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Surface-modified engineered exosomes 
attenuated cerebral ischemia/reperfusion 
injury by targeting the delivery of quercetin 
towards impaired neurons
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Abstract 

Background: The incidence of ischemic stroke in the context of vascular disease is high, and the expression of 
growth-associated protein-43 (GAP43) increases when neurons are damaged or stimulated, especially in a rat model 
of middle cerebral artery occlusion/reperfusion (MCAO/R).

Experimental: design: We bioengineered neuron-targeting exosomes (Exo) conjugated to a monoclonal antibody 
against GAP43 (mAb GAP43) to promote the targeted delivery of quercetin (Que) to ischemic neurons with high 
GAP43 expression and investigated the ability of Exo to treat cerebral ischemia by scavenging reactive oxygen species 
(ROS).

Results: Our results suggested that Que loaded mAb GAP43 conjugated exosomes (Que/mAb GAP43-Exo) can spe-
cifically target damaged neurons through the interaction between Exo-delivered mAb GAP43 and GAP43 expressed 
in damaged neurons and improve survival of neurons by inhibiting ROS production through the activation of the 
Nrf2/HO-1 pathway. The brain infarct volume is smaller, and neurological recovery is more markedly improved follow-
ing Que/mAb GAP43-Exo treatment than following free Que or Que-carrying exosome (Que-Exo) treatment in a rat 
induced by MCAO/R.

Conclusions: Que/mAb GAP43-Exo may serve a promising dual targeting and therapeutic drug delivery system for 
alleviating cerebral ischemia/reperfusion injury. 
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Background
Ischemic stroke is caused by ischemic necrosis of brain 
tissue due to insufficient cerebral blood flow, and the 
incidence of ischemic stroke is high in the context of 
vascular diseases [1, 2]. Long-term blood occlusion 
results in irreversible neuronal damage to neurons, 
and most patients suffer consequent language dysfunc-
tion and movement disorders. Although the United 
States Food and Drug Administration (FDA) proved 
that recombinant tissue plasminogen activator (tPA) is 
applied for the recanalization of the blocked blood ves-
sels in the treatment of ischemic stroke, the therapeutic 
window of effective tPA-mediated thrombolysis is short 
(4.5 h), and 80% of patients experience serious sequelae 
or even death because optimal thrombolytic therapies 
are lacking  [3–5]. Furthermore, thrombolytic therapy 
also increases the risk for patients with intracranial 
hemorrhage. Therefore, it is important to identify suit-
able and effective therapeutic strategies to alleviate cer-
ebral ischemia.

Following the onset of ischemia/reperfusion, signifi-
cant oxidative stress and inflammation are significantly 
triggered; subsequently, a large amount of reactive oxy-
gen species (ROS) is produced in brain tissues, lead-
ing to neuronal injury via oxidation and destruction 
of neurons, thus aggravating severe brain damage and 
cerebral infarction [6, 7]. Nuclear factor erythroid-
2-related factor 2 (Nrf2) is a critical antioxidative tran-
scription factor that is a new target for scavenging ROS 
production and alleviates ROS-induced ischemia/rep-
erfusion injury. It promotes the transcription of various 
antioxidant genes and contributes to maintaining redox 
homeostasis in cells [8, 9]. There is increasing evidence 
that the activation of Nrf2 and its downstream target 
genes can protect brain tissues from ischemia perfusion 
injury by inhibiting oxidative stress [10, 11].

Quercetin (Que; molecular formula:  C15H10O7), a 
chemical found naturally in a number of foods, is a natu-
ral flavonoid polyphenol that exerts antioxidant effects 
by neutralizing free radicals, chemical byproducts that 
harm cell membranes and damage DNA [12, 13]. Que 
also reportedly plays a neuroprotective role by scaveng-
ing free radicals and exerting anti-inflammatory effects 
in cerebral ischemia models. Que can activate the Nrf2 
pathway, and then promote the expression of detoxifica-
tion enzymes and antioxidant enzymes, such as NAD(P)
H: quinone oxidoreductase-1 (NQO1) and heme oxy-
genase-1 (HO-1), thereby inhibiting the production of a 
large amount of ROS and decreasing oxidative stress to 
normal levels in the ischemic brain tissue [14, 15]. How-
ever, its water insolubility, poor stability and inability to 
cross the blood–brain barrier (BBB) limit the ability of 
Que to treat central nervous system (CNS) diseases [16].

Drug delivery nanotechnologies have recently received 
significant attention due to their ability to improve the 
solubility and targeting specificity of drugs. Currently, 
therapeutic drug carriers are modified with specific 
recognizable ligands to achieve targeted drug delivery. 
Researchers have found that some aptamers such as 
chemical agents [17], antibodies [18] and cell-penetrating 
peptides (CPPs) [19, 20] can be modified into carriers to 
achieve targeted therapeutic effects with high specificity, 
selectivity and affinity. Exosomes derived from cells are 
nano-sized and saucer shaped, have low immunogenicity 
and are highly compatible. As exogenous substances such 
as chemicals, proteins, and nucleic acids can be efficiently 
loaded into exosomes by electroporation and incubation 
methods, exosomes potentiate a promising targeted drug 
delivery system for delivering drugs to specific regions 
[21–23]. However, naïve exosomes only target specific 
organs owing to their inherited homing and migration 
characteristics, thus reducing their ability to deliver sub-
stances to non-target organs and limiting their clinical 
application for some diseases, especially in CNS diseases. 
Some chemicals, proteins and antibodies have reportedly 
been modified on the surface of exosomes to construct a 
targeted, multifunctional, biological drug delivery system 
for enhanced therapeutics [24–26].

