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Abstract

Objective: Ischemic stroke has become one of the leading diseases for international death, which brings burden to the
economy and society. Exosomes (Exos) derived following neural stem cells (NSCs) stimulation promote neurogenesis and
migration of NSCs. However, Exos themselves are easily to be removed in vivo. Our study is to investigate whether adhesive
hyaluronic acid (HAD) hydrogel loading NSCs-derived-Exo (HAD-Exo) would promote the recovery of ischemic stroke.
Methods: A mouse model of middle cerebral artery occlusion (MCAQ) was established. PBS, Exo, HAD, and HAD-Exo
groups were independently stereotactically injected in mice, respectively. The modified neurological severity score scale and
behavior tests were used to evaluate neurological improvement. Neuroimagings were used to observe the improvement of
cerebral infarct volume and vessels. Immunofluorescence staining was used to verify the expression of vascular and cell
proliferation-related proteins. Results: The structural and mechanical property of HAD and HAD-Exo were detected.
Behavioral results showed that HAD-Exo significantly improved neurological functions, especially motor function.
Neuroimagings showed that HAD-Exo significantly promoted infarct volume and angiogenesis. Immunofluorescence staining
showed that HAD-Exo significantly promoted the cerebral angiogenesis and anti-inflammation. Conclusion: NSCs derived



exosomes-loaded adhesive HAD hydrogel controlled-release could promote cerebral angiogenesis and neurological function
for ischemic stroke.
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Introduction

Stroke is still a major disease that seriously endangers human life and health, with high rates of disability and fatality (Tsao et al.,
2023). There are approximately 80 million stroke patients globally, with over 14 million in China (Sharma et al., 2022). Most
survivors have varying degrees of disability, which seriously affects their physical and mental quality of life and that of their
families, and is economically detrimental (Lin et al., 2019; Sharma et al., 2022). From the aspect of pathogenesis, 85% of stroke
cases are ischemic stroke (IS) (Tsao et al., 2023). IS results from blockage of intracranial blood vessels, leading to apoptosis or
necrosis of cells of the brain. Neurovascular changes and brain damage can result. Secondary cellular damage is coordinately
mediated by multiple pathophysiological mechanisms after IS, such as oxidative stress (Orellana-Urzia et al., 2020),
inflammation (Zhang, 2018), energy depletion (Mendelson and Prabhakaran, 2L".), vascular dysfunction (Mendelson and
Prabhakaran, 2021), excitotoxicity, apoptosis, and autophagy (Coscia et al., 2019) Tre.“ment of IS mainly involves mechanical
thrombectomy or intravenous thrombolysis with recombinant tissue-type plasiiinog 2n activator to restore blood flow. The
narrow time window limits the effectiveness and safety of treatment (Adamr- ~t ..., 2007). Developing other more effective
treatments is important. The Middle Cerebral Artery Occlusion (MCAQO) mice moc 2l is the most common animal model for IS
studies.

Stem cells (SCs) that are present in human embryos, umbilical cord ¥ .. ~d, nd adults can self-renew in an undifferentiated
state, while retaining the ability to differentiate into other specific ce.” type ; (Obernier and Alvarez-Buylla, 2019). Stimulation
with external factors and/or components of damaged host cells from thc tissue microenvironment trigger the proliferation,
migration, and differentiation of SCs (Rong et al., 2019). Neural SC-. \, ‘'SCs) are one of the most important SC types in the nervous
system. NSCs can differentiate to specific neurons in culture (Llore v.e e . al., 2022). NSCs are homologous with neurons and other
cells in the brain, which can avoid heterogeneous immune resp ‘nse and tumorigenicity during treatment (Chen et al., 2022; Lyu
et al., 2021).

Exosomes (Exos) derived from eukaryotic cells, are exu. ~c :llular vesicles that are much smaller than microvesicles, red blood
cells, and apoptotic bodies, with diameters of 30—-200 nm | Zontreras et al., 2022). Exos either budded through the plasma
membrane or are directly released from cells. The v. ety of contents of Exos include RNA, proteins, lipids, cytokines, and
chemokines, among others (Johnstone et al., 1957'. Functionally, Exos mediate cell proliferation, migration, division, and
apoptosis, are involved in immune regulation, mai. ta'n homeostasis, and are involved in disease development (Genet and
Hirschi, 2021). In addition, Exos participate in :oag. 'ation, waste management, and intercellular signalling transduction (Reed
and Escayg, 2021). In our previous studies, v e T 'nd that the exosomes contained the active components of cells, could cross
the BBB freely, load drugs (Zhu et al., 2023 p: “mote neurogenesis and anti-inflammation (Long et al., 2023; Zhang et al., 2020),
and could be labelled for targeted therapv etc. ‘Zhang et al., 2019)

Traditional hydrogels have been wid~-" u_-d in tissues and organs. These hydrogels have high water contents, are pliable, and
display a tissue-like three-dimension '| (3L environment (Gu et al., 2021; Shao et al., 2019). First-generation hydrogels did not
interact with tissues when applied .. vivu and were not universal in their application for focal lesions (Cook et al., 2017; Darling
et al.,, 2020). These limitations led t the modified design and preparation of an injectable hydrogel with superior tissue
retention properties that could adhere to tissue surface to release Exos in a controlled manner (Ju et al., 2014). The modified
hyaluronic acid (HAD) hydrogel modified by catechol (Wu et al., 2021), which could encapsulate NSC-derived Exos, and maintain
Exo activity. The HAD hydrogel could mimic the 3D microenvironment of tissues to induce endogenous cell adhesion and
proliferation, and enhance angiogenesis in the region of ischemia.

In the present study, we used a novel injectable adhesive hydrogel. The photocurable catechol-grafted HAD hydrogel
maintained adhesion and sustained release of Exos. The HAD precursor facilitated adhesion on tissue surface, while the
nonadherent region of the hydrogel formed after photocrosslinking displayed anti-adhesive activity to prevent scar adhesion and
mechanical damage of wounds. We envisage the application of a combined therapy of Exos and HAD hydrogel to effectively
improve neurological function, angiogenesis, and inflammation of the whole brain following IS.

