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ARTICLE INFO ABSTRACT
Keywords: Spinal cord injury (SCI) is a serious disease of the central nervous system that is associated with a poor prognosis;
Spinal cord injury furthermore, existing clinical treatments cannot restore nerve function in an effective manner. Inflammatory
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responses and the increased production of reactive oxygen species (ROS) in the microenvironment of the lesion
are major obstacles that inhibit the recovery of SCI. Small extracellular vesicles (SEVs), derived from mesenchymal
stem cells, are suitable options for cell-free therapy and have been shown to exert therapeutic effects in SCI, thus
providing a potential strategy for microenvironment regulation. However, the effective retention, controlled
release, and integration of small extracellular vesicles into injured spinal cord tissue are still a major challenge.
Herein, we fabricated an N-acryloyl glycinamide/gelatin methacrylate/Laponite/Tannic acid (NAGA/GelMA/
LPN/TA, NGL/T) hydrogel with sustainable sEV release (SEVs-NGL/T) to promote the recovery of motor function
after SCI. The newly developed functional sEVs-NGL/T hydrogel exhibited excellent antioxidant properties in an
H,02-simulated peroxidative microenvironment in vitro. Implantation of the functional sEVs-NGL/T hydrogel in
vivo could encapsulate sEVs, exhibiting efficient retention and the sustained release of sEVs, thereby synergisti-
cally inducing significant restoration of motor function and urinary tissue preservation. These positive effects can
be attributed to the effective mitigation of the inflammatory and ROS microenvironment. Therefore, SEVs-NGL/T
therapy provides a promising strategy for the sEV-based therapy in the treatment of SCI by comprehensively
regulating the pathological microenvironment.

1. Introduction [1]. The pathophysiology of SCI is characterized by an original primary
injury and a subsequent secondary injury that can be treated. Urgent

Spinal cord injury (SCI) leads to severe neurological dysfunction surgical decompression combined with corticosteroid treatment has been
including paralysis, incontinence, and chronic pain; these conditions used extensively to alleviate secondary SCI and aims to rescue nerve
create a significant burden on patients, their family, and wider society function [2,3]. However, the overall treatment outcomes for patients
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with SCI remain poor. There is an urgent need to identify the mechanisms
responsible for secondary SCI in order to identify appropriate therapeutic
targets at the molecular level.

Secondary spinal cord injuries, such as electrolyte abnormalities and
the release of reactive oxygen species (ROS) and excitatory amino acids,
cause ischemia, edema, cell necrosis, and apoptosis at the injury site [4,
5]. Of these, oxidative stress induced by free radicals can result in
damage to spinal neurons, glia, and microvascular cells; therefore, these
deleterious conditions are considered hallmarks of the pathophysiology
of secondary SCI [6]. Increased levels of ROS have been reported in pa-
tients with SCI patients along with significant reductions in antioxidants
[7]. In addition, oxidative stress was shown to activate neutrophils to
synthesize proinflammatory cytokines, which then played detrimental
roles in secondary SCI [8]. Therefore, targeting the inflammatory
response and the inhibition of oxidative stress could potentially be an
effective therapeutic intervention for secondary SCI. Previous studies
have shown that the suppression of triggering receptor expressed on
myeloid cells 1 (TREM1) expression in a mouse model significantly
reduced the levels of oxidative stress and improved locomotor function
along with mechanical and thermal hypersensitivity in mouse hind paws
after SCI [9]. Other studies have also shown that antioxidant therapies
achieved certain levels of neuroprotection in animal models but only led
to limited improvements in human clinical studies [10]. Therefore, there
is a clear need to investigate new antioxidant treatments to improve
neurological function after SCI.

Tannic acid (TA), as a cross-linker polyphenol, is widely found in
many plants and has been used in many biomedical products because of
its antioxidant, anti-inflammatory, and antibacterial properties [11].
Several studies have demonstrated the protective effects of TA against
injury, with particular emphasis on attenuating the inflammatory
response, ameliorating oxidative damage and improving antibacterial
activity [12,13]. However, an important issue in the systemic application
of TA is that it remains difficult for TA to reach neural tissue in sufficient
concentrations and in a biologically active form; these limitations have
impeded the clinical development of TA as a potential therapeutic agent.
Herein, we established a three-dimensional (3D) biocompatible hydrogel
by using TA and gelatin methacrylate (GelMA) to provide relatively high
antioxidant and anti-inflammatory abilities to reduce the severe adverse
effects of systemic medication. In addition, it has been shown that the 3D
structure of porous nanomaterials existing in a hydrogel play a vital role
in cellular attachment and the guidance of neurite orientation to enhance
neural proliferation and axonal outgrowth [14,15].

In recent years, mesenchymal stem cell-derived small extracellular
vesicles (MSC-sEVs) have attracted much attention in SCI therapy. Small
extracellular vesicles (sEVs) are extracellular nanovesicles secreted by
various cell types with low immunogenicity and nanometer size, allow-
ing them to cross the brain-spinal cord barrier (BSCB) to exert significant
therapeutic effects in SCI [16]. Several studies have confirmed the neu-
roprotective effects of MSC-sEVs against SCI, which have been mainly
attributed to the neurotrophic, anti-oxidative, anti-inflammatory, and
anti-apoptotic effects of MSC-sEVs [17,18]. These findings indicated the
significant potential of MSC-sEVs as a cell-free factor for SCI therapy.
However, the systemic application of MSC-sEVs cannot target the injured
site directly to realize sustained release, thus creating a major limitation
to their use in this context [19]. In addition, unconjugated or free
MSC-sEVs at the injured site cannot be retained for long periods [20].
Therefore, it is critical that we develop a biomaterial vehicle that can
serve as a sustained release carrier for MSC-sEVs. Herein, we fabricated a
sEVs-N-acryloyl glycinamide/gelatin methacrylate/Laponite/TA (sEV-
s-NAGA/GelMA/LPN/TA, sEVs-NGL/T) functional hydrogel that exhibits
excellent antioxidant and anti-inflammatory properties. The sEVs-NGL/T
functional hydrogel, which supports local, sustainable, and stable de-
livery of sEVs, was designed for SCI treatment to comprehensively
mitigate the SCI microenvironment. We observed a significant restora-
tion in motor function, nerve tissue repair, and urinary tissue preserva-
tion following implantation therapy. These positive effects could be
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attributed to the effective mitigation of the ROS microenvironment and
inhibiting the release of pro-inflammatory cytokines, including tumor
necrosis factor o (TNF-a), interleukin (IL)-6, and IL-1p.

