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Traumatic spinal cord injury (SCI) is a major clinical challenge, imposing a significant burden on both patients
and healthcare systems. The complexity of SCI stems from its multifactorial pathogenesis, incorporating a variety
of regulating factors. Despite the exploration of mechanisms of SCI pathophysiology and the development of
biomedical therapies, current clinical interventions are still limited to surgical interventions and rehabilitative
care. This study introduces an approach to protect mitochondria—a pivotal factor in SCI pathogenesis—through
the use of poly(glycerol succinate)-based hydrogel. To regulate the process, the PEGylated poly(glycerol succi-
nate) (PPGS), was designed and synthesized via a novel method, combined with recent findings that emphasize
the roles of glycerol-based hydrogel in soft tissue regeneration. Building on these, an innovative,
bioenergetically-active hydrogel, acrylated PEGylated poly(glycerol succinate) (APPGS), which improves mito-
chondrial function after injury, targeting SCI treatment, was developed. The evidence, supported by both in vivo
and in vitro assays, affirms the therapeutic efficacy of the APPGS hydrogel in SCI contexts. The APPGS hydrogel
represents a significant advancement with substantial potential for clinical application in SCI therapy, offering a
new avenue for addressing the complex challenges of SCI management.

1. Introduction

Traumatic spinal cord injury (SCI) is a catastrophic event that com-
promises spinal cord function, with an annual incidence of approxi-
mately 23.77 per million people [1]. The management of SCI demands
significant healthcare resources and imposes a substantial financial
burden on patients, their families, and society [2-4]. Despite half a
century of research progress, clinical treatments for SCI are still largely
limited to surgical interventions to stabilize and decompress the spinal
cord, along with rehabilitative care. Unfortunately, the outcomes of
these treatments remain unsatisfactory [5]. The pathological

mechanisms underlying the disease involve interconnected events, each
exacerbating the other, manifesting as acute axonal degeneration,
demyelination, glial scar formation, and cyst formation possibly induced
by astrocytes [6]. The vulnerability of spinal cord tissue and the
complexity of recovery factors—including neurotrophic factors, inter-
related or interlinked multimolecular interactions, and clinical and de-
mographic features—contribute to the limitations of SCI repair [7-9].
These challenges are present throughout the different phases of SCI re-
covery, which include the acute, subacute, intermediate, and chronic
stages. Throughout the phases, energy metabolism is considered a key
factor influencing the outcomes of SCI repair, with mitochondria acting
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as a critical regulator [10-12], which can directly affect cellular fitness
and cell death, and influence axonal regeneration and functional re-
covery after SCI [13-15]. Recent therapeutic strategies targeting mito-
chondria have demonstrated neuroprotective effects. For example,
antioxidant therapies have been found to play a vital role in enhancing
mitochondrial function in the context of SCI [16]. Additionally, research
indicates that regulating mitochondrial homeostasis and neuronal fer-
roptosis could mitigate the effects of SCI [17]. Furthermore, improving
mitochondrial bioenergetics could have significant implications for
mitochondrial targeting therapies following central nervous system
(CNS) injuries [18]. Therefore, it is crucial to develop methods that
provide a better environment for bioenergetics.

Over the past few years, the application of biomaterials in tissue
engineering has yielded fruitful research results, becoming a prominent
and captivating area of focus [19-21]. Among these, research on
hydrogels applied to SCI has provided valuable insights for therapeutic
strategies [22,23]. Poly(glycerol sebacate) (PGS) has been proven to be a
promising candidate for tissue repair due to its excellent biocompati-
bility, mechanical properties, and ability to emulate inherent visco-
elastic properties. [24-27]. Advances in the synthesis and biomedical
applications of PGS have focused on its utility in creating scaffolds for
soft tissue engineering [28-30]. These studies highlight the material’s
softness, robustness, and flexibility, making PGS a compelling option for
various biomedical applications. Additionally, its cost-effectiveness
compared to other biodegradable elastomers enhances its appeal [26,
31]. Combining PGS with chondroitinase ABC (ChABC) has been found
to augment nerve regeneration and functional recovery in repairing
transected spinal cords in rats [32]. However, pure PGS elastomers
cannot form materials with hydrogel properties and therefore cannot be
considered glycerol-based hydrogels. In recent years, glycerol-based
hydrogels, as a novel class of organo-hydrogels, exhibit easy form-
ability, possess suitable mechanical and physical properties, and their
other excellent characteristics make them suitable candidates for drug
delivery systems [33,34]. Recent studies have indicated that a bio-
energetically active PGS-based multiblock hydrogel (PEPGS) can pro-
mote soft tissue recovery by revitalizing mitochondrial metabolism
through its central component, glycerol [35]. This finding reveals the
potential of such hydrogels in regulating mitochondrial function, which
can be a crucial step for tissue regeneration. However, to date, there are
no reports of this type of hydrogel being used in the treatment of SCI. To
better adapt to SCI scenarios, our research combines recent findings that
succinic acid (SA) possesses anti-inflammatory properties and promotes
neural repair [36-38]. To further enhance the efficiency and scalability
after hydrogel formation, we employed PEGylated poly(glycerol succi-
nate) (PPGS), substituting sebacic acid with succinic acid. This modifi-
cation made it more suitable for applications in spinal cord tissue
engineering. Additionally, the production process was streamlined,
thereby making it more suitable for large-scale production. The opti-
mization of this method could facilitate broader application and acces-
sibility of PPGS in biomedical fields. However, pure PPGS cannot form a
gel state after dissolving in water; therefore, an acrylation process was
introduced to form acrylated PEGylated poly(glycerol succinate)
(APPGS), which ensured the curing properties of the hydrogel [39].

