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Abstract 

Background: Accumulating evidence shows that microRNA-210 (miR-210) holds great promise to improve angio-
genesis for brain tissue repair after cerebral ischemia. However, safe and efficient delivery of miR-210 via intravenous 
administration is still a challenge. In the past decade, exosomes have emerged as a novel endogenous delivery 
system. Here, c(RGDyK) peptide is conjugated to exosomes, and they are loaded with cholesterol-modified miR-210 
(RGD-exo:miR-210).

Results: In a transient middle cerebral artery occlusion (MCAO) mouse model, the RGD-exo:miR-210 targets the 
lesion region of the ischemic brain after intravenous administration, resulting in an increase in miR-210 at the site. 
Furthermore, RGD-exo:miR-210 are administered once every other day for 14 days, and the expressions of integrin 
β3, vascular endothelial growth factor (VEGF) and CD34 are significantly upregulated. The animal survival rate is also 
enhanced.

Conclusions: These results suggest a strategy for the targeted delivery of miR-210 to ischemic brain and provide an 
angiogenic agent for the treatment of ischemic stroke.
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Background
Ischemic stroke is a major global disease associated with 
high morbidity, mortality, and healthcare expenditure. 
However, the effective clinical therapy for stroke is still 
lacking [1]. Recently, an extensive number of investiga-
tions have concentrated on poststroke vascularization 
because functional recovery is highly dependent on the 
effective restoration of blood supply [2–4]. MicroRNAs 
(miRNAs), small noncoding RNAs, have critical roles in 
regulating gene expression and hold great promise for 

enhancing the efficiency of angiogenesis for stroke treat-
ment given their ability to regulate multiple targeted 
genes and their small size [5–7].

MiR-210 is the master hypoxia-induced miRNA 
(hypoxia-miR) and promotes angiogenesis mediated by 
the vascular endothelial growth factor (VEGF) signal-
ing pathway [8–10]. Accumulating evidence shows that 
overexpression of miR-210 upregulates focal angio-
genesis and improves functional recovery in ischemia/
reperfusion models, including middle cerebral artery 
occlusion (MCAO) [11], myocardial infarction [12], renal 
ischemia [13] and hindlimb ischemia models. Specifi-
cally, it has been reported that injected lentiviral vector 
can carry miR-210 transcranially into ischemic mouse 
brain, resulting in focal angiogenesis and improvement 
of neurobehavioral outcomes [14, 15]. However, intrave-
nous administration is not an acceptable route for clini-
cal application. Hence, a safe and efficient delivery system 
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that can cross the blood-brain barrier (BBB) is critically 
needed [16, 17].

Exosomes, 40–150  nm extracellular vesicles (EVs) 
released by cells, have emerged as a novel endogenous 
delivery system [18–21]. As natural carriers that trans-
fer bioactive molecules between cells, exosomes present 
several features, including low immunogenicity, biodeg-
radability, ability to encapsulate endogenous bioactive 
molecules, and the ability to cross the BBB [22–24]. In 
previous work, to improve the targeting characteristics 
of exosomes, we developed a rapid and efficient method 
to conjugate functional ligands onto exosomal surfaces 
using bio-orthogonal copper-free azide alkyne cyclo-
addition (click chemistry) [25]. The cyclo (Arg-Gly-Asp-
D-Tyr-Lys) peptide [c(RGDyK)] conjugated exosomes 
(RGD-exo) have been showed to target the ischemic 
brain after intravenous administration through binding 
between c(RGDyK) and integrin αvβ3 in reactive cerebral 
vascular endothelial cells. Furthermore, to load nucleic 
acids into exosomes, several strategies have been devel-
oped, including electroporation, sonication, incubation 
with permeabilization agents, and incubation with lipo-
philically modified RNAs [26, 27]. Moreover, the EVs 
loaded with cholesterol-conjugated small interfering 
RNA (siRNA) have been applied for functional silencing 
of a target gene in cells [28]. Hence, we hypothesized that 

miR-210-loaded RGD-exo (RGD-exo:miR-210) could 
deliver miR-210 to the ischemic brain through intrave-
nous injection and induce focal angiogenesis.

Here, we conjugated c(RGDyK) peptide on mesenchy-
mal stromal cell (MSC)-derived exosomes and loaded 
the exosomes with cholesterol-modified miR-210. Mice 
were subjected to MCAO and reperfusion (MCAO/R) 
to produce an ischemic stroke model. Subsequently, 
RGD-exo:miR-210 were administered intravenously, 
and near-infrared fluorescence (NIRF) imaging showed 
their ability to target the ischemic brain. The enhanced 
miR-210 and VEGF levels in the lesion region indicated 
that miR-210 was delivered and took effect. Further-
more, RGD-exo:miR-210 were administered once every 
other day for 14 days, and a significant increase in inte-
grin β3, VEGF and CD34 indicated that angiogenesis was 
improved. Finally, a significant increase in animal sur-
vival was evident after treatment with RGD-exo:miR-210.

