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Introduction: Oxidant stress, abnormal angiogenesis, and inflammation are three key factors contributing to the development of
ocular neovascular diseases (ONDs). This study aims to develop a multifunctional nanodrug, DEX@MPDA-Arg@Si (DMAS), which
integrates mesoporous polydopamine, vascular endothelial growth factor (VEGF)-siRNA, and dexamethasone (DEX) to address these
therapeutic targets.

Methods: Physicochemical properties of DMAS were measured using transmission electron microscopy and a nanoparticle size
analyzer. The encapsulation efficiency and drug loading capacity of DMAS were measured using a UV-visible spectrophotometer. The
in vivo therapeutic efficacy and ocular safety of DMAS were evaluated using three established mouse models, including the alkali
burn-induced corneal neovascularization (CoNV) model, the oxygen-induced retinopathy (OIR) model, and the laser-induced
choroidal neovascularization (CNV) model.

Results: The DMAS nanoparticles demonstrated a uniform bowl-like shape with an average size of 264.9 + 2.5 nm and a zeta
potential of —28.2 + 4.2 mV. They exhibited high drug-loading efficiency (36.04 + 3.60% for DEX) and excellent biocompatibility. In
vitro studies confirmed its potent antioxidant, anti-inflammatory, and anti-apoptotic properties. In vivo, DMAS treatment led to
significant therapeutic effects across all models. It effectively inhibited CoNV, promoted corneal repair, and modulated inflammation in
the alkali burn model. In the OIR model, DMAS reduced retinal neovascularization by decreasing VEGF expression. In the laser-
induced CNV model, it significantly reduced the CNV area and lesion thickness.

Conclusion: This research developed a multifunctional nanodrug, DMAS, capable of co-delivering VEGF-siRNA and DEX, offering
synergistic therapeutic benefits for treating ONDs. The DMAS nanodrug demonstrates promising anti-inflammatory, antioxidative, and
anti-angiogenic effects, highlighting its potential as a versatile and effective treatment for multiple ocular conditions.
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Introduction

Ocular neovascular diseases (ONDs) are a major focus in ophthalmic research due to their prevalence and significant impact
on vision.'* The pathological process of ONDs involves abnormal angiogenesis in the cornea, retina, and choroid, leading to
conditions such as corneal neovascularization (CoNV), retinopathy of prematurity (ROP), diabetic retinopathy (DR), and
neovascular age-related macular degeneration (nAMD).? The core issue in ONDs is the dysregulated expression of vascular
endothelial growth factor (VEGF), a crucial pro-angiogenic cytokine that promotes endothelial cell proliferation and new
vessel formation.* This dysregulation is often intensified by inflammatory mediators like tumor necrosis factor-alpha (TNF-a),
interleukin-6 (IL-6), and interleukin-1 beta (IL-1p), which collectively enhance VEGF activity and angiogenic pathways.’
Additionally, reactive oxygen species (ROS) and oxidative stress further drive neovascularization by upregulating VEGF and
activating signaling pathways, particularly in nAMD.® Due to these complex mechanisms, effective clinical management
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requires a comprehensive therapeutic strategy, combining anti-VEGF agents, anti-inflammatory treatments, and antioxidants
to control disease progression and preserve vision.

Currently, two main therapeutic approaches are utilized for treating ONDs: anti-VEGF agents, such as aflibercept and
bevacizumab, and corticosteroids.”® Anti-VEGF therapies, primarily formulated as fusion proteins or antibodies,
function by binding to and neutralizing VEGF, which effectively inhibits angiogenic signaling pathways and reduces
neovascularization.”'° In addition to anti-VEGF agents, corticosteroids are widely used due to their ability to alleviate
inflammation, inhibit the proliferation of capillaries and leukocytes, reduce edema, and suppress disease progression in
ocular neovascular conditions.''* For example, Goswami et al found that dexamethasone (DEX) modulated inflamma-
tion and neovascularization through VEGF pathways.'> Kadar et al emphasized that early anti-inflammatory treatments,
including steroids and VEGF inhibitors like bevacizumab, significantly reduced corneal neovascularization and inflam-
mation in chemically-induced ocular injuries.® Together, these findings underscore the therapeutic advantages of
combining DEX and VEGEF inhibition for ONDs. Despite the promising results of both VEGF inhibitors and corticoster-
oids, regardless of whether administered alone or together,'® these therapies often require repeated doses, which can lead
to increased treatment complexity, elevated costs, and heightened risks of adverse effects.'’

In addition to the costly VEGF-antibody used for various diseases, small interfering RNA (siRNA) technology has
garnered significant attention in recent years due to its affordability and accessibility for treating VEGF-related diseases.'®"’
Currently, VEGF-siRNA therapies, such as ALN-VSP developed by Alnylam Pharmaceuticals,”*' are primarily intended for
cancer treatment, with few applications in ophthalmic diseases such as Bevasiranib for nAMD.** Despite these advances, the
clinical translation of siRNA molecules faces significant challenges, particularly in the precise delivery and inhibition of off-
target effects such as the activation of Toll-like receptors.>* *> To enhance the delivery efficiency and targeting specificity of
siRNA, a variety of nanomaterials, including lipid nanoparticles (NPs) and bioactive NPs such as polydopamine (PDA), have
been developed.”® 2 Moreover, these nanomaterials not only address issues such as degradation and low permeability of
siRNA, but they also expand its application to a wide range of diseases.**>"

