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Spinal cord injury (SCI) induces the formation of a complex pathological microenvironment char-
acterized by excessive reactive oxygen species (ROS) accumulation, persistent hypoxia and severe
inflammatory responses, which severely impairs the processes of neural regeneration and functional
recovery. To address these critical issues, we constructed a hydrogel system for the synergistic repair of
SCI by integrating magnesium-manganese layered double hydroxides (MgMn-LDHs) into a ROS/pH-
responsive GelMA-PBA/HA-DA hydrogel matrix. Harnessing the redox activity of Mn®*, MgMn-LDHs
efficiently scavenge excess ROS and create a regenerative microenvironment favorable for neural repair.
Meanwhile, Mg?* promotes axonal elongation, myelination and the polarization of anti-inflammatory M2
macrophages by regulating key neural differentiation signaling pathways. The GelMA-PBA/HA-DA
hydrogel, crosslinked via dynamic boronate ester bonds, enables the precise and controlled release of
MgMn-LDHs in the acidic and highly oxidative pathological microenvironment post-SCI. In vitro
experiments demonstrated that this hydrogel system could effectively support the proliferation and
neurite outgrowth of PC12 cells under hypoxic and ROS-enriched conditions, inhibit the secretion of
pro-inflammatory cytokines, and significantly promote vascular regeneration. In vivo studies in a mouse
SCI model revealed that the hydrogel system markedly improved locomotor function, reduced the

Received 23rd January 2026, expression levels of inflammatory markers, ameliorated the inflammatory status of injured tissues, and

Accepted 16th February 2026 effectively facilitated axonal regeneration and remyelination at the injury site. This MgMn-LDHs-loaded
DOI: 10.1039/d6ma00108d GelMA-PBA/HA-DA hydrogel system establishes a multifunctional and translatable therapeutic platform
for SCI treatment, and also provides valuable insights for the research on therapeutic strategies against

rsc.li/materials-advances other neurodegenerative diseases.

spinal cord injury is as high as 25% to 50%, and this figure rises
further to 49-68.8% in patients with high-level complete para-

1. Introduction

Spinal cord injury (SCI) is a severe neurological trauma that
often leads to permanent motor and sensory dysfunction,
creating a heavy medical and economic burden on patients and
society.”® The mortality rate among patients with complete
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plegia, underscoring the extreme severity of this condition.’
Currently, clinical treatment strategies mainly focus on
surgical decompression, spinal stabilization, and rehabilitation
training.®” Although these strategies can improve the quality of
life of patients to a certain extent, they fail to fundamentally
address the core challenge of neural regeneration.®

The pathological progression following SCI can be divided
into primary injury and secondary injury.” Among these, the
cascade reaction induced by secondary injury is the key
driver of sustained deterioration in neurological function,
with its core features including intense oxidative stress, severe
local hypoxia, and neuroinflammation.® Excessive reactive oxy-
gen species (ROS) generated post-injury trigger lipid peroxida-
tion, protein/DNA damage, and subsequently induce the
apoptosis of neurons and oligodendrocytes, thereby impeding
myelination.”'® Concurrently, the disruption of vascular

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0001-5336-368X
http://crossmark.crossref.org/dialog/?doi=10.1039/d6ma00108d&domain=pdf&date_stamp=2026-02-28
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00108d
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA007007

Open Access Article. Published on 03 March 2026. Downloaded on 4/14/2026 7:06:13 PM.

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

(cc)

Paper

structures leads to local circulatory disorders, creating a persis-
tent hypoxic microenvironment."* This not only exacerbates
cell death but also inhibits the differentiation of endogenous
neural stem cells and axonal elongation.* More critically,
hypoxia and ROS further activate and amplify neuroinflamma-
tion, while the inflammatory response in turn promotes ROS
production, forming a mutually reinforcing vicious cycle.">"*
Traditional therapeutic approaches primarily aim to modulate
the local microenvironment through systemic administration
of antioxidants or neurotrophic factors.'> However, these meth-
ods suffer from inherent limitations such as poor targeting, low
bioavailability, and short half-lives, resulting in limited ther-
apeutic efficacy that fails to effectively reverse this complex
pathological microenvironment.'® Therefore, the development
of novel regenerative medicine strategies capable of actively
intervening in the pathological progression of injury and
promote a microenvironment favorable for neural regeneration
has become one of the most urgent challenges in the current
field of neuroscience.

Targeting the pathological microenvironment of SCI, simul-
taneous elimination of ROS and alleviation of hypoxia is
considered one of the most promising therapeutic
strategies."”” In recent years, manganese (Mn)-based nanoma-
terials have attracted extensive attention. Leveraging the
valence-variable property of Mn ions, these materials can
efficiently mimic the functions of natural superoxide dismutase
(SOD) and catalase (CAT).'® They catalyze the conversion of
superoxide anions (*O, ) and hydrogen peroxide (H,O,) into
harmless water and oxygen.'® While scavenging key ROS, the
generated O, directly ameliorates the hypoxic environment,
laying a foundation for subsequent neural repair.”® After con-
structing a beneficial microenvironment with low ROS and
high O, levels, the active provision of bioactive signals to
promote neural regeneration is crucial.>’ Magnesium ions
(Mg?"), as an essential intracellular divalent cation, have been
proven to possess multiple neuroprotective and reparative
functions.>” They not only directly promote neuronal axon
growth and accelerate myelin regeneration but also regulate
key signaling pathways like PI3K/Akt to guide neural stem cells
toward neuronal differentiation.*® Layered double hydroxides
(LDHs), as biocompatible two-dimensional nanomaterials,
exhibit flexible adjustability in interlayer metal composition,
making them ideal carriers for constructing such catalytic
nanoplatforms.>**> Therefore, integrating Mg”>* and Mn*" into
the same LDH nanostructure to fabricate MgMn-LDH enables
the two metal ions to exert a synergistic effect, thereby achiev-
ing multi-dimensional and sequential regulation of secondary
spinal cord injury. The MgMn-LDH constructed by Chen et al.
retains excellent bioactive sites. A hydrogel was fabricated via
hydrogen bonds between ULDH and SF, which promotes the
formation of B-sheet structures, endowing the hydrogel with
promising potential for the treatment of spinal cord injury
(scr).>¢

However, an ideal delivery system is indispensable for
achieving long-term retention and on-demand release of ther-
apeutic agents in the injured microenvironment.>” Injectable
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hydrogels are considered ideal local delivery platforms due to
their excellent biocompatibility, mechanical properties similar
to neural tissue, and ability to perfectly fill the injury cavity.?*73?
Gelatin methacryloyl grafted with phenylboronic acid (GelMA-
PBA) exhibits favorable biocompatibility and cell adhesion.?*
More importantly, the boronate ester bonds and acylhydrazone
bonds in GelMA-PBA possess dual responsiveness to ROS and
pH: they remain stable under conditions of low ROS and
neutral pH, but undergo rapid cleavage in the core pathological
microenvironment of SCI—characterized by high ROS and
acidic Ph.>**** This endows the hydrogel with “smart” respon-
sive properties, enabling specific and on-demand release of
therapeutic drugs at the lesion site, which significantly
improves therapeutic efficacy and reduces potential off-target
effects. Xu et al. fabricated a GelMA-PBA/ChS-DA microgel
system loaded with Sanghuang Polysaccharide (SHP) and
MXene. This microgel system exhibits pH-responsive and
photothermal controlled release properties, effectively promot-
ing the healing of infected wounds and holding great promise
as a transformative therapeutic strategy for infected wound
repair.®®

In the present study, we loaded self-developed MgMn-
layered double hydroxide (MgMn-LDH) into a ROS/pH dual-
responsive smart injectable gelatin methacryloyl-phenylboronic
acid/hydroxyapatite-doped alginate (GelMA-PBA/HADA) hydro-
gel, constructing a synergistic therapeutic platform integrating
antioxidant, oxygen supply, and neural regeneration functions
(Scheme 1). After local injection, this composite system pro-
vides immediate physical support, responds intelligently to the
injured microenvironment, and enables precise release of Mg>*
and Mn**. Simultaneously, it efficiently scavenges ROS, gener-
ates oxygen in situ, and delivers Mg>'-mediated biological
signals to promote axonal regeneration and neural differentia-
tion, thereby synergistically reversing the inhibitory microen-
vironment. Collectively, this work offers a novel and highly
translational comprehensive solution for the functional repair
of SCL

2. Materials and method

2.1. Materials

Magnesium nitrate hexahydrate was purchased from J&K Scien-
tific Ltd. (Beijing, China). Manganese nitrate, sodium hydro-
xide, sodium carbonate, 3-aminophenylboronic acid, and
methacrylic anhydride were purchased from Macklin Biochem-
ical Co., Ltd (Shanghai, China). Hydrogen peroxide, hydrochlo-
ric acid, xylene, and absolute ethanol were purchased from
Sinopharm Chemical Reagent Co., Ltd (China). Gelatin was
acquired from Sigma-Aldrich (Shanghai) Trading Co., Ltd
(Shanghai, China). Dopamine hydrochloride (DA), N-hydroxy-
succinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC) were purchased from Aladdin Reagent
(Shanghai) Co., Ltd (Shanghai, China). Fetal bovine serum
(FBS), Dulbecco’s Modified Eagle Medium (DMEM), and peni-
cillin were obtained from Gibco (USA). The CCK-8 assay kit was
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Scheme 1 Scheme of the preparation of MgMn-LDH/GPH hydrogels and the spinal cord injury (SCI) repair process. (A) Preparation process of MgMn-

LDH/GPH hydrogels; (B) spinal cord injury (SCI) repair process.

purchased from Beyotime Biotechnology Co., Ltd (Shanghai,
China). The DCFH-DA fluorescent probe was acquired from
Solarbio (Beijing, China). All antibodies were obtained from
Servicebio Technology Co., Ltd (Wuhan, China).

