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Background: The treatment of long-gap peripheral nerve injury (PNI) is still a substantial clinical problem. Graphene-based scaffolds
possess extracellular matrix (ECM) characteristic and can conduct electrical signals, therefore have been investigated for repairing
PNI. Combined with electrical stimulation (ES), a well performance should be expected. We aimed to determine the effects of reduced
graphene oxide fibers (rGOFs) combined with ES on PNI repair in vivo.

Methods: rGOFs were prepared by one-step dimensionally confined hydrothermal strategy (DCH). Surface characteristics, chemical
compositions, electrical and mechanical properties of the samples were characterized. The biocompatibility of the rGOFs were
systematically explored both in vitro and in vivo. Total of 54 Sprague-Dawley (SD) rats were randomized into 6 experimental groups:
a silicone conduit (S), S+ES, S+rGOFs-filled conduit (SGC), SGC+ES, nerve autograft, and sham groups for a 10-mm sciatic defect.
Functional and histological recovery of the regenerated sciatic nerve at 12 weeks after surgery in each group of SD rats were
evaluated.

Results: rGOFs exhibited aligned micro- and nano-channels with excellent mechanical and electrical properties. They are biocompa-
tible in vitro and in vivo. All 6 groups exhibited PNI repair outcomes in view of neurological and morphological recovery. The SGC
+ES group achieved similar therapeutic effects as nerve autograft group (P > 0.05), significantly outperformed other treatment groups.
Immunohistochemical analysis showed that the expression of proteins related to axonal regeneration and angiogenesis were relatively
higher in the SGC+ES.

Conclusion: The rGOFs had good biocompatibility combined with excellent electrical and mechanical properties. Combined with ES,
the rGOFs provided superior motor nerve recovery for a 10-mm nerve gap in a murine acute transection injury model, indicating its
excellent repairing ability. That the similar therapeutic effects as autologous nerve transplantation make us believe this method is
a promising way to treat peripheral nerve defects, which is expected to guide clinical practice in the future.
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Introduction

PNI is a common and high-incidence disease in clinical practice that is mostly caused by accidental trauma and local
lesions.'” The lack of timely and effective treatment often leads to long-term sensory and motor dysfunction in many
patients, especially those with long-gap peripheral nerve defects, thus seriously affecting their quality of life and imposing
a heavy burden on social services. Autologous nerve transplantation is the most widely used neurosurgical approach, but
encounters such problems as a shortage of donors, difficulty in adapting to the size of the nerve, and secondary damage to the
donor area.** Nerve guide conduits (NGCs) have received widespread attention in recent years and some of these conduits
have been approved by the Food and Drug Administration (FDA) and were applied to clinical patients, even though a poor
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recovery of the sensory or motor function in comparison with nerve autografts still remained.”'® As the first generation of
implanted conduit, silicon tube has many advantages such as biocompatible, low cost, processability, inert and flexible
characteristics. However, lacking of the ability of transmission of electrical stimuli and non-degradability are its obvious
intrinsic disadvantages.''"'> Comparatively, conductive materials revealed promising capability to stimulate cellular activity
with or without external ES, therefore, developing a new generation of stimulus-responsive scaffolds have received great
attention in modulating neuron cell functions and promoting peripheral nerve regeneration.'?

For in vivo in-situ regeneration, an ideal NGCs is above all to protect, stimulate neurite outgrowth, accelerate growth
rate of neurons, and correctly guide axon regeneration from the proximal injured nerve into the distal nerve stump. The
recovery of bioelectric signals is crucial for peripheral nerve regeneration, however, employing electrical fields in tissue
engineering and regenerative medicine have not been taken seriously until recently.'> Graphene-based scaffolds (GBSs)
assembled by building blocks such as graphene and its derivatives, graphene oxide (GO) and reduced GO (rGO) have
been demonstrated to be favorable for peripheral nerve regeneration.'*'® They can promote the recovery of electrical
nerve signals owing to their impressive conductivity and electrical stability.'” In particular, rGO, a two-dimensional
nanomaterial comprising single-layer sheets of sp” and sp hybridized carbons and partial content of oxygen-containing
groups, has greater electrical conductivity and better thermal stability than GO, antibacterial but less cytotoxic even at
higher concentrations.'” Recent studies have shown that rGO-based scaffolds could not only promote the behavior of the
nerve cells, but also influence the neurogenic differentiation of various stem cells (eg, mesenchymal stem cells and neural
stem cells)."®?* However, the combination of rGO-based scaffolds and ES as a strategy to repair PNI remains in its
infancy since related mechanism by which ES and graphene-based scaffolds enhance nerve regeneration need to be
clarified and the stimulation mode and parameters of ES have not been standardized. Furthermore, most of the reports in
view of combination of rGO-based scaffolds and ES were correlated with rGO-coated/filled composites, which have been
fabricated into forms of hydrogel,”> membrane,*® or conduit,”? normally possessing relatively lower electrical conduc-
tivity compared to pure rGO. Therefore, exploration regarding ES through rGO-based scaffold with high electrical
conductivity for PNI repair might be a significant supplement for understanding the importance of balance between
conductivity and ES for a proper neural regeneration. Meanwhile, considering the possibility of misdirection of
regenerated axons by ES, a scaffold with well aligned architecture along the direction of axon growth is of most
importance, in this present study, we chose reduced graphene oxide fibers (rGOFs) for study. rGOFs is a macroscopic
carbonaceous fiber composed of reduced graphene oxide sheets which possess superior mechanical properties.>’
Cytocompatibility of rGOFs prepared by one-step dimensionally confined hydrothermal (DCH) strategy was evaluated
by human embryonic kidney 293 cell line (HEK-293), human neuroblastoma cell line (SH-SY5Y), rat embryonic neural
progenitor cells (ENPCs), and rat trigeminal sensory neurons.”®>° Serrano and Guo et al in their respective in vitro
experiments demonstrated that the rGOFs have the ability to support stem cell growth and regulate the cell differentia-
tion, indicating their potential as a scaffold for neural regeneration.*'~*>

