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Introduction

Peripheral nerve injury (PNI) is a relatively frequent type of 
trauma that affects more than 1 million people worldwide 
every year and is a global clinical problem that exhibits a sig­
nificant socioeconomic burden1. Autologous nerve anasto­
mosis is considered the gold standard for PNI treatment2. 
However, because of the need to sacrifice naive nerve tissues, 
the risk of neuroma formation, and other complications asso­
ciated with this second surgery, its application is limited3,4. 
In addition, PNI caused by pelvic surgery must be addressed 
to improve patients’ quality of life5. Cell therapy based on 
Schwann cells (SCs) may be a good option because the mech­
anism is ideal. Previous reports demonstrated that SCs could 
accelerate peripheral nerve repair through a variety of mecha­
nisms, including establishment of a regeneration guide, secre­
tion of neurotrophic factors, and remyelination of damaged 

axons6–9. However, because of limitations regarding the isola­
tion, purification, and proliferation technology of primary 
SCs, there is an urgent need to develop a method to generate 
large numbers of replacement cells with low immunogenic­
ity10. Our previous studies have successfully demonstrated a 
modified protocol to effectively induce Schwann-like cells 
(SLCs) from adipose-derived stem cells (ADSCs) into an SC 
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Abstract
Peripheral nerve injury (PNI) is a relatively frequent type of trauma that results in the suffering of many patients worldwide 
every year. Schwann cells (SCs) are expected to be applied in cell therapy because of their ability to promote peripheral 
nerve regeneration. However, the lack of clinically renewable sources of SCs hinders the application of SC-based therapies. 
Adipose-derived stem cells (ADSCs) have generated great interest in recent years because of their multipotency and ease of 
harvest, and they have already been verified to differentiate into Schwann-like cells (SLCs) in vitro. However, the efficiency 
of differentiation and the functions of SLCs remain unsatisfactory. We newly generated three-dimensional (3D) SLC 
spheroids from ADSCs using a modified protocol with human recombinant peptide (RCP) petaloid μ-piece. Morphological 
analysis, gene expression analysis by qRT-PCR, ELISA measurement of the secretion capabilities of neurotrophic factors, 
and neurite formation assay were performed to evaluate the functions of these 3D SLCs in vitro. Motor function recovery 
was measured in a sciatic nerve injury mouse model to analyze the nerve regeneration-promoting effect of 3D SLCs in 
vivo. The differentiation efficiency and the secretion of neurotrophic factors were enhanced in 3D SLCs compared with 
conventional SLCs. 3D SLCs could more effectively promote neurite growth and longer neurite extension in a neuron-like 
SH-SY5Y model. Additionally, 3D SLCs had a better therapeutic effect on nerve regeneration after transplantation into the 
sciatic nerve injury mouse model. These findings demonstrated that the potential of ADSC-derived SLCs to promote nerve 
regeneration could be significantly increased using our modified differentiation protocol and by assembling cells into a 3D 
sphere conformation. Therefore, these cells have great potential and can be used in the clinical treatment of PNI.
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phenotype with typical repair characteristics and increased 
secretion of nerve growth factor (NGF)11.

