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A B S T R A C T   

Peripheral nerve injury is one of the more common forms of peripheral nerve disorders, and the most severe type 
of peripheral nerve injury is a defect with a gap. Biosynthetic cellulose membrane (BCM) is a commonly used 
material for repair and ligation of nerve defects with gaps. Meanwhile, exosomes from mesenchymal stem cells 
can promote cell growth and proliferation. We envision combining exosomes with BCMs to leverage the ad
vantages of both to promote repair of peripheral nerve injury. Prepared exosomes were added to BCMs to form 
exosome-loaded BCMs (EXO-BCM) that were used for nerve repair in a rat model of sciatic nerve defects with 
gaps. We evaluated the repair activity using a pawprint experiment, measurement and statistical analyses of 
sciatica function index and thermal latency of paw withdrawal, and quantitation of the number and diameter of 
regenerated nerve fibers. Results indicated that EXO-BCM produced comprehensive and durable repair of pe
ripheral nerve defects that were similar to those for autologous nerve transplantation, the gold standard for nerve 
defect repair. EXO-BCM is not predicted to cause donor site morbidity to the patient, in contrast to autologous 
nerve transplantation. Together these results indicate that an approach using EXO-BCM represents a promising 
alternative to autologous nerve transplantation, and could have broad applications for repair of nerve defects.   

1. Introduction 

Peripheral nerve injury remains one of the most challenging clinical 
problems and causes substantial patient suffering as well as economic 
burden (Li et al., 2021). The most serious form of nerve injury is a nerve 
defect involving gaps (Wang et al., 2022). In the absence of a primary 
suture, suitable interfascicular autologous and allogeneic nerve grafting 
to repair both short and long defects remains the gold standard method 
(Hazer Rosberg et al., 2021). However, this approach is constrained by 
donor site morbidity with the possibility of neuroma growth at both 
repair site and graft site as well as graft availability and possibility of 
immunological rejection (Sun et al., 2019). To overcome these obstacles, 
numerous different types of bioengineered nerve conduits have been 
introduced and characterized in experimental nerve injury models 

(Hazer Rosberg et al., 2021) including poly-3-hydroxyoctanoate (Hazer 
et al., 2013), poly-3-hydroxybutyrate (Sakar et al., 2014), poly (ε-cap
rolactone) (Niu et al., 2014), chitosan (Meyer et al., 2016), and cellulose 
(Stumpf et al., 2020; Stumpf et al., 2018). 

Biosynthesized cellulose (BC) is promoted as a viable alternative to 
autografts and has been demonstrated to have various desirable fea
tures, including exceptional stability, high mechanical strength, and 
good biocompatibility (Stumpf et al., 2018). BC has been investigated 
for use in vascular grafts (Samfors et al., 2019), urinary repair (Lv et al., 
2018) and for artificial corneas (Zhang et al., 2020), as well as regen
eration of cartilage (Xun et al., 2021), bone (Dubey et al., 2021), and 
nerves (Hou et al., 2018; Stumpf et al., 2020). These studies demon
strated that BC was completely absorbed into the host tissue and caused 
no inflammation or rejection reactions (Dubey et al., 2021; Lv et al., 
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2018; Samfors et al., 2019; Stumpf et al., 2020; Xun et al., 2021; Zhang 
et al., 2020). 

To further enhance the regeneration capacity of nerve conduits, 
biomaterials are often applied with neurotrophic factors (Powell et al., 
2021) such as glial cell-derived neurotrophic factor (GDNF), 
brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT3) 
(Dervan et al., 2021). Several reports have described the repair of pe
ripheral nerve defects with exosomes combined with biomaterials. 
Exosomes play a significant role in intercellular communication based 
on the active cargo components they carry including proteins, lipids, 
metabolites, and nucleic acids (Kalluri and LeBleu, 2020). Stem cell 
exosomes can promote peripheral nerve regeneration (Zhao et al., 2020) 
and provide central nerve neuroprotection (Kalluri and LeBleu, 2020; 
Wen et al., 2022). MicroRNAs (miRNAs) contained in exosomes play 
important roles in many physiological and pathological processes. 
MiRNA-340 positively regulated cell debris removal at the injury site 
and axon growth in vivo (Bischoff et al., 2022). MiRNA-21 derived from 
exosomes has the ability to promote cell regeneration, which can pro
mote axonal regeneration via phosphatase and tensin homologue 
deleted on chromosome 10 (PTEN) downregulation and phosphoinosi
tide 3 (PI3)-kinase activation in neurons (López-Leal et al., 2020). 
MiRNA-181 plays a major role in inhibiting neuroinflammation and 
regulating the phenotype of microglia (Wen et al., 2022). Additionally, 
exosomes may contain neurotrophic factors that promote the regener
ation of peripheral nerves. 

