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A B S T R A C T

Intervention in the differentiation of neural stem cells (NSCs) is emerging as a highly promising approach for the 
treatment of spinal cord injury (SCI). However, NSCs at the injury site often suffer from low survival and un
controlled differentiation. Whereas electrical stimulation has proven effective in regulating the fate of NSCs and 
promoting tissue repair, however, conventional electrical stimulation therapy has failed to be widely applied due 
to challenges such as invasiveness and technical complexity. To overcome these limitations, we developed a 
biomimetic magneto-electric hydrogel incorporating Fe3O4@BaTiO3 core-shell nanoparticles and human um
bilical mesenchymal stem cell exosomes (HUMSC-Exos) around the concept of constructing remote noninvasive 
electrical stimulation for the synergistic treatment of SCI. The Fe3O4@BaTiO3 is activated by the peripheral 
magnetic field to generate electrical stimulation, which, in conjunction with the synergistic effects of HUMSC- 
Exos, significantly alleviates the early inflammatory response associated with SCI and enhances the regenera
tion of newborn neurons and axons, thereby creating favorable conditions for functional recovery post-SCI. Our 
findings indicate that applying this magneto-exosome hydrogel in a rat model of SCI leads to substantial func
tional recovery. This innovative combination represents a promising therapeutic strategy for SCI repair.
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1. Introduction

Spinal cord injury (SCI) is a severe and debilitating condition, and its 
incidence has been rising in recent years due to traffic accidents, 
workplace incidents, and sports-related injuries [1,2]. These injuries can 
significantly impair the sensory, motor, and autonomic functions of 
patients [3], resulting in substantial economic burdens for them, their 
families, and society as a whole [4]. Recently, intervention with neural 
stem cells (NSCs) have emerged as a promising approach for treating 
SCI, as NSCs have the potential to differentiate into functional neurons, 
rebuild neural circuits, and promote nerve regeneration [5,6]. However, 
NSCs at the site of injury often suffer from low survival and uncontrolled 
differentiation [7]. These issues arise from the inflammatory microen
vironment created by immune cell activation and the release of in
flammatory factors at the injury site, which hinders neural growth [8]. 
In this environment, endogenous NSCs are more likely to differentiate 
into glial cells rather than neurons [9]. Furthermore, patients with spi
nal cord injuries experience disruption of nerve fiber conduction and 
limited spontaneous axonal regeneration at the injury sites. This 
disruption impairs neuroelectric signaling, which further restricts 
essential processes such as neuronal growth, survival, and expression 
[10–12].

Electrical stimulation has been demonstrated in previous research to 
influence the fate of NSCs [13,14] and facilitate the repair of damaged 
tissues, including nerves, bones, and muscles [15,16]. Functional elec
trical stimulation plays a crucial role in the treatment of SCI by pro
moting partial recovery of standing and walking abilities [17–19]. 
However, traditional methods of electrical stimulation require the sur
gical implantation of electrodes, which can increase the risk of infection 
and necessitate subsequent surgeries for electrode removal [20,21]. 
With the anticipated increase in the aging population and the rising 
incidence of SCI patients, there is an urgent need for improved methods 
of electrical stimulation. Non-invasive remote wireless electrical stim
ulation technology offers new insights for the treatment of SCI [22]. 
Compared to conventional electrical stimulation, remote wireless elec
trical stimulation demonstrates significant advantages in the treatment 
of SCI, as it can convert external field energy into electrical signals, 
thereby enabling non-invasive stimulation [23,24]. Wireless electrical 
stimulation avoids the surgical risks and complications associated with 
implanted electrodes, such as infection and inflammation, while mini
mizing the need for additional surgeries for patients [25,26]. This 
innovative technology overcomes the physical limitations of conven
tional electrical stimulation, offering a safer and more effective thera
peutic option for patients with SCI, and holds significant promise for 
broad clinical applications.

In recent years, piezoelectric materials have been explored for 
electrode-free external biosafety electrical stimulation due to their 
ability to convert mechanical energy into electrical energy [27,28]. Most 
studies have focused on triggering the piezoelectric response through 
either external stress or ultrasonic stimulation. Direct stress stimulation 
is typically applied to skeletal areas, while ultrasonic stimulation can 
generate heat and cavitation effects, which may harm neural tissue 
[29–31]. Consequently, there is a need for a novel piezoelectric excita
tion method that effectively supports nerve recovery following SCI.

Magneto-electric materials that utilize a mild magnetic field as an 
external stimulation source to generate piezoelectric output can address 
the challenges associated with traditional methods. Polyvinylidene 
fluoride (PVDF) has garnered significant attention in biomedicine due to 
its favorable piezoelectric properties [32–34]. However, its limited 
biocompatibility and in vivo degradation hinder its use in neural tissue 
repair. In contrast, barium titanate (BaTiO3) offers excellent piezoelec
tric properties along with improved biocompatibility [33]. BaTiO3 has 
been extensively used in bone tissue regeneration [35–37], yet there is 
limited research on the combined effects of BaTiO3 and Fe3O4 in nerve 
repair, particularly in the context of SCI. This study aims to explore the 
role of Fe3O4@BaTiO3 nanoparticles as radio-stimulators in the 

regeneration process following SCI.
Hydrogels are widely used in promoting cell growth and tissue for

mation after SCI due to their soft, hydrated structure that closely re
sembles natural neural tissue. They provide a three-dimensional 
environment conducive to the efficient transmission of electrical signals 
[38–40]. In our study, a hydrogel consisting of gelatin, a collagen 
degradation product, with methacrylate (GelMA) was used to load 
Fe3O4@BaTiO3, providing excellent scaffolding material for SCI repair. 
This GelMA 3D hydrogel system exhibits properties akin to those of 
neural tissues, including high permeability to oxygen and nutrients, high 
water content, and moderate mechanical strength. These characteristics 
create an optimal environment for cell growth and support SCI repair 
[41].

Given the harmful inflammatory microenvironment following SCI 
and the potential inflammatory response triggered by the implantation 
of biomaterials [42], incorporating an anti-inflammatory component 
into the hydrogel is essential. Human umbilical cord mesenchymal stem 
cells (HUMSCs) are particularly valuable in therapeutic interventions 
due to their remarkable proliferative capacity and low immunogenicity 
[43,44]. The exosomes secreted by HUMSCs (HUMSC-Exos) are rich in 
mRNAs, miRNAs, growth factors, and proteins, which makes them 
effective modulators of inflammation [45,46]. By delivering these 
immunomodulatory HUMSC-Exos within hydrogels, we can reduce 
adverse host responses and enhance the hydrogels’ ability to promote 
functional recovery.

Therefore, we developed a composite hydrogel composed of 
Fe3O4@BaTiO3, HUMSC-Exos, and GelMA, featuring anti-inflammatory 
properties and wireless piezoelectricity for SCI regeneration (Scheme 1). 
The process began with the synthesis of Fe3O4 nanoparticles, followed 
by the formation of a BaTiO3 nanoparticle layer on their surface. Sub
sequently, we synthesized GelMA hydrogel (GM) from gelatin and 
methacrylate, which closely resembles the composition, viscoelasticity, 
low modulus, and fiber structure of neural extracellular matrix (ECM). 
Next, we immobilized HUMSC-Exos and Fe3O4@BaTiO3 within the 
GelMA hydrogel network, resulting in the creation of a GelMA-magneto- 
electric nanoparticles-exosomes hydrogel (GMNPE). We then evaluated 
the magneto-electric properties, anti-inflammatory effects, biocompat
ibility, and pro-neural differentiation capabilities of GMNPE in vitro. 
Additionally, we identified the specific signaling pathways through 
which GMNPE promotes axonal regeneration. To further assess the 
effectiveness of GMNPE in promoting nerve regeneration and functional 
recovery following SCI, we established a rat spinal cord hemisection 
model.

2. Materials and methods

2.1. Synthesis and characterization of Fe3O4@BaTiO3

A total of 1.35 g of FeCl3⋅6H2O (Aladdin, Shanghai, China) and 3.6 g 
of CH3COONa (Aladdin, Shanghai, China) were accurately measured 
and added to 72 mL of ethylene glycol. This mixture was then stirred and 
dispersed using ultrasonication. Subsequently, the resulting solution 
was transferred to a 100 mL polytetrafluoroethylene reactor and placed 
in a hydrothermal oven set at a constant temperature of 200 ◦C for 16 h. 
Upon completion of the reaction, the solution was allowed to cool 
naturally to room temperature. The product was then washed several 
times with deionized water and anhydrous ethanol, followed by drying 
under a vacuum at 40 ◦C to yield Fe3O4 nanoparticles.

Next, 0.271 g of Ba(OH)2⋅8H2O (Aladdin, Shanghai, China) and 
0.672 g of KOH (Aladdin, Shanghai, China) were dissolved in 30 mL of 
water and subjected to ultrasonic stirring for a brief period. Meanwhile, 
0.293 g of (C4H9O)4Ti (Aladdin, Shanghai, China) was mixed in 30 mL of 
n-butanol until well combined. The two solutions were then mixed 
together, and 0.1 g of Fe3O4 nanoparticles, prepared in the previous 
step, was added to the mixture. After stirring for a designated time, the 
combined solution was transferred to a 100 mL polytetrafluoroethylene 
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reactor and placed in a water-heated air blower set to 180 ◦C. Once the 
reaction was complete, the solution was allowed to cool to room tem
perature naturally. The resulting product was washed several times with 
deionized water and anhydrous ethanol, then dried under vacuum at 
40 ◦C to yield Fe3O4@BaTiO3 nanoparticles.