2. Materials and methods
2.1. Hydrogel preparation and physicochemical characterization

2.1.1. Materials

2-hydroxy-2-methyl-1-phenyl-1-propanone (Irgacure 1173, 98%)
was purchased from Sigma-Aldrich (St. Louis, MO, USA), and Laponite
XLG was purchased from BYK Additives and Instruments (Wesel, Ger-
many). N-acryloyl glycinamide (NAGA) was purchased from Zhengzhou
Alfa Chemical Co., Ltd (Zhengzhou, China). GelMa, TA, and 1,1-
Diphenyl-2-picrylhydrazyl (DPPH) were purchased from Aladdin Co.,
Ltd (Shanghai, China).

2.1.2. Preparation of NGL/T hydrogels

First, 25% w/v NAGA, 2% w/v Laponite, and 5% w/v GelMA were
dissolved in deionized water at 37 °C for 30 min. Then, 1% wt of the
photo-initiator Irgacure 1173 (relative to the total weight of the mono-
mers) was dissolved in the NAGA/GelMA/Laponite solution. After com-
plete dissolution, the mixture was cast into plastic molds and crosslinked
for 40 min. The hydrogel formed was then immersed in TA solution at a
concentration of 5% w/v for 24 h to obtain the NGL/T hydrogels.

2.1.3. Microstructure
The morphology of the hydrogels was observed via scanning electron
microscopy (SEM; Merlin FE-SEM; Carl Zeiss AG, Jena, Germany).

2.1.4. Swelling test

Crosslinked cylinder samples (n = 3), with a diameter of 10 mm and a
height of 5 mm, were immersed in phosphate-buffered saline (PBS) at 37
°C for 48 h. Prior to weighing, the surface water of the hydrogel was
removed gently with filter paper, and the swollen hydrogel was weighed.
The swelling ratio was calculated using the following formula:

W, — W,

Swelling ratio = 4 % 100 %

d

in which Wy is the dry weight of the hydrogel and Wj is the swollen
weight of the hydrogel.

2.1.5. Degradation testing

Crosslinked cylindrical samples (n = 3) were prepared to measure
degradation. Each sample was weighed and incubated in PBS at 37 °C.
The samples were retrieved at the given time points (days 1, 2, 3, 5, 7, 10,
14, 21, 28, 35, 42, 56, 70). The entire supernatant was removed from
each dish and the remaining hydrogel was weighed. The following for-
mula was used to calculate the degradation ratio of the hydrogels:

W,
Weight Remaining = Wt x 100%
0

in which Wy, is the initial weight of the sample and W is the weight of the
sample at any given time.

2.2. Cell isolation and culture

Human umbilical cord samples were collected during cesarean sec-
tion procedures under aseptic surgical conditions. The use of human
umbilical cord samples was approved by the ethics committee of Jiangsu
University, and written informed consent was obtained before clinical
sampling. Human umbilical cord mesenchymal stem cells (HucMSCs)
were isolated and characterized. In brief, fresh human umbilical cord
tissues were collected from the Fourth People's Hospital Affiliated to
Jiangsu University and cut into 1-3 mm?® tissue pieces within 5 h of
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collection. HucMSCs were then cultured in minimal essential medium
alpha (MEM-a) containing 10% fetal bovine serum (FBS; Thermo Fisher
Scientific, Waltham, MA, USA), 100 U/ml penicillin, and 100 mg/mL
streptomycin at 37 °C with 5% COa. Cells from passages 3—-6 were used
for subsequent experiments. PC12 cells were purchased from the
Shanghai Cell Bank at the Chinese Academy of Sciences and maintained
in Dulbecco's modified Eagle medium (DMEM; Thermo Fisher Scientific)
supplemented with 10% FBS in a humidified atmosphere containing 5%
CO; at 37 °C.

2.3. hucMSCs characterization

2.3.1. Flow cytometry analysis of hucMSCs

To test the multipotency of hucMSCs, cells from passage 3 were
cultured in MEM-a containing 10% FBS. Then, an appropriate number of
cells were digested, and the cells were re-suspended in PBS to adjust the
concentration to 3 x 10° cells/ml. Next, the cells were incubated with
several antibodies: purified anti-human CD105, purified anti-human
CD29, purified anti-human CD73, purified anti-human CD14, purified
anti-human CD11b, and purified anti-human CD45 (all from Cyagen,
Santa Clara, USA) and, finally, analyzed by flow cytometry.

2.3.2. The induction of osteogenic and adipogenic differentiation in
hucMSCs

HucMSCs from passage 4 were seeded in 12- or 6-well plates and
cultured in osteogenic (Cyagen, Santa Clara, USA) and adipogenic dif-
ferentiation media (Cyagen, Santa Clara, USA) for 21 days. Subsequently,
the differentiated cells were fixed in 4% paraformaldehyde (PFA), and
adipogenic differentiation was detected by staining lipid droplets with
Oil Red O (Cyagen, Santa Clara, USA); mineralization was detected by
staining with Alizarin Red (Cyagen, Santa Clara, USA).

