International Journal of Nanomedicine Dovepress
Taylor & Francis Group

REVIEW

Nanomaterial-Enhanced Conductive Hydrogels
for Peripheral Nerve Repair: Biomimetic Design,
Mechanisms, and Translational Challenges

Shaoyan Shi(®', Xingxing Yu?, Xuehai Ou', Qian Wang', Yansheng Huang?, Dong Hu*

'Department of Hand Surgery, Honghui Hospital, Xi’an Jiaotong University, Xi’an, Shaanxi, 710000, People’s Republic of China; 2Department of
Laboratory Medicine, Xi’an Medical College, Xi’an, Shaanxi, 710000, People’s Republic of China; *Department of Spine Surgery, Honghui Hospital,
Xi’an Jiaotong University, Xi'an, Shaanxi, 710000, People’s Republic of China; “Department of Foot and Ankle Surgery, Honghui Hospital, Xi’an
Jiaotong University, Xi’an, Shaanxi, 710000, People’s Republic of China

Correspondence: Dong Hu, Department of Foot and Ankle Surgery, Honghui Hospital, Xi’an Jiaotong University, Xi’an, Shaanxi, 710000, People’s
Republic of China, Email mrhudong0502@ |63.com

Abstract: Peripheral nerve injuries often lead to permanent functional deficits, and current surgical or grafting techniques offer only
partial recovery. Conductive hydrogels have recently emerged as a versatile platform that integrates tissue-like softness with electrical
conductivity to actively promote nerve regeneration. By providing both mechanical support and electroactive cues, these materials
enhance axonal extension, Schwann cell function, and neuroimmune modulation. Advances in hydrogel design—such as self-healing
networks, injectability, and controlled release—further expand their therapeutic potential. Incorporating conductive polymers, nano-
materials, or ion-based systems enables precise tuning of conductivity and biological interactions. Preclinical studies demonstrate
accelerated nerve repair and functional restoration, highlighting conductive hydrogels as a promising interface between biology and
bioelectronics. Nonetheless, critical challenges remain, including long-term biocompatibility, controlled degradation, and scalable
manufacturing for clinical translation. This review summarizes current design strategies, mechanisms, critically identifies evidence-
based design principles most relevant for near-term clinical translation, while distinguishing speculative bioelectronic concepts from
validated strategies.
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Introduction

Peripheral nerve injuries (PNIs) represent a prevalent and often devastating clinical problem, arising from trauma,
surgical complications, or metabolic disorders. Epidemiological studies estimate an annual incidence of 13-23 cases per
100,000 population, with trauma-related PNIs accounting for up to 5% of all extremity injuries worldwide. Despite
advances in microsurgical repair, functional recovery remains incomplete, especially for injuries involving long nerve
gaps. Standard synthetic nerve conduits approved by the FDA, such as collagen-based or polyglycolic acid conduits, are
effective for short gaps (<3 cm) but exhibit failure rates of approximately 30—40% in longer defects, and nerve
regeneration typically proceeds at only 1-3 mm per day.'> For repairing large peripheral nerve defects, nerve grafting
remains the gold standard. Autografts, taken from the patient’s own nerves, provide ideal regeneration with native
Schwann cells and extracellular matrix but are limited by donor site morbidity and scarce availability. Allografts, from
decellularized cadaveric donors, avoid donor issues yet lose beneficial cells and face immune rejection risks. Xenografts,
sourced from animals, offer abundant supply but struggle with immunogenicity and regulatory barriers. Therefore, these
limitations drive the demand for synthetic or hybrid biomaterials that can replicate autograft advantages without their
inherent drawbacks.>* Now a days synthetic nerve guidance conduits provide physical scaffolding yet frequently fail to

recapitulate the intricate biochemical and electrical milieu essential for effective axonal regeneration.” Consequently,
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engineering next-generation biomaterials that emulate or surpass the native nerve microenvironment has emerged as
a central pursuit in peripheral nerve tissue engineering.

Accumulating evidence emphasizes the significant role of bioelectric signaling in neural regeneration.®’ Beyond
biochemical cues, the peripheral nervous system relies heavily on endogenous electrical activity to orchestrate axonal
elongation, Schwann cell function, and synaptic remodeling.® To support this, emerging conductive hydrogels have been
developed to provide both mechanical support and electroactive cues, promoting axonal outgrowth and remyelination.”
Incorporation of nanostructured conductive fillers, such as graphene, MXene nanosheets, and poly(3,4-ethylenediox-
ythiophene) (PEDOT) nanoparticles, enhances hydrogel conductivity (typically 0.1-1 S/m, compatible with neural
tissue), improves mechanical stability, and enables precise tuning of cell-material interactions.'® The emerging hydrogel
formulations further integrate bioadhesion, self-healing, and injectability, enabling minimally invasive administration and
intimate integration with host tissues.'!

