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Abstract: A nanoparticle (NP) was developed to target choroidal neovascularization (CNV) 

via topical ocular administration. The NPs were prepared through conjugation of internalizing 

arginine-glycine-aspartic acid RGD (iRGD; Ac-CCRGDKGPDC) and transactivated transcription 

(TAT) (RKKRRQRRRC) peptide to polymerized ethylene glycol and lactic-co-glycolic acid. The 

iRGD sequence can specifically bind with integrin α
v
β

3
, while TAT facilitates penetration through 

the ocular barrier. 1H nuclear magnetic resonance and high-performance liquid chromatography 

demonstrated that up to 80% of iRGD and TAT were conjugated to poly(ethylene glycol)–

poly(lactic-co-glycolic acid). The resulting particle size was 67.0±1.7 nm, and the zeta potential 

of the particles was −6.63±0.43 mV. The corneal permeation of iRGD and TAT NPs increased by 

5.50- and 4.56-fold compared to that of bare and iRGD-modified NPs, respectively. Cellular uptake 

showed that the red fluorescence intensity of iRGD and TAT NPs was highest among primary 

NPs and iRGD- or TAT-modified NPs. CNV was fully formed 14 days after photocoagulation 

in Brown Norway (BN) rats as shown by optical coherence tomography and fundus fluorescein 

angiography analyses. Choroidal flat mounts in BN rats showed that the red fluorescence inten-

sity of NPs followed the order of iRGD and TAT NPs . TAT-modified NPs . iRGD-modified 

NPs . primary NPs. iRGD and TAT dual-modified NPs thus displayed significant targeting and 

penetration ability both in vitro and in vivo, indicating that it is a promising drug delivery system 

for managing CNV via topical ocular administration.

Keywords: nanoparticles, ocular drug delivery, choroidal neovascularization, RGD, cell-

penetrating peptides

Introduction
Choroidal neovascularization (CNV) refers to new blood vessel growth from the 

choroid that extends into the subretinal pigment epithelium, or the subretinal space, or 

a combination of both.1 It is frequently accompanied by various ophthalmic diseases 

in the posterior segment and is a key pathologic change, causing severe vision loss 

as part of the pathogenesis of several diseases, especially in patients with age-related 

macular degeneration (AMD).2 As the aging population grows, the number of indi-

viduals suffering from AMD is expected to increase significantly over the next few 

decades.3 The treatment of diseases associated with choroid angiogenesis is a hotspot 

in ophthalmological research.

The most common drug administration method for treating posterior segment 

diseases, such as CNV, is intravitreal injection. Frequent administration is required 

because the medicine has a short half-life, which poses or increases the risks of vitreous 

hemorrhage, retinal detachment, and endophthalmitis.4–6 Moreover, patients may not 
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comply with such regimens. Systemic administration requires 

a large quantity of drug to maintain sufficient therapeutic 

concentrations that will overcome the blood–retinal barrier 

and enter the retina,7 but this leads to undesirable side effects.8 

Topical administration with eyedrops is convenient and nonin-

vasive and has less side effects, but it is less effective because 

the corneal and conjunctival epithelia, along with the tear film, 

are biological barriers that block the penetration of drugs. 

Consequentially, traditional eyedrop formulations enable 

only low intraocular bioavailability and a low concentration 

in the posterior segment.9 Therefore, it is worth the effort to 

develop a new drug system that will overcome ocular barriers 

and deliver the drug to the posterior segment to target CNV.

There are two significant issues that must be overcome 

to develop a topical ocular drug delivery. On the one hand, 

improvement of ocular barrier permeability, such as through the 

cornea or conjunctiva, is required to enable adequate transport of 

the drug to the posterior segment by the drug delivery system. On 

the other hand, improved targeting of the drug delivery system 

to the posterior segment of the CNV area is required to further 

improve drug concentrations within the diseased tissue.

Cell-penetrating peptides (CPPs), eg, RKKRRQRRRC 

(transactivated transcription [TAT]), are short peptides that 

facilitate cellular uptake of various molecular cargos (from 

small chemical molecules to nanosized particles).10 Studies have 

shown that CPPs play an important role in carrying molecules 

across body barriers, such as the blood–brain barrier, the blood–

testis barrier, and the placental barrier.11 More recently, it has 

been reported12–14 that nucleic acids, proteins, or fluorescent 

markers mediated by different CPPs can be delivered to the 

posterior segments of the eyes, such as the retina and choroid, 

by topical ocular drug delivery. This suggests that CPPs are 

an effective promoter of ocular barrier penetration, but CPP-

mediated drug carrier systems to promote ocular permeability 

have not been reported to date.

Integrin α
v
β

3
 was found to be selectively expressed on 

blood vessels in human wound granulation tissue but not in 

normal skin.15 Some researchers reported that integrin αvβ3 

overexpression was observed on blood vessels in ocular 

tissues with active neovascularization, such as the retina or 

choroid in AMD patients, diabetic retinopathy, and presumed 

ocular angiogenesis.16,17 These findings suggest that integ-

rin α
v
β

3
 may be used as a receptor for ocular drug delivery 

targeting the CNV. The RGD peptide, a type of small peptide 

containing arginine–glycine–aspartate (Arg–Gly–Asp), is 

regarded as the recognition site for the interaction between 

integrin α
v
β

3
 and a ligand. Peptides containing the RGD 

sequence can specifically bind with integrin α
v
β

3
.18 It was 

reported that RGD-modified poly(lactic-co-glycolic acid) 

(PLGA) nanoparticles (NPs) applied for gene targeting in 

CNV therapy showed satisfactory results through intravenous 

administration.19 However, topical ocular drug delivery has 

not yet been reported.

Using the specific binding activity of an internalizing 

RGD (iRGD, Ac-CCRGDKGPDC) toward integrin α
v
β

3
 

and a common type of CPP, TAT, we established a topical 

ocular NP drug delivery system. This system has high cor-

neal permeability and targets CNV to realize a noninvasive 

CNV treatment.

Materials and animals
Maleimide–poly(ethylene glycol)-poly(lactic-co-glycolic 

acid) (Mal–PEG–PLGA (molecular weight [MW] 5,000–

20,000 Da, 50:50 lactic acid [LA]: glycolic acid [GA], w/w) 

was purchased from PolySciTech (West Lafayette, IN, USA). 