The aim of this study was to design exosome-incorporated BC 
membranes (EXO-BCMs) to induce peripheral nerve regeneration in a 
rat model of sciatic nerve injury. To examine the biosafety and charac
teristics of EXO-BCM, interdisciplinary approaches were used to assess 
biocompatibility, biodegradability, and repair activity of the graft. Re
sults of this study may pave the way for the use of EXO-BCM to repair 
peripheral nerve injuries. 

2. Materials and methods 

2.1. Manufacturing of chitosan 

BCMs were synthesized by bacterial fermentation (Stumpf et al., 
2013). A stock culture of Gluconacetobacter hansenii ATCC 53582 was 
inoculated into culture medium consisting of mannitol (25 g/L), yeast 
extract (5.0 g/L), and peptone (3.0 g/L) and then incubated on culture 
plates at 30 ℃ for seven days. BCMs were taken from the plates and 
washed with distilled water before immersion in 0.1 M NaOH at 50 ℃ 
for 24 h, followed by consecutive rinses with distilled water until a 
neutral pH was reached. After autoclaving, BCMs were stored at 4 ℃ 
until use. 

2.2. Animals 

Sprague-Dawley (SD) rats (6 weeks-old) were purchased from 
Changsha Tianqin Biotechnology Co., Ltd. The rats were raised and bred 
according to Hainan Medical University regulations, and second gen
eration animals were raised for around one month prior to use. Six of the 
second generation animals were used to prepare adipose-derived 
mesenchymal stem cells, and the remainder were used for sciatic 
nerve injury repair experiments. All experimental protocols were 
approved by the Clinical Research and Laboratory Animal Ethics Com
mittee of Hainan Medical University (approval no. HYLL-2017–036). 

2.3. Exosomes 

2.3.1. Adipose tissue-derived mesenchymal stem cell (ADMSC) culture 
P1 rat ADMSCs isolated according to a previously described protocol 

were used (Bandeira et al., 2018). ADMSCs were expanded in 
alpha-minimum essential medium (a-MEM) (Thermo Fisher Scientific, 
USA), supplemented with 10 % fetal bovine serum (Thermo Fisher 

Scientific, USA) and 1 % (by volume) penicillin-streptomycin mixture 
(Thermo Fisher Scientific, USA), and incubated in flasks for 72 h at 37 ℃ 
in a humidified atmosphere with 5 % CO2. Upon reaching 80 % 
confluence, the cells were passaged with 0.25 % trypsin-EDTA solution 
(Thermo Fisher Scientific, USA). After passage 5 times, the cells were 
collected for exosome isolation. 

2.3.2. Exosome extraction and identification 
ADMSCs were washed with phosphate buffered saline (PBS) and 

subsequently cultured in serum-free medium for 72 h at 37 ℃ and 5 % 
CO2. To enrich the exosomes, the sample was sequentially centrifuged at 
300g for 10 min, 2000g for 20 min, and 10,000g for 30 min before 
passage through a 0.22 µm filter, and centrifugation at 100,000g for 80 
min. The pellet was resuspended in PBS and ultracentrifuged once 
before again resuspending in PBS to generate an exosome solution for 
future use. Exosome size and concentration were assessed using nano
particle tracking analysis (NTA) with a Zeta View® system (Particle 
Metrix, Germany). NTA illuminates exosomes with a laser beam and 
captures the scattered light with a high-resolution camera, allowing 
researchers to visualize and quantify the motion of each individual 
exosome. By analyzing the diffusion coefficient of exosomes, NTA can 
accurately determine their hydrodynamic diameter. Additionally, by 
measuring the light intensity of each particle, NTA can also precise 
calculate the concentration of exosomes in the sample. Exosome 
morphology was captured with a transmission electron microscope 
(Hitachi, Japan) operated at 60 kV. 

