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Purpose: Spinal cord injury (SCI) is an incurable and disabling event that is accompanied by complex inflammation-related
pathological processes, such as the production of excessive reactive oxygen species (ROS) by infiltrating inflammatory immune
cells and their release into the extracellular microenvironment, resulting in extensive apoptosis of endogenous neural stem cells. In this
study, we noticed the neuroregeneration-promoting effect as well as the ability of the innovative treatment method of FTY720-CDs
@GelMA paired with NSCs to increase motor function recovery in a rat spinal cord injury model.

Methods: Carbon dots (CDs) and fingolimod (FTY720) were added to a hydrogel created by chemical cross-linking GelMA
(FTY720-CDs@GelMA). The basic properties of FTY720-CDs@GelMA hydrogels were investigated using TEM, SEM, XPS, and
FTIR. The swelling and degradation rates of FTY720-CDs@GelMA hydrogels were measured, and each group’s ability to scavenge
reactive oxygen species was investigated. The in vitro biocompatibility of FTY720-CDs@GelMA hydrogels was assessed using neural
stem cells. The regeneration of the spinal cord and recovery of motor function in rats were studied following co-treatment of spinal
cord injury using FTY720-CDs@GelMA hydrogel in combination with NSCs, utilising rats with spinal cord injuries as a model.
Histological and immunofluorescence labelling were used to determine the regeneration of axons and neurons. The recovery of motor
function in rats was assessed using the BBB score.

Results: The hydrogel boosted neurogenesis and axonal regeneration by eliminating excess ROS and restoring the regenerative
environment. The hydrogel efficiently contained brain stem cells and demonstrated strong neuroprotective effects in vivo by lowering
endogenous ROS generation and mitigating ROS-mediated oxidative stress. In a follow-up investigation, we discovered that FTY720-
CDs@GeIMA hydrogel could dramatically boost NSC proliferation while also promoting neuronal regeneration and synaptic
formation, hence lowering cavity area.

Conclusion: Our findings suggest that the innovative treatment of FTY720-CDs@GelMA paired with NSCs can effectively improve
functional recovery in SCI patients, making it a promising therapeutic alternative for SCI.
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Introduction

Direct and rapid mechanical damage to the spinal cord causes spinal cord injury (SCI), which results in permanent motor
impairments (weakness or paralysis), sensory deficiencies, and autonomic dysfunction. A cystic cavity is formed as a result of
a succession of pathophysiological processes that contribute to extracellular matrix degeneration, such as inflammation, neuronal
injury, and death.' The cavity hinders cellular infiltration and axon regrowth, which eventually becomes a major barrier to nerve
regeneration after SCL.*> Following spinal cord injury, the injured site loses a large number of endogenous neural stem cells
(NSCs) as well as neurons, which is followed by an exacerbation of the secondary injury cascade, which eventually leads to the

formation of a neuroglial scar around the lesion, inhibiting nerve regeneration.®® Changes in the microenvironment, together
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with CNS neurons’ lower regenerative capacity, result in a considerable decline in the self-repairing capacity of spinal cord
tissues. In such cases, any treatment that focuses on a single element is unlikely to result in successful brain tissue repair.

It has been proven that concurrent therapy of cell transplantation and decrease of glial scarring following spinal cord
damage can improve subsequent recovery.”'® Previously, biomaterials and their composite scaffold constructions were
widely used in animal models to increase the proliferation and differentiation of transplanted stem cells and to minimize
scarring at the transplantation site.'""'*> However, because the spinal cord injury region is frequently an irregular sac-
cavity structure, typical scaffolds frequently do not suit the shape of the spinal cord injury region well, which is
extremely detrimental to subsequent spinal cord injury recovery. Biomaterials and tissue engineering methods are
currently potential treatments for SCI. Biomaterials with biochemical and biophysical properties similar to those of
the natural spinal cord, such as electrostatically spun membranes, can be employed to aid tissue repair and
regeneration.'>'* However, bioengineered scaffolds, such as electrostatically spun silk membranes, have high mechanical
qualities and distinctive morphological patterns that make them poorly populated in localised faulty areas of injury, and
the most powerful therapeutic benefits are frequently limited.

Hydrogels have long been employed as scaffolds for neural tissue engineering due to their superior biocompatibility,
porosity, and mechanical flexibility.'*>'® Hydrogel-based scaffold designs have been shown to have biochemical and
biophysical properties similar to those of the natural extracellular matrix of the brain/spinal cord, allowing for efficient
filling of irregular lesions and mimicking the physiological environment of biological tissues, thereby promoting
neuronal survival and differentiation.!” Hydrogels are widely used in the treatment of spinal cord injuries due to their
unique plasticity and ability to Hydrogels are frequently employed in the treatment of spinal cord injury due to their
remarkable plasticity and capacity to transport cells and growth agents. Hydrogels have a high degree of biocompatibility
and degradation, as well as good modification capabilities. As a result, they may be simply adjusted to accommodate
equivalent groups on their surfaces. It has been demonstrated that injectable hydrogels may successfully fill the lesion
cavity and adhere to the shape of the defect, blending smoothly with the host tissue.'® Another benefit of injectable
hydrogels is that they can be injected directly into the target area or tissue using minimally invasive procedures, hence
preventing secondary damage.'®*° Another advantage of injectable hydrogels is that they can be injected directly into the
target area or tissue using minimally invasive procedures, hence preventing secondary harm. Based on these features, the
current study decided to use GelMA, an injectable hydrogel, as a carrier to fill the hydrogel in situ in the wounded area,
providing greater nutritional and supporting protection.

