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Purpose: To develop everolimus-loaded nanosuspensions (EV-sus) for the in vitro and in vivo corneal neovascularization (CNV) 
treatment.
Results: Everolimus was encapsulated into nanosuspensions using a solvent volatilization technique. The developed nanosuspensions 
exhibited a drug concentration of 0.96 mg·mL−1, an average particle size of 141.0 ± 1.0 nm, and a zeta potential of −12.2 ± 0.4 mV. 
C6-labeled EV-sus uptake by Human Corneal Epithelial Cells-Transformed (HCE-T) was time-dependent, energy-dependent, and 
involved multiple endocytic pathways, including caveolae- and lipid raft-mediated endocytosis, clathrin-mediated endocytosis, and 
caveolae-mediated endocytosis. The nanosuspensions exhibited efficacy in inhibiting VEGF-induced proliferation, migration, and tube 
formation in Human Umbilical Vein Endothelial Cells (HUVECs). According to RT-qPCR, the in vivo CNV model showed that EV- 
sus effectively reduced neovascularization, decreased vascular length and area, and diminished the expression of IL-1, IL-6, MMP-9, 
VEGF, and TNF-α. Additionally, the rabbit eye irritation test confirmed the safety and tolerability of the formulation.
Conclusion: These findings indicate that EV-sus might be an effective therapy for corneal neovascularization. The formulation 
exhibits excellent biocompatibility, efficient cellular uptake, and robust anti-angiogenic activity, suggesting its suitability for ocular 
administration and the potential to mitigate CNV progression with minimal irritation.
Keywords: everolimus, nanosuspensions, HUVECs, HCE-Ts, corneal neovascularization

Introduction
Located at the anterior segment of the eye, the healthy cornea, as a transparent and non-vascular tissue, is essential for 
maintaining visual acuity and ocular surface integrity. However, corneal neovascularization (CNV) is a disease marked 
by the growth of blood vessels in the normal blood vessel-free corneal tissue.1 This condition can impair corneal 
transparency, potentially leading to visual impairment or blindness.2 Furthermore, various factors, such as infection, 
inflammation, and corneal transplantation, can induce CNV, making it a significant clinical concern.3

Current pharmacological treatments for CNV include anti-inflammatory medications, immunosuppressants, and 
vascular endothelial growth factor (VEGF) inhibitors. Everolimus (EV), a rapamycin derivative, is a selective inhibitor 
of the mammalian target of rapamycin (mTOR) with potent immunosuppressive and antiproliferative effects.4 Similar to 
rapamycin, everolimus binds to FK506 binding protein 12 (FKBP12) intracellularly to suppress mTOR activity. This 
leads to decreased activity of transcription factors, disrupting the translation and synthesis of proteins that play roles in 
cell cycle progression, angiogenesis, and glycolysis.5 Relevant research has proven the effectiveness of everolimus in 
treating and preventing tuberous sclerosis,6 neuroendocrine tumors,7 and breast cancer,8 as well as in preventing rejection 
in both kidney9 and liver10 transplantation.
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In the ocular context, research has indicated that everolimus has the potential to prevent immune rejection in corneal 
transplants11 and treat eye diseases like uveitis,12–14 uveal melanoma,15,16 retinal neovascularization,17 and CNV.18 In 
vitro research has demonstrated that everolimus is capable of suppressing the proliferation of Human Umbilical Vein 
Endothelial Cells (HUVECs) and decreasing the expression of Hypoxia-Inducible Factor 1 (HIF-1) and VEGF, suggest
ing its potential as an anti-angiogenic agent.

Everolimus is lipophilic and exhibits poor water solubility at 9.6 μg·mL−1,19 which limits its ocular application. 
Formulating everolimus into a nano-preparation can improve its solubility and permeability, enhancing its bioavailability. 
Nano-suspension, as innovative drug delivery system, has the potential to markedly improve drug solubility and 
bioavailability, optimizing therapeutic effects and reducing adverse reactions. In a previous study, researchers prepared 
EV nanosuspension (EV-sus) and conducted a comprehensive comparison with EV nanomicelles.20 The area under the 
concentration-time curve (AUC) of the aqueous humor drug for the nanosuspension was around three times that of the 
micelles in the pharmacokinetic analysis of rabbit eyes, indicating superior ocular absorption and bioavailability. 
Additionally, the nanosuspensions demonstrated a superior level of stability compared to micelles, a difference that 
was both noteworthy and crucial in the field of advanced ocular drug delivery systems.

Nevertheless, the efficacy and uptake mechanisms of EV-sus in ocular applications remain unconfirmed. To address 
this gap, this study conducted a series of cellular experiments, mouse models of ocular alkali burns, and rabbit eye safety 
assessments to establish a foundation for the development of CNV applications.

