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HEALTH AND MEDICINE

An engineering-reinforced extracellular
vesicle-integrated hydrogel with an ROS-responsive
release pattern mitigates spinal cord injury

Jian Cao't, Xungi Zhang't, Jing Guo'+, Jiahe Wu', Lingmin Lin?, Xurong Lin?, Jiafu Mu’,
Tianchen Huang3, Manning Zhu1, Lan Ma1, Weihang Zhou‘, Xinchi Jiang‘, Xuhua Wangz,

Shiging Feng®, Zhen Gu'**, Jian-Qing Gao'>">%7*

The local delivery of mesenchymal stem cell-derived extracellular vesicles (EVs) via hydrogel has emerged as an
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effective approach for spinal cord injury (SCI) treatment. However, achieving on-demand release of EVs from hy-
drogel to address dynamically changing pathology remains challenging. Here, we used a series of engineering
methods to further enhance EVs' efficacy and optimize their release pattern from hydrogel. Specifically, the pro-
angiogenic, neurotrophic, and anti-inflammatory effects of EVs were reinforced through three-dimensional cul-
ture and dexamethasone (Dxm) encapsulation. Then, the prepared Dxm-loaded 3EVs (3EVs-Dxm) were membrane
modified with ortho-dihydroxy groups (-20H) and formed an EV-integrated hydrogel (3EVs-Dxm-Gel) via the
cross-link with phenylboronic acid-modified hyaluronic acid and tannic acid. The phenylboronic acid ester in
3EVs-Dxm-Gel enabled effective immobilization and reactive oxygen species-responsive release of EVs. Topical
injection of 3EVs-Dxm-Gel in SCI rats notably mitigated injury severity and promoted functional recovery, which
may offer opportunities for EV-based therapeutics in central nervous system injury.

INTRODUCTION

Spinal cord injury (SCI) seriously disrupts central nervous conduc-
tion, leading to motor and sensory dysfunction and even death,
along with a series of physiological and psychological complications
(1). Each year, there are at least 250,000 new cases of SCI worldwide
(2). Although the survival rate of SCI patients has steadily improved
in recent decades (3), the associated health burden and economic
costs continue to rise, presenting a big challenge in clinic (4).

The pathology of SCI is extremely complicated. The initial trau-
ma to the spinal cord causes tissue necrosis, hemorrhage, and ede-
ma, which in turn trigger secondary injury. Massive infiltration of
inflammatory cells, including microglia, macrophages, and neutro-
phils, occurs at the lesion site, where they secrete pro-inflammatory
cytokines such as tumor necrosis factor (TNF) and interleukin-1p
(IL-1B). The impaired mitochondrial respiratory chain, combined
with the activation of inflammatory cells, leads to excessive produc-
tion of reactive oxygen species (ROS), causing peroxidation dam-
age. In a word, the secondary injury exacerbates the injury degree
and extends the injury area (5, 6). Insufficient suppression of the
secondary injury in the acute phase can lead to cystic cavities and
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glial scars, severely hindering tissue regeneration and functional re-
covery (7, 8). Although the systemic administration of high-dose
methylprednisolone was initially thought to be effective, the severe
side effects have led to its discontinuation as a routine treatment (9).
Hence, it is urgent to explore more strategies to mitigate severe SCI.

Fortunately, mesenchymal stem cell (MSC)-derived extracellular
vesicles (EVs) were found to have abilities to alleviate neuroinflam-
mation, inhibit neuronal apoptosis, and promote neurogenesis and
differentiation (10, 11). The secreted EVs with their cargos are ulti-
mately taken up by target cells to exert regulatory effects, playing a
crucial role in maintaining homeostasis (12). The aforementioned
therapeutic activities make EV's highly suitable for treating the com-
plicated pathology of SCI. Furthermore, with the advance of engi-
neering technologies, the therapeutic efficacy of EVs can be reinforced
for rapidly mitigating the severe condition of SCI, especially in the
acute phase (13). However, the secondary injury process is dynami-
cally changing and persists for several weeks (14). Chen et al. found
that neutrophils, astrocytes, and microglial cells were activated at dis-
tinct time points in the first 3 days of SCI, contributing to the progres-
sive inflammatory response. They proposed that anti-inflammatory
intervention before day 3 may prevent the downstream adverse out-
comes (I15). Our previous research found that neuroinflammation in
SCI rats peaked on day 4 and then gradually subsided within 7 days
(16). Hence, on-demand regulation of SCI via EV's is urgently needed.

To this end, MSCs were cultured into three-dimensional (3D) MSC
spheroid (MS) to extract its EVs (3EVs), which exhibited enhanced
pro-angiogenic and neurotrophic effects than 2D MSC-derived EVs
(2EVs). Dexamethasone (Dxm) was encapsulated in 3EVs via probe
sonication to promote anti-inflammatory effect of 3EVs. The sonication
energy was optimized to ensure that Dxm-loaded 3EVs (3EVs-Dxm)
retained adequate drug content while maintaining structural integrity.
For local delivery, 3EVs-Dxm were incubated with distearoyl phos-
phatidyl ethanolamine-polyethylene glycolso-propanediol (DSPE-
PEGs000-20H) to modify with ortho-dihydroxy groups (-20H). This
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modification enabled 3EVs-Dxm to cross-link with phenylboronic
acid-modified hyaluronic acid (HA-PBA) and tannic acid (TA), form-
ing an injectable hydrogel termed 3EVs-Dxm-Gel (Fig. 1A). The for-
mation of the PBA ester by -20H and PBA in 3EVs-Dxm-Gel allowed
for effective immobilization and ROS-responsive release of 3EVs-Dxm.
This approach improved the therapeutic effects of EVs and their release
pattern from hydrogel. Topical injection of 3EVs-Dxm-Gel into SCI
rats was proposed as an effective strategy to alleviate oxidative damage
and inflammation, creating a conducive microenvironment for neural
repair and angiogenesis (Fig. 1B). This strategy aimed to address the
complex pathology of SCI and promote functional recovery.

RESULTS

Extraction and characterization of 3EVs

To enhance the therapeutic effects of EVs, we added ascorbic acid in
the culture medium of MSCs to facilitate the spontaneous formation
of MS. The scanning electron microscopy (SEM) image showed that
MS was ellipsoidal, with a long diameter of ~1.8 mm and a short
diameter of ~1.3 mm (Fig. 2A). The surface of MS displayed a dense
arrangement of MSCs with an extracellular matrix between the cells
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(Fig. 2B). MS was able to maintain a stable spheroid shape for more
than 1 month, with the culture medium replaced every 3 days. The
collected culture medium was stored at —80°C for EV extraction via
the ultracentrifugation method.

