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1. Introduction

Hypoxia-specific anti-RAGE exosomes for nose-
to-brain delivery of anti-miR-181a oligonucleotide
in an ischemic stroke modelfy

Minkyung Kim, Youngki Lee and Minhyung Lee (iDk4

Ischemic stroke is caused by a reduction in blood flow to the brain due to narrowed cerebral arteries.
Thrombolytic agents have been used to induce reperfusion of occluded cerebral arteries. However, brain
damage continues to progress after reperfusion and induces ischemia-reperfusion (I/R) injury. The recep-
tor for advanced glycation end-products (RAGE) is overexpressed in hypoxic cells of the ischemic brain. In
this study, an exosome linked to RAGE-binding-peptide (RBP-Exo) was developed as a hypoxia-specific
carrier for nose-to-brain delivery of anti-microRNA oligonucleotide (AMO). The RBP-Exos were less than
50 nm in size and had negative surface charge. In vitro studies showed that RBP-Exos delivered
AMO181a to Neuro2A cells more efficiently than unmodified exosomes (Unmod-Exos). In addition, RAGE
was downregulated by RBP-Exos, suggesting that the RBP moiety of the RBP-Exos reduced the RAGE-
mediated signal pathway. MicroRNA-181a (miR-181a) is one of the upregulated miRNAs in the ischemic
brain and its downregulation can reduce the damage to the ischemic brain. Cholesterol-modified
AMO181a (AMO18la-chol) was loaded onto the RBP-Exo by hydrophobic interaction. The AMO181a-
chol-loaded RBP-Exo (RBP-Exo/AMO18la-chol) was administered intranasally to a rat middle
cerebral artery occlusion (MCAO) model. MiR-181a was knocked down and Bcl-2 was upregulated by
intranasal delivery of RBP-Exo/AMO18la-chol. In addition, tumor necrosis factor-o (TNF-a)
expression and apoptosis were reduced by RBP-Exo/AMO181a-chol. As a result, RBP-Exo/AMO181a-chol
significantly suppressed infarct size compared with the controls. In conclusion, RBP-Exo was a
hypoxia-specific carrier for nose-to-brain delivery of AMO181a-chol in an ischemic stroke model.
Furthermore, the combined effects of RBP and AMO181la-chol exerted neuroprotective effects in the
ischemic brain.

cades following transient cerebral ischemia results in severe
inflammation-mediated damage of the brain.>*

Stroke has a high fatality rate. There are two types of strokes:
ischemic strokes and hemorrhagic strokes. Ischemic stroke is
due to narrowing of one or more cerebral arteries, which are
occluded by emboli or thrombi. Thrombolytic agents such as
recombinant tissue-plasminogen activator (rt-PA) have been
used therapeutically to induce reperfusion of the infarcted
areas of the brain." However, brain damage typically continues
to progress after reperfusion. This post-reperfusion damage is
called ischemia-reperfusion (I/R) injury, which is induced by
inflammatory response, reactive oxygen species (ROS), and
excitotoxicity. In particular, activation of pro-inflammatory cas-

Department of Bioengineering, College of Engineering, Hanyang University, 222
Wangsimni-ro, Seondong-gu, Seoul 04763, Korea. E-mail: minhyung@hanyang.ac.kr;
Fax: +82-2-2220-4454; Tel: +82-2-2220-0484

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
donr07516g

14166 | Nanoscale, 2021, 13, 14166-14178

To protect brain cells from I/R injury, various approaches
have been investigated. Gene therapy has been studied for
decades as one of the therapeutic options.*® In gene therapy,
therapeutic nucleic acids are delivered into the brain using
local or systemic injection. Two approaches to gene therapy
have been studied for ischemic stroke therapy. A knock-in
approach has been developed to induce therapeutic protein
expression in the ischemic brain through gene delivery. The
knock-in approach has shown positive effects in the treatment
of ischemic brain injury in animal models. For instance, deliv-
ery of the heme oxygenase-1 (HO-1) gene reduced cell death in
the ischemic brain and decreased the infarct volume.””® The
other gene therapy approach is a knock-down approach using
antisense oligonucleotides or small interfering RNAs. For
example, local injection of high-mobility-group-box-1
(HMGB1) siRNA into the brain reduced infarct volume in
animal models of ischemic strokes.'® Similarly, systemic
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administration of HMGB siRNA showed therapeutic effects in
animal models.®

Although gene therapy appears promising, delivery into the
brain remains a barrier to its use in ischemic strokes. Local
stereotaxic injection of therapeutic genes with or without deliv-
ery vectors can deliver the genes efficiently into the brain;
however, the needle used for direct injection causes damage to
the brain tissue.'! Intravenous (IV) administration may be less
invasive than local injection; however, delivery efficiency into
the brain across the brain-blood barrier (BBB) is extremely
low."* Recently, many studies have been performed to evaluate
intranasal (IN) administration for gene delivery to the
brain,""'* given IN administration delivers therapeutic agents
into the brain by way of the olfactory and trigeminal nerves,
bypassing the BBB.'! In addition, IN administration is less
invasive than stereotaxic injection and more efficient than sys-
temic IV injection. The use of IN delivery may also avoid many
of the side effects caused by systemic delivery of therapeutic
genes. Many previous studies of intranasal delivery of thera-
peutic agents to the brain demonstrated positive effects in
brain-related diseases.'”"*™"” For example, IN administration
of HMGB1 siRNA nanoparticles complexed with a cationic
polymer delivered the siRNA into the brain efficiently and
reduced inflammation in the brain.'® The nanoparticles, com-
posed of siRNAs and polymeric carriers, passed across cell
membranes more efficiently than naked siRNA, increasing
gene delivery efficiency. These findings suggest that an appro-
priate delivery carrier may be useful for the IN delivery of
nucleic acids into the brain.

One of the promising carriers for nucleic acids is an
exosome. Exosomes are the smallest subtype of extracellular
vesicles with a size of 30-100 nm."® Exosomes are biocompati-
ble and do not induce toxicity to cells. Due to these character-
istics, exosomes have been studied as novel carriers of nucleic
acids such as small interfering RNA (siRNA) and antisense
oligonucleotides.>**' Exosomes have been investigated as
potential carriers of genes into various organs following intra-
venous injection; however, exosomes have not been studied as
nucleic acid carriers for IN administration.