Materials and Methods
Materials
Everolimus (purity ≥ 98%) was purchased from Lunan Pharmaceutical Group Co. (Shandong, China). Poloxamer P407 
was acquired from CHINEWAY (Shanghai, China). Hydroxypropyl methylcellulose (HPMC) was obtained from Sunhere 
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Pharmaceutical Excipients Co., Ltd. (Anhui, China). Polyvinyl Alcohol (PVA) was bought from Alpha Hi-tech 
Pharmaceutical Co., Ltd (Jiangxi, China). Radio-Immunoprecipitation Assay (RIPA) lysis buffer and Cell Counting 
Kit-8 (CCK-8) were sourced from Biosharp (Anhui, China). DMEM/F12 medium, penicillin-streptomycin solution, 
0.05% trypsin-EDTA, and fetal bovine serum were purchased from GIBCO (USA). 4′,6-Diamidino-2-phenylindole 
(DAPI) staining solution and Bicinchoninic Acid Protein Assay Kit were obtained from Beyotime Biotechnology 
(Shanghai, China). Coumarin 6 (C6) was supplied by J&K Scientific (Shanghai, China). Amiloride was provided by 
Acmec Biochemical Technology Co., Ltd (Shanghai, China). Saccharose and Indomethacin were purchased from 
Aladdin (Shanghai, China). Methyl-β-cyclodextrin was obtained from Binzhou Zhiyuan Bio-Technology Co., Ltd. 
(Shandong, China). Chlorpromazine was acquired from Dalian Meilun Biotechnology Co., Ltd (Shandong, China). 
Transwell inserts and Matrigel matrix were purchased from Corning (USA). Recombinant human VEGF165 was procured 
from GenScript (Nanjing, China). Cyclosporine A (CsA) eye drops were supplied by Xingqi Pharmaceutical Co., Ltd. 
(Shenyang, China). The Human Corneal Epithelial Cells-Transformed (HCE-T) were purchased from ICELL 
Biotechnology Co., Ltd. (Shanghai, China).

Preparation and Characterization
Everolimus nanosuspension was prepared using a solvent volatilization method as previously described.20 Briefly, PVA 
(0.298%, w/v) and HPMC (0.106%, w/v) were dissolved in 10 mL of distilled water at 80°C, and then allowed to cool to 
room temperature to obtain solution A. Concurrently, P407 (0.073%, w/v) and EV (0.1%, w/v) were dissolved in 
a minimal amount (1.4%, w/v) of ethanol to create solution B. Solution B was then combined with solution A, followed 
by stirring magnetically for 10 minutes to obtain the final EV-sus formulation. To prepare the drug-free formulation, 
blank nanosuspension (Blank-sus), the same method was followed without adding EV during the process. For C6-EV- 
sus, C6 and EV were co-loaded, EV (0.1%, w/v) was dissolved in a minimal amount of C6 ethanol solution (0.01%, w/v), 
and then the above method was followed to obtain the formulation.

The drug content of EV-sus was assessed through high-performance liquid chromatography (HPLC) using the 
analytical methods in the study.20 Specifically, 100 μL of EV-sus was combined with 3.9 mL of acetonitrile and sonicated 
for 10 minutes. Subsequently, the mixture was subjected to centrifugation at 10,000 rpm for 5 minutes. The supernatant 
was analyzed for EV content using HPLC with a C18 column (4.6 × 150 mm, 5 μm). The analysis used a mobile phase of 
acetonitrile and water in an 86:14 volume ratio, with a flow rate of 1 mL/min and UV detection at 277 nm. The 
temperature of the column oven was set to 60°C. Each sample was measured three times.

A Malvern Zetasizer Nano ZS90 was used to examine the particle size, polydispersity index (PDI), and zeta potential 
of EV-sus. The nanosuspension was diluted 1:10 in ultrapure water for measurement. The morphology of EV-sus was 
observed with the help of transmission electron microscopy (TEM) (HT7700, Hitachi, Japan).

Cellular Uptake and Mechanisms
Cytotoxicity Assay
HCE-Ts were placed at 1 × 104 cells/well density and incubated for 24 h. 100 μL of EV-sus and Blank-sus, diluted in the 
basal medium, were added to each well, respectively. A control group containing only the basal medium was also 
included and incubated for 4 h or 24 h. Next, each well was added with 10 μL of CCK-8 reagent and incubated for 
2 h. The optical density (OD) at 450 nm was determined by a microplate reader (Molecular Devices, SpectraMax iD5) 
for each well to determine cell viability. The formula was presented as follows:

Cellular Uptake
The C6 level was determined using HPLC, while the protein concentration per cell group was calculated to derive the 
ratio of C6 concentration to protein concentration.21 HCE-Ts were planted in 6-well plates at 2 × 105cells/well density 
and cultured for 24 h. C6-EV-sus and C6-control were then added to the 6-well plates and incubated for 1 h or 4 h. The 
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concentration of C6 in each group was 14 ng·mL−1. Post-incubation, the cells were subjected to 2–3 washes with cool 
phosphate-buffered saline (PBS). Each well received 200 μL of RIPA lysis buffer and was incubated on ice for 30 min. 
Subsequently, the mixture was centrifuged at 9000 rpm for 15 minutes. The supernatant was used to examine the protein 
levels by a BCA protein assay kit. In addition, 40 μL of the supernatant was combined with 120 μL of methanol, and the 
C6 concentration was determined by HPLC. The determination of C6 utilized a C18 column (Diamonsil, 4.6 mm × 
150 mm, 5 μm, 201078796, Dikma) with a mobile phase of methanol and water in a 95:5 volume ratio, with a flow rate 
of 1.0 mL/min, a column temperature of 30°C, and excitation/emission wavelengths of 465/502 nm.