At the biological level, the mechanisms by which conductive hydrogels facilitate nerve repair are increasingly being
elucidated. These materials promote Schwann cell proliferation and myelination, guide axonal alignment via anisotropic
architectures, and modulate immune polarization to favor a pro-regenerative macrophage phenotype.'? Several formula-
tions also stimulate angiogenesis, recognizing that revascularization is indispensable for sustained neural recovery.'?
Despite these advances, considerable challenges persist. Achieving an optimal balance between electrical conductivity,
biodegradability, and mechanical robustness remains a core materials design problem. Furthermore, large-scale manu-
facturability, long-term biocompatibility, and regulatory translation continue to constrain clinical adoption.'*

Although several advanced therapeutic strategies have been explored for peripheral nerve repair over the past decade,
including electrospun nanofibers, nerve guidance conduits, decellularized matrices, and bioelectronic interfaces. For
instance, electrospun nanofibers offer excellent topographical guidance due to their aligned architecture and high surface
area, which support Schwann cell elongation and directional axonal growth. However, nanofiber scaffolds often suffer
from limited cell infiltration, poor injectability, and inadequate integration with irregular nerve defects.'” In contrast,
hydrogels possess inherent advantages for nerve tissue engineering, including high water content, tissue-matched soft-
ness, injectability, and the ability to encapsulate cells, drugs, and bioactive molecules. Conductive hydrogels uniquely
combine these features with electroactivity, enabling simultaneous mechanical support, biochemical delivery, and
electrical stimulation. This multifunctionality renders hydrogels particularly suitable for complex or minimally invasive
nerve repair scenarios, where conformability and bioelectrical integration are essential. In this review, we synthesize
recent progress in conductive hydrogel design and mechanistic understanding, critically evaluates translational opportu-
nities and constraints, and outlines prospective directions toward intelligent, patient-tailored biomaterials for clinical
nerve regeneration.

Hydrogels and Conductive Hydrogels for Peripheral Nerve Repair

Peripheral nerve regeneration is a highly coordinated, multistep biological process involving Wallerian degeneration,
Schwann cell activation, axonal sprouting, remyelination, and functional reinnervation. Following injury, distal axons
undergo degeneration while Schwann cells dedifferentiate, proliferate, and align longitudinally to form Bands of Biingner
that guide regenerating axons. Concurrently, macrophages clear myelin debris and secrete cytokines that regulate
inflammation and repair. Bioelectric signaling plays a critical but often underappreciated role in this process.
Endogenous electric fields influence neurite outgrowth, Schwann cell migration, and cytoskeletal organization by
modulating calcium influx, membrane polarization, and intracellular signaling pathways such as PI3K/Akt and MEK/
ERK.'"®!'” Conductive hydrogels amplify or restore these bioelectrical cues at the injury site, enabling continuous
electrical communication between proximal and distal nerve stumps. By providing a permissive electroactive micro-
environment, conductive hydrogels enhance axonal elongation, promote Schwann cell myelination, and accelerate
functional recovery compared with electrically inert scaffolds.

Design Strategies for Conductive Hydrogels
The rational design of conductive hydrogels for peripheral nerve repair requires the integration of mechanical compli-
ance, electrical conductivity, and biological compatibility within a single platform. An ideal system should reproduce the
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hydrated, viscoelastic nature of neural tissue while enabling efficient signal transduction across damaged regions.
Achieving this delicate balance demands precise control over material composition, network architecture, and electro-
active functionality. Several complementary strategies have therefore emerged, including the optimization of polymer
backbones, the selection of conduction mechanisms, and the incorporation of multifunctional nanomaterials and

bioadhesive chemistries.!®2°

Natural versus Synthetic Polymer Backbones

The hydrogel backbone defines the scaffold’s structural framework, dictating its mechanical resilience, degradation
behavior, and interaction with host tissue. Natural polymers such as gelatin, hyaluronic acid, alginate, and chitosan have
long been favored for their intrinsic biocompatibility and resemblance to extracellular matrix (ECM) constituents. For
example, alginate-based hydrogels have been shown to facilitate Schwann cell migration while mitigating fibrotic
encapsulation, thereby enhancing functional nerve recovery.?! Likewise, chitosan exhibits excellent biodegradability
and hemostatic properties, and chitosan-derived hydrogels loaded with PEDOT nanoparticles markedly improve axonal
repair and remyelination.'’

In contrast, synthetic polymers—such as polyacrylamide, poly(vinyl alcohol) (PVA), and polyethylene glycol (PEG)—
offer superior control over network uniformity, mechanical stiffness, and degradation kinetics. Their modular chemistry
enables the introduction of adhesive moieties, photopolymerizable groups, or drug-loading functionalities. Hybrid hydrogels
that combine natural and synthetic components are emerging as particularly promising, as they couple the bioactivity of
natural matrices with the tunability and reproducibility of synthetic polymers.** Such composite architectures exemplify the
current shift toward biohybrid design paradigms that aim to mimic the complexity of native neural tissue.

Conductivity Mechanisms: Electronic versus lonic Conduction

A defining feature of conductive hydrogels lies in their mechanism of charge transport. Traditional designs employ
electronic conductors, including PEDOT, graphene, and MXene. These materials transmit electrons through percolating
conductive networks, enabling rapid signal propagation reminiscent of neuronal conduction. Incorporation of PPy or
PEDOT into hydrogel matrices has been shown to stimulate neurite extension, enhance Schwann cell activity, and
accelerate myelin formation.”?

However, biological tissues predominantly utilize ionic conduction, transmitting signals via fluxes of Na*, K, and
Ca”" ions. To better emulate this native modality, researchers have developed ionically conductive hydrogels incorporat-
ing zwitterionic or polyelectrolyte components. These systems facilitate continuous ion transport, maintain electroche-
mical stability in physiological environments, and demonstrate regenerative outcomes comparable to autografts in
preclinical studies.” Recent ionogel systems, such as cellulose-based rubber-like stretchable conductors, further illustrate
the potential of soft ionically conductive networks in bioelectronic interfaces.*

The optimal conduction mode is context-dependent: electronic systems excel in amplifying external electrical cues,
while ionic systems achieve higher bioaffinity and long-term compatibility. Hybrid hydrogels that couple both electron
and ion transport are now emerging, offering synergistic conductivity and improved integration with the neural
microenvironment—a direction likely to dominate the next generation of electroactive biomaterials.