One of the most significant alterations in spinal cord injury is an increase in reactive oxygen species (ROS) localized to the
damage.?'*? According to growing data, dramatically higher levels of reactive oxygen species (ROS) within the injured spinal
cord play an important role in the secondary injury cascade response.?® Scavenging ROS is thus an effective method to reduce
subsequent harm following acute spinal cord injury.?*2® Carbon dots (CDs) are nanoscale particles that have received a lot of
attention in the biological arena. Carbon dots, due to their biocompatibility and hydroxyl and carboxyl structures on their
surfaces, can considerably suppress the production of reactive oxygen species (ROS) in the wounded area and reduce local
inflammation, hence aiding injury repair.”” Furthermore, carbon dots can be changed by various synthetic procedures, and
other chemical groups can be added to their surface to enhance their biological capabilities. Selenium-doped carbon dots (Se-
CDs) have been discovered to be a type of modified carbon dots generated by hydrothermal treatment of L-selenocysteine.
After oxidative damage, it shows a clear protective impact on astrocytes and PC12 cells. Furthermore, Se-CDs outperformed
carbon dots alone in terms of anti-inflammatory and anti-apoptotic activity.?*=°

As previously stated, one of the key changes that occurs after spinal cord injury is the loss of endogenous neural stem
cells (NSCs) as well as neurons.’®®' As a result, finding techniques to stimulate neuronal to neuronal development of
endogenous neural stem cells at the damage site is critical. Fingolimod (FTY720) is a type of drug used to treat multiple
sclerosis, and existing studies have shown that FTY720 can reduce neural stem cell differentiation to astrocytes and
promote neural stem cell proliferation to a certain extent, which has good neuroprotective effects and a wide range of
prospects for application in spinal cord injury.*** As a result, in the current study, we decided to include FTY720,
a drug co-loaded with NSCs in a hydrogel, to synergize the effect and jointly promote the proliferation and differentiation
of neural stem cells in the local area of spinal cord injury, as well as to reduce the formation of astrocytes, which reduces
scarring of the injured area.
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In this study, a GelMA hydrogel loaded with FTY720 CDs (FTY720-CDs@GeIMA) was innovatively created so that
it coupled with NSCs to fill the capsular cavity of spinal cord injuries via in situ injection to promote spinal cord healing
(Schematic 1). The resultant hydrogel has good biocompatibility and ROS scavenging capabilities, and it has been shown
in vitro to have considerable protective effects on astrocytes and NSCs. Furthermore, FTY720-CDs@GelMA hydrogel
implantation boosted neuronal differentiation of transplanted NSCs, decreased glial scar formation, and aided axonal
regeneration and neural circuit repair. The results demonstrated that combining FTY720-CDs@GelMA hydrogel with
NSCs greatly improved motor function recovery after spinal cord damage in rats, suggesting a new strategy for the
holistic treatment of spinal cord injury.

Materials and Methods

Preparation and Characterization of Carbon Dots

Water-soluble Se-CDs were created using a previously disclosed method.?” In 10 mL of deionized water, 200 mg of
L-selenocysteine was dissolved. When the reaction temperature reached 60 °C, the bright yellow selenocysteine solution
changed to an orange-brown colour after the pH was adjusted to 9. The solution was then heated for 24 hours at 60 degrees
Celsius. After centrifuging the brown solution at 10,000 rpm, the supernatant was collected and dialyzed. The freeze-dried
Se-CDs solution produced a brown powder. Distillation was employed to extract the solvent, which was then dried before
being used in further testing. The properties and characterization of the resultant Se-CDs after successful preparation were
investigated using transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), and X-ray
photoelectron spectroscopy (XPS). The zeta potential of Se-CQDs was determined with a Zetasizer Pro (Malvern
Panalytical Ltd, Worcestershire, UK).

Schematic | This paper’s schematic diagram. FTY720-CDs@GelMA hydrogel was prepared, filled with NSCs, and implanted into a rat spinal cord total transection damage
model. This combination therapy enhances nerve regeneration and functional recovery by boosting the proliferation and differentiation of endogenous neural stem cells into
neurons, while also drastically reducing gliogenesis at the lesion site.
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Preparation and Characterization of GelMA Hydrogels Loaded with Carbon Dots as

Well as FTY720

First, 10 ug mL™" of Se-CDs and 15 ug mL™" of FTY720 were dissolved in phosphate buffer solution (PBS, pH=7.4),
respectively. GeIMA was dissolved in PBS with Se-CDs (concentration: 10 pg mL™") and FTY720 (15 ug mL™"). GelMA
hydrogels containing CDs and FTY 720 were then cured for 30 seconds under UV irradiation to generate a GeIMA hydrogel.
The same approach was used to create CDs@GeIMA hydrogels, FTY720@GelMA hydrogels, and GeIMA hydrogels.
Following UV sterilization, all hydrogels were employed in following tests. Scanning electron microscopy was used to
analyze the hydrogels’ characteristics. SEM was used to examine the morphology of the hydrogels. Following that, the
porosity, swelling rate, and degradation rate of the four created hydrogels were examined in order to assess whether the four
hydrogels are biocompatible.

Cumulative Release Estimation of Se-CDs from Hydrogels
Add 7 mL of CDs@GelMA hydrogel to a centrifuge tube with 21 mL of phosphate. The assembly was shaken at 37°C
and 150 RPM. At predetermined time intervals, 3 mL aliquots were withdrawn and replenished with PBS. Having
adjusted to 10 mL, the samples were injected. The samples’ Se-CDs content was evaluated using an external standard, an
Agilent 5110 inductively coupled plasma mass spectrometer.

The total number of Se-CDs released in this investigation is designated by Q, the liquid concentration in the ith
replacement sample is Ci, and the prior (i-1) replacement sample is C;_;. V; is the replacement receiving solution volume,

€6 99

and V is the 21-mL released medium volume. “n” reflects the number of times the receiving solution was replenished and
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m” represents the hydrogel’s Se-CDs mass.
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Determination of Biocompatibility of Hydrogels Loaded with Carbon Dots
Cell live-dead staining, in vivo hydrogel degradation, and visceral toxicity assays were used to confirm the biocompat-
ibility of the hydrogels in the GeIMA, CDs@GeIMA, FTY720@GelMA, and FTY720-CDs@GelMA groups.

First, NSCs were seeded at 1x10* mL ™" on the surface of the hydrogels of the four groups mentioned above, and the
cells were collected after 24 hours of cell culture and stained with a cell live-dead staining kit (Sigma-Aldrich).
Fluorescence microscopy was used to study the cell development of NSCs injected in hydrogels.

In the in vivo hydrogel degradation test, GeIMA, CDs@GelMA, FTY720@GelMA, and FTY720-CDs@GelMA hydrogels
were put subcutaneously on the backs of different SD rats. The rats were killed at regular intervals, and images were taken to
document the weight of the hydrogels in each group.

