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1. Introduction
To solve the problems of slow regeneration and mismatch of axon

regeneration after peripheral nerve injury, nerve guidance conduits (NGCs)
have been widely used to promote nerve regeneration. Multichannel NGCs
have been widely studied to mimic the structure of natural nerve bundles.

The peripheral nerve is susceptible to
injury caused by accidents, wars, natural
disasters, and diseases, which wusually
further result in loss of sensory and motor

However, multichannel conduits are prone to structural instability. functions.!'?! Nerve regeneration could be
Thermo-responsive shape memory polymers (SMPs) can maintain a restored in only 50% of patients with a
persistent initial structure over the body temperature range. Electrical single nerve repair treatment, which is due

stimulation (ES), utilized within nerve NGCs, serves as a biological signal to o the h@teﬁ ﬁblhty of bett pheral nerve
regeneration.>*)  Autograft is commonly

expedite damaged nerve regeneration. Here, an electrospun shape-persistent considered the “gold standard” for periph-
conductive NGC is designed to maintain the persistent tubular structure in eral nerve repair, but this method still
the physiological temperature range and improve the conductivity. The has several deficiencies, including insuffi-
physicochemical and biocompatibility of these P, P/G, P/G-GO, and P/G-RGO  cient donor sources, susceptibility of the
NGCs are conducted in vitro. Meanwhile, to evaluate biocompatibility and donor site to secondary infection, and high

. . . . cost.’] Nerve guidance conduits (NGCs)
peripheral nerve regeneration, NGCs are implanted in subcutaneous parts of

L. . have become a promising alternative in
the back of rats and sciatic nerves assessed by histology and peripheral nerve repair!®) Nanofiber mem-

immunofluorescence analyses. The conductive NGC displays a stable branes, which have the ability to mimic
structure, good biocompatibility, and promoted nerve regeneration. the structure of the extracellular matrix
Collectively, the shape-persistent conductive NGC (P/G-RGO) is expected to (ECM) with nanoscale dimensions, have

been widely used in tissue engineering.l”*!

promote peripheral nerve recovery, especially for long-gap and large-diameter Nowadays, thermotropic phase separation,
nerves. self-assembly, and electrospinning are
used to prepare nanofibers.’l Among,
electrospinning attracts extensive attention
). Song, Z. Yuan, X. Yu, Y. Zhao, Y. Shen, }. Wu, B. Sun, X. Mo due to the advantages of simple operation, low invest-
State Key Laboratory for Modification of Chemical Fibers and Polymer ment in equipment, and a wide range of selectable pro-
Materials cessed materials.l'% It is an effective way to make NGCs by
Shanghai Enginee'rirjg Research Center of Nano-Biomaterials and electrospinning.
Regenerative Medicine . .
College of Biological Science and Medical Engineering Curr.ent comme?aal NGC_s were mainly hollov_v structures that
Donghua University were difficult to directly guide nerve regeneration and resolve
Shanghai 201620, P. R. China axon mismatch.['!] Multichannel structure was frequently en-
E-mail: binbin.sun@dhu.edu.cn;xmm@dhu.edu.cn dowed in NGCs.["?l In addition, the topological structure can
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(lactide-co-trimethylene carbonate), as one of the thermo-
responsive SMPs, exhibits good biocompatibility, biodegradabil-
ity, and glass transition temperature (Ig) near human body
temperature with potential applications in nerve regeneration,
blood vessel regeneration, and bone tissue engineering.!'>-7]
Meanwhile, PLMC could be combined with gelatin (Gel),
which provides a hydrophilic environment and then promotes
cell adhesion.'! Therefore, multichannel NGCs with aligned
nanofibers were designed.

In addition to guiding axons, the construction of NGCs also
needs to provide bioactive signals to promote axon extension. Bio-
electric fields can be regenerated by human movement, which
in turn generates and transmits electrical signals. Among, car-
diomyocytes, osteoblasts, and neurons are relatively sensitive
to electrical signal stimulation.'?! To stimulate the intracel-
lular electric fields of biological systems, electrical stimulation
(ES) combined with electroactive biomaterials is considered as a
promising approach for nerve regeneration.[?”) Thus, many con-
ductive polymers and conductive nanoparticles, such as polyani-
line (PANI), polypyrrole (PPy), Poly (3,4-ethylenedioxythiophene)
(PEDOT), gold nanoparticles, graphene nanosheets, and car-
bon nanotubes, were utilized to obtain conductive NGCs.[2*24
The superior mechanical properties and electrical conductivity of
graphene for neural tissue have been explored.[?! However, the
poor dispersity of pure graphene limits its application in elec-
trospinning. Graphene oxide (GO) is an oxidized derivative of
graphene, which improves dispersion in polar solvents by hydro-
gen bonding for better processing performance.[?®! In addition,
GO must be reduced to reduced graphene oxide (RGO) to restore
conductivity.[?’]

In this study, PLMC, Gel, GO, or RGO were used to construct
shape-persistent conductive NGCs. The potential of these NGCs
to stimulate Schwann cells proliferation, enhance PC12 cells dif-
ferentiation via ES, and provide topographical cues for cell guid-
ance was evaluated by CCK8, Transwell, and qRT-PCR. Histolog-
ical and functional assessments confirmed that the conductive
P/G-RGO NGC significantly promoted nerve regeneration, as in-
dicated by muscle weight and sciatic nerve function index. Based
on shape memory property, all conduits can maintain their multi-
channel tubular shape at 37 °C. The shape-persistent conductive
NGC holds the potential to provide successful therapeutic out-
comes and long-gap and large-diameter nerve regeneration.