Integration of Conductive Polymers, Carbon-Based Nanomaterials, and MXenes
Conductive polymers remain the cornerstone of hydrogel electroactivity. PPy and PEDOT have been extensively
employed owing to their tunable conductivity, stability, and established biocompatibility. When integrated into biopoly-
mer frameworks such as chitin or hyaluronic acid, they endow the scaffold with self-healing, injectability, and electro-
responsiveness—features essential for minimally invasive neural repair.'!

In parallel, carbon-based nanomaterials—including graphene and carbon nanotubes—have expanded the functional
landscape of conductive hydrogels. Their high aspect ratios create efficient electron pathways while reinforcing
mechanical strength. Moreover, their intrinsic photothermal and antioxidant properties confer additional therapeutic
benefits, such as bacterial inhibition and oxidative stress mitigation (Figure 1).">
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Figure | An example of carbon-based nanomaterials for peripheral nerve repair. (a) Diagram showing the fabrication of the hydrogel and its functional outcomes in
repairing peripheral nerve damage and accelerating diabetic wound closure. Yellow upward represents upregulation and pink downward arrow represents downregulation.
(b) Schematic illustration of the proposed self-healing mechanism of the PQCD-A@Cur hydrogel. (c) Electrical conductivity characterization of PQCD-A@Cur hydrogels,
demonstrating their stable and efficient charge-transfer capability. Reproduced with permission.'* Copyright 2025, Elsevier.

More recently, MXene nanosheets have emerged as next-generation conductive nanofillers. With their exceptional
electrical conductivity, hydrophilicity, and surface modifiability, MXenes can be homogeneously dispersed within hydrogel
matrices to yield stable and tunable electroactive networks. MXene-modulated GeIMA hydrogels, for instance, exhibit
optimized conductivity, controlled degradation, and enhanced axonal regeneration in sciatic nerve injury models.”
Collectively, these approaches illustrate how the integration of diverse electroactive fillers can simultaneously advance
mechanical, biological, and electrical performance, guiding the evolution of multifunctional nerve repair platforms.

Balancing Conductivity with Softness, Degradability, and Bioadhesion
A persistent challenge in conductive hydrogel design is achieving a delicate equilibrium between electroactivity and
mechanical/biological compatibility. Excessive loading of conductive fillers often leads to brittleness or cytotoxicity,

4 https: International Journal of Nanomedicine 2026:21



Shi et al

whereas insufficient loading compromises signal transmission. The most successful systems maintain tissue-like softness
and elasticity while degrading in synchrony with nerve regeneration and adhering firmly to the nerve stump to prevent
micro-motion or fluid infiltration.

Recent innovations highlight several effective strategies. Phenylborate-modified hydrogels, for example, demonstrate
improved stretchability and nerve adhesion without sacrificing conductivity.”® Likewise, catechol-functionalized hydrogels
inspired by mussel adhesion achieve robust bioadhesion and suture-free implantation, while preserving high electrical perfor-
mance and long-term stability.'* These studies exemplify the importance of a holistic, functionally integrated design philosophy
—one that treats conductivity not as an isolated parameter but as an element inherently coupled to mechanics, degradation, and
biological interaction. Such multidimensional optimization is crucial for advancing conductive hydrogels from preclinical
feasibility toward clinical translation.

Advanced Functionalities and Smart Systems

While early generations of conductive hydrogels primarily focused on combining electrical conductivity with mechanical
compliance, recent advances have shifted toward multifunctional and adaptive systems designed to meet the clinical
realities of complex PNIs.?® These emerging hydrogel architectures go beyond passive scaffolding to actively interact
with biological tissues, respond dynamically to environmental cues, and integrate with bioelectronic systems. The
overarching goal is to develop clinically translatable, intelligent materials capable of minimizing surgical trauma,
modulating the neuro-immune milieu, and supporting personalized regenerative therapies.

Self-Healing, Injectable, and Sprayable Hydrogels for Minimally Invasive Use

Conventional nerve repair procedures typically involve open surgery and mechanical suturing, which increase the risk of
infection, scarring, and delayed recovery. In contrast, self-healing and injectable conductive hydrogels are being designed
to enable minimally invasive or image-guided delivery directly to the injury site, reducing operative complexity and
improving patient outcomes.*”**

Self-healing systems rely on reversible dynamic bonds—such as boronate ester, Schiff base, or hydrogen bonding—to
restore structural integrity after deformation or mechanical disruption.”’ A notable example is self-healing electrocon-
ductive hydrogels (ECHs), which offer a flexible, adaptive, and clinically promising alternative to conventional rigid
conductive scaffolds. These materials possess excellent self-healing and tissue-adhesive properties, allowing them to
adhere tightly to injured nerve fibers and spontaneously form tubular structures without sutures or invasive procedures.
Their stable conductive network establishes an intimate electrical bridge with neural tissues, facilitating effective signal
transmission and cellular communication.’*>' Studies have shown that ECHs significantly enhance Schwann cell
migration and adhesion, activate the MEK/ERK signaling pathway, and thereby accelerate axonal regeneration and
remyelination, while preventing muscle denervation atrophy and improving functional recovery (Figure 2).%’

In parallel, sprayable hydrogel formulations are emerging as an innovative approach for addressing irregular, small-
diameter, or difficult-to-access nerve defects. A recent study developed an in situ-sprayed adhesive conductive hydrogel
incorporating carbon nanotubes, which could conformally coat the nerve surface and re-establish electrical continuity
across transected cavernous nerves.’* This spray-deposited hydrogel achieved functional restoration in rodent models and
demonstrated compatibility with robotic or laparoscopic surgical platforms, illustrating the transformative potential of
spray-assisted, patient-specific hydrogel delivery in next-generation regenerative neurosurgery.

