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A B S T R A C T   

The repair and motor functional recovery after spinal cord injury (SCI) remains a worldwide challenge. The 
inflammatory microenvironment is one of main obstacles on inhibiting the recovery of SCI. Using mesenchymal 
stem cells (MSCs) derived extracellular vesicles to replace MSCs transplantation and mimic cell paracrine se
cretions provides a potential strategy for microenvironment regulation. However, the effective preservation and 
controlled release of extracellular vesicles in the injured spinal cord tissue are still not satisfied. Herein, we 
fabricated an injectable adhesive anti-inflammatory F127-polycitrate-polyethyleneimine hydrogel (FE) with 
sustainable and long term extracellular vesicle release (FE@EVs) for improving motor functional recovery after 
SCI. The orthotopic injection of FE@EVs hydrogel could encapsulate extracellular vesicles on the injured spinal 
cord, thereby synergistically induce efficient integrated regulation through suppressing fibrotic scar formation, 
reducing inflammatory reaction, promoting remyelination and axonal regeneration. This study showed that 
combining extracellular vesicles into bioactive multifunctional hydrogel should have great potential in achieving 
satisfactory locomotor recovery of central nervous system diseases.   

1. Introduction 

Spinal cord injury (SCI) is a devastating trauma that causes several 
disabilities and sequelae for individuals [1–3]. Following the primary 
trauma causing structural disturbance, long-term complications of sec
ondary injury occur around the lesion site comprising inflammation, 
apoptosis, demyelination and scars tissue formation [4]. Therefore, 
these intricate microenvironments will limit the effective treatment of 
SCI [5]. Moreover, it is hardly achieving a satisfactory therapeutic effect 
with targeting a single parameter. Hence, integrative regulation of the 
partial microenvironment is a promising therapeutic strategy for SCI 
[6–8]. 

Fortunately, the stem cell transplantation therapy for SCI has been 
evoked much attention as a promising strategy to regulate microenvi
ronment and improve recovery of motor, sensory, and/or autonomic 
functions [9,10]. Due to the relative ease of acquisition and culture, 
mesenchymal stromal cells (MSCs) have emerged as promising stem cell 
sources for regenerative medicine [11]. Moreover, MSCs was demon
strated that it could improve motor functional recovery after SCI via 
directing neuronal differentiation of progenitor cells, reducing scar tis
sue formation and enhancing axonal regeneration [12,13]. Although 
MSCs exhibit a remarkable outcome to promote functional plasticity 
after spinal cord injury, the direct transplantation of stem cells to target 
tissues remains limited in clinic. The reasons include the low survival 
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rate of transplanted stem cells, the inevitable immune rejection and 
possible cell dedifferentiation/tumor formation [14–20]. Transplanted 
stem cells exert therapeutic effects mainly through important bioactive 
molecules, which are mediated by paracrine action primarily after 
transplantation [15,16]. Extracellular vesicles, a principal form of 
paracrine secretory ingredients, have been confirmed that they could 
regulate cell-to-cell communications through transferring the contained 
mRNAs, miRNAs, and proteins to target cells. Hence, it is hypothesized 
that MSCs-derived extracellular vesicles could perform the similar 
benefit functions as MSCs in therapy of spinal cord injury. 

However, the challenges containing short half-time and rapid 
clearance due to the innate immune system will become an obstacle for 
extracellular vesicles therapeutics [17]. Furthermore, MSCs-derived 
extracellular vesicles have been manifested that it could alleviate the 
local SCI microenvironment, while the poor accumulation in the spinal 
cord lesion site after systemic administration greatly decreased the ef
ficiency due to the rapid clearance in vivo [18–20]. Additionally, the 
recovery process of spinal cord commonly experiences a complex and 
lengthy multiple phase, it is difficult to retain the unconjugated or free 
extracellular vesicles in the injured site for an extended time [21]. 
Herein, it is necessary to develop an innovative and biocompatible 
biomaterial vehicle that can serve as a sustained release carrier for 
extracellular vesicles, exhibiting efficient retention and sustained 
release at the spinal cord injured area and further accelerate axonal 
regeneration. 

In recent years, biomedical hydrogels have gained treatment interest 
in drug/cell delivery applications due to 1) exhibiting an obvious three- 
dimensional porous morphology, which provides a certain load space for 
the delivery bioactive factors or cells; 2) having multifunctional prop
erties including thermosensitivity, injectability, self-healing ability and 
adhesive, which facilitates the in vivo applications; 3) showing a good 
cytocompatibility based on the rational design to ensure the good sur
vival of cells and effective release of bioactive factors [22–24]. Although 
plenty of hydrogels have been used in extracellular vesicle delivery, 
their further application for repairing SCI remains limited due to the lack 
of multifunctional properties, inherent bioactivity and long term release 
[25]. As the advantages of facile synthesis, high biocompatibility, 
controllable biodegradation and low cost, citric acid-based polymers 
(CABP) have attracted widespread attention in tissue engineering [26]. 
To expand the applications, our group developed multifunctional citric 
acid-based polymers, which preformed sensational biomedical effects in 
bioimaging, nucleic acid delivery and tissue regeneration [26–28]. 
Interestingly, we found that polycitrate-polyethylene glyco
l-polyethyleneimine (PCE) performed excellent biocompatibility. 
Moreover, it can promote cell activities in skeletal muscle regeneration 
[29]. It is very promising to design a PCE-based hydrogel with multi
functional properties and long term local release of MSC-derived 
extracellular vesicle for efficient treatment of SCI. 

