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Graphene oxide-composited chitosan scaffold
contributes to functional recovery of injured spinal cord

in rats
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Graphical Abstract Neuronal migration into the chitosan-graphene oxide (GO) scaffold

Abstract

The study illustrates that graphene oxide nanosheets can endow materials with continuous electrical conductivity for up to 4 weeks.
Conductive nerve scaffolds can bridge a sciatic nerve injury and guide the growth of neurons; however, whether the scaffolds can be used for
the repair of spinal cord nerve injuries remains to be explored. In this study, a conductive graphene oxide composited chitosan scaffold was
fabricated by genipin crosslinking and lyophilization. The prepared chitosan-graphene oxide scaffold presented a porous structure with an
inner diameter of 18—-87 um, and a conductivity that reached 2.83 mS/cm because of good distribution of the graphene oxide nanosheets,
which could be degraded by peroxidase. The chitosan-graphene oxide scaffold was transplanted into a T9 total resected rat spinal cord.
The results show that the chitosan-graphene oxide scaffold induces nerve cells to grow into the pores between chitosan molecular chains,
inducing angiogenesis in regenerated tissue, and promote neuron migration and neural tissue regeneration in the pores of the scaffold,
thereby promoting the repair of damaged nerve tissue. The behavioral and electrophysiological results suggest that the chitosan-graphene
oxide scaffold could significantly restore the neurological function of rats. Moreover, the functional recovery of rats treated with chitosan-
graphene oxide scaffold was better than that treated with chitosan scaffold. The results show that graphene oxide could have a positive
role in the recovery of neurological function after spinal cord injury by promoting the degradation of the scaffold, adhesion, and migration
of nerve cells to the scaffold. This study was approved by the Ethics Committee of Animal Research at the First Affiliated Hospital of Third
Military Medical University (Army Medical University) (approval No. AMUWEC20191327) on August 30, 2019.
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Introduction

Traumatic spinal cord injury (SCI) occurs when an external
physical effect abruptly damages the spinal cord. Nearly half
a million of people suffer from SCI each year (Lazaridis and
Andrews, 2014). SCI causes catastrophic physical and mental
trauma to patients, and introduces a heavy economic burden
to society and victimized families because of long-term
hospitalization, poor rehabilitation outcome, and excessive
dependence on care (Soufiany et al.,, 2018; Wang et al.,
2019a; Ray, 2020). However, to date, there is no effective
clinical treatment of SCI (Alves-Sampaio et al., 2016; Huang

and Zoubi, 2018).

Therapeutic strategies that bridge spinal cord cystic cavities
and replace lost tissue have gradually been of focus (Huang
et al., 2018; Li et al., 2019). Ideally, nerve scaffolds, a tissue
engineering product, could provide support for neural
regeneration and axon extension to avoid transplant rejection.
Various biocompatible materials, such as collagen, hyaluronic
acid, chitosan (CS) and polylactic-co-glycolic acid, have been
used for bridging spinal cord defects (Shi et al., 2014; Wen
et al., 2016; Zheng et al., 2017). CS is a novel material in the
field of spinal nerve regeneration because of its excellent
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biocompatibility, biodegradability, and bacteriostatic
properties (Jayakumar et al., 2007; Xu et al., 2019; Yan et al.,
2019). The degradation product of CS, chitooligosaccharide,
could promote cell proliferation and prevent apoptosis
especially for Schwann cells (Zhao et al., 2017), indicating that
CS could be a promising candidate for repair of SCI (Chen et
al., 2011; Zhang et al., 2016).

