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A B S T R A C T

The homeostasis of the Neurovascular Unit (NVU), a basic functional unit of the brain, is essential for neuro
logical recovery. Glioblastoma-derived exosomes (Exos) have been demonstrated to enhance angiogenesis under 
hypoxic conditions, but their reparative potential in non-tumor ischemic microenvironments remain unclear. 
Moreover, free Exos are limited by rapid clearance, poor lesion retention, and uncontrolled release. Herein, we 
prepared an injectable chitosan hydrogel loaded with A172 cell-derived Exos (H-A-Exos) for intranasal delivery 
and evaluated its therapeutic effects in a rat middle cerebral artery occlusion (MCAO) model. In vitro, A-Exos 
facilitated endothelial cell proliferation, migration, and vascular endothelial growth factor (VEGF) expression, 
while inhibiting NVU cell apoptosis and reducing oxidative stress and inflammatory responses. When loaded 
within an injectable chitosan hydrogel, A-Exos exhibited enhanced retention and sustained release, resulting in 
improved accumulation in the ischemic infarct area following intranasal administration. Compared to the model 
group, H-A-Exos significantly improved behavioral recovery, as evidenced by a reduced modified Neurological 
Severity Score (mNSS), and decreased cerebral infarct volume (13.02 ± 1.01%), showing superior efficacy to free 
A-Exos and Nimodipine (NMDP). Mechanistically, H-A-Exos upregulated eNOS, Bcl-2, VEGF and CD31 expres
sion, thereby promoting vascular regeneration and NVU remodeling. Thus, these findings confirm the effective 
pro-angiogenic and reparative roles of A-Exos in a non-tumor ischemic microenvironment and demonstrate that 
intranasal H-A-Exos represents a promising therapeutic strategy for restoring NVU homeostasis and enhancing 
revascularization following ischemic stroke, underscoring their innovative therapeutic potential.

1. Introduction

Ischemic stroke represents over 70% of all strokes globally [1], 
causing cell death and neurological deficit [2], with high rates of 
disability and significantly threatens human health [3–5]. During the 
acute phase of an ischemic stroke, the primary objective is to restore 
blood flow to the ischemic region to minimize damage [6–8]. Current 
treatments involve tissue plasminogen activator (tPA) and revasculari
zation procedures [9–11]. However, these therapies have a narrow 
therapeutic window and can exacerbate neuronal cell death through 
oxidative stress and inflammation [10,12,13]. This phenomenon is 

known as ischemia/reperfusion (I/R) injury and can cause irreversible 
neuronal damage [14,15]. Actually, the brain is not a private ecological 
niche as traditionally thought. The Neurovascular Unit (NVU) is the 
basic functional unit of the brain, including neurons, glia (astrocytes, 
microglia), and vascular compartments (endothelial cells, pericytes), 
and represents a conceptual framework encompassing the neural and its 
adjacent vasculature system [16,17]. The NVU maintains brain ho
meostasis and cellular interactions in response to inflammation and 
disease by implementing coordinated vascular responses to central and 
peripheral signals [18]. Maintaining the function of cell types within the 
neurovascular unit (NVU) is essential for supporting NVU homeostasis 
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[19], which facilitates neural regeneration and functional recovery after 
stroke, and represents a central focus of neuroprotective strategies 
[20,21]. Consequently, the development of safe and efficient thera
peutic strategies to maintain NVU homeostasis has emerged as a pivotal 
focus of cerebral stroke repair.

Exosomes (Exos), nanoscale vesicles produced by cells, have 
emerged as an encouraging therapeutic strategy for brain diseases owing 
to their high biocompatibility, low immunogenicity, enhanced bioac
tivity, precise targeting and intercellular communication mediated 
[22–26]. Although Exos derived from mesenchymal stem cells [27,28]
and other cells [29,30] have been widely investigated, tumor cell- 
derived Exos also exhibit strong pro-angiogenic effects by regulating 
endothelial cell proliferation, migration, and differentiation [31–33]. In 
particular, glioblastoma-derived Exos (GBM-Exos) contain angiogenic 
proteins that can be internalized by cerebrovascular endothelial cells 
and trigger robust angiogenic responses under hypoxic conditions 
[34–37]. Moreover, GBM-Exos can modulate macrophage polarization 
and inflammatory responses [38–40]. Reasonably, GBM-Exos may 
stimulate angiogenesis and promote NVU remodeling in ischemic stroke 
microenvironment. A172-derived exosomes have attracted increasing 
attention because of their ability to modulate angiogenesis and cellular 
remodeling [41], suggesting potential therapeutic value for neuro
vascular unit repair following ischemic stroke.

The intranasal pathway is a favorable strategy for delivering neu
roprotective agents directly to the brain [42–44], particularly following 
reperfusion to mitigate ischemia-reperfusion (I/R) injury. By bypassing 
the blood-brain barrier (BBB) [45,46], intranasal administration can 
enhance bioavailability in the brain while avoiding gastrointestinal 
degradation and first-pass metabolism in the liver [47–52]. Recent 
studies have demonstrated that Exos can be effectively delivered to the 

infarcted area via intranasal administration [53,54], exerting neuro
protective effects on the ischemic brain [55–57]. For example, Zhou 
et al. improved the recovery of behavioral function after cerebral 
ischemia by intranasal delivery of BDNF-loaded small extracellular 
vesicles (sEVs), while stimulating angiogenesis and neural repair and 
reducing inflammation and infarct volume [57]. However, free Exos 
may still suffer from limited mucosal retention and rapid clearance from 
the nasal cavity. In this regard, Hydrogel-based delivery systems provide 
an effective strategy to overcome these limitations. Chitosan-based 
injectable hydrogels are particularly attractive owing to their biocom
patibility, biodegradability, mild gelation, mucoadhesion, and 
sustained-release properties. As a three-dimensional Exos reservoir, 
injectable chitosan hydrogel can protect A-Exos from premature 
degradation, enable sustained release, and prolong nasal mucosal 
retention, thereby improving nose-to-brain delivery and enhancing 
therapeutic efficacy in ischemic brain injury.

Inspired by these, we prepared an injectable chitosan hydrogel 
loaded with A172 cell-derived Exos (H-A-Exos) for intranasal delivery 
and evaluated its therapeutic potential in a rat model of middle cerebral 
artery occlusion (MCAO) (Scheme 1). Given the tumor origin of A-Exos, 
this study also aimed to verify whether A-Exos could exert effective 
reparative functions in a non-tumor ischemic microenvironment. In 
vitro, A-Exos were investigated for their effects on endothelial cell pro
liferation, migration, VEGF expression, oxidative stress, inflammatory 
responses, and apoptosis under oxygen-glucose deprivation/reoxyge
nation (OGD/R) conditions, thereby assessing their pro-angiogenic and 
cytoprotective roles under non-tumor pathological conditions. The 
injectable chitosan hydrogel was designed to encapsulate A-Exos and 
achieve sustained release, thereby enhancing their retention and 
bioavailability. After intranasal administration, the brain distribution 

Scheme 1. Schematic illustration of the therapeutic effects of intranasally delivered A172 cell-derived exosome-loaded injectable chitosan hydrogel (H-A-Exos) in 
ischemic stroke. Through intranasal administration, A-Exos released from H-A-Exos enhance endothelial proliferation and vascular remodeling, inhibit cell apoptosis, 
and reduce inflammation level, ultimately contributing to NVU restoration, neurological and functional recovery after cerebral ischemia.
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and ischemic lesion accumulation of H-A-Exos were analyzed and 
compared with free A-Exos and Nimodipine (NMDP, a positive thera
peutic agent in this study). Furthermore, the therapeutic efficacy of H-A- 
Exos was evaluated by behavioral assessment, infarct volume analysis, 
angiogenesis-related protein expression, vascular regeneration, and 
neurostructural repair. Hence, intranasal delivery of H-A-Exos could 
effectively promote angiogenesis, restore NVU homeostasis, and 
enhance neurovascular remodeling after ischemic stroke, supporting the 
therapeutic applicability of A-Exos in non-tumor environments and of
fering a promising alternative or adjunctive therapy for stroke recovery.

