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Despite advances in surgical techniques, functional recovery following epineurial neurorrhaphy of
transected peripheral nerves often remains quite unsatisfactory. Small gap tubulisation is a promising
approach that has shown potential to traditional epineurial neurorrhaphy in the treatment of peripheral
nerve injury. Thus, the goal of this study is to evaluate sciatic nerve regeneration after nerve transection,
followed by small gap tubulization using a reduced graphene oxide-based conductive conduit. In vitro,
the electrically conductive conduit could promote Schwann cell proliferation through PI3K/Akt signaling

pathway activation. In vivo, the results of electrophysiological and walking track analysis suggest that the
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Accepted 1st April 2020 electrically conductive conduit could promote sensory and motor nerve regeneration and functiona
recovery, which is based on the mechanisms of selective regeneration and multiple-bud regeneration.

DOI: 10.1039/d0ra02143a These promising results illustrate electrically conductive conduit small gap tubulization as an alternative
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1. Introduction

Peripheral nerve injury is a common clinical disease, which
always results in varying degrees of paralysis or sensory defi-
cits."” However, the current treatment strategies are epineurial
neurorrhaphy and lamellar sheath suture, which cannot achieve
sufficient and accurate abutment of nerve fibers and resolve the
problem of mismatch of sensory and motor nerve fibers.**
Previous animal experiments and multi-center clinical trials
have demonstrated that the repair effects of 2 mm small gap
tubulization for peripheral nerve injuries are quite a bit better
than those of traditional epineurial neurorrhaphy.*® The 2 mm
gap provides a suitable microenvironment for axons selective
regeneration. Moreover, the conduit could prevent the escape of
ruptured regenerating axons and reduce neuroma occurrence.®
However, previous studies focus on surgery and biological
researches, ignoring material improvement (only chitosan
material).

The ability to conduct electricity is an essential aspect of
synthetic nerve conduits due to the electrical signal exchange
and conductive properties of nerve tissue.”® In animal models
and humans, electrical stimulation accelerates motor and

“Department of Orthopedics and Trauma, Peking University People's Hospital, Beijing,
100044, China. E-mail: jiangbaoguo@vip.sina.com; zhangpeixun@bjmu.edu.cn
*Department of Materials Science and Engineering, CAPT/HEDPS, Key Laboratory of
Polymer Chemistry and Physics of Ministry of Education, College of Engineering,
Peking University, Beijing, 100871, China. E-mail: slbai@pku.edu.cn

‘Department of Trauma Medicine Center, Peking University People's Hospital, Beijing,
100044, China

“National Center for Trauma Medicine, China

This journal is © The Royal Society of Chemistry 2020

approach for transected peripheral nerve repair.

sensory axon outgrowth across injury sites and enhances nerve
regeneration and target reinnervation.”* Thus, most studies
about nerve tissue engineering have focused on conductive
materials, hoping to develop a novel material that can meet
both the conductivity demands of nerve tissue and the
requirements of tissue engineering.

We have fabricated a novel conductive conduit containing
gelatin methacryloyl (GelMA) and reduced graphene oxide (rGO)
to repair critical peripheral nerve defects. Then, this work aims
to investigate a electrically conductive conduit for peripheral
nerve repair using a small gap sleeve bridging method.

2. Materials and methods

2.1. Fabrication of conductive nerve conduit and
characterization

The conductive nerve conduit was synthesized and character-
ized as the previous report. Briefly, the rGO (0.25 and 0.5wt%)
and trifluoroethanol (TFE) were mixed. The mixture was
dispersed via probe ultrasonication for 30 min to obtain the
uniform rGO solution. And a certain amount of GelMA/PCL
(GeIMA: PCL = 1:1 by weight) was added to produce the
rGO/GelMA/PCL solution,* which was the mass ratio of the
final mixture solution. The as-prepared solution was filled in
a 10 ml syringe connected to a 21-gauge stainless steel needle,
and then electrospun (IonBeam, WL-2C, China) applying at the
constant parameters: UV light (0.5% w/v Irgacure 2959 as pho-
toinitiator), 9 w; flow rate, 2 ml h™*; the distance between needle
tip to collector, 15 cm; supplied voltage, 15 kV; temperature, 30—
40 °C; relative humidity, 30-40%. The collecting mandrel
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consisted of a stainless-steel rod with 1.2 mm, and the speed of
the mandrel was 800 rpm. Finally, the obtained conductive
conduits were subsequently dried in vacuum for at least 3 days,
and then the stainless-steel rods were removed before use.