Experimental

Animals & Grouping

All animals were treated in accordance with Southeast University, and the animal protocols were approved by the Ethics
Committee of Southeast University (ethical number: 20210405006, approval date: 2021.04.05). 62 C57BL/6J adult male mice



(weighing 20-25 g and 6-8 weeks old) and 6 C57BL/6J adult female mice (pregnant 15-day), provided by the Animal Experiment
Centre of Southeast University. All grouping, operations and evaluations were performed by three professionals who were
blinded to the experimental design with stratified randomization to minimize potential confounders. All involved experimental
animals were anesthetized by intraperitoneal injection (IPI) of 2% amobarbital based on 45 mg/kg body weight. (Gu et al., 2022;
Xu et al., 2010)

After the operation, based on the stratified randomization, 62 mice (weighing 20-25 g and 6-8 weeks old) were involved in
grouping, in which 6 mice in Sham group (mice were given stereotactic injection of 2uL PBS, the coordinates: Bregma -0.5 to 0.02
mm; lateral: left 1.8 to 2.2 mm; depth: -4 to -1 mm), and 56 mice in MCAO operation. 24 h after surgery, 13 mice with modified
Neurological Severity Score (mNSS) of 13-18 died (20-23% mortality), which were due to MCAO operation. 7 mice with mNSS of 0
were withdrawn from the experiment.

There were 12 mice, 3 mice of each group (PBS, Exo, HAD, Had-Exo groups) for “In vivo imaging & tracing of PKH26-Exo”
experiments.

The 30 mice left were divided into 4 groups: PBS group, in which the MCAO model mice were given stereotactic injection (The
coordinates: Bregma -0.5 to -0.35 mm; lateral: left 1.8 to 2.2 mm; depth: -4 to -1 mm) of PBS 2 uL; Exo group, in which the MCAO
model mice were given a stereotactic injection of Exos 2 pL, approximately 10" particles; HAD group, in which the MCAO model
mice were given a stereotactic injection of HAD precursor 2 pL; HAD-Exo group, in which the MCAO model mice were given a
stereotactic injection of HAD-Exo 2 L, approximately 10 particles. The sterentactic injections for treatments/PBS were
administrated immediately following MCAO operation.

Culturing of NSCs and isolation of Exos

NSCs were obtained from the hippocampus of foetal mouse brain (extracte’. .. "m 6 pregnant mice in total) and cultured in
growth medium with F12/DMEM (Gibco, Grand Island, NY, USA), 2% B27 ‘Gibro, Grand Island, NY, USA), bFGF 20 ng/ml
(Novoprotein Scientific Inc., Suzhou, China), and EGF 20 ng/ml (Sino Biologic ! Inc., Beijing, China) (B27/F12 medium).

Mice on day 15-16 of pregnancy were anesthetized by IPI of amobar'.ita. hair was shaving on the abdomen skin, disinfected
with iodophor cotton balls 3 times, deionized with 75% ethanol. 1..~> ut2rus was removed by laparotomy under aseptic
conditions, and then the female mice were sacrificed. E15-16 embry s we "2 isolated from the uterus, and the hippocampal
tissue of the embryonic brain was isolated under a stereomi_ro.cope. 10 mL of B27/F12 medium was added, and the
hippocampal tissue was mechanically blowing to prepare cell stsp asiz.n. Undispersed tissue pieces were removed by 400-mesh
filter, and the filtered cell suspension was cultured in B27/F1? n, *dium at 37 °C and 5% CO2 for subsequent experiments.

The growth medium of NSCs was collected and centrif’.ged it 300 xg for 10 min to remove cells, followed by centrifugation at
2,000 xg for 10 min to remove dead cells at 4 °C. The supe:. «tant collected was centrifugation at 10,000 xg for 30 min to remove
cell debris, followed by centrifugation at 150,000 xg "~r 70 min to obtain exosomes at 4 °C using Optima XPN-100 Ultracentrifuge
(Beckman Coulter, Asphalt, CA, USA). The sediment w. - diluted in Phosphate Buffer Saline (PBS), stored at —-80 °C or used
immediately for experiments.

Identification of NSCs

NSCs were planted on poly-lysine-coated gl~ s sliu »s for cell adhesion, which were fixed with paraformaldehyde (PFA, 4%, w/v,
pH 7.4), permeated with 0.3% Triton X-10C, anu "“locked with goat serum. The NSC spheres were labelled with the NSCs markers
Nestin antibody at 4 ‘C overnight, and *hen .reated with fluorescent second at room temperature for 2 h. The nuclei were
stained with 4’, 6-diamidino-2-phenyl’... ~le \UAPI), and the plates were sealed and fixed, and detected by immunofluorescence
(IF) staining with fluorescence mirros. 2py.

Transmission electron microscor 2 (TEM)

Exosomes isolated immediately were fixed with 2.5% glutaraldehyde at 4 °C overnight. After washing, vesicles were loaded onto
formvarcarbon-coated grids, negatively stained with agueous phosphotungstic acid for 60 s and imaged with a TEM at 80 kV (HT-
7700 TEM, Hitachi).

Nanoparticle tracing analysis (NTA)

NTA was performed by Zetaview (Particle Metrix) to characterize the particles per ml of exosomes. Exosomes collected from
supernatant were diluted in 1 ml of PBS as needed and evaluated. A particle size distribution plot was created with estimated
particle diameter (nm) on the X-axis and concentration (particles/mL) on the Y-axis. Besides, a particle size distribution plot
based on intensity was generated with estimated particle diameter (nm) on the X-axis and intensity (a. u.) on the Y-axis.

Western blotting (WB)

WB was used to evaluate exosome surface markers using specific antibodies: anti-tumour susceptibility 101 (TSG101, rabbit
Polyclonal, DF8427, Affinity, Jiangsu, China), anti-CD81 (rabbit monoclonal, Zenbio, China), CD63 (rabbit monoclonal, Affinity,
Jiangsu, China) and calnexin (rabbit monoclonal, Zenbio, China).