The rGOFs with oriented micro- and nano-channel structures were prepared using the DCH method,*° aiming to
assess the effect of rGOFs combined with ES on peripheral nerve regeneration in a rat model of a 10 mm sciatic nerve
defect. Even though an oriented structure has demonstrated to effectively affect polarization of macrophages and reduced
expression of inflammatory factors, and has a significant impact on the efficacy of neural scaffolds,** to the best of our
knowledge, GBSs having such high electrical conductivity and oriented micro- and nano-topography that was combined
with ES for long-gap PNI have not yet been reported. Therefore, this study performed in vivo assessment of nerve
regeneration with the aid of silicon rGOFs-filled conduits combined with ES, exploring a promise alternative to nerve
transplant therapy for fast regeneration and a desirable recovery effect.

Materials and Methods

Preparation and Characterization of rGOFs
Materials used for synthesis of GO suspensions and rGOFs have been described previously, and a modified Hummers’
method was employed to synthesis GO (Supplementary Information). To prepare rGOFs, GO suspensions at

a concentration of 8 mg mL ™' were injected into a glass pipeline with an inner diameter of 1.0 mm using a syringe.
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After sealing both ends of the pipeline, the reactor containing GO suspensions was heated to 200°C for 2 h in
a convection furnace. Then, drying in an oven at 40°C for 12 h and cooling down to room temperature in a pipeline
for ready of rGOFs. The structure and morphology of the as-prepared samples were characterized by X-ray diffraction
(XRD, Bruker, D2 Phaser) with CuKa radiation (A = 1.5418 A) at a generator voltage of 30 kV and a current of 10 mA,
Raman spectrometer (Renishaw-RM 1000, Renishaw) with 532 nm laser excitation, Fourier transform infrared spectro-
scopy (FTIR, Perkin Elmer, Spectrum One B UK) over a range of 450-4000 cm ' and resolution of 1 cm ™', field-
emission scanning electron microscope (SEM, Hitachi, SU8100) under the electron accelerating voltage of 5 kV, and
transmission electron microscope (TEM, JEM-2100F) under the electron accelerating voltage of 100 kV. Surface charges
of GO and rGOFs were analyzed by ( potential study (Zetasizer Nano ZS90, Malvern, UK). The contact angle of the
rGOFs was measured on OCA 25 instrument after pressing rGOFs powder into a disc with a diameter of 6 mm. Electrical
properties were tested on a CHI660E electrochemical workstation (5 fibers for measurement). Mechanical properties
were measured at least 3 fibers using a tensile tester (Shimadzu AGS-X) at a strain rate of 1 mm/min with a gauge length
of 10 mm.

Cytotoxicity and Organ Toxicity of rGOFs

The testing of rGOFs cytotoxicity in mammalian cells was carried out by evaluating SC viability on rGOFs. Briefly, RSC96 (the
Type of Culture Collection of the Chinese Academy of Sciences, Shanghai, China) were cultured in Dulbecco’s modified Eagle
medium (high glucose, DMEM, Sangon Biotech, Shanghai, China) supplemented with 10% fetal bovine serum (FBS; Clark,
USA) and 1% penicillin/streptomycin (Sangon Biotech, Shanghai, China) at 37 °C in a humidified atmosphere containing 5%
CO,. Preparation of culture media containing rGOFs extracts of different concentrations for usage of cell culture.** The rGOFs
extract was tested for biological compatibility by using the calcein/PI cell viability/cytotoxicity test kit (Cat# C2015L, Beyotime,
China) (co-cultivation duration: 24 h) and the cell counting kit-8 (CCKS8, Cat# C0038, Beyotime, China) assay (co-cultivation
duration: 12 h, 24 h, 48 h, and 72 h). The organ toxicity of rGOFs was investigated in Sprague-Dawley (SD) rats. We randomly
divided 27 rats into three groups 1) Silicone conduit group (denoted by “S”): A 14-mm-long silicone tube (outer diameter, 2 mm;
inner diameter, 1.5 mm; Pureshi, Shanghai, China) was used to connected the two severed ends of the nerve, and there was an
overlap of approximately 2 mm between the catheter and the nerve stumps at both ends for easy suturing. 2) S+rGOFs-filled
conduit group (denoted by “SGC”): We arranged 20 10-mm-long rGOFs longitudinally into a silicone tube which connect the
broken nerve by using the same method of suturing with S group. 3) Autologous nerve transplantation group (denoted by “Auto”):
We swapped the head and tail of the severed nerve segment, and sewed both ends together at the two ends of the severed nerve; and
removed their visceral organs at 4, 8, and 12 weeks after surgery. The in vivo safety of the materials was assessed through the
haematoxylin and eosin (H&E) staining of various organs in rats. We took three rats from each group at each time point.

Animal Models

We used 54 adult male SD rats (Liaoning Changsheng, China) weighing 240-260 g (six to eight weeks old) in the
experiments.>> The rats were placed in separate cages at room temperature (23—25°C), and were given sufficient food and
water. All experimental designs and reports complied with the guidelines provided by “Animal Research: In vivo
Experimental Reporting”.>® The experimental scheme was approved by the Institutional Review Committee of the
First Hospital of Jilin University (approval number: 20220739) on October 25, 2022.