Based on the aforementioned approaches, the APPGS hydrogel was
prepared for the first time. As an organo-hydrogel, APPGS has potential
applications in the biomedical field, such as drug delivery, tissue engi-
neering, and biosensors. This hydrogel exhibits unique mechanical,
physical, and chemical properties. By regulating mitochondrial func-
tions, it can significantly enhance the reconnection and regeneration of
injured spinal cord tissues, as demonstrated in both in vitro and in vivo
studies. This work may provide new insights into the potential role of
APPGS in supporting regeneration after SCI, including possible benefits
in protecting and restoring intracellular bioenergetics.
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2. Materials and methods
2.1. Materials

Glycerol, SA, Polyethylene glycol (PEG, Mn = 1000), p-toluene-
sulfonic acid monohydrate (PTSA), toluene, p-toluenesulfonyl chloride
(TsCl), and dichloromethane (DCM) were purchased from Sigma-
Aldrich  (USA). Triethylamine (TEA), lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), and acryloyl chloride were pro-
cured from Aladdin Chemistry Co., Ltd. (China). Fourier transform
infrared (FTIR) spectra were measured by Nicolet 5700, Thermo Fisher
Scientific (USA). The proton nuclear magnetic resonance (1H NMR)
spectra were recorded on an Avance NMR Spectrometer from Bruker
(USA). The cell counting kit 8 was acquired from Dojindo Co. (Japan).
The JC-1, MitoTracker Red CMXRos, Calcein-AM/PI, and DAPI were
purchased from Beyotime Biotech. Inc. (China). The FITC Annexin V
apoptosis detection kit was acquired from BD Biosciences (USA). JCM-
7000 scanning electron microscope (SEM) was acquired from JEOL
Ltd. (Japan). The antibody was acquired from Cell Signaling Technol-
ogy, Inc. (USA). The DMi8 was from Leica Microsystems (Germany).

2.2. Synthesis and characterization of APPGS

First, Glycerol monosuccinate was synthesized by reacting equimolar
amounts of glycerol and SA dissolved in toluene with PTSA as a catalyst.
After removing toluene under reduced pressure, the residue was dis-
solved in ethyl acetate, filtered, and evaporated to obtain the product.
This product was dissolved in DCM with TEA, and TsCl was added to
form a tosylate intermediate. PEG in DCM was added to this solution and
stirred under nitrogen to form the PPGS precursor. Glycerol was
attached to the PEG chain’s terminal end, followed by step-growth
polymerization. High vacuum and elevated temperature removed by-
products. Finally, APPGS was synthesized by modifying the pre-
cursor’s hydroxyl groups with acryloyl chloride. Characterization using
FTIR and 'H NMR confirmed the structures. The APPGS could achieve
photo-crosslinking with LAP under a 405 nm blue light source, leading
to stable gelation in less than 10 s.

To assess the swelling behavior, the lyophilized hydrogel samples of
the same size were positioned in a six-well plate. 2 ml of basic medium
was added to cover the samples, followed by incubation at 37 °C. After
24 h, the swelling hydrogels were retrieved with the surface moisture
wiped off. After absorbing the excess liquid using filter paper, their
weights were determined and the swelling ratio of each was calculated
using the following formula:

Wo

. . W
Swelling Ratio = ———
welling Ratio W

In the equation, W; signifies the weight of the hydrogel after swelling,
while Wy denotes the weight of the hydrogel before swelling.

