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A B S T R A C T   

Spinal cord injury (SCI) is a severe disease of the nervous system that causes irreparable damage and loss of 
function, for which no effective treatments are available to date. Engineered extracellular vesicles (EVs) carrying 
therapeutic molecules hold promise as an alternative SCI therapy depending on the specific functionalized EVs 
and the appropriate engineering strategy. In this study, we demonstrated the design of a drug delivery system of 
peptide CAQK-modified, siRNA-loaded EVs (C-EVs-siRNA) for SCI-targeted therapy. The peptide CAQK was 
anchored through a chemical modification to the membranes of EVs isolated from induced neural stem cells 
(iNSCs). CCL2-siRNA was then loaded into the EVs through electroporation. The modified EVs still maintained 
the basic properties of EVs and showed favorable targeting and therapeutic effects in vitro and in vivo. C-EVs- 
siRNA specifically delivered siRNA to the SCI region and was taken up by target cells. C-EVs-siRNA used the 
inherent anti-inflammatory and neuroreparative functions of iNSCs-derived EVs in synergy with the loaded 
siRNA, thus enhancing the therapeutic effect against SCI. The combination of targeted modified EVs and siRNA 
effectively regulated the microenvironmental disturbance after SCI, promoted the transformation of microglia/ 
macrophages from M1 to M2 and limited the negative effects of the inflammatory response and neuronal injury 
on functional recovery in mice after SCI. Thus, engineered EVs are a potentially feasible and efficacious treat
ment for SCI, and may also be used to develop targeted treatments for other diseases.   

1. Introduction 

Spinal cord injury (SCI) is a severe disease that can lead to irre
versible loss of neurological function [1]. Although many diseases are 
being overcome with the continual development of medical technology, 
no effective treatments are available for SCI, which has plagued human 
society for hundreds of years [2]. SCI can be classified as traumatic or 
non-traumatic, depending on its cause. Traumatic SCI is often caused by 
spinal fractures, such as those resulting from traffic accidents or other 
accidents, whereas non-traumatic SCI injury is caused by conditions 

including tumors, inflammation or infection [3]. SCI is divided into two 
processes: primary injury and secondary injury. Primary injury is mainly 
caused by the loss of neurons, whereas secondary injury is the main 
factor that aggravates tissue damage and impairs the recovery process, 
mainly through inflammation-related injury [4]. Therefore, 
anti-inflammatory and neuroprotective therapy remains the current 
focus of drug treatment for SCI [5]. Although therapeutic drugs have 
been investigated to counteract microglial inflammation and neuronal 
damage in secondary lesions, their therapeutic efficacy is often limited 
by the short residence time, poor accumulation and lack of controlled 
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release of drugs in the lesioned tissue [6]. In addition, some drugs do not 
exert strong neuroprotective effects, mainly because they do not act 
effectively on target cells in the microenvironment of SCI [7]. Therefore, 
new safe drugs must be developed to target injured spinal cords. 

Extracellular vesicles (EVs) have received substantial attention as an 
alternative nanocarrier for stem cell therapy in drug delivery and tar
geted therapy. Increasing studies show that EVs have promising appli
cations in improving drug delivery and therapeutic efficacy, owing to 
their high biocompatibility, low cytotoxicity and immune inertness [8, 
9]. EVs are nanoscale membrane vesicles secreted by cells that carry or 
transport a variety of bioactive substances (e.g., proteins, lipids or 
RNAs) [10]. Neural stem cells/neural progenitor cells 
(NSCs/NPCs)-derived EVs have a variety of functions, including regu
lating the adjacent microenvironment, and acting as independent 
functional metabolic units and microglia morphogens [11–13]. Bian 
et al. have demonstrated that EVs from NPCs attenuated photoreceptor 
apoptosis by inhibiting microglial activation, thereby preserving pho
toreceptors during retinal degeneration [14]. Cao et al. have shown that 
EVs derived from NPCs promoted hair follicle growth by delivering 
miR-100 [15]. In addition, owing to their anti-inflammatory and neu
roprotective properties, NSCs/NPCs-derived EVs have been used to treat 
a range of neurodegenerative diseases. For example, Tian et al. have 
demonstrated that NPCs-derived EVs elicited targeted 
anti-inflammatory effects after cerebral ischemia [16]. Ma et al. have 
shown that EVs released from NPCs regulated neurogenesis through 
miR-21a [17]. Our previous studies have also demonstrated that EVs 
secreted by NSCs inhibited apoptosis and inflammatory responses, 
thereby promoting motor function recovery after SCI [18,19]. Notably, a 
new NSCs subtype called iNSCs (derivatives of induced pluripotent stem 
cells (iPSCs)) combines the advantages of NSCs and iPSCs [20]. Because 
of the strong self-renewal ability of iPSCs, iNSCs can be continually 
obtained from iPSCs, thus avoiding the invasive collection procedures of 
traditional NSCs [20,21]. 

CC chemokine ligand 2 (CCL2) is a chemokine that, after binding to 
its receptor CC chemokine receptor 2 (CCR2), plays an important role in 
neuroinflammation, which is closely associated with the infiltration and 
activation of inflammatory cells [22]. Tian et al. have shown that 
blocking chemokine CCL2-CCR2 signaling inhibited microglial activa
tion and neuronal cell death caused by pro-inflammatory mediators, and 
ameliorated neuroinflammatory damage after status epilepticus [23]. 
Another study has demonstrated that astrocyte derived CCL2 mediated 
M1 polarization of microglia, and the use of CCR2 inhibitors signifi
cantly decreased astrocyte produced CCL2-induced microglial activa
tion and M1 polarization, as well as the expression of inflammatory 
factors [24]. In agreement with the above results, our previous study has 
also indicated that up-regulated CCL2 played a key role in microglial 
activation and neuronal apoptosis after SCI [25]. Specifically, activated 
astrocytes after SCI release CCL2, which acts on microglia and neurons 
through the paracrine pathway and promotes microglial activation and 
neuronal apoptosis by binding CCR2 receptors [25]. Therefore, down
regulation of CCL2 expression may be a promising novel therapeutic 
strategy to modulate microglial activation and neuronal apoptosis after 
SCI. 

Small interfering RNA (siRNA) can selectively suppress specific 
genes and has shown great potential in gene therapy [26,27]. However, 
clinical applications of siRNA are impeded by the lack of a safe delivery 
technology that targets only the desired tissues [28]. At present, the 
combination of nanocarrier delivery and RNA interference technology 
has become a new gene drug delivery system, which can effectively 
deliver siRNA into the human body. Because of their favorable stability 
and safety, EVs are an emerging biomaterial for delivery among the 
many nannocarriers widely used for various therapeutic drugs, 
including proteins, RNAs and chemical drugs; therefore, EVs have 
excellent prospects as delivery vehicles [9,29]. Engineered EVs can 
efficiently and safely deliver small RNAs to specific cellular environ
ments [30]. Xu et al. have obtained EVs of mesenchymal stem cells 

(MSCs) with high CXCR4 expression through genetic engineering as 
targeted gene drug delivery vectors for cancer treatment [31]. Han et al. 
have also shown that targeted inhibition of SIRT6 by engineered EVs 
impairs prostate cancer tumorigenesis and metastasis [32]. As biological 
delivery vehicles, EVs have facilitated the development of RNA inter
ference therapeutics in neurodegenerative diseases, considering that 
EVs can cross the blood-brain barrier and avoid the degradation of the 
carried siRNA by nucleases [33]. For example, Izco et al. have confirmed 
that rabies virus glycoprotein (RVG)-modified EVs prevented Parkin
son’s disease by delivering shRNA minicircles [34]. Another study has 
shown that intranasal administration of EVs derived from MSCs and 
loaded with PTEN-siRNA improved physiological function in rats after 
SCI [35]. Therefore, EVs have great promise for targeted drug delivery 
and SCI treatment, owing to their excellent target specificity and ability 
to penetrate biological barriers. 

The clinical application of EVs is limited, because they mainly 
accumulate in, and are cleared by, the liver and spleen, thus resulting in 
a short biological half-life in vivo after systemic administration [36]. In 
general, EV surfaces are engineered through genetic manipulation or 
chemical modification to address their poor in vivo distribution [37]. To 
overcome these obstacles, we constructed novel EVs bearing a peptide 
CAQK modification and encapsulating siRNA. CAQK selectively binds 
chondroitin sulfate proteoglycans (CSPGs), which are upregulated in 
lesions after SCI [38]. Notably, this modification not only delivers EVs to 
the site of SCI but also targets reactive astrocytes at the site of SCI, 
because CSPGs are mainly expressed by activated astrocytes at the site of 
the lesion after SCI. 