Herein, a thermosensitive and injectable adhesive anti-inflammatory 
PCE-based hydrogel (FE) with locally sustainable and stable delivery for 
extracellular vesicle was designed for treating SCI. The FE hydrogel was 
prepared through a dynamic hydrogen bond between F127 and PCE 
polymer, the MSC-derived extracellular vesicle was loaded by the elec
trostatic interaction with PCE. The multifunctional properties of 
hydrogels including injectability, adhesiveness, temperature-responsive 
and self-healing were evaluated. The synergistic effects of local long 
term release of extracellular vesicle and FE hydrogel on the anti- 
inflammatory activity, pathology and motor function, fibrotic scar tis
sue formation, remyelination and axonal regeneration were investigated 
in detail. 

2. Results 

2.1. Ad-MSCs and exosomes characterization 

The obtained Ad-MSCs were characterized by osteogenic, and 

adipocyte differentiation assay based on Alizarin red and Oil Red O 
staining, respectively. We found that they have osteogenic and adipo
cyte differentiation ability (Fig. S1A). Passage 4–5 of Ad-MSCs were 
assessed for flow cytometry analysis. They were found to negative 
expression of CD34, and CD45 and HLA-DR, positive expression of CD73 
(Fig. S1B). The presence of CD63, CD81, Alix and TSG101 expression in 
the extracellular vesicles was confirmed by western blot (Fig. S1C). 
Furthermore, the result of immunofluorescence showed that PKH67 
labeled extracellular vesicles were colocalized in neurons (Fig. S1D) 
after cultured for 24 h, suggesting that extracellular vesicles could be 
endocytosed by neurons. The spherical extracellular vesicle morphology 
was confirmed by transmission electron microscopy (TEM) (Fig. S1E). 
Meanwhile, the concentration and size distribution of the extracellular 
vesicle was about 50–200 nm measured by ZetaView (Fig. S1F), which 
was concordant with the previously reported [30]. Taken together, these 
results showed that the isolation and purification of Ad-MSCs derived 
extracellular vesicles were successful, which performed endocytosis and 
bioactivity in neurons. 

2.2. Fabrication and characterizations of FE and FE@EVs hydrogel 

The temperature-responsive FE hydrogel was prepared using F127 
and PCE through the hydrogen bond, and then the extracellular vesicles 
were encapsulated by electrostatic interaction with PCE in hydrogel. 
During the treatment of SCI, the local long-term release of extracellular 
vesicles and PCE possessed a certain anti-inflammatory activity, reduc
tion of fibrotic scar, remyelination and improvement of axonal regen
eration. The PCE polymer was synthesized through a two-step chemical 
reaction (Fig. S2). The chemical structure of PCE polymer was deter
mined by 1H NMR analysis (Fig. 1A). The peaks between 2.27 ppm and 
3.09 ppm were assigned to the methylene (-CH2-) of CA and PEI. The 
peaks around 3.60 ppm were attributed to the methylene (-CH2-) of PEG. 
The peaks at 1.24 ppm and 1.54 ppm were identified as the methylene 
(-CH2-) of OD. The peaks between 3.84 ppm and 4.31 ppm was belonged 
to the methylene (-COO-CH2-) connected to the ester bond. The peaks 
between 3.10 and 3.30 ppm was belonged to methylene (-CONH-CH2-) 
connected to amido bond. The presence of new peaks indicated the 
successful synthesis of PCE polymer. The 1H NMR spectra of raw ma
terials including citric acid (CA), 1,8-octanediol (OD), PEG, PCG pre
polymer and PEI was shown in Fig. S3. The chemical structure of PCE 
polymer and FE hydrogel were also analyzed by FTIR spectra (Fig. 1B). 
The broad peaks between 3700 cm− 1 and 3200 cm− 1 were attributed to 
the hydroxyl (-OH) of diols and the amino of PEI. The peaks between 
3000 cm− 1 and 2750 cm− 1 were assigned to the methylene (-CH2-) of 
CA, OD, PEG and PEI. The presence of peaks between 1800 cm− 1 and 
1650 cm− 1 belonged to the ester bonds (-COO-) and amido bond 
(-CONH-) further indicated the successful synthesis of PCE polymer. The 
FTIR of F127 and FE hydrogel has been shown in Fig. S4. The peak at 
1100 cm − 1 belonged to the ether bond (-C-O-C-) from F127. The 
characteristic peak of PCE was not obvious due to the low content of PCE 
(0.01%) in FE hydrogel. It was detected by selecting the FE′ hydrogel 
containing high concentration of PCE (2.5%). The appearance of above- 
mentioned peaks indicated that FE hydrogel was successfully formed. In 
addition, the more obvious 3D porous morphology of FE@EVs hydrogel 
was observed by SEM (Fig. 1C). 

