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Background: The challenge in treating irreversible nerve tissue damage has resulted in suboptimal outcomes for spinal cord injuries
(SCI), underscoring the critical need for innovative treatment strategies to offer hope to patients.

Methods: In this study, gelatin methacrylic acid hydrogel scaffolds loaded with nerve growth factors (GMNF) were prepared and
used to verify the performance of SCI. The physicochemical and biological properties of the GMNF were tested. The effect of GMNF
on activity of neuronal progenitor cells (NPCs) was investigated in vitro. Histological staining and motor ability was carried out to
assess the ability of SCI repair in SCI animal models.

Results: Achieving nerve growth factors sustained release, GMNF had good biocompatibility and could effectively penetrate into the cells
with good targeting permeability. GMNF could better enhance the activity of NPCs and promote their directional differentiation into
mature neuronal cells in vitro, which could exert a good neural repair function. In vivo, SCI mice treated with GMNF recovered their motor
abilities more effectively and showed better wound healing by macroscopic observation of the coronal surface of their SCI area.
Meanwhile, the immunohistochemistry demonstrated that the GMNF scaffolds effectively promoted SCI repair by better promoting the
colonization and proliferation of neural stem cells (NSCs) in the SCI region and targeted differentiation into mature neurons.
Conclusion: The application of GMNF composite scaffolds shows great potential in SCI treatment, which are anticipated to be
a potential therapeutic bioactive material for clinical application in repairing SCI in the future.
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Introduction

As a major nerve pathway connecting the brain to the rest of the body, abnormal damage to the structure and function of
the spinal cord due to external trauma can lead to muscle movement dysfunction, loss of sensation and physiological
dysfunction in patients.' In addition, the mental health problems associated with spinal cord injury (SCI), such as
depression and anxiety, coupled with social isolation and medical financial pressures, have an overall negative impact on
patients’ lives.” Currently, the treatment of SCI consists mainly of the use of steroid hormones and surgical decompres-
sion in the acute phase, and prolonged physical and rehabilitation therapy in the later phase.** However, the difficulty of
treating irreversible damage to nerve tissue has led to unsatisfactory outcomes for SCI, and new treatment options are
urgently needed to bring hope to patients.
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The course of SCI is complex and one of the main difficulties in rehabilitation is the creation of an inhibitory
microenvironment. Inflammatory responses are common after SCI, which can lead to immune cell infiltration and
the release of inflammatory mediators, creating an environment unfavorable to nerve regeneration.” At the same
time, hypoxia and destruction of the extracellular matrix also exacerbate the formation of an inhibitory micro-
environment, further hindering nerve regeneration.® In addition, the depletion of endogenous nerve growth factors
(NGFs) is a key difficulty in SCI rehabilitation: in the early stages of SCI, damage to neurons and supporting cells
results in the release of large amounts of NGFs.” However, when trophic factors are depleted, repair of nerve
tissue at the site of injury may be impeded.® Therefore, intervening in the inhibitory microenvironment and
promoting NGF replenishment are key points in the treatment of SCI.

With the advancement of biotechnology, a variety of new scaffold materials have been used in the medical field, including
alveolar bone repair, drug carriers, and so on.”' Among them, hydrogel scaffolds with good biocompatibility, biomimicry,
injectability and mechanical properties similar to those of spinal cord tissues show potential applications in SCI repair, which
is conducive to providing a suitable tissue microenvironment for neuronal regeneration, as well as appropriate structure and
support for the injury site.'""'? Gelatin methacrylic acid is a photosensitive bio-hydrogel material prepared by methacrylate
anhydride (MA) and gelatin (Gelatin), which has excellent biocompatibility. This synthetic macromolecule material can be
stimulated by ultraviolet light or visible light curing reaction to form a three-dimensional structure suitable for cell growth
and differentiation with certain strength for tissue regeneration and repair.'>"'> Meanwhile, as an important factor in neural
stem cell differentiation and axon growth, the use of exogenous nerve growth factor (NGFs) can effectively promote SCI
repair.'® NGFs which are demonstrated as biological macromolecules can promote the growth, development, differentiation,
and maturation of central and peripheral neurons, maintain the normal function of the nervous system, and accelerate the
repair of the nervous system after injury.'”'® However, the multiple problems faced in use NGFs, such as short half-life, easy
degradation, poor biological activity, and poor targeting of delivery, limit the sustained effect on nerve cells.'” ' Due to the
good drug-carrying capacity of hydrogel scaffolds, they have been used in several studies to carry growth factors, drugs or
other therapeutic agents to promote local tissue repair or anti-inflammatory, anti-infective and other functions.**** Therefore,
if NGFs can be combined with hydrogel scaffolds, they may be able to improve the efficacy and feasibility of exogenous
NGFs in SCI repair.

