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Introduction: Since intrinsic ocular barrier limits the intraocular penetration of therapeutic protein through eye drops, repeated
intravitreal injections of anti-vascular endothelial growth factor (anti-VEGF) agents are the standard therapy for neovascular age-
related macular degeneration (nAMD), which are highly invasive and may cause particular ocular complications, leading to poor
patient compliance.

Methods: Using Penetratin (Pen) as the ocular penetration enhancer and hyaluronic acid (HA) as the retina-targeting ligand, a dual-
modified ophthalmic liposome (Penetratin hyaluronic acid-liposome/Conbercept, PenHA-Lip/Conb) eye drop was designed to non-
invasively penetrate the ocular barrier and deliver anti-VEGF therapeutic agents to the targeted intraocular tissue.

Results: PenHA-Lip effectively penetrates the ocular barrier and targets the retinal pigment epithelium via corneal and non-corneal
pathways. After a single topical administration of conbercept-loaded PenHA-Lip (PenHA-Lip/Conb), the intraocular concentration of
conbercept peaked at 18.74 £ 1.09 ng/mL at 4 h, which is 11.55-fold higher than unmodified conbercept. In a laser-induced choroidal
neovascularization (CNV) mouse model, PenHA-Lip/Conb eye drops three times daily for seven days inhibited CNV formation and
progression without any significant tissue toxicity and achieved an equivalent effect to a single intravitreal conbercept injection.
Conclusion: PenHA-Lip efficiently and safely delivered conbercept to the posterior eye segment and may be a promising noninvasive
therapeutic option for nAMD.
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Introduction
Globally, age-related macular degeneration (AMD) is a chronic ocular disease that is the leading cause of irreversible
vision loss in elderly patients.' > In neovascular age-related macular degeneration (nAMD), choroidal neovascularization
breaks through Bruch’s membrane and grows into the retina through vascular endothelial growth factor (VEGF)
stimulation.* The intravitreal injection of anti-vascular endothelial growth factor (anti-VEGF) agents effectively alle-
viates disease progression by competitively inhibiting the binding of VEGF to its cognate receptors (VEGFR).
Currently, anti-VEGF therapy, mostly administered through intravitreal injection, is the standard treatment for wet
AMD.’ Conbercept (Conb) is the first self-developed anti-VEGF drug approved in China and is a 143 kDa recombinant
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gene fusion protein composed of VEGF-binding domains and the Fc portion of human immunoglobulin G-1. Compared
with other anti-VEGF drugs, conbercept has high VEGF-binding specificity and affinity®, relatively higher molecular
weight (143kD),”? and is well tolerated by patients,'® with its affinity for VEGF is 50-fold and 30-fold higher than that
of bevacizumab and ranibizumab, respectively.''*'* Therefore, intravitreal therapy is widely used in the Chinese clinical
practice. However, this invasive procedure can lead to ocular complications including cataracts, vitreous hemorrhage,
retinal detachment, and intraocular inflammation.'>'* Repeated injections or even lifelong treatment may further increase
psychological and economic burden, resulting in poor patient compliance.” Therefore, less-invasive alternatives should
be developed to improve therapeutic compliance of nAMD patients with nAMD.

Topical instillation is a popular method for ocular drug administration; patients can use eye drops by themselves because
of their noninvasiveness and convenience.'>!¢ However, dynamic and static ocular barriers, such as tear turnover,
nasolacrimal duct drainage, and the cornea and conjunctiva, significantly undermine the drug delivery of eye drops. In
particular, the complex barrier properties of the cornea are major challenges in the efficient delivery of drugs to intraocular
tissues.!” For example, hydrophilic and lipophilic properties are required for drugs to penetrate the epithelial and stromal
layers of the cornea, respectively.'® Most anti-VEGF antibodies are characterized by their large molecular size and strong
hydrophilicity, which poses limitations on their ability to traverse the blood-retinal barrier.'® As a result, only a very small
percentage (<5%) of drugs enter the eye and function through topical instillation.?>*' Enhancing the permeability of drugs
through ocular barriers is a primary requirement for improving the bioavailability of drugs after eye drops.
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Several preclinical studies have reported that nanocarriers effectively facilitate penetration of small- and large-molecule
drugs through corneal barriers.”* > Cell-penetrating peptides (CPPs), a group of peptides from different sources, possess
the ability to carry a variety of therapeutic substances, such as liposomes (Lip), proteins, oligonucleotides, and genes across
cell membranes.? 2’ Compared with other penetration enhancers, CPPs, especially the peptide Penetratin, have received
considerable attention for ophthalmic drug delivery owing to their low cytotoxicity and excellent biodegradability.?®
Penetratin was reported to exhibit the best performance among CPPs in terms of eye permeability and biocompatibility.>’
In a study of photodynamic treatment of AMD, the modification of Penetratin on lipoprotein nanoparticle eye drops greatly
improved the intraocular permeability of the small-molecule drug verteporfin.*® Liposomes are recognized as the most
promising ocular drug delivery carriers, with excellent oil-water partition coefficients similar to those of the cell membrane,
which is beneficial for improving ophthalmic drug penetrability.”' > Consequently, Penetratin-modified liposomes may be
promising drug carriers for noninvasive ophthalmic treatment.>*

Anti-VEGF drugs are used to maintain or improve vision by targeting the neovessels beneath the retina.>> Therefore,
drug permeability of the corneal barrier and drug accumulation in the posterior segment of the retina are equally
necessary for sufficient nAMD treatment with anti-VEGF agents in a noninvasive manner. However, reaching the ocular
fundus at therapeutic concentrations remains a challenge for therapeutic proteins because of their hydrophilic properties
and large molecular weights, even when nanotechnology is used to enhance corneal permeation. Hyaluronic acid (HA), a
natural glycosaminoglycan that is an important component of the vitreous, may provide the possibility of target and
accumulate anti-VEGF drugs in the retina.>® HA specifically interacts with CD44 receptors, which are highly expressed
in retinal pigment epithelial cells under disease conditions.>’® Therefore, it is likely that modifying drug carriers with
HA could further facilitate the passage of anti-VEGF drugs through the vitreous to target the retina and increase drug
concentrations in the posterior segment of the retina.

Given the above understanding, a dual-modified ophthalmic liposome (PenHA-Lip/Conb) eye drop was designed to
overcome the ocular barrier and deliver an anti-VEGF drug (conbercept) to the targeted intraocular tissue (Figure 1).
Using the thin-film dispersion and chemical coupling method, Penetratin (a penetration enhancer that can pass through
the corneal barrier) and HA (a targeting ligand that can improve the mobility of the vector in the vitreous and bind to the
CD44 receptor expressed in the retina) were efficiently loaded with hydrophilic conbercept inside the liposome structure.
The biocompatibility, corneal penetration, retinal pigment epithelium (RPE) targeting capability, angiogenesis inhibition
ability, intraocular distribution, pharmacokinetic behavior, and therapeutic effects of PenHA-Lip/Conb eye drops were
evaluated in vitro and in vivo to develop a novel noninvasive therapeutic option for nAMD.

