Zhang et al. Journal of Nanobiotechnology
https://doi.org/10.1186/512951-024-02943-1

(2024) 22:703

Journal of Nanobiotechnology

Targeting glutamine synthetase with AS1411-

Check for
updates

modified exosome-liposome hybrid
nanoparticles for inhibition of choroidal

neovascularization

Miaomiao Zhang'", Xinyue Lu'", Lifu Luo?, Jingiu Dou', Jingbo Zhang', Ge Li", Li Zhao' and Fengying Sun'"

Abstract

for the treatment of neovascular-related diseases.

Choroidal neovascularization (CNV) is a leading cause of visual impairment in wet age-related macular
degeneration (WAMD). Recent investigations have validated the potential of reducing glutamine synthetase (GS) to
inhibit neovascularization formation, offering prospects for treating various neovascularization-related diseases. In
this study, we devised a CRISPR/Cas9 delivery system employing the nucleic acid aptamer AS1411 as a targeting
moiety and exosome-liposome hybrid nanoparticles as carriers (CAELN). Exploiting the binding affinity between
AS1411 and nucleolin on endothelial cell surfaces, the delivery system was engineered to specifically target the
glutamine synthetase gene (GLUL), thereby attenuating GS levels and continuously suppressing CNV. CAELN
exhibited spherical and uniform dispersion. In vitro cellular investigations demonstrated gene editing efficiencies of
CAELN ranging from 42.05 to 55.02% and its capacity to inhibit neovascularization in HUVEC cells. Moreover, in vivo
pharmacodynamic studies conducted in CNV rabbits revealed efficacy of CAELN in restoring the thickness of intra-
and extranuclear tissues. The findings suggest that GS is a novel target for the inhibition of pathological CNV, while
the development of AS1411-modified exosome-liposome hybrid nanoparticles represents a novel delivery method

Introduction

Age-related macular degeneration (AMD) is an ophthal-
mic condition characterized by irreversible vision loss or
deterioration resulting from degenerative lesions affect-
ing the retinal pigment epithelium and retina. AMD
ranks as the world’ third most prevalent cause of blind-
ness after cataracts and glaucoma [1, 2]. The underlying
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mechanism of AMD involves mainly long-term inflam-
mation, lipofuscin, and increasing number of vitre-
ous warts. Dry AMD typically advances gradually, but
untreated it may progress to wet AMD (wAMD), which
has a blindness rate of more than 80% [3]. wAMD is
pathologically characterized by the invasion and pen-
etration of choroidal neovascularization (CNYV) into
the Bruch’s membrane, which leads to vascular leakage,
hemorrhage, fibrosis, and eventual vision impairment.
Currently, the clinical treatment for wAMD primar-
ily involves the use of vascular endothelial growth fac-
tor (VEGF) inhibitors, mainly including vitreous cavity
injection of ranibizumab [4, 5], VEGF-Trap (abciximab
injection) [6], and bevacizumab injection [7]. However,
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some patients may develop resistance to anti-VEGF drug
therapy [8]. Patients often need repeat vitreous injec-
tions, which not only poses a financial burden, but also
leads to poor patient compliance and risk of complica-
tions [9]. Therefore, it is necessary to search for new tar-
gets to inhibit pathological CNV in order to improve the
inadequacy of existing therapies and enhance the quality
of life of patients.

Glutamine synthetase (GS), the product of the GLUL
gene, functions as an ATP-dependent synthetase pri-
marily responsible for catalyzing the production of glu-
tamine from ammonia and glutamate [10]. Endothelial
cells (ECs), located in the luminal layer of blood vessels,
express GS and their metabolism controls angiogenesis.
It has been reported that making vascular endothelial
cells glutamine deficient or inhibiting glutamine affects
vascular endothelial cell migration and reduces ocu-
lar neovascularization [11, 12]. Inhibition of GS results
in reduced levels of the protein RHO ] which maintains
the acylation and membrane localization and migration

activities of RHO J]. Therefore, affecting cell migration
by knocking down the GLUL gene inhibits pathological
angiogenesis [13—15], and this approach could also be
used to treat ocular neovascularization-related diseases.
Compared to current conventional therapies for
wAMD, this approach not only enhances the effective-
ness of long-term drug therapy but also has the potential
to reduce the need for repeated treatments by directly
targeting the underlying cause of the disease. Addition-
ally, it exhibits minimal side effects on normal tissues
throughout the treatment process [16]. In contrast to
other gene knockout systems, clusters of regularly inter-
spaced short palindromic repeat sequences (CRISPR)/
CRISPR- associated protein (Cas) system presents dis-
tinct advantages characterized by superior efficiency,
cost-effectiveness, and reliable knockout efficacy [17,
18]. CRISPR/Cas system, originating from the adap-
tive immune mechanisms of bacteria and archaea,
facilitates precise genome editing by inducing DNA dou-
ble-stranded breaks (DSBs) at specific genetic sites. This
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type-II CRISPR/Cas system consists of the DNA nucleic
acid endonuclease Cas9, CRISPR RNAs (crRNAs), and
trans-activating crRNAs (tracrRNAs). It is widely applied
across various fields, encompassing human, animal,
plant, and microbial genome manipulation [19, 20]. Cur-
rently, a major challenge facing the clinical translation of
CRISPR/Cas9 systems is the absence of effective and safe
delivery methods. Traditionally, CRISPR/Cas9 systems
are delivered in vivo using viral vectors, including lentivi-
ral, adenoviral, and adeno-associated virus (AAV) vectors
[21]. Nonetheless, the potential cytotoxicity, immunoge-
nicity, and sustained expression of viral vectors continue
to impede clinical application. Recently, non-viral deliv-
ery methods have emerged, including lipid nanoparticles
and Cas9 protein/gRNA ribonucleoprotein complexes,
although they are constrained by limited stability, safety,
and delivery efficiency [22, 23].