2.2. Materials synthesis

2.2.1. Synthesis of ultrathin MgMn-layered double hydro-
xide nanosheets (ULDH). Ultrathin MgMn-layered double
hydroxide nanosheets (ULDH) were synthesized by an oxidative
co-precipitation method. Specifically, Solution A was prepared
by dissolving 0.2641 g of Mg(NO;);-6H;0 and 0.0573 g of
Mn(NO;), in 40 mL of deionized water. Solution B was prepared
by dissolving 0.064 g of NaOH, 1.69 mg of Na,COs3, and 0.0363 g
of 30% (w/w) hydrogen peroxide (H,O,) in 40 mL of deionized
water. Both solutions were simultaneously added dropwise into
a three-necked flask, followed by stirring for 30 minutes to form

3588 | Mater. Adv, 2026, 7, 3586-3607

bulk MgMn-LDH (BLDH). The reaction system was then main-
tained at 60 °C overnight under a nitrogen (N,) atmosphere.
The resulting BLDH was collected by centrifugation, washed
thoroughly with deionized water, and re-dispersed in water to a
final concentration of 10 mg mL". Subsequently, the BLDH
dispersion was mixed with N,N-dimethylformamide (DMF), and
subjected to alternating ultrasonic treatment for 8 hours (0.5
hours per cycle using a cell disruptor and an ultrasonic cleaner,
respectively). Un-exfoliated residues were removed by centrifu-
gation; the supernatant was collected, and ULDH was harvested
via high-speed centrifugation. The obtained ULDH dispersion
was stored at 4 °C for subsequent use.

2.2.2. Synthesis of gelatin methacryloyl-phenylboronic acid
(GeIMA-PBA). 2 g of gelatin was completely dissolved in 50 mL
of deionized water at 45 °C. A 50 mL deionized water solution
containing 2.4 g of EDC, 2.4 g of NHS, and 1.33 g of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3-aminophenylboronic acid (APBA) was added to the above
gelatin solution. The mixture was stirred for 3 days at room
temperature, followed by dialysis and freeze-drying to obtain
gelatin-phenylboronic acid (Gel-PBA). 1 g of Gel-PBA was fully
dissolved in 50 mL of deionized water at 45 °C. Then, 0.6 mL of
methacrylic anhydride was added dropwise to the Gel-PBA
solution, and the reaction was carried out for 4 h at room
temperature. The reaction solution was subjected to dialysis
and freeze-drying to obtain gelatin methacryloyl-phenylboronic
acid (GelMA-PBA).

2.2.3. Synthesis of hyaluronic acid-dopamine (HA-DA). 1 g
of sodium hyaluronate was completely dissolved in 50 mL of
deionized water under a nitrogen atmosphere. Then, 575 mg of
EDC and 345 mg of NHS were slowly added, and the mixture
was stirred for 30 minutes. Subsequently, 569 mg of dopamine
hydrochloride was added, and the reaction was carried out for
3 h at room temperature, with the pH of the reaction system
maintained at 5-6 during the reaction. Finally, the reaction
solution was dialyzed in acidic conditions and freeze-dried to
obtain hyaluronic acid-dopamine (HA-DA).

2.2.4. Preparation of GeIMA-PBA/HA-DA hydrogel. Gelatin
methacryloyl-phenylboronic acid (GeIMA-PBA) solutions at con-
centrations of 5%, 10%, and 15% (w/v) and a hyaluronic acid-
dopamine (HA-DA) solution at 10% (w/v) were first prepared
separately. Subsequently, GelMA-PBA solutions of different
concentrations were mixed with the HA-DA solution at a
volume ratio of 1:1, and the pH of each mixture was adjusted
to 7-8 using 1 M sodium hydroxide (NaOH) solution. After
vortexing for thorough mixing, the mixtures were allowed to
stand at room temperature to form injectable hydrogels. These
hydrogels were designated as 2.5% GPHD, 5.0% GPHD, and
7.5% GPHD, respectively

2.2.5. Preparation of ULDH-loaded GelMA-PBA/HA-DA
hydrogel. 2 mg of ULDH were dispersed in 5 mL of 10% (w/v)
GelMA-PBA solution. This mixture was then uniformly mixed
with 10% (w/v) HA-DA solution at a volume ratio of 1: 1. The pH
of the system was adjusted to 7-8. After vortexing for thorough
mixing and subsequent standing, an injectable GPHD@ULDH
hydrogel was formed, with a final ULDH concentration of
200 pg mL~ ",

2.3. Material characterization

2.3.1. Atomic force microscopy (AFM). BLDH and ULDH
nanoparticles were dispersed in deionized water to prepare
suspensions with a concentration of 50 pg mL™'. A
10 pL aliquot of each suspension was dropped onto a silicon
wafer and air-dried naturally to form a uniform particle dis-
tribution. AFM imaging was performed in tapping mode
using a silicon probe with a spring constant of approximately
40 N m~ " and a resonance frequency of around 300 kHz to
minimize sample deformation. The scanning parameters were
set below: scanning range of 5 pm x 5 um, resolution of 512 X
512 pixels, and scanning rate of 1.0 Hz.

2.3.2. High-resolution transmission electron microscopy
(HRTEM). BLDH and ULDH nanoparticles were dispersed in
deionized water. After ultrasonic dispersion, 20 pL of the
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solution was dropped onto a copper grid and air-dried natu-
rally. The morphology of the samples was observed using
HRTEM with a 5 kV electron beam.

2.3.3. Raman spectroscopy. BLDH and ULDH nano-
particles were placed on a glass slide, which was then trans-
ferred to the microscope stage. Optical focusing and secondary
laser focusing were performed to optimize photon collection. A
633 nm visible laser was selected, and after switching to this
laser, the power was adjusted, followed by setting appropriate
integration time and grating size. Raman spectra were recorded
in the wavenumber range of 200-1000 cm™ ' using a Raman
spectrometer.

2.3.4. X-ray photoelectron spectroscopy (XPS). The BLDH
and ULDH dispersions were drop-cast onto the surface of
the substrate and dried in an oven at 55 °C. The dried samples
were placed in the sample introduction chamber for vacuum
evacuation, and then tested using an X-ray photoelectron
spectrometer (XPS).

2.3.5. X-ray diffraction (XRD). BLDH and ULDH nano-
particles were ground into fine powders, then evenly spread
in a test dish. The crystal structure of the materials was
characterized using an X-ray powder diffractometer. The testing
conditions were set as follows: X-ray wavelength = 1.5406 A,
operating voltage = 40 kV, operating current = 40 mA, and
scattering angle (26) range = 10°-80°.

2.3.6. 'H-NMR. Gelatin (Gel), gelatin-phenylboronic acid
(Gel-PBA), gelatin methacryloyl-phenylboronic acid (GelMA-
PBA), hyaluronic acid (HA), and hyaluronic acid-dopamine
(HA-DA) were dissolved in deuterated water (D,O) until clear
solutions were obtained. The solutions were transferred into
clean NMR tubes, and their structures were determined using a
nuclear magnetic resonance (NMR) spectrometer at room
temperature. The spectra were analyzed using MestReNova
software.

2.3.7. Fourier transform infrared spectroscopy (FT-IR). 5
mg of gelatin (Gel), gelatin-phenylboronic acid (Gel-PBA), gela-
tin methacryloyl-phenylboronic acid (GeIMA-PBA), hyaluronic
acid (HA), and hyaluronic acid-dopamine (HA-DA) were
weighed separately and thoroughly ground with potassium
bromide (KBr) powder. The mixtures were pressed into sample
pellets under vacuum conditions. Fourier transform infrared
(FTIR) spectra were recorded in the range of 4000-400 cm ™'
using a Fourier transform infrared spectrometer.

2.3.8. Rheological properties. The GPHD microgels were
removed from the mold. A 25-millimeter-diameter stainless
steel parallel-plate rotor was employed to conduct dynamic
strain scanning at room temperature (angular frequency range:
0.1-10 rad s~ ') to determine the linear viscoelastic region. The
variation curves of the elastic modulus (G’) and viscous mod-
ulus (G") were recorded.

2.3.9. Self-healing and injectability. Two pieces of GPHD
hydrogel were joined along the edges of their incisions. After
standing for 10 minutes, the healed hydrogel was gently pulled
with tweezers to evaluate its self-healing performance. The
GPHD microgels were loaded into a 1 mL syringe, and the
letter “SUE” was written to observe their injectability.