Fluorescence Microscopy Imaging
HCE-Ts (2 × 105 cells/well) were inoculated in 12-well plates and incubated for 24 h. The cells were incubated with C6- 
EV-sus and control groups for 4 hours, respectively. After washing with cold PBS multiple times, 4% paraformaldehyde 
was used to fix the cells for 15 minutes. Subsequently, they were stained with DAPI for 5 minutes. The fixed cells were 
inverted onto slides and imaged under an inverted fluorescence microscope.22

Cellular Uptake Mechanisms
The uptake mechanism of EV-sus was investigated by the way outlined in Section Cellular uptake. Before the 
experiment, the cells were treated with various inhibitors of cellular transport pathways in a basal medium for 30 min 
(Table 1). After incubation, the cells were washed with PBS, exposed to C6-EV-sus, and further incubated for 4 hours. 
Subsequently, the cells were rinsed with chilled PBS, lysed, and diluted with methanol. HPLC was used to quantify the 
C6 content.

CCK-8 Assay
This study investigated the influence of varying concentrations of EV-sus on the cytotoxic implications for HUVECs. 
The cells, seeded at 1 × 104 cells/well, were incubated for 24 h. Thereafter, these cells were exposed to an array of 
concentrations of EV-sus for an additional 24 h. A control group that received only the basal medium was set for 
comparison. A subsequent 10 microliters of CCK-8 reagent was dispensed into each well, followed by a 2-hour 
incubation. After incubation, the OD at 450 nm was measured to determine the survival rate of HUVECs at each 
concentration. The viability rate of the untreated cells was adopted as the benchmark, assigning it 100% to represent the 
baseline level of cell vitality.

Cell Proliferation Test
The Experimental Group
The experimental design involved three groups: a control group receiving only the basal medium, a VEGF group 
receiving VEGF solution diluted in basal medium, and an EV-sus group receiving a mixture of EV-sus and VEGF.

CCK-8 Test
The impact of EV-sus on VEGF-induced HUVECs was assessed with the CCK-8 assay. HUVECs were planted at 1 × 105 

cells/well density, with four wells per group, and cultured for 24 hours. Different reagents were added according to the 
experimental grouping in Section The experimental group, and the culture was continued for another 24 hours. 

Table 1 Inhibitor Types and Concentrations

Inhibitors Concentration Main Effect

Sodium azide 0.10% General inhibitors of cellular endocytosis processes

Methyl-β-cyclodextrin 10 mM Cholesterol-depleting agent capable of inhibiting cytophagy in lipid raft/envelope cellar
Nystatin 10 μg·mL−1 Inhibition of lipid raft/cell membrane caveolae-dependent endocytosis via cholesterol chelation

Chlorpromazine 6 μg·mL−1 Specific inhibitors of lattice protein-mediated endocytosis

Hypertonic sucrose 0.45 M Inhibition of lattice protein-mediated endocytosis by K+ depletion
Indomethacin 100 μM Inhibitors of cell membrane caveolae-like invagination-mediated endocytosis

Amiloride 10 μM A macropinocytosis pathway inhibitor
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Subsequently, 100 μL of CCK-8 solution was placed into each well, and the OD value at 450 nm was determined using 
an ELISA reader to calculate the survival rate of HUVECs at each concentration.

Scratch Healing Test
HUVECs were cultured in six-well plates at 2 × 105 cells/well. The next day, vertical lines were drawn on the rear of 
each 6-well plate, with three lines per well, spaced 0.5 to 1 cm apart. The wells were then rinsed with PBS 2–3 times. 
Reagents were added according to the experimental grouping in section The experimental group. Photographs of the 
wells were imaged with an inverted microscope at the 0, 12, and 24-hour marks. The healing area after scratching was 
analyzed using ImageJ software.23

Transwell Migration Test
The Transwell chambers were carefully transferred using sterile forceps and placed into 24-well plates. The lower 
chamber of each chamber was supplemented with VEGF at 20 ng·mL−1 to induce migration, while the upper chamber 
was infused with 1 μg·mL−1 EV-sus as an intervening agent. HUVECs (2.5 × 104 cells/well) that had been starved were 
inoculated on the upper side and cultured for 24 h. After the treatment, the cells in the Transwell chambers were fixed 
with 4% paraformaldehyde for 30 min and then stained with 0.1% crystal violet solution for 10 min. Concurrently, 
a cotton swab was used to wipe off the non-migrated cells in the upper chamber. Cell movement was monitored by an 
inverted microscope, and the stained cells were counted.24,25 This experiment was conducted three times.

