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Abstract
Background Tissue engineering based on stem cells has achieved satisfactory results in repairing facial
nerve defects. However, the in vivo process of the transplanted cells has not been fully clear until now,
although it is critical to understand the process and the underlying mechanism of regeneration for better
therapeutic outcomes. Recently, second near-infrared window (NIR-II) �uorescence imaging has emerged
as a rapidly evolving bio-imaging technique capable of visualizing and quantifying biological processes
at the cellular level of living organisms.

Methods Firstly, rat hair follicle epidermal neural crest stem cells (EPI-NCSCs) were isolated, cultured and
identi�ed by expression of SOX10 and Nestin, and then labeled with CelTrac1000. Rat acellular nerve
allografts (ANAs) were prepared by chemical extraction. Secondly, 30 adult male rats were randomly and
equally assigned into three groups: ANA + cells group, ANA group, and autograft group. The buccal
branch of the facial nerve on right side was exposed and a 10-mm-long gap was bridged by ANA laden
with CelTrac1000-labeled EPI-NCSCs, ANA laden with CelTrac1000 dye, and autologous nerve,
respectively. Thirdly, CelTrac1000-labeled EPI-NCSCs were detected by NIR-II optical imaging system to
visualize the behavior of the transplanted cells in vivo postoperatively. Finally, vibrissa movement,
compound muscle action potentials (CMAPs) of vibrissal muscle, facial motoneurons retrotraced by
Fluorogold, morphology and histology of the regenerated nerves in three groups were analyzed after
surgery, respectively.

Results Through 14 weeks of dynamic observation, we found that EPI-NCSCs successfully survived in the
ANAs in vivo. Meanwhile, the region of the NIR-II �uorescence signals was gradually limited to be
consistent with the route of the regenerative segment of the facial nerve. Furthermore, the degree of the
vibrissa movement, the recovery value of the onset latency and amplitude of CMAPs, the number of
Fluorogold-labeled cells, the CD31 positive area/total area, the mean gray value of S100 and β-tubulin III,
the number and the diameter of the myelinated nerve �bers in the ANA group were lower than the other
two groups (P < 0.05), and the other two groups had similar values (P > 0.05). Additionally, the thickness
of the myelin sheaths was the thinnest in the ANA group, and the thickest in the autograft group (P<
0.05).

Conclusions The migration map of local CelTrac1000-labeled EPI-NCSCs was successfully monitored by
the NIR-II �uorescence imaging system when EPI-NCSCs within the ANAs were applied to treat rat facial
nerve defects. Additionally, EPI-NCSCs promoted the ANAs to repair facial nerve defects in a small animal
model.

1. Introduction
For promoting neural regeneration, tissue engineering based on implantation of autologous or allogeneic
stem cells is considered as a promising repair scheme [1–4]. However, some reports suggested that the
survivability of stem cells might be hampered by rejection, in�ammation, or migration in vivo after
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implantation [5–7]. Therefore, there is an urgent demand for non-invasive imaging techniques that can
monitor the fate of the transplanted cells in vivo to further elucidate the role of stem cells in neuro-
regenerative medicine. Through imaging examinations such as magnetic resonance imaging, single-
photon emission computed tomography, and positron emission tomography/computed tomography,
direct labeling strategies possess the advantages of abundant cell trackers and minimal interference to
the transplanted cells [8–12]. In practice, the cell tracking methods described above have their drawbacks,
such as being expensive, and limited temporospatial resolution. In 2019, Rbia applied luciferase-based
bioluminescence imaging to detect adipose-derived mesenchymal stromal cells within nerve allografts,
and found that the implanted cells could survive after surgery, but the detectable period was limited in
vivo [13, 14]. Additionally, some studies suggested that green �uorescent protein-transfected cells could
emit green �uorescence with the assistance of the in vivo imaging systems, although most studies of
green �uorescent protein-labeled cells after transplantation have so far been limited to tissue sections
[15]. Since 2019, the exploration of the second near-infrared window (NIR-II; 1,000–1,700 nm) optical
imaging system, and the development and utilization of new �uorescent probes have driven advances in
real-time visualization and monitoring of post-transplant stem cells in vivo [16, 17]. NIR-II optical imaging
system can detect tissue at depths of centimeters and achieve micron resolution at millimeter depths.
Chen reported that a novel NIR-II probe, CelTrac1000, could e�ciently label stem cells within a few hours,
accumulate in the cytoplasm of cells after absorption, with minimal leakage and interference to cell
functions [18]. CelTrac1000 consisted of an equal concentration of CH-4T and Tat-HSA, the former was a
synthetic organic NIR-II dye and the latter was composed of human serum albumin (HSA) conjugated
with a cell-penetrating peptide from the transcriptional activator protein (Tat). CelTrac1000 has the
advantages of well-de�ned components, high purity, low cytotoxicity, and high temporospatial resolution.
However, the application of NIR-II and CelTrac1000 in the detection of exogenous stem cells after
peripheral nerve defect has not been reported so far [19].