Preparation of adhesive hydrogel (HAD)

The HAD precursor was fabricated by grafting 3,4-dihydroxyphenylalanine (DA) and 2-aminoethyl methacrylate (AEMA) on
hyaluronic acid (HA) chain. DA and AEMA served as the wet adhesive and photocurable groups, respectively. For HAD polymer
synthesis, HA (1 g) was dissolved in 100 mL of deionized water at a concentration of 1%w/v. 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC, 4 mmol), N-Hydroxy succinimide (NHS, 4 mmol), and AEMA were slowly added to the
solution and stirred for 30~40 mins. Subsequently, dopamine hydrochloride was added to the mixture for 24 h. All solutions were
kept under nitrogen protection and stored in darkness at room temperature to prevent oxidation. The pH value was monitored
and adjusted between 5~6 with 0.1 N hydrochloric acid and sodium hydroxide. After the reaction, the unreacted monomers
were eliminated by dialysis (MWCO = 8000~12000 Da) under acidic conditions for 72 h and then lyophilized. The lyophilized
extract(s) foam was stored in a closed container and kept from light till used. The mass ratios of HA:AEMA:DA was 1:3:3, and
these polymers were named as H-3A-3D (HAD). The HAD hydrogel was formed at 365 nm under UV crosslinking for only 3-5 s
using lithium phenyl-2,4,6-trimethylbenzoylphosphinate as the photoinitiator (Fig. 2A-C). The HAD-Exo complex is consisted of
30 mg HAD precursor + 1 ml 5x10" particles/ml Exo/PBS supernatant. Each mouse in the HAD-Exo group was injected
stereotactically with 2 uL to ensure that the number of exosomes were maintained at 10"° particles/mouse.

Scanning electron microscope

After freezing drying, the hydrogel samples were sputter-coated with a thin layer o. o ~ld under a vacuum chamber. The cross-
section and surface morphologies of the samples were observed by a field en ssi. 1 scanning electron microscope (N7000,
Hitachi).

Adhesive test

The viscosity of the HAD precursor solution decreased exponentially as the s,.~ar rate was increased at 37 °C. This indicated that
HAD precursors solution had good shear thinning behaviour and could oe c. nveniently administered as an injection [16]. After
the hydrogel precursors were attached to the brain and the adhesive, the . *liesive was lifted after UV curing to observe whether
the brain fell off. The adhesion was observed under running water.

Swelling ratio (SR) & rheological property

The SR behaviour of the hydrogel was determined as follov 5. The "‘ophilized hydrogel cylindrical shape samples were put into 20
mL of PBS (pH 7.4) in sealed vials at 37 °C. Hydrogel sam, 'es / , samples for each group) were taken out from PBS at pre-set time
intervals, and superficial water on the swollen gel. Immeu. ~tely after removal of water using filter paper, the net weight of
hydrogel was recorded at pre-set time intervals. The 5™ was calculated by the following equation: SR= (W -W;)/Wx100%, where
W, and W, represented the 5 initial weight of the w~ " hyu. ogel and the weight after swelling pre-set time, respectively. The test
was repeated three times.

Rheological properties of HAD hydrogel with * i frequency-sweep (0.1-10 Hz, strain of 1%) test using Anton Paar Instruments
MCR102e stress controlled rheometer fitted . ith a Peltier stage set to 37 °C. Dynamic oscillatory strain amplitude sweep
measurements were conducted at a frequenc * of 1V rad/s. Dynamic oscillatory frequency sweep measurements were conducted
at a 2% strain amplitude. All measurements \ =re performed using a 20 mm 4° cone geometry.

3D imaging of laser scanning co ifo. 3l microscopy
Exosome encapsulated hydrogel " ~re , he'.ocured and their 3D images were taken under confocal microscopy.

Transwell test

Boyden chamber assays were performed using 24-well transwell inserts (Corning, NY, USA) with 8 um poresized filters and 24-
well culture plates as described previously. hydrogel was cured by ultraviolet light and plated into the upper chamber. 1000 pL
Hyaluronidase medium with PBS was added to the lower chamber. After incubation for 1st, 3rd, 5th, 7th, 14th, 21st and 28th
day, The OD value of protein in the 1ml liquid of the chamber was measured by BCA method each time and replaced with a new
1ml PBS of dissolved hyaluronidase.

MCAO Modelling

Suture method: All mice were anesthetized by IPI of 2% amobarbital based on 45 mg/kg body weight. After the righting reflex
disappeared, the neck midline was incised, the muscle was bluntly separated, the slightly pulsating common carotid artery (CCA)
was seen, and the accompanying vagus nerve was separated with glass needle; the external carotid artery (ECA), internal carotid
artery (ICA), and CCA crossed a "Y" shape. The CCA is ligated, and the ICA is clamped; the ECA approach leads to the
monofilament, when the black mark of the monofilament (head diameter: 0.2 + 0.02 mm, body diameter: 0.14 mm, length: 30
mm; Jialing Corporation, Guangzhou, China) reaches the Y-shaped bifurcation. After the monofilament is left for 60 minutes, the
wound will be sutured.



In vivo imaging & tracing of PKH26-Exo

The PKH26-stained exosomes (PKH26-Exo) were premixed with adhesive hydrogel (HAD-PKH26-Exo). Using a microinjection
needle, the PBS, PKH26-Exo, HAD and HAD-PKH26-Exo were injected stereotactically into the ischemic penumbra area
immediately after the operation of the MACO model, respectively. The hydrogel distribution was observed on pre-treatment (PT,
24h following MCAO) and day 7th, 14th, 21st and 28th after injection with small animal imager (IVIS Lumina XRMS In Vivo
Imaging System, Perkin EImer, USA).

Behavioural Tests

mNSS

The mNSS evaluates the mice comprehensively from all aspects of movement posture, response to stimuli and coordination and
reflexes during body position transformation. For normal mice, the score was 0, the mNSS between 1 and 6 was mild injury,
between 7 and 12 was moderate injury, and between 13 and 18 was severe injury at agonal stage. The data were collected at the
timepoint of PT, 7th, 14th, 21th and 28th day after MCAO surgery.

Grip of front paws

Let the forelimb of the mice grasp the metal triangle rod of muscle strength detector, and slowly drag the tail of the mice
backward. When the forelimb of the mice released, the highest value was recorded as the maximum grip. Each mouse was
measured 5 times, and the average value was calculated for statistical analysis. The data were collected at the timepoint of Pre-
OP, PT, 7th, 14th, 21th and 28th day after MCAO surgery.

Rotarod system

The mice were placed on a rotating stick and turned at a constant speed of 10 rpn /‘min The speed was gradually increased to 40
rpom/min (accelerated speed: 5 rpm/min), and the Retention time of each mov.,c 'n wne rod was measured. Due to the impaired
motor function and physically tired, the mice finally occurred to falling off the -tick with speed increase. The Retention time and
Rotate speed of drop was also collected at the timepoint of Pre-OP, PT, 7th, " 4th, 21th and 28th day after MCAO surgery.
CatWalk gait analysis

The mice of groups were allowed to enter the CatWalk runway smoou 'v, 7ad the mice were allowed to traverse the runway
spontaneously and without stopping under any stimulus. The test mice passc ¥ the runway 3 times without interruption and at a
roughly uniform speed within 5s. The gait parameters were col'ec’ 2d in PT (24h after MCAO) and 28th day treatment after
MCAO surgery.

