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Peripheral nerve injury (PNI), as a major cause of disability worldwide, makes it difficult to achieve effective
repair and regeneration. Including autologous nerve transplantation, traditional therapies are restricted by
surgical intricacy, donor scarcity, and inconsistent recovery effects. As to nerve guidance conduits (NGCs),
conductive materials have brought novel pathways for PNI repair. Such materials boost nerve regeneration
via electrical stimulation and bring key mechanical stability and biophysical signaling. This review
summarizes the progress in conductive materials for PNI therapy while emphasizing their functions in
electrical stimulation (ES), bioelectric signal transmission, and cell behavior guidance, as well as revealing
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follow-up studies to accentuate material optimization and improve real-time electrical signal supervision.
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efficacious therapies and enhanced outcomes.

1 Introduction

Peripheral nerve injury (PNI) is a widespread clinical symptom
and triggers acute disabilities. In addition, its regeneration and
repair invariably encounter great challenges in the medical
domain. Despite being extensively applied, traditional thera-
pies, including autologous nerve transplantation, are con-
fronted with several restrictions like surgical intricacy, donor
scarcity, and incomplete rehabilitation. Recently, conductive
materials have been a research focus in nerve generation.
Conductive nerve guidance conduits (NGCs) can promote
neuronal growth and migration by providing electrical stimu-
lation, which brings hope to PNI repair.

The simulated electrophysiological environment in vivo of
nerves revealed that conductive materials have a vital advantage
of promoting nerve cell progress within a natural-like micro-
environment. These simulations were essential to facilitate the
differentiation and growth of nerve cells. Hence, nerve repair
would be accelerated.

Conductive biomaterials integrated with smart NGCs
improved the functionality of ES during the whole active prolif-
eration stage. In the preparation of NGCs, the application forms
of conductive materials in the repair of peripheral nerve injury
(PNI) are highly diverse (Fig. 1). Its core design strategy is to
promote regeneration by simulating the electrophysiological
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microenvironment of nerve tissue and cooperating with physical
guidance and bioelectrical signal regulation. At present, the
mainstream technical paths include: conductive coating and
composite catheter-enhancing the electrical activity of the cath-
eter by surface modification (such as carbon nanotubes and
polypyrrole coating) or matrix doping (such as graphene/PCL
composite material) to guide the axon electrotaxis growth; in
situ electro-responsive hydrogel-using graphene oxide/silk fibroin
and other conductive networks to transmit endogenous electrical
signals in real time, and carrying neurotrophic factors to realize
chemical-electrical synergistic regulation; Mechanical-electrical
coupling piezoelectric scaffold-based on the mechanical-elec-
trical conversion characteristics of piezoelectric materials such as
PVDF and ZnO, the mechanical energy of ultrasound or muscle
contraction is converted into a local electric field to drive the
directional migration of Schwann cells; bioelectronic interface-
integrating flexible electrodes and intelligent catheters to realize
closed-loop regulation of intraoperative electrophysiological
monitoring (such as evoked potential feedback) and adaptive
electrical stimulation. The above-mentioned multimodal strategy
systematically optimizes the nerve regeneration efficiency by
matching the injury types (such as short-distance defects
requiring high-conductivity coatings and long-distance defects
relying on wireless piezoelectric stimulation) and microenviron-
ment characteristics (ischemia, inflammation, etc.)."> Suitable
electrical performances were important to efficient ES during
repair since they instructed cell progress and transfer via mech-
anisms, like electrotaxis and galvanotaxis. This has prospects in
wound healing and tissue growth.® Polycaprolactone (PCL), with
its biodegradability, low melting point, and ease of molding, has
become a popular material for nerve and bone tissue engineering,
especially when combined with 3D printing technology.”™
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Fig. 1 Application forms and application scenarios of some conduc-
tive materials in peripheral nerve injury repair. Created in BioRender.
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NGCs, as critical scaffolds in neural tissue engineering, aim
to bridge peripheral nerve gaps and promote nerve regeneration
and functional recovery. Ideal nerve conduits should mimic the
electrophysiological environment of natural nerves, provide
a three-dimensional structure suitable for nerve regeneration,
and exhibit excellent biomechanical properties and
biocompatibility.