Exosomes, ranging from 30 to 150 nm in diameter,
are lipid membrane-bound nanovesicles secreted by
cells. They can be extracted from diverse extracellular
fluids, such as blood, urine, and cellular supernatants.
Exosomes play a pivotal role in facilitating intercellular
communication, which holds significance in both clini-
cal disease diagnosis and treatment [24—28]. In recent
years, researchers have sought to address the low effi-
ciency of exosomes in encapsulating large nucleic acid
segments by developing exosomes and liposomes hybrid
nanoparticles (ELN) by mixing liposomes and exosomes
[29]. In contrast to conventional exosomes, ELN exhibit
enhanced capability to encapsulate larger plasmids, such
as CRISPR/Cas9 expression vectors. This feature makes
them highly promising for applications in in vivo gene
editing. Choroidal capillaries are permeable vessels com-
prising a single layer of endothelial cells and pericytes
within their walls. Choroidal capillaries are permeable
vessels and CNVs form highly permeable vessels. Con-
sidering these aspects, hybrid exosomes, approximately
200 nm in size, can effectively traverse the vessel wall to
access endothelial cells [4, 30].

AS1411 is a guanosine-rich nucleic acid aptamer
that forms a G-quadruplex structure, providing resis-
tance against nuclease degradation. Single-stranded
DNA containing CG sequences can be constructed into
metal-polyDNA nanoparticles to achieve the appropri-
ate biological function, as well as to immobilize enzymes
and protect enzymes [31, 32]. Single-stranded DNA
enriched with CG sequences can also be used as a tool
for targeted delivery. AS1411 exhibits a selective bind-
ing affinity for nucleolin protein (NCL), which enters the
cell to disrupt normal cell replication and proliferation
[33-35]. Previous studies have indicated that AS1411
also holds promise as a therapeutic agent for CNV [36,
37]. NCL is not only abundantly expressed on the sur-
face of tumor cells, but is also significantly expressed on
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the membrane surface of neovascular cells. AS1411, as a
highly structured aptamer, was used to activate the prep-
aration of a DNA nanoreactor that can specifically rec-
ognize and tightly bind to NCL on the surface of tumor
cells by AS1411 to achieve in vivo tumor imaging results
[38]. The selective recognition of AS1411 can also be
exploited for binding to NCL [39]. In this study, we con-
structed AS1411-modified nanocarriers targeting ECs
based on ELN and delivered the CRISPR/Cas9 system
(CAELN) that can knock down the GLUL gene, expect-
ing to silence the relevant genes at the molecular level
for the treatment of wAMD. Meanwhile, the safety and
neovascularisation inhibition of the delivery system were
evaluated at cellular and animal levels, providing a new
idea for nanomedicine-mediated specific gene editing for
AMD treatment.

Materials and methods

Reagents

For Liposomes prepared in certain proportions, DPPC,
EggPC and cholesterol were used. Endothelial cell culture
medium (ECM) and DMEM culture medium (contain-
ing 1% L-glutamine), fetal bovine serum (FBS), penicillin,
and streptomycin were purchased from Pricella (China).
AS1411 nucleic acid aptamer was purchased from Shang-
hai Biotechnology. Anti-CD63 and anti-TSG101 anti-
bodies were purchased from Bioss. Plasmid design and
construction involved using an online CRISPR design
tool to create CRISPR/sgRNAs targeting the GLUL gene,
obtained from Hanbio Biotechnology Co., Ltd. (Shang-
hai, China). The two sgRNA sequences are 5'-ACGGAA
GGGGTCCCGAAACA-3 and 5-GCACACCTGTAAA
CGGATAA-3!

Cell lines and animals

The HEK293T, A-RPE and HUVEC cells were purchased
from Pricella (China) and cultured in medium with 10%
FBS and 1% antibiotics in DMEM and ECM at 37 °C
with 5% CO,. All animal testing conducted in this study
received ethical approval from Jilin University and was
carried out in strict compliance with relevant laws and
regulations. Experimental Animal Technology Co., Ltd.
(License number: SYXK (JI) 2020-0004) supplied New
Zealand white rabbits, specifically males aged 6 ~ 8 weeks
and weighing between 2.0 ~ 2.5 kg.

Preparation of ELN

HUVEC cells were grown in DMEM containing 10%
FBS, 1% L-glutamine, 100 U/mL penicillin, and 100 mg/
mL streptomycin. Once the confluence reached 70-80%,
HUVEC cells were transitioned to fresh medium with-
out FBS, replacing DMEM for 48 h. The cell supernatant
was centrifuged at 2,000 g for 15 min at 4 °C in order to
remove any remaining cells and debris. A subsequent
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centrifugation at 10,000 g for 15 min removed smaller
debris. Exosome Precipitation Solution-Cell Media (EPS-
C) was added to the cell supernatant, and the cells were
subjected to overnight incubation at 4 °C. The following
day, centrifugation was performed on the cells at a speed
of 10,000 g for 30 min at 4 °C, with removal of the liquid
portion above the sedimented cells and retention of the
exosome precipitate. Finally, the exosomes were resus-
pended in ERS-C for immediate use or cryopreserved at
-80°C.