2. Methods

2.1. Chemicals and reagents

Inhaled isoflurane was purchased from Reward Life Science and 
Technology Co., Ltd., China. Glycol Chitosan (≥ 80 kDa) was purchased 
from FUJIFILM Wako Chemicals Corporation). Aldehyde modified PEG 
was prepared according to the previous protocol [58]. Para
formaldehyde 4% (4% PFA), propidium Iodide (PI), 2′,7’-Dichloro
fluorescin diacetate (DCFH-DA), 4′, 6diamidino-2-phenylindole solution 
(DAPI), Lacate Dehydrogenase (LDH) Activity Assay Kit, 2,3,5-triphe
nyltetrazolium chloride (TTC), annexin V-FITC/PI apoptosis detection 
kits were acquired from Solarbio Science & Technology Co.,Ltd., Beijing, 
China. Calcein AM was purchased from Biyuntian Biotechnology Co., 
Ltd., Shanghai, China. Nimodipine (purity 98%) was purchased from 
Yuanye Bio-Technology Co., Ltd., Shanghai, China. Penicillin sodium for 
injection was procured from Hengtong Dongbao Biotechnology Co., 
Ltd., Sichuan, China. BCA Protein Assay Kit, CCK-8 were purchased from 
Biorigin Inc., Beijing, China. Fetal bovine serum was acquired from 
Sigma-Aldrich Trading Co., Ltd., Shanghai, China. All media used for 
cell culture were purchased from Thermo Fisher Scientific Inc., Beijing, 
China.

2.2. Cell culture

Human glioblastoma cell lines (A172), Mouse Hippocampal 
Neuronal Cell Line (HT22), Human Neuroblastoma Cell Line (SH-SY5Y), 
and Human Umbilical Vein Endothelial Cells (HUVEC) were obtained 
from Servicebio Co., Ltd., Wuhan, China. Mouse C8-D1A Brain Astro
cytes (C8-D1A) was obtained from Wuhan Pricella Biotechnology Co., 
Ltd. Brain-derived Endothelial cells.3 (bEnd.3) was purchased from 
National Collection of Authenticated Cell Cultures, China. Cells were 
removed from liquid nitrogen, thawed quickly in a water bath at 37 ◦C, 
resuspended with medium and inoculated in culture flasks, and cultured 
at 37 ◦C in a 5% CO2 incubator. When the cell density reached 80%, the 
cells were passaged and inoculated in new culture flasks at appropriate 
ratios.

2.3. Purification and characterization of A-Exos

When the density of A172 cells reached 60%, the culture was 
changed to serum-free medium. After 48 h, A-Exos were obtained from 
the cell culture supernatant. Briefly, the supernatant was centrifuged at 
300g for 10 min, 1200 g for 20 min, and 10,000 g for 30 min at 4 ◦C 
following by ultrafiltered for 30 min with an Amicon® Ultra filter (10 
kDa MWCO) at 4000 g. Finally, the inner tube liquid was extracted by 
centrifugation using an ultrahigh-speed centrifuge (Beckman coulter, 
optima xpn-100 ultracentrifuge) at 100,000g for 2 h at 4 ◦C. The A-Exos 
pellet was re-suspended in D-PBS and analyzed by the BCA Protein Assay 
Kit to examine the protein concentration. For morphological analysis, A- 
Exos were examined by transmission electron microscope (TEM, Hita
chi, HT7700) and scanning electron microscope (SEM, Tescan, MAIA3 
XMU). A-Exos were tracked using Nanoparticle Tracking Analysis (NTA, 
Malvern Panalytical, NS500) and the Brownian motion of suspended A- 
Exos was measured, as well as the size distribution. Western blot (WB) 

analysis was used to detect A-Exos CD63 marker (Rabbit, PA5-100713, 
Thermo Fisher Scientific INC. USA), tumor susceptibility gene 101 
(TSG 101, Rabbit, ab125011, Abcam, UK).

2.4. Preparation and characterization of CS hydrogel

Chitosan and Aldehyde modified PEG were dissolved separately in 
the exosome suspension, and then mixed to prepare a 1.75 wt% Schiff 
base-crosslinked CS hydrogel. The hydrogel was subsequently dispensed 
using a micropipette for injectability testing. The mechanical strength of 
the CS hydrogel was analyzed using a TA rotational rheometer. The 
storage modulus (G') and loss modulus of the hydrogel (G") were 
measured at 1% strain and 1 rad/s. Subsequently, step-strain analysis 
was performed on the CS hydrogel under alternating strain conditions of 
1% strain and 600% strain to characterize its self-healing behavior. The 
microstructure of the H-A-Exos was examined using SEM. Release 
studies were performed using BSA model protein and A-Exos, respec
tively. BSA or A-Exos were incorporated into the CS hydrogel at a con
centration of 5 mg/mL. The CS hydrogel was then immersed in 5 mL of 
PBS and incubated at 37 ◦C at 30 rpm. Samples were collected at pre
determined time points, and the concentration was determined using a 
BCA Protein Assay Kit. The cumulative release amount was calculated 
based on the measured concentrations.

2.5. In vitro internalization assay

According to the manufacturer's guidelines, A-Exos were labelled 
using fluorescent dyes DiO, and then their uptake was examined through 
HUVEC, SH-SY5Y and HT22 cells. Cells were inoculated in confocal 
dishes at 1 × 105 cells/dish and incubated in a 5% CO2 incubator at 
37 ◦C for 24 h. Subsequently, DiO-labelled A-Exos were co-cultured with 
HUVEC, SH-SY5Y and HT22 cells. The incubation was ended at a fixed 
time point and the cells were fixed with paraformaldehyde, and re- 
stained with 100 μL of DAPI for nuclei, washed three times with PBS, 
and then observed by Confocal laser scanning microscope (CLSM, Leica, 
TCSSP8).

2.6. Cell proliferation evaluation

In order to detect the pro-proliferative effect of A-Exos, HUVEC cells 
in logarithmic growth phase were taken and inoculated in 96-well plates 
at a density of 8000 cells/well, and were cultured in a complete medium 
for 24 h. Subsequently, a gradient concentration of A-Exos was added, 
and the co-culture was continued for 22 h. After that, 10 μL of CCK-8 
solution was applied to each well for 2 h. Absorbance at 450 nm was 
measured using the microplate readers (Tecan Trading AG, 
Switzerland).

2.7. Cell scratch assay

To detect the pro-cell migration effect of A-Exos, HUVEC cells were 
inoculated in 6-well plates at a density of 1 × 106 cells/well were 
incubated in a cell culture incubator for 24 h. Afterwards, a 10 μL pipette 
tip was used to make a scratch in the middle of the dish. Then the culture 
medium was replaced with a 2% FBS medium (with mitomycin added) 
for continued incubation. Addition of mitomycin A-Exos were added to 
the culture medium at this time and control group were left untreated. 
Subsequently, the scratch area was photographed at the specified time 
points using an inverted microscope after administration to analyze the 
cell migration efficiency.