Finally, to further evaluate the biocompatibility of CDs and whether toxic aggregation or inflammation would occur
after the introduction of CDs as nanoparticles, four hydrogels with different concentrations were implanted subcuta-
neously into SD rats, who were executed on the seventh day after the implantation, and paraffin sections of the rats’
visceral organs were taken and subjected to HE staining, in order to observe the histomorphology of the organs.

Reactive Oxygen Scavenging Assessment
The efficacy of FTY720-CDs@GelMA to scavenge reactive oxygen species was assessed using three methods: DPPH,
ROS, and DHE. The experimental groups were the same as in the section on biocompatibility validation.

A DPPH kit (BC4750, Solarbio, China) was used to test the ability of FTY720-CDs@GeIMA hydrogel to scavenge
free radicals. 100 pL of hydrogel was mixed with 100 pL of solution and incubated in the dark at room temperature for
30 minutes before measuring absorbance (At) at 517 nm. As a blank control (Ac), PBS was added. Scavenging rate of
DPPH=(Ac-AT)/Acx100%.

Using a reactive oxygen species detection kit (Beyotime, China), the effect of four sets of hydrogels on the
elimination of cellular reactive oxygen species was examined. NSCs were inoculated on hydrogels at a density of
5x10* mL ™', the medium was removed after 3 days of incubation, the cells were stimulated with 100 pM H,O, for 30
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minutes and then washed away with PBS to remove H,0,, and DCFH-DA was incubated for 20 minutes and then washed
away with PBS to remove unbound DCFH-DA, and fluorescent intensity of each group of hydrogels was measured using
fluorescence microscopy.

The DHE kit (Bestbio, China) was used to test the in vivo reactive oxygen species scavenging effect of FTY720-CDs
@GeIMA. After 24 hours, the hydrogels were implanted into the leg muscles of rats, and the muscle tissues were
collected and freeze sectioned. After incubating the DHE probes at room temperature for 1 hour, the unbound DHE was
washed away with PBS, and the in vivo tissue reactive oxygenation was evaluated using fluorescence microscopy.

Isolation, Culture and Characterization of NSCs

The Animal Protection and Use Ethics Committee of Jilin University (2019032) authorized all animal experimental protocols.
At 13—14 days of gestation, neural stem cells were extracted from the hippocampus region of the brain of fetal rats. Cells were
grown at a density of 2x10* mL in T25 culture flasks. DMEM/F12 (Gibco, USA), 2% B27 neural supplement (Gibco, USA),
20 ng mL ™" epidermal growth factor (EGF; Invitgen, USA), 20 ng mL " basic fibroblast growth factor (bFGF, Sigma), and 100
ng mL™" penicillin-streptomycin (Gibco Invitgen) were used in the proliferation medium. The culture medium was replaced
every 2 days, and neural stem cells were passaged and cultivated every 4 days; the second through fifth generations of neural
stem cells were employed for following cell tests.

The NSCs were then transferred to 24-well plates prepped with 10% polylysine and cultured for 12 hours in a cell culture
incubator before the media was removed and 4% paraformaldehyde fixative was added to each well and fixed at room
temperature for 30 minutes. Following the removal of the paraformaldehyde, the wells were rinsed three times with PBS
buffer to eliminate any remaining paraformaldehyde, and then 10% goat serum was added to each well and closed for 1 hour at
room temperature. For 1 hour, the wells were closed at room temperature. After aspirating the excess serum, the immuno-
fluorescent primary antibody (Nestin, Abcam) produced with antibody diluent was applied to each well, and the wells were
incubated at 37°C for 2 hours. PBS buffer containing 5% goat serum and 1%o Triton-X 100 was used as an antibody diluent,
and the unbound Nestin primary antibody was aspirated away from the wells using PBS buffer, and the immunofluorescent
primary antibody was introduced to the wells with PBS buffer. The unbound Nestin primary antibody was washed from each
well with PBS buffer before adding the prepared FITC secondary antibody (Alexa-Fluor 488, Invitgen) and incubating for 2
hours at room temperature. The unbound primary antibody was rinsed off with PBS, and the cell nuclei were stained with
DAPI dropwise in each well, with the findings viewed using a laser confocal microscope.

Proliferation and Differentiation of NSCs in Hydrogels

The CCK-8 technique was used to assess the growth of NSCs in GelMA, CDs@GelMA, FTY720@GelMA, and
FTY720-CDs@GelMA hydrogels. NSCs were injected in 24-well plates at a concentration of 3.0x10* mL™" in the
four hydrogel groups mentioned above. On days 1, 4, and 7, the CCK-8 assay was performed by adding CCK-8 solution
to each well and incubating at 37°C for 2 hours. An enzyme meter was used to detect the absorbance at 450 nm.

The differentiation of neural stem cells in different hydrogels was detected using immunofluorescence labeling and
real-time quantitative polymerase chain reaction (QRT-PCR). As previously reported, the NSCs differentiation experi-
mental groupings were divided into four groups: the GeIMA group, the CDs@GelMA group, the FTY720@GelMA
group, and the FTY720-CDs@GelMA group. Different groups of neural stem cells were cultivated for 7 days and labeled
with Tuj-1 antibody (1:500, Abcam, USA) to observe neural stem cell differentiation and synaptic growth. To detect the
differentiation of neural stem cells to astrocytes, separate groups of hydrogel neural stem cells were labeled with GFAP
antibody (1:500, Abcam, USA). The immunofluorescence staining approach was the same as that used to identify neural
stem cells.

gRT-PCR Analysis

Total RNA was extracted using Trizol reagent (Invitrogen, USA) according to the manufacturer’s plan after 7 days of
differentiation culture under varied settings for further quantitative study of NSC differentiation under different conditions.
A Nanodrop spectrophotometer (Tecan, Switzerland) was used to assess total RNA concentration and purity. Using the
PrimeScript kit (TAKARA, CHINA), the RNA samples were reverse transcribed into cDNA for gPCR. Table 1 displays the
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Table | Primer Sequences

Gene Forward Primer Reverse Primer

Tuj-1 GATCGGAGCCAAGTTCTG GTCCATCGTCCCAGGTTC
GFAP GCAGACCTTCTCCAACCTG | ACTCCTTAATGACCTCTCCATC
GAPDH | TCGCCAGCCGAGCCA CCTTGACGCTGCCATGCAAT

primer sequences for the target gene. The qPCR program began with a 10-minute denaturation at 95°C, followed by 40
cycles of 95°C for 30 seconds, 58°C for 1 minute, and 72°C for 1 minute. GAPDH as an internal control gene.

