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lly controlled MNE@PDA-Diz/GP
hydrogel system: enhancing spinal cord injury
repair via ROS scavenging, calcium influx inhibition,
and macrophage polarization

Xin Bao,†a Jingyan Sun,†b Xing Gao,†a Mingsheng Xu,c Chen Dong*d

and Honghua Pan *a

Spinal cord injury (SCI) is a severe type of central nervous system trauma. It not only causes the loss of

sensory and motor function but also triggers a series of secondary injuries, especially oxidative stress and

inflammation. Current therapeutic methods fail to effectively address the multi-pathological cascade

reactions, highlighting an urgent need for integrated treatment strategies that can simultaneously repair

the damaged microenvironment and promote neural regeneration. In this study, a multifunctional

thermosensitive MNE@PDA-Diz/GP hydrogel was designed. We incorporated a core–shell structured

manganese nanozyme@polydopamine (MNE@PDA), modified with dizocilpine, into gelatin methacryloyl

and a poly(N-isopropylacrylamide) hydrogel (GP hydrogel), featuring a thermosensitive polymer. The

MNE@PDA-Diz/GP hydrogel, which was crosslinked under UV-vis light, provides a biocompatible three-

dimensional scaffold that mimics the natural mechanical properties of the spinal cord, thereby

supporting cell adhesion and proliferation. Meanwhile, the photothermal properties of polydopamine and

the thermosensitivity of poly(N-isopropylacrylamide) enable spatiotemporally controlled release of

dizocilpine. These three components work in synergy: the manganese nanozyme scavenges reactive

oxygen species to exert anti-oxidative effects, polydopamine modulates macrophage polarization to

alleviate inflammation, and dizocilpine inhibits calcium influx to provide neuroprotection. This work

presents a novel and versatile platform for multi-targeted SCI therapy and promotes the development of

regenerative strategies.
Introduction

Spinal cord injury (SCI) is a severe type of central nervous
system trauma that disrupts communication between the brain
and the body, leading to permanent sensory-motor decits. The
initial mechanical damage is compounded by a cascade of
secondary injuries, including ischemia, excitotoxicity, oxidative
stress, and neuroinammation, which collectively exacerbate
neural loss and hinder recovery.1 Furthermore, glial scar
formation creates a persistent physical and chemical barrier to
regeneration.2 As reported by the National Spinal Cord Injury
Statistical Center in 2021, around 296 000 individuals in the
United States are living with SCI, with an estimated annual
increase of 17 900 cases.3 Despite the accumulation of extensive
research ndings on SCI treatment, existing therapeutic
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474
approaches face signicant constraints. Current clinical
management of SCI primarily relies on surgical decompression
to relieve mechanical compression, short-term administration
of corticosteroids such as methylprednisolone to mitigate acute
inammation, and long-term rehabilitation training to
compensate for functional decits.4 However, these strategies
suffer from notable limitations. Surgical intervention only halts
the progression of primary injury but fails to modulate the
cascading pathological reactions of secondary injury, such as
inammatory storms, oxidative stress, and glial scar formation.
Systemic drug delivery oen leads to severe off-target side
effects and low bioavailability at the injury site, as therapeutic
agents struggle to penetrate the blood-spinal cord barrier.
Rehabilitation training merely achieves partial functional
compensation without addressing the root causes of neural
regeneration failure.5 Moreover, these conventional methods
are inadequate in overcoming age-related barriers, such as
declined proliferation and differentiation potential of neural
stem cells and exacerbated inhibitory microenvironment in
aging individuals, resulting in suboptimal repair outcomes.
Hence, there is an urgent necessity to work out integrated
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra08918b&domain=pdf&date_stamp=2026-03-04
http://orcid.org/0009-0005-6105-658X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08918b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016014


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/2

0/
20

26
 2

:5
4:

34
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
therapeutic approaches that can repair the damaged microen-
vironment and promote nerve regeneration simultaneously.

The pathophysiology of SCI presents several interconnected
therapeutic targets. Excitotoxicity, driven by excessive glutamate
release and overactivation of N-methyl-D-aspartate receptors
(NMDARs), leads to cytotoxic calcium inux and neuronal
death.6 While NMDAR antagonists like dizocilpine (Diz) can
block this pathway,7 their systemic use is limited by off-target
effects and a narrow therapeutic window,8 underscoring the
need for localized, controlled delivery. Meanwhile, highly acti-
vated neural cells caused by calcium overload will accelerate
mitochondrial dysfunction and excessive reactive oxygen
species (ROS) release.9 Excessive ROS promotes inammatory
cascade reactions, which aggravate scar formation. The surface-
active sites of nanozymes can mimic natural antioxidant
enzymes by undergoing redox reactions with ROS. A represen-
tative example is the PCN-224 (Mn) MOF nanozyme, which
features a Mn–N4 structure that confers catalase-like activity. It
efficiently converts accumulated hydrogen peroxide at injury
sites into water and oxygen, alleviating oxidative stress and
supplementing local oxygen levels.10 However, their potential
cytotoxicity and lack of targeting remain concerns.11

Another complication arises from the formation of scar
tissue at the injury site, which acts as a physical barrier,
Schem

© 2026 The Author(s). Published by the Royal Society of Chemistry
impeding nerve ber growth and neural regeneration.12 This
brotic scar primarily stems from inammatory responses
following injuries: activated astrocytes proliferate and undergo
reactive gliosis, forming a dense glial scar.4 To address this,
polydopamine (PDA), a natural biomimetic polymer inspired by
mussel adhesion proteins, has emerged as a promising multi-
functional material.13 Dopamine spontaneously polymerizes
under weak alkaline conditions to form adherent, biocompat-
ible lms. The core functionality of PDA originates from its
catechol and amine groups, which confer potent anti-
inammatory and antioxidant properties. These groups
enable PDA to scavenge free radicals, chelate metal ions, and
regulate inammatory factors, thereby alleviating oxidative
stress and inammation.14 In neural regeneration, PDA acts
through multiple mechanisms: it can release neurotrophic
factors, regulate intracellular signaling, and foster a pro-
regenerative microenvironment for axon growth.15 This is
exemplied by studies showing PDA-modied chitin conduits
not only sustainably release therapeutic exosomes but also
directly stimulate Schwann cells to enhance secretion of key
neurotrophic factors (nerve growth factor, brain-derived neu-
rotrophic factor, and ciliary neurotrophic factor).16 Conse-
quently, in vivo implantation of such PDA-based constructs can
improve the inhibitory SCI microenvironment by scavenging
e 1
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ROS, suppressing glial scar formation, and modulating micro-
glial polarization furthermore, the strong near-infrared (NIR)
absorptioncapacity of PDA, enables photothermal therapy
(PTT).13 This property allows for NIR-triggered, spatiotemporally
precise drug release, adding a layer of controllable therapeutic
intervention to its repertoire.

