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A B S T R A C T   

Corneal neovascularization (CoNV)-induced blindness is an enduring and challenging condition with limited 
management options. Small interfering RNA (siRNA) is a promising strategy for preventing CoNV. This study 
reported a new strategy using siVEGFA to silence vascular endothelial growth factor A (VEGFA) for CoNV 
treatment. To improve the efficacy of siVEGFA delivery, a pH-sensitive polycationic mPEG2k-PAMA30-P(DEA29- 
D5A29) (TPPA) was fabricated. TPPA/siVEGFA polyplexes enter cells via clathrin-mediated endocytosis, resulting 
in higher cellular uptake efficiency and comparable silencing efficiency than that of Lipofectamine 2000 in vitro. 
Hemolytic assays verified that TPPA safe in normal physiological environments (pH 7.4) but can easily destroy 
membranes in acidic mature endosomes (pH 4.0). Studies on the distribution of TPPA in vivo showed that it could 
prolong the retention time of siVEGFA and promote its penetration in the cornea. In a mouse model induced by 
alkali burn, TPPA efficiently delivered siVEGFA to the lesion site and achieved VEGFA silencing efficiency. 
Importantly, the inhibitory effect of TPPA/siVEGFA on CoNV was comparable to that of the anti-VEGF drug 
ranibizumab. Delivering siRNA using pH-sensitive polycations to the ocular environment provides a new strategy 
to efficiently inhibit CoNV.   

1. Introduction 

To ensure clarity and optimal vision, the cornea, a clear tissue in the 
front of the eye, must be avascular. Many conditions, such as excessive 
contact lens wearing, corneal infection, and injury can lead to corneal 
neovascularization (CoNV), resulting in corneal opacity, vision loss, and 
blindness (Arbabi et al., 2019; Wang et al., 2017). CoNV is one of the 
most common causes of blindness worldwide, affecting >1.4 million 
people annually in the United States alone (Lee et al., 1998). Therefore, 
inhibiting the formation of CoNV is important for maintaining a normal 
ocular surface. Traditionally, there are two therapeutic approaches for 
treating CoNV: medicine and surgery (Feizi et al., 2017; Roshandel et al., 
2018). For medical treatment, long-term medication carries a potential 
risk of cataract, glaucoma, and superinfection (Gupta and Illingworth, 
2011), whereas the efficacy of surgical treatments mainly dependents on 

the operator’s technique (Chu et al., 2020). Thus, there is an urgent need 
to develop an efficient and safe method for inhibiting CoNV. 

Small interfering RNA (siRNA), which can degrade messenger RNA 
(mRNA) or downregulate specific genes through the RNAi pathway, has 
attracted much attention for the treatment of various diseases (Baran- 
Rachwalska et al., 2020; Wang et al., 2017). Gene therapy has recently 
been introduced to treat corneal diseases (Baran-Rachwalska et al., 
2020; Fernando et al., 2018; Wels et al., 2021). Although the efficacy of 
gene therapy for corneal diseases has improved, defects in the gene itself 
and the inherent physical barriers in the eyeball remain great challenges 
for gene delivery (Wang et al., 2017; Wels et al., 2021). As a small 
nucleic acid molecule, siRNA is negatively charged, limiting its pene
tration through cell membranes (Truong et al., 2013). Moreover, naked 
siRNA is fragile and easily degraded by widely available nucleases 
(Semple et al., 2010). The main intrinsic physical barriers of the cornea, 
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tear film, mucin layer, epithelium, Bowman’s layer, stroma, Descemet’s 
membrane, and the endothelium, protect the cornea but also pose great 
challenges for drug delivery(Wels et al., 2021). Therefore, it is necessary 
to overcome the problems of siRNA itself and the inherent obstacles of 
the cornea to improve the delivery efficacy of corneal siRNA. 

To improve siRNA delivery efficiency, viral and non-viral vehicles 
have been designed. However, the biosafety of viral vectors remains a 
great limitation (Yin et al., 2014). Non-viral vehicles have the advan
tages of low cost, high plasticity, and low immunogenicity (Li et al., 
2021; Upadhya et al., 2020; Wilson and Doudna, 2013). Among the non- 
viral vehicles, pH-sensitive polymers have been extensively studied. 
Studies have shown that improved gene delivery efficiency can be 
achieved by introducing pH-responsive fragments into gene delivery 
vectors (Asayama et al., 2008; Chandrashekhar et al., 2013; Chen et al., 
2012; Kim et al., 2002; Park et al., 2020; Wilson and Doudna, 2013; Xu 
and Lu, 2011). Our previous study found that pH-sensitive polymers 
with pKa values of 5.8–6.2 illustrated the best siRNA knockdown effi
ciency both in vitro and in vivo (Du et al., 2018). The A-B-C (A: amphi
philic sections, B: polycationic sections, C: pH-sensitive sections) 
triblock polycationic form was efficient for siRNA delivery (Wang et al., 
2017). In addition, the gene knockdown efficacy of mPEG-PAMA50-P 
(DEA39-D5A37) was increased up to 87.2% (Wang et al., 2021). There
fore, it is feasible to design pH-sensitive siRNA delivery vehicles. 

