated cells were wiped clean, the membrane of the
transwell was washed with phosphate buffered saline (PBS),
fixed into 4% paraformaldehyde, and dyed with 0.1% crystal
violet. Then, using a bright-field microscope (Leica), the
unmigrated DPSCs were viewed and photographed. The
images were processed using Image J software to count the
cells.
Neural Differentiation of DPSCs. DPSCs were inocu-

lated on the cell slides (1.5 × 104 cells/well), and the SCF was
added into culture medium in the SCF + DPSCs group.
Samples were harvested after being stimulated for 24 h by
neurogenic inducing solution I (DMEM/F12 supplemented
with 10 ng/mL bFGF, 10% fetal bovine serum, and 500 mM β-
mercaptoethanol) and neurogenic inducing solution II
(DMEM supplemented with 2% dimethyl sulfoxide and 100
mM butylated hydroxyanisole) for 6 h.45,46 Then, the samples
were fixed in 4% formaldehyde, permeated with Triton-X100
(0.1%) for 20 min, blocked with 1% BSA for 30 min, and
stained at 4 °C overnight with NF200 (Invitrogen, 711025,
1:250) and Nestin (Invitrogen, PA5-82905, 1:200). Next, they
were incubated with a secondary antibody (Invitrogen, a48282,
1:100) for 2 h. After that, the samples were stained with DAPI
for 10 min. The images were photographed using a fluorescent
microscope and analyzed using the Image J software for the
relative fluorescence area.
Angiogenesis In Vitro Experiment. The angiogenesis

experiment of HUVECs was performed as follows: the BD
Matrigel was added into the plate (200 μL/well) precooled at
4 °C, and the plate was placed at 37 °C for 30 min. Then,
HUVECs were seeded on the surface of Matrigel (2 × 105

cells/well), and the SCF was separately added into the SCF +
HUVECs group. The images were collected at 3, 6, and 9 h
using an inverted microscope and analyzed using the Image J
software for the number of meshes and junctions. Finally, the
samples were dyed with calcein AM and photographed again
using the fluorescence microscope for easy observation. The
migration assay for HUVECs was similar to that described
above for DPSCs.
Preparation and Mechanical Properties of the

Chitosan Tube. Preparation of the Chitosan Tube. The
saturated solution was prepared by dissolving the sodium
hydroxide powder (Boster) in distilled water. Saturated
solution (56 mL) was diluted to 100 mL after clarification.
The 3% chitosan solution was used to coat the lumbar
puncture needle (21G, Xiyanghong medical equipment,
Guangzhou) to ensure a 0.4 mm thickness. Then, the coated
needle was inserted into the sodium hydroxide solution (1
mol/L) for 2 min, followed by washing with distilled water,
and the chitosan tubes were pulled off the needle and then
dried thoroughly. After being cut into 14 mm-long, the
chitosan tube was irradiated with cobalt-60 prior to
implantation.
Scanning Electron Microscopy Observation. After fixed

with 2.5% glutaraldehyde for 30 min, the chitosan tubes were
dehydrated through the ethanol gradient and dried by
lyophilization. Finally, the tube was sputter-coated with Pt
for SEM observation (JEOL, Japan).

Degradation Time. The chitosan tubes were immersed into
a lysozyme solution (1 mg/mL) and weighed separately every
two weeks until 16 weeks to measure the degradation rate. Five
dry chitosan tubes with a length of 14 mm were prepared to
measure the quality accurately, immersed in the lysosome
solution (1 mg/mL), and then incubated in a 37 °C incubator
for 24 h to make the tubes fully swell. The water on the surface
of the tubes was absorbed with filter paper, and the samples
were weighed again. Then, the swelling coefficient (SI) was
calculated according to the formula: (SI (%) = (Wwet·Wdry)/
Wdry × 100%, in whichWdry andWwet refer to the quality of the
tubes before and after swelling, respectively).

Tensile Test. Tensile tests of the chitosan tubes were
measured using the Instron universal testing machine (Model
5566). Both ends of the tubes were coated with paraffin
adhesive and embedded into the customized cylindrical
support equipment. The tubes were fixed on the fixture
connected to the test machine. The coupling speed was
adjusted to make the tensile speed 5 mm/min.