To integrate these therapeutic actions, an advanced delivery
platform is essential. Hydrogels, with their tunable physical
properties, tissue-like water content and excellent biocompati-
bility, have emerged as ideal scaffolds for neural repair. These
properties enable them to provide mechanical support for cell
growth, facilitate nutrient and metabolite exchange, and serve
as carriers for controlled drug delivery or cell transplantation. In
neural regeneration, hydrogels can create a protective micro-
environment to reduce inammation, guide axonal extension,
and promote tissue integration.17 Nevertheless, single-
component hydrogels oen come with limitations. For
instance, natural hydrogels may lack sufficient mechanical
strength or have degradation rates that are difficult to control,
while synthetic hydrogels may suffer from poor cell adhesion or
low biological activity.18 Gelatin methacryloyl (GelMA), a photo-
crosslinkable natural polymer derived from gelatin, combines
the biocompatibility of natural ECM with tunable mechanical
properties, making it capable of supporting cell adhesion,
proliferation and differentiation through its RGD peptide
sequences.19 Poly(N-isopropylacrylamide) (PNIPAM), a well-
studied thermosensitive synthetic polymer, undergoes a revers-
ible phase transition near physiological temperature (z32 °C).
Above this temperature, PNIPAM chains transition from
a hydrophilic to a hydrophobic state, causing the hydrogel
network to shrink. This temperature-responsive behavior
enables on-demand regulation of drug release and scaffold
degradation.20 By combining GelMA and PNIPAM, the resulting
GelMA-PNIPAM (GP) composite hydrogel integrates the bio-
logical activity of GelMA with the thermosensitive functionality
of PNIPAM, overcoming the limitations of single-component
systems and providing a versatile platform for spatiotempo-
rally controlled neural regeneration therapy.

In this work, we designed a multifunctional thermosensitive
hydrogel system (MNE@PDA-Diz/GP) for synergistic SCI repair
(Scheme 1). The core of our strategy is to prepare a core–shell
nanoparticle, where the manganese nanozyme (MNE) is coated
with a polydopamine (PDA) layer and loaded with dizocilpine
(Diz). This construct is then embedded within a GP hydrogel.
The system is engineered to perform four key functions: (1) the
MNE core scavenges excessive intracellular ROS and Ca2+ inux
to alleviate oxidative stress; (2) the released Diz released Diz
inhibits NMDAR-mediated excitotoxicity; (3) the PDA shell
modulates macrophage polarization towards an anti-
inammatory M2 phenotype, further mitigated by PTT; and
(4) the thermosensitive GP hydrogel provides a biocompatible,
permissive scaffold for neural cells while enabling NIR-
triggered, spatiotemporally controlled drug release. We
comprehensively characterize the physicochemical properties
of this composite system and demonstrate its efficacy in vitro in
regulating ROS scavenging, macrophage polarization, and NSC
migration. This integrated approach offers a novel and potent
12460 | RSC Adv., 2026, 16, 12458–12474
strategy for addressing the complex pathophysiology of SCI
through coordinated multi-target intervention.
Experimental
Materials

Potassium permanganate, anhydrous ethanol, Tris-HCl buffer
solution, and NaOH solution were obtained from Sinopharm
Group Co., Ltd, China. Oleic acid and dizocilpine hydrogen
maleate were purchased from Aladdin Biochemical Technology
Co., Ltd, Shanghai, China. Dopamine hydrochloride, anhydrous
DMSO, gelatin, methacrylate (MA), and 20,70-di-
chlorodihydrouorescein diacetate (DCFH-DA probe) were ob-
tained from Sigma-Aldrich, St. Louis, MO, USA. Phosphate-
buffered saline (PBS) was obtained from Meilun Biotech-
nology Co., Ltd, Dalian, China. HT22 cell lines were purchased
from Tansoole Co., Ltd, Shanghai, China.
Preparation of MNE and MNE@PDA-Diz

First, 1.0 g of potassium permanganate was weighed using an
electronic analytical balance (ML204L, METTLER TOLEDO,
Switzerland) and dissolved in 500 mL of deionized water
prepared using a water purication system (Milli-Q Reference
A+, Merck, Germany). The dissolution was carried out with
magnetic stirring for 30 minutes. Subsequently, 10 mL oleic
acid was added dropwise into the reaction mixture, followed by
a 28 °C water bath (Bilon HH-4, Shanghai, China) and
a continuous swirling for 24 hours. The black suspension ob-
tained was then centrifuged at 12 000 rpm for 20 minutes with
a centrifuge (Eppendof Centrifuge 5452R, Germany) to separate
the precipitate. The solid collected was then washed three times
in turn with ionized water and anhydrous ethanol, followed by
vacuum drying at 45 °C overnight to yield MnO2 nanoparticles.
The as-synthesizedMnO2 was calcined in amuffle furnace (King
Hong, China) at 200 °C to obtain monodisperse MNE.

For surface modication, 40 mg MNE was dispersed in
80 mL ethanol and mixed with a 120 mg Tris-HCl solution
containing dopamine hydrochloride (1.6 mg mL−1). The reac-
tion pH was adjusted to 7–8 and the mixture was stirred at room
temperature for 24 hours, resulting in a black solution. The
product was puried by repeated centrifugation and washing
with deionized water and ethanol, followed by drying at 45 °C to
afford the nal PDA-coated MNE as a black powder.

The MNE were then coated with PDA through oxidative self-
polymerization in Tris-HCl buffer with continuous oxygenation.
For hydrophilization, the dizocilpine solution was diluted in a 10%
organic solvent aqueous solution before use. The resulting PDA-
coated nanozymes were subsequently incubated with the hydro-
philized dizocilpine solution to facilitate drug adhesion. Di-
zocilpine solution was prepared by dissolving 1 mg of dizocilpine
in 1 mL of 10% DMSO aqueous solution. Subsequently, 1 mg of
MNE@PDA was added to the above solution, followed by contin-
uous stirring at 4 °C for 24 hours to facilitate drug adhesion.The
solution was centrifuged (12 000× g, 15 minutes), ltered, and the
supernatant liquid concentration was conrmed via high-
performance liquid chromatograph (HPLC).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Preparation of GelMA

GelMA was synthesized as described previously.19 Briey,
gelatin was dissolved in 50 mL deionized water at 50 °C to make
a 10 wt% uniform solution. 1.6 mL methacrylate was added to
the gelatin solution at a rate of 0.5 mL min−1 under stirring
conditions, while the pH was maintaining at 7–8 with 1 M
NaOH. The mixture was allowed to react at room temperature
for 24 hours. The GelMA solution was dialyzed against deion-
ized water using a 3500 Da cutoff dialysis tube for 48 hours to
remove unreacted MA and other impurities. The GelMA solu-
tion was frozen, lyophilized using lyophilizer (Christ ALPHAl-4/
LD Plus, Germany) and stored at −80 °C for further use.