Cell Tube Formation Assay
A pre-cooled 96-well plate was gently coated with 50 μL of Matrigel and then incubated at 37°C to solidify into a gel. 
HUVECs at 2.5 × 105 cells/mL were mixed into the culture medium, and different reagents were introduced according to 
the experimental grouping described in Section The experimental group. Subsequently, the cells were inoculated onto the 
substrate gel and incubated for 4 hours. The images were taken with the help of an inverted microscope. ImageJ software 
was used to manually count the length and quantity of tubes to assess the degree of tube formation. The experiment was 
repeated four times.

C57BL/6 Mice of Corneal Alkali Burns Model
The corneal alkali burn model in C57BL/6 mice was developed as described in the previous report.26 Briefly, 1% 
pentobarbital sodium was administered via intraperitoneal injection to anesthetize the mice. A circular filter paper with 
a 2 mm diameter, saturated with 2 μL of 1 M NaOH, was placed on the center of the right eye for 40 seconds. Once the 
corneal injury occurred, the paper was immediately taken away, and the eyes underwent a 30-second wash with saline 
solution. The day of modeling was recorded as day 0. Following randomization, mice were allocated into four groups 
(n = 10), the normal group and three experimental groups (Saline, CsA, and EV-sus). Each experimental group received 
5 μL of the respective treatment via topical ocular administration.

Neovascularization Data Analysis and H&E Staining
For the measurement of CNV-associated blood vessel growth, photographic records of the anterior and lateral surfaces of 
the right eye corneas in anesthetized mice on days 3 and 7 post-administration were obtained using a slit-lamp 
biomicroscope. The images were analyzed with ImageJ software to measure the length and area of corneal neovascular
ization. The formula for calculating the area of neovascularization was presented as follows:

S denotes the neovascularization area; C represents the angular sector of the corneal surface occupied by the neovascu
larization, assuming the cornea to be a clock face; a is the length of the longest new blood vessel; r is the radius of the 
cornea.
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After all observations, on day 7 of administration in mice, the subjects were anesthetized and subsequently euthanized 
via decapitation. The eyes of each group were carefully excised using ophthalmic scissors, minimizing traction during the 
procedure. The excised eyes were then immersed in ocular fixation fluid for 24 h, followed by dehydration and 
embedding in paraffin blocks. The eyes were sectioned using a microtome, dehydrated, baked, and mounted onto slides 
for analysis. The sections of the cornea and conjunctiva were stained with hematoxylin and eosin (H&E) and subse
quently examined under a light microscope for photographic documentation.

RT-qPCR
Total RNA from the corneal tissue was meticulously extracted employing the renowned TRIzol reagent. Corneas from 
the right eyes of two mice within the same group were pooled as one sample. The relative expression levels of 
Interleukin-1 (IL-1), Interleukin-6 (IL-6), matrix metalloproteinase-9 (MMP-9), VEGF, and tumor necrosis factor-α 
(TNF-α) were quantified through the 2−ΔΔCT approach. The specific primer sequences are shown in Table 2.

Evaluation of Rabbit Eye Irritation
The Draize test, conducted using a slit-lamp microscope (Shinova Medical CO., Ltd, SL-PC), was employed to evaluate 
the ocular irritation of EV-sus. In the single-dose administration experiment, 50 μL of EV-sus was administered to the left 
eye, while the right eye received an equivalent volume of saline. The ocular responses of rabbits were scored at 1, 2, 4, 
24, 48, and 72 hours after the administration of the treatment.

In the multiple-dose administration experiment, 50 μL of EV-sus was instilled in the left eye, while the right eye 
received the equivalent volume of saline. Rabbit eyes were scored during administration and at specific time points post- 
administration.

Following the Draize test, the rabbits were anesthetized, and 50 μL of 0.1% fluorescein sodium solution was instilled 
into the administered eye of each rabbit. The eyes were examined and photographed under cobalt blue light. While the 
corneal epithelium does not stain, damaged regions appear green in speckled or scattered patterns. After euthanizing the 
rabbits, their eyeballs were immersed in eyeball fixation solution. After 24 hours, the tissues underwent dehydration, 
paraffin embedding, sectioning, and H&E staining to examine the histology of the corneal epithelium.