Duo to the antioxidant effects of Que and the inher-
ent cargo-carrying capacity of exosomes, we prepared 
Que-loaded exosomes (Que-Exo) to enhance the sta-
bility and solubility of Que. We also took advantage of 
the high expression of growth-associated protein-43 
(GAP43) in damaged neurons as a potential guide to tar-
get impaired neurons. It has been reported that GAP43 
is a neuron-specific protein and is involved in the growth 
of nerve cells and axonal development, as well as learn-
ing and memory functions [27, 28]. The protein expres-
sion of GAP43 increases when neurons are damaged or 
stimulated. In particular, in a MCAO/R animal model, 
GAP43 expression is increased in impaired neurons in 
ischemic penumbra [29, 30]. In our study, a monoclonal 
antibody against GAP43 (mAb GAP43) was modified on 
the surface of drug-loaded exosomes to target impaired 
neurons with a high expression of GAP43 in the ischemic 
penumbra to improve cerebral ischemia therapy. As 
shown in Fig. 1, exosomes (Exo) were isolated from the 
blood of Sprague Dawley (SD) rats, and Que was fur-
ther loaded into Exo by ultrasonication. Finally, mAb 
GAP43 was conjugated to the surface of Que-Exo using 
the carbodiimide method to obtain Que/mAb GAP43-
Exo. Given the interaction between Exo-delivered mAb 
GAP43 and GAP43 expressed in damaged neurons, Que/
mAb GAP43-Exo enhanced drug accumulation by effec-
tively delivering Que into GAP43-overexpressed injured 
neurons in ischemic penumbra and promoted neuron 
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survival by inhibiting oxidative stress through the activa-
tion of the Nrf2/HO-1 pathway. Furthermore, compared 
with Que, Que/mAb GAP43-Exo significantly alleviated 
ischemic damage in brain tissues by reducing the infarct 
area and improving neurological performance. Taken 
together, these results suggested that Que/mAb GAP43-
Exo effectively protected against cerebral ischemia and 
enhanced the neuroprotective effect of Que by neuron-
targeted drug delivery.

Materials and methods
Materials
Que was purchased from Aladdin Chemical (Shanghai, 
China). All other reagents were obtained from Sigma-
Aldrich Co (St Louis, MO, USA). The mAb GAP43 was 
purchased from Cell Signaling Technologies (Danvers, 
MA, USA). Male SD rats weighing 250–300 g were pro-
vided by the Animal Center of Jinzhou Medical Uni-
versity, and the animal protocols were approved by the 
Animal Protection and Use Committee of Jinzhou Medi-
cal University.

Preparation of Que/mAb GAP43‑Exo
Exo was isolated and purified from the whole blood of 
SD rats by gradient centrifugation. According to previ-
ous reports [31–33], Que was incubated with Exo in a 
medium comprising phosphate buffered saline (PBS), 
dimethyl sulfoxide (DMSO) and Tween 80 (85:10:5, 
v/v/v) under continuous ultrasonic shaking in an ice 
water bath to encapsulate Que in Exo. After centrifuga-
tion and PBS cleaning, the Que-Exo were obtained. The 
mAb GAP43 was modified on the surface of Que-Exo 
using a carbodiimide method. Ethyl-3-(3-dimethylami-
nopropyl) carbodiimide hydrochloride (EDC) was used 
to activate the carboxyl group on mAb GAP43, and then 
N-hydroxysuccinimide (NHS) was added to stabilize 
the intermediate. Finally, the activated carboxyl group 
of mAb GAP43 was combined with the amino group of 
Exo to obtain Que/mAb GAP43-Exo. The morphology 
and particle size of Que/mAb GAP43-Exo were assessed 
by atomic force microscopy (AFM) and a Zetasizer Nano 
ZS instrument. The loading ratio and encapsulation rate 
of Que in Que/mAb GAP43-Exo were estimated using a 
previously reported method [34].

Assessment of solubility and stability in vitro
To evaluate the solubility of Que, 1 mg of Que was sep-
arately dispersed in 1  mL of PBS solution (pH 7.4) and 
1 mL of mAb GAP43-Exo solution at 10 mg/mL by ultra-
sonic shaking and balancing for obtaining the saturated 
drug solution. After centrifugation at 12,000 rpm, undis-
solved Que were precipitated at the bottom of tube and 
the concentration of free Que in the supernatant was 

studied by dissolving Que with additional 4 times vol-
ume of methanol and measuring solubility of Que using 
high-performance liquid chromatography (HPLC). Next, 
Que dissolving in the supernatant in the presence of in 
mAb GAP43-Exo was also treated with 4 times volume 
of methanol to break lipid layer of Exo and dissolve Que 
completely. Finally, concentration of Que was measured 
to calculate the solubility of Que using HPLC. The chro-
matographic system included a Hypersil C18 column, a 
mobile phase containing methanol and phosphoric acid 
in water (pH 7.4; 0.01  M; 60:40, v/v), at a flow rate of 
1.0 mL/minute and column temperature of 30℃, and the 
UV detection wavelength was set at 374 nm.

To evaluate the stability of Que in PBS and plasma, the 
oxidation and degradation of Que were studied by plac-
ing Que and Que/mAb GAP43-Exo in PBS and plasma to 
determine the UV absorbance of Que in the preparation. 
We selected a defined wavelength (374  nm) to detect 
the absorption value of Que in PBS and plasma. A cer-
tain amount of free Que and Que/mAb GAP43-Exo was 
dissolved in PBS and plasma. At different time intervals, 
methanol was added to extract Que. The UV absorbance 
of the mixture of blank PBS or plasma and methanol 
was set as the control group, and the UV absorbance of 
free Que and exosomal Que was valued at 374 nm. The 
remaining ratios (RR) of Que or exosomal Que were 
determined by calculating the ratio of the UV absorbance 
of Que or exosomal Que in PBS and plasma at a prede-
termined time to UV absorbance of Que or exosomal 
Que at the beginning, as based on the methods described 
in our previous report [35].