One of the key factors involved in the pathophysiology of
I/R injury is the receptor for advanced glycation end-products
(RAGE). The transmembrane RAGE is a multi-ligand receptor
for damage-associated molecular patterns (DAMPs) derived
from host cells and pathogen-associated molecular patterns
(PAMPs) derived from microorganisms.”> The DAMP family of
biomolecules includes high-mobility group box-1 (HMGB-1),
S100 proteins, and p-amyloid peptide, while PAMPs include
lipopolysaccharides (LPS). Binding of DAMPs and PAMPs to
RAGE activates the RAGE-mediated signal pathway and translo-
cation of nuclear factor-kB (NF-kB) into the nucleus to result in
severe inflammatory responses.”* In addition, RAGE is
induced by positive feedback regulation, with RAGE activation
increasing its expression.”*>” Therefore, RAGE inhibitors can
reduce the expression of RAGE by interruption of this positive
feedback loop. Recently, a recombinant RAGE-antagonist
peptide (RAGE-binding peptide, RBP) was produced based on
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the RAGE binding domain of wild-type HMGB-1
(WtHMGB-1).*¥*° In one such study, stereotaxic injection of
RBP produced neuroprotective effects by reducing RAGE-
mediated inflaimmatory responses in the ischemic brain.* In
particular, RAGE was reported to be overexpressed in neurons
and glial cells under ischemic conditions.*® Therefore, specific
binding of RBP to RAGE may be more frequent in hypoxic cells
of the ischemic brains than in normal cells. These findings
also suggest that RBP may be a specific ligand for targeted
delivery of therapeutic agents to hypoxic cells. Indeed, RBP
was shown to act as a hypoxia-specific ligand for the delivery
of plasmid DNA to the ischemic brain after stereotaxic injec-
tion.* In the current study, we engineered RBP-linked exo-
somes for hypoxia-specific delivery to the ischemic brain after
IN administration. For this purpose, RBP was expressed on the
surface of exosomes by creating a fusion protein with Lamp2b,
an exosome membrane protein, to produce RBP-linked exo-
somes (RBP-Exo, Fig. 1A).

In this study, anti-microRNA oligonucleotide (AMO) was
used as the test therapeutic nucleic acid for stroke therapy.
MicroRNAs (miRNAs) are non-coding short RNA molecules of
18 to 25 nucleotides. MicroRNAs target the 3’-untranslated
regions (3'-UTR) of specific mRNAs and regulate their trans-
lation. Various MiRNAs have been reported to play a key role in
several brain diseases, likely due to up- or downregulation of
key proteins.’’*?> MicroRNA-181a (miR-181a) is one of the
several miRNAs upregulated in the ischemic brain. Induction
of miR-181a down-regulates the Bcl-2 anti-apoptotic protein
and induces apoptosis. In previous studies, delivery of AMO
against miR181a (AMO181a) increased Bcl-2 expression and
attenuated ischemic neuronal damage.’* ™’ As a result, infarct
volume was reduced by knockdown of miR181a. In this study,
cholesterol-modified AMO181a (AMO181a-chol) was loaded
into RBP-Exo, and the AMO181a-chol-loaded RBP-Exo
(RBP-Exo/AMO181a-chol) was administered IN in a rat MCAO
model of ischemic stroke. The anti-inflammatory effects of the
RBP-Exo were evaluated using in vitro and in vivo studies
(Fig. 1B). In addition, various assays were performed to
demonstrate hypoxia-specific delivery of AMO181a and its
therapeutic effects in the ischemic animal model. The results
suggest that RBP-Exo may be useful as a hypoxia-specific
carrier for nose-to-brain delivery of AMO181a.

2. Experimental section
2.1. Cell culture

Mouse neuroblastoma cells (Neuro2A) and HEK293T cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum (FBS) at 37 °C in a 5% CO,
incubator.

2.2. Isolation of RBP-linked exosomes

The construction of pRBP-Lamp2b-HA has been previously
reported.’® HA is a commonly used epitope tag, which does
not interfere with the biodistribution of the recombinant

Nanoscale, 2021,13,14166-14178 | 14167


https://doi.org/10.1039/d0nr07516g

Published on 20 July 2021. Downloaded on 11/2/2025 5:29:13 AM.

Paper

B REP Lamp2b HA
. Hygromycin |‘

Resistant

Transfection

Inhibition of RAGE
signal transduction

Neuron Y
#: DAMPs
¥ RAGE
AMO181a N
~ chol ! i/!

View Article Online

Nanoscale

AMO181a-chol
Loading

L,
\,\/\H

Exosome
< isolation

fbor
158

RBP-Exo/
AMO181a-chol

Hypoxia-specific

AMO181a delivery

Hypoxia
Ischemic
brain

. &/
Normoxia

Intranasal
administration

Fig. 1 Schematic images. (A) Production of RBP-Exo. (B) Hypoxia-specific delivery of RBP-Exo/AMO181a-chol by intranasal administration.

protein. With the HA tag, the expression of recombinant
RBP-Lamp2b-HA can be easily detected with the anti-HA anti-
body. Therefore, the HA cDNA was inserted the expression
vector for the detection of RBP-Lamp2b-HA expression. To
produce a stable cell line, 30 pg of pRBP-Lamp2b-HA was trans-
fected into 2.5 x 10° cells of HEK293T with 150 pg of lipofecta-
mine 2000 (Invitrogen, Carlsbad, CA). Then, the stable cells
were screened with hygromycin at a 200 pg ml™" concentration.
The RBP-Lamp2b-expressing cells were cultured for 72 h in
DMEM containing 10% exosome-depleted FBS. Since Lamp2b
is an endosomal membrane protein, it is integrated into the
exosome after translation in the cells. Due to the Lamp2b
domain, Lamp2b fusion proteins such as RBP-Lamp2b-HA are
integrated into the exosomes in the cells.®?”*® Then, the
Lamp2b integrated exosomes are excreted out of the cells. For
isolation of the exosomes, the culture medium was collected.
The harvested culture medium was centrifuged at 300g for
3 min and filtered through a Millex-GV 0.22 pm filter
(Millipore, Molsheim, France) to remove large particles such
as cell debris and apoptotic bodies. Then, an exoEasy Maxi kit
(QIAGEN, Valencia, CA) was used to isolate exosomes accord-
ing to the manufacturer’s instructions. The concentration of
purified exosomes was measured using the BCA protein assay
(Invitrogen, Carlsbad, CA).