Materials and Methods

Materials

The following materials were used in this study: Penetratin (CRQIKIWFQNRRMKWKK) with or without carboxy-
fluorescein (FAM) labeled (China Peptides, China), conbercept (Chengdu Kanghong Biotechnology, China), cell count-
ing kit-8 (CCK-8 assay) (Shanghai Yisheng Bio-Technology, China), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) (Shanghai Aladdin Biochemical Technology, China), fluorescein isothiocyanate isomer (FITC)-
labeled bovine serum albumin (BSA) (Beijing Solarbio Technology, China), N-hydroxysuccinimide (NHS) (Shanghai
Aladdin Biochemical Technology, China), Nile red (Nr) (Shanghai yuanye Biotechnology, China), egg yolk lecithin
(EPC) (Shanghai Advanced Vehicle Technology, China), cholesterol (CHOL) (Shanghai Advanced Vehicle Technology,
Shanghai, China), dipalmitoyl phosphoethanolamine (DPPE) (Shanghai Advanced Vehicle Technology, China), distear-
oyl phosphoethanolamine-polyethylene glycol,goo (DSPE-PEG,009) (Shanghai Advanced Vehicle Technology, China),
distearoyl phosphoethanolamine-PEG-Penetratin (DSPE-PEG,ggo-Pen) (China Peptides, China), 1.2-distearoyl-sn-gly-
cero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (DSPE-PEGjgo-Mal) (Shanghai Advanced
Vehicle Technology, China), HA (120kD, Lifecore Biomedical, USA), recombinant human VEGF¢s (R&D Systems,
USA), human IgG enzyme-linked immunosorbent assay (ELISA) kit (Elabscience Biotechnology, China), paraformal-
dehyde fix solution (PFA) (Wuhan Servicebio Technology, China), hematoxylin—eosin (HE) staining kit (Beyotime
Biotechnology, China), 4',6-diamidino-2-phenylindole (DAPI) (Shanghai Yisheng Bio-Technology, China), growth factor
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Figure | Schematic diagram of the preparation and action mechanism of PenHA-Lip/Conb eye drops.
Abbreviations: HA, hyaluronic acid; EPC, egg yolk lecithin; DSPE, distearoyl phosphoethanolamine; DPPE, dipalmitoyl phosphoethanolamine; PEG, polyethylene glycol; Lip,
liposome; Conb, conbercept; Pen, Penetratin; HA, hyaluronic acid; RPE, retinal pigment epithelium; CNV, choroidal neovascularization.

reduced Matrigel and PE mouse anti-human CD44 antibody (BD biosciences, England), and transwell chambers
(Corning, USA). All other reagents were of analytical grade.

Cell Lines and Animals

Human corneal epithelial cells (HCEC) were obtained (BeNa Culture Collection Biotech, China). Human retinal pigment
epithelial cells (ARPE-19) were kindly provided by Professor Xiaodong Sun (Institute of Ophthalmology of Shanghai
General Hospital, China). Human umbilical vein endothelial cells (HUVECs) were purchased from ScienCell Research
Laboratories (CA, USA) and cultured in an Endothelial Cell Medium (ECM) (ScienCell, USA). Male C57BL/6J mice
(18-20 g) were purchased from the Department of Experimental Animals of the Second Military Medical University
(Shanghai, China). Male New Zealand rabbits (1.9-2.5 kg) were provided by the Department of Experimental Animals at
the Second Military Medical University (Shanghai, China). All experiments, including animal care, animal experimental
procedures and the use of the cell line (eg, ARPE-19), were approved by the Committee of the Shanghai General
Hospital. The use and handling of animals also adhered to ethical guidelines outlined in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. All animal experiments and details are shown in Table S1.

Polymer Synthesis and Characterization
Distearoyl phosphoethanolamine-PEG-Penetratin (DSPE-PEG,((-Pen) polymer was synthesized by an addition reaction
that conjugated DSPE-PEG,(yo-Mal to the cysteine residue of Penetratin.*’ Briefly, DSPE-PEG;(go-Mal and Penetratin
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(1:1.5, molar ratio) were dissolved in chloroform at RT. After stirring for 24 h in nitrogen, the solution was filtered and
evaporated to remove organic solvent. The residue was re-dissolved in chloroform, re-filtered for purification, evaporated
by rotary evaporation, and stored at —20°C. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) (Bruker Daltonik GmbH, Bremen, HB, Germany) was used to confirm the final product.*

Liposome Preparation and Characterization

Liposome Preparation

Penetratin-modified liposomes (Pen-Lip) were prepared using the thin-film dispersion method.*” Briefly, 10 mg of EPC,
2.5 mg of CHOL, 5 mg of DPPE, 4.5 mg of DSPE-PEG»(g, and 17 mg of DSPE-PEG;go-Pen were dissolved in 10 mL
dichloromethane: methanol (v: v = 2:1 v/v) and incubated for 10 min. The organic solvent was removed via rotary
evaporation under reduced pressure until a thin film was formed. After overnight vacuum drying, the thin films were
hydrated in phosphate buffered saline (PBS) (pH 7.4) for 1 h with gentle mixing. The lipid suspension was sonicated for
30 min in an ice bath before extrusion through successive 200 nm and 100 nm microporous filter membranes to obtain an
appropriate particle-sized Pen-Lip preparation. The resultant liposomes were subsequently purified through ultracentri-
fugation at 14, 000 rpm for 30 min at 4°C.

HA-modified liposomes (HA-Lip or PenHA-Lip) were prepared using a carbodiimide coupling reaction.*' Briefly, 2
mg HA, 2 mg EDC, and 2 mg NHS were dissolved in acetate buffer (pH 4) and incubated at 37°C for 2 h. Then, activated
HA was mixed with borate buffer (pH 9) and added to the Lip or Pen-Lip preparation with the weight ratio = 1:1. After
stirring at 37°C for 24 h, amide bonds between the carboxyl groups of HA and the amines of DPPE were formed to
generate HA modified liposomes.

Plain liposomes (Lip) were formed using the same method but without DSPE-PEG2000-Pen addition. Drug-loaded
and fluorescence-labeled liposomes were prepared using a similar method but with minor modifications. FAM-labeled
liposomes (Pen-Lip/FAM) were prepared by replacing DSPE-PEG,o0-Pen with FAM-labeled DSPE-PEG;(go-Pen. Nr-
labelled liposomes (Lip/Nr, Pen-Lip/Nr, HA-Lip/Nr, PenHA-Lip/Nr) were formed by adding Nr to the organic solution
before solvent evaporation. To prepare the drug-loaded liposomes (PenHA-Lip/Conb, PenHA-Lip/FITC-BSA), PBS
solutions containing conbercept or FITC-labeled BSA were used as hydration solutions.

Liposome Characterization

Liposome particle size and zeta potential were determined using a Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK).
Liposome morphology was observed using a transmission electron microscope (TEM, JEM-2010, JEOL, Japan) after
staining with 2% sodium phosphotungstate solution for 2 min. The entrapment efficiency (EE) and drug loading (DL) of
PenHA-Lip/Conb were determined by ultracentrifugation with centrifugation at 14,000 rpm for 30 min. Conbercept
concentrations were determined using a human IgG ELISA kit and calculated using the following equations:

(weight of total drug — weight of drug in the supernatant)

EE(%)= % 100%

weight of total drug

(weight of total drug — weight of drug in the supernatant) %100%

DL (%)= weight of liposomes

In order to investigate the stability of PenHA-Lip/Conb liposomes under storage conditions (4°C) and physiological
conditions (37°C), we used PBS as the culture medium. The particle size of liposomes was measured at different time
points. The freshly prepared liposomes were dispersed in PBS. Samples were taken at predetermined time points (0 d, 2
d,4d,6d,8d,10d, 12 d, 14 d). The average particle size of the liposomes was determined using a Zetasizer Nano ZS90
(Malvern Instruments Ltd., UK).