Construction of an Animal Model of Spinal Cord Injury

All procedures involving rats adhered to the guidelines provided by the Institutional Animal Care and Use Committee of
Jilin University (Changchun, P. R. China, KT202203069). Adult female SD rats weighing 200-250 g were purchased
from Jilin University’s Experimental Animal Center. The experimental animals were kept in a constant temperature
chamber with a temperature of (23+£2°C) and a photoperiod of 12/12h, and they had free access to water and food until
they were used.

All rats were separated into five groups: the GelMA group, the CDs@GelMA group, the FTY720@GelMA group, the
FTY720-CDs@GelMA group, and the FTY720-CDs+NSCs group. Six rats in each group, 30 in total.

To create a rat spinal cord total excision damage model, the following procedure was employed. The rats were
sedated with sodium pentobarbital at a dose of 30 mg/kg body weight. To reveal the thoracic spinal cord segments, a T9
laminectomy was performed. The spinal cord tissue was removed with ophthalmic scissors, gauze was used to stop the
bleeding, and saline was rinsed before being implanted into the GelMA group, the CDs@GelMA group, the
FTY720@GelMA group, the FTY720-CDs@GelMA group, and the FTY720-CDs+NSCs group, according to experi-
mental groupings. The soft tissues were sutured and the skin was closed layer by layer. To prevent bladder pee
accumulation, postoperative therapy included aided voiding three times per day. During infection prevention, penicillin
100,000 units/kg each rat was administered intramuscularly daily during the first three postoperative days.

BBB Score

The BBB score was used in this investigation to determine recovery of motor function following spinal cord damage in
all groups of rats, who were assessed weekly for 8 weeks. Two independent reviewers who were ignorant of the animals’
treatments rated all rats weekly over a 4-minute period.

Histologic Staining and Immunofluorescent Staining

After 8 weeks, the rats were killed, and the spinal cord tissues were fixed with 4% paraformaldehyde for 24 hours and
dehydrated with 30% sucrose for 24 hours. The treated spinal cord tissues were cryosectioned at 20 um thickness, stained
with hematoxylin and eosin, and examined under a light microscope. The immunofluorescence staining procedure was as
follows. Sections were fixed with antigen repair solution and treated for 30 minutes with 5% goat serum. Tuj-1 (1:500,
ab7751, Abcam) and NF200 (1:200, ab3966, Abcam) immunofluorescent primary antibodies were put on slides and
incubated at 4°C for 24 hours before being washed with PBS. After incubating in the dark at room temperature for 40
minutes, immunofluorescent secondary antibodies (Alexa Fluor 488, 1:400; Alexa Fluor 594, 1:800; Invitgen) and free
antibodies were removed by washing with PBS. Finally, DAPI-labeled nuclei were added to the slices, which were then
sealed with glycerol and examined using a fluorescence microscope.

Statistical Analysis

All quantitative data were analyzed with GraphPad Prism 5.0 software (GraphPad software, USA) and expressed as mean
+ standard deviation. One-way analysis of variance (ANOVA) was used for more than two variables, and #-test was used
for two variables. p < 0.05 was considered statistically significant.

4086 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Qi etal

Results

Preparation and Characterization of CDs

Scanning electron microscopy was used to evaluate the properties of the prepared Se-CDs. Figure 1A shows that the prepared
Se-CDs have a nanoscale structure. The scanning electron microscopy results (Figure 1A) showed that Se-CDs had been
successfully synthesised. The Se-CDs were spherical in form, with an average diameter of around 19 nm. The relatively tiny
particle size of the manufactured carbon dots could be explained to shrinkage of the shell layer during sample preparation and
drying. The zeta potential of prepared Se-CQDs was —16.2 & 0.34. The molecular structure of the Se-CDs was further
characterised using FTIR infrared spectroscopy. As illustrated in Figure 1B and C), the FTIR spectra revealed that Se-CDs had
a different chemical structure than the precursor molecule L-selenocysteine, confirming the chemical conversion of
L-selenocysteine to Se-CDs. The XPS spectra revealed that the Se-CDs were mostly composed of carbon, nitrogen, selenium,
and oxygen, agreeing with the normal peaks of C 1s, N 1s, O 1s, and Se 3d. The effective synthesis of Se-CDs has been proven.

Characterization of Hydrogels and Free Radical Scavenging Assay
CDs and FTY720 were added to GelMA solution, and UV radiation curing technology was used to successfully prepare
CDs@GelMA, FTY720@GelMA, and FTY720-CDs@GelMA hydrogels (Figure 2A), with the external image demonstrating
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Figure | Characterization of the prepared carbon dots. (A) TEM image of the CDs. Al: low magnification, scale bar:50 nm; A2: high magnification, scale bar:10 nm. (B)
FTIR results of the prepared carbon dots. (C) XPS spectra of the prepared carbon dots.
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Figure 2 Characterization of different groups of hydrogels prepared. (A) External image of different groups of hydrogels formed into gel. (B) Pore structure of different
hydrogels under scanning electron microscope. Scale bar: 500 um.

that the hydrogels could be converted from a liquid to a solid state at room temperature. SEM analysis revealed that the various
groups of hydrogels prepared had suitable pores, and these loose pore-like structures of the hydrogels were favorable for cell and
drug adhesion, allowing for better nutritional support after in situ transplantation in the region of the spinal cord injury
(Figures 2B and 3A).