2.3. Preparation of AMO181a-chol loaded exosomes

AMO against miRNA181a (AMO181a) and a negative control
(scrambled AMO) with cholesterol modification were syn-
thesized using Bioneer (Daejeon, Korea), and the sequences
were as follows: AMO181a, 5-mA.*.m.C.*.mU.mC.mA.mC.mcC.
mG.mA.mC.mA.mG.mC.mG.mU.mU.mG.mA.mA.mU.mG.*.
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mU.*.mU.-3'-cholesterol, and scrambled AMO181a, 5-mA.*.
mG.*.mU.mC.mA.mG.mC.mG.mA.mG.mA.mG.mC.mC.mU.
mU.mG.mA.mU.mU.mG.*mU.*.mU.-3'-Chl (mN = 2'-O-methyl
nucleotide (N = A or C or G or U); * = phosphorothioate
linkage). To load AMO181a into exosomes, the 3’-end of
AMO181a was modified with cholesterol. The AMO181a-chol
and exosomes were mixed at various weight ratios (1:1, 1:3,
1:5, 1:7, and 1:9) and incubated in phosphate-buffered
saline (PBS) for 30 min at room temperature. The optimal
AMO181a-chol-to-exosome ratio was established by measuring
the uptake efficiency. The optimal weight ratio was 1:5.
Therefore, the weight ratio was fixed at 1:5 for all
experiments.

To measure the loading efficiency, Cy5-labeled AMO181a-
chol (Cy5-AMO181a-chol) was synthesized using Bioneer
(Daejeon, Korea). Cy5-AMO181a-chol and RBP-Exo were mixed
and incubated for 30 min. The ratio of AMO181a-chol to
RBP-Exo was 1:5 (w/w). Unloaded Cy5-AMO181a-chol was
removed by ultracentrifugation at 100 000g for 1 h. The super-
natants were removed and the pellets were resuspended with
PBS. The amount of Cy5-AMO181a-chol was quantified using a
fluorometer (Molecular Devices, Sunnyvale, CA), with exci-
tation at 650 nm and emission at 670 nm. The loading
efficiency was calculated as follows: Loading efficiency (%) =
(Amount of Cy5-AMO181a-chol after loading)/(Total amount of
Cy5-AMO181a-chol) x 100.

2.4. Dynamic light scattering (DLS)

The exosomes were prepared with or without AMO181a-chol as
described above. To measure the size and zeta potential, the
exosomes were diluted in 1 mL of distilled water. Then, the

This journal is © The Royal Society of Chemistry 2021
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sizes and zeta potentials of the exosomes were measured using
the Zetasizer Nano ZS system (Malvern Instruments, Malvern,
UK).

2.5. Transmission electron microscope (TEM)

Exosomes were prepared with or without AMO181a-chol as
described above. Mesh copper grids (Ted Pella, Redding, CA)
were rinsed using a drop of distilled water. Then, the samples
were placed on the grids and incubated for 30 min. The
remaining sample droplets were absorbed into a tissue to
remove excess particles. Finally, the samples were stained with
2% uranyl acetate for 10 min. The size and morphology of the
exosomes were measured by transmission electron microscopy
(JEM-2100F, JEOL, Tokyo, Japan).

2.6. Western blot assay

Proteins contained in the exosomes were isolated using metha-
nol/chloroform protein precipitation. 100 pg of the collected
proteins were loaded into wells and separated by 10%
SDS-PAGE. The proteins in the gel were transferred to a PVDF
membrane, and immunoblotting was performed using a
Pierce fast western blotting kit (Thermo Scientific, Rockford,
IL) with anti-HA antibody (Cell Signaling, Danvers, MA), anti-
GAPDH antibody (Cell signaling, Danvers, MA), and anti-CD63
antibody (Invitrogen, Carlsbad, CA).

2.7. Invitro cellular uptake

Neuro2A cells were seeded in 12-well plates at a density of
1 x 10° cells per well and incubated for 24 h at 37 °C in a 5%
CO, incubator. Cy5-AMO181a-chol was synthesized chemically
(Bioneer, Daejeon, Korea). Next, Cy5-AMO181a-chol-loaded
Unmod-Exo (Unmod-Exo/AMO181a-chol) and Cy5-AMO181a-
chol-loaded RBP-Exo (RBP-Ex0o/AMO181a-chol) were prepared.
As a positive control, polyethylenimine (25 kDa, PEI25k)/
AMO181a-chol complexes were prepared with Cy5-AMO181a-
chol at a 1: 1 weight ratio. The prepared complexes were added
to the cells. The amount of Cy5-AMO181a-chol was fixed at
1 pg per well. The amount of exosomes was fixed at 5 pg per
well. The cells were incubated for 4 h at 37 °C in serum-free
DMEM, and then the medium was replaced with DMEM con-
taining 10% FBS. After 20 h of additional incubation, the cells
were harvested using trypsin-EDTA solution and transferred to
micro-centrifuge tubes. The cells were centrifuged at 300g for
3 min and washed twice with cold FBS. Then, the cells were
transferred to FACS tubes and analyzed by flow cytometry (BD
FACS Calibur™, BD Biosciences Immunocytometry Systems,
San Jose, CA).