The drug-release characteristics of PenHA-Lip/Conb and Lip/Conb were evaluated using dialysis. Liposomes were
sealed in dialysis bags, then immersed in 40 mL release medium (PBS buffer containing 0.1% Tween 80, pH 7.4 and 6.3,
respectively), and shaken gently at 37°C for 48 h at 150 rpm under light-proof conditions. The release medium (1 mL
release) was sampled at predetermined time points (30 min, 1 h, 2 h, 3 h,4 h, 6 h, 8 h, 12 h, 24 h, and 48 h), and an equal
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volume of fresh medium was added. Conbercept concentrations in the extracted samples were determined using a human
IgG ELISA kit, and drug release was calculated using the following equation:

t of released conb t
amount of released conbercept .

D 1 %)=
rug release(%) total amount of conbercept

Ex vivo Corneal Penetration

The ability of different liposomes to penetrate isolated rabbit corneas was evaluated using a diffusion cell device (TK-
6H1, Kaikai Science and Technology, China) with BSA as the model drug to mimic macromolecular protein drugs. Ex
vivo rabbit corneas were horizontally placed between the donor and receptor chambers with the epithelial surface in
contact with the donor solution. The donor chamber contained 3 mL free BSA or BSA-loaded liposome solution, whereas
the receptor chamber contained an equal volume of PBS. The solutions in the donor chamber and receptor chambers were
preheated and maintained at 37°C with gentle stirring. Sample aliquots (100 uL) were collected from the receptor
chamber every 30 min for 4 h, followed by successive addition of an equal volume of PBS. The BSA concentrations of
the extracted samples were measured using a spectrophotometer (Hitachi, F7000, Japan) and used to calculate the
cm - s ') according to the following equation:

AQ
Papp=——~ 2
PP =1AT0- A - 3600)

apparent permeability coefficient (P,

AQ/At is the change in BSA concentration with time, ¢ is the initial BSA concentration (4 mg/mL) in the donor
chamber, A is the diffusion area of the mounted cornea in contact with the solution (0.785 cm?, and 3600 is the
conversion factor (s).

In vitro Cellular Uptake

Using confocal microscopy and flow cytometry, in vitro cellular uptake of different liposomes labeled with Nr was
evaluated in ARPE-19 cells. For qualitative confocal microscopy, ARPE-19 cells were seeded in 24-well plates at a
density of 5 x 10* cells/well. After 24 h incubation at 37°C in a 5% CO, humidified atmosphere, the culture medium was
replaced with serum-free medium containing Nr-labeled liposomes (Lip/Nr, Pen-Lip/Nr, HA-Lip/Nr, PenHA-Lip/Nr),
followed by further incubation for 4 h. After washing in cold PBS containing 1000 IU/mL heparin to remove
extracellular bound liposomes, cells were fixed in 4% PFA for 30 min. The nuclei were stained with DAPI for 15
min, and the cells were observed using a confocal laser scanning microscope (Leica, Germany).

For quantitative flow cytometry analysis, ARPE-19 cells were seeded in 12-well plates at a density of 1 x 10° cells/
well and processed as previously described. After washing in cold PBS containing 1000 IU/mL heparin to remove
extracellular bound liposomes, the cells were collected, resuspended in 500 pL PBS, and analyzed by flow cytometry. For
targeted inhibition studies, ARPE-19 cells were pre-incubated with 10 mg/mL HA to competitively inhibit the CD44
receptor. After a 4 h incubation with Nr-labeled Pen-Lip and Nr-labeled PenHA-Lip, the cells were treated as previously
described, and the mean fluorescence intensity (MFI) was analyzed by flow cytometry (BD Biosciences, England).

In vitro Angiogenic Inhibition Studies

Construction of the Corneal Barrier Model

Transwell inserts were used to construct in vitro corneal barrier models for anti-angiogenic studies (Figure S1A). In the
corneal barrier model, HCEC were seeded in the upper chambers to simulate the corneal barrier, whereas HUVEC were
seeded in the lower chambers with the addition of VEGF to simulate the ocular fundus neovascularization microenvir-
onment. HCEC cells (1 x 10> cells/well) were seeded on the upper chamber of collagen-coated transwell inserts (pore
size = 0.4 pm) and maintained at 37°C, with the culture medium replaced every other day. Approximately 5—7 days later,
the upper chamber medium was removed, and the cells were cultured in an apical air interface for an additional 3-5 days
until the culture was three layers thick. The transepithelial electrical resistance was measured, and barriers with values
>300 Q-cm? were successfully constructed.
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Cell Proliferation Assay

The antiproliferative effects of PenHA-Lip/Conb on HUVECs were evaluated using the CCK-8 assay. HUVECs were
seeded in 96-well plates at a density of 5 x 10* cells/mL in the ECM. After 24 h of incubation, the culture medium was
replaced with fresh ECM or ECM containing conbercept, Lip/Conb, and PenHA-Lip/Conb (conbercept concentrations =
30, 60, 120, 250, 500, and 1000 pg/mL), with or without 5 ng/mL VEGF¢5 and incubated for another 24 h. The
unadministered group served as the negative control and the VEGF 45 stimulated group served as the positive control.
Then, 10 pL of CCK-8 solution was added to each well, and the absorbance of each well was measured at 450 nm using a
microplate reader after 1 h of incubation.

Cell Migration Assay
Transwell migration and wound healing assays were performed to evaluate the anti-migratory effects of PenHA-Lip/
Conb in HUVEC.

For the transwell migration assay (Figure S1B), HUVEC were seeded in the upper chamber of transwell inserts (pore
size = 8 pum) at a density of 1 x 10° cells/mL. Conbercept, Lip/Conb, Pen-Lip/Conb, and PenHA-Lip/Conb (conbercept
concentration = 1 mg/mL) were added to the upper chamber of the transwell inserts, whereas serum-free medium, with or
without 25 ng/mL VEGF¢5, was added to the lower chambers. After a 6 h incubation at 37°C, non-migrating cells on the
upper surface were wiped away with sterile cotton swabs. Migrated cells on the lower surface were fixed in 4% PFA for
30 min, stained with 0.1% crystal violet for 15 min, imaged using an inverted fluorescence microscope (Leica, Germany),
and counted using the ImageJ software.

In the wound healing assay (Figure S1C), HUVEC were seeded in 24-well plates at a density of 3 x 10> cells/mL and
cultured to 100% confluence. Cell scratch tests were performed by wounding the cell monolayer with a sterile pipette tip,
and transwell inserts containing the constructed corneal barrier models were placed above each well. Then, 200 pL of
medium containing conbercept, Lip/Conb, Pen-Lip/Conb, and PenHA-Lip/Conb (conbercept concentration = 1 mg/mL)
was added to the upper chambers of the transwell inserts, while 600 uL of medium, with or without 50 ng/mL VEGF s,
was added to the lower chambers. The scratched area before and after the addition of different liposomes for 6 h was
observed using an inverted fluorescence microscope (Leica, Germany), and the cell scratch closure rate was calculated
using the Image] software.