2.2. RSC96 culture and western blotting

The RSC96 seeded onto the nanofiber scaffolds (C group: 0 wt%
rGO, A group: 0.25 wt% rGO, B group: 0.5 wt% rGO) at a density
of approximately 1 x 10* cells per cm?® and cultured in DEMEM
medium with 10% fetal bovine serum and penicillin/
streptomycin. RSC96 at the same density cultured on the
tissue culture plate as control (Ctrl group).

After 3 days of culture, the cells were lysed in RIPA lysis
buffer to collect total proteins. The total proteins were separated
on SDS-PAGE gels and transferred to PVDF membranes. After
blocking with 1% BSA for 1 h, the membranes were incubated at
4 °C overnight with the following primary antibodies: anti-p44/
42 MAPK(ERK1/2) (1 : 2000, 4696, Abcam, USA), anti-Phospho-
p44/42 MAPK(ERK1/2) (1 :2000, 4370, Abcam, USA), anti-Akt
(1:1000, 4691, Abcam, USA), anti- Phospho-Akt (1 :2000,
4060, Abcam, USA), and anti-GAPDH (1 : 1000, Abcam, USA).
The next day, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (1 : 2500, ZB-5301
and ZB-5305, ZSGB-Bio, China) for 1 h at room temperature.
Blots were then developed by an enhanced chemiluminescence
western blotting detection kit (BioRad, Hercules,CA, USA).

2.3. Animal surgery

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Peking
University People's Hospital and approved by the Animal Ethics
Committee of Peking University People's Hospital. The animals
were randomly divided into 4 categories: (1) 0 wt% rGO, the
rGO/GelMA/PCL nanofibers conduits group (Control group, n =
8); 2) 0.25 wt% rGO, the rGO/GelMA/PCL nanofibers conduits
group (A-rGO group, n = 8); 3) 0.5 wt% rGO, the rGO/GelMA/PCL
nanofibers conduits group (B-rGO group, n = 8); 4) traditional
epineurial neurorrhaphy group (TEN group, n = 8). The surgical
procedure was carried out as the previous report.>**

Briefly, adult female rats (200-250 g, Sprague-Dawley rats)
were induced to anesthetic depth with inhaled isoflurane at 5%
and maintained at 1.5-2.0% isoflurane throughout the surgery.
Then, a small incision was created in the right leg of the rat to
expose the sciatic nerve, and surrounding muscles were
detached with blunt dissection. Then, the nerve was transected
at the center of the right thigh. The proximal and distal stumps
of the injured nerve were directly sutured using a 10-0 nylon
monofilament suture. Conductive nerve conduits sutured to the
proximal and distal ends of the injured nerve with 10-0 nylon
sutures, and 2 mm small gaps existed between the two ruptured
stumps (Fig. 1). Finally, muscle soft tissue and skin were closed
accordingly with 4-0 nylon sutures. Subsequent postoperative
observations were made at week 12.
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Fig. 1 Schematic of conductive conduit small gap tubulization
methods. The gap between the nerve stumps is 2 mm.

2.4. Walking track analysis and electrophysiological
assessment

The functional nerve recovery of the animals was assessed by
Catwalk XT (Noldus, Catwalk XT, Netherlands) at 12 weeks
after surgery. Briefly, the animals were allowed to walk on the
walkway and carried out the data acquisition. A series of the
landmarks of the footprints (for example, stand, max contact
area, swing, duty cycle, the relative paw position) were
analyzed.

After walking track analysis, SD rats were subjected to elec-
trophysiological analysis. Under anesthesia conditions, the
right sciatic nerve (operated nerve) and left nerve (non-operated
nerve) was exposed. Bipolar electrodes were fixed at the prox-
imal and distal part of the nerve to deliver single electrical
signals. The recording electrodes placed in the tibialis anterior
muscle. The various latency and distance between two ends of
stimulation were recorded to measure compound muscle action
potential (CMAP) and motor nerve conduction velocity (MNCV).