Adhesive and Suture-Free Bandages for on-Nerve Application

Traditional microsurgical techniques for peripheral nerve repair often depend on delicate suturing to secure grafts or conduits—a
process that can exacerbate mechanical trauma and prolong operative time. Adhesive hydrogels present a suture-free alternative
that simplifies the procedure while maintaining intimate electrical and mechanical contact with neural tissue.

For instance, a fibrous hydrogel bandage composed of electrospun hyaluronic acid fibers coated with polypyrrole
provided excellent flexibility, conformability, and electrical conductivity.”> When applied in vivo in a rat model of sciatic
nerve crush, this adhesive hydrogel formed a stable wrap around the injury without sutures, enhancing axonal regenera-
tion and preventing muscle atrophy.
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Figure 2 An example of Self-healing systems for peripheral nerve repair. (a) SEM micrograph of the electroconductive hydrogel. (b) Photograph showing the ECH film
attached to a finger, demonstrating its strong adhesive capability. (c) Schematic and corresponding images depicting the self-rolling behavior of the ECH, forming a tubular
configuration matching the nerve size. (d) Implantation of the hydrogel into a diabetic rat model with a sciatic nerve defect. (e) H&E-stained sections showing structural
regeneration of the sciatic nerve 28 days post-injury. Black dotted lines indicate the locally magnified regions. (f) Formula and parameters used for calculating the sciatic
functional index based on footprint measurements. (g) Comparison of SFl scores among groups at 14, 21, and 28 days after surgery (n = 5). (h) Representative footprint
analyses illustrating motor function recovery. (i) Schematic diagram of the compound muscle action potential testing procedure. (j). Quantitative analysis of CMAP
amplitudes recorded in each group (n = 3). (k) Representative CMAP waveforms from the injured sciatic nerve, with significance levels indicated (**p < 0.01, ***p < 0.001).
Reproduced under the terms of a Creative Commons Attribution 4.0 International License.”’ Copyright 2021, the authors.

Expanding upon this principle, conductive hydrogel cuff systems have been engineered to act as both adhesive
dressings and bioelectronic interfaces. A highly conductive, adhesive, and biocompatible hydrogel was shown to form
seamless contact with nerve stumps while serving as an electroactive conduit for closed-loop neuromodulation.'* Such
devices not only provide mechanical fixation but also enable real-time electrical feedback and targeted stimulation,
bridging the gap between regenerative biomaterials and implantable neural interface technologies. Collectively, these
innovations signify a paradigm shift toward integrated, suture-free nerve repair systems capable of combining adhesion,

conductivity, and therapeutic modulation in a single platform.

Multifunctional Scaffolds Integrating Drug Delivery, Antibacterial Activity, and
Photothermal Therapy

The latest advance of conductive hydrogel design emphasizes multifunctionality—the capacity to simultaneously support
electrical signaling, control the biochemical environment, and counteract pathological challenges such as infection,
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inflammation, and ischemia. These hybrid scaffolds combine electroconductivity with controlled drug delivery, antiox-
idant activity, and immunomodulation, achieving synergistic therapeutic effects.®**

A representative example is a versatile conductive hydrogel co-loaded with curcumin and melanin-inspired nano-
particles. This multifunctional system not only enhanced schwann cell proliferation and axonal outgrowth but also
conferred photothermal antibacterial capability and reactive oxygen species scavenging, resulting in accelerated recovery
of infected diabetic wounds.'® Stimuli-responsive systems, such as glucose-responsive nanozyme hydrogels, illustrate
how biomaterials can dynamically modulate inflammatory and metabolic microenvironments, which is especially
relevant for diabetic nerve repair.’> Such designs exemplify how coupling electroactive and biochemical stimuli can
orchestrate neuro-immune homeostasis during regeneration.

Another promising direction integrates anti-inflammatory and neurotrophic strategies. Modulation of neuroinflamma-
tion has become increasingly recognized as a key therapeutic axis in neural repair, as demonstrated by Lan et al, where
curcumin-primed MSCs attenuated neuronal PANoptosis through microglial polarization.*® A conductive hydrogel
embedding PEDOT within a chitosan—cellulose network exhibited stable conductivity while releasing simvastatin to
suppress excessive inflammation and promote M2-type macrophage polarization.’” This dual-function architecture
established a more permissive microenvironment for nerve repair, emphasizing that electroconductivity and immune
regulation can act in concert to optimize regeneration outcomes.

Furthermore, recent studies have introduced angiogenic or photothermal functionalities into conductive hydrogel
matrices. By incorporating vascular endothelial growth factors or photothermal nanocomponents, these scaffolds
simultaneously stimulate revascularization and neuronal growth—two interdependent processes crucial for functional
recovery.'? Such systems exemplify a new generation of bioelectronic-multifunctional hybrids that treat nerve injury not
as an isolated defect but as part of a broader systemic and microenvironmental process.