Liposomes were prepared using the ethanol injection
method. Egg yolk lecithin, DPPC, and cholesterol were
weighed in a specific ratio. Then, 1 mL of anhydrous
ethanol was added, and the organic phase was injected
into 10 mL of water or PBS preheated to 50 °C. The solu-
tion was agitated for a duration of 45 min at a speed of
500 rpm using a magnetic stirring device. The liposomes
were then prepared under vacuo conditions and stored at
4°C.

The liposomes and exosomes prepared in advance were
combined at a mass ratio of 5:1. The mixture was sub-
jected to ultrasonication in an ice bath using 80 W power
with a pulse duration of 2 s on/off for a total of 2 min
Subsequently, the exosome-liposome hybrid nanoparti-
cles were obtained by allowing the liposomes to incubate
in a 37 °C water bath for 1 h after the initial mixing. The
occurrence of membrane fusion between the two compo-
nents and the optimal fusion ratio were verified using the
FRET assay.

FRET assay: Liposomes were labelled with Dil and
DiD dyes and fused with exosomes to prepare ELN by
the above method. The fluorescence intensity of the two
dyes was detected by a fluorescence spectrophotometer,
and compared with the liposomes alone, the increase in
the intensity of the Dil fluorescence and decrease in the
intensity of the DiD fluorescence indicated the success of
fusion of the exosomes with the liposomes.

Plasmid design and construction

The synthesized vector was transfected into HEK293T
cells, and after a designated transfection period, the
transfection impact was examined using a fluorescence
inverted microscope. The knockdown efficacy of the two
sequences was confirmed through Western blotting and
RT-PCR. Then, the sgRNA sequences exhibiting superior
knockdown effects were selected for further experiments.
The subsequent sgRNA is denoted as sgRNA2.

Preparation of sgRNA/Cas9@ELN (CELN)

ELN and sgRNA/Cas9 plasmid were combined in a 5:1
ratio (100 pL) and transferred to a 0.1 cm electroporation
cuvette. Electroporation was performed using an expo-
nential pulse of 125 uF capacitance at 180 V. The samples
were then incubated at 4 °C for 1 h to promote membrane
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recovery. The product sgRNA/Cas9@ELN after electro-
poration and membrane recovery is called CELN.

AS1411 modified sgRNA/Cas9@ELN (CAELN)

To prepare a 2 mg/mL solution of cholesterol, 6 mg of
cholesterol was dissolved in sterile water to achieve a
total volume of 3 mL. Additionally, 10 OD of nucleic acid
aptamer was added to 1 mL of sterile water to formulate a
solution. Next, 1 mL of the cholesterol solution was used,
followed by the addition of equal moles of EDC and NHS.
The cholesterol was activated by stirring for 2 h at room
temperature. Following this, nucleic acid aptamers were
introduced and stirred at room temperature, resulting in
AS1411-modified cholesterol obtained after overnight
dialysis. Finally, AS1411-modified sgRNA/Cas9-loaded
hybrid exosomes were prepared by integrating AS1411
on CELN membranes through the affinity of cholesterol
for phospholipid bilayers, creating what is referred to as
CAELN.

To further confirm the successful modification of
CELN by the AS1411 aptamer, a conjugate was cre-
ated using Dil-labeled CELN and 3'6-FAM-labeled
AS1411. The conjugation between AS1411 and CELN
was assessed using fluorescence co-localization imaging
under a fluorescence microscope.

Characterization of CAELN

A specialized analyzer was used to evaluate the size of
nanoparticles and their zeta potential, while the mor-
phology of exosomes and liposomes was examined using
transmission electron microscopy (TEM) (JEM-2100 F,
Nippon Electron Co., Ltd.). Briefly, exosomes were added
to a copper grid, negatively stained with 2% uranium
dioxide acetate for exosomes visualization, washed twice
with deionized water, dried overnight, and subsequently
imaged using the microscope.

Western blotting

To confirm the existence of exosome membrane pro-
teins on both exosomes and CAELN, total proteins
were extracted from the mentioned cells, exosomes,
or CAELN using RIPA lysate with added PMSF and
sodium protovanadate for 30 min at 4 °C. Following pro-
tein quantification using the BCA kit, the proteins were
adjusted to match the cell lysate concentration and mixed
with 5xSodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE) Protein Loading Buffer at
a 1:4 dilution. The mixture was then boiled at 95 °C for
10 min. Samples containing 30 ug of total protein each
were loaded onto SDS-PAGE gel for electrophoresis.
Proteins were then transferred from the gel to a polyvi-
nylidene difluoride (PVDF) membrane. Subsequently,
the membrane was blocked with 5% skimmed milk
powder (w/v) for 2 h at room temperature, followed by
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overnight incubation at 4 °C with primary antibodies
(CD63, TSG101, and HSP70) diluted in appropriate con-
centrations. The membrane underwent incubation with
enzyme-labeled secondary antibodies at room tempera-
ture for 1 h. Following a final wash, protein bands were
visualized and detected using an ECL kit and a chemilu-
minescent imaging system, respectively.