Results
miR‑210 expression in the lesion region is influenced 
by ischemia
Mice were subjected to MCAO/R in the right hemisphere 
according to the procedure (Fig.  1a). The representa-
tive 2,3,5-triphenyltetrazolium chloride (TTC)-stained 
brain sections showed infarct areas, and the neurological 

Fig. 1 The expression changes in miR-210 after ischemia in vivo. a The schematic time course of the animal models developed by inducing 
ischemia for 1 h and reperfusion for 24 h. b TTC staining of 2-mm coronal brain slides; the lesion region is in dashed frames. c The neurological 
scores of mice receiving 1 h of MCAO and 24 h of reperfusion. The sham group was used as the control. N ≥ 3. The data are expressed as the 
mean ± SEM; ***P < 0.001 by Student’s t-test. d Quantitative analysis showing the relative miR-210 levels in the lesion region at different time points 
after reperfusion or in the sham group. N ≥ 3. The data are expressed as the mean ± SEM; ****P < 0.0001, and **P < 0.01, compared with the sham 
group by one-way ANOVA
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scores presented the functional deficit after 1 h of MCAO 
and 24  h of reperfusion (Fig.  1b, c). In this well-estab-
lished animal model, the lesion region consisted of the 
lateral striatum, the overlying cortex, and the adjacent 
ventrolateral neocortex. Following previous reports [25, 
29], the typical lesion region is indicated in Fig. 1b (see 
“Methods” for details).

Previous evidence has confirmed the crucial role of 
miR-210 in regulation of the cell response to hypoxia or 
ischemia. To evaluate the miR-210 expression level in 
our model, the brain tissue corresponding to the lesion 
region was collected, and quantitative real-time PCR was 
performed (Fig.  1d). As shown in Fig.  1d, ischemia and 
reperfusion induced a rapid and significant change in 
the miR-210 level in the lesion region. Interestingly, this 
change was time dependent. The miR-210 level remark-
ably increased 4  h after reperfusion but decreased 24  h 
after reperfusion. According to the literature, miR-
210 inhibition causes severer tissue damage follow-
ing ischemia [30, 31], whereas miR-210 overexpression 
shows better outcomes [15]. Thus, we aimed to develop a 
strategy for promoting recovery through overexpression 
of miR-210 24 h after reperfusion.

Conjugation of c(RGDyK) peptide and loading of miR‑210 
into exosomes
Intravenous administration of exogenous miR-210 is an 
acceptable route to induce miR-210 overexpression in 
ischemic brain. Exosomes show great promise as a safe 
and efficient vehicle for miR-210 delivery. Bone mar-
row-derived MSCs were cultured and their conditioned 
medium was collected for exosome isolation. Western 
blotting, transmission electron microscopy (TEM), and 
nanoparticle tracking analysis (NTA) were performed 
to characterize the exosomes. Western blotting showed 
that Alix and TSG101, known as representative exosomal 
markers, were enriched in exosomes, while Calnexin (a 
negative marker) was not detected (Fig. 2a). To improve 
the targeting ability toward ischemic brain, c(RGDyK) 
peptide was conjugated to the exosome surface using bio-
orthogonal copper-free click chemistry described in our 
previous work (Fig. 2b) [25]. To estimate the number of 
peptides on the exosomes, a fluorescent fluorescein iso-
thiocyanate (FITC)-labeled peptide (c(RK(FITC)DyK)) 
was used for conjugation. From a fluorescent stand-
ard curve of free c(RK(FITC)DyK), we calculated that 
500  µg/mL modified exosomes contained 362  nM pep-
tides on average (Additional file 1: Figure S1a, b). Meas-
ured by NTA, 500  µg protein of exosomes contained 
3.1 × 1011 exosome particles approximately. The aver-
age peptide density was calculated to be 116  pmol/1011 
particles. Next, RGD-exo were incubated with choles-
terol-modified miR-210, followed by ultracentrifugation. 

According to previous reports, lipophilic miR-210 can 
self-associate with exosomes [28, 32]. Using FITC-labeled 
miR-210 (with cholesterol modification), it was calcu-
lated that 500 µg/mL RGD-exo contained 337 nM miR-
210 on average. Given that 100  µg/mL exosomes were 
incubated with 100  nM miR-210 at the beginning, the 
loading rate is 67.4% approximately. The average den-
sity of miR-210 was 108 pmol/1011 particles (Additional 
file 1: Figure S1c, d). As revealed by TEM, both RGD-exo 
and RGD-exo:miR-210 were round in shape (Fig. 2c). In 
addition, NTA analysis showed a similar size distribution 
between unmodified exosomes and RGD-exo and a shift 
to slightly larger vesicles after miR-210 incorporation, in 
line with a previous report on vesicle size after loading of 
cholesterol-conjugated siRNA (Fig.  2d) [28]. These data 
indicate that conjugation of c(RGDyK) to exosomes and 
miRNA loading did not alter the basic properties of the 
exosomes.