Since 2013, hair follicle epidermal neural crest stem cells (EPI-NCSCs) have been regarded as a sort of
ideal seed cells due to their wide distribution, easy access, and biological properties of expressing a
variety of neurotrophic factors, extracellular proteases, and vascular factors in central or peripheral nerve
injury [20–22]. Similar to other stem cells, knowledge of the survival rate of the transplanted EPI-NCSCs
and the e�ciency of EPI-NCSCs differentiation into functional neuronal cells in vivo are the most
important key-points related to research on neuro-regenerative medicine, and thus accelerate the clinical
application of stem cell therapy [23]. Inspired by the development and utilization of NIR-II and
CelTrac1000, we proposed that cells labeled with CelTrac1000 and monitored by NIR-II imaging
techniques may be applied in evaluating the behavior of the transplanted cells when they are used to
repair peripheral nerve injury.

In the present study, CelTrac1000-labeled EPI-NCSCs were micro-injected into the acellular nerve
allografts (ANAs) to bridge the 10-mm defect of the rat facial nerve [24, 25]. Then, we traced CelTrac1000-
labeled EPI-NCSCs by NIR-II optical imaging system, and obtained a temporospatial map of the behavior
of EPI-NCSCs in vivo for up to 14 weeks. Meanwhile, the correlation between such characters and the
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facial nerve regeneration effect was further veri�ed by functional test and histological observation in the
ANA-laden with EPI-NCSCs group, compared with the cell-free ANA group and autograft group.

2. Materials and methods

2.1 Animals
Thirty-�ve adult male Sprague-Dawley (SD) rats (weighing 270-330g; eight to nine weeks old) were
purchased from the speci�c pathogen-free laboratory of the Animal Laboratory Center at the Key
Laboratory on Technology for Jiangsu Institute of Parasitic Diseases, China (SYXK-Su-2019-0025). Five
rats were used to prepare EPI-NCSCs and ANAs, and the other 30 rats were applied to bridge facial nerve
defects in vivo, respectively. All rats were maintained at (22 ± 1)°C room temperature with a 12/12 hour
light/dark cycle and had free access to food and water. All animal experiments were conducted according
to the ARRIVE (Animals in research: reporting in vivo experiments) guidelines, and approved by the
Laboratory Animal Management Committee and the Ethics Review Committee of Nanjing Medical
University A�liated with Wuxi No 2 People’s Hospital (approval No. 2018-D-1) on March 15, 2018.

2.2 Isolation, culture and identi�cation of EPI-NCSCs
Two rats were anesthetized with 3% sodium pentobarbital (30 mg/kg; Sigma-Aldrich, USA) by
intraperitoneal injection. After separated from the surrounding tissue, the bulges of the vibrissal hair
follicles were harvested, and then inoculated in the culture dish which was pre-coated with rat tail
collagen I and rinsed with the culture medium before inoculation. The culture medium contained
Dulbecco's Modi�ed Eagle Media/Ham's F 12 nutrient medium (DMEM/F12, LABGIC, Beijing, China), 10%
(v/v) fetal bovine serum (FBS, Thermo Fisher Scienti�c, MA, USA), 2% B27 NeuroMix (Thermo Fisher
Scienti�c, MA, USA), 1% N2 supplement (Thermo Fisher Scienti�c, MA, USA), 0.025% Insulin-Transferrin-
Selenium (ITS) Media Supplement (Sigma-Aldrich, USA), 20 ng/mL basic �broblast growth factor (bFGF,
PeproTech (Suzhou), Jiangsu, China), 20 ng/mL epidermal growth factor (EGF, PeproTech (Suzhou),
Jiangsu, China), 200 mM L-glutamic acid (Thermo Fisher Scienti�c, MA, USA). Next, the explants were
cultured at 37℃ and 5% CO2 for 2–3 hours in order for them to be attached to the bottom wall of the
plates. Then, 3 mL culture medium was added into the plates, and the explants were cultured at the same
condition for 10 days until a few cells were emigrated out of hair follicular bulges. Finally, cells were
further cultured for 5 days after the explants were discarded. The culture medium was changed every 3
days. The cells were passaged when they reached 90% con�uence.