The multifunctional properties and rheological properties of the 
hydrogel are shown in Fig. 1. The FE@EVs hydrogel exhibited the sol to 
gel transition temperature above 25 ◦C, indicating its thermosensitivity 
(Fig. 1D). The FE@EVs hydrogel could be extruded from the 0.9×38 mm 
needle without obstruction to form “FFE” shape, suggesting its good 
injectability (Fig. 1E). After approximately 1 h, the two pieces of 
FE@EVs hydrogel could be able to heal together, suggesting the FE 
hydrogel possesses certain self-healing ability due to the existence of the 
hydrogen bond (Fig. 1F). In addition, the FE@EVs hydrogel can allow 
the two spinal cords or skin to adhere together without dropping, sug
gesting its good adhesive ability (Fig. 1G). The rheological properties 
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were also measured to evaluate the mechanical behavior of the hydro
gel. The storage modulus (G′) gradually exceeded the loss modulus (G′′) 
of FE@EVs hydrogel when the temperature gradually increased from 
4 ◦C to 37 ◦C, indicating the sol-gel transformation (Fig. 1H). The G′ and 
G′′ of FE@EVs hydrogel also exhibited a certain stability at 25 ◦C and 
37 ◦C (Fig. 1I). At the shear rate changed from 1 to 100 1/s, the viscosity 
of FE@EVs hydrogel gradually decreased from ~291 to ~4 Pa s, further 
indicating the injectability of FE@EVs hydrogel (Fig. 1J). After two 
cycles of step strain (1%-1000%-1%), the modulus (G′ and G′′) of the 
hydrogel showed a negligible change, suggesting its good self-healing 
(Fig. 1K). In addition, F127 and FE hydrogel exhibited the similar me
chanical behavior compared with the FE@EVs hydrogel 
(Figs. S5A–S5D). The above results indicated that FE@EVs hydrogel 
possessed multifunctional properties including thermosensitivity, 
injectability, self-healing ability and adhesive to enable its promising 

application in injured spinal cord repair. 

2.3. The in vivo biocompatibility of FE@EVs hydrogel 

In order to evaluate the biocompatibility of the FE or FE@EVs 
hydrogel, the change in body weight was measured at the 7, 14, 21, 28, 
35, 42, 49 and 56 days after SCI. All rats lost weight during the first week 
post-operation, and increased smoothly in a time-dependent manner 
(Fig. S6A). After 42 days, the FE@EVs treated group gained weight to a 
greater extent than the SCI group, suggesting that FE@EVs were bio
logical safety and a better locomotion might be attributable to easier 
food. Furthermore, the H&E staining of the major organs, including 
heart, liver, spleen, lung and kidney collected from each group was 
conducted, and there were no obvious changes or any pathologic 
changes in all major organs harvested from the FE and FE@EVs groups, 

Fig. 1. Physicochemical structure and multifunctional properties of FE@EVs hydrogel. (A) 1H NMR spectra of PCE polymer; (B) FTIR spectra of FE hydrogel. 
(C) SEM image of FE@EVs hydrogel. (D) The sol-gel transition of FE@EVs hydrogel with temperature changes. (E) The photographs of FE@EVs hydrogel through the 
needle. (F) The photographs of FE@EVs hydrogel placed for a while after being cut off. (G) The photographs of FE@EVs hydrogel adhering to spinal cord. (H) The G′

and G′′ changes of FE@EVs hydrogel at 4 ◦C–38 ◦C; (I) The G′ and G′′ of FE@EVs hydrogel at 4, 25 and 37 ◦C within 1 min; (J) The viscosity changes of FE@EVs 
hydrogel at 1 1/s to 100 1/s shear rate. (K) The G′ and G′′ changes of FE@EVs hydrogel after two cycles of step strain. 
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further confirming the biocompatibility (Fig. S6B). 

2.4. Long term retention and controlled release of extracellular vesicles in 
FE@EVs hydrogel 

The release kinetics of extracellular vesicles by FE hydrogel was 
performed in vitro and in vivo. For in vitro release profile, an initial burst 
release (~20%) of extracellular vesicles from FE@EVs hydrogel was 
observed on first week, and continued cumulative release over ~60% 
after the following 28 d. Moreover, approximately 89% and 93% of the 
loaded extracellular vesicles were released from the FE@EVs hydrogel at 
day 49 and 56, suggesting the sustained long term release (Fig. S6C). To 
validate the efficient retention and sustained release of extracellular 
vesicle in FE@EVs hydrogel in vivo, the DiR labeled extracellular 
vesicles-loaded FE hydrogel were injected orthotopically to a spinal cord 
post-surgery. Besides, DiR labeled extracellular vesicles solution was 
injected as a control group. As a result, the plummeting fluorescence 
signal of extracellular vesicles could be observed before 14 days fol
lowed by a gentle decrease after 14 days in the control group, indicating 
that the solution of extracellular vesicles could not retain extracellular 
vesicles in the injured area. On the contrary, a mild decrease of extra
cellular vesicles was measured before 28 days followed by a sharply 
decrease after 28 days in the FE@EVs group (Fig. 2A and B). Compared 
with the extracellular vesicle solution, FE hydrogel could localize the 
extracellular vesicles in the SCI site by its good adhesive action with 
tissue, showing a sustainable and stable controlled release. The ex vivo 
results further showed that the spinal cord tissue in FE@EVs group have 
stronger fluorescence signal than control group after 56 days (Fig. 2C 
and D). In addition to the spinal cord, we also detected the fluorescence 
signal in major organs and the DiR signal was dominantly distributed in 
kidney, indicating a kidney-mediated excretion of DiR labeled extra
cellular vesicles (Fig. 2E). 