RGD‑exo:miR‑210 targets ischemic brain after intravenous 
administration
Our previous work demonstrated the tropism of RGD-
exo to the lesion region of the ischemic brain [25]. Here, 
to evaluate the targeting ability of RGD-exo:miR-210 
in  vivo, the fluorophore cyanine 5.5 far-red fluores-
cent dye (Cy5.5) was conjugated to Exo:miR-210, Scr-
exo:miR-210, or RGD-exo:miR-210 to visualize their 
biodistribution using NIRF imaging. By a fluorescent 
standard curve of free Cy5.5-azide, we estimated 500 µg/
mL Exo, Scr-exo, or RGD-exo contained 221, 209, or 
202 nM Cy5.5 on average, respectively (Additional file 1: 
Figure S1e, f ). No significant difference is observed 
among the three groups. Mice subjected to 1 h of MCAO 
and 24 h of reperfusion were injected with Cy5.5-labeled 
and miR-210-loaded RGD-exo, Scr-exo, or exosomes via 
the tail vein. Six hours later, the mice were sacrificed, 
and their brains were dissected. NIRF imaging showed 
a significantly higher fluorescence intensity in the lesion 
region after RGD-exo:miR-210 administration com-
pared with Scr-exo:miR-210 or Exo:miR-210, whereas 
fewer RGD-exo:miR-210 reached the contralesional 
region (Fig. 3a, b). Next, other organs were dissected and 
analyzed via NIRF imaging. As shown in Fig.  3c and d, 
unmodified exosomes with miR-210 incorporation pri-
marily accumulated in the liver, followed by the kidneys. 
RGD-exo:miR-210 administration increased the signal in 
the brain and liver. These data were in line with a previ-
ous study on RGD-exo without RNA loading [25], indi-
cating that miR-210 loading did not affect the targeting 
ability of RGD-exo in the MCAO/R model.

To further examine the targeting mechanism, brains 
were sectioned and immuno-stained for integrin β3 and 
CD34 (a marker of endothelial cells). Following previous 
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work, the exosome membrane was labeled by fusing 
tdTomato with a palmitoylation signal [33]. As revealed 
by confocal imaging, after MCAO/R, RGD-exo:miR-210 
strongly co-localized with integrin β3 in the lesion region 
6  h after intravenous administration (Fig.  4d). In con-
trast, the signals after the injection of phosphate-buffered 
saline (PBS), Exo:miR-210 or Scr-exo:miR-210 was mini-
mal (Fig. 4a–c). In addition, obvious co-localization was 
detected between RGD-exo and CD34 in the ischemic 
brain (Additional file 2: Figure S2). These data were con-
sistent with previous studies [25, 34]. There is only one 

integrin β3, integrin αvβ3 expresses in brain endothelial 
cells [35, 36]. The targeting ability resulted from the affin-
ity between c(RGDyK) and integrin αvβ3 which is related 
to the angiogenic response to brain ischemia.

miR‑210 takes effects in ischemic brain when delivered 
by RGD‑exo
To confirm the delivery of miR-210 to ischemic brain 
after intravenous injection of RGD-exo:miR-210, the 
brain tissue corresponding to the lesion region was dis-
sected for quantitative PCR analysis. An enhanced level 

Fig. 2 Characterization of unmodified exosomes and the RGD-exo loaded with miR-210. a Western blot analysis of Alix, TSG101, and calnexin 
expression in cells and in exosomes isolated from their conditioned medium. The supernatant obtained from ultracentrifugation during exosome 
isolation was used as the negative control. b Schematic diagram of functionalized exosomes with DBCO groups and c(RGDyK) peptides. c 
Transmission electron micrograph of the exosomes, RGD-exo, and RGD-exo loaded with miR-210 (triangles). Scale bar: 500 nm. d Size distribution of 
unmodified exosomes, the RGD-exo, and the RGD-exo:miR-210 detected by NTA measurements
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of miR-210 was found 12  h after RGD-exo:miR-210 
administration compared with the level following PBS, 
Scr-exo:miR-210, RGD-exo, or negative control (RGD-
exo:NC) treatments (Fig. 5a). According to the literature, 
the therapeutic potential of miR-210 is mediated by mod-
ulation of multiple downstream factors, including the 
VEGF signaling pathway [9, 15]. Thus, we evaluated the 
mRNA level of VEGF in the lesion region 24 h post-injec-
tion (Fig. 5b). As a result, RGD-exo:miR-210 upregulated 
VEGF more effectively than Scr-exo:miR-210, RGD-
exo:NC, RGD-exo or PBS. These results demonstrated 
that exogenous miR-210 was delivered to the lesion 
region and exerted its effects.

Next, to examine the therapeutic potential of RGD-
exo:miR-210 for ischemic brain, a 30  min MCAO was 
performed to produce a moderate ischemia, allow-
ing study of the long-term outcome. After 24  h of 

reperfusion, RGD-exo:miR-210 or RGD-exo:NC were 
administered once every other day. Fourteen days later, 
a significant increase in animal survival was evident with 
RGD-exo:miR-210 treatment compared with animals 
treated with RGD-exo:NC (Fig.  5c, 65.46% for RGD-
exo:miR-210, 48.87% for RGD-exo:NC). Thus, systemic 
administration of RGD-exo:miR-210 was effective against 
cerebral ischemia.