2.8. Evaluation of RAGE after RBP-Exo treatment

Neuro2A cells were seeded at a density of 5 x 10° cells per well.
To induce RAGE signaling, the cells were incubated for 24 h
under hypoxic conditions (1% O,, 5% CO, and 94% N,). Then,
5 pg of exosomes was treated into the RAGE-induced cells and
the cells were incubated for an additional 4 h. After washing
twice with PBS, the cells were incubated with anti-RAGE anti-
body (Abcam, Cambridge, UK) and Alexa 488 conjugated sec-
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ondary antibody (Invitrogen, Carlsbad, CA) for 30 min, respect-
ively. The cells were harvested using a cell scraper and the
Alexa 488-positive cells were analyzed by flow cytometry using
a BD FACS Calibur™ system (Becton & Dickinson and
company, Bergen, NJ).

2.9. Intranasal administration of exosomes in the animal
model of ischemic brain injury

All animal experimental procedures were performed in accord-
ance with the institutional guidelines of the Institutional
Animal Care and Use Committees (IACUC). Animal experi-
ments were approved by the IACUC of Hanyang University
(accreditation number, 2019-0205A). Ten-week-old male
Sprague Dawley (SD) rats (280-321 g) were anesthetized using
5% isoflurane in 70% N,O and 30% O, The body temperature
of the rats was maintained at 36.5 °C + 0.5 °C during surgery
using a heating pad (Harvard Apparatus, Holliston, MA, USA).
The anesthetized rat was placed in the supine position, and
the neck midline was incised to expose the right external
carotid artery (ECA). Then, the right ECA was ligated using a
thread. After fixing the common carotid artery (CCA) and
internal carotid artery (ICA) sequentially, the exposed ECA was
incised using micro-scissors. After that, 3.5 cm of 4-0 nylon
suture was inserted into the ICA, and the CCA was occluded
using a clip. After 1 h, the clip and inserted suture were
removed for reperfusion. After an additional 1 h, the prepared
AMO181a-chol-loaded exosomes and PEI25k/AMO181a-chol
complexes were administered to the middle cerebral artery
occlusion (MCAO) rats intranasally using a pressurized olfac-
tory device (POD; Impel Neuropharma, Washington, USA). The
amount of AMO181a was fixed at 15 pg per rat. The amount of
the exosome was 75 pg per rat. Briefly, the catheter tube was
filled with a 25 pL dose. Then, the tip of the POD was inserted
into the nostril, and the loaded complexes were injected. The
experimental animal groups include normal control, MCAO
control, AMO181a-chol, scrambled AMO181a-chol, Unmod-
Exo/AMO181a-chol, RBP-Exo/AMO181a-chol, and PEI25k/
AMO181a-chol (n = 8).

2.10. Real-time reverse transcription polymerase chain
reaction (RT-PCR)

The RNA was extracted from brain tissues embedded in
paraffin blocks using a miRNeasy PPFE kit (QIAGEN, Valencia,
CA). Two 10-pm-thick sections under the bregma were depar-
affinized, and RNA was extracted sequentially according to the
kit manufacturer’s instructions. Then, cDNA was synthesized
using an iScript ¢cDNA synthesis kit (BIO-RAD, Hercules, CA).
Quantitative analyses of mRNA were performed using an
Applied Biosystems 7500 real-time PCR system (Applied
Biosystems, Foster City, CA) using a SensiFAST SYBR Lo-ROX
kit (BIOLINE, Boston, MA). After initial heating at 50 °C for
120 s, 40 cycles of PCR amplification were performed, each
consisting of three steps: denaturation at 95 °C for 15 s;
annealing at 60 °C for 60 s; and extension at 60 °C for 15 s.
The sequences of the GAPDH primers were as follows: forward
primer 5-GCCTTCCGTGTTCCTACC-3' and reverse primer
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5-AGAGTGGGAGTTGCTGTTG-3'. The miRNA-181a primers
were as follows: forward primer 5-AACATTCAACGCTGTCGGT-
GAGT-3' and reverse primer 5-CTCCTTAGAATCTGTTTGC-
TCTCATA-3'.

2.11. Immunohistochemistry

After cardiac perfusion, the rats were sacrificed. The harvested
brains were fixed in 4% paraformaldehyde (PFA) overnight and
embedded in paraffin. The paraffin-embedded brains were sec-
tioned into 7 pm-thick slices that were placed on glass micro-
scope slides. The brain slice centered on the bregma was used
for immunohistochemistry. The samples were deparaffinized
and hydrated using xylene and ethanol. Then, the samples
were treated with blocking solution for 2 h at room tempera-
ture. After that, primary antibodies of rabbit anti-TNF-a anti-
body (1:100, Abcam, Cambridge, UK), rabbit anti-RAGE anti-
body (1:50, Abcam, Cambridge, UK), and rabbit anti-Bcl-2
antibody (1:50, Abcam, Cambridge, UK) were applied to the
samples and incubated overnight at 4 °C. After washing twice
with Tris-buffered saline (TBS) containing 0.025% Triton X-100
(TBST), goat-anti-rabbit Alexa-Fluor-488-conjugated antibody
(Molecular Probes, Eugene, OR) was added to the samples,
and the slides were incubated for 1 h in the dark. Finally, the
samples were washed twice with TBST, and the nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI). The
stained samples were mounted and measured using an
AxioScan.Z1 digital slide scanner (ZEISS, Oberkochen,
Germany).

2.12. TUNEL assay

The paraffin-embedded brain samples were cut into 7 pm-
thick slices and placed on glass microscope slides. Brain slices
centered on the bregma were used for immunohistochemistry.
The samples were deparaffinized and hydrated gradually. After
that, the samples were immersed in PBS containing 3% Triton
X-100 and fixed with 4% PFA. After washing, the fragmented
DNA from apoptotic cells was labelled using an in situ
BrdU-Red DNA fragmentation assay kit (Abcam, Cambridge,
UK) according to the manufacturer’s instructions. The labelled
samples were mounted and analyzed using an AxioScan.Z1
digital slide scanner (ZEISS, Oberkochen, Germany).