Though the peripheral nervous system (PNS) possesses some
self-regenerative abilities, numerous patients undergo incom-
plete function recovery even after initial surgical therapy. In
terms of nerve repair, the utilization of conductive materials
encounters challenges such as improving conductivity,
biocompatibility, and mechanical properties while controlling
degradation rates. Furthermore, the effects of electrical stimu-
lation parameters, encompassing frequency, intensity, and
duration, on nerve regeneration remain unclear. Follow-up
studies should identify the optimum parameters for the best
effect of nerve repair. Our review emphasizes the innovative
applications of diverse electroactive biomaterials to boost tar-
geted nerve repair and comprehend the newest progress in
conductive nerve conduits.

2 Mechanisms of peripheral nerve
injury repair

Indeed, the PNS works as an important bridge between the
central nervous system (CNS) and various body parts. The PNS
takes the responsibility for transmitting signals from the CNS,
including brains and spinal cords to target organs and tissues in
the entire body." In the PNS, sensory neurons transmit the
information from the sensory receptor to the CNS, whereas motor
neurons express signals from the CNS to the effector organ, like
skeletal muscles, to facilitate movement."* Neurons consist of
multiple components, including the cell body (soma), rough
endoplasmic reticulum (responsible for protein synthesis), Golgi
apparatus (storage of signaling molecules), mitochondria (energy
production), dendrites (signal reception), and axons (signal
transmission). Axons are covered by myelin sheaths, which
enhance signal transmission speed. Signals travel along axons to
their terminals, where neurotransmitters are released into the
synaptic cleft to communicate with adjacent cells.”

In the PNS, several non-neuronal cells interact with neurons
to facilitate signal transmission and nerve repair. As the prin-
cipal glial cells in the PNS, Schwann cells (SCs) release various
growth factors, like nerve growth factor (NGF) and glial cell-
derived neurotrophic factor (GDNF), in an effort to back up
nerve regeneration. What's more, endothelial cells and fibro-
blasts maintain structural integrity and nutrition of peripheral
nerves, whereas macrophages help to clear degraded myelin
and axons.™

In light of the degree of demyelination and injury to axons
and ambient tissues, the Seddon classification system catego-
rizes peripheral neuron damages into neurapraxia, axonotm-
esis, and neurotmesis. Featured by localized demyelination
with no axon or tissue damage, neurapraxia becomes the most
appropriate form. Despite an intact epineurium, axonotmesis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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involves localized demyelination and axonal injury. Neuro-
tmesis presents the acutest nerve damage, with complete tran-
section of connective tissue layers and axons. Sunderland has
expanded this categorization to distinguish the severity of
connective tissue damage.

Although peripheral nerves have a natural repair mechanism,
the process is highly slow at a speed of just 1 mm per day.** Such
a process includes three basic phases: Wallerian degeneration,
axonal regeneration, and reinnervation of target organs. Waller-
ian degeneration is a critical process following axonal transection
or nerve rupture, where nerve endings retract and inflammatory
responses result in fibrin deposition and scar formation.*® This is
accompanied by the clearance of debris by macrophages and
Schwann cells (SCs), which phagocytose degenerated axons and
myelin, initiating the Wallerian degeneration process. As axons
regenerate from the proximal to the distal ends, they form growth
cones to direct their growth, aided by SCs that proliferate to form
“Bands of Bungner” and create an environment rich in extracel-
lular matrix (ECM) proteins, cytokines, chemokines, and neuro-
trophic factors, all of which are essential for optimal axonal
regeneration.'® Once new axonal sprouts regrow within these
bands, SCs remyelinate the regenerated axons, restoring nerve
impulse conduction and completing the nerve regeneration
process, which is crucial for functional recovery."”

However, the slow rate of nerve regeneration and chronic
denervation can lead to progressive muscle fiber atrophy in target
organs, potentially preventing regenerated nerves from forming
functional connections and resulting in permanent functional
deficits."® Nonetheless, functional recovery remains incomplete
in some cases, with persistent motor or sensory deficits, chronic
pain, and muscle atrophy, which can lead to lifelong disabilities.
Additionally, autologous nerve grafting involves issues such as
donor site morbidity, size mismatch between donor and injured
nerves, and limited donor availability, constraining its clinical
application.” In consequence, there exists a pressing demand to
formulate artificial nerve graft alternatives showing stable mate-
rial origins and regeneration ratios relative to or surpassing those
of autologous nerve transplantation.