Animals and Surgical Procedures. The surgical
procedure on the rabbits was performed according to Guides
for the Care and Use of Laboratory Animals from the Chinese
Ministry of Public Health and U.S. National Institutes of
Health. Twenty-eight adults New Zealand white rabbits
provided by the Animal Laboratory of PLA General Hospital
were raised for 1 week to adjust to the laboratory environment.
Rabbits with the symmetric autonomous lip-sipping and
whisker movements were distributed into four groups (Figure
1) as follows: the chitosan tube group (CST group, n = 7), the

chitosan tube inoculated with dental pulp stem cells (DPSCs
group, n = 7), the chitosan tubes inoculated with dental pulp
stem cells and stem cell factors (SCF + DPSCs group, n = 7),
and the autografted nerve rotated by a 180° group (Autograft
group, n = 7). Pentobarbital sodium (35 mg/kg, IV) was used
to anesthetize the rabbits, and surgery was conducted after the
anesthesia was suitably profound. After the cheek hair removal,
the operation area was disinfected with iodoform and covered
with a sterile towel. The right buccal branch of the facial nerve
was exposed after incision of the skin and subcutaneous tissue.
A 7 mm segment was excised under the microsurgery, leaving
the 10-mm gaps after nerve ends retracted naturally, which
were then bridged with CST, the CST inoculated with DPSCs,
the CST inoculated with SCF and DPSCs, and the autografted
nerve. When the nerve defect was formed, both nerve ends
were inserted separately for 2 mm into the chitosan tube and
sutured with the microsutures of 7−0. The rubber plug was
placed at both ends to prevent fluid loss. Then, the prepared

Figure 1. Schematic diagram of nerve graft repairing the buccal
branch of the facial nerve in rabbits.
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DPSCs suspension containing SCF was injected into the tubes
through microinjection (each injection was of 10uL, with a
total of 4 injections). The total number of cells in each group
was 3 × 106. After 10 min, the rubber plug was removed, and
the muscle and skin were then sutured separately. Further-
more, the rabbits were left to recover for 12 weeks until
euthanasia. The experiment was conducted according to the
Ethical Review of Laboratory Animal Welfare guidelines (GB/
T358922018). The current study was approved and supervised
by the Institutional Animal Care and Use Committee of
Chinese PLA General Hospital (Beijing, China; approval
document no. SQ2022401).
Histomorphological Observation of the Regenerated

Facial Nerve. Immunohistochemical Analysis. The middle
segment of the regenerated nerve was harvested, fixed with 4%
formaldehyde, embedded in paraffin, and cut into transverse
sections at 3 μm. Moreover, the sections were blocked with
serum, stained with primary antibodies against S100
(Invitrogen, MA5-32985, 1:100), neurofilament (Invitrogen,
711025, 1:2000), and hematoxylin and eosin (H&E), then
incubated with the second antibody (Invitrogen, a48282, 1:400
and Invitrogen, 31430, 1:5000), and stained with hematoxylin.
Finally, the sections were photographed using a bright-field
microscope (Leica), and the images were analyzed using the
Image J software for the relative area of axons.
Toluidine Blue Staining and TEM Observation. The distal

ends of regenerated nerves were fixed with 2.5% glutaraldehyde
and 1% osmium tetroxide solution, and dehydrated in a
crescent ethanol gradient (50, 70, 80, 90, 95, and 100%). Then,
the samples were embedded in epoxy resin, were cut into
ultrathin sections (70 nm) for observation under the light
microscope (Leica) after staining with 1% toluidine blue and
semithin sections (700 nm) for observation by TEM (JEOL,
Japan) after staining with uranyl acetate and lead citrate. The
images were analyzed using the Image J software for the
number of myelinated nerve fibers, the thickness of the myelin
sheath, and the diameter of myelinated nerve fibers.
Functional Evaluation of the Regenerated Facial

Nerve. Masson’s Trichrome Staining. At 12 weeks post-
operatively, the buccinator muscles harvested from the four
groups were fixed in 4% paraformaldehyde. Next, the samples
were embedded in paraffin and cut into 7 μm thick sections for

Masson’s trichrome staining. Finally, the photographs were
obtained using the bright-field microscope and analyzed using
the Image J software for the area of muscle fibers.