Mater. Adv., 2026, 7, 3586-3607 | 3589
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2.3.10. In vitro antioxidant properties. *O,  scavenging:
0.4 mL of different hydrogels were added to 0.5 mL of Tris-HCI
buffer (0.05 mol L™, pH = 8.2), respectively. After incubation at
25 °C for 20 minutes, 0.1 mL of 10 mmol L™ pyrogallol solution
was added. After mixing, the reaction was proceed at 25 °C for 5
minutes. Finally, 0.1 mL of HCI (10 mol L™ ") was added to the
reaction, and the absorbance curve was measured at wave-
lengths ranging from 270 nm to 420 nm.

H,0, scavenging: different hydrogels were mixed with 1 mM
H,0,, and the reaction was proceed in the dark for 30 minutes.
After the reaction was completed, a hydrogen peroxide assay kit
was used to measure the residual H,O, level in the supernatant,
and an ultraviolet-visible (UV-vis) spectrophotometer was
employed to detect the absorbance curve at wavelengths ran-
ging from 340 nm to 600 nm.

*OH scavenging: different hydrogels were reacted with the
precursor solution of the *OH scavenging assay kit. After the
reaction was completed, the *OH scavenging assay kit was used
to measure the absorbance of the supernatant, and an
ultraviolet-visible (UV-vis) spectrophotometer was employed to
detect the absorbance curve at wavelengths ranging from
420 nm to 700 nm.

ABTS scavenging: total antioxidant capacity was measured
using the rapid ABTS assay. Antioxidants could inhibit the
generation of ABTS®' cation radicals, thereby reducing the
absorbance at 414 nm. Absorbance spectra in the wavelength
range of 380 nm to 480 nm were recorded using a UV-vis
spectrophotometer.

2.3.11. Degradation properties. The hydrogel (GPHD®@
ULDH) was freeze-dried and weighed, the recorded mass was
designated as W;. The dried hydrogel was then immersed in
PBS solutions containing different concentrations of H,O,
(0 mM and 50 mM) and PBS solutions with different pH values.
The samples were incubated in a constant temperature shaking
incubator for 1, 3, 5, 7, 14, and 21 days, respectively. After
incubation, the hydrogels were taken out, freeze-dried again,
and accurately weighed, with the mass recorded as W;. The
degradation rate (W) of the hydrogel was calculated using the
following formula:

M x 100%

W, =
Wi

2.3.12. Determination of dissolved oxygen content.
Xanthine (1 mM) and xanthine oxidase (0.016 U mL™") were
reacted at 37 °C for 30 minutes to generate superoxide anions
(*0,7). Subsequently, BLDH and ULDH (200 pg mL ") were
incubated with the obtained *O,™ solution under stirring, and
the amount of dissolved oxygen was monitored using a dis-
solved oxygen meter. BLDH and ULDH (200 pg mL™") were
incubated with H,0, solution (50 pM) under stirring, and the
amount of dissolved oxygen was monitored using a dissolved
oxygen meter.

2.3.13. Release of Mg>* and Mn®'. To evaluate the ion
release behavior of the hydrogel under different conditions,
the cumulative release profiles of Mg>* and Mn** were
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measured in oxidative stress and acidic microenvironments,
respectively. The hydrogel was incubated in PBS buffer at a
constant temperature for release assays. The experimental
groups included: control group (pH 7.4, 0 mM H,0,),oxidative
stress group (pH 7.4, 50 mM H,0,), and acidic group (pH 5.5,
0 mM H,0,). At predetermined time points, the supernatant
was collected for ion concentration detection, and an equal
volume of fresh buffer was replenished. The concentrations of
Mg®" and Mn*" at different time points were quantified using
an inductively coupled plasma optical emission spectrometer
(ICP-OES), and the release curves were plotted accordingly.

2.3.14. Scanning electron microscopy (SEM). The freeze-
dried hydrogels of different formulations were cut smoothly
with a surgical blade. The cross-sections were then fixed onto
the sample stage using conductive adhesive, followed by gold
sputtering to enhance surface conductivity. The micromorphol-
ogy of the different hydrogels was observed under SEM.

2.4. Cytological evaluation

2.4.1. CCK-8. The hydrogel extract was prepared by incu-
bating hydrogels with complete DMEM medium at a mass ratio
of 1:10 at 37 °C for 24 h. C17.2 cells were thawed, resuspended
in DMEM, and seeded into 96-well plates at a density of
5000 cells per well, followed by incubation until adherent
growth. The medium was then replaced with different hydrogel
extracts, and the cells were further cultured for 1, 3, and 5 days.
After cultivation, CCK-8 working solution was added for incu-
bation of 30 min, and the absorbance (OD) was measured at a
wavelength of 450 nm using a microplate reader. The cell
viability was calculated according to the following formula (1):

~ OD2-0D0

Cell viability (%) = ODI —0OD0

x 100% (1
where OD2 denoted the OD value of the experimental group,
OD1 denoted that of the control group, and ODO denoted that
of the blank.

Among these conditions: normal conditions involved incu-
bation in a constant-temperature CO, incubator (with 5% CO,)
at 37 °C. Hypoxic conditions were achieved by sealing the 96-
well plate with a GasPak chemical gas-generating pack for 5-10
min, and after the indicator changed color, the sealed bag
containing the plate was placed entirely into the incubator for
cultivation. For the combined oxidative stress + hypoxic condi-
tions, H,0O, was added for co-cultivation on the basis of the
hypoxic setup described above.

2.4.2. Live/dead staining. C17.2 cells were thawed, resus-
pended in DMEM, and seeded into 48-well plates at a density of
10000 cells per well, followed by incubation until adherent
growth. The medium was replaced with different hydrogel
extracts for further cultivation of 24 h. After incubation, live/
dead staining working solution was added and incubated for 20
min at room temperature. Following washing with PBS, anti-
fluorescence quenching agent was added, and images were
captured immediately using a fluorescence microscope.

2.4.3. Cellular ROS scavenging. C17.2 cells were thawed,
resuspended in DMEM, and seeded into 48-well plates at a

© 2026 The Author(s). Published by the Royal Society of Chemistry
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density of 10000 cells per well, followed by incubation until
adherent growth. After treatment with H,O, for 30 min, the
medium was replaced with different hydrogel extracts for
further cultivation of 24 h. Subsequently, DCFH-DA probe
(100 nM) was added and incubated for 20 min at room
temperature. After washing, Hoechst 33342 nuclear stain was
added and incubated for 20 min at room temperature, and
images were captured immediately using a fluorescence
microscope.

2.4.4. Cytoskeleton staining. C17.2 cells were thawed,
resuspended in DMEM, and seeded into 48-well plates at a
density of 10000 cells per well, followed by incubation until
adherent growth. The medium was replaced with different
hydrogel extracts for further cultivation of 3 and 5 days. After
cultivation, fixative solution, permeabilization buffer, and
blocking buffer were sequentially added. Upon completion of
these steps, phalloidin working solution and DAPI working
solution were added for staining. Finally, the cells were
mounted with an anti-fluorescence quencher and immediately
imaged using a fluorescence microscope.

2.4.5. Cell migration. C17.2 cells were thawed, resus-
pended in DMEM, and seeded into 48-well plates at a density
of 10000 cells per well, followed by incubation until adherent
growth. The medium was replaced with different hydrogel
extracts for further cultivation of 24 h. After treatment with
H,0, for 30 min, a scratch was made along the middle of each
well. The medium was then replaced with different hydrogel
extracts again for continued cultivation. At 0, 4, and 12 h post-
scratching, images of the scratch wounds were captured using
an optical microscope, and the scratch area was measured to
calculate the cell migration rate.

2.4.6. Macrophage polarization. RAW264.7 cells were
seeded onto coverslips placed in 6-well plates. After overnight
induction with 5 pg mL ™" lipopolysaccharide (LPS) to polarize
cells into the M1 phenotype, the medium was replaced with
different hydrogel extracts for an additional 24 h. Cells were
then fixed, permeabilized, and blocked, followed by incubation
with primary antibodies against iNOS and CD206. After wash-
ing, corresponding fluorescently labeled secondary antibodies
were applied. Following secondary antibody incubation,
nuclei were counterstained with DAPI. Finally, coverslips were
mounted with an anti-fluorescence quenching mounting med-
ium, and images were captured using a fluorescence micro-
scope for subsequent analysis. For flow cytometry, cells were
harvested by trypsinization, and the resulting cell suspension
was incubated with fluorescently labeled antibodies against
CD86 and CD206. After incubation, the percentage of M1 and
M2 phenotypes was analyzed using a flow cytometer.