To assess the degradation, the APPGS hydrogel (400 pl), initially pre-
weighed, underwent sterilization via ultraviolet exposure. Subse-
quently, they were immersed in the preweighed Eppendorf tubes con-
taining basic medium and subjected to incubation in a 5 % CO;
environment at 37 °C for 28 d. At discrete time intervals, the samples
were retrieved and their weights determined. The degradation rate was
computed as follows:

Wo — W,

0

Degradation Rate (%) = x 100%

In the equation, W, signifies the final weight of the hydrogel, while W,
denotes its initial weight.

The morphologies of the hydrogels were assessed using SEM. To
prepare the samples, the hydrogels were subjected to a graded ethanol
dehydration series. Following dehydration, the samples were lyophi-
lized to fully remove water and prevent structural collapse. After drying,
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the samples were sputter-coated with gold to enhance conductivity. The
prepared samples were then mounted onto the SEM stage. SEM imaging
was conducted by adjusting the accelerating voltage, working distance,
and magnification to examine the crosslinked network and pore
morphology of the hydrogels.

2.3. Assessment of mechanical properties

The mechanical properties of the hydrogels were measured with a
Mars60 rheometer (Haake) equipped with a 25 mm diameter parallel
plate geometry at 37 °C. Each hydrogel was gently placed on the center
of the rheometer. Frequency sweeps were performed at a constant strain
amplitude of 5 % and frequencies of 10 Hz with an applied time of
15min. Uniaxial tensile testing was conducted using the Material Test
System (INSTRON 5982), equipped with a 20 N load cell.

2.4. Assessment of biocompatibility and mitochondrial protective effects
in vitro

In vitro, the cytotoxicity of APPGS was assessed using the CCK-8
method. Briefly, PC12 cells were cultured in 96-well plates with
DMEM and maintained at 37 °C at a density of 10° cells per well. For
each experimental group, a sample size of three was used (n = 3).
Subsequently, the cells were exposed to either 0 or 100 ng/ml LPS, with
APPGS, 100 pM SA, or 1 % wt. glycerol, for 3 d. Afterward, the cells in
the 96-well plate were treated with CCK-8 and incubated at 37 °C for 1 h
at each time point. The absorbance at 450 nm was measured using a
multifunctional enzyme marker. Next, the CCK-8 assay results of cells
treated with 400 pM tBHP and tBHP with APPGS or 1 % wt. glycerol
were compared with untreated cells. The Live/Dead assay was used to
assess the status of cells treated with or without tBHP, and with or
without APPGS or 1 % wt. glycerol. Calcein-AM was utilized to visualize
live cells, while propidium iodide (PI) was employed to identify
deceased cells. Calcein AM has an excitation wavelength of 494 nm and
an emission wavelength of 517 nm. Conversely, PI exhibits a maximum
excitation wavelength of 535 nm and an emission wavelength of 617
nm.

Flow cytometry for apoptosis is also utilized for the detection of ef-
fect for PC12 cells treated with or without tBHP, and with or without
APPGS or 1 % wt. glycerol. Begin by washing the cells twice using cold
PBS, followed by the resuspension of cells in 1 x Binding Buffer at a
concentration of 1 x 108 cells/ml. Proceed to transfer 100 pl of this
solution into a 5 ml culture tube. Subsequently, introduce 5 pl of FITC
Annexin V and 5 pl of PI. Gently vortex the cells, and then allow them to
incubate for 15 min at room temperature in darkness. Afterward, add
400 pl of 1 x Binding Buffer to each tube, and finally, conduct the
analysis using flow cytometry within 1 h.

For Western blot process of PC12 cells—untreated, treated with
tBHP, or treated with tBHP and APPGS—proteins were extracted using
radioimmunoprecipitation assay (RIPA) lysis, supplemented with phe-
nylmethylsulfonyl fluoride (PMSF). Protein concentrations were quan-
tified using the BCA Protein Assay Kit (Beyotime, China). These protein
samples underwent separation through sodium dodecyl sulfate-
polyacrylamide gels (SDS-PAGE) electrophoresis and subsequent trans-
fer onto polyvinylidene fluoride (PVDF) membranes. After blocking, the
membranes were incubated overnight at 4 °C with primary antibodies,
including anti-Bcl-2 (CST, 3498S, 1:1000, USA), anti-Bax (CST, 147968,
1:1000, USA), anti-Caspase 3 (CST, 14220S, 1:1000, USA), and anti-
B-Actin (CST, 8457, 1:1000, USA). The following day, after incubation
with the corresponding secondary antibody, the bands were visualized
using enhanced chemiluminescence substrates.

To detect the mitochondrial membrane potential of different groups,
the JC-1 assay was used to evaluate the results, with JC-1 monomers
exhibiting an excitation wavelength of 514 nm and an emission wave-
length of 529 nm, whereas aggregates have an excitation of 585 nm and
an emission of 590 nm. MitoTracker Red CMXRos staining assessed the
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status of intracellular mitochondria. Samples were prepared for confocal
microscopy, the platform was adjusted, and images were captured.
Additionally, transmission electron microscopy (TEM) presented the
imaging of intracellular mitochondria. TEM images were acquired using
an HT7800 (Hitachi).