2.8. Tube formation assay

Tube formation assay (TFA) is a classic method to study angiogenesis 
in vitro. Firstly, the matrix gel was thawed in the refrigerator at 4 de
grees, and the gun head, centrifuge tube and well plate were pre-cooled 
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in advance. The 48-well plate was placed on an ice box, and 300 μL of 
pre-cooled matrix gel was added vertically into the plate, and the plate 
was gently shaken to distribute the gel evenly. After 1 h, HUVEC cells 
were added to each well at a concentration of approximately 1 × 106 

cells/well, and then the plate was incubated at 37 ◦C. Afterwards, a light 
microscope was used to observe and take pictures at the specified time 
points. Based on the bright images, the relevant tube formation pa
rameters (numbers master junction, total branches length and number 
meshes) were quantified by ImageJ software.

2.9. Oxygen-glucose deprivation/reoxygenation (OGD/R) model

The model of oxygen/glucose deprivation and reoxygenation (OGD/ 
R) was established to simulate cerebral ischemia-reperfusion injury in 
vitro [59]. HT22 cells were inoculated in 96-well plates at a density of 1 
× 104 cells/well, and cultured with DMEM complete medium (Wuhan 
Pricella Biotechnology Co., Ltd.) for 20 h to ensure complete apposition. 
To establish the OGD/R model, the cells were cultured in serum-free and 
glucose-free DMEM and then placed in an Anaerobic Jars (Mitsubishi 
Gas Chemical Company, INC, Japan) for 4 h, 6 h, 8 h. Subsequently, the 
cells were transferred to DMEM containing serum and glucose under 
normoxic conditions for 22 h. For the A-Exos group, cells were treated 
with A-Exos at a concentration of 400 μg/mL in 96 wells. The CCK-8 
method was used for cell viability assessment. After perfused, 10 μL of 
CCK-8 solution was applied to each well, and the cells were incubated at 
37 ◦C for 2 h. The absorbance was detected at 450 nm using the 
microplate readers.

Calcein AM/PI live/dead staining was applied to assess the survival 
of HT22 after OGD/R. The HT22 cells are inoculated into confocal cul
ture dishes. Following OGD/R, cells were washed twice with PBS, and 
incubated with Calcein AM/PI staining solution in the dark for 20 min. 
Subsequently, CLSM was used for observation and photography. The 
OGD/R experiments for C8-D1A and bEnd.3 cells were performed ac
cording to the aforementioned protocol.

2.10. Reactive oxygen species (ROS) scavenging and anti-apoptosis 
ability

The neuroprotective activity of A-Exos was determined by measuring 
ROS scavenging and anti-apoptotic capacity. HT22 cells were inoculated 
in a black-bottomed, black-lidded 96-well plate and a confocal dish, 
followed by OGD/R-stressed. For the A-Exos group, cells were treated 
with A-Exos at a concentration of 400 μg/mL. After treatment, HT22 
cells were stained with DCFH-DA for 20 min, and the cells were washed 
with fresh serum-free medium. Subsequently, cells were visualized using 
an inverted CLSM. The fluorescence intensity was read at excitation 488 
nm and emission 525 nm in a multi-mode microplate detection system 
(Perkin elmer, USA).

The cell apoptosis was then measured by using the Annexin V-FITC/ 
PI apoptosis detection kit according to the manufacturer's instructions. 
The OGD/R-stressed HT22 cells were washed and then centrifuged at 
1000 rpm for 5 min. Then, the cell precipitates were resuspended and 
incubated continuously with Annexin V-FITC and PI for 15 min at room 
temperature in the dark. The early and late apoptotic cells was detected 
using the flow cytometer (ID7000Spectral cell analyzer, SONY, Japan).

2.11. L-lactate dehydrogenase (L-LDH) activity assay

The concentration of L-LDH was determined using the L-LDH activity 
assay kit. Pyruvate standards were diluted to gradient concentrations (2, 
1, 0.5, 0.25, 0.125, 0 μmol/mL) and subsequently cultures of each group 
of cells were collected and assayed according to the kit and L-LDH ac
tivity was calculated according to the number of cells.

2.12. ELISA assay for inflammatory cytokines assessment

RAW264.7 cells were induced to polarize toward M1-type with LPS 
(1 μg/mL) for 12 h and recover for 6 h. A-Exos were utilized to protect 
RAW264.7 cells from M1. Then the conditional medium of RAW 264.7 
cells was centrifuged to remove cells and subjected to TNFα, IL-1β, IL-6, 
IL 10 ELISA Kits (Invitrogen, Thermo Fisher Scientific INC. USA). 
Readings from each sample were normalized to the protein 
concentration.

2.13. Preparation of rat MCAO/R model

Healthy male Sprague-Dawley rats weighing 280–330 g were 
selected and purchased from Viton Lihua Laboratory Animal Technology 
Co., Ltd., Beijing, China. The animals were kept at a temperature of (22 
± 3)◦C, fasted for 12 h before the operation, and drank water freely. All 
animal experiments were conducted by the National Research Council's 
Guide for the Care and Use of Laboratory Animals ethically and 
approved by the Peking University Institutional Animal Care and Use 
Committee (LA2019083).

The rat MCAO model was prepared by the wire embolism method, 
and the common carotid artery-inner carotid artery-middle cerebral 
artery pathway was used for modelling. The surgical procedure was as 
follows: The animals were anesthetized with inhalation of isoflurane 
(RWD, Shenzhen, CN). Following the gentle separation of the carotid 
arteries, a suture was tied at the proximal end of the main trunk of the 
common carotid artery and the nylon bolus wire (XINONG Technology 
Co., Ltd., Beijing, China.) was inserted slowly along the common carotid 
artery. Then the suture was sent along the internal carotid artery to the 
middle cerebral artery and stop inserting until there is slight resistance. 
Sutures were removed after 90 min to allow reperfusion. Following the 
operation, penicillin sodium was applied to prevent infection. Besides 
the suture insertion and occlusion, sham group rat underwent the same 
surgery.

Neurological scoring of rat was performed according to the Longa 5- 
point scale [60]. 0 points: no symptoms of neurological damage; 1 point: 
the contralateral forepaw could not be fully extended; 2 points: circling 
to the contralateral side; 3 points: leaning to the contralateral side, 
walking with difficulty; 4 points: inability to walk spontaneously, loss of 
consciousness; 5 points: death. Inclusion criteria: 1. Score: 1–3 points; 2. 
No subarachnoid hemorrhage. Those who did not meet the criteria were 
excluded.

2.14. Intranasal drug administration and behavioral evaluation

The experimental animals were randomly divided into 5 groups: the 
sham operation group, the MCAO group, the NMDP group, the A-Exos 
group and the H-A-Exos group. The first treatment was administered 
immediately after reperfusion. The subsequent two treatments were 
performed 24 and 48 h after surgery. During each treatment, 20 μL of H- 
A-Exos and free A-Exos at a concentration of 1 × 1010 particles/mL were 
delivered intranasally to the nostrils of rat. The NMDP was administered 
at a concentration of 4 mg/kg. For rat in the MCAO group, they received 
20 μL of PBS in the same way, and the sham group received no 
treatment.

Motor function, sensory function, and reflexes were assessed daily 
for the next 7 days using the modified Neurological Severity Score 
(mNSS) [61]. The total score of the scale was 0–18, and the severity was 
graded as follows: 13–18 indicated severe impairment; 7–12 indicated 
moderate impairment; and 1–6 indicated mild impairment.

