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Abstract

Nerve guidance conduits (NGCs) effectively support and guide the regeneration of injured nerves. However, traditional
NGCs often lack essential growth factors and fail to create a biomimetic microenvironment conducive to nerve regrowth.
This study develops a highly bionic nerve guidance conduit (HB-NGC) using hybrid high-voltage electrotechnologies that in-
tegrate electrospinning with electrohydrodynamic (EHD) printing. The outer layer consists of electrospun polycaprolactone
fibers loaded with carboxyl-multi-walled carbon nanotubes, while the inner layer is composed of highly aligned polycapro-
lactone fibers created by EHD printing. The tubular core of the HB-NGC is filled with hyaluronic acid methacryloyl
(HAMA) hydrogel encapsulating bone marrow mesenchymal stem cells (BMSCs). This highly biomimetic NGC is conduc-
tive, capable of guiding axon growth, and sustainably releases growth factors, effectively mimicking the structure, function,
and characteristics of natural peripheral nerves. Its distinctive architectural layers provide an exceptional bionic microenvi-
ronment by restoring physical pathways, facilitating electrical signal conduction, and supplying an extracellular matrix
(ECM) environment enriched with essential growth factors. Additionally, the HB-NGC’s morphology, along with its physi-
cochemical and mechanical properties, effectively bridges the gap between severed nerve ends. In vivo animal studies vali-
date the HB-NGC' s effectiveness, highlighting its significant potential to enhance peripheral nerve regeneration.
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1 Introduction

Peripheral nerve injury (PNI) is a relatively common condi-
tion resulting from various causes, such as trauma and surgi-
cal procedures [1]. The impact of PNI extends far beyond
the immediate effects of the injury, significantly affecting
long-term health outcomes, daily functioning, and overall
quality of life [2, 3]. Peripheral nerves are essential for
transmitting signals between the brain, spinal cord, and the
rest of the body; damage to these nerves can lead to a range
of clinical symptoms, including sensory disturbances, motor
deficits, and autonomic dysfunction [4]. These impairments
can cause partial or complete disability, necessitating exten-
sive medical intervention and rehabilitation, while also nega-
tively impacting economic productivity [S]. Although some
nerves can regenerate spontaneously, many cases of PNI re-
quire complex surgical procedures or innovative regenera-
tive therapies to restore function, which may not always
achieve optimal outcomes [6—8].

Nerve guidance conduits (NGCs) have emerged as a prom-
ising alternative to autografts for nerve repair. NGCs pro-
vide a customized and scalable solution, as they can be manu-
factured in various sizes and shapes to meet specific clinical
needs [9—11]. Unlike autografts, which require complex sur-
gical procedures to harvest a suitable donor nerve, NGCs
eliminate the need for a secondary surgical site, thereby reduc-
ing surgical complexity, minimizing the risk of complica-
tions, and enhancing patient recovery [12, 13]. Currently,
the U.S. Food and Drug Administration has approved several
neural conduits, primarily composed of collagen (KO11168,
KO012814, K130557, and K163457) and chitosan (K143711
and K180222) [14]. Likewise, China’s National Medical

Products Administration (NMPA) has authorized multiple
neural conduits (20163132399 and 20203130898) [14]. How-
ever, the majority of these clinically available options fea-
ture a simple hollow tubular structure, which substantially
limits their regenerative performance. To address these short-
comings, the development of next-generation NGCs with
enhanced structural, biological, and functional properties
remains a key research priority. Some NGCs are also engi-
neered with growth factors or extracellular matrix (ECM)
components to further enhance their regenerative capabili-
ties [15—17]. Additionally, NGCs have demonstrated effec-
tiveness in situations where autografts may be less viable,
such as bridging longer nerve gaps, repairing mixed or
motor nerves, or treating patients with limited availability
of donor nerves.

Peripheral nerve repair is a complex and dynamic pro-
cess due to multiple interrelated factors, involving the intri-
cate structure and function of nerves. Unlike other tissues in
the body, nerve cells (neurons) have a limited ability to re-
generate, and this process is often incomplete, particularly
over long distances or in suboptimal environments. Recent
research focuses on biomimetic conduits that mimic the
natural architecture of nerve bundles, guiding cell migration
through highly directional multi-groove and multi-channel
systems to create supportive microenvironments and pro-
mote a multi-phase healing process [18, 19]. This approach
enhances the speed and quality of neural repair by regulat-
ing the nerve regeneration process [20-23].

However, nerve regeneration is inherently slow, and NGCs
loaded with growth factors face challenges, such as the limi-
tations of using single growth factors, unstable release,
rapid inactivation, and potential toxic side effects from
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overdosing [24]. Stem cells offer a promising approach for
peripheral nerve repair. Studies have shown that stem cells
exert their therapeutic effects through two principal pathways.
First, they secrete a spectrum of neurotrophic factors (e.g.,
nerve growth factor and brain-derived neurotrophic factor),
which create a pro-regenerative microenvironment, enhancing
axonal growth and Schwann cell activation [25]. Second,
while stem cells possess the capacity to differentiate into
neural lineages (including Schwann-like cells and neurons),
this process requires specific induction protocols and occurs
with limited efficiency in vivo. Bone marrow-derived mes-
enchymal stem cells (BMSCs), in particular, demonstrate
limited spontaneous differentiation capacity in non-inductive
microenvironments, suggesting that their therapeutic ben-
efits are predominantly mediated through paracrine mecha-
nisms [26, 27]. By secreting multiple growth factors in a
sustained and regulated manner, BMSCs support stable and
effective nerve regeneration [28, 29]. The targeted encapsu-
lation and delivery of stem cells are critical to this approach,
ensuring their viability and effective delivery throughout the
therapeutic process. Additionally, natural nerves transmit
signals and control physiological functions through the con-
duction of electrical signals, which is essential for restoring
nerve function [30-33].