2.4. Isolation and identification of sEVs

2.4.1. Isolation of sEVs secreted by hucMSCs

sEVs were isolated and purified by differential ultracentrifugation, as
described previously [21]. In brief, hucMSCs were cultured in MEM-«
containing 10% sEV-free FBS for 48 h. Next, hucMSCs from passages 3 to
8 were cultured so that we could collect the culture supernatant. Sub-
sequently, sEVs were purified and collected from the conditioned me-
dium. First, the supernatants were centrifuged at 500xg for 10 min and
2000xg for 10 min at 4 °C to remove dead cells and cell debris. Then,
supernatants were centrifuged at 4 °C and 10,000xg for 30 min to
remove organelles. Subsequently, the supernatants were transferred to a
100-kDa molecular wight cut-off ultrafiltration centrifuge tube
(UFC910008; MilliporeSigma, Burlington, MA, USA) and centrifuged at
2000xg for 30 min. Next, the concentrated solution from the upper tube
was collected for ultracentrifugation at 100,000x g for 70 min at 4 °C to
pellet the hucMSCs-sEVs. Then, we used PBS to resuspend the sEV pellet
and centrifuged again at 100,000xg for 70 min. Finally, the pelleted SEVs
were resuspended in PBS. The purified sEVs were collected and subjected
to filtration through a 0.22-pm pore filter (MilliporeSigma) and the so-
lution was stored in a —80 °C freezer for further analysis or used
immediately for experiments.

2.4.2. Nanoparticle tracking analysis

The sizes and concentrations of sEVs were detected by nanoparticle
tracking analysis (NTA; NanoSight, Amesbury, UK). sEVs were first pre-
diluted in PBS (1:2000) and then injected into the sample carrier cell.
NTA measurement was performed at 11 positions.

2.4.3. Transmission electron microscopy

Transmission electron microscopy (TEM) was used to evaluate the
morphology of the isolated sEVs. In brief, a sample of the sEV suspension
was loaded onto copper mesh grids and incubated for 15 min. The sEVs
were then negatively stained with 3% (w/v) phosphotungstic acid for 5
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min. Subsequently, the excess solution on the grid was removed by filter
paper and dried at room temperature. Finally, the sample was observed
by TEM (Tecnai 12; FEI, Hillsboro, OR, USA).

2.4.4. Western blotting

Western blotting was performed to assess the presence of typical SEV
markers (CD81, TGS101, and Alix) and the absence of calnexin expres-
sion. Cells and sEVs were successively lysed with radio-
immunoprecipitation assay (RIPA) buffer. The protein concentration
was then determined using a bicinchoninic acid (BCA) assay kit (Beyo-
time, Shanghai, China). Then, 5 x sodium dodecyl sulfate loading buffer
was added into the preparations as described above. The samples were
then denatured by boiling for 10 min and loaded onto 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gels. After electro-
phoresis, proteins were transferred to 0.22-pm polyvinylidene fluoride
membranes for 1 h. The polyvinylidene fluoride membranes were then
blocked for 2 h at room temperature with blocking buffer and incubated
overnight with primary antibodies (1:1000) at 4 °C, including CD81
(ab79559; Abcam, Cambridge, UK), Tgs101 (ab125011; Abcam), Alix
(ab117600; Abcam), calnexin (2679; Cell Signaling Technology, Dan-
vers, MA, USA). The following morning, the membranes were washed
three times with tris-buffered saline with Tween 20 (10 min per wash)
and then incubated for 1 h with secondary antibodies (1:2000) at room
temperature. Blots were then detected by enhanced chemiluminescence.

2.5. Preparation of sEVs- NGL/T implants

The lyophilized NGL/T hydrogel was fully swelled in PBS, exposed to
UV overnight, and then washed with 70% ethanol and PBS for sterili-
zation. The hucMSC-derived sEVs (1000 pg) were suspended in PBS, and
the suspension of sEVs was pipetted in full into the hydrogel. The sEV-
encapsulated NGL/T hydrogel was then incubated at 37 °C for 1 h and
at 4 °C for 24 h to prepare the sEVs- NGL/T implant.

2.6. Release profile of sEVs from NGL/T hydrogel

To investigate the release behavior of SEVs from the NGL/T hydrogel,
sEVs- NGL/T composites were prepared and washed with PBS to remove
free sEVs. The composites were incubated in 1 mL of PBS in vitro. At pre-
determined time intervals, the 500-uL supernatant was collected and
replaced with an equal volume of fresh medium. The collected samples
were then analyzed by BCA assays to determine the amount of free sEVs
in the supernatant. The cumulative and daily release profiles over time
were calculated and plotted.

2.7. Evaluation of sEVs adhesion and distribution in NGL/T hydrogel

The adherence of sEVs in the NGL/T hydrogel were observed by laser
scanning confocal microscopy. Firstly, Dil-labelled sEVs were encapsu-
lated in the NGL/T hydrogel and allowed to adhere to prepare sEVs-NGL/
T. The sEVs-NGL/T were then observed by laser scanning confocal mi-
croscopy with z-stack scanning to detect Dil signals. The results were
three-dimensionally remodeled, and the spatial distribution of sEVs
along the z-axis was analyzed.

2.8. Quantification and Dil staining assay

The protein content of SEVs was determined with a BCA assay kit by
measuring absorbance at 562 nm. A Dil kit (SLB6089; Sigma Aldrich, St.
Louis, MO, USA) was used to label sEVs according to the manufacturer's
protocol. In brief, sEVs were incubated with Dil dye solution for 1 h at 37
°C in the dark. Labelled sEVs were obtained after centrifugation at
100,000xg for 70 min and resuspended in PBS. We used Dil-labelled
sEVs to prepare Dil-sEVs-NGL/T hydrogel, according to the method
described above. PC12 cells were incubated with Dil-sEVs-NGL/T
hydrogels in a 24-well plate for 24 h. Subsequently, the cells were
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washed with PBS, fixed with 4% PFA, and the nuclei were stained with
Hoechst 33342 (Sigma Aldrich) for 10 min. Images were visualized by
confocal microscopy (GE Healthcare, Chicago, IL, USA).

2.9. In vitro antioxidant activity assay

2.9.1. DPPH radical scavenging assay

A fresh solution of DPPH/ethanol (40 pg/mL) was used for the anti-
oxidant assay. The NGL and NGL/T hydrogels were immersed in 5 mL of
DPPH solution and allowed to react for 30 min. The absorbance at 517
nm was measured using an ultraviolet-visible spectrophotometer (Evo-
lution 300; Thermo Fisher Scientific). The free radical-scavenging rate
was calculated using the following formula:

Ag— A

0

Inhibition% =

x 100

where Ay is the absorbance of the DPPH solution and A is the absorbance
of the hydrogel mixed with the above solution.