2.5. Evaluation of the functional recovery in vivo

All animal approaches in this study were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of Shanghai Sixth
People’s Hospital Affiliated to Shanghai Jiao Tong University School of
Medicine. Female Sprague-Dawley (SD) rats (250-300 g) were housed
under controlled environmental conditions. All surgeries were per-
formed under anesthesia. Rats were anesthetized and exposed to the
T9~11 lamina and a laminectomy was performed. Then, a complete
surgical transection was performed on the full-transection, PPGS, and
APPGS groups. Subsequently, liquids containing PPGS or APPGS were
injected into their respective groups. In the APPGS group, a light-curing
step was used to form the hydrogel, ensuring its adhesion to both ends of
the injury site on the spinal cord. Post-operative care was provided for
the rats to prepare for subsequent procedures.

Motor evoked potentials (MEPs) were assessed using the electro-
myograph and evoked potential equipment. The operation procedure
followed the published research [40]. At 4 weeks post-injury (wpi), the
rats were anesthetized. The generation of MEPs depended on the stim-
ulation of the corticospinal tract, originating from the motor cortex,
achieved through the application of a transcutaneous bipolar electrode
positioned on the surface of the skull overlying the motor cortex. Sub-
cutaneous insertion of recording electrodes was performed in the tibialis
anterior muscle, and a grounding electrode was subcutaneously placed
in the dorsal region.

During the experiments, the locomotion performance of the rats was
recorded once a week for up to 8 wpi. Another examiner blinded to the
treatment assessed the rats’ behavioral performance by The Basso,
Beattie, and Bresnahan (BBB) locomotor rating scale [41]. Gait analysis
was used to reveal typical sequential footprints after APPGS treatment.
The footprints and pressure heat maps were analyzed and compared
following previously established methodologies [42]. All quantitative
assessments of gait analysis were performed using the VisuGait software
by Shanghai XinRuan Information Technology Co.

2.6. Evaluation of the effect on the spinal cord in vivo

At 1 and 8 wpi, animals were euthanized for histological assessment.
Following anesthesia of the animals, perfusion was executed using PBS
and 4 % paraformaldehyde. The spinal cord tissues were then fixed in 4
% paraformaldehyde overnight, and paraffin-embedded. The samples
were sliced into 5 pm sections, and then further stained for histological
evaluation. Spinal cord sections at 1 wpi were immunofluorescently
labeled with the translocase of the outer mitochondrial membrane 20
(TOM20) and microtubule-associated protein 1A/1B-light chain 3 (LC3)
to assess mitochondrial autophagy. Sections at 8 wpi were subjected to
H&E staining and immunostaining for myelin basic protein (MBP),
indicating remyelination, and growth-associated protein 43 (GAP43),
indicative of axonal outgrowth and regeneration. Additionally, sections
from both 1 and 8 wpi were immunofluorescently labeled with neuron-
specific class III beta-tubulin (Tuj-1), a neuronal marker, and glial
fibrillary acidic protein (GFAP), a marker for astrocytes.

At 8 wpi, the liver, kidneys, lungs, and spleen were collected and
fixed in 4 % paraformaldehyde. The samples were then dehydrated
through a graded ethanol series, embedded in paraffin, sectioned into 5
pm-thick slices, and stained with H&E for histological analysis.

For the transcriptome analysis, rats in both the control group and
APPGS group were euthanized and spinal cord tissues were harvested at
1 wpi. Subsequently, RNA sequencing (RNA-seq) was conducted, and
the relevant data were analyzed.
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2.7. Statistical analysis

In this study, all statistical analyses were performed using the com-
mercial software GraphPad Prism 9, with results expressed as mean +
standard deviation. For comparisons between the two groups, the t-test
was used. For samples involving three or more groups, one-way analysis
of variance (ANOVA) followed by Tukey’s post-hoc test was employed.
P-value of less than 0.05 is considered statistically significant.