Electrohydrodynamic (EHD) printing technology, which
allows precise control of the print trajectory, is widely used
to prepare highly aligned NGCs [34]. Carboxylated multi-
walled carbon nanotubes (cMWCNTSs) exhibit excellent
electrical conductivity and are extensively employed in the
preparation of conductive devices for implantation [35, 36].
Hydrogels, characterized by their high water content and
ECM-like structure [37], are favorable for cell proliferation
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and growth [38]. Because hyaluronic acid is a primary com-
ponent of the ECM, hyaluronic acid methacryloyl (HAMA)
hydrogels derived from it can reduce immune rejection and
are frequently used for cell delivery into the body [39].
Moreover, the ECM-like properties of hydrogels help en-
hance the paracrine function of stem cells [40, 41]. How-
ever, there are limitations in integrating these advantages to
develop functional NGCs that create a biomimetic microen-
vironment and overcome challenges during peripheral nerve
repair.

In this study, a highly bionic nerve guidance conduit
(HB-NGC) with a distinctive bundle structure is developed
using hybrid high-voltage technologies. The outer layer con-
sists of electrospun polycaprolactone (PCL) fibers loaded
with cMWCNTs, which make it electrically conductive and
capable of restoring neuroelectric signal conduction in dam-
aged nerves [42]. The inner layer is composed of aligned
PCL fibers fabricated through EHD printing, providing di-
rectional guidance via groove structures for the growth of
Schwann cells and mitigating nerve mismatch, closely re-
sembling the natural architecture of peripheral nerve fibers.
The tubular core of the HB-NGC is filled with HAMA hy-
drogel loaded with BMSCs. Previous studies have reported
that HAMA hydrogel typically degrades within approxi-
mately 30 d in vitro and can sustain therapeutic effects for
up to 12 weeks when loaded with stem cells [42]. The sche-
matic of the preparation process for the HB-NGC is shown
in Fig. 1. This configuration enables the target release of
various nerve regeneration-related growth factors through
paracrine signaling, accelerating the nerve repair process
and effectively stimulating the function of natural nerves.
During the preparation of HB-NGC, several conduits were
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Fig. 1 Schematic representation of the fabrication and functional mechanism of the HB-NGC
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prepared for comparison: an unfilled HAMA hydrogel con-
duit (NGC), a conduit filled only with HAMA hydrogel
(NGC+HAMA), and a conduit filled with HAMA hydrogel
loaded with BMSCs (NGC+HAMA (BMSCs)). The results
demonstrate that the functional HB-NGC facilitates electri-
cal transmission and significantly promotes the regeneration
and recovery of the sciatic nerve in rats, highlighting its
promising potential for clinical applications.

2 Experimental section
2.1 Materials

PCL (Mw=80 000; 440744) and glacial acetic acid (GAA,
A116172) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). cMWCNTs (100232) were sourced from Jiangsu
Xianfeng Nano Material Technology Co., Ltd. (China). Di-
chloromethane (DCM, D824411) was obtained from Mack-
lin Biochemical Co., Ltd. (Shanghai, China). HAMA (EFL-
HAMA-400K) and lithium phenyl-2,4,6-trimethylbenzo-
ylphosphinate (LAP, EFL-LAP) were purchased from EFL-
Tech (Suzhou) Co., Ltd. (China). All materials were used as
received without further purification. Dulbecco’s modified
Eagle’s medium (DMEM) was purchased from CORNING
(USA). Heat-inactivated fetal bovine serum (FBS) was
obtained from Zhejiang Tianhang Biotechnology Co., Ltd.
(China). Additionally, penicillin-streptomycin mixture,
L-alanyl-L-glutamine, and sodium pyruvate were purchased
from Shanghai Zhonggiao Xinzhou Biotechnology Co., Ltd.
(China). Phalloidin was provided by Shanghai Yeasen
Biotechnology Co., Ltd. (China), and 4’,6-diamidino-2-
phenylindole (DAPI) was supplied by Beijing Solarbio Sci-
ence & Technology Co., Ltd. (China).

2.2 Extraction and culture of BMSCs

BMSCs were isolated using the whole bone marrow extrac-
tion method [43]. Four-week-old male Sprague—Dawley (SD)
rats were euthanized by cervical dislocation and immersed
in 75% ethanol for disinfection twice, for 5 min each time.
The rats were then placed on a sterile workbench, and an
incision was made in the inguinal region to expose the leg
muscles. The legs were detached at the joints, and most of the
muscle and fascia were removed using ophthalmic scissors.
The remaining tissue was cleaned with sterile gauze and rinsed
with phosphate-buffered saline (PBS). Subsequently, the
epiphyses were excised to expose the bone marrow cavity.
A 1-mL syringe was used to flush the bone marrow cavity
with a complete DMEM (1.0 g/L. glucose) containing 10%
FBS into a culture dish. This flushing process was repeated
three times in each direction until the wash solution appeared
clear. The collected wash solution was then centrifuged at

1000 r/min for 5 min, and the supernatant was discarded.
The cell pellet was resuspended in complete medium and
transferred to a cell culture flask, which was then incubated at
37 °C with 5% COj. The complete medium comprised
87% DMEM (1.0 g/L glucose), 10% FBS, 1% penicillin-
streptomycin solution, 1% L-alanyl-L-glutamine, and 1%
sodium pyruvate. For the experiments, cells in the logarith-
mic growth phase and at passages P2-P6 were used.