To assess drug release, Que and Que/mAb GAP43-
Exo dispersed in PBS were added into a dialysis bag 
and immersed in a flask containing 100  mL of release 
medium (PBS, pH 7.4, 37  °C) containing 0.5% (w/v) 
Tween 80. Samples were taken at certain time points, and 
the amount of released Que was analyzed by HPLC.

Biodistribution of Que in organs in vivo
SD rats were randomly divided into two groups and 
housed under thermoregulated, humidity-controlled 
conditions. Free Que and Que/mAb GAP43-Exo were 
dissolved in a mixture of PBS, DMSO, and Tween 80 
(85:10:5, v/v/v) to achieve a Que concentration of 3.4 mg/
mL and administered by tail vein injection. After 8 h of 
treatment, the accumulation of free Que and exosomal 
Que in different organ tissues was determined by HPLC.

Administration of formulations in MCAO/R
To establish the MCAO/R model, a 6–0 nylon monofila-
ment suture was inserted into the right internal carotid 
artery of each SD rat for 2 h and subsequently removed 
to allow blood reperfusion. PBS, Que, Exo, Que-Exo, and 
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Que/mAb GAP43-Exo were administered to MCAO/R 
rats by intravenous (I.V.) injection via the tail vein.

Differences in the distribution of Que and Que/mAb 
GAP43‑Exo in vivo and in vitro
To further explore the GAP43-mediated targeting of 
damaged neurons by Exo, Exo and mAb GAP43-conju-
gated Exo (mAb GAP43-Exo) were labeled with red fluo-
rescent PKH26 as described in our previous report [31], 
and confocal laser scanning microscopy was utilized to 
determine the localization of Exo in cells. Human neu-
roblastoma cells, SH-SY5Y cells were purchased from 
the Type Culture Collection of Chinese Academy of 
Sciences (Shanghai, People’s Republic of China) and 
cultured in Dulbecco’s Modified Eagle Medium: Nutri-
ent Mixture F-12 (DMEM/F-12) supplemented with 
10% fetal bovine serum (FBS) and 1% PS. SH-SY5Y cells 
were seeded in six-well flat-bottom plates and subjected 

to oxygen–glucose deprivation injury (OGD) for 1  h 
according to the previous report [36, 37]. Finally, PKH26-
labeled mAb GAP43-Exo was incubated with normal SH-
SY5Y cells and OGD-treated SH-SY5Y cells; the uptake 
of mAb GAP43-Exo in both cells was determined by flow 
cytometry. To confirm the role of GAP43 in mediating 
the uptake of Exo, PKH26-labeled Exo and mAb GAP43-
Exo were incubated with OGD-treated SH-SY5Y cells 
in the presence or absence of mAb GAP43. The cellular 
distributions of Exo and mAb GAP43-Exo were observed 
by detecting the fluorescence of PKH26 (Ex:551 nm, Em: 
567  nm) using confocal laser scanning microscopy at 
predetermined intervals. To monitor the distribution of 
Que in the ischemic brain, Que, Que-Exo and Que/mAb 
GAP43-Exo were administered to MCAO/R rats by intra-
venous injection, and fluorescence images of Que (Ex: 
436 nm and Em: 486 nm) of the brain were captured.

Fig. 1 The primary hypothesis of this study. Exo were obtained from the whole blood of Sprague Dawley rats and encapsulated Que by 
ultrasonication. Finally, mAb GAP43 was modified on the surface of Que-loaded Exo using a carbodiimide method to obtain Que/mAb GAP43-Exo. 
Que/mAb GAP43-Exo enhanced the ability of Que to target the impaired, GAP43-overexpressed neurons. Furthermore, Que/mAb GAP43-Exo 
alleviated ischemia–reperfusion injury by inhibiting the production of ROS through the activation of the Nrf2/HO-1 pathway in a rat model of 
MCAO/R



Page 5 of 15Guo et al. J Nanobiotechnol          (2021) 19:141  

Infarct measurement and neurological evaluation
2,3,5‐Triphenyltetrazolium chloride (TTC) was used to 
stain infarct tissues. The infarct volume percentage was 
determined and a neurological evaluation was performed 
by assessing the neurological function score.

Oxidative stress measurement
According to our previous report [31], ROS production 
in ischemic brain tissues was detected by treating frozen 
section of brain tissue with 10 μM of 2’,7’-dichlorodihy-
drofluorescein diacetate (DCFH-DA; Sigma-Aldrich Co) 
and observing the fluorescence of DCF (Ex: 485 nm, Em: 
530 nm).

LDH assay
Que, Que-Exo and Que/mAb GAP43-Exo were added 
into the plates and incubated with OGD-treated SH-
SY5Y cells for 24 h. A lactate dehydrogenase (LDH) assay 
kit was used to measure the LDH content according to 
the protocol.

Western blot analysis
SD rats were divided into the MCAO/R, Que, Que-Exo, 
Exo and Que/mAb GAP43-Exo groups. The ischemic 
penumbra was collected after administration and homog-
enized to prepare the sample. After being treated with elec-
trophoresis, the proteins were transferred to polyvinylidene 
fluoride (PVDF) membranes and blocked with bovine 
serum albumin. The membranes were incubated with dif-
ferent kinds of primary antibodies overnight at 4 °C. After 
washing, the membranes were further incubated with a 
secondary antibody for 1  h at room temperature. Finally, 
the signal was visualized using enhanced chemilumines-
cence (iBox Scientia 600; UVP, LLC, Upland, CA, USA).