2.5. Muscles weight

At 12 weeks post operatively, tibialis anterior muscles and
gastrocnemius muscles were harvested after SD rats were
sacrificed. The relative weights were presented as percentages
using previous studies: muscles weight% = (muscles weight of
the operated leg)/(muscles weight of the unoperated leg). The
experiment was repeated three times. The experiment was
repeated eight times.

2.6. Statistical analysis

Unpaired Student's ¢test and one-way ANOVA were used for
statistical analysis. A p-value of less than 0.05 was considered
statistically significant.

Fig. 2 (A) Image of conductive nerve conduits (rGO: 0.25 wt%). (B)
Morphological photographs of conductive nerve conduits (rGO:
0.25wt%). Scale bar = 50 um. (C) is a magnified (B) image, white arrows
indicate the rGO. Scale bar = 10 um.

This journal is © The Royal Society of Chemistry 2020
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3. Results
3.1. Characterizations of conductive nerve conduits

As shown in Fig. 2. A, the electrically conductive nerve conduits
were obtained by removing the stainless-steel rod and had an
inner diameter of 1.2 mm with the wall thickness ~200 nm.
SEM images of the conductive conduits are shown in Fig. 2B
and C, the nanofibers and rGO were randomly oriented and
formed a 3D interconnected porous structure. The conductive
conduits were composed of fibers with diameters of approxi-
mately 310 nm.

3.2. Western blot

Phosphatidylinositol 3 kinase and protein kinase B (PI3K/Akt),
and mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK) are common signaling path-
ways, which could regulate cell proliferation.’®'* As shown in
Fig. 3, the ratio of p-ERK/ERK among the A group, B group, and
C group exhibited no significant difference. The ratio of p-ERK/
ERK among the A group, B group, and C group was higher than
that of the Ctrl group. However, the ratio of p-AKT/AKT in the A
groups exhibited a marked increase compared with the Ctrl
group, B group, and C group.

3.3. Animal surgery

All rats recovered from the surgeries and shown no wound
complications and inflammatory signs. As shown in Fig. 4A1-
D1, the conduits well integrated with the sciatic nerve, leaving
a 2 mm gap for nerve regeneration. After 12 weeks of implan-
tation (Fig. 4A2-D2), the conduits still appeared well integrated
with the sciatic nerve and no apparent neuroma formation.
Moreover, the conduits were not surrounded by a serious
chronic inflammatory reaction and a thin layer of fibrous tissue
abundant in capillaries.

3.4. Walking track analysis

To evaluate the recovery of nerve function, we carried out the
walking track analysis. Proper walking depends on coordinated
function involving sensory input, motor response, and cortical
integration.'® Moreover, walking track analysis provides a non-

Ctrl A B C
0.25wth 05wth 0  rGO

ERK ‘- ——

—— — —

P-ERK s e c—

P-ERK/ERK 096 118 115 114

Akt S — ——
P-AKt e — — a——

p-Akt/Akt 051 103 0.60 0.57

GAPDH ‘e < —3“

Fig. 3 Western blot analysis of ERK, p-ERK, Akt, and p-Akt expression
after RSC96 co-cultures with scaffolds.
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Fig. 4 Surgicalimplantation. (A1/2—-D1/2) Intraoperative images of the
Control group (A1/2), A-rGO group (B1/2), B-rGO group (C1/2), and
TEN group (D1/2). White arrows indicate the end-to-end suture site.

invasive method of evaluating the functional status of the
sciatic nerve during the regeneration process. Stand is used in
pain research and measures how much time the animal stands
on one of its hind paws, which always affects max contact area.
Swing Speed is the speed of the paw during Swing. Stand,
SwingSeed, and max contact area depend on the pressure
exerted by the paw during locomotion, which indirectly reflects
mechanical allodynia.'>*® As shown in Fig. 5A-C, compared with
the Control group, A-tGO group and B-rGO group exhibited
smaller mechanical allodynia. But, compared with the TEN
group, the A-rGO group and B-rGO group exhibited lower

il

.0
Control A-rGO B-rGO TEN

al

Control A-rGO B-rGO TEN

>
°
&

w
©
8

nd (s)
e o
DS

2

Stal
o o
SR
SwingSpeed (cm/s)
w
5

o
o

Control A-rGO B-rGO TEN

w)

o,
o
o

RightPaws

o o
x @
@

(2
9

PrintPositions (cm)
~N »

o
°

[
Control A-rGO B-rGO TEN

o
o

I Proximal
I Distal "