Whisker Movements. Three observers evaluated the
whisker movements separately every three weeks according
to grading standards: 0 means no apparent movement; 1
means almost imperceptible movement; 2 means fewer
significant autonomous movements; 3 means significant but
an asymmetric autonomous movement; and 4 means
symmetric autonomous movement.43,45

Positive Expression of CD31. Four regenerated nerve grafts
(CST, DPSCs, SCF + DPSCs, and Autograft) were lysed with
RIPA lysate (ProTech) 12 weeks after operation. Then, the
protein concentration was detected using a protein assay kit
(Bosterbio). Next, the total protein was separated via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to the polyvinylidene fluoride
(PVDF) membrane preblocked with 5% non-fat milk. Then,
the PVDF membrane was incubated with anti-CD31
monoclonal primary antibody (GeneTex, JC70A, 1:100) at 4
°C overnight and incubated with secondary antibody
(Invitrogen, 31430, 1:5000) for 1 h. The signals of CD31
were visualized using the hypersensitive ECL chemilumines-
cence reagent (Boster, AR1171), and the result was analyzed
using the Image J software for the relative CD31 protein
expression level.

Statistical Analysis. Statistical results were analyzed using
the SPSS software. The data were presented in mean ±
standard deviation and were analyzed using the independent t-
test or one-way analysis of variance (ANOVA). Each
experiment was performed in triplicate. P < 0.05 was
considered statistically different.

■ RESULTS

Culture and Identification of DPSCs. The rabbit incisors
are shown in Figure 2A. The cell migrated from around the
dental pulp tissue of rabbits approximately 7−10 days after
isolation (Figure 2B). DPSCs were then subcultured and
presented the typical morphology (the spindle-like shape)
(Figure 2C) of mesenchymal stem cells. Moreover, DPSCs
expressed vimentin positively after immunohistochemical
staining (Figure 2D). In addition, DPSCs showed mineralized

Figure 2. Culture and identification of DPSCs. (A) Teeth of New Zealand white rabbits; (B) primary culture; (C) subculture; (D)
immunohistochemical staining of vimentin; (E) alizarin red staining; (F) alkaline phosphatase staining; (G) immunofluorescence staining of
NF200 (red); (H) immunofluorescence staining of Stro1 (green).
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nodules (Figure 2E) and bluish violet precipitate (Figure 2F)

by the alizarin red staining and the alkaline phosphatase

staining, which indicated the potential of cells for osteogenic

differentiation. Furthermore, DPSCs expressed NF200 (Figure

2G) by immunofluorescence staining, which revealed that it

had the potential for neurogenic differentiation and expressed

Stro-1 (Figure 2H) to show the ability to differentiate. In brief,

Figure 3. Screening optimal concentration of SCF and the effect of SCF on activity, proliferation, and migration. (A) Screening optimal
concentration of SCF; (B) SCF promoted the proliferation and migration of DPSCs; (C) SCF promoted the activity of DPSCs; (D) SCF
promoted the migration of DPSCs. (*P < 0.05, **P < 0.01). Scale bar: 200 μm. *P < 0.05, **P < 0.01.

Figure 4. Effect of SCF on skeleton and neural differentiation of DPSCs. (A) SCF promoted skeleton extension; (B) SCF promoted neural
differentiation, and corresponding statistical results (C). *P < 0.05, **P < 0.01.
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the cells isolated from dental pulp tissue for this study can be
defined as DPSCs.
Screening the Optimal Concentration of SCF. The