2.4.7. Immunofluorescence staining. PC12 cells were
resuscitated, resuspended in DMEM complete medium, and
seeded into 6-well plates containing cell coverslips, followed by
culture until the cells were adherent. The cells were then
incubated with 1 mM H,0, for 30 min, washed, and the
medium was replaced with different hydrogel extracts for
further culture (3 and 5 days). After permeabilization and
blocking, the cells were incubated overnight with primary
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antibodies against F-actin, MAP-2, and GFAP. The corres-
ponding fluorescently labeled secondary antibody was added
and incubate for 60 min at room temperature. Following
secondary antibody incubation, nuclei were counterstained
with DAPI staining solution. Finally, the coverslips were
mounted using an anti-fluorescence quenching mounting med-
ium, and images were captured under a fluorescence
microscope.

2.4.8. qPCR. RAW264.7 cells cultured in different hydrogel
extracts for 24 h were treated with Trizol reagent, followed by
lysis and extraction on ice to obtain total RNA. The RNA was
then applied to a gDNA adsorption column for purification,
and reverse transcription was performed to synthesize comple-
mentary DNA (cDNA). The PCR instrument was programmed
with the appropriate reaction protocol, and melting curves and
amplification curves were generated via instrument detection.

2.5. In vivo evaluation

2.5.1. Establishment of the SCI model. The Institutional
Animal Care and Use Committee (IACUC) of Ruige Biotechnol-
ogy granted ethical approval for the animal experiments
described herein (Approval No. 20250520-001), and all proce-
dures were carried out in compliance with relevant regulatory
requirements and ethical guidelines. Rats were anesthetized
and fixed on the operating table. The hair on the back was
removed, and the spinal skin was incised with a scalpel to
expose the T9-T10 segments of the spinal cord. A rongeur was
used to remove the T9-T10 vertebral bodies, and the spinal cord
was transected at a 1-2 mm segment. Subsequently, the corres-
ponding hydrogel material was implanted at the injury site.
Finally, the incision was sutured and disinfected, and the rats
were observed continuously.

2.5.2. BBB scoring. After the establishment of the rat
spinal cord injury (SCI) model, the BBB scoring was initiated.
In accordance with the scoring criteria, scoring and recording
were performed at 0, 7, 14, 28, 35, and 42 days post-modeling.

2.5.3. Animal footprint analysis. At 42 days post-surgery,
footprint analysis was conducted on the rats. The forelimbs and
hindlimbs of the rats were dyed with red and black ink,
respectively. The rats were then placed on white paper to walk
in a straight line, and photographs were taken to record the
footprint patterns on the white paper for the purpose of
evaluating the spinal cord repair efficacy.

2.5.4. H&E staining. Spinal cord tissues were fixed in
paraformaldehyde, subjected to gradient dehydration, followed
by embedding in paraffin. The tissues were sectioned into slices
with a thickness of 4 pm. The slices were flattened on glass
slides after dewaxing. The slices were sequentially stained with
Harris hematoxylin staining solution and eosin staining
solution. After dehydration to transparency, the slices were
mounted with coverslips, and images were captured under a
light microscope.

2.5.5. Masson staining. Bladder tissues were fixed in par-
aformaldehyde, subjected to gradient dehydration, followed by
embedding in paraffin. The tissues were sectioned into slices
with a thickness of 4 pm. The slices were flattened on glass
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slides after dewaxing. The slices were sequentially stained with
hematoxylin staining solution, Ponceau staining solution, and
aniline blue staining solution. After dehydration to transpar-
ency, the slices were mounted with coverslips, and images were
captured under a light microscope.

2.5.6. Immunofluorescence staining. Spinal cord tissues
were fixed in paraformaldehyde, subjected to gradient dehydra-
tion, followed by embedding in paraffin. The tissues were
sectioned into slices with a thickness of 4 pm. Antigen retrieval
and blocking were performed on the tissues after dewaxing.
Subsequently, primary antibodies were added for overnight
incubation, and after that, fluorescently labeled secondary
antibodies corresponding to the primary antibodies were added
and incubated at room temperature. After the incubation was
completed, DAPI staining solution was added and incubated
at room temperature. Finally, anti-fluorescence quenching
mounting medium was added for coverslip mounting, and
images were captured under a fluorescence microscope.

2.5.7. Western blot. Spinal cord tissues were harvested and
placed on ice. RIPA protein lysis buffer was added, followed by
grinding and lysis for 1 hour. Protein samples were collected
by centrifugation. After high-temperature denaturation of the
proteins, the samples were loaded onto the gel for electrophor-
esis. Following electrophoresis, membrane transfer, antibody
incubation, and development, the protein bands were visua-
lized using a developer. Finally, the protein bands were col-
lected and analyzed.

2.6. Statistical analysis

All data were presented as mean =+ standard deviation (SD) with
at least three parallel replicates per group. Statistical analysis
was performed using GraphPad Prism software with one-way
analysis of variance (ANOVA), where *p < 0.05, **p < 0.01, and
***p < 0.001.

3. Results and discussion

3.1. Structure and composition characterization of ULDH

The bulk MgMn-LDH nanosheets (BLDH) were prepared via
the oxidation co-precipitation method. Subsequently, ultrathin
MgMn-LDH nanosheets (ULDH) were obtained by ultrasonic
exfoliation of BLDH (Fig. S1A). Transmission electron micro-
scopy (TEM) further characterized the morphology of the
synthesized ULDH. As shown in Fig. 1B, ULDH exhibited a
hexagonal sheet-like structure with an average lateral size of
approximately 50 nm. The elemental mapping results in Fig. 1A
confirmed a uniform distribution of O, Mn, and Mg elements
within the ULDH nanosheets. High-resolution TEM (HRTEM)
was employed to examine the material’s surface, as shown in
Fig. 1C, which displayed regularly arranged lattice fringes with
an interplanar spacing of approximately 0.18 nm. This spacing
corresponded to the characteristic distance of the (015) crystal
plane in layered double hydroxide (LDH) structures, indicating
that the sample retained the crystalline structure of LDH with
good local crystal orientation and order.*” Fig. 1D presented the
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EDS elemental distribution of ULDH, showing the presence of
O, Mn, and Mg elements, consistent with the mapping results.
X-ray diffraction (XRD) patterns of ULDH and BLDH were
shown in Fig. 1E. Both samples exhibited well-indexed peaks
corresponding to the characteristic (003) and (006) lattice
planes (JCPDS No. 33-0869), confirming the successful synth-
esis of ULDH and the retention of its crystal structure after
ultrasonic exfoliation.?” The Raman spectrum of ULDH, shown
in Fig. 1F, exhibited a distinct blue shift, attributed to weak
long-range van der Waals interactions within the layered mate-
rial, indicating enhanced catalytic activity of ULDH. X-ray
photoelectron spectroscopy (XPS) results for ULDH, shown in
Fig. 1G-1, confirmed the presence of O, Mg, and Mn elements.
Notably, compared to BLDH, the XPS spectrum of Mn 2p in
ULDH showed a lower binding energy, suggesting the
presence of more defect sites in ULDH, which enhanced its
catalytic performance. Atomic force microscopy (AFM) images
(Fig. 1J-O) revealed that the thickness of BLDH ranges from
approximately 3.82 nm to 4.21 nm, while the exfoliated ULDH
exhibited a reduced thickness ranging from 2.97 nm to
3.64 nm, indicating a significant decrease in thickness and
the exposure of more active sites.*®

3.2. Structural characterization of hydrogels

During the synthesis of GelMA-PBA, phenylboronic acid was
first grafted onto the gelatin backbone via an amidation reac-
tion to yield Gel-PBA. Subsequently, methacrylate groups were
grafted onto Gel-PBA through an esterification reaction, ulti-
mately producing GelMA-PBA. The 'H NMR spectrum of
GelMA-PBA was shown in Fig. 2A, displaying characteristic
peaks of the benzene ring from phenylboronic acid at 7.60
and 7.45 ppm, confirming the successful synthesis of Gel-PBA.
After methacrylation, characteristic peaks of the vinyl group
from methacrylate appeared at 5.53 and 5.31 ppm, indicating
the successful synthesis of GeIMA-PBA.*® The 'H NMR spec-
trum of HA-DA was presented in Fig. 2B, showing a character-
istic peak of the catechol group at 7.32 ppm, resulting from the
amidation reaction between the carboxyl group of hyaluronic
acid and dopamine hydrochloride, thus verifying the successful
synthesis of HA-DA.*® The Fourier transform infrared (FTIR)
spectrum of GelMA-PBA was shown in Fig. 2C, exhibiting a
strong absorption peak at 1332 cm ™' attributed to the B-O
stretching vibration after phenylboronic acid grafting.*® Addi-
tionally, the C=C stretching vibration peak at 1636 cm ™"
served as a typical signature of methacrylation, confirming
the successful synthesis of GeIMA-PBA. The FTIR spectrum of
HA-DA (Fig. 2D) displayed two absorption peaks at 1574 cm ™
and 1266 cm ™, ascribed to C=N stretching and aromatic C-C
stretching vibrations, respectively, further validating the suc-
cessful coupling of the DA functional group to the HA
backbone.”" GelMA-PBA and HA-DA crosslink to form a stable
hydrogel via dynamic boronate ester bonds (Fig. S1B). The
gelation process of hydrogels at different concentrations
(2.5%, 5%, and 7.5%) was recorded, as shown in Fig. 2E. With
increasing concentration, the gelation time shortened signifi-
cantly. Quantitative results (Fig. 2F) indicated that the 7.5%
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Fig. 2 Preparation and characterization of Gel hydrogels. (A) *H-Nuclear Magnetic Resonance (H-NMR) spectra of Gel, Gel-PBA, and GelMA-PBA;
(B) *H-NMR spectra of HA and HA-DA; (C) Fourier transform infrared (FT-IR) spectra of Gel, Gel-PBA, and GelMA-PBA; (D) FT-IR spectra of HA and
HA-DA; (E) photographs of the gelation process of hydrogel solutions with different concentrations; (F) statistical plot of the gelation time of hydrogels;
(G) rheological frequency sweep curves and time sweep curves of hydrogels with different concentrations; (H) shear viscosity curves; (I) rheological
properties of 5% GPHD hydrogel under high and low strains; (J) verification of self-healing properties; (K) injectability of hydrogels; (L) flexibility and

adhesion properties of hydrogels under multi-angle bending.