Western blotting (WB) results proved that both 2EVs and 3EVs
expressed biomarkers including CD9, CD63, and TSG101 (Fig. 2C).
Transmission electron microscopy (TEM) images demonstrated that
2EVs and 3EVs had the typical cup-shaped morphology with com-
parable particle sizes (Fig. 2D). The data measured by a nanoparticle
analyzer confirmed that 2EVs and 3EVs had similar particle sizes
and zeta potentials, with sizes of ~138 and 135 nm and zeta poten-
tials of —7.03 and —7.23 mV, respectively (fig. S1). These findings
collectively proved the successful extraction of EVs.

Preparation of 3EVs-Dxm via the probe sonication method

To further enhance the anti-inflammatory effect of 3EV's, we encapsu-
lated the clinically used drug Dxm into 3EVs via the probe sonication
method within different sonication energies (0 to 15%). The drug
content and encapsulation efficiency were measured using high-
performance liquid chromatography (HPLC). When the sonication
energy was 0%, 50 pg of 3EVs encapsulated 41.4 pg of Dxm, which
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Fig. 1. lllustration of the stepwise preparation of 3EVs-Dxm-Gel and its proposed therapeutic mechanism in SCI treatment. (A) 3EVs extracted from MS were
loaded with Dxm using the probe sonication method to obtain 3EVs-Dxm. Subsequently, 3EVs-Dxm were modified with -20H groups and cross-linked with HA-PBA and
TA to form an injectable hydrogel (3EVs-Dxm-Gel). (B) 3EVs-Dxm-Gel with an antioxidative effect was injected into the injured spinal cord and released anti-inflammatory
3EVs-Dxm in an ROS-responsive pattern. 3EVs-Dxm-Gel treatment attenuated oxidative damage and neuroinflammation during the acute phase, while it improved neural
repair and angiogenesis in the chronic phase, thereby aiding in the function restoration following SCI.
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Fig. 2. Preparation and characterization of 3EVs-Dxm-Gel. (A) SEM images of MS (scale bar, 100 pm) and (B) its surface MSCs (scale bar, 10 pm). The white arrows indi-
cate MSCs. (C) Expression of biomarkers of 2EVs and 3EVs including CD9, CD63, and TSG101. (D) TEM images of 2EVs and 3EVs. Scale bar, 200 nm. (E) Drug contents,
(F) encapsulation ratios, (G) particle sizes, (H) zeta potentials, and () TEM images (scale bar, 200 nm) of 3EVs-Dxm fabricated with different sonication energies [(E) to (H)
n =3]. (J) Morphology, (K) inner structure, and (L) 3EVs-Dxm distribution of 3EVs-Dxm-Gel [scale bars, 50 pm (K) and 200 nm (L)]. (M) Injectable property of 3EVs-Dxm-Gel.
(N) Cumulative release curve of EVs from 3EVs-Dxm-Gel and 3EVs-Dxm + Gel in PBS or H,0; solutions (n = 3). #*P < 0.01 and ***P < 0.001.

was probably loaded through hydrophobic interactions between Dxm
and the EV membrane during the co-incubation process. The addi-
tion of sonication considerably improved the drug content, especially
with 10 and 15% sonication energies, which achieved 84.61 and
81.47pg of Dxm loading per 50 pg of 3EVs, respectively (Fig. 2E). The
encapsulation efficiency was also improved from 13.58% with 0%
sonication energy to 26.8% with 10% energy and 25.71% with 15%
energy (Fig. 2F). Meanwhile, the particle size and zeta potential mea-
surements showed no obvious changes in 3EV's with different sonica-
tion energies (Fig. 2, G and H). Nevertheless, TEM images revealed
that the structure of 3EVs-Dxm prepared with 15% sonication energy
was partially disrupted (Fig. 2I). Considering that 10% sonication
energy greatly promoted Dxm loading and maintained the intact
structure of 3EVs, it was used for the preparation of 3EVs-Dxm.

Construction of 3EVs-Dxm-Gel and its release pattern
For EV delivery, -20H was modified on the membrane of 3EVs-
Dxm, allowing 3EVs-Dxm to form PBA ester with HA-PBA. First,

Caoetal, Sci. Adv. 11, eads3398 (2025) 2 April 2025

DSPE-PEGs000-20H was synthesized on the basis of the reaction
between -NHS and -NH,. The structure was confirmed by 'H nucle-
ar magnetic resonance (fig. S2). As a synthetic phospholipid, DSPE
could be embedded into the phospholipid bilayer through hydro-
phobic interactions. During this process, the grafted -20H was also
modified on EVS’ membrane. To measure the modification ratio,
fluorescent DSPE-PEGsgo-Cy5 was used instead of DSPE-PEGsg0-
20H to prepare modified EVs and detected by Flow NanoAnalyzer.
The data suggested that co-incubation at 37°C for 30 and 60 min
could efficiently modify 3EVs-Dxm, reaching 86.2 and 89.9% of
modification ratios, respectively (fig. S3). Then, the modified 3EVs-
Dxm were grafted on synthesized HA-PBA (fig. S4) on the basis of
the reaction between PBA and -20H. Last, the remaining PBA on
HA-PBA cross-linked with polyphenolic hydroxyl groups on TA to
form an EV-integrated hydrogel, 3EVs-Dxm-Gel (Fig. 2]). SEM im-
ages showed a porous network structure of 3EVs-Dxm-Gel, with
pore diameters ranging from 50 to 100 pm (Fig. 2K). A considerable
amount of 3EVs-Dxm was distributed in the interior of the pores
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(Fig. 2L). The injectability ensured that the hydrogel could be im-
planted in a minimally invasive manner and conformed to the size
and shape of the lesion (Fig. 2M) (17). Rheological results indicated
that 3EVs-Dxm-Gel exhibited similar mechanical characteristics to
those of natural spinal cord (0.1 to 16 kPa) (18), making it suitable
for local implantation (fig. S5).