Methoxy-poly(ethylene glycol)-poly(lactic-co-glycolic acid) 

(mPEG-PLGA, MW 5,000–20,000 Da, 50:50 LA:GA, w/w) 

was purchased from Jinan Daigang Biomaterial Co., Ltd (Jinan, 

People’s Republic of China). TAT peptide (MW =1,442 Da) 

was purchased from Bank Peptide Ltd (Hefei, People’s 

Republic of China), and iRGD peptide (Ac-CCRGDKGPDC, 

MW =1,093 Da) was purchased from ChinaPeptides (Shanghai, 

People’s Republic of China). Nile red and Hoechst 33342 

dyes were purchased from Beijing Fanbo Biochemical Co., 

Ltd (Beijing, People’s Republic of China). Coumarin-6 was 

purchased from Aladdin Industrial Corp. (Shanghai, People’s 

Republic of China). Dulbecco’s Modified Eagle’s Medium 

(DMEM) and DMEM/Ham’s F12 were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA). Human umbilical vein 

endothelial cells (HUVECs) were kindly provided by the Luye 

Pharma Group (Shandong, People’s Republic of China). The 

human corneal epithelial (HCE) cell line was purchased from 

Celltech (Shanghai, People’s Republic of China).

Brown Norway (BN) male rats were purchased from 

Beijing Vital River Laboratory Animal Technology Co., Ltd 

(Beijing, People’s Republic of China). All animal studies 

were performed according to the Guide for the Care and Use 

of Laboratory Animals and the animal study protocols of 

the China Animal Care and Use Committee, who also gave 

ethical approval for this study.

Methods
Synthesis and characterization of the 
conjugated polymers
iRGD-modified PEG–PLGA (iRGD–PEG–PLGA) was syn-

thesized from iRGD and Mal–PEG–PLGA in a single-step 
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reaction that coupled iRGD to PEG–PLGA using a previ-

ously reported method.20 Briefly, Mal–PEG–PLGA was dis-

solved in acetone and the organic solvent then evaporated, 

dispersing the solute evenly on the flask wall. The flask was 

replenished with 0.01 M phosphate-buffered saline (PBS, 

pH 7.4) and left overnight to react with iRGD. The iRGD 

was conjugated to Mal–PEG–PLGA (at 4°C, at a 1:1 molar 

ratio of peptide to Mal–PEG–PLGA). A high-performance 

liquid chromatography (HPLC, LC-20A VP system; 

Shimadzu, Kyoto, Japan) method was used to quantify the 

free (unconjugated) iRGD peptide until the concentration 

of iRGD became almost constant. HPLC was performed on 

an Inertsil ODS-2 C18 column 4.6×250 mm, 5.0 μm. The  

mobile phase consisted of a mixture of acetonitrile and water 

(linear gradient from 5:95 to 40:60, v/v, over 14 min). The 

flow rate was 1.0 mL/min. The UV detection was 220 nm. 

The reaction mixture was centrifuged to remove unreacted 

iRGD. The final solution was lyophilized and stored at −20°C 

until use. Synthesis of TAT-modified PEG–PLGA (TAT–

PEG–PLGA) followed the same method. Free TAT peptide 

was determined using the same HPLC method as described 

earlier, except that mobile phase was 23%–48% (v/v) linear 

gradient acetonitrile in water in 23 min. The UV detection 

was 214 nm. The 1H nuclear magnetic resonance (NMR) 

spectrum was used to identify the final product. TAT and 

iRGD were dissolved in 0.5 mL of D
2
O, respectively. The 

Mal–PEG–PLGA, iRGD–PEG–PLGA, and TAT–PEG–

PLGA were dissolved in 0.5  mL of CCl
3
D, respectively. 

They were subsequently detected via nuclear resonance 

spectrometry (Advance Bruker 400M; Switzerland Bruker 

Company, Madison, WI, USA).

Preparation and characterization of NPs
Different NPs, including iRGD and TAT dual-modified NPs 

labeled with Nile red (iRGD–TAT-Nile red-NP), iRGD-

modified NPs labeled with Nile red (iRGD-Nile red-NP), 

TAT-modified NPs labeled with Nile red (TAT-Nile red-NP), 

and nonmodified NPs (mPEG–PLGA-Nile red-NP), were 

each prepared by nanoprecipitation21 as described elsewhere 

(Table 1). Briefly, mPEG–PLGA, iRGD–PEG–PLGA, 

TAT–PEG–PLGA, and Nile red were dissolved in acetone and 

added dropwise into water under stirring at room temperature 

for 4–5 h to allow complete evaporation of the acetone. The 

NP suspension was filtered through 0.45 μm filters to remove 

aggregates and insoluble coumarin-6. The flow through of 

NPs was concentrated through ultrafiltration and washed with 

distilled water three times to remove the residual coumarin-6 

in the aqueous solution. Fluorescently labeled NPs containing 

coumarin-6 (1% loading, w/w) were prepared using the same 

procedure described earlier. The NP size, size distribution, and 

zeta potential were determined using a dynamic light scatter-

ing (DLS) particle size analyzer (Deisa™ Nano C; Beckman 

Coulter, Brea, CA, USA) equipped with a 50 mV laser at a scat-

tering angle of 90°. The morphology of the NPs was examined 

using a transmission electron microscope (TEM, JEM-1400; 

Hitachi, Tokyo, Japan) after staining with a 2% sodium phos-

photungstate solution. NPs labeled with Nile red were used for 

cellular uptake and choroid flat mounts, and NPs labeled with 

coumarin-6 were used to evaluate corneal permeation.

Cellular uptake
Cellular uptake of NPs with different densities of  
iRGD–PEG–PLGA
NPs labeled with Nile red (Table 2) were prepared with 5, 20, 

and 40% iRGD–PEG–PLGA, as described in the “Preparation 

and characterization of NPs” section. Cellular uptake of NPs 

with variable proportions of iRGD–PEG–PLGA was deter-

mined by HUVECs with overexpression of integrin α
v
β

3
.