GPHD hydrogel formed rapidly within 10 s, whereas lower indicates that the formation of more boronate ester bonds
concentration groups required longer times to achieve a com- resulted in an increased crosslinking density. Rheological tests
plete gel state, demonstrating that higher concentrations sub- were conducted to evaluate the mechanical properties and
stantially accelerated the dynamic crosslinking rate of boronate  structural stability of the hydrogels.**> The results of frequency
ester bonds. Subsequently, the micromorphology of the differ- sweep (Fig. 2G) showed that the storage modulus (G') of
ent hydrogels was observed by SEM, as shown in Fig. S2. With  hydrogels with different concentrations was higher than the
increasing concentration, the compactness of the internal net- loss modulus (G”), exhibiting typical gel characteristics. This
work structure of the hydrogels was enhanced, which further indicated that a stable three-dimensional crosslinked network
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structure had been formed inside the hydrogels, endowing
them with good elastic bearing capacity. Moreover, with the
increase of concentration, the modulus of the hydrogels
increased. At higher concentrations, the number of crosslink-
ing sites in the hydrogels increased significantly, leading to a
denser three-dimensional network structure formed by the
dynamic crosslinking of boronate ester bonds. The interaction
between molecular chains was enhanced, and thus the network
rigidity and elastic recovery capacity were improved. The results
of time sweep test indicated that the modulus of the hydrogels
remained stable under shear action, demonstrating excellent
structural stability. This stable mechanical property was not
derived from rigid crosslinking, but from the rapid reconstruc-
tion and balance of the dynamic crosslinked network. This not
only ensures structural stability, but also retains a certain
degree of flexibility, making it more suitable for the complex
in vivo tissue environment. Shear viscosity tests (Fig. 2H)
demonstrated pronounced shear-thinning behavior, with visc-
osity decreasing as shear rate increased, facilitating smooth
extrusion from syringes and confirming the injectability of the
hydrogels. To assess self-healing capability, cyclic tests were
performed under alternating 1% and 300% strains, showing
rapid recovery of G’ after each cycle (Fig. 2I), indicative of the
excellent reconstruction ability and network memory of the
dynamic boronate ester crosslinking structure.*® Self-healing
experiments (Fig. 2]) further demonstrated that the cut hydro-
gels spontaneously healed at room temperature, with seamless
fusion and no visible cracks. Injectability tests (Fig. 2K) showed
that the hydrogels could be extruded smoothly through fine
needles to form complex text and patterns (e.g., “SUE”), con-
firming superior injectability and moldability. Adhesion eva-
luation (Fig. 2L) revealed stable attachment of the hydrogels to
surfaces at various bending angles without fracture or detach-
ment, highlighting their compliant structure, strong adaptabil-
ity, and suitability for application on complex tissue surfaces.

3.3. Antioxidant and ROS scavenging evaluation of hydrogels

To evaluate the oxidative stress regulation and environmental
responsiveness of the GPHD@ULDH hydrogel, systematic ana-
lyses were conducted on its scavenging capabilities for various
reactive oxygen species (ROS), dissolved oxygen generation, and
stimuli-responsive degradation behavior. Fig. 3A showed the
hydroxyl radical (*OH) scavenging results. As the ULDH doping
concentration increased (10-200 pg mL "), the degree of deco-
lorization of the characteristic dye significantly intensified,
with the absorption peak continuously decreasing, indicating
a concentration-dependent *OH scavenging ability. Similarly,
in the superoxide anion (*O, ") scavenging experiment (Fig. 3B),
the spectral absorption peak also decreased with increasing
ULDH concentration, demonstrating strong *O,” scavenging
activity. A similar trend was observed for H,O, scavenging
(Fig. 3C), indicating that ULDH within the hydrogel effectively
decomposes ROS intermediates. The overall antioxidant capa-
city was validated through the ABTS free radical scavenging
assay, as shown in Fig. 3D, where the absorption peak at
420 nm exhibited significant attenuation, further confirming
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that GPHD@ULDH possesses superior broad-spectrum antiox-
idant capacity compared to BLDH and the undoped control
group. To further investigate the oxygen supply capacity after
ROS reaction, changes in dissolved oxygen levels were mea-
sured following treatment with H,O, and *O, . As shown in
Fig. 3E and F, the ULDH group generated significantly higher
dissolved oxygen in both ROS systems, reaching up to
~13 ppm after H,O, treatment compared to ~10 ppm for
BLDH, with no notable change in the blank control. In the *O,™
system, ULDH similarly exhibited higher O, generation. These
results suggested that ULDH not only scavenges ROS but also
catalyzed oxygen production, potentially alleviating hypoxic
conditions at injury sites and improving the tissue
microenvironment.** Fig. 3G showed the degradation curves
of GPHD@ULDH hydrogels under different H,O, concentra-
tions. The results demonstrated that in a 50 mM H,O, environ-
ment, the degradation rate of the hydrogel was significantly
accelerated, with almost complete degradation after 21 days. In
contrast, the hydrogel remained stable in the absence of H,O,,
indicating its excellent ROS-responsive property. Fig. 3H
further revealed that the degradation rate of the hydrogel in a
weakly acidic environment (pH = 5.5) was significantly higher
than that at pH = 7.4. Moreover, the hydrogel structure was
disrupted at pH = 5.5, demonstrating its acid-responsive cap-
ability. This degradation rate aligns with endogenous repair
processes, making it highly suitable for SCI repair. Subse-
quently, the ion release behavior of GPHD@ULDH hydrogels
in a simulated pathological microenvironment of SCI high ROS
levels and acidic (pH) was evaluated. We investigated the
cumulative release rates of Mg?* and Mn®*" under different
H,0, concentrations and pH values. In acidic environments,
protonation of phenylboronic acid (PBA) takes place, leading to
the reversible cleavage of boronate ester bonds. In ROS envir-
onments, the B-O bonds within the boronate ester linkages are
broken, triggering the dissociation of dynamic bonds. Both
events cause the relaxation and degradation of the hydrogel
network, thereby enabling ROS/pH-responsive drug release.
Under H,0, treatment (Fig. 3I), Mg>" release was slow in the
absence of H,0,, with a cumulative release rate of only 47.7% +
3.4% at 240 h. When the H,0, concentration was 50 mM, the
cumulative release rate increased to 78.0% = 4.8%, exhibiting a
distinct ROS-responsive behavior. Under acidic conditions
(Fig. 3]), the cumulative release rate of Mg>" was 72.7% =+
3.0% at pH = 7.4, which increased to 92.5% =+ 2.3% when the
pH was reduced to 5.5, indicating pH-responsive characteris-
tics. The release profiles of Mn*" under H,O, treatment and
pH = 5.5 are presented in Fig. 3K and L. Notably, the release of
Mn>*" was significantly enhanced in the presence of 50 mM
H,0, and at pH = 5.5. These results collectively confirmed that
the ion release of the hydrogel was highly dependent on the
pathological microenvironmental signals of SCL*®

3.4. Evaluation of biocompatibility and ROS-scavenging
activity of MgMn-LDH@GPH hydrogels

Excellent biocompatibility was crucial for spinal cord repair
materials. To evaluate the cytotoxicity of MgMn-LDH/GPH
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Fig. 3 Antioxidant Activity and Evaluation of ROS Scavenging Capacity of Hydrogels. (A) Evaluation of hydroxyl radical (*OH) scavenging capacity of
hydrogels; (B) superoxide anion radical (*O,") scavenging capacity of hydrogels; (C) evaluation of hydrogen peroxide (H,O,) scavenging capacity of
hydrogels; (D) total antioxidant activity of hydrogels characterized by the ABTS method; (E) dissolved oxygen content of BLDH and ULDH in the H,O,
system; (F) dissolved oxygen content of BLDH and ULDH in the superoxide anion radical (*O,7) system; (G) degradation curves of GPHD@ULDH
hydrogels under different H,O, concentrations (inset: Image of degradation after 21 days in a 50 mM H,O, environment); (H) Degradation curves of
GPHD@ULDH hydrogels under different pH conditions (inset: Image of degradation after 21 days at pH = 5.5); (I and J) Cumulative release rates of Mg?*
from GPHD@ULDH hydrogels under different H,O, concentrations and pH values; (K and L) Cumulative release rates of Mn**" from GPHD@ULDH
hydrogels under different H,O, concentrations and pH values. (Among Fig. A-D, a to h represent in sequence: control, GPH, GPH@BLDH (BLDH: 50 pg mL™Y),
GPH@ULDH (ULDH: 10 ug mL™Y), GPH@ULDH (ULDH: 25 pg mL™?, GPH@ULDH (ULDH: 50 ug mL™Y), GPH@ULDH (ULDH: 100 pg mL™Y, GPH@ULDH (ULDH:
200 pug mLY).