Results
Characterization of Que/mAb GAP43‑Exo
We characterized Exo and Que/mAb GAP43-Exo by 
AFM, particle size analysis and Western blotting. Using 
AFM, a mechanical probe was used to measure the size 
and structure of individual extracellular vesicles in their 
native state. The Exo and Que/mAb GAP43-Exo were 
then placed on a freshly cleaved mica surface and then 
scanned. The AFM results (Fig. 2c) showed that Exo and 
Que/mAb GAP43-Exo were very broadly distributed and 
were small and spherical. We performed a depth analy-
sis of the AFM data. As shown in the Fig. 2c, the heights 
of Exo and Que/mAb GAP43-Exo were calculated as the 
maximum height. The figure demonstrated the changes 
occurred to the exosomal height, representing the main 
morphological parameters. As illustrated, the heights of 
Exo and Que/mAb GAP43-Exo were about 100 nm and 
the average heights of Exo and Que/mAb GAP43-Exo 

were about 135.1 nm and 137.5 nm, indicating that there 
were no significant difference in height between Exo 
and Que/mAb GAP43-Exo. The results of the nanopar-
ticle size analysis (Fig.  2b) also showed the average size 
respectively. Plasma was centrifuged, the bottom layer 
was collected to obtain Exo, and the residual supernatant, 
which contained no Exo, was used as the negative con-
trol. The Western blot results (Fig. 2a) showed that Exo 
was enriched with Alix and CD63, but that neither pro-
tein was expressed in the supernatant, indicating that all 
Exo had been completely isolated and collected from the 
plasma. Furthermore, both Exo and Que/mAb GAP43-
Exo expressed common exosomal proteins, such as Alix, 
CD63, and TSG101 proteins [38]. All data indicated that 
the characterizatics of Exo did not change upon modifi-
cation with Que and mAb GAP43. The presence of mAb 
GAP43 in Que/mAb GAP43-Exo was assessed by incu-
bating Exo and Que/mAb GAP43-Exo with HRP-Rabbit 
antibody directly for 1 h, RT and detected by enhanced 
chemiluminescence (ECL). The mAb GAP43, which was 
expressed by Que/mAb GAP43-Exo, was not detected in 
Exo, indicating that mAb GAP43 was successfully conju-
gated to the surface of Exo. We also obtained the encap-
sulation efficiency of Que of 34.0% and a drug-loading 
efficiency of Que of 13.6%. Release analysis results (Addi-
tional file 1) demonstrated that the free Que was released 
faster than Que/mAb GAP43-Exo and that approximately 
84.1% of total drug was released into the medium within 
the first 6 h. In contrast, Que/mAb GAP43-Exo demon-
strated a steady and sustained release pattern. The cumu-
lative release rate during the first 12 h was 60.3%, and the 
residue had been released over a longer incubation time.

Enhancement of the solubility and stability of Que 
via incorporation of Que into mAb GAP43‑Exo
After Que was loaded into Exo, the water solubility of 
Que was significantly enhanced by 2.87-fold as com-
pared to that of free Que (30.15 μg/mL versus 86.97 μg/
mL, respectively). This result indicated that the solubil-
ity of Que was significantly enhanced by loading into Exo. 
We detected the UV absorption of free Que and Que/
mAb GAP43-Exo at wavelength from 300 to 500  nm, 
and The UV absorption curve of Que and exosomal Que 
in PBS and plasma was shown in Fig.  3a. As shown in 
Fig. 3a, b, free Que was degraded faster than Que/mAb 
GAP43-Exo and about 33% and 31% of free Que in PBS 
and plasma respectively, were degraded rapidly after 24 h 
of dispersion in PBS and plasma. In contrast, when Que 
was loaded in mAb GAP43-Exo, its stability was signifi-
cantly enhanced, and it was protected from degradation. 
The relative RRs of exosomal Que in PBS and plasma 
had increased significantly to 73% and 79% after 24-h 
incubation in PBS and plasma, inferring that Que/mAb 
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GAP43-Exo significantly improved the stability of Que by 
slowing down the oxidative degradation of Que as com-
pared with that of free Que. These results confirmed that 
our drug delivery system can significantly improve the 
stability of Que. The instability of Que was mainly due 
to the oxidative decarboxylation of cyclic C, and Exo as 
drug carrier reduced the contact between Que and the 
solution, thus slowing down its oxidative degradation.

Analysis of drug biodistribution in vivo
We also evaluated the biodistribution of Que and Que/
mAb GAP43-Exo in main organs by measuring the accu-
mulation of Que. As shown in Fig.  3c, it demonstrated 

that compared with free Que, Que/mAb GAP43-Exo 
reduced the accumulation of Que in the liver and heart, 
and enhanced its retention in the spleen, lung, kidney, 
and brain. In particular, the amount of exosomal Que 
accumulated in the brain was increased to 1.7 times 
higher than that of free Que, indicating that Que/mAb 
GAP43-Exo showed a specific brain-targeting ability and 
that this ability facilitated the transport of Que across the 
BBB. In addition, Que/mAb GAP43-Exo may lower the 
metabolism of Que in the liver.