Tube Formation Assay

A tube formation assay was conducted to investigate the antiangiogenic ability of PenHA-Lip/Conb in HUVEC
(Figure SID). Pre-chilled 24-well plates were coated with 250 pL growth factor-reduced matrigel and incubated at
37°C for 30 min until solidification. HUVEC were seeded on Matrigel at a density of 2 x 10° cells/mL, and transwell
inserts containing the constructed corneal barrier models were placed above each well. Then, 200 pL of medium
containing conbercept, Lip/Conb, Pen-Lip/Conb, and PenHA-Lip/Conb (conbercept concentration = 1 mg/mL) was
added to the upper chamber of the transwell inserts, while 600 uL serum-free medium, with or without 25 ng/mL
VEGF 45, was added to the lower chamber. After a 4 h incubation, tube formation images were captured using an
inverted fluorescence microscope (Leica, Germany), and the image intensities were measured using ImageJ software.

Ocular Penetration Path and RPE Targeting Study of PenHA-Lip
The ocular penetration pathway and RPE-targeting ability of PenHA-Lip through eye drops were studied by observing
the fluorescence distribution of FAM-labeled liposomes (PenHA-Lip/FAM) in C57BL/6J mice.

For the ocular penetration path study, male mice were randomly divided into two groups (n = 3 per group). One group
was treated with 5 uL PenHA-Lip/FAM eye drops in vivo, and the eyes were isolated after 30 min. In the other group,
mice were euthanized, and their eyes were isolated for immediate immersion in PenHA-Lip/FAM solution for 30 min ex
vivo. Subsequently, the removed eyes in each group were fixed in 4% PFA for 24 h and prepared into frozen slices. The
nuclei were stained with DAPI, and the slices were observed using a confocal laser scanning microscope (Leica,
Germany).
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For the RPE targeting study, male mice were euthanized after the instillation of 5 L PenHA-Lip/FAM eye drops for
1 h. Then, the eyes were removed, and frozen slices were prepared. After a 1 h incubation in blocking buffer (10% goat
serum in PBS) at room temperature, slices were incubated with rabbit anti-CD44 antibody (Guangdong Original
Biotechnology, China) (1:1000 dilution) at 4°C overnight in the dark. After washing with PBS,; the slices were incubated
with a Cy3-labeled goat anti-rabbit secondary antibody (Guangdong Original Biotechnology, China) (1:500 dilution) for
1 h. The nuclei were counterstained with DAPI, and the slices were observed using a confocal laser scanning microscope
(Leica, Germany).

Intraocular Distribution of Macromolecular Cargos in PenHA-Lip

The in vivo intraocular distribution and retention time of macromolecular cargo carried by PenHA-Lip eye drops were
evaluated in C57BL/6J mice using FITC-labeled BSA as the model drug. 5 pL of PBS (control), free BSA, Lip/BSA, and
PenHA-Lip/BSA were dropped onto the corneal surface of the mouse eyes once every 10 min, three times. After the last
administration, mice were sacrificed at 30 min, 1 h, 3 h, 6 h, 12 h, and 24 h. The eyes were removed, fixed in 4% PFA for
1 h, and transferred to a sucrose solution by gradually increasing the concentration from 10% to 30% for overnight
dehydration. Frozen sections were dyed with DAPI and observed under an inverted fluorescence microscope.

Ocular Pharmacokinetic Behavior of PenHA-Lip/Conb Eye drops
Conbercept works by slowly diffusing into the vitreous and binding excess VEGF in the eye. To study the ocular
pharmacokinetic behavior of PenHA-Lip/Conb eye drops, C57BL/6J mice were treated with 5 uL. PenHA-Lip/Conb eye
drops (conbercept concentration = 10 mg/mL), and their eyes were isolated at predetermined time points (30 min, 1 h,2 h, 4 h,
8 h, 12 h, and 24 h). The vitreous body of each isolated eye was harvested and ground in 110 pL sterile PBS. After a 30 min
centrifugation step at 14,000 rpm at 4°C, the concentration in supernatant was determined using a human IgG ELISA kit.
To compare the drug delivery efficiency between different eye drops, C57BL/6J mice were randomly divided into
three groups for a 5 uL conbercept, Lip/Conb, and PenHA-Lip/Conb eye drop treatment; then, mice eyes were isolated at
4 h, and the free conbercept concentrations in isolated eyes of each group were determined following the above
procedures.

In vivo Therapeutic Evaluation of PenHA-Lip/Conb

Laser-induced choroidal neovascularization (CNV) in mice is preferred as the standard model for experimental studies on
AMD over non-human primates and rabbits due to several key advantages,** such as higher success rate, cost-effective,
demonstrate faster disease progression, and share retinal structural similarities with humans. In this study, laser-induced
CNV models were established using C57BL/6J mice for therapeutic evaluation. Male mice were anesthetized by
intraperitoneal injection of 1% pentobarbital sodium with tropicamide (Santen, Japan) to dilate the pupils. Bruch’s
membrane—choroid rupture was induced by laser photocoagulation using a 532 nm wavelength laser (360 mW at 100 ms)
(Coherent, USA), approximately one disc diameter away from the optic disc. The formation of bubbles and clear
boundaries indicated Bruch’s membrane-choroid rupture and the successful establishment of a laser-induced CNV model.

Laser-induced CNV model mice were randomly divided into five groups to receive the following treatments
(Figure 2): (1) eye drop: 5 pL PBS three times a day (z.i.d) for 7 days, (2) eye drop: 5 puL conbercept solution ¢.i.d.
for 7 days, (3) eye drop: 5 pL Lip/Conb t.i.d. for 7 days, (4) eye drop: 5 uL. PenHA-Lip/Conb t.i.d. for 7 days, and (5)
intravitreal injection (IVT): 2 pL conbercept solution for a single administration, conbercept concentration of each
formulation was 10 mg/mL. The therapeutic effect in each group was assessed through FFA, immunofluorescence
staining of the RPE-choroid-scleral complex, and HE staining of CNV lesions.

First, in vivo fluorescence leakage of CNV lesions was observed using FFA on day 7. After mydriasis and
intraperitoneal anesthesia, the mice in each group were intraperitoneally injected with 100 pL of 10% fluorescein sodium
and placed on a confocal laser fundus angiography system (Heidelberg, Germany). The optic discs of the mice were
moved to the straight center of the visual field for FFA with the retinal imaging microscopy (Micron IV, Phoenix
Research Laboratories), contrast images were captured, and the fluorescence leakage areas were measured using the
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Figure 2 Schematic diagram of the in vivo therapeutic procedure for laser-induced CNV mice (n = 3).
Abbreviations: CNV, choroidal neovascularization; IVT, intravitreal injection; ED, eye drop; PBS, phosphate buffered saline; Lip, liposome; Conb, conbercept; Pen,
Penetratin; HA, hyaluronic acid; t.i.d., three times a day.

ImageJ software (National Institutes of Health, Bethesda, MD, USA). The fundus was visualized using slit-lamp
biomicroscopy (Methocel; Ciba Vision, Wessling, Germany).

Second, CNV lesions were measured by immunofluorescence analysis of the vascular endothelial cell marker
isolectin B, immunofluorescence analysis. The mouse eyes were removed and placed in 4% PFA for 2 h after heart
perfusion by 4% PFA. RPE-choroid-sclera complexes were prepared after removing the anterior segment of the eye and
the neural retina. After being radially cutting into 46 flaps, RPE-choroid-sclera complexes were immersed in blocking
buffer for 1 h at room temperature and then incubated with isolectin B, antibody (Vector, USA) (1:1000 dilution)
overnight at 4°C, flat-mounted and observed using a fluorescence microscope (Leica, Germany). The CNV lesion areas
were measured using ImageJ software.