RGD‑exo:miR‑210 promotes VEGF expression 
and angiogenesis
To determine whether RGD-exo:miR-210 induced angio-
genesis, CD34 was imaged and quantitatively analyzed. 
The microvessel density  (CD34+/field) increased in the 
lesion region in the mice receiving RGD-exo:miR-210 
compared with those receiving RGD-exo:NC after 7 and 
14 days of treatment (Fig. 6a, b). Interestingly, integrin β3 

Fig. 3 RGD-exo target the lesion region after intravenous administration. a Representative NIRF images of mouse brains that received MCAO/R and 
PBS, exosomes with miR-210 (Exo:miR-210), Scr-exo:miR-210, or RGD-exo:miR-210 administration. Brains were dissected 6 h after administration. 
b Quantitation of fluorescence intensity in the lesion region (intralesional) and matching nonlesion region (contralateral). The data are expressed 
as the mean ± SEM; *P < 0.05, and **P < 0.01, compared with the contralateral groups by two-way ANOVA. c The representative fluorescence 
distribution in organs (heart, lungs, liver, spleen, kidneys) dissected from mice that received MCAO/R and PBS, Exo:miR-210, Scr-exo:miR-210, or 
RGD-exo:miR-210 administration. Organs were dissected 6 h after administration. d Quantitation of fluorescence intensity in organs. The data are 
expressed as the mean ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA
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was also upregulated by RGD-exo:miR-210 administra-
tion (Fig. 6a, c). It is known that integrin αvβ3 is involved 
in the angiogenesis pathway initiated by VEGF. Thus, 
the above data indicate that miR-210 induced angiogen-
esis in the lesion region. Meanwhile, a strong co-locali-
zation between integrin β3 and CD34 was observed over 
time in the mice treated with RGD-exo:miR-210, result-
ing in the binding site on the endothelial cells for RGD-
exo being maintained for at least 14  days in the lesion 
region. Furthermore, VEGF, the downstream factor of 
miR-210, was detected by Western blotting (Fig. 7a, b). In 

RGD-exo:miR-210 treated mice, the VEGF level was sig-
nificantly enhanced compared with that in mice receiving 
RGD-exo:NC. VEGF is a well-known specific mitogen of 
endothelial cells which induces their proliferation [37]. To 
provide experimental evidence, co-labeled immunostain-
ing of 5-bromo-2-deoxyuridine (BrdU, an indicator of 
proliferation) and CD34 was performed on MCAO/R 
mice at 7 days after reperfusion. As shown in Additional 
file  3: Figure S3, significantly more  BrdU+ endothelial 
cells are observed after RGD-exo:miR-210 injection com-
pared with that of RGD-exo:NC treatment. This result 

Fig. 4 RGD-exo:miR-210 targets integrin β3 in the lesion region after intravenous administration. a–d Co-labeled fluorescence images of PBS, 
Exo:miR-210, Scr-exo:miR-210 or RGD-exo:miR-210 (red) with integrin β3 (green) in the ischemic cortex 6 h after intravenous administration of 
tdTomato-labeled exosomes. Blue indicates nuclei. The triangles indicate the co-localization of RGD-exo and integrin β3. Scale bar: 50 µm
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indicated endothelial cell proliferation is involved in miR-
210-promoted angiogenesis.

Discussion
In this study, we proposed a strategy to deliver thera-
peutic nucleic acids to ischemic brain. Specifically, 
VEGF expression and angiogenesis in the lesion region 
was enhanced by intravenous administration of RGD-
exo:miR-210. miR-210 plays multiple crucial roles in the 
cellular regulation response to low oxygen, including 
ischemic brain injury. In addition to improving angio-
genesis, miR-210 can also inhibit apoptosis, support 
stem cell survival, and repress mitochondrial metabolism 
[38, 39]. Previous studies have shown that miR-210 pro-
tects against hypoxia-induced apoptosis by targeting the 
HIF-1α pathway and increases adipose-derived stem cell 
(ASC) proliferation and migration via iron–sulfur cluster 
scaffold homolog 2 (ISCU2) and protein tyrosine phos-
phatase, nonreceptor type 2 (PTPN2), leading to differ-
ent therapeutic effects according to the hypoxia level [40, 
41]. Hence, miR-210 has been proposed as a potential 
therapeutic target. Brain delivery of lentiviral miR-210 
enhanced microvessel density and improved neurobehav-
ioral outcomes in ischemic mouse. Clinical studies have 
demonstrated that miR-210 levels are significantly higher 
in stroke patients with good outcomes than in those with 
poor outcomes. Indeed, we found that the vascular den-
sity increases and remains high for 2  weeks after RGD-
exo:miR-210 administration. In addition, the relationship 
between angiogenesis and neurogenesis after cerebral 
ischemia has been widely studied [42]. Consistent with 

previous reports, a significant increase in animal survival 
was found with RGD-exo:miR-210 treatment.