However, other important issues still need to be 
addressed, such as improving cell viability and differentia­
tion efficiency and increasing the retention and survival of 
cells after transplantation10,12. In the traditional two-dimen­
sional cell culture method, cells are in a single-layer struc­
ture, and the interactions between the cells do not reflect 
those in physiological tissues. In addition, adherent cells 
need to be treated with trypsin before transplantation to pro­
duce a single cell suspension, which inevitably disrupts the 
cell–cell interactions and the extracellular matrix (ECM) of 
the cells. This process causes cell destruction before trans­
plantation, thus greatly reducing the cell function and their 
subsequent therapeutic potential13,14. Culturing cells in a 
three-dimensional (3D) sphere configuration can promote 
the differentiation efficiency of stem cells and improve the 
final therapeutic efficacy of cell transplantation and cell 
therapy and is widely used in tissue engineering15–17. We 
previously established and reported the generation of effec­
tive insulin-producing cells from ADSCs and examined 
their advantages in vitro and in vivo, and these cells will 
soon be used in the first in-human clinical trials18–22. These 
cells were generated using a human recombinant peptide 
(RCP) petaloid μ-piece provided by Fuji Film (Tokyo, 
Japan). The RCP μ-piece acts as a scaffold for ADSCs and 
can support the formation of a large cell cluster. The features 
of this RCP include xeno-antigen-free characteristics, high 
cell adhesiveness, biodegradation absorption, clinical-grade 
quality, and stable manufacturing quality23. Therefore, it can 
achieve a cell aggregate-like technology. The generated 
large cell cluster is named as “CellSaic” because the cells 
and RCP petaloid μ-piece are combined like a mosaic. 
This CellSaic is able to form a 3D sphere and maintain the 
viability of transplanted cells24. Therefore, we adapted this 
technique for SLC differentiation.

Here, we report our establishment of 3D SLC spheroids 
from ADSCs using our modified protocol with an RCP μ-
piece. We also demonstrate their enhanced therapeutic poten­
tial for peripheral nerve regeneration both in vitro and in vivo.

Materials and Methods

Cell Culture and Preparation of ADSC-Derived 
SLCs

Human ADSCs were purchased from Invitrogen (Grand 
Island, NY, USA) and maintained in ADSC basal medium 
with added growth supplement (Gibco, Carlsbad, CA, USA) 
and GlutaMAX-I (Gibco). Primary human SCs were pro­
cured from ScienCell Research Laboratories (Carlsbad, CA, 
USA) and cultured in complete SC medium (ScienCell 
Research Laboratories) according to the manufacturer’s 
instructions. The SH-SY5Y cell line was obtained from 
ATCC (CRL-2266, Manassas, VA, USA) and maintained in 

DMEM/F12 (Thermo Fisher Scientific, Inc. Waltham, MA, 
USA) supplemented with 15% fetal bovine serum (FBS) 
(Thermo Fisher Scientific, Inc.) and a 1% penicillin-strepto­
mycin solution (Thermo Fisher Scientific, Inc.). To induce 
differentiation of ADSCs into SLCs, ADSCs were cultured 
for three to five passages, and then 1 × 105 ADSCs/well 
were seeded onto collagen I-coated six-well plates (4810-
010; IWAKI, Tokyo, Japan) for the conventional SLC group, 
or 2 × 104 ADSCs/well mixed with 0.2 mg/ml μ-piece 
(16629004; Fuji Film) were seeded onto ultra-low attach­
ment 96-well plates (174925; Thermo Fisher Scientific) for 
the 3D SLC group. After cells in the 3D group had formed a 
spheroid in each well (approximately 24 h after seeding), our 
modified protocol with folic acid11 was used to induce dif­
ferentiation in both the conventional SLC and 3D SLC 
groups. All cells were incubated at 37 °C with 5% CO2 in a 
humidified incubator. When the medium was changed, 2 ml/
well medium was added to the conventional SLC group and 
100 μl/well was added to the 3D SLC group.

Morphological Analysis of 3D Spheroids

During differentiation, the morphology of 3D spheroids was 
directly observed, and images were captured by a light micro­
scope (magnification, ×100; DP22-CU; Olympus, Tokyo, 
Japan). For microtomy, spheres were solidified using iPGell 
(PG20-1; Genostaff, Osaka, Japan) and fixed in 4% parafor­
maldehyde, as previously described25. After embedding in par­
affin and slicing at a thickness of 5 µm, hematoxylin and eosin 
staining was performed according to a standard protocol.