ROS is a key factor in secondary injury and reflects the severity
of SCI. PBA ester in 3EVs-Dxm-Gel is sensitive to ROS, which en-
ables the release of encapsulated 3EVs-Dxm in response to ROS
(19). To verify it, 3EVs-Dxm-Gel was placed in phosphate-buffered
saline (PBS) solution. Only a small amount of 3EVs-Dxm was re-
leased in the initial stage, and 27.85% of EVs were released within
6 days. When placed in hydrogen peroxide (H,0,) solution, the
cleavage of the PBA ester in 3EVs-Dxm-Gel resulted in a responsive
release of 3EVs-Dxm until complete release on day 6 (Fig. 2N). As a
control, the unmodified 3EVs-Dxm were mixed with HA-PBA and
TA to form a gel termed 3EVs-Dxm + Gel. In the release test, re-
gardless of PBS or H,0; solution, ~80% of the unmodified 3EVs-
Dxm were rapidly released from 3EVs-Dxm + Gel within 24 hours
(Fig. 2N). This indicated that the covalent linkage between -20H of
modified 3EVs-Dxm and PBA of HA-PBA was the key to the ROS-
responsive release pattern. In addition, the cleavage of the PBA ester
also induced ROS-responsive degradation of 3EVs-Dxm-Gel and
3EVs-Dxm + Gel (fig. S6).

3EVs exhibited enhanced pro-angiogenic and

neurotrophic capacities

Following the construction of 3EVs-Dxm-Gel, the therapeutic ef-
fects of 3EVs, 3EVs-Dxm, and 3EVs-Dxm-Gel were successively
evaluated. First, the tissue repair and regeneration capacities of
3EVs were tested. Previous studies reported that MSC-derived
EVs have certain effects on promoting angiogenesis and neuro-
trophic support, which are urgently needed for a good prognosis of
SCI (20, 21). The 3D culture used in this study would change the
cargo content of EVs (22). Hence, to compare the differences be-
tween 2EVs and 3EVs in terms of pro-angiogenesis and neuro-
trophic effects, human umbilical vein endothelial cell (HUVEC)
migration, tube formation, and PC12 cell differentiation experi-
ments were conducted.

After incubation, HUVEC scratch in the 3EVs group was already
visibly reduced compared with the control (Ctrl) group at 5 hours
(fig. S7) and almost disappeared within 10 hours, showing better
performance than the 2EVs group (Fig. 3, A and C). Moreover, after
incubation with 2EVs or 3EVs for 4 hours, HUVECs gradually
formed tube structures, while the untreated HUVECs only exhibited
fewer complete tubular structures. In particular, the tube structures
of HUVECs in the 3EV's group were more complete (Fig. 3B). Semi-
quantitative analysis revealed that 3EV's significantly promoted tube
formation compared to 2EVs, resulting in longer total branching
length (Fig. 3D).

PC12 cells are known to differentiate and extend axons under the
stimulation of nerve growth factor (NGF). Therefore, NGF was added
to the culture medium to induce PC12 cell differentiation and out-
growth of axon structure. Both 2EVs and 3EVs were found to en-
hance cell differentiation (Fig. 3E), including higher differentiation
rate, more axon counts per cell, and longer axon length. Also, 3EV's
showed the best neurotrophic effects, especially in promoting axon
length (Fig. 3, F to H). In summary, 3EV's had superiority over 2EVs
in terms of pro-angiogenesis and neurotrophic support capabilities.

Caoetal, Sci. Adv. 11, eads3398 (2025) 2 April 2025

3EVs-Dxm demonstrated strong anti-inflammatory effects
The anti-inflammatory activity of Dxm relies on its intracellular bind-
ing to glucocorticoid receptors (23). Therefore, the cellular uptake of
3EVs-Dxm is crucial for its anti-inflammatory function. 3EVs-Dxm
were labeled using 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbo
cyanine perchlorate (Dil), and the uptake by BV2 cells, HUVECs,
and PC12 cells was assessed by flow cytometry. The results presented
that 3EVs-Dxm were rapidly taken up by all three cell types within
60 min (fig. S8A). Meanwhile, BV2 cells, which were stimulated with
lipopolysaccharide (LPS) to mimic activated microglial cells follow-
ing SCI, had a strong phagocytic ability (14). The activated BV2 cells
massively took up 3EVs-Dxm within 60 min, which posed a much
higher cell uptake ratio and content than PC12 cells and HUVECs
(fig. S8B). Given that microglial cells are key players in neuroinflam-
mation (24), the rapid uptake of 3EVs-Dxm by microglial cells was
beneficial for exerting their anti-inflammatory effects.

Furthermore, the anti-inflammatory effect of 3EVs-Dxm was
evaluated in LPS-activated BV2 cells by detecting M1/M2 polariza-
tion and cytokine secretion. Immunofluorescence results showed
that LPS-activated BV2 cells highly expressed an M1-related marker,
inducible nitric oxide synthase (iNOS), indicating their tendency to
the pro-inflammatory M1 type. iNOS expression slightly decreased
after the administration of 3EVs, suggesting that 3EVs inherently
have some anti-inflammatory activities, which is consistent with pre-
vious reports (25, 26). Dxm is a potent anti-inflammatory drug that
notably reduces the iNOS level in BV2 cells. Consequently, the com-
bination of Dxm with 3EVs in 3EVs-Dxm greatly enhanced the anti-
inflammatory capacity, bringing the iNOS level close to the normal
level (Fig. 3I). The CD206 results indicated that only Dxm and 3EVs-
Dxm distinctly promoted the M2 polarization in BV2 cells (Fig. 3]).
The concentrations of M1-associated cytokines (TNF-a and IL-6)
and M2-associated cytokines (IL-4 and IL-10) confirmed that 3EVs-
Dxm obviously suppressed the release of pro-inflammatory factors
and slightly increased the secretion of anti-inflammatory factors
(Fig. 3K). In addition, when comparing the individual efficacy of
3EVs and Dxm, it was suggested that the strong anti-inflammatory
activity of 3EVs-Dxm was mainly attributed to the encapsulated Dxm.

3EVs-Dxm-Gel posed an antioxidative effect

The polyphenolic hydroxyl of TA in 3EVs-Dxm-Gel can act as a hydro-
gen donor and thus is capable of neutralizing free radicals (27). PBA
esters also have reducibility (28). Therefore, 3EVs-Dxm-Gel exhibited
strong antioxidative capabilities. TA and 3EVs-Dxm-Gel were found to
rapidly clean 2,2-diphenyl-1-picrylhydrazyl (DPPH), turning the solu-
tions from purple to yellow and substantially reducing their optical
density value at 490 nm (fig. S9A). Moreover, 3EVs-Dxm-Gel signifi-
cantly suppressed the ROS levels in H,O,-stimulated PC12 cells (fig.
S9, B and C). These data demonstrated the hydrogel’s ability to mitigate
oxidative stress, which is crucial for alleviating oxidative damage in SCI.