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from distinct groups of cells
48 h post-transfection. The extracted RNA underwent
reverse transcription using a two-step method, generat-
ing cDNA. The ¢cDNA was then amplified using a PCR
instrument. Subsequently, the cells were combined with
2xRealStar Green Fast Mixture with ROX II reagent, dis-
tributed into eight consecutive rows corresponding to
different groups, with six replicate wells in each group.
The mixture was transferred to the ABI7500 instrument
for RT-PCR experiments, and the results were analyzed.

Fluorescence inversion microscopy to detect transfection
effect

After reaching 80-90% cell fusion in HEK293T cells,
6-well plates were prepared. Cells were seeded onto
plates at a density of 2.5x10° cells per well, and cultured
until they reached 80% confluence before transfection.
The transfection of CELN and CAELN was performed for
6~8 h. After discarding the old medium, fresh medium
was added for further incubation for 48 h. Lipofiter 3.0
(Lipo) was used as a positive control for transfection. The
effectiveness of transfection was then observed under a
fluorescence-inverted microscope.

Cell immunofluorescence

Cells with 90% confluence were spread and transfected.
The supernatant was removed, and cells underwent
three washes with PBS. Fixation was carried out by add-
ing 180 pL of 4% paraformaldehyde, shaking on a shaker
for 20 min. Following fixation, cells underwent three PBS
washes, and 500 pL of membrane-disrupting solution was
applied for 20 min to aid permeabilization. Subsequently,
cells underwent three PBS washes followed by the addi-
tion of a 2% BSA solution to each well. The plate was then
placed on a shaker and allowed to incubate for a duration
of 30 min. After removing BSA, cells were washed three
times with PBS. A pre-prepared primary antibody was
added, followed by the addition of a secondary antibody,
and incubated at room temperature for 1 h at 4 °C over-
night. After the allotted time, cells were washed three
times with PBS. The process was repeated by adding the
pre-configured primary antibody of the corresponding
concentration and incubating overnight at 4 °C. Follow-
ing that, cells were washed three times with PBS, and the
secondary antibody was introduced, incubating at room
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temperature for 1 h. Subsequently, after another three
PBS washes, DAPI was applied to stain the cell nuclei for
5 min. Following another round of washing, the slides
were mounted, protected from light, and the results were
observed under the fluorescence microscope.

T7E1 cleavage assay

The transfected HUVEC cells were harvested, and total
DNA was extracted using a DNA extraction kit. The con-
centration of DNA was then measured using a Nano-
Drop 2000 spectrophotometer. Two PCR primers were
designed and employed to amplify the extracted DNA
employing a high-fidelity polymerase. The amplifica-
tion process involved denaturation at high temperature,
annealed, and extension for 35 cycles. The resulting prod-
ucts underwent electrophoresis on a 1.2% agarose gel to
confirm the presence of target bands at expected posi-
tions. After verification, T7E1 digestion was performed.
The reaction system was prepared by adding reagents
according to the instructions of Novozymes digestion
kits. Following PCR, the digestion reagent was directly
added to the mixture, which was then incubated at 37 °C
for 37 min. Subsequently, to evaluate the digestion effi-
ciency and confirm gene knockdown, 1.2% agarose gel
electrophoresis was conducted again to assess the reac-
tion termination.

In vitro cellular uptake

HUVEC cells were seeded onto a 12-well plate with cov-
erslips and allowed to adhere overnight. Subsequently,
the cells were treated with plasmids encapsulated with
Cy5 fluorescent markers using different vectors. Follow-
ing treatment, the samples underwent three washes with
PBS. Subsequently, cells were immersed in a 4% parafor-
maldehyde solution, followed by DAPI staining of the
nuclei for 5 min. Following staining, the samples were
carefully transferred onto slides, inverted, sealed with a
cover slip, and allowed to dry naturally. The uptake effi-
ciency was observed under a confocal microscope with a
light microscope to assess and visualize the cellular inter-
nalization of the labeled plasmids.

The outer membranes of ELN and AELN were labelled
and stained with the lipophilic dye DiD. HUVEC cells,
ARPE-19 cells, and HEK293T cells were seeded onto
6-well plates. When the cells reached 80% confluence,
the original medium was replaced with medium contain-
ing DID@ELN or DiD@AELN, and the cells were incu-
bated for 4 h. To investigate concentration-dependent
uptake characteristics, HUVEC cells containing different
concentrations of DiD@AELN were added to HUVEC
cells at 80% confluence. Additionally, cells incorporated
with DiD@AELN were incubated for varying durations
to assess time-dependent uptake of nanoparticles by the
cells. After 4 h, cells were digested, and the targeting of
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AS1411 in nanoparticles to different cells was assessed by
flow cytometry at 644 nm. The concentration-dependent
uptake characteristics of HUVEC cells for DIiD@AELN
were also evaluated. The experiment included incubating
cells with DIiD@AELN for different durations to observe
the time-dependent uptake of nanoparticles by the cells.

Scratch wound migration assay

HUVEC cells, post-digestion, were plated in 6-well dishes
at a density of around 5x 10° cells per well. After reaching
full confluence, a monolayer scratch was created using a
200 pL lancelet tip. The scratched monolayer was then
washed three times with PBS to eliminate floating cells.
Subsequently, serum-free medium containing the drug
was added to the experimental group, while the control
group received serum-free medium without the drug.
The scratches were photographed and recorded using a
10x inverted microscope at 0 h. After 24 h of incubation,
the migration area was measured using Image]J software.
The migration area of the control group was considered
as 100%, and the migration area of the drug-treated
group was expressed relative to this control. The inhi-
bition rate of the drug on cell migration was calculated
based on the comparison of migration areas between the
drug-treated and control groups after 24 h of incubation.