2.4. Exosome-incorporated BCMs 

To facilitate subsequent nerve defect repair surgery, a hole was 
punched in each of the four corners of the BCMs. After autoclaving, the 
BCMs were dried to remove residual moisture. Then, 4 µL sterile exo
some solution (1.9 × 108 exosomes per µL) was slowly and uniformly 
dripped onto the BCMs to form EXO-BCMs that were stored under sterile 
conditions at 4 ℃ until use. 

2.5. Experimental design and treatments 

Healthy adult male SD rats weighing 180–200 g were divided into 6 
groups with 6 rats in each group. In the Autologous nerve group (AUT), 
severed nerves were bridged using autologous nerves. In the Autologous 
nerve + gastrocnemius EXO group (AUT+GASEXO), severed nerves were 
connected using autologous nerves before injection of exosomes into the 
gastrocnemius. In the EXO-BCM group (EXO-BCM), severed nerves were 
joined using EXO-BCMs. In the BCM + gastrocnemius EXO group 
(BCM+GASEXO), severed nerves were linked using BCMs before the 
gastrocnemius was injected with exosomes. In the BCM group (BCM), 
BCMs were used to connect the severed nerves. Lastly, in the fascia 
group (FAS), fascia was used to bridge the severed nerves. 

2.5.1. Nerve removal surgery 
Rats were anesthetized by injection of 10 % chloral hydrate (0.3 ml 

per 100 g body weight) into the abdominal cavity. The anesthetized 
animal was then fixed on a board in a prone position. The fur on the 
lower edge of the piriformis of the right thigh was shaved and the 
exposed skin was sterilized three times with alcohol. An oblique incision 
was made in the right hip with a scalpel under sterile conditions, and the 
gluteal muscle was bluntly dissected to expose the right sciatic nerve. 
After finding the sciatic nerve trunk, ophthalmic scissors were used to 
cut out 5 mm of the sciatic nerve. This study deviates from the con
ventional 10 mm length in order to establish the experimental meth
odology and set the groundwork for subsequent experiments involving 
the 10 mm defect size. 

2.5.2. Bridging surgery 
Autologous nerve bridging: After inverting the 5 mm cut of the 
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sciatic nerve trunk, the epineurium of the two cut ends of the sciatic 
nerve trunk was sutured with biodegradable and bioabsorbable surgical 
sutures under an operating microscope. The skin wound was sutured and 
disinfected with alcohol. 

BCM Bridging: A conduit-like roll was formed by wrapping and then 
suturing the two cut ends of the sciatic nerve in a BCM (approximately 1 
cm wide and 2 cm long). The middle of the BCM roll, with an internal 
diameter of approximately 0.30 cm and a thickness of 0.08 mm, was 
sutured to prevent spreading. Finally, the wound was sutured and 
sterilized. 

Fascial bridging: A section of fascia approximately 2 mm wide and 
5 mm long was sutured to the sciatic nerve trunk epineurium. The 
wound was then disinfected. 

2.5.3. Administration 
Immediately after the operation, 2 µL exosomes (1.9 × 108 exo

somes/µL) was injected into the right gastrocnemius in AUT+GASEXO 

and BCM+GASEXO groups and then again after 3 days. After adminis
tering the injection for 5 min, the needle was left in place for an addi
tional 5 min to ensure complete absorption of the liquid, and then it was 
carefully withdrawn. 

2.6. Behavioral analysis 

2.6.1. Behavioral presentation assessment 
Recovery of right hindlimb locomotor activity was monitored by 

analysis of the free walking pattern. A walking track analysis was per
formed at 24 h after surgery and then 4 and 8 weeks later (de Medinaceli 
et al., 1982). A self-made rat pawprint walking channel was used for 
walking track testing, and the white paper of the channel substrate was 
used to record pawprints after inking of the paws. 

