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Abstract Spinal cord injury (SCI) induces severe central nervous system damage, leading to debilitating sequelae such as
paraplegia, sensory abnormalities, spasticity, neuropathic pain, and cardiovascular dysfunction. These consequences impose
a substantial burden on patients and society, highlighting an urgent clinical challenge requiring resolution. Current
therapeutic approaches primarily involve surgical intervention and pharmacological treatments, yet both exhibit significant
limitations and fail to address secondary damage effects. Neural tissue engineering has proven to be an effective therapeutic
strategy, with proper transmission of electrical signals being critical for neuronal survival, growth, and functional
expression. Electrically active neural tissue engineering scaffolds can enhance SCI repair through anti-inflammatory effects,
immunomodulation, and sustained release of neurotrophic factors. In this study, a polypyrrole-based conductive hydrogel
loaded with ginsenoside Rgl was developed to evaluate its safety and therapeutic efficacy in a rat model of SCI. Results
demonstrated that the hydrogel exhibited superior conductivity, excellent hemocompatibility, histocompatibility, and organ
compatibility. Furthermore, it significantly promoted tissue repair and functional recovery in SCI rats.
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1 Introduction

Spinal cord injury (SCI) refers to structural and functional
damage to the intraspinal neural structures—including the
spinal cord, nerve roots, and cauda equina—resulting from
diverse etiologies. This condition manifests as sensory and
diminished reflexes, and

motor  impairments,

bladder/bowel dysfunction below the

injury
levellll Neurogenic shock stands as one of the principal
causes of mortality following SCI, while the degree of
post-injury disability is determined by the severity of the
spinal cord lesion[?!. Globally, approximately 574,000 new
SCI cases were reported in 2021, with the total prevalent

cases reaching an estimated 15.4 million [3].Since 1990, the

global incidence rate, prevalence, and years lived with

disability (YLD) of SCI have exhibited persistent increases.

This upward trend has been accompanied by marked
disparities in incidence across nations and regions, with
prevalence in high-income areas substantially exceeding
the global average—a pattern attributed primarily to
elevated rates of traffic accidents, falls (particularly among
the elderly), and sports-related injuries “.SCI induces
profound and irreversible impairment to the neurological
system. Despite remarkable advancements in biomedical
technologies and medical practices, there remains a critical
absence of clinically proven regenerative therapies
targeting neurological repair, rendering SCI an intractable
public health challenge in modern society.

SCI pathophysiologically progresses through two distinct
phases: primary injury and secondary injury. Primary

injury typically results from mechanical forces such as
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acceleration-deceleration trauma during blunt impact,
leading to shear-induced axonal tearing and spinal cord
fiber disruption. This disrupts the vasculature and
blood-spinal cord barrier, culminating in irreversible
neuronal damage characterized by immediate cell death,
axonal disintegration, and inhibition of axonal regeneration
[51.Secondary injury is mechanistically triggered by the
primary mechanical insult, initiating a self-perpetuating
cascade of biochemical and cellular derangements. These
ischemia, vascular

include localized hemorrhage,

compromise, edema, ionic  dysregulation, free
radical-mediated oxidative stress, neuroinflammation, lipid
peroxidation, free radical accumulation, demyelination,
Wallerian degeneration, apoptotic cell death, and disrupted
ion homeostasis. These processes collectively establish a
hostile microenvironment marked by glial scar formation
and cystic cavitation, which chronically impede tissue
repair [, Over time, such pathological alterations evolve
into syringomyelia and gliotic scarring, precipitating
irreversible clinical sequelaec such as sensory deficits,
motor paralysis, and autonomic dysfunction [- 8], Critically,
both primary and secondary injury mechanisms
synergistically exacerbate neurological deficits in SCI
patients while creating biochemical and structural barriers
to neural repair and regeneration.

Current therapeutic strategies for SCI predominantly
encompass surgical intervention, pharmacotherapy, and
cell-based therapies. Surgical decompression mitigates
mechanical compression of the spinal cord and reperfuses
ischemic penumbra, yet fails to directly facilitate axonal
repair or regeneration [°. Pharmacotherapy approaches are
constrained by a narrow therapeutic window and systemic

adverse effects, with no clinically approved drugs currently

available to reliably restore post-SCI motor function 1%, In

contrast, neural tissue engineering has emerged as a

promising therapeutic paradigm. Engineered neural
scaffolds can precisely deliver stem cells to lesion sites,
replace and reconstruct damaged neural circuits, provide
extracellular matrix support for engrafted cells, and guide
topographically ~ organized tissue regeneration [l
Consequently, scaffold-based regenerative strategies have
become a pivotal focus in translational neuroscience
research.