3 Mechanisms of conductive
materials in peripheral nerve injury
repair

3.1 Electrophysiological simulation and promotion of nerve
regeneration by conductive materials

Processing damaged nerves with ES becomes an underlying tactic
for boosting peripheral nerve regeneration (PNR).>* Conductive
materials are key to nerve regeneration since they can simulate
the electrophysiological environment in vivo of nerves and hence
formulate a microenvironment amounting to natural physiolog-
ical conditions for neurons.”* These simulations are crucial to
facilitate the progress and differentiation of neurons. Conse-
quently, nerve repair will be accelerated. As an illustration,
conductive polymers like polypyrrole (PPy) forge a microcurrent
environment among nerve conduits. This boosts nerve cell
progress and axonal extension. Such a microcurrent environment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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offers the imperative ES while mimicking the electrophysiological
performances of nerves, therefore improving nerve repair.>

It is demonstrated that electrical stimulation (ES) improves
the early phases of regeneration, like axonal sprouting and
neuronal survival.”” Rodent injury models prove that electrical
stimulation can enhance regeneration across various types of
nerve injuries, such as crush injuries,*® transections,* and long-
distance injuries.*® In vitro, such stimulation increases intra-
cellular cAMP in dorsal root ganglia (DRG) neurons and NGF
among Schwann cells.** Sustained cAMP elevation enhances
regenerative potential by increasing the expressions of cyto-
skeletal and neurotrophic proteins.**** Neurons need to revert
to a “growth mode” characteristic of developmental stages to
regenerate, and calcium influx serves as an early injury-induced
signal triggering cell-autonomous mechanisms for axonal
growth.** McGregor et al. proposed that electrical stimulation
mimics retrograde calcium waves following axonal injury,
initiating regenerative cell-autonomous mechanisms.** This
activation of intrinsic regenerative mechanisms through ES
involves ionic dynamics where sodium and calcium influx
generates action potentials that travel retrogradely to the
neuronal soma - a process mirroring the natural electrophysi-
ological responses triggered by neural injury (Fig. 2).

Conductive materials provide these critical signals by
promoting the expression of neurotrophic factors, modulating
intracellular signaling pathways, and remodeling the extracel-
lular matrix, thereby facilitating axonal regeneration. Accord-
ingly, conductive materials become key players in mimicking the
electrophysiological environment and facilitating nerve repair.

3.2 Role of conductive materials in guiding cellular behavior
and bioelectric signal transmission

In terms of nerve regeneration, the function of conductive
materials offers physical guidance and electrochemical signals.
Besides, they remarkably affect cell behavior and bioelectric
signal transfer. When directing cell behavior, conductive
materials communicate with ion channels on the cell
membrane and react sensitively to variations in the electric field
while impacting cell progress, differentiation, and transfer.’”
Research has indicated that neurons grow preferentially along
conductive tracks, a property guiding nerve repair. Actually, it
has been proved that conductive materials contribute to cell
proliferation,” recover cell functions,® and also affect stem cell
differentiation.® In consequence, the significance of conductive
materials is highlighted in terms of guiding cell behavior.

As to bioelectric signal transfer, conductive materials as
important players in promoting interactions among neurons,
are crucial to recover nerve function. In practice, it has shown
that electrical stimulation facilitates axonal repair via mecha-
nisms, like adjusting intracellular signaling pathways, remod-
eling the extracellular matrix, etc. To be specific, research has
manifested that electrical stimulation incorporated into nerve
conduit technology remarkably improves the PNR and axonal
myelination while raising the sciatic nerve function indicator.*®

Including graphene, polyaniline, and polypyrrole, conduc-
tive materials have indicated outstanding biocompatibility and

RSC Adv, 2025, 15, 12997-13009 | 12999


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01107h

Open Access Article. Published on 22 April 2025. Downloaded on 3/1/2026 9:05:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

electrical
& stimulation

Ca* channel
LA

)

-

P38 MAPK

(7
[CREB| - —

5 v
l \\ Transcription

Polyamines. T \.ﬂl}:ﬂ %j e S

Tal tubulin

i f
/
Y P

cytoskeleton “"7—\.(% =
assembly —— 7 ,;'ng(—“f
' Nerve
Regeneration

Fig. 2 Electrical stimulation proximal to the injury site stimulates the
upregulation of RAG through a calcium-dependent mechanism.
Increased expression of BDNF and trkB drives increased expression of
cAMP which activates CREB to maximize the pro-regenerative axon
phenotype, stimulating axonal sprouting and neuron survival. BDNF =
brain derived neurotrophic factor; cAMP = cyclic adenosine mono-
phosphate; CREB = cAMP response element binding protein; trkB =
tyrosine receptor kinase B; pKA = phosphokinase A; GAP-43 =
growth-associated protein;, MAPK = mitogen-activated protein
kinase.*® Reproduced from ref. 36 with permission from Elsevier Inc.,
copyright 2020.

