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A B S T R A C T

Peripheral nerve injury usually impairs neurological functions. The excessive oxidative stress and disrupted
bioelectrical conduction gives rise to a hostile microenvironment and impedes nerve regeneration. Therefore, it is
of urgent need to develop tissue engineering products which help alleviate the oxidative insults and restore
bioelectrical signals. Melatonin (MLT) is an important endogenous hormone that diminishes the accumulation of
reactive oxygen species. Reduced graphene oxide (RGO) possesses the excellent electrical conductivity and
biocompatibility. In this study, a multilayered MLT/RGO/Polycaprolactone (PCL) composite scaffold was fabri-
cated with beaded nanostructures to improve cell attachment and proliferation. It also exhibited stable me-
chanical properties by high elastic modulus and guaranteed structural integrity for nerve regeneration. The live/
dead cell staining and cell counting kit assay were performed to evaluate the toxicity of the scaffold. JC-1 staining
was carried out to assess the mitochondrial potential. The composite scaffold provided a biocompatible interface
for cell viability and improved ATP production for energy supply. The scaffold improved the sensory and loco-
motor function recovery by walking track analysis and electrophysiological evaluation, reduced Schwann cell
apoptosis and increased its proliferation. It further stimulated myelination and axonal outgrowth by enhancing
S100β, myelin basic protein, β3-tubulin, and GAP43 levels. The findings demonstrated functional and morpho-
logical recovery by this biomimetic scaffold and indicated its potential for translational application.
1. Introduction

Peripheral nerve defect is usually caused by traumatic accidents as a
huge clinical challenge. The autologous nerve transplantation is the gold
standard applied for long defects of nerve tissue, especially when the
direct end-to-end suture is not suitable [1]. The primary disadvantage of
autograft transplantation is the loss of function in the donor site and the
limitation of donor tissue [2–4]. Nerve tissue engineering scaffolds are
under rapid development to promote peripheral nerve regeneration as a
type of promising alternative therapy [5].

Nerve guide conduit (NGC), an artificial nerve scaffold, can bridge the
nerve stumps between two nerve ends [6,7]. A variety of biomaterials
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approved by US Food and Drug Administration (FDA) have been fabri-
cated into commercial NGCs [8,9]. Polycaprolactone (PCL) is one of the
most available polymers approved by FDA and has been widely applied
as substrate material of NGC [10,11]. The low-cost PCL has been widely
used in the tissue engineering because it is chemically inert, rarely causes
immune responses to the body, and possesses good biocompatibility and
biodegradation [12]. PCL is a kind of synthetic aliphatic polyester that
can induce the alignment of Schwann cells (SCs). The fabrication of bi-
onic channels with PCL showed high mechanical strength and stability
for axonal regeneration [13]. The PCL fibers were crossed to form highly
ordered topological structure through electrospinning. More impor-
tantly, suitable porosity in the surface of the PCL scaffold is vital to
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diffusion of nutritional substances and cell migration [14]. Thus, PCL
plays an important role in the nerve tissue engineering.

The microenvironment imbalance occurs after peripheral nerve
injury [15]. Peripheral nerve microenvironment imbalance results in
oxidative stress and bioelectricity signal abnormality [16,17]. Pharma-
cotherapy is a traditional therapy for peripheral nerve defects. Melatonin
(MLT) is a pineal neurohormone, and it regulates the sleep/wake cycle by
combining with plasma membrane G-protein-coupled receptors MT1 and
MT2 [18–20]. The accumulation of oxidative substances and free radicals
is activated by acute inflammation after peripheral nerve injury. MLT has
proved to regulate the circadian rhythm, clear free radical as
anti-inflammatory and antioxidant bioactive substances when it enters
the body fluids [21,22]. Stazi et al. [23] found that MLT could promote
peripheral nerve axon regeneration via MT1 receptors [24]. MLT pro-
moted SC migration by activating Wnt/β-catenin signaling pathway, and
thus it reduced the apoptosis of SCs [24]. In addition, Qian et al. [25]
demonstrated that MLT-based scaffolds reestablished an ideal microen-
vironment for peripheral nerve regeneration by activating autophagy,
thus MLT helped clear the nerve debris and promoted neural prolifera-
tion by restoring mitochondrial functions of SCs. A variety of studies
reported that MLT inhibited the formation of neuroma and collagen
following trauma on peripheral nerves to promote the axon outgrowth
and myelination [26]. However, the study it is still unclear if melatonin
can promote nerve repair in addition to other bioactive materials, espe-
cially nanomaterials to exert synergistic effects on long-range peripheral
nerve defects.

Graphene is recognized as a kind of safe, biocompatible, and func-
tional biomedical nanomaterial widely applied for tissue engineering,
and it has drawn great attention in recent years [27]. In 2014, Gu et al.
[28] reported the construction of graphene nanoparticles for cell growth.
Reduced graphene oxide (RGO) is the reduced product of the extremely
oxidized graphene derivative, graphene oxide (GO), and RGO possesses
better conductivity than GO [29]. Bioelectricity signal is an essential
factor in peripheral nerve microenvironment, due to the electroactive
property of the nerve tissues and thus the recovery of bioelectricity signal
exerts a vital effect on peripheral nerve regeneration [30]. Conductive
NGCs demonstrated that accelerated the recovery of bioelectricity, and it
induced angiogenesis of peripheral nerves [31]. In addition, PCL loaded
with nanoparticles was confirmed to increase biophysical properties of
Scheme 1. Schematic diagram of electrospinning NGC a
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NGCs to better mimic some physical requirements during nerve repair
[32,33].