2.9.2. Hydrogen peroxide assay

To evaluate the antioxidant function of the NGL/T hydrogel, the
controls and functional hydrogels were immersed in cell culture medium.
After hydrogel swelling, the medium was replaced by a peroxidative
medium containing 100-uM H20,. The concentration of HyO, in the
medium was detected after incubation for 1 h with a hydrogen peroxide
assay kit (Beyotime, Shanghai, China) in accordance with the manufac-
turer's protocol.

2.9.3. Intracellular ROS measurement

To evaluate the protective function of the NGL/T and sEVs-NGL/T
hydrogels for PC12 cells against oxidative stress, we performed a range
of experiments. PC12 cells were seeded into a 12-well plate and co-
cultured with different hydrogels. Subsequently, the culture medium
was replaced by peroxidative medium containing 100-uM H2O, for 24 h.
Following peroxidative culture, the ROS levels in PC12 cells in the
different hydrogels were detected using an ROS assay kit (Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China) in accordance
with the manufacturer's protocols. The production of cellular ROS was
measured using dichlorodihydrofluorescein diacetate (DCFH-DA), a
nonfluorescent, cell-permeating compound. Samples were observed by
fluorescence microscopy (Olympus, Tokyo, Japan) and relative fluores-
cence was analyzed by Image J (NIH, USA) and GraphPad Prism 8.0
(GraphPad Software, San Diego, CA, USA).

2.10. Generating an animal model of SCI and treatment

Animal experiments were reviewed and approved by the Lab Animal
Care and Use Committee of Jiangsu University. All surgical procedures
were performed under a sterile environment. Female Sprague-Dawley
rats, purchased from the experimental animal center of Jiangsu Univer-
sity, aged 7-8 weeks and weighing 200-220 g at the time of surgery,
were used as the SIC model. All animals were maintained under specific
pathogen-free conditions and housed under suitable environmental
conditions (temperature 24-26 °C, humidity 50%, 12-h light/dark cycle)
with sufficient access to food and water. A total of 24 adult Spra-
gue-Dawley rats were randomly divided into the following four groups:
sham (n = 6), SCI (n = 6), NGL/T (n = 6), and sEVs-NGL/T (n = 6). The
SCI model was prepared via complete transection of the spinal cord, as
previously described [22]. After weighing, the rats were anesthetized
with 10% chloral hydrate (3 mL/kg) and placed in the prone position on
an operating table. Fur was removed from the back; after the skin was
cut, the muscle was separated for laminectomy to expose the T9-10
segment. The spinal cord was then transected to create a gap of 2.0 & 0.5
mm. Following precise hemostasis, the different hydrogels were
implanted into the lesion gap, ensuring a tight fit. Different treatment
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strategies were then implemented at the site of injury. Rats receiving
laminectomy but no spinal cord transection were prepared as a sham
group. Finally, the muscle and skin were sutured. For postsurgical care,
penicillin was used for the first 10 days after surgery to prevent infection.
The rats received manual bladder massage twice daily until reflexive
bladder control was restored.

2.11. Locomotor function investigation

We evaluated motor function in the hind limbs each week after sur-
gery until the end of the experiment. Animals were allowed to walk freely
in an open field, and the 21-point Beattie-Beattie-Bresnahan (BBB)
locomotion test was conducted by blinded observers over 5 min for each
animal. The results were analyzed with GraphPad Prism software.

2.12. The preparation of tissue samples

Animals were sacrificed on day seven for the detection of lipid
peroxidation-derived 4-hydroxynonenal (4-HNE) and oxidative DNA
damage 8-hydroxy-2'- deoxyguanosine (8-OHdG) levels in the spinal
cord tissues and at day 56 for other examinations. The animals were
sacrificed by transcardial perfusion of isotonic physiological saline fol-
lowed by 4% PFA under deep anesthesia. We then dissected the spinal
cord (total length: 1.5 cm) encompassing the lesion site. The spinal cord
samples were then processed according to the requirements of the cor-
responding experiments. We also harvested a range of other tissues,
including heart, liver, spleen, lung, kidney, and bladder.

2.13. Immunofluorescence staining

Spinal cord tissues were fixed in 4% PFA and processed into 4-pm
paraffin sections. The prepared spinal cord slides were then incubated
with specific primary antibodies for neurofilament (NF) (Abcam), glial
fibrillary acidic protein (GFAP) (Boster Biological Technology, Pleas-
anton, CA, USA), choline acetyl transferase (ChAT) (Omnimabs, Alam-
bra, CA, USA), 4-HNE (Boster Biological Technology) and 8-OHdG
(Boster Biological Technology) overnight at 4 °C. The following morning,
the sections were washed and then incubated with Alexa Fluor 555-con-
jugated donkey anti-mouse IgG (Invitrogen, Waltham, MA, USA) and/or
FITC-conjugated goat anti-rabbit IgG (ABclonal, Wuhan, China) sec-
ondary antibodies at 37 °C for 1 h. Cell nuclei were counterstained with
Hoechst 33342 (1:300; Sigma-Aldrich). The samples were then analyzed
by fluorescent microscopy (Nikon, Tokyo, Japan). Image J (NIH, USA)
was used for quantitative analysis.

2.14. H&E staining and cavity measurement

To detect the extent of SCI, assess tissue morphology, and determine
the site of injury, the spinal cord tissues were fixed in 4% PFA, gradually
dehydrated, embedded in paraffin, cut into 5-um sections, and then
stained with Mayer's Hematoxylin and Eosin (H&E). H&E sections were
examined to measure the volume of the cavity at the site of SCI. Any
necrotic tissue within the cavities was counted as part of the lesion. The
areas identified in individual sections were measured using Image J
(NIH, USA).

2.15. Masson's trichrome staining

Masson's trichrome staining was conducted using a Masson's Tri-
chrome Stain Kit (Beijing Solarbio Science & Technology Co., Ltd.) in
accordance with the manufacturer's protocols. Masson's staining was
used for image analysis; analysis was performed with Image-ProPlus 6.0
software (Media Cybernetics Inc., Rockville, MD, USA).
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2.16. Cytokine analysis

On the 7th day after surgery, we collected serum samples from each
group of rats. Then, we used enzyme-linked immunosorbent assay
(ELISA) kits (MultiSciences, Hangzhou, China) to determine the expres-
sion levels of TNF-a, IL-1f and IL-6 in the serum of experimental animals;
the assays were carried out in accordance with the manufacturer's in-
structions. Absorbance was measured at a wavelength of 450 nm using a
microplate reader.