I Proximal #
I Distal

o

plitude (mv) ' MaxContactArea (cm?) o
>

o

CMAP Area(mVms)
o

o

0;
ControlA-rGO B-rGO TEN Normal ControlA-rGO B-rGO TEN Normal

By

ControlA-rGOB-rGO TEN Normal

o ® 9
S S o

F
S

Motor nerve
conduction veloity (m/s)® cpap Am

N
S

0

Fig. 5 Electrophysiology and walking track analysis. (A—D) Footprints
and footfall patterns of Control group, A-rGO group, B-rGO group,
and TEN group after 12 weeks of implantation, respectively. #P < 0.05.
Error bar = s.em. (E and F) CMAP amplitudes and area of Control
group, A-rGO group, B-rGO group, and TEN group. *P < 0.05 between
proximal and distal of the sciatic nerve. **P < 0.05 between Control
group and A-rGO group. P < 0.05 between Control group and B-rGO
group. #¥P < 0.05 between TEN group and other groups. Error bar
= s.e.m. (G) Motor nerve conduction velocities of Control group, A-
rGO group, B-rGO group, and TEN group. *P < 0.05, Error bar =s.e.m.
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mechanical allodynia. Generally, the rats tend to place their
hind paw at the previous position of the forepaw. As shown in
Fig. 5D, the PrintPosition of the TEN group, the A-rGO group,
and the B-rGO group were significantly smaller compared with
that of the Control group.

3.5. Electrophysiological assessment

To further evaluate the recovery of nerve function, we carried
out the electrophysiological analysis, which is one of the most
common parameters of functional recovery of the sciatic nerve
regeneration.” The numbers of regenerated motor nerve fibers
and the rate of muscle reinnervation could be indirectly re-
flected by compound muscle action potential (CMAP).**'* CMAP
was evoked and recorded, followed by measurements of
amplitude and area of signals. As shown in Fig. 5E and F, for
proximal CMAP analysis, significance existed between the A-
rGO, B-rGO, Control, and TEN groups. There were no signifi-
cant differences between A-rGO and TEN groups. The proximal
CMAP amplitude of the A-rGO group was more extensive than
that of the Control group. More importantly, the proximal
CMAP amplitude and area of the TEN group was significantly
more significant than the distal CMAP amplitude and area of
the TEN group, but this difference was not detected in the other
groups.

In addition, motor nerve conduction velocity (MNCV) shows
an essential index for the conduction function of the peripheral
nerve, which indirectly reflects the fiber diameter, axon diam-
eter, and myelin thickness of the regenerated nerve.”® As shown
in Fig. 5. G, there were no statistically significant differences
among the B-rGO, A-rGO, Control, and TEN groups. The A-tGO
group has similar MNCV compared to TEN group.

3.6. Muscle weight

To analysis the atrophy of the target muscles, the muscle weight
was calculated. Generally, nerve dominates and feed its muscle
and also receive muscle movement information. Then, muscle
recovery can also indicate functional nerve recovery. At 12
weeks, we weighed and analyzed the muscles. As shown in
Fig. 6, compared with contralateral muscle, affected muscle
shown different degrees of atrophy. However, there was no
difference between them.

4. Discussion

Unlike the central nervous system, the peripheral nerve has the
ability for regeneration after injury.”* The intrinsic and extrinsic
promote the axon regenerate cross the injury sites and then
rebuild functional connections with their original targets.”***
Generally, nerve transections destroy the continuity of the axons
and nerve basal lamina, forcing a physical method to recover
the continuity. Not surprisingly, the use of epineurial neuro-
rrhaphy is the standard method for the repair of nerve tran-
section in the clinic.®> However, functional recovery following
repair of transected nerves is even great challenges, owing to
misdirection of the regeneration of the regenerating axons and
a decreased number of axons.”® Recently, 2 mm small gap
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ratio and gastrocnemius muscle ratio. *P < 0.05. Error bar = s.e.m.