HUVECs were seeded in 24-well plates at a density of 

30,000 cells/well in DMEM with 10% heat-inactivated fetal 

bovine serum (FBS). The cells were cultured in an incubator 

at 37°C and 5% CO
2
, and the DMEM was replaced every 

day. The cells were examined for growth daily using an 

inverted microscope. In the exponential growth phase, the 

cell medium was replaced with 500 μL of medium containing 

three groups (n=3 per group) of the following types of 

Table 1 Formulation of various nanoparticles

Groups mPEG–PLGA 
(mg)

iRGD–PEG–
PLGA (mg)

TAT–PEG–
PLGA (mg)

Nile red 
(mg)

Acetone 
(mL)

Deionized 
water (mL)

mPEG–PLGA-Nile red-NP 40 – – 0.4 4 40
iRGD-Nile red-NP 30 10 – 0.4 4 40
TAT-Nile red-NP 30 – 10 0.4 4 40
iRGD–TAT-Nile red-NP 20 10 10 0.4 4 40

Notes: iRGD–PEG–PLGA, iRGD-modified PEG–PLGA; TAT–PEG–PLGA, TAT-modified PEG–PLGA; mPEG–PLGA-Nile red-NP, mPEG–PLGA NPs labeled with Nile red; 
iRGD-Nile red-NP, iRGD-modified NPs labeled with Nile red; TAT-Nile red-NP, TAT-modified NPs labeled with Nile red; iRGD–TAT-Nile red-NP, iRGD and TAT dual-
modified NPs labeled with Nile red.
Abbreviations: iRGD, internalizing RGD; mPEG, methoxy-poly(ethylene glycol); NP, nanoparticle; PEG, poly(ethylene glycol); PLGA, poly(lactic-co-glycolic acid); TAT, 
transactivated transcription.
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NPs: iRGD–TAT-Nile red-NP with 5% iRGD–PEG–PLGA, 

iRGD–TAT-Nile red-NP with 20% iRGD–PEG–PLGA, and 

iRGD–TAT-Nile red-NP with 40% iRGD–PEG–PLGA. The 

NPs were added to the HUVECs. Nile red was at a concentra-

tion of 200 ng/mL. After 1, 3, and 6 h of incubation at 37°C, 

the cells were washed three times with cold PBS and fixed with 

4% paraformaldehyde in PBS for 15 min. The cells were exam-

ined under a fluorescence microscope (Vert.A1; Carl Zeiss 

AG, Oberkochen, Germany) for cellular uptake of NPs. The 

excitation wavelength for Nile red was 559 nm.

Cellular uptake of NPs at different densities of 
TAT–PEG–PLGA
NPs labeled with Nile red were prepared with 5, 20, and 

40% TAT–PEG–PLGA according to the “Preparation and 

characterization of NPs” section (Table 3). The size, size 

distribution, and zeta potential of NPs were determined using 

a DLS particle size analyzer. Cellular uptake was detected 

using the following types of NPs: iRGD–TAT-Nile red-NP 

with 5% TAT–PEG–PLGA, iRGD–TAT-Nile red-NP with 

20% TAT–PEG–PLGA, and iRGD–TAT-Nile red-NP with 

40% TAT–PEG–PLGA as stated in the “Cellular uptake of 

NPs with different densities of iRGD–PEG–PLGA” section 

via fluorescence microscopy.

Cellular interactions of NPs
The binding affinity of NPs to integrin α

v
β

3
 was determined 

by the cellular uptake in HUVECs. HUVECs were seeded as 

described in the “Cellular uptake of NPs with different densi-

ties of iRGD–PEG–PLGA” section. Only cells in the exponen-

tial phase were eligible for the subsequent experiments. NPs 

labeled with Nile red (Table 1) were prepared for this study. 

The original medium was replaced with 500 μL of medium that 

contained four groups (n=3 per group) of the following types of 

NPs (“Preparation and characterization of NPs” section), which 

were added to the HUVECs: 1) mPEG–PLGA-Nile red-NP, 2) 

TAT-Nile red-NP, 3) iRGD-Nile red-NP, and 4) iRGD–TAT-

Nile red-NP. Nile red was at 200 ng/mL. Following 1, 3, and 

6 h of incubation at 37°C, the cells were washed three times 

with cold PBS and fixed with 4% paraformaldehyde in PBS for  

15 min. The cells were then processed in a Hoechst 33342 

stain for 15 min. The cells were examined under the fluores-

cence microscope for cellular uptake of NPs. The excitation 

wavelengths for Hoechst 33342 and Nile red were 405 and 

559 nm, respectively.

In vitro corneal permeation
In vitro corneal permeability studies were performed using 

the immortalized HCE cell culture model.22 HCE cells 

were cultured in DMEM/Ham’s F12 containing 10% (v/v) 

FBS. Then 0.5 mL suspensions of HCE cells were seeded 

in polyester membrane Transwell®-Clear inserts (1.12 cm2 

surface area, with a pore size of 0.4 μm) coated with rat 

tail collagen, type I, at a concentration of 42,000 cells/well. 

Culture medium on the basolateral side was replaced with 

1.5  mL. The HCE cells were maintained at 37°C under 

Table 2 Composition of NPs used to optimize the densities of iRGD–PEG–PLGA

Groups mPEG–PLGA 
(mg)

iRGD–PEG–
PLGA (mg)

TAT–PEG–
PLGA (mg)

Nile red 
(mg)

Acetone 
(mL)

Deionized 
water (mL)

5% iRGD–TAT-Nile red-NP 27.5 2.5 10 0.4 4 40
20% iRGD–TAT-Nile red-NP 20 10 10 0.4 4 40
40% iRGD–TAT-Nile red-NP 10 20 10 0.4 4 40

Notes: iRGD–PEG–PLGA, iRGD-modified PEG–PLGA; TAT–PEG–PLGA, TAT-modified PEG–PLGA; 5% iRGD–TAT-Nile red-NP, iRGD and TAT dual-modified NPs 
labeled with Nile red with 5% iRGD–PEG–PLGA; 20% iRGD–TAT-Nile red-NP, iRGD and TAT dual-modified NPs labeled with Nile red with 20% iRGD–PEG–PLGA; 
40% iRGD–TAT-Nile red-NP, iRGD and TAT dual-modified NPs labeled with Nile red with 40% iRGD–PEG–PLGA.
Abbreviations: iRGD, internalizing arginine-glycine-aspartic acid; mPEG, methoxy-poly(ethylene glycol); NP, nanoparticle; PEG, poly(ethylene glycol); PLGA, poly(lactic-
co-glycolic acid); TAT, transactivated transcription.