Statistical Analysis
All data were analyzed using GraphPad Prism 10.1.2 software. Statistical differences were evaluated using the t-test or 
Analysis of Variance (ANOVA). The data are presented as mean ± standard deviation (SD). Significant differences were 
defined according to the following conventions: ns: p ≥ 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Results
Characterization of Nanosuspension
Using the previously described solvent volatilization method, we successfully developed EV-sus with a particle size of 
141.0 ± 1.0 nm, a PDI of 0.099 ± 0.017, and a zeta potential of −12.2 ± 0.4 mV (Figure 1A and B). Transmission electron 
microscopy revealed the morphology of the nanosuspension, indicating good dispersibility and a spherical shape with 

Table 2 Primer Sequences for Target and Reference Genes

Primer Forward Sequence Reverse Sequence

IL-1 TGCCACCTTTTGACAGTGATG ATGTGCTGCTGCGAGATTTG

IL-6 ACAAAGCCAGAGTCCTTCAGAG TGTGACTCCAGCTTATCTCTTGG

MMP-9 CTCTCCTGGCTTTCGGCTG CGGTACAAGTATGCCTCTGCCA
VEGF TGCTCTCTTGGGTGCACTG TGCAGCCTGGGACCACTTG

TNF-α CCCTCACACTCACAAACCAC ACAAGGTACAACCCATCGGC
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a uniform particle size of approximately 100 nm (Figure 1C). The drug loading capacity of EV in EV-sus, as determined 
by HPLC, was 0.96 mg·mL−1. The outcomes are similar to those found in prior studies.20

Cellular Uptake
Cell Viability
The effects of the EV-sus preparation on HCE-Ts survival after 24 hours were investigated. A 1:200 dilution (5 μg·mL−1) 
of EV-sus had no effect on cell survival, whereas a 1:100 dilution (10 μg·mL−1) resulted in a survival rate of more than 

Figure 1 (A) Particle size determination of EV-sus. (B) Zeta potential distribution of EV-sus. (C) TEM images of EV-sus.

Figure 2 (A) HCE-Ts cytotoxicity of EV-sus within 4 and 24 h (n = 5). (B) HCE-Ts cytotoxicity of Blank-sus within 24 h (n = 5).
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85% (Figure 2A). The Blank-sus preparation was unaffected by a 1:10 dilution at 24 hours in terms of cell activity 
(Figure 2B).

HCE-Ts remained unimpaired following exposure in EV-sus at a ratio of 1:100 (10 μg·mL−1) for 4 hours (Figure 2A). 
Therefore, this dilution ratio was used for subsequent cell uptake assays.

Cellular Uptake
The uptake characteristics of C6-EV-sus were quantitatively investigated by HPLC. C6 peaked at approximately 
3.70 min with no interference, as shown in the chromatograms of the C6-control solution, C6-EV-sus solution, and blank- 
sample solution (Figure 3). The HPLC standard curve was Y = 54828.123 + 231508.204X (R2 = 1.000).

Figure 3 HPLC chromatograms of different samples.

Figure 4 (A) Results of HPLC quantification of HCE-Ts uptake (n = 3). (B) Fluorescence microscopy imaging. (C) Effect of each inhibitor on cellular uptake (n = 3). ns: p ≥ 0.05, 
*p < 0.05, ****p < 0.0001.
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As shown in Figure 4A, the uptake of C6-EV-sus and Control exhibited a consistent increase at 4 h, with C6-EV-sus 
being significantly higher than Control at 1 h (p < 0.05) and 4 h (p < 0.0001).

The data regarding to the precision and accuracy of the HPLC determination method are shown in Table 3. For each 
C6 sample, the intra- and inter-day precision values (RSD, %) were both below 4%. Additionally, the accuracy (%) was 
in the range of 95–105%. These results demonstrated acceptable accuracy and precision of the biological analysis.

Fluorescence Microscope Imaging
The results of fluorescence microscopy imaging, shown in Figure 4B, revealed that the green fluorescence of C6-EV-sus 
was significantly stronger than the control at 4 h, consistent with the quantitative uptake results.

Cellular Uptake Mechanisms
Compared to the control group, the uptake of C6-EV-sus exhibited a significant decrease (p < 0.0001) upon the addition 
of sodium azide (Figure 4C). The results suggested that the uptake of C6-EV-sus by HCE-Ts is energy-dependent.

Methyl-β-cyclodextrin effectively inhibits caveolae- and lipid raft-mediated endocytosis through its binding to 
cholesterol. Nystatin, a cholesterol-chelating agent, reduces the number of caveolin/lipid raft structures on the cell 
membrane surface, thereby effectively inhibiting caveolae- and lipid raft-mediated endocytosis. As shown, the uptake of 
C6-EV-sus by HCE-Ts was significantly decreased to 35.4% after treatment with methyl-β-cyclodextrin (p < 0.0001), and 
the uptake of C6-EV-sus by HCE-Ts was significantly reduced to 46.4% after treatment with Nystatin (p < 0.0001).

Chlorpromazine can inhibit clathrin synthesis in the cell membrane, preventing the formation of clathrin-mediated 
endocytic structures, and ultimately hindering the endocytosis of macromolecules. Hypertonic sucrose can also inhibit 
clathrin-mediated endocytosis by depleting intracellular potassium ions. After treatment with chlorpromazine, the uptake 
of C6-EV-sus by HCE-Ts was significantly decreased to 40.1% (p < 0.0001). Similarly, after treatment with hypertonic 
sucrose, the uptake of C6-EV-sus was significantly reduced to 28.6% (p < 0.0001).