Bioelectrical signals critically modulate a spectrum of
fundamental biological processes, including angiogenesis,
mitogenesis, intercellular signaling, and neuroregeneration
(121 Within the nervous system, the dynamic interplay
between neurons and non-neuronal cells is governed by
precisely  orchestrated  electrical  activity. The
spatiotemporal fidelity of these bioelectrical transmissions
is indispensable for neuronal survival, axonal growth, and
functional synaptic plasticity ['3]. The secondary injury
phase post-SCI causes critical neural cell loss, which
directly impairs action potential propagation in spinal
circuits [14,

Ginsenoside Rgl, a bioactive constituent of Panax ginseng,
has been extensively investigated for its anti-inflammatory,
antioxidant, and neuroprotective properties in treating
neurodegenerative  and  neuropsychiatric  disorders,
including dementia and depression [!%]. Preconditioning
neuronal cells with ginsenoside Rgl enhances the yield of
extracellular vesicles (EVs) that potentiate microglial

polarization toward the M2 phenotype, attenuate oxidative

stress, reprogram immune responses, and reduce
pro-inflammatory  cytokine  secretion,  collectively
promoting  neurorestoration 6. Mechanistically,

ginsenoside Rgl upregulates Malatl expression via

miR-124-3p-dependent  regulation,  activating  the
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Lamc1/PI3K/AKT signaling axis to modulate astrocytic
activation and enhance functional recovery post-spinal cord
injury 171,

In this study, we fabricated a polypyrrole-based conductive
hydrogel loaded with ginsenoside Rgl and conducted
systematic in vitro and in vivo experiments to evaluate its

biocompeatibility for spinal cord injury applications.

2 Experimental Section

2.1 Hydrogel Fabrication

In simple terms , GeIMA hydrogel (GM): A 10% (w/
v)GelMA solution was prepared by dissolving GelMA
in0.25% (w/v) Lithium Phenl-2,4-6-trimethylbenzoyl p
hosphate (LAP) under light protection, incubated at 5
0°C for 30 min with periodic mixing. The solution wa
s transferred to molds and UV-cured (365 nm, 5 mW/
cm?,20 s).GMP hydrogel: 0.03 g polypyrrole(PPY) wa
s added to the GeIMA/LAP solution prior to UV curin
g ( min).GMP-R hydrogel: Ginsenoside Rgl was blend
ed into the GMP precursor (maintaining 10% GelMA)
and UV-cured as above.

2.2 Hydrogel Characterization

Fourier-transform infrared spectroscopy (FTIR) was
employed to analyze the chemical composition of the
GMP-R hydrogel and confirm the successful incorporation
of PPY and ginsenoside Rgl. The GMP-R hydrogel was
lyophilized for 48 hours prior to testing. For FTIR sample
preparation, a mixture of powdered components (GeIMA,
PPY, and Rgl) with potassium bromide (KBr) at a 1:100
mass ratio was thoroughly ground and pressed into
transparent pellets. Spectra were acquired in the
mid-infrared range (400-4000 cm™') with a resolution of 4

cm’l.

2.3 Electrical Conductivity Testing

The electrical conductivity of hydrogels was measured
using an RTS-8 four-point probe system. Samples were
flattened on the sample stage, and the instrument was
calibrated with sample thickness input via testing software.
The four probes were rotated to ensure full contact with the
sample surface. Three distinct regions per sample were

measured. Conductivity was calculated as:

where R is resistance and t is sample thickness. Triplicate
measurements were averaged for statistical validity.