In conclusion, we demonstrate the design of a drug delivery system 
of peptide CAQK-modified, siRNA-loaded EVs (C-EVs-siRNA) for SCI- 
targeted therapy. The spinal cord-targeting peptide CAQK was 
anchored to the EV membrane through copper-free click chemistry, and 
CCL2-siRNA was then loaded into the EVs by electroporation. The 
physicochemical characteristics and biocompatibility of C-EVs-siRNA 
were extensively studied to ensure their applicability in SCI. Further
more, in vivo and in vitro tests validated the targeting of CAQK-modified 
EVs. To explore the profound effects of C-EVs-siRNA in vivo and in vitro, 
we conducted multiple comprehensive assessments, including histo
logical, imaging and functional investigation. Importantly, phenotypes 
including axonal, myelin and microglial polarization were tested to 
elucidate the detailed mechanisms through which C-EVs-siRNA pro
motes motor function recovery. Overall, C-EVs-siRNA targeted the 
injured spinal cord in SCI mice and elicited significant functional re
covery. This discovery had important clinical therapeutic implications 
for SCI as well as other neurological diseases associated with 
inflammation. 

2. Materials and methods 

2.1. Extraction and identification of EVs 

The collected iNSC culture supernatant was centrifuged at 300×g for 
10 min, 2,000×g for 10 min and 10,000×g for 30 min at 4 ◦C to remove 
cells and debris, and then filtered through a 0.22-μm sterile filter (Mil
lipore). The filtrate was centrifuged at 140,000×g for 70 min at 4 ◦C in 
an Optima L-100 XP ultracentrifuge (Beckman Coulter), and the pellet 
was resuspended in PBS and then ultracentrifuged again at 140,000×g 
for 70 min. The protein concentration was determined with the BCA 
method. The morphology of the obtained EVs was observed through 
transmission electron microscopy (TEM). The diameter size, distribution 
and zeta potential of EVs were assessed with nanoparticle tracking 
analysis (NTA). Western blot was used to determine EV-specific surface 
markers such as CD9, CD63, CD81, Alix and TSG101. 

2.2. Modification of EVs with peptide CAQK 

Following previous research methods [39], we used a 
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heterobifunctional cross-linking agent to introduce reactive dibenzyl 
ethylene oxide (DBCO) into amine-containing molecules on EVs. Spe
cifically, 3 mM dibenzocyclooctyl-N-hydroxysuccinimide ester 
(DBCO-sulfo-NHS) (Sigma-Aldrich, St. Louis, MO, USA) was added to 
0.5 mg/mL EVs in PBS and allowed to react in a rotary mixer at room 
temperature for 4 h. Unbound DBCO-sulfo-NHS was removed through 
four washing steps on 100 kDa ultrafiltration tubes (Millipore). Then 
DBCO-conjugated EVs (DBCO-EVs) were attached to azide-containing 
molecules through copper-free click chemistry. Specifically, 0.3 mM 
CAQK-N3 (SynthbioCo,. Ltd) or Cy5.5-azide was added to DBCO-EVs in 
PBS. The reaction was performed in a rotating mixer at 4 ◦C for 12 h and 
pH 7.4. The EVs were then floated on a 30% sucrose/D2O cushion and 
centrifuged at 140,000 g for 70 min to remove unbound ligand. After 
being washed with PBS, the modified EVs were resuspended and stored 
at − 80 ◦C until use. To assess the successful binding of EVs to azide li
gands, we stained Cy5.5-bound EVs with DiO and examined them under 
a laser confocal microscope (Stellaris STED; LEICA, Wetzlar, Germany). 

2.3. Loading siRNA into EVs through electroporation 

Electroporation of EVs loaded with siRNA was performed on the 
basis of previous studies [40]. Briefly, EVs were mixed with siRNA at a 
ratio of 1:1 (wt/wt) and diluted to 0.5 mg/mL in electroporation buffer. 
The mixture was added to a 0.4 mm frozen tube and electroporated in a 
Gene Pulser Xcell instrument (Bio-Rad, Hercules, CA, USA) at 400 mV 
and a capacitance of 125 μF (pulse time 10–15 ms). To remove free 
siRNA/miRNA, we washed the mixture twice with cold PBS, ultra
centrifuged it at 140,000 g for 70 min at 4 ◦C and resuspended the pellet 
in PBS. 

2.4. Serum stability assays 

To determine the serum stability of the siRNA delivery system, we 
incubated Free siRNA, EVs-siRNA or C-EVs-siRNA with 50% fetal bovine 
serum (FBS). Equal amounts of samples for each group of different in
cubation times were electrophoresed on agarose gels and then visualized 
with an UV illuminator. 

2.5. In vitro cytotoxicity assays 

Astrocytes were cultured at 1.5 × 104/mL in 96-well plates for 24 h. 
After treatment with EVs, C-EVs, EVs-siRNA and C-EVs-siRNA (100 μg/ 
mL), 100 μL of fresh medium containing Cell Counting Kit-8 (CCK-8, 
Dojindo, Kumamoto, Japan) solution was added. After incubation at 
37 ◦C for 2 h, the absorbance was measured at 450 nm with an absor
bance microplate reader (ELx800; Bio-Tek, Winooski, VT USA). 

After astrocytes were treated with C-EVs or C-EVs-siRNA (100 μg/ 
mL), the cells were harvested by centrifugation at 300×g for 5 min at 
4 ◦C. Cells were then resuspended in fluorescein isothiocyanate-labeled 
Annexin V (5 μL; BD Biosciences) and PI (5 μL; BD Biosciences) for 10 
min in the dark. Apoptosis rates were detected with a flow cytometer 
(FACSCalibur; BD Biosciences). 

2.6. In vivo imaging 

In vivo imaging was performed with Cy5.5-labeled EVs. At 6 h after 
tail vein administration, mice were imaged with an in vivo imaging 
system (IVIS) (PerkinElmer, Waltham, MA, USA) to assess in vivo fluo
rescence signal distribution. Then the mice were sacrificed by cervical 
dislocation, and the heart, liver, spleen, lungs, kidneys and spinal cord 
were removed for fluorescence imaging. Cy5.5-related fluorescence 
signals were analyzed in Living Image software (PerkinElmer). 

2.7. Immunohistochemistry 

Hematoxylin and eosin (H&E) staining or Luxol fast blue (LFB) 

staining were used to observe spinal cord tissue repair or myelin dam
age. The methods and criteria were as in previous studies [18,41]. Im
ages were taken under an optical microscope (Zeiss Axioscope; Zeiss, 
Dublin, CA, USA). 

2.8. Nissl staining 

After preparation, spinal cord slices were stained with 0.05% cresyl 
violet at 40 ◦C for 10 min. Next, sections were differentiated, dehydrated 
and removed from 95% alcohol, 100% alcohol and xylene. The re
searchers, blinded to the experimental groups, acquired images under an 
optical microscope. 

2.9. In vivo toxicity evaluation 

After SCI, groups of mice were treated with PBS, EVs, EVs-siRNA or 
C-EVs-siRNA, and the blood from each mouse was isolated for serum 
biochemical assays. Major organs, including the heart, liver, spleen, 
lungs and kidneys, were used for H&E staining. 

2.10. DHE staining 

Freshly prepared frozen spinal cord slices were incubated with 2 
μmol/L of the fluorescent dye dihydroethidium (DHE; Thermo Fisher 
Scientific, Waltham, MA, USA) for 30 min in a humidified chamber at 
37 ◦C and protected from the light. A Leica microscope (DMi8 Thunder) 
was used to capture images and quantify fluorescence intensity. After 
the DHE staining was completed, we randomly selected three slices from 
each group and three different fields of view per slice. 

2.11. TUNEL staining 

For TUNEL staining, slices were treated with 0.3% Triton X-100 for 
15 min. After being washed with PBS, the slices were incubated with a 
TUNEL staining kit (Beyotime, China) according to the manufacturer’s 
instructions. Images were captured with a Leica microscope (DMi8 
Thunder), and TUNEL positive cells were quantified in ImageJ software 
(NIH, Bethesda, MD, USA). Three sections were selected from each 
group, and three fields of view were randomly selected from each sec
tion, and tunel-positive cells were counted. 