In this study, a functional composite NGC loaded with MLT and RGO
was constructed via electrospinning technology. The morphology, hy-
drophilicity, and mechanical properties of the composite scaffold were
measured, and rat Schwann 96 cells (RSC 96) were used to evaluate the
biocompatibility, cellular proliferation, and neural differentiation in
vitro. The MLT/RGO/PCL NGCs (Scheme 1) were applied to repair a 10
mm sciatic nerve defect in a Sprague Dawley (SD) rat for 8 weeks in vivo.
A series of morphology and functional experiments were designed to
evaluate the effects of multifunctional antioxidant and electro-
conductive nerve scaffolds on peripheral nerve regeneration.

2. Experimental section

2.1. Materials

The PCL (30 kDa) was purchased from HENGQIU (Suzhou, China).
The MLT was purchased from Sigma-Aldrich (Shanghai, China), and the
RGO nanoparticles were purchased from XFNANO (Nanjing, China).
DCM was purchased from Aladdin (Shanghai, China), and DMF was
purchased from Macklin (Shanghai, China). The RSC 96 were provided
by the National Collection of Authenticated Cell Cultures (Shanghai,
China). The Fetal Bovine Serum (FBS), penicillin/streptomycin solution,
0.25% Trypsin-EDTA (1x), and Dulbecco's Modified Eagle's Medium
(DMEM) with 4.5 g/L D-Glucose were purchased from Gibco (USA). The
LIVE/DEAD Cell Imaging Kit was purchased from Thermo Fisher Scien-
tific (USA), the Annexin V-FITC Apoptosis Detection Kit was purchased
from Beyotime (China), and the JC-1 Mitochondrial Membrane Potential
Assay Kit was purchased from MCE (Shanghai, China). The CCK8 was
purchased from Absin (Shanghai, China), and all the antibodies were
purchased from Abcam (USA). The 3–0 nylon sutures, 6–0 nylon sutures,
and sterile scalpel blades were purchased from Jinhuan Medical
(Shanghai, China).
2.2. Fabrication of MLT/RGO/PCL, MLT/PCL, RGO/PCL, and PCL
membranes by electrospinning

The 15% (W/V) PCL and 1% (W/WPCL) MLT were dissolved in a
nd its application for sciatic nerve long-gap defect.
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mixed solution of DCM and DMF (7:3, V/V), and 1% (W/WPCL) RGO
nanoparticles were added to disperse to the mixed solution after 10 min
ultrasonic. A 10 mL injector with a 20G diameter was used to fabricate
the membranes in the electrospinning machine (Dongwen High Voltage
Power Supply Plant, Tianjin, China) at 1 mL h�1. The eligible membranes
were fabricated under 12 kV high voltage and �4 kV low voltage. The
membranes were placed dry and avoided light. The 12 � 150 mm elec-
trospun membranes were rolled into NGCs with 2.6 mm inside diameter.

Characterization, Hydrophilicity, Electrical Conductivity, and Me-
chanical Properties of Electrospun Membranes: SEM (Sirion 200, USA)
was used to observe the characteristics of electrospun membranes and
NGCs. The membranes with metal spraying were measured under the
voltage of 15 kV. The surface and cross-section of NGCs were also
measured through SEM. The hydrophilicity of electrospun membranes
was measured by Contact Angle Meter (DSA100, German) through the
angle formed between the water droplets and membranes. The electrical
conductivity of MLT/RGO/PCL scaffolds was evaluated by a three-
electrode system (CHI660D, China) at room temperature. The mechani-
cal properties of NGCs were measured by the universal material testing
machine (Zwick/Roell Z020, German).

2.3. Cell viability and proliferation assay

RSC 96 were cultured in DMEM with 4.5 g/L D-Glucose, 10% FBS,
and 1% penicillin/streptomycin solution at 37 �C with 5% CO2. 2 � 104

RSC 96 were cultured on the MLT/RGO/PCL, RGO/PCL, MLT/PCL, and
PCL membranes with germfree. The adhesion and viability of RSC 96
were measured by LIVE/DEAD Cell Imaging Kit, Annexin V-FITC
Apoptosis Detection Kit, and JC-1 Mitochondrial Membrane Potential
Assay Kit. The stained cells were observed by Confocal Laser Scanning
Microscope (Senterra R200-L, German) and analyzed by Image J 1.48
(USA). The Proliferation of RSC96 was measured by CCk8 after 1, 3, 5,
and 7 days, and the OD450 of culture solution showed the result.

