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Background: With growing age and the development ofmetabolic diseases, the incidence of fundus diseases, including age-related
macular degeneration (AMD), pathologicalmyopia, and diabetic retinopathy, has risen sharply, often resulting in the formation of
abnormal neovascularization and damage to normal fundus tissue. Anti-vascular endothelial growth factor (VEGF) therapy has
emerged as the standard treatment for neovascular fundus diseases. Although the emergence of small interfering RNA (siRNA)
drugs targeting VEGF offers a new treatment option for patients with ocular vascular diseases, the requirement of frequent
injection and potential safety challenges associated with their administration impose substantial burdens and risks to patients.
Objective: This study aims to develop a simple and straightforward siRNA-based formulation for intraocular injection and assess
its efficacy and safety profile.
Methods: This study developed siRNA-based formulations, evaluated the VEGF inhibitory effect, and Half-maximal Inhibitory
Concentration (IC50) values at the mRNA level using quantitative reverse transcription polymerase chain reaction (qRT-PCR).
Cell viability and proliferation activity were determined using the cell counting kit-8 (CCK-8). Furthermore, the angiogenic
capability of the cells was assessed using a tube formation assay. Additionally, a laser-inducedmouse choroidal neovascularization
(CNV) model was applied to investigate the therapeutic effect of siRNA on retinal neovascularization in vivo, and intraocular
safety was evaluated using slit lamp examination and hematoxylin and eosin (H&E) staining of retinal tissue sections.
Results: siRNA formulation effectively silencedVEGF expression in human umbilical vein endothelial cells (HUVECs), indicating
an mRNA inhibition rate of>85%. The treatment substantially inhibited HUVEC proliferation (compared to the control group:
at 24 hours post-administration, siRNA 75 nM and 100 nM groups, p < 0.05; at 48 hours, siRNA 50 nM group, p < 0.05, and
siRNA 75 nM and 100 nM groups, p < 0.005; at 72 hours, siRNA 50 nM group, p < 0.01, siRNA 75 nM and 100 nM groups, p <

0.005). Furthermore, siRNA formulations significantly suppressed angiogenesis compared to the control group (siRNA 50 nM, p
< 0.05; siRNA 75 nM and 100 nM, p < 0.01). Moreover, after a single intravitreal injection, VEGF expression suppressed for up
to 5 weeks, along with reduction in neovascularization area compared to the negative control group: at day 7 after administration,
medium dose, p < 0.05 and high dose, p < 0.01; at day 21 after administration, low-, p < 0.05, medium dose and high-dose, p <

0.005; at day 35 post-administration, low-dose, p< 0.05, medium dose, p< 0.01, and high-dose, p< 0.005. Notably, no significant
retinal toxicity was observed in normal rabbits after 3 months of vitreous injection.
Conclusion: This study confirms the therapeutic potential of VEGF-targeting siRNA formulations for retinal diseases, empha-
sizing their significance in promoting the clinical translation of siRNA-based therapies in ophthalmology.
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Introduction

Vasculogenesis and angiogenesis play a crucial role in
embryonic development. Pathological neovascularization
in ocular tissues can lead to vision-threatening vascular dis-
eases, including proliferative diabetic retinopathy, retinal
vein occlusion, retinopathy of prematurity, choroidal neo-
vascularization, and corneal neovascularization [1]. Age-
related macular degeneration (AMD) develops when extra-
cellular deposits accumulate in the outer retina, ultimately
leading to photoreceptor degeneration and central vision

loss [2]. The incidence of retinal diseases increases sharply
with the progression of metabolic conditions [3]. AMD im-
pacts about 8.7%–11.3% of individuals over 65 years of
age, while diabetic retinopathy affects 103 million people
worldwide [4]. However, evidence suggests that this num-
ber is anticipated to reach approximately 288 million by
2040 [5].