7 days after MCAO treatment, the 2% Evans blue solution (4 mL/kg) 
was injected into the tail vein of each group of rats. After injection, the 
solution circulated in the rats' bodies for 3 h, followed by cardiac 
perfusion with 0.9% sodium chloride solution (containing heparin). The 
brain tissue was collected to observe Evans blue leakage. The tissue was 
further homogenized, and the supernatant was measured for absorbance 
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at 620 nm. Other brain tissues were snap-frozen at − 20 ◦C for 20 min, 
and the brain was subsequently coronal sectioned into five 2 mm slices 
using a tissue sectioning knife. Infarct volume was subsequently assessed 
by 2,3,5-triphenyltetrazolium chloride (TTC) staining for 10 min. The 
percentage of infarct was calculated by the formula (1). The infarct 
volume was calculated for each group of rats and expressed as a per
centage of the total section volume. 

Infarct volume ratio =
sum of sectioned infarct volume
sum of sectioned brain volume

× 100% (1) 

Inflammatory factors (TNFα, IL10) of brain tissue were determined 
by ELISA (IL 10, Invitrogen, Thermo Fisher Scientific INC. USA; TNFα, 
Servivebio Co., Ltd., Wuhan, China). The eNOS, BCL-2, CD31, Vascular 
endothelial growth factor (VEGF) protein content of brain tissue was 
measured by WB. Equal amounts of proteins were loaded and separated 
with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) and then transferred to polyvinylidene fluoride membranes 
(Millipore, Germany) by electrophoresis apparatus (JY300HE, Beijing 
Junyi Electrophoresis Co., Ltd). Primary antibodies (Servicebio Co., Ltd., 
Wuhan, China) used in this study were rabbit polyclonal anti-CD31, 
rabbit polyclonal anti-VEGF, and rabbit polyclonal anti-β-actin. The 
membranes were incubated with peroxidase-conjugated secondary an
tibodies (HRP conjugated Goat Anti-Rabbit IgG (Servicebio Co., Ltd., 
Wuhan, China)), and the bound proteins were visualized using enhanced 
chemiluminescence (Tanon 5200).

2.15. In vivo tracing study

To observe the targeting effect and prolonged retention, H- A-Exos 
and A-Exos stained with Cy7.5 was administered via intranasal drops, 
and an equal volume of PBS was injected into the control group. The 
fluorescence intensity of the head was observed by in vivo fluorescence 
imaging at 0, 1, 2, 4, 6, 12 h post-injection. After 2 h, 6 h observation, the 
rats were dissected and the brain, heart, liver, spleen, lungs, and kidneys 
were exposed by IVIS Spectrum (Caliper life sciences. USA) to obtain 
fluorescence images. The fluorescence intensity at different time points 
was then analyzed using Living Image software. To improve the im
munostaining results of the sections, H-A-Exos and A-Exos was stained 
with CY7-SE, and brain tissue sections were harvested at 2 and 6 h for 
immunostaining.

2.16. Histopathological examination and immunofluorescence staining

After anesthesia, the brains of rats were isolated after cardiac 
perfusion with 0.9% saline and 4% PFA. The brains were embedded in 
paraffin and snap-frozen at − 20 ◦C after sucrose dehydration, and then 
coronal cut into 2 μm thick sections. Brain sections were washed 3 times 
with PBST and incubated with CD31 antibody, VEGF antibody, Iba1 
antibody or NeuN antibody (Servicebio Co., Ltd., Wuhan, China) at 4 ◦C 
overnight. After washing 3 times with PBST, these brain sections were 
incubated with different secondary antibodies for 1 h at room temper
ature. Then the sections were then blocked with blocking medium 
containing DAPI and imaged by CLSM. The histopathology of brains 
histopathology by H&E and Nissl staining to detect morphological fea
tures of tissues and damaged neurons. Brain sections (2 μm) were 
stained with H&E and Nissl reagent, and images were observed under 
biomicroscope. In addition, TUNEL staining was performed to assess 
apoptosis in brain regions using the TUNEL Apoptosis Detection Kit 
(Servicebio Co., Ltd., Wuhan, China).

2.17. Statistical analysis

All the data in this work were presented as the mean ± standard 
deviation (SD). Comparisons of means between two groups were 
analyzed by unpaired Student's t-test while among multiple groups by 
one-way analysis of variance (ANOVA). Two-tailed p value <0.05 was 

considered statistically significant.

3. Results and discussion

3.1. Preparation and characterization of A-Exos and H-A-Exos

The successful isolation and characterization of Exos are crucial for 
subsequent investigations into their therapeutic potential. The A-Exos 
were isolated from the conditioned medium of A172 cells culture by 
using typical density gradient centrifugation and ultracentrifugation 
(Fig. 1a). The A-Exos exhibited a characteristic cup-shaped morphology 
under SEM and TEM observation (Fig. 1b, 1c), with diameters ranging 
from 100 to 200 nm. NTA confirmed that the size distribution of the A- 
Exos solution fell within the range of 50 to 200 nm (Fig. 1d). WB analysis 
further validated the successful isolation of A-Exos, revealing enrich
ment of the markers CD63 and TSG101, which are established indicators 
of A-Exos biogenesis (Fig. 1e). These findings prove that A-Exos exhibit 
the typical morphology, size, and protein marker expression.

To enhance the retention and sustained release of A-Exos, an 
injectable CS hydrogel loaded with A-Exos (H-A-Exos) was prepared. As 
shown in Fig. 1f, the hydrogel network was constructed through a dy
namic Schiff-base reaction between the amino groups of glycol chitosan 
and the aldehyde groups of aldehyde-functionalized PEG The formation 
of reversible imine bonds (-CH=N-) was confirmed by NMR spectros
copy (Fig. S1). During gelation, A-Exos were physically encapsulated 
within the three-dimensional hydrogel network. An inverted vial test 
demonstrated that the precursor solution forms a stable hydrogel upon 
mixing (Fig. 1g). Furthermore, the CS hydrogel can be smoothly 
extruded through a syringe and retains its shape after injection, con
firming its excellent injectability (Fig. 1g). The microstructure of the 
hydrogel was further examined via SEM. The lyophilized hydrogel 
exhibited an interconnected porous structure with abundant micropores 
(Fig. 1h). This porous structure facilitates water absorption, nutrient 
diffusion, and the loading of exosomes. At higher magnifications, 
numerous nanoscale spherical particles were observed on the hydrogel 
scaffold, indicating that A-Exos were successfully incorporated and 
retained within the hydrogel matrix (Fig. 1i). Rheological analysis 
showed that the storage modulus of H-A-Exos was approximately 200 
Pa, indicating suitable mechanical compliance with mucosal tissues 
(Fig. 1j). Step-strain rheological testing further revealed a reversible sol- 
gel transition, suggesting excellent self-healing behavior (Fig. 1k). This 
property allows H-A-Exos to flow under shear stress during injection and 
rapidly recover its gel structure afterward, which is beneficial for local 
retention and sustained delivery. BSA and A-Exos were used to evaluate 
the release behavior of bioactive payloads from hydrogels. As shown in 
Fig. 1l and Fig. S2, both BSA and A-Exos exhibited typical biphasic 
release curves, characterized by an initial burst release followed by a 
sustained-release phase. The overall release trends were highly consis
tent; in both cases, >80% of the loaded cargo was released within 24 h. 
The cumulative release gradually increased and approached near- 
complete release at later time points. This sustained-release behavior 
may reduce the rapid clearance of A-Exos and prolong their retention on 
the nasal mucosa, thereby improving their potential for intranasal 
delivery.