Caveolae are specialized invaginated structures on the cell membrane surface, and indomethacin is an antagonist of 
caveolae-mediated endocytosis.27 It likely exerts this inhibitory effect by interfering with the internalization process of 
caveolae through affecting the expression or function of caveolin-1.28 After indomethacin treatment, the uptake of C6-EV 
-sus by HCE-Ts was significantly decreased to 42.6% (p < 0.0001).

Macropinocytosis is also a process of endocytosis of extracellular substances into the cell; however, adding amiloride, 
a macropinocytosis inhibitor, did not significantly reduce the uptake of C6-EV-sus by HCE-Ts (p > 0.05).

In conclusion, the cellular entry process of C6-EV-sus involves multiple mechanisms, including caveolae- and lipid 
raft-mediated endocytosis, clathrin-mediated endocytosis, and caveolae-mediated endocytosis. Notably, this process 
excludes involvement with macropinocytosis.

Table 3 The Precision and Accuracy Results

Concentration Spiked  
(ng·mL−1)

Concentration Measured  
(ng·mL−1)

RSD/% Accuracy/%

Intra-assay (n = 5)

0.98 0.98 ± 0.02 2.32 97.64 ± 2.03

31.25 30.91 ± 0.58 1.88 98.91 ± 1.86
125.00 122.05 ± 2.54 2.08 99.94 ± 2.32

Inter-assay (n = 5)

0.98 1.02 ± 0.05 4.83 104.83 ± 5.06
31.25 32.42 ± 1.30 4.00 103.75 ± 4.15

125.00 128.60 ± 5.56 4.33 102.88 ± 4.45
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Cell Proliferation Assay
Cytotoxicity Test
The CCK-8 test was employed to assess the influence of EV-sus on the survival of HUVECs at different dilution ratios 
over 24 hours. It was observed that a 1:1000 dilution (1 μg·mL−1) of EV-sus had no impact on cell survival. Therefore, 
subsequent experiments were conducted at this dilution (Figure 5A).

Cell Proliferation Assay
About 20 ng·mL−1 of VEGF could effectively promote the proliferation of HUVECs (Figure 5B). The impact of EV-sus 
on HUVEC proliferation of VEGF-induced was illustrated in Figure 5C. Compared to the control group, VEGF 

Figure 5 (A) HUVECs Cytotoxicity of EV-sus (n = 5). (B) VEGF promotes the proliferation of HUVECs (n = 5). (C) EV-sus inhibited HUVECs proliferation (n = 5). ***p < 0.001.

Figure 6 (A) Representative images and (D) corresponding quantitative analysis of the scratch wound healing assay (n = 4). (B) Representative images and (E) 
corresponding quantitative analysis of the Transwell migration assay (n = 3). (C) Representative images and (F and G) corresponding quantitative analysis of the tube 
formation assay (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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(20 ng·mL−1) significantly promoted the proliferation of HUVECs (p < 0.001). EV-sus, at 1 μg·mL−1 concentration, 
significantly inhibited the proliferative effect of VEGF-induced HUVECs (p < 0.001).

Cell Scratch Test
The results of the scratch assay and ImageJ statistical analysis are shown in Figure 6A and D. VEGF significantly promoted 
HUVECs migration, as evidenced by a healing area of approximately 174,604 ± 16,910 pixels at 12 hours (p < 0.01) and 277,496 
± 13,361 pixels at 24 hours (p < 0.0001), significantly higher than the control group. Conversely, EV-sus significantly inhibited 
VEGF-induced HUVECs migration, with a healing area of 128,674 ± 16,402 pixels at 12 hours (p < 0.001) and 215,872 ± 6707 
pixels at 24 hours (p < 0.0001).

Transwell Migration Test
The results of the transwell assay are shown in Figure 6B and E. The number of HUVECs migrating at 24 hours induced 
by VEGF alone or by EV-sus on VEGF was 118.4 ± 17.3 and 82.1 ± 6.5 cells, respectively. The data suggested that EV- 
sus effectively inhibited the migration of HUVECs induced by VEGF (p < 0.05).

Cell Tube Formation Assay
The results of the tube formation assay are presented in Figure 6C. The count and the global length of master segments for each 
group were analyzed using ImageJ software (Figure 6F and G). The findings demonstrated that VEGF effectively increased 
the count (p < 0.01) and the global length (p < 0.01) of master segments formed by HUVECs. In contrast, EV-sus significantly 
inhibited both the count (p < 0.001) and the tube length (p < 0.01) of master segments formed by HUVECs induced by VEGF.

Corneal Neovascularization of Alkali Burn Model in C57BL/6 Mice
Neovascularization Data Analysis and H&E Staining
The progression of C57BL/6 mice corneal neovascularization over time is shown in Figure 7A–C. By day 3, neovascu
larization was observed near the corneal rim in all experimental groups. By day 7, neovascularization had advanced 
towards the center of the cornea in the Saline group, whereas in the CsA and EV-sus groups, neovascularization extended 
along the corneal rim without reaching the center. The length and area of neovascularization in each group were 
quantified using ImageJ. The results showed that on day 7, the CsA group had shorter neovascularization lengths (p < 
0.0001) and area (p < 0.0001) than the Saline group, and the EV-sus group had considerably shorter neovascularization 
lengths (p < 0.0001) and area (p < 0.0001) than the Saline group.