3. Results
3.1. Preparation and characterization of APPGS hydrogel

PPGS undergoes acrylation to form APPGS (Fig. 1A). 'H NMR ana-
lyses the structures of PPGS and APPGS polymers (Fig. 1B). The FTIR
spectra of PPGS, succinic acid, glycerol, and PEG are presented in
Fig. S1. Furthermore, the structural integrity and composition of both
APPGS and PPGS were confirmed through FTIR, as shown in Fig. 1C.
FTIR analysis particularly highlighted the chemical backbone of the
polymers, showcasing a strong ester peak at approximately 1732 cm ™!
and a broad absorption peak at 1107 cm™), indicative of hydroxyl
groups. A noteworthy observation was the new characteristic absorption
peak at ~1652 cm ™, evidencing the successful incorporation of acrylate
functional groups into APPGS, which is fundamental to the photo-curing
performance [43]. The transition from liquid to solid states of the
hydrogel was visually documented, providing a clear before-and-after
comparison that showed the rapid solidification capability of the
hydrogel (Fig. 1D). SEM imaging provided detailed insights into the
internal architecture of both the 20 % and 30 % APPGS hydrogels, as
illustrated in Fig. 1E. The SEM images clearly revealed a network of
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interconnected pores in both samples, underscoring significant differ-
ences in pore morphology between the two formulations. The 20 %
APPGS hydrogel exhibited a suitable porous structure, with pore sizes
that facilitate efficient transport and mechanical stability. In contrast,
the 30 % hydrogel presented a denser pore network. Based on these
observations, the 20 % APPGS hydrogel was selected for subsequent
experiments.

3.2. The mechanical, physical, and chemical properties of APPGS
hydrogel

As shown in Fig. 2A, the storage modulus (G’) of PGS and APPGS
hydrogels was consistently higher than the loss modulus (G”). At the
same time, the mechanical properties of the APPGS hydrogel exhibited a
significant enhancement to the PGS. Subsequent tensile tests revealed a
significant improvement in the mechanical strength of the APPGS
hydrogel over its PGS counterpart when prepared under the same con-
ditions (Fig. 2B-D). Interestingly, the swelling ratio of the APPGS
hydrogel was found to be not significantly different from that of the PGS
(Fig. 2E), indicating similar swelling behavior. The slightly lower
swelling property could be attributed to an increased degree of cross-
linking [44]. Remarkably, the APPGS hydrogels exhibited a slower
rate of degradation over 28 d under simulated physiological conditions
compared to PGS (Fig. 2F).

3.3. The regulation of cell activity and anti-apoptotic effects of APPGS in
vitro

Combining the performance of APPGS and previous research, we
subsequently investigated the effects on PC12 cell lines. The results of
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CCK8 showed that the cell viability of the APPGS + LPS group was
significantly higher than the LPS group (Fig. S2). Further experiments
indicated that the APPGS-treated group in an LPS environment showed a
significant improvement compared to groups treated with SA or glycerol
(Fig. S3). Live/Dead assay showed that the dead cell ratio of the glycerol
group in the tBHP environment was higher than the APPGS group
(Fig. 3A). The cell viability of the group treated with APPGS in the tBHP
environment was significantly higher than that of the groups with tBHP
alone or tBHP with glycerol (Fig. 3B). The flow cytometry showed that
apoptosis cell proportion treated with the APPGS group was signifi-
cantly lower than the glycerol group in the tBHP environment (Fig. 3C
and D). The Western blot results provided additional insights into the
mechanisms by which APPGS may exert protective effects against cell
apoptosis (Fig. 3E and F). The analysis revealed alterations in the
expression of apoptosis-related proteins, specifically an upregulation of
anti-apoptotic proteins and a downregulation of pro-apoptotic proteins.

3.4. The anti-mitochondrial apoptosis capability of APPGS in vitro

The TEM results revealed that mitochondria in the APPGS-treated
cells in a tBHP environment exhibited a morphology characterized by
less swollen and a more defined cristae structure, indicative of healthier
mitochondrial conditions (Fig. 4A). Furthermore, the application of
APPGS resulted in mitochondria that were not only structurally pre-
served but also functionally enhanced. This was evidenced by Mito-
Tracker Red CMXRos staining, which demonstrated increased
mitochondrial activity in the APPGS group compared to the groups with
tBHP alone or tBHP with glycerol (Fig. 4C and D). JC-1 assay results
showed that the green fluorescence intensity of the groups with tBHP
alone or tBHP with glycerol in a tBHP environment was higher than the
APPGS or control group, thereby the proportion of normal mitochon-
drial membrane potential was maintained with APPGS (Fig. 4E).
Consequently, this suggests that mitochondrial function with APPGS
treatment more closely resembles that of normal cells. Furthermore,
flow cytometry results in Fig. 4F and G showed a similar trend in cell
proportions in the LR quadrant, demonstrating the protective effects of
APPGS on mitochondria [45]. The method used to co-culture PC12 cells

with the APPGS hydrogel is shown in Fig. 4B.
3.5. The impact of APPGS on the locomotor function recovery in vivo