likely boost nerve repair.** The effect of conductive materials
optimizes the ES parameters (e.g., intensity, frequency, and
duration), and improves nerve regeneration in depth. The
application of conductive polymer microelectrodes has ach-
ieved minimally invasive peripheral nerve interfaces and shows
the potential of conductive polymers in biomedicine.

In addition, research on conductive materials involves
refining the ES strategies. Research has shown that discrepant
ES paradigms have different effects on nerve cells. Although
proper ES is capable of triggering axonal progress, excessive
direct current can block fiber proliferation.*® It is shown that
low-frequency and low-current ES boost the repair of more
mature nerve structures.*’

As a result, conductive materials are beneficial for nerve
regeneration in many manners: directing cell behavior, deliv-
ering bioelectric signals, and promoting intercellular interac-
tion. Therefore, nerve function improves. These discoveries
offer scientific evidence for usable conductive materials in nerve
regeneration and are fundamental for follow-up studies.
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4 Conductive biomaterials in nerve
conduit fabrication

Conductive biomaterials integrated with smart NGCs are crit-
ical to the ES functionality in the active proliferation stage.
During the preparation of NGCs, discrepant conductive
biomaterials have distinctive advantages and mechanisms of
application, and they all serve to enhance the performance of
NGCs and facilitate nerve injury regeneration. The following
outlines the underlying conductive biomaterials for the prepa-
ration of smart NGCs.

4.1 Conductive nanoparticles

On account of exceptional biocompatibility and electrical
conductivity, conductive nanoparticles are extensively applied to
the preparation of NGCs. Including gold and silver, metallic
nanoparticles have been explored for their excellent stability and
electrical performances. Specifically, gold nanoparticles make
electrons go through molecules and show great electrical,
magnetic, and optical performances.*** Carbon-based nano-
materials, especially carbon nanotubes, show great potential in
nerve regeneration, on account of their distinctive mechanical
performances and electrical conductivity.** Graphene nano-
materials (GNs) are key to nerve regeneration owing to their
strong bonding, large surface area, and excellent electron trans-
port rates.*»* Prior studies have manifested that electrospun PCL
nerve conduits stained with Ti;C,T, MXene show outstanding
biocompatibility and likely facilitate the recovery of nerve func-
tionality in vitro and in vivo research In vitro experiments there is
no toxic effect on cell proliferation or morphology for NGCs with
Ti;C,T, MXene and 12 weeks after implantation of MXene/PCL
composite in rats, no significant accumulation of its degrada-
tion products (Ti*) is observed in the liver and kidney.*®

These nanoparticles offer electron transmission pathways
while improving signal transport and enhancement among
neurons. Hence, nerve injury repair will be accelerated.

4.2 Piezoelectric polymers

Including poly(3,4-ethylenedioxythiophene) (PEDOT) and poly-
vinylidene fluoride (PVDF), piezoelectric polymers are key players
in nerve conduit preparation since they are capable of converting
mechanical stresses into electrical signals. PVDF's piezoelectric
stimulation contributes to neuronal regeneration. Electrospun
PVDF fibers are applied to nerve tissue regeneration to simulate
biochemical, chemical, and physiological performances of the
natural ECM. Reportedly, PVDF fibers are conducive to monkey
neural stem cells differentiated into glial cells and neurons.* In
contrast with PPy, PEDOT has elevated electrical conductivity,
and biocompatibility, as well as superior antioxidative and
conductive properties, and supports to formulate conductive
nerve conduits to enhance the environment of nerve repair.*®

4.3 Piezoelectric nanoparticles

Piezoelectric nanoparticles are a particular type of biomaterials,
which can produce electrical pulses for mechanical stress without