Quantitative Real-Time Reverse Transcription 
Polymerase Chain Reaction (qRT-PCR)

An RNeasy Mini Kit (Qiagen, Hilden, Germany) was used to 
extract the total RNA in each sample according to the manu­
facturer’s instructions. After measurement of the RNA con­
centration using a spectrophotometer (NanoDrop 2000; 
Thermo Fisher Scientific), 2.5 μg RNA was reverse-tran­
scribed into cDNA using a reverse transcription kit (Applied 
Biosystems, Thermo Fisher Scientific) in a total of 50 μl of 
the reaction system, in accordance with the manufacturer’s 
instructions. The StepOnePlus Real-Time PCR System 
(Applied Biosystems, Thermo Fisher Scientific, Inc.) was 
used to perform TaqMan-qRT-PCR analyses under the  
following thermocycling conditions: initial denaturation at 
95 °C for 3 min; 40 cycles of denaturation at 95 °C for 30 s, 
annealing at 58 °C for 30 s, and extension at 72 °C for 45 s; 
and final extension at 72 °C for 10 min. The primers (TaqMan 
gene expression assays; Thermo Fisher Scientific) were 
S100B (Hs00902901_m1) and NGFR (Hs00609976_m1). 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 
4326317E) was used as the internal control, and the results 
were expressed as the relative mRNA expression change in 
the experimental group compared with the control group.
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Enzyme-Linked Immunosorbent Assay (ELISA)

After washing twice with phosphate-buffered saline (PBS), 
serum-free DMEM was added to the indicated cells. The 
supernatant was collected after 48 h of incubation, centri­
fuged (500 × g; 20 min) at room temperature, and filtered 
using a 0.2 μm filter to remove the cell debris. The cells were 
digested with trypsin and re-counted. Next, Human NGF 
ELISA kit (BEK-2212-1P; Biosensis, Thebarton, Australia) 
and Human Glial Cell-Derived Neurotrophic Factor (GDNF) 
ELISA kit (BEK-2222-1P; Biosensis) were used to assess 
NGF and GDNF secretion in supernatants according to the 
manufacturer’s instructions. The absorbance was measured 
at 450 nm (540 nm as the reference wavelength) using a 
microplate reader (SpectraMax i3; Molecular Devices, CA, 
USA). The relative secretion capacity was normalized to the 
cell number.

Immunofluorescence Staining

Cells were mounted on slides, washed twice with PBS, and 
fixed with 4% paraformaldehyde (163-20145; FUJIFILM) at 
4 °C for 30 min. For frozen sections, slides were reheated 
and dried at room temperature for 30 min and then washed in 
PBS for 5 min to remove the residual O.C.T. Compound 
(4583; Sakura Finetek Japan Co., Ltd., Tokyo, Japan). After 
permeabilization with 0.1% Triton X-100 (HFH10; Thermo 
Fisher Scientific) for 5 min at room temperature, all slides 
were incubated with 3% bovine serum albumin (BSA) 
diluted from MACS BSA Stock Solution (130-091-376; 
Miltenyibiotec, Bergisch Gladbach, Germany) in PBS for 60 
min at room temperature. Then, the slides were incubated 
with an anti-βIII tubulin antibody (ab18207, 1:500; Abcam, 
Cambridge, UK) at 4 °C overnight. The next day, the slides 
were washed three times with PBS and incubated with Alexa 
Fluor 488-conjugated secondary antibodies (A-11008, 
1:1000; Thermo Fisher Scientific, Inc.) for 1 h at 37 °C in the 
dark. After three washes with PBS in the dark, ProLong Gold 
Antifade Mountant with DAPI (P36931; Thermo Fisher 
Scientific) was used to stain the nuclei for 10 min in the dark. 
The slides were observed and photographed under a fluores­
cence microscope (BZ-X700; KEYENCE, Tokyo, Japan). 
For negative controls, the primary antibody was replaced 
with BSA.