Fig. 2 Characterization of Exo and Que/mAb GAP43-Exo. a Analysis of exosomes markers and mAb GAP43 in Exo and Que/mAb GAP43-Exo. b 
Particle size distribution of Exo and Que/mAb GAP43-Exo measured by Zetasizer Nano ZS. c Morphology of Exo and Que/mAb GAP43-Exo observed 
by AFM. The average heights of Exo and Que/mAb GAP43-Exo were analyzed. Data are expressed as means ± SD (n = 6)
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Que/mAb GAP43‑Exo effectively enhanced targeted 
delivery of Que to GAP43 overexpressed impaired neurons 
in ischemic areas in vitro and in vivo
To assess GAP43 mediated neuronal targeting of Que, 
SH-SY5Y cells were subjected to OGD to generate 
ischemia-like neurons. The expressions of GAP43 in SH-
SY5Y and OGD-treated SH-SY5Y cells were investigated 
by Western blotting, and the uptake of PKH26-labelled 
mAb GAP43-Exo in both cells was also determined by 
flow cytometry. The results in Fig. 4b demonstrated that 
the expression of GAP43 was significantly enhanced in 
OGD-treated cells as compared to normal cells, indi-
cating that SH-SY5Y cells were seriously damaged after 
OGD, and that the protein expression of GAP43 in 
OGD-treated SH-SY5Y cells were indeed increased. In 
addition, more mAb GAP43-Exo was taken up by OGD-
treated SH-SY5Y cells than in normal cells, indicating 
that damaged neurons were specifically targeted in a 
GAP43-mediated manner (Fig.  4c). To confirm the role 
of GAP43 in improving the targeting of Exo to damaged 
neurons, the cellular distributions of PKH26-labeled Exo 
and PKH26-labeled mAb GAP43-Exo in OGD-treated 
SH-SY5Y cells were observed by confocal laser scan-
ning microscopy. As shown in Fig.  4d, more PKH26-
labeled mAb GAP43-Exo was located in the cytoplasm 
of OGD-treated SH-SY5Y cells expressing high levels 
of GAP43 and emitted stronger red fluorescence than 
PKH26-labeled Exo. This indicated that mAb GAP43-
Exo effectively promoted drug accumulation in those 
OGD-treated cells expressing high levels of GAP43; spe-
cific binding between mAb GAP43 and GAP43 might 
facilitate the uptake of Exo in OGD-treated SH-SY5Y 
cells. To further clarify the role of GAP43 in mediating 
the internalization of Exo, cells were preincubated with 
free mAb GAP43 to block GAP43 in cells, and then mAb 
GAP43-Exo was added. The results showed that as free 
mAb GAP43 selectively competed with mAb GAP43 on 
mAb GAP43-Exo to bind GAP43 expressed on cells, the 
uptake of mAb GAP43-Exo into cells was significantly 
inhibited owing to receptor saturation. Therefore, intra-
cellular fluorescence intensity of PKH26-labeled mAb 
GAP43-Exo was significantly reduced. It indicated that 
mAb GAP43 may mediate the internalization of Exo into 
GAP43-overexpressed neurons.

We further examined the brain-targeting ability of Que/
mAb GAP43-Exo in MCAO/R rats. Western blotting 
revealed that the protein expression of the GAP43 in the 
ischemic penumbra gradually increased after 2 h and 6 h of 
ischemia/reperfusion when compared with the sham group 
(Fig. 4a), indicating that after ischemia/reperfusion occurred, 
more GAP43 proteins accumulated in the ischemic penum-
bra, which was consistent with the high expression of GAP43 
in OGD-treated cells. The results shown in Fig. 4e illustrated 

that free Que and Que-Exo administrations resulted in 
weaker fluorescence in the ischemic region than Que/mAb 
GAP43-Exo administration, indicating that mAb GAP43-
Exo increased the amount of Que that crossed the BBB and 
localized in the ischemic penumbra. The results (Fig. 4f) also 
showed that the amount of Que delivered to the ischemic 
region was increased when it was loaded in mAb GAP43-
Exo, suggesting that Que/mAb GAP43-Exo was success-
fully transported to the ischemic region. To further assess 
the ability of mAb GAP43-Exo to target damaged neurons 
in the ischemic region, immunostaining for GAP43 and 
neurons was performed, and mAb GAP43-Exo was labelled 
with PKH26. PKH26-labelled mAb GAP43-Exo colocal-
ized well with NeuN positive neurons and GAP43 in the 
ischemic region. This result suggested that PKH26-labelled 
mAb GAP43-Exo could combine with GAP43 and be inter-
nalized into neurons in the ischemic region. Taken together, 
these data proved that conjugation of mAb GAP43 to Exo 
helped Exo cross the BBB and improved the targeting of Que 
to damaged neurons in the ischemic brain, providing a fur-
ther theoretical basis for the therapeutic utility of Que/mAb 
GAP43-Exo.

Que/mAb GAP43‑Exo reduced OGD‑induced neuronal 
injury by inhibiting ROS production via activation 
of the Nrf2/HO‑1 pathway
As the survival of neurons in the penumbra is neu-
roprotective in ischemic stroke, we first determined 
whether Que/mAb GAP43-Exo exerted neuroprotective 
effects against OGD-induced cell injury by performing 
LDH assay and TUNEL assay. The LDH results (Fig. 5a) 
showed that OGD-treated SH-SY5Y cells were severely 
damaged, exhibiting decreased LDH content compared 
to control cells. Treatment with Que, Exo, Que-Exo and 
Que/mAb GAP43-Exo increased cell viability by restor-
ing the activity of LDH. In particular, the Que/mAb 
GAP43-Exo treated group had the highest LDH activ-
ity (Fig.  5a), indicating that Que/mAb GAP43-Exo pre-
treatment prevented the OGD-induced reduction in cell 
viability and significantly enhanced LDH activity. Analy-
sis of TUNEL assay results (Fig. 5b, d) also revealed that 
following Que/mAb GAP43-Exo treatment, the number 
of apoptotic nuclei was significantly decreased in OGD-
treated SH-SY5Y cells compared with the blank OGD-
treated group, indicating that Que/mAb GAP43-Exo 
attenuated the damage to OGD treated cells. Further-
more, we investigated whether ROS served as a critical 
regulator and mediated Que/mAb GAP43-Exo-induced 
increase in cell survival. The results in Fig. 5c, e showed 
that compared with the control group, OGD-treated 
SH-SY5Y cells exhibited stronger green fluorescence 
intensity, indicating that the ROS content was higher in 
OGD-treated SH-SY5Y cells. After treatment with Que, 
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Que-Exo, Exo and Que/mAb GAP43-Exo, ROS genera-
tion was reduced. In particular, compared with the other 
treatments, Que/mAb GAP43-Exo led to a significant 
decrease in the ROS content. These results further con-
firmed that Que/mAb GAP43-Exo exerted antioxidative 
effects. These results proved that Que/mAb GAP43-Exo 
can prevent OGD-mediated ROS production, thereby 
exerting a promising protective effect.