Endogenous bioelectric signals play an important role in
maintaining neuronal function, neurite growth, and tissue
regeneration (Benfenati et al., 2013; Zhou et al., 2018; Chen et
al., 2019). A biomaterial-based therapy that could bridge cystic
cavities and mimic the electrical conduction properties of the
spinal cord is beneficial for SCI repair (Zhou et al., 2018). This
inspires us to design conductive materials with good electrical
conductivity and softness in accordance with spinal cord tissue
to promote axonal regeneration. In recent years, graphene-
derived materials have displayed great potential for neural
tissue engineering because they could serve as a platform to
support and direct neural growth (Das et al., 2017). Graphene
oxide (GO), a major derivative, possesses the properties of
graphene (e.g., mechanical ductility, electrical conductivity,
and stiffness), as well as better biocompatibility and higher
hydrophilicity than pristine graphene (Hong et al., 2012; Tan
et al., 2013). GO can accelerate the migration, proliferation,
and myelination of Schwann cells and differentiation of PC12
cells (Wang et al., 2019b). /n vivo studies also revealed the
capacity of GO/reduced GO (rGO) to permit neurogenesis,
immunomodulatory, and angiogenic responses by regulating
the intracellular expression of reactive oxygen and nitrogen
species, and the AKT-nitric oxide synthase-vascular endothelial
growth factor signaling pathway (Defterali et al., 2016; Lépez-
Dolado et al., 2016; Qian et al., 2018b; Dominguez-Bajo et al.,
2019). The main differences between GO and rGO are better
biocompatibility, degradation behavior and lower electrical
conductivity of GO compared with rGO because of better
transmission of electrical signal for mediating cell behavior via
its T bonds. However, previous in vivo studies investigated the
ability of GO for SCI with hemisection. The toxicity of a scaffold
fabricated by pure GO is important because an overdose of
a graphene-based material may induce organ necrosis (Ema
et al., 2017). Therefore, CS is an ideal skeleton material for a
scaffold and the addition of GO nanosheets could introduce
conductivity to the scaffold to promote nerve regeneration.
In this work, GO-composited CS (CS-GO) scaffolds were
prepared by genipin-crosslinking and lyophilization. The CS-GO
scaffolds were evaluated by neural cell tests and in vivo bridge
treatment in the cross-section of a SCI.

Materials and Methods

Fabrication of porous CS-GO scaffolds

A CS solution with a concentration of 2% (w/v) was prepared
by dissolving CS powder in 1% (v/v) acetic acid under gentle
shaking. GO with a concentration of 0.2% (w/v) was dispersed
in deionized water for 5 hours of ultrasonic shaking. The
preparation of the CS-GO composite scaffolds was according
to the following method, as illustrated in Additional Figure 1.
First, the GO suspension, with a weight proportion of 1% CS,
was ultrasonically mixed with the CS solution, and the pure
CS solution was used as control. CS molecule chains, with
abundant amino groups, have strong electrostatic attraction
with the carboxyl groups from GO (Compton and Nguyen,
2010), as shown in Additional Figure 1A. These solutions
were mixed with genipin solution (1% w/v) at ratio of 1:100
of CS solution, respectively, and blended for 2 hours at 37°C,
which was the best ratio to decrease swelling and retain the
topology of the scaffold according to the previous report
(Lau et al., 2018). The amino groups of CS could be linked
by genipin, thus improving the mechanical strength of the
scaffold (Additional Figure 1B). After degassing in vacuum,
two blends were injected into a 3 x 30 mm silicone tube and

a 48-well cell culture plate, respectively. The sample solution
was then frozen at —20°C and lyophilized at —=50°C for 12 hours
to produce porous scaffolds of CS or GO-CS. CS and GO-CS
films were fabricated by liquid casting, respective, to evaluate
their electrical conductivity. The physical and chemical
properties were evaluated in Additional File 1.

Cytotoxicity test

The cytotoxicity of the CS and CS-GO scaffolds were evaluated
using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay by culturing PC12 cells in a 48-well
plate. The PC12 cells were obtained from Shanghai Institute
of Bio-chemistry and Biology (Shanghai, China). The plates
and scaffolds were sterilized with 75% ethanol for 30 minutes.
Subsequently, all scaffolds were washed with phosphate-
buffered saline (PBS) three times and exposed to ultraviolet
light for 12 hours. PC12 cell suspension (0.5 mL) with cell
density of 5 x 10* cells/mL was added to each well and
cultivated for 1, 2, and 3 days. Every 24 hours, the wells were
rinsed with PBS and refreshed with 0.5 mL of Dulbecco’s
modified Eagle’s medium. Subsequently, cells were incubated
in 0.5 mL of MTT solution (5 mg/mL) at 37°C for 4 hours. The
supernatant of each well was removed and 0.4 mL of dimethyl
sulfoxide was added to each well and shaken for 10 minutes
to dissolve the intracellular formazan crystal. Finally, 200 uL
of the supernatant from each well was transferred to a 96-
well culture plate and the absorbance was measured at a
wavelength of 480 nm using a microplate reader (VERSA max,
Molecular Devices, Sunnyvale, CA, USA).