absorbance value of the groups with SCF was higher than
those without SCF (Figure 3A), showing that SCF increased
the proliferation of DPSCs. On day 4, the higher the
concentration, the faster the proliferation under 100 ng/mL
concentration. When the concentration increased from 150 to
200 ng/mL, the cell number exhibited a downward trend. Also,
there were statistical differences between the group 100 ng/mL
and the groups 0, 25, and 200 ng/mL (P < 0.01), and not (P >
0.05) between groups 50, 150, and 200 ng/mL. On day 7,
there were no significant differences between the groups 100
and 150 ng/mL group (P > 0.05), but there was a significant
difference between the groups 100 and 50 ng/mL (P < 0.05).
Thus, 100 ng/mL was prepared for the following experiment.
SCF Promoted the Activity, Migration, and Prolifer-

ation of DPSCs. The proliferation experiment is shown in
Figure 3B. The cell number in the SCF + DPSCs group was
obviously more than that in the DPSCs group on days 4 and 7
(P < 0.01) except on day 1 (P > 0.05), which indicates that
SCF increased the proliferation of DPSCs. In the living-cell
staining experiment (Figure 3C), the group SCF + DPSCs was
significantly more than the group DPSCs on day 3(P < 0.01),
as shown in the statistical result (Figure 3E), which shows that
SCF facilitated the activity of DPSCs. The migration result of
DPSCs is shown in Figure 3D. The DPSCs that passed
through the transwell in the SCF + DPSCs group were more
than those in the DPSC group, as shown in the statistical
analysis (P < 0.01) (Figure 3F).

SCF Promoted the Adhesion and Neural Differ-
entiation of DPSCs. Cytoskeletal staining was performed to
evaluate the adhesion (Figure 4A). The cell morphology was
mostly typically spindle-shaped in the DPSCs group, and the
cell morphology was polygonal, and the skeleton was more
elongated in the SCF + DPSCs group. Furthermore, the SCF +
DPSCs group had more cells than the DPSCs group, matching
the living-cell staining results. In the neural differentiation of
the DPSC experiment, DPSCs expressed Nestin and NF200
protein positively (Figure 4B) after neural induction, and the
statistical result as shown in Figure 4C, which indicated that
DPSCs had the potential for neural differentiation. Further-
more, the positive expression of Nestin and NF200 increased
in the SCF + DPSCs group, which predicted that SCF
promoted neural differentiation.

SCF Promoted the Angiogenesis of HUVECs. The
migration result is shown in Figure 5A. The group SCF +
DPSCs was more than group DPSCs (P < 0.01) in the cell
number passed through the transwell according to the
statistical analysis (Figure 5B), which indicated that the SCF
facilitated the migration of HUVECs. The vascular-like
structures formed at hours 3, 6, and 9 in two groups are
shown in Figure 5C. The mesh gradually increased from 3 to 9
h, as shown in Figure 5D. The SCF + HUVECs group was
more than the HUVECs group in mesh’s number both at hours
6 and 9 (P < 0.01), which indicated that the SCF facilitated the
formation of the meshes. Moreover, the junction number
increased from 3 to 6 h but decreased at 9 h, as shown in
Figure 5E. The SCF + HUVEC group was more than the
HUVEC group in the junction’s number both at hours 6 and 9

Figure 5. Angiogenesis experiments in vitro. (A) Representative images of migration and the statistical results of migration (B). (C) Vascular-like
structures formed in 3, 6, and 9 h, and the vascular-like structures formed in the ninth hour were dyed with calcein AM for easy observation.
Statistical results include (D) meshes and (E) junctions. Scale bar: 200 μm. *P < 0.05, **P < 0.01.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01176
ACS Omega 2022, 7, 18509−18520

18514

https://pubs.acs.org/doi/10.1021/acsomega.2c01176?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01176?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01176?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01176?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(P < 0.05), indicating that the SCF increased the formation of
junctions.
Mechanical Properties of the Chitosan Tube. The

gross morphology of chitosan tubes was translucent (Figure

6A). The chitosan tube maintained its hollow structure, the
image of SEM revealed no apparent collapse (Figure 6B), and
the surface was smooth (Figure 6C). The degradation rate
(Figure 6D) of chitosan tubes increased continuously and

Figure 6. Mechanical properties of the chitosan tube.