Laser speckle imaging system (LSIS)

The blood perfusion volume and vessel diameter were mc - sured by LSIS. The skin was cut through the midsagittal line of the
cranial apex and the serosal membrane on the skull . 'rface was peeled off. Two drops of bupivacaine hydrochloride were added
for local analgesia, and then the skull was polished with ¢ skull drill until the angiography was clear. Adjust the focal length, false
colour threshold and magnification parameters. O cic.1 “~.aging was performed again at PT, 7th, 14th, 28th day after MCAO and
treatment. The cerebral blood flow perfusion a~ ir.*="ct volume were extracted from the image information offline, and the
percentage values of cerebral ischemia were ~lcula.2d according to the basic values. Imagel was used to quantify the infarct
volume and ratio of the ischemic area. Brir.ly, 1. 2 infarct volume in LSIS analysis was calculated by the ratio of infarct area
without blood flow to the whole brain area "1 tc,” view, then the statistical analysis was administrated.

MRI

All mice were anesthetized by IP) of .'% ar iobarbital based on 45 mg/kg body weight. The heart rate of mice was monitored to
judge dynamically the physical cona.ion. Conventional Magnetic Resonance Imaging (MRI; PharmaScan70/16 US, Bruker, USA)
in Southern Medical University was uti ized to dynamically evaluate the infarct volume at the timepoint of PT, 7th, 14th and 28th
day after MCAO surgery in vivo. The sequence protocol was executed with the following parameters: T2-weighted; 256x256
matrix; slice thickness, 1 mm; intersection gap, 1 mm; echo time/repetition time: 27/3000 ms; rapid acquisition with relaxation
enhancement factor, 16; flip angle, 90 degrees. Image J was used to quantify the infarct volume and ratio of the ischemic area.
Specifically, the infarct volume in MRI analysis was calculated by the ratio of infarct area to the whole brain area in different
Bregma levels, then the statistical analysis were administrated.

Nissl staining

The animals received "Perfusion death" after 28 days treatment aim at Immunohistochemistry analysis. The fresh tissue was
fixed in 10% neutral formalin solution for 48h and then dehydrated and embedded. The sections were 6-8 um thick and were
conventionally dewaxed to water. The slices were put into Toluidine blue Stain, and the staining cylinder was placed in an
incubator at 50-60 °C and infected for 25-50min. Rinse with 70% ethanol after slightly rinsed with distilled water; 95% ethanol
differentiates rapidly. Rapid dehydration of anhydrous ethanol; Xylene transparent, neutral gum seal; They were then
photographed under a microscope.

IF staining



NSCs were fixed with precooled paraformaldehyde (4%, w/v) for 20 min, then permeabilized with 0.3% Triton X-100 for 15 min,
blocked with 10% normal goat serum for 1.5h, and finally incubated overnight at 4 °C with the following primary antibodies: anti-
nestin (1:250, mouse IgG; CST, USA), anti-BrdU (1:300, mouse IgG; CST, USA), anti-vWF (1:250, rabbit 1gG; Abcam, USA), anti-
CD31 (1:250, rabbit 1gG; Proteintech, Wuhan, China), anti-SMA-a (1:250, rabbit IgG; Proteintech, Wuhan, China), anti-TNF-a
(1:250, rabbit IgG; Affinity, USA), anti-IL-1 (1:250, rabbit 1gG; Affinity, USA). The following day, the cells were treated with
secondary antibody at room temperature for 2 h and the nuclei were counter-stained for 1 min with DAPI. Immunoreactivity was
visualized using a fluorescence microscope (IX53, Olympus, Japan). Image J was used to quantify the fluorescence intensity of the
ischemic area.

TUNEL staining

The prepared frozen sections were washed with PBS for 3 times. The samples were incubated in proteinase K working solution at
37 °C for 30min. Then wash with PBS for 3 times; Treatment with H,0, at room temperature for 10min; After washing with PBS
for 3 times, the TdT enzyme reaction solution was used to incubate at 37 ‘C for 60min in the dark. After washing with PBS for 3
times, the treatment was carried out in Streptavidin-HRP solution at 37 ‘C for 30min and protected from light. Wash with PBS for
3 times and use DAB for colour development; Then wash with PBS 3 times; Finally, the film was re-dyed with haematoxylin after
processing and shot in the open field. Image J was used to quantify the fluorescence ntensity of the ischemic area.

Enzyme-linked immunosorbent assay (ELISA)

Animals were administrated to collect blood through tail amputation for ELISA. 1 en the blood was collected in tube without
anticoagulant, and stood at RT for 60 min to wait for the blood clotting; to rur cure “he blood clot, equilibrate overnight at 4, and
centrifuge at 1000 rpm for 10 min, and the supernatant was the requirec se.''~.. The production of TNF-a, IL-1 (Elabscience
Biotechnology Co., Ltd, China) was measured using ELISA kits according to tr. manufacturer’s instructions. Briefly, based on the
standard and blank wells, the same volume of samples was added to th : sar. ole wells, and 6 parallel wells were set up for each
experiment. Cover the microtiter plate with film and incubate at 37 ‘C for ~% min. Then the biotin antibody working solution was
add in each well, incubating for 1 h at 37 ‘C. The enzyme conjugate wo. king sulution was added, incubating for 30 min at 37 ° C.
The substrate solution was added, incubating at 37 ° C for 15 nin finally, stop solution was added to terminate the reaction,

and the OD value was measured in a microplate reader at a wav 2ler., .1 of 450 nm.

Statistical analysis

Data analyses were performed using the software SPSS 26.u “nd GraphPad Prism 8. The sample size (n) refers to the number of
mice from which the samples were harvested. Data are presented as the mean % standard error of mean (SEM) and were
analysed using the Turkey or Sidak t-test for mult’,_'= cc mparisons after analysis of variance (ANOVA). Image J was used to

A ) B C

WB
cD81 ,_!” 26KDa
TSG101 ‘-r 44KDa

90K Da

Exo 2

300um
Sl

Calnexin

Exo |

300um 300um
LU —_

100nm
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micro-structure of exosomes was detected by TEM. (C) The specific protein makers of exosomes were detected by WB. n = 3.

quantify the volume infarct and fluorescence intensity of the ischemic area. A p-value < 0.05 was considered significant.