After being in abrosia for 8 h, the rats were anesthetized with 2.5% isoflurane. They were then laid on their left side, and their
right sciatic nerve was exposed through the intermuscular space between the gluteus superficialis muscle and the biceps femoris
muscle, through a 3 c¢cm skin incision starting from the sciatic tuberosity of the right thigh. We separated a 3-cm-long nerve
segment and removed the 10-mm-long nerve segment in the middle. We then randomly divided the rats into six groups (n=9). 1)
Silicone conduit group (denoted by “S”): Surgical methods can be found in the Cytotoxicity and organic toxicity of rGOFs
section. 2) S + ES group (denoted by “S+ES”): The surgical procedure was the same as that for group S, and ES (1-3 mA, 20 Hz)
was administered postoperatively once every other day for 1 h by using SDZ-IV Nerve and Muscle Stimulator (Hwato, Suzhou,
China).*”*® Each mouse was given a total of 10 electrical stimuli, and the stimulation electrodes were located in the soft tissues on
both sides of their nerve stumps. 3) S+rGOFs-filled conduit group (denoted by “SGC”): Surgical methods can be found in the
Cytotoxicity and organic toxicity of rGOFs section. 4) SGC + ES group (denoted by “SGC +ES”): The surgical procedure was the
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same for S group, while the ES was applied in the same manner as to STES group. 5) Autologous nerve transplantation group
(denoted by “Auto”): Surgical methods can be found in the Cytotoxicity and organic toxicity of rGOFs section. 6) Sham group
(denoted by “Sham”): We fully separated the nerves and sutured the wound. The nerves were sutured by using 80 sutures
(Golden Ring Medicine, China), and the intermuscular spaces were sutured by using 60 absorbable sutures (Golden Ring
Medicine, China). The skin incisions were sutured by using 40 threads (Escon, China). The wounds of all rats healed well after
surgery, and no infection occurred. They were euthanized by using excessive anesthesia at 12 weeks after surgery (Figure S1).

Detecting the Recovery of Neurological Function
Gait Analysis
We assessed motor function by using the sciatic functional index (SFI). This was measured based on the footprints of the
rats through walking trajectory tests that were conducted 12 weeks after surgery. We applied black ink to the hind paws
of the rats and placed them on a strip covered with white paper (15 x 100 cm). Three parameters were obtained from their
footprints: print length (PL: maximum distance from toe to heel), intermediate toe width (IT: distance from the second to
the fourth toe), and toe width (TS: distance from the first to the fifth toe). SFI was calculated from the normal (N) and
experimental (E) hind limbs, according to the following formula:

SFI= (—38.3 x (EPL-NPL)/NPL) + (13.3 x (EIT-NIT)/NIT) + (109.5 x (ETS-NTS)/NTS) - 8.8.

Where the SFI value ranged from —100 to 0, with —100 indicating complete neurological dysfunction and 0 indicating
normal function.

Gastrocnemius Assessment

The bilateral gastrocnemius muscles of the rats were cut off, wiped off surface moisture, and weighed. We calculated the wet
weight ratio by dividing the wet weight of the muscle on the injured side by the wet weight of the muscle on the normal side.
The specimen was transected (thickness, 3 pum) after fixation, dehydration, and paraffin embedding. We then performed
Masson trichrome staining. The images were captured by using an optical microscope (BX51, Olympus, Japan).*’

Neuroelectrophysiology Assessment

An electric stimulator (electric pulse: 5 mA; duration: 0.1 ms; frequency: 1 Hz; Keypoint Neurotics Instruments, Alpine
BioMed APS) was placed at both ends of the anastomotic nerve, with a distance of 10 mm between the stimulation
points. The compound muscle action potentials (CMAPs) of the proximal and distal nerves as well as their latencies were
recorded, and the nerve conduction velocity (NCV) was calculated according to the difference in latency.*’

Histological Detection of Nerve Regeneration

H&E Staining

The regenerated nerves were completely cut off, soaked in 4% paraformaldehyde for 48 h, and embedded in paraffin. The
cross-section of the specimen used for H&E staining was 3 pm.

Immunofluorescence Analysis

The regenerated nerves were fixed with 4% paraformaldehyde, dehydrated and embedded, and then sectioned (4 um in thickness).
After dewaxing, the slides were repaired by using microwaves in an EDTA (GPB1837, GenePool) buffer through boiling for 10
min. The slides were then incubated with 5% normal goat blocking serum at room temperature for 20 min. Once the blocking
serum had been discarded, the slides were incubated overnight in a wet box at 4°C for one antibody, rabbit anti-S100 beta (1:250;
Cat# ab52642, Abcam, Cambridge, UK), and mouse anti-neurofilament 200 (NF200; 1:250; Cat# N5389, Sigma, St. Louis, MO,
USA). The slides were covered with secondary antibodies, goat anti-rabbit [gG H&L FITC (1:3000; Cat# ab6717, Abcam), and
goat anti-mouse IgG H&L (Alexa Fluor®594) (1:3000; Cat# abl150116, Abcam), and were incubated at room temperature in the
dark for 60 min. The DAPI (Cat# C1006, Beyotime, China) staining solution was then added to them dropwise, following which
they were incubated at room temperature in the dark for 10 min. Finally, images were randomly obtained using a fluorescence
microscope (Nikon Eclipse Ti-SR, Nikon, Japan).
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Toluidine Blue Staining

The nerve specimens were fixed with 3% glutaraldehyde and then placed in 1% cesium tetroxide for 2 h. After that, they
were dehydrated and embedded in an epoxy resin medium. The cross-section of the specimens was stained with 1%
toluidine blue stain and their images were randomly obtained under an optical microscope (BX51, Olympus, Japan) by
using CellSens Dimension software (Olympus, Japan).