Figure 7. Surgical procedures and evaluation of regenerated facial nerve fibers isolated from the middle of the implants at 12 weeks after surgery.
(A) Surgical procedures; (B) hematoxylin−eosin (HE)-stained longitudinal sections and the statistical results (D); (C) immunohistochemical
staining and the statistical results (E). (n = 6). *P < 0.05, **P < 0.01.
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reached a stable state in 12 weeks. Furthermore, tensile tests of
chitosan tubes were carried out, and the representative
diagrams are shown in Figure 6E. The stress of four samples
was between 7 and 9 MPa, which indicated that the stress of
chitosan tubes was relatively stable and the manufacturing
method of chitosan tubes was repeatable. The chitosan tube’s
mechanical properties analyzed from the tensile test are shown
in Figure 6F. The elastic modulus was 180 ± 40.3 MPa, the
tensile strength was 8.6 ± 1.4 MPa, and the breaking
elongation was 8.2 ± 1.8%, which was consistent with our
previous experimental results43 and meets the mechanical
requirements of nerve conduits.47,48

SCF + DPSCs Promotes Facial Nerve Regeneration
and Remyelination In Vivo. The CST, DPSCs, SCF +

DPSCs, and Autograft groups were assessed after bridging 7
mm long gaps of rabbit facial nerves. The main steps of surgical
transplantations are shown in Figure 7A. Moreover, no clear
neuroma was found when the regenerated facial nerve was
harvested at 12 weeks postoperative.
H&E and immunohistochemical staining were carried out 12

weeks after the operation to evaluate the regenerative nerve-
like tissue. H&E staining is shown in Figure 7B. The statistical
results (Figure 7D) showed that the regenerative nerve-like
tissue in the SCF + DPSCs group was relatively close to the
Autograft group and obviously more than that in the CST and
DPSC groups. The immunohistochemical results of NF200 are
shown in Figure 7C. The SCF + DPSCs group was better than
the groups DPSCs and CST, and relatively approach the

Figure 8. Evaluation of regenerated facial nerve fibers isolated from the distal sections of the implants at 12 weeks after surgery. (A) Toluidine blue-
stained transverse sections; (B) TEM images of the regenerated facial nerve. The corresponding statistical results of number of myelinated nerve
fibers (C, 102/1000 μm2), the thickness of myelin sheath (D, μm), and the diameter of myelinated nerve fibers (E, μm) (n = 6). *P < 0.05, **P <
0.01.

Figure 9. Functional evaluation carried out at 12 weeks after the implantation of regenerated facial nerves. (A) Masson staining of buccal muscles,
and the corresponding statistical results (B) (n = 6). (C) Scores of the whisker movement (n = 6). (D) The expression of CD31, and the
corresponding statistical results (E).*P < 0.05, **P < 0.01. (n = 3).
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Autograft group in the nerve diameter. Although, according to
the statistical results (Figure 7E), the least positive expression
of NF200 was observed in the CST group, followed by the
DPSCs group, the expression of NF200 in the SCF + DPSCs
group was significantly more than that in both groups above,
but lower than in Autograft groups as expected.
Toluidine blue staining (Figure 8A) and TEM (Figure 8B)

were performed to evaluate the regenerated axon and
remyelination. The more myelinated nerve fibers were
observed in the SCF + DPSCs group compared with the
CST and DPSCs groups (Figure 8C, P < 0.01). The SCF +
DPSCs group was thicker than the DPSC and CST groups in
the myelin sheath (Figure 8D, P < 0.05), and the diameter was
also higher in the SCF + DPSCs group (Figure 8E, P < 0.01),
indicating that SCF + DPSCs exhibited the more apparent
effects of facilitation in axonal regeneration and remyelination
than DPSCs alone. In addition, the most regenerative facial
nerves were found as expected in the Autograft group. The
foregoing findings showed that the synergistic action of SCF
and DPSCs created a favorable milieu for axon regeneration.
SCF + DPSCs Promotes Functional Recovery of the