Currently, there are more studies on SCI repair, but fewer studies have combined gel scaffolds with NGF in the
treatment of SCI, and it is not clear whether this will affect the sustained release of NGF, the directionality of nerve
regeneration, and the biocompatibility of the new composite scaffolds. Therefore, we aimed to investigate the efficacy of
gel/NGF scaffolds in the treatment of SCI to promote long-term repair of SCI.

Materials and Methods

GMNF Preparation

According to the previous study,”* 6% (w/w) gelatin methacrylic acid (GelMA, molecular weight = 150,000) and
8% (w/w) polyethylene oxide (PEO, molecular weight = 100,000) were mixed in a volume ratio of 1:1 and gently
pipetted 10 times. The mixture was then rapidly lyophilized. The lyophilized GelMA mixture was redissolved with
0.25% (w/v) phenyl-2, 4, 6-trimethylbenzoyl- phosphonate lithium solution (LAP) and stirred at 37°C for 1 hour at
a speed of 600 rpm. After these steps, the scaffold structure of GelMA was ready for use. Subsequently, 5 pg of
NGF (molecular weight = 13.4 kDa) was added to 1 mL GelMA solution and gently stirred at 4°C for 30 min.
After this step, the NGF was successfully loaded into the inner hole of GeIMA, forming the final complex GMNF.
Finally, the GMNF complex was cross-linked under the blue light (405 nm) for 30s and stored at —20°C for further
use. The workflow was showed as Figure 1. All reagents used were purchased from Sigma-Aldrich, USA.

Cell Culture

To culture the neural progenitor cells (NPCs), the brain of C57BL/6 mice at E12 were isolated in Hank’s Buffered Salt
Solution (Gibco, USA) on ice. The cerebral cortex of the mice was rapidly dissected and the meningeal tissue on the
cortex was removed under a stereomicroscope. The cortical tissues were cut with scissors and 150 pL Collagenase type 11
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Figure | Process for GMNF production.
Abbreviations: GelMA, Gelatin methacrylic acid; PEO, polyethylene oxide; PBS, phosphate-buffered saline; LAP, phenyl-2, 4, 6-trimethylbenzoyl- phosphonate lithium; NGF,
nerve growth factor; GMNF, Gelatin methacrylic acid hydrogel-based nerve growth factor.

(Sigma-Aldrich, USA) were added to digest the tissues at 37°C for 15 min. The cells were resuspended by centrifugation
at 1000 rpm for 10 min and incubated in NSC medium. The medium was DMEM/F-12 (Thermo Fisher, USA)
supplemented with 2% B-27 (Gibco, USA), 1% penicillin/streptomycin (P/S) (Thermo Fisher, USA), 20 ng/mL
epidermal growth factor (Thermo Fisher, USA) and 20 ng/mL fibroblast growth factor (Gibco, USA). Cells passaging
between 2 ~ 4 were prepared for further experiments. When differentiating neurons, the culture medium in NPC was
replaced to neurobasal (Gibco, USA) supplemented with 2% B-27, GlutaMAX (Gibco, USA) and 1% P/S solution.

Physicochemical Properties of GMNF

The compressive modulus test was performed on the prepared hydrogels (GelMA, GMNF). The infinite compression test was
conducted using a mechanical tester (ZwickRoell, Germany) equipped with a 250 g force sensor. The stress-strain curve was
obtained using axial compression with a speed ratio of 0.01 mm s~ '. Calculate the compressive modulus within the strain range
of 0.2 mm compression range, ensuring that the linear determination coefficient is greater than 0.99.

The ultrastructure of GMNF was imaged by scanning electron microscopy (SEM) (FEI-F50, USA). To test the
degradation of GMNF, PBS or PBS-clastase mixture (simulating the biological process of GMNF degradation in vivo)
was dripped into GMNF, and then placed in a 37°C incubator at a shaking speed of 100 rpm. Every other day, the PBS
was aspirated from the mixture and the remaining GMNF was weighed to calculate the percentage of remaining weight.
To test the releasing efficiency of NGF in GMNF, NGF was coupled with fluorescein isothiocyanate (FITC, Thermo
fisher, USA) in PBS with a weight ratio of 1:9 and stirred at 4°C for 12 hours. Then GMNF-FITC was produced
following the protocol of GMNF production and the fluorescence intensity of FITC was measured by a microplate reader
(Lonza, Switzerland) after collecting certain volume mixture in GMNF-FITC solution at the designed time point,
including 0, 3, 6, 9, 12, 15, 18, and 21 days.

Biological Properties of GMNF

To assess the foreign body response of GMNF in vivo, we injected GMNF into the spinal cord of wide-type mice to
evaluate the activated status of macrophages around the injection site, and we labelled the macrophages with anti-CD68
antibody. To assess the cytotoxicity of GMNF, we added GMNF to cultured neurons to evaluate the growth pattern and
living status of the neurons. To evaluate the infiltration ability of GMNF, we incubate GMNF-FITC with cultured
neurons at 37°C for 1 hour and image the fluorescence signal in the soma for the infiltration assessment. The pictures
were taken by confocal microscopy (Leica, Germany).
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Live/Dead Assay

Live/Dead Viability/Cytotoxicity Kit was applied to test the live status of cultured cells. Configure the working solution

according to the manual instructions, and adding the working solution into the cultured cells after washing the cells with
PBS for three times. Using fluorescence microscopy for imaging.