The time points and treatment regimen were as indicated in Fig. 5A.
The BBB locomotor rating scale suggested a significant improvement in
the APPGS-treated group (Fig. 5B). Further corroborating the BBB score
findings, the MEP analysis offered additional evidence of neurological
recovery. Both the amplitude and latency of MEPs in the APPGS group
were indicative of improved neural conduction and muscle response
capabilities (Fig. 5C-E). Moreover, the gait analysis of the APPGS group
revealed a more regular stepping pattern when compared to the control
group, pointing towards a recovery of coordinated motor activity [46]
(Fig. 5F, Fig. S4). The analysis of footprints, an objective measure of gait
quality, showed that the APPGS group’s stepping pattern was not only
more consistent but also exhibited footprint pressure values that
approached those of normal, uninjured subjects (Fig. 5G-J). This
normalization in gait and pressure distribution highlights the significant
impact of APPGS on restoring locomotor function.

3.6. The tissue recovery situation after using APPGS

8 wpi after the application of APPGS, H&E staining was conducted to
assess the pathological changes following SCI (Fig. 6A). The results
showed that neurons in the sham operation group appeared normal,
with intact nuclei, along with clear nucleoli. In contrast, the SCI control
and APPGS treated groups exhibited neuronal swelling, shrunken neu-
rons with darkly stained, condensed nuclei, and a significant loss and
damage of both neuronal and glial cells. Additionally, the tissue struc-
ture appeared disordered and irregularly arranged. However, APPGS
treatment led to noticeable improvements in the pathological changes,
as the cavity size in the APPGS-treated group was reduced compared to
the control group. The analysis of GFAP expression levels revealed a
noteworthy distinction between the control, PPGS-treated groups, and
the APPGS-treated group at both 1 and 8 wpi, as demonstrated in
Fig. 6B-D. Specifically, the GFAP levels in the control and PPGS groups
were observed to be higher compared to those in the APPGS group.
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Fig. 3. In vitro experiments on the cell activity and anti-apoptotic effects of APPGS. A. The Live/Dead assay results. B. The cell viability assay. ** represents the P
value < 0.01 between the tBHP group and the designated group. ##represents the P value < 0.01 between the glycerol + tBHP group and the designated group. C.
The level of apoptosis was detected by flow cytometry. D. The flow cytometry showed the apoptotic ratio in different groups. * represents the P value < 0.05 between
the control group and the designated group. ** represents the P value < 0.01 between the control group and the designated group. ##represents the P value < 0.01
between the tBHP group and the designated group. @@ represents the P value < 0.01 between the glycerol + tBHP group and the designated group. E. Protein
expression results of Bcl-2, Bax, and CC3 were determined by Western blot. F. The statistics of Western blot results. * represents the P value < 0.05 between the
control group and the designated group. ** represents the P value < 0.01 between the control group and the designated group. # represents the P value < 0.05

between the tBHP group and the designated group.
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cytometry for different groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. In vivo locomotor function recovery following APPGS hydrogel treatment. A. Schematic diagram of the in vivo experimental procedures. B. BBB score results
for the different treatment groups. C. MEP waveforms of the different groups. D. Quantitative analysis of MEP amplitude. E. Quantitative analysis of MEP latency. F.
Gait analysis illustrating functional recovery in the in vivo experiments (blue indicates the right forelimb, green indicates the left forelimb, yellow indicates the right
hindlimb, and red indicates the left hindlimb). G. Quantitative analysis of step width in each group. H. Quantitative analysis of step length in each group. L.
Quantitative analysis of stride length in each group. J. Footprint pressure heatmaps. * represents the P value < 0.05 between the control group and the PPGS or
APPGS group. ** represents the P value < 0.01 between the control group and the PPGS or APPGS group. ## represents the P value < 0.01 between the PPGS group
and the APPGS group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Additionally, the expression of Tuj-1, a marker for neuronal differenti- 3.7. Regulation of in vivo mitophagy by APPGS

ation and axonal regeneration, showed significant improvement in the

APPGS-treated group compared to that of the control and PPGS groups At 1 wpi, the in vivo results indicate that following APPGS treatment,
(Fig. 6E-G). More compelling, however, was the observation of MBP and cellular TOM20 and LC3 expression levels in spinal cord tissue were
GAPA43 expression in the APPGS group (Fig. 6H and I). The fluorescence significantly higher compared to both the PPGS and control groups
intensity was significantly higher than that in both the control and PPGS (Fig. 7A-C).