The Nrf2-related pathway has been recognized as a 
molecular target for ischemic stroke intervention. Dur-
ing the cell oxidative stress response, Nrf2 dissociates from 
Kelch-like ECH-associated protein 1 (Keap1) and translo-
cates into the nucleus to bind with the antioxidant response 
element (ARE) to recognize and regulate the downstream 
gene expressions such as NQO1 and HO-1, thereby reduc-
ing various oxidative stress reactions and promoting the 

Fig. 3 Que/mAb GAP43-Exo enhanced the stability and solubility of Que in vitro. a The UV absorption curve of Que and exosomal Que in PBS 
and plasma. b The remaining ratio (RR) of Que and exosomal Que in PBS and plasma. Data are expressed as means ± SD (n = 3), *P < 0.05. c Tissue 
distributions of Que in rats treated with Que and Que/mAb GAP43-Exo at 8 h after single i.v. administration. The accumulation ratio was quantified 
by comparing the concentrations of exosomal Que in different organs with the concentration of free Que in organs. The accumulation ratio of free 
Que in organs was set as 1.0. Data are expressed as means ± SD (n = 3), *P < 0.05
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restoration of the homeostasis of redox. To test whether 
Que/mAb GAP43-Exo played a therapeutic role in scav-
enging ROS through the Nrf2 antioxidant pathway, we per-
formed western blotting to analyze the protein expression 
levels of Nrf2, NQO-1 and HO-1. The experimental results 
in Fig.  5f showed that treatment with Que, Que-Exo, Exo, 
and Que/mAb GAP43-Exo increased the total-Nrf2 expres-
sion and further increased the expression of nuclear-Nrf2 in 
OGD-treated SH-SY5Y cells. Furthermore, they upregulated 
the NQO-1 and HO-1 levels in OGD-treated SH-SY5Y cells 
Interestingly, when compared with other treatments, Que/
mAb GAP43-Exo significantly promoted the translocation of 
Nrf2 into the nucleus, showing the highest nuclear Nrf2 lev-
els and increased levels of NQO-1 and HO-1. These results 
showed that Que/mAb GAP43-Exo treatment activated the 
Nrf2 pathway by increasing the protein expressions of Nrf2, 
NQO-1, and HO-1. Meanwhile, when OGD-treated SH-
SY5Y cells were treated with Que, Que-Exo, Exo and Que/
mAb GAP43-Exo, superoxide dismutase (SOD) and glu-
tathione peroxidase (GPx) were activated. Notably, Que/
mAb GAP43-Exo resulted in a significant increase in SOD1 
and GPx1 activities as compared to the other groups. Taken 
together, these data confirmed that Que/mAb GAP43-Exo 
exerted neuroprotective effects by regulating ROS, con-
tributed to the activation of the Nrf2/HO-1 pathway and 

resulted in the suppression of ROS in OGD-treated SH-
SY5Y cells.

Que/mAb GAP43‑Exo contributed to potential 
neuroprotection by effectively reducing neuronal injury 
in the MCAO/R model
The neuroprotective effects of Que and Que/mAb 
GAP43-Exo were investigated in the MCAO/R model. 
After 2 h of ischemia followed by 24 h of reperfusion, the 
brains of MCAO/R rats treated with Que, Exo, Que-Exo 
and Que/mAb GAP43-Exo were subjected to TTC stain-
ing, and the cerebral infarct volume was calculated. Fig-
ures  6a, b showed that the cerebral infarct volume was 
reduced in Que, Exo, Que/Exo and Que/mAb GAP43-
Exo treated groups as compared to PBS treated MCAO/R 
group. Among these treatments, Que/mAb GAP43-Exo 
showed the best neuroprotective effects, as the cerebral 
infarction volume was the smallest. Rats in each group 
were subjected to Zea-Longa and Ludmila Belayev scores 
to evaluate the degree of neurological improvement in 
MCAO/R rats (Fig. 6c, d). The results showed that Que/
mAb GAP43-Exo treatment significantly improved neu-
rological function. Compared with other groups, Zea-
Longa and Ludmila Belayev scores in the Que/mAb 

Fig. 4 GAP43 mediated special targeting of Que/mAb GAP43-Exo in damaged neurons in vivo and in vitro. a Expression of GAP43 in ischemic 
region of brain at 2 h and 6 h of MCAO/R. b Expression of GAP43 in normal SH-SY5Y cells and OGD treated SH-SY5Y cells by western blot. c The 
uptake of PKH26-labeled mAb GAP43-Exo in normal SH-SY5Y cells and OGD treated SH-SY5Y cells by flow cytometry. Data are expressed as 
means ± SD (n = 3), *P < 0.05, **P < 0.01. d Confocal images of OGD treated SH-SY5Y cells after incubating with Exo and mAb GAP43-Exo. Nucleus 
was stained with Hoechst 33342 (blue) for 15 min at 37 ℃ and all of Exo and mAb GAP43-Exo were labeled by PKH26 (red). The scale bar is 
5 μm and applies to all figure parts. e Representative fluorescence images of MCAO/R rats brains treated with PBS, Que, Que-Exo and Que/mAb 
GAP43-Exo via intravenous injection. f Location of Que (green) in ischemic brain tissue after treated with Que, Que-Exo and Que/mAb GAP43-Exo. 
Nucleus was stained with DAPI (blue) for 15 min at 37 ℃. Co-location of PKH26 labeled mAb GAP43-Exo (red) with neurons (green) in ischemic brain 
tissue. Neuron was stained with NeuN antibodies for 15 min at 37 ℃. Co-location of PKH26 labeled mAb GAP43-Exo (red) with GAP43 (green) in 
ischemic brain tissue. The scale bar is 10 μm
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GAP43-Exo treated group were significantly reduced, 
and the difference was statistically significant (P < 0.05).