2.17. Statistical analysis

Data analysis was performed using GraphPad Prism software. The
results are presented as mean =+ standard deviation (SD). The unpaired
Student's t-test was used to compare data between two groups, while one-
way analysis of variance (ANOVA) was used to compare multiple groups.
P-values < 0.05 were considered statistically significant.

3. Results
3.1. Identification and characterization of hucMSCs and hucMSCs-sEVs

HucMSCs were successfully isolated and purified, as described above.
The morphology of the HucMSCs revealed a spindle-like shape when
viewed microscopically (Fig. 1D). Analysis of the immunophenotypic
profile of hucMSCs by flow cytometry revealed that the cells expressed
typical MSC surface markers, including CD73 (99.24%), CD29 (99.38%)
and CD105 (98.34%), and they showed low expression levels of the B
lymphocyte surface markers CD14 (0.87%), CD11 (0.83%), and CD45
(0.49%) (Fig. 1A).
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To evaluate the multi-lineage differentiation potential of hucMSCs,
we induced such cells to differentiate into adipogenic and osteogenic
cells by culturing in adipogenic or osteogenic induction media. Oil-Red-O
staining revealed numerous lipid droplets in the cytoplasm of HucMSCs
(Fig. 1B), and the cells were positive for alkaline phosphatase (Fig. 1C).
These results indicated that hucMSCs showed multi-lineage differentia-
tion. These data suggest that the isolated and expanded hucMSCs
exhibited the traits of MSCs. Furthermore, we successfully isolated sEVs
from hucMSCs and identified their characteristics using various experi-
ments. TEM, NTA, and Western blot assays were used to identify the
morphology; particle sizes, distributions, and diameters; and expression
levels of surface markers, respectively. TEM and NTA revealed that SEVs
had a spherical shape with an obvious bilayer membrane structure
(Fig. 1E); their diameters were approximately 40-150 nm (Fig. 1F). In
addition, Western blot analysis indicated that sEV-specific markers
(CD81, Alix, and tumor susceptibility gene 101) were expressed on sEVs
and not on hucMSCs and that sEVs did not express calnexin (Fig. 1G). In
summary, these results confirmed that sEVs had been successfully iso-
lated from hucMSCs.

3.2. Characterization of NGL/T and sEVs-NGL/T hydrogels

SEM images (Fig. 2A and B) revealed a reticular porous structure of
the NGL and NGL/T hydrogels. As shown, the TA-treated NGL/T
hydrogel had a denser microscopic aperture than the NGL hydrogel.
Fig. 2C shows the degradation ratio of the NGL/T hydrogel during in-
cubation on day 70. The degradation rate was small in the first month;
this was conducive to providing mechanical support for the damaged
tissue. The swelling behavior of the NGL/T hydrogel is presented in
Fig. 2D. The swelling equilibrium was reached in 48 h, and the overall

B
e o
Isotype = ” :
24 e = : -
8
T P2(0.42%) C
2 —
(&)
%_
© ST T T T T
100 10 10t 10 1P 107
PE-A

F .
Lee Calnexin p——
12647 TSGI 01 "
CDS81 *

1000 5000

Diameter / nm
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Fig. 2. Characterization of NGL/T and sEVs-NGL/T hydrogels. (A, B) Scanning electron micrographs of NGL (A) and NGL/T (B) hydrogels. Scale bar: 20 pm. (C)
Degradation ratio of the NGL/T hydrogels. (D) Swelling ratio of the NGL/T hydrogels in PBS (pH 7.2) at 37 °C. (E) The daily sEV release curve for NGL/T hydrogel (n
= 3). (F) Cumulative release profile of sEVs from NGL/T hydrogel (n = 3). (G) sEVs labelled by Dil (red) in NGL/T hydrogel (z-stack). 3D immunofluorescence images
revealed the distribution of sEVs in hydrogel. Scale bar: 10 pm. (H) Immunofluorescence images showing that sEVs released from the hydrogel can by phagocytosed by

PC12 cells. Scale bar: 10 pm.

swelling rate was low.

As shown in Fig. 2E and F, sEVs loaded in the hydrogels exhibited
continuous release for about a week, and more than 80% of the unob-
structed loaded sEVs were released from the NGL/T hydrogel. Moreover,
the released sEVs did not exhibit significant aggregation or disruption in
structures on both the first and third days of release, thus indicating that
the sEVs from the sEVs-NGL/T hydrogels retained their normal size and
were not damaged by the hydrogel (Supplementary Figure 1). The sus-
tained release of sEVs loaded in the NGL/T hydrogel further ensured its
potential application for effective therapeutic delivery and SCI repair. In
addition, to confirm that sEVs were successfully loaded into the NGL/T
hydrogel, we labelled hucMSC-derived sEVs with Dil, which were then
encapsulated in the NGL/T hydrogel in vitro. Subsequently, the DiI-sEVs-
NGL/T hydrogel was examined by z-stack scanning using a confocal laser
scanning microscope. Immunofluorescence images showed that a
significantly larger amount of sEVs had adhered to the porous structure
and revealed that these were evenly distributed within the hydrogels
(Fig. 2G). To confirm that the sEVs released from sEVs-NGL/T hydrogels
could be absorbed by PC12 cells, we used Dil to label the sEVs. As shown
in Fig. 2H, sEVs were scattered around the nuclei of PC12 cells, indicating
that sEVs released from the hydrogel could be phagocytosed normally by
PC12 cells and further exhibit other forms of functionality.