Immunofluorescence Staining for Cultured Cell

Cultured cells were fixed with 4% PFA after being washed with PBS. Then cells were incubated with 0.3% Triton X-100
(Sigma-Aldrich, USA), 3% bovine serum albumin (BSA) (Sigma-Aldrich, USA), and 5% goat serum (Solarbio, China) at
room temperature for 2 hours. PBS containing 0.3% Triton X-100 and primary antibody was added to the cells and
incubated for 24 hours. The primary antibodies used in this study were shown as Table 1. PBS containing 0.1% Triton
X-100, DAPI (Solarbio, China), and secondary antibody was added to the cells and incubated at room temperature for
2 hours. The information of secondary antibodies was shown in Table 1. Using fluorescence microscopy and confocal
microscopy for imaging.

SCI Animal Model Establishment

12-week-old female C57BL/6 mice (Jackson lab) weighing 20-22 g were selected. All the mice were randomly divided
into control (wide type), SCI, NGF (treated with single NGF), and GMNF (treated with GMNF) groups. Animal ethics
committee approval was obtained from the Animal Experimental Center of Zhengzhou University and followed by the
Laboratory Animal Guide for Ethical Review of Animal Welfare for all animal experiments. For SCI modeling, mice
were anesthetized with 3% pentobarbital sodium, until they exhibited silent but regular breathing. Then a NYU MASCIS
Impactor (W.M. Keck Center for Collaborative Neuroscience, USA) was used to cause the SCI. After a laminectomy was
performed at the T9-T10 level, a 10-gram weight from a height of 25 mm dropped to cause the injury. Post-surgery, the
mice- exhibited hindlimb immobility, indicating a state of paraplegia. All the animal received penicillin injection for 7

days to prevent infection.

Motor Ability Assessment

To evaluate the motor ability of mice after SCI, here Basso, Beattie, and Bresnahan (BBB) open field locomotor tests
were used to assess locomotor ability before 2 days and 2, 7, 14, 21, 28, 35, and 42 days after SCI by recording the
locomotor behavior using videotape. Hind limb motor function was assessed, which was divided into three stages, early
recovery (1—7 points), intermediate recovery (8—13 points) and late recovery (14-21 points).”> A higher score reflected
a better recovery of the hind limb motor function. Besides, footprint test was also applied to evaluate the injury severity,
including scaling stride length and sway distance to evaluate the walking status of SCI mice. The motor evoked potential
(MEP) was recorded to evaluate the nerve conduction which also reflected the injury severity of SCI model. The

schematic of SCI model and motor ability assessment were shown as Figure 2.

Table | Antibody Used in This Research

Antibody Species | Company ID

CDé8 Mouse Abcam Ab53444
Tujl Mouse Abcam Ab78078
Map2 Mouse Abcam Ab32454
Nestin Mouse Abcam Ab22035
SOX2 Mouse Abcam Ab79351
NF Mouse Abcam ab281830
Alexa Fluor 488 nm | Mouse Thermo Fisher | A11001
Alexa Fluor 546 nm | Mouse Thermo Fisher | A11003
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Figure 2 SCI animal model establishment and Motor ability assessment. MASCIS Impactor was applied to cause the SCI. Basso, Beattie and Bresnahan (BBB) open field
locomotor test were used to assess locomotor ability before 2 days and 2, 7, 14, 21, 28, 35, and 42 days after SCI. All the SCI mice were randomly divided into three groups,
including SCI, SCI treated with single NGF and SCI treated with GMNF.

Abbreviations: GMNF, Gelatin methacrylic acid hydrogel-based nerve growth factor; NGF, nerve growth factor.

Immunofluorescence Staining for Tissue

The spinal cord slices were incubated with PBS containing 0.3% Triton X-100, 3% BSA and 5% goat serum for 2 hours.
Then the slices were transferred to PBS solution with 0.3% Triton X-100 and primary antibody and incubated for
24 hours or 48 hours. The primary antibodies used in this study were shown in Table 1. The slices were transferred to
PBS containing 0.1% Triton X-100, DAPI and secondary antibodies, and incubated at room temperature for 2 hours. The
secondary antibodies were shown as Table 1. Images were captured using a confocal microscopy.

Statistical Analysis

All quantitative data were expressed as mean and standard deviation, and GraphPad Prism software (version 8.0.1; La
Jolla, CA, USA) were used for statistical analyses. The statistical significance of differences between two groups was
evaluated using Student’s t-test, and comparison among multiple groups was made by using one-way analysis of variance
(ANOVA). In all tests, a p-value less than 0.05 was considered a statistical difference.