2.5. Improved pathology and motor function after SCI by FE@EVs 
hydrogel 

The effects of FE@EVs hydrogels in promoting motor functional re
covery were assessed by BBB locomotion score and footprint analyses. 
As the spinal cord injury progresses, the animal exhibits flaccid paralysis 
and then recovers appropriately with the extension of recovery time. 
The scores in the group of rats that received the treatment of free 
extracellular vesicles and FE@EVs increased significantly compared 
with the SCI group after 21 days, however, no significant difference was 
found between the FE@EVs hydrogel group and extracellular vesicles 
group before 35 days (Fig. 3A). Interestingly, after 35 days, the signifi
cantly high scores in FE@EVs group were observed compared with all 
other groups; moreover, extracellular vesicles treated group and FE 
hydrogel group showed remarkable difference after 49 days. The foot
print test intuitively revealed a fairly consistent posterior limbs (blue 
ink) partly coordination and a few stumbled walking trajectories (yellow 
arrow pointed) at 56 days after SCI in FE@EVs treated group (Fig. 3B). 
Meanwhile, FE hydrogel and free extracellular vesicles treated animals 
showed incongruous walking trajectories with extensive dragging but 
the ankle, knee, hip joint of posterior limbs could significantly move 
compared with the SCI group showing as the width of blue ink streaks 
increased (Fig. 3B). Similar with the BBB scores recorded at 56 days, it 
was showed that rats in FE@EVs group exerted intermittent or claw 
palm load-bearing support. The histological morphology and the cavity 
area in the injured spinal cord was measured by H&E staining at 28 and 
56 days respectively after SCI (Fig. 3C). Severely damaged tissue and an 
obvious cystic cavitation was observed on the injured spinal cords at 28 
and 56 days after SCI. The relative area of damaged spinal cords in 
FE@EVs (~32.0%) hydrogel group was significantly small as compared 
to FE (~68.9% of SCI group in 28 days sections) and free extracellular 
vesicles (~56.3%), as indicated by smaller lesion areas and less 
damaged tissue. Moreover, the relative area of cystic cavitation in 

Fig. 2. FE hydrogel improved extracellular vesicles retention. (A, B) Fluorescence image and quantitative analysis of spinal cord extracellular vesicles labeled 
with DiR between free extracellular vesicles solution and FE@EVs hydrogel group measured using IVIS. (C) Ex vivo spinal cord retention of extracellular vesicles 
between free extracellular vesicles solution and FE@EVs hydrogel group at 56 days postinjury measured using IVIS. (D) Quantitative analysis of C. (E) Ex vivo 
retention of extracellular vesicles in major organs between free extracellular vesicles solution and FE@EVs hydrogel group at 56 days postinjury measured using IVIS. 
N = 4 per group for IVIS. 
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treated with FE@EVs (~31.6%) hydrogel was also significantly lower 
than FE hydrogel (~74.4% of SCI group in 56 days sections) and free 
extracellular vesicles (~62.1%) (Fig. 3D). These results demonstrated 
that FE hydrogel and extracellular vesicle could synergistically improve 
pathology and motor function after SCI. 

2.6. Reduced fibrotic scar formation and inflammatory reaction by 
FE@EVs hydrogel 

Fibrotic scar in injured spinal cord was detected by the immunoflu
orescence (Fig. 4A). The results showed that the laminin positive area 
significantly decreased accompanied by reducing the cavity of lesion site 
in FE@EVs treated group at 56 days post-injury, as compared to FE 
hydrogel and free extracellular vesicles treated groups (Fig. 4B). In 
addition, fibrotic scar related proteins composing NG-2, neurocan and 
laminin was confirmed by western blot (Fig. 4C–F). Furthermore, the 
ability of migration of fibroblast affected by FE hydrogel, free extra
cellular vesicles and FE@EVs were evaluated by a scratch assay. As 
illustrated in Fig. 4G, the wound area of FE@EVs treatment group was 
remarkedly decreased approximately 85.0% and 37.4% at 24 h and 48 h 
respectively compared with control group (about 35.4% and 11.6%). 
Additionally, fibroblast exerted a mild migration rate in FE hydrogel and 
free extracellular vesicles treated group, while still faster than FE@EVs 
treated group (Fig. 4H). Specifically, the transwell assay results were 
consisted with the scratch assay, which showed the significantly 
decreased migration ability of fibroblast after FE@EVs treatment 
(Fig. 4G and I). 

To show the effect of hydrogels on the inflammatory reaction, the 

quantity and distribution of activated macrophages were analyzed by 
CD68 and lba-1immunofluorescence staining. Abundant CD68 positive 
macrophages were centralized in the injured site and the damaged 
boundary after SCI (Fig. 5A). While FE@EVs treatment markedly 
reduced the number of activated macrophages in the injured site as well 
as limited them infiltrating and presented them almost exclusively in the 
injured margin (Fig. 5B–E) [31,32]. In addition, FE hydrogel and free 
extracellular vesicles treated groups performed suppressing macro
phages activation as well, however, the effect was still lower than 
FE@EVs treated group. The reason was probably that FE hydrogel 
showed a remarkable adhesive property, which could protect the 
integrity of the injured spinal cord and promote blood-brain spinal cord 
barrier recovery [33]. Moreover, FE@EVs showed the sustainable and 
stable controlled release of extracellular vesicles, which enhanced the 
free extracellular vesicle location in the injured site of spinal cord. 
Furthermore, western blot assay of CD68 and iba-1 confirmed the 
markers of activated macrophages or microglia (Fig. 5F–H). Our in vitro 
study showed LPS stimulated microglia manifested a remarkable acti
vation by iba-1 staining, meanwhile it reversed by FE@EVs treatment 
which consist with in vivo experiments (Fig. 5I and J). 