hydrogels in a simulated pathological microenvironment of control group was close to 100%, while that of the MgMn-LDH/
SCI, we first investigated their effects on the cell viability of GPH group, although slightly decreased, remained above 85%,
mouse neural stem cells (C17.2). CCK-8 assay results showed indicating the favorable biocompatibility of MgMn-LDH/GPH
that under normal conditions (Fig. 4A), the cell viability of the hydrogels. Under hypoxic conditions (Fig. 4B), the viability of
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the positive group decreased to 84.0% =+ 7.0%, whereas the
MgMn-LDH/GPH group significantly increased to 91.7% =+
4.2%, demonstrating a remarkable hypoxic protective effect,
which was mainly attributed to the oxygen-generating function
of MgMn-LDH/GPH hydrogels. Under combined hypoxic + ROS
stress conditions (Fig. 4C), the viability of the positive group
was only 71.6% =+ 6.8%, that of the GPH group was 84.5% =+
1.3%, while the MgMn-LDH/GPH group reached as high as
92.7% =+ 5.9%. These results indicated that the integration of
MgMn-LDH with GPH hydrogels significantly enhanced the
protective capacity of the hydrogel for C17.2 cells, especially
in the hyperoxidative stress and hypoxic microenvironment
simulating the acute phase of SCL'® Live/dead cell staining
further intuitively confirmed the above protective effects, as
shown in Fig. 4D. Under normal conditions, all groups exhib-
ited dense green fluorescence (viable cells) with minimal red
fluorescence (dead cells). Under hypoxic conditions, the num-
ber of dead cells increased significantly, while the MgMn-LDH/
GPH group showed a marked reduction in dead cells, almost
restoring to the normal level with significant improvement.
Under hypoxic + ROS conditions, red fluorescence dominated
in the control and GPH groups, whereas green fluorescence
remained predominant in the MgMn-LDH/GPH group, indicat-
ing an extremely low proportion of dead cells. Subsequently,
the oxidative stress status of C17.2 cells in the ROS environ-
ment was explored using the DCFH-DA fluorescent probe. As
shown in Fig. 4E, ROS-positive cells in the H,O, group exhib-
ited intense green fluorescence, indicating that C17.2 cells were
in a state of oxidative stress. In contrast, green fluorescence was
significantly reduced in the MgMn-LDH/GPH group, which was
verified by the quantification of fluorescence intensity (Fig. 4F).
This phenomenon was mainly attributed to the fact that Mn>*
efficiently catalyzes the decomposition of ROS into O, and H,O
by mimicking peroxidase-like activity, while the catechol moi-
eties assist in free radical scavenging. This process not only
alleviated oxidative stress-induced damage but also improved
the hypoxic microenvironment through oxygen generation.*”
The scratch wound healing assay was performed to evaluate the
effect of MgMn-LDH/GPH hydrogels on the migration of C17.2
cells. As shown in Fig. 41, at 0 h, the scratch width was similar
across all groups. In the H,O,-induced oxidative stress environ-
ment, the H,O, group showed slow migration with a large
scratch area at 12 h, while the control and GPH + H,0, groups
exhibited slight improvements. Notably, the scratch in the
MgMn-LDH/GPH + H,0, group was almost completely closed.
Further quantitative analysis of the relative migration rate
(Fig. 4G) and scratch area (Fig. 4H) confirmed that MgMn-
LDH/GPH significantly promoted the migration of C17.2 cells
towards the injured area, mimicking axon regeneration in vivo.
Collectively, these results demonstrated that MgMn-LDH/GPH
hydrogels exerted multiple synergistic effects in the in vitro
simulated SCI microenvironment. The incorporation of MgMn-
LDH enabled endogenous oxygen generation, where Mn®*
catalyzes oxygen production and scavenges ROS, rapidly alle-
viating oxidative stress and hypoxia-induced apoptosis of C17.2
cells, and played a key role in promoting the migration of C17.2
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cells. Thus, this hydrogel hold great promise for achieving
efficient neural tissue regeneration.

3.5. Evaluation of immunomodulatory and neural
differentiation effects of MgMn-LDH@GPH hydrogels

To evaluate the regulatory effect of MgMn-LDH@GPH hydro-
gels on macrophage phenotypes, we established an in vitro
inflammatory model by inducing RAW264.7 macrophages
with lipopolysaccharide (LPS).*® Immunofluorescence staining
results (Fig. 5A) showed weak fluorescence for both iNOS and
CD206 in the control group. In the LPS group, iNOS fluores-
cence was significantly enhanced, while CD206 fluorescence
almost disappeared, indicating macrophage polarization
toward the M1 phenotype. In the MgMn-LDH@GPH group,
iNOS fluorescence was drastically reduced, and CD206 fluores-
cence was restored to a high level, demonstrating that the
hydrogel effectively reversed LPS-induced M1 polarization.
Quantitative analysis of fluorescence intensity (Fig. 5B) further
confirmed that the iNOS fluorescence intensity in the LPS
group was 11.6-fold higher than that in the control group. In
the MgMn-LDH@GPH group, CD206 expression increased by
8.6-fold, while iNOS expression decreased to 0.3-fold of the
control group. These results indicated that the incorporation of
MgMn-LDH significantly enhancesd the immunomodulatory
capacity of the hydrogel.” The immunomodulatory effect of
MgMn-LDH@GPH hydrogels was further evaluated by flow
cytometry (Fig. 5D). In the LPS group, the proportion of
CD86" cells was as high as 16.86%, while the proportion of
CD206" cells was only 0.32%. In contrast, in the MgMn-LDH/
GPH + LPS group, the proportion of CD86" cells further
decreased to 1.85%, and CD206" cells increased to 13.09%.
Quantitative analysis of the CD86/CD206 ratio (Fig. 5C) showed
that the ratio in the LPS group was 26.8-fold higher than that in
the control group, while it was only 0.08-fold in the MgMn-
LDH/GPH + LPS group. qPCR analysis (Fig. 5E and Fig. S3)
revealed that the relative expression levels of M1 pro-
inflammatory genes Nos2, Tnfa, iNOS and CD86 in the LPS
group were significantly higher than those in the control group,
but were markedly reduced in the MgMn-LDH/GPH + LPS
group. In contrast, the relative expression levels of classical
M2 markers Argl, 1110 and CD206 in the MgMn-LDH/GPH +
LPS group were significantly higher than those in the LPS and
GPH + LPS groups, restoring to the levels of the control group.
These results were highly consistent with the aforementioned
immunofluorescence and flow cytometry data. To further inves-
tigate the effect of the hydrogel on neural differentiation, we
used C17.2 cells to simulate the neural stem cell differentiation
process. Cytoskeleton staining results (Fig. 5H) showed that on
days 3 and 5, the control group had short cell neurites, the
H,0, group had almost no neurites, and the GPH + H,0, group
showed slight neurite recovery. Notably, the MgMn-LDH/GPH +
H,0, group exhibited significantly elongated neurites forming
a dense network. This was attributed to the release of Mg**
from MgMn-LDH/GPH. As an important neuroprotective
factor, Mg”" blocked the excessive activation of NMDA recep-
tors, promoted the phosphorylated activation of the PI3K/Akt
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signaling pathway, enhances neuronal survival, inhibited neuro-
nal apoptosis, and facilitates axonal outgrowth.>® Quantitative
analysis of neurite length (Fig. 5F) showed that on day 5, the
neurite length in the MgMn-LDH/GPH + H,0, group was 1.6-fold
that of the control group. Subsequent quantitative analysis of the
proportion of neurite-bearing cells (Fig. 5G) showed that it
increased to 51.3% on day 5, which was 2.11-fold higher than
that in the control group. To verify the neuronal differentiation
efficiency of C17.2 cells, double staining for MAP-2 and GFAP was
performed (Fig. 5I). The control group showed strong MAP-2
fluorescence and weak GFAP fluorescence. Compared with the
control group, the H,O, group exhibited significantly reduced
MAP-2 fluorescence, indicating impaired neuronal differentiation
of C17.2 cells. In the MgMn-LDH/GPH + H,0, group, MAP-2
fluorescence was significantly enhanced, while GFAP remained at
a low level, suggesting that C17.2 cells preferentially differentiated
into neurons. This was because Mg>" could modulate the activa-
tion of MAPK, thereby promoting the proliferation, differentiation
and axonal guidance of neural stem/progenitor cells.>* Addition-
ally, quantitative analysis of MAP-2 and GFAP fluorescence inten-
sity (Fig. S4) showed that MAP-2 expression in the H,O, group was
significantly lower than that in the control group, whereas it was
significantly increased in the MgMn-LDH/GPH + H,0, group,
even exceeding the control group level. In contrast, GFAP expres-
sion was significantly inhibited in the MgMn-LDH/GPH + H,0,
group, restoring to near-normal levels, indicating that the hydro-
gel effectively blocked the oxidative stress-induced gliosis
tendency.”® Subsequently, we investigated the regulatory effects
of MgMn-LDH/GPH on the PI3K/Akt and MAPK signaling path-
ways via qPCR, with the results presented in Fig. S5. The expres-
sion levels of downstream factors of the PI3K/Akt and MAPK
signaling pathways were significantly decreased under H,O,
stimulation, indicating that these two pathways were markedly
inhibited. After treatment with MgMn-LDH/GPH, the expression
levels of the aforementioned downstream factors were signifi-
cantly upregulated, which demonstrated that the inhibition of the
PI3K/Akt and MAPK signaling pathways was alleviated, and
the adverse effects of ROS on these two signaling pathways
were effectively abrogated. Collectively, these results confirmed
the multiple immunomodulatory and neural differentiation-
promoting effects of MgMn-LDH/GPH hydrogels. In the LPS-
induced inflammatory model, MgMn-LDH/GPH hydrogels
reversed M1 macrophage polarization to M2, reduced the expres-
sion of pro-inflammatory cytokine, and increased the expression
of anti-inflammatory cytokine levels. Furthermore, in an oxidative
stress environment, the hydrogel promoted neurite outgrowth of
C17.2 cells and differentiation into MAP-2-positive neurons. These
findings provide a cellular basis for the axonal regeneration and
functional recovery observed in in vivo SCI models, highlighting
the clinical potential of this hydrogel in reprogramming the spinal
cord injury microenvironment.