SEM was used to examine the gel-forming condition and microscopic pore size of various groups of hydrogels (Figure 2).
The prepared hydrogels of different groups had suitable pores, as shown in Figure 2B, and these loose pore-like structures of
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Figure 3 Characterization and reactive oxygen scavenging capacity of different groups of hydrogels. (A) Diameter size of different hydrogel pores. (B) Dissolution rate of
different groups of hydrogels. (C) Degradation time curve of different groups of hydrogels. (D) Free radical scavenging capacity of different groups of hydrogels. *P<0.05.

the hydrogels were favorable for the adhesion of cells as well as drugs, so they could play a better role in nutritional support
after in situ transplantation in the region of spinal cord injury. The swelling rates of various hydrogels revealed that the three
hydrogels had similar swelling rates ranging from 150% to 250%, with the CDs@GelMA hydrogel having a slightly higher
swelling rate of 210% (Figure 3B). The hydrogels’ adequate swelling capacity meant that they could completely fill the voids
after implantation without shifting or dislocating. In Figure 3B, each group of hydrogels demonstrated a good swelling rate,
indicating that each group of hydrogels had strong swelling capacity and could successfully fill the hollow area after spinal
cord injury with a better filling effect. Following degradation rate measurements of the hydrogels in each group (Figure 3C),
we confirmed that the hydrogel’s in vitro degradation time is approximately 21 days, aligning with the natural healing process
of spinal cord injuries. This indicates that the hydrogel will not degrade rapidly after implantation. The hydrogel’s degradation
time matches the endogenous repair time of spinal cord injuries, allowing it to provide slow-release components at the site of
injury, enhancing its effectiveness.

Following spinal cord damage, a high number of nerve cells in the affected area die, and dendrites and axons are
demyelinated. Furthermore, subsequent ischemia/reperfusion injury causes a high amount of ROS to be released in the
injured location, and inflammatory cells in the body begin to move to the injured area in response to ROS stimulation,
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resulting in a localized inflammatory response. The buildup of ROS and inflammatory cells worsens the spinal cord
damage. Later in the healing process, neural stem cells develop into astrocytes and generate a huge number of glial scars
to fill the wounded area, further obstructing the connection between the two ends of the injury. In view of the numerous
adverse conditions stated above, relying solely on endogenous neural stem cells to repair motor and sensory functions
following spinal cord injury is insufficient. To investigate the ROS scavenging effects of several groups of hydrogels, we
assessed the DPPH, ROS, and DHE scavenging effects at three levels: material, in vitro cellular, and in vivo tissue. The
absorbance of the solution following the addition of hydrogels to the DPPH solution was measured to assess the
scavenging impact of different hydrogels on free radicals. The CDs@GelMA hydrogel could scavenge more than 70%
of the free radicals in the solution, while FTY720-CDs@GelMA could scavenge around 65%; the scavenging impact of
both groups was substantially higher than that of the FTY720@GelMA and GelMA groups (Figure 3D).

Release of Se-CDs from the Hydrogels

Investigation of the release kinetics of Se-CDs from various hydrogel matrices is warranted due to their critical function
in facilitating neurite-to-neurite differentiation in neural stem cells and scavenging reactive oxygen species upon release
from hydrogels. The findings are illustrated in Figure S1, which demonstrates that Se-CDs experienced a phase of
accelerated release within the initial three days, accumulating at a rate of 43.1% by day three. After three days, the
discharge of Se-CDs slowed and on day seven, it approached equilibrium. The cumulative release rate on day fourteen
was 76.6% in the hydrogel group, indicating that Se-CDs were completely released. The prolonged bioactivity of Se-CDs
was not only ensured by this release, but also their capacity to scavenge reactive oxygen species and stimulate neuronal
differentiation into neural stem cells was validated.

Determination of Biocompatibility of Different Groups of Hydrogels

CCKS8 and cell live-dead staining were used in this work to determine the cytocompatibility of the hydrogels in each

experimental group. Figure 4 shows that the FTY720-CDs@GeIMA hydrogel group had the maximum number of living

cells as well as the best cellular activity, showing that the FTY720-CDs@GeIMA hydrogel may provide a suitable

survival environment for NSCs. This prepared the path for the next phase of SCI co-treatment with NSCs.
Subsequently, we established the visceral toxicity of FTY720-CDs@GelMA hydrogel by HE staining. As demonstrated

in Figure 5, no deposition of CDs was shown in the organs of rats in all groups within 7 days after implantation, however, no

evident inflammatory reaction or pathological alterations were seen in the organs of all groups. This implies that the
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Figure 4 Live-dead staining images of NSCs after culture in different groups of hydrogels. (A) Live-dead staining; green: live cells; red: dead cells. Scale bar: 200 um. (B)
survival of neural stem cells in different groups of hydrogels.
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Figure 5 Histological morphology of major organs (heart, kidney, liver and spleen) after implantation of different types of hydrogels. Shown in the figure are Control: blank
control group; GelMA: injectable hydrogel group alone; FTY720@GelMA: injectable hydrogel group loaded with FTY720; CDs@GelMA: injectable hydrogel group loaded
with CDs; FTY720-CDs@GelMA: injectable hydrogel group loaded with FTY720 and CDs. FTY720-CDs@GelMA: injectable hydrogel set loaded with FTY720 and CDs.
Scale bar: 200um.

introduction of CDs did not produce toxicity buildup after implantation of the four groups of hydrogels, confirming that the
four groups of hydrogels have good biocompatibility and can be employed in following in vivo research.

Scavenging Effect of Reactive Oxygen Species in Different Groups of Hydrogels

We then used a ROS kit to confirm the protective impact of FTY720-CDs@GelMA on cells in order to investigate the ROS
scavenging effect of different groups of hydrogels (Figure 6A). The results showed that the number of ROS-positive cells was
significantly lower in the CDs@GelMA group compared to the FTY720@GelMA and GeIMA groups, and the number of ROS-
positive cells was even lower in the FTY720-CDs@GelMA group, with a statistically significant difference when compared to
the CDs@GelMA group (Figure 6C). This beneficial scavenging effect may be related to CDs’ extraordinary free radical
scavenging capabilities. Using the DHE kit, the ROS scavenging function of FTY720-CDs@GelMA hydrogels in in vivo tissues
was investigated (Figure 6B). DHE expression was up-regulated the greatest in the control and GeIMA groups and the least in the
FTY720@GelMA group, according to immunofluorescence staining. However, DHE expression was further down-regulated in
the CDs@GeIMA and FTY720-CDs@GelMA groups, with statistically significant differences compared to the GelMA and
FTY720@GelMA groups (Figure 6D). The preceding experimental results showed that the CDs@GelMA and FTY720-CDs
@GelMA groups had better ROS scavenging effects, with the FTY720-CDs@GeIMA group having the best scavenging effect.