2. Results

2.1. Characterization of P, P/G, P/G-GO, and P/G-RGO
Membranes

Electrospun membranes with an outer layer of random
nanofibers and an inner layer of aligned nanofibers were smooth
and bead-less (Figure 1A1-4 and C1C4). The diameters of
the random layers were 1.03 + 0.17 pm, 1.54 + 0.19 um,
0.77 + 0.10 pm, and 0.79 + 0.12 um for P, P/G, P/G-GO, P/G-
RGO membranes (Figure 1B1-4). The diameters of the aligned
layers were 0.94 + 0.16 um, 1.22 + 0.18 pm, 0.85 + 0.16 um,
and 0.90 + 0.15 ym for P, P/G, P/G-GO, P/G-RGO membranes
(Figure 1D1-4). In addition, nanofibers of P/G-RGO still had a
clear structure, indicating that the reduction of GO by L-ascorbic
acid did not change the morphology. To assess the alignment of
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the nanofibers, the distribution of the aligned nanofiber angle
was evaluated. The angle of different aligned nanofibers was con-
centrated between 0° and 30° (Figure 1E1-4). There was no sig-
nificant difference in the alignment of the nanofibers of the four
groups of membranes, and it was also demonstrated that the ad-
dition of Gel, GO, or RGO did not affect the morphology and
arrangement of the nanofibers.

The stress—strain curves showed that the breaking strain
of the nanofiber membrane was significantly reduced from
452.71 + 27.19% to 347.04 + 26.73% after Gel addition. These
results were consistent with the previous study.?®! The break-
ing strain was further reduced after addition of GO (Figure 1F
and Figure S1, Supporting Information). GO aggregated to make
nanofibers more fragile, resulting in decreased strain, which was
consistent with previous research.!?”! As shown in Figure 1G, the
Tg of the P, P/G, P/G-GO, and P/G-RGO membranes was 37.3,
39.6, 38.9, and 39.3 °C, respectively. A temperature higher than
Tg was required to guarantee the completion of the shape mem-
ory process, so 40 °C was chosen as the temperature of deforma-
tion. Furthermore, at a temperature lower than Tg, each NGC can
maintain a persistent tube structure, so conduits can maintain
the original tube structure within the body temperature range.

As shown in Figure 1H, the mass percentages of burning
residues were 0%, 2.97%, 0.60%, and 1.80% for P, P/G, P/G-
GO, and P/G-RGO membranes, respectively. The incorporation
of Gel, GO, or RGO improved the thermal stability of the com-
posite nanofibers. Moreover, the FTIR spectra (Figure 11) showed
that the characterized peaks around 3334 cm™', 1720 cm™, and
1610 cm™! were -OH, C = O, and N-H telescopic vibration peaks
of GO. The addition of Gel in P/G-GO made the peaks of C= O,
N-H, and amide I (1631 cm™), amide II (1522 cm™!) bonds in
Gel superimposed on each other shifted at 1650 and 1529 cm™!
respectively, indicating that GO was successfully co-mingled into
nanofibers. The spectrum of P/G-RGO nanofibers showed that
the absorption peaks of -OH, C = O, and N-H were attenu-
ated to different degrees, indicating that RGO was successfully
reduced.*% To confirm the reduction of RGO, Raman spectra of
four groups of membranes were also measured. As shown in
Figure 1], the spectra of P/G-GO nanofibers presented D band
and G band of GO at 1329 and 1558 cm™'. The D/G intensity
ratios of P/G-RGO fibers were 1.39 which was greater than that
of P/G-GO (0.95). The intensity of G band was higher than D
band of P/G-GO membrane, while the intensity of the D band
was higher than G band of P/G-GO membrane, indicating that
the structure of graphene appeared and GO was effectively re-
duced to RGO.PY

In addition, membranes were also characterized by high reso-
lution XPS spectra of C1s (Figure S2 and Table S1, Supporting In-
formation). All samples exhibited three peaks at 284.8, 286.6, and
289.0 eV, which were ascribed to C = C/C-C, C-O, and -COOH
groups, respectively.32! After calculating the area ratio of signal
peaks in nanofibers, Figure S2 (Supporting Information) showed
that the ratio of C-O and COOH groups in P/G nanofibers was
larger than that of P nanofibers, indicating the incorporation of
carboxyl groups into gelatin. After incorporation of GO, the area
ratio of C-O group increased due to a large number of epoxide
groups in GO. The area ratio of C-O and COOH groups in P/G-
RGO was lower than that of P/G-GO membrane, indicating the
presence of RGO. The TEM image showed that GO sheets were
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distributed in nanofibers, further confirming the existence of GO
and RGO (Figure S3, Supporting Information).

The WCA results (Figure 1K) suggested good wettability due to
the addition of Gel, containing -NH and -COOH groups interact-
ing with water molecules.[**! Therefore, nanofibrous NGCs with
Gel added, i.e., P/G, P/G-GO and P/G-RGO, were selected for the
following experiments.

Aluminum foil was used as a positive control, and each group
of materials was sandwiched between the LEDs and button cell
batteries, and the higher the conductivity of the membranes,
the stronger the LED emission. The LED alone emitted no light
as negative control (NC), and the aluminum foil control group
emitted the strongest light as positive control (PC) (Figure 1N).
The percentage of LED-emitting area of the P/G-RGO mem-
brane was significantly higher than that of the other membranes
(Figure 1M). The conductivity calculated from the resistance val-
ues showed that the P/G-RGO membrane was significantly more
conductive than the other membranes (Figure 1L). Meanwhile,
in vitro degradation showed that all NGCs demonstrated a slow
degradation rate and proper biodegradability. After the addition
of Gel, the degradation rate of P/G, P/G-GO, and P/G-RGO NGCs
became faster than that of P NGCs. Moreover, the multichannel
structure of all NGCs remained stable after 60 days (Figure S4,
Supporting Information).

2.2. The Shape Memory Property of NGCs

To verify the shape memory properties of the P, P/G, P/G-GO,
P/G-RGO NGCs, the conduits were deformed into temporary pla-
nar shapes. Shape recovery of small tubes and large tubes was
completed in 8 and 30 s, respectively, which were immersed in
a water bath at 40 °C (Figure 2A). Three-channel nerve conduits
with three internally nested tubes were finally obtained. The en-
tire recovery process was rapid and repeatable. After five defor-
mation cycles, all materials were still able to return to the tubular
structure (please see Video S1, Supporting Information).