Third, morphological and pathological changes in the retinal pathological tissues were observed by HE staining on
day 7. Mouse eyes were extracted, immediately placed in 4% PFA for over 24 h, serially sliced into sections, stained with

HE staining kit, and observed using a fluorescence microscope (Leica, Germany).

Biocompatibility Evaluation

In vitro Cytotoxicity

The cytotoxicity of blank liposomes (Lip, HA-Lip, Pen-Lip, PenHA-Lip) against cells was evaluated using a CCK-8
assay. HCEC and ARPE-19 cells were seeded in 96-well plates at a density of 5 x 10° cells/well. After 24 h incubation
(37°C in 5% CO,), the culture medium was replaced with serum-free medium containing different liposome concentra-
tions (12.5, 25, 50, 125, 250, 500, and 1000 pg/mL) and further incubated for 24 h. Then, 10 pL of CCK-8 solution was
added to the wells and incubated for 1 h. The absorbance was measured at 450 nm using a microplate reader (Thermo
Fisher Scientific, Waltham, MA, USA).

Ex vivo Rabbit Corneal Toxicity

After ex vivo corneal penetration experiments, the toxicity of liposomes to isolated rabbit corneas was evaluated using
corneal hydration values (AH) and histopathological staining. Corneas were carefully removed from the diffusion device,
and the peripheral scleral tissue was removed and separated into two sections. One section was weighed before and after
48 h drying at 65°C, and AH was calculated according to the following equation:

(m0 —ml)
m0

AH = x 100%

mg and m; the corneal weights before and after drying, respectively. The other section was fixed in 4% PFA, HE
stained, and observed using a light microscope (Leica, Germany).
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In vivo Mouse Ocular Tissue Toxicity

CNV areas were stained with hematoxylin and eosin to evaluate the ocular safety of the liposomes. On day 7 after laser
photocoagulation with or without drug administration (untreated, BSA, Lip/BSA, HA-Lip/BSA, Pen-Lip/BSA, PenHA-
Lip/BSA), C57BL/6J mice were euthanized. The eyes were immediately removed, placed in 4% PFA for >24 hours, and
serially sliced. The largest CNV lesions were stained with HE. To evaluate ocular safety, the cornea, conjunctiva, ciliary
body, and retina were embedded in paraffin and stained with HE for histopathological assessment. All the slices were
observed under a light microscope (Leica, Germany).

Statistical Analysis
Data are presented as the mean + standard deviation (SD). Statistical significance was evaluated using one-way ANOVA.
Statistical significance was set at p <0.05.

Results and Discussion

Liposome Characterization

Penetratin was covalently conjugated to DSPE-PEG;gp-Mal via an addition reaction between a cysteine residue and
maleimide (Figure S2). The molecular weight (MW) of Penetratin (MW = 2837), DSPE-PEG;g-Mal (MW = 2900), and
DSPE-PEG;ggo-Pen were determined using electron spray ionization-mass spectrograph (ESI-MS) and MALDI-TOF-MS
(Figure S3). MALDI-TOF-MS results demonstrated the successful synthesis of DSPE-PEG;(g-Pen, which coincided
with a theoretical molecular weight of approximately 5700. The particle size and zeta potential values of the liposomes in
this study were determined using dynamic light scattering method and are shown in Table S2. The particle sizes of HA-
Lip, Pen-Lip, and PenHA-Lip were larger than that of Lip, suggesting the successful modification of Penetratin and HA.
Meanwhile, Lip had a negative zeta potential of —3.1 = 0.4 mV, while Pen-Lip had a positive zeta potential of 6.6 + 1.5
mV, this phenomenon provided evidence that the positive-charged Penetratin was modified on the surface of Lip. When
negative-charged HA was further modified on Pen-Lip, the zeta potential of PenHA-Lip reversed to —4.3+0.9 mV,
suggesting the successful connection of HA. The particle size of PenHA-Lip/Conb was 152.4 £ 1.3 nm, which was
approximately 10 nm larger than that of PenHA-Lip, indicating successful drug encapsulation. Importantly, the particle
size, negative surface charge, and spherical shape of PenHA-Lip/Conb are suitable for the basic flow and diffusion
conditions in the vitreous, which satisfy different ocular applications (Figure 3A, Table S2). The EE of conbercept in
PenHA-Lip/Conb was approximately 45.8% + 2.6% (n = 3), similar to the reported data of bevacizumab encapsulation in
liposomes.** And the DL of conbercept in PenHA-Lip/Conb was approximately 10.6% = 2.6% (n = 3). The particle size
of PenHA-Lip/Conb remained stable at 4°C and 37°C for 14 days (Figure S4A), indicates a good formulation stability.
The drug release characteristics of Lip/Conb and PenHA-Lip/Conb were evaluated in neutral and acidic environments
(Figure 3B, S4B). Lip/Conb and PenHA-Lip/Conb showed similar drug release profiles at pH 7.4 and 6.3, indicating that
the modification of liposome surface and change of pH conditions hardly affected the drug release behavior of conbercept
delivered by liposomes.

Ex vivo Corneal Penetration

The ex vivo corneal permeability abilities of different formulations in isolated rabbit corneas were evaluated using FITC-
labeled bovine serum albumin (BSA) as the model drug. According to the permeability curves, cumulative penetration of
BSA increased in a time-dependent manner (Figure 3C). The Py, values in the liposome groups, with or without
modification, were significantly greater than those in the free BSA group (Figure 3D), indicating that ocular penetration
of BSA was improved by liposome delivery. The P, of the PenHA-Lip/BSA group was 7.7-fold, 2.8-fold, and 1.6-fold
greater than that of the free BSA, HA-Lip/BSA, and Pen-Lip/BSA groups, respectively. Therefore, the dual modification
of Penetratin and HA in liposomes is an effective method for promoting corneal penetration of macromolecular proteins.
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Figure 3 Physical characterization and ex vivo corneal penetration ability. (A) TEM image of PenHA-Lip/Conb (scale bar = 100 nm). (B) Drug release profiles of conbercept
in different formulations at pH 7.4 and 6.3 (n = 3). (C) Permeability curves and (D) apparent permeability coefficients of macromolecular cargos (BSA) in different liposomes
to cross the isolated rabbit corneas (n = 3). Data analyzed by ordinary one-way ANOVA. *¥p< 0.01, ***p<0.001.

Abbreviations: TEM, transmission electron microscope; PBS, phosphate buffered saline; Lip, liposome; Conb, conbercept; BSA, bovine serum albumin; Pen, Penetratin; HA,
hyaluronic acid.

In vitro Cellular Uptake

In vitro cellular uptake properties of different liposomes were evaluated in ARPE-19 cells. As shown in the confocal
microscopy images, intracellular fluorescence distribution was observed in ARPE-19 cells after 4 h of incubation with
Nr-labeled liposomes (Figure 4A). The PenHA-Lip/Nr group showed the strongest intracellular fluorescence, the HA-
Lip/Nr and Pen-Lip/Nr groups showed moderate intracellular fluorescence, and the Lip/Nr group showed weak intra-
cellular fluorescence. Flow cytometry was used to quantitatively detect intracellular uptake in each group (Figure 4B and
C). The MFTI of the PenHA-Lip/Nr group was 2.10-fold (P <0.01), 1.33-fold (P <0.01), and 1.28-fold (P < 0.001) higher
than that of Lip-Nr, HA-Lip/Nr, and Pen-Lip/Nr, respectively. Confocal microscopy qualitative analysis and flow
cytometry quantitative analysis both demonstrated that ARPE-19 cells had significantly increased cellular uptake of
PenHA-Lip when compared with other liposomes.