Proliferation and Differentiation of NSCs in Different Groups of Hydrogels

The fetal rat cerebral cortex cells were identified using immunofluorescence labeling. The results revealed that all removed
cells expressed positive Nestin, indicating that the cells were neural stem cells. Nestin expression was persistent in cells
inoculated in FTY720-CDs@GelMA hydrogel (Figure 7A). Following that, we transplanted the isolated NSCs into different
groups of hydrogels for growth and performed CCKS tests at 1d, 4d, and 7d, with the results given in Figure 7B, indicating
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that the neural stem cells could grow normally in each group of hydrogels. Cell survival and proliferation in the FTY720
@GelMA and FTY720-CDs@GelMA groups were consistently maintained at a greater level from the fourth day onward,
demonstrating that FTY720 has a considerable promotion effect on NSC proliferation (Figure 7C).

The restoration of spinal cord function is primarily dependent on neuronal regeneration. As a result, the number of
neurons that differentiate neural stem cells after spinal cord injury is especially essential. We detected neural stem cell
differentiation in different hydrogel groups using immunofluorescence (Figure 8A), and Figure 8B showed that the
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Figure 8 Regeneration of neurons at the lesion site in different groups. (A) Staining of newborn neurons and astrocyte staining and their fusion plots in different groups of
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neuron-ward differentiation of NSCs in the FTY720-CDs@GeIMA group and the CDs@GelMA group was significantly
higher than in the other groups, confirming that the addition of CDs had a significant promotion effect on the neuron-
ward differentiation of NSCs. Figure 8C shows that the expression of astrocytes was dramatically reduced in the FTY720
@GeIMA and FTY720-CDs@GelMA groups, showing that the addition of FTY720 could effectively restrict the
differentiation of NSCs toward astrocytes. The aforesaid findings thoroughly revealed that the combination of FTY720
and CDs could successfully boost NSC proliferation and differentiation while decreasing NSC differentiation to
astrocytes and better promoting SCI healing.

The differentiation of neural stem cells in different hydrogel groups was evaluated using qRT-PCR. The findings revealed
that CDs@GelMA and FTY720-CDs@GeIMA hydrogels facilitated NSC development into neurons (Figure 7D). Tuj-1
expression was higher in the FTY720-CDs@GelMA group than the CDs@GeIMA group. We also discovered that FTY720
dramatically reduced the expression of GFAP during neural stem cell differentiation (Figure 7E). The expression of GFAP was
significantly lower in the FTY720@GelMA and FTY720-CDs@GelMA groups compared to the GelMA and CDs@GelMA
groups. The biological investigations showed that neural stem cells could develop in FTY720-CDs@GeIMA hydrogel and
differentiate into neural cells, which would aid in the functional healing of spinal cord injuries.

Functional Recovery After Spinal Cord Injury

The BBB score was used to assess motor function recovery following spinal cord damage in rats. The findings revealed that
the motor function of rats in each group recovered faster after 4 weeks of injury and was essentially unchanged from 5 to 8
weeks. As demonstrated in Figure 9, the GeIMA group’s BBB score was much lower than the other groups, scoring only 2
points after 8 weeks. The FTY720 @GelMA group and the CDs@GelMA group had slightly higher scores than the GeIMA
group. After 8 weeks, the BBB scores of the FTY720-CDs@GeIMA group and the FTY720-CDs+NSCs group (7.5 and 8
points, respectively) were considerably higher than those of the control group, showing that the FTY720-CDs+NSCs group

may significantly increase motor function recovery after spinal cord injury.
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Functional Recovery and Spinal Cord Regeneration After Spinal Cord Injury

After a spinal cord injury, the major pathologic alterations in the spinal cord are cystic cavities and nerve demyelination
in the injury location. HE and LFB staining were utilized to assess the regeneration of spinal cord tissue following spinal
cord damage. Figure 9A demonstrates that the GeIMA group had a large number of cavities in the damage area, whereas
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the CDs@GeIMA group had fewer cavities, though the cavities were still visible. The cavity in the FTY720@GeIMA
group was much less than in the CDs@GelMA group. The cavity area in the FTY720-CDs@GelMA group was even less
than in the FTY720@GelMA group. The FTY720-CDs+NSCs group had the best healing of the wounded area, and the
injured area was almost devoid of cavity structure.

LFB staining was used to measure myelin regeneration in the affected area following spinal cord injury (Figure 9B).
In the GelMA, CDs@GelMA, and FTY720@GelMA groups, myelin regeneration in the injured center was inadequate,
and the LFB-positive area was 50.5%, 38.9%, and 30.3%, respectively. The proportion of LFB-positive region in the
FTY720-CDs@GelMA group was significantly greater than in the first two groups (83.4%), with the FTY720-CDs
+NSCs group having the highest myelin regeneration (92.5%), which was significantly higher than in the other groups
(Figure 9E). The LFB-stained region was considerably greater in the FTY720@GelMA, FTY720-CDs@GelMA, and
FTY720-CDs+NSCs groups compared to the control group (Figure 9E). The LFB results revealed that the combination
of FTY720-CDs@GeIMA and NSCs had a clear promoting effect on cavity reduction and myelin repair in the injured
area. It is proposed that FTY720-CDs+NSCs can successfully enhance neural stem cell growth and differentiation in
hydrogel and synapse formation, and then effectively fill the local deficiency area.

Modulation of Neurons and Astrocytes by Different Groups of Hydrogels After Spinal

Cord Injury

To further validate the effect of FTY720-CDs@GelMA, a novel injectable hydrogel, on functional recovery after spinal
cord damage, we used immunofluorescence labeling to detect and assess the regeneration of newborn neurons and axons
in the wounded area. As demonstrated in Figure 10A, there were essentially no Tuj-1 positive cells in the GeIMA group.
The CDs@GeIMA group had more newborn neurons than the GeIMA group. Meanwhile, the number of neurons in the
FTY720@GelMA group was higher than in the CDs@GelMA group, and we speculated that this was because FTY720
promoted the proliferation of local neural stem cells, which facilitated the number of differentiations toward neurons.
Some neurons in the FTY720-CDs@GelMA group exhibited synaptic structures, and the number of neurons was much
higher than in the GeIMA, CDs@GelMA, and FTY720@GelMA groups. The FTY720-CDs+NSCs group contained the
most Tuj-1-positive neurons, as well as the longest and most synapses (Figure 10C).