The drug loading content (DLC) was calculated using the
following formula: DLC (%) = (Mass of loaded Diz/mass of
MNE@PDA) × 100%. The mass of loaded Diz was determined
by measuring the absorbance of the supernatant before and
aer loading against a standard calibration curve. For UV-vis
quantication of Diz at 220 nm, all absorbance measurements
were corrected by subtracting the baseline absorbance of
a control solution containing an equivalent amount of
MNE@PDA nanoparticles without drug, incubated and pro-
cessed under identical conditions. A standard calibration curve
was established using the same solvent system.

Preparation of MNE@PDA-Diz/GP

400 mg mL−1 MNE@PDA-Diz was mixed with 6 wt% GelMA,
2 wt% PNIPAM (Aladdin P767389, China), and 0.4 wt% LAP
then irradiated with UV light for 3–5 minutes to form hydrogel.

Characterization of MNE@PDA-Diz and MNE@PDA-Diz/GL

Internal structures of MNE and MNE@PDA-Diz were observed by
transmission electron microscope (TEM, HITACHI HT7700,
Japan). MNE and MNE@PDA-Diz were dissolved, dipped on
copper mesh and dried. Morphology was observed at 80 kV.
Dynamic laser scattering spectrometer (DLS, Malvern Zetasizer
Nano, USA) was used tomeasure zeta potential, hydrated diameter
and polydispersity index of MNE and MNE@PDA-Diz nano-
particles. Fourier-transform infrared spectroscopy was performed
to conrm Chemical bonds (FTIR, Thermo Fisher, USA). X-ray
photoelectron spectroscopy analysis was conducted to analyze
surface elemental composition (XPS, Thermo Fisher, USA).

The structure of the hydrogel was analyzed using an X-ray
diffractometry (XRD, Bruker AXS D8 Advance, Germany) using
Cu Ka radiation over the range of 10 to 85° at a scanning speed
of 0.08% per min. The results were compared with standard
cards. The inter-crystalline index was calculated according to
Bragg's equation:

nl = 2d sin q

For testing photothermal conversion efficiency, PDA was
irradiated with 808 nm NIR and the temperature of PDA was
measured at different time intervals.

The MNE@PDA-Diz/GL was freeze-dried. To preserve their
intrinsic cross-linked architecture, the samples were frozen
© 2026 The Author(s). Published by the Royal Society of Chemistry
with liquid nitrogen. The freeze-dried hydrogels were then
attached to conductive adhesive tape. A conductive gold layer
was sprayed at the voltage of 30 mV for 3 minutes, and the
morphology was detected by scanning electron microscope
(SEM, HITACHI S-4800, Japan).

The hydrogel was freeze-dried, and the dry weight (W0) was
recorded. Aer rehydration with PBS, the samples were weighed
(W) at 1, 3, 6, 12 and 24 hours. The swelling behavior of hydrogel
was determined by the equation:

Swelling ratioð%Þ ¼ W �W0

W0

� 100%

The mechanical properties of hydrogels, including their
elastic modulus (G0) and viscous modulus (G00), were charac-
terized using a rotational rheometer (Malvern Kinexus pro+,
USA). The compressive mechanical properties of the hydrogels
were tested using a universal testing machine (Instron, Can-
ada). The compressive modulus was calculated from the slope
of the initial linear region (0–15% strain) of the stress–strain
curve. In vitro degradation was studied by incubating pre-
weighed freeze-dried hydrogel samples in PBS at 37 °C. At pre-
determined time points, samples were removed, rinsed,
lyophilized, and weighed. The mass remaining percentage was
calculated as (W/W0) × 100%.
Photothermal performance measurement

An 808 nm NIR laser was applied to assess the photothermal
properties of the MNE@PDA-Diz/GP hydrogel. Specically,
a 1.5 mL Eppendorf tube was used to hold each sample, which
was then exposed to the 808 nm NIR laser. The irradiation was
conducted for a predetermined duration under a xed power
condition of 0.75 W cm−2. Throughout the irradiation process,
an infrared thermometer (FLIR E4, USA) was used to record the
temperature changes of the samples.

The in vitro drug release study was conducted by immersing
the hydrogels in release medium at 37 °C under sink condi-
tions. For the+ PTT group, samples were exposed to periodic
NIR irradiation (808 nm, 0.75 W cm−2, 2 min every 12 h). At
dened intervals, supernatant was withdrawn and replaced
with fresh medium. The concentration of released dizocilpine
was determined by UV-vis spectroscopy at 220 nm against the
calibrated standard curve. Cumulative release was calculated
and plotted over time. Experiments were performed in triplicate
using independently prepared batches.
Cell culture

HT22 cells were cultured, and 1 × 106 cells were seeded on the
poly-D-lysine (Gibco, USA) coated cell culture plate and cultured
for 24 hours. Aer that, cells on the plate were transferred to ve
new plates. The MNE, MNE@PDA, MNE@PDA-Diz and
MNE@PDA-Diz/GP were subsequently added to different new
plates respectively and cultured for another 24 hours. The cell
proliferation aer treating with the hydrogels were evaluated by
Ki67 antibody (ab15580, Abcam, USA) and visualized with
a confocal laser microscope (Olympus FV3000, Japan).
RSC Adv., 2026, 16, 12458–12474 | 12461
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To assess the biosafety of photothermal treatment, cells
cultured with the hydrogels were subjected to NIR irradiation
(808 nm, 0.75 W cm−2, for 30 seconds) mimicking the PTT
regimen. Cell viability was then evaluated using CCK-8 assay
and live/dead staining (Calcein-AM/PI) according to the manu-
facturer's protocols.

Cytotoxicity assay

Aer being cultured on different substrates for 24 hours, the
cells were used to investigate the cytotoxicity of these substrates
via the Cell Counting Kit-8 (CCK-8, Bimake, USA). MNE,
MNE@PDA, MNE@PDA-Diz and MNE@PDA-Diz/GP were
prepared, then HT22 cells were co-cultured with MNE,
MNE@PDA, MNE@PDA-Diz and MNE@PDA-Diz/GP in
different wells for 24 hours. Subsequently, 10 mL of CCK-8
solution was added to each well, followed by culturing the
cells at 37 °C for 2 hours. In the end, the absorbance of different
samples at 450 nm was detected using a microplate reader
(BioTek Cytation 3, USA).