According to our previous report, cells were identi�ed by immuno�uorescent cytochemical staining of
Anti-SOX10 antibody (1:100, Abcam, Cambridge, UK) and Anti-Nestin antibody (1:100, Abcam, Cambridge,
UK), respectively [22]. Subsequently, Cy3 Goat Anti-Rabbit IgG (H + L) (1:100, Servicebio, Hubei, China)
and Cy3 Goat Anti-Mouse IgG (H + L) (1:100, Servicebio, Hubei, China) were incubated at 37℃ for 1 hour
without light. Finally, cells were observed under an inverted �uorescence microscope (OLYMPUS IX71,
Japan).
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2.3 Preparation of CelTrac1000
Tat-HSA and CH-4T were provided by the Center for Molecular Imaging Research, Shanghai Institute of
Medical Material, Chinese Academy of Sciences. The synthesis protocol of CelTrac1000 was based on
Chen’s report: 13.6 mg of Tat-HSA and 0.28 mg CH-4T were dissolved in 1 × phosphate buffer saline (0.2
mL) [18]. The mixture was treated with ultrasound (120 watts) for 30 minutes to manufacture 1mM
CelTrac1000 solution (0.2 mL).

2.4 EPI-NCSCs labeled by CelTrac1000
When rat EPI-NCSCs reached 80% con�uence, the medium was replaced with 2 mL fresh medium and
100 µL CelTrac1000 solution (the �nal concentration of Celtrac1000 was 50 µM), and the mixture was
then co-cultured for 12 hours [18]. Then, mixture was trypsinized and collected, centrifuged at 1000
revolutions per minute for 3 minutes. After that, the supernatant liquid was removed, and the precipitate
was re-suspended by cell medium to make a single-cell suspension for the subsequent experiment.

Part of single-cell suspension was diluted with 0.4% trypan blue solution (Solarbio, Beijing, China), and
the viability of Celtrac1000-labeled EPI-NCSCs was more than 90%, indicating that the NIR-II dye was safe
and had no obvious effect on the cell viability.

2.5 Construction of nerve transplantation
ANAs were prepared by chemical extraction of the Sondell’s scheme and our slight modi�cation from the
tibial nerves of 5 adult rats [24, 25]. In the ANA + cells group, 10 µL of CelTrac1000-labeled EPI-NCSCs
with concentration of 5 × 107 cells/mL was micro-injected into the 10-mm-long ANAs from one end.
Similarly, 10 µL of CelTrac1000 dye solution without cells was micro-injected into the ANAs in the ANA
group.

2.6 Rat surgical model of facial nerve defect and repair
In the in vivo part of the experiment, 30 rats were randomly and equally assigned into three groups
according to the completely randomized design: ANA + cells group, ANA group, and autograft group. After
deep anesthesia as mentioned in 2.2, the buccal branch of the facial nerve on right side was exposed and
an 8-mm-long segment was harvested, then a gap of 10 mm occurred when the stumps were retracted.
Meanwhile, in order to eliminate the in�uence of the marginal mandibular branch of the facial nerve on
the recovery of vibrissa movement, a 10-mm-long segment of the marginal mandibular branch was
transected in all groups [26]. Finally, the gap was bridged by ANA laden with CelTrac1000-labeled EPI-
NCSCs, ANA laden with CelTrac1000 dye, and autologous marginal mandibular branch of the facial
nerve, respectively. All procedures were performed under an Olympus operating microscope (Olympus,
Japan). After surgery, animals were housed in a standard environment and monitored daily for signs of
infection and/or distress. At the appropriate endpoints, animals were euthanized by anesthesia overdose,
and the regenerative nerves were collected for further studies.