2.6.2. Sciatica function index (SFI) 
SFI values for the rats were measured based on the above-mentioned 

rat pawprints. Three variables were measured according to the paw
prints made by the experimental side paw (E) and the untreated, normal 
side paw (N). Print length (PL) represents the distance between the heel 
and the top of the third toe, and toe spread (TS) represents the length 
from the first toe to the fifth toe. Intermediary toe spread (IT) is the 
distance from the second toe to the fourth toe. Several prints made by 
each paw were obtained from the experimental and normal sides on 
each track. The formula for calculation is: SFI = –38.3(EPL – NPL)/NPL 
+ 109.5(ETS – NTS)/NTS + 13.3(EIT – NIT)/NIT – 8.8. SFI = 0 repre
sents normal function, while SFI = –100 represents complete nerve 
disconnection. 

2.6.3. Paw withdrawal thermal latency (PWTL) 
PWTL testing was performed with an RB-200 intelligent hot plate 

(Chengdu Techman, China) according to the manufacturer instructions 
to detect thermal hyperalgesia upon radiant heat stimulation. The 
duration from the start of application to withdrawal of the paw was 
recorded using a digital timer. 

2.7. Immunohistochemistry and morphometry 

At 8 weeks after surgery, the implanted nerve grafts were excised. 
The regenerated nerves at the distal end were fixed in 4 % para
formaldehyde for 24 h, washed in water overnight, dehydrated via 
ethanol gradient, cleared in xylene, embedded in paraffin and sectioned 
into 5 µm-thick slices. For immunohistochemistry analysis, slices were 
deparaffinized, rehydrated, blocked with hydrogen peroxide, and sub
jected to heat-induced antigen retrieval. The sections were blocked 
against non-specific binding with goat serum for 1 h, and incubated with 
primary antibodies against S100 overnight at 4 ℃ followed by a one- 
hour incubation with secondary antibody diluted 1:300. The slices 
were stained using a 3,3’-diaminobenzidine (DAB) kit (Merck, USA), 

counterstained with hematoxylin, dehydrated, and mounted. For 
morphometry analysis, sections were deparaffinized and rehydrated 
with an ethanol gradient, and then stained for 30 min in 0.1 % aqueous 
toluidine blue. The slices were differentiated with 0.5 % glacial acetic 
acid until the nuclei were clear. The sections were washed, dehydrated, 
cleaned in xylene and mounted. 

2.8. Regenerated nerve fiber count 

Images were captured using an inverted microscope (Leica Micro
systems, UK) under uniform lighting conditions. To avoid observer bias, 
a blinded investigator quantified all of the sections. Parameters for re
generated nerve fibers including average diameter and density of nerve 
fibers were quantified by Image J software. 

2.9. Statistical analysis 

All data are expressed as the mean ± standard deviation and were 
analyzed with GraphPad Prism software (Dotmatics, USA). Statistical 
analyses included one-way analysis of variance (ANOVA) followed by 
Tukey’s test for multiple comparisons. A probability (P) value less than 
0.05 (P < 0.05) was considered to be a statistically significant difference. 

3. Results 

3.1. Exosome characterization 

SD rat ADSCs grow in clusters having a fusiform shape, which ap
pears as a relatively irregular arrangement under a microscope (Fig. 1A, 
B). With transmission electron microscopy, exosomes derived from 
ADSCs presented as irregular ellipses (Fig. 1C, D). Detection using a NTA 
showed a median exosome particle size of 118.6 nm at a concentration 
of 1.9 × 1011/ml (Fig. S1). 

3.2. Observation of behavioral presentation to assess nerve repair 

To monitor recovery of right hindlimb motor activity, behavioral 
analysis was performed 24 h and 4 and 8 weeks after surgery to repair 
sciatic nerve defects. The paws of the rats were inked and the ink was 
transferred to white paper as the animal passed through a walking 
channel. Pawprints measured 24 h after surgery were not clearly defined 
and the prints of each toe were not separate (data not shown). At 4 
weeks after surgery, the clarity of the pawprints and their respective 
sizes was higher for animals in groups AUT and AUT+GASEXO compared 
to the 24 h time point and covered a larger area relative to prints made 
by animals in the EXO-BCM, BCM+GASEXO, BCM, and FAS groups. 
Additionally, animals in the AUT and AUT+GASEXO groups exhibited 
the earliest partial separation of time the pawprints and toes (data not 
shown). At 8 weeks after surgery, the clarity of toe contours and paw 
area for the AUT and AUT+GASEXO groups were superior to those for the 
EXO-BCM group, which itself was superior to that for the BCM+GASEXO 

group. The BCM and FAS groups had the poorest clarity and smallest 
area of the groups (Fig. 2A). 