2.12. Immunofluorescence staining 

Cells or slices were permeabilized with 0.3% Triton X-100, blocked 
with 5% bovine serum albumin and incubated with primary antibodies 
overnight at 4 ◦C. Primary antibodies to the following were used: GFAP 
(Servicebio, Wuhan, China; 1:200), NF200 (Abcam, UK; 1:200), NeuN 
(Abcam, 1:400), F4/80 (Abcam, 1:200), iNOS (Abcam, 1:500), Arg1 
(Cell Signaling Technology, Danvers, MA, USA; 1:50) and CCL2 (Sero
tec, Oxford, UK; 1:250). Conjugated secondary antibodies (Alexa Fluor 
488 and Alexa Fluor 594; 1:200; Jackson ImmunoResearch, West Grove, 
PA, USA) were then added, and counterstaining was performed with 
DAPI (1:100; Beyotime). Images were captured with a Leica microscope 
(DMi8 Thunder). 

2.13. Western blot 

The total protein of cells or spinal cord tissue was extracted, and the 
protein concentration was determined with the BCA method (Thermo 
Fisher Scientific). The proteins were separated by SDS-PAGE and 
transferred onto PVDF membranes (Millipore, Burlington, MA, USA). 
Membranes were blocked with 5% bovine serum albumin for 1 h at room 
temperature, incubated with primary antibodies overnight at 4 ◦C and 
then incubated with secondary antibodies for 1 h. Bands were visualized 
with enhanced chemiluminescence reagent (Thermo Fisher Scientific). 
Band density in three independent experiments was quantified in 
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ImageJ software, and protein levels were normalized to those of GAPDH. 
Primary antibodies to the following were used: CD9 (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA; 1:500), CD63 (Abcam, 1:2,000), 
CD81 (Santa Cruz Biotechnology, 1:500), Alix (Santa Cruz Biotech
nology, 1:1,000), TSG101 (Abcam, 1:2,000), Calnexin (Cell Signaling 
Technology, 1:1,000), MAP2 (Proteintech, 1:10,000), NF200 (Abcam, 
1:5,000), GFAP (Servicebio, 1:1,000), Cleaved caspase-3 (Cell Signaling 
Technology, 1:1,000), Bax (Affinity, 1:1,000), Bcl-2 (Abcam, 1:1,000), 
Caspase-3 (Cell Signaling Technology, 1:1,000), iNOS (Abcam, 1:1,000), 
Arg1 (Cell Signaling Technology, 1:1,000), CCL2 (Proteintech, 1:2,000), 
MBP (Proteintech, 1:500) and GAPDH (Proteintech, 1:20000). 

2.14. Statistical analysis 

Data are presented as mean ± standard deviation for at least three 
independent biological replicates. GraphPad software 8.0 was used for 
statistical analysis. Colocalization analysis of confocal microscopy data 
and quantifications of immunoblotting results were conducted using 
ImageJ software. Student’s t-test was used for comparisons between two 
groups. For multiple group comparisons, one-way or two-way analysis 
of variance with Tukey’s post hoc test was used. A value of P < 0.05 were 
considered statistically significant. 

3. Results 

3.1. Preparation and characterization of C-EVs 

The iPSCs were differentiated into iNSCs according to established 
protocols [42]. EVs were isolated from iNSCs-conditioned medium by 
ultracentrifugation (Fig. S1A). The purified unmodified iNSCs-EVs were 
identified by TEM, NTA and western blot. TEM images showed that the 
EVs exhibited a typical cup-like morphology (Fig. 1A). NTA revealed 
that the EVs had an average diameter of 120 nm (Fig. 1B). Western blot 
analysis revealed that CD9, CD63, CD81, Alix and TSG101 (known 
markers of EVs) were enriched in EVs, whereas Calnexin, which is 
expressed in the endoplasmic reticulum, was not detected in EVs 
(Fig. 1F). These data indicated that EVs were successfully isolated from 
iNSCs conditioned medium. 

For spinal cord-targeted modification of EVs, EVs were combined 
with the peptide CAQK (Fig. S1B). The morphology and size distribution 
of CAQK-modified EVs (C-EVs) were assessed with TEM and NTA. Spe
cifically, C-EVs exhibited a typical cup-like morphology (Fig. 1A). NTA 
indicated that the constructed C-EVs displayed a slightly larger mean 
diameter than EVs and were well dispersed in PBS (pH 7.4) and 10% 
FBS, with long-term stability (Fig. 1B and C). EVs and C-EVs also did not 
significantly differ in the number of nanoparticles per mL (Fig. 1D). In 
addition, the surface zeta potential of EVs averaged − 25.4 mV, and the 
surface zeta potential of C-EVs increased to an average of − 21.4 mV 
(Fig. 1E). Western blot analysis indicated that the peptide CAQK used for 
targeted modification had no significant effects on EV marker proteins 

Fig. 1. Preparation and characterization of C-EVs and in vitro targeting studies. (A) Morphology of EVs and C-EVs under TEM. (B) NTA analysis showing the 
particle size distribution of EVs and C-EVs. (C) Stability analysis of C-EVs in PBS and 10% FBS. (D) Number of particles per milliliter of EVs and C-EVs. (E) Zeta 
potential of EVs and C-EVs. (F) Western blot analysis of the EV biomarkers CD9, CD63, CD81, Alix and TSG101, and negative control Calnexin. (G, H) The carboxy 
terminus of the peptide was labeled with the Cy5.5 fluorophore, and the modified EVs were labeled with DiO dye. The co-localization of Cy5.5 fluorescence and DiO 
fluorescence was observed under a laser confocal microscope. (I) Co-culture of TGF-β-treated astrocytes with Cy5.5-labeled EVs and Cy5.5-labeled C-EVs, followed by 
observation of the uptake efficiency of EVs and C-EVs by astrocytes. (J) Uptake efficiency of C-EVs by astrocytes treated with TGF-β for the indicated times. *P < 0.05; 
**P < 0.01 (n = 3 per group). 
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such as CD9, CD63, CD81, Alix and TSG101 (Fig. 1F). To verify the 
successful modification of EVs, we also conjugated Cy5.5-azide with 
DBCO groups, and used DiO dyes to label the modified EVs. The Cy5.5 
fluorescence observed under confocal fluorescence microscopy strongly 
colocalized with the DiO fluorescence, thus indicating that the peptide 
CAQK was successfully anchored on the surfaces of the EVs (Fig. 1G and 
H). Therefore, C-EVs may have potential for in vitro and in vivo studies. 

3.2. In vitro targeting studies of C-EVs 

Next, we assessed whether the peptide CAQK used for targeted 
modification might affect the viability of cultured astrocytes in vitro. 
Flow cytometry results indicated that EVs modified with the peptide 
CAQK did not affect astrocyte viability (Figs. S1C and D). CCK-8 results 
further demonstrated that C-EVs had no significant effects on the 
viability of cultured astrocytes in vitro (Fig. S1E). TGF-β treatment in
duces astrocytes to produce CSPGs [43]. To verify the targeting of EVs 
modified by the peptide CAQK, we co-cultured C-EVs with TGF-β-treated 
(10 ng/ml) astrocytes to observe the uptake efficiency of C-EVs by as
trocytes. Confocal microscopy based on the fluorescence intensity of 
C-EVs was then used to analyze the level of internalization. C-EVs 
co-localized more with TGF-β-treated astrocytes than did EVs, and the 
signal increased with treatment time (Fig. 1I). Fig. 1I shows that the 
uptake efficiency of C-EVs was significantly higher than that of EVs after 
astrocytes were treated with TGF-β for 72 h. In addition, Fig. 1J shows 
that the uptake efficiency of C-EVs by astrocytes increased significantly 

with TGF-β treatment time. These results indicated that C-EVs are tar
geted for the internalization of activated astrocytes, thereby further 
verifying the presence of CAQK peptide on EVs. Consequently, this 
biochemical method efficiently binds CAQK peptides to the surfaces of 
EVs, thereby yielding C-EVs with high affinity/specificity for cells 
expressing CSPGs. 