3EVs-Dxm-Gel alleviated the secondary injury of SCl rats

The SCI rat model was established by cutting off the spinal cord.
3EVs-Dxm and 3EVs-Dxm-Gel were injected into the lesion, and the
in vivo fate of EVs on days 1, 4, and 7 was observed using a live imag-
ing system. Because of the flushing of cerebrospinal fluid and blood
in the spinal cord, the fluorescence signal of Dil-labeled EVs in the
3EVs-Dxm group rapidly declined on day 1 and had a brief retention
time in the spinal cord. In contrast, EVs in 3EVs-Dxm-Gel were
gradually released from the implantation site to the adjacent area and
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100 pm) in the Ctrl, 2EVs, and 3EVs groups. (C) Semiquantitative analysis of cell migration within 10 hours (n = 3) and (D) total branching length of the tube (n = 3).
(E) PC12 cell differentiation in Ctrl, NGF, NGF + 2EVs, and NGF + 3EVs groups (scale bar, 50 pm). The red oval indicates representative neurite (scale bar, 100 pm). (F to
H) Semiquantitative analysis of differentiation rate (F) (n = 3; two regions per well were selected for statistical analysis), mean neurite counts per cell (G) (n = 3; two regions
per well were selected for statistical analysis), and mean neurite length for PC12 cells with different treatments (H) (n = 3; 12 differentiated cells per well were selected for
statistical analysis). The significance test of difference was conducted in NGF, NGF + 2EVs, and NGF + 3EVs groups. (I) INOS and CD206 expressions of LPS-stimulated BV2
cells treated with 3EVs, Dxm, and 3EVs-Dxm and (J) their relative mean fluorescence intensity (Fl) analysis (scale bars, 50 pm; n = 3). (K) TNF-a, IL-6, IL-4, and IL-10 secretions
of LPS-stimulated BV2 cells with the treatments of 3EVs, Dxm, and 3EVs-Dxm (n = 3). ™P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, and ***%P < 0.0001.
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could still be detected on day 7, indicating the localized delivery
capacity of 3EVs-Dxm-Gel (Fig. 4A and fig. S10A). Such a delivery
approach facilitated the EV's regulation of SCI over 1 week.

On day 4, a lipid peroxidation product, 4-hydroxynonenal (4-
HNE),andaDNA peroxidationproduct,8-hydroxy-2'-deoxyguanosine
(8-OHdG), were detected in the spinal cord tissue of rats in each
group. SCI markedly increased 4-HNE and 8-OHdG levels, suggest-
ing severe oxidative damage to the spinal cord (Fig. 4B). The adminis-
tration of 3EVs-Dxm and 3EVs-Dxm-Gel effectively inhibited the
formation of peroxidation products. Owing to its longer in vivo reten-
tion time, 3EVs-Dxm-Gel had a better antioxidative effect than 3EVs-
Dxm (fig. S10, B and C).

Simultaneously, 3EVs-Dxm and 3EVs-Dxm-Gel exhibited anti-
inflammatory effects in the acute phase. On day 4, CD68-positive
microglial cells could be detected in the lesion area in all rats’ spinal
cords, while 3EVs-Dxm effectively reduced the M1 pro-inflammatory
phenotype and increased the M2 anti-inflammatory phenotype (Fig.
4, Cand D), which was consistent with the in vitro results (Fig. 3,1 to
K). Also, 3EVs-Dxm-Gel showed a superior anti-inflammatory ef-
fect, with significant differences compared to both 3EVs-Dxm and
SCI groups (Fig. 4E).

Further mechanism study investigated the protein levels of the
spinal cord involved in the nuclear factor erythroid 2-related factor
2 (Nrf2)/heme oxygenase-1 (HO-1) and nuclear factor kB (NF-«B)
pathways. The Nrf2/HO-1 pathway mediates the antioxidant effect
of tissue. When sensing oxidative stress, Nrf2 dissociates from
Keap1 and enters the nucleus to promote the expression of a series
of antioxidant enzymes such as HO-1 (29). Accordingly, slightly in-
creased expressions of Nrf2 and HO-1 were found in the spinal
cords of SCI rats. In addition, 3EVs-Dxm-Gel treatment significant-
ly up-regulated the Nrf-2/HO-1 pathway, aiding the spinal cord to
alleviate oxidation damage (Fig. 4, F and G, and fig. S11).

The NF-«xB pathway is a classic inflammatory pathway that
mediates neuroinflammation after SCI and is involved in the M1/
M2 polarization of microglial cells (30, 31). After SCI, inhibitor of
nuclear factor kB-a (IkB-a) is phosphorylated into p-IkB-a, is
dissociated from the p65/IkB-a complex, and then undergoes
ubiquitination degradation. p65 translocates into the nucleus and
initiates the expression of inflammatory genes such as TNF-a and
IL-1 (32). 3EVs-Dxm-Gel was observed to suppress the NF-xB
pathway, as indicated by a decrease in the ratio of p-p65/p65 and
p-IkB-a/IkB-a, thereby exerting anti-inflammatory effects (Fig.
4, F and G, and fig. S11). In summary, the constructed 3EVs-
Dxm-Gel posed localized EV release for at least 1 week and sus-
tainedly inhibited oxidation damage and inflammation in the
acute phase.

3EVs-Dxm-Gel promoted functional recovery in SCl rats

The long-term efficacy was subsequently tested in the 6-week treat-
ment in SCI rats. The body weights of rats in each group slightly
decreased after surgery and then stabilized in the following weeks
(Fig. 5A). Comparing the Basso, Beattie, and Bresnahan (BBB)
scores of each group, 3EVs-Dxm and 3EVs-Dxm-Gel showed re-
markable improvement over the SCI group in the first week. From
the second week onward, the BBB scores of rats in the 3EVs-Dxm-
Gel group exceeded those of the 3EVs-Dxm group (Fig. 5B). On
week 6, the average BBB scores of rats were 3.33 in the SCI group,
4.5 in the 3EVs-Dxm group, 7.67 in the 3EVs-Dxm-Gel group, and
21 in the Normal group (Fig. 5C).
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The toe, ankle, knee, hip, and crest of rats were labeled using
marker balls, and the movement trajectories of the hindlimbs were
monitored using the VICON capture camera system to assess the
changes in joint angles and heights (Fig. 5D). The continuous four-
gait movement trajectories presented that only the rats in the Nor-
mal and 3EVs-Dxm-Gel groups displayed a swing gait, which was
indicated by red lines (Fig. 5E and movie S1). Further analysis
revealed that the rats in the Normal group had a steady and large
stride. SCI had a devastating impact on motor function, leading to
reduced stride length even after 6-week treatments (Fig. 5F). 3EVs-
Dxm effectively increased the fluctuation ranges in knee height,
ankle height, and ankle angle. By contrast, rats in the 3EVs-Dxm-
Gel group obtained notable improvements in both ankle and knee
joint movements, as well as elevation in body-support height (Fig. 5,
G to K).