To address the clinical need for treating ONDs, we developed a multifunctional nanodrug, DEX@MPDA-Arg@Si
(DMAS), by integrating bioactive mesoporous polydopamine (MPDA) with VEGF-siRNA and DEX. The multifunc-
tional nanocarrier MPDA was selected to load the two agents primarily due to its larger specific surface area, richer pore
structure, more active binding sites, and excellent biocompatibility as compared to lipidic and polymeric
nanoparticles.>*** In addition to its physical advantages, the melanin-mimicking MPDA, by virtue of its multifaceted
biological properties—including anti-inflammatory, anti-ROS, tissue regeneration promotion, anti-angiogenesis, and
immunomodulation—renders itself as a promising nanocarrier for treating various diseases.?'*¢*

Nanodrug co-delivery systems enhance therapeutic efficacy by combining drugs that target different aspects of a disease,
thereby producing synergistic effects.***° In clinical cases, the combination of a DEX implant with bevacizumab has been
demonstrated to significantly improve visual acuity and macular morphology in eyes with refractory diabetic macular
edema.*' The nanodrug DMAS was designed to provide synergistic therapeutic effects through VEGF-siRNA, DEX, and
MPDA, aiming to reduce treatment frequency and duration, lower costs, mitigate side effects, and improve patient outcomes.
To test this, we selected three established animal models—CoNV, oxygen-induced retinopathy (OIR), and laser-induced
choroidal neovascularization (CNV)—representing neovascular diseases in the cornea, retina, and choroid. To our knowledge,
this study is the first to explore an integrated delivery system combining gene therapy, corticosteroids, and bioactive MPDA
for OND treatment.

Materials and Methods

Preparation and Characterization of MPDA Nanodrugs

Following a published method,*> MPDA was synthesized by dissolving 150 mg of dopamine hydrochloride (Cat#
D103111, Aladdin, Shanghai, China) in 3 mL deionized water and 100 mg of Pluronic F127 (Cat# P6790, Solarbio,
Beijing, China) in 3 mL ethanol. After combining these solutions, 160 pL of 1,3,5-trimethylbenzene (Cat# T818958,
Macklin, Shanghai, China) and 375 pL of 28% NH4OH were added, followed by stirring with 1 mL of L-arginine
solution (150 mg/mL) (Cat# HY-N0455, MedChemExpress, Monmouth Junction, NJ, USA) in the dark for 6 hours.*
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The resulting MPDA-Arg (MA) nanoparticles were washed and subsequently loaded with DEX (Cat# HY-14648,
MedChemExpress, Monmouth Junction, NJ, USA) to form DEX@MPDA-Arg (DMA). For siRNA loading, DMA at
various concentrations was mixed with 50 nM siRNA to create DEX@MPDA-Arg@Si (DMAS). The detailed proce-
dures are presented in the Supplementary Materials section. The nanoparticle morphology of MPDA nanodrugs

(including MA, DMA, and DMAS) was examined using a G2 F30 S-Twin transmission electron microscope (TEM)
(Tecnai, Oregon, USA). Zeta potentials and particle sizes were measured with a Malvern Zetasizer Nano instrument
(Malvern, Worcestershire, UK).

Cytocompatibility of MPDA Nanodrugs

Human umbilical vein endothelial cell (HUVEC) and RAW264.7 cells (BIOSPECIES, Guangzhou, China) (5 % 10°
cells per well) were seeded onto 96-well plates and incubated at 37°C for 24 hours, serving as in vitro model systems
for vascular and inflammatory studies, respectively. Subsequently, the cells were exposed to varying concentrations
(5-150 pg/mL) of nanodrugs for an additional 24 hours. Then, the original medium was aspirated and replaced with
fresh complete medium. The cells were then incubated with CCK-8 solution for 2 hours. Cytotoxicity of the MPDA
nanodrugs was assessed using the CCK-8 assay (Biosharp, Hefei, China).

Intracellular ROS-Scavenging Ability of MPDA Nanodrugs

RAW264.7 cells (3 x 107 cells per well) were cultured with MPDA nanodrugs on cell slides in a 24-well plate for
24 hours. ROS was induced by adding hydrogen peroxide (H,0,) (100 uM) to each well for 2 hours. RAW264.7 cells
were stained with 2°,7’-dichlorodihydrofluorescein diacetate (DCFH-DA, Biosharp, Hefei, China) (10 pM) for another
1 hour. Finally, the cells were imaged using a DMi8 fluorescence microscope (Leica, Hamburg, Germany). Quantitative
analysis of the average fluorescence intensity was performed with ImagelJ software.

Effects of MPDA Nanodrugs on Cellular Cytokines and VEGF Expression

HUVEC and RAW264.7 cells (2 x 10° cells per well) were individually exposed to 1 pg/mL lipopolysaccharide (LPS,
Cat# 1970739, Macklin, Shanghai, China) in a 24-well plate for 2 hours, followed by treatment with various nanodrugs
for 24 hours. Subsequently, the cell supernatant was collected and centrifuged for enzyme-linked immunosorbent assay
analysis to determine the concentrations of TNF-a, IL-6, IL-1pB, and VEGF (Solarbio, Beijing, China) using a microplate
reader (BioTek, Winooski, USA).

Effects of MPDA Nanodrugs on Cell Apoptosis

HUVEC and RAW264.7 cells were individually exposed to 1 pg/mL LPS for 2 hours. Following treatment with MPDA
nanodrugs for 24 hours, the cells (1 x 10° cells per well) were collected, rinsed with phosphate-buffered saline (PBS),
and suspended in 400 pL of binding buffer. Annexin V-FITC and PI (Solarbio, Beijing, China) were then added and
incubated in the dark for 15 minutes. Finally, flow cytometry analysis was promptly conducted within 30 minutes using
the DXxFLEX flow cytometer (Beckman, CA, USA).