Transmission Electron Microscopy

For transmission electron microscopic (TEM) studies, the regenerated nerves were fixed with 2.5% glutaraldehyde for 48
h, stained with 1% ozone acid (Electronic Microscope Science Co., Hatfield, Pennsylvania, USA), and then dehydrated
with acetone by a gradient concentration. We then embedded the sample into epoxy resin and cut it into ultra-thin slices,
each with a thickness of 70 nm. The slices were stained with uranyl acetate (Electron Microscope China) and lead citrate
(Electron Microscope China), and then imaged by using a transmission electron microscope (JEOL, Japan). Image
J software was used to determine the thickness of the regenerated myelin sheath, inner and outer diameters of the
regenerated axons to calculate the G ratio, and the area of the regenerated axons.*!

Immunohistochemistry Analysis

The cut sciatic nerves were fixed with 4% paraformaldehyde solution, embedded into paraffin, and cut crosswise into
4-um-thick tissue slices. Following the inactivation of the endogenous enzymes and antigen repair, the sections of tissue
were respectively stained with antibrain-BDNF (derived neurotrophic factor 1:100; Cat# ab108319, Abcam), TrkB
(tropomyosin receptor kinase B 1:200; Cat# ab187041, Abcam), GAP-43 (growth-associated protein-43; 1:100; Cat#
ab16053, Abcam), TGF-p (transforming growth factor-f 1:200; Cat# ab25121, Abcam), VEGF (vascular endothelial
growth factor 1:100; Cat# ab46154, Abcam) and a-SMA (a-smooth muscle actin 1:100; Cat# 19,245, Cell Signaling
Technology, Massachusetts, USA) incubated overnight at 4°C. The goat anti-rabbit antibody labeled with horseradish
peroxidase was then used as the second antibody. A peroxidase substrate solution of 3.3-diaminoneneneba benzidine
tetrahydrochloride (DAB; Zhongshan Jingiao Biotechnology, China) was visualized for staining. Images of the slices
were captured under a microscope and their average optical density was analyzed by using Image J software.

Statistical Analysis

No sample was excluded from the study. The evaluation was conducted by using a blind method. SPSS22.0 software (IBM,
Armonk, NY, USA) was used for statistical analysis, the normality of the data was tested by the Shapiro—Wilk test and all data
were consistent with the normal distribution. If multiple sets of variables were consistent with homogeneity of variance, variables
were compared by one-way analysis of variance (ANOVA) and Bonferroni’s posthoc test. If multiple sets of variables were not
consistent with homogeneity of variance, we applied Brown—Forsythe (B) analysis and the Dunnett T3 posthoc test. The
difference was found to be statistically significant (P < 0.05). No sample was excluded from the study.

Results

Characterization of rGOFs

The structure of graphite, GO, and rGOFs were investigated by XRD. For graphite, a main diffraction peak at 26.4° was observed
in Figure 1A, showing a perfectly crystalline with an interlayer spacing of 0.34 nm (PDF file No.04-007-2081). XRD pattern of
GO sheets showed peak at 10.8° with an interlayer spacing of 0.84 nm and the increased interlayer spacing was ascribed to the
oxidation of graphite different oxygen-containing groups present on the basal planes and at the edges of GO sheets, which can
ensure their a satisfactory cytocompatibility.** After reduction at 200°C for 2 h, the sharp 10.8° peak disappeared. However, a new
broad diffraction peak at around 19.8° corresponding to the interlayer spacing of 0.37 nm for rGOFs appeared. The decreasing of
interlayer spacing compared to GO was due to the desorption of oxygen-containing functional groups and H,O molecules in
rGOFs, while the peak broadening indicated a smaller sheet size and relative short range order hierarchical structure existed in
rGOFs. To characterize their chemical components, Raman spectroscopy and FTIR spectroscopy were performed. From
Figure 1B, the typical Raman spectra of the graphite, GO sheets, and rGOFs samples, two peaks can be seen, namely a D
band, related to the presence of disorder and defects in the samples, and a G band, corresponding to the in-plane motion of the
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Figure | Characterization of rGOFs. (A) XRD patterns of graphite, GO, and rGOFs. (B) Raman spectroscopy of graphite, GO, and rGOFs. (C) FTIR spectroscopy of GO
and rGOFs. (D) SEM images of rGOFs with different magnifications. (E) Water contact angle of rGOFs. (F) Stress-strain curve of rGOFs from uniaxial test. (G) Circulating
voltammetry curve of rGOFs.

carbon atoms. The D/G intensity ratio (///) was usually used to evaluate the level of disorder in graphene and its derivatives. The
value of Iyl increased dramatically from the graphite powder (0.23) to GO (0.84), indicating the increased density of crystal
defects after oxidized treatment of graphite; while the rGOFs have the highest /p/1; value (1.28), arising from the removal of
oxygen-containing groups, which created more structural defects such as vacancies.*> The surface functional group analysis was
further observed by FTIR spectra, as shown in Figure 1C. After thermal treatment, oxygen-containing groups such as
C-O-C stretching, C=0 peak in carboxylic acid and carbonyl moieties, and -OH groups still remained in the rGOFs, which can
provide them certain hydrophilicity. The morphology and topography of rGOFs were detected by SEM and the images showed an
aligned channel-shaped appearance (Figure 1D). From the enlarged image, the rGO nanoshees with wrinkles on the surface can be
clearly seen. In addition, the ultrathin sheets of GO and rGO appeared to be transparent, as indicated in Figure S2 and by red
arrows in Figure 1D, respectively, suggesting their single or few-layered structural character. The surface negative charge in GO
sheets (Figure S3) ensured their well dispersion to assembly into a 3D architecture of tGOFs. The hydrophilicity of tGOFs was
evaluated by measurements of the angle of contact angles of water on the rGOFs, and the results were given in Figure 1E. The
contact angle is smaller than 90°, indicating its plausible surface hydrophilicity for supporting cell adhesion, proliferation, and
differentiation. The mechanical and electrical properties of the tGOFs were also characterized and the results were shown in
Figure 1F and G, respectively. Compared to our previous study, the tensile strength (192.6 MPa) and stiffness (6.7 GPa) were
similar with that of the rGOFs (where, s indicated the lateral size range of the GO sheets, < 1 um),”” while the electrical
conductivity (329.4 S‘m™") of our as-prepared rGOFs samples was higher than that of the rGOFs (237.28 S'm '), which
corresponded to the GO sheets with lateral size around 2.14 pm, as was given in Figure S4.
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Cytotoxicity and Organ Toxicity of rGOFs