In Vitro Effects of SLCs on Neurite Formation in 
Neural Cells

To induce a neuronal-like phenotype, SH-SY5Y cells were 
stimulated in DMEM/F12 supplemented with 1% FBS and  
10 μM retinoic acid (Sigma–Aldrich, St Louis, MO, USA) for 
5 days according to previous reports16,26,27, and then seeded 
on the Nunc Lab-Tek II Chamber Slide system (Cat. No. 
154526PK; Thermo Fisher Scientific). ADSCs, conventional 
SLCs, and 3D SLCs were seeded (6 × 105 cells/well) in an 

insert (Falcon Permeable Support for a 24-well Plate with a 
0.4 µm Transparent PET Membrane, 353095; Corning, NY, 
USA) and co-cultured with SH-SY5Y cells for 48 h in an 
indirect contact manner, which involved sharing the same 
medium with SH-SY5Y cells. For the control group, 
SH-SY5Y cells were cultured alone. After co-cultivation, the 
slides were washed three times with PBS, and then immuno­
fluorescence staining was performed as described above. 
ImageJ v1.46r software (National Institute of Mental Health, 
Bethesda, MD, USA) with the NeurphologyJ plugin was used 
to analyze the immunofluorescence staining images, and the 
number of branching neurites and neurite length of each neu­
ron were calculated. According to previous reports16,28, this 
software is capable of automatically quantifying neuronal 
morphologies such as the number of branching neurites, neu­
rite length, and neurite branching complexity, and it has been 
verified and applied in previous experiments in SCs. The 
results are expressed as the relative length in the experimental 
group compared with the control group.

In Vivo Sciatic Nerve Injury Model and Cell 
Transplantation

Male BALB/c nu-nu nude mice at 8 weeks of age were sup­
plied by CIEA, JAC Inc. (Tokyo, Japan) and bred at the ani­
mal facility of Tokushima University for all experiments. 
After mice were anesthetized with isoflurane and the local 
skin was disinfected, a 1 cm incision was made in the right 
hind limb, and the biceps femoris muscle was bluntly sepa­
rated to expose the right sciatic nerve. The nerve was injured 
by cutting the central region as previously described29, and 
cell transplantation was performed immediately. ADSCs and 
conventional SLCs were digested with trypsin and suspended 
in PBS. For 3D SLCs, spheroids (2 × 104 cells/spheroid) 
were collected by pipette tip and gently washed twice with 
PBS. Then, a total of 1 × 106 cells in 100 µl PBS or PBS 
alone (control group) were directly administered to the site 
of the nerve defect of one mouse in each group. The wound 
was sutured, and footprint analysis was performed weekly 
until the animals were killed. The experiments and proce­
dures were approved by the Animal Care and Use Committee 
of the University of Tokushima.

Sciatic Function Index (SFI) Analysis

Quantitative in vivo functional recovery was evaluated post­
operatively using footprint analysis and the SFI30. Briefly, 
the hind paws of mice were painted with red ink, and the 
mice were allowed to walk down a white paper-covered 
track (length 50 cm, width 6 cm) at 1, 2, 3, and 4 weeks after 
the surgery. Three mice in each group were assessed, and 
each mouse walked along the track three times. The hind 
paw prints were scanned, and the print length (PL, distance 
between the heel and the third toe), toe spread (TS, distance 



4	 Cell Transplantation

between the first and the fifth toe), and intermediary toe 
spread (IT, distance between the second and the fourth toe) 
were measured to calculate the SFI using the following for­
mula: SFI = −38.3 × (EPL−NPL)/NPL + 109.5 × 
(ETS−NTS)/NTS + 13.3 × (EIT−NIT)/NIT−8.8 (E, experi­
mental foot; N normal foot)29.

Euthanasia and Harvesting of Tissue Specimens 
From Mice

After each mouse was killed, the gastrocnemius muscle of 
the injured limb was separated carefully and weighed imme­
diately. The relative wet weights of gastrocnemius muscles 
were obtained by dividing by the corresponding bodyweight 
of the mouse. The sciatic nerve containing the regenerated 
portion was carefully isolated, embedded in O.C.T. com­
pound, and immediately frozen in liquid nitrogen. Cryostat 
sections (5 μm) were mounted on glass slides and stored at 
−80 °C until immunofluorescence staining was performed.