Macrophage polarization analysis

To polarize the M0 subtype macrophages to the M1
inammatory-subtype, M0 macrophages were cultured with 20
ng mL−1 interferon-g (IFN-g, Novoprotein, China) and 100 ng
mL−1 lipopolysaccharide (LPS) for 48 hours. Aer that, IFN-g
and LPS were replaced with fresh medium containing different
Fig. 1 The hydrated size and zeta potential of MNE andMNE@PDA by DL
size of MNE and MNE@PDA. (D) PDI of MNE and MNE@PDA. (E) Zeta po

12462 | RSC Adv., 2026, 16, 12458–12474
hydrogels. Aer incubation for 24 hours, the effects of hydrogels
on M1 macrophages regulation were evaluated by ow cytom-
etry (FCM, Beckman Coulter CytoFLEX S).

ROS evaluation

The oxidative stress of HT22 cells was simulated by the addition
of hydrogen peroxide to the culture medium. The hydrogel was
rst added to the medium containing hydrogen peroxide, and
cultured at 37 °C for 24 h to react with ROS. A 6-well cell culture
plate was used for seeding 1 × 106 HT22 cells. Aer adhesion
for 24 hours, the conditioned medium was added to the plate to
culture for another 24 hours, then ROS levels in HT22 cells were
tested by 20,70-dichlorodihydrouorescein diacetate (DCFH-DA
probe D, Sigma, USA). DCFH-DA is cleaved by cytosolic
esterase to produce DCFH, which is oxidized by ROS to form
20,70-dichlorouorescein showing green uorescence under
uorescence microscope (Microshot, China).

Ca2+ inux analyse by immunouorescence

The different hydrogels were added to the NSC culture medium
containing 20 mM NMDA agonist (Selleck, S1060, USA), respec-
tively. Then incubate NSCs with intracellular Ca2+ inux for 24
hours. NSCs incubated with different hydrogels were evaluated
by 4 mM Fluo-4 AM probe (Beyotime, S1060, China) For 30
minutes at 37 °C in the dark and captured by a confocal laser
microscope.
S. Hydrated size distribution of (A) MNE and (B) MNE@PDA. (C) Hydrated
tential of MNE and MNE@PDA.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM images of (A) MNE and (B) MNE@PDA.
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Cell migration assay

Cells were digested with trypsin to prepare the cell suspension.
The cell suspension was spread on a plate followed by cell
counting with a cell counter (Countstar Biotech IC 1000, China).
Aer that, the plate was placed in a cell incubator until the plate
is completely covered by cells on the second day. A ruler was
used as reference and a 10 mL syringe was used to create cell
scratches. The plate was washed with PBS for three times to
throughly remove the oating cells. Aer washing, the residual
PBS in the plate was discarded, and serum-free medium was
added to the plate. Before taking photos, the plate was washed 3
times using PBS to remove the oating cells. The widths of the
scratch area in the photos were measured, and the migration
distances of cells were calculated to evaluate the effects of
materials on cell migration.
Cell proliferation and differentiation assay by RT-qPCR
experiment

Approximately 1 × 107 cells were treated with TRIzol (Invi-
trogen, USA). The cDNA synthesis kit (Yeasen, 11123ES60,
Fig. 3 Fourier-transform infrared (FTIR) spectra of MNE and
MNE@PDA.

© 2026 The Author(s). Published by the Royal Society of Chemistry
China) was used to perform reverse transcription, and RT-qPCR
experiments were conducted using a SYBR GREEN dye kit
(Yeasen, 11184ES08, China) and RT-qPCR instrument (Roche
LightCycler 480II, Switzerland). The data obtained from the
samples was normalized against glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and analyzed using the delta/delta Ct
method.

Statistics

All results are expressed as mean± SD and statistically analyzed
using an independent T-test for comparisons between two
groups and one-way ANOVA for comparisons among multiple
groups followed by Tukey's post hoc test. Specically, *, ** and
*** indicate p < 0.05, p < 0.01 and p < 0.001, respectively; and p <
0.05 was considered to indicate statistical signicance.

Results
Synthesis and characterization of MNE@PDA-Diz

All biomaterials were prepared following the experimental
section, as outlined in the procedure (1). Through self-
polymerization of dopamine and oxidation of MnO2,
MNE@PDA was prepared. The size distribution of MNE and
Fig. 4 X-ray photoelectron spectroscopy (XPS) survey spectra of MNE
and MNE@PDA.
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Fig. 5 XRD plots of intensity vs. 2-theta for (A) MNE and (B) MNE@PDA.

Fig. 6 Standard calibration curve for the quantification of dizocilpine.
The curve was established by measuring the absorbance at 220 nm
using UV-vis spectroscopy. Each data point represents the mean ±

standard deviation (n = 3).
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MNE@PDA was measured (Fig. 1A and B). The range of MNE
was 29.4 to 356.2 nm, and the range of MNE@PDA was 190.1 to
1106.0 nm. The results both satised the normal distribution.
Further comparison of the average hydrated sizes of the two
Fig. 7 The surface morphology of MNE@PDA-Diz/GP hydrogel at differe
mm.

12464 | RSC Adv., 2026, 16, 12458–12474
materials (Fig. 1C) showed that the size changed from 187.7 ±

2.2 nm for MNE to 503.6 ± 6.8 nm for MNE@PDA, indicating
that PDA effectively wrapped around MNE to form a core–shell
structure with a shell thickness of approximately 315.9 nm.
Further PDI data (Fig. 1D) showed that both biomaterials had
good homogeneity with average values of 0.166 ± 0.006 and
0.280 ± 0.036, respectively. Zeta potential tests (Fig. 1E) showed
that the potential of MNE was −34.0 ± 2.8 mV and that of
MNE@PDA was −22.8 ± 1.9 mV. This change indicated that
aer PDA wrapping, the surface charge density of the material
decreased, possibly because the shell structure altered the
surface charge distribution. The broader hydrodynamic size
distribution observed in MNE@PDA could be attributed to the
inherent adhesiveness of PDA, which may lead to the formation
of a limited fraction of dimers or oligomers during the coating
process. Nevertheless, the PDI remained at an acceptable level
(0.280 ± 0.036), indicating a moderately dispersed system. This
interpretation is further supported by transmission electron
microscopy (TEM, Fig. 2B), which demonstrates that the indi-
vidual core–shell morphology remains evident, and no large,
dense aggregates dominate the sample. Moreover, the
preserved colloidal stability is evidenced by a sufficient zeta
potential (−22.8 ± 1.9 mV). Importantly, this mild poly-
dispersity did not impede the core functionalities of the
nt scales. (A) MNE@PDA-Diz/GP at 40 mm; (B) MNE@PDA-Diz/GP at 10

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The mechanical property of MNE@PDA-Diz/GP hydrogel. (A) Time-modulus curve and (B) strain-modulus curve are plotted using
a rotational rheometer.
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composite, such as drug loading and ROS scavenging, as
demonstrated in subsequent experiments.