Bioinspired and Biomimetic Approaches

An emerging paradigm in the design of conductive hydrogels for peripheral nerve repair is the application of bioinspired and
biomimetic principles.*®*” The peripheral nervous system is characterized by a precisely orchestrated combination of biochem-
ical, topographical, and electrophysiological cues that together govern axonal regeneration and remyelination. Reproducing these
native features in engineered materials has therefore become a cornerstone for developing next-generation scaffolds that move
beyond passive support toward dynamic biological emulation. Such designs aim not only to replace damaged tissues but also to
actively instruct and synchronize cellular behavior, thereby achieving more complete and functional recovery.*

ECM-Mimicking Designs and Decellularized Matrix Composites

The ECM of peripheral nerves provides an intricate 3D microenvironment that regulates Schwann cell adhesion,
proliferation, and axonal pathfinding through biochemical and mechanical cues.*’ Mimicking this complexity remains
a key challenge in biomaterial design. Hydrogels have similarly been applied to dental pulp regeneration, underscoring
the cross-tissue relevance of ECM-mimetic hydrogel scaffolds for neurovascular repair.** Conductive hydrogels com-
posed of natural polymers—such as gelatin, collagen, and hyaluronic acid—closely resemble ECM composition and
architecture while allowing further functionalization with conductive fillers.** These hybrid systems restore both bio-
electric communication and structural integrity, facilitating synchronized nerve regeneration.

For a representative example, Fan et al present the development of a multifunctional ECM-based conductive nerve guidance
conduit (HE-NGC) for PNI repair.** By integrating E-jet 3D printing and electrospinning, the researchers fabricated an aligned
topographical scaffold to guide nerve regeneration, while filling the lumen with umbilical cord-derived decellularized ECM
(dECM) hydrogels and extracellular vesicles (EVs) to create a biomimetic microenvironment. The sustained release of EVs
from the dECM hydrogel enhanced Schwann cell (SC) and PC12 cell proliferation and migration in vitro. In vivo, the HE-NGC
successfully bridged a 12-mm rat sciatic nerve defect, restoring motor function and promoting remyelination (Figure 3).

Furthermore, the combination of decellularized components with synthetic polymer backbones offers improved
mechanical stability and degradation control without compromising biocompatibility. This approach allows fine-tuning
of viscoelastic properties to match those of peripheral nerves, promoting optimal cell-matrix crosstalk and directional
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Figure 3 An example of multifunctional ECM-based conductive nerve guidance conduit for peripheral nerve repair. (a) Comparison between unaligned (top) and aligned
(bottom) NGC scaffolds. From left to right are shown the schematic illustration, actual photograph, cross-sectional image, longitudinal section image, and magnified
structural view. (b) Images showing NGC implantation in the autograft, NGC, E-NGC, and HE-NGC groups. The top row displays the grafts immediately after implantation,
while the bottom row presents the grafts prior to removal after 12 weeks of implantation. Reproduced with permission.‘M Copyright 2025, Elsevier.

axonal growth.*> Collectively, ECM-mimicking conductive hydrogels exemplify how natural design principles can be
harnessed to recreate the structural and functional hallmarks of native neural tissue.

Aligned Fibers, Multichannel Conduits, and Topographical Cues

Topographical guidance plays an equally vital role in peripheral nerve regeneration.*®*” In native nerves, aligned basal
lamina tubes provide continuous physical tracks that direct axonal elongation and Schwann cell migration. To emulate
this, conductive hydrogels are now being engineered with anisotropic architectures, including aligned fibers, grooves, and
multichannel conduits.**°

In a prior study, Fang et al developed a multiscale conductive nerve guidance conduit (MF-NGC) composed of

electrospun PCL/collagen nanofibers as the outer sheath, rGO/PCL conductive microfibers as the backbone, and PCL
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microfibers as the internal support.”® The 3D-printed MF-NGC exhibited excellent permeability, mechanical stability, and
electrical conductivity, which significantly promoted Schwann cell elongation and PC12 neurite outgrowth in vitro. In
a rat sciatic nerve defect model, the MF-NGC enhanced angiogenesis and induced M2 macrophage polarization, leading
to improved axon myelination, muscle mass recovery, and functional restoration (Figure 4).

Beyond fibrous matrices, multichannel hydrogel conduits have been introduced to mimic the fascicular organization
of nerves.”'? By dividing the lumen into multiple parallel microchannels, these scaffolds effectively prevent axonal
misrouting and create a topography conducive to synchronized regeneration. A recent design integrating multichannel
geometry, conductivity, and biochemical gradients—a so-called triple-cue system—achieved superior nerve conduction
velocity and morphological regeneration.™

PCL/collagen Nanofibers: PCL Microfibers: Neuronal rGO/PCL Microfibers:
Permeable for nutrient diffusion, growth, neovascularization, Mechanical stability,
impeding cell infiltration macrophage polarization electroactive properties
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Figure 4 Schematic illustration of the multifunctional conductive MF-NGC designed for peripheral nerve injury repair. The conduit features a hierarchical fibrous
architecture with diameters spanning 500 nm to 120 pm, fabricated through the combined use of melt electrowriting and electrospinning techniques. Reproduced under
the terms of a Creative Commons Attribution 4.0 International License.* Copyright 2023, the authors.
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At the nanoscale, introducing surface ridges, grooves, or conductive nanopatterns has been shown to modulate
Schwann cell orientation and cytoskeletal organization, further enhancing directional axonal growth. These findings
collectively underscore that structural anisotropy and topographical mimicry are indispensable elements for translating
conductive hydrogels into clinically effective nerve repair strategies.