Transwell invasion experiment

In the experiments, all materials were pre-cooled at 4°C
overnight. Transwell chambers were inserted into 24-well
plates, and matrix gel was diluted according to a spe-
cific ratio and added to the upper chamber. The mixture
was then allowed to solidify into a membrane at 37 °C
for over 1 h. HUVEC cells (4x10% were added into the
upper chamber, mixed with basal medium containing
sgRNA/Cas9 plasmid, CELN, and CAELN. In the lower
chamber, 500 puL of medium containing growth factors
(VEGF 45) was added, allowing HUVEC cells to infiltrate.
After 24 h, non-invaded cells on the upper chamber sur-
face were removed, while the cells on the lower surface
were fixed with paraformaldehyde and stained with crys-
tal violet. Subsequently, after air-drying, the cells were
photographed and observed under a 10X microscope.
The number of invaded cells was quantified using Image]
software, with the control group serving as the reference
point set at 100%.

Tube formation assay

A 96-well plate was precooled overnight at 4 °C. Then,
50 pL of diluted matrix gel was dispensed into each well,
and the plates were incubated in a 37 °C incubator for
over 30 min to allow for solidification of the matrix gel.
HUVEC cells were then seeded at a density of 20,000
cells per well. A mixture of 100 pL of cell dilution and 100
uL of drug-containing medium was added to the wells
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with matrix gel, and the cells were incubated for 4 ~6 h.
Tubule formation was observed under an inverted micro-
scope, and images were captured for documentation. The
total branch length and branch number were assessed
using Image] software to evaluate the effectiveness of
drug in inhibiting tube formation in HUVEC cells, with
the control group set as 100%.

CNV rabbit model experimental design

New Zealand white rabbits were used to establish a
CNV rabbit model by laser photocoagulation. First, an
argon green laser with the slit lamp and anterior lens
wavelength adjusted to 532 nm, power of 0.75 W, and
exposure time of 0.1 s was focused on the retina, avoid-
ing large blood vessels. Then, 20 consecutive spots were
irradiated in a dense area around the optic disc, approxi-
mately 2 to 3 optic disc diameters away from the disc
edge, with each spot separated by 300 pum, and with each
laser spot having a diameter of 50 pm. Successful coag-
ulation was judged based on the generation of bubbles,
which occurred after coagulation, demonstrating that
Bruce’s membrane had been broken by the laser. CNV
rabbit model for macular degeneration was established
in the right eyes of rabbits, while the left eyes served as
the control. The rabbits in the Control group were not
modeled. Fluorescein angiography (FFA) was used to
determine if CNV rabbit model was successful. Then, the
rabbits with successful modeling were randomly divided
into 4 groups, which were CNV, sgRNA/Cas9, CELN,
and CAELN. After 7 d, 50 pL of saline was injected into
the vitreous of right rabbit eyes in the Control and CNV
groups, while the other groups received vitreous injec-
tions of the same volume of drugs. After drug adminis-
tration, levofloxacin ophthalmic ointment was applied
topically twice daily for 14 days.

In vivo anti-angiogenic assessment

After 4 weeks of drug administration, FFA was conducted
on the fundus of the right eyes in the Control, CNV,
sgRNA/Cas9, CELN, and CAELN groups. After admin-
istering anaesthesia to the rabbits, serial photographs
were initiated immediately upon intravenous injection
of 2 mL of 2% fluorescein sodium at the ear margin for
FFA examination. The FFA photographs were recorded
using a high-performance digital imaging system (Kowa,
Japan). The extent of neovascularisation in the right eyes
of rabbits was examined and compared among the differ-
ent groups.

Intraocular pressure (IOP) and weight assessment

IOP and body weight of rabbits were measured every
week, both before and after the experiment. A handheld
tonometer was placed perpendicular to the eye’s center
at a distance ranging from 2 to 10 mm and the angle of
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90°. In order to avoid the experimental error, the mea-
surement of each rabbit’s eye in the different groups was
repeated for 6 times, and according to the average value
of IOP before the administration of the drug was used as
the control, and the changes in the value of the IOP in
each group were observed after the treatment.

Histopathological examination

After 4 weeks of vitreous administration, the rabbits were
anesthetized and euthanized. Serial sections of the RPE-
choroidal complex were prepared from the embedded
eyeball specimens. These sections were made parallel to
the sagittal axis of the optic nerve. Afterward, the sec-
tions were subjected to Hematoxylin-Eosin (HE) staining,
fixed, and dried for observation.

Immunohistochemistry analysis

Following fixation of the right eyes of rabbits in each
group, sections of the optic nerve sagittal axis-parallel
RPE-choroidal complex were prepared. These sections
underwent immunostaining to detect the GS protein.
Positive staining, indicated by 3, 3’-diaminobenzidine
brown coloration, was captured through microscopic
observation. The optical density values of areas with pos-
itive staining in the choroid were analyzed and calculated
using Image] software.