The results of the calcein/PI cell viability/cytotoxicity assay kit (Figure 2A and B) showed that when the RSC96 cells
were co-cultured with different concentrations of the rGOFs extracts for 24 h present, no significant cell death occurred.
The results of the CCK-8 (Figure 2C) showed that cultivate with different concentrations of extract at different time
lengths (12h, 24h,48h, and 72h) had no significant influence on cell viability (P > 0.05). The results of organ H&E
staining (Figure 2D: 12 weeks; Figure S5: 4 weeks and 8 weeks) showed that the use of silicone tubes, silicone tubes
filled with rGOFs, and autograft respectively to bridge the defective nerve had no systematic organ damages. Therefore,
our study demonstrated that the rGOFs could be safely explored for their application in repairing PNI.
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Figure 2 Biocompatibility of rGOFs. (A) The RSC96 cells were co-cultured with rGOF extracts of different concentrations for 24 h to obtain the results of the calcein/PI cell
viability/cytotoxicity assay kit (green: live cells, red: dead cells). Scale bar: 100 pm. (B) The results of live cell count obtained by the calcein/PI cell viability/cytotoxicity assay kit and
their statistical analysis. The date is shown as the mean + SD (n = 6) (C) The number of live cells was counted and statistically analyzed when the RSC96 cells were co-cultured with
rGOFs extracts of different concentrations for different time length by using cell counting kit-8. The date is shown as the mean  SD (n = 6) (D) H&E staining of various organs of
rats with different types of defective neural connections at 12 weeks after surgery. Scale bar: 50 pm. n = 3; ns: no statistical difference among the groups.
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Functional Evaluation of the Regenerated Sciatic Nerve at 12 Weeks After Surgery
Macroscopic Appearance of Regenerative Nerve

Macroscopic images of the recovered nerve were captured 12 weeks after surgery. No obvious neuroma formation was
observed locally in each group. And neurons of the samples in SGC and group SGC+ES were coarser than those of S and

group S+ES groups (Figure 3A).
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Figure 3 Functional evaluation of the regenerated nerves at 12 weeks after surgery. (A) The macroscopic appearance of each experimental group, with the white asterisks
indicating the proximal ends and the white arrows indicating the distal ends. (B) Representative photographs of rat footprints of each groups. (C) Statistical analysis of the SFI of
each group. (D) Macroscopic appearance of the isolated bilateral gastrocnemius muscles in each group; right side is the test side and the left side is the healthy side. (E) Wet
weight ratio of the gastrocnemius muscles of each group. (F) Representative Masson trichrome staining microscopic images of transverse sections of gastrocnemius muscles in
each group. Scale bar: 50 um. (G) Percentage of fiber area in the gastrocnemius muscles. (H) Representative CMAP recordings on the injured side of the rats at distal nerve
come from surgical limbs (Scale bar: 20 mV, 5 ms). (I) The peak amplitude at the proximal nerve, (J) at the distal nerve, and (K) Latency of CMAPs. (L) NCV analysis of each
group. The data are shown as the mean % SD (n = 6). *P < 0.05, **P < 0.01, **%P < 0.001 vs Group SGC; *P < 0.05, *P < 0.01, **P < 0.00| vs Group SGC+ES; #P < 0.05, P <
0.01, P < 0,001 vs group Auto; &P < 0.05, %% < 0.01, #4&P< 0.001 vs group Sham (one-way analysis of variance, followed by Bonferroni’s posthoc test).

Abbreviations: SFl, sciatic functional index; CMAP, compound muscle action potential; NCV, nerve conduction velocity.
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Sciatic Functional Index

The SFI reflects the recovery of motor function. The measurements from the walking track analysis shown in Figure 3B
indicated comparable values for the SGC+ES and Auto (—56.97 +4.89 vs —61.76 + 3.88, P > 0.05) groups, both of which
were significantly higher than S+ES (=76.07 = 3.63) and S (—80.68 + 3.62) groups at 12 weeks after surgery. There was
no statistical difference between the SGC (—67.58 + 4.33) and autograft (P > 0.05) groups; however, the SFI value of the
SGC +ES group was higher than that of the SGC group (P=0.004). There was also no statistical difference between S and
S+ES groups (P > 0.05) (Figure 3C). These results proved that motor function was restored in rats in both SGC+ES and
SGC groups to a similar extent to those in Auto group.