These results of behavioral experiments indicate that: 1) From a 
temporal perspective, nerve injury repair occurs over a long period and 
within a certain time range; the repair effect improved with longer times 
after surgery; and 2) From an inter-group perspective, autologous nerve 
transplantation, as expected as the gold standard for peripheral nerve 
injury repair, had the best repair effect for sciatic nerve defects. The 
second-best repair effect was seen for EXO-BCM. 

3.3. SFI values to assess nerve repair 

We next measured SFI values to quantify recovery of right hind limb 
motor activity. No significant differences in SFI (p > 0.05) were 
observed among the experimental groups 24 h after the surgery 
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(Fig. 2B). The SFI values at 4 weeks after surgery relative to those at 24 h 
suggested that a certain degree of nerve injury repair occurred in each 
group (Fig. 2C). Analysis of the SFI values showed that the AUT+GASEXO 

group was significantly superior to the AUT group (P＜0.001), which 
was significantly superior to the EXO-BCM group (P＜0.001). These two 
groups were significantly superior to the BCM+GASEXO (P＜0.05), BCM 
(P＜0.01) and FAS (P＜0.001) groups. At 8 weeks after surgery, the SFI 
values for all groups were significantly higher than those at 4 weeks after 
surgery. The repair effect at 4 and 8 weeks was similar between groups, 
except that at 8 weeks the difference between the AUT and 
AUT + GASEXO groups was smaller than at 4 weeks and there was no 
significant difference in SFI values for the EXO-BCM and BCM + GASEXO 

groups (Fig. 2D). As the time after surgery increased, the repair effect 
seen for the two groups treated with BCM (i.e., EXO-BCM and 
BCM+GASEXO), and especially the EXO-BCM group, was close to that for 
autologous nerve transplantation at 8 weeks after surgery (Fig. 2E, F). 

These results suggest that exosomes function to promote repair of 
sciatic nerve defects. EXO-BCM can represent an effective alternative to 
repair peripheral nerve defects if autogenous nerve transplantation, the 
gold standard to treat long segment nerve defects, cannot be carried out. 

3.4. PWTL values to assess nerve repair 

We utilized PWTL testing to assess pain sensitivity in rats as a mea
sure of the extent of neural connection repair of sciatic nerve defects. 
There was no significant difference in PWTL values among the groups at 
0 h before surgery (Fig. 3A). At 24 h after surgery, the AUT group and 
AUT+GASEXO group had significant improvement in PWTL compared to 
the EXO-BCM, BCM+GASEXO, and BCM groups, which were all signifi
cantly better than the FAS group. PWTL values did not significantly 
differ between the AUT group and the AUT+GASEXO group, or among 
the EXO-BCM, BCM+GASEXO, and BCM groups (Fig. 3B). At week 8, the 
perception of animals in each group was largely restored, and there was 
a significant difference in PWTL values between any two groups 
(P < 0.001) (Fig. 3C). In terms of perceptual function recovery, the 
nerve repair activity of AUT+GASEXO and AUT groups was the best, and 
was close to the preoperative sensory perception level, followed, in 
order, by EXO-BCM, BCM+GASEXO, and BCM. FAS had the worst repair 
effect, and after 8 weeks the perception was close to that at 24 h after 
surgery (Fig. 3D, E). This result demonstrates that exosomes promote 
repair of sciatic nerve defects, and, next to autologous nerve trans
plantation, EXO-BCM is the best choice for repairing peripheral nerve 
defects. 