GS and inflammatory factors in RPE-choroidal complex
The eyes of rabbits from each group were carefully dis-
sected to collect RPE-choroidal complex. Total protein
was extracted by adding a specific amount of lysate con-
taining protease and phosphatase inhibitors at 4 °C. The
samples were mechanically pulverized using a ball mill,
followed by centrifugation to collect the supernatant.
The GS protein content was quantified using a rabbit GS
ELISA kit. while rabbit-specific ELISA kits for IL-6, TNF-
a, and IL1-P were used to determine the levels of the cor-
responding inflammatory factors.

Statistics

Student’s t-tests were utilized to assess the signifi-
cance between treated samples and controls, assum-
ing a one-tailed distribution and equal variance for two
samples. For data that did not follow a normal distribu-
tion, significance was determined using the one-tailed
Mann-Whitney test in GraphPad Prism 6. For datasets
involving multiple treatment groups, one-way ANOVA
analysis was conducted using GraphPad Prism 6. A sig-
nificance threshold of P<0.05 was considered statistically
significant.
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Results

Synthesis and characterization of CAELN

In this study, liposomes were prepared using the etha-
nol injection method. Simultaneously, exosomes were
extracted from HUVEC cell supernatants and subjected
to membrane fusion (Fig. 1A). The characteristics of the
prepared liposomes, exosomes, CELN and CAELN were
examined by Malvern particle size analyzer. The particle
size of these nanoparticles was about 140 nm, PDI was
less than 0.3, and potentials were about —15 mV (Fig. 1B).
Subsequently, transmission electron microscopy (TEM)
was performed on the nanoparticles. Both liposomes
and CAELN were observed to be uniformly dispersed
and spherical, with liposomes displaying a typical bowl-
top shape (Fig. 1C). In Fig. 1D, the successful synthesis
of ELN was verified through FRET experiments. Western
blotting experiments of the nanoparticles confirmed the
presence of membrane proteins on the exosome surface,
demonstrating the retention of exosome bioactivity dur-
ing the synthesis process (Fig. 1E, Fig. S1).

During the encapsulation of sgRNA/Cas9 plasmid, we
conducted screening of the addition ratio, analyzing the
results through agarose electrophoresis. The encapsu-
lated plasmid exhibited truncation in the up-sampling
wells. Ultimately, we identified the optimal ratio of the
nanoparticles and plasmid as 5:1 (Fig. 1F). For the modi-
fication of AS1411 on the CELN surface, we used a flu-
orescence spectrophotometer to detect the standard
curvature of AS1411. The AS1411 linkage efficiency was
calculated to be 39.7% by the resulting regression equa-
tion (Fig. 1G). Fluorescence co-localization imaging
under a fluorescence microscope of Dil-labeled CELN
and 3'6-FAM-labeled AS1411 demonstrated the success-
ful conjugation. The Dil-labeled CELN exhibited red flu-
orescence, while the 3'6-FAM-labeled AS1411 displayed
green fluorescence. Upon merging, the two fluorophores
form an orange color (Fig. S2).

In vitro uptake ability of CAELN

By different concentrations of CAELN in HUVEC, 293T
and A-RPE cells toxicity assay, it was found that the
survival rate of all three types of cells was greater than
85%, indicating that our synthesized CAELN has a bet-
ter safety profile in the range of 0.1-250 pug/mL (Fig. S3).
To assess the cellular uptake of nanoparticles, uptake
experiments were conducted using HUVEC cells. The
findings presented in Fig. 2A demonstrate that the uptake
efficiency of the free plasmid was lower compared to
the CELN group, suggesting a homing effect of the exo-
somes on HUVEC cells. The optimal uptake efficiency
was observed after modification with AS1411, indicat-
ing that AS1411 enhances the targeting to HUVEC cells,
facilitating the delivery of the plasmid to the nucleus
for gene editing. Quantitative screening of HEK293T,
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spectrophotometer, along with the standard curve

A-RPE, and HUVEC cells by flow cytometry further con-
firmed the optimal uptake of the targeting group CAELN
in HUVEC cells (Fig. 2B, E). HUVEC cells were subse-
quently exposed to varying concentrations of CAELN to
observe the concentration dependence of uptake (Fig. 2C,
F), revealing higher fluorescence intensity with increas-
ing concentration. Similarly, time-dependent screen-
ing (Fig. 2D, G) demonstrated that the uptake reached

its maximum at 24 h. The enhanced targeting ability of
AS1411 was shown to improve delivery efficiency and
enhance gene editing.

In vitro transfection efficiency and gene editing ability of
CAELN

To assess the in vitro transfection efficiency, HEK293T
cells were transfected using Lipo as a transfection reagent
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of different concentrations of AELN by HUVEC cells (n=3). (D, G) Uptake dependence on time (n=3)

encapsulated with the two sequences. Following trans-
fection, fluorescence intensity was observed with a fluo-
rescence inverted microscope, revealing that sgRNA2
exhibited a more effective sgRNA1 (Fig. 3A). Consistent
results were obtained at the gene level through RT-PCR,
and Western blotting analysis further confirmed that
sgRNA2 demonstrated superior excision effect (Fig. 3B).
CAELN was synthesized using the previously described
method, and its transfection efficiency was examined
in both HEK293T and HUVEC cells. The findings indi-
cated that the transfection efficiency of CAELN exceeded
that of the free plasmid and CELN, reaching levels com-
parable to those observed in the positive control group
and Lipo group (Fig. 3C). The whole film is shown in Fig.
S4. The introduction of AS1411-targeted ligands was
validated to enhance transfection efficiency in both cell
types.