The internal structure of MNE and MNE@PDA was observed
by TEM. In MNE, ower-like structure with high specic surface
area was observed, which provides more active sites to bind with
ROS (Fig. 2A). This provides better ROS scavenging ability for
cell oxidative stress aer SCI. Its surface was further coated with
a layer of PDA. As a natural polymer secreted by mussels, a type
of marine organisms, PDA has adhesiveness, NIR photothermal
response properties, and certain anti-inammatory effects.
Through the self-polymerization reaction of dopamine, MNE
was coated by PDA, enabling the nanoparticles to possess the
properties of both MNE and PDA. Their core–shell structure is
clearly shown in Fig. 2B.

To directly conrm the formation of the PDA coating on
MNE, Fourier-transform infrared (FTIR) spectroscopy and X-ray
photoelectron spectroscopy (XPS) analyses were performed. The
FTIR spectrum of MNE@PDA (Fig. 3) exhibited a broad and
strong absorption band around 3420 cm−1, corresponding to
Fig. 9 The swelling performance of MNE@PDA-Diz/GP (n = 3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
the stretching vibrations of hydroxyl (–OH) and amine (–NH2)
groups in PDA. Additionally, a characteristic peak near
1602 cm−1, attributed to the C]C stretching vibration of the
benzene ring in PDA, was observed. The emergence of these
characteristic IR peaks indicates the successful self-
polymerization of dopamine and the formation of a PDA
coating on the MNE surface, conrming the successful prepa-
ration of MNE@PDA nanoparticles.

Furthermore, XPS survey spectra of MNE and MNE@PDA
(Fig. 4) provided direct evidence for the surface coating. The
spectrum of MNE showed characteristic peaks for carbon (C 1s,
∼285 eV), oxygen (O 1 s, ∼532 eV), and manganese (Mn 2p,
∼640 eV). Aer PDA modication, the MNE@PDA spectrum
showed a signicant increase in the intensity of the C 1s peak,
attributable to the carbon-rich PDA layer. Concurrently, the
relative intensities of the O 1s and Mn 2p peaks decreased, as
the PDA shell attenuated the photoelectron signals from the
MNE core. These changes directly demonstrate the successful
encapsulation of MNE by a PDA coating via oxidative self-
polymerization.
Fig. 10 Mechanical properties of the MNE@PDA-Diz/GP hydrogel.
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Fig. 11 In vitro degradation kinetics of the MNE@PDA-Diz/GP hydrogel.
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Subsequently, the crystal structures of MNE and MNE@PDA
were examined by X-ray diffraction (XRD). Six broad peaks of
MNE were identied at 2q angles of 20.7°, 26.8, 32.2°, 36.4°,
58.8°, and 66.0° (Fig. 5A). These peaks, which correspond to the
(101), (112), (103), (211), (224), and (314) planes respectively
(Mn, 04, JCPDS 80-0382), serve to conrm the XRD results. The
crystal has the advantage of a slow degradation rate, thereby
enhancing the stability of the material. The XRD pattern of
MNE@PDA (Fig. 5B) displays a broad hump characteristic of
amorphous materials, with no distinct diffraction peaks corre-
sponding to crystalline MNE observable. This indicates that the
diffraction signals from the crystalline MNE core are effectively
shielded by the thick, uniform amorphous PDA coating. This
result provides complementary evidence for the successful
formation of a core–shell structure where the PDA shell is
sufficiently thick to dominate the XRD prole.

The loading capacity and efficiency of dizocilpine onto the
MNE@PDA were rigorously quantied. A standard calibration
curve for dizocilpine was established using UV-vis spectroscopy
at 220 nm, with appropriate baseline correction to account for
potential background interference from PDA degradation
products (Fig. 6). The drug loading content was determined by
measuring the absorbance of the supernatant aer the loading
Fig. 12 The effects of the combined use of PTT and thermosensitive hydr
NIR irradiation ; (B) dizocilpine release ratio under irradiated and non-irr

12466 | RSC Adv., 2026, 16, 12458–12474
process and correlating it with the calibration curve. Results
demonstrated that 1 mg of MNE@PDA nanoparticles could
effectively load 116.3 ± 5.2 mg of Diz, conrming the successful
and efficient drug incorporation into the core–shell system.
This robust loading provides a solid foundation for the subse-
quent controlled release studies.

Characterization of MNE@PDA-Diz/GP hydrogel

Further, the nanoparticle MNE@PDA-Diz was mixed with
GelMA and PNIPAM polymers to prepare theMNE@PDA-Diz/GP
hydrogel. PNIPAM within this hydrogel exhibits temperature-
sensitive properties. When the temperature exceeds 37 °C, the
cross-linked network contracts, exposing isopropyl groups and
transforming part of the hydrogel structure from hydrophilic to
hydrophobic. The PTT property of PDA was leveraged to locally
heat the hydrogel thus facilitating controlled drug release. The
MNE@PDA-Diz/GP hydrogel features an interconnected, three-
dimensional porous structure (Fig. 7), which serves as
a carrier for nanoparticle delivery. Importantly, this nano/
micro-porous architecture contributes signicantly to water
retention. The combination of capillary forces within the pores
and the hydrophilic nature of the GelMA and PNIPAM polymer
networks facilitates the immobilization of water molecules.
ogel MNE@PDA-Diz/GP. (A) PTT capability of MNE@PDA-Diz/GP under
adiated condition.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Controlled release of dizocilpine from composite hydrogels under different conditions. Cumulative release profiles over 72 hours for
four groups: MNE@PDA-Diz, MNE@PDA-Diz + PTT, MNE@PDA-Diz/GP, and MNE@PDA-Diz/GP + PTT. The MNE@PDA-Diz/GP + PTT group
exhibited the most rapid and extensive release. Data are presented as mean ± SD (n = 3).
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This mechanism helps to create and maintain a hydrated,
tissue-like microenvironment at the injury site.