2.4 Hemocompatibility Testing

Blood samples (5 mL each) were collected from the
abdominal aorta of three adult female SD rats (220+50 g)
and evenly distributed into five heparinized tubes. Each
tube received 2 mL of normal saline (NS), forming five
groups: negative control (NS), positive control (deionized
water, DI water), GM , GMP , and GMP-R hydrogel. Equal
masses of GM, GMP, and GMP-R hydrogels were
immersed in their respective tubes, while NS and DI water
were added to negative and positive controls,
respectively.Samples were incubated at 37°C for 4 h,
followed by centrifugation at 12,000 rpm for 5 min (4°C).
Hemolysis was assessed by visually inspecting supernatant
coloration and measuring optical density (OD) at 545 nm.

The hemolysis rate was calculated using the standard

formula:

OD(Hydrogel) — OD(NS)
OD(DI) — OD(NS)

Hemolysis ratio =

2.5 Animal Model Establishment
Adult female SD rats (220+£50 g) were anesthetized

intraperitoneally with 2.5% tribromoethanol (1.2 mL/100
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g). A 2-mm left spinal cord hemi-section at T10 (lateral to

central artery) was created after laminectomy.
GMP/GMP-R hydrogels were implanted, followed by
layered wound closure. Postoperative care included 3-day
penicillin prophylaxis, twice-daily bladder expression, and
povidone-iodine disinfection of lower body areas until
spontaneous urination resumed.

2.6 Histocompatibility

On day 56 post-modeling, major organs (heart, lungs, liver,
kidneys, spleen, and small intestine) were harvested from
euthanized rats under anesthesia (2.5% tribromoethanol,
1.2 mL/100 g, i.p.), fixed, dehydrated, and subjected to
hematoxylin and eosin (H&E) staining.

2.7 In Vivo Degradation and Biocompatibility

Adult female SD rats (220450 g) were subcutaneously
implanted with uniform-sized GM, GMP, and GMP-R
hydrogels in the dorsal region under anesthesia (2.5%
tribromoethanol, 1.2 mL/100 g, i.p.). Hydrogels and
surrounding tissues were explanted at 7 and 42 days
post-implantation for H&E staining. Inflammatory layer
thickness at the implantation site was quantified using
Image J software.

2.8 Behavioral Assessment

Motor functional recovery was evaluated weekly for 8
consecutive weeks using the Basso-Beattie-Bresnahan
(BBB) locomotor rating scale, followed by footprint
analysis at week 8. For BBB scoring, rats were allowed to
ambulate freely for 5 min in an open field. Gait
quantification was performed by coating forelimbs and
hindlimbs with blue and red ink respectively, followed by
linear walking trials on a custom-designed runway to
record and quantify gait patterns.

2.9 Histological Analysis

At 8 weeks post-surgery, rats underwent transcardial

perfusion with physiological saline followed by 4%
paraformaldehyde. The spinal cord at the lesion site was
dissected, fixed, dehydrated, and subjected to H&E
staining.

2.10 Statistical Analysis

Data were analyzed using SPSS 24.0. Continuous variables
are expressed as mean = standard deviation (SD).
Intergroup comparisons were performed with Student's
t-test for two groups. For multi-group comparisons,
normality was verified using Shapiro-Wilk tests, followed
by one-way ANOVA with F-test for homogeneity of
variance (equal variances assumed) or Kruskal-Wallis test
for heterogeneity (equal variances not assumed). Statistical

significance was defined as p < 0.05.

3 Results

3.1 Synthesis and Characterization of GMP-R
Hydrogels

The gelatin-based conductive hydrogel fabrication process
is illustrated in Fig. 1A. All pre-photocrosslinked
formulations remained liquid, while UV irradiation induced
successful solidification. FTIR analysis (Fig.1B) revealed
characteristic bands of ginsenoside Rgl: C-H stretching
vibrations (2988 cm™), C-H wagging coupled with
hydroxyl deformation vibrations (1448 cm™), and a broad
O-H stretching vibration (3200-3500 cm™). Gelatin
exhibited signature absorptions at 1650 cm™ (amide I, C=O
stretching) and 1440 cm™ (amide III, N-H/C-H planar
vibrations). PPY powder displayed diagnostic peaks at
1544 cm™ (pyrrole ring vibration) and 1034 cm™ (C-H
in-plane deformation). The GMP-R hydrogel spectrum
exhibited characteristic bands at 1034.5 cm™', 1455.8 cm™,
1647.5 cm™, and 3200-3500 cm™, confirming successful

integration of PPY and ginsenoside Rgl into the
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gelatin-methacrylate matrix.
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Figure 1. Preparation and characterization of the hydrogel.(A)
Schematic illustration of hydrogel fabrication and photocuring

process; (B) FTIR spectroscopy analysis of GMP-R hydrogel.