To address the aforementioned issues of CoNV, we herein report a 
siVEGFA delivery strategy that combines our advantages with a pH- 
sensitive vehicle design to silence vascular endothelial growth factor A 
(VEGFA). Considering the high gene knockdown efficiency of mPEG- 
PAMA50-P(DEA39-D5A37), we continued to use this structure and 
designed mPEG2k-PAMA30-P(DEA29-D5A29) (TPPA) as the delivery 
vehicle for siVEGFA. The TPPA NPs were able to bind to siRNA effi
ciently at w/w = 10/1. The VEGFA silencing efficiency was comparable 
to the common transfection reagent Lipo 2000 in vitro, attributed to its 
high cell endocytosis efficiency. The cytotoxicity assay verified that 
there was no significant cytotoxicity of TPPA/siRNA, even at w/w ratios 
up to 30/1. TPPA efficiently delivered siVEGFA to corneal cells and 
achieved VEGFA-silencing efficiency in vivo. The inhibitory effect of 
TPPA/siVEGFA on CoNV was comparable to that of the anti-VEGF drug 
ranibizumab. 

2. Materials and methods 

2.1. Materials 

Chemical reagents such as 2-(diehtyl amino) ethyl methacrylate 
(DPA), MTT, mPEG2k, chloroquine, and TRIzol were procured from 
Sigma Aldrich. Trypsin, fetal bovine serum, Dulbecco’s modified Eagle’s 
medium, Lipofectamine 2000, endocytosis inhibitors, and other bio
logical reagents were provided by Sigma-Aldrich. 

2.2. Synthesis of TPPA copolymer and polyplex preparation 

First, AMA and D5A were prepared. Briefly, triethylamine and tert- 
butyl N-(2-hydroxyethyl) carbamate were first mixed in CH2Cl2, and 
then the methacrylate was added dropwise slowly at 0 ◦C. The reaction 
was carried out under Ar protection for 1 h, and then continued at room 
temperature for 12 h. The product was extracted, dried, and finally 
purified by recrystallization from CH2Cl2/hexane. 

For the synthesis of D5A, first Na2CO3 and CH3CN solutions were 
reacted at 80 ◦C overnight. The initial product was deprecipitated and 
distilled to obtain 2-(dipentylamino) ethanol. Then, 2-(dipentylamino) 
ethanol, triethylamine and methacryloyl chloride were dissolved in 
CH2Cl2 and reacted in a three-necked flask. Finally, the product was 
purified by filtration and distillation. The product structure was char
acterized by 1H NMR (Varian Unity Plus INOVA 400). 

The final product, mPEG2k-b-PAMA-b-P(D5A/DEA), was synthesized 
by reversible addition-fragmentation chain transfer polymerization 

(RAFT). First, mPEG2k-CTAm (0.2347 g, 0.1 mmol), AMA (0.8015 g, 3.5 
mmol) and AIBN (3.28 mg, 0.02 mmol) were dissolved in 4 mL DMF. The 
mixture was then reacted under argon protection for 24 h at 70 ◦C, and 
the product mPEG2k-PAMA (1.0120 g) was obtained after dialyzing and 
lyophilizing. Then mPEG2k-PAMA (0.4609 g, 0.05 mmol), DEA (0.2775 
g, 1.5 mmol), D5A (0.4035 g, 1.5 mmol) and AIBN (1.64 mg, 0.01 mmol) 
were dissolved in 4 mL DMF and reacted under argon protection at 70 ◦C 
for 24 h. After cooling to room temperature, the reaction mixtures were 
purified through dialysis and lyophilization to obtain the final product 
triblock polymer TPPA (1.1 g). The final product was characterized by 
1H NMR and GPC. 

To prepare TPPA nanoparticles (NPs), TPPA was weighed, 
completely dissolved in trifluoroethanol overnight, added dropwise to 
PBS, and rotated at medium speed for 24 h, and then dialyzed in 100 kD 
for 2 h. TPPA was mixed with siRNA at different weight/weight ratios 
(w/w) and incubated at room temperature for 15 min to obtain TPPA/ 
siRNA nanocomplexes. The siRNAs used in the experiments were ob
tained from Suzhou Ribo (China). The siNC sequence designed by RiBo 
was used as a negative control. The specific sequences (Kwak et al., 
2017) were as follows: 

siNC-sense strand, 5′-UUCUCCGAACGUGUCGUCACGUdTdT-3′

siNC-antisense strand, 5′-ACGUGACACGUUCGGAGAAdTdT-3′

Cy5-siNC-sense strand, 5′-Cy5-CCUUGAGGCAUACUUCAAAdTdT-3′

Cy5-siNC-antisense strand, 5′-UUUGAAGUAUGCCUCAAGGdTdT-3′

siVEGFA-sense strand, 5′-GGAGUACCCUGAUGAGAUdTdT-3′

siVEGFA-antisense strand, 5′-AUCUCAUCAGGGUACUCCdTdT-3′

2.3. Acid-base titration 

The acid-base titration was used to determine the pKa value of the 
pH-sensitive section in TPPA. In brief, we dissolved 40 mg of PEG-b-P 
(DEA/D5A) in 3 mL HCl solution (0.1 M) and adjusted the solution 
volume to 20 mL. Then the solution was titrated by NaOH (0.1 M) under 
vigorous stirring. The pH changes were monitored using a pH meter 
(Mettler Toledo S220, Thermo fisher) with a microelectrode. The pKa 
was defined as the pH value in the middle of the two equivalent points in 
the titration curve. 

2.4. Transmission electron microscopy (TEM) 

1 μg of siRNA was dissolved in 300 μL of nanoparticle stock solution, 
incubated at room temperature for 15 min, and diluted with 700 μL of 
HEPES buffer to obtain TPPA/siRNA complex. Briefly, samples were 
prepared by dipping 10 μL of TPPA/siRNA complex and an equivalent 
concentration of TPPA (15 mg/mL) onto a carbon-coated copper grid 
and air-dried before being observed by transmission electron micro
scopy (Tecnai G2 20 STWIN, Philips, The Netherlands). 