The morphology of Fe3O4 and Fe3O4@BaTiO3 nanoparticles was 
analyzed using scanning electron microscopy (SEM, ZEISS Gemini 300, 
Germany) and transmission electron microscopy (TEM, FEI Talos F200x, 
USA). X-ray diffraction (XRD) analysis was conducted with a Rigaku 
SmartLab (Japan) over a scanning range of 5◦–90◦ at a scanning speed of 
2◦/min. The particle size distribution of the nanoparticles was assessed 
through dynamic light scattering (DLS, Malvern Zetasizer Nano ZS90, 
UK). The saturation magnetization of the nanoparticles was measured 
using a vibrating sample magnetometer (VSM, LakeShore 7404, USA) 
within a magnetic field strength range of 0–20,000 Oe. Additionally, the 
piezoelectric response of the nanoparticles was evaluated using atomic 
force microscopy (AFM, Bruker Dimension Icon, Germany).

2.2. Isolation and characterization of HUMSC-Exos

HUMSC-Exos are extracellular vesicles derived from human umbili
cal cord mesenchymal stem cells. The exosomes are isolated from the 

culture supernatant using tangential flow filtration (TFF). The particle 
size distribution and concentration of exosomes were measured using a 
Flow NanoAnalyzer (NanoFCM Inc., Xiamen, China). Their morphology 
was visualized with transmission electron microscopy (TEM, HITACHI 
H-7650). Additionally, the presence of specific biomarkers in the exo
somes was evaluated using Western blotting. The antibodies utilized for 
this analysis included CD9 (Abcam, Cambridge, UK), CD81 (CST, USA), 
Alix (Abcam, Cambridge, UK), and Calnexin (Proteintech, USA).

2.3. Fabrication and characterization of GMNPE hydrogels

A 10 % (w/v) gelatin solution was prepared by dissolving 1 g of 
gelatin powder in 10 ml of phosphate-buffered saline (PBS), which was 
heated to 40 ◦C in a water bath and stirred for 1 h. To this solution, 2.5 
ml of methacrylic anhydride was added at a concentration of 0.5 ml/L 
and stirred at 50 ◦C for 3 h. The reaction was halted by adding 40 ml of 
PBS, after which the solution was dialyzed against deionized water, 
lyophilized, and set aside. Before the preparation of the GMNPE 
hydrogel, the prepared GelMA solution (3 % w/v) will be sterilized using 
a 0.22 μm sterile filter. Subsequently, varying concentrations of 
Fe3O4@BaTiO3 (0, 0.5, 1, and 2 % wt), which have been sterilized by 
ultraviolet irradiation for 30 min, will be added and thoroughly mixed 

Scheme 1. Schematic illustration of the synthesis steps of GMNPE hydrogel and the promotion of neuronal regeneration after SCI as well as inflammation inhibition 
in the presence of a remote magnetic field.
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into the GelMA solution. Following this, 200 μg of HUMSC-Exos drops 
were introduced into 50 μL of the aqueous gel and incubated overnight 
at 4 ◦C. The resulting hydrogel was mixed with a 10 % photoinitiator 
(SP-BI-C02-2, SunP, China) and subjected to UV cross-linking (3W, 405 
nm) for 15 s to form the GMNPE hydrogel. GM hydrogels (without the 
addition of Fe3O4@BaTiO3 and HUMSC-Exos), GME (GelMA -exosomes) 
hydrogels (without the addition of Fe3O4@BaTiO3), and GMNP (GelMA- 
magneto-electric nanoparticles) hydrogels (without the addition of 
HUMSC-Exos) were synthesized using the same method described 
above.

The morphology of the hydrogels was analyzed using SEM (ZEISS 
Gemini 300, Germany). The rheological properties were assessed with a 
rheometer (Haake Mars40, Germany), with angular frequency varying 
from 1 to 100 rad/s. To evaluate the electrical stimulation intensity of 
GMNPE hydrogel under the influence of a magnetic field, GMNPE was 
solidified in a 35 mm diameter cell culture dish and subsequently placed 
within a Helmholtz coil (Paisheng Technology, Hunan, China). The 
output current of GMNPE was measured using a low-power current 
analyzer (LPT2020, China). For degradation analysis, GMNPE (initial 
weight W0) was subjected to vacuum freeze-drying at − 80 ◦C for 24 h, 
followed by immersion in PBS containing 1 mg/ml lysozyme at 37 ◦C. 
Each week, the samples were retrieved, freeze-dried, and weighed (W1). 
The degradation extent of the hydrogel was quantified as W1/W0 × 100 
%. Prior to freeze-drying, the intensity of the microcurrent generated by 
the samples under a magnetic field was measured to evaluate the impact 
of hydrogel degradation on the stability of electrical stimulation. To 
evaluate swelling, the hydrogels were immersed in phosphate-buffered 
saline (PBS) at room temperature until fully saturated. The wet weight 
(W1) of each hydrogel was recorded, followed by measuring the dry 
weight (W2) after vacuum lyophilization at − 80 ◦C. The swelling ratio of 
the hydrogel was calculated using the following equation: 

Swelling ratio(%) =
W1 − W2

W2
× 100% (1) 

2.4. Cell line, cell cultivation and cellular intervention

NSCs were isolated from rat embryos (E13-15) by mechanically 
dissociating the embryonic brain into individual cells, which were then 
transferred to culture flasks for suspension culture. The extracted NSCs 
were cultured in a specific medium composed of 47.5 ml DMEM/F12 
(Gibco), 1 ml B27 neuronal supplement (Gibco), 0.5 ml N2 neuronal 
supplement (Gibco), 0.5 ml Glutamax (Gibco), 0.5 ml penicillin/strep
tomycin (Gibco), and supplemented with 20 ng/ml epidermal growth 
factor (EGF, MCE) and 20 ng/ml basic fibroblast growth factor (bFGF, 
MCE). NSCs were then seeded in culture plates containing GMNPE 
hydrogel. The plates were subjected to a pulsed magnetic field (15 mT, 
60 Hz, 50 % duty cycle) generated by a Helmholtz coil. This stimulation 
was applied for 0.5 h per day over a period of 7 days, after which the 
cells were collected for further assays.

2.5. Exosomes labeling and cell phagocytosis studies

Exosomes were labeled using the PKH26 red fluorescent membrane 
linker dye (MCE). Initially, the exosomes were resuspended in 500 μL of 
Diluent C solution, to which 5 μL of PKH26 dye was added. The mixture 
was vortexed for 1 min and incubated for an additional 10 min. To 
neutralize any unbound dye, 10 ml of complete DMEM medium was 
added, and the exosomes were then centrifuged at 100,000 g for 1 h at 
4 ◦C to wash the precipitate. To assess exosome phagocytosis, cyto
skeletal staining with β-actin was performed. Cells were first fixed with 
4 % paraformaldehyde for 30 min and then treated with 5 % BSA con
taining 0.3 % Triton X-100 (Sigma, Germany) for 1 h at room temper
ature. The primary antibody (β-actin, Servicebio, Wuhan, China) was 
added and the samples were incubated overnight at 4 ◦C. After washing 
away excess antibody with PBS, DAPI (Servicebio, China) was applied 

and incubated at room temperature for 10 min. Images were captured 
using a confocal microscope (Nikon ECLIPSE TI-S, Japan).

2.6. Biosafety and proliferation ability of hydrogels at different 
nanoparticles concentrations on NSCs

The survival of NSCs in hydrogels: Neurospheres were dissociated 
into single cells and seeded into 24-well plates containing hydrogels 
with varying concentrations of Fe3O4@BaTiO3 (0, 0.5, 1, and 2 % wt). 
The viability of the NSCs was assessed at 1, 4, and 7 days using calcein- 
AM/propidium iodide (Calcein-AM/PI, Beyotime, China) staining. The 
stained cells were then imaged with a confocal microscope (Nikon 
ECLIPSE TI-S, Japan) to evaluate cell survival.

Proliferation capacity of NSCs in hydrogels: NSCs were incubated in 
96-well plates containing hydrogels with varying concentrations of 
Fe3O4@BaTiO3 (0, 0.5, 1, and 2 % wt). At days 1, 4, and 7, 10 % CCK-8 
solution (Beyotime, China) was added to each well. After 1 h of incu
bation, 100 μL of the supernatant was transferred to new 96-well plates, 
and absorbance was measured at 450 nm using a PerkinElmer Enspire 
enzyme-labeling instrument (Singapore) to assess cell viability.

2.7. Gene expression

Total RNA was extracted from cells or spinal cord tissues using the 
Total RNA Extraction Kit (DP419, Tengen) following the manufacturer’s 
instructions. The concentration and purity of the extracted RNA were 
assessed with a Nanodrop 2000 spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, USA). Next, individual samples were divided 
and diluted, and cDNA synthesis was performed using the cDNA First 
Strand Synthesis Kit (G3337, Servicebio, Wuhan, China). Quantitative 
reverse transcription-polymerase chain reaction (qRT-PCR) was con
ducted using the qPCR premix (G3327, Servicebio, Wuhan, China) 
under the following conditions: an initial denaturation at 95 ◦C for 10 
min, followed by 40 cycles of denaturation at 95 ◦C for 15 s, and 
annealing/extension at 60 ◦C for 60 s. Relative mRNA expression levels 
were calculated using the 11CT method, with GAPDH as the reference 
gene. Each analysis was performed in triplicate. The primer sequences 
used for PCR are provided in Table S1.