To verify the cellular targeting ability of different liposomes, ARPE-19 cells were pre-incubated with free HA to
competitively inhibit the CD44 receptor. As shown in Figure S5, the MFI in the PenHA-Lip/Nr group was significantly
reduced after pre-incubation with HA, but not Pen-Lip/Nr, indicating that the CD44-HA interaction was responsible for
the cell-targeting capability of PenHA-Lip. Interestingly, the similar MFI between Pen-Lip/Nr and HA-Lip/Nr suggests
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Figure 4 In vitro cellular uptake and targeting ability of different liposomes. (A) Laser scanning confocal images of ARPE-19 cells after 4 h incubation with Nr-labeled

liposomes (scale bar = 25 um). (B) Flow cytometry results and (C) quantitative analysis of ARPE-19 cells after 4 h incubation with Nr-labeled liposomes (n = 3). Data
analyzed by ordinary one-way ANOVA. *p< 0.01, ***p<0.001.

Abbreviations: ARPE-19, human retinal pigment epithelium cells; Nr, Nile red; DAPI, 4',6-diamidino-2-phenylindole; Lip, liposome; Conb, conbercept; Pen, Penetratin; HA,
hyaluronic acid.

that Penetratin also plays a crucial role in enhancing liposome uptake. Therefore, the dual-modified PenHA-Lip
possessed the cell penetration capability of Penetratin and cell-targeting ability of HA, which generated the highest
cellular uptake in ARPE-19 cells.

In vitro Angiogenic Inhibition
The in vitro anti-angiogenic ability of PenHA-Lip/Conb was evaluated in HUVEC using cell proliferation, cell migration,

and tube formation assays.

1898  hwes International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Sun et al

CCK-8 assay was conducted to evaluate the anti-proliferative effects of PenHA-Lip/Conb on VEGF-induced
proliferation induction by VEGF. As shown in Figure SA, VEGF significantly induced HUVEC proliferation compared
to the control group, while conbercept, Lip/Conb, and PenHA-Lip/Conb inhibited cell proliferation induced by VEGF in
a dose-dependent manner with similar inhibition curves, suggesting that liposome encapsulation and surface modification
of liposomes did not affect the anti-proliferation ability of conbercept in HUVEC.

Transwell migration and wound healing assays were performed to evaluate the anti-migration effects of PenHA-Lip/
Conb in HUVEC cells with migration induction by VEGF. The transwell migration assay (Figure S6), conbercept, and
drug-loaded liposomes were directly applied to the cells, which exerted a similar inhibitory effect on VEGF-induced
migration of HUVECs. In the wound healing assay (Figure 5B—D), conbercept and drug-loaded liposomes crossed the in
vitro corneal barrier to exert their action in the lower chamber. Drug-loaded liposomes significantly inhibited HUVEC
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Figure 5 In vitro anti-angiogenic ability of drug-loaded liposomes under the induction of VEGF. (A) Proliferation curves of HUVEC cells treated by different conbercept
formulations (n = 3). (B) Representative images of wound healing in HUVEC cells treated by different conbercept formulations (scale bar = 100 pm). (C) Representative
images of tube formation in HUVEC cells treated by different conbercept formulations for 4 h (scale bar = 50 pm). (D) Quantitative analysis of wound closure in different
groups after cell scratch (n = 3). (E) Quantitative analysis of relative tube length in different groups when compared with the control group (n = 3). Data analyzed by ordinary
one-way ANOVA. *p< 0.01, ***p<0.001.

Abbreviations: VEGF, vascular endothelial growth factor; Lip, liposome; Conb, conbercept; Pen, Penetratin; HA, hyaluronic acid; ns, no significance.
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migration, whereas the migration inhibitory effect of free conbercept was quite slight. Moreover, Pen-Lip/Conb and
PenHA-Lip/Conb displayed higher anti-migration abilities than Lip/Conb, suggesting that Penetratin modification
effectively promoted corneal cell penetration of liposomes.

Tube formation assays were performed to investigate the effect of PenHA-Lip/Conb on the tube-forming ability of
HUVEC following VEGF induction (Figure 5C—-E). Under the induction of VEGF, clear tube structures were observed in
the control, conbercept, and Lip/Conb groups at 4 h, while VEGF-induced tube formation was significantly inhibited in
the Pen-Lip/Conb and PenHA-Lip/Conb groups, indicating that Penetratin-modified liposomes effectively penetrated the
in vitro corneal barrier and delivered conbercept to perform anti-angiogenic action in the lower compartment.

Ocular Penetration Path and RPE Targeting Ability of PenHA-Lip
The ocular penetration pathway and RPE-targeting ability of PenHA-Lip eye drops were studied using FAM-labeled
liposomes (PenHA-Lip/FAM) in C57BL/6J mice.

In in vivo ocular penetration study (Figure 6A and B), the corneal epithelium, stroma, and endothelium layers showed
a wide and distinct fluorescence distribution after single treatment with PenHA-Lip/FAM eye drops in living mice.
Meanwhile, the corneal epithelial cytoplasm exhibited strong fluorescence, suggesting that PenHA-Lip penetrated the
corneal epithelial layer and was distributed throughout the cornea via the transcellular route (ie, into and through cells).
In corneoscleral limbus sections, drug fluorescence was widespread in the cornea, ciliary body, and sclera (Figure 7B). In
the ex vivo ocular penetration study (Figure 7A), immersing isolated mouse eyes in PenHA-Lip/FAM solution for 30 min
only led to fluorescence distribution in the stroma layer and outermost layer of the corneal epithelium with no obvious
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Figure 6 The ocular penetration path and RPE targeting study of PenHA-Lip. (A) Confocal images of corneal tissue after PenHA-Lip/FAM topical instillation for in vivo and
ex vivo (scale bar = 50 um). (B) Fluorescence distribution in the corneoscleral limbus after PenHA-Lip/FAM topical instillation in vivo (scale bar = 50 um). (C) Fluorescence
colocalization of PenHA-Lip/FAM (green fluorescence) and CD44 (red fluorescence) in RPE layer after PenHA-Lip/FAM topical instillation in vivo (scale bar = 50 um).
Abbreviations: Lip, liposome; Conb, conbercept; Pen, Penetratin; HA, hyaluronic acid; FAM, carboxyfluorescein; DAPI, 4',6-diamidino-2-phenylindole; Epi, corneal epithelial
layer; Endo, corneal endothelium; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium; CD44, homing cell adhesion
molecule.
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Figure 7 The intraocular distribution of macromolecular cargos carried by different liposome eye drops. (A) Fluorescence distribution in the whole eye at 30 min (scale bar
= 500 um). (B) Fluorescence distribution in cornea and retina at 30 min (scale bar = 50 pum). (C) Dynamic fluorescence distribution in cornea and retina during 24 h (scale
bar = 50 pm).

Abbreviations: Lip, liposome; BSA, bovine serum albumin; Pen, Penetratin; HA, hyaluronic acid; Epi, corneal epithelial layer; Endo, corneal endothelium; ILM, internal
limiting membrane; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE/BM, retinal
pigment epithelium/Bruch’s membrane complex; Chr, choroid.
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fluorescence in the epithelial cytoplasm, suggesting that ex vivo corneal epithelial cells had lost their cellular uptake
ability, and PenHA-Lip may also passively diffuse into the cornea via the non-corneal route. In summary, PenHA-Lip eye
drops may penetrate the ocular barrier and enter the eye via both the corneal and non-corneal pathways after topical
instillation.