The Rr and Rf parameters of P, P/G, P/G-GO, and P/G-
RGO nanofiber membranes after one cycle were presented in
Figure 2B. Rr was above 89% of all membranes, and Rf decreased
gradually decreased from 93.94% of P to 71.85% of P/G, 56.32%
of P/G-GO, and 59.40% of P/G-RGO with the addition of Gel and
GO. In conclusion, the addition of G, GO, or RGO did not affect
the shape recovery rate of membranes and still had good shape
memory properties.

2.3. Evaluation of Neural Cell Outgrowth in NGCs
To investigate the effect of GO or RGO loading on nanofibers on

cell proliferation with or without ES, SC, and PC12 cells were
cultured on P/G, P/G-GO, and P/G-RGO NGCs. As shown in

www.advhealthmat.de

Figure 3E, the number of SCs on P/G-RGO NGC was signifi-
cantly higher than on the other two NGCs after 4 days. Addi-
tionally, cell proliferation on P/G-RGO NGCs was promoted by
ES. After 7 days, the number of SCs on P/G-GO and P/G-RGO
was higher than on P/G NGCs. Comparing the proliferation of
PC12 cells on these nanofibers, PC12 cells showed better prolif-
erative behavior on P/G-GO and P/G-RGO than on P/G NGCs
(Figure 3F), which was consistent with SCs on different NGCs.
In conclusion, P/G-RGO NGC was found to be the most effective
for cell proliferation, especially with ES.

To observe cell-NGC interactions, fluorescence staining was
performed after 7 days of culturing SCs and PC12 cells. The direc-
tion of these cells grown on aligned nanofiber membranes was
aligned with the direction of the nanofibers, which is consistent
with previous finding.[**! To investigate the effect of ES on the dif-
ferentiation of PC12 cells, the fluorescence images were counted
for the percentage of differentiated cells and the length of differ-
entiated axons (Figure 3A and Figure S5, Supporting Informa-
tion). Cells elongated along the direction of nanofiber orientation
after adhering and spreading on NGCs. The number of cells was
higher on P/G-GO and P/G- RGO NGCs, especially on the P/G-
RGO NGC with ES both SCs and PC12 cells. The SEM images
of SCs and PC12 cells showed the similar results (Figure 3B).
In addition, the morphology of PC12 and ES varied on different
NGCs.

The SCs on RGO-containing conductive NGCs exhibited a ten-
sile morphology growing along the oriented nanofibers, indicat-
ing that NGCs with suitable electrical conductivity could promote
the maturation of SCs. Morphological changes in PC12 cells are
closely related to their degree of differentiation. As shown in
Figure 3A, the cells were fusiform-shaped and elongated neu-
rites from the soma, confirming that the differentiation of PC12
cells was induced by ES. Moreover, the PC12 cells showed an ori-
ented morphology of elongation along the aligned nanofibers.
Compared with P/G-GO and P/G-RGO NGCs, PC12 cells on
P/G-RGO NGCs with ES were more clearly differentiated with
a higher percentage of differentiated cells and longer synapses,
suggesting that RGO has a certain electrical conductivity and sig-
nificantly promotes PC12 cell differentiation. In addition to P/G-
RGO NGCs, PC12 cells on P/G and P/G-GO NGCs with ES also
appeared to be partially differentiated, as the conductive nature
of ions in the medium induced PC12 cell differentiation under
electric field. In addition, the percentage of differentiated cells
and the neurite length of PC12 cells on P/G-RGO NGCs were
significantly greater than those on P/G and P/G-GO NGCs with
ES (Figure 3G,H). The above studies demonstrated that conduc-
tive RGO-binding ES could effectively regulate the maturation
and differentiation of SCs and PC12 cells.

To investigate the effect of different NGCs on the migration
of SCs and PC12 cells, Transwell assay was used to study the
migration of both cells. The number of SCs and PC12 cells
seeded on P/G-RGO NGCs with ES was higher than other groups

Figure 1. Characterization of P, P/G, P/G-GO, and P/G-RGO nanofibers. A1-A4) SEM images of random nanofiber layer of tubes and B1-B4) diameter
distribution of random nanofibers of tubes. C1-C4) SEM images of aligned fiber layer of tubes and D1-D4) diameter distribution of aligned nanofibers
of tubes. E1-E4) Nightingale rose plots of the aligned nanofiber angle distribution for tubes and 0 ° represented the nanofiber parallel to the vertical
axis. Scale bar: 10 um. F) Tensile strength—strain curves, G) DSC curves, H) TGA curves, I) FTIR spectra, J) Raman spectra, K) WCA of P, P/G, P/G-GO,
and P/G-RGO membranes. L) Conductivity and M) Percentage of luminous area of nanofibrous membranes. N) Conductivity observation of nanofiber

membranes. Scale bar: 5 mm. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Evaluation of shape memory properties of different NGCs. A) Shape recovery process of small and large P, P/G, P/G-GO, and P/G-RGO tubes.
Scale bars: 2 mm, 1 mm. B) Rr and Rf obtained from the DMA test of various samples.

(Figure 3C,D). Quantitative analysis of the migration results re-
vealed that a significant difference in the proliferative ability of
SCs was observed between P/G-GO, P/G-RGO, and P/G, normal
control groups, and P/G-RGO combined with ES groups showed
the most pronounced effects (Figure 31). The analysis of PC12 cell
migration results also led to consistent conclusions (Figure 3]).

The distribution of SCs seeded on different conduits was
assessed by fluorescence staining after incubation for 5 days
(Figure 3K). Fluorescence staining of cross-sections of conduits
was performed to observe the structure of conduits and the distri-
bution of cells. In each group, SCs were able to grow and remain
viable in each channel of these structurally stable conduits. Thus,
this conduit molding approach provided a favorable microenvi-
ronment for cell distribution and axonal extension during nerve
regeneration.