GFAP labeling of astrocytes. As shown in Figure 10B, GFAP staining revealed that there was a significant amount of
GFAP expression in the GelMA group, as well as some GFAP expression in the CDs@GeIMA group, which we
hypothesized was due to CDs’ excellent reactive oxygen species scavenging effect, which greatly reduced the reactive
oxygen species localized to the injury and thus created a microenvironment more suitable for neural stem cell
proliferation, which increased the number of neu Meanwhile, some GFAP was expressed in the FTY720@GelMA
group, although it was significantly lower than in the GeIMA and CDs@GelMA groups. The FTY720-CDs@GelMA
group had a much lower percentage of GFAP-positive area than the other three groups. While the GFAP-positive area in
the FTY720-CDs+NSCs group was greater than in the FTY720-CDs@GelMA group (Figure 10D), we hypothesized that
the addition of NSCs increased local cellular accumulation and local metabolism, which resulted in an increase in
astrocyte production.

Discussions

Facilitating nerve signalling in spinal cord injury recovery is a well-known international challenge.> >’ Following spinal
cord injury, there is a notable decrease in the quantity of neurons in the affected region, along with the stripping of
myelin from axons and dendrites. This process interferes with the initial neuronal communication routes, resulting in
impaired motor and sensory functions below the site of injury.*®*° After an injury, the body starts the process of
increasing and transforming its own neural stem cells in the damaged area to facilitate repair.*>***! The impact of natural
healing is restricted by adverse conditions like inflammation and oxidative stress in the injured area. Additionally, the
repair process is hindered by the presence of a significant cavity at the lesion site caused by spinal cord injury.***
Endogenous neural stem cells can be stimulated to migrate and differentiate following spinal cord damage, but their

production rate is usually insufficient to meet the demand.*®
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Furthermore, the reparative effect of endogenous neural stem cells on motor function recovery following spinal cord
damage has been demonstrated to be ineffective.*® As a result, selecting appropriate biomaterials loaded with neural stem
cells, medicines, or nanoparticles has promising outcomes in the treatment of spinal cord injury.*>*”*® Because hydrogel has
strong biocompatibility and breakdown ability, it was used as a carrier in this investigation to fill the damage localization in situ
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for improved nutrition and supportive protection. FTY720, an FDA-approved immunosuppressant for the treatment of
multiple sclerosis, has a significant protective effect on the central nervous system, and it has been demonstrated that
FTY720 can significantly promote the proliferation of endogenous neural stem cells after spinal cord injury while decreasing
neural stem cell differentiation to astrocytes.*’ The presence of substantial levels of local reactive oxygen species following
spinal cord damage significantly impedes the repair process. As a result, identifying a biomaterial or nanoparticle capable of
effectively reducing reactive oxygen species is critical.’™>' Carbon dots (CDs) are both biocompatible and effective at
scavenging reactive oxygen species. Se-CDs have comparable biocompatibility and more stable chemical characteristics,
implying that they are less biotoxic and more suited for the treatment of neurological lesions.>*>*

This work developed an injectable hydrogel containing CDs and FTY720 coupled with neural stem cells for treating
spinal cord damage. All hydrogels demonstrated good biocompatibility with no internal toxicity or pathological changes
after implantation. There was no accumulation of Se-CDs in any organs, indicating that the FTY720-CDs@GelMA
group is safe for human application.

Following spinal cord injury (SCI), a local oxidative stress response occurred. The animal experiments showed that
reactive oxygen species (ROS) results were in line with in vitro fluorescence intensity detection results. This further confirmed
that FTY720-CDs@GelMA could notably decrease the inflammatory response in the SCI region, and enhance the regenera-
tion of neurons and functional recovery post-SCI. The results suggest that FTY720-CDs@GelMA can suppress the local
inflammatory response following spinal cord injury, enhance the development of new neurons and the restoration of synaptic
myelin, and facilitate the improvement of motor function post-spinal cord injury. The FTY720-CDs@GelMA group
demonstrated a notable advantage in scavenging reactive oxygen species. The HE staining results of the local implantation
did not reveal CD accumulation. Compared to the control group, the subcutaneous implantation sites of each group exhibited
minimal inflammatory reactions and inflammatory cell aggregation, confirming that the introduction of CDs does not induce
local inflammation and demonstrates good biocompatibility for effective in vivo application. In the following test for reactive
oxygen species (ROS) scavenging ability, it was observed that the inclusion of CDs notably improved the hydrogel’s ability to
scavenge ROS. The FTY720-CDs@GelMA group exhibited the highest scavenging ability for ROS, laying a solid foundation
for the future use of CDs in treating localised spinal cord injuries by scavenging ROS in the affected area.

We then introduced neural stem cells into several hydrogels (Figure 7) and examined the optimal milieu for their
proliferation using the CCK-8 technique and immunofluorescence. The experimental findings indicated that NSCs cells
could survive in all hydrogel groups. NSCs in the FTY720-CDs@GelMA group exhibited the highest survival rate. This may
be attributed to the rough surface provided by Se-CDs, which promotes NSCs adhesion and growth. Additionally, the
introduction of FTY720 significantly boosts NSCs proliferation and enhances cell survival. We discovered that
CDs@GelMA and FTY720-CDs@GelMA hydrogels enhanced the differentiation of NSCs into neurons. Tuj-1 expression
increased in the FTY720-CDs@GelMA group compared to the CDs@GelMA group. Additionally, we discovered that the
injection of FTY720 notably decreased the expression of GFAP while neural stem cells were differentiating. The GFAP
expression level was significantly lower in the FTY720@GelMA and FTY720-CDs@GelMA groups compared to the GeIMA
and CDs@GelMA groups. These results align with CDs promoting neuronal differentiation of NSCs, FTY720 inhibiting
NSCs, and CDs inhibiting NSCs as well as FTY720 inhibiting NSCs differentiation into astrocytes.