For in vivo RPE targeting study, the RPE-targeting ability of PenHA-Lip was further evaluated in vivo. As shown in
Figure 6C, yellow fluorescence represents the colocalization of PenHA-Lip/FAM (green fluorescence) and CD44 (red
fluorescence) in the RPE layer, suggesting that HA modification could help liposomes target CD44-expressing tissues/
cells via the interaction between CD44 and HA. In the enlarged image of the retina, PenHA-Lip/FAM was distinctly
present in the cytoplasm of RPE cells, which aligns with the observations that PenHA-Lip effectively targeted CD44-
expressing retinal cells in vitro (Figure 4B and C), indicating the high efficiency of PenHA-Lip in overcoming the ocular
barriers and targeting the RPE site in vivo.

Intraocular Distribution of Macromolecular Cargos in PenHA-Lip

The in vivo intraocular distribution and retention time of macromolecular cargo carried by PenHA-Lip eye drops were
evaluated in C57BL/6J mice using FITC-labeled BSA as the model drug. After topical instillation thrice, distinct
fluorescence (green) was observed in the PenHA-Lip/BSA-treated eyes, particularly in the posterior segment, whereas
only weak fluorescence was observed in the cornea and retina in the Lip/BSA group, and no fluorescence was observed
in the cornea or retina in the free BSA group (Figure 7A). A comparison of the fluorescence distribution between the
cornea and retina showed that most of the drugs successfully reached the retina through the delivery of liposomes,
particularly accumulated in the RPE layer (Figure 7B). Moreover, the fluorescence of PenHA-Lip/BSA-treated eyes
lasted from 30 min to more than 24 h after topical instillation; the fluorescence intensity remained high for the first 6 h
and gradually decreased over time. Compared with the Lip/BSA-treated group, PenHA-Lip/BSA showed a longer
fluorescence retention time, which may be relevant to its RPE targeting ability (Figure 7C). The targeted accumulation
and prolonged retention in the posterior segment of the retina, especially in the RPE layer, indicate the potential of
PenHA-Lip as an effective delivery carrier of macromolecular drugs for the precise treatment of ocular fundus diseases.

Ocular Pharmacokinetic Behavior of PenHA-Lip/Conb Eye drops

The pharmacokinetic behavior of conbercept in the vitreous body was measured after single administration of PenHA-
Lip/Conb eye drops. As shown in Figure 8A, the conbercept concentration showed a tendency to increase at first and then
decrease during 24 h, whose peak value was 18.74 £ 1.09 ng/mL at 4 h. Conbercept concentrations decreased to 12.64 +
4.61 ng/mL at 8 h and 2.59 + 0.56 ng/mL at 24 h, suggesting conbercept clearance time of PenHA-Lip/Conb eye drops
was longer than 24 h in mice. In addition, the concentration of conbercept in mouse eyes treated with PenHA-Lip/Conb
eye drops was significantly higher than that in eyes treated with free drug and Lip/Conb eye drops (Figure 8B),
suggesting that PenHA-Lip had the greatest efficiency in drug delivery, which was beneficial for the anti-neovascular-
ization effect of conbercept.

Currently, the common injection dose of conbercept is 0.5 mg/50 pL in patients with nAMD, which is much higher
than the actual effective dose, and the therapeutic effect of a single injection can last 1-3 months.** A preclinical study
reported that the conbercept concentration in the vitreous body was 20.28 + 28.85 ng/mL at 2 days after a single
intravitreal injection of 20 pg conbercept.*> In our study, conbercept levels reached 18.74 + 1.09 ng/mL at 4 h after a
single topical instillation of 50 pg PenHA-Lip/Conb eye drops, which was almost equivalent to the level after a single
intravitreal injection (p > 0.05). Additionally, conbercept concentrations of PenHA-Lip/Conb eye drops lasted for more
than 24 h and peaked at 4 h. Therefore, PenHA-Lip/Conb eye drops were administered three times a day in this study in
order to maintain effective therapeutic levels for nAMD treatment.

In vivo Therapeutic Evaluations

After identifying the dosage regimen and achievable drug concentrations, a laser-induced CNV mouse model was
established to evaluate the anti-neovascularization effects of PenHA-Lip/Conb eye drops in vivo. FFA assays, isolectin
B, immunofluorescence staining, and histopathological staining were performed to determine the therapeutic efficacy of
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Figure 8 Ocular pharmacokinetic behavior and therapeutic effects of PenHA-Lip/Conb eye drops. (A) Ocular pharmacokinetic behavior of PenHA-Lip/Conb eye drops after
a single topical instillation (n = 4). (B) The quantitative comparison of conbercept concentrations at 4 h in different groups (n = 4). (C) FFA images on day 7 in laser-induced
CNV mice treated with eye drops t.i.d. or a single intravitreal injection (scale bar = 200 um). (D) Quantitative statistics of fluorescence leakage areas in each group (n = 3).
(E) Representative immunofluorescence images on day 7 in laser-induced CNV mice treated with eye drops t.id. or a single intravitreal injection (scale bar = 200 um). (F)
Quantitative statistics of CNV lesion areas in each group (n = 3). The black arrow represents the fluorescence leakage area; the white arrow represents the CNV lesion
area. Data analyzed by ordinary one-way ANOVA. *p< 0.05, **p< 0.01, **p< 0.001.

Abbreviations: Lip, liposome; Conb, conbercept; Pen, Penetratin; HA, hyaluronic acid; FFA, representative fundus fluorescein angiography; CNV, choroidal neovasculariza-
tion; tid., three times a day; ED, eye drop; IVT, intravitreal injection; PBS, phosphate-buffered saline.
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PenHA-Lip/Conb eye t.i.d. for seven days in laser-induced CNV lesions. It is worth noting that genetic susceptibility
plays a primary role in the development of human nAMD, whereas the experimental CNV model in this study was an
acute injury caused by a certain laser wavelength and relied heavily on inflammation.”® Moreover, mice do not have a
defined macula,*® so the laser-induced CN'V models cannot completely mimic the complexity of the pathology of human
nAMD. Nevertheless, a laser-induced CNV model can still be commonly used for the therapeutic evaluation of drugs
owing to its anti-neovascularization effects, since neovascularization is a crucial feature of nAMD pathophysiology.

As demonstrated in the FFA assay (Figure 8C and D), following a seven-day period of therapeutic intervention, the
fluorescent leakage areas in the PBS, conbercept (ED), Lip/Conb (ED), PenHA-Lip/Conb (ED), and conbercept (IVT)
groups were as follows: 10,666 + 451, 8757 £ 1189, 7661 £ 1193, 3280 + 994, and 2453 + 1064, respectively. No
significant inhibitory effects of conbercept eye drops on CNV lesion size were observed when compared with the PBS
group, whereas CNV lesion size was significantly reduced in the group receiving daily topical instillations of PenHA-
Lip/Conb eye drops or a single intravitreal injection of conbercept. Interestingly, no significant differences were observed
in the reduction of CNV lesion sizes between the PenHA-Lip/Conb eye drop and conbercept intravitreal groups,
suggesting that the bioefficacy of PenHA-Lip/Conb eye drops t.i.d. was equivalent to that of a single intravitreal
conbercept injection. A similar characteristic was observed in the isolectin B, expression analysis (Figure 8E and F).
Neovascularization areas were measured and compared using isolectin B, as the vascular endothelial cell marker.
Quantitative evaluations showed that the CNV areas were significantly reduced by PenHA-Lip/Conb eye drops, whose
anti-neovascularization effect was as efficacious as that of a single intravitreal conbercept injection. Based on the
encouraging results of continuous 7-day treatment, the PenHA-Lip/Conb eye drops demonstrate significant effectiveness
and therapeutic potential, laying a preliminary foundation for subsequent research. Our future plans involve further
confirmation of these findings through an extended follow-up period.