Results & Discussion

Over the past decade, the number of studies evaluating the efficacy of NSCs, neurons, mesenchymal stem cells (MSCs), and
neuro-related factors like brain-derived neurotrophic factor (BDNF) in post-apoplectic regeneration has grown exponentially
(Salgado et al., 2015; Stonesifer et al., 2017). Post-apoplectic regeneration is a dynamic and complex process in which cells and
the surrounding microenvironment interact to restore the structure of injured tissue (Shi et al., 2012).



In the past few decades, numerous biomaterial products have been developed and applied for neurogenesis and neuro-

angiogenesis. Of these products, the porous hydrogel scaffold participates in nerve regeneration (EI-Naggar et al., 2020; Yang et
al., 2021).
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Figure 2 The ultrafast gelation and characteristics of HAD. (A) The syringeability of HAD
hydrogel. (B) The procedure of photo-crosslinking of HAD precursor to HAD hydrogel in
transwell cell. (C) The solidified HAD hydrogel in the inverted transwell cell, and the
shape of HAD after removal from the transwell cell. (D) The adhesive properties of HAD
to adhere to the iron material and artificial skin with brain tissue. (E) The adhesive
properties to artificial skin of ICG labelled-HAD under water blasting for 1 min. The
rheological properties (F) and swelling ratio (G) of HAD hydrogel. (H) The microporous
structure of HAD (-Exo) and the distribution of exosomes in HAD-Exo complex. (I) The
3D images of distribution of exosomes in HAD-PKH26-Exo complex. n = 3.

As the main secreted component of «. ~ ceuaular matrix, HAD hydrogels can provide a physiological 3D structure in brain tissue
(Shi et al., 2021; Warwar Damo'iny =t a., 2022). This structure allows cellular interaction for proliferation, migration, and
differentiation, thus promoting reva. ~ularization and neurogenesis. Due to the scavenging metabolism that occurs in vivo, the
rate of migration of Exos into brain tis< ue is less using traditional injection (Guo et al., 2021). The biomaterials often have unique
physical characteristics that decrease universal inflammation, cytotoxicity, and extensive scar formation (Fetz and Bowlin, 2022).

Identification of NSCs and Exos
Stem cell therapy, mainly using NSCs and MSCs, has become a hopeful approach for angiogenesis, neurogenesis, and tissue
regeneration in recent years. NSCs have many advantages over MSC in nervous system applications. The safety and efficacy of
NSCs have been confirmed in IS (Gasparetto et al., 2022). NSCs can directly differentiate into neurons or glial cells, which release
various extracellular vesicles and accelerate the process of IS, including reducing apoptosis and oxidative stress, and promoting
neuro-angiogenesis and neurogenesis (Sacco et al., 2018). NSCs have properties of self-renewal and multipotency, which allows
the protracted generation of neurons and glia (Boese et al., 2018). Although NSCs are difficult to obtain and culture, their
properties are homologous to neural cells and their rate of immunological rejection in brain tissues is low (Huang et al., 2018).
Functions of NSCs involve multiple aspects, including cell replacement, angiogenesis, secretion of growth factors, activation of
endogenous reparative pathways, and modulation of neuroinflammation (Sakata et al., 2012). The obtained NSCs displayed
agglomerate growth and classical global-like morphology. These NSCs were identified by nestin with IF staining (Fig. 1A).
Extracellular vesicles or Exos have similar actions and are easier to obtain, allowing their encapsulation of biomaterials to
deliver specific molecules, proteins, or RNAs for therapeutic effects. Extracellular vesicles derived from NSCs have a multimodal



action (Doeppner et al., 2018), which promotes proliferation of endogenous NSCs in the subventricular and subgranular zone,
fosters synaptic growth and remodelling, and neuro-angiogenesis (Baker et al., 2019). In recent years, Exos have been considered
a new form of therapy. SC derived Exos and biomaterials are considered effective strategies of neural restoration, and their
combination therapy appears to produce organic outcomes.

The Exos were harvested from the supernate of NSCs by ultracentrifugation. TEM revealed the saucer-like structure of the
Exos (Fig. 1B). NTA was adopted to assess the diameter size distribution and the particle concentration of Exos. Diameters
ranged from 50 to 180 nm (Fig. 1B). WB results revealed that Exos expressed surface markers of Exos, including CD81, CD63,
TSG101, and ALIX, and did not express the negative marker Calnexin (Fig. 1C). The collective data demonstrated the successful
isolation of Exos.

Characteristics of HAD

Tissue engineering and regenerative medicine research have recently become a research hotspot approach, with the goal of
facilitating the rejuvenation of injured brain tissue (Bartlett et al., 2020). Bioengineering technologies that utilize biomaterials,
SCs, and biologically active factors have been widely studied in nerve system diseases (Daly et al., 2013). Numerous reports have
implicated HA as a prospective biomaterial for encapsulating SCs or their derivatives to promote the regeneration of poorly
vascularized tissues, such as epithelial, cartilage, bony, skin, cardiovascular, and ac’ pose tissues (Pré et al., 2016). Through the
modification of material properties, we added catecholamine branched chains to ..~ HA main chain to incorporate it into a
hydrogel precursor, which was adhered to tissues by ultraviolet irradiation. Hydruge.® have multiple properties, including high
water content, pliability, and a tissue-like 3D environment, which allow the encaps ‘lation of Exos and cell adhesion at the target
site (Gu et al., 2021; Shao et al., 2019). Lower concentration HAD hydrogels jave a3 higher exosome encapsulation rate. In the
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of hydrolysis and controlled release rate of HAD (B-C) in vitro. The controlled release situation of exosomes by IVIS in each groups in vivo. (E) The distribution of PHK26-Exos in
injection area in brain tissues of Exo and HAD-Exo groups. PKH26-labelled Exo (red) and DAPI (blue, nucleus). n = 3 for each group.

present study, 3% HAD exhibited stable mechanical properties and low immunogenicity, and was chosen as the Exo carrier.