2.8. RNA sequence analysis

Total RNA extracted from NSCs in the control and GMNPE + MS 
groups was subjected to RNA sequencing analysis at OE Biotech Co., Ltd. 
(Shanghai, China). Differentially expressed genes (DEGs) between the 
two groups were identified using a threshold of |log2(fold change)| >
1.5 and adjusted p-value <0.05, followed by hierarchical clustering 
visualization via a heatmap. Gene Ontology (GO) enrichment analysis 
was performed to categorize biological processes, molecular functions, 
and cellular components associated with the DEGs. Additionally, Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway analysis was 
conducted to elucidate signaling pathways significantly enriched in the 
GMNPE + MS group compared to controls.

2.9. Immunofluorescent staining

Cells or spinal cord tissues were fixed in 4 % paraformaldehyde (PFA, 
Servicebio, China) for 30 min, followed by washing with PBS to remove 
any residual PFA. The samples were then incubated in 5 % BSA con
taining 0.3 % Triton X-100 (Sigma, Germany) for 1 h at room temper
ature. Primary antibodies were subsequently added and incubated 
overnight at 4 ◦C. After washing away the excess antibodies with PBS, 
the corresponding secondary antibodies were added and incubated for 1 
h at room temperature, protected from light. Finally, DAPI (Servicebio, 
China) was added and incubated for 10 min at room temperature. Im
ages were captured using a confocal microscope (Nikon ECLIPSE TI-S, 
Japan). The primary antibodies used included Tuj-1, GFAP, MBP, 
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iNOS, Arg-1, CD68 and NF (all from Abcam, Cambridge, UK). The sec
ondary antibodies were CY3-labeled goat anti-mouse IgG and Alexa 
Fluor 488-labeled goat anti-rabbit IgG (both from Servicebio, China).

2.10. WB assay

Cells or tissues were lysed using RIPA buffer (Servicebio, China) 
supplemented with protease and phosphatase inhibitors. The protein 
concentration was then assessed with the BCA protein assay kit (Serv
icebio, China). The protein samples were denatured by adding a protein 
supersampling buffer and subsequently transferred to a PVDF membrane 
(Servicebio, China). The membrane was blocked with 5 % skimmed milk 
for 1 h, followed by incubation with the primary antibody at 4 ◦C 
overnight. After washing away any residual antibody with Tris Buffered 
Saline containing Tween® 20 (TBST), a secondary antibody was added 
for 30 min. The membranes were then treated with a mixed ECL lumi
nescent solution to visualize the immunoblot, and the results were 
analyzed using ImageJ software.

2.11. In vivo bioluminescence imaging

Exosome retention in rats was evaluated by in vivo bioluminescence 
imaging. Following anesthesia with isoflurane, rats were subjected to 
imaging of PKH26-stained exosomes using the Small Animal In Vivo 
Imaging System (IVIS Lumina III, USA).

2.12. Establishment of rat spinal cord hemisection model

Female Sprague Dawley (SD) rats (SPF grade, 8 weeks old) were 
obtained from Beijing Viton Lihua Laboratory Animal Technology Co., 
Ltd. (Beijing, China) for this study. The rats were randomly assigned to 
six groups: sham, SCI, GM, GME, GMNP + magnetic stimulation (MS) 
and GMNPE + MS. Anesthesia was induced using 2 % isoflurane in a 
mixture of 30 % oxygen and 70 % nitrogen. The dorsal region was 
prepared by shaving and disinfecting the area. The vertebral plate over 
the T10 segment was exposed and removed to access the spinal cord. A 4 
mm right hemisection of the spinal cord was performed at the T9-10 
level. Hydrogel was then applied to the spinal cord defect, and the 
muscle and skin were sutured separately. Postoperatively, all rats 
received daily subcutaneous injections of penicillin (20 mg/kg), and 
their bladders were manually emptied twice daily for one week. Rats in 
the GMNPE + MS group were treated with a pulsed magnetic field (15 
mT, 60 Hz, 50 % duty cycle) generated by a Helmholtz coil for 30 min 
each day.

2.13. Basso–Beattie–Bresnahan (BBB) locomotor rating

Two blinded observers assessed the hindlimb movements of rats 
using the 21-point Basso-Beattie-Bresnahan (BBB) locomotion test. The 
rats were allowed to move freely in an open field for 15 min each ses
sion, and this procedure continued for 8 weeks.

2.14. Open field test

Autonomic motor function in rats was evaluated using the Cleversys 
TopScanLite device (Cleversys, Virginia, USA). Each rat was acclimated 
to the assessment environment for 30 min prior to testing. During the 
evaluation, the rats were placed in a 40 × 40 cm open field, where a 
high-speed video camera recorded their movements for 10 min. Key 
parameters, including the number of times the rats crossed the central 
area, total distance traveled, and average speed, were measured to assess 
their autonomic function and emotional state. To eliminate any poten
tial influence of previous odors on the results, the field was thoroughly 
cleaned and disinfected with alcohol between each assessment.

2.15. Electrophysiologic detection of motor neuron excitability

The H-reflex in rats was measured using an eight-channel electro
physiological recorder, PowerLab (ADInstruments, New South Wales, 
Australia). The animals were immobilized on an operating table and 
anesthetized with 2 % isoflurane. A needle electrode was inserted into 
the medial aspect of the ankle joint to stimulate the tibial nerve and 
induce plantarflexion. The resulting signals were amplified and filtered 
to obtain an electrogram.Twenty successive electrical stimuli were 
delivered at frequencies of 0.1, 0.5, 1, 2, and 5 Hz. Data analysis was 
conducted using LabChart software (version 8.0, ADInstruments, Dun
edin, NSW, Australia), focusing on the last 15 of the 20 stimuli for H- 
wave analysis. Frequency-dependent suppression (RDD) of the H-re
flexes was calculated by dividing the mean peak H-wave values at 0.5, 1, 
2, and 5 Hz by the mean peak H-wave value at 0.1 Hz.

2.16. Statistical analysis

Statistical analyses were conducted using SPSS version 20.0 (IBM, 
Armonk, NY, USA). Comparisons between two groups were made using 
the independent samples t-test, while multiple groups were analyzed 
with one-way ANOVA followed by Bonferroni post hoc tests. Data are 
presented as mean ± standard deviation, and p values less than 0.05 
were regarded as significant. Graphing was performed using GraphPad 
Prism version 9.0 (LLC, San Diego, CA, USA) and ImageJ (USA).

3. Results

3.1. Synthesis and characterization of Fe3O4@BaTiO3

Fe3O4 nanoparticles were synthesized using a solvothermal reaction, 
combining FeCl3 with sodium acetate in an ethylene glycol solution. An 
aqueous mixture of barium hydroxide and potassium hydroxide was 
then prepared and stirred. Tetrabutyl titanate was added to this mixture, 
followed by the Fe3O4 nanoparticles. This process led to the hydrolysis 
and condensation of tetrabutyl titanate, resulting in a vigorous hydro
thermal reaction that facilitated the deposition of BaTiO3 nanoparticles 
onto the Fe3O4 nanoparticles, ultimately forming a core-shell structure 
of Fe3O4@BaTiO3.

The morphology of the Fe3O4@BaTiO3 nanoparticles was examined 
by SEM (Fig. 1A). The results indicated that the initially smaller Fe3O4 
nanoparticles formed shells through the in situ deposition of BaTiO3 
following the solvothermal reaction. TEM images further validated the 
presence of the core-shell structure, revealing a shell layer approxi
mately 10–20 nm thick surrounding the Fe3O4 core. High-resolution 
TEM images showed a spacing of 0.4 nm within the shell layer, consis
tent with the lattice spacing of the tetragonal 0001 surface (Fig. 1B). 
Energy dispersive X-ray spectroscopy (EDX) results confirmed the 
presence of Fe3O4 at the core of the nanoparticles, with barium (Ba) and 
titanium (Ti) detected on the surface (Fig. 1C). This finding further 
validated the successful synthesis of BaTiO3 on the Fe3O4 nanoparticles. 
DLS analysis revealed an average hydrated particle size of 179.78 nm for 
Fe3O4, while the Fe3O4@BaTiO3 nanoparticles exhibited a larger 
average size of 250.46 nm, supporting the formation of the core-shell 
structure (Fig. S1). The crystal structures of both Fe3O4 and Fe3O4@
BaTiO3 nanoparticles were investigated by X-ray diffraction (XRD) 
(Fig. 1D). The diffraction peaks of Fe3O4 were consistent with a cubic 
spinel structure, whereas the peaks for Fe3O4@BaTiO3 corresponded to 
a chalcogenide structure. Collectively, these results demonstrated the 
successful coating of BaTiO3 on Fe3O4.

Subsequently we investigated the magneto-electric properties of 
Fe3O4@BaTiO3 nanoparticles. The saturation magnetization of both 
Fe3O4 and Fe3O4@BaTiO3 was measured at 300 K by VSM. The hys
teresis curves showed no intersections with the X-axis or Y-axis, indi
cating the absence of coercivity and remanent magnetization, which 
confirmed the strong superparamagnetic properties of the materials 
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(Fig. S2). Since BaTiO3 is inherently non-magnetic, its strong binding to 
the surface of Fe3O4 increases the mass and size of the composite while 
also restricting the movement of magnetic dipoles. As a result, the 
saturation magnetization of Fe3O4@BaTiO3 was reduced to 24.1 emu 
g− 1, compared to 87.4 emu g− 1 for Fe3O4. The piezoelectric properties of 
the Fe3O4@BaTiO3 nanoparticles were evaluated by AFM. The 
morphology, phase, and amplitude characteristics were presented in 
Fig. S3. The brightness in the AFM images reflected localized displace
ment caused by the electric field applied at the scanning probe tip, 
confirming that the piezoelectric response of the material was measur
able. Additionally, the morphology images indicated that the nano
particles had an average size of approximately 200 nm, consistent with 
the amplitude and phase images. The piezoresponse amplitude curves 
exhibited horizontal displacements with characteristic butterfly curves 
upon voltage changes at specific test points on the material surface 
(Fig. S4). Additionally, the piezoresponse phase loop images revealed a 
phase switch of nearly 180◦, illustrating the polarization reversibility 
between two antiparallel states when an external electric field was 
applied (Fig. S5). These findings confirmed that Fe3O4@BaTiO3 

nanoparticles possessed strong magneto-electric and piezoelectric 
properties.