Angiogenic therapy with miR-210 is impeded by chal-
lenges in delivery across the BBB to the ischemic brain. 
Exosomes are believed to be a potential delivery vehicle, 
given their unique properties, including low immuno-
genicity, biodegradability, low toxicity, strong protection 
for cargo and the ability to cross the BBB [43]. Our previ-
ous study showed that RGD-exo can act as a drug car-
rier that targets the ischemic brain. In previous reports, 
intravenous infusion of MSC-derived exosomes has been 
confirmed to be well tolerated and beneficial for stroke 
recovery [44, 45], and thus, here, exosomes were isolated 
from the conditioned medium of MSCs and conjugated 
with c(RGDyK). For loading of miR-210 into exosomes, 
several strategies have been developed, including elec-
troporation, sonication, incubation with permeabiliza-
tion agents, and incubation with lipophilically modified 
RNAs. It has been reported that electroporation can 
induce precipitation and aggregation of the siRNA, lead-
ing to overestimation of vesicle loading [46]. In addition, 
sonication and incubation with permeabilization agents 
can cause a reformation/deformation of exosomes to 
disrupt exosome integrity [27]. Due to the difficulties 
in loading, attempts have been made recently to load 
EVs with hydrophobically modified RNAs. Recent study 
has described the method to load EVs with cholesterol-
conjugated siRNA for functional dose-dependent silenc-
ing of the target gene human antigen R, as a potential 
drug target to reduce tumor growth [28]. Besides, the 
cholesterol enables quick membrane association, for 

Fig. 5 miR-210 and VEGF levels in the lesion region were upregulated by administration of RGD-exo loaded with miR-210 and alleviated the 
mortality after MCAO/R. a Intravenous administration of PBS, Scr-exo:miR-210, RGD-exo, RGD-exo loaded with negative control (RGD-exo:NC), or 
RGD-exo loaded with miR-210 (RGD-exo:miR-210) was performed on mice subjected to 1 h of MCAO and 24 h of reperfusion. miR-210 in the lesion 
region was analyzed 12 h after administration (36 h after reperfusion). N ≥ 3. The data are expressed as the mean ± SEM. #P < 0.05, and ##P < 0.01 
by one-way ANOVA. b The mRNA level of VEGF was examined 24 h after administration (48 h after reperfusion). The sham group was used as the 
control. N ≥ 3. The data are expressed as the mean ± SEM. **P < 0.01 compared with sham, #P < 0.05 and ##P < 0.01 compared with RGD-exo:miR-210 
by one-way ANOVA. c The survival percentages of the mice that received MCAO/R followed by RGD-exo:NC or RGD-exo:miR-210 administration
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Fig. 6 Up-regulation of integrin β3 and CD34 expression in the lesion region after administration of RGD-exo:miR-210. a Immunofluorescence 
images of integrin β3 and CD34 in the lesion region 7 or 14 days after reperfusion. The sham group was used as the control. Scale bar: 50 µm. 
b, c Quantitation of CD34 and integrin β3 densities in the lesion region. The data are expressed as the mean ± SEM. *P < 0.05, ***P < 0.001, and 
****P < 0.0001 by one-way ANOVA
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the single-stranded phosphorothioated tail is essential 
for cellular internalization by a mechanism similar to 
that used by conventional antisense oligonucleotides, 
which can be easily controlled or scaled for production 
[32]. In this work, although a shift in size distribution to 
slightly larger vesicles was observed following incuba-
tion with cholesterol-modified miR-210, the shape of 
the size distribution curve of RGD-exo remained con-
stant. The results are consistent with a previous report on 
loading EVs with siRNA, suggesting that the integrity of 
exosomes was not affected. Moreover, the targeting abil-
ity of RGD-exo:miR-210 was confirmed by NIRF imaging 
and immunofluorescence, indicating that the incorpora-
tion of cholesterol-modified miR-210 did not affect the 
tropism of RGD-exo to ischemic brain.

After intravenous administration, RGD-exo:miR-210 
bind integrin αvβ3 on reactive cerebral vascular 
endothelial cells in the ischemic area. Then exosomes 
can enter recipient cells through different types of 
endocytosis [47]. Once involved into endosomal sys-
tem, exosomes can fuse with the organelle membrane 
and release their contents into cytoplasma [48]. Thus, 
RGD-exo:miR-210 hold the potential to deliver exog-
enous miR-210 to endothelial cells in the lesion region. 
To observe long-term outcomes, a milder ischemia 
model (0.5  h MCAO and 24  h reperfusion) was used. 
RGD-exo:miR-210 were injected once every other day 
via the tail vein. Generally, integrin β3, the binding site 
on endothelial cells for RGD-exo, reaches its peak on 
day 10 after cerebral ischemia and then significantly 
decreases [2, 3]. Interestingly, the treatment with miR-
210 strongly upregulated integrin β3 expression on day 
7 compared with NC treatment, followed by higher 

expression of integrin β3 on day 14 induced by miR-210. 
Thus, the improved angiogenesis provided more affinity 
sites for c(RGDyK) to bind, resulting in maintenance 
of the targeting ability of RGD-exo for at least 14 days. 
Thus, in the future, miR-210 co-incorporation could 
be a strategy to extend the time window for deliver-
ing other therapeutic agents to ischemic brain through 
RGD-exo.