Establishment of the SCI transection model and scaffold
transplantation

All animal operations were approved by the Ethics Committee
of Animal Research at the First Affiliated Hospital of Third
Military Medical University (Army Medical University; No.
AMUWEC20191327) on August 30, 2019. All Sprague-Dawley
rats were provided by the Animal Center of the Third Military
Medical University (Army Medical University), Chongging,
China (license No. SCXK (Yu) 2017002). After 1 week of
adaptation, clean, adult, 6—-8 weeks old, female Sprague-
Dawley rats with a weight of 200 + 20 g were used as model
animals. The rats were intraperitoneally injected with 2 mg/mL
ethyl carbamate (0.1 mL/10 g) anesthesia, and then fixed
to the operating table (Cai et al., 2019). After the skin and
subcutaneous muscles were cut open, the lamina of the
thoracic vertebrae T8-10 were exposed. The spinal cord was
exposed and approximately 2 mm of the spinal cord tissue
at the T9 level was completely removed under an operating
microscope. Rats immediately showed a tail wagging reflex,
hind limb and torso retraction and flutter, and subsequent
paralysis of the hind limbs, suggesting the successful
fabrication of the SCI model (Boato et al., 2010). SCI rats were
randomly divided into three groups: the Control group treated
with 200 pL of PBS injection (n = 5), the CS group (n = 5), and
the CS-GO group (n = 5). After sufficient hemostasis, the CS
and CS-GO scaffolds (length of 2 mm and diameter of 3.5 mm)
were implanted into the spinal cord gap and the muscle and
skin of these rats were sutured with 4-0 nylon sutures. Each
rat received a daily intramuscular injection of penicillin and
levofloxacin for seven consecutive days to prevent infection,
and the bladder was emptied every 12 hours until the rats
recovered autonomic urination (Yuan et al., 2015).

Basso, Beattie, and Bresnahan locomotor rating scale
evaluation

Assessment of the locomotion function of the rat hind limb
was performed with the Basso, Beattie, and Bresnahan (BBB)
scale (Basso et al., 1995) 1 day after surgery, and was repeated
once a week through 10 weeks. Briefly, rats were allowed to
move freely on a circular platform with a diameter of 2 m,
and were observed for at least 5 minutes by two observers
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who were blinded to the research. A score ranging from 0
to 21 points was assessed based on conditions such as joint
activities, coordination of fore and hind limbs, and trunk and
tail positions. Six rats (two for each group) from each group
were randomly selected for the assessment at each time.

Electrophysiologic recording

Four mice were randomly chosen from each group and
anesthetized with 1% pentobarbital sodium (25 mg/kg
intraperitoneal injection) to record the somatosensory evoked
potentials (SSEP) elicited by transcranial electrical stimulation
(Xia et al., 2019; All et al., 2020). The needle electrodes
were inserted subcutaneously with the tip touching the
skull. The reference electrode was placed between the
eyes. The recording electrode was placed between the ears.
The hindlimbs of mice were exposed to enable insertion of
stimulating electrodes into the gastrocnemius muscles. A
ground electrode was placed subcutaneously at the base of
the tail. The gastrocnemius muscle was electrically stimulated
using a stimulator (Keypoint, Medtronic, Minneapolis, MN,
USA). A single pulse of stimulation (0.8 mA, 10 ms, 2 Hz) was
performed via stimulation of needle electrodes (DSN1620,
Medtronic). Each rat received 100 consecutive positive
monophasic current pulses until the waveform was stable.
The first trough of the signal curve from the beginning of the
stimulation appeared as P40. The gap time between troughs
was latency and the first peak that appeared was called N50.
In addition, the second trough that appeared was P60. The
gap between the lowest trough and crest was the amplitude.
This operation was performed at least twice per rat.