groups, as shown in Fig. 6J and K.
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Fig. 6. The results of the spinal cord tissue recovery in vivo treated with APPGS hydrogel. A. H&E staining sections of different groups. B. The GFAP expression was
revealed of the injured site in different groups at 1 and 8 wpi. C. The relative MFI of GFAP in different groups at 1 wpi. D. The relative MFI of GFAP in different groups
at 8 wpi. E. The Tuj-1 expression was revealed of the injured site in different groups at 1 and 8 wpi. F. The relative MFI of Tuj-1 in different groups at 1 wpi. G. The
relative MFI of Tuj-1 in different groups at 8 wpi. H. The MBP expression was revealed of the injured site in different groups at 8 wpi. I. The GAP43 expression was
revealed of the injured site in different groups at 8 wpi. J. The relative MFI of MBP in different groups at 8 wpi. K. The relative MFI of GAP43 in different groups at 8
wpi. ** represents the P value < 0.01 between the control group and the designated group. #represents the P value < 0.05 between the PPGS group and the APPGS
group. ##represents the P value < 0.01 between the PPGS group and the APPGS group.

3.8. Biotoxicity assessment in vivo after APPGS application

H&E staining of the vital organs from rats treated with APPGS
revealed no inflammatory reactions, indicating that the hydrogel is
biocompatible in vivo and thus holds promise for clinical applications
(Fig. 8).

3.9. Spinal cord tissue transcriptomic sequencing results after APPGS
application

To unravel the intricate cellular mechanisms of APPGS accelerating
SCI repair, we performed RNA-seq analysis in control and APPGS-
treated groups derived from samples at 1 wpi. Comparing the APPGS
group with the control group, a volcano plot showed the differentially
expressed genes, including down-regulated and up-regulated genes
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Fig. 7. In vivo immunofluorescence analysis of mitophagy. A. Representative images of TOM20 and LC3 expression at the injury site in each experimental group at 1
wpi. B. Relative MFI of TOM20 in the various groups at 1 wpi. C. Relative MFI of LC3 in the different groups at 1 wpi. ** indicates P < 0.01 compared to the control
group, and # indicates P < 0.05 compared to the PPGS group.
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Fig. 8. Biotoxicity evaluation on tissue sections of vital organs. At 8 wpi, H&E staining was performed on vital organs of rats treated with APPGS to assess any
significant inflammatory response.

(Fig. 9A). Gene Ontology (GO) with Kyoto Encyclopedia of Genes and findings revealed the p53 signaling pathway as a potential factor
Genomes (KEGG) analysis revealed the pathways related to cell intertwined with these changes.
apoptosis that are involved in the effects of APPGS (Fig. 9B-E). These

10
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Fig. 9. Transcriptome analysis of the APPGS-treated group compared with the control group. A. Volcano plot of differentially expressed genes (DEGs) between the
control and APPGS-treated groups. Red dots denote significantly upregulated genes, blue dots denote significantly downregulated genes, and gray dots denote genes
without significant changes. B. Bar chart showing Gene Ontology (GO) enrichment analysis of Biological Process (BP) terms for the identified DEGs. C. Bubble chart
illustrating GO enrichment of BP terms for the DEGs. D. Bar chart of KEGG pathway enrichment analysis. E. Bubble chart of KEGG pathway enrichment. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

4. Discussion

SCI may permanently affect spinal cord function, causing familial
and socioeconomic burdens. The pathology of SCI is relatively complex,
but mitochondrial dysfunction impacts all stages of the disease [12,47].
Building upon previous studies where glycerol-based hydrogels regulate
tissue mitochondria to promote tissue regeneration [35], PPGS was

developed to regulate mitochondria after SCI to promote spinal cord
tissue regeneration. 'H NMR and FTIR results confirmed the successful

11

synthesis of PPGS. To achieve better curing into hydrogels for applica-
tion in tissue engineering, an acrylation process was employed to syn-
thesize APPGS. The SEM results indicated that the 20 % APPGS hydrogel
was more suitable for biomedical applications. It exhibited an optimized
porous structure for future experimentation and potential clinical use. In
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recent years, PGS-based biomaterials have received tremendous atten-
tion in fields such as cardiovascular [48], neural [49], and cartilage
tissue engineering [50,51]. Notably, a recent study has demonstrated
that poly(glycerol sebacate)-based multiblock hydrogels can effectively
revitalize mitochondrial metabolism in both in vitro and in vivo ex-
periments [35]. The observed enhancement in mechanical properties
indicates that, compared to PGS, APPGS is a more robust and durable
option for biomedical applications. The increased strength of APPGS
hydrogel suggests its suitability for environments requiring substantial
mechanical support. Meanwhile, the appropriate degradation of the
APPGS hydrogel in a simulated physiological environment demonstrates
its compatibility with biological environments, allowing it to function
effectively and promote seamless tissue growth [52]. Compared to
existing hydrogel systems, the APPGS hydrogel offers several advan-
tages. It exhibits excellent biocompatibility, showing no cytotoxicity,
good in vitro degradability, and outstanding swelling properties. Addi-
tionally, its mechanical properties are superior; the rheological perfor-
mance and elongation at break significantly exceed those of current PGS.
The APPGS hydrogel can be synthesized industrially and used on a large
scale. Compared to other expensive materials that incorporate bioactive
factors, it is easier to store, transport, and use. Its manufacturing process
can be implemented in standard-sized factories within industrial zones.
As is well known, PGS-type materials, due to their excellent properties,
can achieve outstanding drug-loading effects and can be more easily
grafted and chemically modified. In vitro experiments found that APPGS
can increase the survival rate of PC12 cells under tBHP conditions and
reduce apoptosis. The shift in protein expression patterns suggests that
APPGS could modulate the cellular apoptotic machinery, thereby
enhancing cell survival under conditions that would typically induce cell
death.