2.7 In vivo imaging
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After transplantation, the activity tracking of exogenous cells in the scaffolds was non-invasively
monitored based on an 808-nm �uorescence signal for up to 14 weeks (1w, 2w, 3w, 6w, 9w and 14w).
Real-time NIR-II �uorescence images were recorded by a customized NIR-II small animal imaging facility
(Princeton Instruments, NIRvana TE 640, USA). First, six rats were randomly selected from ANA + cells
group (n = 3) and ANA group (n = 3), and anesthetized with 29% O2 mixed with 3% iso�urane. Then, rats
were placed on In Vivo NIR-II Optical Imaging System (MARS, Shanghai, china) with the left side-lying
position. The parameters for photo acquisition were selected as mentioned in Chen’s report [18]. Finally,
the obtained images were processed and analyzed with Image J (National Institutes of Health, USA).

2.8 Vibrissa movement and neuromyography
The vibrissa movement of 24 rats (8 rats per group) was evaluated every 2 weeks after surgery. A scale of
0–4 was used to describe and analyze the vibrissa movement of the right side: 0 for no movement, 1 for
mild movement, 2 for mild to moderate movement, 3 for obvious but asymmetrical movement, and 4 for
symmetrical movement.

Fifteen rats were randomly selected from the three groups (5 rats per group), and compound muscle
action potentials (CMAPs) of vibrissal muscle on both sides were recorded by an electromyograph and
evoked potential equipment (Keypoint 4, Medtronic Corporation, USA). Finally, the recovery ratios of onset
latency and amplitude of CMAPs were calculated by dividing the values of the surgical side by the values
of the contralateral side.

2.9 Facial motoneurons retrotraced by Fluorogold
Twelve rats were randomly selected from three groups (4 rats per group), and 5 µL of 5% Fluorogold (US
UElandy Inc., Jiangsu, China) was micro-injected into the distal portion of the nerve graft. Five days later,
the rats were �xed with 4% paraformaldehyde solution after general anesthesia as mentioned in 2.2.
Then, brainstems were removed and dehydrated gradiently with sucrose solution for another 3 days. Next,
brainstems were cross-sectioned by a Leica freezing microtome (LEICA CM1950, Wetzlar, Germany), and
the thickness of the frozen slices was 10 µm. Finally, the sections were observed by an inverted
�uorescence microscope (OLYMPUS IX71, Olympus, Japan), and the total number of the labeled neurons
was calculated by counting at intervals of 50 µm.

2.10 Morphological observation and histological analysis of
the regenerated nerves
At 14 weeks postoperatively, the morphology of the regenerated nerves in the three groups was observed
and measured under an Olympus operating microscope (Olympus, Japan). Then, the regenerative nerves
were harvested for the histological analysis.

Some segments of three rats from each group were �xed in 2.5% glutaraldehyde solution for 8 hours and
post�xed in 1% osmium tetroxide for 2 hours, and embeded in epoxy resin. Next, the ultra-thin sections
(70 nm) were double stained with 2% uranyl acetate (Sigma, USA) and lead stain (Sigma, USA) solution,
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and examined by a transmission electron microscope (HT7700, Hitachi, Japan) at a magni�cation of
1200 folds. Six randomly selected �elds were captured for each section from each group to assess the
number and the diameter of the myelinated nerve �bers, and myelin sheath thickness [27].

Others were �xed in 4% neutral paraformaldehyde and embedded in para�n to perform CD31, soluble
protein-100 (S100) and β-tubulin III immuno�uorescent staining [28]. Firstly, sections were treated with
antigen retrieval solution (citrate buffer, pH 6.0; Sigma, USA) at 96℃ for 5 minutes, blocked with 10%
goat serum (Boster, Hubei, China). Then, sections were immunolabeled with primary antibodies CD31
(Rabbit monoclonal IgG; 1:200; Santa Cruz, USA), S100 (Rabbit monoclonal IgG; 1:100; Abcam, UK) and β-
tubulin III (Mouse monoclonal lgG; 1:500; Abcam, UK) to label neovessels, Schwann cells and axons,
respectively. Positively immuno�uorescent markers were visualized by incubation with Cy3-conjugated
A�nipure Goat Anti-Mouse IgG (H + L) (1:200, Proteintech, UK), FITC-conjugated anti-rabbit secondary
antibody (Goat Polyclonal IgG; 1:50; ZF-0311, ZSGB-BIO, Beijing, China) and TRITC-conjugated anti-
mouse secondary antibody (Goat Polyclonal IgG; 1:50; ZF-0313, ZSGB-BIO, Beijing, China), respectively.
Finally, images were captured under an Olympus IX73 microscope (Olympus, Japan) and analyzed with
Image J (National Institutes of Health, USA).