3.2. Extraction and characterization of HUMSC-Exos

Firstly, the isolated HUMSC-Exos were subjected to nanofluidic 
detection. As shown in Fig. 2A, the average particle size was 81.1 nm 
(gating range 47.1–190.0 nm). TEM images (Fig. 2B) revealed the 
characteristic cup shape of the exosomes. Furthermore, the presence of 
positive markers CD9, CD81, and Alix on the exosome surface, along 
with the absence of the negative marker Calnexin (Fig. 2C), confirmed 
the successful extraction of HUMSC-Exos. Given the potential impact of 
UV irradiation during hydrogel synthesis on the integrity and func
tionality of exosomes, we systematically re-characterized HUMSC-Exos 
exposed to 15-s UV irradiation. As shown in Fig. S6, no significant al
terations were observed in the particle size distribution of UV-treated 
HUMSC-Exos (average diameter: 124.3 nm, representing 93.8 % of the 
population). TEM further confirmed the preservation of their charac
teristic cup-shaped morphology. WB analysis demonstrated successful 

Fig. 1. Characterization of Fe3O4@BaTiO3 nanoparticles. (A) SEM images of Fe3O4 and Fe3O4@BaTiO3 nanoparticles. (B) TEM images of Fe3O4 and Fe3O4@BaTiO3 
nanoparticles, and high-resolution TEM image of Fe3O4@BaTiO3 nanoparticles. (C) EDX mapping of Fe3O4@BaTiO3 nanoparticles. (D) XRD result of Fe3O4 and 
Fe3O4@BaTiO3 nanoparticles.
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expression of three exosomal positive markers, while negative markers 
showed no detectable expression.

3.3. Fabrication and characterization of the GMNPE hydrogels

Reconstructing the microenvironment with multifunctional hydro
gels has proven to be an effective strategy for promoting accelerated 
repair of SCI [47]. In this study, GMNPE hydrogels were prepared 
through a three-step synthesis process, as illustrated in Scheme 1. First, 

Fe3O4@BaTiO3 was incorporated into the GelMA solution and thor
oughly mixed. Next, HUMSC-Exos droplets were added to the hydrogel 
and allowed to incubate overnight. Finally, a photoinitiator was uni
formly added to obtain the GMNPE hydrogel. Fig. 2D illustrated the 
hydrogel’s appearance before and after formation. SEM results depicted 
the microscopic morphology of GM and GMNPE in Fig. 2E. Both 
hydrogels exhibited an irregular, loose, and porous structure, which 
promoted neuronal cell attachment and supports the growth of nerve 
fibers [48]. The EXD mapping of the GMNPE hydrogel also illustrated 

Fig. 2. Characterization of the HUMSC-Exos and GMNPE hydrogels. (A) The analysis results of Flow NanoAnalyzer showing exosomes with a particle size of 81.1 nm 
(gating range 47.1–190.0 nm). (B) TEM image revealed the characteristic cup shape (white arrow) of the exosomes. (C) WB results showing that exosomes positively 
expressed CD9, CD81, and Alix, along with the absence of the negative marker Calnexin. (D) different states of hydrogels: GM hydrogel before gel formation (left), 
GMNPE hydrogel before gel formation (middle), GMNPE hydrogel after gel formation (right). (E) SEM images of GM hydrogel and GMNPE hydrogel at low and high 
magnification. Scale bar: 100 μm. Scale bar of magnified image: 1 μm. (F) EDX mapping of GMNPE hydrogel. (G) FTIR spectra of the Fe3O4@BaTiO3, GM hydrogel, 
GM + LAP hydrogel, and GMNPE hydrogel. (H) The output current of GMNPE hydrogel under magnetic field stimulation (5 mT, 10 mT and 15 mT). (I) The 
mechanistic properties of GM and GMNPE hydrogels. (J) Swelling properties of GM and GMNPE hydrogels (n = 4).
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that Fe3O4@BaTiO3 nanoparticles were uniformly distributed 
throughout the hydrogel (Fig. 2F). FTIR results showed (Fig. 2G) that all 
groups of hydrogels exhibited distinct FTIR characteristic peaks: 2930 
cm− 1 (CH), 1650 cm− 1 (C═O of amide I), 1310-1470 cm− 1 (CH), 1440 
cm − 1 (C-N), and 1240 cm− 1 (N-H of amide III). These findings suggested 
that the incorporation of MENPs did not alter the bonding characteris
tics of the hydrogels. To detect the output current generated by GMNPE 
under the influence of a magnetic field, a low-power current analyzer 
was employed. As illustrated in Fig. 2H, the output current by GMNPE 
(1%wt Fe3O4@BaTiO3) increased with the augmentation of magnetic 
field intensity. Under a magnetic field strength of 15 mT, the output 
current reached a maximum of 1.2 μA. In conjunction with previous 
studies, it has been demonstrated that microampere-level currents can 
effectively promote the differentiation of NSCs into neurons [47,49]. As 
depicted in Fig. S7, the hydrogel exhibited continuous and stable 
degradation over a period of 6 weeks, achieving a degradation rate of 
83.42 %. Concurrent with the gradual degradation of GMNPE, the in
tensity of the output current also decreased. However, the system was 
capable of providing stable electrical stimulation for at least 4 weeks, as 
illustrated in Fig. S8. The rheological results demonstrated that the 
storage moduli (elastic modulus, G′) of the hydrogels exceeded the loss 
moduli (viscous modulus, G″) across the angular frequency range of 
1–100 Hz, indicating excellent stability (Fig. 2I). Additionally, the me
chanical properties of these hydrogels aligned well with the mechanics 
of neural tissue (0.1–3 kPa), which supported the growth and differen
tiation of neural cells [50,51]. The swelling ratio of GM and GMNPE 
hydrogels were approximately 802 ± 65 % and 777 ± 69 %, respec
tively. The introduction of Fe3O4@BaTiO3 slightly reduced the swelling 
ratio of GMNPE hydrogels compared to GM hydrogels, though the dif
ference was not statistically significant (Fig. 2J). Furthermore, the 
swelling ratio and mechanical properties of the GMNPE hydrogels 
remained stable after immersion in physiological media for 7 and 14 
days (Fig. S9). This stability indicated that the hydrogels maintained 
both long-term swelling capabilities and mechanical integrity.

In addition, in vivo imaging results indicated that GMNPE hydrogels 
loaded with exosomes stained with PKH26 retained a significant 
amounts of exosomes five days after implantation at the injury site in 
rats. In contrast, rats in the exosome-loaded PBS-only group showed 
negligible levels of detectable exosomes after the same period (Fig. S10). 
These findings confirmed that the hydrogel effectively prolonged the 
retention and release of exosomes at the injury site.

3.4. Biocompatibility and biodegradability of hydrogels

To assess the biocompatibility and potential toxicity of GMNPE, 
NSCs were cultured on hydrogels containing varying concentrations of 
Fe3O4@BaTiO3 and subjected to daily peripheral magnetic field stimu
lation. The survival of NSCs was evaluated on days 1, 4, and 7 using live- 
dead staining (Fig. S11). The hydrogels were categorized into control 
groups and GMNPE groups with concentrations of 0.5 %, 1 %, and 2 % 
(wt). The 0.5 % (GMNPE0.5) and 1 % (GMNPE1) groups showed no 
significant differences in NSC survival compared to the control. How
ever, at a concentration of 2 % (GMNPE2), there was a marked reduction 
in cell survival, indicating that a higher concentration of Fe3O4@BaTiO3 
may exhibit cytotoxic effects (Fig. S12). Moreover, results from the CCK- 
8 assays corroborated the live-dead staining findings, revealing that the 
1 % concentration of Fe3O4@BaTiO3 promoted the highest cell prolif
eration viability (Fig. S13). Consequently, group GMNPE1 was selected 
for subsequent experiments.

Hydrogels undergo gradual degradation following implantation in 
the body. Therefore, suitable bioscaffolds must ensure that neither the 
hydrogels nor their degradation products induce toxicity in the body’s 
organs and tissues [52,53]. In the present study, GMNPE hydrogels were 
implanted in SCI rats and divided into GMNPE and GMNPE + MS 
groups, and were evaluated for biosafety along with sham group as well 
as SCI group rats. The results indicated no significant pathological 

changes in the major organs—heart, liver, spleen, lungs, and kid
neys—across all groups (Fig. S14). Furthermore, liver function markers 
(ALT and AST) were within the normal range, showing no significant 
differences among the groups (Figs. S15–16). These findings demon
strated that the implantation of GMNPE hydrogel was not significantly 
toxic to rats regardless of the presence or absence of magnetic field 
stimulation and could be used as a safe treatment.