In addition to the motor function recovery, the restoration of
sensory function is also of great importance. The pain sense recov-
ery of rats with different treatments was tested using mechanical
and thermal stimulation. Compared with normal rats, SCI substan-
tially reduced the pain threshold, making the rats highly sensitive to
the low-scaled Von Frey fiber and thermal plate stimulations. This is
consistent with the hyperalgesia caused by chronic inflammation in
some SCI patients (33, 34). Following the treatments with 3EVs-
Dxm and 3EVs-Dxm-Gel, the sensitivities of rats to mechanical or
thermal stimulation were alleviated to varying degrees. Rats treated
with 3EVs-Dxm-Gel obtained better pain sense recovery (Fig. 5, L
and M). We speculated that the anti-inflammatory effect of 3EVs-
Dxm-Gel inhibited chronic inflammation, thereby increasing the
pain threshold of rats.

3EVs-Dxm-Gel promoted tissue repair in SCl rats

Last, the neurofilament (NF) staining results showed that the rats
treated with 3EVs-Dxm-Gel had the best nerve distribution in the
lesion (Fig. 6, A and B), with higher nerve density and longer nerve
fiber length than the SCI and 3EVs-Dxm groups (Fig. 6C). CD31
staining revealed varying degrees of vascular recovery in all rats.
The rats treated with 3EVs-Dxm-Gel had more CD31-positive tu-
bular structures in the spinal cord, indicating a higher degree of an-
giogenesis (Fig. 6, D and E). These tissue recoveries helped to
explain the aforementioned motor and sensory improvements ob-
served in rats of each group.

Hematoxylin and eosin-stained sections revealed that the heart,
liver, spleen, lung, and kidney from all groups showed healthy mor-
phology. No inflammatory cell infiltration or obvious pathological
changes were observed, suggesting that 3EVs-Dxm-Gel has no obvi-
ous toxic side effects (fig. S12).

DISCUSSION

MSC-derived EVs are natural nanovesicles that load several types of
therapeutic nucleic acids, proteins and lipids and inherit the tissue
repair functions of MSCs. It has been reported that miRNA-486,
miRNA-125, and miRNA-126 in EVs’ cargos could reduce neuron
apoptosis, promote axon regeneration, regulate microglia polariza-
tion, and enhance angiogenesis (35-38). Because of their relative
ease of storage and transportation compared to MSCs, EVs have
been increasingly used as substitutes for MSCs to treat SCI (39).
Meanwhile, it has been demonstrated that 3D culture of MSCs can
simulate the in vivo cell state, altering EV cargos and endowing EV's
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Fig. 5. Locomotor and sensory promotion effects of 3EVs-Dxm-Gel in SCl rats. (A) Body weight and (B) BBB score changes of rats in Normal, SCI, 3EVs-Dxm, and 3EVs-
Dxm-Gel groups (n = 6). The blue or red asterisk (*) represents the statistical difference between the SCI group and the 3EVs-Dxm or 3EVs-Dxm-Gel group. w, weeks.
(C) Pie graphs showing the distribution of BBB scores of rats on week 6. (D) Schematic diagram of labeled joints of hindlimb and (E) their trajectories during the movement
within each group. The red lines refer to the swing phase, and the black lines signify the stance phase. (F) Stride length, (G) fluctuation range of body weight support
height, (H) knee height, (1) ankle height, and fluctuation range of (J) knee angle and (K) ankle angle of rat hindlimbs with different treatments (n = 3; 12 strides of each rat
were selected for statistical analysis). (L) 50% PWT of rats under the mechanical stimulation in Normal, SCI, 3EVs-Dxm, and 3EVs-Dxm-Gel groups (n = 6). (M) Reaction time

of rats under the heat stimulation in each group (n = 6). P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

with stronger microenvironment regulatory capabilities (22, 40).
Yan et al. added different concentrations of ascorbic acid to the MSC
culture medium and successfully prepared millimeter-sized MS,
showing excellent EV secretion characteristics (41). Following Yan
et al.’s method, we added ascorbic acid (120 pg/ml) to the culture
medium and successfully fabricated MS. Compared with MSC, MS
can maintain a stable spheroid shape over 1 month and thus avoid
repetitive cell digestion and subculture steps, which simplified the
massive extraction of EVs. The data showed that 3EVs had similar
physicochemical properties including biomarkers, size, zeta poten-
tial, and morphology to 2EVs. 3EVs exhibited promoted pro-
angiogenic and neurotrophic capacities, which are urgently needed
in vessel and neuron recovery after SCI.

Caoetal, Sci. Adv. 11, eads3398 (2025) 2 April 2025

EVs play vital role in maintaining microenvironment homeostasis
(42). In this study, we found that 3EVs inherently have anti-
inflammatory activity in LPS-stimulated BV2 cells, but this is insuffi-
cient. Fortunately, the lipid bilayer structure of EVs enables them to
encapsulate drugs within their hydrophilic core and hydrophobic lipid
layer (43). Moreover, the rapid uptake of EV's by target cells facilitates
the targeting delivery of drugs loaded in EVs (44). Therefore, loading
classic anti-inflammatory drug, such as Dxm, into 3EV's would greatly
enhance their anti-inflammatory effect. In this study, we used the
probe sonication method, known for its simplicity, efficiency, and re-
peatability, to fabricate the 3EVs-Dxm. The key to this method is con-
trolling the ultrasound energy to ensure adequate Dxm loading while
avoiding damage to the EVs structure (45). After screening, we
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selected 10% sonication energy for the preparation of 3EVs-Dxm, as
it achieved the highest Dxm loading content (84.61 pg per 50 pug
of 3EVs) and encapsulation efficiency (26.8%) while maintaining
the structure. 3EVs-Dxm can be quickly taken up by PCI12 cells,
HUVECs, and BV2 cells within 60 min, which accelerated the gluco-
corticoid receptor binding of Dxm in the cytoplasm and exerts
its anti-inflammatory activities. As expected, immunofluorescence
results and ELISA data suggested that 3EVs-Dxm suppressed M1
polarization and promoted M2 polarization of BV2 cells.