2.13. TTC staining

The brains of the MCAO model rats were harvested at 24 h
after ischemia-reperfusion. The brain samples were sectioned
into five 2 mm-thick slices from the side of forebrain. The
2 mm-thick slices were arranged in a row from the posterior
part toward the anterior part of brain. The third slice was the
sample under the bregma. The slices were incubated in a 2%
2,3,5-triphenyltetrazolium chloride (TTC, Sigma-Aldrich,
St Louis, MO) solution at 37 °C for 10 min. The stained brain
slices were fixed in 4% PFA at 4 °C. The infarct volume was
measured using the Image J 1.42 software (NIH, Bethesda,
MD, USA). The infarct volume was calculated as follows:
Infarct volume (%) = (Infarct area x Thickness of each slice/
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Total area x Thickness of each slice) x 100. Five rats per group
were subjected to TTC staining.

2.14. Laser doppler analysis

The MCAO model was produced as described above. The moni-
toring point (4 mm lateral from bregma) was drilled to create a
hole. To minimize heat damage due to drilling, saline (0.89%
NaCl) was applied during hole formation. Then, the probe was
placed in the hole, and the cerebral blood flow (CBF) signals
were recorded using a BLF 21 laser Doppler flow meter
(Transonic Systems Inc., Ithaca, NY).

2.15. Statistical analysis

Statistical analysis of in vitro data was performed by ANOVA fol-
lowed by a Newman-Keuls test. Statistical analysis of in vivo
data was performed using the non-parametric Mann-Whitney
U test to compare differences between groups. All data are pre-
sented as mean + standard deviation, and results with p values
less than 0.05 were considered statistically significant.

3. Results and discussion
3.1. Isolation and characterization of exosomes

For hypoxia-specific delivery of AMO181a, exosomes exhibiting
RBP were engineered using recombinant DNA technology. To
create the exosomes exhibiting RBP, RBP c¢cDNA was inserted
into the Lamp2b expression plasmid at the 5-end so that RBP
was located at the N-terminus of Lamp2b in the fusion protein
(Fig. 1A). Since the N-terminus of Lamp2b is located outside of
the exosome, the RBP within the RBP-Lamp2b fusion protein
is likewise located on the outside surface of the exosome mem-
brane. Due to the direct linkage to Lamp2b, the RBP protein
may have been located too close to the exosome membrane to
interact with RAGE efficiently. A similar approach using T7-
peptide-displaying exosomes for glioblastoma-targeted gene
delivery was reported previously.>® The T7 peptide is a ligand
for the transferrin receptor, which is overexpressed on glioblas-
toma cells, and may increase intracellular uptake of thera-
peutic genes into glioblastoma cells. In the cited study, T7
peptide was linked to Lamp2b directly, which could have led
to the inability of the T7 peptide to interact effectively with the
transferrin receptor as it had been located too close to the
exosome membrane. However, T7 on the exosome surface was
able to interact with its receptor and facilitated the delivery of
nucleic acids into the glioblastoma cells. Given the T7 peptide
was only seven-amino acid-residues (HAIYPRH) long, these
findings indicate that direct linkage of a targeting ligand to
Lamp2b may not interfere with its interaction with the corres-
ponding receptor. Therefore, no linker peptide was introduced
between RBP and Lamp2b in the current study. The HA tag
was located at the 3-end of Lamp2b for western blotting
(Fig. 1A).

Because RAGEs are overexpressed on hypoxic cells of the
ischemic brain, interaction of RBP-Exos with RAGEs may facili-
tate gene delivery to hypoxic cells (Fig. 1B). Furthermore, inter-
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action of RBP-Exo with RAGE can interfere with the interaction
of DAMPs or PAMPs with RAGEs (Fig. 1B) and may result in
downregulation of the inflammatory response in the ischemic
brain.

To produce the RBP-Exos, pRBP-Lamp2b-HA was trans-
fected into HEK293T cells. A stable RBP-Exo-producing cell
line was established by screening transfected cells in the pres-
ence of hygromycin, since pRBP-Lamp2b-HA contained the
hygromycin resistance gene. The RBP-Exos were isolated from
the cell culture medium of the RBP-Lamp2b-expressing cells.
Similarly, Unmod-Exos were isolated from the culture medium
of normal HEK293T cells as a control. To confirm the presence
of the RBP ligand on isolated exosomes, western blot assays
were performed with isolated exosomes. The HA positive
signal was detected in RBP-Exos but not in Unmod-Exos (ESI
Fig. 1f). This result confirmed that the RBP-Lamp2b-HA
fusion protein was expressed and located on the membrane of
RBP-Exos.

AMO181a was loaded into the exosomes by simply mixing
AMO181a-chol and the exosomes. Due to hydrophobic inter-
actions, the cholesterol moiety was integrated into the
exosome membrane. Unloaded AMO181a-chol was removed by
ultracentrifugation. The loading efficiency was 24.75 + 4.25%.
In previous studies, therapeutic reagents were loaded into exo-

17,39-42

somes in various ways. In particular, electroporation
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has been used in many studies to load nucleic acids such as
siRNAs and antisense oligonucleotides.®?”*® However, the
loading efficiency for electroporation did not exceed 10%. In
contrast, hydrophobic drugs have been loaded into exosomes
relatively efficiently through hydrophobic interactions.'”**~*¢
Similarly, cholesterol-modified siRNAs were used for efficient
loading into exosomes.*”*® In the current study, AMO181a was
modified with cholesterol, and the loading efficiency was
greater than that of previous studies using electroporation.
This result suggests that hydrophobically modified nucleic
acids were efficiently loaded onto the exosomes. However,
several points should be considered with regard to this
method. First, the nucleic acid moiety of cholesterol-modified
AMO181a may extend to the outside surface of exosomes and
may be susceptible to enzymatic degradation. In the current
study, AMO181a was modified at the 2-methyl group, and
phosphorothioate linkages were introduced in the first two
and last two phosphodiester linkages. Therefore, enzymatic
degradation was minimized, and the AMO181a on the outside
surface of the exosomes was stable. Second, the size of exo-
somes may be increased by loading AMO181a-chol on the
surface. The particle size was measured by dynamic light scat-
tering in this study, and the AMO181a-chol-loaded exosomes
showed slightly increased size compared with exosomes
without AMO181a-chol (Fig. 2A). However, the size of all the
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exosomes was less than 50 nm, which was much smaller than
when using a polyethylenimine (25 kDa, PEI25k)/AMO181a-
chol complex (219.8 + 3.6 nm; Fig. 2A). The PEI25k/AMO181a-
chol complex was used as the control treatment in this study
because PEI25k has been widely used as a carrier of plasmid
DNA, siRNA, and antisense oligonucleotides.