2.7. Promoted remyelination and axonal generation and reduced neurons 
apoptosis after SCI 

LFB staining was used to verify the degree of myelin sheath 
destruction and evaluate the effect of the FE@EVs on remyelination. The 
total area of LFB positive myelin significantly increased in FE@EVs 
treated group compared with FE and extracellular vesicle and SCI group 

Fig. 3. FE@EVs hydrogel enhance motor function and suppresses the cavity formation after SCI. (A, B) The behavior assay of BBB scores and footprint assay 
(at 56 days postinjury, yellow arrow pointed the posterior limb prints); *P < 0.05 indicate FE@EVs versus EVs group, %P < 0.05 indicate FE versus EVs group. (C) 
H&E staining images of longitudinal sections at 28 and 56 days postinjury. (D) The lesion site area and the cavity area were quantified according to the H&E staining. 
N ≥ 8 per group for BBB score and footprint assay, N ≥ 4 per group for H&E staining at 28 days and 56 days postinjury. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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(Fig. 6A and B). Meanwhile, the transmission electron microscope 
(TEM) was utilized to evaluate the microstructure of myelin. The distinct 
and evident effect on myelin sheath restoration was observed after 
FE@EVs treatment, which showed mildly clear and closely packed 
layers with abundant microtubules in the axon. The extent of myelin 
sheath destruction was decreased in FE or free extracellular vesicles 
treated groups compared with SCI group presenting vacuolar changes, 
acantholysis and a loss of microtubules (Fig. 6A). Moreover, western 
blot results were consisting with the immunofluorescence of MBP, 
indicating that FE@EVs treated group remarkably increased MBP pro
tein expression, presenting a remarkable effect of remyelination (Fig. 6C 
and D). Additionally, the MBP positive myelin noteworthily increased 
even across the lesion site in FE@EVs treated group (Fig. 6E), suggesting 
that it manifests an obvious and pronounced effect on remyelination. 
Besides, FE hydrogel and free extracellular vesicles groups showed a 
moderate influence on reducing demyelination compared with SCI 
group (Fig. 6F). 

To assay the capacity of axonal regeneration by regulating micro
environment, immunofluorescence and western blot were performed. A 
structural protein and a constituent of axon microtubules named MAP-2 
was detected by immunofluorescence in the injured spinal cord 
(Fig. 7A). Notably, the distance from neurons (MAP-2 positive cells) to 
the injury epicenter (white dash line) significantly decreased and 
effectively prevented robust loss of neurons in FE@EVs treatment group 
compared with FE and extracellular vesicle group (Fig. 7A and B), 
suggesting that FE@EVs could distinctly promote axonal regeneration. 
Additionally, the extension of neurofilaments in the injured spinal cord 
was detected by immunofluorescence staining of NF-200, which could 

further evaluate the axonal regeneration. FE@EVs treated group 
significantly boost neurofilaments regeneration manifesting punctiform 
or tubules compared with other groups (Fig. 7C and D). Moreover, the 
stronger axonal regeneration ability in FE@EVs treated group was also 
confirmed by the neurofilaments traversing the barrier of glial scar, and 
the NF-200 and MAP-2 protein expression (Fig. 7E–G). Furthermore, 
neuronal apoptosis was reduced by FE@EVs treatment, which was 
indicated by MAP-2 and Bcl-XL immunofluorescence staining (Fig. 7H 
and I). It was illustrated that FE@EVs could reverse the TBHP-induced 
neuronal apoptosis and promote axonal regeneration, as compared to 
other groups. The expressions of Bax, cleaved-caspase-3 and cytochrome 
c were proportional to the level of neuronal apoptosis, which was 
opposite to the immunofluorescence of MAP-2 and Bcl-XL (Fig. 7J–N). 

3. Discussion 

In this study, we developed an injectable, adhesive and anti- 
inflammatory hydrogel with consistent release of extracellular vesicles 
after spinal cord injury for effectively promoting functional repair and 
locomotor recovery. FE@EVs hydrogel exerted efficient comprehensive 
mitigation microenvironment and set up favorable terms for functional 
restoration after SCI, through enhancing remyelination, reducing in
flammatory reaction, suppressing fibrotic scar formation and promoting 
axonal regeneration. 

Recently, mass of studies has demonstrated that the systemic 
administration of MSCs-derived extracellular vesicles could attenuate 
apoptosis, inflammation and enhance functional motor or sensory re
covery after SCI [18–20]. In addition, the multi-dose regimen of 

Fig. 4. Fibrotic scar tissue was inhibited by FE@EVs hydrogel. (A) Images of spinal sections staining laminin and GFAP from SCI and different treatment rats at 
56 days postinjury. (B) Quantification of laminin positive area in the lesion site. (C–F) Representative western blotting images and quantification showing NG-2, 
Neurocan and Laminin protein levels in the lesion region. (G, H) Images and quantification migration of fibroblast treated in different groups; &P < 0.05 versus 
the control group, #P < 0.05 versus the control group. (I) Quantification data of fibroblast migrated from the transwell assay of G. N ≥ 4 per group for histology 
analysis, N ≥ 4 per group for western blot assay. 
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extracellular vesicles has been proven to be superior in improving tissue 
regeneration [34], indicating that the therapeutic functions of extra
cellular vesicles were associated with the dosage. However, the rapid 
clearance and poor accumulation of free extracellular vesicles in lesion 
site will reduce its functional bioactivity. In our study, we focused on a 
multifunctional FE hydrogel to improve the therapeutical effect of 
extracellular vesicles through retaining it in the injured site and sus
tained controlled release after administration in vivo. As compared to 
reported bioactive hydrogels, there were several advantages for FE 
hydrogel. Firstly, FE hydrogel exhibited an obvious 3D porous 
morphology and possessed a certain positive charge, which provided a 
certain load space and electrostatic interaction for extracellular vesicles. 
Secondly, FE hydrogel had multifunctional properties including ther
mosensitivity, injectability, self-healing ability and adhesive, which 
provided a good property for injured spinal cord. Thirdly, Both FE 
hydrogel and its degradation products showed a good cytocompatibility 
to ensure the good survival of cells. Finally, the FE hydrogel could 
efficiently loading and enable the local long-term release of extracellular 
vesicles (56 days), which was very promising to deliver MSCs-derived 
extracellular vesicles into site of SCI. MSCs-derived extracellular vesi
cles could intervene the process of secondary injury after SCI to enhance 
the recovery of motor function [20,35,36]. 