Multi-Gradient Strategies Combining Conductivity, Biochemical Signals, and

Mechanical Guidance

In vivo, nerve regeneration proceeds along multiple intertwined gradients—electrical, biochemical, and mechanical—that
dynamically evolve during healing.’**> Therefore, reproducing these multi-gradient environments within hydrogel
scaffolds represents a sophisticated biomimetic strategy to synchronize repair processes. Previous studies have shown
that activating neurotrophic pathways such as BDNF-TrkB can counteract neuroinflammation, as evidenced by Apelin-
13—-mediated rescue in AD models.”®

Furthermore, Cai et al developed a multichannel conductive gradient hydrogel conduit (NGF-AGHC) that integrates
topographical alignment, a conductivity gradient, and a nerve growth factor (NGF) gradient to promote peripheral nerve
regeneration.’® Fabricated through directional lyophilization of a GO/PVA solution and dopamine-assisted reduction, the
conduit achieves spatially controlled conductivity and NGF distribution. In vitro, NGF-AGHC effectively directs neurite
outgrowth and neuronal differentiation of PC12 cells, while in vivo it enhances axonal alignment, remyelination, and
functional recovery, performing comparably to autografts. These findings demonstrate that conductive gradient hydrogels
offer a simple yet powerful biomimetic platform for coordinated electrical, structural, and biochemical guidance in
peripheral nerve repair (Figure 5).

Simultaneously, biochemical gradients—such as controlled release of neurotrophic factors or chemokines—guide
Schwann cell migration and direct axonal extension. When integrated with mechanical gradients, where stiffness
gradually transitions from compliant nerve tissue to more rigid anchoring regions, these systems can dynamically
modulate cell behavior and mechanical load distribution.”’® A representative example involves a multifunctional
biodegradable conductive hydrogel designed to regulate the microenvironment for stem cell therapy. This system
combined conductivity, growth factor gradients, and mechanical adaptability, leading to enhanced vascularization and
nerve tissue regeneration.'” Besides, innovations such as Janus hydrogels with asymmetric protective properties
exemplify how gradient and directionally designed architectures can regulate tissue-specific microenvironments.>

Such multi-gradient scaffolds embody the convergence of materials science and developmental neurobiology, where
the goal is not merely to replace tissue but to recapitulate the self-organizing dynamics of natural regeneration. As
fabrication technologies advance, including 3D bioprinting and microfluidic patterning, the precise spatial control of
multiple gradients is expected to open a new era of adaptive, intelligent hydrogel systems for nerve repair.*’

Translational Barriers and Clinical Outlook

Despite the significant advances in conductive hydrogels for peripheral nerve repair, the process from bench to bedside
remains complex and uncertain. While preclinical models have consistently demonstrated functional recovery and
biocompatibility, the translation of these materials into reliable, regulatory-approved clinical products faces numerous
scientific, technical, and ethical hurdles. Addressing these translational barriers is critical not only for ensuring patient
safety but also for realizing the full therapeutic promise of electroactive biomaterials in regenerative medicine.

Long-Term Safety and Immune Compatibility

For any implantable biomaterial, long-term safety and immunological integration are of paramount importance.
Conductive hydrogels should maintain their bioelectrical functionality while minimizing chronic inflammation, fibrotic
encapsulation, and cytotoxic degradation by-products. The conductive fillers that enable these materials—such as
polypyrrole, PEDOT, graphene, and MXene nanosheets—can provoke immune activation or oxidative stress if not

properly stabilized or functionalized.'*2%¢1:%2
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Figure 5 Schematic illustration of the fabrication process and functional design of the NGF-gradient/aligned multichannel hydrogel conduit. (a) Preparation of PVA/GO
solution within a custom-designed mold that generates four parallel microchannels. (b) Directional freeze-drying of the PVA/GO solution produces anisotropic conduits with
aligned porous structures. (c) Mechanism of anisotropic structure formation: ice crystals nucleate on the copper substrate and grow vertically, forming single-domain
honeycomb-like architectures. (d) During the DA/EDA reaction, amine groups form a spatial gradient while GO is progressively reduced, establishing a conductivity gradient.
(e) Formation of the anisotropic gradient PVA/rGO/PDA hydrogel conduit (AGHC). (f) Heparin is covalently linked to the amine-rich surface of the conduit. (g) NGF is
further immobilized to generate a biochemical gradient. (h) lllustration of the integrated guidance strategy combining topographical, chemical, and electrical cues for nerve
regeneration. (i) Diagram of the rat sciatic nerve defect model used for in vivo implantation. Reproduced with permission.>® Copyright 2025, America Chemical Society.

Recent studies have shown encouraging short-term results, demonstrating both electrical stability and favorable host
responses.®®*%* For instance, a zwitterionic conductive hydrogel-based nerve guidance conduit effectively promoted
peripheral nerve regeneration while significantly suppressing fibrotic encapsulation and macrophage-driven inflammation
in rat models.” However, such outcomes have yet to be validated in chronic or large-animal models, where degradation
kinetics, filler clearance, and systemic immune responses may diverge significantly from rodent studies.
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Future generations of conductive hydrogels are likely to incorporate immunomodulatory design strategies—including
surface-grafted zwitterionic moieties, bioactive peptides, or controlled-release anti-inflammatory agents—to achieve
long-term biocompatibility. Additionally, degradable conductive networks that break down into non-toxic, renally
excretable fragments will be critical for ensuring clinical safety.®>® The challenge lies in striking a precise balance
between durable electroactivity and immune homeostasis, a goal that demands close integration of materials chemistry,
immunology, and translational pathology.