2.11 Statistical analysis
All the calculation, statistical analyses, and graphs were performed by GraphPad Prism 9.4.1 (GraphPad
Software Inc., USA) and SPSS 24.0 Software (IBM, Armonk, NY, USA). All data were expressed as mean ± 
standard error of the mean, and analyzed by one-way analysis of variance (ANOVA), two-way ANOVA, and
repeated measurement ANOVA. Bartlett's test was performed to check the homogeneity test of variance,
and Tukey Post hoc test was made only if F had a p < 0.05 and no signi�cant variance inhomogeneity
was found within the analysed groups. Statistical signi�cance levels were indicated as follows: * P < 0.05,
** P < 0.01, *** P < 0.001, **** P < 0.0001. P < 0.05 indicated a statistically signi�cant difference.

3. Results

3.1 Identi�cation of rat EPI-NCSCs
After 10 days of culture, a few spindle-shaped cells were scattered on the bottom wall of culture plates
(Fig. 1A). With the extension of cell culture days, the number of cells gradually increased. As shown in
Fig. 1B-D, cells were positively expressed for SOX10 (a marker of neuroectodermal stem cells) and Nestin
(a marker of neural stem cells), respectively.

3.2 Real-Time and dynamic NIR-II �uorescence imaging of
EPI-NCSCs in vivo
In the ANA + cells group, strong NIR-II �uorescence signals with scattered, irregular shape were observed
in the operative area centered on the graft segment during the �rst 3 weeks after surgery (Fig. 2A-C). From
then on, the region of the NIR-II �uorescence signals was gradually limited, and tended to be consistent



Page 8/25

with the direction of the buccal branch of the facial nerve (Fig. 2D-F). In the ANA group, weak NIR-II
�uorescence signals were observed in the operative area from one week to two weeks after surgery, and
no �uorescence signal was detected since the 3rd week (not shown).

To semiquantitatively evaluate the migration and proliferation of the exogenous EPI-NCSCs in the ANA + 
cells group, the �uorescence area and the average �uorescence intensity of the area were measured in the
�uorescence region. As shown in Fig. 3, the average �uorescence intensity did not �uctuate signi�cantly
during the observation period, though the �uorescence area tended to be limited in the grafts.

3.2 Functional assessment
The vibrissa movement of rats on the injured side recovered gradually in all groups. The degree of the
vibrissa movement in the ANA group was worse than that in the other two groups (P < 0.05), while there
was no signi�cant difference in the degree of the vibrissa movement between the ANA + cells group and
the autograft group at each time point (P > 0.05) (Fig. 4).

CMAPs were recorded on the injured side at 14 weeks postoperatively. The recovery value of the onset
latency and amplitude of CMAPs in the ANA group was worse than that in the other two groups (P < 0.05),
while the recovery value of the onset latency and amplitude of CMAPs in the ANA + cells group was
similar to that in the autograft group (P > 0.05) (Fig. 5).

3.3 Fluorogold-labeled facial motoneurons
Labeled cells with irregular shape or multipolar neurites were observed in the facial nerve nucleus area on
the injured side in the three groups (Fig. 6A-C). As shown in Fig. 6D, the number of Fluorogold-labeled
cells in the ANA + cells group was slightly less than that in the autograft group (P > 0.05), but obviously
more than that in the ANA group (P < 0.05).

3.4 Histology of the regenerated nerve
The regenerated nerves were light red in color, and microvessels could be observed on the surface of the
epineuria. There was no swelling or neuroma at the proximal and distal anastomoses. The diameter of
the regenerated segments was slightly thinner than the proximal and distal segments of the facial nerve
defects.

The positive expression of CD31 re�ected the vascular endothelial cells in the regenerated nerve
segments (Fig. 7A, 7D and 7G). S100 was one of the markers of Schwann cells, which related to myelin
formation of peripheral nerves (Fig. 7B, 7E and 7H), and β-tubulin III was one of the cytoskeletal proteins
secreted by Schwann cells, which provided structural support for axon growth (Fig. 7C, 7F and 7I).

As shown in Fig. 8A, CD31 immuno�uorescence staining of the nerve graft segments showed that the
density of neovessels in the ANA group was signi�cantly lower than that in the other two groups (P < 
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0.05), but there was no signi�cant difference between the ANA + cells group and the autograft group (P > 
0.05).

Many cells positively expressed S100 and β-tubulin III in all groups at 14 weeks post-surgery, respectively.
The mean gray value of S100 and β-tubulin III in the ANA group was lower than the other two groups (P < 
0.05), and the result in the ANA + cells group was similar to those in the autograft group (P < 0.05) (Fig. 8B
and 8C) .