Together, RGD-exo were shown to be a robust vehi-
cle for targeted delivery of miR-210 to ischemic brain 
via intravenous administration. Other functional miR-
NAs or several miRNAs together could be loaded into 
RGD-exo in the future. RGD-exo:miR-210 were shown 
to be a promising therapeutic agent for neural protec-
tion by promoting angiogenesis and prolonged the time 
window for RGD-exo targeted delivery. We believe 
that other therapeutic agents could be co-incorporated 
into RGD-exo with miR-210 for clinical application in 
ischemic disease.

Conclusions
In conclusion, we have developed a potent, efficient and 
effective strategy based on RGD-exosome loaded with 
miR-210 inducing an accumulation of miR-210 in lesion 
region which is downregulated in ischemia, to promote 
microvascular angiogenesis. The modified exosome 
vehicle can help to overcome a target transport through 
BBB, and attenuate stroke symptoms by preventing 
miRNA degradation, consistent with the protein VEGF 
up-regulating. Our findings could be a promising thera-
peutic strategy in biological delivery for neural system 
protection.

Fig. 7 RGD-exo:miR-210 administration promoted angiogenesis in the ischemic brain. a Analysis of VEGF expression in the lesion region 7 or 
14 days after reperfusion and administration of RGD-exo:NC or RGD-exo:miR-210. b Quantitation of VEGF expression 7 or 14 days after reperfusion 
and administration. N ≥ 3. The data are presented as the mean ± SEM. *P < 0.05 and **P < 0.01 by one-way ANOVA
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Methods
Animals
The mice were purchased from The Animal Core Facility 
of Nanjing Medical University (Nanjing, China). All the 
animal experiments were carried out in accordance with 
the Animal Care and Use Committee of Nanjing Medi-
cal University (no. IACUC-1807005). Eight- to 10-week-
old male C57BL/6 mice were used. Animals were group 
housed at a controlled temperature (20 ± 2  °C) with a 
12 h light–dark cycle and free access to food and water.

The ischemic stroke model and lesion region demarcation
For the MCAO/R model in mice, following a previ-
ous study [49], after animal anesthesia a midline neck 
incision was made to expose both common carotid 
arteries (CCAs). After anterior and downward retrac-
tion of the musculature, the right CCA was temporar-
ily occluded with a microaneurysm clip, and a cut was 
made along the external carotid arteries. Then, middle 
carotid artery (MCA) occlusion was induced by insert-
ing a silicon-coated 6-0 nylon filament along the internal 
carotid artery with the aid of an operating microscope 
and advancing the filament 8–10  mm distally. Reper-
fusion was induced at a certain timepoint by monofila-
ment removal according to the experiment. In addition, 
a 75–90% blood flow decrease in the MCA territory was 
recorded by laser Doppler flow during each experiment 
after reperfusion using a flexible probe attached to the 
animals’ skull. The mice were kept warm at 37 °C with a 
heated blanket throughout the surgery and during recov-
ery from anesthesia and then returned to their home 
cages. Sham-operated mice were subjected only to expo-
sure of the MCA without ischemia induction. The lesion 
region is described and shown in Fig. 1b. Briefly, begin-
ning 2 mm from the anterior tip of the frontal lobe from 
the right and left hemispheres, approximately 5 mm were 
dissected, which corresponded to the intralesional and 
contralateral regions [25, 29, 50].

Neurological evaluation and TTC stain
The neurological scores were evaluated after reperfu-
sion for 24  h. Scoring was performed blindly by a third 
experimenter using Longa’s neurological scoring system 
[49, 51]. To confirm neuroprotective effects, the ischemic 
lesion was measured using TTC stain [52]. Briefly, the 
animal brains were rapidly removed, frozen immediately 
at − 80 °C for 5 min, and then sectioned into 2-mm coro-
nal slices. The sections were stained with 2% TTC in PBS 
at 55  °C for 20  min and fixed in 4% paraformaldehyde 
(PFA). The infarct volume was measured using Image-
Pro Plus image analysis software.

Cell culture and exosome isolation
Mesenchymal stem cells were derived from mouse bone 
marrow tibias and femurs and cultured in low-glucose 
Dulbecco’s modified Eagle’s medium (DMEM) containing 
10% fetal bovine serum (FBS) (Gibco) without exosomes 
(FBS was centrifuged at 200,000g for 18  h to deplete 
exosomes) and then incubated at 37  °C in 5%  CO2. To 
label exosomes with tdTomato, cells were stably trans-
duced with packaged lentivirus vectors to express tdTo-
mato fused with the palmitoylation sequence of growth 
cone-associated protein (PalmtdTomato). The plasmid 
was kindly provided by Dr Bakhos Tannous (Massachu-
setts General Hospital, Boston, MA, USA). The harvested 
supernatants were collected to isolate exosomes accord-
ing to a previous study [53]. The supernatant was centri-
fuged at 1000g for 30 min followed by 10,000g for 30 min 
at 4  °C to remove cells and debris and then was centri-
fuged at 140,000g for 90 min at 4 °C in a Type Ti70 rotor 
using an L-80XP ultracentrifuge (Beckman). After resus-
pension in PBS, the exosome pellet was ultracentrifuged 
again for 90 min at 140,000g. Finally, the exosomes were 
resuspended in PBS, filtered using a 0.22-μm filter (Mil-
lipore), and analyzed with a Micro BCA Protein Assay kit 
(Pierce).