3.2 Electrical Properties of Conductive Hydrogels

As shown in Fig.2A, conventional hydrogels exhibited no
electrical conductivity, and GM hydrogels failed to
illuminate LED bulbs in closed circuits. In contrast,
polypyrrole-incorporated GMP-R hydrogels successfully
powered LED bulbs, confirming electromechanical
functionality through conductive polymer integration.
Four-point probe measurements (Fig.2B) revealed GM
hydrogels exceeded resistivity detection limits (no
quantifiable conductivity), whereas polypyrrole-modified
hydrogels (GMP/GMP-R groups) demonstrated significant
conductivity enhancement. Statistical analysis confirmed a
marked difference (p < 0.01) in conductivity between GM

and polypyrrole-containing hydrogels.

3.3 Biocompatibility of Conductive Hydrogels

Hemocompeatibility, a critical quantitative indicator for
biomaterials, requires medical materials to exhibit
hemolysis rates below 5% per ISO 10993 series standards.
In hemolytic assays, deionized water and physiological

saline served as positive and negative controls, respectively,

for evaluating GM, GMP, and GMP-R hydrogels.
Macroscopic observations (Fig.3A) revealed complete
erythrocyte lysis in positive controls (bright red coloration),
whereas negative controls and hydrogel-treated groups
maintained clear pale yellow supernatants, indicating
minimal hemolysis. Quantitative analysis (Fig.3B) via
supernatant absorbance (OD) demonstrated hemolysis rates
of 2.69% (GM), 1.88% (GMP), and 0.34% (GMP-R), all
complying with ISO 10993 requirements (<5%
threshold).Eight weeks post-implantation in SCI rats, H&E
staining of major organs(Fig.3C) revealed:Heart: Tightly
aligned cardiomyocyte bundles with distinct striations,
absent inflammatory infiltration;Lungs: Intact thin-walled
alveoli without structural collapse or inflammatory
exudates;Liver: Preserved hepatic lobule architecture with
no fibrosis or necrotic foci around central veins;Kidneys:
Normal glomerular morphology and proximal tubules,
devoid of protein casts or metabolic overload indicators;
Spleen: Well-defined white pulp germinal centers and
physiological red pulp macrophage-erythrocyte
ratios;Intestine: Regular crypt-villus architecture without
inflammatory or necrotic alterations. These findings

demonstrate excellent biocompatibility of GMP-R
hydrogels with vital organs, indicating no detectable
systemic toxicity.Subcutaneous implantation of three

hydrogel groups in rats revealed time-dependent
degradation profiles (Fig.3D). At day 7 post-implantation,
all hydrogels exhibited increased width and thickness
compared to pre-implantation dimensions. By day 42,
macroscopic observation demonstrated significant hydrogel
thinning, indicative of progressive degradation. H&E
staining of peri-implant tissues showed inflammatory cell
infiltration at hydrogel-tissue interfaces across groups.

Quantitative analysis (Fig.3E,F) measured inflammatory
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layer thicknesses of 0.088+0.019 mm (GMP-R, day 7) and
0.013+0.005 mm (GMP-R, day 42). All hydrogel groups
displayed significantly thicker inflammatory layers than
sham controls at both timepoints (P < 0.01), with
decreasing thickness trends over time. Notably, GMP-R
hydrogels maintained inflammatory layer dimensions

closest to native tissue levels.
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Figure 2. Electrical properties of the hydrogel. (A) Hydrogel

GMP GMP-R

functioning as a conductive bridge in a circuit, with the GMP-R
hydrogel group successfully illuminating an LED indicator;(B)
Electrical conductivity comparison of GM, GMP, and GMP-R

hydrogels (**P < 0.01).Electrical conductivity comparison of GM,
GMP, and GMP-R hydrogels (**P < 0.01).
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Figure 3. Biocompatibility of the hydrogel. (A)Macroscopic
hemolysis observations of different hydrogel groups;(B) Hemolysis
ratios of different hydrogel groups;(C) Hematoxylin and eosin (HE)
staining of major organs in rats 8§ weeks post-implantation;(D)
Macroscopic views and HE staining of subcutaneously implanted
hydrogels at 7 and 42 days post-implantation;(E) Inflammatory layer
thickness in skin tissue at day 7 post-subcutaneous implantation;(F)
Inflammatory layer thickness in skin tissue at day 42

post-subcutaneous implantation (*P < 0.05, **P < (0.01).