The elastic modulus and viscous modulus of the MNE@PDA-
Diz/GP hydrogel were detected using a rotational rheometer.
Fig. 8A showed the curing process of the hydrogel. A ultraviolet
irradiation crosslinking was conducted on the hydrogel at 60
seconds. The results showed that the elastic modulus of the
hydrogel underwent a jump starting from 70 seconds, which
means the hydrogel began to transform from a liquid to an
elastomer. Aer the completion of crosslinking, the elastic
Fig. 14 The toxicity of MNE@PDA-Diz/GP hydrogel for NSCs. (A) The eff
were treated with different groups of MNE, and CCK-8 assay was perfor

© 2026 The Author(s). Published by the Royal Society of Chemistry
modulus reached 3185 Pa at 185 seconds. The elastic modulus
of the hydrogel falls within the range that has been reported for
native spinal cord tissue, which is typically on the order of# 10
kPa.21 This suggests a degree of mechanical compatibility with
the host tissue environment, which can reduce rejection or
inammatory reactions during the transplantation process for
spinal cord injury. In addition, this mechanical characteristic
helps to support the proliferation and migration of nerve cells.
Fig. 8B showed the ability of the material to store energy
through elastic deformation. The high initial value indicates
ects of different concentrations of MNE on viability of NSCs. (B) NSCs
med to measure cell viability.
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Fig. 15 Fluorescence microscopic images of live/dead staining assay of NSCs cultured with MNE@PDA-Diz, MNE@PDA-Diz/GP, and
MNE@PDA-Diz/GP + PTT for 24 h.
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that the initial elasticity of the material is good. As the shear
strain increased, elastic moduludand viscous modulus
decreased slowly in the early stage, and then decreased rapidly
Fig. 16 The anti-inflammatory ability of MNE@PDA-Diz/GP + PTT. (A) His
(B) Scatter plots of macrophage polarization induced by different mater

12468 | RSC Adv., 2026, 16, 12458–12474
aer the strain exceeded 50%, indicating that the elastic
structure of the material was damaged by shearing and the
deformation resistance is weakened.
tograms of macrophage polarization induced by differentmaterials and
ials detected by flow cytometry (n = 3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 ROS scavenging ability of MNE@PDA-Diz/GP + PTT. (A) H2O2-induced oxidative stress on HT22 cells treated by GP, MNE/GP,
MNE@PDA-Diz/GP, MNE@PDA-Diz/GP + PTT are detected by confocal laser microscope. (B) the anti-oxidative effect of GP, MNE/GP,
MNE@PDA-Diz/GP, and MNE@PDA-Diz/GP + PTT on the ROS levels induced by 0.2 mM H2O2.
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The results showed that the hydrogel swelled rapidly from
0 to 3 hours; from 6 hours onwards, the swelling tended to
stabilize, with the nal swelling ratio reaching 89.2%. The
occurrence of low swelling ratio is mainly related to GelMA and
PNIPAM: GelMA is a material with high crosslinking density,
characterized by a dense three-dimensional network structure
that limits the penetration rate of water molecules; PNIPAM is
a material with temperature-sensitive shrinkage regulation,
characterized by volume shrinkage at physiological temperature
(37 °C), which inhibits excessive water absorption. Hydrogel
with a low swelling ratio can reduce compression on the
surrounding spinal cord, resulting in small deformation and
relatively slow degradation, and thus enabling long-term drug
delivery (Fig. 9).

To evaluate the hydrogel's suitability as a scaffold for spinal
cord tissue, its compressive mechanical properties were
Fig. 18 The biological function of MNE@PDA-Diz/GP + PTT on regulatio
NSCs was achieved via fluorescence imaging with the Fluo-4 AM probe

© 2026 The Author(s). Published by the Royal Society of Chemistry
investigated under conditions simulating the physiological
environment. Stress–strain curves (Fig. 10) revealed the typical
nonlinear elastic behavior of a porous hydrogel.

The in vitro degradation prole of the MNE@PDA-Diz/GP
hydrogel was monitored in PBS at 37 °C over a period of 28
days (Fig. 11). The hydrogel mass remaining decreased gradu-
ally over time, showing a sustained degradation prole suitable
for long-term therapeutic support. By day 28, approximately
55% of the initial mass remained in PBS. This controlled
degradation aligns with the desired timeframe for neural repair
processes and ensures the scaffold maintains integrity during
the critical early phase of healing.

Under NIR irradiation, the temperature of MNE@PDA-Diz/
GP showed an increasing trend within 15 minutes, rising
from 27.5 °C to 41.3 °C (Fig. 12A). Furthermore, based on the
thermosensitive property of PNIPAM, the temperature elevation
n of NSCs andmacrophages. Detection of intracellular calcium levels in
used for staining (n = 3).
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Fig. 19 MNE@PDA-Diz/GP + PTT promotes cell migration ability. Scratch experiment was performed with GP, MNE@PDA-Diz/GP, MNE@PDA-
Diz/GP + PTT and the photos were taken by microscope (n = 3).
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induced by PTT accelerated the release of dizocilpine. Fig. 12B
showed that under irradiated and non-irradiated conditions,
the gap in release ratio between two groups gradually widened
over time. By 72 hours, the dizocilpine release ratio of the
unirradiated group only reached 24.8 ± 3.2% while the irradi-
ated group reached 53.7 ± 5.1%, presenting an overall trend of
increasing difference.

The controlled release proles of dizocilpine from the
hydrogel under different conditions were systematically evalu-
ated (Fig. 13). The cumulative release over 72 hours showed that
the MNE@PDA-Diz/GP + PTT group achieved the most rapid
and extensive release, signicantly outperforming the groups
without irradiation or without the PDA coating. This result
directly demonstrates that the photothermal effect of PDA and
the thermosensitivity of PNIPAM work in concert to enable on-
demand, spatiotemporally controlled drug release.
Cell compatibility of MNE@PDA-Diz/GP hydrogel

The cytotoxic effects of the MNE nanozyme andMNE@PDA-Diz/
GP hydrogel on NSCs were tested using CCK-8, a reagent that
produces an absorance change through reactions with intra-
cellular dehydrogenase. Firstly, different concentrations of
MNE nanozyme were applied on NSCs to assess the toxic
concentration. As shown in Fig. 14A, a concentration-
dependent cytotoxicity was observed. A signicant decrease in
cell viability occurred when the MNE concentration exceeded
12.5 mg mL−1. Therefore, the non-toxic concentration of 12.5 mg
12470 | RSC Adv., 2026, 16, 12458–12474
mL−1 was selected as the safe dose for the preparation of the
hydrogel and for all subsequent experiments. As shown in
Fig. 14B, the MNE@PDA-Diz/GP hydrogel formulated with this
safe dose is is non-toxic.