3.2. The effect of A-Exos on HUVEC migration and tube formation

Angiogenesis plays a crucial role in the treatment of cerebral 
ischemia. We utilized DiO-labelled A-Exos to assess their time- 
dependent uptake in HUVEC cells at various time points. As shown in 
Fig. 2a, HUVECs progressively internalized A-Exos in a time-dependent 
manner. Moreover, SH-SY5Y cells and HT22 cells, representing typical 
nerve cell models, also internalized A-Exos (Fig. S3, S4). Interestingly, A- 
Exos promoted cell proliferation, but not in a dose-dependent manner 
(Fig. S5). The scratch wound assay was performed to assess the bioac
tivity of A-Exos on HUVEC migration. The results supported that A-Exos 
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significantly enhanced HUVEC migration, as evidenced by a reduction in 
wound area compared to the control group (Fig. 2b, c). Notably, the 
healing rate in the A-Exos group approached 100% after 48 h, repre
senting an approximate 1.5-fold increase over the control. To evaluate 
the pro-angiogenic capacity of A-Exos, a tube formation experiment was 
conducted. The HUEVC-formed tube images were adopted by an 
inverted microscope (Fig. 2d). The software analysis revealed that A- 
Exos significantly increased the number of junctions, total branch 
length, and mesh formation compared to the control group (Fig. 2e, f, 
Fig. S6). Due to these visible results, A-Exos have a pronounced effect on 
facilitating angiogenesis.

3.3. Anti-apoptosis assessment in OGD/R-stressed NVU cells

Subsequent experiments focused on the therapeutic effect of A-Exos 
on hypoxic injury. Cell viability and cytotoxicity were analyzed using 
Calcein AM/PI live/dead staining and CCK-8 assay. To investigate 
whether A-Exos are involved in neuroprotection, HT22 cells were sub
jected to OGD for 1 h, 4 h, 6 h, and 8 h, followed by a 21 h re‑oxyge
nation period. Light microscopy visualized the loss of HT22 cell 
morphology and an increase in apoptotic cells after OGD/R (Fig. S7). 
The cell viability decreased with prolonged OGD/R duration (Fig. 3a). 
To identify the optimal A-Exos concentration for cell recovery, we 
evaluated their effects under the most severe OGD/R condition (8 h). 
While lower concentrations of A-Exos did not yield significant differ
ences in cell viability, increasing the concentration to 200 μg/mL led to 
notable improvements (Fig. 3b). At concentrations of 400 μg/mL and 
800 μg/mL, cell viability was significantly higher than at 200 μg/mL, 

though no distinct difference was observed between the two higher 
concentrations. Thus, 400 μg/mL was selected for subsequent experi
ments. The non-dose-dependent proliferative effect may be attributed to 
receptor saturation and limitations in cellular uptake, suggesting that 
even moderate concentrations of A-Exos are sufficient to induce 
maximal biological responses. The CCK-8 results showed that A-Exos 
treatment improved cell survival rates compared to the OGD/R group by 
23.94 ± 4.28% (1 h), 22.02 ± 1.59% (4 h), 27.39 ± 0.93% (6 h), and 
23.50 ± 7.86% (8 h) (Fig. 3c, Fig. S8). To establish a moderate-to-severe 
injury model for clearly observing the neuroprotective rescue effects of 
A-Exos, an OGD/R duration (4 h, 43.03%) corresponding to approxi
mately 50% cell viability was selected [62]. Under these conditions, the 
effects of A-Exos on astrocytes (C8-D1A cells) and microvascular endo
thelial cells (bEnd.3 cells) were further investigated. Fig. 3c showed that 
under OGD/R-stressed, A-Exos increased the viability of C8-D1A cells by 
17.77 ± 3.67% and that of bEnd.3 cells by 14.58 ± 6.69%. Additionally, 
A-Exos significantly reduced neuronal cells, astrocytes and microvas
cular endothelial cells apoptosis and enhanced their viability through 
Calcein AM/PI staining (Fig. 3d, Fig. S9). Flow cytometric assay further 
demonstrated a 5.6 ± 1.18% reduction in apoptosis following A-Exos 
treatment (Fig. 3e, f). This revealed the reduction of NVU cell viability 
and cytotoxicity under OGD/R-stressed could be reversed by applying A- 
Exos. A-Exos are highly efficient to mitigate hypoxic injury by promot
ing NVU cell viability and reducing apoptosis, prompting further 
investigation into their underlying mechanisms.

Fig. 1. Preparation and characterization of A-Exos and H-A-Exos. (a) Schematic illustrates the preparation of A-Exos. (b) Morphology of A-Exos under SEM and (c) 
TEM. Scale bar: 100 nm. (d) Representative results of the average particle concentration and size distribution following NTA. (e) WB show protein expression in A- 
Exos, including specific markers (CD63 and TSG101). (f) Schematic illustration of the preparation of injectable chitosan hydrogel loaded with A-Exos (H-A-Exos). (g) 
Photographs showing hydrogel formation by the inverted vial test and injectability of H-A-Exos through a syringe. (h) SEM image of the lyophilized hydrogel and (i) 
nanoscale A-Exos retained on the hydrogel. (j) Frequency sweep rheological analysis and (k) step-strain rheological analysis of H-A-Exos. (l) In vitro release profile of 
BSA from the hydrogel.
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3.4. ROS elimination and anti-inflammatory assessment

Following cerebral ischemia, ROS rapidly increases and overwhelms 
antioxidant defenses, eventually leading to neuronal apoptosis and ne
crosis. Oxidative stress activates inflammatory signaling pathways, 
exacerbating blood-brain barrier disruption and secondary damage. 
Given these detrimental effects, combating oxidative stress is essential in 
the treatment of cerebral ischemia. Therefore, the antioxidative capacity 
of A-Exos were evaluated in this pathological context. DCFH-DA staining 
was employed to measure intracellular ROS levels. OGD/R treatment 
group greatly increased the ROS release in cells with enhanced fluo
rescence (Fig. 4a). The A-Exos treatment group reduced the ROS level 
with comparably fluorescence level to the control group (without special 
treatment). The quantitative results obtained a 59.90% ± 5.68% 
reduction in ROS levels after A-Exos treatment in comparison to OGD/R 
(Fig. 4b). As such, A-Exos may be effective in maintaining redox ho
meostasis under ischemic conditions.

Beyond their antioxidative function, A-Exos were also investigated 
for their ability to reduce neuronal damage. Lactate dehydrogenase (L- 
LDH) release, a well-established marker of cell injury, was quantified to 
evaluate cellular protection [63]. As shown in Fig. 4c, among the three 
cell types composed of the NVU, A-Exos treatment led to a decrease in 
cell death compared to the control group. Since oxidative stress and 
inflammation are closely interconnected, we also examined the anti- 
inflammatory effects of A-Exos in RAW264.7 cells. These macrophages 
were polarized to an M1 pro-inflammatory phenotype using LPS stim
ulation. Notably, treatment with A-Exos after LPS exposure resulted in 
notably reduced production of pro-inflammatory cytokines, including 
TNF-α, IL-1β, and IL-6 (Fig. 4d-f). Furthermore, the anti-inflammatory 
efficacy of A-Exos was greater than that of the untreated group 
(Fig. 4 g). Consequently, the multifaceted protective effects of A-Exos as 
they protect neurons from hypoxic damage by enhancing cell viability 
and reducing apoptosis. These results provide a basis for further inves
tigation into the therapeutic potential of A-Exos in cerebral ischemia.