© 2025 The Author(s). Published by the Royal Society of Chemistry
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requiring electrical overstimulation.*” Such distinctive character-
istic contributes to the PNR. As a durable 2D material showing
outstanding biocompatibility and conductivity, black phosphorus
(BP) has been proven to recover injured nerve electrical activity
while boosting neuronal recovery.® As a piezoelectric ceramic
showing elevated electromechanical and piezoelectric coupling
coefficients, lead zirconate titanate (PZT) has been applied to
analyze wireless nerve cuffs yielding electrical pulses through
ultrasound in an attempt to stimulate nerve activity.® Due to
excellent biocompatibility and low cytotoxicity, barium titanate
nanoparticles (BTNPs) have been widely investigated as biomed-
ical scaffold materials for neural progress and neurite outgrowth.>

These nanoparticles react to external mechanical forces,
producing electrical signals without requiring external ES. This
provides novel possibilities for producing wireless nerve
conduits. It is expected that they are key players in neural tissue
engineering.

4.4 Organic conductive polymers

Including polyaniline (PANI) and polypyrrole (PPy), organic
conductive polymers have exhibited prospective results in PNI
repair owing to their simple productive processes, adaptability,
and exceptional cell compatibility.>® The electrical conductivity
of these polymers is mainly ascribed to their conjugated -
electron mechanisms. With the development of the conjugation
structure, the delocalization of electrons improves and thus
makes the polymer conduct electricity. Due to such a property,
organic conductive polymers are beneficial to fabricating nerve
conduits. The reason is that they can directly yield electrical
signals to stimulate neuron progress and repair.

Electrostatic direct viriting

inner core : PPY/PCL

g

F PPy coated PCL (T of-

air-dried

PDMSC RSC
3 ()
/" Loaded RSCs

R b =
=" Induced differentiaticn—-" Rolling up

[ = ]

outer sheaths : PCL NGC
e

B Insert the inner core
 into the outer sheaths

Fig. 3 Illustration of the preparation of PC-PCL NGCs. Firstly, the PCL
micropattern films were formulated via the electrostatic writing
technique. Secondly, the PPY was stained on the surface of PCL
micropattern films to produce the PCL/PPY scaffolds. PDMSCs trig-
gered into blood-like cells were loaded on the scaffolds. Ultimately,
the PC-PCL NGCs were seeded into a mouse model to restore the
peripheral nerve deficits.?® Reproduced from ref. 26 with permission
from RSC, copyright 2024.
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Our prior research has revealed that conductive nerve
conduits with PPy integrated with human placenta-derived
mesenchymal stem cells (PDMSCs) formed to improve the
therapy of the PNI. Assessments in vitro verified the outstanding
biocompatibility of these substances. Animal trials unveiled
that PPy-containing nerve conduits remarkably boosted the
PNR* (Fig. 3). Moreover, PANI shows distinctive properties in
facilitating cell growth and adhesion. Reportedly, scaffolds
combined with PANI improve neuron development, back up
neural stem cell growth and differentiation, and even stimulate
neurite outgrowth for external ES. Such characteristics make
PANI a prospective candidate for analyzing artificial NGCs to
restore injured peripheral nerve tissues.>*>*

4.5 Wireless stimulation technology combined with
piezoelectric materials

Using the characteristics of piezoelectric materials, combined
with ultrasonic, magnetoelectric coupling, light control and other
external excitation methods, can achieve wireless and control-
lable electrical stimulation has attracted wide attention. This
technology can autonomously control the time node of stimula-
tion, stimulation duration and stimulation intensity according to
the demand. Recently, some researchers have found that
biocompatible PVDF-TIFE scaffolds have been fabricated, which
use ultrasonic waves to generate mechanical deformation to
activate the scaffolds, and then generate electrical stimulation of
local tissues. Mechanical vibration can be combined with piezo-
electric materials, which has a positive impact on the nerve repair
ability after PNI. In addition to ultrasound, Zhang et al. designed
a loaded core-shell magnetoelectric nanoparticles (NPs) hyalur-
onic acid/collagen biomimetic composite hydrogel (HA/Col) to
construct a wireless external magnetic field in response to the
electro microenvironment to generate radio stimulation and
regulate nerve regeneration.>**

5 Conductive nerve conduits: design,
materials, and challenges
5.1 Advantages of conductive nerve conduits

Conductive nerve conduits facilitate nerve cell growth, migra-
tion, and differentiation by providing physical guidance and
electrochemical signals. These conduits can alter the charge
density and potential difference at the interface, influence the
biological behavior of nerve cells, and improve the transmission
of regenerative signals, thereby promoting peripheral nerve
regeneration. Research on nerve conduits for repairing
peripheral nerve defects covers multiple aspects, including
material optimization, bioactive substance carrier design,
cellular scaffold development, conduit structure and function-
ality regulation, and clinical applications. These diverse
approaches provide a broad range of strategies for neural tissue
engineering.