Establishment of Three Ocular Neovascular Animal Models

Three ocular neovascular models, including alkali burn-induced CoNV mouse model, OIR mouse model, and laser-induced
CNV mouse model, were established by following several reported methods. The experimental details are provided in the
Supplementary Materials section. Female BALB/c and C57BL/6J mice (6—8 weeks old) were sourced from Vital River

Experimental Animals Technology (Beijing, China). This study and the included experimental procedures were approved by
the Institutional Animal Care and Use Committee of Shenzhen People’s Hospital (License No. LL-KY-2021541). All animal
housing and experiments were conducted in strict accordance with the institutional guidelines for the care and use of

laboratory animals.
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Ocular Injections of MPDA Nanodrugs

The mice were sedated with 2% isoflurane via a disposable mask using a small animal anesthesia machine (RWD,
Shenzhen, China). The formulations (1 mg/mL of MA, DMA, or DMAS and 5 mg/mL of DEX) were prepared for all
injection methods. For subconjunctival injection in the CoNV model, 5 uL of the prepared formulation was injected into
the temporal subconjunctival zone using a Hamilton microsyringe (Hamilton, Nevada, USA). Intravitreal injections were
administered via a scleral incision 1 mm posterior to the limbus, delivering the formulations into the vitreous chamber
using a Hamilton syringe. In the OIR mouse model, the administered drug volume was 1 pL, while in the laser-induced
CNV mouse model, the volume was increased to 1.5 pL. The drugs were administered on days 1, 4, 7, and 10 post-
modeling. For the OIR model, treatment started when the mice were returned to room air.

Ophthalmic Examination on Corneal Neovascularization Mouse Model

For corneal fluorescein staining, 1 pL of 2% fluorescein sodium (Aladdin, Shanghai, China) solution was administered
into the conjunctival sac for 10 seconds. Subsequently, the eye was flushed with PBS to climinate excess fluorescein
sodium. The defects in the corneal epithelium were promptly examined under cobalt blue light using a slit lamp
biomicroscope (Carl Zeiss, Oberkochen, Germany). Corneal optical opacity was graded on a scale of 0 to 4, referencing
the standard images (Supplementary Figure S1). Evaluation of CoNV was conducted using a modified scoring

system.***> Each of the five corneal regions (inferior, superior, temporal, nasal, and central) received a score from 0
to 4 depending on neovascularization coverage: 0 for no vessels, 1 for less than 30%, 2 for 30-70%, 3 for 70—-100%, and
4 for full coverage. When measuring the CoNV length, the longest CONV with good continuity and minimal curvature
was selected. Optical coherence tomography (OCT) images of the anterior segment and fundus were captured using the
CIRRUS HD-OCT 5000 device (Carl Zeiss, Oberkochen, Germany). Corneal thickness and anterior chamber depth were
calculated by the OCT built-in software.

Ophthalmic Examination on Fundus Neovascularization Mouse Model

Following anesthesia, a drop of tropicamide (Santen, Osaka, Japan) was instilled into both eyes of the mice to achieve
pupil dilation for in vivo fundus color imaging and vascular fluorescence angiography. Subsequently, Hylo-Comod eye
drops (Ursapharm, Saarbriicken, Germany) were administered to maintain ocular surface moisture. After white balance
calibration, the fundus color photography was captured and saved using the Phoenix Micron IV fundus imaging system
(Phoenix, Oregon, USA). Subsequently, the mice received an intraperitoneal injection of 0.1 mL of 2.5% sodium
fluorescein (Macklin, Shanghai, China). After 3 minutes, when the sodium fluorescein had sufficiently entered the
bloodstream, images of the fundus fluorescein angiography were captured and saved in fluorescein photography mode
(Phoenix, Oregon, USA).

Flow Cytometry Analysis in Conjunctival Tissue

Mouse conjunctival tissue was separated and then digested in Dulbecco’s Modified Eagle Medium supplemented with
2 mg/mL collagenase (ACMEC, Shanghai, China) and 5 mg/mL DNase (Solarbio, Beijing, China) for 2 hours at 37 °C.
The conjunctival tissue suspension was filtered through a 70-um cell strainer (BD, Franklin Lakes, NJ, USA). Single
cells in suspension were then immunostained with anti-mouse F4/80 antibody (Cat# 157303, PE-conjugated, diluted at
1:100, BioLegend, San Diego, CA, USA) and anti-mouse CD31 antibody (Cat# 102405, FITC-conjugated, diluted at
1:100, BioLegend, San Diego, CA, USA). Flow cytometric analysis of the stained cells was conducted using the
DxFLEX flow cytometer (Beckman, Brea, CA, USA) and FCS Express software.

Retina and RPE/Choroid Flat-Mount Immunofluorescent Staining with IB4

Retina and choroid were separated after the removal of cornea, lens, and vitreous from the eye. The retinas and retinal pigment
epithelium (RPE)/choroid were permeabilized in PBS containing 0.3% Triton X-100 (Sangon Biotech, Shanghai, China) at
4°C for 4 hours, and blocked with 0.5% bovine serum albumin (Servicebio, Beijing, China) at 4°C for 6 hours. After three
washes with PBS, the retinal samples and RPE/choroid were incubated with fluorescein-conjugated isolectin B4 (IB4, Cat#
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FL-1201, diluted at 1:100, Vector Laboratories, Burlingame, USA) at 4°C overnight. Finally, the samples were divided into
four quadrants by four radial incisions and mounted on a slide with a coverslip. The immunofluorescent images of the retinal
vasculature and CNV were captured by a DMi8 digital fluorescence microscope. The areas of retinal neovascularization, non-
perfused retinal regions, and CNV were measured using ImageJ software.*°

Statistical Analysis

Statistical analyses were performed using GraphPad Prism software (version 9.5.0). Group comparisons were assessed
using an unpaired, two-tailed Student’s #-test for two-group comparisons, while one-way ANOVA with Tukey’s post hoc
test was used for comparisons involving more than two groups. A value of P < 0.05 was considered statistically
significant.