The ultra-thin sections of the regenerated nerves revealed that the regenerated nerve �bers in the ANA + 
cells group were clustered and those in the other two groups were scattered, and most of the myelin
laminae were clear and regular in all groups (Fig. 9A-F).

The number and the diameter of the myelinated nerve �bers in the ANA group was less than the other two
groups, respectively (P < 0.05), while the values of the two indexes in the ANA + cells group was similar to
those in the autograft group (P > 0.05) (Fig. 10A and 10B). Additionally, the thickness of the myelin
sheaths was the thinnest in the ANA group, and the thickest in the autograft group (P < 0.05) (Fig. 10C).

4. Discussion
Recently, acellular nerve grafts were widely used in bridging peripheral nerve defects due to their perfect
extracellular matrix without immunogenic substances [29, 30], and support the migration and
proliferation of the transplanted cells and autologous Schwann cells during nerve regeneration [31–33].
In this paper, we used a novel cell tracker to monitor the transplanted EPI-NCSCs within the ANAs in vivo.
As shown in Fig. 2, CelTrac1000-labeled EPI-NCSCs were successfully detected by NIR-II optical imaging
system for up to 14 weeks in a rat model. This may be the �rst report in the English literature to apply
CelTrac1000 and NIR-II to tracking the transplanted stem cells after repairing peripheral nerve defects,
which was different from rat model of sciatic nerve suture reported by Dong in 2021 [34]. Our data further
con�rmed the high labeling e�ciency of CelTrac1000 and stable imaging capabilities of NIR-II in vivo in
animal models [35, 36].

In the ANA + cells group, a small number of Celtrac1000-labeled EPI-NCSCs leaked from the anastomoses
into the surrounding environment early after transplantation [37]. Subsequently, the exudated cells died
rapidly, and CelTrac1000 was metabolized and excreted from the living body. Meanwhile, with the
migration and proliferation of Celtrac1000-labeled EPI-NCSCs within the ANAs, the distribution of
�uorescence signals gradually changed from scattered or irregular to columnar. In comparison, the
�uorescence signals of NIR-II in the ANA group only appeared in the early postoperative period. Thus, it
was reasonable to believe that the NIR-II �uorescence signals detected in the ANA + cells group from the
3rd week were only from live EPI-NCSCs [18].

It has been reported that ANAs could provide a good growth environment for stem cells or Schwann cells
in vivo [22, 38, 39]. Additionally, studies have con�rmed that chemokines secreted from the nerve stumps
can not only recruit endogenous cells to assist nerve �ber regeneration, but also affect the migration
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characteristics of the implanted cells [40–43]. Therefore, the shape and diameter of the signal region
tended to be consistent with the regenerated nerve in the present study, which was may be closely related
to the migration and proliferation of EPI-NCSCs in the ANAs.

To semiquantitatively evaluate the migration and proliferation of the transplanted EPI-NCSCs, the
�uorescence area and average �uorescence intensity of the area were measured in a selected region
around the interest area [18]. In the present study, the �uorescence probes are partially excreted into the
micro-environment, which may lead to a decrease in the �uorescence area and total �uorescence
intensity with the extension of observation time. However, the average �uorescence intensity did not
decrease signi�cantly, which may be related to the proliferation of the transplanted EPI-NCSCs in vivo.
Whether the average �uorescence signal will gradually weaken with the further extension of observation
time needs further study.

The role of EPI-NCSCs within the ANAs may be veri�ed by functional assessment and histological
detection. Firstly, the recovery of the vibrissa movement, the onset latency and amplitude of CMAPs in the
ANA + cells group was better than those in the ANA group (P < 0.05), and similar to those in the autograft
group (P > 0.05). Secondly, the number of Fluorogold-labeled motoneurons in the ANA group was less
than that in the other two groups (P < 0.05). Thirdly, morphological examination of the regenerative nerves
showed that the density of the neovessels, the number and the diameter of the myelinated nerve �bers,
the thickness of the myelin sheaths in the ANA group was signi�cantly worse than those in the other two
groups (P < 0.05). However, histological features of the regenerated nerves in the ANA + cells group were
similar to those in the autograft group (P > 0.05), except for signi�cant difference in the myelin thickness
(P < 0.05). These results indicated that when repairing long-distance facial nerve defects in rats, the
neural functional and morphological recovery in the ANA laden with EPI-NCSCs group were superior to
cell-free acellular scaffolds [32, 44, 45].