The adhesive property of HAD was evidenced by the capability to adhere to the iron material and artificial skin, and withstood
the flow of deionized water (Fig. 2D-E). The storage modulus (G'") and loss modulus (G') were detected by rheometry. No
intersection was observed between G' and G" with the strain ranging from 1% to 100%, and the frequency ranging from 0.1 to 10
Hz. G" was always higher than G' (Fig. 2F). The equilibrated swelling ratios of the HAD precursor exceeded 100% (Fig. 2G). The
water uptake ability of the HAD hydrogel beneficially improved the microenvironment, which promoted angiogenesis and anti-



inflammation. Fluids exudated from necrotic cells could be absorbed and the incidence of abscess or porosis reduced. These
results showed that the micro-network of HAD hydrogel did not collapse. The gel-like behaviour was maintained, corresponding
the frequency and strain ranges.
Scanning electron microscope images of the formulations showed that HAD hydrogels lacking Exos had a microporous structure
after freeze-drying. Exos encapsulated in HAD-Exo hydrogels were evenly distributed on the surface of microporous structure
(Fig. 2H). The 3D images of HAD-PKH26-Exo obtained by laser scanning confocal microscopy similarly indicated that Exos were
evenly distributed in HAD-Exo hydrogels (Fig. 21).

The collective results provided further evidence that HAD hydrogels were injectable and underwent ultrafast gelation and
proper mechanical properties, resulting in superior cellular derivative retention characteristics.

Controlled-release of HAD-Exo in vivo and in vitro

In this study, we constructed a combination of HAD and Exo, and applied the combination to a mouse MCAO model to validate
the capacity of the combination treatment to prolong exosome maintenance. The HAD-Exo complex significantly promoted
angiogenesis and maintained bioactivity of Exos. HAD-Exo treatment following IS achieved the long-term controlled release of
Exos without multiple wounds. Transplantation of NSCs or their derivatives is an optimal choice. NSCs repair brain tissue post-IS
by differentiating into neurons and also reduce infarct volume and blood-brain-barrier disruption by regulating the
microenvironment, reducing inflammation, and promoting angiogenesis and neurosenesis (Hamblin et al., 2022). Our previous
studies have shown that administration of NSC-derived Exos was more beneficial fo, accelerating nerve regeneration than NSCs
themselves (Zhang et al., 2018a; Zhang et al., 2018b; Zhu et al., 2023). However, “. ~ lo. ! survival and rapid clearance rate are
critical challenges for the application of Exos through the circulatory system.

The function of Exos mainly depends on their components consisting of DN”,, . \lA, proteins, and cellular factors. NSC-derived
Exos also have a short residence time due to their rapid clearance in vivo ().'ng €. al., 2021). To attain a sustained treatment
effect, multiple injection of Exos is required for IS. This increases the 1. k of infection in patients and laboratory animals.
Therefore, increasing the retention time using biomaterials to de'we. Eros represents a better strategy. Our results
demonstrated that HAD hydrogel could be utilized to ensure a sustainea 'nd teady release of Exos in vitro (Fig. 3A-C) and in vivo
(Fig. 3D-E).
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Figure 4 The schematic diagram of overall research, and the improvement of neurological function. (A) The schematic diagram of overall research. (B) The neurological
improvement of each group by mNSS. The improvement of movement function of each group by grip of front paws (C), rotarod system (D-E) and Catwalk gait (F). n = 6 for each

group.

The 3% HAD-Exo complex was chosen to test the release of Exos. /n vitro, Exos encapsulated in HAD were released stably for a
long time as catalysed by hyaluronidase to the lower chamber of the Transwell apparatus (Fig. 3A). The time-dependent
relationship of HAD-Exo hydrolysis and Exo release is shown in Fig. 3B-C.



PKH26 is a lipophilic long-chain carbocyanine dye that is highly fluorescent with a long half-life. To detect the sustained release
of Exos in vivo, Exos were labelled with PKH26 (PKH26-Exos) and encapsulated in 3% HAD. Monitoring the localization and
migration of the HAD-PKH26-Exos allowed the evaluate of the contributions of the complex in the injection area. PBS/PKH26-
Exo/HAD/HAD-PKH26-Exo were injected stereotactically into the ischemic junctional zone of mice. IVIS imaging revealed that the
red fluorescent PKH26 (red fluorescence) began to gather around the injection hole 24 h later, and could still be detected until
28 days in the HAD-Exo group. PKH26-Exos without HAD displayed mass aggregation and partial migration around the injection
site 24 h later, and less red fluorescence residual 14 days later (Fig. 3D). Fluorescence microscopy of harvested brain tissue
revealed red fluorescence around the injection zone in the HAD-Exo group. Fluorescence could still be detected until 28 days.
PKH26-Exo without HAD showed less red fluorescence on the day 14 (Fig. 3E).

Besides, the bilayer membrane structure of Exo is significant in retaining its function. The stability of exosomes released by
HAD-Exo are analysed by NTA, WB and TEM, the results are displayed in supplementary materials (Figure S1). There is no
difference of diameter or deformity of morphology between the released exosomes and the previous exosomes, and the surface
protein has not changed, so it still retains biological activity.

These results revealed that 3% HAD-Exo could maintain the sustained release of Exos and ensure the effectiveness of Exos in
the ischemic junctional area.

HAD-Exo improved the neurological function of MCAO mice

Nerve regeneration is a complicated and delicate process. Functional nerve reger era.'2n has always been a great challenge for
patients and clinicians. Nerve regeneration is complex and entails inflammation, a. 7iof,enesis, neurogenesis, tissue remodelling,
and other factors (Lo et al., 2003). Decreasing pro-inflammatory cytokines anr, cot, oromised neuro-vascularization might inhibit
and delay nerve repair process. The mouse model of MCAO was created Ti. <= mice were injected stereotactically into the
ischemic junctional zone with HAD-Exo, Exo, HAD, or PBS. The schematic diag. m of the animal experimental procedure is shown
in Fig. 4A.
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Figure 5 The improvement of cerebral angiogenesis and infarct volume by LSIS and MRI. The pseudo -olo. " (A) and greyscale (B) images of infarct volume following MCAO surgery
in each group by LSIS. (C-D) The quantitative analysis and repair rate of infarct volume in eack _-~up by LSIS. (E-F) The quantitative analysis and repair rate of cerebral perfusion in
each group by LSIS. ns: no significance; there were all statistically difference between other 3rc .ps vithout “ns” labelled. (G) The images of variation of infarct volume following

MCAO surgery in each group by MRI (Pattern images exhibited the variation of infarct vo ume ' .1age) software). (H-1) The quantitative analysis and repair rate of infarct volume

in each group by MRI. * p-value < 0.05 vs PBS group, # p-value < 0.05 vs Exo grour ® p-\ 'ue < 0.05 vs HAD group. n = 6 for each group. In C, D, E, F, H and | data are shown as
mean + SEM.