3.5. Assessment of nerve repair according to quality and quantity of 
regenerated nerve fibers 

To assess the morphology, quantity, and diameter of repaired nerve 
fibers, sections of the regenerated nerve fibers with toluidine blue 
staining and DAB + hemataoxylin staining were observed with histo
logical light microscopy. The number of regenerated myelinated fibers 
was counted at the experimental endpoint (i.e., 8 weeks after surgery) At 
8 weeks after surgery, the AUT group and AUT+GASEXO group had the 

highest number of regenerated myelinated fibers that had a neat 
arrangement and thick myelin sheath at the distal end of the sciatic 
nerve injury. Animals in the EXO-BCM and BCM+GASEXO groups had 
relatively high numbers of regenerated nerve fibers, but the distribution 
was less even and the arrangement less regular than that seen for groups 
with autologous treatment. The BCM group had relatively few regen
erated nerve fibers, which also had an uneven distribution and irregular 
arrangement. The FAS group had the fewest regenerated nerve fibers 
and those that were present had a very irregular arrangement (Fig. 4A, 
B). Overall, the AUT+GASEXO group had the most regenerated nerve 
fibers, and the count was significantly higher than that for the AUT 
group, as well as for the EXO-BCM and BCM+GASEXO groups. The 
number of fibers in samples from animals in the EXO-BCM and the 
BCM+GASEXO groups did not significantly differ. These four groups had 
significantly more fibers than the BCM group, and animals in the FAS 
group had the fewest fibers (Fig. 4C). 

The trend for the diameter of regenerated nerve fibers was similar to 
that for the number of regenerated nerve fibers (Fig. 4D). Taken 
together, these results support a role for exosome function to promote 
the repair of sciatic nerve defects, and that EXO-BCM has the best ac
tivity for repair of peripheral nerve defects after autologous nerve 
transplantation. 

4. Discussion 

Neurotmesis is the most severe type of peripheral nerve injury. For 
neurotmesis involving gaps larger than 5 mm, the likelihood of complete 
axonal regeneration and functional recovery is low. Therefore, this type 
of injury often leads to paralysis (Wang et al., 2022). When neurotmesis 
occurs, grafts can be needed to restore continuity and support nerve 
fiber growth (Li et al., 2021). Although autologous nerve transplantation 
is considered as the gold standard treatment for these cases, there are 
some disadvantages with this approach such as insufficient supply of 
donor nerve (Wang et al., 2022). Developing viable and compelling 
alternative treatments to autologous nerve grafts remains a critical 
challenge for researchers interested in peripheral nerve defect repair (Li 
et al., 2021). Animal models of sciatic nerve defects having gaps >5 mm 
have thus been used to mimic human neurotmesis (Wang et al., 2022). In 
this study, we successfully constructed a rat model of sciatic nerve defect 
that has a defect of up to 5 mm. Moreover, we evaluated the effective
ness of EXO-BCM in repairing the sciatic nerve defect in this rat model. 
Expanding on the methodology established in this experiment, our next 
research phase will focus on investigating the repair potential of 
EXO-BCM for a 10 mm sciatic nerve defect. 

BC is considered to be a viable alternative to autologous grafts and 
has several desirable characteristics, including excellent stability, high 
mechanical strength, and good biocompatibility (Stumpf et al., 2020; 
Stumpf et al., 2018). Here we utilized BCMs as a material for bridging 
nerve stumps, with the expectation of its ability to connect severed 
nerves. To achieve satisfactory repair of sciatic nerve defects, simply 
reconnecting the two severed nerve ends is not sufficient (Powell et al., 
2021). Substances that protect and promote nerve growth, such as 
GDNF, BDNF and NT3 (Dervan et al., 2021), are also required, as are 