3.5. Intranasally-delivered H-A-Exos target to the ischemic brain

For assessing the in vivo targeting capability of A-Exos to the ischemic 
brain, MCAO/R was performed in the right hemisphere of the brain of 
SD rats. As shown in Fig. 5a, the green fluorescence of DiO labelling and 
the red fluorescence of Cy7.5 labelling almost overlap, which suggests 
that A-Exos can be labelled by dual dyes. To further track the bio
distribution of A-Exos, Cy7.5-labelled A-Exos were first visualized using 
an IVIS system, which detected strong fluorescence signals, confirming 
that A-Exos were effectively labelled and suitable for subsequent in vivo 
tracking (Fig. 5b). The intranasal retention behavior of free A-Exos and 
H-A-Exos was then investigated by in vivo fluorescence imaging at 
different time points after administration. As shown in Fig. 5c, free A- 
Exos rapidly appeared in the nasal region at 1 h, but the fluorescence 
intensity gradually decreased over time, indicating relatively fast 
clearance from the nasal cavity. In contrast, H-A-Exos exhibited stronger 
and more persistent fluorescence signals in the nasal region from 1 to 6 
h. Quantitative analysis further confirmed that, in the early and middle 
phases following administration, the average fluorescence intensity of 
H-A-Exos was higher than that of free A-Exos (Fig. 5d). This indicates 
that the injectable chitosan hydrogel significantly enhanced the reten
tion of A-Exos in the nasal mucosa and delayed their clearance. To 
further evaluate systemic distribution, major organs were collected 2 
and 6 h after intranasal administration and analyzed using fluorescence 
imaging. As shown in Fig. 5e, free A-Exos were primarily detected in the 
brain and metabolic organs, including the liver and kidneys, suggesting 
that brain delivery was accompanied by systemic distribution and 
clearance. In contrast, H-A-Exos exhibited stronger fluorescence signals 
in the brain at 2 and 6 h, indicating improved brain accumulation. 
Fluorescence signals were also observed in the liver and kidneys 
(Fig. S10). The total radiant efficiency of the liver is the highest, which is 
closely related to the size of the organ. It should be noted that a portion 
of A-Exos undergo systemic clearance primarily through renal and he
patic pathways, a common fate for nanoparticles and exosome. The 

Fig. 2. The internalization, migration promotion, and tube-forming capacity of A-Exos. (a) Fluorescence microscopy analysis of DiO-labelled A-Exos internalization 
in HUVECs. (Green: DiO, blue: DAPI). (b) The effects of A-Exos on the migration of HUVECs. (c) Scratch healing area analysis (n = 4–5). (d) The light microscopy of 
tube formation of HUVECs in matrix gels that assess the pro-angiogenic properties of A-Exos. (e) Statistical analyses of master junction (n = 3) and (f) total branches 
length (n = 3). Data are expressed as the mean ± SD, ****p < 0.0001, **p < 0.01, *p < 0.05. ns: p > 0.05.
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higher brain fluorescence intensity in the H-A-Exos group supports the 
role of CS hydrogels in enhancing nasal-to-brain delivery efficiency by 
prolonging nasal retention time and sustaining the release of A-Exos.

The distribution of A-Exos within brain tissue and their interactions 
with NVU-associated cells were further investigated by immunofluo
rescence staining. In A-Exos and H-A-Exos group, the fluorescence signal 
showed strong colocalization with multiple brain cell-specific markers, 
including CD34-positive endothelial cells, GFAP-positive astrocytes, 
Iba1-positive microglia, and NeuN-positive neurons (Fig. 5f). These re
sults indicate that intranasally delivered A-Exos can penetrate brain 
tissue and be effectively internalized by major NVU-associated cell 
types. Endothelial uptake may enable A-Exos to regulate vascular 
function and blood-brain barrier integrity, while their colocalization 
with astrocytes and microglia suggests potential involvement in 

modulating glial activation and neuroinflammation. In addition, 
neuronal uptake provides cellular evidence for the direct neuro
protective effects of A-Exos. Consistent with the IVIS imaging results, 
these immunofluorescence findings further confirm that A-Exos reach 
ischemic brain regions, enter the brain parenchyma, and interact with 
multiple NVU components rather than merely remaining within the 
vascular lumen or undergoing nonspecific retention. Finally, H&E 
staining was performed on nasal mucosal tissues collected from rats 
treated with PBS (negative control), NMDP, A-Exos and H-A-Exos 
respectively, for evaluating the safety of intranasal A-Exos administra
tion (Fig. S11). The PBS group displayed an intact nasal mucosal 
structure with well-organized cells. Similarly, the A-Exos and H-A-Exos 
group exhibited no noticeable abnormalities in mucosal architecture, 
implying that intranasal delivery of A-Exos did not induce detectable 

Fig. 3. The A-Exos inhibits apoptosis and improves cell viability. (a) Cell viability at different OGD/R test times (n = 6). (b) Cell viability upon A-Exos treatment with 
graded concentrations following 8 h of OGD/R-stressed (n = 5–6). (c) Cell viability of A-Exos treated HT22 cells, C8-D1A cells and bEnd.3 cells after 4 h of OGD/R- 
stressed (n = 6). (d) The live/dead staining of HT22 cells in control, OGD/R and A-Exos treated groups. (e) Annexin V/PI double staining followed by flow cytometry 
analysis of HT22 cell apoptosis in response to A-Exos or PBS treatment under OGD/R stress and (f) the quantification of apoptosis cells (n = 3). Data are expressed as 
the mean ± SD, # means the contrasts between experimental groups and control. ####/****p < 0.0001, ###/***p < 0.001, ##/**p < 0.01, ns: p > 0.05.
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toxicity or structural damage to the nasal mucosa.

3.6. H-A-Exos reduces infarct volume and improves behavioral recovery 
post-MCAO

The effect of A-Exos on ischemic strok ischemic stroke rats e rats in 
vivo was further investigated. An experimental schedule was designed as 
illustrated in Fig. 6a, with the MCAO/R model establishment detailed in 
Fig. S12. NMDP, a recognized therapeutic agent for ischemic stroke, 
served as a in vivo positive control [64,65]. The ischemic brain regions 
appeared pale post-MCAO/R, clearly distinguishing them from normal 

tissue (Fig. 6b), which confirming successful model establishment. The 
integrity of cerebral microvasculature was further assessed by Evans 
blue staining. Evans blue assay showed significant dye leakage in the 
MCAO group, which was substantially reduced by both NMDP, A-Exos 
and H-A-Exos treatments (Fig. S13a). Quantitative analysis of Evans blue 
leakage at 620 nm showed that the absorbance in the MCAO/R group 
increased to 0.366 ± 0.060 (Fig. S13b), significantly higher than that in 
the sham group 0.166 ± 0.017. In contrast, absorbance values decreased 
in the NMDP, A-Exos, and H-A-Exos groups to 0.246 ± 0.050, 0.249 ±
0.027, and 0.196 ± 0.011, respectively. Among them, H-A-Exos was 
closest to the normal level, suggesting its superior ability to preserve 

Fig. 4. The effects of A-Exos for ROS elimination and anti-inflammatory. (a) Evaluation of intracellular ROS generation by DCFH-DA staining and (b) the quanti
fication of ROS generation by multi-mode microplate detection system (n = 5). (c) The LDH release of HT22 cells, C8-D1A cells and bEnd.3 cells under OGD/R stress 
(n = 3). ELISA analyses (n = 3) of (d) TNF α, (e) IL-1β, (f) IL 6 and (g) IL 10 in the conditioned medium were performed after LPS-induction. Data are expressed as the 
mean ± SD, # means the contrasts between experimental groups and control. ####/****p < 0.0001, ###/***p < 0.001, ##/**p < 0.01, #/*p < 0.05, ns: p > 0.05.
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BBB integrity.
Further examination using TTC staining revealed red coloration in 

the ischemic contralateral side and white infarcts in the lateral cortex 
and striatum of the ischemic side (Fig. 6c). The MCAO/R group 
exhibited a large infarct area. Quantitative analysis showed that the 
infarct volume in the MCAO/R group reached 33.62 ± 1.74% (Fig. 6d). 
Notably, treatment with H-A-Exos further decreased the infarct volume 
to 13.02 ± 1.01% (p < 0.0001), showing superior efficacy compared 
with free A-Exos (17.46 ± 1.86% (p < 0.0001)). In contrast, NMDP 
reduced the infarct volume to only 25.15 ± 1.84% (p < 0.01). These 

results suggest that hydrogel-mediated sustained delivery of A-Exos 
markedly alleviates cerebral ischemia/reperfusion injury. NMDP, a 
calcium channel blocker, exerts its primary effects through vasodilation 
and neuroprotection. In contrast, A-Exos functions as a multi-targeted 
biotherapy, simultaneously promoting angiogenesis, reducing inflam
mation, and inhibiting apoptosis. Importantly, these results also verify 
that A-Exos can exert effective reparative functions in a non-tumor 
ischemic microenvironment, rather than being limited to tumor- 
associated angiogenesis. By leveraging endogenous cell-to-cell commu
nication, A-Exos may coordinate multiple repair processes required for 