Regenerated Facial Nerve. Masson’s staining of buccal
muscle is shown in Figure 9A. The muscle fibers in groups
CST and DPSCs were distorted and accompanied by
hyperplastic collagen fibers, suggesting that muscles were
atrophied to a certain extent. Interestingly, there was a certain
amount of collagen fibers in the SCF + DPSCs group.
Furthermore, the muscle’s morphology in the SCF + DPSCs
group approximated to that in the Autograft group, without
significant atrophy. The statistical result of muscle fiber’s area
further proved the better recovery in the AFG + DPSCs and
Autograft groups (Figure 9B).
Whisker movement analysis was performed every three

weeks, as shown in Figure 9C. Within a week, the whiskers on
the surgical side were tilted to the back, and scores of whisker
movements decreased to 0, indicating the functional loss of the
buccal branch. At week 3, there was no significant difference
between the CST, DPSC, and the SCF + DPSCs groups (P >
0.05). In the sixth week, the SCF + DPSCs group was slightly
higher than the DPSCs and CST groups in the score of
whisker movements, but there was no significant difference (P
> 0.05). At the 9th and 12th weeks, the SCF + DPSCs group’s
scores were higher than those of the DPSC and CST groups (P
< 0.05). As expected, the scores of the Autograft were always
the highest (P < 0.01). Moreover, the score in the SCF +
DPSCs group was significantly lower than that in the Autograft
group.
Moreover, to explore the vascularization of regenerated facial

nerves repaired by SCF + DPSCs, the expression of CD31-
associated with the vascular endothelial cell was evaluated by
western blot at twelve weeks after transplanting (Figure 9D).
The results (Figure 9E) revealed that there was no significant
difference in the expression of CD31 between the DPSCs and
CST group (P > 0.05). Additionally, the CD31 expression in
the SCF + DPSCs group was better than the above two groups,
relatively close to the Autograft group, indicating SCF
promoted facial nerve-vascularized regeneration, which was
consistent with the result in vitro.

■ DISCUSSION
Facial nerve defects reduced the life quality of the affected
patients, especially causing psychological burdens of varying
degrees. Many scholars are committed to developing the novel

approaches with a similar performance to the Autograft for
repairing facial nerve injury. The misconnection of nerve fiber
and neuroma formation are the common complications of
nerve reparation. Because of this, aligned arranged scaffolds
have attracted more and more attention and applied to animal
experiments for nerve regeneration, but it is still difficult to
obtain satisfactory functional recovery. In anatomy, the
regeneration of bone tissue is strongly connected to
vascularization,49 and vascularization is very important for
dental pulp regeneration in our preliminary work,35 which
prompted us to investigate if vascularization is also very
important for nerve regeneration.
The SCF, the important hematopoietic cytokine, was

selected in the current study. 100 ng/mL was screened as
the optimal concentration, consistent with our previous
study,35 and different from the studies using 50 ng/mL as
the optimum concentration of amplification in vitro.50,51

Furthermore, we hypothesize that the optimal concentration
will vary with the cell type. Angiogenesis experiment in vitro
demonstrated that the SCF significantly promoted the
formation of vascular-like structures and increased the
migration of HUVECs, providing a possibility for the facial
nerve-vascularized regeneration in the rabbit.
DPSCs, which originated from the neural crest, positively

express the marker of nerve cells, differentiate into nerve-like
cells, and highly secrete neurotrophic factors.21,52,53 In
addition, the research of Hung and Luo revealed that DPSCs
have the properties for vascularization and immunomodulatory
properties, which improved neural repair.54,55 Therefore,
DPSCs have the potential to repair nerve defects. In this
study, the SCF promoted the migration of DPSCs, which was
consistent with a previous study.51 In addition, in the current
investigation, SCF enhanced adhesion, activity, and prolifer-
ation, which was favorable for SCF study in combination with
DPSCs for tissue regeneration. Surprisingly, the SCF + DPSCs
group was more than the DPSCs group in the expression of
NF200 and nestin, indicating that the SCF promoted neural
differentiation and further increased the potential of the SCF
combined with DPSCs for repairing the neural tissue.
In in vivo trials, the facial nerve was repaired using an empty