Results
Phenotype and Evaluation of SCI Model

In normal mice, the BBB score remained stable at 21, indicating a healthy state of locomotion. But in SCI mice, the
locomotor ability was completely lost in the first two days, indicating complete paralysis of the SCI mice. The SCI
mice then recovered slightly, with a score of less than half that of normal mice (Figure 3A). The footprint text
suggested a decreased stride length and an increased sway distance with hind limb dragging, suggesting weak
locomotor behavior and uncoordinated gait (Figure 3B and C). A prolonged MEP latency in SCI mice reflected
slow nerve conduction after SCI (Figure 3D). Observing the macroscopic phenotype of the SCI mice, it was evident
that the hind limbs were completely stretched and weak, unable to support the entire body weight, whereas the limbs
of healthy mice were able to dominate their bodies (Figure 3E and F). After the spinal cord isolation, injury sites in
SCI mice were easily identified with bleeding, swelling and uneven surfaces (Figure 3G and H). All these images and
parameters suggest a successful SCI model in mice.
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Figure 3 Phenotype and Evaluation of SCl model. (A) BBB score evaluation of control and SCI mice. (B) Stride length measurement of control and SCI mice. (C) Sway distance
measurement of control and SCI mice. (D) MEP latency test of control and SCI mice. (E and F) The phenotype of hind limbs in a normal mouse (E) and a SCI mouse (F). Red
arrowhead, hind limbs of mice; scale bar, 500 mm. (G and H) Image of spinal cord under bright field in a normal mouse (G) and a SCI mouse (H). Yellow dash line, the outline of
spinal cord; green rectangle, SCl area; scale bar, | mm. The data are presented as mean + S.D. (n = 5 in A-D). *P < 0.01, **P < 0.001 (Two-tailed unpaired Student’s t-test).
Abbreviations: BBB, Basso, Beattie and Bresnahan; SCI, spinal cord injury; MEP, motor evoked potential.

Physicochemical and Biological Properties of GMNF

The stress-strain curve of the scaffold showed (Supplementary materials Figure S1) that the GMNF hydrogel was similar
to the GelMA hydrogel scaffold, with stress increasing with strain (Supplementary materials Figure S1A). In addition,
the compressive modulus of GeIMA and GMNF hydrogels were respectively 3.24 &+ 0.08 kPa and 3.09 £+ 0.05 kPa, with
no statistically significant difference (Supplementary materials Figure S1B). The results showed that these scaffolds had

sufficient mechanical properties to maintain the spatial structure of non-weight-bearing areas.

The ultrastructure of GMNF under scanning electron microscopy showed a sparse porous structure, and the pores are
closely adjacent to each other, which is convenient for loading related drugs (Figure 4A). After injection of GMNF into
normal spinal cord tissue, there was no significant increase in the number of macrophages around the injection site, and
the foreign body reaction was low compared with the single injection of NGF, avoiding secondary injury to the injection
site (Figure 4B). In cultured mature neurons (DIV13), GMNF was able to maintain normal neuron survival and less cell
toxicity was caused to the cultured mature neurons (Figure 4C). After coupling FITC with NGF in GMNF, bright green
fluorescence was detected in the soma of cultured neurons, suggesting an enrichment of GMNF molecules accumulated
in the soma. These data demonstrate the high infiltration ability of GMNF into target neurons, which is necessary for its
function at the target sites (Figure 4D). To test the degradation of GMNF, PBS or PBS-elastase mixture (simulating the
biological process of GMNF degradation in vivo) was added to GMNF, and it was found that GMNF degraded slowly
until almost 50 days, which is beneficial for long-term function in the body (Figure 4E). The NGF releasing activity kept
more than 21 days during which NGF increased rapidly to a high level at the first nine days and then maintains
a relatively balanced release rate in both PBS and PBS-elastase mixture, which may be caused by a greater concentration
difference between GMNF and the target site at the beginning (Figure 4F). Hence, GMNF has stable properties and high
releasing efficiency, less cell and tissue toxicity and high infiltration ability to support its function efficiently.

GMNF Enhances Cultured NPCs Growth and Survival

When GMNF was added to the cultured NPCs from the beginning, the density of NPCs remained more stable, whereas
NPCs added with single NGF showed a moderate cell loss at DIV9. This phenotype could be detected as early as DIV5
(Figure 5A and B). In cultured NPCs, the live/dead assay showed more live cells and fewer dead cells in NPCs added
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Figure 4 Physicochemical and biological properties of GMNF. (A) Image of GMNF by scanning electron microscopy (SEM). Scale bar, | ym. (B) Image of spinal cord tissue after
NGF or GMNF injection to the spinal cord of normal mice, reflecting foreign body activation. Green, macrophages stained with anti-CDé8. Scale bar; 100 um. (C) Bright field image
of cultured mature neurons at DIV | 3 after adding NGF or GMNF. Scale bar, 30 pm. (D) Single neuron image to reflect GMNF infiltration ability. Green, GMNF-FITC; scale bar, 5 pm.
(E) GMNF degradation test in PBS and PBS-elastase medium (n = 3). (F) NGF releasing test in PBS and PBS-elastase medium (n = 3); (E) elastase.