Gastrocnemius Assessment

After nerve injury, the target muscle loses innervation and lacks contractile function, where this leads to muscular
atrophy. Therefore, muscle recovery can be employed to assess nerve function. Figure 3D showed that except for rats in
the Sham group, those in all other groups had smaller muscles on the experimental side than on the healthy side. The wet
weight ratio of the gastrocnemius muscles of rats in groups SGC+ES (64.45 £ 6.60) and Auto (67.91 = 9.64) recovered to
similar extent (P > 0.05). The recovery of rats in groups S (37.32 + 5.39) and S+ES (46.20 = 4.25) were similar
(P=0.362), relatively lower than those of rats in the other groups (P< 0.05) (Figure 3E). There was also no statistical
difference between SGC+ES (68.93 + 2.76) and Auto (70.07 £ 2.86) groups in the area percentage of gastrocnemius
muscle fibers (Figure 3F and G) (P > 0.05), and the area percentage of gastrocnemius muscle fibers of the SGC+ES and
SGC (63.65 + 4.27) groups also were higher than the S and S+ES groups (P < 0.05), while no significant statistical
difference was noted between S (54.04 + 4.02) and S+ES (56.88 + 3.70) groups (P > 0.05). These results illustrated that
the recovery of gastrocnemius muscle function in rats in SGC+ES group was similar to that in Auto group. Although the
functions of the gastrocnemius muscle in the SGC+ES and SGC groups were similar, there was still a difference between
the SGC and Auto groups.

Neuroelectrophysiology Assessment

The CMAP amplitudes of each group exhibited similar trends of recovery at both the proximal and the distal ends. The
amplitude of CMAP of the Sham group was 52.02 £+ 2.83 mV, and there were statistical differences in the amplitude of
CMAP both the proximal and distal ends of the regenerated nerve between the Sham group and the other groups (P<
0.001). No statistical difference was noted in recovery as reflected by the amplitude of CMAP between the SGC+ES
Auto groups at either end (P > 0.05), while the SGC and Auto groups exhibited similar recovery (P > 0.05). The CMAP
amplitudes recovery of the rats in S and S+ES groups was similar (P > 0.05), as shown in Figure 3H, I and J. The
latencies of all groups were longer than that of the Sham group (0.88 + 0.02 s). There was no statistical difference among
the SGC group (1.59 £ 0.09 s), the SGC+ES (1.35 + 0.06 s) and Auto (1.36 £ 0.09 s) groups (P > 0.05), which were
significantly higher than both the S and S+ES groups (Figure 3K). The SGC+ES group, SGC group, and Auto group
achieved similar recovery in terms of the NCV, but the effect in none of them was as good as that of the Sham group
(79.28 + 1.81 m/s). There was no statistical difference in the NCV between the S and S+ES groups, as shown in
Figure 3L. This shows that the results of neurophysiological detection of the Auto group, SGC+ES group, and SGC
group were similar, and were superior to those of the S and S+ES groups.

Histological Detection of Nerve Regeneration at 12 Weeks After Surgery

H&E Staining and Immunofluorescence Analysis for the Regenerated Nerves

The H&E staining of transverse sections of the regenerated nerves in each group is shown in Figure 4A, from which it is
clear that the recovery of rats in the SGC+ES group was similar to that of those in the Auto group. The NF200/S100
double-immunofluorescent staining on the transverse sections of the regenerated nerves in each group is shown in
Figure 4B-D. The ratios of NF200- and S100-positive areas was significantly higher in the SGC+ES group and Auto
groups than in the other groups. The ratios of NF200- and S100-positive areas in the SGC+ES group were similar to
those in the Auto group (P > 0.05), while the ratio of the NF200-positive area in the SGC group was similar to those in
the SGC+ES (P = 0.123) and Auto groups (P = 0.29). The ratio of S100-positive areas in the SGC group was similar to
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Figure 4 H&E staining and immunofluorescence analysis of the regenerated nerves at 12 weeks after surgery. (A) H&E staining of the transverse sections of regenerated
nerves for each group of nerves. Scale bar: 200 um. (B) Immunofluoresence staining results of NF200 (red, Alexa Fluor®594 staining)/S100 (green, FITC staining) of the
cross-section of the regenerated nerve (white arrows). DAPI staining showing a blue nucleus. Scale bar: 25 pm. (C and D) Quantitative results of the positive area
percentage of NF200 and $100. The data are shown as the mean + SD (n = 3). *P < 0.05, ¥*P < 0.01 vs Group SGC; *P < 0.05, **P < 0.0, ***P < 0.001 vs group SGC+ES;
#P < 0.05, P < 0.01 vs group Auto; *5P < 0.01, 5#P< 0,001 vs group Sham (Brown—Forsythe (B) analysis of variance, followed by the Dunnett T3 posthoc test).
Abbreviations: H&E, hematoxylin and eosin; NF200, neurofilament 200; DAPI, 4’,6-diamidino-2-phenylindole.

that in the Auto group (P = 0.34), but lower than SGC +ES group (P = 0.049). The results showed that the levels of
expression of NF200 and S100 were similar in the SGC+ES and Auto groups during the regeneration process, while
those of NF200 in the SGC group were similar to those in the SGC +ES group and Auto group. The levels of expression
of S100 were lower than those in the SGC+ES group but the same as those in the Auto group.