3.3. The ability of C-EVs to target the injured spinal cord 

Biodistribution is a fundamental method for probing the accumula
tion properties of nanoformulations in vivo. The targeted distribution of 
nanocarriers in the SCI area can enhance the therapeutic effects of drugs. 
To test whether C-EVs specifically bind the lesion site after SCI, we 
performed a multi-targeted binding experiment. EVs or C-EVs labeled 
with the fluorescent molecule Cy5.5 were intravenously injected into a 
SCI mouse model 72 h after injury. An IVIS was used to assess the tissue 
distribution of EVs or C-EVs and detect the fluorescence intensity of 
Cy5.5 in major organs. According to IVIS images, 6 h after tail vein in
jection of C-EVs, relatively high fluorescence was observed at the spinal 
cord lesions, whereas lower fluorescence was observed at the lesion site 
in the EVs group (Fig. 2A and B). In addition, the spinal cord was 
dissected and analyzed through IVIS. The fluorescence intensity of the 
spinal cord lesions was significantly higher after administration of C-EVs 
than unmodified EVs (Fig. 2C and D). These results indicated that the 
CAQK modification significantly enhanced the targeting of EVs to the 
SCI region. Next, various organs of mice were dissected and 

Fig. 2. The ability of C-EVs to target the injured spinal cord. (A) Fluorescence images of Cy5.5-labeled EVs or Cy5.5-labeled C-EVs in mice. (B) Quantification of 
the fluorescence intensity of lesions in mice. (C) Representative IVIS images of the spinal cord in mice treated with PBS, Cy5.5-labeled EVs or Cy5.5-labeled C-EVs. 
(D) Quantification of fluorescence intensity in SCI areas in vitro. (E) Representative IVIS images of anatomical organs in mice treated with PBS, Cy5.5-labeled EVs or 
Cy5.5-labeled C-EVs. (F) Quantification of fluorescence intensity in the indicated organs. (G) Distribution of DIO-labeled EVs and DIO-labeled C-EVs at the center of 
spinal cord lesions. (H, I) Colocalization analysis of Cy5.5-labeled EVs and Cy5.5-labeled C-EVs with astrocytes at the center of spinal cord lesions. *P < 0.05; **P <
0.01 (n = 3 per group). 
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quantitatively analyzed through IVIS to study C-EVs biodistribution. For 
better image contrast, we imaged each organ separately. EVs mainly 
accumulated in the liver, followed by the lungs (Fig. 2E and F). Inter
estingly, C-EVs injection decreased the signal in the liver, spleen and 
kidneys compared with the EVs-treated group (Fig. 2E and F). The 
greater spinal cord targeting of C-EVs than EVs was consistent with 
previous findings in CAQK-modified polymeric micelles [41,44]. 

For further histological studies, we performed immunofluorescence 
staining analysis of spinal cord lesions. Prominent DIO-labeled fluores
cent spots were observed in the EVs group, and the signal level was 
higher in the C-EVs group (Fig. 2G), in agreement with the IVIS findings. 
In addition, to verify the mechanism underlying the accumulation in 
diseased tissue, we analyzed the affinity of C-EVs for astrocytes. The co- 
localization of Cy5.5 and GFAP (an astrocyte marker) was lower in the 
EVs group, whereas the co-localization of Cy5.5 and GFAP in the C-EVs 
group was significantly higher (Fig. 2H and I), thus indicating extensive 
interaction between C-EVs and astrocytes. Together, these results 
demonstrated that modification with the peptide CAQK enhanced the 
ability of EVs to target spinal cord lesions. 

3.4. Characterization of siRNA-loaded C-EVs 

Among potential treatments for SCI, gene therapy, particularly 
siRNA therapy, are promising. However, despite extensive research and 
development, siRNAs’ lack of tissue specificity, induction of immune 
responses and cytotoxicity limit their clinical efficacy. Our previous 
study suggested that down-regulating CCL2 expression in reactive as
trocytes may be a promising new strategy for the treatment of microglial 

activation and neuronal apoptosis following SCI [25]. Therefore, 
CCL2-siRNA was selected to evaluate the therapeutic effects of C-EVs-
mediated siRNA delivery with SCI. CCL2-siRNA was loaded into EVs by 
electroporation (Fig. S1F). First, the ratio of siRNA to EVs was deter
mined to establish optimal conditions for maximal association. To 
determine the loading efficiency and release kinetics of the loaded RNA, 
cel-miRNA-67 was chosen as the siRNA counterpart to minimize 
experimental background [45,46]. The miRNA loading efficiency of 
C-EVs was determined to be 17% by Q-PCR. The siRNA-loaded EVs or 
C-EVs were then subjected to TEM, NTA and western blot analysis. 
C-EVs-siRNA was similar to EVs-siRNA in morphology, zeta potential 
and the number of nanoparticles per milliliter, except that it had a 
slightly larger average diameter (Fig. 3A–D). Importantly, C-EVs-siRNA, 
as compared with C-EVs, also had no significant effects on morphology, 
-size and zeta potential (Fig. 3A and B VS Fig. 1A and B). Western blot 
results additionally confirmed that the final engineered EVs retained the 
protein markers of EVs (Fig. 3E). Overall, the general characteristics of 
EVs remained unchanged after siRNA loading. 

Protecting siRNA from degradation is an important reason for 
choosing EVs as a delivery system. To examine the tolerance to serum- 
mediated siRNA degradation, we incubated C-EVs-siRNA, EVs-siRNA 
and free siRNA with FBS for a series of time intervals. As shown in 
Fig. 3F, the band representing naked siRNA completely disappeared 
after 6 h of incubation, whereas siRNAs encapsulated in EVs and C-EVs 
were still detected at 12 h. These results suggested that the membranes 
of EVs maintain siRNA integrity, thereby protecting siRNA from nucle
ases in FBS after modification and electroporation. 

Fig. 3. Characterization of siRNA-loaded C-EVs. (A) Morphology of EVs-siRNA and C-EVs-siRNA under TEM. (B) NTA analysis of particle size distribution of EVs- 
siRNA and C-EVs-siRNA. (C) Number of particles per milliliter of EVs-siRNA and C-EVs-siRNA. (D) Zeta potential of EVs-siRNA and C-EVs-siRNA. (E) Western blot 
analysis of the EV biomarkers CD9, CD63, CD81, Alix and TSG101, and negative control Calnexin. (F) Analysis of the serum stability of free siRNA, EVs-siRNA and C- 
EVs-siRNA by gel electrophoresis. (G) Kinetics of siRNA release from C-EVs-siRNA. (H) CCK-8 evaluation of the effects of EVs-siRNA and C-EVs-siRNA on the viability 
of cultured astrocytes in vitro. (I) Flow cytometry detection of the effects of EVs-siRNA and C-EVs-siRNA on apoptosis of cultured astrocytes in vitro (n = 3 per group). 
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3.5. Toxicity studies of C-EVs-siRNA in vitro and in vivo 

The release kinetics and effects on cell viability of siRNA-loaded C- 
EVs were next investigated. After 2 h of incubation, the efflux of siRNA 
was approximately 9% in PBS and approximately 10% in 50% FBS. After 
24 h of incubation, the release was approximately 93% in PBS and 
approximately 95% in FBS (Fig. 3G). CCK-8 results indicated that C-EVs- 
siRNA had no significant effect on cell viability (Fig. 3H). Furthermore, 
flow cytometry was used to assess the effects of C-EVs-siRNA on 
apoptosis at different time periods. After the addition of C-EVs-siRNA, 
the degree of apoptosis did not change significantly among time periods 
(Fig. 3I). The above results demonstrated that the engineered EVs had 
similar biosafety to native EVs. We then performed in vivo experiments 
to further confirm this finding. EVs, EVs-siRNA, C-EVs-siRNA or the 
same volume of PBS was administered to mice by tail vein injection, and 
the mice were sacrificed after continuous administration. The results of 
blood biochemical tests indicated no significant changes in liver func
tion (ALT, AST, ATP and TP), renal function (BUN and CREA) and car
diac function indexes (LDH and CK) in each group of mice (Figs. S2A–H). 
The results of H&E staining showed no clear lesions in the organs and 
tissues of each group (Fig. S2I). Therefore, C-EVs-siRNA treatment was 
well tolerated without causing substantial systemic toxicity. 