Results

Synthesis and Characterization of MPDA Nanodrugs

The synthesis of DMAS is illustrated in Figure 1, which highlights two primary stages: the fabrication of MPDA NPs and
the subsequent incorporation of DEX and VEGF-siRNA onto MPDA NPs. A previously reported VEGF-siRNA was used
in our experiment,*’ with the specific sequences provided in Supplementary Materials Table 1.
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Figure | A schematic diagram of DMAS nanodrug for ONDs. This picture depicts the preparation of MPDA nanodrugs, including polymerization and drug loading
processes, as well as their therapeutic effects in various OND models, such as the alkali burn-induced CoNV model, OIR model, and laser-induced CNV model. Through
subconjunctival and intravitreal injections, MPDA nanodrugs exhibit multiple therapeutic effects. At the animal level, they effectively reduce neovascularization. At the cellular
level, they inhibit the expression of inflammatory cytokines (such as TNF-q, IL-6, and IL-1B) and possess ROS-scavenging capability.
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The physicochemical properties of the MPDA nanodrugs were characterized, mainly focusing on their morphological
structure, size, surface potential, and stability. Macroscopic observations revealed that high concentrations of MPDA
nanodrugs displayed a brownish-black color (Supplementary Figure S2A). TEM analysis confirmed that DMAS

nanodrugs exhibited a typical bowl-like morphology, with uniformly distributed mesoporous structures on their surface
and a consistent size distribution (Supplementary Figure S2B). The mesoporous structure of PDA provides a high surface

area, which facilitates adsorption and encapsulation of therapeutic agents such as DEX and siRNA. The zeta potential of
DMAS was approximately —28.2 + 4.2 mV (Supplementary Figure S2C), close to the optimal zeta potential of =30 mV as

reported previously.48 The average particle size of MA was approximately 262.5 £ 1.9 nm (Supplementary Figure S2D).

After loading with DEX and siRNA, the particle size of DMAS slightly increased to 264.9 + 2.5 nm (Supplementary
Figure S2E), indicating that the incorporation of small molecule drugs into the pores of MPDA nanodrugs did not
significantly change the particle size. The particle size of these MPDA nanodrugs is consistent with other reports ranging
from 100 to 300 nm.*>**% A two-week experiment monitoring the particle size and zeta potential of DMAS showed no
significant changes in ultrapure water at room temperature (Supplementary Figure S3), demonstrating good long-term

stability. These findings support the potential of using MPDA nanodrugs in various medical applications.

Drug Loading Ability of MPDA Nanodrugs

The drug loading capacity, encapsulation efficiency, and siRNA delivery efficiency of MPDA nanodrugs were evaluated.
In our work, the drug loading capacity of DEX was approximately 36.04 + 3.60%. The encapsulation efficiency of DEX
in MPDA was approximately 72.63 + 2.27% (Supplementary Figure S4). Previous studies have shown that non-porous

PDA typically has a lower loading capacity of around 7 to 10%.°">* For the loading of VEGF-siRNA, the agarose gel
electrophoresis results showed that when the DEX@MPDA-Arg (DMA) concentration reached 0.8 mg/mL, the siRNA
band was nearly undetectable, suggesting complete encapsulation of siRNA (Supplementary Figure S5). Therefore, the

concentration of 0.8 mg/mL was used for the synthesis of MPDA nanodrugs.

In Vitro Studies of MPDA Nanodrugs

In vitro studies of MPDA nanodrugs were conducted on HUVEC and RAW264.7 cells. As depicted in Figure 2A, DMAS
had a negligible effect on cellular morphology at concentrations ranging from 0 to 50 ug/mL. This suggests that DMAS
is well-tolerated by the cells within this concentration range. However, a decline in cell viability was observed when the
concentration of DMAS went beyond 50 pg/mL. At concentrations between 0 and 50 pg/mL, HUVEC and RAW264.7
cells exhibited a high survival rate over 85% after 24 hours of incubation with various concentrations of MPDA
nanodrugs (Supplementary Figure S6). This survival rate is well above the cytotoxicity threshold of 70%, as defined
by ISO 10993-5.%

Subsequently, the ROS scavenging capability of DMAS was evaluated using a H,O,-induced oxidative stress model
in RAW264.7 cells. The results showed that DMAS significantly reduced the intracellular ROS levels in H,O,-treated
RAW264.7 cells compared to the MPDA-Arg (MA) group (Figure 2B and C). Notably, doping DEX with MPDA NPs
demonstrated a significantly enhanced capability, as DEX is known for its ability to scavenge ROS.>* DMAS showed

a similar scavenging ability to DMA, suggesting that the addition of VEGF-siRNA did not enhance the ROS-scavenging
ability.