2.5. Particle size and Zeta potential characterization 

The hydrodynamic diameter and zeta potential of NPs were 
measured by dynamic light scattering (DLS, Zetasizer Nano ZS90, Mal
vern Panalytical). The TPPA/siRNA samples (0.1 mg/mL) at different w/ 
w ratios were prepared in water. Then a 1 mL sample was analyzed in a 
matching microcuvette at 25 ◦C and an incident wavelength of 677 nm. 
Three measurements were made for each sample. 

2.6. pH-sensitivity 

The pH sensitivity of TPPA was evaluated using Nile red dye as a 
fluorescent probe. Briefly, 20 μg of Nile red was dissolved in TPPA 
polymer (1 mg/mL in PBS, pH = 7.4) to obtain Nile red-loaded micelles 
through hydrophobic interaction. The pH of the solution was subse
quently adjusted to 6.8, 6.4, 6.0, 5.6, 5.2, and 4.8. After incubation for 2 
h, the fluorescence intensity was detected by a spectrophotometer (Cary 
Eclipse, Varian, USA). 
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2.7. Gel retardation assay 

To evaluate the ability of the TPPA vector to encapsulate siRNA, gel 
electrophoresis experiments were performed. TPPA/siRNA (0.5 μg 
siRNA) nanocomplexes were prepared at various w/w ratios before 
mixing with 6× Glycerol Gel Loading Buffer (Sangon Biotech). Then the 
samples were electrophoresed in a 1% (w/v) agarose gel containing 4S 
Green Plus Nucleic Acid Stain (Sangon Biotech) and in TAE running 
buffer at 120 V for 20 min. 

2.8. Hemolysis analysis 

Hemolysis assays were performed to assess the safety and escape 
effects of TPPA/siRNA in endosomes/lysosomes. Fresh mouse blood 
(400 μL) was added to two anticoagulant tubes and centrifuged at 
10,000 g for 5 min at 4 ◦C. Then the cell pellet was resuspended with 2 
mL of pH = 7.4 and pH = 5.5 PBS buffer, respectively. Red blood cell 
suspension was exposed to 0.8 mL of TPPA/siRNA (15:1, siRNA 0.2 μg/ 
mL) at pH = 7.4 and pH = 5.5. Passive lysis buffer (PLB) was used as a 
positive control. Samples were incubated at 37 ◦C for 2 h, then centri
fuged at 10,000 g for 10 min. The absorbance was measured at 577 nm 
using a multimode microplate reader (SpectraMax® 190, Molecular 
Devices) with a reference wavelength of 655 nm. Hemolysis ratio was 
calculated by (OD (test)- OD (negative control))/ (OD (positive control)- OD 
(negative control)). 

2.9. Cytotoxicity analysis (MTT) 

MTT was used to assess the viability of cells treated with nano
particles. HCEC cells or HUVEC cells in logarithmic growth phase were 
seeded in 96-well plates at 1 × 104 cells/well for 24 h. Cells were 
transfected with TPPA/siRNA polyplexes at various w/w, and the final 
siRNA concentration was 50 nM. Lipofectamine 2000/siRNA was pre
pared as a positive control with a fixed volume/weight ratio of 3 μL/1 
μg. After 24 h of transfection, all media were removed, and 95 μL fresh 
complete DMEM and 5 μL MTT (5 mg/mL) were added to each well and 
incubated for 4 h at 37 ◦C. Then the solution was gently removed and 50 
μL DMSO was added to each well and incubated for another 10 min at 
37 ◦C. When the formazan crystals were completely dissolved, the 
absorbance was read with a Multi-Mode Microplate Reader (Spec
traMax® 190, Molecular Devices) at 540 nm with a reference wave
length of 650 nm, and the absolute absorbance (ODnet) was OD540 minus 
OD650. Cell viability was calculated by ODnet (sample)/ODnet (control). 

2.10. Flow cytometry analysis 

Cells were transfected with TPPA/Cy5-siRNA (final siRNA concen
tration 50 nM) for 4 h. Then Cells were trypsinized with 0.25%, washed 
three times with cold 1 × PBS (1 mL), suspended in 1 × PBS (400 μL) and 
detected by flow cytometry (Becton Dickinson, San Jose, CA). The w/w 
ratio of TPPA polymer and siRNA was 15:1 in the following assays. 

2.11. Subcellular localization and endosomal escape 

HCEC cells were seeded into 35 mm dishes at a density of 2 × 105 

cells per well and incubated for 24 h. Then the cells were transfected 
with TPPA/Cy5-siRNA (15:1, 50 nM) was. After 4 h, cells were washed 3 
times with 1 × PBS and treated with100 μL DMEM containing 1 μL 
Hoechst 33342 (1 mg/mL in PBS, for staining nuclei) and 0.3 μL Lyso
Tracker Green (1:3000 in PBS, for staining endosomes and lysosome). 
After 30 min of staining, cells were washed twice with 1 × PBS and then 
recorded with a Zeiss confocal microscope (LSM880, Carl Zeiss, Ger
many). To analyze the endosomal escape time of PPA/siRNA, cells were 
stained and imaged according to the above protocol at 4, 6, 10, and 24 h 
post-transfection, respectively. Images were analyzed using ZEN 
(ZEN2.3 SP1, Carl Zeiss, Germany). 