2.4. Cell protein and mRNA level assay

Western Blotting was used to measure the relative protein level of
RSC 96 that cultured with electrospun membranes for 4 days. The total
proteins were collected and transferred onto PVDF membranes. And the
samples were incubated at 4 �C overnight with several primary anti-
bodies, anti-S100β (1:2000, Abcam, USA), anti-MBP (1:5000, Abcam,
USA), anti-β3-Tubulin (1:1000, Abcam, USA), anti-GAP43 (1:1000,
Abcam, USA), anti-Ki67 (1:5000, Abcam, USA), and GFAP (1:8000,
Abcam, USA). Real-time PCR (qPCR) was used to measure the relative
mRNA level of RSC 96 that cultured with electrospun membranes for 4
days. The total RNA was collected by TRIzol. (Thermo Fisher Scientific,
USA). RNA was then reverse-transcribed into cDNA and run on a real-
time PCR biosystem (Applied Biosystems, USA). The primer sequences
were S100β (Forward (50–30) ATGGTTGCCCTCATTGATGTCTTCC,
Reverse (50–30) ACCACTTCCTGCTCTTTGATTTCCTC), MBP (Forward
(50

–30) TCTGGAAAGCGAGAATTAGCATCTGAG, Reverse (50
–30)

ACTGTCTTCTGAGGCGGTCTGAG), Ki67 (Forward (50
–30) GCCAAGAA-

GACGACTCAAGAGACTG, Reverse (50
–30) TGTGCCGAAGACTCCTT

AAACTCATC), β3-Tubulin (Forward (50
–30) TGGAGAACACGGATGA-

GACCTACTG, Reverse (50
–30) GGTAGCAGACACAAGGTGGTTGAG),

GAP43 (Forward (50
–30) TCTGAGGAGAAGAAGGGCGAAGG, Reverse

(50
–30) AGGACGGCGAGTTATCAGTGGTAG), and GAPDH (Forward

(50
–30) TCGTGGAGTCTACTGGCGTCTT, Reverse (50

–30) AGGGA
GTTGTCATATTTCTCGTGGTTC).

2.5. Animal surgery

The 25 male SD rats, weighing from 200 to 250 g, were placed at the
SPF (Specific Pathogen Free) level Laboratory Animal Room of Shanghai
Jiao Tong University. At random, these rats were divided into 5 surgical
groups, including autograft (5 rats), PCL (5 rats), MLT/PCL (5 rats),
3

RGO/PCL (5 rats), and MLT/RGO/PCL (5 rats) groups. These rats were
anesthetized with 40 mg kg�1 pentobarbital sodium by peritoneal in-
jection. We structured a 10-mm-long sciatic nerve defect in each rat, and
we used the above 12-mm-long nerve guide conduit to bridge the
damaged nerve. In the autograft group, we reversed the 10-mm-long
sciatic nerve dissected by 180� to bridge the damaged sciatic nerves.
The 6–0 nylon sutures were used to suture nerve guide conduit and
nerve, and 3–0 nylon sutures were used to suture muscle and skin. For
infection prevention, we injected 8 � 105 units of penicillin into the rats
intraperitoneally. These rats were observed for 8 weeks. In this study, the
process of animal surgery was in accordance with the aseptic principles
strictly, and all animals were performed according to the guidelines
approved by the Institutional Animal Care and Use Committee of
Shanghai Jiao Tong University (SJTU, No. A2021090-1).

2.6. Functional recovery assay

We evaluated the functional recovery of regenerated sciatic nerve
through walking trace analysis at 16 weeks. For recording footprints, the
SD rats whose hind feet were painted with gentian violet were allowed to
walk on the surface of a white paper. We measured the length from the
second toe to the fourth toe (IT), the first toe to the fifth toe (TS), and the
heel to the third toe (PL). Normal feet (N) and experimental feet (E) were
both recorded. “SFI ¼ 0” means the great function of the sciatic nerves,
and “SFI¼ -100”means entire sciatic nerve function loss. Thus, SFI was a
normal number between �100 and 0. SFI ¼ 109.5 (ETS – NTS)/NTS -
38.3 (EPL - NPL)/NPL þ13.3 (EIT - NIT)/NIT - 8.8.

2.7. Electrophysiological recovery assay

NCV of the affected side was calculated through the distance and
latency between sciatic nerve stumps. At 8 weeks after surgery, these rats
were monitored through electrophysiological assessments. For the
exposure of the regenerated sciatic nerve, these rats were anesthetized
with appropriate pentobarbital sodium intraperitoneally. In the electro-
myogram room, a needle electrode was implanted on the inside of rats’
right gastrocnemius muscle to record electromyography. And we placed
bipolar electrodes at proximal and distal regenerated nerves to collect
single electrical signals.

2.8. Morphological recovery assay

At 8 weeks after surgery, we excised the 10-mm-long regenerated
sciatic nerve and affected gastrocnemius muscle of rats from autograft,
PCL, MLT/PCL, RGO/PCL, and MLT/RGO/PCL groups. We cut the re-
generated nerves, fixed by 2.5% glutaraldehyde solution for 2 h at 4 �C,
into ultrathin 5 μm thick sections. With 80 kV voltage, these samples
were used for TEM. Regenerated nerves were also fixed by 4% para-
formaldehyde (PA) for 24 h to cut into 10 μm thick sections. Then, the
samples were respectively stained with HE for morphological observa-
tion. We used the Image-Pro Plus Software to measure the regenerated
axon area and number, the thickness of the myelin sheath, and the
average myelinated axon diameter. The affected gastrocnemius muscles
were stained with the HE, and we selected random fields of view to
evaluate the muscle fibers through Image-Pro Plus. Pm is the percentage
of muscle fiber area, Am is the area of muscle fibers, and At is the whole
area of the field. PMwas used to assess the muscle by Pm. Pm¼ Am/At�
100%.