3.4 Functional Recovery and Tissue Repair
Enhancement by Conductive Hydrogels

Serial Basso-Beattie-Bresnahan (BBB) locomotor ratings
over 8 postoperative weeks demonstrated differential
recovery patterns (Fig.4A). Sham-operated rats maintained
normal locomotor function throughout, whereas other
groups showed progressive  hindlimb  functional
improvement. The SCI group exhibited no functional
recovery at week 1, developing extensive three-joint
movement by week 8 without weight-bearing locomotion.
In contrast, GMP and GMP-R groups displayed accelerated
recovery,  achieving  sustained  forelimb-hindlimb
coordinated gait by week 8. Notably, GMP-R hydrogels
enabled forelimb plantar stepping with active paw
alignment parallel to the torso during weight-bearing
transitions.Gait quantification at 8 weeks postoperatively
(Fig. 4B) demonstrated distinct recovery patterns. Footprint
analysis revealed blurred hindpaw imprints with persistent
dragging marks in SCI rats. Both GMP and GMP-R groups
exhibited well-defined plantar impressions without
dragging artifacts. While GMP-implanted rats displayed
weight-bearing strides with compact hindlimb step cycles,
the GMP-R group showed longer, uniform stride lengths
and synchronized forelimb-hindlimb gait coordination.
These confirm that

findings GMP-R  hydrogels

significantly enhanced coordinated locomotor recovery in
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SCI rats.

H&E staining of spinal cord tissues harvested at 8 weeks
post-surgery (Fig. 4C) revealed distinct pathological
features. Compared to the sham group, all experimental
groups exhibited variably sized cavities at lesion sites.
Dark conductive particles were observed within the injured
areas of GMP and GMP-R groups. These groups displayed
clearer tissue organization and sharper gray-white matter
demarcation compared to the SCI group. The GMP-R
group demonstrated better-preserved overall tissue
architecture with reduced inflammatory cell infiltration
around the lesion. Quantitative analysis confirmed that the

GMP-R group had significantly smaller cavity areas than

other groups (P < 0.01), closest to those in the sham group.
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Figure 4. Conductive hydrogel improves tissue repair and functional
recovery.(A) Basso, Beattie, Bresnahan (BBB) locomotor rating
scores over 8 consecutive weeks post-implantation;(B) Footprint
analysis at 8§ weeks post-implantation;(C) Hematoxylin and eosin
(HE) staining of spinal cord tissues: (a) Sham group; (b) SCI group;
(c) GMP group; (d) GMP-R group; (e) Quantification of spinal cavity

areas across groups (¥**P < 0.01).

4 Discussion

Spinal cord injury disrupts functional connectivity between
supraspinal centers and spinal circuits, resulting in severe

motor, sensory, and autonomic dysfunction accompanied

by diverse complications that critically impair patients'

quality of life and longevity while imposing substantial
psychological and socioeconomic burdens [8, The

pathophysiology of SCI encompasses multifaceted
processes including ischemia-hypoxia, oxidative stress,
neuroinflammation, reactive gliosis, and fibrotic scar
formation 1. Notably, spinal cord-mediated systemic
immune regulation and visceral control mechanisms
predispose  chronic SCI patients to multi-organ
inflammatory responses and physiological dysregulation,
escalating risks of opportunistic infections and metabolic
disorders that accelerate mortality [2°). Current therapeutic
paradigms predominantly rely on surgical decompression
and methylprednisolone pulse therapy, modalities
constrained by limited efficacy. This therapeutic impasse
underscores the urgent need for innovative regenerative
strategies.