2.3 Preparation of BMSCs-loaded HAMA
hydrogels

A light-shielded environment was maintained to prepare a
0.25% (2.5 g/L) initiator standard solution. The desired mass
of HAMA was then combined with this initiator solution in
a sealed, light-shielded container and stirred at room tem-
perature (25 °C) for 1.5 h until complete dissolution was
achieved, resulting in a 1% (0.01 g/mL) HAMA solution.
The HAMA concentration was determined based on the
manufacturer’s recommendations and further optimized
through preliminary testing to ensure adequate gel forma-
tion and functional support in this study. This solution was
sterile-filtered using a 0.22-pm filter to ensure sterility.
BMSCs were utilized for experiments once they reached 80%
confluency. After discarding the culture medium and wash-
ing with PBS, the cells were digested with 0.25% trypsin-
ethylenediaminetetraacetic acid (EDTA) and then resus-
pended in the HAMA solution to achieve a final cell density
of 1x10° cells/mL. The cell-containing precursor solution
was transferred to a sterile syringe and exposed to a 405-nm
portable curing light (35 mW/cm?) for 30 s, converting the
precursor solution into cell-loaded HAMA hydrogels,
which were then ready for subsequent injection and filling
of conduits.

2.4 Preparation of electrospinning and EHD
printing solutions

A 10% (mass fraction) PCL solution was prepared by dis-
solving PCL in DCM. To create the outer layer of the nerve
conduits, 5% (mass fraction) cMWCNTSs, based on the
weight of PCL, were incorporated into the PCL solution.
This mixture was thoroughly stirred using a magnetic stirrer
(VELPARE, Italy) at a constant speed of 300 r/min for 2 h
at 25 °C to achieve a uniform solution for electrospinning.
Additionally, a 25% (mass fraction) PCL solution was pre-
pared by dissolving a specific mass of PCL in GAA. This so-
lution was uniformly stirred at a constant speed of 600 r/min
for 5 h at 25 °C to prepare it for EHD printing. Specifically,
the electrical conductivities of the PCL solution and PCL
doped with 5% cMWCNTSs were measured using a FiveEasy
Plus™ (METTLER TOLEDO, USA) benchtop conductiv-
ity meter [34].
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2.5 Preparation of HB-NGC

The HB-NGC consists of an inner layer made of highly
aligned PCL fibers, prepared using EHD printing technology,
and an outer layer composed of a PCL film loaded with
cMWCNTs, fabricated via electrospinning. The cavities of
the HB-NGC were then injected and filled with HAMA hy-
drogel loaded with BMSCs.

Inner layer: A low-speed rotating drum collector was used
to collect the EHD-printed fibers. The drum was positioned
on the EHD printing platform, with the collection rod and
needle adjusted to a 10-mm distance along the Z-axis and
aligned at 0 mm along the X-axis. The platform was pro-
grammed to move repeatedly along the Y-axis, covering a
range of 1040 mm at a speed of 50 mm/min, while the
drum rotated at 0.5 r/min. The 25% PCL solution was EHD-
printed for 40 min to create the highly aligned inner layer.
During this process, the flow rate of the PCL solution was
maintained at 55 uL/h, and the voltage was set at 1.58 kV.

Outer layer: The drum rotation speed was set to 50 r/min,
with the distance between the collector rod and the needle
adjusted to 7 cm along the Z-axis. Electrospinning of the
outer layer was conducted for 20 min. The flow rate during
electrospinning was maintained at 1000 uL/h, and the volt-
age was set to 6.26 kV.

Filler: To prepare an NGC filled internally with HAMA
hydrogel, 0.2 mL of HAMA hydrogel was injected into the
tubular core of the NGC. Subsequently, 0.2 mL of HAMA
hydrogel containing BMSCs was injected into the NGC in-
ner core to create a nerve guidance conduit filled internally
with BMSCs-loaded HAMA hydrogel.

2.6 Scanning electron microscopy (SEM)
analysis

The morphology of the HB-NGC was examined using a
scanning electron microscope (TESCAN GAIA3, Czech Re-
public). Before scanning, the NGC+HAMA samples were
cryofractured in liquid nitrogen and freeze-dried for 48 h
using a freeze dryer (DY'YB-10, Shanghai Deyang Instrument
Co., Ltd., China). Gold sputtering was performed on the
samples using ion sputtering equipment (EDT-900, Vision
Precision Instruments, China) at a current intensity of 10 mA
for 60 s. SEM images were then acquired, and ImageJ soft-
ware (National Institutes of Health, Bethesda, Maryland,
USA) was used to analyze and statistically evaluate the
diameters of the aligned inner layer fibers, the electrospun
fiber diameters, and the porosity of the HAMA hydrogel.

2.7 Fourier transform infrared spectroscopy
(FTIR) analysis

The composition and interactions between components of
the HB-NGC were characterized using FTIR (Bruker,
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Switzerland). Spectra were recorded over a range of 4000 to
400 cm™! with a scan frequency of 16 Hz.

2.8 Water contact angle analysis

The hydrophilicity of the inner, outer, and filler surfaces of
the HB-NGC was evaluated using a Drop Shape Analyzer
(DSA30, KRUSS, Germany). A 5-pL drop of distilled water
was placed on each surface, and the water contact angles
were measured using the sessile drop method. Hydrophilic-
ity was statistically analyzed across the samples. Three
samples were prepared for each group, and three measure-
ments were taken for each sample.

2.9 Mechanical property analysis

Axial tensile tests were conducted on the highly aligned
PCL inner layer and the NGC using a moving clamp and
force gauge to measure stress—strain curves. Samples were
initially 20 mm in length and were stretched at a rate of
4 mm/min until fracture occurred. Strain was calculated as
the ratio of displacement to the original length, while stress
was defined as the ratio of the applied load to the initial
cross-sectional area of the sample. Three samples were pre-
pared for each group, and three measurements were taken
for each sample.