2.9. Immunofluorescence and immunohistochemistry staining assay

The paraffin-embedded sciatic nerve sections were incubated at 4 �C
overnight with the following primary antibodies: anti-S100β (1:100,
Abcam, USA), anti-CD-3 (1:150, Abcam, USA), anti-Ki67 (1:500, Abcam,
USA), anti-C-caspase-3 (1:100, Abcam, USA), anti-MBP (1:1000, Abcam,
USA), anti-β3-Tubulin (1:2000, Abcam, USA), anti-GAP43 (1:100,
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Abcam, USA), and DAPI (1:1000, Abcam, USA) was used to stain the
nuclei. The results were measured by Fluorescence Microscope and Op-
tical Microscope (Olympus CX33, Japan).

2.10. Statistical analysis

Mean � s.d. values were determined from more than three indepen-
dent experiments. To determine the statistical significance, P values were
determined by Student's t-test or ANOVA with Bonferroni correction.
Prism6 software was used for statistics analysis.

3. Results

3.1. Fabrication and characterization of scaffolds

The functional composed membranes were fabricated by electro-
spinning in the field with 12 kV high voltage and �4 kV low voltage. The
PCL, MLT, and RGO were added into a mixed solution of dichloro-
methane (DCM) and N, N-dimethylformamide (DMF) to fabricate the
electrospun membranes. MLT/PCL, RGO/PCL, and pure PCL electrospun
membranes were also fabricated. The surface of electrospun membranes
and cross-section of NGCs were observed through scanning electron
microscope (SEM), and the stable topology of fibers (Fig. 1A and B,
Supplementary Fig. 1) was exhibited. The uniform nanofibers of MLT/
RGO/PCL membrane with a similar diameter (124 � 11 nm) for all
membranes for exchange of nutrient substance and cell attachment. The
small pieces of these electrospun membranes were rolled into several 10
mm NGCs with a 2.6 mm inner diameter (Fig. 1C).

The electrical conductivity of four scaffolds was evaluated by a three-
electrode system. The MLT/RGO/PCL and RGO/PCL scaffolds displayed
a relatively high conductivity of 5.38 � 0.21 � 10�4 S/cm and 5.28 �
0.13 � 10�4 S/cm.
Fig. 1. Characterization, mechanical properties, and hydrophilicity of composite M
trospun membranes by 5.0k � and 10.0k � magnification, respectively. (C) Cross-s
respectively. (D) Mechanical properties of PCL, MLT/PCL, RGO/PCL and MLT/RGO/P
RGO/PCL, n ¼ 5, mean � SD, *p < 0.05.
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The mechanical property of NGC is one of the most significant char-
acteristics to maintain the tube structure for nerve regeneration in vivo. A
universal material testing machine (Zwick/Roell Z020, German) was
applied for the mechanical properties testing of PCL, MLT/PCL, RGO/
PCL, and MLT/RGO/PCL scaffolds. The Young's modulus (Fig. 1D)
significantly increased with the addition of RGO nanoparticles (p <

0.01), and it verified the increasing mechanical properties of electrospun
scaffolds blended with nanoparticles [32]. The ductility of RGO/PCL and
MLT/RGO/PCL scaffolds was also significantly superior to the scaffolds
without RGO (p< 0.01). However, there was no significant improvement
of young's modulus with the addition of MLT. Thus, MLT/RGO/PCL and
RGO/PCL NGCs possess more potential for peripheral nerve regeneration
from the view of mechanical properties.

The hydrophilicity of these scaffolds was tested by Contact Angle
Meter (DSA100, German) by measuring the angle formed between the
water droplets and membranes (Fig. 1E). PCL as a hydrophobic bioma-
terial, the average water contact angle of was 129.3 � 2.0�. The average
water contact angle of RGO/PCL scaffolds was 133.4 � 1.9�, which was
significantly higher than PCL (p < 0.05). The hydrophilicity of scaffolds
increased with the addition of RGO nanoparticles. The average water
contact angle of MLT/PCL scaffolds (117.5 � 1.2�) was significantly
lower than PCL (p < 0.05). This suggested that the mixture with MLT
which was slightly soluble in water increased the hydrophilicity.

3.2. Biocompatibility of scaffolds In vitro

The cell viability of RSC 96 was tested on PCL, MLT/PCL, RGO/PCL,
and MLT/RGO/PCL scaffolds. RSC 96 were cultured on these scaffolds
mentioned above at the density of 2� 104 cells/cm2 for 24 h to verify the
cytotoxicity of these scaffolds by Live/Dead Cell Imaging Assay Kit
(Thermo Fisher Scientific, USA). Live cells were observed as green fluo-
rescence under laser scanning confocal microscopy (TCS SP8 STED 3X,
LT/RGO/PCL scaffolds. (A–B) SEM images of composite MLT/RGO/PCL elec-
ection SEM image of composite MLT/RGO/PCL conduit by 50x magnification,
CL, n ¼ 4, mean � SD. (E) Hydrophilicity of PCL, MLT/PCL, RGO/PCL and MLT/