Table 3 Composition of NPs used to optimize the densities of TAT–PEG–PLGA

Groups mPEG–PLGA 
(mg)

iRGD–PEG–
PLGA (mg)

TAT–PEG–
PLGA (mg)

Nile red 
(mg)

Acetone 
(mL)

Deionized 
water (mL)

iRGD–5% TAT-Nile red-NP 27.5 10 2.5 0.4 4 40
iRGD–20% TAT-Nile red-NP 20 10 10 0.4 4 40
iRGD–40% TAT-Nile red-NP 10 10 20 0.4 4 40

Notes: iRGD–PEG–PLGA, iRGD-modified PEG–PLGA; TAT–PEG–PLGA, TAT-modified PEG–PLGA; iRGD–5% TAT-Nile red-NP, iRGD and TAT dual-modified NPs 
labeled with Nile red with 5% TAT–PEG–PLGA; iRGD–20% TAT-Nile red-NP, iRGD and TAT dual-modified NPs labeled with Nile red with 20% TAT–PEG–PLGA; iRGD–
40% TAT-Nile red-NP, iRGD and TAT dual-modified NPs labeled with Nile red with 40% TAT–PEG–PLGA.
Abbreviations: iRGD, internalizing arginine-glycine-aspartic acid; mPEG, methoxy-poly(ethylene glycol); NP, nanoparticle; PEG, poly(ethylene glycol); PLGA, poly(lactic-
co-glycolic acid); TAT, transactivated transcription.
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5% CO
2
, and the culture medium was changed every other  

day. After 2–3 weeks, trans-epithelial electrical resistance 

(TEER) was measured using a Millicell ERS meter (Millipore 

Corporation, Bedford, MA, USA). HCE cell layers with 

TEER values of $200 Ω cm2 were used for transport studies. 

Cell layers were washed with balanced salt solution (BSS). 

Then, four groups (n=3 per group) of the NP types, iRGD and 

TAT dual-modified NPs labeled with coumarin-6 (iRGD–

TAT-coumarin-6-NP), iRGD-modified NPs labeled with 

coumarin-6 (iRGD-coumarin-6-NP), TAT-modified NPs 

labeled with coumarin-6 (TAT-coumarin-6-NP), and primary 

NPs (mPEG–PLGA-Nile red-NP) were diluted with BSS, 

and 0.5 mL of each NP solution was added to the apical 

compartments at a coumarin-6 concentration of 2 μg/mL. 

A total of 1.5 mL of BSS was then added to the basolateral 

compartment, and 200 μL of samples was collected at 30, 

60, and 90 min from the basolateral compartment and imme-

diately replaced with an equal volume of BSS solution to 

maintain a constant volume. The contents of the collected 

samples were analyzed by fluorescence detection in HPLC 

under constant chromatographic conditions. HPLC analysis 

was equipped with a fluorescence detector and performed 

on an Inertsil ODS-2 C18 column 4.6×250  mm, 5.0 μm. 

The mobile phase consisted of 90% methanol and 10% 

water, pumped at a flow rate of 1.0 mL/min. The excitation 

wavelength was 466 nm, and the emission wavelength was 

504 nm. The apparent permeability of the NPs was calcu-

lated using the equation P
app

 = (∆Q/∆t)/AC
d
; where P

app
 is 

the apparent permeability (cm/s), ∆Q/∆t is the appearance 

rate in the basolateral compartment (μg/s), A is the surface 

area (1.12 cm2) of HCE layers, and C
d
 expresses the donor 

substance concentration (μg/mL).

Induction and evaluation of CNV in rats
Laser-induced animal models of CNV were applied to 

investigate the various treatments. Male BN rats, weighing 

180–200  g, were used. All rats were examined by eye 

before experiments, and no abnormalities were detected in 

the anterior segment or eyebase. Pupils were dilated using 

tropicamide eyedrops 15 min pre-experiment. Animals were 

anesthetized with an intraperitoneal injection of 10% chloral 

hydrate solution (3.0 mL/kg). CNV was induced in the rats’ 

eyes with a 532 nm laser (Vision One, Lumenis, CA, USA) 

with a slit lamp delivery system (180 mW, 100 mm, 100 ms). 

Six to eight laser spots were created with ~2–3 disk diameters 

from the optic nerve head. The sign of Bruch’s membrane 

rupture by the laser was the formation of bubbling at the 

site of the laser application, with or without hemorrhage. 

CNV was induced only in the right eye of the rats, whereas 

the left eye served as a control for each animal.

We used fundus fluorescein angiography (FFA, TRC-

50IX; Topcon, Tokyo, Japan) and optical coherence 

tomography (OCT; Spectralis OCT; Heidelberg Engineering, 

Heidelberg, Germany) to monitor CNV development and 

changes in vivo before laser photocoagulation and 7, 14, and 

21 days after laser photocoagulation.

In vivo targeting and penetration 
evaluation
The BN rats were divided into five groups (n=3 per group) 

to receive one of the following types of Nile red solution and 

different NPs: 1) Nile red solution, 2) mPEG–PLGA-Nile 

red-NP, 3) iRGD-Nile red-NP, 4) TAT-Nile red-NP, and 

5) iRGD–TAT-Nile red-NP. On day 21 after laser induc-

tion, a single dose of Nile red solution and Nile red-labeled 

NPs were dropped onto the surface of the right eye at the 

same concentration. The BN rats were then anesthetized 

after 30 min and perfused with 50 mL of PBS and 20 mL 

(5  mg/mL) of fluorescein isothiocyanate (FITC)–dextran 

(MW =2×106  Da) to prepare choroidal flat mounts, as 

described previously.23 Briefly, the eyes were sectioned 

at the equator and the anterior segment of the eye and the 

vitreous layers were removed. The retinas were isolated, 

and the posterior segment of the eye, including the sclera 

and the choroid, was dissected into quarters by four radial 

cuts and mounted on a slide. The fluorescent pictures of the 

flat mounts were captured with a confocal laser scanning 

microscope (CLSM; Olympus Corporation, Tokyo, Japan). 

All sections were scanned in multitrack mode to avoid 

overlap of the red (excitation 559 nm) and green (excitation 

488 nm) channels.

Data analysis
The data are shown as the mean ± standard deviation (SD). 

Statistical comparisons were evaluated using student’s t-tests 

and one-way analysis of variance. A P-value of #0.05 was 

considered statistically significant.