2.4. Myelin Gene Expression of SCs Cultured in NGCs

It is critical for peripheral nerve regeneration that SCs wrap
around regenerated axons to form myelin sheaths. The genes can
be categorized into two groups based on the degree of expression
in mature SCs. NCAM is expressed only in immature SCs and de-
creases with SCs myelination. In contrast, Krox20, PMP22, and
NGF are increased with myelination (Figure 4A).

Adv. Healthcare Mater. 2024, 2401160
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As shown in Figure 4B, gene expression of Krox20, PMP22,
and NGF was higher on P/G-RGO NGCs than on TCP, P/G,
and P/G-GO NGCs. In reverse to the above genes, gene ex-
pression of NCAM was lower on P/G-RGO NGCs than on
TCP, P/G, and P/G-GO NGCs. Moreover, gene expression
of Krox20, PMP22, and NGF increased on P/G-RGO NGCs,
and NCAM decreased on P/G-RGO NGCs significantly after
ES. These results showed that conductive P/G-RGO NGCs
were more favorable for SCs myelination under the condition
of ES.

2.5. Histological Analysis of Regenerated Sciatic Nerves

The electrospun NGCs were subcutaneously implanted in SD
rat to evaluate the biocompatibility in vivo (Figure S6, Support-
ing Information). H&E staining revealed a moderate inflamma-
tory response of three grafts at 2 weeks and there was no sig-
nificant difference in inflammatory response among them. In-
flammatory cells around the grafts were significantly reduced in
all groups at 4 weeks, indicating that the inflammatory response
was alleviated. After 4 weeks, fewer inflammatory cells clustered
around the P/G-GO and P/G-RGO membranes than around the
P/G membrane (Figure 5]). Masson’s trichrome staining indi-
cated increased deposition of collagen covering the NGCs from
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Figure 3. SC and PC12 cells proliferation and migration on various conduits. A) Immunofluorescence images of SCs and PC12 cells in P, P/G, P/G-GO,
and P/G-RGO conduits after incubation for 7 days. The cytoskeleton was stained with TRITC-phalloidin (red), and the nuclei were stained with DAPI
(blue). Scale bar: 50 um. B) SEM images of SCs and PC12 cells co-cultured in various NGCs after 7 days. Scale bar: 20 pm. Images of C) migrated SCs
and D) PC12 cells on different substrates with or without ES. Cells were stained purple with crystal violet. Scale bar: 200 um. Proliferation of E) SCs and F)
PC12 cells in different conduits. Statistics of G) differentiated cells and H) neurite length of PC12 cells based on immunofluorescence images. Calculation
of migration rate of 1) SCs and J) PC12 cells, respectively K) Distribution of SCs in different conduits with the persistent shapes after incubation for 5
days. Scale bar: 500 pm. *p < 0.05, **p < 0.01, **
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Figure 4. Myelin gene expressions of SCs cultured on various conduits with or without ES. A) Gene expression changes in SCs at different stages. B)
The qRT-PCR analysis of NCAM, Krox20, PMP22, and NGF gene expressions of the SCs on different NGCs after 5 days. The gene expressions of SCs on

TCP as control. *p < 0.05, **p < 0.01, ***p < 0.001.

week 2 to 4, and newly formed capillaries surrounding all NGCs
(Figure 5K).

To estimate the regenerated nerve tissue in different groups,
conduits were implanted into 10 mm nerve defects in rat sci-
atic nerves for 12 weeks (Figure 5A,B). Cross-sections of the re-
generated nerves were taken at the mid-position to evaluate ax-
onal regeneration. As shown in Figure 5C, the H&E staining im-
ages indicated that the regenerated tissue extended into all NGCs.
In addition, newborn blood vessels with red blood cells inside
were found between the regenerated nerve tissue in all groups
(Figure 5C). The density and diameter of the newborn microves-
sels were calculated as shown in Figure 5D,E, respectively, indi-
cating the microvessel-promoting effects of GO and RGO.

TB staining showed that large amounts of SCs were observed
in all groups (Figure 5F). Furthermore, the density of the P/G-

Adv. Healthcare Mater. 2024, 2401160
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RGO group was similar to that of the autograft group and signifi-
cantly better than that of the P/G and P/G-GO NGCs (Figure 5G).
The expression level of the SC-specific marker S-1008 and the
neurofilament marker NF-200 of the regenerated nerves were
examined by immunofluorescence staining at 12 weeks after
surgery (Figure 5H). The S-1008 and NF-200 proteins were
expressed in all groups, confirming the formation of myelin
sheaths composed of SCs and growth of new axons. As shown in
Figure 5I, the relative fluorescence intensities of S-1004 and NF-
200 were the highest in the autograft group. In the conduit graft
groups, the expression level of these markers was much higher
in the P/G-RGO conduit than in the P/G conduit. Apparently, the
inclusion of RGO supported a higher density of SCs and remyeli-
nation compared to the other conduits, which further supported
axon regeneration.
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2.6. Functional Evaluation of the Regenerated Sciatic Nerve

Footprint assessment was used to evaluate the degree of recov-
ery of the regenerated nerve (Figure 6A). The footprints of P/G-
GO and P/G-RGO NGCs showed noticeable recovery and were
closed to autografts (Figure 6B). SFI values displayed negligi-
ble differences between P/G-GO, P/G-RGO conduits and auto-
grafts, but autografts were significantly higher than those of P/G
NGCs (Figure 6E). Atrophy of the gastrocnemius muscle, one of
the target tissues of the sciatic nerves, was used to assess the
functional recovery of the regenerated nerves. As confirmed in
Figure 6C,F, gastrocnemius muscle atrophy occurred in all con-
duits compared to the autograft groups. The TSM weight of the
P/G-RGO NGCs was much heavier than that of the transplanted
conduits. In addition, Masson’s trichrome staining confirmed
widespread collagen deposition around the muscles in the P/G
groups (Figure 6D). Statistically, the percentage of collagen area
in the P/G-GO and P/G-RGO conduits was significantly less than
that in the P/G groups (Figure 6G). The average area of muscle
fibers of the P/G-RGO NGCs was not significantly different from
that of the autograft group, and was significantly better than that
of the P/G and P/G-GO NGCs (Figure S7, Supporting Informa-
tion). Taken together, these results demonstrated that the critical
roles of GO and RGO in promoting the functional recovery of pe-
ripheral nerves, and the conduits containing RGO have greater
transcendence in guiding nerve regeneration.