Central to AMD pathology is the pathological over-
expression of vascular endothelial growth factor (VEGF).
VEGF is primarily synthesized and secreted in the eye by
retinal pigment epithelial cells, pericytes, endothelial cells,
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glial cells, and ganglion cells [6]. An abnormal increase
in VEGF can cause hyperpermeability and neovasculariza-
tion in the macular area. The expression and regulation of
VEGF are strongly associated with the occurrence and pro-
gression of several ophthalmic diseases. Particularly, pro-
liferative ocular vascular diseases, such as retinopathy of
prematurity (ROP), AMD, and diabetic retinopathy, are all
implicated by excessive VEGF-mediated neovascular pro-
liferation. The leakage of these newly produced blood ves-
sels can lead to macular swelling and tissue damage, and
subsequently form fibrous scars, resulting in substantial vi-
sion impairment. VEGF plays a crucial role in angiogenesis
[7], and VEGF-A is a critical subtype, which is involved
in the modulation of both physiological homeostasis and
pathological angiogenic processes. Furthermore, VEGF-A
has been recognized as a key contributor to tumor growth
and metastasis [8].

To alleviate these retinal injuries, medical science has
advanced in developing and continuously improving anti-
VEGF therapies. The primary goal of anti-VEGF therapy
is to reduce exudation and edema, thereby stabilizing or im-
proving visual acuity. Currently, anti-VEGF therapy has
become the standard of care and treatment for neovascular
retinal lesions. Intravitreal anti-vascular endothelial growth
factor (VEGF) therapies, such as ranibizumab, aflibercept,
and unlicensed bevacizumab, are considered the gold stan-
dard for the treatment of neovascular age-related macular
degeneration (nAMD), slowing the pathophysiological pro-
gression and reducing the severity of vision loss [9]. Al-
though anti-VEGF monoclonal antibodies, such as afliber-
cept and ranibizumab, represent a line of clinical interven-
tions, approximately 30% of patients show suboptimal ther-
apeutic response [10–12]. Furthermore, the requirements
for monthly intravitreal injection of anti-VEGFmonoclonal
antibodies significantly compromise patient adherence to
the treatment [13]. Additionally, long-term use of these
drugs may also lead to several complications, including in-
traocular inflammation and fibrosis [14], necessitating the
development of more precise therapeutic approaches.

In recent years, gene silencing technology has pro-
vided a promising alternative, with small interfering RNA
(siRNA) gaining particular attention due to its advantages
of high sequence specificity and precise targeting capabili-
ties [15–17]. siRNA, a type of RNA molecule, plays a cru-
cial role in regulating gene expression. Structurally, siRNA
consists of a double-stranded RNA duplex, comprising a
guide strand and a passenger strand. The guide strand di-
rects the RNA-induced silencing complex (RISC) to the
complementary sequence of the target mRNA molecule,
while the passenger strand is generally degraded [18]. Once
bound to its target, the guide strand facilitates the formation
of an RNAduplexwithmRNA, enabling RISC to cleave the
target transcript. This cleavage results in mRNA degrada-
tion and then silencing of the target gene [19].

Therefore, this study aims to develop a straightfor-
ward siRNA formulation suitable for intraocular adminis-
tration and perform preliminary in vitro and in vivo experi-
ments to assess its effectiveness and safety.

Materials and Methods

Preparation of siRNA Formulations
Three concentrations of siRNA formulations were

prepared. Briefly, 5 mg, 10 mg, and 20 mg siRNA
(Sense: GCAGAUUAUGCGGAUCAAACC, Antisense:
UUUGAUCCGCAUAAUCUGCAU, Lot. 1162502356,
Suzhou Ouli Biomedical Technology Co., Ltd., Suzhou,
China) were each dissolved in 1 mL sterile water for injec-
tion under continuous stirring. Chitosan (Lot. 21121804,
Hunan Xinlvfang Pharmaceutical Co., Ltd., Changsha,
China) was dissolved in 0.2 M acetic acid solution (Lot.
20220520, Taicang Hushi Reagent Co., Ltd., Shanghai,
China) to prepare a 3 mg/mL solution. One mL of chi-
tosan solution was slowly mixed with each siRNA solution.
Appropriate amount of excipients, such as sodium chlo-
ride (Lot. 01240404, TianjinHaiguang Pharmaceutical Co.,
Ltd., Tianjin, China), were added and dissolved completely.
Finally, 1 mL of the high molecular weight hyaluronic
acid solution (Kewpie Corporation, Lot. TC22010, Tokyo,
Japan) at a concentration of 1 mg/mL was added, and the
mixture was stirred for 10 minutes to ensure an entirely ho-
mogeneous solution. Employing this protocol, siRNA for-
mulations of low, medium, and high concentrations were
prepared for subsequent experiments.