The treatment strategies for spinal cord injury mainly focus on 
regulating the local microenvironment, including attenuating excessive 
inflammatory response [37], promoting remyelination [38], reducing 
fibrotic scars formation [39] and enhancing regeneration of axons [40]. 
Thus, multiple integrated evidence in vivo were performed to evaluate 
neural motor recovery after SCI in our study, including functional 
measurements, pathological and immunofluorescence staining. Extra
cellular vesicles group showed comparable motor functional recovery on 

the basis of BBB score at 28th days after spinal cord injury compared to 
FE@EVs treated group. Subsequently, the BBB score of FE@EVs group 
began to recover fast and showed remarkable strengths than extracel
lular vesicles group after 35 days. For extracellular vesicles treated 
group, the motor functional recovery already began at the first month 
after SCI and it recovered tardily after 28 days, which associated with 
the degradation of extracellular vesicles and the saline solution cannot 
retention extracellular vesicles in the injured site after 28 days when 
injected into the in vivo environment. This phenomenon could be 
explained by the assay of retention and sustained extracellular vesicles 
release in vivo, indicating that extracellular vesicles could be intensely 
detected before 14 days and maintained about 28 days in extracellular 
vesicles treated group. While a remarkably longer and stronger signal of 
extracellular vesicles was detected at the injured site of spinal cord in the 
FE@EVs treated group which maintained the extracellular vesicles more 
than 56 days. Moreover, FE hydrogel group could also increase the 
motor functional recovery, while the BBB scores were no obviously 
statistical significance at first 21 days compared with SCI group. It can 
be explained that PCE polymer had the ability to maintain cell viability, 
which may improve the functional recovery after SCI [41]. The 
enhanced motor functional recovery by FE@EVs hydrogel was probably 
explained as follows. FE@EVs hydrogel could efficiently protect the 
bioactivity of extracellular vesicle and release it in long term in injured 
spinal cord, the adhesive ability could reduce the cavity area of spinal 
cord and prevent nerve retraction. 

Both suppressing excessive reaction of inflammation and boosting 
remyelination are vital physiological process to regulate microenvi
ronment in order to enhance function recovery after SCI [42,43]. 
Extensive experiments employing macrophage depletion or ablation 
models have demonstrated that macrophages performed neurotoxic 

Fig. 5. FE@EVs hydrogel reduces inflammatory reaction. (A, B) Images and quantification of whole spinal sections staining CD68 and GFAP from SCI and 
different treatment rats at 56 days postinjury. (C–E) The number of CD68 positive cells in epicenter, margin and caudal of spinal cord. (F–H) Protein expressions of 
CD68 and Iba-1 in each group. (I) Iba-1 immunolabeling of microglia in vitro. (J) Quantification of Iba-1 positive microglia from I. N ≥ 4 per group for histology 
analysis, N ≥ 4 per group for western blot assay. 
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effect in central nervous system [43]. Contradictorily, macrophages or 
microglia also reported that it could enhance remyelination after spinal 
cord injury via driving oligodendrocyte differentiation and mediating 
tissue remodeling [44,45]. The antagonistic effects of macrophages were 
interpreted that the excessive activation of macrophages, and sup
pressing macrophages over-activation could promote injured spinal cord 
functional recovery [46]. Using liposomes encapsulated clodronate to 
ablate macrophages after CNS injury will significantly impair the 
clearance of myelin fragments and delay the process of remyelination 
[47], suggesting that none or excessive inflammatory response will 
restrain remyelination. In our study, FE@EVs could significantly 
enhance remyelination through reducing excessive activated macro
phages and suppressing the in vivo and in vitro excessive inflammatory 
reaction which are likely associated with remyelination and help axonal 

regeneration [48]. 
Furthermore, the scar tissue formation plays a vital role in limiting 

the axonal regeneration in injury microenvironment. As a healing 
response, scars can contain and isolate injured site spatially. However, 
scars fail to form an ideal tissue, which could replace the injured tissue 
structurally and functionally. Moreover, Nogo, MAGs and CSPGs those 
extracellular factors in scar tissues could suppress the restoration of 
function. Interestingly, the compensatory mechanism of neurons or glial 
cells, which could transform the scar into a more effective repair process 
would be inhibited by these factors [49,50]. Fibrotic scars are mainly 
composed of fibrocytes and extracellular factors. If the dura is damaged, 
fibroblasts, derived from meningeal cells or perivascular cells will pro
liferate and migrate into the injured area following contusion injury 
[51–55]. Our present data have showed that FE@EVs could remarkably 

Fig. 6. FE@EVs hydrogel promotes remyelination. (A) LFB staining images of longitudinal sections and transmission electron microscope images of the myelin 
sheath in each group at 56 days postinjury. (B) Quantification of LFB positive area from A. (C, D) Representative western blotting images and quantification showing 
MBP protein levels in the lesion region. (E) MBP and GFAP immunolabeling of spinal cord sections at 56 days postinjury. (F) Quantification of MBP staining ratio of 
total spinal cord from E. N ≥ 4 per group for histology analysis, N ≥ 4 per group for western blot assay. 
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suppress the fibrotic scar formation through attenuating fibroblast 
migration. 