Fig. 1. Identification of exosomes derived from ADSCs. Morphology of ADSCs under (A) 4x and (B) 10x magnification (scale bar, 500 µm and 200 µm, respectively). 
(C) Morphology of exosomes as observed with transmission electron microscopy. Scale bar, 200 nm. (D) Schematic illustration of exosomes. 
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Fig. 2. Pawprints and sciatica function index (SFI) of experimental rats. (A) Pawprints for all groups 8 weeks after surgery. Left: normal foot (control), right: surgical 
foot. SFIs for all groups (B) 24 h, (C) 4 weeks and (D) 8 weeks after surgery. Trend in SFI changes (E) among the groups and (F) over time. n = 9, * adjusted P values 
between 0.05 and 0.01, ** adjusted P values between 0.01 and 0.001, *** adjusted P values P < 0.001. 
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exosomes (Kalluri and LeBleu, 2020; Wen et al., 2022; Zhao et al., 2020). 
Exosomes have the potential to directly or indirectly promote axonal 
regrowth, protect neurons from degeneration, and support nerve 
regeneration processes such as remyelination (Bischoff et al., 2022; 
Kalluri and LeBleu, 2020; López-Leal et al., 2020; Zhao et al., 2020). 
Moreover, their delivery to nerves can help modulate inflammatory 
responses and reduce glial scar formation, facilitating the regeneration 
process (Wen et al., 2022). On the other hand, exosomes can enhance 
satellite cell activation and proliferation when directly or indirectly 
delivered to muscle tissues, leading to improved muscle regeneration 
and functional recovery (Ji et al., 2022; Wang et al., 2023). Additionally, 
exosome delivery to muscles can attenuate muscle inflammation and 
fibrosis, which are commonly observed following injury or denervation 
(Ji et al., 2022; Wang et al., 2023). In the context of motor endplate 
degeneration, which refers to the deterioration of the specialized 
connection between nerves and muscles, prolonged denervation can 
impair neuromuscular junction function of endplates and cause muscle 
atrophy. Local administration of exosomes to muscle tissue holds the 
potential to ameliorate endplate degeneration by supporting the pres
ervation or regeneration of the endplate structure. 

We found an interesting phenomenon in that the presence of exo
somes in either autologous transplantation or treatment with BCM 
enhanced the repair effect of peripheral nerve defects. For example, the 
repair effect for the AUT+GASEXO group was better than that for the 
AUT group, and the EXO-BCM group and BCM+GASEXO group had 
better repair than did the BCM group (Figs. 2–4). These results are 
consistent with multiple other studies that showed a role for exosomes 
isolated from stem cells in promoting neuroprotection, neural regener
ation, neural growth, neural flexibility, and improvement of neural 
dysfunction (Kalani et al., 2014; Khalatbary, 2021). 

Our experiments showed that EXO-BCM is the best choice for 
repairing peripheral nerve defects after the autologous nerve trans
plantation (AUT group). With increasing time after surgery, the repair 
effect seen for the EXO-BCM group was nearly the same as that seen for 
autologous nerve repair (Figs. 2–4). In this study, we designed two 
methods using BCM together with exosomes. One method involved 
adding exosomes to the BCM (EXO-BCM group), while the other 
involved injecting exosomes into the gastrocnemius muscle after con
necting the two ends of the severed sciatic nerve with BCM 
(BCM+GASEXO group). We then evaluated the two methods in terms of 

Fig. 3. Paw withdrawal thermal latency (PWTL) values for different experimental groups. PWTL values for all groups at (A) 0 h (B) 24 h and (C) 8 weeks after 
surgery. (D) The change in trends of PWTL value for (D) different experimental groups and (E) over time. n = 9, * adjusted P values between 0.05 and 0.01, ** 
adjusted P values between 0.01 and 0.001, *** adjusted P values P < 0.001. 
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Fig. 4. Immunohistochemistry and morphometry of regenerated nerve fibers in rats in the different experimental groups. (A) Toluidine blue staining of regenerated 
nerve fiber sections. (B) 3,3’-diaminobenzidine staining and hemataoxylin staining of regenerated nerve fiber sections after incubation with S100 antibodies. Average 
(C) number and (D) average diameter of regenerated nerve fibers. n = 6 (A and B), n = 10 (C), n = 40 (D), * adjusted P values between 0.05 and 0.01, ** adjusted P 
values between 0.01 and 0.001, *** adjusted P values P < 0.001. 
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behavioral presentation and by measuring parameters such as SFI, 
PWTL, and quality and quantity of regenerated nerve fibers. The 
experimental results indicated an overall similar outcome for the EXO- 
BCM and BCM+GASEXO groups, with a slightly superior effect seen for 
the EXO-BCM group. With respect to obtaining bridging materials, EXO- 
BCM has an advantage over autologous transplantation in that obtaining 
EXO-BCM involves no secondary pain to the patient. Based on these 
results, the EXO-BCM group should be considered first from the 
perspective of reducing patient pain. 

In summary, here we describe a method for repair peripheral nerve 
defects that involves a complex of BCM and exosome. This method could 
be valuable for cases in which autologous nerves cannot be obtained and 
may have broad applications for nerve defect repair. We are currently 
studying strategies for clinical development of this material. 
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