5.2 The conductive materials in conductive nerve conduits

As key scaffolds in neural tissue engineering, NGCs aim to
diminish peripheral nerve defects and promote nerve repair

RSC Adv, 2025, 15, 12997-13009 | 13001
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and function rehabilitation. These conduits should have phys-
ical and spatial properties customized to the defect position
while tacking difficulties, like limited donor availability and the
hazard of secondary surgeries.

A perfect nerve conduit should duplicate the electrophysio-
logical environment of nerves and provide a 3D structure for
nerve repair while exhibiting outstanding biocompatibility and
biomechanical properties to decrease inflammatory reactions
and facilitate cell adhesion. Through NGCs, both nutrient
exchange and waste evacuation occur, with degeneration speeds
matching the rate of nerve repair to safeguard sustainable
support till the new nerve tissue forms.>** Noticeably,
conductive nerve conduits reveal physical guidance and elec-
trochemical signals to back up the progress, transfer, and
differentiation of neurons (Fig. 4), which proves the potential

Fig. 4 Elements of an ideal intelligent nerve guidance conduit.
Created in BioRender. Weng, Z. (2025) https://BioRender.com/

for facilitating nerve repair.
In the quest for optimum biomimetic scaffolds, studies have
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stimuli, encompassing light,**** electricity,”*® and magnetic
fields®>”® can modulate cell viability while triggering tissue
regeneration. For example, in alternating magnetic fields,
superparamagnetic iron oxide nanoparticles (SPIONs) distrib-
uted within nerve conduits can react to the magnetic field while
boosting the axonal extension.®® Electrical signals, being inte-
gral to neural communication, can guide axonal growth along
the direction of stimulation.*** Conductive electrospun fibers
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made of polystyrene/polyaniline (PS-PANi), integrated with the
NGF and ES, have been shown to accelerate axonal extension of
PC12 cells along the electric field direction. This suggests the
potential for functional nerve tissue repair and regeneration.”

Even without external electrochemical stimulation, conduc-
tive materials can promote the differentiation of stem cells into
nerve cells, a phenomenon closely linked to their electrical
properties.” Polypyrrole (PPy), with its high conductivity,
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Fig. 6 Targeting gastrocnemius muscle atrophy and histological analyses at 8 and 12 weeks following surgery. (A) Macroscopic investigation into
the targeting gastrocnemius muscles as the groups exhibited (scale bar = 1 cm). The PNI illuminates the gastrocnemius muscles of the mouse
suffering through the PNI in the absence of conduits implantation. (B) Quantification of the corresponding weight of gastrocnemius muscle of
the groups exhibited in (A) (n = 4 animals in each group at 8 week postsurgery, n = 6 animals in each group at 12 week postsurgery). (C) Cross
sections showing Masson trichrome staining of gastrocnemius muscles as the groups indicated (scale bar = 20 pm). (D) Quantitative analysis on
the diameter of gastrocnemius muscles among the cross sections of the groups exhibited in (C) (n = 4 animals in each group at 8 week
postsurgery, n = 6 animals in each group at 12 week postsurgery). (E) Quantitative measure of the ratio of the collagen fiber region among cross
sections of the gastrocnemius muscles (n = 4 animals in each group at 8 week postsurgery, n = 6 animals in each group at 12 week postsurgery).
*p < 0.05; **p < 0.01; ***p < 0.001; N.S., not significant; data are denoted as mean + standard error of mean; one-way ANOVA # Reproduced
from ref. 81 with permission from American Chemical Society, copyright 2020.
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biocompatibility, and biodegradability, has increasingly been
used in developing artificial NGCs.””7¢ Vijayavenkataraman
et al. successfully fabricated PCL/PPy composite conductive
nerve conduits using electrohydrodynamic jet (E-jet) 3D
printing technology, guiding nerve axonal growth along fiber
directions.”” Similarly, Qian et al. utilized the advantages of PCL
in 3D printing to construct a multilayer porous nerve conduit,
combining dopamine, amino acids, and graphene oxide (GO)
with PCL.””® The complex structure achieved a balance between
cell adhesion, conductivity, and mechanical strength.