Fig. 5. The in vivo tracing study after intranasal administration. (a) Internalization of DiO and Cy7.5 double-labelled A-Exos. (b) The image of Cy7.5-labelled A-Exos 
by IVIS. (c) The tracing analysis after intranasally administration of Cy7.5-labelled A-Exos or H-A-Exos. (d) Semi-quantitative analysis of tracing fluorescence (n = 3). 
(e) Fluorescence tracing of organs (B: brain, H: heart, Li: liver, S: spleen, Lu: lungs and K: kidneys) harvested at 2 h and 6 h after intranasally administration in A-Exos 
and H-A-Exos group. (f) Co-localization of CY7-SE-labelled A-Exos with brain cells in the ischemic brain after intranasal administration in A-Exos and H-A- 
Exos group.
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neurovascular unit restoration, thereby offering inherent advantages 
over single-target agents such as NMDP.

Neurological recovery was assessed using the mNSS. On day 7 after 
MCAO/R, rats in the MCAO group still showed marked motor and sen
sory deficits (Fig. 6e), whereas A-Exos significantly improved neuro
logical function and outperformed NMDP. Notably, H-A-Exos produced 
the lowest mNSS score (1.2 ± 0.4), indicating that hydrogel-mediated 
sustained delivery further enhanced A-Exos-induced neurofunctional 
recovery. Body weight was also monitored as an indicator of systemic 
recovery (Fig. 6f). Rats treated with H-A-Exos gained weight faster 
postoperatively than those treated with free A-Exos, while A-Exos per
formed better than NMDP. These results further support the superior 
therapeutic benefit of H-A-Exos in MCAO/R recovery.

Furthermore, inflammatory response following ischemia-reperfusion 
injury further complicates stroke pathology. The level of inflammatory 
factors in the brain tissue of each treatment group was quantified using 
an ELISA. Compared with the MCAO/R group, NMDP, A-Exos, and H-A- 
Exos significantly reduced pro-inflammatory cytokine levels (Fig. 6g). 
Meanwhile, A-Exos and H-A-Exos increased the expression of anti- 
inflammatory factors, suggesting a shift toward a reparative immune 

microenvironment (Fig. 6h). Compared with NMDP, which mainly acts 
as a calcium channel blocker to indirectly reduce vascular permeability 
and inflammatory infiltration, A-Exos may exert broader immunomod
ulatory effects through their bioactive cargo, regulating immune cell 
activation, intercellular communication, and the local pathological 
microenvironment. This multi-target regulation enables A-Exos, espe
cially H-A-Exos, to suppress inflammatory injury more effectively, fa
voring their further development for clinical application.

3.7. Effects of H-A-Exos on histopathology morphology and neurological 
functional recovery post-MCAO

Pathological changes that occur after ischemic stroke, such as 
neuronal loss, apoptosis and disorganization, will lead to long-term 
functional deficits. These cellular changes are primarily driven by 
oxidative stress and inflammation. As such, attenuating these histo
pathological changes is essential to improve stroke recovery and brain 
tissue integrity. Histopathology analysis of the striatum on the ischemic 
side was conducted by H&E staining on day 7 after treatment. H&E 
staining showed that the MCAO group exhibited typical ischemic injury, 

Fig. 6. Functional improvement and infarct volume reduction after treatment. (a) Illustration of experimental timeline. (b) Anatomical images of the whole brain 
after MCAO. The yellow circle is the infarcted ischemic area. (c) TTC-stained coronal sections after treatment and (d) quantification of infarct volume/total volume 
(n = 3). (e) mNSS scores (n = 5). (f) The body weight profile of rats during treatment (n = 5). (g) The extent of inflammatory factors TNF α and (h) IL10 in brain tissue 
as measured by ELISA (n = 3). Data are expressed as the mean ± SD, # means the contrasts between experimental groups and sham. ####/****p < 0.0001, ###/***p 
< 0.001, ##/**p < 0.01, #/*p < 0.05, ns: p > 0.05.
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including loose and disordered tissue structure, sponge-like vacuolation, 
nuclear condensation, chromatin aggregation, and marked neuronal loss 
(Fig. 7a). In contrast, NMDP, A-Exos, and H-A-Exos treatments reduced 
vacuolation, improved tissue density, and restored structural organiza
tion to varying degrees. Notably, H-A-Exos showed the most pronounced 
improvement in tissue integrity, suggesting enhanced post-ischemic 
tissue repair. Nissl staining further confirmed neuronal protection 
(Fig. 7b). The MCAO group showed a marked reduction in Nissl bodies 
and severe Nissl dissolution, indicating impaired neuronal metabolism 
and viability. After treatment, neuronal atrophy was alleviated and Nissl 
body preservation improved. In particular, A-Exos and H-A-Exos 
retained more surviving neurons in the striatum than MCAO/R and 
NMDP groups, indicating stronger protection in the ischemic core 
region.

Additionally, Numerous TUNEL-positive cells were observed in the 
cortex and striatum of the MCAO group, whereas fluorescence intensity 
was markedly reduced after NMDP, A-Exos, and H-A-Exos treatment 
(Fig. 7c). Semi-quantitative analysis showed that apoptotic signals in the 
striatum decreased by 60.75 ± 3.25% (p < 0.0001) in the NMDP group, 
73.53 ± 6.35% (p < 0.0001) in the A-Exos group, and 73.81 ± 3.79% (p 
< 0.0001) in the H-A-Exos group compared with the MCAO group 
(Fig. S14). As a further assessment of the safety of A-Exos and H-A-Exos, 
the kidneys, spleen, liver, and lungs of rats from each group were 
collected for histological analysis. As shown in Fig. S15, although A-Exos 
are derived from glioblastoma cells, no tumorigenic lesions or patho
logical abnormalities were observed in the brain or major organs during 

the experimental period, indicating good systemic biocompatibility and 
biosafety after intranasal administration. Nevertheless, the long-term 
biosafety of A-Exos remains a significant issue that has been fully 
acknowledged. Future research will include potential tumorigenic risks, 
immune responses, and organ toxicity to further evaluate its trans
lational potential prior to clinical application.