Histological analysis

Rats were sacrificed with 2 mg/mL ethyl carbamate (0.1
mL/10 g) through intraperitoneal injection 10 weeks after the
transplantation. Subsequently, rats were perfused rapidly with
approximately 200 mL iced saline per rat. The rats were fixed
by perfusing with 4% paraformaldehyde. 0.5 cm of the spinal
cord sections in the rostral and caudal direction with respect
to the injury center were removed, dehydrated, embedded,
and cryo-sectioned into slices with a thickness of 5 um.
These slices were then stained with hematoxylin and eosin.
Immunofluorescence staining was then performed according
to Mengchu'’s protocol (Cui et al., 2019). Briefly, the sections
were sequentially permeabilized in 0.3% Triton X-100 (Sigma,
St. Louis, MO, USA) at room temperature for 15 minutes after
antigen retrieval with citric acid. The sections were blocked in
5% goat serum at 37°C for 2 hours, and then incubated with
primary antibodies overnight at 4°C, which included goat anti-
microtubule-associated protein-2 polyclonal antibody (Cat#
ab5392; 1:1000; Abcam, Boston, MA, USA) for regenerated
axons and goat anti-choline acetyltransferase (ChAT) polyclonal
antibody (Cat# AB144P; 1:500; R&D, Minneapolis, MN, USA)
for cholinergic motor neurons and premotor interneurons.
The sections were rinsed in 0.1 M of PBS three times for 5
minutes each, and then incubated with the corresponding
secondary antibodies for 2 hours at room temperature: Alexa
Fluor 488-conjugated goat anti-chicken IgG (Cat# ab150169;
1:200; Abcam) and Alexa Fluor 568-conjugated donkey anti-
goat IgG (Cat# ab150131; 1:50; Abcam). Immunofluorescence
images were obtained by confocal microscopy (LSM800; ZEISS,
Oberkochen, Germany) and a Virtual Slide Microscope (VS120;
Olympus LifeScience, Tokyo, Japan).

Statistical analysis

All statistical analyses were performed using IBM SPSS
Statistics 20 (IBM Corp., Armonk, NY, USA). Data are expressed
as mean + standard error. The two groups were analyzed using
a two-tailed Student’s t-test. A repeated-measures analysis
of variance was adopted to analyze the data from the same

sample at different time points for the behavior assessment
and latency of SSEP. The Student’s t-test was used for single
comparison. P < 0.05 and 0.01 were considered statistically
significant.

Results

Morphology and structure of the CS-GO scaffolds

The porous structure of the scaffold can support tissue
ingrowth, neuron migration, and metabolic waste discharge.
Image of the internal microstructure of the fabricated CS-GO
scaffold with a 3 mm diameter is shown in Figure 1A, indicating
that the pores were irregular and randomly distributed. The
inner diameter of these pores was 18-87 um (average 37
um, as shown in Figure 1B), suggesting that the pore size was
suitable for cell migration (Liu et al., 2016). Additionally, the
pore surface of the CS-GO scaffold with many fine bumps was
rough (Additional Figure 2A), while the pore surface of the CS
scaffold was smoother (Additional Figure 2B), indicating the
presence of GO sheet on the surface of the micropores and
good distribution of GO nanosheets in the CS matrix.

Figure 1C displays the Fourier-transform infrared spectroscopy
spectra of the CS and CS-GO scaffolds. The peaks of the
amide | band of C=0 stretching at 1645 cm™, amide Il band
of C-N stretching at 1564 cm ™, and amide Ill band of N-H
deformation at 1409 cm™ in the two patterns indicate that
the amino groups of CS were crosslinked by genipin, forming
amide groups. The Raman spectra of the two scaffolds in
Figure 1D show that there was a distinct D-band at 1350 cm™,
G-band at 1605 cm™, and 2D-band at 2657 cm™ in the pattern
of CS-GO, suggesting the existence of GO; the small peak at
2900 cm ™" is attributed to the second-order model (D and G
bands), further suggesting the existence of GO in the CS-GO
sample. The atomic force microscope morphology image in
Figure 1E showed that there were fine and dense nano-bulges
on the pore surface of the GO-CS scaffold that originated from
the even distribution of GO nanosheets on the surface of the
micropores. The height of these nano-bulges was ~30 nm,
and the bulge height did not significantly impede cell growth.
However, there were a few nano-bulges on the pore surface
of the CS scaffold in the atomic force microscope image in
Additional Figure 2C, and the height of these bulges was less
than 10 nm. These few bulges might originate from clusters of
CS molecule-chains on the pore surface.

As shown in Additional Figure 2D, the addition of GO
significantly improved the stress (from 190 MPa to 500 MPa)
and elasticity (from 17% to 32%) of the scaffold because
of the electrostatic interaction between the amino groups
of CS and the carboxyl groups of GO (Additional Figure 1),
which is important for the adhesion and ingrowth of neurons.
Furthermore, the addition of less GO at 1% could increase
the electrical conductivity from ~0.05 mS/cm (dry CS film) to
~1.19 mS/cm (dry CS-GO film, Additional Figure 3D) because
of the even distribution of GO sheets on/in the surface/inside
of film. The conductivity increased to ~2.83 mS/cm after
immersion in PBS because the micropores of the CS-GO film
were filled with ionic aqueous liquid. This result encouraged
multi-stage in vivo bioelectrical signals transmission in the
GO-added matrix because the conductivity of the CS-GO film
nearly reached the reported range of the spinal cord tissue
conductivity of ~10 mS/cm (Holsheimer, 1998). Although the
conductivity of the CS-GO film decreased to ~0.54 mS/cm
because of detachment of some of the GO from the CS matrix
after 14 days of immersion, CS-GO can still transfer electrical
signals to a certain extent.