The LPS-induced cell model was then used to test the anti-apoptotic ability and the anti-inflammatory effects of
MPDA nanodrugs on HUVEC and RAW264.7 cells. Flow cytometry analysis (Figure 3A-D) revealed that LPS
significantly increased the proportion of apoptotic cells compared to the PBS group, while DMAS significantly reduced
apoptosis in LPS-treated cells. This indicates that DMAS possesses strong anti-apoptotic properties, which are particu-
larly beneficial in inflammatory diseases where excessive apoptosis exacerbates tissue damage and disease progression.>

The effects of MPDA nanodrugs on inflammatory cytokine expression—including TNF-a, IL-6, IL-1B, and VEGF—
were assessed in the LPS-induced cells. As shown in Figure 3E-G, MPDA nanodrugs significantly reduced the
expression levels of IL-1B and TNF-a in LPS-induced RAW264.7 cells compared to the PBS control group. Notably,
the DMAS group exhibited the lowest levels of IL-1J and IL-6 among the MPDA groups. Additionally, in LPS-induced
HUVEC cells, DMAS reduced VEGF expression more effectively than DMA did (Figure 3H), underscoring its potential
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Figure 2 Biological effects of MPDA nanodrugs at cellular level. (A) Effects of different concentrations of DMAS on cell morphology. Scale bar: 200 pum. (B) Fluorescent
images of intracellular ROS levels induced by H,O, with MPDA nanodrugs. Scale bar: 100 pm. (€) Quantitative results of immunofluorescence intensity (n=5). The data are
presented as mean  SD with * indicating P < 0.05, ** indicating P < 0.01, and ns indicating no significant difference. Ctrl represents the blank control group.

in treating angiogenesis-driven diseases, such as cancer and DR. Overall, DMAS was the most effective in reducing
inflammation-related cytokine levels compared to other MPDA nanodrugs.

Regarding the internalization and intracellular localization of the MPDA nanodrugs, the cellular uptake experiment
demonstrated that the intracellular fluorescent signals from the fluorescein isothiocyanate (FITC)-DMAS were clearly
tracked in HUVEC and RAW264.7 cells after 6 hours of incubation (Figure 31). These results indicated that FITC-DMAS
can effectively enter and accumulate within HUVEC and RAW264.7 cells.

In Vivo Studies with MPDA Nanodrugs

To validate the therapeutic efficacy of the MPDA nanodrugs, we employed three classic animal models (CoNV, OIR, and
CNV mouse models) targeting different ocular segments—cornea, choroid, and retina—encompassing most types of
ONDs, and simulating the pathological features of corneal alkali burn, ROP, and nAMD, respectively (Figure 4). To the
best of our knowledge, this was the first study using PDA co-loaded with DEX and VEGF-siRNA on these OND animal
models.

Therapeutic Effects of MPDA Nanodrugs in CoNV Mouse Model

The CoNV mouse model was established following a classical method (Supplementary Figure S7). To evaluate the local
ocular biocompatibility of MPDA nanodrugs, Balb/c mice received subconjunctival injections of 5 uL MPDA nanodrugs
at a concentration of 1 mg/mL, targeting the anterior segment of the eye. Slit lamp photography showed no signs of

ocular redness, irritation, or inflammation at both 4-hour and 4-day time points (Supplementary Figure S8) after
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Figure 3 Anti-inflammatory and anti-apoptotic effects of MPDA nanodrugs at cellular level. (A and B) Effects of MPDA nanodrugs on apoptosis in HUVEC (A) and
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significant difference. Ctrl represents the blank control group.

subconjunctival injection. This demonstrated the safety of the MPDA nanodrugs for ocular applications, particularly for
the anterior segment of the eye. Thus, this concentration was used for further CoNV model studies.

The therapeutic effects of MPDA nanodrugs on the CoNV model were evaluated from four perspectives: CoNV
inhibition, corneal repair, inflammation modulation, and corneal morphology. In terms of CoNV inhibition (Figure 5A),
during the first two days post-alkali burn, neovascularization originated from the corneal margin and gradually extended
towards the corneal center. The severity of CoNV was evaluated by measuring the CoNV length (Figure 5B) and scoring
it (Figure 5C) on days 4, 7, 10, and 15. By day 10, all MPDA nanodrug treatments reduced neovascularization compared
to PBS, with DMAS showing the most significant reductions by day 15. Additionally, the corneal optical opacity

(Supplementary Figure S1) remained consistent across all groups at each observation point (Figure 5D).
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Figure 4 Experimental design of DMAS treatment on three OND animal models. The top timeline represents the OIR model in C57BL/6é pups, which involves exposure to
75% oxygen from postnatal day 7 to |2, then returning to room air, with intravitreal injections administered on postnatal days |3 and 16. The bottom timeline depicts the
CoNV model in BALB/c mice, and laser-induced CNV model in C57BL/6 mice with intravitreal injections given on days |, 4, 7, 10, and |3 post-induction.

Corneal epithelial defects, which served as an indicator of corneal repair, were noticeable in all groups one day post-
alkali burn, as shown by fluorescein staining (Figure 5E). By day 4, DMAS significantly enhanced the healing rate of the
corneal epithelium compared to PBS (Figure 5F), suggesting its ability to preserve the epithelial barrier and tight
junctions, which are essential in preventing further damage and infection. By day 7, corneal epithelial defects were fully
healed across all groups.