3. Discussion

Peripheral nerve injury (PNI) remains a critical clinical prob-
lem, affecting millions of people worldwide annually.**) Many
scientists have turned to biomaterials to repair PNI because of
the drawbacks of autografts.*] In neural tissue engineering, the
conduit acts as a bridge between the nerve ends and protects
the regenerating nerve. However, the use of single-tubular con-
duits results in poor longitudinal guidance of nerve regeneration.
Multichannel NGCs have been explored to mimic the fascicular
architecture of the nerve and promote axon extension.l*’! Dur-
ing nerve regeneration, the grafted multichannel NGC may col-
lapse and deform as the material degrades. Thermo-responsive
SMPs could maintain a persistent tube structure over a range of
temperature changes in the body. Previous studies have shown
that axons require a stable substrate to grow, making thermo-
responsive shape memory NGC with persistent shape was an ex-
cellent candidate for long-gap nerve regeneration.'*l Meanwhile,
autologously transplanted human sciatic nerves showed a max-
imum stress of 1930 + 50 kPa and a strain of 18.00 + 1.30%
as reported.3® The P, P/G, P/G-GO, and P/G-RGO NGCs meet
the necessary mechanical thresholds for neural conduits. These
NGCs not only provide mechanical support for nerve regenera-
tion, but also facilitate the realization of the shape memory func-

www.advhealthmat.de

tion of SMPs. Given these requirements, a three-channel shape-
memory nerve conduit was designed. The results of the in vitro
degradation and in vivo transplantation assay showed that the
NGC could maintain structural stability without collapsing or de-
forming during nerve regeneration.

Many studies have shown that conductive materials can ef-
fectively promote the repair of peripheral nerves after injury,
mainly due to their important role in transmitting signals be-
tween nerve systems, stimulating the proliferation and differen-
tiation of nerve cells, and promoting the reconstruction of the
physiological environment of peripheral nerve regeneration.>*4°]
The difficult dispersion of the conductive material graphene af-
fects its application in nerve tissue engineering. GO improved
dispersion in polar solvents due to possible hydrogen bonding
compared to graphene, which supports a high processability.2°]
Furthermore, oxygen functionalities in GO break the sp2 con-
jugation and the -7 bond and facilitate the form of hydrogen
bonding, resulting in stronger cell attachment.[*!] Recently, Zhao
etal. reported an electrodeposition of chitosan/GO conduit to im-
prove biocompatibility and bioactivity for glial cells.[*?] Bioelec-
trical signals are integrated into nerve conduits to mimic native
nerve tissue. GO is less conductive compared to graphene and
RGO, which is reduced to restore the electrical conductivity. It
has been shown that the electrical conductivity of NGCs is greatly
enhanced when GO is reduced to RGO, and the ability to pro-
mote cell proliferation and support neural synapse growth is also
improved. A silk fibroin/poly (L-lactic acid-co-caprolactone) NGC
was coated with GO and reduced to RGO to achieve higher electri-
cal conductivity, which elevated myelination of SCs and induced
differentiation of PC12 cells in combination with ES.[*}]

Furthermore, neurons can conduct nerve impulses through
endogenous ES. Conductive NGCs play a role in nerve repair
by contacting electrically active nerve tissue and then transmit-
ting bioelectricity in peripheral nerves to accelerate nerve repair.
The RGO incorporated into the NGCs provided a medium for
ES delivery and was expected to enhance the bioactivity of the
NGCs. The possible reason why RGO combined with ES was
beneficial to the biological function of SCs was that z-7 bonds af-
ter reduction of RGO improved metabolic activity and benefited
cell growth in terms of CCK-8 assay and gene expressions.[*]
Immunofluorescence staining showed that RGO combined with
ES effectively promoted the differentiation of PC12 cells, which
was in line with previous research.[*’] Many studies have been
conducted on the mechanism of action of ES in neuronal cells,
and the widely accepted view is that the electrical coupling re-
action between the cell and the material contact surface upreg-
ulates Ca?* related channels. The proliferation and differentia-
tion of neuronal cells are affected by the concentration of in-
tracellular Ca?*.[*6] ES can regulate the open or closed state of
the Ca?* channel to alter the intracellular concentration of Ca’*,
thereby altering the transmembrane potential of neuronal cells.

Figure 5. Implantation of nerve conduits and morphological assessment of the regenerated nerves. A) Photographs of harvested nerve conduit grafts
at 12 weeks after surgery. B) Schematic illustration of conduit implantation in the SD rat sciatic nerve defect model. C) H&E staining of cross-sections
of regenerated nerve tissue after 12 weeks (closed circles with deep staining indicated by black arrows). Scale bars: 400 um, 50 um. The quantitative
analysis of D) density and E) diameter of newborn microvessels. F) TB staining of cross sections of regenerated nerve tissue at 12 weeks. Scale bars:
400 um, 20 um. G) Quantitative analysis of the density of SCs. H) Immunofluorescence staining of S-1004 (red), NF-200 (green), and nuclei (blue) at
12 weeks post-transplantation. Scale bars: 400 um, 40 um. 1) Relative fluorescence intensity of S-1008 and NF-200. J) H&E and K) Masson'’s trichrome
staining of subcutaneous implantation cross sections after 2 and 4 weeks. Scale bar: 50 um. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. Functional evaluation of the regenerated nerves at 12 weeks post-implantation. A) Schematic illustration of walking track assessment. B)
Representative images of footprints. Scale bar: 10 mm. C) Representative images of harvested gastrocnemius muscles from both hind limbs at 12 weeks
post-surgery. Scale bar: 10 mm. D) Images of cross-sections of gastrocnemius muscles stained with Masson’s trichrome. Scale bar: 200 um. Quantitative

analysis of E) SFI, F) TSM weight ratio, G) and percentage of collagen. *p < 0.05, **p < 0.01, ***p < 0.001.