Results and discussion
Characterization of the conjugated 
polymers
iRGD or TAT peptides were conjugated to PEG through 

reaction with the maleimide on PEG and the sulfhydryl group 

on the iRGD or TAT peptides in phosphate buffer. An HPLC 

method was used to monitor the reaction efficiency of iRGD 

or TAT to MAL–PEG–PLGA. Figure 1 shows that ~80% 
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of iRGD (Figure 1A and B) and TAT (Figure 1C and D) 

were conjugated to PEG–PLGA. Figure 2A–E shows the 
1H NMR spectra of TAT, iRGD, Mal–PEG–PLGA, iRGD–

PEG–PLGA, and TAT–PEG–PLGA, respectively. The 

single peak at δ (ppm) ≈6.7 indicates the double bond of 

maleimide in Figure 2C, but almost no peak at δ (ppm) ≈6.7 

indicates iRGD–PEG–PLGA (Figure 2D) and TAT–PEG–

PLGA (Figure 2E). This indicates virtually complete reac-

tion of PEG–PLGA with iRGD and TAT. The characteristic 

peaks of maleimide disappeared. These results demon-

strate the successful synthesis of iRGD–PEG–PLGA and 

TAT–PEG–PLGA.

Characterization of the NPs
The morphology and size distribution of iRGD and TAT 

dual-modified NPs were determined using TEM and DLS, 

respectively. The results are presented in Figure 3. iRGD and 

TAT dual-modified NPs appeared to be spherical (Figure 3B) 

and were homogeneously distributed (Figure 3A), with an 

average diameter of ~67 nm. The mean diameter, polydisper-

sity index, and zeta potential of the various NPs are given in 

Table 4. Four NPs (mPEG–PLGA-Nile red-NP, iRGD-Nile 

red-NP, TAT-Nile red-NP, and iRGD–TAT-Nile red-NP) 

had an average particle size of 53.4±2.4, 60.1±2.8, 62.7±1.5, 

and 67.0±1.7 nm, respectively. A uniform size distribution 

with a polydispersity index of #0.2 suggests that the size 

distribution of the NPs was narrow. mPEG–PLGA NPs 

had a strongly negative zeta potential (−18.84±0.57 mV), 

but dual-modified NPs had a less negative zeta potential 

(−6.63±0.43 mV). This indicates that continuous modifica-

tion with positively charged iRGD and TAT resulted in a 

slight increase in zeta potential.

In ophthalmic delivery systems, nanosized particles 

represent an important surface area available for association 

between the cornea and the conjunctiva. The above results 

indicate that iRGD and TAT dual-modified NPs had a size 

that was suitable for cellular uptake and administration.

Cellular uptake of NPs in HUVECs
Cellular uptake of NPs with different densities of 
iRGD–PEG–PLGA
HUVECs are a common source of endothelial cell cultures. 

Because they overexpress integrin α
v
β

3
, HUVECs are com-

monly used in simulations of pathological neovascularization, 

such as tumor angiogenesis.24

The amount of iRGD–PEG–PLGA was screened to 

identify the highest effect on the cellular uptake in HUVECs. 

The size, polydispersity index, and zeta potential of NPs 

show an increasing trend with increasing amounts of iRGD–

PEG–PLGA, in Table 5. When the NPs contained 5% 

Figure 1 HPLC results for iRGD or TAT coupling to Mal–PEG–PLGA.
Notes: (A) Before the coupling step, free iRGD in the mixture of Mal–PEG–PLGA and iRGD showed a peak with a retention time at ~10.8 min. (B) After the coupling 
step, free iRGD in the mixture of Mal–PEG–PLGA and iRGD was incorporated onto the Mal–PEG–PLGA and the peak for iRGD was not obvious. (C) Before the coupling 
step, free TAT in the mixture of Mal–PEG–PLGA and TAT showed a peak with a retention time at ~20.08 min. (D) After the coupling step, free TAT in the mixture of 
Mal–PEG–PLGA and TAT was incorporated onto the Mal–PEG–PLGA and the peak for TAT was not obvious.
Abbreviations: HPLC, high-performance liquid chromatography; iRGD, internalizing arginine-glycine-aspartic acid; Mal–PEG–PLGA, maleimide-poly(ethylene glycol)-
poly(lactic-co-glycolic acid); TAT, transactivated transcription.
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Figure 2 1H NMR spectra of iRGD (A), TAT (B), Mal–PEG–PLGA (C), iRGD–PEG–PLGA (D), and TAT–PEG–PLGA (E). iRGD–PEG–PLGA, iRGD-modified PEG–PLGA; 
TAT–PEG–PLGA, TAT-modified PEG–PLGA.
Abbreviations: iRGD, internalizing arginine-glycine-aspartic acid; Mal–PEG–PLGA, maleimide-poly(ethylene glycol)-poly(lactic-co-glycolic acid); NMR, nuclear magnetic 
resonance; PEG, poly(ethylene glycol); PLGA, poly(lactic-co-glycolic acid); TAT, transactivated transcription.
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iRGD–PEG–PLGA, the particle size was 62.4±1.6 nm and 

the zeta potential was −13.57±0.46 mV. When the NPs were 

prepared with 40% iRGD–PEG–PLGA, the particle size 

increased significantly to 192.9±5.7 nm and the zeta potential 

increased to −3.63±0.43 mV. The increase in particle size 

might be due to the charge that the peptide carried. The zeta 

potential approaches neutrality. The change in zeta potential 

results in the particles’ aggregation because of the smaller 

repulsion of the near-neutral zeta potential. Fluorescence 

microscopy images (Figure 4) showed a gradual increase in 

red fluorescence with time. When the iRGD–PEG–PLGA 

concentration was increased from 5% to 20%, the cell fluo-

rescence intensity slightly increased, suggesting that increas-

ing the iRGD dosage can promote cellular uptake of NPs, 

depending on the binding affinity of iRGD to integrin α
v
β

3
. 

In addition, a low red fluorescence intensity was detected in 

40% iRGD–TAT-Nile red-NP. This was probably caused by a 

larger particle size limiting cellular uptake, whereas competi-

tion restrictions occur via saturation when iRGD specifically 

binds with integrin α
v
β

3
.25 Therefore, the optimal concentra-

tion of iRGD–PEG–PLGA was determined to be 20%.

Cellular uptake of NPs with different densities of  
TAT–PEG–PLGA
It has been reported that TAT peptide may enhance cellular 

uptake because of its strong adherence to cells, with no depen-

dence on receptors or temperature, or an energy-dependent 

pathway.26 To achieve the strongest effect on cellular 

uptake, the density of TAT–PEG–PLGA was screened. 