To assess corneal morphology, anterior segment-optical coherence tomography (AS-OCT) imaging was conducted in
live mice (Figure 6A). AS-OCT analysis showed increased corneal thickness across all groups on day 1 post-alkali burn,
with no significant thickness differences observed among groups, confirming consistent burn severity. High-density AS-
OCT reflective signals in the anterior chamber suggested inflammatory exudates. By day 15, corneal thickness in the
DMAS group was significantly lower than in the PBS, MA, DMA, and DEX groups (Figure 6B). Corneal thickness
serves as a key indicator of corneal edema and tissue damage severity. Notably, anterior chamber depth remained
consistent across treatments at any time point (Figure 6C), indicating that DMAS treatment likely targets the intended
therapeutic areas without compromising the overall integrity of the anterior chamber.

To investigate the effects of different MPDA nanodrugs on corneal inflammation, we conducted flow cytometry to
analyze CD31 and F4/80 expression in corneal tissue. CD31 is a critical marker for endothelial cells involved in
angiogenesis and leukocyte migration,”® and F4/80 is an essential marker for mature macrophages in CoNV

formation.”” Flow cytometry analysis (Supplementary Figures S9 and S10) revealed a notable reduction in CD31-

positive cells within the DMAS group compared to the PBS group (Figure 6D). Additionally, F4/80-positive cells were
reduced by approximately 37% in the DMAS group relative to the PBS group. Compared to DMAS, the DEX group
showed a further reduction of around 50% in F4/80-positive cells (Figure 6E). These findings suggested that DMAS
effectively suppressed both endothelial cell activation and macrophage infiltration, indicating its potential in reducing
inflammatory responses associated with corneal neovascularization.

Histological examination using hematoxylin and eosin (H&E) staining (Figure 6F) revealed that DMAS-treated eyes
showed reduced alkali-induced inflammatory cell infiltration, less disorganization of the corneal stroma, and better
preservation of corneal structure compared to the PBS group. Additionally, among the MPDA nanodrug groups, the
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corneal histology in the DMAS group most closely resembled that of normal eyes. Immunofluorescent staining for CD31
(Figure 6G) aligned with flow cytometry findings, further verifying the effect of DMAS in lowering angiogenesis-related
markers in the cornea. Furthermore, a comprehensive safety assessment, including hematological tests and histopatho-
logical analysis (Supplementary Figure S11), confirmed the ocular biocompatibility of MPDA nanodrugs (details

available in Supplementary Materials).

Similar to the outcomes of our previous in vitro studies, the in vivo studies with DMAS treatment demonstrated the
best performance in promoting corneal repair, modulating inflammation, and inhibiting CoNV, as compared to other
single or dual-component treatments. Moreover, these findings further validate that the combination therapy of bioactive
MPDA, anti-VEGF agents, and glucocorticoids like DEX offers synergistic benefits for addressing ONDs. Given the
favorable results of DMAS in the CoNV model, we extended our research to two additional animal models: the OIR
model and the laser-induced CNV model.

Therapeutic Effects of MPDA Nanodrugs in OIR Mouse Model

The OIR mouse model was established following a classical method (Supplementary Figure S12). To determine the anti-

angiogenesis effect of MPDA nanodrugs, C57BL/6J suckling mice received intravitreal injections of 1 uL. MPDA
nanodrugs (1 mg/mL), targeting the posterior segment of the eye. On postnatal day 17, retinal vessels were stained with
IB4 to visualize non-perfused areas and neovascularization. The results revealed a significant decrease in both retinal
neovascularization and avascular area in the DMAS group compared to the other groups (Figure 7A—C).

Regarding the effects of MPDA nanodrugs on VEGF expression in the OIR retina, treatment with the MA groups
(without loading VEGF-siRNA and DEX) showed a decreased level of VEGF in mouse retinal homogenates as
compared to PBS groups (Figure 7D). More importantly, the DMAS group showed a significantly lower level of
VEGF expression compared with other MPDA nanodrug groups, revealing a synergistic effect of combining VEGF-
siRNA and DEX.

To further assess the effects of DMAS on blood vessels during sprouting angiogenesis, we analyzed serial sections of
whole eyes from postnatal 17th day mice. H&E staining revealed endothelial cell nuclei on the surface of the retinal inner
limiting membrane, with neovascular profiles extending into the vitreous cavity (Figure 7E). Compared to the PBS group,
the DMAS group had notably fewer endothelial cell nuclei protruding through the retinal inner limiting membrane
(Figure 7F), indicating that DMAS effectively inhibited new blood vessel growth from the retinal surface into the
vitreous. Additionally, retinal thickness and morphology remained consistent across all OIR groups, suggesting that
DMAS treatment did not compromise retinal structure, underscoring its biocompatibility with mouse retina
(Supplementary Figure S13). See Supplementary Materials for more details.

Therapeutic Effects of MPDA Nanodrugs in CNV Mouse Model

The CNV mouse model was established in C57BL/6J mice using a classic method involving photocoagulation with a 532
nm laser, replicating the pathological features of nAMD.*® Following laser injury, CNV lesions extended from the RPE
layer into the retina. Fluorescein fundus angiography confirmed successful CNV induction by showing fluorescein
leakage at lesion sites (Figure 8A). OCT angiography further revealed densely distributed CNV exhibiting a dendritic
pattern within the laser spot area (Figure 8B). After the establishment of the CNV model, C57BL/6J mice received
intravitreal injections of 1.5 pL MPDA nanodrugs at a concentration of 1 mg/mL, targeting the posterior segment of
the eye.