3.3. The effects of NGL/T and sEVs-NGL/T hydrogels with regards to
antioxidation and neuroprotection

First, to evaluate the antioxidant activity of the NGL/T hydrogels, we
performed a DPPH radical scavenging assay; this is widely used to
evaluate the free-radical scavenging ability of antioxidants. As shown in
Fig. 3A, the DPPH scavenging rate in the NGL/T group reached 95%,

compared to only 3% in the NGL group. Subsequently, the antioxidant
effect was further evaluated. As shown in Fig. 3C, to simulate the path-
ological oxidative microenvironment, HoO5 was added into the cell cul-
ture medium at a concentration of 100 pM. As shown in Fig. 3D, in
comparison with the NGL hydrogel group, the NGL/T and sEVs-NGL/T
hydrogels led to a significant reduction in HoO content. Furthermore,
we also investigated the potential protective function of the hydrogels in
PC12 cells against the ROS microenvironment. PC12 cells were cultured
in the hydrogels under simulated ROS conditions (Fig. 3E). The ROS
levels in PC12 cells in the different hydrogel groups were detected by
DCFH-DA staining. Fig. 3F shows representative fluorescence images of
ROS levels in different groups. Quantitative analysis revealed a signifi-
cantly lower intracellular ROS level in cells cultured in the NGL/T and
sEVs-NGL/T hydrogel when compared to the NGL hydrogel (Fig. 3G).
The functional hydrogel was used for further investigation.

3.4. The sEVs-NGL/T hydrogel improved pathology and motor function
after SCI

The sEVs-NGL/T hydrogel was used for SCI treatment in a rat model
of SCI. The spinal cord was transected to form a gap of 2.0 & 0.5 mm, and
the functional hydrogel was fitted into the gap. The surgical and hydrogel
implantation processes are illustrated in Fig. 4A and B. The recovery of
motor function was tested by the BBB test. Following serious SCI, rats
exhibited almost total paralysis in the SCI group, while the rats treated
with the sEVs-NGL/T functional hydrogel achieved effective recovery of
the motor function in the hindlimbs, with obvious improvement in the
BBB score results when compared with the NGL/T and SCI groups on day
56 post-surgery (Fig. 4C). The NGL/T hydrogel only led to relatively
limited improvements in functional recovery. In comparison with the
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Fig. 3. The effects of sEVs-NGL/T hydrogels with regards to antioxidation and neuroprotection. (A) Absorbance changes of DPPH when exposed to hydrogel. (B)
DPPH radical scavenging activities with different hydrogels. (C) Evaluation of the antioxidant effects of NGL/T and sEVs-NGL/T hydrogels in vitro via the simulation of
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Quantitative results of the intracellular ROS levels of PC12 cells in different groups. Data are presented as mean + SD, n = 3, ***P < 0.001 vs NGL.

sweeping movements observed in the NGL/T group, we observed a sig-
nificant improvement in frequent weight-supported steps following sEVs-
NGL/T implantation therapy (Fig. 4D). BBB scores showed that the sEVs-
NGL/T hydrogel treatment significantly improved functional recovery
post-SCIL. Furthermore, we analyzed histological morphology and the
cavity area in injured spinal cord by H&E staining 56 days after SCI
(Fig. 4E). We observed severely damaged tissue and an obvious cystic
cavitation in the injured spinal cords 56 days after SCI. As shown in
Fig. 4F, the relative area of cystic cavitation in the sEVs-NGL/T group was
significantly lower than that in the NGL/T group and SCI group. These
results demonstrated that the sEVs-NGL/T hydrogel could effectively
improve pathology and motor function after SCI.

3.5. The sEVs-NGL/T hydrogel promoted nerve tissue regeneration after
SCI

To further illustrate the anatomical basis of the recovery of locomotor
function, we performed immunofluorescence staining of spinal cord tis-
sues in each group to evaluate nerve tissue regeneration on day 56 after
surgery. As shown in Fig. 5A, in the SCI group, we observed the aggre-
gation of GFAP™ cells at the edge of the lesion, leaving a poorly repaired
cavity with few NFs. After treatment, the density ratio of NF'" to GFAP"
cells in the sEVs-NGL/T implantation group were significantly reversed.
In comparison to the NGL hydrogel, the sEVs-NGL/T hydrogel showed a
superior effect in terms of nerve fiber restoration, with a higher neuro-
filament redistribution and a higher ratio of NF' to GFAP™ cells. More-
over, the expression of choline acetyltransferase (ChAT) in spinal cord
tissue was also evaluated. Similar results were observed (Fig. 5B); ChAT

transmission was effectively restored in the sEVs-NGL/T group. This
greater distribution of ChAT was also in accordance with the superior
restoration of locomotor function. The results of ChAT staining further
demonstrated the regenerative effects of SEVs-NGL/T.

3.6. Antioxidant and anti-inflammatory effects of the sEVs-NGL/T
hydrogel in vivo

The antioxidant functions of the sEVs-NGL/T hydrogel were further
investigated in vivo seven days after implantation. As shown in Fig. 6A
and B, both 4-HNE and 8-OHdG were highly expressed in the SCI group,
while sEVs-NGL/T treatment markedly reduced the expression of 4-HNE
and 8-OHdG. Moreover, NGL/T hydrogel-treated groups were able to
suppress oxidative stress well; however, the effect was still lower than in
the sEVs-NGL/T treated group. Furthermore, to demonstrate the effect of
SEVs-NGL/T hydrogel on the inflammatory reaction, we analyzed the
expression of TNF-a, IL-1p, and IL-6 in the serum of experimental rats
seven days after hydrogel implantation using ELISA. The levels of TNF-a,
IL-1B, and IL-6 were significantly higher in the SCI group; sEVs-NGL/T
implantation markedly reduced the expression of these pro-
inflammatory cytokines (Fig. 6C, D, E).

3.7. sEVs-NGL/T hydrogel protected the bladder tissue

The recovery of urinary system function depends on the recovery of
spinal cord nerve functions; this is also an important indicator for nerve
tissue repair effects. The volume (Fig. 7A) and weight (Fig. 7B) of blad-
ders in the SCI groups increased significantly within 56 days of injury
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while the urinary bladders of rats in the sEVs-NGL/T treatment group
were almost normal. H&E staining showed that there was severe thick-
ening of the bladder wall and disordered muscle bundles in the SCI
group, while the sEVs-NGL/T group showed normal morphology of the
bladder wall and a regular arrangement of muscle fibers, as observed in
the sham group (Fig. 7C). However, the NGL/T group exhibited relatively
limited improvement in terms of urinary system function. Masson's
staining revealed similar results (Fig. 7D). Compared with the fibrosis
and atrophy of muscles in the SCI group, the sEVs-NGL/T group exhibited
a healthier tissue condition.