Sufficient attention should be given to the potential toxicity
of graphene-based materials. Clinical application of GO is
dependent on its degradation. The in vivo environment has
abundant active oxygen and peroxidase from neutrophil
granulocytes. Some studies have shown the biodegradation
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of graphene-based materials by peroxidase in the presence of
H,O, (Kotchey et al., 2011; Kurapati et al., 2015). Additional
Figure 3A showed the larger undegraded GO sheets; however,
the GO sheets in Additional Figure 3B were smaller because
of oxidization by horseradish peroxidase and H,0,. As shown
in Additional Figure 3C, the mean size of the GO decreased
from ~360 nm to 245.6 nm after 24 hours of degradation
by horseradish peroxidase, suggesting that biodegradability
of GO from the peroxidase of neutrophil granulocytes could
occur (Kotchey et al., 2011).

Cytotoxicity of the CS-GO scaffold

The cytotoxicity of the prepared scaffolds was analyzed by
MTT assy. The cell viability of the PC12 cells on the CS-GO
scaffold was significantly less than those on the CS in the
first 2 days (Figure 1F). However, the cell viability on the CS-
GO scaffold increased over time, and there was no difference
between the two samples on day 3, which was attributed
to the formation of protein corona near GO leading to the
enhanced cell viability. This result suggests the biosafety of
GO for the growth of neurocytes, corresponding to previous
reports (Lopez-Dolado et al., 2016; Dominguez-Bajo et al.,
2019).

CS-GO scaffolds improve the functional recovery of SCl rats
After the excision of the rat spinal cord, different grafts were
transplanted to the defect site through microsurgery (Figure
2A). As shown in Figure 2B, the BBB scores of all rats were
close to 0 the first day after SCI, and subsequently recovered
to different degrees over time, with all animals showing
different degrees of functional recovery at 10 weeks. The
locomotion recovery of the CS-GO group started seven weeks
after SCI (Figure 2B), and the BBB score reached a level of 8-9
at 10 weeks, suggesting the CS-GO scaffold could significantly
improve the functional recovery compared with the Control (P
<0.01) and CS groups (P < 0.05).

Furthermore, the SSEP of different groups was evaluated 10
weeks after SCI. The latent period (red line in Figure 2C) of
the three groups showed a trend of “Control > CS > CS-GO”,
and the amplitude showed a trend of “Control < CS < CS-GO”
(Figure 2E). The quantitative results illustrate that the SSEP
latency of the CS-GO group was significantly less than that of
the Control and CS groups (P < 0.05; Figure 2D). Subsequently,
all rats were sacrificed 10 weeks after SCI to evaluate the
effect of the CS and CS-GO on tissue repair. The CS-GO scaffold
was surrounded by regenerative neural tissue (Figure 2F). The
diameters of the proximal stumps of three groups were same,
indicating the proximal spinal tissue did not atrophy. However,
compared with the Control group, the cauda equina in the
distal stumps (Figure 2F) of the CS and CS-GO groups was not
atrophied, indicating a protective function of the CS and CS-
GO scaffolds in the spinal cord by allowing signal transmission
between two injury sites.

CS-GO scaffolds reduce pathological damage in the spinal
cord of SCl rats

Hematoxylin and eosin staining and immunohistochemistry
were performed to assess tissue bridging and neuronal
regeneration. In the Control group, tissue at the injury site
was disordered and many cavities were observed (Additional
Figure 4A). In the CS group, the lesion site was filled with
materials and no tissue inside the CS scaffold was observed
(Additional Figure 4B). However, in the CS-GO group,
regularly organized tissue at the injury site was observed, and
the regenerated tissue was arranged along the channels of
the CS-GO scaffold (Additional Figure 4C), suggesting that the
addition of GO nanosheets could induce neuron migration
and tissue ingrowth, which is consistent with a previous report
(Palejwala et al., 2016).