Scalable and Reproducible Manufacturing Processes

A persistent bottleneck in the clinical translation of conductive hydrogels is the scalability and reproducibility of their
synthesis. Laboratory formulations often rely on multi-step polymerization, intricate crosslinking mechanisms, or expensive
conductive nanomaterials that are difficult to reproduce under industrial conditions. Batch-to-batch variability in composition
or crosslinking density can alter electrical conductivity, mechanical behavior, and degradation rate—parameters that are
critical for regulatory approval and consistent therapeutic performance. Crosslinking crucially determines hydrogel properties
for nerve repair. Physical methods (hydrogen bonding, ionic interactions) provide injectability, self-healing, and stress
relaxation, beneficial for minimally invasive procedures, but often lack long-term stability. Chemical crosslinking (eg,
Schiff base reactions, photopolymerization) offers superior mechanical strength and durability. In conductive hydrogels,
crosslinking density critically affects conductivity; excessive crosslinking hinders ion transport, while insufficient crosslinking
weakens the structure. Therefore, an optimal nerve repair scaffold requires a balanced crosslinking strategy that maintains
electrical conductivity while matching the viscoelasticity of native nerve tissue.

For example, MXene-modulated hydrogels demonstrate remarkable electroactivity and regenerative potential, yet
they require specialized photopolymerization conditions and controlled inert environments that complicate good manu-
facturing practice (GMP) implementation.”® Similarly, high-purity graphene and PEDOT derivatives often face supply
chain limitations and scalability issues due to batch-specific variation in particle size and surface chemistry.

To overcome these obstacles, translational research should emphasize standardized fabrication protocols and process
validation across laboratories. Techniques such as 3D printing, microfluidic templating, and continuous-flow polymer-
ization are emerging as scalable routes for precise structural and compositional control. Moreover, integrating machine
learning-based process optimization could help establish predictive models for material consistency and performance,

paving the way for industrial reproducibility and regulatory compliance.®”-*®

Integration with Wearable Devices and Personalized Medicine

The clinical future of conductive hydrogels will likely unfold within integrated therapeutic ecosystems rather than as
standalone implants. These materials can serve as bioelectronic interfaces linking regenerating nerves with wearable or
implantable devices capable of real-time electrophysiological monitoring and adaptive stimulation control.®*”°

A representative example is the highly conductive, adhesive, and biocompatible hydrogel developed for closed-loop
neuromodulation, which dynamically interfaces with damaged nerves to deliver feedback-controlled stimulation and
accelerate regeneration.”’ Such systems foreshadow a new era of personalized neurorehabilitation, where stimulation
patterns and repair strategies are continuously optimized based on patient-specific physiological data.*™"*

In parallel, 3D printing and biodesign technologies are enabling the fabrication of patient-tailored conduits and
scaffolds based on individualized imaging and injury geometry.”*’* Integration with wearable sensors could further allow
longitudinal monitoring of recovery dynamics, electromyography activity, and biochemical markers of inflammation. The
importance of personalized neuromuscular control systems is further highlighted by advanced exoskeleton frameworks,
underscoring opportunities for integrating conductive hydrogel interfaces with robotic rehabilitation.”> These data-rich
approaches not only enhance clinical precision but also provide feedback loops for adaptive therapy—blurring the

boundary between material-based repair and digital therapeutics.

Future Perspectives
The rapid progress in conductive hydrogel research has laid a solid foundation for their translation toward peripheral
nerve repair. Yet, this field is still in its early stages of clinical realization, and several transformative directions are
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emerging at the interface of materials science, bioengineering, and neurobiology. The next generation of conductive
hydrogels will likely evolve into intelligent, patient-specific, and multifunctional systems that not only passively support
tissue regeneration but also actively sense, respond, and adapt to the biological milieu.

Intelligent Hydrogels with Adaptive, Stimuli-Responsive Properties
Traditional hydrogels offer static physicochemical environments, yet nerve regeneration is an inherently dynamic and
multistage process, requiring materials that evolve in sync with the biological repair timeline.”®”” Intelligent conductive
hydrogels endowed with adaptive and stimuli-responsive characteristics—reacting to changes in pH, temperature, reactive
oxygen species, enzymatic activity, or applied electrical fields—represent the next generation of biofunctional scaffolds.
For instance, self-healing hydrogels capable of autonomously restoring their structural integrity under mechanical
deformation can maintain conductive pathways and ensure stable electrical coupling throughout regeneration. Such
systems, as exemplified by a prior study, demonstrate how dynamic crosslinking and reversible bonding chemistries can
generate “living” scaffolds that release bioactive cues upon inflammation or adjust stiffness and conductivity across
healing stages.'' Recent work also shows that zwitterionic hydrogels can undergo structural remodeling under mechan-
ical training, highlighting their potential as adaptable scaffolds for dynamic neural environments.”® By closely mimicking
the temporally orchestrated repair microenvironment, these materials could provide unprecedented precision in regulating
Schwann cell behavior, axonal guidance, and immune modulation.

3D Printing and Patient-Tailored Conduit Fabrication

The convergence of additive manufacturing with conductive hydrogel technology enables a new paradigm of persona-
lized nerve regeneration.””®® Advances in 3D bioprinting make it feasible to fabricate anatomically accurate nerve
conduits directly derived from patient imaging data, offering unparalleled control over conduit geometry, porosity, and
alignment of microchannels.

Recent studies highlight how printable conductive nanomaterials such as MXene or graphene can be embedded to
establish continuous electroactive networks within hydrogel matrices.®' These architectures can spatially guide regener-
ating axons and promote bidirectional electrical communication between proximal and distal nerve stumps.*>™ In the
long term, such patient-specific, data-driven fabrication strategies could reduce immune complications, improve graft
integration, and facilitate scalable manufacturing of bespoke nerve repair devices tailored to individual defect morphol-
ogies and electrophysiological requirements.

