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Multifunctional hydrogels loaded with drugs for
spinal cord injury repair
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Spinal cord injury (SCI) constitutes a devastating neurological trauma that abolishes sensory and motor

functions and triggers multiple complications, severely compromising patient quality of life. In response, we
engineered a dynamic crosslinked hydrogel (CPFh-Mec) dedicated to SCI repair. The construct incorporates
natural bioactives-chitosan (CTS), protocatechuic aldehyde (PA), and Fe() and functions as a scaffold for
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the neurorestorative drug mecobalamin (Mec). Dynamic covalent and hydrogen bonding confer exceptional

adhesion, injectability, degradability, and autonomous self-healing. By profiling physicochemical properties,
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1. Introduction

Spinal cord injury (SCI) ranks among the most devastating
traumas of the nervous system. Typically triggered by traffic
collisions or violent assaults, it carries a high probability of
permanent disability and precipitates multi-system, multi-
organ dysfunction.’” Lifetime treatment costs per patient—
dictated by lesion level and severity—range from tens of thou-
sands to millions of dollars, imposing an immense burden on
both individuals and national healthcare systems.* Current
therapeutic strategies center on surgical decompression, phar-
macologic intervention, and intensive rehabilitation.® Surgical
intervention aims to restore the physiological and anatomical
integrity of the spinal cord, reestablish its mechanical stability,
and relieve compressive forces at the injured segment.
However, surgery remains inherently invasive, and
consensus on the optimal timing of SCI operative intervention
has yet to be established.®” Current pharmacological regimens-
encompassing methylprednisolone, dexamethasone, naloxone,
erythropoietin, and neurotrophic factors-enhance neurological
outcomes primarily by attenuating inflammatory mediator
release and suppressing lipid peroxidation at the lesion site.®
Nevertheless, the blood-spinal cord barrier markedly restricts
drug penetration; conventional delivery routes (oral or
moderate intravenous dosing) thus achieve only subtherapeutic
concentrations at the injury focus.® Aggressive intravenous
boluses, while potentially more effective, escalate the risks of
gastrointestinal hemorrhage, wound infection, and other
systemic complications, leaving this strategy clinically
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in vitro and in vivo biosafety, and reactive oxygen species (ROS)-scavenging efficacy, we achieve neuronal
regeneration and motor recovery in SCI mice, offering a fresh paradigm for SCI biomaterial design.

contentious and constrained.® Consequently, existing thera-
pies merely palliate symptoms without addressing the under-
lying pathology. Compounding the challenge are the intricate
pathophysiological cascades within the injured cord, the hostile
local microenvironment, and the nervous system's limited
intrinsic regenerative capacity, all of which render SCI treat-
ment profoundly difficult.”*

Driven by advances in tissue engineering and biomedicine,
integrating biomaterial scaffolds with conductive substrates,
living cells, and therapeutic agents has emerged as a highly
promising strategy for spinal cord repair and neural
regeneration.””*  Hydrogels-three-dimensional hydrophilic
polymer networks—exhibit excellent biocompatibility, control-
lable degradability, low immunogenicity, and physicochemical
versatility that closely mimics the native extracellular matrix,
rendering them particularly attractive for spinal cord injury
applications.” As versatile neural-tissue-engineering plat-
forms, hydrogels can be engineered to deliver drugs or bioactive
factors in a sustained manner, maintaining therapeutic
concentrations locally, fostering cell proliferation, migration,
and differentiation, and accelerating damaged-tissue restora-
tion. In contrast, conventional administration routes frequently
fail to regulate drug levels, and burst release can generate
cytotoxic peaks that exacerbate tissue injury.’* Consequently,
hydrogel-based sustained-release systems have garnered wide-
spread attention in recent years. Through diverse chemical and
physical modifications, researchers have endowed hydrogels
with tunable mechanical properties, dynamic responsiveness,
and specialized biological functions, establishing them among
the most compelling biomaterials for neural repair.***®