Assessing Rheological Properties of siRNA
Formulation

The basic rheological properties of the siRNA formu-
lations were assessed using a rotary rheometer (DHR-1, TA
Instruments, USA). An appropriate volume of each siRNA
preparation was placed on the Pal plate of the rheometer,
andmeasurements were conducted utilizing a cone-plate ro-
tor in flow shear mode. The measurement temperature was
maintained at 25 °C, and the shear rate ranging from 0.1 to
100 s−1 was applied to record the flow and viscosity curves
for each siRNA preparation.

Cell Culture
Human umbilical vein endothelial cells (HUVECs)

(Lot. TCH-C406, Suzhou Haixing Biotechnology Co.,
Ltd., Suzhou, China) were cultured in DMEM medium
(Lot. TCH-GUMD-B318, Suzhou Haixing Biotechnology
Co., Ltd., Suzhou, China) containing 10% fetal bovine
serum (Lot. TCH-GUMD-R311, Suzhou Haixing Biotech-
nology Co., Ltd., Suzhou, China) at 37 °C in a humid-
ified incubator with 5% CO2 (FORMA STERI-CYCLE
i160, Thermo Fisher, USA). After achieving approximately
80–90% confluence, cells were washed with phosphate-
buffered saline (PBS) (Lot. P1020, Solebo, Beijing, China)
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and digested with trypsin (Lot. 25300054, Gibco, New
York, USA). After quantification, cells were seeded in cul-
ture dishes at a density of 0.75 × 106 cells/mL, with 500
µL per well, and then incubated overnight. Before experi-
ments, HUVEC cells were evaluated for mycoplasma con-
tamination and genetically authenticated using short tan-
dem repeat (STR) profiling by Suzhou Haixing Biotechnol-
ogy Co., Ltd. Moreover, only mycoplasma-free and genet-
ically authenticated cells were used in subsequent analysis
to ensure culture integrity and reproducibility.

Target Dose-Dependent Testing
To assess dose-dependent gene silencing by the cor-

responding siRNA, different concentrations were tested,
and the Half-maximal Inhibitory Concentration (IC50) of
the target gene was determined using quantitative reverse
transcription polymerase chain reaction (qRT-PCR) (7500,
ABI, USA). HUVEC cells were seeded into 96-well plates
and transfected with multiple siRNA concentrations (100
nM, 75 nM, 50 nM, 25 nM, 12nM, 6 nM, and 0 nM)
prepared by diluting the medium-concentration formu-
lation with PBS, along with transfection reagent (Lot.
R19425005, Golden trans technology, Changchun, China).
Cells with normal growth were harvested and washed
twice with cold PBS, followed by the addition of 1 mL
RNA extraction reagent (Lot. R411-01, Vazyme, Nanjing,
China). Following RNA extraction, cDNA was prepared,
and then the relative expression of the target genes was
determined using qRT-PCR Master Mix (Lot. Q312-02,
Vazyme, Nanjing, China). Each experiment was performed
in triplicate, with GAPDH serving as a housekeeping gene.
Primers were synthesized by Suzhou Ouli Biomedical
Technology Co., Ltd., and their sequences are as fol-
lows: vascular endothelial growth factor A-quantitative
forward 1 (VEGFA-Q_F1): ATCTTCAAGCCATCCT-
GTG; vascular endothelial growth factor A-quantitative
reverse 1 (VEGFA-Q_R1): TCATCTCTCCTATGT-
GCTGG; homo sapiens-glyceraldehyde-3-phosphate
dehydrogenase forward 2 (hs-GAPDH_F2): CTGGGC-
TACACTGAGCACC; homo sapiens-glyceraldehyde-3-
phosphate dehydrogenase reverse 2 (hs-GAPDH_R2):
AAGTGGTCGTTGAGGGCAATG. The thermal cycling
conditions and melting curve analysis conditions are
shown in Table 1. After the reaction, the amplification
curve of qRT-PCR was analyzed, and melting curves
were simultaneously observed. Relative gene expression
was quantified using the 2−∆∆Ct method based on the Ct
values, and the data were presented as bar charts.