Furthermore, to directly address the biosafety concern
regarding the combined application of PTT and the hydrogel,
we evaluated the cell viability under the actual therapeutic
conditions. NSCs were cultured with the MNE@PDA-Diz/GP
hydrogel and subjected to the same NIR irradiation protocol
used for PTT (808 nm, 0.75 W cm−2, for 30 s). Both CCK-8 assay
and live/dead staining conducted aer the treatment showed no
signicant cytotoxicity compared to the control groups without
irradiation (Fig. 15).
Macrophage polarization reprogramming of MNE@PDA-Diz/
GP hydrogel + PTT

Macrophages were rst polarized to the pro-inammatory M1
subtype using LPS and IFN-g, and then treated with GP, MNE/
GP, MNE@PDA-Diz/GP, and MNE@PDA-Diz/GP + PTT, respec-
tively. The proportion of cells converted from M1 to M2 was
then detected. CD206 is a marker of M2 macrophages. Fig. 16A
showed that the uorescence intensity of CD206-positive cells
increased from 0.17% to 3.52%, 5.93%, 11.9%, and 23.5%,
respectively. Further, Fig. 16B showed the ratios of CD206-
positive cells increased from 0.05% to 3.01%, 5.45%, 10.3%,
and 18.8%, respectively. All groups showed an increasing trend
in the proportion of M2 cells, with relatively small increases in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the rst three groups. This moderate increase is due to MNE
exerting antioxidant effects, which are associated with inam-
matory responses modulation.22 Notably, the strong anti-
inammatory activity of PDA is an important factor
promoting the conversion of macrophages from M1 to M2. In
addition, PTT can accelerate the release of loaded components,
enabling faster onset of anti-inammatory regulation. Notably,
the MNE@PDA-Diz/GP and MNE@PDA-Diz/GP + PTT groups
exhibited stronger anti-inammatory ability.
ROS scavenging ability of MNE@PDA-Diz/GP hydrogel + PTT

The DCFH-DA probe was used to detect the level of H2O2-
induced cellular oxidative stress under different materials and
conducted quantitative analysis (Fig. 17A and B). As demon-
strated by the results, the uorescence intensity of the control
group and the GP group was consistent. This indicates that GP
does not possess ROS scavenging ability and is therefore unable
to provide neuronal cells with effective antioxidant protection.
The uorescence intensity of the MNE/GP, MNE@PDA-Diz/GP,
and MNE@PDA-Diz/GP + PTT groups was signicantly
reduced, with statistical signicance, suggesting that MNE/GP,
Fig. 20 The gene expression levels of Ki67 (A), TUJ-1 (B), and GFAP (C) in
+ PTT.

© 2026 The Author(s). Published by the Royal Society of Chemistry
MNE@PDA-Diz/GP, and MNE@PDA-Diz/GP + PTT have ROS
scavenging capabilities. This is because MNE can achieve the
effect of scavenging ROS through changes in electron valence
states.23 Although the addition of PTT showed good effects in
the drug release experiment, it did not produce a signicant
difference in the ROS experiment. This may be because the ROS
inherently present in the cells was already close to equilibrium.
Ca2+ inux inhibition of MNE@PDA-Diz/GP hydrogel + PTT

The FLUO-4 calcium staining results clearly demonstrated the
neuroprotective efficacy of the MNE@PDA-Diz/GP hydrogel
against NMDA-induced excitotoxicity (Fig. 18). The blank group
showed minimal FLUO-4 uorescence, indicating normal
calcium homeostasis. However, exposure to 20 mMNMDA led to
intense uorescence in the control group, reecting severe
calcium overload. In contrast, the MNE@PDA-Diz/GP hydrogel
signicantly reduced calcium inux, as evidenced by dimin-
ished uorescence. Notably, the combination with PTT further
enhanced this effect, yielding the lowest uorescence intensity.
This conrms that the hydrogel integrates multiple therapeutic
mechanisms including dizocilpine inhibits NMDA receptor
cells treated with GP, MNE/GP, MNE@PDA-Diz/GP, MNE@PDA-Diz/GP
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activation to block calcium overload and PDA-mediated PTT
synergistically amplies drug release and nanozyme activity.
Collectively, the MNE@PDA-Diz/GP hydrogel effectively restores
calcium homeostasis in neural cells, creating a favorable
microenvironment for neuroprotection. The PTT-enhanced
efficacy also validates the potential of spatiotemporally
controlled photothermal-responsive hydrogels for precise
spinal cord injury therapy.
Cell migration assays

Different materials were applied to the cells and tested the
effects of the materials on cell migration. The results indicated
that none of the materials exerted a signicant impact on cell
migration (Fig. 19). This may be because the 2-D culture did not
provide sufficient structural support for the cells and lacked the
microenvironment of 3-D culture. Due to the difficulty in
detecting 3-D culture, the impact of materials on cell migration
still needs to be explored.
Cell proliferation and differentiation assays

Ki67 expression levels were assessed to evaluate the effects of
MNE@PDA-Diz/GP + PTT on cell proliferation (Fig. 20A). The
Ki67 expression level was 1.00 ± 0.06 in the control group. The
expression level of Ki67 in the GP group was 1.18 ± 0.07, while
that in the MNE/GP group rose to 1.25 ± 0.07. In the
MNE@PDA-Diz/GP group, the expression level was 2.10 ± 0.37.
This enhancement occurs because of the proliferation-
promoting effect of PDA. The expression level of Ki67 was
observed to be the highest in MNE@PDA-Diz/GP + PTT group
(2.43 ± 0.43), as PTT accelerated the release of PDA.

The effects of MNE@PDA-Diz/GP + PTT on differentiation
ability of NSCs were detected by measuring gene expression
levels of TUJ-1 (b-Tubulin III, the marker for neuronal cells) and
GFAP (Glial Fibrillary Acidic Protein, the marker for astrocytes).
TUJ-1 expression levels were analyzed to evaluate the effects of
GP, MNE/GP, MNE@PDA-Diz/GP, andMNE@PDA-Diz/GP + PTT
on presence of neuronal cells (Fig. 20B). The control group
showed a TUJ-1 expression level of 1.01 ± 0.05 as the baseline.
In the GP group, the expression level of TUJ-1 was 1.23 ± 0.06,
while that in the MNE/GP group rose to 1.31 ± 0.07. The
expression level in the MNE@PDA-Diz/GP group increased
substantially to 2.58 ± 0.34, suggesting that PDA promoted the
differentiation of neuronal cells. The expression level of TUJ-1
was observed to be the highest in the MNE@PDA-Diz/GP +
PTT group (3.18± 0.38), as PTT enhanced the expression of heat
shock proteins (HSPs). HSPs can regulate the remodeling
process of thermosensitive matrices, stimulate the differentia-
tion and maturation of neural stem cells, and promote dendrite
outgrowth.24 GFAP expression level was the inversion of TUJ-1
expression level. The GFAP expression levels were 1.00 ± 0.03,
1.02 ± 0.07, 0.95 ± 0.09 and 0.96 ± 0.08 in GP, MNE/GP, and
MNE@PDA-Diz/GP groups, respectively. The MNE@PDA-Diz/
GP + PTT group achieved the lowest level of GFAP expression
of 0.65 ± 0.07, indicating reduced reactive gliosis and scar
formation.25
12472 | RSC Adv., 2026, 16, 12458–12474
Discussion