Ligand conjugation and microRNA incorporation
Briefly, 0.5  mg/mL exosomes in PBS was reacted with 
3  μM dibenzocyclooctyne-sulfo-N-hydroxysuccinim-
idylester (DBCO-NHS) (Sigma) on a rotating mixer at 
room temperature (RT) for 4  h. Then, the mixture was 
washed three times using 100-kDa ultrafiltration tubes 
(Millipore) to remove unconjugated DBCO-NHS. Then, 
the collected DBCO-conjugated exosomes were ready for 
linkage to azide-containing molecules. According to the 
manufacturer, c(RGDyK) peptides with an azide group 
were synthetized by conjugating 5-azidopentanoic acid 
to the side chain of lysine (ChinaPeptides). Subsequently, 
0.3 μM c(RGDyK) with azide was added to DBCO-con-
jugated exosomes, and 0.3 μM Cy5.5-azide (Lumiprobe) 
was added if needed. The reaction was conducted for 
12 h at 4 °C on a rotating mixer. Then, the RGD-exo were 
floated on a 30% sucrose/D2O cushion and centrifuged 
at 164,000g for 90 min using an SW41Ti rotor (Beckman 
Coulter) to remove unincorporated ligands. After wash-
ing with PBS, the modified exosomes were resuspended 
and stored. As a control, scrambled c(RDGyK) peptides 
were conjugated to exosomes (Scr-exo).

miR-210 and NC were synthesized with cholesterol 
conjugated on the 3′ terminus and modified with 2′ Ome 
(GenePharma). The sequences were as follows: 5′-CUG 
UGC GUG UGA CAHCHHCUG AAG CCG CUG UCA 
CAC GCA CAG UU-3′ for miR-210, 5′-UUC UCC GAA 
CGU GUC ACG UTT ACG UGA CAC GUU CGG AGA ATT 
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-3′ for NC. Then, 100  nM cholesterol-conjugated miR-
210 was incubated with 100 μg RGD-exo in 200 μL of PBS 
at 37 °C for 1 h. miR-210 inserted into the exosome mem-
brane through a hydrophobic interaction. After washing 
with PBS at 140,000g for 90 min, the modified exosomes 
were resuspended and stored at − 80 °C prior to use.

TEM, NTA and NIRF imaging
Exosomes were observed with a Tecnai G2 transmis-
sion electron microscope (FEI). Samples were fixed with 
1% glutaraldehyde, applied onto a carbon-coated copper 
grid, and stained with 1% phosphotungstic acid. NTA 
was performed using a ZetaView system (Particle Metrix) 
to track the Brownian motion of exosomes suspended in 
PBS, and size distribution data was generated by apply-
ing the Stokes–Einstein equation. For NIRF imaging, an 
IVIS spectrum imaging system (PerkinElmer) was used 
to detect the Cy5.5 fluorescence signals in organs.

Exosome administration and BrdU labeling
Each mouse was administered 100 µg RGD-exo in 0.2 mL 
PBS via the tail vein 24 h after reperfusion. PBS or Scr-
exo were injected as controls. The mice were sacrificed 
and dissected 6  h later, and NIRF imaging and immu-
nofluorescence was performed. To deliver miR-210 to 
the ischemic region, 100  μg RGD-exo:miR-210 were 
administered 24  h after reperfusion. RGD-exo:NC were 
injected as a control. The level of miR-210 was exam-
ined 12 h later, and the VEGF mRNA level was analyzed 
24  h later. To explore the long-term therapeutic effects, 
the mice were intravenously injected with 100 µg RGD-
exo:miR-210 or RGD-exo:NC once every other day. To 
observe cell proliferation, on the 1st to 7th days after 
MCAO/R, BrdU (50 mg/kg in saline) was injected intra-
peritoneally every day. For the sham group, the mice 
were injected with the same dose of BrdU on the same 
days after the sham operation.

Western blotting
The tissues corresponding to the lesion region were dis-
sected 24  h after exosome administration for Western 
blotting. To detect exosome markers and the VEGF level, 
Western blotting was carried out as follows. The lesion 
region in the brains from each group was homogenized 
with lysis buffer. After centrifugation at 4000  rpm and 
4 °C for 15 min, an equal amount (40 μg) of the superna-
tant of extracted protein samples was loaded and sepa-
rated on sodium dodecyl sulfate polyacrylamide gels 
and then transferred onto 0.4-μm PVDF membranes 
(Millipore). Blocking was performed with 5% skim 
milk for 1 h at RT, and the membranes were incubated 

with primary antibodies against Alix (1:1000, Abcam), 
TSG101 (1:1000, Abcam), Calnexin (1:1000, Abcam), 
VEGF (1:1000, Proteintech), and tubulin (1:1000, Bio-
world Technology) overnight at 4  °C, followed by incu-
bation with secondary antibodies for 1 h at RT. Protein 
bands were finally visualized using High-sig ECL West-
ern Blotting Substrate (Tianon). The expression level of 
the proteins was analyzed using ImageJ software.