When TAT–PEG–PLGA increased from 5% to 40%, the 

particle size increased from 64.7±1.2 to 232.0±4.1 nm and the 

zeta potential ranged from −14.28±0.61 to −3.19±0.36 mV 

because of the positive charge of TAT (Table 6). Fluores-

cence microscopy images of the cellular uptake in HUVECs 

(Figure 5) show the highest red fluorescence intensity with 

20% TAT–PEG–PLGA, while a lower red fluorescence 

intensity is evident at 40% TAT–PEG–PLGA because of 

the larger particle size. Therefore, the optimal density of 

TAT–PEG–PLGA was determined to be 20%.

Cellular interactions of NPs
To evaluate the targeting effect of the iRGD and TAT dual-

modified NPs, we used HUVEC uptake and the intracellular 

Figure 3 DLS image (A) and TEM (B) characterization of iRGD and TAT dual-modified nanoparticles.
Abbreviations: DLS, dynamic light scattering; iRGD, internalizing arginine-glycine-aspartic acid; TAT, transactivated transcription; TEM, transmission electron microscope.

Table 4 Characterization of NPs 

Groups Particle 
size (nm)

PDI Zeta potential 
(mV)

mPEG–PLGA-Nile red-NP 53.4±2.4 0.128±0.011 −18.84±0.57
iRGD-Nile red-NP 60.1±2.8 0.106±0.052 −12.63±0.75
TAT-Nile red-NP 62.7±1.5 0.157±0.039 −10.86±0.39
iRGD–TAT-Nile red-NP 67.0±1.7 0.163±0.017 −6.63±0.43

Notes: Values represent the mean ± SD (n=3). mPEG–PLGA-Nile red-NP, 
mPEG–PLGA NPs labeled with Nile red; iRGD-Nile red-NP, iRGD-modified 
NPs labeled with Nile red; TAT-Nile red-NP, TAT-modified NPs labeled with 
Nile red; iRGD–TAT-Nile red-NP, iRGD and TAT dual-modified NPs labeled with 
Nile red.
Abbreviations: iRGD, internalizing arginine-glycine-aspartic acid; mPEG, methoxy-
poly(ethylene glycol); NP, nanoparticle; PDI, polydispersity index; PLGA, poly(lactic-
co-glycolic acid); SD, standard deviation; TAT, transactivated transcription.

Table 5 Characterization of NPs with different densities of 
iRGD–PEG–PLGA

Groups Particle 
size (nm)

PDI Zeta potential 
(mV)

5% iRGD–TAT-Nile red-NP 62.4±1.6 0.136±0.032 −13.57±0.46
20% iRGD–TAT-Nile red-NP 67.0±1.7 0.163±0.017 −6.63±0.43
40% iRGD–TAT-Nile red-NP 192.9±5.7 0.389±0.073 −3.63±0.43

Notes: Values represent the mean ± SD (n=3). 5% iRGD–TAT-Nile red-NP, iRGD 
and TAT dual-modified NPs labeled with Nile red with 5% iRGD–PEG–PLGA; 20% 
iRGD–TAT-Nile red-NP, iRGD and TAT dual-modified NPs labeled with Nile 
red with 20% iRGD–PEG–PLGA; 40% iRGD–TAT-Nile red-NP, iRGD and TAT 
dual-modified NPs labeled with Nile red with 40% iRGD–PEG–PLGA.
Abbreviations: iRGD, internalizing arginine-glycine-aspartic acid; NP, nanoparticle; 
PEG, poly(ethylene glycol); PDI, polydispersity index; PLGA, poly(lactic-co-glycolic 
acid); SD, standard deviation; TAT, transactivated transcription.
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with Nile red were distributed around the cell nucleus and 

gradually moved into the cell nucleus with incubation time. 

NPs that were not modified by either iRGD or TAT could 

not easily enter the cells, and the fluorescence intensity was 

weak at 1 and 3 h. When incubation time was prolonged, 

the red fluorescence intensity of NPs surface-functionalized 

with TAT, iRGD peptide, or both, was obviously stronger 

than that of the nonfunctionalized NP group (mPEG–PLGA-

Nile red-NP). The red fluorescence intensity of the NPs 

at 6  h followed the order of iRGD–TAT-Nile red NP . 

TAT-Nile red-NP and iRGD-Nile red-NP . mPEG–PLGA-

Nile red-NP. The red fluorescence intensity of iRGD-Nile 

red-NP was stronger than that of the nonfunctionalized NP 

group, showing that NPs modified with iRGD had increased 

performance in target and cell penetration. NPs modified 

by TAT also showed stronger fluorescence intensity than 

the nonfunctionalized NP group and had increased cell 

penetration performance. The dual-modified NP group had 

Figure 4 Fluorescence microscopy images of the cellular uptake of NPs with 5, 20, and 40% iRGD–PEG–PLGA in HUVECs.
Notes: 5% iRGD–TAT-Nile red-NP, iRGD and TAT dual-modified NPs labeled with Nile red with 5% iRGD–PEG–PLGA; 20% iRGD–TAT-Nile red-NP, iRGD and TAT 
dual-modified NPs labeled with Nile red with 20% iRGD–PEG–PLGA; 40% iRGD–TAT-Nile red-NP, iRGD and TAT dual-modified NPs labeled with Nile red with 40% 
iRGD–PEG–PLGA.
Abbreviations: HUVECs, human umbilical vein endothelial cells; iRGD, internalizing arginine-glycine-aspartic acid; NP, nanoparticle; PEG, poly(ethylene glycol); PLGA, 
poly(lactic-co-glycolic acid); TAT, transactivated transcription.

Table 6 Characterization of NPs with different densities of 
TAT–PEG–PLGA

Groups Particle 
size (nm)

PDI Zeta potential 
(mV)

iRGD–5% TAT-Nile red-NP 64.7±1.2 0.103±0.025 −14.28±0.61
iRGD–20% TAT-Nile red-NP 67.0±1.7 0.163±0.017 −6.63±0.43
iRGD–40% TAT-Nile red-NP 232.0±4.1 0.453±0.087 −3.19±0.36

Notes: Values represent the mean ± SD (n=3). iRGD–5% TAT-Nile red-NP, 
iRGD and TAT dual-modified NPs labeled with Nile red with 5% TAT–PEG–PLGA; 
iRGD–20% TAT-Nile red-NP, iRGD and TAT dual-modified NPs labeled with Nile 
red with 20% TAT–PEG–PLGA; iRGD–40% TAT-Nile red-NP, iRGD and TAT dual-
modified NPs labeled with Nile red with 40% TAT–PEG–PLGA.
Abbreviations: iRGD, internalizing arginine-glycine-aspartic acid; NP, nanoparticle; 
PEG, poly(ethylene glycol); PDI, polydispersity index; PLGA, poly(lactic-co-glycolic 
acid); SD, standard deviation; TAT, transactivated transcription.

distribution of NPs to study the interactions between integrin 

α
v
β

3
 and iRGD.