Herein, we introduce a biosafe, dynamically double-
crosslinked hydrogel fabricated from natural constituents-
chitosan, protocatechuic aldehyde (PA), and Fe(u) without
chemical modification, enabling scalable production for
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Fig. 1 Schematic illustration of the preparation process of multi-
functional hydrogel (a) and its use for SCI repair (b).

clinical translation. The dynamic covalent and hydrogen bonds
of this hydrogel endow it with superior adhesion, injectability,
degradability, and self-healing capabilities, making it highly
suitable for the spinal cord injury environment. The hydrogel
provides sustained release of mecobalamin-the active form of
vitamin B12 and a key mediator of nervous-system function-to
drive neuronal growth and repair. In a mouse sciatic-nerve
crush model, mecobalamin not only accelerated functional
recovery, thickened myelinated-nerve fiber myelin sheaths and
enlarged target-muscle fiber cross-sectional areas, but also
mechanistically up-regulated GAP-43 mRNA and neurotrophic
factors in the injured dorsal root ganglia, underscoring its
capacity for potent neuroprotection and regeneration.*>**
Meanwhile, the polyphenol PA in the hydrogel possesses anti-
oxidant and anti-inflammatory properties, which can reduce
free radicals and accelerate the repair of the spinal cord injury
site.”® This innovative platform not only addresses the
complexities of spinal cord injury repair but also provides
a multifunctional blueprint for the next generation of tissue
repair biomaterials (Fig. 1).

2. Material and methods
2.1 Materials

Ferric chloride (FeCl;), acetic acid, and protocatechuic aldehyde
(PA) were purchased from Sinopharm Chemical Reagent, and
the purity was chemically pure. Chitosan (CTS, a deacetylation
degree of 90%, M,, = 1.5 x 10° g mol™"). Live-dead staining
color development kit was purchased from Dalian Meilun
Biotechnology Co. 4% paraformaldehyde fixative, bovine serum
albumin (BSA), trypsin aqueous solution, PBS buffer was
purchased from Biyuntian Biotechnology Co. NF-200, and GFAP
were purchased from Abcam (UK).

2.2 Equipment and devices

The main equipment involved in the experiments were as
follows: scanning electron microscope (SEM, SU8010, Hitachi),
multifunctional enzyme labeling instrument (Epoch-2, Bio-
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Tek), Animal gait analysis instrument (VisuGait, Shanghai
Xinruan), Intelligent rheometer (MCR102, Anton Paar), UV-vis-
NIR spectrometer (HL-2000, TS OPTICS).

2.3 Preparation of hydrogel CPFh-Mec

To prepare the hydrogel CPFh-Mec, 1.6 g of chitosan was di-
ssolved in 80 mL of water, followed by the addition of 500 pL of
acetic acid. The mixture was stirred overnight until the solution
became clear. In a separate step, 45 mg of PA was dissolved in
3 mL of water, and 27 mg of FeCl; was dissolved in another 3 mL
of water. After allowing the FeCl; solution to dissolve for 30
minutes, it was added dropwise to the PA solution to form
a mixed aqueous solution. Then, 1 mL of the chitosan solution
was combined with 200 pL of the mixed PA-FeCl; solution.
Mecobalamin aqueous solution was subsequently added to this
compound solution. The formation of a gel was observed, and
the mixture was allowed to stand until the solution no longer
flowed, resulting in the formation of the hydrogel CPFh-Mec.

2.4 Cytotoxicity assessment of hydrogels

The hydrogel was immersed in serum-free Dulbecco’'s modified
eagle medium (DMEM) to obtain the hydrogel extract. The cells
were spread evenly in 96-well plates. After the cells were
attached to the wall, the cells were cultured by adding hydrogel
extract containing 10% fetal bovine serum (FBS). The cells were
stained with a cell viability kit to assess the cytotoxicity of the
hydrogel. Cytotoxicity of the hydrogel was assessed by using
a live/dead cell staining kit.