Fig. 2. Cytotoxicity and viability testing in vitro. (A,C) Cytotoxicity of RSC 96 on PCL, MLT/PCL, RGO/PCL, and MLT/RGO/PCL scaffolds by live/dead cell imaging
assay. (B,D) Cytotoxicity of RSC 96 on PCL, MLT/PCL, RGO/PCL, and MLT/RGO/PCL scaffolds by Annexin V-FITC apoptosis assay. (E) Cell viability (OD) on PCL,
MLT/PCL, RGO/PCL, and MLT/RGO/PCL scaffolds after 1, 3, 5, and 7 days by CCK8 assay, n ¼ 4, *p < 0.05.
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China), and dead cells were observed as red fluorescence (Fig. 2A). The
results showed that these scaffolds loaded with MLT or RGO were
nontoxic with cell viability of over 80% (Fig. 2C). The cell viability of
RSC 96 on MLT/RGO/PCL scaffolds is 93.8% � 3.9 that significantly
higher than other scaffolds (p < 0.05). Thus, the MLT/RGO/PCL com-
posite scaffolds indicated excellent biocompatibility. RSC 96 were
cultured on these scaffolds mentioned above at the density of 1 � 105

cells/cm2 for 24 h to measure cell viability by Annexin V-FITC Apoptosis
Detection Kit (Beyotime, China) (Supplementary Fig. 2). Flow Cytometer
(Attune CytPix, USA) was used to detect the apoptotic cells with valgus of
5

phosphatidylserine (Fig. 2B). The results showed high cell viability of
RSC 96 on all scaffolds with no significant differences (p > 0.05)
(Fig. 2D).

RSC 96 were then cultured on PCL, MLT/PCL, RGO/PCL, and MLT/
RGO/PCL scaffolds at the density of 2 � 104 cells/cm2 for 1, 3, 5, and 7
days to measure the cell viability and proliferation by Cell Counting Kit-8
(CCK8) (Absin, China). The cell viability of RSC 96 on MLT/PCL, RGO/
PCL and MLT/RGO/PCL was significantly higher than PCL scaffolds at
different time points (p < 0.05) (Fig. 2E). MLT/PCL scaffolds with the
release of MLT have higher cell viability than other scaffolds at 1 d (p <



Fig. 3. Cell mitochondrial potential testing in vitro. (A,B) Mitochondrial potential of RSC 96 on PCL, MLT/PCL, RGO/PCL, and MLT/RGO/PCL scaffolds by JC-1
mitochondrial membrane potential assay, n ¼ 4, *p < 0.05.

Fig. 4. Western blotting and qPCR results. (A) S100β, MBP, Ki67, β3-Tubulin, and GAP43 expression of RSC 96 on PCL, MLT/PCL, RGO/PCL, and MLT/RGO/PCL
scaffolds. (B–F) Relative mRNA expression compared with GAPDH, n ¼ 3, *p < 0.05.

H. Jiang et al. Materials Today Bio 13 (2022) 100211
0.05), and MLT/RGO/PCL scaffolds have higher cell viability than other
scaffolds at 5 and 7 d (p < 0.05). These results showed that the scaffolds
loaded with MLT or/and RGO were beneficial for cell proliferation,
6

especially the MLT/RGO/PCL scaffolds.
The mitochondrial potential of RSC 96 was measured by the JC-1

Mitochondrial Membrane Potential Assay Kit (MCE, China). RSC 96
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were cultured on PCL, MLT/PCL, RGO/PCL, and MLT/RGO/PCL scaf-
folds at the density of 1000 cells/cm2 for 24 h, and images were observed
under a laser scanning confocal microscopy (TCS SP8 STED 3X, China).
JC-1 aggregated in the mitochondrial matrix to form JC-1 dimers of red
fluorescence indicated the high mitochondrial potential of cells (Fig. 3A).
On the contrary, JC-1 monomers with low mitochondrial potential were
observed as green fluorescence. The mitochondrial depolarization of RSC
96 on MLT/RGO/PCL scaffolds was significantly less than other scaffolds
(p < 0.05) (Fig. 3B). RSC 96 showed higher cell viability on MLT/RGO/
PCL scaffolds.

3.3. Neural markers assay In vitro

The cell proliferation and attachment of cells were also tested by
Western Blotting and qPCR. RSC 96 were cultured on the PCL, MLT/PCL,
RGO/PCL, and MLT/RGO/PCL scaffolds at the density of 1 � 105 cells/
cm2 for 4 days. We measured the expression of several neural markers to
test cell growth and proliferation for axonal extension both on protein
Fig. 5. Cell proliferation and apoptotic state evaluation of five groups by immunofluo
of Ki67 (Green), C-caspase-3 (Red), and nuclei (Blue). (B) Relative level of Ki67 (Gree
values � SD, n ¼ 5, *p < 0.05.
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and mRNA level (Fig. 4).

3.4. NGCs implantation and toxicity effect in vivo

We then implanted the PCL, MLT/PCL, RGO/PCL, and MLT/RGO/
PCL conduits in 10 mm rat sciatic nerve defect models to evaluate their
effect on nerve regeneration (n ¼ 5). No inflammation or death occurred
after animal surgery, and no collapse of conduit was observed. The
toxicity effect of MLT and RGO was tested over 8 weeks in vivo. The
hematoxylin-eosin (HE) staining showed that no remarkable morpho-
logical change was observed in the heart, liver, spleen, lung, and kidney
of all rats. It indicated the nontoxicity of these conduits in vivo (Sup-
plementary Fig. 3).