3.5. Anti-inflammatory effects of GMNPE in vitro

Microglia can be subdivided into pro-inflammatory M1 type and 
anti-inflammatory M2 type, in which the markers of M1 type microglia 
include protein-inducible nitric oxide synthase (iNOS), tumor necrosis 
factor-alpha (TNF-α), and interleukin (IL-6), and the markers of M2 type 
microglia include arginase-1 (Arg-1) and IL-10 [54]. To verify the 
anti-inflammatory effect of GMNPE hydrogel, GMNPE hydrogel was 
co-cultured with mouse microglia BV2 cell line. Initially, the microglia 
were activated by LPS, and the activated microglia showed enlarged 
cytosol, increased number of shorter protrusions and became more 
complex in morphology [55]. Subsequently, a large number of exosomes 
labeled with the red dye PKH26 could be observed in the cytoplasm of 
BV2 cells (Fig. 3A), which implied that exosomes released by GMNPE 
were successfully endocytosed by BV2 cells. The optimal 
anti-inflammatory concentration of exosomes was determined through a 
concentration gradient experiment, and GMNPE hydrogels were pre
pared with a HUMSC-Exos concentration of 4 μg/μl (Fig. S17).

The results of immunofluorescence staining demonstrated a signifi
cant increase in the number of cells positive for iNOS, a marker of pro- 
inflammatory M1-type microglia, following LPS stimulation compared 
to the CON group. Conversely, the number of cells positive for Arg-1, a 
marker of anti-inflammatory M2-type microglia, was significantly 
reduced. In the GME group, the expression of iNOS was markedly 
decreased compared to the LPS group, while Arg-1 expression was 
significantly increased, indicating that HUMSC-Exos exerted an inhibi
tory effect on inflammation. Furthermore, the GMNP + MS group 
exhibited a moderate reduction in iNOS expression and a modest in
crease in Arg-1 expression relative to the LPS group, suggesting that the 
electrical stimulation generated by GMNP + MS also contributed to a 
partial alleviation of inflammation, albeit to a lesser extent than that 
observed in the GME group. Finally, the results from the GMNPE + MS 
group revealed that the hydrogel, under the combined influence of 
HUMSC-Exos and electrical stimulation, exerted a more pronounced 
anti-inflammatory effect. This anti-inflammatory efficacy was superior 
to that achieved by either the exosome-alone group (GME) or the elec
trical stimulation-alone group (GMNP + MS) (Fig. 3B–E). WB analysis 
revealed that the protein expression of iNOS was significantly reduced in 
both the GME and GMNP + MS groups compared to the LPS group, while 
the expression of Arg-1 was markedly increased. The GMNPE + MS 
group exhibited even lower iNOS protein expression and higher Arg-1 
expression than both the GME and GMNP + MS groups, demon
strating that GMNPE + MS possesses the most potent anti-inflammatory 
capability (Fig. 3F–H). Consistent with these findings, qPCR results 
showed a similar trend. Statistical analysis indicated that the mRNA 
expression levels of pro-inflammatory cytokines (iNOS, TNF-α, and IL-6) 
in LPS-activated BV2 cells were significantly elevated compared to the 
control group, while the mRNA expression of anti-inflammatory cyto
kines (Arg-1 and IL-10) was significantly reduced. In the GME and 
GMNP + MS groups, the expression of pro-inflammatory cytokines was 
decreased, and the expression of anti-inflammatory cytokines was 
increased. Notably, the GMNPE + MS group exhibited the lowest 
expression of pro-inflammatory cytokines and the highest expression of 
anti-inflammatory cytokines (Fig. 3I–J). Additionally, we compared the 
anti-inflammatory effects of GMNP and GMNPE hydrogels in the 
absence of a magnetic field, as well as the impact of the magnetic field 
itself on BV2 cells and exosomes. The results demonstrated that the 
presence of an external magnetic field did not significantly affect BV2 
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cells or HUMSC-Exos. Furthermore, GMNP alone, without the magnetic 
field, did not exhibit significant anti-inflammatory effects. Only the 
combination of Fe3O4@BaTiO3 and the magnetic field produced a more 
pronounced anti-inflammatory effect (Figs. S18–19).

In summary, these findings collectively demonstrate that HUMSC- 

Exos significantly inhibit inflammation, and electrical stimulation also 
exhibits a certain degree of anti-inflammatory capability. The GMNPE +
MS group, under the combined influence of HUMSC-Exos and electrical 
stimulation, exerted a more robust anti-inflammatory effect. In the early 
stage of SCI, a substantial number of activated microglia in the affected 

Fig. 3. Anti-inflammatory effects of GMNPE in vitro. (A) BV2 cells cultured on GMNPE hydrogels can normally phagocytose PKH26-stained HUMSC-Exos released 
from hydrogels. Scale bars: 100 μm. (B–C) Immunofluorescence images of BV2 cells cultured in each group. Cells were stained red with ionized calcium-binding 
adaptor molecule 1, and Arg-1/iNOS was stained green. Scale bar: 50 μm. (D–E) Quantification of fluorescence intensity of Arg-1 and iNOS level in each group 
(n = 5). (F) Western blot images showed the changes in protein expression of iNOS and Arg-1. (G–H) Quantitative analysis of iNOS/Actin and Arg-1/Actin ratio (n =
3). (I) RT-qPCR results of the pro-inflammatory cytokines iNOS, IL-6 and TNF-α (n = 3). (J) RT-qPCR results of the anti-inflammatory cytokines Arg-1 and IL-10 (n =
3). Significance: ns-not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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area produce pro-inflammatory factors, leading to damage to the sur
viving nerve cells. Within 24–48 h, these microglia recruit and activate 
macrophages, resulting in additional harm to neuronal cells at the injury 
site [56]. Therefore, GMNPE can play a crucial role in suppressing 
inflammation in the early stages of SCI by promoting microglial M2 
polarization.

3.6. NSCs differentiation and axon regeneration on GMNPE hydrogels in 
vitro

NSCs have multiple differentiation potentials and are self-renewing 
cells that can differentiate into three cell sublineages, neurons, astro
cytes, and oligodendrocytes [57]. In neural tissue engineering, how to 
induce differentiation of NSCs to neurons rather than astrocytes is key to 
restoring neural connectivity as well as inhibiting glial scar formation. 
Partial study indicates that electrical stimulation influences the fate of 
NSCs [13,14]. Despite the potential of MENPs, the effects of their elec
trical stimulation on NSCs differentiation remain underexplored. To 
address this gap, we investigated how electrical stimulation from these 
nanoparticles, influenced by a peripheral magnetic field, affects NSCs. 
NSCs were placed in a Helmholtz coil capable of generating a stable 
magnetic field to receive stimulation and the NSC differentiation was 
observed. In light of the established regulatory effects of inflammatory 
microenvironment on neural regeneration during SCI recovery [58], 
neuroinflammatory conditions were replicated in vitro by supplement
ing NSC cultures across experimental groups with supernatant derived 
from LPS-activated BV2 microglial cultures, thereby recapitulating 
pathophysiological neuroinflammatory cascades post-SCI. NSC 
morphological and functional assessments were systematically con
ducted following 7-day culture under these simulated inflammatory 
conditions. The immunofluorescence staining results indicated that the 
proportion of newly generated neuronal marker β-III tubulin (Tuj-1) (+) 
cells in the GMNPE + MS group was approximately 14.1 %, significantly 
higher than that in the GMNP + MS group (8.6 %), the GME group (5.4 
%), and the LPS group (1.7 %). Moreover, the proportion of oligoden
drocyte marker myelin basic protein (MBP) (+) cells in the GMNPE +
MS group was also significantly higher than that in the GMNP + MS 
group, the GME group, and the LPS group (16.6 % vs. 10.6 %, 5.3 %, and 
0.54 %, respectively). In contrast, the proportion of astrocyte marker 
GFAP (+) cells in the GMNPE + MS group was only 15.4 %, significantly 
lower than in the other groups (Fig. 4B–E). These results suggest that 
NSCs in the GMNPE + MS group preferentially differentiated into neu
rons and oligodendrocytes rather than astrocytes. Subsequently, the 
axonal regeneration in each group was assessed by evaluating the 
expression of the axon-associated protein neurofilament (NF). The 
immunofluorescence staining results revealed that the average axonal 
length in the GMNPE + MS group reached 202.8 μm, significantly 
greater than that in the GMNP + MS group (149.5 μm), the GME group 
(95.0 μm), and the LPS group (16.7 μm). The proportion of NF-positive 
area in the GMNPE + MS group (21.4 %) was also significantly higher 
than that in the other groups (Fig. 4B–F-G). These findings indicate that 
axonal growth and neural network formation in the GMNPE + MS group 
outperformed those in the other groups. WB results exhibited a similar 
trend, with significantly higher protein expression levels of Tuj-1, MBP, 
and NF in the GMNPE + MS group, while GFAP protein expression was 
markedly lower (Fig. 4H–L). The results of qPCR statistical analysis were 
consistent with the aforementioned findings, exhibiting the same trend 
(Fig. 4M). To ensure experimental rigor, we systematically validated the 
biological effects of GMNP on NSCs under non-magnetic conditions. The 
results demonstrated no significant difference in NSCs differentiation 
between the GMNP group and the LPS group. Crucially, MENPs under 
non-magnetic conditions failed to effectively regulate NSCs differenti
ation or promote axonal regeneration, as evidenced by quantitative 
morphological analysis (Fig. S20). This critical control experiment 
confirms the magnetic field-dependency of the observed therapeutic 
effects, reinforcing the specificity of our intervention strategy.