To investigate the in vivo anti-angiogenic effect of the DMAS on the CNV model, the thickness of CNV lesions was
measured using OCT (Figure 8C), while the CNV lesion areas were evaluated through immunofluorescent staining with
IB4 (Figure 8D). By the 15th day post-laser injury, treatment groups (MA, DMA, DMAS, and DEX) significantly
reduced CNV thickness compared to the control group (PBS, ~150 pm), with DMAS showing the most pronounced
reduction (Figure 8E). Additionally, the DMAS group exhibited the smallest area of CNV lesions (Figure 8F), high-
lighting its superior therapeutic efficacy in ONDs. Furthermore, the intravitreal injection of all MPDA nanodrugs
demonstrated good choroidal biocompatibility (Supplementary Figure S14), as described in the Supplementary Materials.
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Figure 8 Anti-angiogenic effects of DMAS in laser-induced CNV model. (A) Comparison of fundus images before and after laser-induced CNV modeling using scanning laser
ophthalmoscopy (SLO), fundus autofluorescence (FAF), color fundus photography (CFP), IB4 staining, and fundus fluorescein angiography (FFA). White arrows indicate the locations of
the optic disc. Scale bar: 100 um. (B) Optical coherence tomography angiography (OCTA) images demonstrate the morphological characteristics of CNV, with white arrows indicating
the optic disc and blue dashed lines representing the OCT scanning lines. Scale bar: 200 pm. (C) Observation of CNV lesion thickness in mice using OCT, with blue dashed lines
representing OCT scanning lines, white arrows denoting the optic disc, and red dashed lines indicating CNV lesions. Scale bar: 200 um. (D) Immunofluorescence staining with IB4 was
used to assess the CNV area, with white arrows indicating the locations of the optic disc. The area outlined by the dashed white circular line indicates the CNV region. Scale bar: 200 pm.
(E and F) Quantitative OCT results of laser-induced CNV lesion thickness (E) and area (F) in mice. The data are presented as mean + SEM with *indicating P < 0.05, *indicating P < 0.01,
and ns indicating no significant difference. Naive refers to mice not subjected to the laser-induced CNV model.
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Biocompatibility of MPDA Nanodrugs
Slit lamp microscopy examination in mice without alkali burn revealed nearly no changes in the eye at 4 hours and 4 days post-
subconjunctival injection of MPDA nanodrugs (Supplementary Figure S8). To further assess the potential systemic toxicity of

MPDA nanodrugs, we performed the hematologic analyses in mice, and no abnormalities were observed in any parameters in
comparison with the PBS-treated group (Supplementary Figures S11A-C and S14A-C). H&E staining also revealed no noticeable

pathological abnormalities in the eyes (including eyeball, cornea, and retina) (Figures 6F and 7E) and major organs (including
heart, liver, spleen, lung, and kidney) (Supplementary Figures SI11E and S14D) of mice treated with MPDA nanodrugs. These

findings collectively demonstrate that DMAS is a safe formulation, showing great promise for further application in inhibiting
ocular neovascularization.

Discussion

Herein, we took advantage of the drug delivery capacity of polydopamine by developing the DMAS, an integrated
nanodrug delivery system co-loaded with DEX and VEGF-siRNA for targeted anti-inflammatory and anti-angiogenic
effects in ocular therapy. The DMAS nanoparticles exhibited favorable physicochemical properties, excellent cellular
compatibility, and no observed ocular toxicity in vivo. Notably, in vitro experiments and trials across three animal models
of ONDs confirmed the therapeutic efficacy of DMAS, showing significant anti-inflammatory, antioxidative, and
angiogenesis inhibition effects, as well as enhanced corneal epithelial wound healing. These findings underscore that
PDA-based DMAS is a safe, effective, and readily applicable nanodrug for topical OND treatment.

Adopting a synergistic therapy approach allows the encapsulation of multiple therapeutic agents within a single bioactive
nanocarrier, optimizing the treatment process.> This method ensures simultaneous delivery of all components to the target site,
enhancing their combined therapeutic potential while reducing systemic exposure and adverse effects. In our study, the DMAS
nanodrug can simultaneously deliver VEGF-siRNA, a corticosteroid, and a bioactive PDA nanomaterial (Figure 1), each
addressing different aspects of the treatment.*’ Specifically, VEGF-siRNA targets VEGF expression to inhibit neovasculariza-
tion, beneficial in treating conditions such as nAMD and DR.®' The corticosteroid provides robust anti-inflammatory effects,
managing inflammation-related tissue damage and edema.'> Meanwhile, PDA, with its antioxidant properties, scavenges ROS,
reduces apoptosis, and protects ocular tissues.®* Additionally, PDA stabilizes and enhances the effectiveness of the loaded drugs,
enabling precise targeting and sustained therapeutic action.®>** Together, these components work synergistically to suppress
pathological neovascularization, alleviate inflammation, reduce oxidative stress, and safeguard ocular tissues.

Our cell experiment results exhibited that the DMAS nanodrug showed the most potent synergistic effects, significantly
reducing inflammatory cytokines (such as TNF-qa, IL-6, and IL-1B) and VEGF expression (Figure 3E-3H) when compared to
single or dual-component treatments. Various inflammatory mediators, including TNF-a and IL-6, have been associated with
ONDs.*® Additionally, VEGF plays a central role in vascular leakage and pathological neovascularization, with increased protein
levels observed in conditions like nAMD, DR, diabetic macular edema, and ROP.%® Thus, a therapeutic approach that combines
anti-VEGF and anti-inflammatory strategies may provide enhanced benefits for ONDs. Our findings are consistent with previous
studies,®” which reported that integrating conbercept and MCC950 (an anti-inflammatory drug) into the hollow mesoporous silica
nanoparticles significantly inhibited the expression of inflammatory factors (including intercellular adhesion molecule-1, mono-
cyte chemoattractant protein 1, and IL-6) and VEGF at both mRNA and protein levels more effectively than single-component
treatments. These findings further support the necessity of a collaborative therapeutic approach, including bioactive MPDA,
targeted VEGF suppression, and anti-inflammatory effects, to enhance OND treatment outcomes.