Next, we assessed the knockdown efficiency of C-EVs-siRNA on CCL2 
by inducing astrocyte activation with TNF-α in vitro. Briefly, astrocytes 
were first stimulated with TNF-α (10 ng/mL) for 15 min, then replaced 
with normal medium and incubated with EVs, EVs-con-siRNA, EVs- 
siRNA or C-EVs-siRNA for 24 h. Western blot results indicated that CCL2 
expression in astrocytes increased after TNF-α stimulation, whereas EVs- 
siRNA treatment inhibited the TNF-α-induced increase in CCL2 expres
sion (Figs. S3A and B). Furthermore, C-EVs-siRNA further reduced CCL2 
expression compared with EVs-siRNA treatment (Figs. S3A and B), 
suggesting that TNF-α may stimulate astrocytes to produce CSPGs, 
leading to increased uptake of CAQK-modified EVs by astrocytes. ELISA 
analysis further confirmed the western blot results (Fig. S3C). In 
conclusion, the above treatment with siRNA-loaded EVs inhibited TNF- 
a-induced CCL2 expression and release. Similarly, western blot results of 
spinal cord tissue indicated that EVs-siRNA effectively inhibited the 
expression of CCL2, whereas C-EVs-siRNA inhibited the expression to a 
greater extent (Figs. S3D and E). The co-localization of immunofluo
rescence staining of the astrocyte marker GFAP and CCL2 in vivo also 
revealed that activated astrocytes released CCL2 after SCI, and EVs- 
siRNA inhibited the expression of CCL2 (Figs. S3F–H). Interestingly, in 
agreement with the in vitro findings, C-EVs-siRNA further decreased 
CCL2 expression compared with EVs-siRNA (Figs. S3F–H). These in vitro 
and in vivo results demonstrated not only the effectiveness of siRNA- 
loaded EVs in knocking down CCL2 expression but also the targeting 
of C-EVs-siRNA. 

3.6. C-EVs-siRNA promotes motor function recovery after SCI in mice 

The neuroprotective effects of C-EVs-siRNA were assessed by eval
uation of tissue damage and motor function recovery in a mouse model 
of SCI. PBS, EVs, EVs-siRNA or C-EVs-siRNA was administered imme
diately after SCI. At 28 days after SCI, morphological changes in the 
injured spinal cord were observed by GFAP staining. After EVs, EVs- 
siRNA or C-EVs-siRNA treatment, the lesion area was significantly 
smaller than that in the PBS group (Figs. S4A and B). Moreover, the 
lesion area in the C-EVs-siRNA group was significantly smaller than 
those in the EVs and EVs-siRNA groups (Figs. S4A and B). To provide 
additional evidence of motor function recovery, we used MRI to evaluate 
pathological changes in each group. MRI is an effective noninvasive 
method for the diagnosis and assessment of SCI, and was used to assess 
tissue repair 28 days after SCI. As shown in Figs. S4C and D, MRI images 
indicated low signal intensity at the injury site, which appeared as a 
fluid-filled cyst [47]. EVs-siRNA and C-EVs-siRNA treatment amelio
rated this pathology. Specifically, EVs-siRNA and C-EVs-siRNA-treated 

spinal cords were more intact, with smaller cysts and better treatment 
effects than those receiving PBS treatment, in agreement with the results 
in Figs. S4A and B. In addition, C-EVs-siRNA treatment more signifi
cantly promoted the recovery of injured spinal cord and normal 
morphology. 

Functional tests (e.g., BMS score, footprint test, rotarod test and 
MEP) are used to measure whether these imageable pathological effects 
translate into motor function recovery (Fig. 4A). Following SCI, animals 
exhibit flaccid paralysis followed by a modest time-dependent recovery. 
However, we observed that the degree of recovery varied among groups. 
As shown in Fig. 4B and C, the BMS scores of mice receiving EVs, EVs- 
siRNA and C-EVs-siRNA on day 7 post-injury were higher than those 
in the PBS group. From 14 to 28 days after injury, the BMS score in the C- 
EVs-siRNA group was significantly higher than those in the EVs and EVs- 
siRNA groups. Footprint tests demonstrated that mice treated with EVs- 
siRNA, compared with EVs, showed significantly faster gait recovery 
and improved motor coordination, and this effect was enhanced in the C- 
EVs-siRNA group (Fig. 4D and E), as demonstrated in rotarod assays 
(Fig. 4F). Together, these results demonstrated that C-EVs-siRNA treat
ment has an additive therapeutic effect on motor function in SCI mice 
beyond those of EVs and EVs-siRNA treatment. To further study motor 
function behavioral recovery, we performed electrophysiological anal
ysis. As shown in Fig. 4G and H, on the 28th day after injury, the MEP 
amplitude in the C-EVs-siRNA group was higher than those in the EVs 
and EVs-siRNA groups, thus indicating that the electrophysiological 
function of the hindlimbs showed better recovery after C-EVs-siRNA 
administration. Together, these results suggested that EVs, EVs-siRNA 
and C-EVs-siRNA treatment all promoted functional behavioral recov
ery after SCI in mice, and these beneficial effects were more pronounced 
after C-EVs-siRNA treatment. 

3.7. C-EVs-siRNA promotes axonal regeneration and remyelination 
necessary for locomotion 

We then tested how C-EVs-siRNA produced this promising effect. 
From the perspective of motor function recovery, axonal regeneration 
and remyelination are essential. Therefore, the density or state of axons 
in the lesioned core of the injured spinal cord was next assessed to 
elucidate the anatomical basis of the observed functional recovery. 
Neurofilament-200 (NF200) was used to assess axonal regeneration. In 
the PBS group, few NF200+ axons were observed in the lesions, whereas 
many NF200+-labeled fibers crossed the glial scar in the EVs and EVs- 
siRNA-treated groups, which showed axonal extensions (Fig. 5A and 
B). Interestingly, the C-EVs-siRNA group had more extended neurofila
ments than the other two treatment groups, thus indicating that the 
combination of targeted modified EVs and siRNA was more effective 
(Fig. 5A and B). To confirm these results, we used the neuronal marker 
NeuN to stain live neurons in a specific region (Z1-Z4) in the injured 
spinal cord in both groups of mice, which was located at a specified 
distance from the lesion boundary, as previously described [48]. The 
number of surviving NeuN+ neurons in the Z1-Z3 region of the 
C-EVs-siRNA group was significantly higher than that in the EVs and 
EVs-siRNA groups (Fig. 5C and D). In addition, the Western blot results 
of NF-200 and MAP-2 also confirmed the trend between groups in 
immunofluorescence staining (Fig. 5E–H). Collectively, these results 
suggested that administration of C-EVs-siRNA was more effective in 
promoting functional behavioral recovery and post-injury axonal 
regeneration than EVs or EVs-siRNA alone. 

Axonal demyelination and damage to myelin structures persist after 
SCI. Therefore, we assessed the level of axonal myelination and the 
myelin ultrastructure at the injury site through LFB staining and TEM. 
First, LFB staining indicated that the residual amount of myelin in the 
EVs, EVs-siRNA and C-EVs-siRNA groups was significantly higher than 
that in the PBS group, and the C-EVs-siRNA treatment effect was better 
than those in the EVs and EVs-siRNA groups (Figs. S5A and B). TEM was 
used to assess the ultrastructure of myelin sheaths in mice receiving 
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different treatments. The G-ratio (the ratio of axon inner diameter to 
outer diameter) and myelin diameter were also analyzed. TEM indicated 
that the myelin sheaths in the sham group were arranged in a tight and 
orderly manner, with uniform thickness and a clear layered structure. 
The myelin ultrastructure in the mice was most severely damaged after 
SCI. However, improvements in myelin after treatment with EVs alone 
were very limited. The number, diameter and thickness of myelin 
sheaths significantly increased after EVs-siRNA and C-EVs-siRNA treat
ments (Figs. S5C–E). In conclusion, both LFB staining and TEM results 
indicated a positive effect of C-EVs-siRNA treatment on demyelination. 
MBP is an important component of myelination during nerve regener
ation after SCI [49]. Western blot analysis of MBP indicated that 
although both EVs and EVs-siRNA treatments increased MBP expression 
beyond that in the PBS group, C-EVs-siRNA treatment increased MBP 
expression to a greater extent (Figs. S5F and G). Together, our findings 
suggested that both EVs and siRNA promoted axonal growth, and that 
targeting modified EVs combined with siRNA administration had the 
greatest effect on axonal regeneration and myelin protection. 