The corneas of mice from each group were stained with H&E and sectioned. The central corneal thickness was then 
determined (Figure 7D). The data indicated that the corneal thickness was approximately 166 μm for the saline group, 
125 μm for the CsA group, and 105 μm for the EV-sus group. In the normal control group, the corneal structure remained 
intact, with no obvious pathological changes. The saline group exhibited significant corneal edema and stromal loosen
ing, accompanied by inflammatory cell infiltration and neovascularization. The CsA group showed inflammatory cell 
infiltration but relatively milder stromal loosening. In contrast, the EV-sus treatment group demonstrated significantly 
reduced corneal pathology, presenting only slight neovascularization and mild stromal loosening.

RT-qPCR
Mouse corneal RNA was extracted using the TRIzol method, and the 2−ΔΔCt method was utilized to assess the expression 
levels of IL-1, IL-6, VEGF, TNF-α, and MMP-9 (Figure 8).

The results exhibited that, compared to the Saline group, continuous administration of CsA significantly reduced the 
expression of IL-1 (p < 0.05), IL-6 (p < 0.0001), VEGF (p < 0.01), TNF-α (p < 0.05), and MMP-9 (p < 0.05). Similarly, 
the EV-sus group showed a notable reduction in the expression of IL-1 (p < 0.001), IL-6 (p < 0.0001), VEGF (p < 0.01), 
TNF-α (p < 0.01), and MMP-9 (p < 0.001). There were no notable variations in the effects of CsA and EV-sus. The 
results indicated that EV-sus could effectively inhibit corneal neovascularization and inflammatory responses in alkali- 
burned mice.

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S562002                                                                                                                                                                                                                                                                                                                                                                                                 16159

Zeng et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Evaluation of Eye Irritation
The results of the eye irritation test for EV-sus are shown in Tables 4 and 5. In the single-dose administration experiment, 
EV-sus did not induce eye irritation, and the appearance of the rabbits’ eyes remained largely unchanged. In the multiple- 
dose administration experiment, slight moisture was observed around the rabbits’ eyes, but no edema or congestion was 
detected (Figure 9A).

A sodium fluorescein solution was instilled into the rabbit’s eye, followed by a saline rinse. Under cobalt blue light, 
a yellow-green fluorescent area indicated the injury site. In both single and multiple dosing experiments, no ocular 
damage was observed in any group of rabbits (Figure 9B).

After multiple-dose administration, HE staining was performed on rabbit eyes (Figure 9C). The EV-sus group 
demonstrated a complete corneal structure, in contrast to the Saline group, with no infiltration of inflammatory cells, 
no significant differences in the endothelial cell layer, and no changes in the morphology of the conjunctiva. These results 
indicated that EV-sus was not irritating to the eye.

Discussion
Everolimus, recognized for its poor water solubility and suboptimal bioavailability, requires an effective stabilization 
protocol.19 After extensive trials and characterization, we ultimately selected a nanosuspension-based formulation due to 

Figure 7 (A) Images of eyeballs during the experiment. (B) The statistical results of blood vessel length (n = 8). (C) The statistical results of blood vessel area (n = 8). (D) The 
results of H&E staining. The red arrows indicated the corneal neovascularization of the mice; *p < 0.05, **p < 0.01, ****p < 0.0001.
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its inherent stability.20 Additionally, the straightforward preparation process enhances its potential for clinical translation 
compared to other complex formulations.29 The dosage of each excipient was below the FDA-recommended limits, 
ensuring the safety of the preparation. The eye irritation test, a crucial safety evaluation for ophthalmic products, was 
typically performed on rabbit eyes due to their substantial conjunctival sac volume, anatomical similarity to the human 

Figure 8 Results of mRNA expression in mouse corneas (n = 4): (A) IL-1; (B) IL-6; (C) VEGF; (D) TNF-α; and (E) MMP-9. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Table 4 Results of the Single-Dose Administration 
Experiment (n = 3)

Group Time (h)

1 h 2 h 4 h 24 h 48 h 72 h

EV-sus Average 0.33 0.33 0 0 0 0

Results No irritation

Saline Average 0.33 0 0 0 0 0

Results No irritation

Table 5 Results of the Multiple-Dose Administration Experiment (n = 3)

Group Time (d)

1 d 2 d 3 d 4 d 5 d 6 d 7 d 8 d 9 d 10 d

EV-sus Average 0.33 0.67 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33

Results No irritation

Saline Average 0 0 0 0 0 0 0 0 0 0

Results No irritation
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eyes, and heightened sensitivity to ocular irritation compared to humans.30 In this study, the ocular irritation score 
revealed that the drug-loaded formulation, EV-sus, did not induce irritation in rabbits after both single and multiple 
applications of eye drops, indicating the high safety of EV-sus.