TEM analysis of mitochondria in the APPGS-treated group provided
compelling insights into the protective effects of APPGS on mitochon-
drial structure and function. The results suggested that APPGS played a
critical role in preserving the integrity of mitochondrial architecture,
thereby contributing to cellular resilience against stressors [53]. Sub-
sequent experiments found that increased mitochondrial activity is
proof of the efficacy of APPGS in promoting mitochondrial function and
inhibiting apoptosis, which is essential for energy production and
cellular health. In vivo experiments demonstrated that the observed
improvements in locomotor function, neural conduction, and gait reg-
ularity collectively affirm the efficacy of APPGS in promoting neuro-
logical and functional recovery. These results suggest that APPGS
treatment may contribute to the restoration of neural pathways essential
for motor function. The synergy of these findings, from the BBB scores
and MEP results to the detailed gait analysis, paints a comprehensive
picture of the therapeutic potential of APPGS in enhancing motor re-
covery after SCI [54]. In vivo immunofluorescence analyses demon-
strated that APPGS treatment significantly enhanced mitophagy.
Further results indicate that a decrease in GFAP expression within the
APPGS group suggests a less astrocytic response, which could be indic-
ative of the level of glial reaction to injury being down-regulated [55].
The increase in Tuj-1 expression levels suggests that APPGS may
enhance certain aspects of the neural environment post-injury and affect
neuronal differentiation. MBP is a critical component of the myelin
sheath, and its increased expression in the APPGS group suggests an
enhanced process of myelination or remyelination. GAP43 is widely
regarded as an intrinsic determinant of neural growth and regeneration,
and its elevated levels in the APPGS group point towards an augmented
capacity for axonal sprouting and neural repair. Due to the hostile
environment at the injured site, biomaterials are needed to bridge the
tissues and create a regenerative environment [56]. These findings
highlight the multifaceted impact of APPGS treatment on the neural
tissue post-SCL. The changed Tuj-1 expression indicates that neuronal
differentiation was affected by APPGS treatment, while the significant
increase in MBP and GAP43 expression underscores the potent regen-
erative and myelinating capabilities conferred by APPGS treatment
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[57-59]. Previous studies have shown that PEG can exert neuro-
protective effects by reducing oxidative stress and mitigating mito-
chondrial dysfunction [60]. This study showed that when PEG is
combined with glycerol and succinic acid, the resulting APPGS formu-
lation can effectively promote spinal cord tissue repair and regulate
mitochondrial function after SCI.

P53 signaling pathway is renowned for its critical role in modulating
mitochondrial apoptosis. This study reveals a deep-seated link between
APPGS application and the inhibition of mitochondrial apoptosis and
the enhancement of bioenergetics [61-65]. Together, these results
delineate a complex picture of the neural repair mechanisms activated
by APPGS, illustrating its potential as a therapeutic agent in enhancing
neural regeneration and recovery following SCI. While the study dem-
onstrates the hydrogel’s effectiveness in promoting mitochondrial
function and tissue repair, future research should further explore the
mechanisms of the hydrogel.

5. Conclusion

The APPGS hydrogel represents a significant breakthrough in the
treatment of SCI by offering a novel approach that promotes bio-
energetics. The APPGS hydrogel can be synthesized on an industrial
scale and used extensively. Compared to other expensive materials that
incorporate bioactive factors, it is easier to store, transport, and utilize.
This strategy not only addresses the immediate aftermath of SCI but also
lays the groundwork for long-term recovery and tissue repair. Both in
vivo and in vitro results demonstrate that APPGS not only mitigates cell
apoptosis but also fosters an environment conducive to the regeneration
and repair of damaged spinal cord tissues. By pursuing future research
directions, APPGS has the potential to revolutionize SCI therapy, offer-
ing new hope for patients and advancing the field of regenerative
medicine.
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