3.8. C-EVs-siRNA decreases apoptosis and promotes neuronal repair by 
affecting the inflammatory response and microglial polarization 

Next, we aimed to explore how C-EVs-siRNA induced axonal regen
eration. Neuronal survival is a prerequisite for axon regeneration. To 
investigate the regulatory effect of C-EVs-siRNA on neuronal apoptosis 
after SCI, we performed TUNEL staining on neurons 7 days after SCI. As 
shown in Fig. 6A and B, the number of TUNEL-positive cells in the PBS 
group significantly increased, whereas EVs, EVs-siRNA and C-EVs-siRNA 
treatment significantly decreased neuronal apoptosis. In contrast, C- 
EVs-siRNA elicited the best neuronal protection, showing fewest TUNEL- 

positive cells. Nissl staining was then used to assess the number of spinal 
motor neurons and the degree of damage. The number of neurons in the 
EVs, EVs-siRNA and C-EVs-siRNA groups was significantly higher than 
that in the PBS group 7 days after SCI. Interestingly, in agreement with 
the TUNEL staining results, the C-EVs-siRNA group showed the most 
neurons and the least damage (Fig. 6C and D). In addition, western blot 
of spinal cord tissue indicated that the expression of the pro-apoptotic 
markers Cleaved caspase-3 and Bax in the EVs, EVs-siRNA and C-EVs- 
siRNA groups was diminished, and the expression of the anti-apoptotic 
protein Bcl-2 was elevated (Fig. 6E and F). The C-EVs-siRNA group 
showed the best inhibitory effect on apoptosis (Fig. 6E and F). Together, 
the above results suggested that EVs and EVs-siRNA decreased neuronal 
apoptosis and promoted neuronal recovery, whereas targeted modifi
cation plus loaded siRNA enhanced the effects of EVs. 

To explore the mechanism through which C-EVs-siRNA decreases 
neuronal apoptosis, we detected inflammatory cells, such as microglia/ 
macrophages, which invade injury sites and regulate “secondary injury” 
after SCI. First, we assessed oxidative stress levels in the SCI area 
through DHE staining. EVs or EVs-siRNA treatment inhibited reactive 
oxygen species (ROS) levels in the injured area of SCI, whereas C-EVs- 
siRNA treatment promoted this therapeutic effect (Fig. 7A and B). Next, 
we measured the concentrations of the proinflammatory cytokines TNF- 
α, IL-1β and IL-6, and the anti-inflammatory cytokines TGF-β, IL-4 and 
IL-10 in the spinal cord with ELISA. The administration of EVs, EVs- 
siRNA or C-EVs-siRNA, compared with PBS, significantly decreased 
the concentrations of pro-inflammatory cytokines and increased the 
concentrations of anti-inflammatory cytokines (Fig. 7C and D). How
ever, treatment with C-EVs-siRNA, compared with EVs or EVs-siRNA 
alone, greatly promoted anti-inflammatory cytokine secretion and 
inhibited pro-inflammatory cytokine secretion (Fig. 7C and D). 

Fig. 4. C-EVs-siRNA promotes motor function recovery after SCI in mice. (A) Schematic diagram of experimental design. (B, C) BMS scores of mice treated with 
PBS, EVs, EVs-siRNA or C-EVs-siRNA during the recovery period 28 days after injury. (D, E) Typical diagrams of footprint tests in mice treated with PBS, EVs, EVs- 
siRNA or C-EVs-siRNA on day 28 after injury. (F) Rotarod test on day 28 after injury in the indicated groups. (G) Electrophysiological assessment with MEP analysis 
on day 28 post-injury (arrows indicate onset of evoked potentials). (H) Quantification of peak-to-peak MEP amplitude and latency in mice in the indicated treatment 
groups. *P < 0.05; **P < 0.01; ***P < 0.001 (n = 6 per group). 
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Microglia/macrophages can have two different phenotypes: pro- 
inflammatory microglia/macrophages (M1), which cause secondary 
damage, and anti-inflammatory microglia/macrophages (M2), which 
initiate tissue repair (Fig. 7E). We therefore wondered whether admin
istration of EVs or siRNA might polarize microglia/macrophages from 
the M1 to the M2 phenotype after SCI. Gene expression of M1 (iNOS, 
TNF-α and IL-1β) and M2 (Arg1, CD206 and YM1/2) markers was 
analyzed by qRT-PCR. As shown in Fig. 7F and G, compared with that in 
the PBS group, the expression of M2 genes was significantly higher in the 
EVs, EVs-siRNA and C-EVs-siRNA groups, whereas the expression of M1 
genes was lower. Meanwhile, compared with the EVs group, the EVs- 
siRNA group had higher M2 gene expression and lower M1 gene 
expression, and the effect of C-EVs-siRNA in promoting the conversion 
of M1 to M2 was clearer. Western blot analysis also confirmed the qRT- 
PCR results (Fig. 7H and I). We further assessed the characteristic po
larization of microglia/macrophages after SCI in different groups with 
representative M1-associated iNOS and M2-associated Arg1 markers 
together with F4/80, which can be used to detect microglia/macro
phages in the injured spinal cord. F4/80+ microglia/macrophages 
significantly increased at the injury site after SCI, and EVs and EVs- 

siRNA treatments significantly decreased the inflammatory response at 
the injury site after SCI. However, treatment with C-EVs-siRNA, 
compared with EVs or EVs-siRNA, greatly decreased the F4/80+

microglia/macrophages (Fig. 7J-M). Furthermore, the relative level of 
Arg1 protein increased with C-EVs-siRNA treatment, beyond that with 
EVs and EVs-siRNA alone, whereas the level of iNOS protein decreased 
(Fig. 7J-M). Thus, these results suggested that EVs-siRNA had a signifi
cant effect on the ratio of anti-inflammatory to pro-inflammatory phe
notypes after SCI and could shift the microglia/macrophage polarization 
from the M1 to the M2 phenotype. This effect was more pronounced 
after peptide CAQK-targeted modification. 

3.9. C-EVs-siRNA reverses LPS-induced ROS generation and microglial 
polarization 

To determine the effects of C-EVs-siRNA on the inflammatory 
response and microglial polarization, we added LPS to the culture sys
tem for 24 h before the addition of PBS, EVs, EVs-siRNA or C-EVs-siRNA 
(100 μg/mL, 24 h) to induce an inflammatory microenvironment 
mimicking SCI in vivo. First, we examined LPS-induced changes in ROS 

Fig. 5. C-EVs-siRNA promotes axonal regeneration necessary for locomotion. (A) Representative immunofluorescence images of NF200+ in injured spinal cords 
on day 28 after injury. (B) Quantitative analysis of the percentage of NF200+ areas at the indicated distances from the center of SCI lesions to the total area of distant 
uninjured axons. (C) Representative immunofluorescence images of NeuN+ neurons in the Z1-Z4 region adjacent to the lesion core on day 28 post-injury. (D) 
Quantification of NeuN+ neurons in the Z1-Z4 region adjacent to the lesion core on day 28 post-injury. (E-H) Western blot detection and quantitative analysis of 
NF200, MAP2 and GFAP proteins in spinal cord tissue on the 28th day after injury. *P < 0.05; **P < 0.01; ***P < 0.001 (n = 6 per group). 
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levels, another characteristic of M1 microglia/macrophages. EV, EVs- 
siRNA or C-EVs-siRNA treatment effectively inhibited the increase in 
cellular ROS levels after LPS stimulation, and EVs-siRNA had a stronger 
inhibitory effect than EVs (Figs. S6A and B). However, C-EVs-siRNA did 
not show a stronger antioxidant effect than EVs-siRNA (Figs. S6A and B). 
ELISA analysis indicated that both EVs and EVs-siRNA suppressed the 
concentrations of TNF-α, IL-1β and IL-6, and promoted the secretion of 
TGF-β, IL-4 and IL-10 in vitro (Figs. S6C and D). Furthermore, EVs-siRNA 
exerted more beneficial effects than EVs (Figs. S6C and D). qRT-PCR 
indicated that both EVs and EVs-siRNA decreased the expression of 
M1 markers and increased the expression of M2 markers. Moreover, 
EVs-siRNA was more powerful in converting M1 microglia to M2 
microglia than EVs alone (Figs. S6E and F), similarly to the in vivo re
sults. Flow cytometry revealed that the percentage of F4/80+ iNOS+

cells was lower, and the percentage of F4/80+ CD206+ cells was higher, 
in the EVs-siRNA group than the EVs group (Figs. S6G–J). These results 
were confirmed by western blot analysis (Fig. S6K and L). In addition, 
qRT-PCR, flow cytometry and western blot results all indicated that C- 
EVs-siRNA did not show a stronger effect than EVs-siRNA in promoting 
M1 to M2 conversion (Fig. S6E-L), indicating that the targeting effect of 
CAQK modification was mainly exerted in reactive astrocytes in vivo. 

These findings confirmed the results observed in vivo, demonstrating 
that C-EVs-siRNA effectively decreased M1 microglia and drives M2 
microglia polarization, thereby suppressing inflammation. 