Combination Therapies with Bioactive Agents
While conductive hydrogels alone provide structural and electrical cues, combining them with biochemical or cellular
therapeutics could yield synergistic outcomes. Recent studies have explored the integration of stem cells—such as MSCs and
neural stem/progenitor cells—into conductive hydrogel matrices to synergistically enhance nerve regeneration.** Conductive
hydrogels provide a supportive niche that improves stem cell survival, promotes neural differentiation, and facilitates paracrine
signaling through the release of neurotrophic and angiogenic factors. Electrical conductivity further augments stem cell function
by modulating membrane potential and intracellular signaling pathways associated with neurogenesis. Despite these advantages,
stem cell-loaded conductive hydrogels face notable challenges, including potential tumorigenicity, immune rejection, limited cell
retention, and regulatory complexity. Additionally, electrical overstimulation may adversely affect stem cell viability if not
precisely controlled. Encapsulation of stem cell-derived exosomes offers a promising approach to deliver a spectrum of paracrine
signals that enhance angiogenesis, neurogenesis, and immune modulation.®>*® Likewise, sustained release of growth factors such
as nerve growth factor or brain-derived neurotrophic factor from the hydrogel matrix can establish spatially controlled gradients
that orchestrate cellular infiltration and axonal elongation.®”*®

In particular, multifunctional scaffolds exemplify the potential of integrating conductive polymers, degradable back-
bones, and biological agents to modulate the neuroimmune microenvironment.*>* Moreover, gene-delivery functional-
ities embedded within these hydrogels could enable localized and transient modulation of transcriptional programs in
Schwann cells or macrophages, pushing the frontier toward smart, immuno-modulatory biomaterials capable of self-

regulated therapeutic actions.”
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Convergence with Bioelectronics and Al-Driven Systems

Perhaps the most visionary direction is the seamless integration of conductive hydrogels with bioelectronic and Al-
enabled platforms. Conductive hydrogels serve as ideal soft interfaces between neural tissue and electronic devices,
combining mechanical compliance with high signal fidelity. Recent developments demonstrate adhesive, biocompatible
hydrogels that allow real-time recording and feedback stimulation without the drawbacks of rigid electrodes.”’ In future
clinical applications, these hybrid systems could operate as closed-loop neuromodulation platforms that dynamically
sense nerve activity, decode electrophysiological signals, and deliver tailored electrical or biochemical stimulation in
response. Coupled with AT algorithms, such systems might autonomously adjust stimulation parameters based on patient-
specific recovery profiles, paving the way for adaptive, precision-guided neural rehabilitation. The ultimate vision is
a bioelectronic—biomaterial symbiosis, where hydrogel-based scaffolds function as both regenerative matrices and
intelligent sensing—actuating systems, heralding a new era of personalized nerve repair therapeutics.

While conductive hydrogels have demonstrated significant promise in promoting peripheral nerve regeneration,
several unresolved challenges and limitations should be considered. For instance, excessive incorporation of conductive
fillers such as MXene or PEDOT can improve electroactivity but may lead to brittleness or cytotoxicity, and long-term
in vivo safety data remain limited. Studies on purely ionic conductive hydrogels and degradable conductive polymers are
comparatively fewer, and reported regeneration outcomes are sometimes inconsistent across different models or fabrica-
tion methods. Furthermore, variability in hydrogel degradation rates and immune responses can affect reproducibility and
functional recovery. Comparisons with alternative approaches, including FDA-approved conduits and hybrid scaffolds,

indicate that no single material system currently addresses all mechanical, electrical, and biological requirements.

Conclusion

Conductive hydrogels provide versatile scaffolds supporting axonal regeneration, Schwann cell function, and immune
modulation, with advances in PEDOT, carbon-based nanomaterials, MXenes, and bioinspired designs expanding their
capabilities (Table 1). Despite this progress, significant translational gaps persist, including long-term biocompatibility,
degradation control, reproducible manufacturing, and limited validation beyond small-animal models. Near-term clinical
translation is most likely for injectable or adhesive conductive hydrogels with simplified compositions, well-defined
degradation profiles, and compatibility with existing surgical workflows. In contrast, concepts such as Al-integrated
scaffolds and fully autonomous closed-loop bioelectronic systems remain speculative and require substantial technolo-
gical and regulatory maturation. Future efforts should prioritize standardized preclinical models, quantitative bench-
marking against FDA-approved conduits, and scalable fabrication strategies. By aligning material design with biological
mechanism and clinical feasibility, conductive hydrogels are poised to transition from experimental constructs to

practical bioelectronic therapies for peripheral nerve regeneration.

Table | Comparison of Different Types of Conductive Hydrogels for Peripheral Nerve Repair

Type of Conductive Conductive Key Properties Dominant Biological Effects Representative

Hydrogel Mechanism Applications

Conductive polymer—based | Electronic High conductivity, good | Enhances Schwann cell myelination, | Nerve guidance conduits,

(PEDOT, PPy) stability axonal elongation adhesive bandages

Carbon-based Electronic High strength, Antioxidant, antibacterial, Infected or diabetic nerve

(graphene, CNTs) photothermal activity neuroimmune modulation injuries

MXene-based Electronic/ionic Ultra-high conductivity, | Accelerates axonal regeneration, Long-gap nerve defects
hybrid hydrophilicity angiogenesis

lonic conductive hydrogels | lonic Tissue-matched High biocompatibility, reduced Chronic nerve repair

bioelectricity fibrosis
Hybrid electronic—ionic Dual Balanced conductivity Synergistic electrical and biological | Advanced bioelectronic
systems and bioaffinity integration interfaces
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