It is noteworthy that we observed a significantly higher proportion of 
Tuj-1 (+) cells and MBP (+) cells in the GME group compared to the LPS 
group, alongside a significantly lower proportion of GFAP (+) cells and a 
markedly elevated expression of NF. The results from WB and qPCR 
corroborated these findings. These results suggest that HUMSC-Exos 
possess a certain capability to promote the differentiation of NSCs and 
axonal regeneration, which is consistent with previously reported 
studies on mesenchymal stem cell exosomes [59,60]. However, in this 
study, the capacity of HUMSC-Exos to promote differentiation and 
axonal regeneration was limited, being less effective than the stimula
tion effects induced by electrical stimulation (GMNP + MS). Neverthe
less, the GMNPE + MS group demonstrated the most pronounced effects, 
outperforming both the GMNP + MS and GME groups. This indicates 
that under the combined influence of the electrical stimulation gener
ated by MENPs and HUMSC-Exos, GMNPE can induce NSCs to differ
entiate into newly formed neurons and oligodendrocytes that are 
beneficial for neural function regeneration, while suppressing differen
tiation into astrocytes, and simultaneously promoting axonal regenera
tion and neural network formation (Fig. 4A).

3.7. Mechanisms underlying GMNPE + MS-induced directed 
differentiation of NSCs and axonal growth promotion

To further investigate the mechanisms underlying GMNPE + MS- 
induced directed differentiation of NSCs and axonal growth, we per
formed RNA sequencing on NSCs treated with GMNPE + MS for 7 days. 
Comparative analysis between the GMNPE + MS and control groups 
revealed 1916 differentially expressed genes, including 1211 upregu
lated and 705 downregulated genes (Fig. 5A). GO enrichment analysis of 
these differentially expressed genes demonstrated significant associa
tions with molecular processes critical for neurogenesis and differenti
ation, such as protein binding, axon guidance, axon development, 
nervous system development, and neuronal cell body morphogenesis 
(Fig. 5B). KEGG pathway analysis further identified multiple signaling 
cascades enriched in the GMNPE + MS group, including neuroactive 
ligand-receptor interactions, calcium signaling, PI3K-Akt signaling, 
MAPK signaling, and cAMP signaling pathways (Fig. 5C). These path
ways are closely associated with the differentiation of NSCs and neural 
regeneration. For instance, the calcium signaling pathway can nega
tively regulate the PTEN protein, which serves as a major intrinsic 
barrier to axonal regeneration [61,62]. The MAPK signaling pathway 
plays a crucial role in neuronal differentiation, growth, survival, and 
axonal regeneration following central nervous system injury [63]. 
Additionally, cAMP signaling is essential for neurite growth and axonal 
guidance; stimulating intracellular cAMP activity can significantly 
enhance neuronal survival and axonal regeneration after SCI [64].

Notably, the PI3K-Akt pathway—a well-documented regulator of 
NSC fate determination—was highlighted by the enrichment of 50 
differentially expressed genes. Prior studies have established that PI3K- 
Akt activation promotes NSC differentiation toward neuronal lineages 
while suppressing astrocytic commitment, and critically enhances post- 
injury axonal regeneration [47,65–67]. To validate this, WB analysis 
confirmed significantly elevated phosphorylation levels of PI3K (p-PI3K) 
and Akt (p-Akt) in the GMNPE + MS group compared to controls 
(Fig. 5D, S21). These findings further suggest that the PI3K-Akt pathway 
may be involved in mediating the directed differentiation and axonal 
regeneration of NSCs induced by GMNPE + MS.

3.8. GMNPE hydrogel promoted functional recovery in SCI rats

In order to verify the effectiveness of GMNPE hydrogel in the treat
ment of SCI in vivo under the effect of magnetic stimulation, we estab
lished a semi-transverse SCI model in SD rats and evaluated the recovery 
of motor function. As illustrated in Fig. S22, the T10 segmental spinal 
cord of rats was exposed, and an incision of about 4 mm length was 
made in the right spinal cord. The rats were divided into 4 groups: sham 
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Fig. 4. NSCs differentiation and axon regeneration on hydrogels. (A) An illustration of GMNPE hydrogel promoting NSCs differentiation to neurons and oligo
dendrocytes and axon regeneration. (B) Immunofluorescence staining of NSCs cultured on different groups. Red IF represents the neuron marker Tuj-1, astrocyte 
marker GFAP, oligodendrocyte marker MBP, or neurofilament marker NF respectively. Scale bar: Tuj-1, GFAP, MBP, 50 μm. NF, 150 μm. (C–E) Statistical analysis of 
the percentage of Tuj-1 (+), GFAP (+) and MBP (+) cells to total cell number (n = 5). (F–G) Statistical analysis of the NF (+) area ratio and the length of NF (+) axon 
(n = 5). (H) Western blot images showed the changes in protein expression of Tuj-1, GFAP, MBP and NF. (I–L) Quantitative analysis of Tuj-1/ACTIN, GFAP/ACTIN, 
MBP/ACTIN and NF/ACTIN ratio in Western blot images (n = 3). (M) RT-qPCR analysis of the gene expression of Tuj1, GFAP, MBP and NF (n = 3). Significance: *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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group, SCI alone group, GMNPE group, and GMNPE + MS group. Rats in 
the GMNPE + MS group were treated with a pulsed magnetic field 
generated by a Helmholtz coil (Fig. S23).

The BBB score was utilized to evaluate the motor function recovery 
of the rats, and after 8 weeks of SCI, the BBB scores of the right hind limb 
in both the SCI group and the GM group did not exceed 6, which implied 

that the body’s own self-healing ability was limited. Furthermore, the 
use of hydrogel treatment alone had minimal impact on the recovery of 
motor function. In contrast, the motor function recovery of the GMNPE 
+ MS group was statistically more significant than that of the SCI group 
in 2–4 week postoperatively, indicating that the GMNPE hydrogel under 
magnetic field stimulation could promote functional recovery in the 

Fig. 5. The mechanism of GMNPE + MS regulating the differentiation of NSCs and axon regeneration. (A) Heatmap illustrating differential genes in the GMNPE +
MS group compared to the CON group (log2 Fold change ≥0.5 and q < 0.05). (B) Presentation of the top 15 entries in the bubble diagram of GO enrichment (n = 3). 
(C) The bubble diagram of KEGG enrichment (n = 3). (D) Western blot images showed the expression of the PI3K-AKT pathway protein between the CON group and 
the GMNPE + MS group.
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subacute phase following SCI. During the 4–8-week post-injury period, 
the GMNPE + MS group showed rapid motor function recovery, with a 
BBB score of 12.5 ± 1.6, significantly higher than of the GME group (7.5 
± 0.9) and the GMNP + MS group (9.6 ± 1.2, Fig. 6A). Notably, rats in 
the GME group demonstrated improved motor function recovery 
compared to the SCI group. These results indicate that HUMSC-Exos can 
partially improve motor function recovery in rats, albeit to a lesser 
extent than the effects generated by electrical stimulation.

Fig. 6B presents a schematic diagram of the open field test conducted 
on each group of rats 8 weeks postoperatively. The distance traveled, 
speed, and number of times crossing the center in the open field were 
compared among the four groups of rats (Fig. 6C–E). The results indicate 
that rats in the GMNPE + MS group traveled a significantly longer dis
tance in the open field (77.0 ± 18.8m) compared to the SCI group (35.6 
± 12.2m), GME group (48.2 ± 15.8m) and GMNP + MS group (58.3 ±

15.2m). Furthermore, the GMNPE + MS group exhibited a significantly 
higher speed (10.6 ± 2.1 mm/s) than the SCI group (5.3 ± 1.9 mm/s), 
GME group (7.6 ± 2.6 mm/s) and GMNP + MS group (8.7 ± 1.4 mm/s). 
Additionally, the GMNPE + MS group crossed the center area an average 
of 15.3 ± 4.1 times, which was not significantly different from the sham 
group (18.5 ± 6.2) but was significantly greater than the SCI group (7.4 
± 3.7), GME group (10.4 ± 3.7) and GMNP + MS group (11.8 ± 3.7). 
The increased frequency of center zone crossings in GMNPE + MS- 
treated rats reflected enhanced motor functional recovery, as the central 
area in the open field test was considered an "anxiogenic zone" due to its 
open and unshielded nature. Notably, rodents with SCI typically exhibit 
anxiety-like behaviors (such as pain hypersensitivity and sensorimotor 
deficits), which further reduce exploratory activity in this aversive re
gion. Conversely, improved motor recovery is physiologically associated 
with attenuated anxiety phenotypes, leading to elevated center zone 

Fig. 6. Functional recovery of rats in different groups. (A) The BBB score of rats in each group (n = 8). (B) An illustration of the open field test. (C–E) Quantitative 
analysis of distance, speed and bouts of center area for each group in the open field test (n = 8). (F) Electrophysiological detection waveforms of each group. The 
black arrow represents the H-wave. (G) Results of the analysis of electrophysiological RDD data at 8 weeks after SCI in each group (n = 5). Symbol (*) represented the 
comparison of the GMNPE + MS group with the GMNP + MS group. Symbol (#) represented the comparison of the GMNPE + MS group with the GME group. Symbol 
(▴) represented the comparison of the GMNPE + MS group with the SCI group. Symbol (+) represented the comparison of the GMNPE + MS group with the Sham 
group. Significance: ns-not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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exploration [68]. A comprehensive assessment of the above data 
revealed that rats in the GMNPE + MS group exhibit superior motor 
function recovery compared to other injury groups.