3.5. Immunofluorescent staining of regenerated nerve

The regenerated nerves were observed that bridged the stumps suc-
cessfully when re-exposed. Ki67 is a nuclear protein that indicates cell
rescent staining at 8 weeks after surgery. (A) Immunofluorescent staining images
n). (C) Relative level of C-csaspase-3 (Red). The results of relative level are mean
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proliferation. The relative level of Ki67 immunofluorescent staining
showed a significantly higher proliferation state of axons in the MLT/
RGO/PCL group than autograft group (p < 0.05) (Fig. 5A and B). How-
ever, the proliferation levels of the MLT/PCL and RGO/PCL groups were
significantly lower than the autograft group and higher than the PCL
group (p< 0.05). The result suggested that the addition of MLT and RGO
together enhanced the axonal extension.

We evaluated the apoptotic state of regenerated nerves by C-caspase-
3 immunofluorescent staining (Fig. 5A). The expression of C-caspase-3
immunofluorescent staining was exceedingly low in MLT/RGO/PCL,
RGO/PCL, MLT/PCL, and autograft group (Fig. 5C). Higher C-caspase-3
expression level in the PCL group was observed than that in other groups
(p < 0.05), and significantly lower apoptotic expression in MLT/RGO/
PCL and autograft group (p< 0.05). These also showed the superiority of
MLT/RGO/PCL to enhance cell proliferation and reduce apoptosis.

S100β is a marker of SCs commonly used for the assessment of glial
cell expression. The expression level of S100β in the MLT/RGO/PCL
Fig. 6. Remyelination and anti-inflammation of five groups by immunofluorescent st
(Green), CD-3 (Red), and nuclei (Blue). (B) Relative level of S100β. (C) Relative lev
< 0.05.
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group was significantly higher than in other groups (p < 0.05), which
also suggested that the addition of MLT and RGO together enhanced SCs
proliferation for axonal extension (Fig. 6A and B).

CD-3 could be found on the surface of T cell as a leukocyte antigen.
We evaluated the immune state of regenerated nerves by CD-3 immu-
nofluorescent staining (Fig. 6A). The relative expression level was
significantly lower in MLT/RGO/PCL and RGO/PCL group than other
groups (p < 0.05), especially lower than the autograft group (p < 0.05)
(Fig. 6C). The addition of RGO promoted the recovery of the immune
state after nerve defect, and MLT accelerated the recovery (p < 0.05).
3.6. Assay of regenerated nerve

Myelin basic protein (MBP) is a classic marker to evaluate the
regeneration of myelin fiber. The immunohistochemistry staining of MBP
in MLT/RGO/PCL and autograft group showed a significantly higher
expression level than other groups (p < 0.05) (Fig. 7A and F). However,
aining at 8 weeks after surgery. (A) Immunofluorescent staining images of S100β
el of CD-3 (Red). The results of relative level are mean values � SD, n ¼ 5, *p



Fig. 7. Nerve Regeneration and Myelination at 8 weeks after surgery. (A) Immunohistochemistry staining images of MBP. (B) Immunohistochemistry staining images
of β3-Tubulin. (C) Immunohistochemistry staining images of GAP43. (D) HE staining of regenerated nerves. (E) TEM images of myelinated axon of regenerated nerve.
(F) Relative level of MBP. (G) Relative level of β3-Tubulin. (H) Relative level of GAP43. (I) Analysis of myelinated axon diameter. (J) Average thickness of myelin
sheath. The results of relative level are mean values � SD, n ¼ 5, *p < 0.05.
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there was no significance comparing MLT/RGO/PCL group to the auto-
graft group (p > 0.05). The results demonstrated that MLT/RGO/PCL
composite scaffolds could effectively accelerate the axonal regeneration
which were similar to autograft transplantation at 8 weeks after surgery.

β3-Tubulin in neural cells is also related to the axonal extension.
GAP43, also known as neuromodulin, participates in extracellular
growth, synaptic development, and axon regeneration. These results
revealed a similar trend in the expression of β3-Tubulin and GAP43
(Fig. 7B, C, G and H, Supplementary Fig. 4). For these two markers, the
9

expression levels of β3-Tubulin and GAP43 in the MLT/RGO/PCL group
were significantly higher than in other groups (P < 0.05), suggesting the
better regeneration effect with the addition of MLT and RGO at 8 weeks
after surgery.

HE staining and transmission electron microscopy (TEM) observa-
tions were used to evaluate myelinated regeneration. HE staining images
of regenerated nerves showed that there were fewer gaps and vacuolar
defects in MLT/RGO/PCL and graft group than in other groups (Fig. 7D).
The denser and organized structures of nerves in the MLT/RGO/PCL
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group suggested the great therapeutic effect of conduit with the addition
of MLT and RGO. We measured the diameter, and thickness of myelin-
ated axons in five groups (Fig. 7E). The diameter of myelinated axons in
the MLT/RGO/PCL group had no significant differences with the auto-
graft group (p > 0.05), but was significantly higher than GO/PCL, MLT/
PCL, and PCL group (p < 0.05) (Fig. 7I). In addition, the diameter of
myelinated axons in the MLT/RGO/PCL group and RGO/PCL group were
remarkable higher than autograft group (p < 0.05), and MLT/RGO/PCL
group was higher than RGO/PCL group (p < 0.05) (Fig. 7J). The growth
of myelinated axons in the MLT/RGO/PCL group was better than the
autograft group at 8 weeks after surgery.