Abbreviations: NGF, nerve growth factor; GMNF, methacrylic acid hydrogel-based nerve growth factor.

with GMNF. On the first day of culture, NPCs treated with NGF and GMNF showed a similar live status. But at DIVS,
more NPCs were dead in the NGF group compared to GMNF group. The phenotype was even more severe at DIV9
(Figure 5C-F), suggesting that GMNF kept more NPC alive and growing.

GMNF Promotes Cultured NPCs Differentiation and Neuronal Development

During the differentiation period of NPCs into neurons, it was clearly observed that NPCs gradually took on the
morphological characteristics of neurons with gradually elongated neurites and altered cell bodies. However, NPCs had an
enhanced differentiation process after treatment with GMNF, and most NPCs showed neuron-like morphology with
elongated neurites and larger soma at DIV60 (Figure 6A), and the density of neuron-like cells was higher compared with
NGF-treated NPCs during the differentiation process (Figure 6B). Using anti-Tujl staining, neurite outgrowth was clearly
observed throughout the differentiation process, including DIV 40 (Figure 6C and D), DIV 50 (Figure 6E and F) and DIV 60
(Figure 6G and H). GMNF could significantly promote neuronal maturation from NPCs with better differentiated neurites,
including more complex and enriched branches, quantified by the number of neurites around the soma (Figure 6D, 6F—H)
and more easily detectable neurite connections (Figure 6G). We again confirmed the successful differentiation of NPCs into
neurons with anti-Map2 staining (Figure 61 and J), which also showed a longer and more complex structure of neurites.
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Figure 5 GMNF enhance NPCs growth and survival. (A) Bright field image of cultured NPCs at DIVI, 5 and 9 treated with NGF or GMNF. Scale bar; 30 ym. (B) Density of
cultured NPCs at DIVI, 5 and 9 treated with NGF or GMNF under bright field image (n = 5). (C) Living NPCs at DIV, 5 and 9 treated with NGF or GMNF under Live/dead
assay. Scale bar, 30 um. (D) Density of living NPCs at DIVI, 5 and 9 treated with NGF or GMNF under Live/dead assay (n = 5). (E) Dead NPCs at DIVI, 5 and 9 treated with
NGF or GMNF under Live/dead assay. Scale bar, 30 um. (F) Density of dead NPCs at DIV, 5 and 9 treated with NGF or GMNF under Live/dead assay (n = 5). The data are
presented as mean * S.D. ¥P < 0.01, ***P < 0.001 (Two-tailed unpaired Student’s t-test).

Abbreviations: NGF, nerve growth factor; GMNF, methacrylic acid hydrogel-based nerve growth factor; DIV, days in vitro.

Finally, we imaged the morphology of single neurons with AAV-EGFP and clearly observed the neurites extending from the
soma of a single neuron and confirmed the better differentiation status of these neurons with GMNF (Figure 6K and 6L).

GMNF Effectively Rescues the Behavior and Promote Wound Recovery in SCI Mice
After injection of GMNF into the SCI injury area (Figure 7A), we can clearly observe the effective locomotion recovery
of these mice, especially during the first three weeks, even compared to the mice with pure NGF injection by evaluating
the BBB score (Figure 7B). The hind limb of the SCI mice injected with GMNF showed obvious recovery, becoming
stronger, more controllable and better able to support the whole body, while the SCI mice injected with NGF could still
show some paralysis phenotype (Figure 7C). After exposing the spinal cord of the injured area, it was easily observed
that the wound of SCI mice injected with GMNF healed better, with a smoother surface and less scarring (Figure 7D). In
the coronal section of the spinal cord, we could find a more complete shape and fewer defects in this section (Figure 7E).
Thus, GMNF effectively improved the recovery of SCI mice and promoted the locomotion ability of these mice.