As understanding the pathophysiology of SCI, the protection of 
nerves and tissues promotes the development of nerve rehabilitation, 
plasticity, and axon regeneration. This is a potential and advanced 
method of treating spinal cord injury [56,57]. Our results indicated that 
FE@EVs hydrogel could perform an evident effect of attenuating tissue 
damage, while the FE or free extracellular vesicles group performed less 
tissue loss and neuronal damage. Protecting neurons ameliorated the 

pathological morphology due to keeping the localized and sustained 
delivery of extracellular vesicles in the lesion area. For functional 
restoration after SCI, axonal regeneration is regard as an indispensable 
factor. Herein, FE@EVs significantly enhanced the axonal regeneration 
through activating the MAP-2 and neurofilament and suppressing the 
apoptosis of neurons [58], confirming the contribution of microenvi
ronmental mitigation to axonal regeneration and neuron protection. In 
summary, our study shows that FE@EVs hydrogel is highly efficient and 
safe for nerve tissue repair after severe SCI. 

Fig. 7. FE@EVs hydrogel promotes axonal regeneration. (A) Images of whole spinal sections staining MAP-2 and GFAP from SCI and different treatment rats at 
56 days postinjury, the white dotted line indicates center of lesion site. (B) Quantify the distance from the neuron to the center of the lesion. (C, D) Images and 
quantification of whole spinal sections staining NF-200 and GFAP from SCI and different treatment rats at 56 days postinjury. (E–G) Representative western blotting 
images and quantification showing MAP-2 and NF-200 protein levels in the lesion region. (H) MAP-2 and Bcl-XL immunolabeling in neurons. (I) Quantification of 
MAP-2 and Bcl-XL fluorescence intensity from H. (J–N) Representative western blotting images and quantification showing Bcl-XL, Bax, Cleaved-caspase-3 and 
Cytochrome protein levels in neurons. N ≥ 4 per group for histology analysis, N ≥ 4 per group for western blot assay. 
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4. Conclusions 

We developed a safe and bioactive multifunctional citrate-based 
hydrogel therapeutic system with ultralong release of MSC-derived 
extracellular vesicle (FE@EVs) for efficiently enhancing spinal cord 
repair after SCI. The FE@EVs hydrogel showed excellent injectability, 
adhesive behavior, high extracellular vesicle loading/binding. The 
FE@EVs hydrogel effectively promoted the preservation and controlled 
release of extracellular vesicles up to 56 days on SCI site, exhibiting the 
capacity of microenvironment mitigation, including reactive fibrotic 
scar suppression, inflammatory reaction reduction, remyelination and 
axonal regeneration, which worked together and significantly enhanced 
tissue repair and motor functional restoration after SCI. FE@EVs 
hydrogel provides a promising extracellular vesicle-based delivery 
strategy for the efficient and biocompatible treatment of patients 
suffering from SCI. 

5. Methods 

5.1. Synthesis of PCE and FE hydrogels 

The PCE polymer was synthesized by PCG prepolymer and branched 
polyethyleneimine (PEI 600) according to our previous report [28]. 
Briefly, the PCG prepolymer was synthesized using citric acid (CA), 1, 
8-octanediol (OD) and polyethylene glycol (PEG) through a 
melt-derived polymerization. The PCE polymer was synthesized using 
branched polyethylenimine (PEI 600) and PCG prepolymer via a typical 
catalytic reaction. The PCG prepolymer and PCE polymer were collected 
after purifying and freeze-drying. The temperature-responsive FE 
hydrogel was prepared using F127 (25 wt%) and PCE (0.01 wt%) by the 
simple blending. The 1H NMR (Ascend 400 MHz, Bruker) and the FT-IR 
(NICOLET 6700, Thermo) were used to analyze the physicochemical 
structure of PCE polymer and FE hydrogel. Moreover, the SEM (Gem
iniSEM 500, Zeiss) was used to observe the morphology of FE hydrogel. 

5.2. Multifunctional properties and rheological evaluations 

The thermosensitivity of FE hydrogel was measured through 
observing the state of hydrogel at 4, 25, and 37 ◦C. The injectability of 
FE hydrogel was evaluated whether it can be extruded from the needle 
(0.9×38 mm). The self-healing ability of FE hydrogel was evaluated 
through observing the change of the two separated hydrogel state. The 
adhesive ability of FE hydrogel was evaluated through observing the 
adhesion effect of hydrogel to the skin and spinal cord. In addition, the 
rheological properties of FE hydrogel including the storage modulus 
(G′), loss modulus (G′′) and viscosity were analyzed by the TA rheometer 
(DHR-2) under different temperature, oscillation strain or shear rate. 

5.3. Animal model of SCI and treatment 

This protocol was approved by Institutional Animal Care and Use 
Committee of Zhejiang University. Total 63 female rats (~230 g) were 
used as animal models to evaluate the efficacy of delivering extracellular 
vesicles within FE hydrogel for functional recovery after SCI. Rats were 
randomly divided into five group: Sham (n = 12), SCI (n = 15), FE (n =
12), EVs (n = 12) and FE@EVs (n = 12). Moreover, in order analyze the 
release of extracellular vesicle from hydrogel in vivo, another 8 rats were 
divided into two group: EVs (n = 4) and FE@EVs (n = 4). Before surgery, 
animals were anesthetized with 1% (w/v) pentobarbital sodium (4 mL/ 
kg, i.p.), shaved the back region, and aseptically prepared with 70% 
ethanol and betadine solution. In preparing spinal transection, the 
thoracic vertebra was exposed, the level of the T9− T11 vertebral col
umn was resected by laminectomy and complete transection was made 
with a microscissor at the T10 segment of the spinal cord. To verify 
lesion completeness, lift the severed stump and pass the hook through 
the gap to ensure no residual fibers on the bottom and lateral sides of the 

canal. 10 μL of saline, FE hydrogel, free extracellular vesicles solution or 
FE@EVs hydrogel was orthotopically injected to the injured site 
immediately. Extracellular vesicles retention and release behavior in 
FE@EVs hydrogel. 