Statistical Analysis

Data are expressed as the mean ± standard deviation. 
Statistical analysis and graph plotting were performed with 
GraphPad Prism 7.0 software (GraphPad Software, Inc. San 
Diego, CA, USA) and ImageJ v1.46r software. One-way 
analysis of variance (ANOVA) or two-way ANOVA with 
Tukey’s test was used to compare differences among 

multiple groups. All experiments were repeated at least three 
times. A p-value of 0.05 was considered to indicate statistical 
significance.

Results

Characteristics of SLCs Generated Using the  
3D Culture System

Human ADSCs were differentiated into SLCs using our pro­
tocol according to our previous report11. Representative 
images show the morphological changes in the 3D SLC 
group during the differentiation process (Fig. 1A). After 18 
days of differentiation, the cells aggregated into a tight spher­
oid with a slightly reduced volume. Adequate cell formation 
was maintained using the RCP μ-piece as a scaffold, as 
shown in Fig. 1B. Moreover, the expression of SC markers 
such as S100 calcium-binding protein B (S100B) and nerve 
growth factor receptor (NGFR) was significantly upregu­
lated in 3D SLCs compared with conventional SLCs, which 
demonstrated that the differentiation efficiency was improved 
using the 3D culture system (Fig. 1C).

3D SLCs Exhibited Enhanced Therapeutic 
Potential In vitro

In the in vitro functional evaluation, we examined the ability 
of SLCs to secrete neurotrophic factors and whether they 

Figure 1.  Three-dimensional (3D) SLC spheroids generated from ADSCs. (A) Representative image of cell morphology under light 
microscopy during the differentiation process. (B) The morphology of 3D SLC spheroids is shown after hematoxylin and eosin staining. 
(C) Gene expression levels of the Schwann cell markers S100B and NGFR were detected in ADSCs, conventional SLCs, 3D SLCs, and 
primary Schwann cells using RT-qPCR analysis (n = 4). Data are expressed as means ± SD. **P < 0.01, one-way ANOVA with Tukey’s 
post-test. Scale bar in A, 400 μm; B (left), 500 μm; B (right), 50 μm. ADSCs: Adipose-derived stem cells; NGFR: nerve growth factor 
receptor; SLC: Schwann-like cell; S100B: S100 calcium-binding protein B.
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could promote neurite outgrowth in neurons. NGF and 
GDNF secretion were significantly upregulated in both con­
ventional SLCs and 3D SLCs compared with ADSCs. 
However, the 3D SLC group had a greater secretion capacity 
(Fig. 2A, B). Immunofluorescence staining of βIII tubulin 
was used to estimate the number and length of neurites. After 
direct co-culture with SLCs, the neurite outgrowth of 
SH-SY5Y cells was significantly enhanced (Fig. 2C). The 
statistical results revealed significantly more neurite branch­
ing. Moreover, longer neurite extensions in SH-SY5Y cells 
were observed in the 3D SLC group after calculation via the 
NeurphologyJ plugin. All these observations confirmed the 
superiority of 3D SLCs over conventional SLCs and undif­
ferentiated ADSCs (Fig. 2D, E).

3D SLCs Promoted Motor Function and Structural 
Recovery in a Sciatic Nerve Injury Model

Next, we investigated the in vivo effect of 3D SLCs in a sci­
atic nerve injury nude mouse model. Immediately after injury, 
ADSCs, conventional SLCs, and 3D SLCs were transplanted 
into the injured area according to a previous report28, and 
motor functional recovery of the injured sciatic nerve was 
evaluated by footprint analysis. Representative walking foot­
prints of mice from each group at 4 weeks after cell engraft­
ment are shown in Fig. 3A. At day 7, footprint analysis 
showed that there were no statistically significant differences 
in the SFI among all groups. At 28 days after transplantation, 
the 3D SLC group demonstrated better motor function than 
both the conventional group and the ADSC group, as revealed 
by the highest SFI value and the greatest SFI improvement in 
the 3D SLC group (Fig. 3B, C). Moreover, we analyzed the 
gastrocnemius muscle weight in the injured limbs of each 
group because denervation could induce muscle atrophy. The 
relative weights of gastrocnemius muscles were highest in the 
3D SLC group, which confirmed the ability of 3D SLCs to 
promote nerve regeneration after injury (Fig. 3D, E). Finally, 
the injured nerve was observed, which showed some fibrous 
tissue connections in damaged nerves (Fig. 3F). Furthermore, 
βIII tubulin immunofluorescence staining showed incom­
plete nerve regeneration (Fig. 3G).