GMNF Promotes the Neural Stem Cell Proliferation in SCI Area
To find out the cellular mechanism of GMNF’s functional influence on SCI mice, the injury area was isolated from these
mice with different treatments and neural stem cell-related markers, including anti-Nestin and anti-SOX2, were used to
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image the neural stem cells in the injury area. We found that the spinal cord tissue at the injury site exhibited more Nestin

+ and SOX2+ neural stem cells at the early injury period (the 4™ day after injury) and an increased number at the middle
stage of the recovery process (the 14™ day after injury) in SCI mice treated with GMNF (Figure 8A—C, 8E-G), with
a higher density in the injury site of SCI mice treated with GMNF compared to NGF treatment (Figure 8B—-D, 8F-H).
These cellular results highlighted the key role of neural stem cells in SCI recovery after GMNF treatment.
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DIV50. Green: cells stained with anti-Tujl; arrowheads: cells with developed process. Scale bar, 30 ym. (F) Number of processes 20 pm away from the surface of cell body
under anti-Tujl staining at DIV50. (G) Immunofluorescence image of NPCs differentiating to neurons at DIV60. Green: cells stained with anti-Tujl; arrowheads: cells with
developed process. Scale bar, 30 um. (H) Number of processes 20 ym away from the surface of cell body under anti-Tujl staining at DIV60. (I) Inmunofluorescence image of
NPCs differentiating to neurons at DIV60. Red: cells stained with anti-Map2; arrowheads: cells with developed process. Scale bar, 50 uym. (J) Number of processes 20 pm
away from the surface of cell body under anti-Map2 staining at DIV60. (K) Fluorescence image of NPCs differentiating to neurons at DIV60. Green: cells infected with AAV-
EGFP; arrowheads: cells with developed process. Scale bar, 30 um. (L) Number of processes 20 pm away from the surface of cell body under AAV infection at DIV60. The
data are presented as mean £ S.D. (n =5in B, D,  H, J and (L). **P < 0.00| (Two-tailed unpaired Student’s t-test).

Abbreviations: NGF, nerve growth factor; GMNF, methacrylic acid hydrogel-based nerve growth factor; DIV, days in vitro.

GMNF Promotes Differentiation of Neural Stem Cells into Neurons in the SCI Area
As the neural stem cells differentiated into neurons, we observed the developmental status of the dendrites and axons in
these cells using anti-Map2 and anti-NF. As a result, the dendrites marked with anti-Map2 and the axons marked with anti-
NF were denser in the SCI areas injected with GMNF, whether in the early or late stage of differentiation (Figure 9A and B).
After single neuron imaging with AAV-EGFP, we found that the neurites of differentiating neurons in SCI areas injected
with GMNF were more complex with an increased number of processes and branching structure, suggesting that GMNF
could promote neuronal development during neural stem cell differentiation into neurons (Figure 9C).

Discussion

In this study, we innovatively constructed a nanocomplex to achieve more effective repair after spinal cord injury.
Through in vitro and in vivo experiments, we found that this biomaterial can effectively deliver NGF to tissues and cells,
and it can promote the proliferation and differentiation of neural stem cells and the growth and development of neurons
more efficiently, thus accelerating the recovery process of spinal cord injury.

GMNF Has a High and Sustained Drug Release Capacity and Good Biocompatibility

By studying the physicochemical and biological properties of GMNF, we found that this complex can penetrate cells well
and release the drugs they carry continuously and stably for 3—4 weeks, which is very necessary for spinal cord repair.
The findings of our study revealed compelling evidence regarding the performance of the GeIMA hydrogel as a delivery
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Figure 7 GMNF can effectively rescue the behavior and promote wound recovery in SCI mice. (A) Scheme of GMNF injection to SCI mice. (B) BBB score of wide-type
(control) mice, SCI mice, SCI mice injected with NGF and SCI mice injected with GMNF before 2 days and 2, 7, 14, 21, 28, 35, and 42 days after SCI (n = 5). (C) The rescue
phenotype of hind limb in SCI mice, SCI mice injected with NGF and SCI mice injected with GMNF 42 days after injury. Scale bar, 500 mm. (D) The macroscopic image of
injured spinal cord in SCI mice, SCI mice injected with NGF and SCI mice injected with GMNF 42 days after injury. Scale bar, | mm. Rectangles with dotted green lines, SCI
area. (E) The coronal section of injured spinal cord in SCI mice, SCI mice injected with NGF and SCI mice injected with GMNF 42 days after injury. Rectangles with dotted
green lines, SCI area. Scale bar, | mm.

system for NGFs. The GelMA hydrogel demonstrated a remarkably high and sustained drug release capacity throughout
the experimental duration. When it comes to nerve regeneration, this characteristic is of paramount importance, as NGF
releases must be controlled and prolonged in order to optimize neural stem cell growth and differentiation.”® According
to our study, the GeIMA hydrogel provides a continuous and stable supply of NGFs to the surrounding neural
microenvironment due to its sustained drug release. It is possible to attribute GeIMA hydrogel’s unique chemical and
structural properties to its controlled release kinetics of NGFs. By incorporating methacrylic acid into the gelatin matrix,
the hydrogel is likely to exhibit controlled release, allowing growth factors to gradually diffuse throughout.'>” In order
to promote neural tissue regeneration, this feature mimics the spatial and temporal dynamics of neurotrophic factor
gradients in vivo. Continuous drug release may improve neural stem cell differentiation during critical repair periods,
leading to more complete neuronal connections.