Recent advancements in fabrication technologies have
further expanded the application of conductive materials. For
instance, Tsinghua University's Center for Bio-Manufacturing
developed a cross-scale 3D printing platform capable of fabri-
cating conductive multiscale fiber nerve conduits (MF-NGCs)
with hierarchical structures ranging from nano-to-millimeter-
scale fibers (Fig. 5).** These MF-NGCs mimic the electro-
mechanical properties of natural tissues, integrating
stochastic PCL/collagen nanofibers for nutrient diffusion,
longitudinal PCL microfibers for anisotropic guidance, and
reduced graphene oxide (rGO)/PCL microfibers for electroactive
support. This design not only enhances mechanical stability but
also accelerates macrophage recruitment and vascularization,
demonstrating substantial potential in bridging long-gap
peripheral nerve injuries.

Carbon-based nanomaterials have also shown promise in
translational research. Li et al. applied carbon nanotube/sericin
nerve conduits to a 10 mm sciatic nerve transection model in
mice. Combined with electrical stimulation (ES), these conduits
promoted functional repair and structural recovery within 12
weeks, achieving outcomes comparable to autologous nerve
transplantation (Fig. 6).** Similarly, Lu et al designed

PDMS

PDA modification
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a biodegradable polydopamine/graphene composite conduit
with micro-patterned grooves via micro-imprinting. In a sciatic
nerve crush model, the conduit integrated with ES significantly
enhanced myelin formation and accelerated functional recovery
by 20-fold compared to controls (Fig. 7).*> These studies high-
light the synergistic effects of conductive materials and ES in
optimizing the regenerative microenvironment.

While rodent models remain the primary platform for rapid
screening of conductive nerve conduits due to their cost-
effectiveness and short experimental cycles, non-human
primates offer critical insights for clinical translation.*® This
emphasizes the importance of using primates in the disease
model to bridge the gap between laboratory research and clin-
ical application.

5.3 The challenges of conductive nerve conduits

Despite the significant potential of conductive nerve conduits,
they face several challenges. These include difficulties in
material processing, degradation control, optimization of elec-
trical stimulation parameters, effectiveness in repairing long-
distance nerve injuries, and the long-term biocompatibility of
conductive materials.

In vitro experiments have shown that conduits with electrical
stimulation can effectively direct Schwann cell adhesion,
migration, and elongation and facilitate the expression of nerve
growth factors.** For example, conductive electrospun fibers
made of polystyrene/polyaniline (PS-PANi) combined with
electrical stimulation have been shown to accelerate axonal
extension in PC12 cells, demonstrating potential for functional
neural tissue repair. Polypyrrole (PPy), with its biocompatibility,
biodegradability, and high conductivity, has been increasingly
applied to the progress of artificial nerve conduits.

R

Nerve guidance conduit

\4

Fig. 7 Diagram illuminating the production of poly(L-lactide-co-caprolactone) (PLCL) and graphene nanosheet (GN) films showing stripe
micropatterns and polydopamine (PDA) modification and their adaptability in vitro and in vivo to boost nerve regeneration.®2 Reproduced from

ref. 82 with permission from John Wiley & Sons, copyright 2023.
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For instance: a research team from Tsinghua University's
School of Materials developed a biodegradable self-powered
nerve repair conduit composed of a degradable galvanic cell
and an artificial conduit. This conduit provides both structural
and electrical field guidance, promoting peripheral nerve
regeneration. In vivo experiments on rats demonstrated that the
device could provide a sustained electric field for approximately
three days, significantly enhancing nerve tissue repair and
motor function® (Fig. 8). However, its short-term electric field
duration still has some limitations for long-distance nerve

1 «4——PCL fibers
) “— Anode: Mg
<“——PLLA-PTMC

L

<«—Porous PCL

«4—— Cathode: FeMn

2mm 0.0
— 0 20 40 60
Time (min)