2.12. Exploring the mechanism of endocytosis 

In order to elucidate the endocytic mechanism of TPPA, 100 μM 
amiloride-HCl (Amil), 30 μM chlorpromazine-HCl (Chlo), 400 μM gen
istein (Geni), and 5 mM β-cyclodextrin (mβCD) were used to treat HCEC 
cells for 0.5 h to block macropinocytosis, clathrin-mediated endocytosis, 
caveolin-mediated endocytosis, and disruption of lipid raft. Cells 
without inhibitors were used as control. Cells were then co-incubated 
with TPPA/siRNA NPs, and 4 h post-transfection, cells were analyzed 
by flow cytometry and microscopy imaging. 

2.13. Biodistribution experiment in vivo 

Male 6-week-old C57BL/6 mice and BALB/C mice (JieSiJie, 
Shanghai, China) were used in all experiments. All animal experiments 
were approved by the Animal Care and Ethics Committee at Wenzhou 
Medical University. The approval number is “wydw2022–0069”. 

The distribution and residence time of TPPA/Cy5-siRNA in the eyes 
of C57BL/6 mice under different administration methods were detected 
using an in vivo imaging system (IVIS, Kodak In-Vivo Imaging System 
FXPro, Carestream Health, USA) and frozen sections. For topical eye 
drops, firstly, mice were randomly divided into three groups, and 1 μL of 
PBS, Naked Cy5-siRNA and TPPA/Cy5-siRNA were instilled into the 
eyes, respectively, and the siRNA concentration was 0.5 mg/mL. Mice 
dosed subconjunctivally were injected with 10 μL (2.66 μg, C57BL/6) or 
20 μL (5.32 μg, BALB/C) of TPPA/Cy5-siRNA (20 μM) per eye. 

2.14. Animal models and drug injection 

Corneal alkali burns after anesthesia: A 2-mm paper disc containing 
1 μL NaOH (1 M) was attached to the center of the cornea for 30 s. Then, 
we immediately flush the ocular surface along the conjunctiva with 30 
ml of normal saline. On day 0, 3, and 6, mice were administered 10 μL of 
PBS (0.01 M), ranibizumab (21 mg/mL), TPPA/siVEGFA (20 μM, 2.66 
μg/dose), or TPPA/siNC (20 μM, 2.66 μg/dose) by subconjunctival 
injection. 

2.15. Cornea clinical evaluation 

The images were evaluated for corneal opacity, neovascularization, 
and vessel size(Yoeruek et al., 2008). Corneal opacity was graded using a 
scale of 0–4 (0 = completely clear; 1 = slightly hazy, iris and pupils 
easily visible; 2 = slightly opaque, iris and pupils still detectable; 3 =
opaque, pupils hardly detectable; and 4 = completely opaque with no 
view of the pupils). Neovascularization was graded on a scale of 0–3 (0 
= no vessels; 1 = vessels within 1 mm of the corneal limbus; 2 = vessels 
spanning the corneal limbus; and 3 = vessels spanning the corneal 
center). Vessel size was scored on a scale of 0–3 (0 = no vessels; 1 =
vessels detectable under the microscope; 2 = vessels easily seen under 
the microscope, and 3 = vessels easily seen without the microscope). 
Corneal epithelial wound healing was assessed by topical staining with 
0.1% sodium fluorescein. 

2.16. Corneal flat mounts and immunofluorescence 

The cornea was separated and cut into a four-leaf clover shape for 
tiling. After fixing and blocking, corneas were incubated overnight at 
4 ◦C with an anti-CD31 antibody (rat; 1:500; 553,370; BD Pharmingen, 
USA), then incubated with Alexa Fluor secondary antibody (A-21209; 
Thermo Fisher, USA) for 2 h at room temperature. Finally, the corneas 
were flattened and photographed with a microscope (DM4B, Leica, 
Germany). Neovascularization area was quantified with ImageJ. 

2.17. Morphology analysis 

Paraffin slides (5 μm) were stained with hematoxylin and eosin 
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(H&E) using an autostainer (ST5010, Leica, Germany). Images were 
acquired using a Leica DM4B microscope. 

2.18. Biocompatibility assessment in mice 

Fresh submandibular blood samples were collected at the end of the 
experiment. The blood was centrifuged at 3000 rpm for 10 min, and the 
supernatant was sent to the partner company (Servicebio, Wuhan, 
China) for serum biochemical analysis. 

2.19. RT-qPCR 

The primers were designed using PrimerBank and NCBI, sequences 
are as follows: 

β-ACTIN forward: 5′-CATTGCTGACAGGATGCAGAAGG-3′

β-ACTIN reverse: 5′-TGCTGGAAGGTGGACAGTGAGG-3′

GAPDH forward: 5′-GACTCATGACCACAGTCCATGC-3′

GAPDH reverse: 5′-AGAGGCAGGGATGATGTTCTG-3′

hVEGFA forward: 5′-GCAGCTTGAGTTAAACGAACG-3′

hVEGFA reverse: 5′-GGTTCCCGAAACCCTGAG-3′

mVEGFA forward: 5′-CTGGATATGTTTGACTGCTGTGGA-3′

mVEGFA reverse: 5′-GTTTCTGGAAGTGAGCCAATGTG-3′

mIL-1β forward: 5′-AGAAGGCTGGGGCTCATTTG-3′

mIL-1β reverse: 5′-AGGGGCCATCCACAGTCTTC-3′

2.20. Western blot 

Bands were blocked with 5% nonfat milk for 2 h at room tempera
ture. Then, they were incubated with anti-VEGFA antibody (1:1000, 
ab46154, Abcam, USA) overnight followed by HRP-conjugated sec
ondary antibody for 2 h at room temperature. And α-tubulin was used as 
an internal control (1:1000; ab24246). Blots were recorded using a 
multifunctional imaging system (Amersham Imager 680, Cytiva, USA) 

and analyzed with imageJ. 