Additionally, the system is highly compatible with the human body and has a very low likelihood of causing a foreign
body reaction. A further benefit of GelMA hydrogel is its excellent biocompatibility. When considering materials for
in vivo applications, biocompatibility is a critical factor, especially in the delicate and complicated spinal cord
environment.”*2° Within the GeIMA hydrogel matrix, neural stem cells grew and differentiated vigorously, indicating
its compatibility with stem cells.*>*' Gelatine and methacrylic acid contribute to GelMA’s biocompatibility, which
reduces the risk of adverse effects on cellular viability. GeIMA hydrogel’s ability to support neural stem cells and its lack
of cytotoxic effects make it an ideal scaffold for neural tissue engineering, so there is no need to worry about artificial
stimulation and damage caused by the complex material itself on the wound, and it can better play the efficacy of the
drugs it carries.

Thence, our study suggests that GeIMA hydrogel has great potential when it comes to delivering NGFs to injured
spinal cords. As a result of its high and sustained drug release capacity and excellent biocompatibility, it can be an
important tool for creating an optimal microenvironment for the regeneration of neural tissue. For this GelMA-based

system to be used in the treatment of spinal cord injuries, further research is necessary, including in vivo investigations.
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Figure 8 GMNF promotes the neural stem cell proliferation in SCl area. (A) Immunofluorescence image of neural stem cells the 4" day (D4) after SCI in SCI mice injected
with NGF or GMNF. Green: cells stained with anti-Nestin; Blue: DAPI; (L) lesion of injury. Scale bar, 50 pm. (B) Density of Nestin+ cells the 4™ day (D4) after SCl in SCI
mice injected with NGF or GMNF. (C) Immunofluorescence image of neural stem cells the 14 day (D14) after SCI in SCI mice injected with NGF or GMNF. Green: cells
stained with anti-Nestin; Blue: DAPI; (L) lesion of injury. Scale bar, 50 ym. (D) Density of Nestin+ cells the 14 day (D 14) after SCl in SCI mice injected with NGF or GMNF.
(E) Immunofluorescence image of neural stem cells the 4™ day (D4) after SCI in SCI mice injected with NGF or GMNF. Red: cells stained with anti-SOX2; Blue: DAPI; (L)
lesion of injury. Scale bar, 50 um. (F) Density of SOX2+ cells the 4™ day (D4) after SCI in SCI mice injected with NGF or GMNF. (G) Immunofluorescence image of neural
stem cells the 14™ day (D14) after SCI in SCI mice injected with NGF or GMNF. Red: cells stained with anti-SOX2; Blue: DAPI; (L) lesion of injury. Scale bar, 50 ym. (H)
Density of SOX2+ cells the 14t day (D 14) after SCI in SCI mice injected with NGF or GMNF. The data are presented as mean = S.D. (n = 5 in B, D, F, and (H). **P < 0.001
(Two-tailed unpaired Student’s t-test).

Abbreviations: NGF, nerve growth factor; GMNF, methacrylic acid hydrogel-based nerve growth factor.

GMNF Better Promotes NPCs Proliferation and Differentiation

GMNF can better enhance the growth and survival of NPCs compared to NGF and promotes their differentiation into
mature neuronal cells. The reasons considered are that GMNF composite scaffolds, as a new type of biomaterial, have good
biocompatibility and adjustability, and their ECM-like porous structure can effectively mimic the microenvironment of
NPC growth in vivo, providing a good ECM for cell proliferation and differentiation.”> Meanwhile, GMNF has good
adhesion and affinity for cells, which can provide an effective three-dimensional support structure for cell growth and
differentiation, thus further increasing their survival rate on the scaffold.*® In addition, GMFN effectively solves the
problems of short half-life, easy degradation and inactivation, and poor targeting of NGFs, and achieves their gradual and

3435 which is able to stimulate the proliferation and differentiation of NPCs, and promote their

136

controllable release,
development in the direction of neurons. Yao et al”” also demonstrated that hydrogel scaffolds supported axonal regenera-
tion of neural stem cells (NSCs) within their channels, favoring NSCs infiltration and local neuronal differentiation.

The results of this study indicate a significantly enhanced proliferation of NPCs in the presence of GMNF. This
heightened cell proliferation is of particular interest as it suggests that the GeIMA hydrogel, serving as a carrier for nerve
growth factors, creates a microenvironment conducive to robust cellular replication.’”® The controlled release of growth
factors from the GelMA hydrogel is likely a key factor in this observed effect, providing a sustained and optimal supply
to NPCs over time. The specific mechanisms underlying the enhanced proliferation warrant further exploration. It is
conceivable that the unique properties of the GelMA hydrogel, including its biocompatibility and structural character-