Compared with the CS scaffold, there are more cell nuclei in

the injury sites of the CS-GO scaffold, indicating that the GO
addition enhanced the cyto-compatibility of the CS matrix,
promoting neurocytes to grow into the larger pores of the CS-
GO scaffold (Figure 3). The regenerated neuronal cells were
growing inside the structure of the CS-GO scaffold. Compared
with the Control and CS groups, the erythrocytes in the CS-
GO scaffold (Figure 3C) indicate angiogenesis. It was reported
that a bare GO scaffold could induce angiogenic responses
in nerve repair (Mukherjee et al., 2015; Lépez-Dolado et al.,
2016), and further support axon regrowth and functional
recovery after SCI. Capillaries provide necessary supplies and
molecular mediators for new tissue growth, as well as mobilize
endogenous progenitor cells that can drive neurogenesis at
the center of the lesion site (Rauch et al., 2009). Thus, the
addition of GO is important for angiogenesis, neurogenesis,
and further functional recovery after SCI.

ChAT expression, which represents the cholinergic motor
neurons and premotor interneurons, is associated with
neurite outgrowth (Kumamaru et al., 2018) and represents
nerve regeneration. As shown in Figure 4A, there were
obvious broken tissue ends in the injury sites of the Control
group. Some ChAT-positive neurons on the surface of the CS
scaffold appeared (Figure 4B) and the extended axon did not
migrate into the inner structure of the scaffold. More ChAT-
positive neurons were observed on the surface of the GO-
CS scaffold. However, ordered directional extension along the
material structure inside the GO-CS scaffold also appeared
(Figure 4C), indicating GO promoted neuronal migration and
axon extension into the CS-GO scaffold (Lopez-Dolado et al.,
2016; Dominguez-Bajo et al., 2019).

The expression of microtubule-associated protein-2 is
associated with regenerative axon. Different degrees
of atrophy were observed in the Control and CS groups
(Additional Figure 5A and B). The spinal cord of the Control
group was atrophied and nearly disrupted (Additional Figure
5A) at the injury site. There was still a small amount of atrophy
observed in Additional Figure 5B, although the atrophy in the
CS group was less than that in the Control group. Regenerative
neurons did not grow into the CS scaffold. Alternatively,
there was no significant atrophy observed at the injury site of
the CS-GO group, and a few regenerated neural fibers were
observed (as indicated by arrows in Additional Figure 5C),
suggesting the impact of GO in nerve regeneration.

The ChAT staining images showed similar results to
immunohistochemistry. GO was previously demonstrated to
promote the directional growth of axons (Zhou et al., 2018).
As shown in Figure 4D, there was no neurite outgrowth
in the Control group, and the size of the retained fibers of
the degraded CS was larger than that of the degraded GO-
CS (Figure 4E and F) because the addition of hydrophilic GO
induced a stronger force between macromolecule chains,
preventing swelling of CS-GO, leading to the smaller fiber
size of CS-GO. However, both CS and CS-GO scaffolds were
surrounded by regenerative neurites (Figure 4E and F),
suggesting the supportive effect of the CS skeleton for nerve
adhesion. The regenerative tissues were growing along the
surface of the CS scaffold (Figure 4E). However, as shown in
Figure 4F, the regenerative tissues grew along the surface of
the CS-GO scaffold and directionally migrated into the inner
pores, promoting the degradation of CS chains. These results
were in accordance with a previous study (Dominguez-Bajo et
al., 2019). The size distribution of these pores was evaluated
based on the images of hematoxylin and eosin-stained
sections of the regenerated tissue, and shown in Additional
Figure 6. The size of the micropores in CS-GO increased to
30-160 um, which was larger than the 18-87 um of the
implanted scaffold, suggesting that the in vivo environment
resulted in degradation of the CS molecule chains and GO
nanosheets during regeneration over 10 weeks. Moreover, the
mean pore diameter of the CS-GO scaffold increased from ~37
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Figure 2 | CS-GO scaffolds implantation and its effect on rat behavior and physiology.

Control

12

Figure 1 | Analyses of the structure, composition,
and properties of the CS-GO scaffold.

(A) Scanning electron microscope image of the CS-
GO scaffold. The pores of the CS-GO scaffolds were
irregular and randomly distributed. Scale bar: 200
um. (B) Distribution of the micropore diameters in
the GS-GO scaffold. (C) Fourier-transform infrared
spectroscopy spectra and (D) Raman spectra of CS
and CS-GO scaffolds. Amide | band of C=0 stretching
at 1645 cm™, amide Il band of C-N stretching at
1564 cm™, and amide Il band of N-H deformation
at 1409 cm ™" peaks were observed in the CS and
CS-GO scaffolds. There was a distinct D-band at
1350 cm™, G-band at 1605 cm™, and 2D-band at
2657 cm ' in the pattern of CS-GO. (E) Atomic force
microscope image of the surface of the CS pores. (F)
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide results of PC12 cells cultured on CS and CS-
GO scaffolds. The cell viability was expressed as the
optical density ratio to the CS group at day 1. Data
are expressed as mean = SEM. *P < 0.05 (two-tailed
Student’s t-test). CS: Chitosan; CS-GO: graphene
oxide-composited chitosan; GO: graphene oxide.