The limitations of conventional SCI therapies and
post-injury rehabilitation have driven rapid development of
innovative strategies, including neural tissue engineering
(221 mitochondrial

[2lstem  cell transplantation

immunomodulation [*4,

augmentation (23], organoid
reconstruction 231, and brain-computer interfaces 2, which
have emerged as promising therapeutic modalities with
encouraging preclinical outcomes. Notably, advances in
neural tissue engineering now offer unprecedented repair
strategies for SCI, with hydrogel-based scaffolds
representing a particularly active research frontier due to
their biomimetic extracellular matrix properties.An ideal
hydrogel scaffold must meet the following criteria: (1)
biocompatibility; (2) appropriate mechanical strength; (3)
controllable degradation rate; (4) optimized pore size,
porosity, and 3D architecture; (5) high surface
area-to-volume ratio [?.To address microenvironmental

impairment post-SCI that limits stem cell transplantation
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al.[28] bioactive

efficacy, Song et developed a
supramolecular nanofiber hydrogel functionalized with
insulin-like growth factor-1 (IGF-1). The engineered
hydrogel activates IGF-1 downstream signaling pathways
to inhibit neural stem cell (NSC) apoptosis, while
enhancing neurite outgrowth and remyelination through
enrichment of axon

targeted regeneration-  and

remyelination-associated ~ miRNAs  combined  with
extracellular vesicle (EV) uptake, thereby directing NSC
differentiation toward synaptic growth and myelin
regeneration .WAN et al.?®! engineered an injectable
hydrogel by pre-loading azithromycin
nanoparticle-modified bone marrow mesenchymal stem
cells (BMSCs), which  demonstrated localized
anti-inflammatory effects via M2 macrophage polarization
upregulation, exhibiting neuroprotective efficacy in both in
vitro and in vivo models . gelatin methacryloyl (GelMA)
hydrogel through free radical-mediated modification of
methacrylate groups on gelatin molecules, combining
photoinitiator-enabled photocrosslinking. This system
preserves gelatin's intrinsic biocompatibility, controllable
degradability, and low immunogenicity, while achieving
tunable mechanical strength through concentration
adjustments, establishing it as a premier candidate for
neural tissue engineering applications P01,

This study developed a bioengineered scaffold using
GelMA hydrogel as the matrix, doped with PPY to confer
electrical conductivity, and functionalized with ginsenoside
Rgl to fabricate the GMP-R composite hydrogel.
Systematic biosafety assessments were conducted to
validate its applicability for SCI repair. FTIR verified the
successful synthesis of GMP-R hydrogel.During the
pathophysiological of SCI,

progression early-phase

microglial activation exerts neuroprotective effects by

containing lesion expansion. However, within 2-3 days

post-injury, activated microglia induce macrophage
infiltration into the injury site, triggering secondary
inflammation. These infiltrating macrophages persist
beyond 42 days in the lesion microenvironment, critically
mediating chronic inflammatory cascades [l.In our
hydrogel degradation assay, volumetric expansion was
observed at 7 days post-implantation, attributable to
swelling behavior, with the slow initial degradation rate
providing structural bridging support in acute SCI
microenvironments. By 42 days, the hydrogel thickness
showed significant reduction compared to the 7-day
timepoint while maintaining partial structural integrity,
thereby counteracting macrophage-mediated chronic
inflammation while meeting long-term neural repair
requirements.Quantitative analysis revealed progressive
thinning of the peri-implant inflammatory layer in
subcutaneous models, with the GMP-R hydrogel group
demonstrating minimal inflammatory encapsulation
(0.013+0.005 mm) at 42 days, closest to normal skin tissue
architecture. Hemocompatibility assessments confirmed a
0.34% hemolysis rate for GMP-R hydrogel, compliant with
ISO standards for medical biomaterials (ISO
10993-4:2017). Systemic biosafety evaluation via H&E
staining showed preserved histoarchitecture of major
organs without pathological inflammation or tissue damage,
indistinguishable from negative controls, confirming no
systemic toxicity.These data collectively demonstrate the
scaffold's favorable biocompatibility and degradation
kinetics, fulfilling critical safety criteria for neural
regenerative applications.