3.7. Morphological assay of regenerated nerve

We measured the muscle fiber area to evaluate the functional
regeneration of the damaged nerve because the sciatic nerve controls the
gastrocnemiusmuscle (Supplementary Fig. 5A). The averagemuscle fiber
area was calculated by the area of muscle fibers (Am) and the percentage
of muscle fiber area (Pm). The average muscle fiber area in MLT/RGO/
PCL group (85.1%� 1.6) and graft group (81.6%� 3.4) was much higher
than in other groups (p < 0.05) (Supplementary Fig. 5B). The results
showed that MLT/RGO/PCL conduit had a similar ability with autograft
to reduce muscle atrophy (p > 0.05).

The electroactivity of the regenerated nerves was measured by elec-
trophysiological tests (Fig. 8A, Supplementary Fig. 6). The nerve con-
ducting velocity (NCV) of MLT/RGO/PCL group (34.8 � 3.4 m/s) was
significantly higher than autograft group (29.2 � 5.6 m/s), GO/PCL
group (20.3� 1.1m/s), MLT/PCL group (21.8� 2.5m/s), and PCL group
(13.0 � 4.4 m/s) (p < 0.05) (Fig. 8C). Thus, the electrophysiology was
higher in MLT/RGO/PCL group than the autograft group at 8 weeks after
surgery. In addition, walking tracking was used to evaluate the recovery
Fig. 8. Morphological assessment of regenerated nerve and distal muscle. (A) Electr
operated limb. (C) SFI values of regenerated nerves. (D) NCV of regenerated nerves
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degree of function (Fig. 8B). The sciatic function index (SFI) value of
MLT/RGO/PCL group was �35.6 � 2.2, which was significantly higher
than RGO/PCL, MLT/PCL, and PCL group (p< 0.05) (Fig. 8D). According
to the results of SFI, the autograft group (�35.2� 1.5) had no significant
differences with MLT/RGO/PCL group (p > 0.05), suggesting a similar
effect on functional recovery at 8 weeks after surgery.

4. Discussion

In this study, we designed an MLT/RGO/PCL composite scaffold with
beaded structures for cell attachment and proliferation through electro-
spinning. Electrospinning is a traditional method to fabricate tissue en-
gineering transplants and has a large number of advantages, for instance
the stable topology, sizeable gap, and great mechanical properties of
electrospun scaffolds for exchange of nutrient substance and cell growth
in vivo. We then successfully fabricated the MLT/RGO/PCL composite
scaffolds with superior mechanical properties and biocompatibility.
Natural polymers such as cellulose and collagen may easily cause conduit
collapse and nerve contracture [34]. In contrast, the scaffolds fabricated
by PCL exhibit high mechanical properties to maintain cube structure for
long-time nerve regeneration in vivo. Therefore, PCL is commonly uti-
lized as the supporting scaffold material of tissue engineering implants
[35–38].

Graphene is a type of classical two-dimensional nanomaterial with
good biocompatibility and electrical conductivity [39]. The excellent
biocompatibility of RGO nanomaterials and its better electrical conduc-
tivity than graphene and graphene oxide were verified by a variety of
studies [40,41]. 1% (W/WPCL) RGO and 1% (W/WPCL) MLT has
respectively reported that have less cytotoxicity and could promote cell
adhesion and proliferation on PCL scaffolds [20,29]. Compared with PCL
scaffolds, higher cell viability and mitochondrial potential of RSC 96 on
omyograms of regenerated nerves from the operated limb. (B) Footprints of the
. The results of relative level are mean values � SD, n ¼ 5, *p < 0.05.



H. Jiang et al. Materials Today Bio 13 (2022) 100211
RGO/PCL scaffolds suggested that the scaffolds could induce higher cell
proliferation and attachment with the addition of RGO for peripheral
nerve regeneration. A similar conclusion was reported that the
RGO-coated PCL/Gelatin scaffolds enhanced the cell attachment and
proliferation of embryonic neural progenitor cells seeded on them by
Gir~ao et al. [42]. The values of cell mitochondrial potential testing
showed that MLT/RGO/PCL scaffold significantly improved mitochon-
drial function of RSCs, and the relative level is exceedingly high
compared to the literature [43,44]. In addition, Carvalho et al. reported
that the better mechanical properties of the scaffold were due to the
addition of a variety of nanoparticles [32,33]. In this study, Young's
modulus and ductility were significantly increased with the addition of
RGO nanoparticles. This is very helpful to the long-term support for nerve
regrowth by providing structural integrity in vivo.

Actually, electrically conductive materials could improve the growth,
attachment, and differentiation of neural cells under specific electrical
stimulation [45–47]. Wang et al. reported that the RGO-coated Antheraea
pernyi silk fibroin/Poly (L-lactic acid-co-caprolactone) scaffolds acceler-
ated nerve regeneration under electrical stimulation [48]. However, the
most appropriate parameter setting of electrical stimulation device has
not been reported, and electrical stimulation may cause immune rejec-
tion to the body [36].