Control

cs

CS-GO

Control
cs

CS-GO

(A) Establishment of the spinal cord transection model and implantation of the scaffold. White dashed squares from the left to the right indicate the sites of

a normal spinal cord without injury, the transection site with injury, and the scaffold implantation in the injury site, respectively. (B) BBB scores over the 10
week follow-up (n = 6 for each group). (C) Representative images of SSEP 10 weeks post-surgery. (D) Latency and (E) intensity of SSEP (n = 4 for each group).

(F) Representative spinal cord samples at 10 weeks post-implantation. Black and red arrows indicate the repair sites and cauda equina, respectively; the cauda
equine of the Control is thinner than those of CS and CS-GO groups, and the repair site of CS-GO is thicker than those of the Control and CS groups. Scale bars:
5mminA, 10 mm in F. Data are expressed as the mean + SEM. *P < 0.05, **P < 0.01. BBB: Basso, Beattie, and Bresnahan; CS: chitosan; CS-GO: graphene oxide-

composited chitosan; GO: graphene oxide; SSEP: somatosensory evoked potentials.
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Figure 3 | Hematoxylin and eosin staining assessment of the injury sites of (A) Control, (B) CS scaffold, and (C) CS-GO scaffold.
There are a lot of interval spaces in the Control and CS groups; however, the repair tissue grew into the gaps of the material in the CS-GO group. Scale bars: 50
um. The black arrows point to erythrocytes. CS: Chitosan; CS-GO: graphene oxide-composited chitosan; GO: graphene oxide.

Overall Enlarged Overall Enlarged
A D
B E
C F

Figure 4 | Evaluation of different stained
repair tissue of the injured site 10 weeks
after SCI.

(A—C) Evaluation of tissue remodeling

by immunohistochemistry and (D—F)
immunofluorescence (ChAT). (A, D) Control,
(B, E) CS, and (C, F) CS-GO groups. There
are a lot of interval spaces in the Control
and CS scaffold groups; however, the
repair tissue grew into the gaps of the CS-
GO group. ChAT (a neuronal marker; red,
stained by Alexa Fluor 568). The arrows
point to regenerated neural tissue. Scale
bars: 1 mm (left) and 100 um (right). ChAT:
Choline acetyltransferase; CS: chitosan; CS-
GO: graphene oxide-composited chitosan;
GO: graphene oxide.
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mm before the implantation to ~79 um after implantation,
and the increase of 42 um was smaller than the change of 52
um for the CS scaffold (from 58 mm before implantation to
~110 um after implantation), indicating that the polar linkage
between the GO nanosheets and CS matrix slightly slowed the
degradation of the CS molecule chains.

Discussion

GO can upregulate neural expression via its unique
nanostructure (Qian et al., 2018a). It was reported
that the addition of a low percentage of GO/rGO could
promote neuronal migration into a porous scaffold, along
with angiogenesis because of the m bond distribution on
the surface of the GO sheet. As a result, the promotion
mechanism of the CS-GO scaffold on the in vivo regeneration
of SCI was proposed. There are many micropores in our
prepared GO-CS scaffold and GO sheets were evenly
distributed on the micropores surface, which promoted cell
attachment of the neurons at an early stage after implantation
because of the m-1t interactions of the GO layer with aromatic
amino acids in the cell membrane (Rajesh et al., 2009; Lee et
al., 2011). After 10 weeks of repair, neuron attachment could
induce regenerated tissues to directionally grow into those
micropores, and the in vivo degradation of the GO nanosheets
and CS matrix of the scaffold led to a thinner skeleton, which
increased the size of micropores and reduced the size of
the GO sheets. Alternatively, the angiogenic process can be
induced by regulating the intracellular expression of reactive
oxygen and nitrogen species from GO sheets (Mukherjee et
al., 2015; Qian et al., 2018a). Regenerated capillaries could
provide necessary nutrition for neuronal regeneration, further
guiding the proliferation and migration of neurocytes. Finally,
the conductivity of the CS-GO scaffold during regeneration
also introduced better electrical signal delivery in the repair
site to promote the migration/growth of neurocytes (Chen
et al., 2019) and the functional recovery of the regenerated
tissue.