Myelinated Axon Assessment

The toluidine blue staining (Figure 5A) of the cross-section of the regenerated nerve in each group showed that the
number of regenerated myelin sheaths in each group was smaller than that in the Sham group. Comparatively, the SGC
+ES group showed a significant increase in the number of regenerated myelin sheaths, while there was no statistical
difference in the thickness and G-ratio of the regenerated myelin sheaths among the Auto group, SGC+ES group, and
SGC group (P >0.05). However, the myelinated axonal areas of the SGC+ES and Auto groups were significantly higher
than that of the SGC, S and S+ES groups (Figure 5B—E). The results implied that the Auto, SGC+ES, and SGC groups
achieved similar effects in terms of the thickness of the myelin sheaths, while the SGC+ES group had a similar area of
regenerated axons as the Sham group.
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Figure 5 Analysis of myelinated axons in the regenerated nerves at |12 weeks after surgery. (A) Toluidine blue staining of the transverse sections of each group of nerves
Scale bar: 10 pm. (B) Transmission Electron Microscopy images of the myelin sheaths of regenerated nerve. Scale bars: 5 um (up) and | pm (down). (C) Statistical analysis of
the thickness of the regenerated myelin sheath. (D) Statistical analysis of the G-ratio of the regenerated myelinated axons. (E) Statistical analysis of the area of the
regenerated axons. Data are shown as the mean + SD (n = 3). %P < 0.05 vs group S+ES; $$P < 0.01 vs group SGC; ***P < 0.001 vs group SGC +ES; *P < 0.05, P < 0.01,
###p < 0.001 vs group Auto; 8P < 0.01, #&p< 0,001 vs group Sham (C and E): Brow—Forsythe (B) analysis of variance, followed by the Dunnett T3 posthoc test; (D): one-
way analysis of variance followed by Bonferroni’s posthoc test).

Immunohistochemistry Analysis of Regenerative Nerve at 12 Weeks After Surgery

Typical immunohistochemical images of the samples stained with the anti-BDNF antibody, anti- TrkB antibody and anti-
GAP-43 antibody of each regenerative nerve group labeling axon regeneration are shown in Figure 6A—C. There was no
statistically significant difference in the average optical densities of the three proteins between the SGC+ES and Auto
groups (P > 0.05). These results indicate that the levels of axon regeneration in the SGC+ES and the Auto groups during
the regeneration of the sciatic nerve were similar, and were significantly stronger than those in the other groups
(Figure 6D—F). Typical immunohistochemical images of the samples stained with the anti-TGF-p antibody, anti-VEGF
antibody and anti-a-SMA antibody of each regenerative nerve group labeling angiogenesis are shown in Figures 7A—C.
There was no statistically significant difference in the average optical densities of the three proteins between the SGC+ES
and the Auto groups (P > 0.05). These results indicate that the levels of angiogenesis in the SGC+ES and Auto groups
during the regeneration of the sciatic nerve were similar, and were significantly stronger than those in the other groups
(Figures 7D-F).

Discussion

Peripheral nerve injury often causes sensory or motor dysfunction as well as acute neuropathic pain, especially in case of
long-gap nerve defect.***> After PNI, the recovery of nerve function depends on the growth and extension of regenerated
axons through the injured site until they reach and reinnervate the distal target organ. Artificial NGCs or tissue
engineered nerve grafts as alternative of “gold standard” have attracted more and more attention in clinical and scientific
research.*¢
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Figure 6 Immunohistochemical evaluation of BDNF, TrkB and GAP-43. (A) Typical immunohistochemical images of the regenerated nervous tissue stained with the anti-
BDNF antibody. Scale bar: 50 um. (B) Typical immunohistochemical images of the regenerated nervous tissue stained with anti-TrkB antibody. Scale bar: 50 um. (C) Typical
immunohistochemical images of the regenerated nervous tissue stained with anti-GAP-43 antibody. Scale bar: 50 um. (D) Statistical analysis of anti-BDNF antibody. (E)
Statistical analysis of anti-TrkB antibody. (F) Statistical analysis of anti-GAP-43 antibody. The data are shown as the mean % SD (n = 3). %*P < 0.01, **3P < 0.001 vs group SGC;
#P < 0.01, ¥*P < 0.001 vs group SGC+ES; #P < 0.05, *P < 0.01, *P < 0.001 vs group Auto; #4P < 0.01, ###p< 0.001 vs group Sham (Brown—Forsythe (B) analysis of
variance followed by Dunnett T3 posthoc test).

Abbreviations: BDNF, brain-derived neurotrophic factor; TrkB, tropomyosin receptor kinase B; GAP-43, growth-associated protein-43.

Studies have shown that graphene-based NGCs with good electrical conductivity and aligned topography were
beneficial for cell adhesion, proliferation, and target migration, and application of ES was expected to enhance the
recovery of function.”******° However, research to date is still limited to in vitro experiments. A large amount of in vivo
data are needed to support the repairing strategy of graphene-based NGCs in combination of ES. Wang et al coated rGO
onto the surface of Antheraea pernyi silk fibroin/Poly (L-lactic acid-co-caprolactone) nanofiber scaffold through an in-
situ redox reaction of GO. In vitro, the scaffold with ES exhibited a promotion of SC migration, proliferation, and
myelin formation. The in vivo performance of implanting the rGO-based NGC into the sciatic nerve defect of rats
(10 mm) was similar to that of autologous nerve transplantation after 12 weeks. In another study, Mao et al developed
a conductive rGO/polycaprolactone (PCL) nanofibrils (NF)/adipose-drived stem cell (ADSC) filled PCL NGC by an
alternatively dipping method to provide a promising technique for nerve regeneration.”* In Vitro results indicated that the
rGO/NF and ES synergistically facilitated the differentiation of PC-12 cells; incubation ADSC, the composite PCL after
8 weeks in vivo experiments was found to be suitable for treatment of sciatic nerve with 5 mm gap between the distal and
proximal nerve stumps. By adding ES on PC-12 cells through rGOFs, an improved attachment was observed (Figure S6).
SCs are important supporting cells in peripheral nerve system, which can help to clean Wallerian degeneration products
and myelin debris, form Bands of Biingner, and provide a three-dimensional ECM for axonal growth and maturation, and
energetically support only if SCs at the distal can maintain their pro-regeneration phenotype. Therefore, in the present
study, we evaluated SC viability on the rGOFs extracts and examined cell proliferation state for 12, 24, 48, and 72 h,
respectively. It was turned out that SCs on rGOFs were similarly proliferative as tissue culture plate (control group), with
the outcomes no statistical difference.
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Figure 7 Immunohistochemical evaluation of TGF-B, VEGF and a-SMA. (A) Typical immunohistochemical images of the regenerated nervous tissue stained with the anti-
TGF-f antibody. Scale bar: 50 um. (B) Typical immunohistochemical images of the regenerated nervous tissue stained with anti-VEGF antibody. Scale bar: 50 um. (C) Typical
immunohistochemical images of the regenerated nervous tissue stained with anti-a-SMA. Scale bar: 50 pm. (D) Statistical analysis of anti-TGF-f antibody. (E) Statistical
analysis of anti-VEGF antibody. (F) Statistical analysis of anti-a-SMA antibody. The data are shown as the mean + SD (n = 3). %%P < 0.01 vs group S+ES; **P < 0.01, *%%p <
0.001 vs group SGC; *#P < 0.01, *¥P < 0.001 vs group SGC+ES; #P < 0.05, P < 0.01, P < 0.001 vs group Auto; #4P < 0.01, %¥%P< 0.001 vs group Sham (D and F): one-
way analysis of variance followed by Bonferroni’s posthoc test; (E) Brown—Forsythe (B) analysis of variance followed by Dunnett T3 posthoc test).