3.8. Biocompatibility and safety evaluation of sEVs-NGL/T hydrogel in
vivo and in vitro

To evaluate the biocompatibility of the NGL/T and sEVs-NGL/T
hydrogel, we cultured PC12 cells on the surface of NGL/T and sEVs-
NGL/T hydrogels for 3 and 7 days, subsequently we used optical mi-
croscope to observe the growth morphology of PC12 cells and the results
showed that majority of PC12 cells grew well after coculturing with the
hydrogels for 7 days (Supplementary Figure 2). Moreover, in vitro cyto-
toxicity of hydrogels against PC12 cells after incubation for 1, 3 and 7
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days was detected by CCK-8 tests. As is shown in Fig. 8A, the results
revealed that the cell viability of PC12 cells cultured on sEVs-NGL/T
hydrogels was significantly higher than that of the control group and
NGL/T group, and exhibited excellent cell proliferation tendency.
Furthermore, the cell adhesion and growth morphology were observed
by SEM at 7 days. It can be seen from the Fig. 8B that PC12 cells grow
well on the surface of NGL/T and sEVs-NGL/T hydrogels and the cells are
spindle-shaped with obvious pseudopodia. These results demonstrate
that the sEVs-NGL/T hydrogel has good biocompatibility with neurons.
Finally, we used H&E to stain tissue samples from the major organs
(heart, liver, spleen, lungs, and kidney) of each group. There were no
obvious changes or any pathological changes in any of the major organs
harvested from the NGL/T and sEVs-NGL/T groups after the 56-day
treatment (Fig. 8C), thus further confirming the biocompatibility and
safety of this treatment. Furthermore, the mechanism of sEVs-NGL/T
hydrogel therapy promoting SCI repair was illustrated in Fig. 9.

4. Discussion

The combination of tissue engineering technology and stem cell-
derived sEVs has been widely applied in the repair of tissue damage
[23,24]. In this study, we developed a novel hydrogel with antioxidant
and anti-inflammatory capabilities that can antagonize the adverse ef-
fects of SCI and facilitate tissue repair. Firstly, we successfully isolated
and purified HucMSCs and confirmed their potential for multi-lineage
differentiation by performing adipogenic and osteogenic induction ex-
periments. Moreover, the immunophenotypic profile of hucMSCs was
also demonstrated by flow cytometry using typical MSC surface markers.
The results indicated that the isolated and expanded hucMSCs possessed
traits that were characteristic of MSCs. After harvesting hucMSCs, we
then isolated sEVs. The morphology and particle size distributions of
sEVs were analyzed using TEM and NTA. In addition, we detected the

expression of specific SEV markers by Western blot. Collectively, our data
suggested that sEVs had been successfully isolated from hucMSCs. We
also treated NGL hydrogels with TA to establish a functional hydrogel
scaffold (NGL/T hydrogel) to enhance antioxidant and anti-inflammatory
abilities. We testified the reticular porous structure of NGL and NGL/T
hydrogels and confirmed that the NGL/T hydrogel had a denser micro-
scopic aperture than the NGL hydrogel. These data indicated that the size
of the pores (100-200 nm) was suitable for cell proliferation and nutrient
transmission [25]. This NGL/T hydrogel degraded slowly and provided a
good framework with sufficient mechanical support for spinal cord
regeneration. We found that the degradation rate was small in the first
month, which was conducive to providing mechanical support for the
damaged tissue and gradually degraded over the following month, thus
ensuring sustained released and therapeutic effects of sEVs. In addition,
the swelling rate was small, therefore avoiding excessive swelling that
can compress the surrounding tissue after implantation. Moreover, the
NGL/T hydrogel was combined with sEVs and retained sustained release
capability about one week. By performing in vitro experiments, we also
showed that sEVs could be phagocytized by PC12 cells, a widely recog-
nized neural cell line [26].

Critically, the introduction of TA into the NGL/T hydrogel resulted in
a significantly increased effect on the ability to scavenge DPPH radicals,
thus demonstrating an increased antioxidant capacity of the hydrogel
[27]. Then, we evaluated the antioxidant function of the NGL/T hydrogel
by detecting the concentration of H,O2 with a hydrogen peroxide assay
kit in vitro. Since HoO5 could react with FBS proteins from the cell culture
medium, the HpO; concentration in the NGL hydrogel group also
decreased to a certain extent [28]. However, compared to the NGL
hydrogel group, both NGL/T and sEVs-NGL/T hydrogels indicated an
increased antioxidant function. Furthermore, we demonstrated the pro-
tective function of the NGL/T and sEVs-NGL/T hydrogels in PC12 cells
against ROS using DCFH-DA labelling and detection experiments [29].
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Taken together, these results indicated that the sEVs-NGL/T hydrogel
exhibits excellent antioxidant properties in vitro.

Next, we verified our in vitro results in vivo using a well-established rat
model of SCI. It is widely accepted that the BBB 21-point scale has high
sensitivity and good reliability and validity to evaluate locomotor func-
tion in rat models of thoracolumbar SCI [30,31]. BBB scores showed that
sEVs-NGL/T hydrogel treatment significantly improved the recovery of
locomotor function post-SCI when compared to the SCI and the NGL/T
groups. Moreover, the damaged tissue and cystic cavitation were
significantly improved in the injured spinal cord after transplanting
sEVs-NGL/T when tested 56 days after SCI. The relative area of cystic
cavitation in the sEVs-NGL/T group was significantly lower than in the
SCI group, indicating the synergistic effects of the NGL/T hydrogel and
sEVs. Next, we investigated the anatomical basis of the recovery in lo-
comotor function by analyzing nerve tissue regeneration with immuno-
fluorescence staining. Studies have shown that the formation of glial
scars that surround a lesion and isolate a harmful cavity represents the
main inhibitor of nerve tissue regeneration after SCI [32]. The main
component of glial scars is activated astrocytes; these can be specifically
recognized by the marker GFAP [33]. In aggregated astrocytes, the
density and distribution of NFs, an indicator of mature neurons that is
negatively correlated with the density and distribution of GFAP, can be
used to evaluate the extent of nerve tissue regeneration [34]. A more
extensive distribution of ChAT, neurotransmitter enzyme found pre-
dominantly in cholinergic neurons, has been associated with the superior
performance of locomotor functional restoration [35]. We demonstrated
that sEVs-NGL/T treatment effectively prevented the excessive accumu-
lation of astrocytes and triggered substantial growth of nerve fibers, thus
identifying the important role of sEVs-NGL/T in nerve regeneration after
SCL