The FE@EVs hydrogel was obtained by mixing 1 μg extracellular 
vesicles with 100 μL FE hydrogel followed stirring at 4 ◦C. The extra
cellular vesicle release profile in vitro was detected by the Micro BCA 
protein assay kit. Briefly, 100 μL FE@EVs hydrogel prepared above was 
placed in the upper transwell chamber placed in a 24-well plate, while 
100 μL PBS was added in the lower chamber. At day 0, 7, 14, 21, 28, 35, 
42, 49 and 56, 10 μL PBS was collected and added the same volume of 
fresh PBS. The content of released extracellular vesicles was detected by 
the BCA kit and the released percentage of extracellular vesicles was 
calculated. 

To analyze the release of extracellular vesicle from hydrogel in vivo, 
After operation of rats, the free extracellular vesicles solution (con
taining 100 ng extracellular vesicles labeled DiR diluted in PBS) or 
FE@EVs hydrogel (containing 100 ng extracellular vesicles labeled DiR) 
was orthotopically injected to the injured site (T10 complete transection 
of the spinal cord). Briefly, DiR (Thermo Fisher Scientific, USA, D12731) 
was added in extracellular vesicles solution at the concentration of 1:400 
for 30 min followed by ultra-centrifuging at 100,000 g for 90 min to 
purify extracellular vesicles via removing redundant dye. The near-IR 
fluorescence images in vivo were observed using the IVIS Spectrum 
System (Perkin Elmer) once a week after SCI until 56 days postinjury 
with a 748 nm excitation wavelength and a 780 nm filter to quantify the 
radial efficiency. After 56 days postinjury, a lethal dose of pentobarbital 
sodium was applied to anaesthetize. Then animals were perfused with 
saline followed by 4% paraformaldehyde transcardially. Major organ 
samples, including spinal cord, heart, liver, spleen, lung, and kidney, 
were prepared to detect the fluorescent distribution ex vivo, followed by 
quantifying the radial efficiency. 

5.4. Functional behavior evaluation 

The Basso-Beattie-Bresnahan (BBB) motor functional score was 
performed to evaluate the mobility of posterior limbs after SCI. In short, 
the BBB score ranges from 0 (severe neurological deficits) to 21 (normal 
performance) points based on walking capacity, the movement and 
coordination of posterior limb joints. At a specific point in time, each rat 
was placed in an open field and record the BBB score by three inde
pendent observers who blinded to group identity last 5 min. Footprint 
analysis was assessed by coating fore limbs and posterior limbs with 
different colors (red for fore limbs and blue for posterior limbs). Sub
sequently, the animals were allowed to walk on a narrow pipeline which 
covered a straight strip of white paper. Finally, the white papers with 
footprints were scanned to be digitized images. The outcome measures 
were obtained by three independent examiners who were blinded to the 
experimental conditions. 

5.5. Cell culture and drug treatment 

HAPI microglial cells and PC12 were purchased from Cell Biology 
(Shanghai, China), L929 fibroblast cell line was purchased from iCell 
Bioscience Inc (Shanghai, China). Cells were cultured in high glucose 
DMEM medium (Sigma-Aldrich, USA) containing 10% FBS, 1% peni
cillin and streptomycin under appropriate conditions in a humidified 
incubator with 5% CO2 at 37 ◦C. HAPI cells were reseeded in 12-well 
plates supplemented with or without 10 μg/mL Lipopolysaccharide 
(LPS, Sigma-Aldrich, USA) for 48 h. Re-plate PC12 cells and culture in 
12-well plates with or without 100 μM TBHP (Tert-butyl hydroperoxide, 
Sigma-Aldrich, USA) for 12 h. Then, transwell co-culture system (pore 
size: 8 μm, Corning, USA) was used to evaluate the effect of hydrogels. 
Briefly, PC12 or HAPI cells was seeded in the lower chamber for 
completely adhesion, then 100 μL hydrogels were added into the upper 
chamber and co-incubated with PC12 or HAPI cells. After that, cells 
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were used for western blot or prepared for immunofluorescent staining. 
The migratory activity of fibroblasts was investigated by a wound 
scratch assay and a transwell system. Fibroblast cells were reseeded into 
a 12-well plate and incubated for 24 h. Then, a straight wound area was 
created by a 200 μL pipette tip in the fibroblast monolayer, followed by 
100 μL hydrogels (FE or FE@EVs) or free extracellular vesicles solution 
was added into the transwell inserts. Moreover, in order to analyze the 
migration abilities, fibroblasts were reseeded into the transwell inserts 
for fully adhesion and then 800 μL hydrogels (FE or FE@EVs) or free 
extracellular vesicles solution were added into the lower chamber. 
Wound scratch and transwell images were observed and pictured at 0, 
12, 24, 36 and 48 h under inverted microscope (Olympus, Tokyo, 
Japan), and 5 random fields of wound scratch and transwell images were 
captured and counted for statistical analysis. 

5.6. Statistical analysis 

Statistical significance (*P < 0.05 or **P < 0.01) was determined 
using one or two-way analysis of variance (ANOVA) with Tukey’s post 
hoc testing (Prism 8.0, GraphPad Software). All data from three indi
vidual experiments and presented as means ± standard deviation. 
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