e Mg

Day 0 Day 1
: - i e

PBS @ 60°C

Fig. 8 (A) lllustration of the experiment for sciatic nerve regeneration.
The experiment consists of porous PCL (~350 um, 4.7 x 10 mm),
PLLA-PTMC (~300 um, 4.7 x 10 mm), a Mg—FeMn galvanic cell (FeMn
~15um, 4.7 x 3mm; Mg ~ 3.5 um, 4.7 x 3 mm), and electrospun PCL
fibers (~30 um, 4.7 x 10 mm). (B) Explored illustration of the experi-
ment. (C) Preparation procedure of the experiment. (D) SEM repre-
sentation of porous PCL. (E) SEM representation of electrospun
orientational PCL fibers. (F) Confocal representation of the guided
neurite growth of DRG neurons cultivated on the orientational PCL
fibers (day 7). Immunohistochemical staining: nuclei (DAPI, blue),
axons (B-tubulin, red), and Schwann cells (5100, green). (G) Repre-
sentation of the electroactive experiment: front view (left) and side
view (right). (H) The OCV measured in vivo of the experiment
implanted. () Limited element analysis on voltage (left) and electric
field (right) distribution surrounding the experiment on day 1 post-
operatively. (J) Representations were gathered during diverse phases
of the accelerative dissolution of the experiment (planar state) in PBS
(pH 7.4, 60 °C). Photo credit: Liu Wang, Tsinghua University.?4
Reproduced from ref. 84 with permission from Science Advances,
copyright 2020.
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repair and clinical transformation. Future research must focus
on the optimization of conductive material design and their
ability to monitor electrical signals in real-time within the
complex in vivo microenvironments. Interdisciplinary collabo-
ration can accelerate the application and clinical translation of
conductive materials in nerve repair.

These examples illustrate the significant progress when
conductive materials are applied to peripheral nerve regenera-
tion. From MF-NGCs to carbon nanotube/sericin conduits and
polydopamine/graphene composites, the research deepens our
comprehension of nerve regeneration systems while offering
new strategies for clinical treatment. With continued techno-
logical advancements, it is expected that conductive materials
become a progressively crucial player in future neural restora-
tion therapies.

6 Challenges and future outlook

In previous studies, we have designed a variety of bioactive
materials, including non-conductive bioactive materials such as
drug-loaded collagen hydrogel catheter and drug-loaded micro-
sphere gel catheter, and also designed a conductive nerve scaffold
of MXene-PCL to transmit physiological nerve electrical signals
in damaged nerve tissues, induce angiogenesis, and stimulate
nerve regeneration, with promising results.*> However, in terms
of conductive materials, the utilization of conductive materials is
confronted with several challenges, including improving the
biocompatibility, conductivity, and mechanical performances of
these materials while controlling their degradation rates. The
effects of ES parameters, like frequency, intensity, and duration,
on nerve repair are still insufficiently comprehended. Subsequent
studies should gauge the optimum ES parameters for the best
outcomes of nerve repair.

In addition, the long-standing biosafety of conductive
materials needs in-depth assessment through long animal
research and clinical tests for their security and efficiency. The
associated research and application need cooperation
throughout disciplines, such as materials science and
biomedical engineering. The interdisciplinary progresses can
drive the translation and application of conductive materials in
the domain of nerve regeneration.

A key future orientation includes the progress of intelligent
nerve conduits. Such conduits should react to variations within
the neural microenvironment while modulating their ES tactics
to refine nerve repair.

7 Conclusions

With respect to the PNI repair, artificial electrically conductive
nerve conduits have proved sole advantages of facilitating nerve
repair, notably for long-gap nerve defects. On account of
outstanding biocompatibility, conductive materials, like gra-
phene, polyaniline, and polypyrrole have drawn remarkable
attention. Integrated with polymer blends or surface modifica-
tion technologies like coatings and chemical vapor deposition,
these materials need conductivity to improve neural stem cell
adhesion, growth, and differentiation and hence prominently
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enhance nerve repair outcomes, which accelerates the PNI
recovery and decreases the treatment duration, while increasing
cure rates and reducing patient burdens.

Despite the great potential of conductive materials in the
PNR, challenges persist all the time, like difficulties in pro-
cessing materials, degeneration control, and long-ranging
security assessment. Importantly, future research should pay
more attention to refining material design while supervising
electrical signals in real-time under intricate microenviron-
ments in vivo. Interdisciplinary cooperation integrating knowl-
edge from material science and biomedical engineering will
drive the translation and application of conductive materials in
nerve regeneration. In addition to the advancement of intelli-
gent nerve conduits, the accurate modulation of the ES tactics
will deeply facilitate this domain. These endeavors intend to
formulate artificial nerve graft alternatives surpassing autolo-
gous nerve transplantation and present patients with more
efficient therapies.
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