Ocular injury can lead to CoNV, which can be effectively managed with anti-VEGF agents and corticosteroids.®®7°
Firstly, our study demonstrated that DMAS significantly inhibited corneal neovascularization, surpassing the efficacy of DEX
(Figure 5A—C), a clinically used glucocorticoid known for its anti-angiogenic and anti-inflammatory properties.”’ Prior
research has also shown that the combined use of DEX and bevacizumab in a CoNV rabbit model enhanced anti-angiogenic
outcomes compared to monotherapy,® further aligning with our findings of a synergistic effect in CoNV inhibition using
DMAS. Secondly, slit lamp photography showed no signs of ocular redness, irritation, or inflammation at both 4 hours and 4
days post-injection, demonstrating the baseline biocompatibility of the subconjunctival injection in healthy mice without
alkali burn modeling. Thirdly, DMAS significantly accelerated corneal epithelial wound healing by day 4 post-alkali burn
compared to the PBS group (Figure SE and F). PDA promotes tissue repair through its antimicrobial and anti-inflammatory
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properties, as well as by enhancing cell adhesion and proliferation.”*”*> Goswami et al found that DEX effectively aids corneal
wound healing by reducing inflammation and preventing further damage from neovascularization.'> Meanwhile, Fan et al
demonstrated that PDA nanoparticles relieved inflammation and restored corneal structure in bacterial keratitis, exhibiting
strong antibacterial effects.”* Fourthly, a previous study demonstrated that anti-VEGF therapy effectively reduced CD31-
marked CNV area and F4/80-positive macrophage percentages in a murine CNV model.” In our research, we observed
comparable outcomes. Specifically, the DMAS nanodrug group showed significantly fewer CD31-positive and F4/80-positive
cells in corneal and conjunctival tissues (Figure 6D and E), confirmed through immunohistochemical staining and flow
cytometry. These results suggest that VEGF-siRNA, when combined with DEX, could outperform single-component
treatments and may serve as a viable alternative to current anti-VEGF drugs in clinical applications.

Retinal neovascularization is characteristic of several pathological conditions, including DR and ROP, both of which can
lead to vision loss.”® Pathological angiogenesis in the retina is closely linked to inflammation, thereby contributing to the
progression of ONDs.”” Current treatments often require frequent intraocular injections of anti-VEGF drugs or the topical use
of anti-inflammatory agents.”® In our OIR mouse model, the DMAS nanodrug demonstrated the most significant reduction in
retinal neovascularization, outperforming the DMA, MA, and DEX groups (Figure 7A—C). Additionally, VEGF levels were
markedly lower in the DMAS group compared to other MPDA nanodrug groups (Figure 7D). This aligns with findings by
Sardoiwala et al, where melanin-inspired PDA nanoparticles effectively reduced VEGF and ROS levels in the retinas of DR
rats.”” Moreover, clinical studies involving DEX and bevacizumab combination therapy have shown improvements in visual
acuity and prolonged intervals between injections, reducing the treatment burden for patients and physicians alike.** ™2

The development and progression of CNV are driven by pro-angiogenic factors, inflammatory proteins, and molecules
impacting vascular permeability. Numerous studies, including both large-scale prospective and retrospective trials, have
investigated the benefits of combining treatments for nAMD, using either sequential or simultaneous administration
strategies.®' ™ Combination therapy, with separate administration of distinct drug components, has shown promise in treating
CNV. For instance, one clinical study found that combining a DEX intravitreal implant with anti-VEGF agents led to a slight
improvement in visual acuity in patients with treatment-resistant nAMD, as well as a reduction in the frequency of treatments
required.® Similarly, Koss et al reported enhanced visual acuity with combined DEX and bevacizumab administration in CNV
patients,® while Rezar-Dreind] et al observed improved outcomes with DEX implants plus ranibizumab compared to ranibizu-
mab alone in recurrent CNV cases.*® Our findings align with these studies, as the DMAS nanodrug significantly reduced both
CNYV thickness and area in the CNV mouse model, outperforming other single or dual-component treatments (Figure 8C-F).

Our study has certain limitations. While the DMAS nanomedicine showed anti-inflammatory, antioxidative, and
anti- angiogenesis effects, the detailed molecular mechanisms remain to be fully elucidated. Advanced techniques,
such as gene sequencing, transcriptomics, and proteomics, could be utilized in future research to reveal specific
intracellular interactions. Additionally, we did not investigate a broad range of DMAS concentrations. Therefore,
establishing a dose-response relationship would be valuable for optimizing therapeutic dosing. Lastly, although we
focused on intravitreal and subconjunctival injections, exploring alternative delivery routes, such as eye drops and

intracameral or subretinal injections, could potentially broaden the therapeutic application of DMAS.

Conclusions

In summary, we developed DMAS, a multifunctional nanodrug targeting various types of ONDs. Using three established
animal models (CoNV, OIR, and CNV), we demonstrated that the combination of VEGF-siRNA, DEX, and bioactive
MPDA showed complementary therapeutic effects, including anti-inflammatory, antioxidative, and anti-angiogenic
properties, as well as promoting tissue repair. This study contributes to the field of ophthalmic nanomedicine, emphasiz-
ing the unique therapeutic benefits of PDA-based drug delivery systems for RNA and other drug compounds.
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