Over the past decades, various hydrogel delivery systems have
been developed to locally and efficiently deliver EVs into the dam-
aged spinal cord. In this way, hydrogel acts as an EV reservoir,
releasing EVs in an appropriate manner to achieve continuous SCI
repair. As secondary injury caused by SCI lasts for several weeks and
even longer, many studies focused on how to achieve sustained EV
release from hydrogel. For example, Zhu et al. prepared a composite
hydrogel composed of nanofibers and HA to load EVs, which can be

Caoetal, Sci. Adv. 11, eads3398 (2025) 2 April 2025

slowly released from hydrogel for 15 days in vitro (46). Li et al. used
cell-adhesive peptides to attach EV's to an HA hydrogel, enabling a
slow release of EVs over 11 days (47). Although sustained release
endows EVs continuous regulation of the SCI microenvironment,
the neuroinflammation and oxidative damage following SCI are
dynamically changing (14), which requires on-demand treatment.
Constructing a hydrogel system to release loaded EV's in response to
pathological progression may address this issue. Previous studies
suggested that ROS can reflect the severity of SCI and can be used as
a trigger for a responsive hydrogel (48). This study modified 3EVs-
Dxm with -20H and grafted them with HA-PBA to form a covalent
linkage, PBA ester. By this way, 3EVs-Dxm can be immobilized
within the hydrogel, shielding them from the washout and diffusion
by blood and cerebrospinal fluid. The ROS sensitivity of the PBA
ester optimized the release pattern of EVs, realizing on-demand
regulation of the microenvironment. In vitro studies confirmed the
ROS-responsive release of 3EVs-Dxm from 3EVs-Dxm-Gel. The EV
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release from 3EVs-Dxm-Gel lasted over 1 week in SCI rats and im-
proved the antioxidative and anti-inflammatory efficacies compared
to direct injection of 3EVs-Dxm. Such early intervention would
ameliorate the inhibitory microenvironment, facilitating neuronal
survival and later recovery (49). The pathology of SCI involves chain
reactions with various cellular and molecular pathological altera-
tions (15). Hence, the desirable neural repair and functional recov-
ery following SCI often require a comprehensive treatment. In this
study, 3EVs-Dxm-Gel provided a multidimension treatment, which
remarkably improved motor function and pain sense recovery. In
summary, this approach provided insights into the EV delivery and
treatment strategy for central nervous system injury.

Despite the substantial therapeutic effects observed in rats treat-
ed with 3EVs-Dxm-Gel, a substantial gap in terms of functional and
tissue recovery compared to normal rats remained. In this study, the
hydrogel delivery system realized the efficient delivery of EV's to the
injury site during the acute phase but still struggled to achieve long-
term and flexible treatments regarding specific conditions of SCI. In
future research, we will combine hydrogel implantation with sys-
temic administration to achieve rapid treatment during the acute
phase and flexible treatment during the intermediate and chron-
ic phases.

MATERIALS AND METHODS

Materials

3-Amino-2-hydroxypropanol, ascorbic acid, LPS, and NGF were
purchased from Merck Life Science (Darmstadt, Germany). 2-Amino
phenylboronic acid and 1-hydroxybenzotriazole were obtained from
Yuanye Bio-Technology (Shanghai, China). HA was sourced from
Bloomage Biotechnology (Jinan, China). DSPE-PEGso-NHS was pro-
vided by Ponsure Biotechnology (Shanghai, China). TA, 1-(3-dimet
hylaminopropyl)-3-ethylcarbodiimide, and Hepes buffer were obtained
from Macklin Inc. (Shanghai, China). Dxm, H,0,, DPPH free radical
scavenging capacity assay kit, and Dil were purchased from Solarbio
Science & Technology (Beijing, China). MicroBCA kit was bought from
Thermo Fisher Scientific (Shanghai, China). TNF-a, IL-6, IL-4, and IL-
10 ELISA kits were purchased from Multisciences Biotech (Hangzhou,
China). Calcein AM, propidium iodide, and 2’,7’-dichlorodihydrofluor
escein diacetate were acquired from Beyotime Inc. (Shanghai, China).

Cells and animals

BV2 cells, PC12 cells, and HUVECs were obtained from iCell Bio-
science Inc. (Shanghai, China). Human umbilical cord MSCs (ethics
code: 2021-R108) were provided by SinoCell Technology Co., Ltd.
(Ningbo, China).

Female Sprague-Dawley rats weighing between 220 and 250 g
were acquired from SLAC Laboratory Animal Co., Ltd. (Shanghai,
China). All experiments involving animals were conducted follow-
ing the guidelines set by the Animal Ethics Committee of Zhejiang
University (ethics approval code: ZJU20210136).

MS preparation and 3EVs extraction

MSCs were cultured in BC-T4 medium (Zhuhai Baso Cell
Science&Technology Co., Ltd., China) supplemented with 10% se-
rum substitute (AventaCell, US). MSCs (1 x 10° cells per well) were
seeded into a six-well plate and allowed to adhere overnight. The
medium was then replaced with fresh culture medium containing
ascorbic acid (120 pg/ml). After 2 days of culture, the MSCs formed
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a thin film at the bottom of the plate. The edges of the film were de-
tached using sterile tweezers and cultured for another 3 days, during
which MS spontaneously formed. The morphology of MS was ob-
served using SEM. The MS was transferred to a culture flask. The
medium was collected every 3 days for EV extraction, and fresh me-
dium was added.

The collected medium was centrifuged at 3000g for 6 min to re-
move cell debris and impurities and then concentrated to 100 ml
using a tangential flow filtration system (Sartorius, Germany) with a
100-kDa molecular weight cutoff (MWCO). The concentrated me-
dium was centrifuged (10,000¢) for 1 hour, and the supernatant was
subjected to ultracentrifugation (100,000g) using an ultracentrifuge
(Allegra-64R, Beckman Coulter Life Science, US) for 1 hour. The
pellet was washed using sterile PBS solution and centrifuged at
100,000 for 1 hour again.

The pellet was then resuspended in 1 ml of sterile PBS for stor-
age. The quantity of 3EVs was determined by measuring the protein
content using a microBCA kit. As a control, the culture medium of
2D MSCs was collected for 2EVs extraction.

Characterization of 2EVs and 3EVs

2EVs (200 pg/ml) and 3EV's (200 pg/ml) were placed on copper grids
and negatively stained using uranyl acetate. EVs’ morphology was
scanned using TEM (Talos L120C, Thermo Fisher Scientific, US). The
particle sizes and zeta potentials were determined using a nanopar-
ticle analyzer (Nano-ZS90, Malvern, UK). The biomarkers of 2EVs
and 3EVs, including CD9 (SC-13118, Santa Cruz Biotechnology),
CD63 (SC-365604, Santa Cruz Biotechnology), and TSG101 (SC-7964,
Santa Cruz Biotechnology), were detected using WB.