CCK-8 Assay
Cell viability was evaluated using the cell counting

kit-8 (CCK-8) assay kit (HY-K0301, MCE, USA), follow-
ing the manufacturer’s instructions. HUVEC were seeded
into 6-well plates and incubated overnight. The next
day, cells were transfected with siRNA at multiple con-

Table 1. qRT-PCR reaction thermal cycling conditions.
Step Repeats Setpoint Dwell time

Reverse transcription 1 42 °C 30 min
Pre-incubation 1 95 °C 10 min

Amplification 45
95 °C 20 sec
55 °C 30 sec
72 °C 30 sec

Melt analysis Followed the Manufacturer’s Manual
qRT-PCR, quantitative reverse transcription polymerase chain
reaction.

centrations following an established transfection protocol.
Twenty-four hours post-transfection, cells were collected
and quantified using a cell counter (Countess3, Invitrogen,
USA) and then seeded into 96-well plates at a density of 2×
103 cells per well. Cell proliferation was assessed at 0, 24,
48, and 72 hours using the CCK-8 reagent, and absorbance
was determined at 450 nm (OD value) with a microplate
reader (Synergy H1MF, BioTek, USA).

Tube Formation Assay
HUVEC cells were digested and seeded into 6-well

plates at a density of 0.75 × 105 cells/mL, with 2000 µL
per well, and incubated overnight. The next day, cells were
transfected with siRNAs at multiple concentrations. Cells
were collected after 24 hours and seeded into 24-well plates
precoated with Matrigel (Lot. 356231, Corning, Shanghai,
China). After the Matrigel had solidified, 500 µL of the
cell suspension was added at a density of 3 × 105 cells per
well. Tube formation was observed continuously, and im-
ages were captured using an inverted microscope (DMi1,
Leica, Germany).

Experimental Animals
Experimental animals, including C57BL/6J mice and

rabbits, were purchased from Beijing Weitonglihua Ex-
perimental Animal Technology Co., Ltd. (Production Li-
cense No. SCXK 2021-0006, Beijing, China) and Qingdao
Kangdaaibo Experimental Animal Technology Co., Ltd.
(Production License No. SCXK (lu) 2021-0023, Qingdao,
China), respectively. Animals were housed in individu-
ally ventilated cages under a controlled environment of a
12-hour light/dark cycle, with suitable humidity and tem-
perature, and free access to food and water. Efforts were
made to minimize animal suffering, including anesthesia by
cervical dislocation after anesthesia with injection of Tile-
tamine Hydrochloride and Zolazepam Hydrochloride for
mice and by bloodletting after anesthesia with injection of
Tiletamine Hydrochloride and Zolazepam Hydrochloride
for rabbits.

Laser-Induced Choroidal Neovascularization Model
C57BL/6J mice (20–24 g, 7–8 weeks old) were anes-

thetized through intraperitoneal injection of Tiletamine
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Hydrochloride and Zolazepam Hydrochloride (Shu Tai™,
VIRBAC, Lot. Zoletil 50, French) at a dose of 0.1
mg/kg. The eye designated for injection was disinfected
with povidone-iodine solution (H42022671, Hebei Ruikang
Pharmaceutical Technology Co., Ltd., Hengshui, China)
and topically anesthetized with Obukain hydrochloride eye
drops (HJ20215002, Santen, Guangzhou, China), and then
the pupils were dilated. The right eye received photo-
coagulation using a 532 nm argon laser (Vitra, 120 mW
power, 0.1 second burst time, spot diameter 100 µm; Oph-
thalmic Laser Photocoagulation Instrument Quantel Med-
ical, France). The slit lamp light source was adjusted to
focus the laser spot on the retina, and four laser burns were
applied clockwise around the optic disc. Bubble formation
at the burn site indicated Bruch’s membrane rupture, con-
firming successful choroidal neovascularization (CNV) in-
duction [20,21]. On day 0 after laser (D0), a Fundus Fluo-
rescein Angiography (FFA) examination (Heidelberg, Ger-
many) was conducted to evaluate the CNV leakage area.
Successful CNV formation was defined as the presence of
at least one level-4 fluorescent spot per eye, and mice that
met this criterion were grouped according to the size of the
CNV area.