Electrically conductive materials are considered to promote rebalance
of the regenerated microenvironment as the medium for bioelectricity
signal conduction [49,50]. In this study, all results from in vivo studies
showed that RGO/PCL NGCs reduced the cell apoptosis and increased the
cell proliferation with the higher Ki67 and lower C-caspase-3 expression
levels than PCL NGCs, and accelerated the myelination and axonal
outgrowth by enhancing the expression of S100β, myelin basic protein,
β3-tubulin, and GAP43. These findings demonstrated the remarkable
improvement of the regenerated microenvironment for peripheral nerve
repair by RGO-based scaffolds.

The microenvironment imbalance after nerve defect is also induced
by severe oxidative stress [51]. MLT has been demonstrated to clear free
radicals in the human and animal body as classical antioxidant and
anti-inflammatory chemicals [52]. With the binding to G-pro-
tein-coupled receptors MT1 and MT2, MLT expresses a variety of bio-
logical properties [18]. Stazi et al. reported that MLT could promote
axonal extension via MT1 receptors for peripheral nerve regeneration
[23]. In addition, MLT could activate the Wnt/β-catenin signaling
pathway to promote SC migration and reduce SC apoptosis [24]. In this
study, addition of MLT in the composite scaffold improved the hydro-
philicity and biocompatibility of electrospun scaffolds for cell attachment
and proliferation, and improved ATP synthesis for energy supply by
increasing the mitochondrial potential in vitro. The immunohistochem-
istry staining findings showed that MLT/PCL-based composite NGCs
reduced cell apoptosis with lower C-caspase-3 levels than PCL NGCs, and
relevant axonal marker expression was significantly higher than PCL
group in vivo. The incorporation of MLT in the scaffold helped reestab-
lish an ideal microenvironment for peripheral nerve regeneration.

Furthermore, we fabricated a functional MLT/RGO/PCL composite
scaffold to evaluate the effect in 10mm rat sciatic nerve defect models. Of
note, when performing the surgery, we inserted the proximal and distal
nerve stumps into the conduit chamber for 1 mm. Therefore, the length of
scaffold is 12 mm to ensure that the distance of regenerated nerve is also
10 mm. The characterization studies demonstrated that MLT and RGO
improved the hydrophilicity and mechanical properties of scaffolds. The
MLT/RGO/PCL scaffolds enhanced the cell attachment, proliferation,
and mitochondrial potential to increase the viability of SCs seeded on the
scaffolds in vitro for nerve regeneration. In in vivo study, the MLT/RGO/
PCL scaffolds reduced cell apoptosis and increased its proliferation
indicated by high Ki67 and low C-caspase-3 expression levels, and
stimulated the myelination and axonal outgrowth by increasing relevant
marker expression levels such as S100β, myelin basic protein, β3-tubulin,
and GAP43. In addition, the MLT/RGO/PCL scaffolds reduced pro-
inflammatory insults and accelerated the immune balance indicated by
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low CD-3 levels in the regenerated sciatic nerves. The expression of these
markers above demonstrated that MLT/RGO/PCL scaffolds were better
than RGO/PCL, MLT/PCL, and PCL scaffolds on peripheral nerve
regeneration. MLT/RGO/PCL scaffolds accelerated the growth of nerve
in the early stage by bioelectrical stimulation, and affected the target
organ to reduce the degree of gastrocnemius muscle atrophy [31,44]. In
the meantime, MLT and RGO improved axonal growth via increasing the
diameter and thickness of axons, and accelerated the functional and
morphological recovery of the impaired nerves.

All the results showed that the MLT/RGO/PCL composite scaffolds
were beneficial to improving peripheral nerve regeneration, and the
treatment effect of MLT/RGO/PCL scaffolds was close to that of autolo-
gous nerve transplanting in general at 8 weeks after peripheral nerve
injury. A variety of studies demonstrated the targeted transport of drug
by nanoparticles which are small enough to circulate freely throughout
the body and reach the treatment sites [53–56]. Fromen et al. reported
the neutrophil-nanoparticle interactions in blood circulation could drive
alter neutrophil responses through the inhibition of its recruitment in
acute inflammation [57]. We assumed that RGO nanoparticles released
from MLT/RGO/PCL composite scaffolds delivered MLT to target treat-
ment sites and cleared the inflammatory response of neutrophils together
with MLT on peripheral nerve regeneration.

Graphene-based scaffolds will be useful clinically. The longer scaf-
folds implanted into the human body should require better mechanical
properties, which is one of the challenges. Researchers should expend
more energy on evaluating the potential mechanical properties and
biocompatibility of RGO-based scaffolds in large animal models in the
future before clinical practice.

5. Conclusions

In this study, the traditional electrospinning method was used to
fabricate MLT/RGO/PCL composite scaffolds with excellent mechanical
properties, biocompatibility, and electrical conductivity. The effects of
MLT/RGO/PCL scaffolds on nerve regeneration were verified both in
vitro and in vivo, and the results above demonstrated the excellent
functional and morphological recovery in MLT/RGO/PCL group which
were similar in autograft group at 8 weeks after nerve injury. The find-
ings indicated the potential of MLT/RGO/PCL composite scaffolds for
neural engineering applications.
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