chitosan tube as a negative control, and the regenerated nerve
was extremely restricted. The implantation of DPSCs
promoted nerve regeneration and myelination in the CST
group, showing the potential of DPSCs to repair the peripheral
nerve, consistent with the results of studies.56−59 It is still
necessary to add the content related to comparing other cell
types with DPSCs in repairing facial nerves to verify further the
potential of DPSCs, which will be designed for subsequent
research work. The combined implantation of the SCF and
DPSCs further promoted regeneration and myelination of
nerve fibers and improved the functional recovery, relatively
approaching the Autograft group, showing the potential of a
synergistic effect of the SCF and DPSCs for repairing the facial
nerve. The ultimate aim for peripheral nerve regeneration is
the functional recovery of nerve conduction and the
predomination of target organs.60 The structure and function
of the buccinator reflect the nerve regeneration degree of the
facial nerve buccal branch. Interestingly, there was a certain
amount of collagen fibers in the group SCF + DPSCs, and the
muscle’s morphology approximated to the group Autograft,
without significant atrophy. Undoubtedly, the result in the
Autograft group was always the best, perhaps because
autologous nerve transplantation saved the time for axonal
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regeneration and myelination. In addition, allogeneic cells were
used to repair facial nerve defects in this study, which largely
avoids immune rejection compared to xenogeneic cells.61 In
Wang’s study, a 6 mm crush injury of the rat sciatic nerve was
successfully repaired by human DPSCs, but xenogeneic cells
are challenging to establish a cell repertoire. Given the
potential for similar technologies to lower xenogeneic cell’

immunogenicity and the comparatively restricted supply of
human DPSCs compared to animals, xenogeneic cells may be
viable for nerve restoration in clinical applications. Further-
more, the survival of DPSCs and the leaking of the SCF should
be taken into account. Although the rubber plug at both ends
of the tube prevented the loss of cells and factors, there was no
direct evidence to prove the number of surviving cells in the in
vivo experiment. Thus, the transplantation of fluorescently
labeled DPSCs is indispensable to definite the survival of
DPSCs. In addition, the sustained-release experiment of the
SCF in vitro will contribute to exploring the release of the SCF
in vivo.
Although many studies have achieved the repair effects of

facial nerves through preclinical models,62 a few related studies
have focused on the vascular regeneration of regenerative
nerves. However, tissue regeneration accompanied by angio-
genesis is essential for the survival of regenerated tissue.63 To
explore the vascularization of regenerated facial nerve
harvested from the SCF + DPSCs group, the expression of
CD31 associated with the vascular endothelial cell was assessed
by western blot at 12 weeks after the operation. The SCF +
DPSCs group was significantly higher than the DPSCs and
CST groups and reduced compared to the Autograft group in
the expression of CD31, indicating SCF combined with DPSCs
promoted facial nerve-vascularized regeneration, which was
consistent with the result in vitro and verified that pluripotent
cells could increase functional recovery and revascularization in
Assis’s study.64 At 12 weeks postoperatively, the chitosan tube
protecting the regenerated facial nerve was surrounded by
connective tissue containing vascular structures. This con-
nective tissue was not easy to peel off, which affected the
positive expression CD31 to some extent. Therefore, this assay
still needs to be verified by further experiments.
There are also limitations in the current study. The first is

the limited time point of animal sampling. The specimens were
only harvested at 12 weeks postoperatively for observation in
this study. The time point in actions of SCF and DPSCs maybe
defined if the postoperative sampling at 2, 4, 6, 8, and 10 weeks
was increased, which is expected to explore the mechanism of
SCF and DPSCs in promoting nerve regeneration. The second
constraint is the lack of an aligned filler, such as aligned fibrin
nanofiber hydrogel,65 which offers scaffolding for DPSCs and
SCF and directs the migration of regenerated nerve fibers to
the distal end. The gap with the autologous nerve transplant
may be narrowed if the aligned fibrin nanofiber hydrogel
inoculated with DPSCs and SCF were helpful in repairing the
facial nerve defect. Accordingly, the more models in vivo are
essential and very important to be able to translate the
achievements to human medicine from one health perspec-
tive.66,67