To our knowledge, no prior studies have investigated the impact of the hydroxyethyl derivative of rapamycin, 
everolimus, on the survival of human corneal epithelial cells. Existing literature indicated that rapamycin does not 
exhibit significant toxic effects on HCE-Ts at 180 ng·mL−1 for 24 h.31 However, exposure to 100 ng·mL−1 of rapamycin 
for 48 h significantly reduced the viability of human dermal microvascular endothelial cells.32 In the present study, 
a 1:100 dilution of EV-sus (10 μg·mL−1) suppressed HCE-Ts viability after 24 hours, whereas a 1:200 dilution 
(5 μg·mL−1) had no effect on cell viability. Besides, we investigated the effects of blank preparations, Blank-sus, on 
HCE-Ts and found that Blank-sus did not irritate HCE-Ts at 24 hours when diluted 1:10.

The use of C6 as a fluorescent surrogate for EV in the cellular uptake study was based on several considerations. Both 
EV and C6 are highly lipophilic molecules, enabling C6 to reasonably mimic the cellular uptake behavior of EV.33 

Furthermore, everolimus itself lacks intrinsic fluorescence, making its direct quantification at low concentrations 
technically challenging, whereas C6 exhibits strong fluorescence even at trace levels, permitting sensitive detection by 
fluorescence microscopy.34 C6 was frequently utilized in research to explore cellular uptake mechanisms as potential 
alternatives to lipophilic drugs.35 Consequently, this study opted to measure the concentration of C6 as an indirect 
indicator of EV-sus uptake.36,37 The uptake of C6 by cells was a time-dependent process that may be energy-consuming, 
possibly related to caveolin proteins, clathrin, and micropinocytosis.38–41

In this study, the in vivo angiogenesis environment was simulated by the addition of VEGF. VEGF could promote the 
proliferation, migration, and tube formation of HUVECs, consistent with the results reported in the literature.42 Studies 
showed that 1 μg·mL−1 of rapamycin exerted a significant growth-inhibitory effect on HUVECs.43 Similarly, 1 μg·mL−1 

of everolimus was observed to significantly inhibit the growth, migration, and angiogenesis of HUVECs.44,45

Figure 9 (A) Pictures of rabbit eyes during the experiment (n = 3). (B) Pictures of rabbit eyes after staining with sodium fluorescein. (C) Results of H&E staining for each 
group.
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Four principal animal models of corneal neovascularization were typically used to investigate its pathogenesis and to 
evaluate the efficacy of novel antiangiogenic drugs: the chemical burn model, the corneal suture model, the corneal 
microcapsule analysis model, and the transgenic model. The corneal alkali burn model was easy to replicate in animal tests 
and extensively employed to induce corneal neovascularization in rats46 and mice.47 Numerous studies showed that the 
C57BL/6 mice are well-established models of corneal neovascularization in alkali burn mice.26,48 Thus, in this investigation, 
the efficacy of EV-sus in inhibiting corneal neovascularization in vitro was assessed using C57BL/6 mice to create the corneal 
alkali burn model. In this study, a 7-day drug treatment was conducted to avoid the effects of spontaneous recovery in mice, 
and the results also illustrated the efficacy of the drug. After 7 days, in the EV-sus group, the corneal stroma layer was more 
tightly linked, with a reduction in neovascularization compared to other groups.49

It was reported that rapamycin could diminish the infiltration of inflammatory cells, modulate cytokine expression, and 
regulate the balance between MMP-2 and HIF-1α-mediated inflammation and angiogenesis by inhibiting mTOR activation 
during corneal wound healing following alkali injury.50 Everolimus, as a rapamycin derivative, was anticipated to exhibit 
similar pharmacological efficacy. Nevertheless, limited studies elucidated its ability to inhibit corneal neovascularization by 
reducing VEGFR expression.18 In this paper, we investigated the cellular uptake mechanism of EV-sus and assessed its 
efficacy and safety. The findings indicated that EV-sus could significantly inhibit the occurrence of CNV.

Conclusion
In this study, we showed the promising prospects of EV-sus as a therapeutic candidate for CNV. The process of EV-sus uptake 
into HCE-Ts involves multiple mechanisms, including caveolae- and lipid raft-mediated endocytosis, clathrin-mediated 
endocytosis, and caveolae-mediated endocytosis. Significantly, EV-sus has been evaluated for its potential to reduce the 
proliferation, migration, and angiogenesis of HUVECs induced by VEGF, thereby preventing CNV formation. Additionally, 
the Draize test indicated that EV-sus exhibited good biocompatibility. In summary, these results provide strong theoretical 
support for employing EV-sus nanodispersions in corneal neovascularization treatment. As an innovative formulation, EV-sus 
demonstrates an effective strategy for combating ocular corneal neovascularization and suggests promising avenues for 
treating this sight-threatening condition. Future studies should further explore the long-term safety and efficacy of EV-sus in 
the treatment of CNV and elucidate its molecular mechanisms of action in greater depth.
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