Mice were divided into six groups (8 animal per
group): a blank group (no injection), a negative control
group (normal saline; Lot. 9H85B2, China Otsuka Phar-
maceutical Co., Ltd., Tianjin, China), a positive control
group (EYLEA, a commercially available anti-VEGF pro-
tein drug, 40 mg/mL, S20180010, Germany), and three test
groups receiving low, medium, or high concentration of
the siRNA preparation. Before treatment, groups were bal-
anced to ensure no significant difference in the size of the
CNV leakage area. On day 4 (D4), each mouse in the in-
jection groups, including the negative control, positive con-
trol, and test groups, was administered 1 µL of the respec-
tive solution using a 31 Gmicroinjection needle (Hamilton,
ga33/15mm, Bonaduz, Swiss). The needle was inserted
2–3 mm posterior to the corneal limbus at the temporal 1
o’clock position, with the needle tip oriented towards the
optic nerve. Injections were performed gently, and the nee-
dle was carefully withdrawn. The injection site was gently
pressed with a cotton swab, and ofloxacin eye ointment was
applied (H10940177, Xinqi, Shenyang, China) to prevent
infection.

FFA was performed on days 7, 21, and 35 (D7,
D21, and D35) to evaluate CNV leakage areas. Statis-
tical analysis was conducted to compare treatment effi-
cacy among six groups. After treatment, mice were euth-
anized after anesthesia with Tiletamine Hydrochloride and
Zolazepam Hydrochloride (0.1 mg/kg), through cervical
dislocation. Procedures involving animals were approved
by the Experimental Animal Ethics Review Committee
of Shenyang Xingqi Pharmaceutical Co., Ltd. (IACUC-
20240705-0119).

Slit-Lamp and H&E Staining of Retinal Tissue for
Drug Safety Evaluation

Drug toxicity and adverse effects were preliminarily
evaluated using slit lamp and retinal tissue hematoxylin-
eosin (H&E) staining. Twenty-four healthy rabbits (2.0–3.0
kg) were randomly selected and divided into 4 groups (n =
6 per group): a positive control group (PBS, Lot. 2304001,
Solarbio, Beijing, China) and three test groups receiving
low, medium, and high concentrations of the drugs. Each
animal was injected with 0.05 mL of the corresponding for-
mulation via vitreous injection in the right eye.

Slit lamp examination was conducted at 5 and 12
weeks after drug administration. Then, 3 rabbits from each
group were euthanized at each time point through blood-
letting after anesthesia with Tiletamine Hydrochloride and
Zolazepam Hydrochloride (0.1 mg/kg, injected via the ear
vein), and retinal tissues were harvested for histopatholog-
ical examination using H&E staining. All collected eyes
were fixed in 10% formalin (Lot. G2160, Solarbio, Bei-
jing, China) for 24 hours. Representative retinal sections
were embedded in paraffin, and translucent sections were
then stained with H&E (Lot. BL700B, Biosharp, Shang-
hai, China) for light microscopy assessment.

The animal experiments were approved by the Ex-
perimental Animal Ethics Review Committee of Shenyang
Xingqi Pharmaceutical Co., Ltd. (IACUC-20230815-78).

Statistical Analysis
Statistical analyses were performed using SPSS 21.0

(IBM Corp., Armonk, NY, USA), with a statistical signif-
icance defined at a p-value of <0.05. For normally dis-
tributed data, one-way analysis of variance (ANOVA) was
applied, whereas nonparametric tests were used for non-
normally distributed data. Before statistical analysis, the
normality and homogeneity of variance of the datasets were
determined using the Shapiro-Wilk test and Levene’s test,
respectively.

Results

Rheological Analysis of siRNA Formulations
The rheological properties of the formulation can af-

fect drug release, thereby influencing both its effective-
ness and safety. Therefore, a basic rheological evaluation
was conducted on the siRNA preparations developed in this
study. Four siRNA formulations, including low, medium,
and high concentrations, along with blank excipient solu-
tions, were assessed for their flow and viscosity features.
As shown in Fig. 1, all siRNA formulations demonstrated
flow behavior comparable to that of the blank excipient.
Furthermore, the viscosity (η) of the siRNA preparations
gradually decreased with increasing shear rate, indicating
shear-thinning characteristics.

https://www.discovmed.com/


2404

Fig. 1. Rheological characteristic curves of the small interfering RNA (siRNA) formulations (1# blank control group, 2# low test
group, 3# medium test group, and 4# high test group).