The results were verified in both cell types evaluated the
protein level by Western blotting experiments, where the
narrower bands suggested a more effective knockdown

effect. Notably, the CAELN group showed the smallest
band, consistent (Fig. 3D). RT-PCR experiments further
simultaneously conducted the mRNA levels. The out-
comes indicated a notable reduction in GLUL mRNA
levels in sgRNA/Cas9, CELN, and CAELN groups com-
pared to the control group, in line with the Western blot-
ting findings (Fig. 3E). The GS ELISA Kkit also showed the
same results as Western blotting (Fig. 3F). Meanwhile,
in the immunofluorescence experiments, the CAELN
group obtained significantly lower fluorescence intensity
than the other groups, consistent with the above results
(Fig. 3G). Additionally, the T7E1 digestion experiment
verified the gene sequence after PCR amplification of the
knockdown DNA fragment, demonstrating a high knock-
down efficiency of 42.05% in the targeted group (Fig. 3H).
In summary. these findings collectively demonstrate the
successful knockdown of the GLUL gene using CRISPR/
Cas9 system, with a significant and efficient effect.
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Inhibition of neovascularization capacity at the cellular
level

As mentioned above, our synthesized CAELN demon-
strated a significant gene knockdown ability in vitro, lead-
ing to the effective reduction of GS expression at both the
protein and mRNA levels, successfully knocking down
the GS gene in cells. Considering the positive correlation
between GS presence and ocular neovascularization, we
extended our assessment to cellular neovascularization
in vitro. The knockdown of GLUL in HUVEC cells was
found to decrease GTPase activity and activate other Rho
GTPases, inducing actin stress and hindering endothe-
lial cell migration [40]. The role and significance of GS in
vascular sprouting were also highlighted, suggesting an
inhibition of endothelial cell migration affecting neovas-
cularization [41]. In the scratch assay, where monolayers

A Control
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12h
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# >
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of HUVEC cells were scratched, the CAELN group effec-
tively inhibited scratch healing compared to the control
group after 12 h of incubation (Fig. 4A, B). Comparable
outcomes were observed in the invasion assay (Fig. 4C,
D). In the tube formation assay, there was a notable dis-
parity in the ability of the targeted CAELN group to
inhibit tube formation compared to the other groups
(Fig. 4E, F). This indicates that CAELN can effectively
target HUVEC cells and had a good ability to inhibit neo-
vascularization in vitro.

In vivo animal modeling and editing effects of CAELN

As illustrated in Fig. 5A, New Zealand white rabbits,
anesthetized and positioned near the optic axis of the
right eye, were exposed to laser irradiation following pre-
viously defined conditions. After allowing a one-week
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quantification (E) (n=3). Tube formation experiments (C) and quantification (F) (n=3). Significant differences were determined using one-way ANOVA.
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period for the fundus to develop, FFA was conducted to
assess neovascularization. Varying degrees of neovascu-
lar growth were observed in all rabbit groups (Fig. 5B).
Subsequently, following successful modelling confirma-
tion, the rabbits were treated with vitreous injections
for one month. A month later, fundus FFA observations
(Fig. 5C) and quantitative analysis of ocular neovascular-
ization were conducted again (Fig. 5D). The neovascular
growth in the CNV group served as a reference (100%)
to evaluate the treatment effects in different groups. Both
CELN and CAELN groups exhibited significant inhibi-
tion of neovascular growth, with CAELN demonstrating
a more significant effect compared to CELN treatment
(Fig. 5D). The results demonstrated a notable decrease
in GS expression content in the CELN delivery group
compared to the free plasmid group, indicating capac-
ity of CELN for substantial plasmid delivery to the eye.
Furthermore, the knockdown achieved by CAELN in the
targeting group was optimized (Fig. 5E).

Safety evaluation

After euthanasia of rabbits in each group, the right eyes
were dissected, fixed, and subsequently paraffin-embed-
ded. Pathological sections and immunohistochemical
analyses targeting GS proteins were conducted sepa-
rately. The results revealed that the choroid in the nor-
mal rabbit group remained largely intact, showing no
cellular atrophy in this layer. Conversely, the CNV group
exhibited severe choroidal damage with an increased
presence of inflammatory cells (Fig. 6A). Immunohisto-
chemical assessments further indicated that the CAELN
group demonstrated superior gene-editing effects, effec-
tively reducing GS protein synthesis (Fig. 6B). Grey value
analysis of GS protein content demonstrated a significant
reduction in the CAELN group compared to the CELN
group, emphasizing the targeting efficacy (Fig. 6E). As
shown in Fig. S5, GS protein expression in the retina-
choroid tissue of rabbit eyes, the CAELN group pre-
sented lower expression.

In the safety assessment of CAELN, it was found that
the treatment we used did not induce notable alterations
in the IOP and body weight of the rabbits (Fig. 6C, D).
The intraocular pressure of the rabbits remained within
a stable range. Moreover, the assessment of inflamma-
tory factors in the RPE-choroid complex demonstrated
that the treatment did not lead to a significant increase
in inflammatory factors within the eyes of the rabbits
(Fig. 6F, G and H).