2.5 Construction of spinal cord injury model

To establish a mouse SCI model, a spinal cord impact device
was used to strike the T10 segment of the mouse spinal cord.
Animals were 8-week-old ICR male mice and the ICR mice were
randomly and equally divided into 3 groups (control, saline, and
CPFh-Mec). (1) Control group (n = 6): the group that underwent
no surgery or treatment served as the control; (2) saline group
(n = 6): saline was administered at the injury site after
modeling; (3) CPFh-Mec group (n = 6): the pre-crosslinked
hydrogel precursor was injected into the injury site. The skin
was then sutured and disinfected with iodine tincture. After
surgery, the mice were kept warm. Urination assistance was
provided twice a day for the first three days and once a day
thereafter.

2.6 Spinal cord tissue staining and pathologic analysis

The collected spinal cord tissue samples were subjected to
paraffin embedding. The tissue samples to be embedded were
first placed in liquid paraffin, and then cooled and frozen to
turn the paraffin into a solid state for tissue fixation. Sections
were made with a paraffin slicer at a thickness of 4-8 pm, and
then placed on slides and soaked in warm water at 40 °C to fully
stretch the tissue. Then, HE staining, LFB staining and immu-
nofluorescence staining were performed for analysis. Spinal
cord injury repair was assessed by immunofluorescence stain-
ing for NF-200, and GFAP. The relative fluorescence intensity of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NF-200, and GFAP was measured using Image ] software to
assess the expression levels of the corresponding fluorescent
markers.

2.7 Statements for the animal experiments

In this work, all animal procedures were performed in accor-
dance with the Guidelines for Care and Use of Laboratory
Animals of Shanxi Medical University and approved by the
Animal Ethics Committee of Shanxi Medical University. Surgery
was performed in strict adherence to the principles of aseptic
surgery to minimize the possibility of infection in the mice, and
the wounds were treated locally with antibiotics to prevent
infection.

3. Results and discussion

In the hydrogel preparation process, a weak polyphenol-metal
interaction was first formed between PA with Fe(ui), and then
the aldehyde group of PA reacted with the amino group of
chitosan to form a dynamic imine bond, which led to the
formation of dynamically crosslinked hydrogels.>*** Fig. 2a
showed the composition of the gel-forming ingredients and
process for hydrogel CPFh-Mec, and screening various volume
ratios of CTS to PA-Fe(m) revealed that robust hydrogels are
obtained exclusively at 1:1, 5:1, and 10: 1 (Fig. S1). Due to the
time-dependent formation of imine bonds, the pre-gel aqueous
solution can be extruded from the needle of a syringe (Fig. S2
and 2b), offering the possibility of injecting hydrogels into
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organisms. Besides, the storage modulus (G') and loss modulus
(G") of the sample were measured over time (Fig. 2e). In the
initial stage, G’ was lower than G”, indicating that the pre-gel
CPFh aqueous solution containing mecobalamin was in
a liquid state and had injectability. Subsequently, G’ was equal
to G”, indicating the occurrence of gelation and the beginning
of the formation of the hydrogel CPFh-Mec. Lastly, the hydrogel
can be injected in situ to fill the lesion cavity, solidifying within
minutes to form a stable scaffold that releases mecobalamin for
at least two weeks. The sustained release profile, coupled with
the material's inherent antioxidant and anti-inflammatory
properties, creates a permissive microenvironment for axonal
regrowth and remyelination. As the hydrogel gradually
degrades, it is replaced by newly regenerated neural tissue,
leaving no permanent foreign body behind. G’ was higher than
G", indicating that the gel solution had completed the transi-
tion from a liquid to a semi-solid state.”® Hydrogel had both the
stability of covalent bonds and the reversibility of non-covalent
bonds, which can establish an intrinsic dynamic equilibrium of
bond generation and dissociation in the hydrogel network, thus
conferring the ability of self-repair to the hydrogel (Fig. 2c).
Hydrogel had good adhesive properties and adhere well to
metal, plastic, glass, and wood surfaces (Fig. 2d). Moreover, the
viscosity of the hydrogel decreases with the increase of shear
rate, indicating that the gel has shear-thinning properties
(Fig. 2f). The strain sweep of the hydrogel shows (Fig. 2g) that an
intersection between the storage modulus (G') and loss
modulus (G”) occurred at a strain of 350%, which was the crit-
ical point indicating the collapse of the hydrogel network. Once
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Fig. 2