2,10 Degradation property analysis

In vitro degradation tests were conducted on the inner layer
and the HB-NGC. The samples were initially weighed using
an electronic balance to determine their starting weights.
They were then immersed in PBS and maintained in a 37 °C
environment. At predetermined time intervals, the samples
were removed, rinsed with ultrapure water, dried in an oven
at 54 °C for 2 h, and subsequently reweighed. The weight
retention rate (rwy) of the samples was calculated using the
following equation:

rwr=Wa/Wox100%, (1)
where Wy is the initial weight and Wy is the weight after
drying.

2.11 RSC96 cell culture

Rat Schwann cells (RSC96) were cultured in a complete
medium consisting of 87% DMEM (4.5 g/L glucose), 10%
FBS, 1% penicillin-streptomycin mixture, 1% L-alanyl-L-
glutamine, and 1% sodium pyruvate. The cells were main-
tained in a humidified incubator at 37 °C with 5% COs.
They were passaged when they reached 80% confluence.
Depending on the specific experimental requirements, the
cells were seeded in 96-well plates or 6-well plates.
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2.12 Cell counting kit-8 (CCK-8) cell viability
assay

Sterile NGC, NGC+HAMA, and NGC+HAMA (BMSCs)
samples were cut into 1 mm?> pieces and placed in 96-well
plates. Then, 100 pL of RSC96 cell suspension at a density
of 1x10* cells/mL was added to the experimental and con-
trol wells. After 3 and 5 d of culture, the medium was dis-
carded, and 100 pL of a 10:100 mixture of CCK-8 reagent
and complete medium was added to the experimental and
control wells. Blank wells received the same volume of
complete medium. The plates were then incubated in the
dark for 4 h, and absorbance at 405 nm was measured using
a microplate reader (Nivo, PerkinElmer, USA). Cell viabil-
ity was calculated using the following equation:

Atest — Ablank

1l viability = ——————
Cell viabili Y Acontrol — Ablank

x 100%, 2)
where Aest, Acontrol, and Apjank are the absorbance values of
the experimental, control, and blank wells, respectively.

2.13 Cell migration

Prior to the experiment, parallel lines were marked on the bot-
tom of a 6-well plate for positioning. RSC96 cells were then
seeded into the 6-well plates at a density of 3%x10° cells/well
and cultured until a monolayer formed. A sterile 200 pL
pipette tip was used to create uniform scratches perpendicular
to the positioning lines on the cell monolayer. Sterile samples
of NGC, NGC+HAMA, and NGC+HAMA (BMSCs) were
placed into the wells and cultured further. Scratch images
were captured at 0, 24, 48, and 72 h using an inverted fluo-
rescence microscope (Eclipse Ti, Nikon, Japan). The cell
migration rate (rem) was calculated using the following
equation:

rem = 2075 1004, 3)
So
where S is the initial scratch area and S; is the scratch area

after 7 h of culture.
2.14 Cell morphology study

Sterile samples of NGC, NGC+HAMA, and NGC+HAMA
(BMSCs) were placed into 6-well plates, where RSC96
cells were seeded at a density of 1x10° cells/cm?. After 3 d
of culture, the cells were stained for observation. The cells
were fixed with 4% (volume fraction) paraformaldehyde for
30 min, followed by three washes with PBS (pH: 7.4). The
cells were then permeabilized with 0.1% Triton X-100 for
5 min and washed three times with PBS. The cytoskeleton
was then stained with phalloidin for 20 min, and the nuclei
were stained with DAPI for 5 min. After each staining step,

the samples were washed three times with PBS. Finally, the
stained cells were observed using the inverted fluorescence
microscope (Nikon).

2.15 Bio-functionality test of HAMA
hydrogels

Transfer 100 pL of the precursor using a pipette onto a suit-
able curing ring (EFL-SCR-3D, EFL-Tech (Suzhou) Co.,
Ltd.) placed on a 48-well plate, for crosslinking as previ-
ously described. The resulting hydrogels were cultured for
48 h in a humidified incubator at 37 °C with 5% COa. After
this period, they were stained using a live/dead cell double
staining kit (KTA1001, Abbkine, China). In the staining re-
sults, dead cells appeared red, and live cells appeared green.

2.16 Paracrine capacity testing of BMSCs
loaded in HAMA hydrogels

The culture supernatants containing BMSCs-loaded HAMA
hydrogels were collected on Days 1, 3, 5, 7, and 10, and
analyzed using rat vascular endothelial cell growth factor
A (VEGF-A) using enzyme-linked immunosorbent assay
(ELISA) kits (R2603c, Elabscience, China). Each time
point included three replicates.

2.17 Animal surgery procedures

According to a well-accepted protocol, SD rats weighing ap-
proximately 250 g were used to create a 10-mm-long gap
sciatic nerve injury model [44, 45]. A total of 16 animals
were randomly divided into four groups (n=4 per group):
autograft group, NGC group, NGC+HAMA group, and
NGC+HAMA (BMSCs) group. Anesthesia was induced us-
ing isoflurane. The left hind limb of the rat was shaved, and
a 1-cm longitudinal incision was made proximal to the knee
joint to expose the muscle and underlying nerve tissue, al-
lowing for isolation of the sciatic nerve. In the autograft
group, a 10-mm segment of the sciatic nerve was excised
and reattached in reverse orientation using 8-0 nylon su-
tures. In the other experimental groups, a 10-mm segment
of the sciatic nerve was excised, and the NGC was sutured
using 8-0 nylon. For the NGC+HAMA group, 0.2 mL of
HAMA hydrogel was injected into the cavity of the NGC.
For the NGC+HAMA (BMSCs) group, 0.2 mL of BMSCs-
loaded HAMA hydrogel was injected into the cavity of the
NGC. The muscle and skin were then sutured using 8-0 and
4-0 nylon sutures, respectively [6].