Fig. 2. The knockdown efficiency of siRNA formulations at mRNA levels. VEGF, vascular endothelial growth factor; si-NC, negative
control siRNA.

Target Dose-Dependent Testing
The effect of VEGF silencing by siRNA formulations

was evaluated at the mRNA level using qRT-PCR. HU-
VEC cells were prepared and seeded into 96-well plates,
followed by transfection with siRNA at varying concentra-
tions (100, 75, 50, 25,12, 6, and 0 nM). The finding revealed
a dose-dependent silencing of VEGF mRNA, with knock-
down efficiency increasing with higher siRNA concentra-
tion. The IC50 of the siRNA was nearly 12 nM. Further-
more, at 75 nM and 100 nM, VEGF expression was sup-
pressed beyond 85%, confirming the specificity of target
silencing. Data are presented as mean± standard deviation
(SD) (n = 3) in Fig. 2.

CCK-8 Assay
Based on qRT-PCR results, siRNA concentrations of

100 nM, 75 nM, and 50 nM were selected for subsequent
cellular experiments. Briefly, HUVEC cells underwent
overnight incubation in 6-well plates, and were transfected
with siRNA at these concentrations, along with a 0 nM con-
trol group, following the established procedure. Twenty-
four hours post-transfection, cells were collected, counted

using a cell counter (Countess3, Invitrogen, USA), and
seeded into 96-well plates at a density of 2 × 103 cells per
well. After that, cell viability was determined at 0, 24, 48,
and 72 hours using the CCK-8 assay with absorbance de-
tected at 450 nm. Relative cell viability was assessed by
normalizing the OD value of the treated groups to that of
the untreated control group.

The CCK-8 assay results showed that compared to the
blank carrier group (BC), cell proliferation was inhibited in
all siRNA-treated groups. The siRNA75 nM and 100 nM
groups demonstrated similar inhibitory effects. At 24 hours,
the siRNA 75 nM and 100 nM groups showed significant
inhibition (p < 0.05). Similarly, at 48 hours, the siRNA 50
nM group yielded p < 0.05, while the siRNA 75 nM and
100 nM groups achieved p < 0.005. Furthermore, at 72
hours, the siRNA 50 nM group showed p < 0.01, whereas
the siRNA 75 nM and 100 nM groups reached p < 0.005.
The effect of siRNA on cellular viability is shown in Fig. 3.

Tube Formation Assay
The angiogenic capability of HUVEC cells was evalu-

ated using a tube formation assay. During this assay, the ef-
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Fig. 3. Impact of vascular endothelial growth factor (VEGF) siRNA on cell viability and proliferation. Test groups value vs. the
blank carrier group (BC). Data are presented as mean ± SD of 3 biological replicates. *p < 0.05, **p < 0.01, ***p < 0.005 for each
test group vs. the blank carrier group.

Fig. 4. Impact of VEGF siRNA on the tube formation capability of human umbilical vein endothelial cell (HUVEC). A data bar
chart (A) and representative images of the tube formation assay (B). Scale bar: 250 µm. Data are presented as mean± SD of 3 biological
replicates. *p < 0.05, **p < 0.01 for each test group vs. the NC group.

fects of siRNA at concentrations of 100 nM, 75 nM, and 50
nM were assessed. The blank vector group (si-NC) served
as a control, whereas cells without any transfection treat-
ment were used as the negative control (NC).

The findings revealed that the tube-forming capabil-
ities of HUVEC cells were significantly inhibited in all
siRNA-treated groups (Fig. 4B), as evidenced by a decrease
in total tube length. Furthermore, quantitative analysis con-
firmed that tube formation was substantially inhibited in
all three siRNA-treated groups compared to the NC group
(Fig. 4A). In particular, the 50 nM group showed significant
inhibition (p < 0.05), while the 75 nM and 100 nM groups
demonstrated more potent inhibitory effects (p < 0.01).

Therapeutic Efficacy of siRNA Formulations on
Laser-Induced Choroidal Neovascularization In Vivo

During the experimental period, all mice remained in
good general health, showing normal spontaneous activity,
clean skin and fur, and no obvious abnormalities in feces
or urine. Furthermore, no other toxic reactions related to
the test products were observed. Similarly, after adminis-
tration, no substantial ocular inflammatory responses were
observed in the eyes of all mice.