The mNSS of the mice in each group at 0, 7, 14, 23, and 2& ‘ays are illustrated after MCAO. On day 28th after treatment, the
neurological function with the HAD-Exos composite ti atment was remarkably higher than PBS and HAD groups (HAD-Exo vs
PBS: p < 0.001; HAD-Exo vs HAD: p < 0.01) (Fig. 4B’. . mnpared to the PBS group, from the Pre-operation period (Pre-OP) to 28
days, the Exo, HAD, and HAD-Exo groups displayed ir prved muscle strength, as indicated by front paw grip strength. The HAD-
Exo group recovered the fastest and displayed tne 1.’ hest strength. On day 7th, 14th, 21st and 28th after treatment, the muscle
strength with the HAD-Exos composite treatr ier.. was remarkably higher than PBS and HAD groups (HAD-Exo vs PBS: p < 0.001;
HAD-Exo vs HAD: p < 0.05) (Fig. 4C). The rnta. ~d system was used to test fatigue resistance of motor function. The MCAO mice
exhibited significant motor function deficits, wi.'"~h were most prominent 1-3 days after MCAO. As treatment intervention, sustained
exercise capacity increased from 7 to 28 ays. T'.e HAD-Exo group showed significantly more durable exercise persistence capacity than
other groups, including retention time and \ >tate speed of drop. On day 7th after treatment, the motor balance with the HAD-Exos
composite treatment was remarkauly - ighe. chan PBS and HAD groups (HAD-Exo vs PBS: p < 0.01; HAD-Exo vs HAD: p < 0.05). On day 14th,
21st and 28th after treatment, the motor balance with the HAD-Exos composite treatment was remarkably higher than PBS, Exo and HAD
groups (HAD-Exo vs PBS: p < 0.0001; HAD-Exo vs Exo: p < 0.05; HAD-Exo vs HAD: p < 0.001) (Fig. 4D-E). The coordination of fore and
hind paw movements decreased immediately after MCAO. Thus, gait analysis was used to assess the coordination of movements
following treatment at 28 days. The HAD-Exo group displayed significantly improved motor coordination (HAD-Exo vs other
groups: p < 0.05, Fig. 4F).

Collectively, the results demonstrated a significant effect of HAD-Exo on long-term recovery of motor function of MCAO mice.

HAD-Exo could support maintenance and biological activity of Exos, and effectively accelerate neurological function recovery
after IS.

HAD-Exo improved the cerebral angiogenesis and infarct volume

The prognosis of stroke in terms of neurological deficits and long-term disabilities is related to the area and size of brain damage
(Lo et al., 2003). In the study, we applied PBS, Exo, HAD, and HAD-Exo to the ischemic area following MCAO. The HAD-Exo group
displayed a better repair rate of infarct volume compared to the rates of the other groups during the whole repair process. LSIS

of cerebral blood flow was performed in mice and MRI was used to assess cerebral angiogenesis and improvement of infarct
volume.
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are shown as mean * SEM.

LSIS revealed severe cerebral ischemia on e ischemic side. The ischemic area was hypoperfused after MCAO. With treatment
intervention, cerebral blood perfusion gr. 'u7.ly recovered, which was more obvious in HAD-Exo group at the same time (Fig.
5A/B). The variation of infarct volurr 2 ot rach group by LSIS was showed in Fig. 5C, and the line chart of repair rate of infarct
volume was exhibited in Fig. 5D ."™e . ~"ation of cerebral perfusion of each group by LSIS was showed in Fig. 5E, and the line
chart of repair rate of cerebral perfusiu n was exhibited in Fig. 5F. MRI revealed the similar size of cerebral infarct volume prior to
treatment. With treatment intervei...on, the infarct volume was reduced gradually. The reduction in the HAD-Exo group was
more significantly than other groups at the same timepoint, and the pattern images showed the variation of infarct volume by
Imagel software (Fig. 5G). The variation of infarct volume of each group by MRI was showed in Fig. 5H, and the line chart of
repair rate of infarct volume was exhibited in Fig. 5I. The findings indicate that HAD-Exo can protect the biological activity of
Exos, and can continuously release Exos, resulting in sustained, stable nerve repair.

HAD-Exo improved the neurovascular unit remodelling

Pathological assessment provided further evidence of the effects of HAD-Exo treatment on the recovery of neurological function
recovery. Nissl staining revealed the infarct volume and neuron damage of brain tissues in the groups 28 days following
treatment. A significant residual loss of brain tissue in the PBS group was observed. The infarct volume of brain tissue in the Exo
group was repaired by 85%. Abnormal neurons and loose tissue were evident in the unrepaired region. The brain tissue was
partially repaired. Many abnormal neurons and loose connective tissue were evident surrounding the unrepaired area in the
HAD group. The infarct volume of the ischemic side was completely repaired in the HAD-Exo group. In this group, the abnormal
neurons were significantly reduced, and the connective tissue was dense. Collectively, compared to PBS group, the infarct
volume and neuron damage of brain tissues of ischemic side was significantly improved in the other three groups, while the
improvement of the HAD-Exo group was greatest (Fig. 6A).
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We also assessed the micro-angiogenesis/capillary forma. ~n in the ischemic area. Markers of micro-angiogenesis (VWF) and
cell proliferation (BrdU) were detected via IF staining Similar fluorescence intensity was evident for vVWF in the Exo and HAD
groups, indicating similar effects on overall angioge-. “sis . » the groups. However, the fluorescence intensity of BrdU in the Exo
group was higher than that in the HAD group, inciciting that Exo could promote greater proliferation of nerve cells in brain
tissue. Furthermore, the fluorescence intensitie > « € BiuU and vWF of the HAD-Exo group were significantly higher than that of
other groups, indicating that the combinatio.. of HAD-Exo promoted cell proliferation and micro-angiogenesis more than
treatment with Exo or HAD alone (Fig. 6B-D, The infarct volume of the ischemic side was completely repaired in the HAD-Exo
group, abnormal neurons were significantly 1 duced, and the connective tissue was dense.