Immunofluorescence findings indicated that the combination of FTY720-CDs@GelMA enhanced both the quantity and
size of neuronal synapses, resulting in stronger synaptic connections between neurons. The formation of new neurons and
myelin sheaths is crucial for the restoration of nerve function. The number of neurons in the FTY720@GelMA group was
higher than in the CDs@GelMA group. This increase may be attributed to the larger number of neural stem cells (NSCs) under
the influence of FTY720, leading to a greater number of cells without promoting differentiation. The ratio of trends remains
constant as the number of NSCs rises. The study demonstrated a rise in the number of neural stem cells (NSCs), leading to
a corresponding increase in NSC differentiation. Neurons in the FTY720-CDs@GelMA group showed synaptic structures and
a considerably higher number compared to the GeIMA, CDs@GelMA, and FTY720@GelMA groups. The group treated with
FTY720-CDs+NSCs had the highest quantity of Tuj-1-positive neurons, as well as substantially longer and more numerous
synapses compared to the other groups. Astrocytes have the ability to release collagen, which hinders the restoration of
neuronal function. Our investigation discovered that FTY720-CDs@GelMA notably decreased the quantity of astrocytes. The
double immunostaining results in Figure 8 showed that CDs promoted the conversion of endogenous NSCs into new neurons.

International Journal of Nanomedicine 2024:19 https: 4097
Dove:


https://www.dovepress.com
https://www.dovepress.com

Qi et al Dove

Additionally, FTY720 was found to decrease the transformation of NSCs into astrocytes. The combination of FTY720 with
Se-CDs synergistically enhanced the differentiation of NSCs into neurons (Tuj-1) and reduced the differentiation of NSCs into
astrocytes (GFAP). The cellular experimental results above confirmed that FTY720-CDs@GeIMA can enhance the prolifera-
tion and differentiation of neural stem cells into neurons, increase the quantity and length of cellular synapses, enhance the
regeneration of myelin sheaths, and aid in the reconstruction of nerve function.

Motor recovery was evaluated using the Basso, Beattie, and Bresnahan (BBB) score 8 weeks post-injury. The study
results indicated that there was no notable distinction between the CDs@GelIMA group and the FTY720@GeIMA group.
The FTY720-CDs@GelMA group achieved a score of § after 8 weeks, the highest among all groups, demonstrating that
FTY720-CDs@GelMA effectively enhances motor function recovery after SCI. Cystic cavities of varying diameters
develop in the location of the spinal cord damage. The presence of these holes hinders the regeneration of the spinal cord.
Through HE staining and LFB staining (Figure 9), it was seen that FTY720-CDs@GelMA effectively decreased the size
of the cavity in the injured area. Additionally, FTY720-CDs@GeIMA enhanced the recovery of the damaged region,
suggesting increased cell production in that location. LFB is a staining agent used to specifically target myelin proteins,
the primary constituents of axons and the predominant elements of myelin. Myelin regeneration was most pronounced in
the FTY720-CDs+NSCs group, surpassing all other groups significantly. The results indicate that introducing NSCs and
using FTY720 and CDs together can greatly enhance the proliferation of local neural stem cells in spinal cord injury.
Additionally, this combination significantly boosts the neuronal differentiation of NSCs, leading to increased formation
of myelin sheaths in the affected area. These findings align with the outcomes of in vitro cellular studies.

Spinal cord injury repair necessitates neuronal regeneration, which was evaluated using immunofluorescence labelling to
determine the quantity of regenerated neurons (Figure 10). We observed a considerable increase in the number of new neurons
in the FTY720-CDs@GelMA group. The results indicate that the combination of FTY720 and CDs in FTY720-CDs@GelMA
successfully enhanced the proliferation and differentiation of endogenous neural stem cells into new neurons following spinal
cord injury. Following neuronal regeneration, the focus shifts to establishing inter-neuronal signalling pathways, mostly
through the development of axons and synapses. GFAP staining results indicated minimal positive expression in the injury
centre in both the FTY720-CDs@GelMA group and the FTY720-CDs+NSCs group. The remaining groups could discover
a significant level of positive expression in the harm centre. The GFAP-positive area was increased in the FTY720-CDs+NSCs
group compared to the FTY720-CDs@GelMA group. This increase may be attributed to the introduction of NSCs, which
potentially elevated the number of NSCs in the local area, consequently enhancing local cellular metabolism and astrocyte
production. The results indicate that the simultaneous use of FTY720-CDs + NSCs can greatly enhance neurite development
and reduce astrocyte production, promoting the restoration of brain signalling networks.>>>’

The experimental findings demonstrated that Se-CDs could be securely attached within the internal framework of
GelMA. Additionally, Se-CDs enhanced the hydrogel’s anti-inflammatory and antioxidant capabilities, aligning with their
function in other biomaterials. FTY 720 introduction could decrease astrocyte synthesis and enhance neuron regeneration
and axon growth following spinal cord injury, thereby aiding in spinal cord injury recovery.

Conclusion

In this study, we created an injectable composite hydrogel FTY720-CDs@GelMA loaded with CDs and FTY 720 and paired it
with NSCs for the therapy of SCI. This new hydrogel is biocompatible. The CDs enhanced the hydrogel’s ROS scavenging
ability, antioxidant impact, and encouragement of neuronal differentiation of NSCs. FTY720 stimulated the growth of
damaged neural stem cells while inhibiting their maturation into astrocytes. In vitro tests revealed that FTY720-CDs
@GelMA hydrogel increased NSC proliferation and differentiation to create neonatal neurons while decreasing NSC
differentiation to astrocytes. In vivo experiments revealed that this novel treatment of FTY720-CDs@GeIMA hydrogel in
combination with NSCs significantly reduced the area of the injury cavity and demyelination changes, promoted the formation
of new neurons and synapses in the area of the injury, and reduced the formation of glial scars in the area of the injury.
Furthermore, it dramatically increased the recovery of motor function in rats following spinal cord injury, presenting a novel
strategy to the treatment of spinal cord injury.
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