As the primary focus was on the design and fabrication
of novel bionic nerve guidance conduits, the characteriza-
tion was conducted according to protocols established in
previous research [46-48].
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2.18 Walking track analysis

In order to minimize the influence of variables such as animal
motivation, stress, and varying walking speeds, particularly
in rodent models, static gait indices such as the sciatic func-
tion index (SFI) and static sciatic index (SSI) were employed,
following widely recognized and validated functional assess-
ment protocols [11]. At 4, 8, and 12 weeks post-surgery, the
rats were allowed to walk freely in a transparent corridor, with
the hind limb footprints recorded below. Print length (/p),
toe spread (sy), intermediate toe spread (sit), and print width
(wp) were measured. The SFI was calculated as follows:

SFI = 109.5 x Set =50t _ 393y fep = Inp
Snt lnp

o @)
+133 x S °mt_g g
Snit
The SSI was calculated as follows:
SSI = 108.44 x 2L =50t 4 3785 5 St = 9nit _ 549 (5)

Snt Snit

Here, lep, set, and sej¢ represent the experimental group’s
print length, toe spread, and intermediate toe spread, respec-
tively. lnp, Snt, and syit are the normal (uninjured) values for
these parameters.

2.19 Gastrocnemius muscle testing

At 12 weeks post-surgery, after collecting the footprint data,
all rats were euthanized, and the bilateral gastrocnemius
muscles were collected and weighed. The wet weight ratio
(rww) of the gastrocnemius muscle was calculated using the
following equation:

W
Fow = W—I‘i x 100%, (6)

where Wk is the wet weight of the operated side gastrocne-
mius muscle and Wy is the wet weight of the non-operated
side gastrocnemius muscle.

2.20 Gastrocnemius muscle morphology
analysis

The operated side gastrocnemius muscle was collected, fixed
in 4% paraformaldehyde for 48 h, dehydrated in a series of
ethanol gradients (75%, 85%, 95%, and 100%), embedded in
paraffin, and then sectioned into 3-pm thick slices. These sec-
tions were stained with hematoxylin and eosin (H&E) and
Masson trichrome. Muscle fiber cross-sectional area and col-
lagen fiber percentage were measured using ImageJ software.

2.21 Regenerated nerve morphology analysis

The regenerated nerves from the surgical site were harvested,
dehydrated using a sucrose solution gradient, and fixed in
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4% paraformaldehyde for 2 h. The fixed nerves were em-
bedded in optimal cutting temperature (OCT) compound
(SAKURA, Japan) for toluidine blue (TB) staining and im-
munofluorescence analysis. Another portion of the fixed
nerves was embedded in epoxy resin for transmission elec-
tron microscopy (TEM) imaging (Talos F200S, Thermo
Fisher Scientific, USA). The OCT-embedded nerves were
sectioned into 5-um thick slices using a freezing microtome
(CM3050S, LEICA, Germany) for TB staining and immu-
nofluorescence analysis, while the epoxy resin-embedded
nerves were sectioned into ultrathin (approximately 50 nm)
slices using an ultramicrotome (EM KMR3, LEICA) for
TEM imaging. For immunofluorescence staining, the sec-
tions were initially fixed in 4% paraformaldehyde for 10 min,
followed by three washes with PBS for 5 min each. The sec-
tions were then blocked with 10-fold diluted serum at 37 °C
for 30 min. After discarding the serum, the sections were di-
vided into two groups and incubated overnight at 4 °C with
S100 beta rabbit monoclonal antibody (1: 1000, Beyotime,
China) and f-tubulin rabbit monoclonal antibody (1:10 000,
Beyotime). Following another round of washing three times
with PBS for 5 min each, the sections were incubated in the
dark at room temperature (25 °C) for 2 h with Alexa Fluor
488-conjugated goat anti-rabbit immunoglobulin G (IgG;
1:500, Beyotime) and Alexa Fluor 555-conjugated donkey
anti-rabbit IgG (1:500, Beyotime). Finally, the sections were
stained with DAPI for 5 min and observed using a fluores-
cence microscope. Ultrathin sections were stained with lead
citrate and uranyl acetate and observed under a transmission
electron microscope [49].

2,22 Statistical analysis

All experiments were conducted in triplicate, and the results
are presented as mean+standard deviation. Statistical differ-
ences between experimental groups were assessed using
one-way analysis of variance (ANOVA). Significance levels
are indicated as follows: “p<0.05, ““p<0.01, “*p<0.001,

and “"p<0.0001.

3 Results and discussion
3.1 Characterization of the HB-NGC

3.1.1 Morphological characterization

The morphology of the HB-NGC was investigated using a
scanning electron microscope. Figures 2a and 2b show the
photographs of the HB-NGC. The HB-NGC was 2 c¢m in
length, with an inner diameter of 1.6 mm and an outer diam-
eter of approximately 3 mm. Figure 2c shows the SEM im-
age of the inner structure of the HB-NGC. EHD printing
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technology allowed precise control over the orientation of fi-
bers, and PCL fibers exhibited a highly aligned structure along
the axis, resembling the structure of natural nerve bundles
and guiding the direction of cell growth [50]. Figure 2d
shows the SEM image of the outer layer of the HB-NGC.
The nonuniform morphology of the electrospun cMWCNT-
loaded PCL fibers may be attributed to the aggregation of
cMWCNTs. As shown in Table S1 (supplementary informa-
tion), the measured conductivity of PCL solution loading
with 5% cMWCNTSs was (749.3+6.3) pS/cm, which was
significantly higher than that of pure PCL solution ((0.047+
0.015) pS/cm). The addition of cMWCNTSs imparts conduc-
tivity to HB-NGC, mimicking the conduction of nerve sheath
electrical signals, which is beneficial for nerve function