The zeta potentials of the exosomes also were measured
(Fig. 2B). The results showed that the zeta potentials of the
exosomes were around —0.8 to —11.8 mV. In contrast, the
PEI25k/AMO18a complex had a strong positive surface charge
of 52.1 + 0.77 mV. Non-viral carriers such as PEI25k have been
reported to induce cytotoxicity by aggregation on plasma mem-
brane, due to a positive surface charge.*® The exosomes in this
study may be free of cytotoxic effects due to the absence of a
positive surface charge.

>

80- Control

60 Cy5

Cys5 fluorescence (%)
8

201 ’_—L‘ DAPI
>
N

Merged

Fig. 3

In vitro AMO181a delivery into Neuro2A cells. Cy5-labeled AMO18la-chol was loaded into RBP-Exo and Unmod-Exo. AMO181a delivery
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The TEM study showed that the exosomes had a spherical
shape, and the loading of AMO181a-chol did not affect the
morphological properties of the exosomes (Fig. 2C).

3.2. Invitro delivery of AMO181a-chol using RBP-Exo

The efficiency of in vitro delivery of the RBP-Exo to Neuro2A
cells incubated under hypoxic conditions was evaluated using
Cy5-AMO181a-chol. The cellular uptake of Cy5-AMO181a-chol
was measured by flow cytometry and fluorescence microscopy.
Both Cy5-AMO181a-chol-loaded Unmod-Exo (Unmod-Exo/
AMO181a-chol) and PEI25k/Cy5-AMO181a-chol complexes
were used as control treatments. Flow cytometry showed that
the PEI25k/Cy5-AMO181a-chol complex had a greater delivery
efficiency than any other treatment (Fig. 3A). However, this
result may be relevant only to in vitro delivery assays. Since the

Naked Unmod-Exo/ RBP-Exo/ PEI25k/
AMO181a-chol AMO181a-chol AMO181a-chol AMO181a-chol

efficiency was measured by (A) flow cytometry and (B) fluorescence microscopy. The flow cytometry results are presented as the mean value + stan-
dard deviation of triplicate experiments. The scale bar in (b) represents 25 pm. *p < 0.05 compared with the other groups.
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Fig. 4 Downregulation of RAGE by RBP-Exo in vitro. The Neuro2A cells were incubated under hypoxic conditions to induce RAGE signaling. Then,
RBP-Exo and Unmod-Exo were added to the RAGE-induced cells, and expression of RAGE was analyzed by flow cytometry. (A) Flow cytometry his-
tograms, (B) quantitation of the flow cytometry results. The data are presented as the mean value + standard deviation of triplicate experiments. *p <

0.05 compared with the other groups.
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PEI25k/Cy5-AMO181a-chol complex was larger in size and had
a stronger positive surface charge than the exosomes, the
PEI25k/Cy5-AMO181a-chol complex may not be suitable for
in vivo AMO delivery: the strong positive surface charge may
cause the PEI25k/Cy5-AMO181a-chol complex to interact with
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Fig. 5 In vivo knock-down efficiency of miRNA-181a after intranasal
delivery of RBP-Exo/AMO181a-chol. Real-time RT-PCR analysis was per-
formed to measure miR-181a uptake in the ischemic brain of the stroke
model rats after intranasal delivery of RBP-Exo/AMO18la-chol. The
miR-181a content was normalized to GAPDH mRNA expression. The
results are presented as the mean value + standard deviation of septu-
plicate experiments.
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negatively charged plasma proteins to form aggregates. In
addition, PEI25k is highly toxic to cells.”® The MTT assay
results indicated that the PEI25k/AMO181a-chol complex was
more cytotoxic than AMO181a-chol-loaded exosomes (ESI
Fig. 2f). The flow cytometry results also indicated that
RBP-Exo delivered Cy5-AMO181a-chol to cells more efficiently
than Unmod-Exo (Fig. 3A). This finding may have been due to
the RBP on the exosomes interacting more efficiently with
overexpressed RAGE on Neuro2A cells cultured under hypoxic
conditions.

The fluorescence microscopy study also indicated that
RBP-Ex0/Cy5-AMO181a-chol had a greater delivery efficiency
than Unmod-Exo/Cy5-AMO181a-chol or naked Cy5-AMO181a-
chol (Fig. 3B). However, the PEI25k/Cy5-AMO181a-chol
complex had the greatest delivery efficiency (Fig. 3B). These
results supported the flow cytometry results (Fig. 3A).

3.3. Invitro anti-RAGE effect of RBP-Exos

The interaction between RAGE and DAMPs/PAMPs is antago-
nized by RBP binding to RAGE. As a result, RBP downregulates
the RAGE signaling pathway. Similarly, the RBP moiety on
RBP-Exos may potentially reduce RAGE expression on the
plasma membrane of target cells, since RAGE expression is
regulated by positive self-feedback of the RAGE signaling
pathway.>® In this study, Neuro2A cells were cultured under
hypoxic conditions to induce RAGE expression. To confirm the
downregulation of RAGE by RBP-Exos, the cells were incubated
with Unmod-Exos or RBP-Exos. Flow cytometry to detect anti-
RAGE antibodies was performed to evaluate the anti-RAGE
effect of RBP-Exos. The results showed that RAGE expression
on the membrane of Neuro2A cells was induced under hypoxic
conditions (Fig. 4). Incubation with RBP-Exos reduced the
number of RAGE-positive cells, while Unmod-Exos did not
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Fig. 6 Bcl-2 expression in the ischemic brain after intranasal delivery of RBP-Exo/AMO181a-chol. Naked AMO181a-chol, Unmod-Exo/AMO181a-
chol, RBP-Exo/AMO181a-chol, or PEI25k/AMO181a-chol was delivered into the ischemic brains by intranasal administration. After 24 h, the brains
were harvested and immunostained with anti-Bcl-2 antibodies. The ischemic penumbra of the cerebral cortex was selected to evaluate the Bcl-2
expression level. Three sections per rat and three rats per group were evaluated for the Bcl-2 expression. (A) Fluorescence microscopy. The samples
were observed by fluorescence microscopy. The scale bar represents 100 um. (B) Quantitation of the Bcl-2 level. The quantitation of the Bcl-2 level
was measured by ZEISS ZEN software. *p < 0.05 as compared with control, MCAO, naked AMO181a-chol, PEI25k/AMO181a-chol, but no statistical
significance as compared with Unmod-Exo/AMO181a-chol.
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produce this effect (Fig. 4). As described above, direct linkage
of RBP and Lamp2b in RBP-Exos may have reduced the inter-
action between RBP and RAGE. However, this result confirmed
that the RBP moiety of the RBP-Exo has anti-RAGE effects in
target cells, suggesting that it interacts with RAGE on the cell
surface.