Immunofluorescence staining and confocal imaging
Mice were anesthetized and perfused with cold PBS, 
followed by 4% PFA in PBS (pH 7.4). The brains were 
dissected, kept in 4% PFA in PBS overnight followed by 
30% sucrose in PBS for 48 h, and then cry sectioned at a 
thickness of 40 μm. The sections were treated with 0.3% 
Triton-100 for 30  min, blocked with 3% BSA for 2  h, 
and then immunostained with anti-Integrin β3 (1:500, 
Santa Cruz) and anti-CD34 (1:400, Abcam) antibod-
ies overnight at 4  °C. After 5 washes with PBST (PBS 
containing 0.1% Triton-100), the samples were incu-
bated with FITC- or Alexa 647-conjugated secondary 
antibodies (Invitrogen) for 1 h at RT. For BrdU staining, 
brain sections from the BrdU labeled mice and sham-
operated mice were collected. After another 5 washes 
with PBST and staining with DAPI, with post-fix in 4% 
PFA for 10 min, slices were incubated in HCl (2 mol/L) 
at 37 °C for 15 min. Then washed them in PBS 3 times 
for 5 min each, and block in 0.1% Triton-X and 5% BSA 
for 1  h at RT. Then immunostained with anti-BrdU 
(1:250, Abcam) overnight at 4  °C. After 5 washes with 
PBST, the samples were incubated with FITC-conju-
gated secondary antibodies (1:500, Proteintech) for 1 
h at RT. After another 5 washes with PBST and stain-
ing with DAPI, the slices were imaged with an FV-1200 
confocal microscope (Olympus). Images were pro-
cessed and analyzed using ImageJ software (NIH).

Quantitative real‑time PCR
Twelve hours after administration, total RNA from the 
lesion tissues was extracted with Trizol reagent (Invit-
rogen). cDNA synthesis was performed using a Prime-
Script RT reagent Kit (Takara). RT-PCR reactions were 
carried out on a Lightcycler 96 system (Roche) in 10 μL 
reactions with 1 μL of cDNA samples using SYBR mix 
(Vazyme Biotech). The primer sequences were as fol-
lows: 5′-TTA CTG CTG TAC CTC CAC C-3′ (forward) 
and 5′-ACA GGA CGG CTT GAA GAT G-3′ (reverse) for 
VEGF. The miR-210 and U6 primers were applied using 
Bulge-Loop miRNA qRT-PCR primer (RiboBio). Rela-
tive expression was calculated by the comparative  2−
ΔΔCt method. All experiments were performed at least 
three times independently.
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Statistical analysis
The data are presented as the mean ± SEM. Statistical 
analysis was accomplished using GraphPad Prim soft-
ware (GraphPad Software). Comparisons between two 
groups were performed with Student’s t-test. Significant 
differences among multiple groups were determined 
by one-way analysis of variance (ANOVA) or two-way 
ANOVA followed by Tukey’s post hoc test. P values < 0.05 
were considered statistically significant.

Additional files

Additional file 1: Figure S1. Estimation of the number of c(RGDyK) 
peptide, Cy5.5, or miR-210 incorporated onto the exosomes. a Black 
squares show fluorescent intensities of c(RK(FITC)DyK) standard curve 
at 100-800 nM. b The average concentration of RGD is 116 pmol /  1011 
particles on exosomes according to the standard curve. c Black squares 
show fluorescent intensities of FITC-miR-210 at concentrations of 50-500 
nM. d The average concentrations of miR-210 loaded with Exo:miR-210, 
Scr-exo:miR-210, or RGD-exo:miR-210 are 118, 110, or 108 pmol /  1011 
particles calculated according to the standard curve. e Black squares show 
fluorescent intensities of Cy5.5 at concentrations of 100-800 nM. f The 
average concentrations of labeled Cy5.5 on the Exo, Scr-exo, or RGD-exo 
are 71, 67, or 65 pmol /  1011 particles according to the standard curve.

Additional file 2: Figure S2. RGD‑exo colocalized with CD34 in brain 
after injection. a, b Co-labelled fluorescence images of RGD-exo (red) and 
CD34 (green) in the ischemic cortex 6 h after intravenous administration 
of tdTomato-labeled RGD-exo on the mice receiving MCAO/R or Sham. 
Blue indicates nuclei, and CD34 was marked by green. A magnification 
indicated the co-localization of RGD-exo and CD34.

Additional file 3: Figure S3. RGD‑exo:miR-210 increased endothelia cells 
proliferation after 7 days of reperfusion. Double staining of BrdU (green) 
and CD34 (red) after RGD-exo:NC or RGD-exo:miR-210 injection in the 
ischemic brain.
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