Discussion

CNV presents a formidable challenge in ophthalmol-
ogy, particularly in the context of wWAMD, where it serves
as a primary driver of irreversible vision loss [42]. In
recent years, numerous studies have explored various
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approaches to prevent CNV, including anti-angiogenic
therapies targeting VEGF [43]. While these therapies
have shown efficacy, they often require frequent injec-
tions and may have limited long-term benefits [44]. Thus,
there is a pressing need for alternative strategies capable
of providing sustained therapeutic effects with improved
safety profiles.

Our study represents a significant advancement in this
regard, as we introduce a novel approach using CAELN
for targeted gene therapy against CNV. AS1411, an
aptamer with high affinity for nucleolin overexpressed on
endothelial cell surfaces, serves as an ideal ligand for tar-
geted drug delivery [45]. By conjugating AS1411 to ELN,
our aim was to achieve precise delivery of CRISPR/Cas9
components to target cells, thereby modulating neo-
vascularization pathways. In our in vitro experiments,
we demonstrated the superior transfection efficiency
and gene knockdown efficacy of CAELN compared to
conventional liposomes and free plasmid DNA. These
findings align with previous studies highlighting the
advantages of exosome-based delivery systems in achiev-
ing efficient gene delivery and therapeutic efficacy [46—
48]. Importantly, we observed a significant reduction in
GS expression, a key regulator of neovascularization, at
both the protein and mRNA levels following treatment
with CAELN. These findings underscore the potential of
GS as a novel therapeutic target for CNV and highlight
the efficacy of CRISPR/Cas9-mediated gene editing in
modulating neovascularization pathways. Furthermore,
in vivo studies using rabbit model of CNV provided fur-
ther validation of the therapeutic efficacy of CAELN in
inhibiting neovascular growth. Histopathological analy-
ses revealed a significant reduction in GS expression and
attenuation of CNV-associated pathological changes
in the CAELN-treated group. Moreover, CAELN dem-
onstrated superior gene-editing effects and targeted
specificity, emphasizing its potential as a promising ther-
apeutic intervention for neovascular-related diseases.

Comparing the findings with previous research under-
scores the innovative potential of CAELN in the land-
scape of ocular gene therapy. While prior studies have
explored various gene therapy approaches for CNV, such
as anti-VEGF therapies or gene editing strategies target-
ing other angiogenic factors, our approach offers distinct
advantages in terms of targeted delivery, efficacy, and
safety profile. Moreover, the ability of CAELN to achieve
sustained therapeutic effects without the need for fre-
quent injections represents a significant improvement
over existing therapies. Looking ahead, there are sev-
eral avenues for future research and development in this
field. Optimization of CAELN formulation and delivery
parameters will be crucial to enhance therapeutic efficacy
and minimize potential side effects. Additionally, further
preclinical studies are needed to evaluate the long-term
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Fig. 6 (A, B) Immunohistochemical images of HE staining and GS of serial sections of the RPE-choroidal complex parallel to the sagittal axis of the optic
nerve in the right eye, respectively (all images were obtained by photographing under a 200x microscope). (C, D) depict measurements of body weight
and intraocular pressure during a specific period before and after the experiment (n=3). (E) represents the analyzed value of the optical density of GS

in (B). (F, G and H) display ELISA measurements of the content of inflammato
determined using one-way ANOVA. *P<0.05 and **P<0.01

safety and efficacy of CAELN in larger animal models
and to assess its potential for clinical translation. More-
over, while our study focused on CNV in the context of
wAMD, the therapeutic potential of CAELN may extend
to other neovascular-related diseases, such as diabetic

ry factors in the RPE-choroid complex (n=3). Significant differences were

retinopathy and retinopathy of prematurity [49].

future studies, we will explore the applicability of CAELN
in these disease contexts and elucidate its mechanisms of
action. Therefore, our study represents a significant step
forward in the development of targeted gene therapy
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for CNV. By constructing AS1411-modified exosome-
liposome hybrid nanoparticles, we have demonstrated
the potential to achieve precise and efficient inhibition
of neovascularization pathways, offering new hope for
patients with CNV and related eye diseases. With fur-
ther research and development, CAELN may emerge as
a valuable therapeutic tool for the treatment of neovascu-
lar-related eye diseases.

Conclusion

We have developed a novel membrane hybrid vector by
ultrasonic fusion, combining the modifiability of lipo-
somes with the excellent biocompatibility and homing
effect of exosomes. This unique vector facilitates targeted
delivery to specific sites, enhancing therapeutic efficacy.
Following AS1411 modification, CAELN nanoparticles
exhibited improved targeting efficiency, with higher
specificity for HUVEC cells than compared to HEK293T
and A-RPE cells. CAELN demonstrated favorable par-
ticle size, and its remarkable ability to inhibit cell migra-
tion, invasion and angiogenesis in vitro was validated.
The designed sgRNA showed efficient transfection effects
in cells, and gene editing ability were confirmed through
RT-PCR and Western blotting. In vivo studies using a
rabbit model of CNV demonstrated a significant reduc-
tion in intraocular neovascularization with CAELN treat-
ment, while avoiding a strong inflammatory response.
The enhanced targeting properties of CAELN hold
promise for future improvements, potentially allowing
vascular injection to achieve effective inhibition of cho-
roidal neovascularization. Additionally, the gene editing
system presents a potential for more sustained treatment
compared to conventional chemical and antibody drugs.
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