3.6. MgMn-LDH/GPH hydrogel promotes the recovery of
motor function in rats after spinal cord injury

Previous studies have indicated that spinal cord injury can lead
to severe neural network disruption and loss of neurological
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function. However, the neural structure and pathophysiological
characteristics of the injured spinal cord were closely asso-
ciated with motor function in animals.>® Injectable hydrogels
were considered excellent carriers for promoting neural tissue
regeneration and could be utilized for spinal cord injury repair
when loaded with active components. To evaluate the in vivo
therapeutic efficacy of MgMn-LDH/GPH hydrogel, we employed
a rat model of complete T10 spinal cord transection. The
animal experimental scheme was illustrated in Fig. 6A. Follow-
ing the successful establishment of the spinal cord injury
model, MgMn-LDH/GPH hydrogel was immediately injected
into the lesion cavity to fill the void (Fig. 6B). The therapeutic
efficacy of MgMn-LDH/GPH hydrogel was then evaluated
through behavioral and histological analyses. The Basso, Beat-
tie, and Bresnahan (BBB) scoring systemwas used to hindlimb
motor function from days 0 to 42 post-surgery. As shown in
Fig. 6C, all rats initially presented a BBB score of 0, indicative of
complete hindlimb paralysis. By day 42, the SCI group achieved
a score of only 2.3 £ 0.6, demonstrating limited spontaneous
recovery. In contrast, the MgMn-LDH/GPH hydrogel group
exhibited the most significant functional recovery, attaining a
final BBB score of 11.3 £ 0.6, which was significantly higher
than that in the GPH hydrogel-alone group (9.0 £ 1.7). The
footprint analysis results were shown in Fig. 6D and E. Rats in
the SCI group exhibited severe dragging of their hindlimbs. In
contrast, the MgMn-LDH/GPH hydrogel group displayed clear
hindlimb footprints and achieved stable stepping with coordi-
nated forelimb-hindlimb movement, approximating a normal
gait. These findings indicated that MgMn-LDH/GPH hydrogel
significantly improved motor function. The pivotal factor
underlying this marked functional recovery was the sustained
and controlled release of MgMn-LDH components, which
cleared ROS in the injured spinal cord microenvironment and
promoted neural regeneration.”® At 14 and 42 days post-
surgery, HE staining was performed to assess the recovery of
the spinal cord cavity around the injury site (Fig. 6F). In the SCI
group, large cavities were observed at the lesion epicenter on
both day 14 and 42, with minimal nascent tissue infiltration.
The GPH group exhibited some tissue ingrowth but still dis-
played noticeable cavities and relatively loose cellular infiltra-
tion at the injury site. In contrast, the MgMn-LDH/GPH
hydrogel group showed continuous nascent tissue bridging as
early as day 14. By day 42, the lesion area was almost completely
filled with dense extracellular matrix and new tissue, resulting
in the near disappearance of the cavity. This superior repair was
likely attributable to the MgMn-LDH/GPH hydrogel, which
improved the pathological microenvironment, facilitated endo-
genous cell migration, and bridinated the lesion gap by serving
as a supportive scaffold. A common and severe complication of
spinal cord injury was bladder dysfunction, which conse-
quently lead to significant issues such as urinary tract infec-
tions and incontinence.’® Masson staining of bladder tissue
(Fig. 6G) revealed an improved pathological environment in the
MgMn-LDH/GPH hydrogel group compared to the SCI group.
This was evidenced by significantly thickened bladder walls
and reduced tissue vacuolization. Furthermore, quantitative

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 MgMn-LDH@GPH hydrogel promotes motor function recovery after SC in rats. (A) Schematic diagram of the animal experimental protocol;
(B) photographs of the surgical procedure; (C) BBB motor function score curves from 0 to 42 days postoperatively; (D) footprint analyses of each group
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(H) Masson staining of bladder tissues on days 14 and 42; (I) quantitative statistics of collagen in bladder tissues on day 14; (J) quantitative statistics of

collagen in bladder tissues on day 42.

analysis of the collagen scar area (Fig. 6H and I) showed no
significant difference at day 14. However, by day 42, the
collagen deposition area in the MgMn-LDH/GPH hydrogel
group was substantially reduced to 1.3% =+ 0.2%, which was

© 2026 The Author(s). Published by the Royal Society of Chemistry

significantly lower than that in the SCI group (15.8% =+ 3.6%),
representing an inhibition of collagen scarring by over 92.8%.
These findings demonstrated that the MgMn-LDH/GPH hydro-
gel protected the urinary system effectively via its ROS/pH dual-
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responsive release of active components. It achieved this by
preventing the formation of dense collagen scars, thereby
creating a regeneration-friendly microenvironment conducive
to long-distance growth of neurons and axons, which further
corroborated its positive role in spinal cord repair.

3.7. Evaluation of inflammatory regulation and apoptosis
inhibition of MgMn-LDH/GPH hydrogels for SCI repair

To evaluate the repair efficacy of MgMn-LDH/GPH hydrogels in
a rat T10 complete transection SCI model, spinal cord tissues
were harvested on day 14 and day 42 post-surgery for DCFH-DA,
TUNEL, and CD68 immunofluorescence staining analyses.
DCFH-DA staining results (Fig. 7A) showed intense and dense
distribution of red fluorescence in the injured area of the SCI
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group on day 14, indicating persistent oxidative stress. The
GPH group exhibited slightly reduced fluorescence, but it
remained significant. In contrast, the fluorescence in the
MgMn-LDH/GPH group almost disappeared, with the injured
area approaching the level of normal spinal cord tissue. Quan-
titative analysis of fluorescence intensity (Fig. 7B) further con-
firmed that the fluorescence intensity in the MgMn-LDH/GPH
group was only 6.0% of that in the SCI group, representing a
94.0% reduction. These results demonstrated that the hydrogel
efficiently catalyzes the decomposition of ROS into O, via Mn**
in vivo, continuously scavenged excessive ROS in the injured
area, and alleviated the oxidative microenvironment.>®* TUNEL
staining results (Fig. 7C) revealed massive accumulation of
apoptotic cells in the injured area of the SCI group on day 14,

MgMn-LDH /GPH DCFH-DA

(x107)
24

L1 Day 42

*%
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F |*‘
jx.

m SCI == GPH
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Fig. 7 Regulatory effects of hydrogels on ROS levels, cell apoptosis, and macrophage infiltration during SCI repair. (A) DCFH-DA staining to assess ROS
levels at the spinal cord injury site on day 14; (B) quantitative analysis of ROS fluorescence intensity; (C) TUNEL staining to detect apoptotic cells on day 14
and day 42; (D and E) quantitative analysis of TUNEL fluorescence intensity; (F) CD68 immunofluorescence staining to observe macrophage infiltration;