The nerve conduction function of the spinal cord was assessed by 
electrophysiology, with results presented in Fig. 6F–G. After 8 weeks of 
SCI, all groups exhibited a similar decline in RDD with increasing 
stimulation frequency. The RDD of the GMNPE + MS group was 
significantly lower than that of the GME group as well as the GMNP +
MS group at 0.5 Hz, 1 Hz, and 2 Hz frequencies. These findings suggest 
that the SCI rats experienced motor neuron damage at the injury site, 
resulting in increased nerve excitability and elevated skeletal muscle 
tone, which contributed to spasticity. In contrast, the GMNPE + MS 
treatment diminished upper motor neuron lesions and reduced excit
ability compared to the GME and GMNP + MS groups, thereby 
enhancing motor function following SCI.

In addition, bladder dysfunction is a significant concern for patients 
with SCI, and the functional reserve of the bladder serves as an impor
tant indicator of SCI recovery [69]. The bladder wall thickness was 
assessed by HE staining (Figs. S24–25). The measurements revealed that 
the bladder wall thickness in the GMNPE + MS group (497.2 ± 61.0 μm) 
was significantly higher than that in the SCI group (216.9 ± 66.8 μm), 
GME group (256.8 ± 43.7 μm) and GMNP + MS group (318.8 ± 41.8 
μm).

The findings from this series of studies demonstrated that magnetic 
stimulation combined with GMNPE hydrogel effectively promoted the 
recovery of motor function, electrophysiological performance, and 

bladder function in SCI rats.

3.9. GMNPE hydrogel modulated the inflammatory microenvironment in 
vivo

Following SCI, activated microglia release significant amounts of 
neurotoxic factors as well as pro-inflammatory factors, resulting in an 
inflammatory response that usually causes a series of secondary injuries. 
Therefore, early intervention to suppress inflammation is crucial for the 
SCI recovery.

The inflammatory response magnitude at the injury site in each 
treatment group was quantitatively assessed. One week after SCI, the 
spinal cord of rats in each group were harvested for analysis. Immuno
fluorescence staining revealed a substantial accumulation of CD68 (+) 
macrophages in the region surrounding the injury (Fig. 7A). Quantita
tive analysis demonstrated significantly elevated CD68(+) cell pro
portions in SCI groups compared to sham controls, indicating robust 
macrophage activation and consequent inflammatory exacerbation 
following SCI. Notably, the GME group exhibited marked reduction in 
CD68(+) cells versus SCI and GM groups, suggesting enhanced anti- 
inflammatory efficacy through HUMSC-Exos incorporation into hydro
gel matrices. Comparative analysis showed GMNP + MS group achieved 
significant CD68(+) cell reduction relative to SCI group, albeit with 
attenuated potency compared to HUMSC-Exos-mediated effects, 
implying synergistic yet subordinate anti-inflammatory contributions 
from electrical stimulation. Strikingly, GMNPE + MS group displayed 

Fig. 7. GMNPE hydrogel inhibited the inflammatory microenvironment in the early stage after SCI. (A) Representative images of immunofluorescence staining of 
CD68 in each group at day 7 after SCI. Scale bar: 100 μm. (B) Statistical analysis of CD68 (+) cell percentage to total cell number. (n = 3). (C) Western blot image 
showed the changes in protein expression of iNOS and Arg-1. (D–E) Quantitative analysis of iNOS/ACTIN and Arg-1/ACTIN ratio in western blot images (n = 3). 
Significance: ns-not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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minimal CD68(+) immunoreactivity, demonstrating superior combina
torial anti-inflammatory effects through HUMSC-Exos bioactivity and 
electroconductive modulation (Fig. 7B). WB analyses corroborated these 
observations: GMNPE + MS group exhibited significantly down
regulated iNOS expression alongside upregulated Arg-1 levels compared 
to SCI, GME, and GMNP + MS groups (Fig. 7C–E). These multimodal 
findings substantiate that GMNPE hydrogel synergistically leverages 
exosome-mediated immunomodulation and magnetically triggered 
electrical cues to suppress early-phase neuroinflammation, thereby 
mitigating secondary injury cascades and establishing regenerative mi
croenvironments conducive to neural repair.

3.10. GMNPE hydrogel promoted nerve regeneration and axonal 
regeneration in vivo

To further validate the restorative effect of GMNPE hydrogel on 
injured spinal cord, we evaluated nerve regeneration at the injury site 

and glial scar formation by immunofluorescence. Spinal cord tissue was 
harvested from SCI rats after 8 weeks. Neurons were labeled with Tuj-1 
in green and astrocytes were labeled with GFAP in red. Notably, the 
GMNPE + MS group exhibited substantial accumulation of Tuj-1 (+) 
neurons within the lesion core, contrasting with the sparse distribution 
observed in SCI and GM groups (Fig. 8A). Quantitative analysis revealed 
a significantly higher Tuj-1 (+) area percentage in the GMNPE + MS 
group (27.9 %) compared to SCI (3.8 %) and GM (8.5 %) groups 
(Fig. 8B). Conversely, GFAP (+) astrogliosis occupied markedly larger 
proportions of the lesion area in SCI and GM groups (35.2 % and 28.0 %, 
respectively) versus GMNPE + MS (9.5 %), with pronounced glial scar 
formation at lesion peripheries (Fig. 8A and 8C). WB analysis corrobo
rated these findings, showing elevated Tuj-1 expression and reduced 
GFAP levels in GMNPE + MS versus SCI and GM groups (Fig. 8G–I). To 
functionally validate neuronal maturation, we quantified axonal 
regeneration through NF and MBP expression. The GMNPE + MS group 
demonstrated significantly higher NF (+) axonal density within the 

Fig. 8. GMNPE + MS induced differentiation of endogenous NSCs into functional neurons and promoted neuronal regeneration. (A) Representative images of 
immunofluorescence staining of Tuj-1 (green) and GFAP (red) in each group at week 8 after SCI. Scale bar: 200 μm. Scale bar of magnified image: 50 μm. (B–C) The 
ratio of Tuj-1 (+) area and GFAP (+) area were quantified (n = 3). (D) Representative images of immunofluorescence staining of MBP (green) and NF (red) in each 
group at week 8 after SCI. Scale bars: 50 μm. (E–F) The ratio of MBP (+) area and NF (+) area were quantified (n = 3). (G) Western blot image showed the changes in 
protein expression of Tuj-1 and GFAP. (H–I) Quantitative analysis of Tuj-1/ACTIN and GFAP/ACTIN ratio in western blot images (n = 3). Significance: ns-not 
significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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lesion epicenter and superior MBP (+) myelination compared to SCI and 
GM groups (Fig. 8D–F). Moreover, the regenerated axons in the GMNPE 
+ MS group exhibited typical myelin sheath characteristics (indicated 
by the arrows in Fig. 8D), a feature that was less frequently observed in 
the other injury groups, excluding the Sham group.

Furthermore, we observed that, compared to the SCI group, both the 
GME group and the GMNP + MS group exhibited a significant increase 
in the Tuj-1 (+) area (3.8 % vs. 10.7 % and 17.2 %), along with a sig
nificant decrease in the GFAP (+) area (35.2 % vs. 23.2 % and 16.3 %). 
WB analysis demonstrated a similar trend. These results indicate that the 
electrical stimulation provided by GMNP + MS and HUMSC-Exos both 
possess the capability to promote the regeneration of newly formed 
neurons and reduce glial scar formation. However, the effects of 
HUMSC-Exos in the GME group were limited and significantly weaker 
than those provided by electrical stimulation (GMNP + MS). Never
theless, under the combined influence of both treatments, the GMNPE +
MS group exhibited superior neuroregenerative effects, and IF results for 
NF/MBP further indicated a greater presence of functional neurons in 
this group.

Collectively, these findings suggest that GMNPE hydrogels, when 
subjected to magnetic field stimulation, can significantly induce the 
differentiation of NSCs into functional neurons, promote the regenera
tion of myelinated nerve fibers, and establish connections between 
neurons.

4. Discussion

Despite recent advancements in SCI repair research, significant 
challenges remain. First, the regenerative capacity of nerves after injury 
is limited, and the microenvironmental changes at the injury site lead to 
apoptosis of nerve cells and formation of glial scarring, which directly 
affect the effectiveness of the regeneration process. Furthermore, 
traditional treatments often fall short in meeting the needs for tissue 
regeneration and functional recovery, highlighting an urgent demand 
for new therapeutic approaches. In this context, hydrogel bioscaffolds 
have emerged as a promising strategy for SCI repair due to their excel
lent biocompatibility and ability to modulate the local microenviron
ment. Hydrogels not only mimic the extracellular matrix and provide 
structural support but also enhance cell adhesion and proliferation by 
adjusting their physicochemical properties. This capability of hydrogels 
allows them to improve the local microenvironment, fostering condi
tions conducive to nerve regeneration. Moreover, their tunable nature 
enables them to deliver growth factors or drugs locally, promoting nerve 
function recovery [38–40]. While much of the existing research has 
focused on the spinal cord structural remodeling, there is a notable gap 
regarding the impact of the electrical microenvironment on recovery. 
Electrical stimulation on the spinal cord has been demonstrated to aid 
functional recovery from injury, suggesting that further exploration in 
this area could yield valuable insights [17,18].