2.21. Statistics and reproducibility 

All data are presented as mean ± SEM, statistics and graphs were 
performed using GraphPad Prism 8. Statistical significance was tested 
using one-way ANOVA. In the results, P < 0.05 indicated that the dif
ference was statistically significant. (*P < 0.05; **P < 0.01; ***P <
0.001). 

3. Results 

3.1. Synthesis and characterization of TPPA polymer 

The triblock polycation mPEG2k-PAMA30-P(DEA29-D5A29) (abbre
viated as TPPA) was fabricated via RAFT polymerization (Fig. S1) and 
comprised PEG, PAMA, and P(DEA/D5A). PEG was used for anti-protein 
absorption to extend the cycle time. PAMA was used as a polycationic 
section to bind siRNA. P(DEA/D5A) exhibits pH-sensitive behavior and 
enhanced siRNA escape ability(Huang et al., 2019). 1H NMR spectra in 
Fig. S4 showed that the peaks at 1.8 ppm (f) correspond to the -NCH2 of 
the PAMA and P(D5A/DEA). The characteristic peak at 1.6 ppm (g) 
represents the -CH2 protons of the P(D5A/DEA) linker. Overall, these 
NMR findings confirmed the structure of TPPA. Gel permeation chro
matography (GPC) results showed that TPPA with a narrow molecular 
weight distribution (Mw/Mn) of 1.695 (Table. S1). 

To investigate the pH-sensitive behavior of the pH-sensitive section 
in TPPA, acid–base titration was performed (Fig. 1A). We dissolved the 
PEG-b-P(DEA/D5A) in HCl solution (0.1 M) and adjusted the solution 
volume to 20 mL, and drop-added NaOH solution. The pKa value of PEG- 
b-P(DEA/D5A) was approximately 6.0, which favored charge reversal 
and siRNA escape in the early endosome pH environment. Moreover, the 
morphology of TPPA in the dry state was a round sphere, which 

Fig. 1. Characterization of TPPA/siRNA complexes. (A) The pKa determination of the pH-sensitive section by acid-base titration. (B) The particle size of TPPA. The 
curve is the hydrodynamic size detected by DLS, and the upper left corner is the morphology map taken by TEM under dry condition. (C) Surface potential (zeta 
potential) of TPPA detected by DLS. (D) The pH-sensitive assembly/disassembly behavior of TPPA NPs. Nile red dye was used as a fluorescent probe. (E) Agarose gel 
retardation and (F) Size and zeta potential of TPPA/siRNA complexes at different w/w ratios. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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demonstrated that TPPA could assemble into NPs (Fig. 1B). The DLS 
results showed that the size of the TTPA NPs was approximately 44 nm 
(Fig. 1B) with a positive charge of 32 mV (Fig. 1C). To verify the pH- 
sensitive behavior of TPPA NPs, we introduced hydrophobic Nile red 
as a fluorescence probe. Nile red is a hydrophobic dye whose fluores
cence signal weakens when leaving the hydrophobic environment. As 
shown in Fig. 1D, with the decrease in pH, the fluorescence signal 
weakens, which is due to the pH-triggered disassembly, resulting in the 
release of Nile red. The fluorescence signal of Nile red gradually 
weakens, indicating that TPPA exhibited pH-sensitive disassembly. The 
siRNA-binding capacity investigated by gel degradation assays showed 
that TPPA could fully encapsulate and protect siRNA at an w/w ratio of 
10:1 or higher (Fig. 1E). In a neutral solution, the hydrated particle size 
of the fully encapsulated complex was stable with a positive surface 
charge (~30 mV, Fig. 1F). Overall, the results showed that TPPA NPs 
exhibited not only pH-sensitive behavior but also siRNA-binding ability. 

3.2. Enhanced gene silencing of TPPA/siRNA polyplexes 

High biocompatibility is an important property of polyplexes. 
Therefore, the cytotoxicity of TPPA/siRNA polyplexes was investigated. 
The MTT assay showed that the viability of human corneal epithelial 
cells (HCECs) and human umbilical vein endothelial cells (HUVECs) 
treated with TTPA/siRNA were maintained over 80% and 90%, 
respectively (Fig. 2A and 2D), with no difference compared to those 
treated with Lipo 2000. Considering that the w/w ratio affects not only 
the encapsulation ability but also the stability and biodistribution of 
polyplexes (Phillips et al., 2019), the relationship between gene 
silencing and the w/w ratio was explored. RT–qPCR was used to assess 
the gene silencing efficiency of TPPA with siRNA targeting VEGFA, 
which has been proven to be the primary regulator of CoNV (Giannac
care et al., 2020; Roshandel et al., 2018; Sene et al., 2015). Results 

showed that higher w/w ratios induced lower VEGFA mRNA expression 
in HCECs (Fig. 2C). Notably, at w/w = 15/1, the inhibition ratio of 
TPPA/siVEGFA was comparable to Lipo 2000 (57.07% vs 52.8%). TPPA 
could deliver siRNA into HUVECs cytoplasm at a low w/w ratio, and the 
silencing effect was similar to Lipo 2000 when w/w was 15/1 (72.73% 
vs 74.66%, Fig. 2D). Subsequently, we investigated VEGFA protein in
hibition by TPPA/siVEGFA (w/w: 15/1) with different siVEGFA con
centrations. As shown in Figs. 2E and F, the protein levels of VEGFA 
showed siVEGFA concentration dependence, and w/w 15:1 and 50 nM 
siRNA were used in the following study. Overall, TPPA vehicles 
possessed the ability to deliver siRNA into the cytoplasm to silence 
VEGFA expression. 