(G—H) quantitative statistics of CD68 expression levels.
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whereas the apoptotic signal was significantly attenuated in the
MgMn-LDH/GPH group. By day 42, a small amount of apoptotic
signal was still detectable in the SCI and GPH groups, but
almost no TUNEL-positive apoptotic cells were observed in the
MgMn-LDH/GPH group. Quantitative statistical results (Fig. 7D
and E) showed that the TUNEL fluorescence intensity in the
MgMn-LDH/GPH group was 17.5% of that in the SCI group on
day 14, and further decreased to 37.7% on day 42. This
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confirmed that the hydrogel significantly protected cells and
neurons from apoptosis through ROS scavenging. CD68 stain-
ing results (Fig. 7F) showed highly dense green fluorescence in
the injured area of the SCI group on day 14, indicating severe
inflammatory infiltration in this region. The number of CD68-
positive cells was significantly reduced in the MgMn-LDH/GPH
group, suggesting alleviation of the inflammatory microenvir-
onment. By day 42, mild and persistent inflammatory signals
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scar regulation during SCI repair. (A) Immunofluorescence staining images of

Tuj-1, GFP, and DAPI at 42 days post-treatment; quantitative analysis of Tuj-1 (B) and GFP (C) fluorescence intensity; (D) immunofluorescence staining
images of MBP and NF200 at 42 days post-treatment; quantitative analysis of MBP (E) and NF200 (F) fluorescence intensity; (G) immunofluorescence
staining images of MAP-2 and GFAP at 42 days post-treatment; quantitative results of MAP-2 (H) and GFAP (I) fluorescence intensity; (J) western blot

analysis of MAP-2, GFAP, and Tuj-1 protein expression levels in spinal c
(K) quantitative gray value analysis results of western blot bands.
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ord tissues at 42 days post-treatment, with GAPDH as the loading control;
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were still observed in the SCI and GPH groups, while no green
fluorescence was detected in the MgMn-LDH/GPH group,
demonstrating effective regulation of the inflammatory
environment. Quantitative analysis (Fig. 7G and H) indicated
that the CD68 fluorescence intensity in the MgMn-LDH/GPH
group was 25.9% of that in the SCI group on day 14, and
decreased to 21.4% on day 42. Collectively, these results con-
firmed the multifunctional synergistic therapeutic effects of
MgMn-LDH/GPH hydrogels in the SCI model. The MgMn-LDH/
GPH hydrogel catalyzed oxygen generation and scavenges ROS,
rapidly reducing DCFH-DA-positive signals, while blocking the
TUNEL-positive apoptotic cascade. Additionally, it induces M2
macrophage polarization and reduces CD68" inflammatory cell
recruitment, achieving more comprehensive microenviron-
ment reprogramming in the complete transection SCI model.

3.8. Evaluation of neuroregenerative efficacy of MgMn-LDH/
GPH hydrogel for SCI repair

To further verify the neuroregenerative efficacy of MgMn-LDH/
GPH hydrogels in a rat T10 complete transection SCI model,
GFP/Tuj-1, NF200/MBP, and GFAP/MAP-2 double immunofluor-
escence staining as well as western blot analysis were per-
formed on day 42 post-surgery. GFP/Tuj-1 double staining
results (Fig. 8A) showed extremely weak red fluorescence of
Tuj-1 in the injured area of the SCI group, indicating a small
number of newborn neurons that were only visible at the edge,
with obvious discontinuity in the injured region. The GPH
group exhibited slightly increased but unevenly distributed
fluorescence. Notably, the injured area in the MgMn-LDH/
GPH group was completely restored, with dense Tuj-1-positive
cells observed in the injury center, suggesting the differentia-
tion of neural cells into neurons.”” Quantitative analysis of
fluorescence intensity (Fig. 8B and C) revealed that the GFP
fluorescence intensity in the MgMn-LDH/GPH group was
significantly higher than that in the SCI group, confirming
the complete recovery of the spinal cord injury site. Addition-
ally, the Tuj-1 fluorescence intensity in the MgMn-LDH/GPH
group was 2.5-fold that of the SCI group, indicating a signifi-
cant increase in the density of newborn neurons. NF200/MBP
double immunofluorescence staining results (Fig. 8D) showed
extremely weak fluorescence of NF200 and MBP in the injured
area of the SCI group, indicating minimal axonal and myelin
regeneration with almost no continuous fibers. The GPH group
showed a small number of short axons but incomplete myelin
sheaths. In contrast, the MgMn-LDH/GPH group displayed
long-distance axonal bundles wrapped by uniform MBP, form-
ing typical regenerated nerve bundles. Quantitative analysis of
fluorescence intensity (Fig. 8E and F) demonstrated that the
NF200 fluorescence intensity in the MgMn-LDH/GPH group
was 3.7-fold that of the SCI group, and the MBP fluorescence
intensity was 3.0-fold higher, indicating that MgMn-LDH/GPH
hydrogels accelerated nerve bundle regeneration.’® GFAP/MAP-2
double immunofluorescence staining results (Fig. 8G) showed
strong and dense red fluorescence of GFAP and weak green
fluorescence of MAP-2 in the injured area of the SCI group,
indicating severe glial scarring and a small number of mature
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neurons. The GPH group exhibited slightly reduced GFAP
fluorescence but still low MAP-2 expression. In the MgMn-
LDH/GPH group, GFAP fluorescence was significantly attenu-
ated, while MAP-2 fluorescence was enhanced, demonstrating
the inhibition of glial scarring and promotion of mature neuron
formation.>® Quantitative statistics (Fig. 8H and I) confirmed
that the MgMn-LDH/GPH group had the weakest GFAP fluores-
cence intensity and the strongest MAP-2 fluorescence intensity,
which was 5.2-fold that of the SCI group. Western blot results
(Fig. 8]) showed weak bands of MAP-2 and Tuj-1 but strong GFAP
bands in the spinal cord tissues of the SCI group. In contrast, the
MgMn-LDH/GPH group exhibited significantly enhanced MAP-2/
Tuj-1 expression and drastically reduced GFAP levels. Quantita-
tive statistical results (Fig. 8K) verified that the relative expres-
sion levels of MAP-2, GFAP, and Tuj-1 in the MgMn-LDH/GPH
group were 1.5-fold, 0.5-fold, and 1.4-fold those of the SCI group,
respectively. Collectively, these results confirmed the multiple
neuroregenerative mechanisms of MgMn-LDH@GPH hydrogels.
The hydrogel upregulated neuronal markers such as Tuj-1 and
MAP-2 to promote the differentiation of transplanted cells into
mature neurons, while inhibiting GFAP expression to block glial
scar formation and synergistically facilitating long-distance axo-
nal regeneration and myelination. It had achieved superior
neural repair effects in the complete transection spinal cord
injury (SCI) model, highlighting its great potential in clinical SCI
treatment.

4. Conclusion

In summary, screening of bioactive metal ions revealed that Mn>*
and Mg”>" significantly mitigate oxidative stress and inflammation
by scavenging reactive oxygen species (ROS) and promoting anti-
inflammatory M2 macrophage polarization. The synergistic
effects of Mn®*" and Mg** markedly improved the spinal cord
injury (SCI) microenvironment. Magnesium-manganese layered
double hydroxides (MgMn-LDHs) were designed to neutralize
acidic conditions and deliver Mn*" and Mg”*, enhancing their
roles in neural repair and immune modulation. Molecular ana-
lyses, including immunofluorescence staining and western blot,
confirmed that MgMn-LDHs significantly accelerated neural dif-
ferentiation, promoting axonal growth, myelination, and vascular
regeneration. Notably, MgMn-LDHs induced the release of neuro-
trophic factors, facilitating PC12 cell proliferation and neurite
outgrowth. Furthermore, integration of MgMn-LDHs into ROS-
and pH-responsive GelMA-PBA/HA-DA hydrogels demonstrated
superior tissue regeneration, inflammation suppression, and
locomotor recovery in mouse SCI models. These findings pro-
vided novel insights into bioactive nanoplatforms for SCI repair,
highlighting the therapeutic potential of Mn*'- and Mg*-
mediated microenvironment modulation in treating central ner-
vous system injuries.

5. Future directions

This study designed a pH/ROS-responsive hydrogel loaded with
MgMn-LDH for the microenvironment of spinal cord injury

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(SCI) repair. Systematic in vitro and in vivo studies verified the
therapeutic efficacy of MgMn-LDH/GPH in SCI repair, and the
results demonstrated that it exerted a significant promotional
effect on SCI repair. However, this study still warrants further
in-depth investigation in the following aspects. First, the inter-
layer spacing, metal ion ratio, or surface modification of
MgMn-LDH can be further regulated to achieve hierarchical
responses to different concentrations and types of ROS. Alter-
natively, the introduction of other bioactive ions and nanoen-
zymes can be explored to construct a multi-enzyme mimetic
system, thereby further enhancing the ROS scavenging effi-
ciency and O, release capacity. Second, single-cell RNA sequen-
cing or transcriptomics sequencing can be performed to further
analyze the transcriptomic changes after hydrogel treatment,
revealing more refined molecular interaction networks. Mean-
while, specific pathway inhibitors can be used to verify the
causal regulatory effects of Mg”*/Mn*" on key signaling path-
ways such as PI3K/Akt, MAPK, and Nrf2. Finally, this hydrogel
system can be extended to other neural injury models, com-
bined with other therapeutic strategies to evaluate the syner-
gistic enhancement potential, and promote the feasibility
assessment of bench-to-clinic translation.
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