Electrical stimulation modulates neuronal intracellular Ca?*
dynamics via voltage-gated calcium channels, upregulating

brain-derived neurotrophic factor(BDNF) and cyclic
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adenosine monophosphate(AMP) to enhance

regeneration-associated gene expression (Tol-tubulin,
growth-associated protein 43) 132, This cascade activates
c-AMP response element-binding protein (CREB) while
suppressing RhoA signaling in the p75 neurotrophin

receptor (p75NTR)-Nogo pathway, thereby augmenting

cytoskeletal reorganization and neurite extension.
Concurrently, elevated BDNF and growth factors
orchestrate Schwann cell-mediated remyelination in

damaged neural tissues [33 Furthermore, electrical
stimulation activates autophagy through mTOR pathway
inhibition, promoting neural stem cell differentiation,
neuronal maturation, and axonal regeneration [3*], Post-SCI
residual neural circuits exhibit spontaneous neuroplastic
reorganization, where targeted interventions like electrical
stimulation synergize with cell transplantation strategies to
amplify functional recovery [*3.Recent studies have
engineered  exosome-laden  conductive  hydrogels
incorporating bone marrow stem cell-derived exosomes,
which modulate glial cell polarization and enhance neural
stem cell recruitment/differentiation via coordinated
regulation of NF-«xB and PTEN/PI3K/AKT/mTOR
pathways, ultimately promoting axonal regeneration. These
findings underscore the critical role of bioelectrical
signaling in spinal cord injury repair 1. PPY, a conjugated
polymer widely utilized in tissue engineering, demonstrates
exceptional electrical

activity and biocompatibility

[37

alongside facile synthesis 7). The native spinal cord

demonstrates an electrical conductivity of approximately
4.2x10-4S/cm 8. The incorporation of PPY endowed the
hydrogel with electroconductive properties.
Electrochemical characterization revealed that GMP-R
hydrogels exhibited low impedance (4.72+0.84x10-3S/cm
superior  signal

conductivity) and  demonstrated

transmission within critical threshold ranges. This
optimized electrophysiological profile facilitates enhanced
intercellular electrical communication and promotes neural
circuit remodeling.

To address limitations of conventional SCI therapies,
next-generation neural scaffolds have been engineered for
in vivo applications. Chen et al.[39] developed an
injectable hydrogel with temporally programmed drug
release responsive to reactive oxygen species and matrix
metalloproteinases , which significantly enhanced SCI
recovery through coordinated anti-inflammatory effects,
angiogenesis, and neural stem cell differentiation. Liu et
created an

al.[40] injectable

micro-environment-modulating composite hydrogel

(AhCeO (2)-Gel) that promotes NSC differentiation via
cAMP/PKA pathway activation while inducing microglial
M2 polarization, synergistically enhancing axonal regrowth
and remyelination.This study investigated spinal cord
repair using hydrogels implanted in a hemisection SCI
model. Behavioral assessment via BBB  scores
demonstrated progressive improvement across all groups
from weeks 1 to 8, with the GMP-R group achieving
functional recovery closest to sham-operated controls and
showing statistically significant differences compared to
other experimental groups. Gait analysis revealed
well-defined paw prints and balanced stride patterns in
GMP-R-treated rats, contrasting sharply with the hindlimb
dragging observed in untreated SCI animals. Histological
examination identified cavity formation in all groups, while
conductive hydrogel groups exhibited residual black
electroactive  particles. Notably, GMP-R hydrogels
promoted substantial neo-tissue formation at injury sites
with markedly reduced inflammatory infiltration compared

to controls, corroborating their favorable degradability,
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biocompatibility, and dual efficacy in tissue regeneration
and functional restoration.

This  investigation  acknowledges limitations in
comprehensively assessing the hydrogel's mechanical
properties, cytocompatibility, and safety implications under

exogenous electrical stimulation.

5 Conclusion
SCI remains a formidable clinical challenge due to its
complex pathophysiology and devastating consequences.
To overcome limitations of conventional therapies, neural
tissue engineering strategies integrating
microenvironmental restoration and electrophysiological
reconstruction have demonstrated significant therapeutic
potential. Building upon this framework, we developed a
ginsenoside Rgl-incorporated conductive hydrogel that
fulfills essential prerequisites for clinical translation,
exhibiting optimal structural characteristics and superior
tissue compatibility. The

synergistic integration of

neuroregenerative  phytochemicals with electroactive
substrates conferred remarkable efficacy in spinal tissue
reconstruction and functional recovery post-SCI. This
biomimetic approach establishes a novel paradigm for
future mechanistic investigations in neuroregenerative

medicine.
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