Furthermore, the increased expressio. of SMA-a and CD31 indicated that both HAD-Exo could promote myofibroblast
formation and vascular endothelium :ffec ively, indicating that HAD provided a suitable 3D microenvironment of brain tissue. To
explore the potential therapeutis . ~ec. ~r’sms of the local application of Exo, HAD, and HAD-Exo on angiogenesis, we performed
IF staining of BrdU, CD31, and SMA-u in the ischemic area after 28 days of treatment. BrdU was used to determine total cell
proliferation. The number of BrdU p._tive cells in the HAD-Exo and Exo groups significantly increased compared to other groups.
Following the HAD-Exo and HAD treatments, higher expression of the myofibroblast marker SMA-a was detected compared to
the other groups (Fig. 7A-B). Expression of endothelial cell marker CD31 was used to assess newly formed vessels in regenerated
tissue. The HAD and Exo groups had similarly remarkable blood vessel numbers, in contrast with the PBS group after 28 days of
treatment (Fig. 7C-D). Furthermore, the HAD-Exo group displayed significantly more blood than the other three groups.

HAD-Exo decreased the inflammation without tissue toxicity

Growing evidence points to the importance of TNF-a and IL-1 pro-inflammatory factor in IS inflammation (Wang et al., 2007). IL-1
mediates ischemic, traumatic and excitotoxic brain injury, probably through multiple effects on neurons, vasculature and glia.
TNF-a might contribute to neuronal injury (Allan and Rothwell, 2001). IF staining of TNF-a and IL-1 of ischemic area in each group
was performed, the results are shown in Fig. 7E/H, respectively. The quantitative analysis of IF intensity is presented in Fig. 7F/I,
respectively. Following stereotactic injection on day 3 in the MCAO model, compared with PT, the improvement of TNF in each
group was statistically different on day 4 and 7, with the improvements being most notable in the HAD and HAD-Exo groups.
Similarly, compared with PT, the improvement of the pro-inflammatory factor IL-1 in each group, except the Exo group, was
statistically significantly different on day 4. The improvement of the HAD-Exo group was the most significant. Compared with PT,



the improvement of IL-1 in the HAD and HAD-Exo groups was statistically significantly different on day 7. The improvement of
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Figure 8 The safety assessment of HAD/HAD-Exo injection. (A) TUNEL staining of
brain tissues of each group with time. (B) Quantification of apoptotic cells (red) i .
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staining of other organ tissues of each group. (D) Quantification of apoptotic cells
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differences in each organ group). 3 slides for per mouse, n = 6 for each group. 1. ?
and D data are shown as mean * SEM.

the HAD-Exo group remained the most obvious

The acute phases of IS begin with inflammn~tion. Zerebral ischemia is followed by an inflammatory reaction induced by various
injured cells, which can continue for days .~ w. eks after the ischemia. It is now universally accepted that such inflammatory
processes contribute to the progression « € isct emic brain injury and to the exacerbation of focal neurological deficits. Cytokines,
including IS, are released in the brair ai.>rinsults and are expressed in cells of the immune system. In addition, production by
resident brain cells, including ne 'rot.- an'. glia, has been observed (Liu et al., 1994; Sairanen et al., 2001). The most studied
cytokines related to pro-inflammatio. in stroke are IL-1 (Haqgani et al., 2005), and TNF-a (Han and Yenari, 2003). IL-1 and TNF-a
appear to exacerbate cerebral injurv .n the acute phase of MCAO, the high expression of IL-1 and TNF has been documented
within 12 h following ischemia and at later times (24-72 h). These findings indicate biphasic expression and continued high
expression lasting several days (3-7 days). The ELISA results revealed that compared to the Pre-OP period, TNF-a and IL-1 plasma
proteins were significantly increased at the PT timepoint. Compared with the PBS treatment group, the protein expressions of
TNF and IL-1 in the Exo, HAD, and HAD-Exo groups decreased to varying degrees after stereotactic injection (p<0.05). The
decrease degree of the Exo and HAD-Exo groups was most notable on day 4 and 7, respectively (Fig. 7G/J). These results
revealed that the HAD group partially inhibited inflammation in plasma, with the anti-inflammatory effect of Exos being more
dominant. The expressions of pro-inflammatory factors in plasma deceased significantly and were related the number of
effective Exos released. A single application of Exos had a short-term and limited effect on the inhibition of pro-inflammatory
factors in plasma, with most Exos cleared by the body. However, in the HAD-Exo group, controlled release of Exos continuously
inhibited body damage of pro-inflammatory factors in plasma.

To further assess the safety of stereotactic injection of HAD and HAD-Exo in vivo, TUNEL staining was performed to detect the
damage of important organs of mice in each group, including brain, heart, liver, spleen, lung and kidney. Before treatment after
MCAO surgery, a large number of apoptotic cells (red) appeared on the infarct side of the brain. With the advancement of
treatment, compared to the PBS group, the Exo, HAD, and HAD-Exo groups all improved significantly. Among them, the degree of
improvement of the HAD group was the lowest, and that of HAD-Exo group was the most significant (Fig. 8A-B). These results



indicated that exosomes might play a decisive role on the process of rescuing apoptotic cells of the brain tissue, and that the
HAD-Exo complex plays an auxiliary role through the sustained release of Exos, allowing their maximum performance. In
addition, no statistically significant difference in the mean fluorescence intensity of the examined organs, except brain, was
evident in each group (Fig. 8C-D). These findings indicated that the injection of HAD or HAD-Exo into the body did not damage to
the important organs, and that toxicity to the body was negligible.

Conclusions

In the present study, we successfully utilized NSC-derived Exos encapsulated in a HAD hydrogel for IS. The HAD-Exo complex
maintained the biological activity of Exos, enhanced cell proliferation, angiogenesis, and anti-inflammation at the ischemic area,
and improved the cerebral infarct and neurological function. HAD hydrogel as a delivery scaffold was suitable for delivering and
releasing Exos continuously at the ischemic area. Compared to the Exo treatment, the HAD-Exo combination topically reduced
dosing frequency and optimized the application process for IS. Our study showed that topically injected HAD-Exo complex was a
promising alternative strategy for clinical translation of IS.
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Highlights

1. The use of neural stem cells (NSCs) derived exosomes (Exos) encapsulated in a photocurable catechol-
grafted hyaluronic acid (HAD) hydrogel for ischemic stroke. HAD hydrogel as a delivery scaffold is
suitable for delivering and releasing exosomes continuously at the ischemic area.



2. The HAD-Exo complex maintained the biological activity of exosomes, enhanced angiogenesis and
anti-inflammation at the ischemic area, and improved the cerebral infarct volume and neurological
function.

3. The topically injected HAD-Exo complex provided a promising alternative strategy for clinical
translation of ischemic stroke.