In this study, we developed a magneto-electric hydrogel with remote 
noninvasive electrical stimulation function, which can be directly 
implanted at the SCI site to create an electrical microenvironment at the 
injury site under the stimulation of a magnetic field, thus promoting 
nerve repair. The working principle of this magneto-electric hydrogel 
depends on the fact that when an external magnetic field is applied to 
Fe3O4@BaTiO3 core-shell nanoparticles, the magnetically responsive 
material undergoes the magnetostrictive effect to produce deformation, 
which results in mechanical stress on the peripheral piezoelectric ma
terial, and according to the piezoelectric effect, the applied stress in
duces polarization within the piezoelectric material, generating an 
electric field and thus altering the electrical microenvironment [70]. 
Previous research supports the efficacy of this approach. Wu et al. 
demonstrated the biosafety of piezoelectric gels containing BaTiO3 
scaffolds for bone regeneration [35]. Similarly, Zhang et al. confirmed 
the effects of magneto-electric nanoparticles on the proliferation of 
PC12 cells and the growth of neural synapses [71]. These findings 

establish a solid foundation for the reliability of our study.
While piezoelectric materials have been extensively explored for 

osteogenic differentiation and bone regeneration [72,73], their appli
cation in SCI therapeutics is relatively scarce. This disparity stems from 
the inherent biomechanical mismatch between spinal cord tissue and 
osseous structures—the compliant mechanical properties of neural tis
sue render conventional piezoelectric systems suboptimal for SCI 
intervention. The research conducted by Li et al. utilized ultrasound as 
an external driving source to activate piezoelectric materials for the 
purpose of generating electrical stimulation in the treatment of SCI [74]. 
However, the duration of each treatment session cannot be maintained 
for extended periods, as prolonged ultrasound exposure induces thermal 
effects that are harmful to nerve regeneration. This limitation highlights 
the challenges associated with this approach. Some studies have inves
tigated the treatment of SCI through the surgical implantation of 
piezoelectric stimulators [75]. However, this approach remains limited 
by the necessity of subsequently removing the electrodes. In contrast, 
our magnetically driven system enables sustained, non-invasive elec
trical stimulation through a biodegradable hydrogel platform, obviating 
recurrent surgery while maintaining therapeutic continuity at the lesion 
site.

Magnetoelectrically triggered neurostimulation strategies have been 
previously explored in neural repair applications. For instance, Wang 
et al. developed slightly flaky graphite nanosheets capable of delivering 
magnetic field-induced electrical stimulation to enhance neuronal 
regeneration [23]. However, the immunomodulatory capacity of such 
materials within the post-SCI inflammatory microenvironment—a crit
ical determinant of neural recovery—remains poorly characterized. In 
this study, we engineered a synergistic therapeutic platform combining 
MENPs with HUMSC-Exos, which not only effectively promoted nerve 
regeneration but also significantly modulated the adverse inflammatory 
environment post-SCI, demonstrating excellent anti-inflammatory ef
fects. This dual functionality—concurrent neuromodulation and 
immunoregulation—represents a distinct therapeutic advantage over 
existing single-modality approaches.

Additionally, our GMNPE hydrogel is composed of gelatin, a degra
dation product of collagen, combined with methacrylate. This formu
lation exhibits optimal swelling and mechanical properties that align 
with the characteristics of neural tissues (0.1–3 kPa), featuring a 
swelling rate of 777 ± 69 %. These favorable mechanical properties 
encourage NSCs to differentiate into neurons rather than glial cells [76]. 
FTIR results confirmed that the incorporation of magneto-electric 
nanoparticles did not interfere with the hydrogel’s bonding structure. 
Furthermore, prolonged immersion of the GMNPE hydrogel in physio
logical medium did not result in significant changes in the swelling rate 
or mechanical properties, indicating long-term stability. Biocompati
bility tests, along with in vivo degradation assessments, further validate 
the biological safety of the GMNPE hydrogel.

SCI triggers the release of numerous cytokines and chemokines, 
which attracts inflammatory cells to the site, and the activated inflam
matory cells not only affect neuronal survival but also inhibit the nerve 
regeneration process. The HUMSC-Exos incorporated in our GMNPE 
hydrogel is enriched with a large amount of anti-inflammation-related 
mRNAs, miRNAs, growth factors, and proteins [45,46]. This property 
positions HUMSC-Exos as a potential modulator of inflammation. De
livery of immunomodulatory HUMSC-Exos in hydrogels can attenuate 
adverse host responses and act synergistically with hydrogels to promote 
functional recovery. Moreover, our in vivo and in vitro experimental 
results demonstrate that the electrical stimulation provided by MENPs 
under the influence of a magnetic field also exhibits anti-inflammatory 
effects, although this effect is weaker than that of HUMSC-Exos [47,
77]. Nevertheless, the inflammatory markers in the GMNPE + MS group 
were significantly reduced compared to both the GME group and the 
GMNP + MS group, which indicated that the anti-inflammatory effects 
provided by HUMSC-Exos and the electrical signals work synergistically, 
leading to the GMNPE + MS group achieving the most remarkable 
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anti-inflammatory outcome among the injury groups.
In current study, electrical signals were demonstrated to not only 

promote the differentiation of NSCs into newly formed neurons and 
oligodendrocytes, but also to inhibit their differentiation into astrocytes, 
thereby reducing the formation of glial scars. This is consistent with 
some previous related research findings [23,78]. Furthermore, 
HUMSC-Exos were also demonstrated in previous reports to possess 
therapeutic effects in long-term neural regeneration following SCI [60]. 
This finding was similarly corroborated in our study. It is noteworthy 
that electrostimulation elicited a significantly greater enhancement in 
neural regeneration compared to HUMSC-Exos monotherapy, as evi
denced by the neurofunctional recovery results of the GMNP +MS group 
compared to the GME group. Nevertheless, the results from the GMNPE 
+ MS group demonstrate that the combined effects of electrical stimu
lation and exosomes were significantly superior to either treatment 
alone.

Our sequencing results identified a significant number of differen
tially expressed genes associated with several pathways, including 
neuroactive ligand-receptor interaction, calcium signaling pathway, 
PI3K-Akt signaling pathway, MAPK signaling pathway, and cAMP 
signaling pathway, between the GMNPE + MS group and the control 
group. These pathways are closely related to the differentiation of NSCs 
and neural regeneration. For instance, the calcium signaling pathway 
can negatively regulate the PTEN protein, which is a major intrinsic 
barrier to axon regeneration. Inhibition of PTEN expression allows cal
cium signaling to promote axon regeneration in corticospinal neurons by 
upregulating mTOR activity [61,62,79]. The MAPK signaling pathway 
plays a crucial role in neuronal differentiation, growth, survival, and 
axon regeneration following central nervous system injury [63]. cAMP 
signaling is essential for neurite growth and axon guidance, as stimu
lation of intracellular cAMP activity can significantly enhance neuronal 
survival and axon regeneration after SCI [64]. Activation of the 
PI3K-Akt pathway not only promotes the differentiation of NSCs into 
newly formed neurons and inhibits their differentiation into astrocytes, 
but also plays a significant role in facilitating neural regeneration and 
axon growth following injury [47,65–67]. Furthermore, we conducted 
additional Western blot validation of this pathway, which further sug
gests that the PI3K-Akt pathway may mediate the process of GMNPE +
MS-induced directional differentiation of NSCs and axon regeneration. 
However, neural differentiation and regeneration are rarely governed by 
a singular signaling pathway; rather, they constitute a highly orches
trated process involving the interplay of multiple molecular mecha
nisms. Therefore, further research is needed to explore these molecular 
mechanisms in greater depth in the future.

Furthermore, although GMNPE + MS has demonstrated significant 
therapeutic efficacy in SCI repair, substantial challenges must be 
addressed prior to clinical translation. First, the current surgical im
plantation protocol for hydrogels risks exacerbating secondary injury. 
To mitigate this, minimally invasive techniques such as percutaneous 
injection of thermosensitive hydrogels could be integrated to minimize 
iatrogenic damage [80]. Second, the static magnetic fields employed in 
rodent models may not adequately accommodate human anatomical 
heterogeneity. Developing wearable adaptive magnetic devices equip
ped with closed-loop feedback systems—capable of dynamically 
adjusting stimulation intensity based on real-time electrophysiological 
signals (e.g., EMG/EEG)—could enhance treatment precision in clinical 
settings [81]. Third, while the degradation kinetics of our hydrogel 
system align with the axonal regeneration window in rodents, human 
SCI repair requires sustained structural support over months. Future 
strategies could involve employing a gradient crosslinking approach to 
optimize the degradation process of the hydrogel, thereby providing 
long-term support.

Finally, this study inevitably has some limitations. In future studies, 
we will further investigate the effects of varying magnetic field strengths 
and different stimulation durations on the neural functional recovery 
induced by GMNPE, aiming to identify the optimal stimulation 

parameters for enhancing neural function recovery. Additionally, we 
will investigate whether incorporating appropriate conductive materials 
into the hydrogel influences neurological recovery. Furthermore, more 
experimental investigations are needed to assess the possible effects of 
electrical stimulation on HUMSC-Exos. Long-term in vivo studies are 
also needed to monitor the complete degradation process of our 
hydrogel over an extended period.

5. Conclusion

In summary, the difficulties in the treatment of SCI not only lie in its 
complex pathological process, such as post-injury inflammatory 
response and the difficulty of functional neuron regeneration, but also in 
the restoration of the electrical microenvironment. We demonstrate that 
the GMNPE magneto-electric hydrogel, fabricated by integrating 
Fe3O4@BaTiO3 nanoparticles with HUMSC-Exos, enables non-invasive 
remote electrical stimulation at SCI sites through peripheral magnetic 
field activation. This innovative system effectively suppresses the in
flammatory microenvironment while significantly promoting neuronal 
survival and axonal regeneration. Among these components, Fe3O4@
BaTiO3 nanoparticles play a dominant role in nerve regeneration, while 
HUMSC-Exos are primarily involved in the anti-inflammatory process. 
The synergistic effect of both components endows the GMNPE hydrogel 
with excellent anti-inflammatory properties and enhanced neuro
regenerative capabilities.

In conclusion, it is crucial that our study offers new insights and 
directions for future research in the treatment of SCI.
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