(a) Schematic diagram of hydrogel preparation; (b) injectability, (c) self-healing and (d) adhesion of hydrogel CPFh-Mec; (e) the variation

curve of the modulus of the injectable gel with time; (f) the shear-thinning properties of the hydrogel CPFh-Mec; (g) the strain sweep of the

hydrogel CPFh-Mec with the strain ranging from 0.1% to 1500%.
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the strain exceeds this critical value, G’ dropped sharply.>”
Besides, CPFh-Mec showed significant disintegration after 7
days, indicating good degradation properties (Fig. S3).

The surface morphology of hydrogel was observed by scanning
electron microscopy. The hydrogels showed a loose and porous
structure with a void size of 20-60 pm (Fig. 3a). SEM mapping of
CPFh-Mec revealed the presence of C, O, Fe and N elements
(Fig. 3b). Moreover, the live/dead cell staining confirmed the good
cytocompatibility of the hydrogel (Fig. 3c and e), and the cells
showed green fluorescence (live cells). High intracellular ROS
induces continuous apoptosis and stimulates the activation of
inflammatory cells, therefore, improving the high intracellular
and extracellular ROS is conducive to the rapid repair of the
damaged area. As shown in Fig. S4, 3d and f, CPFh-Mec effectively
scavenges intracellular ROS generated by H,O,; this capacity
stems from the intrinsic antioxidant activity of protocatechuic
aldehyde, a polyphenol that rapidly reduces hydrogen peroxide.
Moreover, prolonged incubation enriches the leachate with
additional active constituents released from the hydrogel,
progressively enhancing its H,O,-eliminating efficacy over time.

To evaluate the antioxidant properties of CPFh-Mec, this
study explored its ability to scavenge the free radicals DPPH/
ABTS. As shown in Fig. 4a and b, the changes in DPPH/ABTS
free radical signals indicate that the scavenging ability of
CPFh-Mec against DPPH/ABTS free radicals is concentration-
dependent. With the increase in CPFh-Mec concentration, the
free radical scavenging ability also increases. This is due to the
presence of antioxidant polyphenolic substances in the
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hydrogel. SOD, as an important antioxidant enzyme in the body,
is mainly responsible for scavenging superoxide radicals.*®?®
Synthesizing nanozymes with SOD activity is of great signifi-
cance for the treatment of oxidative stress-related diseases. As
shown in Fig. 4c, the SOD activity of CPFh-Mec was
concentration-dependent. With the increase in CPFh-Mec
concentration, the SOD activity also increases.

To detect the neuroprotective effects of CPFh-Mec on SCI
mice, double fluorescence labeling was used for NF-200 (green)
and GFAP (red) to observe the number of astrocytes and the
extension of axons. NF-200 is a neurofilament that provides
structural support to axons and regulates axon diameter, while
GFAP marks the activation of astrocytes.**** As shown in Fig. S5,
5a-c, in the saline group, the expression of NF-200-positive axons
was very low in the lesion area, and the expression of GFAP was
also relatively low. This indicates that there was severe axonal
damage and a reduction in astrocytes in the spinal cord tissue of
the saline group. In contrast, the expression of NF-200 and GFAP
increased in the lesion area of the CPFh-Mec group. This suggests
that during the subacute phase of SCI, CPFh-Mec is beneficial for
the recovery of damaged spinal cord nerves. CPFh-Mec can
promote astrocyte proliferation and axon growth, showing
significant neuroprotective effects on the injured site after SCI.