As the neuronal damage contributed to poor outcomes 
related to recovery after cerebral ischemia/reperfusion 
injury, Que/mAb GAP43-Exo mediated increase in neu-
ronal survival in the ischemic penumbra was further 

investigated. After 2 h of ischemia followed by 24-h rep-
erfusion, rats were sacrificed and the degree of neuronal 
degeneration and necrosis in the ischemic area of the 
brain were assessed by Nissl staining. The results pre-
sented in Fig. 6e showed that after ischemia/reperfusion, 
the cell bodies of neurons were expanded and irregularly 

Fig. 5 Que/mAb GAP43-Exo reduced OGD mediated neuronal injury in vivo. Normal cells were used as the control group. a The effect of LDH 
in OGD-induced cells treated with Que, Exo, Que-Exo and Que/mAb GAP43-Exo. Data are expressed as means ± SD (n = 3). *P < 0.05, **P < 0.01, 
comparing with OGD group, ##P < 0.01. b Relative ratio of TUNEL positive number of OGD cells treated with Que, Exo, Que-Exo and Que/mAb 
GAP43-Exo. Relative ratio of TUNEL positive number in control group was set as 1.0. Data represent means ± SD (n = 3), *P < 0.05, **P < 0.01, 
comparing with OGD group, #P < 0.05, ##P < 0.01. c Quantitative relative fluorescence assay of DCF in OGD cells treated with Que, Exo, Que-Exo 
and Que/mAb GAP43-Exo. Quantitative relative fluorescence density of DCF in control group was set as 1.0. Data represent means ± SD (n = 3), 
*P < 0.05, **P < 0.01, comparing with OGD group, ##P < 0.01. d Images of apoptotic cells in OGD cells treated with Que, Exo, Que-Exo and Que/
mAb GAP43-Exo in TUNEL assay. The scale bar is 100 μm. e Images of ROS generation in OGD cells treated with Que, Exo, Que-Exo and Que/mAb 
GAP43-Exo. The scale bar is 100 μm. f Western blot and quantitative analysis of the expression levels of Nrf2, NQO-1, HO-1, SOD1 and GPx1 in OGD 
cells treated with Que, Exo, Que-Exo and Que/mAb GAP43-Exo. Relative expression of protein in OGD group was set as 1.0. Data are expressed as 
means ± SD (n = 3). *P < 0.05, **P < 0.01, comparing with OGD group, #P < 0.05, ##P < 0.01
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arranged, and few Nissl bodies were observed, indicating 
that ischemia/reperfusion induced neuronal damage by 
altering the biological structure of neurons. After treat-
ment with Que, Exo, Que-Exo, and Que/mAb GAP43-
Exo, the number of Nissl bodies was slightly increased. 
Moreover, in the Que/mAb GAP43-Exo treated group, 
the number of Nissl bodies was higher than that in the 
other groups, and most neurons maintained their struc-
tural integrity. The immunofluorescence staining results 
(Fig.  6f ) demonstrated that when compared with few 
NeuN positive cells found in the Que, Exo, and Que-
Exo treated groups, more NeuN positive cells were 
observed in the Que/mAb GAP43-Exo treated group. 
This result suggested that Que/mAb GAP43-Exo exerted 
a significant neuroprotective effect by reducing the cer-
ebral infarct area and improving neurological function 
in MCAO/R rats. Furthermore, Que/mAb GAP43-Exo 
potentially alleviated neuronal injury after ischemia/rep-
erfusion and exerted synergistic therapeutic effects.

Que/mAb GAP43‑Exo treatment reduced ROS production 
by activating the Nrf2/HO‑1 pathway in the MCAO/R model
After MCAO/R, a series of oxidative stress reac-
tions resulting from the production of a large amount 
of ROS occurred in brain tissue, causing aggravation 
of neuronal apoptosis in the ischemic penumbra and 
exacerbation of infarction. We first studied Que/mAb 
GAP43-Exo-induced ROS inhibition and explored the 
potential molecular mechanism in rats after MCAO/R. 
The amount of ROS in the ischemic penumbra was quan-
tified. As shown in Fig.  7a, when compared with other 
groups, Que/mAb GAP43-Exo significantly suppressed 
the generation of ROS. We also analyzed the expression 
levels of proteins such as Nrf2, NQO-1 and HO-1 in 
ischemic brain tissue. The experimental results in Fig. 7b 
showed that when compared with the MCAO/R group, 
levels of Nrf2, NQO-1, and HO-1 were upregulated 
after treatment with Que, Que-Exo, Exo and Que/mAb 
GAP43-Exo. Interestingly, Que/mAb GAP43-Exo had the 
highest expression levels of Nrf2, NQO-1, and HO-1 in 
the ischemic penumbra. This result illustrated that Que/
mAb GAP43-Exo treatment induced the activation of the 
Nrf2/HO-1 pathway. Que/mAb GAP43-Exo can increase 
the expressions of antioxidant proteins in the ischemic 
penumbra to clear ROS produced in the area, thereby 
exerting a protective effect in the ischemic penumbra.

Discussion
Oxidative stress is considered as an important contribu-
tor to neurodegenerative ischaemia/reperfusion injury. 
When excessive ROS are generated or insufficiently 
neutralized, they accumulate in the cell and then trig-
ger oxidative stress, which further causes cell damage 

and ischemic infarction. The effect of Que depends on 
its unique molecular structure to scavenge ROS, and its 
antioxidant capacity contributes to its neuroprotective 
effects through regulation of the antioxidant defense of 
neurons. However, Que is difficult to dissolve in water, 
resulting in limited absorption, poor stability and an ina-
bility to cross biological barriers.