The influx of Ca?* into cells through Ca?* channels can activate
various signaling pathways related to neuronal proliferation and
differentiation.[*’] The definitive mechanism of the effect of con-
ductive NGCs combined with ES on the behavior of SCs requires
further studies.

Peripheral nerve regeneration is a process that involves the
coordination of Schwann cells, axons, macrophages, and blood
vessels.[**] Difficulties in regeneration caused by inflammatory
responses at the injury site and insufficient vascularization may
also occur during nerve repair. The results of the H&E and
Masson’s trichrome staining of the NGCs showed a trend to-

Adv. Healthcare Mater. 2024, 2401160
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ward decreased inflammatory cells around all grafts from 2 to
4 weeks, and newly formed capillaries surrounding all grafts at
4 weeks, indicating good biocompatibility in vivo and the abil-
ity to promote angiogenesis.**] Angiogenesis after nerve injury
is crucial for the guidance of SCs and recovery of general nerve
function.[%5!] The density and diameter of the regenerated blood
vessels of the P/G-RGO NGC were close to the autograft, which
may indicate that the presence of RGO promotes blood vessels
regeneration.>?]

Overall, the thermo-responsive shape memory function of
these conduits helped repair nerve defects over long-gap and
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35UBI SUOWIWOD dAIEaI) 3|qedtjdde auyy Aq pausanoB aJe sajaIIe YO 3sN 4O SN 10} A1eigrT] BUIUQ ABJIA UO (SUOKIPUOI-PUe-SLLIIBY/WO0D"A3|IM AJeIqH[3UI|UO//:Sd1Y) SUOIIPUOD pue swiaL aus 39S *[7202/50/vz] uo Areigi aunuo Asjim ‘Ausisaiun enybuod Aq 09TTOFZ0Z WYPe/Z00T 0T/I0P/W02"A3|IM AJeiq|autjuoy/:sdny woy papeojumod ‘0 ‘65922612


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

larger-diameter. In this study, we effectively demonstrated that
the conductive conduit containing RGO promoted the prolifera-
tion and differentiation of nerve cells, the regeneration of myelin
sheaths and axons, and the recovery of nerve function. We pro-
pose that the P/G-RGO conduit will be a viable alternative to au-
tograft therapy.

4, Conclusion

In summary, a shape-persistent conductive NGC was fabricated
by electrospinning using a thermo-responsive shape memory
polymer PLMC and RGO. The multichannel structure with
aligned nanofibers provided topographical cues for axon elonga-
tion, and maintained the stable tube shape without deformation
in the physiological temperature range. Conductive NGC com-
bined with ES promoted growth, proliferation, migration and
myelination of SCs, and differentiation of PC12 cells. These eval-
uations, involving H&E, TB, immunofluorescence staining of
nerve regeneration, and recovery of nerve function analysis con-
sistently indicated that conductive P/G-RGO conduits promoted
peripheral nerve repair close to that of the autograft. The P/G-
RGO NGCs with the characteristics of stable structure and simple
preparation, are expected to repair long-gap and large-diameter
nerve defects.

5. Experimental Section

Materials:  Poly (lactide-co-trimethylene carbonate, PLMC, LA:
TMC = 7:3) was purchased from Jinan Daigang Co., Ltd. (Jinan, China).
Gelatin (Gel, type Il, 48722-500G-F) was obtained from Sigma-Aldrich
(US). Graphene oxide (GO, 1034343-98-0) was purchased from Macklin
Co., Ltd. (Shanghai, China). L-Ascorbic acid (50-81-7) was purchased from
China National Pharmaceutical Group (Shanghai, China). 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP, 920-66-1) was purchased from Shanghai
Darui Fine Chemical Co., Ltd. (Shanghai, China). Schwann 96 cells (SCs)
and PC12 cells were provided by the Institute of Biochemistry and Cell
Biology (Shanghai, China).

Fabrication and Characterization of NGCs: Nanofiber Membranes: The
PLMC was dissolved in HFIP to obtain 12 wt% spinning solution and
named as P. To prepare PLMC/Gel (P/G) solution, PLMC and Gel (9:1
w/w) were dissolved in HFIP to obtain 12 wt% (w/v) solution. The T wt%
(accounting for the mass ratio of the polymer) sonicated GO nanoparti-
cles were mixed in 12 wt% PLMC and Gel (9:1 w/w) and dissolved in HFIP
(P/G-GO). All membranes were fabricated by electrospinning (Yongkang
Leye Technology Development Co., Ltd. SS-3556H, Beijing, China). The
electrospinning parameters were as follows: flow rate was 1 mL h~', nee-
dle size was 20 G, voltage was 14 kV, collector speed was 3000 rotations
per minute (rpm) to collect aligned nanofibers and 200 rpm to collect ran-
dom nanofibers. Then, the P/G-GO nanofiber membrane was reductive to
P/G-RGO by L-ascorbic acid for 48 h at room temperature. The P, P/G,
P/G-GO, P/G-RGO membranes were vacuum-dried overnight to remove
residual solvents.

Fabrication of Multichannel NGCs: The P, P/G, P/G-GO, P/G-RGO
membranes were cut to predefined sizes of 10 mm x 20 mm and wrapped
on steel rods. The aligned layer was in contact with the steel rod and the
nanofiber orientation was along the longitudinal axis of the steel rod. Sub-
sequently, the steel rod was treated in an oven at 60 °C for 30 min to re-
shape the tubular structure. These tubes with different inner diameters
(0.8 and 2 mm) were obtained by changing the diameters of the steel rods.
The tubes were then deformed into temporary planar structures at 0 °C
under external stress. The small tubes (0.8 mm) were immersed in dis-
tilled water to recover their initial shape at 40 °C. Three small and parallel
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tubes were positioned on a large membrane at 0 °C, and changed shape
at 40 °C. Within this phase, the large membrane deformed, regained its
original tube structure and enveloped the three small tubes to form the
NGC (Figure 7).