The histological changes in spinal cord tissues were studied

using H&E staining. As shown in the left image of Fig. 6a, the
control group exhibited well-organized and intact normal
mouse spinal cord tissue. In contrast, the saline group di-
splayed the lowest degree of recovery, with the spinal cord
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(a) Scanning Electron Microscope (SEM) and (b) elemental distribution of CPFh-Mec; (c) cytocompatibility and (e) cell viability of control,

PA, hydrogels CPFh and CPFh-Mec (scale bar: 300 um); (d) fluorescence images of intracellular H,O, and (f) the relative intensity before and after
CPFh-Mec treatment (i and ii: hydrogel leachate collected after 1 and 3 days, scale bar: 200 pm). All data were presented as mean + SD, n = 3.

#x5p < 0.001.
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lacking continuity and integrity. However, treatment with CPFh-
Mec improved the continuity and integrity of the spinal cord.
Meanwhile, the right image (Fig. 6a) showed that the SCI area in
the CPFh-Mec group had significantly fewer inflammatory cells
compared with the saline group. To evaluate whether CPFh-Mec
could exert a protective effect on demyelination after SCI, the
extent of axonal demyelination in the lesion area was assessed
using LFB staining. As shown in Fig. 6b, the spinal cord of the
saline group mice showed significant demyelination. In
contrast, the CPFh-Mec group had more myelin sheaths
preserved. In summary, the results of LFB staining demon-
strated the positive effect of CPFh-Mec treatment on
demyelination.*?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To verify these results, a gait analyzer was further employed
to assess the motor function of mice after SCI, and gait pressure
footprint maps of mice in each group were obtained (Fig. 6c).
The results of the usable parameters measured by the gait
analyzer are shown in Fig. 6d-g. The average pressure value of
the left forepaw footprint in the saline group was the highest
(Fig. 6d). This was because the hindlimb motor function of mice
in the saline group was restricted after SCI, and the forelimbs
became the main force-generating limbs. The results of the
average pressure of the right front paw footprint in Fig. 6e were
similar to those in Fig. 6d. Meanwhile, Fig. 6f and g showed that
the average footprint area ratio of the left and right forepaws in
the saline group was higher than that in the control and CPFh-
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(c) mouse paw footprints and pressure footprint images; the average

pressure of footprints corresponding to the left (d) and right (e) forelimbs of mice; the average footprint area corresponding to the left (f) and right
(g) forelimbs of mice; quantitative analysis of collagen stained areas; (h) BMS score from 0 to 7 weeks after SCI. All data were presented as mean +

SD, n = 3. **p < 0.01, ***p < 0.001.

Mec groups. This was due to the increased contact area of the
forelimbs in the saline group mice, which became the main
force-generating limbs. These results further demonstrate that
CPFh-Mec played a positive therapeutic role in improving and
restoring the motor function of mice. As shown in Fig. 6h,
immediately after SCI modeling, all the modeled mice had
a BMS score of 0, indicating complete loss of hindlimb motor
function. On week 2 after SCI, all the modeled mice began to
show varying degrees of hindlimb motor function recovery, with
BMS scores gradually increasing. By week 6 after SCI, compared
with the saline group, mice treated with CPFh-Mec exhibited
better motor function recovery.

4. Conclusions

In this work, a dynamic double-crosslinked hydrogel was
fabricated via Schiff-base chemistry and polyphenol-metal
coordination; the resultant carrier was loaded with the neuro-
reparative agent methylcobalamin to yield the multifunctional
construct CPFh-Mec. Comprehensive physicochemical charac-
terization confirmed outstanding adhesion, injectability, and
autonomous self-healing. In a mouse model of spinal cord
injury, CPFh-Mec exhibited robust bioactivity, accelerating
cellular proliferation and growth. Immunofluorescence
revealed marked enhancement of astrocyte proliferation and
axonal extension, driving significant neural regeneration. The
synergistic interplay of these effects underpins the hydrogel's
capacity for effective spinal cord repair.
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