A conductive CS-GO composite scaffold was fabricated by
genipin-crosslinking. Genipin possesses more biocompatibility
than other common crosslink agents (such as glutaraldehyde),
and can promote the alignment and proliferation of neuronal
cells (Lau et al., 2018). In addition, the porous structure of
the scaffold was formed with lyophilization so that nutrients
and metabolic waste were easily exchanged through the
penetrated micropores. The electrical conductivity of the
CS-GO scaffold reached ~2.83 mS/cm because of even
distribution of the GO sheets in the scaffold, and these GO
nanosheets could be biodegraded by peroxidase into the finer
nanosheets. The results of the in vivo repair of SCI with total
resection indicate that, the CS-GO scaffold could significantly
induce functional recovery seven weeks after SCI. The addition
of GO can induce angiogenesis and promote the directional
growth of regenerated tissues into the larger micropores 10
weeks after SCI. These results indicate the potential of GO on
the regeneration and functional recovery of SCI and nerve
regeneration. A higher conductivity CS-GO scaffold may favor
the regeneration of SCl, and the effect of electrical stimulation
on spinal cord regeneration and its mechanism should be
studied in future work.
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Additional Figure 1 Schematic of preparation of CS-GO scaffold
(A) GO dispersed in CS and electrostatic attraction between the amino groups of CS and carboxyl groups of GO. (B) The
amino groups of CS were crosslinked by genipin. CS: Chitosan; CS-GO: graphene oxide-composited chitosan; GO:

graphene oxide.



NEURAL REGENERATION RESERACH

°
@
www.nrronline.org % -3

Stress (kPa)
8

2

G=1. 97MPa

/

,/
r'/'

A

G=1. 17MPa

(=)

20 30
Strain (%)

Additional Figure 2 Microstructure and mechanical strength of CS-GO and CS scaffold

(A, B) Scanning electron microscope image of the micropore surface of CS-GO (A) and CS (B) scaffold, and the red

arrows pointed to the bulges due to adding GO sheets. Scale bars: 5 um in A, 10 um in B. (C) Atomic force microscope

image of the surface of CS pores, and 26 nm of the unit of the axis. There were a few of sparse nano-bulges on pore

surface of CS scaffold. (D) Elastic modulus of scaffolds after phosphate-buffered saline immersion. CS: Chitosan;

CS-GO: graphene oxide-composited chitosan; GO: graphene oxide.
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Additional Figure 3 Biodegradation of GO by horseradish peroxidase
(A, B) Transmission electron microscopy images of GO before (A) and after (B) degradation by horseradish peroxidase.
Scale bars: 0.2 um. (C) Size distribution of GO sheets before and after degradation by horseradish peroxidase. (D)
Electrical conductivity of CS-GO film before and after immersion in PBS. *P < 0.05. CS: Chitosan; CS-GO: graphene

oxide-composited chitosan; GO: graphene oxide; PBS: phosphate-buffered saline.
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Additional Figure 4 Hematoxylin and eosin staining assessment on the longitudinal sections of the spinal cords of
(A) control, (B) CS, (C) CS-GO groups

There are many cavities in control group, and the regenerated tissue grew into the inner structure of CS-GO scaffold,
while most of the inner space of CS scaffold kept empty. Arrow indicates cavity. Scale bars: 1 mm (left) and 10 um

(right). CS: Chitosan; CS-GO: graphene oxide-composited chitosan; GO: graphene oxide.
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Additional Figure 5 Immunofluorescence (MAP2) staining of the injured site of (A) control, (B) CS, (C)
CS-GO groups

There are no regenerated axons in cavities of control group, and only a few of axons in CS group, while there are
many regenerated axons in/around CS-GO scaffold. MAP2 (green, stained by Alexa Fluor 488) is a neuronal marker.
White circle shows the atrophy and disruption of the spinal cord. White arrows point to the regenerated neurons.
Scale bars: 1 mm (left) and 200 mm (right). CS: Chitosan; CS-GO: graphene oxide-composited chitosan; MAP2:

microtubule-associated protein-2.
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Additional Figure 6 The diameter distributions of the inner micropores of GO-CS and CS scaffolds implanted for
10 weeks, based on the images of hematoxylin and eosin-stained section of their regeneration tissue

CS: Chitosan; CS-GO: graphene oxide-composited chitosan.