Characterization of NGCs:  The shape recovery of the P, P/G, P/G-GO,
and P/G-RGO NGCs, including the recovery process from the tempo-
rary planar shape to persistent tubular shape, were recorded by a digi-
tal camera. Dynamic mechanical analysis (DMA) (TA instruments Q800,
USA) was performed to quantify the shape memory properties of different
nanofiber membranes. Specifically, the 10 mm X 20 mm membranes were
heated at 60 °C for 30 min to form an initial flat shape. The program of
DMA was set to 25 °C, and the nanofiber membranes were slowly stressed
to 8 MPa at a rate of 1 MPa min~" to change shape below the Tg. Then
the applied stress was removed, and the shape fixity ratio (Rf) of nanofiber
membranes was measured. The ambient temperature was increased from
25 to 40 °C at a rate of 5 °C min~!, so the membranes were returned to
fixed initial flat shape in order to evaluate the shape recovery ratio (Rr) of
the membrane.

The morphologies of the P, P/G, P/G-GO, P/G-RGO nanofibers were
identified by scanning electron microscopy (SEM, Hitachi TM-1000,
Japan) after sputter coating with gold. At least 100 nanofibers randomly
selected from each sample were measured for average diameter and angle
distribution of aligned nanofibers by Image | software (National Institutes
of Health, v1.8.0, USA). The angle distribution of aligned nanofibers per-
tains to the absolute value to the horizontal axis.[*] The mechanical prop-
erties of the P, P/G, P/G-GO, P/G-RGO membranes (10 mm x 30 mm,
n = 6) were measured using a material testing machine (HY-940FS,
China).

Thermal properties of P, P/G, P/G-GO, P/G-RGO membranes were de-
termined by differential scanning calorimetry (DSC) on a TA instrument
(204 F1 Netzsch, Germany) according to a previous report.['] Thermo-
gravimetric analysis (TGA) of the P, P/G, P/G-GO, P/G-RGO membranes
was carried out to obtain TGA and DTG curves using a Thermogravimetric
Analyzer (TGA8000, Shanghai, China).

To confirm the loading and reduction of GO, these membranes were
characterized respectively by Fourier transform infrared (FTIR, Nicolet In-
strument, Madison, USA) and Raman spectrometer (Via-Reflex Renishaw
plc, England). The loading of GO in P/G-GO was further identified by trans-
mission electron microscopy (TEM, JEOL, JEM-2100, Japan). X-ray photo-
electron spectroscopy (XPS, Kratos Analytical, UK) was used to determine
elements and functional groups on the surface of nanofiber membranes.

The water contact angle (WCA) of the P, P/G, P/G-GO, P/G-RGO
nanofibers was evaluated using a contact angle goniometer (OCA40, Dat-
aphysics, Germany) to determine the surface hydrophilicity. To determine
the degradation properties and structural stability of NGCs in vitro, each
conduit was immersed in a centrifuge tube containing 2 mL PBS, then the
tubes were shaken at 100 rpm at 37 °C for 60 days. These conduits were
rinsed with deionized water and freeze dried to measure degradation be-
havior.

A light emitting diode (LED) and a button cell battery were used to de-
termine the electrical conductivity of the P, P/G, P/G-GO, P/G-RGO mem-
branes in the wet state. And the electrical resistance of the membranes was
determined by the four-probe method (ST25588-F01, China) in wet state
(n=6).

Biocompatibility and Biological Function In Vitro: Hemocompatibility:
The hemocompatibility of P, P/G, P/G-GO, P/G-RGO membranes was
investigated with 2% (v/v) erythrocyte suspension which obtained from
Sprague-Dawley (SD) rat. Briefly, 2 mL fresh anticoagulated whole blood
was diluted with 5 mL normal saline and centrifuged at 3000 rpm for
10 min. The erythrocytes were washed five times with normal saline. Then
10 mg membranes were preheated at 37 °C for 30 min in 10 mL normal
saline. Before gently mixing, 2% (v/v) erythrocytes were dripped into the
prepared samples. These solutions were centrifuged to deposit intact ery-
throcytes and incubated at 37 °C for 1 h. Photographs of 500 uL super-
natant in tubes were taken, and the absorbance of the supernatant was
measured at 540 nm (n = 6). Distilled water and normal saline were used
as positive and negative controls, respectively. The hemolysis ratio was
calculated using the following Equation (1):
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Figure 7. Schematic illustration of the fabrication of the three-channel NGC.

A=A ) w100 % 1
2 A o Q]

Hemolysis ratio (%) = <
P n

where A represents the OD values of samples, while A; and A, indicate
the corresponding OD of positive and negative control groups.

Cytocompatibility of NGCs: At first, P/G, P/G-GO, P/G-RGO mem-
branes were preheated to form tubes at 60 °C for 30 min and unfolded
to temporary flat structures at 0 °C. SCs suspension was prepared and
seeded on the P/G, P/G-GO, P/G-RGO membranes at room temperature.
The number of cells in each small and large membrane was 3 x 10° and
1 x 10* cells per well, respectively. The preparation process of NGCs of
loaded cells was completed in two steps. First, three small membranes
were placed in a 40 °C cell culture incubator for 2 min to prepare small
tubes. Then, three small tubes were removed and placed on a large mem-
brane at room temperature. Finally, the above samples were placed in an
incubator at 40 °C for 5 min, and the three small tubes were wrapped by a
large automatically curled membrane to prepare multichannel NGCs. Af-
ter completion of shape memory, the cell-laden NGCs were transferred to
a 37 °C cell culture incubator for 5 days. Finally, the NCCs were stained
with Calcein-AM, followed by observation under a fluorescence micro-
scope (LEICA, DMi8, Germany).