4. Discussion 

The effects of SCI can be severe, resulting in motor dysfunction and 
poor prognoses [50]. At present, the main research focus is on 
decreasing neuronal apoptosis in the injured area and inhibiting the 
inflammatory response involving microglia invading the lesion site, 
thereby creating a favorable microenvironment for neurogenesis and 
axonal regeneration [51]. In this study, we constructed siRNA-loaded 
engineered EVs, which were modified with the spinal cord targeting 
peptide CAQK for SCI treatment (Fig. 8). Our results indicated that the 
physicochemical characteristics of C-EVs-siRNA were not significantly 
different from those of EVs, and it had good biocompatibility. In vitro 
and in vivo toxicity assessment experiments indicated that C-EVs-siRNA 
treatment was well tolerated, without causing significant systemic 
toxicity. Importantly, C-EVs-siRNA tail vein injection not only reached 
the SCI area but also targeted activated astrocytes. Tissue damage and 
functional evaluation experiments in the SCI mouse model indicated 
that the spinal cord was more intact after C-EVs-siRNA treatment, the 
lesion area was diminished, and the pathological changes were 
ameliorated. In addition, the motor function recovery of mice with SCI 
was clearer after C-EVs-siRNA treatment, as indicated by a higher BMS 
score, better gait recovery and motor coordination ability, increased rod 
rotation time and speed, decreased latency and increased amplitude of 
the electromyogram. Furthermore, C-EVs-siRNA promoted neuronal 

Fig. 6. C-EVs-siRNA promotes neuronal repair by decreasing neuronal apoptosis in the SCI area. (A) On the 7th day after injury, TUNEL staining was used to 
detect cell apoptosis. (B) Quantitative analysis of TUNEL positive cells. (C) Nissl staining to assess the number and degree of injury of spinal motor neurons. (D) 
Quantitative analysis of the percentage of Nissl bodies at the indicated distances from the center of SCI lesions. (E) Western blot detection of pro-apoptotic and anti- 
apoptotic-related protein expression in spinal cord tissue on the 7th day after injury. (F) Quantitative analysis of pro-apoptotic and anti-apoptotic proteins. *P < 0.05; 
**P < 0.01; ***P < 0.001 (n = 6 per group). 
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repair, mainly by affecting the inflammatory response and microglial 
polarization, and decreasing apoptosis, which in turn promoted axonal 
regeneration and remyelination necessary for movement. 

In addition to having relatively low immunogenicity and biode
gradability, EVs have low toxicity and provide strong cargo protection, 
thus making them ideal for treating SCI [52,53]. Our previous studies in 
multiple animal models have demonstrated that EVs promote motor 
function recovery after SCI through different mechanisms of action [18, 
48,54,55]. However, unmodified EVs pose a challenge for intravenous 
infusion into SCI because of their poor targeting capabilities. Many 
previous studies have emphasized engineering of EVs to enhance ther
apeutic capabilities. Kim et al. have demonstrated that cardiac targeting 
peptide-modified EVs are more than 2-fold more efficient than unmod
ified EVs at delivering siRNA to the heart [56]. You et al. have reported 
refined surface editing of MSCs-EVs through metabolic glycoengineering 
of adipose-derived stem cells to target activated macrophages in rheu
matoid arthritis [57]. Tian et al. have shown that after intravenous in
jection of RGD-modified NPCs-derived EVs, RGD-EVs targeted the 
diseased area of the ischemic brain and strongly inhibit the inflamma
tory response [16]. 

Mann et al. have demonstrated that the peptide CAQK selectively 

binds proteoglycan complexes in damaged mouse and human brains. 
When conjugated to CAQK, systemically administered molecules accu
mulate at injury sites [38]. Subsequently, Wang et al. constructed 
CAQK-modified liposomes, exploiting the mechanism through which 
CAQK selectively binds CSPGs for targeted drug delivery in the injured 
spinal cord [44]. Additionally, Wang et al. have developed a spinal 
cord-targeted, esterase-responsive nanocarrier based on CAQK for the 
treatment of spinal cord injuries [41]. However, no published studies 
have examined the use of CAQK-modified EVs in SCI. Therefore, we 
constructed C-EVs for targeted therapy for SCI. Briefly, we first conju
gated the peptide CAQK to the surfaces of EVs through chemical 
modification and verified the successful modification of EVs. TEM, NTA 
and western blot results indicated that CAQK modification did not affect 
the general physical characteristics of EVs. In addition, our in vitro ex
periments demonstrated that C-EVs were targeted to activated astro
cytes, thus further validating that CAQK successfully modifies EVs. 
Immunofluorescence results indicated that the targeting ability of C-EVs 
was mediated through the recognition of CSPGs released by activated 
astrocytes. This targeting approach involves efficient binding of the 
peptide CAQK to the surfaces of EVs, thus yielding C-EVs with high 
affinity/specificity for cells expressing CSPGs. In vivo IVIS also 

Fig. 7. C-EVs-siRNA affects the inflammatory response and microglial polarization. (A) On the 7th day after injury, DHE staining was used to detect ROS levels 
in the injured spinal cords in mice. (B) Qualitative analysis of the fluorescence intensity of DHE staining. (C, D) On the 7th day after injury, ELISA was used to detect 
the concentrations of pro-inflammatory and anti-inflammatory cytokines in the PBS, EVs, EVs-siRNA and C-EVs-siRNA groups. (E) Schematic illustration of C-EVs- 
siRNA enhancing anti-inflammatory cytokine release from M2 microglia/macrophages and inhibiting pro-inflammatory cytokine release from M1 microglia/mac
rophages. (F, G) mRNA expression levels of M1 and M2-related genes, detected by qRT-PCR. (H, I) Detection of protein levels of M1 and M2-related genes by western 
blot analysis. (J, K) Representative immunostaining images of F4/80 (red) and iNOS (green) in the SCI area on day 7 after injury, and analysis of iNOS+ microglia/ 
macrophages in the traumatic injury area. (L, M) Representative immunostaining images of F4/80 (red) and Arg1 (green) in the SCI area on day 7 post-injury and 
analysis of Arg1+ microglia/macrophages in the traumatic injury area. *P < 0.05; **P < 0.01; ***P < 0.001 (n = 6 per group). 
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confirmed that C-EVs substantially accumulated in the lesion area of SCI 
after intravenous injection into mice receiving SCI. 

As mediators of a cascade of events following SCI, microglia are 
important in activating and regulating neuroinflammation [58]. 
Microglia/macrophages have two phenotypes. The M1 phenotype se
cretes proinflammatory cytokines including TNF-α, IL-6 and IL-1β. The 
M2 phenotype secretes anti-inflammatory cytokines, including TGF-β, 
IL-10 and IL-4 [54,59]. After SCI, microglial activation is dominated by 
the M1 phenotype; beyond releasing proinflammatory mediators, 
microglia respond to proinflammatory signals released by other cells. 
CCL2 may play a critical role in the immune response in this context 
[60]. Zhang et al. have found that intrathecal administration of CCL2 
activates microglia in wild-type mice but not CCR2-deficient mice [61]. 
Our previous studies have also demonstrated that CCL2 released by 
activated astrocytes promotes microglial activation and neuronal 
apoptosis after SCI, whereas activated microglia release proin
flammatory cytokines including IL-1β, which act on neurons and further 
aggravate their apoptosis [25]. According to these findings, in this 
study, we constructed CCL2-siRNA to silence the expression of the CCL2 
gene in activated astrocytes after SCI, thereby blocking the 
CCL2-mediated microglial inflammatory response and neuronal 
apoptosis. 

Because EVs are nanoscale and membrane permeable, research has 
yielded insights into the possibility of using EVs as nucleic acid or drug 
delivery vehicles. Guo et al. have shown that EVs loaded with PTEN- 
siRNA attenuated PTEN expression after intranasal administration. 
Furthermore, treatment with siRNA-loaded EVs has been found to 
partially improve the structure and electrophysiological function, 
significantly causing functional recovery in rats with complete SCI [35]. 
Here, we loaded CCL2-siRNA into EVs by electroporation. TEM, NTA 
and western blot analysis indicated that the general characteristics of 
EVs remained unchanged after siRNA loading. Specifically, 
siRNA-loaded C-EVs had similar morphology and size to those of 
unloaded C-EVs. Western blot analysis also confirmed that the final 
engineered EVs still retained the protein markers of native EVs. In siRNA 
degradation and safety assays, the membranes of EVs maintained siRNA 
integrity, thereby protecting siRNA from nucleases in FBS after modi
fication and electroporation. The siRNA-loaded C-EVs had comparable 

biological safety to natural EVs. Furthermore, in vitro and in vivo results 
confirmed the effectiveness of siRNA-loaded EVs in knockdown of CCL2 
gene expression. Most importantly, the successful construction of C-EVs 
loaded with siRNA indicated synergistic and comprehensive therapeutic 
effects of SCI, including inhibiting neuronal apoptosis, influencing 
microglial polarization and promoting neuronal axon regeneration. 
Additionally, studies have indicated that siRNA loading on EVs appears 
to be dependent on the siRNA cargo, whereas EVs merely act as carriers. 
In contrast, C-EVs-siRNA exploits the inherent anti-inflammatory and 
neuroreparative functions of iNSCs-derived EVs and acts synergistically 
with the loaded siRNA to enhance efficacy. However, we acknowledge 
that complexity and technical challenges may limit the current clinical 
translation of C-EVs-siRNA. 