3.4. Knockdown of miR-181a by intranasal delivery of
RBP-Exo/AMO181a-chol

Ischemic stroke animal models have been developed by
occluding the middle cerebral artery for 60 min. To ensure
that the transient MCAO model was generated properly, cer-
ebral blood flow (CBF) was measured using laser Doppler flow-
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AMO181a-chol

AMO181a-chol
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metry (ESI Fig. 31). After occluding the ICA, CBF was transi-
ently reduced to around 42% and then recovered after reperfu-
sion (ESI Fig. 3T). One hour after the 60 min occlusion,
RBP-Exo/AMO181a-chol was administered into the ischemic
stroke rats via intranasal instillation. After 24 h, the brains
were harvested and analyzed using RT-PCR.

In I/R injury, miR-181a is highly upregulated, causing dele-
terious effects such as additional inflammatory reactions and
apoptosis.®**** To confirm the knockdown of miR-181a by
AMO181a-chol, RT-PCR was performed with
miR-181a-specific primers. Intranasal administration of
RBP-Exo/AMO181a-chol significantly reduced the expression of
miR-181a in the rats compared with the administration of

real-time

RBP-Exo/ PEI25k/

w
@
g

=3
d

Number of apoptotic cells
(% of total cells)
-y
o

20

0 T T T T T T
> > > > N
&‘o 07,0 ° o f}\o ;}\o

& § NN NN

AECONSNI
O O O O
S N
Gl
© & & P
¥ ¥ L7 L
&

Fig. 7 Apoptosis in the ischemic brain after intranasal delivery of RBP-Exo/AMO181a-chol. Naked AMO181a-chol, Unmod-Exo/AMO181a-chol,
RBP-Exo/AMO181a-chol, or PEI25k/AMO181a-chol was delivered into the ischemic brains by intranasal administration. After 24 h, the brains were
harvested and stained with anti-BrdU antibody. Three sections per rat and three rats per group were evaluated for TUNEL assay. (A) Fluorescence
microscopy. The TUNEL-positive cells were analyzed by fluorescence microscopy. The scale bar represents 100 pm. (B) Quantification of apoptotic
cells. The number of apoptotic cells was counted using the ImageJ software. The data are presented as the mean value + standard deviation of tripli-

cate experiments. *p < 0.05 compared with the other groups.
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Fig. 8 Downregulation of RAGE after intranasal delivery of RBP-Exo/AMO181a-chol. Naked AMO181a-chol, Unmod-Exo/AMO181a-chol, RBP-Exo/
AMO181a-chol, or PEI25k/AMO181a-chol was delivered into the ischemic brains by intranasal administration. (A) Immunostaining of rage. After 24 h,
the brains were harvested and immunostained with anti-RAGE antibodies. The ischemic penumbra of the cerebral cortex was selected to evaluate
the RAGE expression level. Three sections per rat and three rats per group were evaluated for the RAGE expression. The scale bar represents 100 pm.
(B) Quantitation of the RAGE level. The quantitation of the RAGE level was measured by the Zeiss ZEN software. *p < 0.05 as compared with MCAO,
naked AMO181a-chol, and PEI25k/AMO181a-chol, but no statistical significance as compared with the other groups.
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RBP-Exo/scrambled AMO181a-chol (Fig. 5). This result
suggests that the AMO181a-chol worked properly compared
with scrambled AMO181a-chol. However, the difference
between the effects of Unmod-Exo/AMO181a-chol and
RBP-Exo/AMO181a-chol in terms of miR-181a inhibition was
not statistically significant (Fig. 5).
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RBP-Exo delivers AMO181a-chol more efficiently than Unmod-
Exo.

Apoptosis is modulated by miR-181a in the ischemic brain.
Inhibition of miR-181a by AMO181a may reduce apoptosis in
animal models of ischemic stroke. An in vivo TUNEL assay was
performed to evaluate apoptosis in the harvested ischemic

brains. The results indicated that apoptosis increased after
transient MCAO (Fig. 7A and B); however, apoptosis was
reduced after the IN administration of Unmod-Exo/AMO181a-
chol or RBP-Exo/AMO181a-chol (Fig. 7A and B), with RBP-Exo/
AMO181a-chol reducing apoptosis more than Unmod-Exo/
AMO181a-chol (Fig. 7A and B).