The Effects of Different NGCs on Cell Behavior via ES:  To evaluate the
effects of P, P/G, P/G-GO, P/G-RGO NGCs on cell behavior via ES, SC and
PC12 cells were cultured on NGCs and incubated for 24 h to allow attach-
ment prior to ES. ES was applied between two parallel electrodes that were
led by aluminum foil as lead wires. A steady electric field of 100 mV cm™!
was applied based on physiological electric fields and previous reports us-
ing a direct current power supply (HSPY-36-03, China) for 1 h per day.l>4l

To evaluate the survival of SC and PC12 cells in the P, P/G, P/G-GO,
P/G-RGO NGCs, the viability of the cells was determined by cell count-
ing kit-8 (CCK-8, C0038, Beyotime, China) following the manufacturer’s
instructions after incubation at 1, 4, and 7 days. At each time point, the op-
tical density (OD) of the samples was measured by the ELISA plate reader
(Epoch TM, BioTek, USA) at 450 nm (n = 3). To appraise cell morphol-
ogy and density, NGCs were fixed by 4% paraformaldehyde (PFA) solu-
tion (Sigma-Aldrich, USA) and stained with tetraethyl rhodamine isothio-
cyanate labelled Phalloidin (TRITC, 40734ES75, Yeasen, China) and 4,6-
diamidino-2-phenylindole (DAPI, C0065, Solarbio, China), and observed
by fluorescence microscope. The NGCs were dehydrated with graded
ethanol for morphological observation and analysis by SEM.

The P, P/G, P/G-GO, P/G-RGO NGCs were placed at the bottom of
24-well Transwell cell culture plates and fetal bovine serum (FBS)-free cell
culture medium was added to each well, followed by the placement of the
Transwell chambers. The suspension of SC and PC12 cells of 1 x 10* cells
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per well were droplets to the upper surface of the chambers. After incuba-
tion for 24 h, cells were fixed with 4% PFA for 30 min, and the appropriate
amount of crystal violet staining solution was added for 10 min. The ex-
cess staining solution and non-migrated cells on the upper surface of the
chambers were wiped off with a cotton swab, and the migration of the cells
was observed under a light microscope. The chambers were placed in new
24-well plates and 10% (v/v) acetic acid solution dissolved the crystalline
violet dye in the cells that had migrated to the lower surface of the cham-
bers. The OD values corresponding to each well were measured at 590 nm
after aspiration of the dissolved solution. The migration rates of SCs and
PC12 cells were calculated from OD values.

To study the effects of ES on PC12 cell differentiation, PC12 cells were
seeded separately on each group of NGCs separately at 8 x 103 cells per
well. ES was performed at 7 days with 100 mV cm™~" electric field for 1h per
day and NGCs without electrical stimulation were used as control groups.
Cells were fixed by 4% PFA solution and stained with TRITC-Phalloidin and
DAPI and observed by fluorescence microscope. The number and neurite
length of differentiated PC12 cells were measured using Image ) software.

gRT-PCR:  To evaluate the myelination of SCs cultured on the P, P/G,
P/G-GO, P/G-RGO NGCs with or without ES, gene expression of NCAM,
NGF, PMP22, and Krox20 was examined by quantitative real-time PCR af-
ter 5 days of culture. Primer sequences are listed in Table S2 (Supporting
Information), and gene expression was analyzed by the 272ACt method.

Animal Implantation: Sprague Dawley rats (SD) rats (200-250 g) were
used to study peripheral nerve repair of autografts, P/G, P/G-GO, and P/G-
RGO NGCs. All surgical procedures were performed in accordance with
the Institutional Animal Care and Use Committee (IACUC:2022AW032) of
the Shanghai Jiao Tong University. Sciatic nerve defects of 10 mm were cre-
ated from each rat to generate an artificial nerve defect and then bridged
with corresponding nerve conduits. For the autograft group, the excised
nerve was flipped 180° and re-bridged. The rats were randomly divided into
4 groups: P/G, P/G-GO, P/G-RGO NGCs and autograft. All the rats were
sacrificed at 12 weeks after surgery by intraperitoneal injection of pento-
barbital sodium overdose. Rats were sacrificed by intraperitoneal injection
of pentobarbital sodium 12 weeks after operation.

To confirm in vivo biocompatibility and shape-persistent of different
nerve conduits, subcutaneous implantation models of SD were estab-
lished as a preliminary experiment. The specific experimental protocol was
to implant these NGCs into the left and right subcutaneous parts of rat’s
back and then suture it. The cross sections in the middle part of the sam-
ples were stained with hematoxylin and eosin (H&E) at 2 and 4 weeks after
surgery to observe tissue infiltration.

Histological Analysis and Immunofluorescence: For histological analy-
sis, regenerated nerves were dissected at 12 weeks post-surgery. H&E
and toluidine blue (TB) staining were used to observe the overview of
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regenerated nerve tissue of cross sections in the middle part of the sam-
ples. For immunofluorescence staining, the cross sections in the mid-
dle part of the regenerated nerve tissues were incubated with S-1004 and
NF-200.

Animal Behavior Test: A walking track analysis was carried out to mea-
sure functional recovery of sciatic nerves at 4 and 12 weeks. Rats with
their hind limbs stained with red ink were placed on the surface of a blank
sheet of paper, and footprints were reported as rats moving. The values of
toe spread length (TS), intermediary toe spread (IT) and paw length (PL)
of both the experimental (E) and normal (N) legs were measured and fi-
nally the sciatic function index (SFI) was calculated using the following
formula, 53]

><IT—38.3><MXPL

SFl = 133 x EXIT=NxIT

+109.5 X EXTS - NXTS

XTS - 838 @)
Muscle Wet Weight and Histological Evaluation:  For triceps weight anal-
ysis, the triceps surae muscle (TSM) was collected and weighed from

both sides of each rat. The percentage of TSM weight was calculated as
follows (3):

TSM (experimental leg)

TSM weight ratio (%) = TSM (normal Teg)

X100 % 3)

TSMs were also sectioned for Masson'’s staining and the percentage of
collagen was determined using Image | software.

Statistical Analysis:  All data were presented as mean + standard devi-
ation. Statistical analysis was carried out by one-way ANOVA followed by
Tukey's test, and Student’s t-test using GraphPad Prism software (version
9.0). p < 0.05 (*¥), p < 0.01 (**), and p < 0.001 (***) were statistically
significant.
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