tubulization method has been applied in aminal models and
human, and has excellent outcomes compared with traditional
epineurial neurorrhaphy.®® 2 mm small gap tubulization offers
several advantages over traditional epineurial neurorrhaphy: (1)
ready-to-use and fewer sutures cause less surgical trauma to the
nerve stump; (2) less tension is applicated at the repair site; (3)
prevent the escape of ruptured regenerating axons; (4) pre-
customized for reducing the mismatch and allowing selective
regeneration.>%***

Apart from the 2 mm small gap, the synthetic nerve guide
tubes also play a critical role in nerve repair. Numerous studies
have demonstrated that successful regeneration can take place
across a gap that is bridged by artificial nerve guidance
conduits.®* With the development of technology, a wide range
of biomaterials and techniques have been used to prepare nerve
guidance conduits.”® Graphene and its derivation have attracted
great attention in the preparation of nerve guidance conduits
because of their unique high electrical conductivity and the
unique morphology of the rippled and wrinkled chemical
surface, which mimics the surrounding matrix of neurons.>”*
Previous studies verified that graphene-based scaffolds could
elicit endogenous peripheral nerve repair mechanisms and
successfully promote functional and morphological recovery in
peripheral nerve regeneration.'?*3°

Bioelectricity and the existence of endogenous electric fields
for tissue regeneration play an indispensable role in main-
taining normal biological functions.** Conductive materials
could meet both the electrical conductivity demands of nerve

This journal is © The Royal Society of Chemistry 2020
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tissue and the requirements of tissue engineering as a whole. In
this work, we used a pre-customized graphene-based conduc-
tive nerve conduit as scaffolds to repair nerve transection
(Fig. 2). The conductive nerve conduit well sutured in the sciatic
nerve and successfully built a 2 mm gap. After 12 weeks of
implantation, there was no complication occurs and the surface
of the conduit existed connective tissues and blood vessels,
which indicates that the conductive guidance conduit has
excellent biocompatibility (Fig. 4).

Following a transection, the stump retracts, and the distal
part of the nerve takes place Wallerian degeneration.** The
major purpose of the regeneration process is for the axons to
regrow back to their original targets.*® Remarkably, previous
work verified that the number of axons and Schwann cells at the
axonal cross-section area was higher than that of the proximal
end of the injured nerve, namely multiple-bud regeneration
(multiple amplification).**** The 2 mm small gaps construct
a relatively closed microenvironment that was propitious to
multiple-bud regeneration.®** Moreover, graphene oxide could
promote nerve-associated cells adhesion, proliferation, and
differentiation.”*** Our work has shown that the conductive
conduits could significantly activate PI3K/Akt signaling path-
ways, which was essential for Schwann cell proliferation
(Fig. 3).%>%¢

After nerve transection, the Schwann cells from both the
proximal and distal stump invade the bridge as multicellular
cords and migrate directionally, eventually rejoining, which can
provide a tube-like substrate to direct the regenerating axons
back to their original targets.**” Thus, Schwann cells prolifer-
ation coordinates with axons multiple-bud regeneration. CMAP
indirectly reflects the numbers of regenerated motor nerve
fibers, while MNCV indirectly reflects fiber diameter, axon
diameter, and myelin thickness of the nerve.'*?° The difference
between proximal and distal CMAP of the TEN group has shown
that some regenerated axons failed to select appropriate roads
to back to their original targets. The proximal CMAP Amplitude
of the A-rGO group was larger than the Control and B-rGO
groups (Fig. 5E). Therefore, conductive conduits promote
Schwann cell proliferation, thus regenerating axons have more
“cellular conduits” to cross the injuries sites. After 12 weeks,
based on the results from the walking track analysis, we found
that the parameters of the A-rGO group was much better, which
suggests that the electrically conductive conduits could improve
the reconstruction of sensory function (Fig. 5A-D). Non-
significant results do not mean that muscle weight does not
work (Fig. 6). The main reason is the effect too small to detect.

5. Conclusion

In conclusion, we have demonstrated that rGO-based conduc-
tive nerve conduits, which fabricated by electrospinning, hold
great promise for peripheral nerve repair by 2 mm small gaps
tubulization method. Although electrical stimulation has been
the most widely studied, which can significantly promote the
regeneration of peripheral nerve injuries,*****’ we have to point
out that we do not apply electrical stimulation in this study.

This journal is © The Royal Society of Chemistry 2020
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Thus, we will focus on the use of electrical stimulation in 2 mm
small gaps rat models in future.
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