3.3. Internalization and cellular trafficking of TPPA/siRNA polyplexes 

Cellular uptake and early endosome escape are the main factors 
affecting effective gene effectively delivery (Nóbrega et al., 2020). 
Motivated by efficient VEGFA silencing, cell uptake was determined by 
flow cytometry and microscope. Flow cytometry data demonstrated that 
cells were 100% Cy5 positive after TPPA/Cy5-siRNA treatment, which 
was greater than Lipo 2000/Cy5-siRNA (91.2%), suggesting that TPPA/ 
siRNA was internalized in all cells (Fig. 3A). Furthermore, the mean 
fluorescence intensity (MFI) demonstrated that the cellular uptake ef
ficiency of TPPA/siVEGFA nanomicelles was 4.25 times greater than 
that of Lipo 2000/siVEGFA (1.67 × 104 vs 7.10 × 104, Fig. 3C). The 
microscope results further confirmed the higher endocytosis efficiency 
of the TPPA/Cy5-siRNA (Figs. 3F, G). The small sizes and positive sur
face charge of TPPA/siRNA polyplexes were important in enhancing 
endocytosis efficiency (Augustine et al., 2020). 

The endocytic pathway was evaluated to further investigate the 
reason for the high cellular uptake of the TPPA/siRNA polyplexes. Cells 
with a positive fluorescence signal decreased from 100% to 77.9% in the 

Fig. 2. In vitro performance of TPPA/siRNA polyplexes. (A) Cell viability of HCEC cells and (B) HUVEC cells evaluated by MTT assay 24 h after the transfection of 
TPPA/siRNA. Lipofectamine 2000 abbreviated Lipo 2000 was used as a positive control. (C) Relative VEGFA mRNA expression of HCEC cells and (D) HUVEC cells 
after TPPA/siRNA treatment. (E) VEGFA protein expression of HCEC cells and (F) HUVEC cells evaluated by western blot. The numbers in the figure represent the 
grayscale value. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Chlo-treated group, while other inhibitors showed a slight influence on 
cellular uptake (Fig. 3C). At the same time, other inhibitors showed a 
slight influence on cellular uptake (Fig. 3C). According to the MFI 
analysis, the fluorescence intensity after Chlo treatment was 13.24 times 
lower than that without inhibitor (4.98 × 105 vs 70.9 × 105, Fig. 3D). 
The Cy5 fluorescence intensity of the Geni and mβCD groups showed a 
decreasing trend. The Cy5-siRNA signal in the Amil group was 0.8 times 
higher than TPPA/Cy5-siRNA, which is discussed below. In addition, the 
internalization was shown by microscope (Fig. S5A, B). The Cy5 fluo
rescence signal remained stable until 24 h, with a signal 2.48 times 

higher than that at 1 h. In summary, the results proved that clathrin- 
mediated endocytosis dominated in the high endocytosis efficiency of 
TPPA/siRNA polyplex. 

Subsequently, the escape ability of TPPA/Cy5-siRNA was examined. 
Less red signal was present in the cytoplasm in the TPPA/Cy5-siRNA 
group than Lipo 2000(Fig. 3F), the colocalization ratio of TPPA/Cy5- 
siRNA polyplexes was higher than that of Lipo 2000/siRNA (0.36 vs 
0.28, Fig. 3G). Additionally, there was no significant change in the 
colocalization ratio over time (Fig. S5C). Next, we tested the biosafety of 
TPPA/siRNA and found that TPPA caused little hemolysis at pH 7.4 but 

Fig. 3. Endosomal escaping and cell internalization of TPPA/siRNA. (A) Flow cytometry histogram of HCEC cells after treatment with TPPA/Cy5-siRNA complexes. 
(B) Cellular uptake of TPPA/Cy5-siRNA represented by mean fluorescence intensity (MFI) of panel A. (C) Flow cytometry histogram of HCEC cells after treatment 
with TPPA/Cy5-siRNA and different endocytosis inhibitors. Amiloride inhibits macropinocytosis; chlorpromazine inhibits clathrin-mediated endocytosis; genistein 
inhibits caveolin-mediated endocytosis, and β-cyclodextrin disrupts lipid raft. (D) MFI analysis of panel D. (E) Confocal images of TPPA/Cy5- siRNA complexes in the 
HCEC cells with different inhibitors. Scale bar, 50 μm. (F) Fluorescence microscopy images of HCEC cells 24 h after transfecting Cy5-siRNA (red). LysoTracker (green) 
was used to label endosomes and lysosomes. Hoechst 33342 (blue) represents the cell nuclear. Scale bar, 50 μm. (G) Colocalization analysis of Cy5-siRNA (red) and 
LysoTracker (green) in panel F. (H) Hemolysis ratio of TPPA in different pH. Passive lysis buffer (PLB) was used as positive control. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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efficiently mediated hemolysis (82%) at pH 5.5 (Fig. 3 h). TPPA is safe in 
normal physiological environments but can easily destroy membranes in 
acidic mature endosomes. Overall, the higher endocytosis efficiency and 
lower escape ability of TPPA/siRNA resulted in considerable gene 
silencing efficiency, similar to Lipo 2000. 