repair [51]. The precursor solution was exposed to 405 nm
light for 30 s, converting the precursor solution into HAMA
hydrogels (Fig. S1 in the supplementary information). The
HAMA hydrogel filled in the tubular core of HB-NGC dem-
onstrated a porous structure (Fig. 2e), similar to the struc-
ture of natural ECM, promoting cell adhesion and growth
[52]. Figure 2f shows the SEM image of the cross-section
of HB-NGC. In the high-resolution image of Fig. 2g, it is
clear that the HB-NGC has a three-layer structure. From the
innermost to the outermost, it consists of HAMA filler, a
highly aligned PCL inner layer, and an outer layer of
cMWCNT-loaded PCL fibers. Meanwhile, the filler, inner
layer (as shown in Fig. S2 in the supplementary informa-
tion), and outer layer of HB-NGC all have pores, ensuring
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nutrient exchange between the interior of HB-NGC and the
external environment. Figure 2h shows the diameter of the
highly aligned PCL fibers in the inner layer, with an aver-
age diameter of (75.99+6.08) um, predominantly distrib-
uted within the range of 70—85 pm. Figure 2i demonstrates
the diameter of the electrospun cMWCNT-loaded PCL fibers
in the outer layer of HB-NGC, with an average diameter of
(3.03+1.46) pm, with a more dispersed distribution as a re-
sult of cMWCNT aggregation. Figure 2j shows the pore
size of the HAMA hydrogel filler, with an average pore size
of (15.83+4.10) pm.

3.1.2 Fourier transform infrared spectroscopy analysis

The FTIR spectra of the materials were acquired to identify
the distinctive functional groups and evaluate the chemical
interactions among the various components. Figure 3a pres-
ents the FTIR spectra of PCL, cMWCNT, HAMA hydro-
gel, and NGC+HAMA. The cMWCNT exhibited a peak at
1735 cm™ due to C=0 stretching, a peak at 1034 cm™! from
C-0 stretching vibration, and a peak at 3445 cm™! attrib-
uted to —OH stretching vibration. Additionally, peaks at
2855 and 2927 cm™! were due to the asymmetric and sym-
metric stretching of —CHy groups, respectively [53]. For
pure PCL, the peaks at 2937 and 2860 cm™! corresponded to
the asymmetric and symmetric stretching of —CHp, respec-
tively, while the peak at 1721 cm™! was due to C=0 stretch-
ing, and the peak at 3300 cm™! was related to the -NH

group in PCL [54]. For HAMA hydrogel, the peaks at 1716
and 1499 cm™ were attributed to C=0 stretching and C=C
bonds in methacrylate, respectively, while the peak at 1040
cm™! was due to C—O—C bending vibration. Additionally,
HAMA hydrogel contained —-NH and —CH; groups, thus
peaks were observed at 3300 and 2937 cm™!, respectively
[55]. The characteristic peaks of all materials are present in
the NGC+HAMA sample, indicating that the preparation
process did not alter the chemical structures of the materi-
als, nor did it induce any reactions between them.

3.1.3 Water contact angle analysis

Water contact angle experiments were conducted on the
inner layer, outer layer, and filler of the HB-NGC to assess
the hydrophilicity of each part. As shown in Fig. 3b, the
water contact angle of the outer layer of HB-NGC was
105.9°+7.0°, which was due to the hydrophobic nature of
PCL. The water contact angle of the inner layer of HB-NGC
was 67.6° +£5.5°, showing hydrophilicity because droplets
could diffuse into the gaps between the highly aligned fibers
in the inner layer. The water contact angle of the HB-NGC
was 0° (as shown in Fig. S3 in the supplementary informa-
tion), as the HAMA hydrogel filling inside the HB-NGC
was completely hydrophilic and could absorb and retain a
large amount of water. The hydrophobic outer layer and the
hydrophilic inner filler of the HB-NGC provided directional
guidance for the liquid medium and a relatively closed
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Fig. 3 Characterization of HB-NGC materials. (a) FTIR spectra of NGC+HAMA and its individual components. (b) Water contact angle analysis
of the inner and outer layers. (c) In vitro degradation analysis of the NGC. (d) Mechanical performance analysis of the inner layer and the NGC.
(e) Tensile strength comparison between the inner layer and the complete NGC. (f) Elongation rate of the inner layer and the complete NGC.
Data in (b, c, e, f) are expressed as meanz+standard deviation (n=3). *p<0.05; ns: not significant
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microenvironment for cells, which was beneficial for nerve
regeneration.

3.1.4 Degradation and mechanical performance analysis

Excellent NGCs require good mechanical performance and
slow degradation properties to maintain structure and func-
tionality stably during transplantation and nerve regenera-
tion processes. Therefore, the degradation and mechanical
properties of the NGC were analyzed using in vitro degrada-
tion tests and axial tensile tests, respectively. The weight re-
tention of the inner layer was minimal (Fig. S5 in the supple-
mentary information). As shown in Fig. 3c, the weight re-
tention rate of the NGC was (92.68+0.43)% at 12 weeks.
This result indicates that HB-NGC does not degrade during
the time of nerve repair. According to previous studies, high-
molecular-weight PCL can completely degrade and be ex-
pelled from the body after three years of implantation [56].
Thus, this HB-NGC still had excellent degradability.
Figure 3d depicts the stress—strain curves of the highly
aligned PCL fibers and the NGC. Figure 3e shows that the
tensile strengths of the highly aligned PCL fibers and the
NGC were (13.4+0.5) and (17.3+£0.9) MPa, respectively.
The NGC exhibited higher tensile strength than the highly
aligned PCL fibers, attributed to the effect of the electros-
pun cMWCNT-loaded PCL outer layer. From Fig. 3f, it can
be seen that the elongation rates of the highly aligned PCL
fibers in the inner layer and the NGC were (2916.1+302.9)%
and (3100.1£168.3)%, respectively, with no significant dif-
ference between them. Due to the same base materials, there
was no significant difference in Young’s modulus between
the two (as shown in Fig. S4 in the supplementary informa-
tion). The tensile strength of the NGC ((17.3+0.9) MPa)
was far greater than the ultimate stress of natural nerves
(11.7 MPa), and it could support the mechanical require-
ments for nerve regeneration [34].