Three days after laser photocoagulationmodeling, flu-
orescence angiography confirmed the successful develop-
ment of the CNV model in 48 mice across the three exper-
imental groups. At this time point (D3 post-laser), the reti-

https://www.discovmed.com/


2406

Fig. 5. Assessment of choroidal neovascularization (CNV) leakage area on D7, D21, and D35 post-treatment. Test groups’ weekly
detection of Fundus Fluorescein Angiography (FFA) leakage area value vs. the NC group FFA leakage area this week. *p < 0.05, **p
< 0.01, ***p < 0.005 (n = 8) for each test group vs. the NC group.

nal fundus surrounding the macular region showed a clearly
visible laser spot, well-defined fluorescein leakage edges,
and leakage at more than one site per eye.

Additionally, FFA was subsequently performed on
D7, D21, and D35 to evaluate the CNV leakage area. Ther-
apeutic efficacy was compared across six groups, including
a blank group (BG), negative control group (NC), positive
control group (PC), low test group (LT), medium test group
(MT), and high test group (HT).

We observed that the blank and negative control
groups continued to show leakage, whereas the positive
control group and all three test groups exhibited a sig-
nificant reduction in the leakage area. The positive con-
trol group and medium test group demonstrated compara-
ble effects, with no statistically significant differences be-
tween them. Furthermore, compared to the negative con-
trol group, both the positive control group and medium test
group yielded p < 0.05 on day 7 post-administration, p
< 0.005 on day 21, and p < 0.05 on day 35. However,
compared to the negative control group, the high-test group
showed p < 0.01 on day 7, p < 0.005 on day 21, and p <

0.005 on day 35. Representative fluorescein angiography
findings are shown in Figs. 5,6.

Collectively, these findings indicated that a single in-
travitreal injection of 1 µL per eye demonstrated significant
therapeutic effects in the laser-induced CNV model mice.

Safety Evaluation of siRNA Treatment
(Formulations) in Rabbit Retinal Tissue

During these experiments, rabbits were divided into
four groups: control group, low-dose group, medium-dose

group, and high-dose group. At 5 and 12weeks after admin-
istration, ocular safety was evaluated using slit lamp exam-
ination and H&E staining of retinal tissues. As shown in
Fig. 7, slit-lamp results revealed no significant inflamma-
tion in any group at both time points. Furthermore, H&E
staining of retinal tissue (Fig. 8) showed normal morphol-
ogy across all examined retinal and choroidal layers, no in-
flammatory structures, pathological abnormalities, or sig-
nificant intracellular or extracellular edema. These results
indicated that the siRNA formulations caused no observable
toxicity in vivo.

Discussion

In recent years, ocular vascular diseases have re-
mained a significant cause of vision impairment worldwide.
Although the emergence of anti-VEGF therapies has pro-
vided new hope to patients with ocular angiogenic diseases,
the requirement for frequent injections and long-term treat-
ment imposes significant economic and logistical burdens
on both patients and the healthcare system. Consequently,
there is a growing emphasis on developing novel therapeu-
tics with prolonged efficacy and improved safety profiles.

SiRNA-based therapeutics represent a promising ap-
proach due to their high specificity, potent gene-silencing
capabilities, and broad target range [22]. However, there
are several bottlenecks to realizing the full potential of
siRNA-based gene therapy, including chemical instability,
non-specific biodistribution, undesirable innate immune re-
sponses, and off-target effects [23]. To address these chal-
lenges, both viral and non-viral delivery systems have been
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Fig. 6. Representative images after FFA examination on days 7, 21, and 35 (D7, D21, and D35) in each group (n = 8).

Fig. 7. The results of the slit lamp examination.

Fig. 8. H&E staining of retinal tissue sections in rabbits at 4 and 12 weeks after intravitreal injection of the siRNA preparations.
Scale bar: 50 µm (n = 3).
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explored. Viral vectors, while efficient, pose risks of in-
sertional mutagenesis and activation of oncogene [24,25].
Furthermore, non-viral carriers such as liposomes, poly-
meric nanoparticles, and inorganic nanomaterials offer ad-
vantages, including structural tunability and ease of modi-
fication [26]. However, many of these synthetically engi-
neered systems raise concerns regarding biocompatibility,
immunogenicity, and long-term toxicity [27,28]. For in-
stance, despite their advantages, liposomes also have some
limitations, such as poor stability in biological fluids, op-
sonization by serum proteins, and potential toxicity asso-
ciated with certain lipid components [29]. In contrast, the
siRNA formulation developed in the current study is com-
posed entirely of pharmacopoeia-approved excipients al-
ready employed in marketed intravitreal therapies, thereby
minimizing potential toxicity and improving clinical com-
patibility.