3.4. Corneal distribution of TPPA /siRNA polyplexes 

To determine the biodistribution in vivo, two common local admin
istrations, eye drops and subconjunctival injection (Kutlehria et al., 
2018; Li et al., 2015; Wilson, 2022), were adminis
tered . IVIS imaging 
showed that the naked Cy5-siRNA signal decreased rapidly, and no 
signal was observed at 0.5 h after topical treatment in the extracted 
eyeballs (Fig. 4A). Notably, the fluorescence signal of TPPA/Cy5-siRNA 
decreased slowly and could be detected for up to 4 h. Cryostat sections at 
0.5 and 4 h were made and maintained in line with the in vivo imaging 
data (Fig. 4 and Fig. S7). The TPPA/siRNA signal was observed in 
corneal epithelium cells for as long as 4 h, while no signal was detected 
in the naked siRNA group, indicating that TPPA could effectively pro
long retention time and facilitate penetration into the corneal 
epithelium. 

Subconjunctival injection is more beneficial than eye drops for drug 
delivery to the cornea’s inner layers (such as the stroma and endothe
lium) and can achieve a longer therapeutic effect. Considering that 
neovascularization was mainly distributed in the stromal layer, we 
analyzed the corneal distribution of TPPA/siRNA administered via 
subconjunctival injection. As shown in Fig. 4C, the signal of TPPA/Cy5- 
siRNA was detected for up to 72 h, while the naked Cy5-siRNA signal 
disappeared within 24 h. The difference was more intuitive in BABL 
mice without melanin (Fig. S7). Cryostat sections revealed that the Cy5- 
siRNA signal was evenly distributed to the full layers of the cornea (for 
<4 h) and maintained a wide distribution for as long as 72 h. The MFI of 
Cy5-siRNA did not decrease until 72 h (Fig. 4E), so subconjunctival in
jection was used for therapeutic experiments. These data showed that 

TPPA exhibited extensive and sustained dispersion due to mucoadhe
sion, small size, and high cellular uptake. 

3.5. TPPA /siVEGFA polyplexes inhibit mice CoNV 

To explore the in vivo anti-angiogenic effects of TPPA, we constructed 
a mouse model of alkali-burn-induced CoNV, a common clinical ocular 
emergency that results in severe corneal damage and neo
vascularization. Three conjunctival injection doses were administered 
on days 0, 3, and 6 post-modeling. As shown in Fig. 5, progressive 
neovascularization developed in the corneas of mice treated with PBS 
(passive control) and clinical scores was stable. From day 3, the anti- 
VEGF drug ranibizumab group showed an inhibitory effect on the area 
of corneal injury (Fig. 5F, L). However, there was no difference in the 
vascular score, which may be mainly related to the vary accuracy of 
different methods. On day 7, the clinical score decreased significantly 
(Fig. 5K). Importantly, TPPA/siRNA achieved a therapeutic effect that 
was not significantly different from ranibizumab. The data indicated 
that TPPA could effectively deliver a sufficient amount of siVEGFA into 
the target cells and play a role in anti- CoNV in vivo. 

Next, we evaluated the anti-vascular effects and molecular mecha
nisms of TPPA/siRNA at the tissue and molecular biological levels. 
Fewer vessels (marked by CD31) were observed in the fluorescence 
images with ranibizumab or TPPA/siVEGFA administration (Fig. 6A). 
Quantitative results showed that compared with PBS, the areas of neo
vascularization in the ranibizumab and TTPA/siVEGFA groups were 
reduced by 42.27% (P = 0.0023) and 33.66% (P = 0.0161), respectively 
(Fig. 6B). This decrease was not significantly different between the 
TPPA/siRNA and ranibizumab groups. Furthermore, histomorpho
logical examination (H&E staining) showed no obvious blood vessels 
were found after TPPA/siVEGFA or ranibizumab treatment (Fig. 6A). 
There was also no significant difference between TPPA/siRNA and 
ranibizumab, revealing similar anti-angiogenic effects. Our data 
confirmed the inhibition of neovascularization by TPPA/siRNA at the 
tissue level. 

Fig. 4. Biodistribution of TPPA/siRNA polyplexes with topical treatment (A-B) and subconjunctival injection (C-E). (A) IVIS imaging after topical treatment of TPPA/ 
Cy5-siRNA. (B) Quantification of eyeballs in panel A. (C) IVIS images after subconjunctival injection. (D) Corneal sections 4 h, 24 h, and 72 h after subconjunctival 
injection. (E) Quantification of panel D. AU: Arbitrary Units. 
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To confirm that the in vivo anti-vascular effect of the polyplexes was 
induced by siVEGFA rather than an off-target effect, we examined the 
mRNA and protein expression of VEGFA in the cornea. RT-qPCR analysis 
revealed that VEGFA expression was downregulated after TPPA/ 
siVEGFA treatment (Fig. 6C). Notably, ranibizumab did not show the 
same inhibition at the transcriptional level, probably owing to the 
inherent properties of the antibodies themselves. Western blot analysis 
showed that VEGFA protein levels decreased in both the ranibizumab 
and TPPA/siVEGFA treatment groups, with no significant difference 
between the two groups (Fig. 6D, E). These results verified that TPPA/ 
siVEGFA effectively reduces VEGFA and thus, anti-angiogenesis in mice. 

3.6. Biocompatibility 

Inflammatory factors and inflammatory cell infiltration in the cornea 
were examined to assess the local toxicity of the polyplexes. H&E images 
showed that inflammatory cell infiltration decreased and corneal edema 
alleviated with ranibizumab or TPPA/siVEGFA treatment (Fig. 6A). 