■ CONCLUSIONS
We first proposed the SCF for repairing the peripheral nerve
defect in the present study. The SCF promoted the adhesion,
activity, proliferation, and migration, especially the neural
differentiation of DPSCs, and promoted the neurovascular

regeneration. The synergistic effect of SCF and DPSCs
resulted in improvements in the facial neurovascular
regeneration in this study, reflecting more superiority in
repairing nerve defects.
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Maurício, A. C. Combined Use of Chitosan and Olfactory Mucosa
Mesenchymal Stem/Stromal Cells to Promote Peripheral Nerve
Regeneration In Vivo. Stem Cells Int. 2021, 2021, 13029.
(40) Boecker, A.; Daeschler, S. C.; Kneser, U.; Harhaus, L.
Relevance and Recent Developments of Chitosan in Peripheral
Nerve Surgery. Front. Cell. Neurosci. 2019, 13, 104.
(41) Zhao, Y.; Wang, Y.; Gong, J.; Yang, L.; Niu, C.; Ni, X.; Wang,
Y.; Peng, S.; Gu, X.; Sun, C.; Yang, Y. Chitosan degradation products
facilitate peripheral nerve regeneration by improving macrophage-
constructed microenvironments. Biomaterials 2017, 134, 64−77.
(42) Younes, I.; Rinaudo, M. Chitin and Chitosan Preparation from
Marine Sources. Structure, Properties and Applications. Mar. Drugs
2015, 13, 1133−1174.
(43) Mu, X. D.; Sun, X. Y.; Yang, S. S.; Pan, S.; Sun, J. X.; Niu, Y. M.;
He, L. N.; Wang, X. M. Chitosan Tubes Prefilled with Aligned Fibrin
Nanofiber Hydrogel Enhance Facial Nerve Regeneration in Rabbits.
ACS Omega 2021, 6, 26293−26301.
(44) Liu, H.; Wen, W.; Hu, M.; Bi, W.; Chen, L.; Liu, S.; Chen, P.;
Tan, X. Chitosan conduits combined with nerve growth factor
microspheres repair facial nerve defects. Neural Regen. Res. 2013, 8,
3139−3147.
(45) Black, I. B.; Woodbury, D. Adult rat and human bone marrow
stromal stem cells differentiate into neurons. Blood Cells Mol Dis.
2001, 27, 632−636.
(46) Woodbury, D.; Schwarz, E. J.; Prockop, D. J.; Black, I. B. Adult
rat and human bone marrow stromal cells differentiate into neurons. J.
Neurosci. Res. 2000, 61, 364−370.
(47) Cao, W.; Cheng, M.; Ao, Q.; Gong, Y.; Zhao, N.; Zhang, X.
Physical, mechanical and degradation properties, and schwann cell
affinity of cross-linked chitosan films. J. Biomater. Sci. Polym. Ed. 2005,
16, 791−807.
(48) Wenling, C.; Duohui, J.; Jiamou, L.; Yandao, G.; Nanming, Z.;
Xiufang, Z. Effects of the degree of deacetylation on the
physicochemical properties and Schwann cell affinity of chitosan
films. J. Biomater. Appl. 2005, 20, 157−177.
(49) Zha, Y.; Li, Y.; Lin, T.; Chen, J.; Zhang, S.; Wang, J. Progenitor
cell-derived exosomes endowed with VEGF plasmids enhance
osteogenic induction and vascular remodeling in large segmental
bone defects. Theranostics. 2021, 11, 397−409.
(50) Zheng, Y.; Sun, A.; Han, Z. C. Stem cell factor improves SCID-
repopulating activity of human umbilical cord blood-derived
hematopoietic stem/progenitor cells in xenotransplanted NOD/
SCID mouse model. Bone Marrow Transplant. 2005, 35, 137−142.
(51) Pan, S.; Dangaria, S.; Gopinathan, G.; Yan, X.; Lu, X.;
Kolokythas, A.; Niu, Y.; Luan, X. SCF promotes dental pulp
progenitor migration, neovascularization, and collagen remodeling -
potential applications as a homing factor in dental pulp regeneration.
Stem Cell Rev. Rep. 2013, 9, 655−667.
(52) Karaöz, E.; Demircan, P. C.; Sağlam, Ö.; Aksoy, A.; Kaymaz, F.;
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