We further testified the antioxidant effects of the sEVs-NGL/T
hydrogel in vivo at 7 days after implantation by analyzing the immuno-
fluorescence staining of 4-HNE and 8-OHdG in the lesion site. 4-HNE and
8-OHdG are products of lipid peroxidation and oxidative DNA damage
caused by oxidative stress, respectively, and can cause cell toxicity, affect
signal transduction and normal physiological activities, and even lead to
cellular apoptosis [36]. Therefore, immunofluorescence staining of
4-HNE and 8-OHdG can represent the severity of oxidative stress in cells,
and these molecules are currently recognized as markers for oxidative
damage. Our data suggested that oxidative damage was significantly
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reduced after the implantation of NGL/T and sEVs-NGL/T, likely due to
the antioxidant effects of TA in the hydrogels. As shown in previous
studies, oxidative stress is the main factor leading to secondary nerve
damage and the inhibition of tissue recovery in SCI [37]. After SCI, the
dynamic balance of redox reactions in the body is interrupted, mito-
chondrial function is impaired, and ROS are overproduced, resulting in
cell metabolism disorders and dysfunction as well as DNA and protein
damage, inducing nerve cell apoptosis and aggravating SCI [38].
Therefore, inhibition of the oxidative stress response after SCI can protect
neurons and improve pathology and motor function. It has been reported
that treatment with ginseng significantly downregulated oxidative stress
by enhancing the antioxidant status in SCI rats and, therefore, facilitated
spinal cord functional recovery after injury [39]. In the present study, we
demonstrated that oxidative damage was significantly reduced by the
SEVs-NGL/T hydrogel. The protective role of sEVs-NGL/T in SCI rats
might be attributed to its antioxidant potential. The antioxidant effects of
the sEVs-NGL/T hydrogel therefore create a promising therapeutic target
for nerve tissue repair after SCL.

SCI is a complex pathophysiological process in which inflammation
plays a key role. Inflammatory reactions, including the release of in-
flammatory cytokines and the infiltration of inflammatory cells, can
cause the apoptosis and necrosis of neurons and glial cells, thus hindering
the repair process after SCI [40]. Studies have confirmed that
pro-inflammatory cytokines, including TNF-a, IL-1f, and IL-6, signifi-
cantly increased after SCI, promoting inflammatory cell infiltration and
further aggravating the injury [41]. Several studies demonstrated that
inhibiting the release of pro-inflammatory cytokines was beneficial for
the regulation of the injury microenvironment and significantly
improved functional recovery after traumatic SCI in rats [42,43]. In the
present study, we observed that the implantation of the NGL/T hydrogel
inhibited the release of pro-inflammatory cytokines including TNF-a,
IL-6, and IL-1p. However, the inhibitory effect in the NGL/T hydrogel
group was lower than that in the sEVs-NGL/T treated group, thus
implying that a portion of the anti-inflammatory effect was derived from
the sEVs [44]. This protective role of SEVs in exerting anti-inflammation
is consistent with earlier reports [45]. Moreover, sEVs-NGL/T were able
to release sEVs in a sustainable, stable, and controlled manner, thus
enhancing the localization of free sEVs at the site of injury in the spinal
cord to maintain sustainable anti-inflammatory effects. In addition, the
reduced inflammatory reaction was also beneficial for mechanical
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compatibility between the spinal cord tissue and the hydrogel implants
[46]. Therefore, the positive effects of sEVs-NGL/T on the recovery of
function in the spinal cord may be attributed to the inhibition of
pro-inflammatory cytokines described above.

Patients with SCI with neurological impairment can readily develop a
series of complications, including respiratory complications, neurogenic
bladder, spasms, and deep vein thromboses. The dysfunction and path-
ological changes of the urinary tissues are one of the most common and
serious complications, and they can lead to renal failure or even death in
severe cases [47]. Therefore, the recovery of bladder function is an
important indicator for the evaluation of nerve tissue repair effects. In
our study, we demonstrated an effective protective role of sEVs-NGL/T
implantation on the recovery of bladder function, thus indicating
promising reparative and regeneration effects in the spinal cord.

This study has certain limitations that should be considered. First, the
detailed molecular mechanisms underlying the positive effects of sEVs-
NGL/T on the recovery of function in the spinal cord have yet to be
elucidated. Second, as our sEVs-NGL/T hydrogel is not injectable, the
implantation of this hydrogel is associated with an increased likelihood
of damage related to surgery. Finally, the release of sEVs from sEVs-NGL/
T cannot be controlled accurately in vivo, thus reducing the positive ef-
fects on the repair of SCI. These issues will be addressed in our future
work.

5. Conclusions

In summary, we designed and fabricated a functional hydrogel (sEVs-
NGL/T) with excellent anti-oxidative and anti-inflammatory properties,
good biocompatibility, and superior sustained release of hucMSC-derived
sEVs that can effectively enhance spinal cord repair after SCI. Analysis
indicated significant restoration of motor function, nerve tissue repair,
and urinary tissue preservation following sEVs-NGL/T therapy. These
positive effects may be attributed to effectively mitigating the ROS
microenvironment and inhibiting the release of pro-inflammatory cyto-
kines, including TNF-q, IL-6, and IL-1p. The novel sEVs-NGL/T hydrogel
provides a promising strategy for the sEV-based therapy of SCI via the
comprehensive regulation of the pathological microenvironment.
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