Morphological and pathological changes in CNV areas were also observed by HE staining of the retinal tissues. As
shown in Figure S7, normal retinas presented an intact structure with clear layers, whereas retinas near CNV lesions
became severely detached with deranged inner and outer nuclear layers in the PBS group. In the conbercept eye drop
group, RPE and Bruch’s membranes were broken, and cells had proliferated from the choroid to the retina, showing
typical CNV lesion symptoms. After intervention with daily PenHA-Lip/Conb eye drops and a single intravitreal
conbercept injection, the retinas were almost restored to normal structures where the cells were neatly arranged.

Therefore, in vivo therapeutic data demonstrated that the CNV areas of the mice that received PenHA-Lip/Conb eye
drops t.i.d. for 7 days were similar to those of the mice that received a single conbercept intravitreal injection, indicating
the therapeutic advantage of PenHA-Lip/Conb eye drops in non-invasively and precisely producing an anti-neovascular-
ization effect in nAMD treatment.

Biocompatibility Evaluation

Liposome biocompatibility was investigated using the CCK-8 assay, AH, and histological examinations. Cell viability of
HCEC cells and ARPE-19 cells was over 90% at liposome concentrations of 12.5-1000 pg/mL, demonstrating good
liposome biocompatibility with these cells (Figure 9A and B). The AH value of the cornea is a crucial parameter for
toxicological assessments following corneal penetration tests. As reported, the AH value of a normal healthy cornea is
76-80%, and a AH value of 83-92% indicates some degree of damage to the corneal epithelium or endothelium.*” As
shown in Figure 9C and D, the AH values of corneas treated with liposomes were between 78.02% and 80.41%, and a
well-defined layered morphology was demonstrated by HE staining, suggesting that liposomes were not toxic to corneas.
In addition, laser-induced CNV mice were in good condition with no clinical abnormalities during topical administration
of liposomes for .i.d. 7 days, such as eyeball congestion, edema, increased secretion, and turbid refractive medium. No
significant difference was observed in the HE staining images of the cornea, conjunctiva, ciliary body, and retina between
the liposome and PBS groups (Figure 9E). Thus, PenHA-Lip/Conb eye drops z.i.d. showed good ocular biocompatibility
for the treatment of ophthalmic diseases.

Since clinical adverse reactions of conbercept are predominantly associated with the injection procedure,’!%*®

we
focus on designing a drug carrier that primarily addresses safety concerns related to conbercept injection. Despite the

short action duration of eye drops compared to direct vitreous injection,*’ pharmacological and animal studies have also
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validated the feasibility of ocular instillation and its improvement in safety. However, AMD is considered a multifactorial
disease, involving a complex interaction between aging, genetic susceptibility, and environmental risk factors.”® Hence,
monotherapy face limitations, as not all patients respond favorably to anti-vascular endothelial growth factor (VEGF)
treatments.”’ An increasing body of research highlights the advantages of conbercept in combination therapies.’
Consequently, the application of novel Conbercept eye drops and the identification of effective early biomarkers,>

with combined intervention, may potentially emerge as future research directions.

Conclusion

In this study, an ophthalmic liposome dual-modified with Penetratin and HA (PenHA-Lip/Conb) was prepared for
noninvasive treatment of nAMD. Specifically, PenHA-Lip eye drops showed high permeability through the ocular barrier
with the conjugation of Penetratin and targeted the RPE site with HA modification during topical instillation. In addition,
PenHA-Lip/Conb inhibited VEGF-induced HUVEC proliferation, migration, and tube formation, resulting in good
antiangiogenic ability. Importantly, PenHA-Lip/Conb eye drops effectively delivered an anti-VEGF agent (conbercept)
to the posterior segment of the mouse eyes, and the therapeutic outcome was comparable to that of a single intravitreal
injection, with no significant toxicity observed. In summary, our findings in dual-modification liposomes not only reveal
a new method for the noninvasive treatment of nAMD but also provide a promising application for other chronic fundus
diseases.

Abbreviations

ARPE-19, human retinal pigment epithelium cells; BRVO, branch vein occlusion; BSA, bovine serum albumin; CCK-8,
cell counting kit-8; CD44, homing cell adhesion molecule; CHOL, cholesterol; Chr, choroid; CNV, choroidal neovascu-
larization; Conb, conbercept; CPP, cell-penetrating peptides; DAPI, 4.6-diamino-2-phenyl indole; DL, drug loading;
DLS, dynamic light scattering; DPPE, dipalmitoyl phosphoethanolamine; DSPE, distearoyl phosphoethanolamine;
DSPE-PEGyqq, distearoyl phosphoethanolamine-polyethylene glycolsggg; DSPE-PEG,gg9-Mal, 1.2-distearoyl-sn-gly-
cero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]; DSPE-PEG,go-Pen, distearoyl phosphoethano-
lamine-PEG-Penetratin; ECM, endothelial cell medium; ED, eye drop; EDC, N-(3-Dimethylaminopropyl)-N
"-ethylcarbodiimide hydrochloride; EE, entrapment efficiency; ELISA, enzyme-linked immunosorbent assay; Endo,
corneal endothelium; EPC, egg yolk lecithin; Epi, corneal epithelial layer; ESI-MS, electrospray ionization mass
spectrometry; FAM, carboxyfluorescein; FFA, fundus fluorescein angiography; GCL, ganglion cell layer; HA, hyaluronic
acid; HA-Lip or PenHA-Lip, HA-modified liposomes; HCEC, human corneal epithelial cells; HE, hematoxylin—eosin
staining; HUVEC, human umbilical vein endothelial cells; ILM, internal limiting membrane; INL = inner nuclear layer;
IPL, inner plexiform layer; IVT, intravitreal injection; Lip, liposome; MALDI-TOF-MS, matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry; MFI, mean fluorescence intensity; MW, molecular weight; nAMD, neovas-
cular age-related macular degeneration; NHS, N-hydroxysuccinimide; Nr, Nile red; Papp, apparent permeability coeffi-
cient; ns, no significance; ONL, outer nuclear layer; OPL, outer plexiform layer; PBS, phosphate-buffered saline; PDT,
photodynamic therapy; PEG, polyethylene glycol; Pen, Penetratin; Pen-Lip, Penetratin-modified liposomes; Pen-Lip/
FAM, FAM-labeled liposomes; PFA, paraformaldehyde fix solution; PLT, photoreceptor layer thickness; PRN, pro re
nata; q.w, quaque week; RPE, retinal pigment epithelium; RPE/BM, retinal pigment epithelium/Bruch’s membrane
complex; t.i.d., three times a day; TEM, transmission electron microscope; VEGF, vascular endothelial growth factor;
AH, hydration values.
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