Discussion

We differentiated ADSCs into 3D SLC spheroids using a 
modified protocol with an RCP μ-piece for PNI treatment. 
The enhanced protocol uses non-gene editing methods, and 
its advantages include its ability to induce ADSCs to an SC 
phenotype with typical repair characteristics and increase 
NGF secretion11. In addition, 3D SLC spheroids exhibited 
enhanced therapeutic potential both in vitro and after trans­
plantation into a murine sciatic nerve injury model.

Morphological observations showed that SLCs and the μ-
piece formed a “CellSaic” in the 3D spheroids. This structure 
has been reported to effectively promote cell survival after 
transplantation31. The mRNA expression levels of the most 

commonly used mature SC markers, S100 and NGFR27,32, 
were significantly higher in 3D SLCs than in conventional 
SLCs, indicating their greater differentiation efficiency. This 
advantage is produced by the 3D culture system, which more 
accurately reflects physiological conditions18.

Paracrine secretion of neurotrophic factors by SLCs is an 
important mechanism for promoting nerve regeneration, and 
NGF and GDNF are the two most important factors8,33. We 
assessed the secretion of these factors using an ELISA, and 
our results showed that 3D SLCs exhibited greater secretion 
ability. To further determine whether 3D SLCs can function­
ally support neurite formation, we used a neuron-like human 
cell line, SH-SY5Y, which was induced by retinoic acid as a 
model to evaluate the potential of SLCs to promote axon 
growth16,26,27. By labeling βIII tubulin, which is a neuron-
specific protein, immunofluorescence staining was used to 
visualize the neurites16. In the co-cultivation experiment, 
both conventional SLCs and 3D SLCs showed high thera­
peutic potential for promoting neurite growth. Upon interac­
tion with SH-SY5Y cells, the 3D SLC group promoted 
increases in the number and length of neurites, which indi­
cated that 3D SLCs were beneficial for neuron growth.

To further verify the function of 3D SLCs, a widely used 
sciatic nerve injury model was used to explore their effect on 
PNI repair in vivo29,34. The results showed that ADSC, con­
ventional SLC, and 3D SLC transplantation could improve 
the SFI and prevent denervation-induced gastrocnemius mus­
cle atrophy. Consistent with the in vitro experiments, the 3D 
SLC group exhibited an enhanced ability to promote nerve 
repair after transplantation. In addition to the greater differen­
tiation efficiency and secretion capacity of 3D SLCs con­
firmed by the above in vitro experiments, the multicellular 3D 
spheroids retained their cell–cell and cell–ECM interactions, 
whereas conventional SLCs require trypsin digestion when 
preparing cell suspensions for transplantation. The ECM has 
been shown to effectively store growth factors secreted from 
cells35 and enhance cell adhesion and survival after transplan­
tation18,36. Moreover, human pluripotent stem cells (i.e., ES 
cells and iPS cells) have potential risks of tumorigenicity37 in 
clinical applications compared with our SLCs. Considering 
other cell types, we have already demonstrated that matured 
cells differentiated from ADSCs have low risks of tumorige­
neicity18. Therefore, consistent with previous studies16,36,38,39, 
the therapeutic cells delivered by the 3D spheroids in our 
study showed better therapeutic potential.