We thoroughly evaluated the efficacy of our novel
siRNA formulation through comprehensive in vitro and in
vivo assays, demonstrating several distinct advantages over
existing conventional approaches. The VEGFA-targeting
siRNA achieved potent and highly specific gene silencing
at the mRNA level in HUVECs, as quantified by qRT-PCR.
This molecular-level knockdown corresponded to signif-
icant functional impairments in angiogenesis-related pro-
cesses, including alleviated cell proliferation and disrupted
tube formation, underscoring the robust anti-angiogenic po-
tential of our formulation.

These findings not only validate but also substantially
extend the recent findings reported by Ma et al. (2024)
[30], who observed comparable VEGF suppression using
a polymer-based nanoparticle system. Importantly, our for-
mulation exhibited a significantly improved safety profile,
demonstrating no observable cellular toxicity even at higher
concentrations—a critical advantage over polymer-based
nanoparticles, which showed toxicity at higher doses [30].

Furthermore, in a laser-induced CNVmurine model, a
single intravitreal injection of our siRNA formulation sus-
tained VEGF suppression for up to five weeks and signifi-
cantly reduced the CNV area. This durable efficacy repre-
sents a major therapeutic improvement over existing anti-
VEGF agents, which typically require monthly injections to
maintain therapeutic effects. The extended duration of ac-
tion not onlyminimizes the treatment burden on patients but
also reduces the risk of injection-related complications, po-
sitioning our formulation as a highly promising candidate
for clinical translation in the treatment of ocular neovas-
cular diseases. Moreover, preliminary safety evaluations
conducted via slit-lamp examination and retinal histology
revealed no evident toxicities or structural alterations in rab-
bit eyes over three months.

However, due to limited funding and laboratory con-
ditions, we acknowledge certain limitations in our study.
While our preliminary toxicity data demonstrate promising
safety profiles, we were unable to assess long-term toxi-

city effects beyond the 3-month observation period. Par-
ticularly, we could not evaluate long-term local effects
of siRNA therapy in animals (which would require ob-
serving retinal structure and function for over 6 months),
conduct functional assessments such as electroretinogra-
phy (ERG), assess inflammatory markers (e.g., glial fib-
rillary acidic protein (GFAP) for gliosis), examine carrier-
associated toxicity risks, or complete protein-level verifica-
tion and multi-species validation (including investigations
in primates, given the significant anatomical differences be-
tween mouse CNV models and human eyes). These chal-
lenges will be addressed in future research to support the
clinical application of siRNA drugs. Additionally, under
prolonged physiological conditions, the in vivo stability of
siRNA formulations remains poorly elucidated, providing a
crucial avenue for future research. While the current formu-
lation demonstrated significant therapeutic effects during
the observation period, detailed characterization of siRNA
release kinetics will be critical for future formulation opti-
mization and is an ongoing focus of the research group.

In conclusion, our study presents a safe, effective,
and clinically viable siRNA formulation utilizing well-
established excipients that circumvent many of the toxic-
ity concerns associated with novel synthetic carriers. This
approach not only aligns with recent regulatory priorities
emphasizing excipient biocompatibility but also offers a
promising strategy for enhancing both the safety and effi-
cacy of siRNA delivery platforms. Collectively, these find-
ings offer a meaningful contribution to the field by estab-
lishing a new benchmark for non-viral ocular gene therapy
formulations.

Conclusion

Overall, our experimental data provide preliminary
evidence supporting the therapeutic potential of siRNA for-
mulations targeting VEGF for retinal diseases, underscor-
ing their significance in promoting the clinical translation
of siRNA-based therapies in ophthalmology. Hence, future
studies should focus on addressing crucial concerns, such as
long-term genomic safety, formulation instability, carrier-
associated toxicity risks, and other specific limitations.
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