Abbreviations: TGF-, transforming growth factor-f; VEGF, vascular endothelial growth factor; a-SMA: a-smooth muscle actin.

Considering the positive results of ES on neurons and good biocompatibility of rGOFs, we evaluated the repair ability
of rGO-based NGC (silicon rGOF-filled conduit) with in vivo ES for a 10 mm defect in the sciatic nerve of rats
(Scheme 1), simultaneously, we analyzed the regenerated nerves from both functional and histological perspectives.
From a functional perspective, the recovery of motor function, gastrocnemius denervation atrophy, and neuroelectro-
physiology were compared. The SGC+ES group and the Auto group achieved similar recovery results. From
a morphological perspective, we focus on the regeneration of myelin sheath and axons. With regard to myelin thickness
and myelin specific protein expression, as well as regenerated axon area and axon specific protein expression, there were
no significant differences in recovery effects between the SGC+ES group and the Auto group. We have reason to believe
that rGOFs combined with ES can achieve similar recovery effects as autologous nerve transplantation. It is worth
mentioning that compared to the area of axonal regeneration, the SGC+ES group achieved a recovery effect close to that
of the Sham group, indicating that rGOFs combined with ES have great potential in the treatment of long peripheral
nerve defects. The effect of rGOFs was also confirmed. The functional recovery effect of the SGC group was similar to
that of the SGC+ES group, but worse than that of the Auto group and the regeneration effect of axons and myelin sheaths
in the SGC group is similar to that in the Auto group, but inferior to that in the SGC+ES group. This indicates that rGOFs
alone have a positive effect on peripheral nerve regeneration, and the addition of ES significantly enhances its promoting
effect.

Graphene and its derivatives can improve neuronal survival and guide peripheral neuron growth, even without the aid
of delivering cells or therapeutics, which are fundamental prerequisites to axon regeneration and PNI repair. By adding
ES on neurons through graphene-based fibers, an accelerating growth rate was observed, which was ascribed to the
increased intercellular Ca** concentration influx.>® ES can promote the upregulation of the regeneration associated genes
(RAGS), such as GAP-43, which are key genes for axonal elongation, in nerve cells by increasing the BDNF and its high-
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Scheme | Schematic diagram of this study.

affinity receptor TrkB. BDNF is important for the development of nerves and synaptic plasticity and the increased levels
of BDNF can promote the re-myelination of damaged axons in the body.**** BDNF and TrkB are upregulated through
a Ca”"-dependent mechanism.*® Studies have shown that ES can promote the directed migration and distribution of
endothelial cells, which may be related to the expression of VEGF.*® VEGF is a strong angiogenic factor that can
enhance endothelial cell proliferation, recruitment, and functional angiogenesis. Research has shown that TGF-f is
associated with angiogenesis.”’ And the high expression of a-SMA significantly indicate the vascular regeneration.
Therefore, the rGOFs combined with ES can enhance the axonal regeneration and revascularization to a better outcome
of neural recovery.

Graphene and its derivatives have generated significant interest in neural tissue engineering in recent years, where
they are either used as a coating or a property-reinforcement in the polymer matrix. rGOFs with orientated micro- and
nano-channel structure have exhibited outstanding ability to improve trigeminal neurofilament alignment and
migration.®" In this study, the rGOFs that were filled into silicon conduit in which without adding any other cells or
molecules confirmed the synergistic effect with exogenous ES on recovery of PNI. However, further research is needed
on the molecular mechanisms by which rGOFs can effectively promote nerve regeneration and their synergistic effects
with ES. In addition, it is worthwhile to employ commercial NGCs to replace silicone tubes and further explore the long-
term stability and potential toxicity of rGOFs in vivo for their future clinical applications.
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Conclusion

This study systematically explored the physico-chemical properties and biocompatibility of rGOFs, verified that rGOFs
combined with exogenous ES can effectively promote the repair of long-distance sciatic defects in nerve of rats, which
may be related to the upregulation of RAGs and the promotion of vascular regeneration. Therefore, application of ES
through graphene-based conduits in vivo has great potential in repairing long-gap PNI.
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