Although we successfully generated 3D SLC spheroids 
with enhanced therapeutic ability, this study still has some 
limitations. The current differentiation period is 18 days, 
which is relatively long. Because attempts to shorten the 
differentiation time have not been successful40, additional 
studies should be conducted to develop a shorter and more 
economical differentiation protocol. Moreover, even though 
we demonstrated that the regenerative ability of our 3D SLCs 
was significantly superior to that of ADSC administration 
alone, the efficiency of nerve regeneration is still not suffi­
cient because only an incomplete connection of the injured 
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Figure 2.  Three-dimensional (3D) SLCs exhibit enhanced therapeutic potential in vitro. The relative secretion of NGF (A) and GDNF 
(B) in the supernatant was analyzed by an enzyme-linked immunosorbent assay in the ADSC, conventional SLC, and 3D SLC groups  
(n = 4). Data are expressed as means ± SD. *P < 0.05; **P < 0.01, one-way ANOVA with Tukey’s post-test. (C) Representative 
images of SH-SY5Y cells after direct co-culture with ADSCs, conventional SLCs, and 3D SLCs. The neurites were visualized by 
immunofluorescent labeling of βIII tubulin (green). (D) Statistical analyses of the number of neurites per cell (n = 4). Data are expressed 
as means ± SD. *P < 0.05; **P < 0.01, one-way ANOVA with Tukey’s post-test. (E) Statistical analyses of the relative length of each 
neurite (n = 4). Data are expressed as means ± SD. *P < 0.05; **P < 0.01, one-way ANOVA with Tukey’s post-test. Scale bar in C, 
50 μm. SLCs: Schwann-like cells; NGF: nerve growth factor; GDNF: glial cell-derived neurotrophic factor; ADSC: Adipose-derived stem 
cell; DAPI, 4,’6-diamidino-2-phenylindole, dihydrochloride.
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Figure 3.  Three-dimensional (3D) SLCs promote motor function and structural recovery in vivo. (A) Representative images of the 
right hind paw prints of the control, ADSC, conventional SLC, and 3D SLC groups before injury and 1, 2, 3, and 4 weeks after injury. (B) 
Change in the SFI from 1 week to 4 weeks after injury (n = 3). Data are expressed as means ± SD. *P < 0.05 vs. control; **P < 0.01 vs. 
control; ##p < 0.01 vs. conventional SLCs, two-way ANOVA with Tukey’s post-test. (C) Statistical analyses of the differences between 
1 week and 4 weeks post-surgery (n = 3). Data are expressed as means ± SD. **P < 0.01, one-way ANOVA with Tukey’s post-test. 
(D) Representative images of the gastrocnemius muscle of the injured limb in the control, ADSC, conventional SLC, and 3D SLC groups 
at 4 weeks post-surgery. (E) The relative weights of gastrocnemius muscles in the control, ADSC, conventional SLC, and 3D SLC groups 
at 4 weeks post-surgery (n = 3). Data are expressed as means ± SD. *P < 0.05; **P < 0.01, one-way ANOVA with Tukey’s post-test. 
(F) Representative image of sciatic nerve regeneration after 3D SLC transplantation into the injured nerve region for 4 weeks. (G) βIII 
tubulin (green) expression was determined by immunofluorescence staining in the regenerated sciatic nerve. The dotted lines indicate 
the borders of injury sites. Scale bar in G, 200 μm. SLCs: Schwann-like cells; ADSC: Adipose-derived stem cell; SFI: Sciatic Function 
Index; DAPI, 4,’6-diamidino-2-phenylindole, dihydrochloride.
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nerve was observed. Especially in large nerve defects, guid­
ance for nerve stump growth is lacking, which prompted us 
to further combine the cells with more structurally support­
ive biomaterials such as a conduit34. Furthermore, the fate of 
transplanted SLCs remains unknown. Many transplanted 
animals are required for this cell tracking system because in 
vivo closed circumstances might be desirable for nerve 
regeneration. Thus, cell tracking experiments will be con­
ducted in the future to reveal the mechanism of the accelera­
tion of peripheral nerve regeneration using our 3D SLCs.

Conclusion

The results of this study demonstrate the feasibility of 3D 
SLC spheroids generated through a modified differentiation 
protocol combined with an RCP μ-piece as an alternative cell 
source to promote peripheral nerve regeneration. In vitro and 
in vivo experiments showed that the cells exhibited signifi­
cantly improved therapeutic potential. This method may have 
great potential for clinical application in PNI treatment.
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