istics, play a role in facilitating cell adhesion, migration, and mitosis. The promotion of NPCs proliferation by GMNF
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Figure 9 GMNF promotes differentiation of neural stem cells into neurons in the SCl area. (A) Immunofluorescence image of neural stem cells during differentiation the |5 day
(D15) and the 40™ day (D40) after SCI in SCI mice injected with NGF or GMNF. Green: cells stained with anti-Map2; blue: DAPI. Scale bar, 30 ym. (B) Immunofluorescence image of
neural stem cells during differentiation the 15% day (D15) and the 40 day (D40) after SCl in SCI mice injected with NGF or GMNF. Green: cells stained with anti-Nestin; blue: DAPI.
Scale bar, 50 um. (C) Image of single neurons marked with AAV-EGFP and the number of processes 20 um away from the soma 60" day after SCl in SCI mice injected with NGF or
GMNF. Green: EGFP. Scale bar, 50 pm. The data are presented as mean * S.D. (n = 5 in (C). ***P < 0.00| (Two-tailed unpaired Student’s t-test).

Abbreviations; NGF, nerve growth factor; GMNF, methacrylic acid hydrogel-based nerve growth factor.
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may have significant implications for therapeutic strategies aiming at replenishing damaged neural tissue in conditions
such as spinal cord injuries.

Additionally, equally compelling is the observation that GMNF not only facilitates cell proliferation but also promotes the
differentiation of NPCs into more specialized neural cell types. The increased propensity of NPCs to differentiate into neurons,
astrocytes, or oligodendrocytes in the presence of GMNF underscores its potential as a modulator of neural lineage
commitment. This finding is crucial for the regeneration of functional neural tissue, as diverse cell types are necessary for
rebuilding complex neural networks.>*** The molecular pathways and signaling cascades driving the observed effects on
NPCs differentiation merit further investigation. Understanding how GMNF orchestrates the fate determination of NPCs
could provide valuable insights into the design of targeted therapies for neurological disorders and injuries.

The ability of GMNF to simultaneously enhance cell proliferation and guide NPCs towards specific neural lineages
positions it as a promising candidate for regenerative medicine applications. Harnessing the regenerative potential of
GMNF may open new avenues for the development of therapies aimed at repairing and restoring function to damaged
neural tissue. Thus, GMNF helps to better mimic the microenvironment of neural regeneration in vivo under in vitro

conditions, providing new possibilities for neural tissue engineering and repair.

GMNF Better Improves Behavior in SCI Mouse Models by Promoting NSCs Proliferation

and Differentiation

To further confirm the efficacy of GMNF in SCI treatment, we created SCI models and conducted animal experiments.
The results confirmed that GMNF could better promote the repair of SCI area in mice models as well as the proliferation
and differentiation of NSCs, thus restoring nerve conduction and improving their behavioral ability. The reasons maybe
that GMNF provides a good three-dimensional support structure and, furthermore, its tunability allows its physical and
chemical properties to be optimized to better mimic the physiological environment of the SCI region.*'** Thus, this
helps to promote the colonization and proliferation of NSCs in the injury region. Meanwhile, the introduction of NGFs
further enhances the biological activity of the injured area.*> Hu et al** demonstrated that NGFs had the effect of
stimulating the growth and differentiation of neuronal cells, and by loading NGFs into the GelMA gel scaffolds enabling
their gradual release; they provide continuous neural stimulation and guide the development of NSCs towards neuronal
differentiation. In addition, it has been shown that hydrogels, through their natural bioactive molecules, are able to attract
and activate endogenous stem cells in the surrounding tissues,* thereby inducing their decolonization in the SCI area,
which in turn enhances the potential for nerve regeneration. Thus, GMNF creates a microenvironment more favorable for
NSCs growth and differentiation, which better facilitates their biological response in the SCI region.

Despite the excellent potential of GMNF in SCI models, there are some shortcomings in the study. We have not
conducted an in-depth study of the extent to which GelMA gel scaffolds alleviate the inflammatory state in the SCI
region, which may limit our understanding of the full effect of GeIMA. Later studies should focus on the role of GeIMA
in the inflammatory microenvironment to better understand its mechanism in providing suitable biological conditions and
promoting NSC colonization. This will help provide more comprehensive and actionable information for SCI treatment
and advance the field of neural tissue engineering.

Conclusion

In summary, GMNF composite scaffolds have good biocompatibility and can effectively prolong the half-life of NGFs,
allowing them to better play a scaffolding role in the SCI region, and their porous structure promotes the proliferation and
colonization of NPCs and facilitates their differentiation and maturation. In addition, animal experiments further
demonstrated that GMNF could more markedly promote SCI repair in vivo and promote NSCs proliferation and
differentiation, thereby restoring nerve conduction and improving behavioral ability in SCI models. It is a fascinating
and potentially impactful area of research, as spinal cord injuries often result in severe and lasting consequences. Using
hydrogels for controlled release of nerve growth factors can be a promising strategy to create a supportive environment
for neural regeneration. Neural stem cells play a crucial role in this process as they have the potential to differentiate into
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various neural cell types. Therefore, the application of GMNF composite scaffolds shows great potential in SCI
treatment.
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