3.2 Invitro cell experiments

3.2.1 Verification of BMSCs’ paracrine function

To validate that BMSCs maintained their paracrine function
within HAMA hydrogel, live/dead staining of BMSCs in
HAMA hydrogel was performed first. As shown in Fig. 4a,
the viability of BMSCs was high, with minimal dead cells.
However, due to HAMA hydrogel’s low adhesion charac-
teristics, BMSCs exhibited a round shape [52]. Quantitative
analysis of VEGF-A was performed to verify the paracrine
function of BMSCs in HAMA hydrogel. The cumulative re-
lease of VEGF-A by BMSCs over 1, 3, 5, 7, and 10 d was
measured. As depicted in Fig. 4b, BMSCs continuously re-
leased VEGF-A, indicating that BMSCs can survive normally
in HAMA hydrogel and maintain their paracrine function.

3.2.2 Cell fluorescence staining

To observe the effect of HB-NGC on cell morphology,
RSC96 cells were stained with DAPI and phalloidin. As
shown in Fig. 4c, RSC96 cells in the NGC, NGC+HAMA,
and NGC+HAMA (BMSCs) groups grew along the highly
aligned PCL fibers in the inner layer, indicating that the
highly aligned PCL structure in the inner layer could guide
the direction of cell growth, successfully mimicking the
structure of nerve bundles.

3.2.3 Cell biocompatibility characterization

Figure 4d depicts the migration of RSC96 cells at 0, 24, 48,
and 72 h after creating the scratch model. From the figure,
it can be seen that over time, the cells migrated towards the
central area. At each time point, the migration area of the
NGC+HAMA (BMSCs) group was significantly larger
than that of the other three groups. In Fig. 4e, the migration
areas of each group were quantified. At 72 h, the migration
rates were 92.3% for the control group, 91.4% for the NGC
group, 95.5% for the NGC+HAMA group, and 97.7% for
the NGC+HAMA (BMSCs) group. It can be observed that
the migration rate of the NGC+HAMA (BMSCs) group was
significantly higher than that of the other three groups. This
indicates that HB-NGC had the best effect in promoting cell
migration, which is beneficial for peripheral nerve repair.

The cytotoxicity of HB-NGC was evaluated using the
CCK-8 assay. As shown in Fig. 4f, the cell viability of the
NGC, NGC+HAMA, and NGC+HAMA (BMSCs) groups
was all above 100% for RSC96 cells, demonstrating that
HB-NGC had no cytotoxic effects and could promote cell pro-
liferation. The cell viability of the NGC+HAMA (BMSCs)
group was significantly higher than that of the other two
experimental groups, possibly due to various growth factors
secreted by BMSCs promoting cell proliferation.

3.3 Animal experiment on nerve injury

To evaluate the role of the HB-NGC in promoting sciatic
nerve repair, hind limb footprints were collected at 4, 8, and
12 weeks, as shown in the experimental scheme (Fig. 5a).
At 12 weeks, gastrocnemius muscle and regenerated nerve
tissues were harvested for pathological staining and functional
assessment. Figure 5b shows representative footprints from
the left hind limb (injured side) of the rats. Within each group,
toe spreading gradually increased over time. Among the three
experimental groups, the NGC+HAMA (BMSCs) group ex-
hibited the greatest degree of toe spreading. Quantitative
analyses of the SSI and SFI are shown in Figs. 5c and 5d,
respectively. At 12 weeks, the SFI values for the NGC, NGC+
HAMA, NGC+HAMA (BMSCs), and autograft groups
were —76.6+2.2, —66.5+5.3, -52.2+1.2, and -34.8+1.4,
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respectively. The corresponding SSI values were —85.8+1.9,
—78.0+5.0, —58.1+2.6, and —35.7+2.8. These results indi-
cate that the NGC+HAMA (BMSCs) group significantly
outperformed the other two experimental groups and ap-
proached the functional recovery observed in the autograft
group, suggesting a superior repair effect.