As shown in Figure 6, the red fluorescence intensity 

increased with time, showing that the NPs exhibited a clear 

time-dependent relationship for cellular uptake. NPs loaded 
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the strongest red fluorescence intensity of all three groups, 

reaching the strongest level at 6 h, suggesting that TAT and 

iRGD may offer synergistic effects on cellular uptake of NPs. 

The results primarily showed that NPs modified with iRGD 

and TAT peptides can improve penetration and targeting 

functions for HUVECs overexpressing integrin α
v
β

3
.

In vitro corneal permeation
The HCE cell line was established by Araki-Sasaki et al27  

by infecting primary HCE cells with a recombinant 

SV40-adenovirus vector and cloning three times to obtain 

a continuously growing cell line. The immortalized HCE 

cell culture model of ocular barriers can provide a powerful 

system to investigate drug behavior, bioadhesion character-

istics, and pharmacokinetic properties of new formulations.28 

Accordingly, data obtained using HCE cell lines could be 

a valid model for studies predicting drug behavior in the 

human eye.29

The permeabilities of NPs through HCE cells were 

investigated (Figure 7). The permeability coefficients of 

TAT-modified NPs labeled with coumarin-6 (TAT-coumarin-

6-NP) were 4.83-fold greater than those of primary NPs 

labeled with coumarin-6 (mPEG–PLGA-coumarin-6-NP). 

The permeability coefficients of iRGD and TAT dual-modified 

NPs labeled with coumarin-6 (iRGD–TAT-coumarin-6-NP) 

were 5.50- and 4.56-fold greater than those of primary NPs 

and iRGD-modified NPs labeled with coumarin-6 (iRGD-

coumarin-6-NP) and exhibited a markedly stronger pen-

etration ability. The permeability of NPs was significantly 

increased in the presence of TAT peptides compared to that 

of the control NPs. However, there was no obvious difference 

between the permeability coefficients of iRGD-coumarin-

6-NP and mPEG–PLGA-coumarin-6-NP. Although iRGD 

peptides were reported to enhance vascularity and tissue 

permeability in a tumor-specific and neuropilin-1 (NRP-1)-

dependent manner,30 permeability of iRGD cannot play a role 

Figure 5 Fluorescence microscopy images of the cellular uptake of NPs with 5, 20, and 40% TAT–PEG–PLGA in HUVECs.
Notes: iRGD–5% TAT-Nile red-NP, iRGD and TAT dual-modified NPs labeled with Nile red with 5% TAT–PEG–PLGA; iRGD–20% TAT-Nile red-NP, iRGD and TAT 
dual-modified NPs labeled with Nile red with 20% TAT–PEG–PLGA; iRGD–40% TAT-Nile red-NP, iRGD and TAT dual-modified NPs labeled with Nile red with 40% 
TAT–PEG–PLGA.
Abbreviations: HUVECs, human umbilical vein endothelial cells; iRGD, internalizing arginine-glycine-aspartic acid; NP, nanoparticle; PEG, poly(ethylene glycol); PLGA, 
poly(lactic-co-glycolic acid); TAT, transactivated transcription.
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in the ocular anterior segment, because of the low level of 

integrin α
v
β

3
 expression in normal tissue. Possible reasons 

for this are that the permeability of iRGD peptides needs to 

be triggered by first binding to integrin α
v
β

3
 and then being 

proteolytically cleaved to produce CRGDK/R, which has 

an affinity for NRP-1 through the C terminal end R motif.20 

Activation of the C-end Rule (Cend R) requires prior binding 

of the peptide to integrin α
v
β

3
.

This result suggests that iRGD and TAT dual-modified 

NPs can penetrate the corneal barrier and significantly 

improve permeability. Moreover, the penetration function 

of iRGD and TAT dual-modified NPs relies mostly on 

the CPP TAT.

The cell culture model provides a custom culture system 

in which parameters and conditions can be changed. Com-

pared with isolated animal tissues, the experimental results 

obtained from the cell model are reproducible, while the adop-

tion of human cell lines avoids species-dependent differences 

caused by using animal tissues, making it more reliable.

Figure 6 Cellular uptake images for different NPs after treating HUVECs at 1, 3, and 6 h.
Notes: The blue fluorescence and the red fluorescence belong to Hoechst 33342 and NPs labeled with Nile red, respectively. mPEG–PLGA-Nile red-NP, mPEG–PLGA NPs 
labeled with Nile red; iRGD-Nile red-NP, iRGD-modified NPs labeled with Nile red; TAT-Nile red-NP, TAT-modified NPs labeled with Nile red; iRGD–TAT-Nile red-NP, 
iRGD and TAT dual-modified NPs labeled with Nile red.
Abbreviations: HUVECs, human umbilical vein endothelial cells; iRGD, internalizing arginine-glycine-aspartic acid; mPEG, methoxy-poly(ethylene glycol); NP, nanoparticle; 
PLGA, poly(lactic-co-glycolic acid); TAT, transactivated transcription.

Figure 7 Permeability coefficients of mPEG–PLGA-coumarin-6-NP, iRGD-
coumarin-6-NP, TAT-coumarin-6-NP, and iRGD–TAT-coumarin-6-NP.
Notes: Each data point represents the mean ± SD (n=3) of four determinations. 
**Significant differences from the control with P,0.01. mPEG–PLGA-coumarin-6-
NP, mPEG–PLGA NPs labeled with coumarin-6; iRGD-coumarin-6-NP, iRGD-
modified NPs labeled with coumarin-6; TAT-coumarin-6-NP, TAT-modified NPs 
labeled with coumarin-6; iRGD–TAT-coumarin-6-NP, iRGD and TAT dual-modified 
NPs labeled with coumarin-6.
Abbreviations: iRGD, internalizing arginine-glycine-aspartic acid; mPEG, methoxy-
poly(ethylene glycol); NPs, nanoparticles; Papp, apparent permeability; PLGA, poly(lactic- 
co-glycolic acid); SD, standard deviation; TAT, transactivated transcription.
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Evaluation of CNV in rats
The laser-induced CNV model is widely applied in basic 

experimental and treatment research, and it offers the 

advantage that it is similar to the natural process of CNV 

disease in human beings. Currently, the use of laser-induced 

BN rats is a common method for producing a choroid 

neovascularization model.31,32

FFA is a common method for monitoring CNV forma-

tion. The CNV area possesses a high vascular permeability 

because of its immature neovascularization. The degree of 

sodium fluorescein leakage can be roughly assessed by the 

size of the CNV (Figure 8) after intraperitoneal injection of 

sodium fluorescein. There was no sodium fluorescein leak-

age (Figure 8A) before laser photocoagulation, but there was 

irregular fluorescein leakage in the photocoagulation area 

7  days (Figure 8B) after laser photocoagulation. Sodium 

fluorescein leakage was thus seen to increase with time. 