Developing effective SCI therapies remains a tough challenge,
rooted in the intricate neural architecture of spinal cord,
limited neuronal regenerative capacity, and the formation of an
inhibitory injury microenvironment.26 Conventional treat-
ments, such as surgical decompression, corticosteroid admin-
istration, and rehabilitation, fall short of fully restoring neural
function.27 MNE@PDA-Diz/GP hydrogel addresses these chal-
lenges through a synergistic integration of components,
leveraging their interconnected biological and physicochemical
properties to modulate the injury microenvironment.

The efficacies of hydrogels stem from not only their individual
actions but also the interplay between their components. MNE
scavenges ROS tomitigate oxidative stress, which is a hallmark of
secondary injury cascade of SCI.23 PDA amplies this effect via
PTT. NIR-triggered PTT enhances ROS scavenging kinetics by
accelerating nanozyme-ROS interactions and promoting
controlled drug release,28 which creates a spatiotemporally tuned
antioxidantmicroenvironment, as seen in reduced calcium inux
via FLUO-4 staining. Dizocilpine, an NMDAR antagonist, blocks
excitotoxic calcium entry, with PDA catechol groups stabilizing
dizocilpine within the hydrogel to ensure prolonged NMDAR
blockade. This temporal coordination of MNE in early ROS
clearance and dizocilpine sustained excitotoxicity inhibition
aligns with pathophysiological timeline of SCI, where oxidative
stress peaks acutely and excitotoxicity persists subacutely.

PDA acts as a biological orchestrator of the injury microen-
vironment. By polarizing macrophages to the anti-inammatory
M2 phenotype, it addresses SCI chronic inammatory burden,29

while its catechol-amine chemistry modulates NSC differentia-
tion, favoring neuronal lineage commitment over astrogliosis.
This dual action resolving inammation and guiding regener-
ative differentiation targets two major repair barriers simulta-
neously. PDA rst absorbs light to generate heat via its
photothermal property. This elevated temperature then accel-
erates the release of MNE, dizocilpine and PDA, while also up-
regulating neuronal HSPs.24 The released PDA further
enhances PTT efficiency, leading to increased local
temperature.

Beyond providing basic structural support, the GP matrix
orchestrates a multifaceted microenvironment by integrating
specic mechanical and biochemical cues. First, the mechan-
ical stiffness of the scaffold is recognized as a critical determi-
nant of NSC fate. It is reported that NSCs preferentially
differentiate into neurons on so substrates (0.1–1 kPa),
whereas stiffer matrices (7–10 kPa) promote glial lineage
commitment.30 The storage modulus of our MNE@PDA-Diz/GP
hydrogel was formulated to be approximately 3.2 kPa, an
intermediate stiffness leaning towards the soer, pro-
neurogenic regime. This design actively fosters a mechanical
microenvironment conducive to neuronal differentiation while
potentially mitigating excessive astrogliosis.

Complementing this static mechanical guidance, the matrix
provides dynamic, spatiotemporally controlled biochemical and
physical signals. The RGD peptides of GelMA furnish crucial
© 2026 The Author(s). Published by the Royal Society of Chemistry
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adhesive sites for NSC attachment and migration.19 This adhe-
sive landscape is dynamically modulated by the thermosensitive
PNIPAM component. Upon reaching a temperature above 32 °C
in PTT, PNIPAM undergoes a phase transition, causing local-
ized shrinkage of the gel network.21 This compaction serves
a dual purpose: it concentrates the adhesive RGD ligands,
potentially guiding and enhancing NSC migration, and simul-
taneously increases the local concentration of therapeutic
agents (e.g., dizocilpine) near the target site, enhancing local
efficacy while minimizing systemic exposure.31 Thus, the inter-
play between the tailored matrix stiffness, the biochemical
adhesive motifs, and the thermally responsive structural
dynamics creates a dynamically supportive, biomimetic niche
that not only structurally bridges the injury but also actively
instructs cellular behavior for neural repair.

While previous therapies struggle with survival and immune
rejection32 hydrogel synthesized in this work avoids these via
material-mediated immunomodulation and localized delivery.
However, translational challenges remain, because in vitro
models simplify the 3-D complexity of the spinal cord. Future
work must validate the hydrogel in SCI animal models, focusing
on biomechanical integration, immunogenicity in long term,
and scalability.

In summary, the MNE@PDA-Diz/GP hydrogel by coupling
nanomaterial-enzyme interactions, photothermal responsive-
ness, and matrix mediated cell guidance, it succeeds in modu-
lating calcium inux, ROS, inammation, and cell
differentiation, inspiring therapies for other CNS injuries or
degenerative diseases with coexisting oxidative stress, inam-
mation, and regenerative failure.

Conclusions

In this study, a multifunctional thermosensitive hydrogel
MNE@PDA-Diz/GP was developed to address multiple patho-
logical challenges including oxidative stress and inammatory
responses during SCI repair. The hydrogel was fabricated by
crosslinking GelMA and PNIPAM through photo-crosslinking
technology to form a matrix network. Meanwhile, PDA-coated
MNE loaded with dizocilpine was integrated into the hydro-
gel, constructing a composite system with both neuroprotective
and neuroregenerative properties. This design fully integrates
the cell-friendly matrix environment provided by GelMA, the
temperature-responsive properties of PNIPAM, and the NIR-
responsive PTT function mediated by PDA, thereby achieving
precise spatiotemporal control over therapeutic effects. Experi-
mental results showed that PTT could effectively accelerate the
release of PDA and dizocilpine, signicantly promoting the M2
macrophages polarization and inhibiting calcium inux. The
synergistic effects of MNE and PDA endowed the hydrogel with
strong ROS scavenging ability. The MNE@PDA-Diz/GP + PTT
therapy improves cell proliferation activity and neuronal
retention and reduces gliosis. In summary, this multitarget
hydrogel can synergistically regulate key pathological processes
including oxidative stress, inammatory responses and neural
regeneration, providing a potent and versatile therapeutic
strategy for clinical repair of SCI.
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