S100 and B-tubulin are specific markers for Schwann cells
and the main structural protein in axons, respectively.
Immunofluorescence staining for S100 and p-tubulin was
performed on cross-sections of the regenerated nerves to
analyze nerve regeneration. Figures 6a and 6b show that the
NGC+HAMA (BMSCs) group had the largest fluorescent
area among the experimental groups. The fluorescent area
percentages for p-tubulin in Fig. 6d were (75.7+0.8)% for the
autograft group, (51.4+1.0)% for the NGC group, (65.2+
1.0)% for the NGC+HAMA group, and (71.5+0.8)% for
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Figure 7a shows the morphology of regenerated nerves
and HB-NGC at 12 weeks, showing that HB-NGC main-
tained good structural integrity. Throughout the entire repair
process, HB-NGC consistently provided mechanical support
for the regenerating nerves (Fig. S6 in the supplementary in-
formation). TB staining was performed on regenerated nerves,
with the staining solution used to stain the myelin sheaths,
as shown in Fig. 7b. All experimental groups displayed
myelin sheath formation in the regenerated nerves, with the
NGC+HAMA (BMSCs) group showing significantly better
myelin sheath formation compared to the other two experi-
mental groups. Figure 7d presents a quantitative analysis of
the myelin sheath area. The NGC+HAMA (BMSCs) group
exhibited a myelin expression area of (54.2+1.0)%, signifi-
cantly better than the NGC group (34.0+1.5)% and the
NGC+HAMA group (46.1£0.7)% . This result was closest
to the autograft group, which had a myelin expression area
of (82.9+0.7)%. The cross-section of regenerated nerves was
imaged using a transmission electron microscope to further
analyze myelin sheath formation. As shown in Fig. 7c, among
the experimental groups, the regenerated nerve diameter
and myelin sheath thickness in the NGC+HAMA (BMSCs)
group were closest to those in the autograft group. The NGC
group exhibited smaller regenerated nerve diameters and
thinner myelin sheaths, while the NGC+HAMA group
showed some improvement but still fell short of the repair
outcomes observed in the NGC+HAMA (BMSCs) group.
Figure 7e quantifies the diameter of the myelinated nerves as
follows: (4.1+0.1) pm in the autograft group, (2.4+0.2) pm
in the NGC group, (3.0+0.3) pm in the NGC+HAMA group,
and (3.520.1) pm in the NGC+HAMA (BMSCs) group. The
myelinated nerve diameter in the NGC+HAMA (BMSCs)
group was closest to that of the autograft group. Figure 7f
illustrates the myelin sheath thickness for each group: (0.58+
0.01) pm for the autograft group, (0.39+0.04) pm for the
NGC group, (0.39+0.02) pm for the NGC+HAMA group,
and (0.57+0.01) um for the NGC+HAMA (BMSCs) group.
These results indicate that HB-NGC has a significant effect
on nerve regeneration and myelination.

The condition of gastrocnemius muscle atrophy, muscle
fiber diameter, and collagen deposition can reflect the level
of functional reconstruction of the sciatic nerve. As shown
in Fig. 8a, the volume of the left gastrocnemius muscle in
all groups was smaller than that of the right normal gastroc-
nemius muscle, indicating varying degrees of atrophy in all
groups. Among the three experimental groups, the NGC+
HAMA (BMSCs) group exhibited the mildest muscle atro-
phy. H&E and Masson staining were performed on the left
hind limb gastrocnemius muscle of rats to further evaluate
nerve function recovery. As shown in Fig. 8b, Masson staining
revealed the highest collagen deposition in the NGC group,
while the NGC+HAMA (BMSCs) group and the autograft
group showed the least collagen deposition.

Figure 8c presents the pathological image of the gastroc-
nemius muscle stained with H&E, demonstrating that, com-
pared to the NGC group and NGC+HAMA group, the NGC+
HAMA (BMSCs) group exhibited more regular muscle tissue
and a denser distribution of muscle fibers. Figure 8d illus-
trates the quantitative results of the wet weight ratio of the
gastrocnemius muscle. The autograft group, NGC group,
NGC+HAMA group, and NGC+HAMA (BMSCs) group
exhibited ratios of (69.3+7.4)%, (31.3+5.8)%, (47.1+5.2)%,
and (63.2+8.6)%, respectively. The NGC+HAMA (BMSCs)
group showed no significant difference from the autograft
group but was significantly higher than the other two experi-
mental groups, indicating that HB-NGC can effectively im-
prove muscle atrophy.

Figure 8e presents the quantitative analysis of muscle
fiber diameter, with diameters of (82.8+11.3) pm for the
autograft group, (63.1+13.7) pm for the NGC group, (63.6+
11.0) pm for the NGC+HAMA group, and (78.6+10.9) pm
for the NGC+HAMA (BMSCs) group. The muscle fiber
diameter in the NGC+HAMA (BMSCs) group was signifi-
cantly better than in the other two experimental groups, sug-
gesting that encapsulation of mesenchymal stem cells is criti-
cal for soft tissue regeneration. Figure 8f shows the collagen
fiber area percentage of the autograft group, NGC group,
NGC+HAMA group, and NGC+HAMA (BMSCs) group
as (6.1+0.4)%, (16.1+£0.7)%, (9.1+0.6)%, and (4.620.4)%,
respectively. Additionally, the collagen deposition in the
NGC+HAMA (BMSCs) group was significantly lower than
in the other two experimental groups, approaching the level
of the autograft group. Furthermore, significant differences
were observed among the NGC group, NGC+HAMA group,
and NGC+HAMA (BMSCs) group, indicating that the highly
biomimetic microenvironment provided by the HB-NGC ef-
fectively promoted nerve repair and significantly enhanced
nerve function reconstruction.

4 Conclusions

In this study, we successfully developed the HB-NGC using
a hybrid high-voltage electrotechnology that combined elec-
trospinning and EHD printing technologies. The prepared
HB-NGC closely mimicked natural nerves by restoring the
physical pathway, bridging electrical signal conduction, rep-
licating nerve bundle structures, and providing an ECM en-
vironment along with essential growth factors between the
severed ends of a nerve. Additionally, the HB-NGC demon-
strated slow degradation, robust mechanical properties, and
exceptional biocompatibility, all of which support periph-
eral nerve regeneration. Both in vivo and in vitro experi-
ments confirmed significant efficacy in promoting nerve
regeneration and functional recovery. The highly aligned
inner layer of the HB-NGC replicated the natural nerve
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bundle structure, guiding the direction of regenerated nerve
growth. Nerve and muscle staining results indicated that
higher biomimetic levels led to better recovery of muscle and
nerve functions, approaching the results of autograft groups.
Overall, this study underscores the remarkable potential of
the HB-NGC to support and guide the microenvironment in
the regrowth of injured nerves.
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