However, a slight downregulation (P = 0.16) of TNFα expression was 
observed only with ranibizumab treatment (Fig. S8). This suggests that 
TPPA/siVEGFA is slightly less effective than ranibizumab in reducing 
inflammation, but no significant difference was found. To be prudent, 
possible systemic toxicity was further explored using hematological 
analysis of liver, kidney, and heart function and histological analysis of 
major organs (the heart, liver, spleen, lung, and kidney). As shown in 
Fig. S6, the TPPA/siRNA complex had no effect on the function and 
morphology of other organs in the body and no systemic toxicity. 

4. Discussion 

In this study, we aimed to develop a new strategy using siVEGFA to 
silence VEGFA for CoNV treatment. Our findings in the mouse CoNV 
model showed a favorable therapeutic effect of TPPA/siVEGFA treat
ment, a finding supported by the high cellular uptake rate, high silencing 
efficiency, extensive diffusion, and long-term retention (Figs. 2–4). 
Similar to elastic nanoparticles, the process of polymers entering cells is 

Fig. 5. Anti-neovascular effect of TPPA/siVEGFA in alkali corneal burn model. (A1-D2”) Slit-lamp images three days after alkali burn. A1 and A2 are different 
samples treated with PBS, and A1, A1’, and A1” are different images of the same sample. The white dotted line represents the extent of the vascular. FS: fluorescein 
sodium staining, marking the corneal injury area. Ranibizumab was used as the positive control drug. (E) Clinical score and (F) injury area statistics three days after 
alkali burn. (G1-L) Slit-lamp images and analyses seven days after alkali burn. 
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affected by many factors, including receptor–ligand interaction, chem
ical composition, surface charge, surface adsorption energy, shape, size, 
elastic properties, and other multi-dimensional characteristics (Augus
tine et al., 2020; Shen et al., 2019; Zhang et al., 2015). Surface charge 
and size are the most commonly considered factors that affect nano
particle internalization. Nanoparticles with a high positive surface 
charge and small size are conducive to cellular uptake (Augustine et al., 
2020; Weng et al., 2018). On the corneal surface, the high surface po
tential (+32 mV) and physical mucoadhesion of the TPPA/siRNA mi
celles enhance interactions with negatively charged mucins and corneal 
cells, thereby extending retention time. Corneal penetration and reten
tion time are the greatest challenges in ocular surface administration. 
Small particles (<50 nm) facilitate corneal penetration and distribution. 
Small nanoparticles are more evenly distributed on the surface of the eye 
(Weng et al., 2018) and can pass through the corneal barrier more easily. 
In addition, their small size facilitates cellular uptake, and cell-to-cell 
communication can transport the polymers to further tissues, which is 
also important for subconjunctival drug delivery. 

We speculate that the pH sensitivity of TPPA plays an important role 
in its cellular uptake and tissue targeting. Many studies have found that 
pH-sensitivity promotes the cellular uptake of nanoparticles. For 
example, pH-sensitive polyethylenimine (PEI) exhibited higher trans
fection efficiency than non-pH-sensitive PEI (Chandrashekhar et al., 
2013). Moreover, Zhao (Zhao et al., 2022) reported that pH-responsive 
peptide facilitated cellular uptake. CoNV has a slightly acidic patho
logical microenvironment. The pH of the cornea stabilized at ~6.9 after 
alkali burn, which is lower than the pre-burn pH (~7.3) (Paschalis et al., 
2017; Roshandel et al., 2018). This means that pH-responsive TPPA 
exhibits a stronger positive charge at the site of keratopathy, which fa
cilitates targeted aggregation of the polymer in the lesion. Based on in 
vitro and in vivo experiments, we speculate that pH-responsiveness, 
positive charge, small size, and physical viscosity are the causes of 
corneal siRNA delivery optimization of TPPA. 

One or more of these mechanisms generally dominate the cellular 
uptake of polymer vehicles (Weng et al., 2019). In this study, amiloride 
treatment facilitated the internalization of TPPA/siRNA. Amiloride is a 
macropinocytosis inhibitor that works by reducing intracellular pH and 
extracellular alkalization (Cheng et al., 2019; Koivusalo et al., 2010; Lin 
and Huang, 2022), meaning that the cell has stronger electrostatic 

adsorption to positively charged polymer particles through other 
endocytosis pathways, such as clathrin-mediated endocytosis, as shown 
in our data. In addition, Geng et al. (Geng et al., 2012) found that 
amiloride could promote the entry of DNA into cells, although the 
mechanism is unknown. Clinically, amiloride is a conventional drug 
used to combat hypertension; therefore, the promoting effect of ami
loride on internalization requires further study to clarify its character
istics and mechanism. 

5. Conclusion 

In our study, the performance and mechanism of TPPA polymers for 
siRNA delivery were comprehensively and systematically evaluated. 
The pH-responsive structure and high cellular uptake rate highlighted 
TPPA as an excellent carrier superior to commercial Lipo 2000 in vitro. 
The primary mechanism of TPPA/siRNA is clathrin-mediated endocy
tosis. In a CoNV mouse model, TPPA/siVEGFA achieved a similar anti- 
angiogenic effect to ranibizumab. From biosafety perspective, a com
bination of anti-inflammatory drugs may facilitate its clinical applica
tion. In general, TPPA is an ideal gene carrier, with a simple synthesis 
process and high gene silencing efficiency, with the potential to be 
developed into clinical drugs to treat CoNV. In addition, this study 
provides a reference for the rational design of block copolymers for 
siRNA delivery and anti-angiogenesis studies. 
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