In this study, we chose plasma exosomes as mul-
tifunctional biomimetic drug delivery vehicles to 
improve the stability and brain-targeting abilities of 
Que. The results demonstrated that compared with 
those of free Que, the stability and solubility of exo-
somal Que were significantly enhanced. Consider that 
GAP43 is highly expressed in damaged neurons, we 
conjugated mAb GAP43 to the surface of Exo to allow 
an interaction between Exo and GAP43 expressed 
on neurons in the ischemic region. It was found that 
mAb GAP43-Exo could be efficiently internalized into 
OGD-treated SH-SY5Y cells expressing higher levels of 
GAP43 duo to the interactions between mAb GAP43-
Exo and GAP43 expressed on cells. Moreover, mAb 
GAP43-Exo increased drug penetration across the BBB 
and promoted delivery of Que into damaged neurons 
with high GAP43 expression in MCAO/R rats.

We also investigated the neuroprotective effects of 
Que/mAb GAP43-Exo against ischemia/reperfusion 
injury in  vitro and in  vivo, and revealed the potential 
mechanism. The LDH results showed that Que/mAb 
GAP43-Exo not only improved the survival rate of SH-
SY5Y cells after OGD but also significantly inhibited the 
apoptosis of neurons in MCAO/R rats by improving the 
morphology of Nissl bodies and increasing the number of 
NeuN positive cells. Finally, Que/mAb GAP43-Exo sig-
nificantly alleviated ischemic damage in the brain tissue 
by reducing the infarct area and improving overall neuro-
logical performance.

To confirm the antioxidative effects of Que/mAb 
GAP43-Exo, the production of ROS was evaluated in 
OGD-treated SH-SY5Y cells and in MCAO/R-injured 
rats. The ROS content was markedly decreased in OGD 
treated SH-SY5Y cells following treatment with Que/
mAb GAP43-Exo, and ROS levels in the ischemic 
penumbra area was significantly reduced.

As previous studies had confirmed that as Que can pre-
vent oxidative stress-induced cell injury via the activation 
of the Nrf2/HO-1 pathway, we explored the role of Que/
mAb GAP43-Exo in regulating the Nrf2/HO-1 path-
way. The expression levels of Nrf2 and its downstream 
proteins NQO-1 and HO-1 were significantly increased 
in the Que/mAb GAP43-Exo-treated group compared 
to the other treated groups. This result indicated that 
Que/mAb GAP43-Exo administration induced the acti-
vation of the Nrf2/HO-1 pathway, thus reducing the 
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massive accumulation of ROS and alleviating neurologi-
cal deficits.

We also knew that Exo exerted its own neuroprotective 
effects in the treatment of ischemic stroke. In our previ-
ous study, we had found that Exo suppressed neuronal 
cell apoptosis and alleviated BBB damage, thus inducing 

neuroprotection and functional improvement after 
ischemic stroke [31]. In this study, we also confirmed that 
naïve Exo exerted a synergistic neuroprotective effect 
against ischemia/reperfusion injury.

Fig. 6 Neuroprotective role of Que/mAb GAP43-Exo at 2 h of ischemia following by 24 h reperfusion on MCAO/R rats. a Representative brain slices 
with infarcts stained by 2,3,5-triphenyltetrazolium chloride (TTC) from each group at 2 h of ischemia following by 24 h reperfusion on MCAO/R 
rats. b Infarct volume on MCAO/R model treated with PBS, Que, Exo, Que-Exo and Que/mAb GAP43-Exo. Data are expressed as means ± SD (n = 3). 
#P < 0.05, comparing with infarct volume on MCAO/R model, *P < 0.05. c Ludmila Belayev neurological scores. Data are expressed as means ± SD 
(n = 3). #P < 0.05, ##P < 0.01, comparing score on MCAO/R model. *P < 0.05, **P < 0.01. d Zea-Longa neurological scores. Data are expressed as 
means ± SD (n = 3). #P < 0.05, ##P < 0.01, comparing score on MCAO/R model. *P < 0.05, **P < 0.01. e Nissl staining and quantitative analysis in 
MCAO/R models treated with PBS, Que, Exo, Que-Exo and Que/mAb GAP43-Exo. The relative number ratio of Nissl body in sham group was set 
as 1.0. Data are expressed as means ± SD (n = 3), #P < 0.05, ##P < 0.01, comparing with MCAO/R model group. *P < 0.05, ***P < 0.001. The scale bar 
is 50 μm. f Representative immunofluorescence staining and quantitative analysis for neurons. Relative fluorescence intensity of NeuN in sham 
group was set as 100%. NeuN antibodies were used to stain neurons in the ischemic penumbra. Data are expressed as means ± SD (n = 3), #P < 0.05, 
comparing with MCAO/R model group. *P < 0.05, **P < 0.01. The scale bar is 100 μm
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Conclusion
We successfully prepared a damaged neuron-targeting, 
quercetin-loaded, monoclonal antibody against GAP43-
decorated plasma exosomes to alleviate ischemia/
reperfusion-induced injury. This study provides strong 
evidence that Que/mAb GAP43-Exo enhanced the accu-
mulation of Que in the ischemic brain through the mAb 
GAP43-mediated targeting of drugs to impaired neurons. 
Moreover, it decreased the production of ROS, as well as 
increased the level of LDH. Notably, Que/mAb GAP43-
Exo attenuated oxidative stress-induced ischemia/rep-
erfusion injury and induced the activation of the Nrf2/
HO-1 pathway by promoting the nuclear translocation 
of Nrf2 and upregulating expressions of NQO-1, HO-1, 
SOD1 and GPx1. Taken together, these results suggested 
that Que/mAb GAP43-Exo could be a potential effec-
tive remediation strategy in ischemia/reperfusion injury 
therapeutics.
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