Pro-angiogenic and neurotrophic capacities of 3EVs

The two-well silicon inserts (ibidi, Germany) were sterilized using
75% ethanol and then fixed in a 24-well plate. Seventy microliters of
prepared HUVEC suspension (5 X 10° cells/ml) was added to the in-
serts. After overnight incubation, the inserts were carefully removed
to create uniform-width cell scratches. The medium was then re-
freshed with a culture medium containing 2EV's or 3EVs (30 pg/ml).
HUVEC migration was observed every 5 hours, and images were cap-
tured using an optical microscope (ECLIPSE Ti system, Nikon, Japan).

Standard Matrigel (354230, Corning, US) was added vertically in
24-well plates (200 pl per well). The plates were gently shaken and
incubated at 37°C for 1 hour for gelation. HUVEC suspensions
(1.2 X 10 cells/ml) were prepared using a medium containing either
2EVs or 3EVs (30 pg/ml) and were added to the Matrigel-coated
plates (500 pl per well). Tube formation was observed every 2 hours,
and images were captured.

PC12 cells were seeded at a density of 1 x 10* cells per well in a
confocal cell dish (SAINING Biotechnology, China) for 24 hours.
The medium was replaced with a fresh medium containing 1% fetal
bovine serum and NGF (100 ng/ml). Next, 2EV's or 3EVs (50 pg/ml)
were added to the culture medium. The differentiation status of the
cells was monitored daily. On day 3, the cells were labeled with cal-
cein AM, and cell images were captured using a confocal micro-
scope (TCS SP8, Leica, Germany).

Preparation and optimization of 3EVs-Dxm

Dxm and 3EVs were added to PBS to achieve concentrations of 200
and 50 pg/ml, respectively. The mixture was placed on ice and
subjected to probe sonication (KQ5200B, Kunshan Ultrasonic
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Instrument Co., Ltd., China) with the following settings: 0 to 15%
energy (maximum power, 650 W), five cycles, 3 min per cycle with
15 s on/off, and 2 min of interval between cycles. The EV suspension
was then incubated in a 37°C water bath for 1 hour to facilitate the
recovery of the EVs’ membrane postsonication. The EV suspension
was then ultracentrifuged at 100,000 for 1 hour, washed with PBS,
and ultracentrifuged again at 100,000¢ for 1 hour to obtain 3EVs-
Dxm. HPLC (LC-20ADXR, SHIMADZU, Japan) was used to deter-
mine the drug content and encapsulation efficiency of 3EVs-Dxm.
The HPLC settings were as follows: Mobile phases were 70% metha-
nol and 30% water, the flow rate was 1 ml/min, the scan time was
10 min, the column temperature was 25°C, and the absorbance
wavelength was 240 nm. To optimize drug encapsulation, different
ultrasound energies (0, 5, 10, and 15%) were used for 3EVs-Dxm
construction and were evaluated via drug contents, encapsulation
efficiency, particle sizes, zeta potentials, and TEM images.

Anti-inflammatory effect of 3EVs-Dxm

To detect the cell uptake of 3EVs-Dxm, BV2 cells, PC12 cells, and
HUVECs (10 cells per well) were seeded in 24-well plates and incu-
bated for 24 hours. BV2 cells were prestimulated with LPS (100 ng/
ml) for 4 hours before measurement. Dil-labeled 3EVs-Dxm (20 pg/
ml) was added into the culture medium of all three cell types, and
the cells were digested and collected into flow cytometry tubes at 0,
30, and 60 min. The cells were fixed, and cell uptake was measured
using flow cytometry (CytoFLEX LX, Beckman Coulter Life Sci-
ence, US) to determine the cell uptake at each time point.

BV2 cells were seeded in a 24-well plate (8 x 10* cells per well). After
overnight adherence, the medium was refreshed with fresh medium
(blank group), medium containing LPS (100 ng/ml), medium contain-
ing LPS (100 ng/ml) and Dxm (85 pg/ml), medium containing LPS
(100 ng/ml) and 3EVs (50 pg/ml), and medium containing LPS
(100 ng/ml) and 3EVs-Dxm (50 pg/ml). After 48 hours of incubation,
the medium was collected for cytokine measurement including TNF-a,
IL-6, IL-4, and IL-10 using ELISA kits. The cells were fixed with 4%
paraformaldehyde and washed with PBS for immunofluorescence as-
say. Then, the cells were successively permeabilized using Triton X-100
(0.2%), blocked using goat serum, and stained using primary antibod-
ies including iNOS (ab178945, Abcam, US) and CD206 (24595, Cell
Signaling Technology, US). After overnight incubation, excess primary
antibodies were washed with PBS, and the cells were stained with
fluorescence-conjugated secondary antibodies (Yeasen Biotechnology,
China). Last, DAPI (4',6-diamidino-2-phenylindole) was added to la-
bel the nuclei, and the cells were observed using a confocal microscope.
For semiquantitative analysis, multiple regions from cell images in each
group were randomly selected, and the mean fluorescence intensity of
iNOS or CD206 was measured using Image] software.

Synthesis of HA-PBA and DSPE-PEGsg00-20H
2-Aminophenylboronic acid (43 mg) was added in 20 ml of HA
solution (5 mg/ml). Subsequently, 48 mg of 1-(3-dimethylaminopro
pyl)-3-ethylcarbodiimide and 34 mg of 1-hydroxybenzotriazole
dissolved in dimethyl sulfoxide were added into the HA solution
(pH 5). The mixture was reacted at room temperature for 48 hours
and dialyzed (MWCO: 8 kDa) against ultrapure water for 3 days.
Last, the purified product was frozen at —80°C and lyophilized to
obtain HA-PBA.

One hundred milligrams of DSPE-PEGsg-NHS and 5 mg of
-20H were dissolved in Hepes buffer (pH 8 to 9) and allowed to
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react at room temperature for 8 hours. The reaction solution was
dialyzed (MWCO: 3 kDa) against ultrapure water for 2 days. The
purified product was lyophilized to obtain DSPE-PEGs0-20H.

To confirm the chemical structure, HA-PBA was dissolved in
deuterium oxide (D,0). DSPE-PEGsqo-NHS, -20H, and DSPE-
PEGsg00-20H were dissolved in deuterated methanol. All samples
were scanned using a nuclear magnetic resonance spectrometer
(Bruker Technology, Beijing, China).

Construction of 3EVs-Dxm-Gel

DSPE-PEGs(00-20H (2 mg/ml) and 3EVs-Dxm (100 pg/ml) were
added in 1 ml of PBS and incubated at 37°C for 60 min. The suspen-
sion was ultracentrifuged twice (100,000, 60 min) to remove the
free DSPE-PEG5000-ZOH.