Encouragingly, we found that C-EVs-siRNA treatment significantly 
improved functional recovery in SCI mice. The histological morphology 
of the spinal cord indicated a significant improvement in the condition 
of the spinal cord; moreover, the lesion area decreased, and the patho
logical changes were diminished. The anatomical basis for functional 
recovery is better understood with MRI. Our results revealed that C-EVs- 
siRNA treatment significantly contributed to the recovery of the 
damaged spinal cord. In addition, the tissue integrity after C-EVs-siRNA 
treatment was better than that after treatment with EVs or EVs-siRNA. 
As described above, this positive effect might have been due to the 
combined effect of EVs and siRNA in targeting multiple aspects of SCI. 
Interestingly, both EVs and siRNA promoted axonal growth, and the 
combination of targeted modified EVs and siRNA administration had the 
greatest effect on axonal regeneration and myelin protection. After SCI, 
M1 microglia/macrophages induce a significant inflammatory response 
by releasing proinflammatory cytokines and ROS, leading to neuronal 
death and axonal retraction [62,63]. Our data suggested that EVs may 
contribute to tissue repair by promoting the transformation of M1 
microglia to M2 microglia. In addition, the improved inflammatory 
response increased cell survival, prevented axonal contraction, and 
increased neuronal growth potential and plasticity. The functional 
assessment results indicated that the BMS scores of the EVs and 
EVs-siRNA groups were higher than those in the SCI group at 28 days 
after injury; however, the EVs-siRNA group had better effects. The BMS 
score of the C-EVs-siRNA group was significantly higher than those of 

Fig. 8. Preparation of C-EVs-siRNA and the ther
apeutic mechanism. Human iPSCs were induced to 
differentiate into iNSCs, and then the peptide CAQK 
was combined with EVs isolated from iNSC using a 
chemical modification method, and CCL2-siRNA was 
then loaded into the EVs by electroporation. C-EVs- 
siRNA can specifically deliver siRNA to SCI areas and 
be taken up by target cells. C-EVs-siRNA used the 
inherent anti-inflammatory and neuroreparative 
functions of iNSC-derived EVs and acted synergisti
cally with the loaded siRNA, thus enhancing the 
therapeutic effects on SCI. The combination of tar
geted modified EVs and siRNA effectively modulated 
microenvironmental disturbance after SCI, altered the 
polarization state of microglia, and limited the effects 
of inflammatory response and neuronal injury on 
functional recovery in mice with SCI.   
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the EVs and C-EVs groups. These results suggested that EVs alone 
improved motor function in mice with SCI, whereas a targeting modi
fication or loading of siRNA to silence the CCL2 gene significantly 
increased the effects of EVs on motor recovery. Other functional tests 
(footprint test, rotarod test and MEP) further confirmed the results of 
BMS. 

According to our data, intravenous injection of C-EVs-siRNA was an 
acceptable route of administration and could effectively inhibit micro
glial inflammatory response and neuronal apoptosis in the area of SCI. 
Furthermore, we used C-EVs as an efficient siRNA delivery vehicle for 
SCI treatment. Other therapeutic drugs could also be loaded into C-EVs 
for further targeted delivery to the diseased area of SCI. Many efficient 
methods are capable of loading therapeutic small molecules, RNAs 
(siRNA and miRNA) and even proteins into EVs, including electropo
ration, sonication, passive incubation with permeabilizers and incuba
tion with hydrophobically modified RNAs [30,39,40,64]. 
Electroporation is currently an effective method of loading specific 
cargo into EVs and it has little impact on the endogenous cargo of EVs. In 
this study, we loaded siRNA into EVs by electroporation, and the 
modification of the peptide CAQK did not affect the loading efficiency of 
electroporation. One possible problem is the accumulation of EVs in the 
liver and spleen. Studies have shown that intravenously administered 
EVs are cleared in large numbers by macrophages residing in the liver 
and spleen [10,65,66]. Thus, an effective method for decreasing the 
clearance of EVs in the liver and spleen is needed. Our results showed 
that EVs accumulated abundantly in the liver after injection via the tail 
vein, whereas the CAQK-modified EVs decreased this accumulation. 
Although modification with the peptide CAQK decreased the accumu
lation and clearance of EVs in the liver, spleen and kidney, many EVs 
remained in the liver and lung. Therefore, the liver and lung toxicity of 
C-EVs-siRNA should also be fully evaluated before clinical application. 
Here, we confirmed the safety of C-EVs-siRNA treatment. Our study 
revealed no tissue damage or loss of function in the liver and lung after 
intravenous administration of C-EVs-siRNA. In vivo blood biochemistry 
and H&E staining results of other major organs also indicated that 
C-EVs-siRNA treatment was well tolerated and had no clear systemic 
toxicity. 

In principle, this method for targeted delivery of siRNA by modifying 
EVs is a safe, effective and risk-free gene therapy that overcomes the 
limitations of clinical gene therapy [67]. However, several limitations 
exist to obtaining sufficient EVs through NSCs. An important consider
ation is that harvesting NSCs from adult tissues is an invasive procedure. 
Furthermore, because NSCs reside in the subventricular zone lining the 
lateral ventricles [68], obtaining them from patients is challenging. The 
availability of NSCs-EVs for clinical treatment would be limited by these 
factors. Consequently, developing EV targeted for other tissues and 
improving their yield and efficiency would allow them to be applied in a 
wider range of applications, thereby increasing the effectiveness of this 
gene delivery technology. In recent years, advances in stem cell tech
nology have enabled patient-specific iPSCs, which can differentiate into 
expandable progenitor and mature cells, to be generated from adult 
human cells [69]. Moreover, the use of EVs derived from iPSCs for 
autologous therapy does not raise ethical issues or immune rejection 
[70,71]. Cui et al. have developed an EV delivery system based on EVs 
secreted from MSCs differentiated from human iPSCs. Engineered EVs 
and loaded siRNA play a synergistic role in the treatment of osteoporosis 
[46]. In addition, somatic cells can be obtained from patients and 
transformed into iPSCs with induced pluripotent stem cell reprogram
ming techniques. iPSCs can then be differentiated into specific cells that 
could be used as EVs for production, thus avoiding the risk of ethical 
controversy or immune rejection [46]. Upadhya et al. have also isolated 
biologically active EVs from hiPSC-induced iNSCs containing multiple 
miRNAs and proteins associated with brain injury or post-disease repair, 
and observed anti-inflammatory and neurogenic properties [42]. In our 
study, we induced the differentiation of human iPSCs into iNSCs and 
then used a chemical modification method to successfully bind the 

spinal cord-targeting peptide CAQK to EVs isolated from iNSC. The 
modified EVs still maintained the basic properties of native EVs and 
showed good targeting and therapeutic effects in vitro and in vivo. 

5. Conclusions 

In conclusion, in this study, we designed iNSCs-based engineered EVs 
to promote functional recovery after SCI. C-EVs-siRNA can specifically 
deliver siRNA to SCI areas and be taken up by target cells. C-EVs-siRNA 
used the inherent anti-inflammatory and neuroreparative functions of 
iNSCs-derived EVs and acted synergistically with the loaded siRNA, thus 
enhancing the therapeutic effects on SCI. The combination of targeted 
modified EVs and siRNA effectively modulated microenvironmental 
disturbance after SCI, altered the polarization state of microglia, and 
limited the effects of inflammatory response and neuronal injury on 
functional recovery in mice with SCI. In conclusion, engineered EVs 
were a potentially viable and efficacious treatment for SCI, and may also 
be used to develop targeted treatments for other diseases. 
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