The results of the present study suggested that the molecular mechanism of EPI-NCSCs combined with
ANAs to promote facial nerve regeneration may involve multiple factors such as cell replacement, growth
factor production, and micro-environment construction [46–48]. By tracking and testing the in vivo
properties of EPI-NCSCs, we had a preliminary knowledge of the interaction between EPI-NCSCs and
ANAs, laying the foundation for optimizing stem cell-based therapeutic regimens. However, further
studies are still needed regarding the regulatory effects of exogenous EPI-NCSCs on recipient tissue and
cells.

5. Conclusion
The migration map of local CelTrac1000-labeled EPI-NCSCs were successfully monitored by the NIR-II
�uorescence imaging system when EPI-NCSCs within the ANAs were applied to treat rat facial nerve
defects. Additionally, EPI-NCSCs promoted the ANAs to repair facial nerve defects in a small animal
model.
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Abbreviations

NIR-II second near-infrared window 

HSA human serum albumin 

Tat transcriptional activator protein  

EPI-NCSCs epidermal neural crest stem cells 

ANAs acellular nerve allografts 

SD Sprague-Dawley 

DMEM/F12 Dulbecco's Modi�ed Eagle Media/Ham's F 12 nutrient medium 

FBS fetal bovine serum 

ITS Insulin-Transferrin-Selenium 

EGF epidermal growth factor  

CMAPs compound muscle action potentials 

S100 soluble protein-100 
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Figures

Figure 1

Culture and identi�cation of hair follicle epidermal neural crest stem cells. The spindle-shaped cells were
scattered at the bottom of the plates (A), and cells were positively expressed for SOX10 and Nestin (B:
SOX10; C: Nestin; D: merged.).
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Figure 2

NIR-II �uorescence images monitored CelTrac1000-labeled EPI-NCSCs with acellular nerve allograft in
repairing facial nerve defects. A: 1 week; B: 2 weeks; C: 3 weeks; D: 6 weeks; E: 9 weeks; F: 14 weeks.
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Figure 3

Semiquantitative analysis of the second near-infrared window �uorescence images. The �uorescence
area (A) and the average �uorescence intensity of the area (B) in the ANA + cells group and the ANA
group. ANA: acellular nerve allograft.
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Figure 4

The degree of the vibrissa movement on the injured side. Red and green color asterisk meant that the
value of the ANA group was compared with that of the ANA + cells group and the autograft group,
respectively. ANA: acellular nerve allograft. * P < 0.05, ** P < 0.01, and *** P < 0.001.
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Figure 5

The recovery ratio of the compound muscle action potentials. A: the recovery ratio of the onset latency; B:
the recovery ratio of the amplitude. ANA: acellular nerve allograft. ** P < 0.01, *** P < 0.001, and ns: no
signi�cance.
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Figure 6

Images of the Fluorogold-labeled facial motoneurons on the injured side. A: ANA + cells group; B: ANA
group; C: autograft group; D: comparison of the labeled cell number between the three groups. ANA:
acellular nerve allograft. ** P < 0.01, *** P < 0.001, and ns: no signi�cance.
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Figure 7

Immuno�uorescence staining of CD31, S100 and β-tubulin III of the regenerated nerves. ANA: acellular
nerve allograft.
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Figure 8

Comparison of the immuno�uorescence staining results between the three groups. A: the CD31 positive
area/total area; B: the mean gray value of S100; C: the mean gray value of β-tubulin III. ANA: acellular
nerve allograft. * P < 0.05, ** P < 0.01, *** P < 0.001, and ns: no signi�cance.
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Figure 9

Transmission electron micrographs of the regenerated nerves. The regenerated nerve �bers were in
scattered shapein the ANA + cells group (A, B) and ANA group (C, D), and in clustered shape in autograft
group (E, F). Most of the myelin laminae were clear and regular in all groups. ANA: acellular nerve
allograft.
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Figure 10

Comparison of indexes of the regenerated nerves in the transmission electron micrographs. A: the
number of the myelinated nerve �bers; B: the diameter of the nerve �bers; C: the thickness of the myelin
sheaths. ANA: acellular nerve allograft. * P < 0.05, ** P < 0.01, *** P < 0.001, *** P < 0.0001, and ns: no
signi�cance.