To assess the modification ratio of 3EVs-Dxm, fluorescently
labeled DSPE-PEGs00-Cy5 was co-incubated with 3EVs-Dxm us-
ing the same procedure. At 0, 30, and 60 min of co-incubation, the
free dye was removed by ultracentrifugation (100,000g, 60 min)
twice. The modified 3EVs-Dxm were then dispersed in 1 ml of
PBS and detected using a Flow NanoAnalyzer (N30, Xiamen Fuliu
Biotechnology, China).

To construct 3EVs-Dxm-Gel, the modified 3EVs-Dxm were re-
suspended in HA-PBA solution (40 mg/ml) and incubated at room
temperature for 30 min. An equal volume of TA solution (10 mg/
ml) was then added to form an EV-integrated hydrogel (3EVs-Dxm-
Gel). The mechanical property of 3EVs-Dxm-Gel was assessed with
a rheometer (MaRG 40, Thermo Fisher Scientific, US).

EV release of 3EVs-Dxm-Gel and its antioxidative effect
3EVs-Dxm-Gel was placed in 5 ml of PBS solution or H,0; (1 mM)
solution. At 0, 1, 2, 4, 8, 16, 24, 36, 48, 72, 96, 120, and 144 hours,
200 pl of solution was collected, and 200 pl of fresh PBS or H,0,
solution was added. The release amount of EVs was measured using
a microBCA assay kit. Fresh H,O, was added daily to maintain its
concentration. As a control, the unmodified 3EVs-Dxm were mixed
with HA-PBA, incubated for 30 min, and then cross-linked with TA
to form a gel. Likewise, 3EVs-Dxm + Gel was placed in PBS or H,0,
(1 mM) solutions to detect EV release. Hydrogel degradation was
observed daily.

To investigate the antioxidative effect, 3EVs-Dxm-Gel and its
components were separately added into 1 ml of DPPH solution
(40 pg/ml) to observe the color change. The solutions were then
transferred to a 96-well plate (200 pl per well), and the optical den-
sity value was measured at 490 nm.

Oxidation damage was induced in PC12 cells using H,O,. PC12
cells in six-well plates (6 x 10> cells per well) were co-incubated
with 200 pM H,0; and 3EVs-Dxm or 3EVs-Dxm-Gel for 24 hours. All
cells were collected to incubate with 2’,7’-dichlorodihydrofluorescein
diacetate at 37°C for 20 min. The cells were subsequently washed
twice and resuspended in PBS for flow cytometry analysis.

Short-term therapeutic efficacy of 3EVs-Dxm-Gel in SCl rats
The Sprague-Dawley rats were anesthetized and weighed, and their
back hair was shaved. After the sterilization of the skin, a laminec-
tomy was performed at the T9-T10 vertebral level to expose the spi-
nal cord. The spinal cord was then fully transected to form a lesion
(3 mm). The back muscles and skin were successively sutured. Post-
SCI, the rats were weak and required daily manual urination and
penicillin injections.
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For short-term efficacy evaluation, the SCI rats were injected
with PBS solution (SCI group), 200 pg of 3EVs-Dxm (3EVs-Dxm
group), or 3EVs-Dxm-Gel containing 200 pg of 3EVs-Dxm (3EVs-
Dxm-Gel group). The injection volume was 80 pl. On day 1, 4, and
7, the rats were euthanized, and their spinal cords were collected to
detect the in vivo distribution of EVs using a live imaging system
(IVIS Spectrum, PerkinElmer, US).

On day 4, the spinal cord was collected and an immunofluores-
cence assay was conducted to detect 4-HNE (ab48506, Abcam, US),
8-OHdG (OM176273, Omini mAbs, US), iNOS, and CD206. In ad-
dition, WB was used to measure the Nrf2 (ab92946, Abcam, US),
HO-1 (ab68477, Abcam, US), IkB (4812, Cell Signaling Technology,
US), p-IkB (2859, Cell Signaling Technology, US), p65 (8242, Cell
Signaling Technology, US), and p-p65 (3033, Cell Signaling Tech-
nology, US) expressions. For the semiquantitative analysis of iNOS
and CD206, multiple regions in CD68-positive area adjacent to the
spinal cord lesion were selected and their mean fluorescence inten-
sity was measured using Image] software.

Long-term therapeutic efficacy of 3EVs-Dxm-Gel in SCl rats
The SCI rats were divided into the SCI, 3EVs-Dxm, and 3EVs-Dxm-
Gel groups. The rats were weighed and recorded weekly. The perfor-
mance of free walking in the open field was scored according to the
BBB scale. On week 6, the rats’ hindlimbs were shaved and depilated.
The joints were labeled using marker balls, and their motions were
observed using the VICON capture camera system. The data were
exported using NEXUS software and analyzed using Python and
MATLARB software.

For pain sense assessment, Von Frey filaments with forces of 0.4,
1.0, 2.0, 4.0, 6.0, 8.0, 10, and 15.0 g were used to apply mechanical
stimulation to the plantar region of the rats’ hind paws. A quick paw
withdrawal or licking response was recorded as positive and marked
as “X”; no response was recorded as negative and marked as “O.” The
testing began with a 2.0-g filament. If the response was negative, a
filament with a higher force was used; if the response was positive, a
filament with a lower force was used. Each rat was tested five times
after the first appearance of the XO or OX pattern, with a 30-s inter-
val between each test. The results of the five tests (“O” or “X”) and
the scale of the filament used in the final test were noted. The 50%
paw withdrawal threshold (50% PWT) was calculated. In another
experiment, rats were placed on a heated plate (55°C), ensuring that
the plantar was in contact with the plate. The time taken for the rats
to exhibit a paw withdrawal or licking response was recorded. If no
response was observed within 30 s, the test was terminated to pre-
vent irreversible thermal injury, and the time was recorded as 30 s.

Following the evaluation of locomotor function and pain sensation,
the rats were humanely euthanized, and their spinal cords were subse-
quently harvested to detect the expression levels of glial fibrillary acidic
protein (GFAP; BA0056, BOSTER Biological Technology, China), NF
(2836, Cell Signaling Technology, US), and CD31 (ab222783, Abcam,
US) in the spinal cords of each group using an immunofluorescence as-
say. In addition, the heart, liver, spleen, lung, and kidneys were prepared
as paraffin sections and subjected to hematoxylin and eosin staining.

Statistical analysis

The data were expressed as the means + SD and statistically evalu-
ated using Student’s ¢ test for the comparisons between two groups
and one-way analysis of variance (ANOVA) for multiple group analyses.
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A P value below 0.05 was deemed statistically significant (P > 0.05,
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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Legend for movie S1
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