3.8. H-A-Exos improves cerebral ischemia by promoting NVU remodeling

Functional recovery after ischemic stroke depends not on the repair 
of a single cell type, but on the coordinated remodeling of the neuro
vascular unit (NVU), which consists of neurons, glial cells, and cerebral 
microvessels. Therefore, the immunostaining of brain coronal sections 
was conducted to evaluate neuronal repair, microglial activation, and 
vascular regeneration following H-A-Exos treatment. NeuN immuno
fluorescence staining showed that H-A-Exos markedly increased the 
number of surviving neurons in ischemia-related brain regions, 
including the striatum and nucleus accumbens, compared with the 
MCAO/R group (Fig. 8a). Similar improvement was observed in the A- 
Exos group. Quantitative analysis showed that NeuN fluorescence in
tensity in the H-A-Exos group was 5.6-fold higher than that in the 
MCAO/R group, 4.3-fold higher than that in the A-Exos group, and 3.0- 
fold higher than that in the NMDP group (Fig. 8b), indicating that 
hydrogel-mediated sustained delivery further enhanced the neuro
protective effect of A-Exos. Persistent microglial activation is a major 
contributor to chronic inflammation and secondary neuronal injury 

Fig. 7. Histopathological analysis after treatment of cerebral ischemia. (a) H&E staining representative images of the ischemic lateral striatum after treatment on Day 
7. Red arrow: neuron cell. Blue arrow: neuroglial cell. (b) Nissl staining was analyzed in the ischemic lateral striatum. Black arrow: neuron cell. (c) TUNEL staining 
analysis in the ischemic lateral striatum.
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after ischemia. Iba1 immunostaining revealed extensive microglial 
activation in the MCAO/R group, whereas NMDP, A-Exos, and H-A-Exos 
treatments reduced Iba1 fluorescence intensity (Fig. 8c). Compared with 
the MCAO/R group, Iba1 fluorescence decreased by 81.76 ± 2.75% in 
the H-A-Exos group and 77.19 ± 4.82% in the A-Exos group, both 

approaching the sham level, while NMDP reduced it by 45.59 ± 8.53% 
(Fig. 8d). These results suggest that A-Exos effectively suppress exces
sive post-ischemic immune activation and promote inflammatory reso
lution, consistent with the ELISA results (Fig. 6 g, h).

Angiogenesis is another key event in NVU remodeling, supporting 

Fig. 8. H-A-Exos promotes NVU remodeling in ischemic infarct regions. (a) Representative immunostaining images of NeuN (mature neuronal cell marker, red 
positive cells; DAPI, nucleic marker, blue) in the ischemic lateral striatum. (b) Relative quantitative analysis of NeuN fluorescence intensity (n = 4). (c) Repre
sentative immunostaining images of Iba1 (microglia marker, red positive cells; DAPI, nucleic marker, blue). (d) Relative quantitative analysis of Iba1 fluorescence 
intensity (n = 4). (e) Immunostaining of CD31(vascular endothelial cell marker green)/VEGF (vascular endothelial growth factor, red) positive cells after treatment 
on Day 7. (f) Relative quantitative analysis of VEGF (n = 3) and (g) CD31 fluorescence intensity (n = 3). (h) WB results (eNOS, Bcl-2, CD31, VEGF) in the brain tissues 
after treatment. (i) Expression of mRNA detected by qPCR in HUVEC cells after treatment. Data are expressed as the mean ± SD, # means the contrasts between 
experimental groups and control. ####/****p < 0.0001, ###/***p < 0.001, ##/**p < 0.01, #/*p < 0.05, ns: p > 0.05.
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oxygen and nutrient supply, neural precursor migration, and neural 
network reconstruction. VEGF/CD31 dual immunostaining showed that 
A-Exos significantly increased VEGF/CD31 double-positive cells in the 
ischemic region, while H-A-Exos further enhanced fluorescence in
tensity and positive cell numbers (Fig. 8e-g). These results indicate that 
A-Exos promote angiogenesis in ischemic tissue, and hydrogel-mediated 
sustained delivery prolongs this pro-angiogenic effect. Western blot 
analysis further confirmed these findings. Compared with the MCAO/R 
group, H-A-Exos and A-Exos treatment significantly upregulated the 
expression of the anti-apoptotic protein Bcl-2, endothelial function- 
related protein eNOS, and angiogenesis-related markers VEGF and 
CD31 (Fig. 8h, Fig. S16). Bcl-2 is a classical anti-apoptotic regulator, and 
its upregulation suggests that A-Exos effectively attenuated ischemia- 
induced cell apoptosis. The increased expression of eNOS indicates 
improved endothelial function and enhanced nitric oxide-generating 
capacity, which may contribute to better local perfusion in the 
ischemic tissue. Meanwhile, the concurrent upregulation of VEGF and 
CD31 further supports the pro-angiogenic effect of A-Exos, which is 
consistent with the immunofluorescence staining results.

In vitro validation experiment was further performed using HUVECs. 
Cells were serum-starved for 12 h to synchronize their status and then 
treated with A-Exos for 6 h, followed by qPCR analysis. As shown in 
Fig. 8i, A-Exos treatment significantly upregulated VEGF transcription 
compared with the control group. Notably, the expression levels of Bcl2 
and eNOS were also elevated simultaneously. These changes are in good 
agreement with the protein expression patterns observed in vivo, further 
confirming that A-Exos can directly regulate angiogenesis-related gene 
expression in endothelial cells. Previous studies have shown that Bcl-2, 
eNOS, CD31 and VEGF are important downstream effectors of several 
classical signaling pathways involved in cell survival, angiogenesis, and 
tissue repair, including the PI3K/Akt, MAPK/ERK, and STAT3 pathways 
[66]. Therefore, the biological effects mediated by A-Exos may be 
associated with activation of one or more of these signaling cascades. 
Although the precise upstream mechanisms remain to be elucidated, the 
coordinated upregulation of CD31, VEGF, eNOS, and Bcl-2 suggests that 
A-Exos not only enhance angiogenic signaling but also protect endo
thelial and neurovascular cells from ischemia-induced apoptotic injury.

Collectively, these results demonstrate that A-Exos promote NVU 
remodeling through multi-target regulation, including neuronal pres
ervation, inhibition of microglial overactivation, endothelial protection, 
and angiogenesis enhancement. The upregulation of Bcl-2, eNOS, VEGF, 
and CD31 suggests that A-Exos may activate pro-survival and pro- 
angiogenic signaling pathways, thereby restoring vascular integrity, 
improving local perfusion, and supporting long-term neurological re
covery. Hydrogel-mediated (H-A-Exos) sustained delivery further am
plifies these therapeutic effects, making H-A-Exos a promising strategy 
for ischemic stroke repair.

4. Conclusion

In summary, this study demonstrates the therapeutic potential of 
intranasally delivered H-A-Exos for cerebral ischemic injury. By inte
grating the pro-angiogenic bioactivity of A-Exos with the retention and 
sustained-release advantages of chitosan hydrogel, H-A-Exos effectively 
enhanced exosomes accumulation in ischemic brain regions and 
improved therapeutic efficacy in the MCAO/R rat model. Importantly, 
this study confirmed that A-Exos could exert reparative effects in a non- 
tumor ischemic microenvironment. Compared with free A-Exos and 
NMDP, H-A-Exos showed superior effects in reducing infarct volume, 
maintaining blood-brain barrier integrity, promoting NVU remodeling, 
and improving neurological and systemic recovery. Mechanistically, H- 
A-Exos upregulated key molecules associated with vascular regeneration 
and cell survival, including VEGF, CD31, eNOS, and Bcl-2, thereby 
contributing to vascular reconstruction, neurostructural repair, and 
restoration of post-ischemic homeostasis. These findings suggest that H- 
A-Exos functions as a multi-target biological therapy capable of 

coordinating the complex repair processes required for ischemic stroke 
recovery. Overall, intranasal delivery of H-A-Exos provides a non- 
invasive and brain-targeted strategy for NVU restoration and 
ischemia/reperfusion injury management. Future studies should further 
identify the key active components within A-Exos, such as specific 
miRNAs or proteins, optimize dosing regimens, and evaluate long-term 
biosafety to support clinical translation.
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