3.5. Effect of miR-181a knockdown on apoptosis by
intranasal delivery of RBP-Exo/AMO181a-chol

One of the target proteins of miR-181a is Bcl-2, which is an
anti-apoptotic protein.**** To evaluate Bcl-2 expression, the
brain tissues were subjected to immunohistochemistry. The
results showed that Bcl-2 expression level was reduced after a
transient ischemic attack (Fig. 6). However, Bcl-2 level
increased in the Unmod-Exo/AMO181a-chol and RBP-Exo/
AMO181a-chol groups (Fig. 6). In particular, RBP-Exo/ One of the therapeutic effects of RBP-Exo/AMO181a-chol was
AMO181a-chol induced Bcl-2 more efficiently than Unmod- the suppression of RAGE. To evaluate the anti-RAGE effect,

Exo/AMO181a-chol. Therefore, this result suggests that RAGE was immunostained in the harvested brains. The results

3.6. Anti-RAGE effect on RAGE expression by intranasal
delivery of RBP-Exo/AMO181a-chol

A Naked Unmod-Exo/ RBP-Exo/ PEI25k/ B
) Control MCAO AMO181a-chol AMO181a-chol AMO181a-chol  AMO181a-chol .
pos 3 =
3 A s £ 104
5 ¥ 7]
sl § c
it 2
" - ----E |
CORN £ c
- ©
54 g 2 Q
i £ 6-
°
>
2 .
” - -.-- E :
g
o 27
- 2
% A SO ® 0 T T T T T T
S % 2 L ) N > > . 8
8 (&O O ’,(\0 ;;00 ;‘QO ‘,}\o
Merged 3 N P A A
; (N (N N N
O O O O
IR IR SR\
é\> O\Y' O\Y' ‘AV‘
2" A A
& 7 &
c Unmod-Exo/ RBP-Exo/ PEI25k/ D & & 2
: MCAO AMO181a-chol AMO181a-chol  AMO181a-chol ) N
>
=204
[}
8
TNF-a €
§° T 1
£
2 104
i - "
DAPI
h T
Z 5]
(=
o
2
5
o 0 T T T T
Merged = ) ) s
O > &
S N N> 4
N g &
O O O
&
o o o
& < v
& & &
& <&

Fig. 9 Downregulation of TNF-a after intranasal delivery of RBP-Exo/AMO181a-chol. Naked AMO181a-chol, Unmod-Exo/AMO181a-chol, RBP-Exo/
AMO181a-chol, or PEI25k/AMO181a-chol was delivered into the ischemic brains by intranasal administration. After 24 h or 3 days, the brains were
harvested and immunostained with anti-TNF-a antibody. The TNF-a-positive cells were analyzed by fluorescence microscopy. Three sections per rat
and three rats per group was evaluated for TNF-a immunostaining. The ischemic penumbra of the cerebral cortex was selected to evaluate the TNF-
o expression level. The scale bar represents 100 pm. The quantitation of the TNF-« level was measured by ZEISS ZEN software. *p < 0.05 as com-
pared with the other groups. (A) Immunostaining with anti-TNF-a antibody (24 h post-injection), (B) quantitation of the TNF-«a level (24 h post-injec-
tion, n = 3), (C) immunostaining with anti-TNF-a antibody (3 days post-injection), (D) quantitation of the TNF-a level (3 days post-injection, n = 3).
*p < 0.05 as compared with the other groups. **p < 0.01 as compared with MCAO and PEI25k/AMO181a-chol, but no statistical significance as
compared with Unmod-Exo/AMO181a-chol.
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Fig. 10 Infarct volume after intranasal delivery of RBP-Exo/AMO18la-chol. Naked AMO18la-chol, Unmod-Exo/AMO18la-chol, RBP-Exo/
AMO181a-chol, or PEI25k/AMO181a-chol was delivered into the ischemic brains by intranasal administration. After 24 h or 3 days, the brains were
harvested and stained with TTC solution. The infarct volume was measured by the ImageJ software. *p < 0.05 compared with the other groups. (A)
TTC staining (24 h post-injection), (B) quantification of infarct volume from TTC staining results (24 h post-injection), (C) TTC staining (3 days post-
injection), (D) quantification of infarct volume from TTC staining results (3 days post-injection).

showed that RAGE was overexpressed in the transient MCAO
model. However, RAGE expression was reduced after the IN
administration of naked AMO181a-chol, Unmod-Exo/
AMO181a-chol, RBP-Exo/AMO181a-chol, or PEI25k/AMO181a-
chol (Fig. 8). The reduction of RAGE expression in all treated
animals may have been due in part to the anti-inflammatory
effects of AMO181a; however, RAGE expression was further
reduced in the samples from rats administered RBP-Exo/
AMO181a-chol (Fig. 8). This finding suggests that the RBP
moiety of RBP-Exo may interact with RAGE and reduce its
expression on the surface of the plasma membrane.

The RAGE-mediated signal pathway eventually activates NF-
kB and induces inflammation. Given the RAGE downregula-
tion by RBP-Exo/AMO181a-chol, the expression of pro-inflam-
matory cytokines also may have been affected. Tumor necrosis
factor-a (TNF-a) is a major pro-inflammatory factor and is
released from neurons and glial cells.”® To evaluate the anti-
inflammatory effects of RBP-Exo/AMO181a-chol, TNF-a
expression in the rat brains was assessed by immunohisto-
chemistry. The results demonstrated that RBP-Exo/AMO181a-
chol effectively reduced TNF-a expression compared with the
other treatments (Fig. 9). The infarct volume was evaluated by
TTC staining of the harvested brains. The results showed that

14176 | Nanoscale, 2021,13, 14166-14178

RBP-Exo/AMO181a-chol effectively reduced infarct volume
compared with the other treatments (Fig. 10).

In summary, from the in vivo results we state that RBP-Exo/
AMO181a-chol had a tendency to reduce miR-181a, RAGE, and
TNF-a, compared with Unmod-Exo/AMO181a-chol. In
addition, RBP-Exo/AMO181a-chol increased the Bcl2
expression and decreased apoptosis and infarct volume.

4. Conclusions

In this study, RBP-Exo was produced by genetic engineering
and evaluated as a hypoxia-specific carrier for intranasal deliv-
ery of AMO181a-chol to the ischemic brain. Intranasal admin-
istration of RBP-Exo/AMO181a-chol delivered AMO181a into
the ischemic brain more efficiently than Unmod-Exo/
AMO181a-chol. These results suggest that the RBP moiety of
RBP-Exo facilitates the delivery of AMO181a in ischemic
tissues. The administration of RBP-Exo/AMO181a-chol reduced
RAGE signaling, inflammatory cytokines, apoptotic cells, and
infarct volume more efficiently than naked AMO181a-chol or
Unmod-Exo/AMO181a-chol. Taken together, the results indi-
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cate that RBP-Exo is an efficient carrier for the intranasal deliv-
ery of AMO181a for ischemic stroke therapy.
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