Compared with day 7, fluorescein leakage was higher and 

it occurred over a larger area at day 14 (Figure 8C), and the 

CNV areas showed moderate-to-severe fluorescein leak-

age. The fluorescein leakage area reached a peak 21 days 

(Figure 8D) after laser photocoagulation.

OCT can display lesions in a cross-sectional location. 

Intraretinal layers were recognizable in high-resolution OCT 

images, as shown in Figure 9. At 7 days after photocoagula-

tion, OCT images showed disruption of a highly reflective 

layer corresponding to the retinal pigment epithelium and 

choriocapillaries in the lesion. OCT images obtained between 

days 14 and 21 showed that the highly reflective layer extended 

to the subretinal space, and its thickness had increased.

OCT and FFA can allow effective, dynamic observations 

of the formation and changes of CNV and have good syn-

chronicity and relevance: the greater the fluorescein leakage 

area, the thicker the retina, as shown by OCT. Simultaneous 

observations by OCT and FFA confirmed that CNV was fully 

formed 14 days after photocoagulation and reached a peak 

21 days after photocoagulation.

In vivo targeting and penetration 
evaluation
Blood vessels were labeled by vascular perfusion with high 

molecular weight FITC–dextran using a method similar to 

that described previously.23 High molecular weight FITC 

(2×106 Da) can be retained within blood vessels and does not 

Figure 8 Fundus fluorescein angiography images of the CNV.
Notes: (A) Normal structure of rat eye by intraperitoneal injection of sodium fluorescein before photocoagulation; (B) 7 days after photocoagulation; (C) 14 days after 
photocoagulation; and (D) 21 days after photocoagulation.
Abbreviation: CNV, choroidal neovascularization.

Figure 9 Optical coherence tomography images of the CNV.
Notes: (A) Normal structure of the retina and the choriocapillaries of rats before photocoagulation; (B) 7 days after photocoagulation; (C) 14 days after photocoagulation; 
and (D) 21 days after photocoagulation.
Abbreviation: CNV, choroidal neovascularization.
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undergo capillary wall leakage. Choroid-sclera flat mounts 

were examined by confocal microscopy. FITC showed green 

fluorescence and marked the CNV area. Nile red labeling of 

the NPs was used to localize the particles in choroidal flat 

mounts (Figure 10).

As shown in Figure 10A, there was an overlap of 

FITC-labeled CNV and the Nile red-labeled NPs and solution. 

Choroidal flat mounts performed after in vivo imaging 

revealed accumulation of Nile red-labeled NPs in the CNV 

lesion. Nile red fluorescence intensity occurred in the order of 

iRGD–TAT-Nile red-NP . TAT-Nile red-NP . iRGD-Nile 

red-NP . mPEG–PLGA-Nile red-NP . Nile red solution. 

Nile red was dissolved in dimethyl sulfoxide (DMSO) solution 

at the same concentration as the NPs because of the extremely 

Figure 10 (Continued)
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low solubility of Nile red in distilled water. No fluorescence 

was observed in DMSO solutions containing Nile red, in 

contrast to the NP formulations (Figure 10A). Therefore, Nile 

red molecules dissolved in DMSO solution cannot deliver to 

the ocular posterior segment in a molecular state.

The nonmodified NPs group (mPEG–PLGA-Nile red-NP) 

showed negligible emission of Nile red after eyedrop admin-

istration in the CNV area. This suggests that it is difficult to 

deliver primary mPEG–PLGA NPs to the retina. The blood–

retinal barrier, a part of the blood–ocular barrier, protects the 

eyes from interfering foreign bodies in the blood, and it also 

prevents drug penetration. However, some findings suggest 

that the blood–retinal barrier is disrupted in many retinal dis-

eases. The enhanced permeability and retention (EPR) effect 

occurs in CNV tissues with high selective permeability and 

retention of macromolecular substances and liposomes, and 

the CNV can be a target of passive drug targeting.33,34

Obvious fluorescence was exhibited in the iRGD-Nile 

red-NP and TAT-Nile red-NP groups. There was red fluo-

rescence within the CNV area with the iRGD-Nile red-NP 

group, suggesting that NPs modified with iRGD could 

improve the active targeting effect toward CNV. Although it 

was difficult for iRGD-Nile red-NP to penetrate the corneal 

barrier, we could not exclude other pathways to the ocular 

posterior segment. However, stronger red fluorescence was 

exhibited around the CNV area in the TAT-Nile red-NP 

group. NPs modified with the TAT peptide could penetrate 

the ocular barrier and deliver to the retina and choroid, but 

they were not focused in the CNV regions because of the 

absence of selectivity by TAT. Note that the strongest Nile 

red accumulation was observed in the pattern of the iRGD and 

TAT dual-modified NPs at the periphery of and particularly 

within the CNV. This might suggest that first, iRGD–TAT-

Nile red-NP can be delivered to the posterior segment, rely-

ing on the penetration of TAT peptides and iRGD-specific 

binding with integrin and penetration to target the NPs to the 

CNV. iRGD-modified nanocarriers can improve the targeting 

effect, but this is constrained by receptor saturation. TAT-

modified nanocarriers can increase the ability to penetrate 

the cell but lack selectivity. In summary, the experimental 

results show that iRGD and TAT dual-modified NPs retain 

the respective functions of iRGD and TAT and, thereby, 

gain the synergetic functions of both, resulting in improved 

permeability and targeting efficiency.

Topical instillation of ophthalmic drops is the preferred 

route of drug administration, primarily because of better 

Figure 10 Choroid-sclera flat mounts of laser-treated eyes after eyedrop NP administration.
Notes: (A) Confocal microscope images of posterior segment flat mounts of laser-treated eyes after eyedrop NP administration. The flat mounts were subsequently scanned 
using a ×10 objective and two channels in multitrack mode: red (NPs containing Nile red as a tracking dye) and green (FITC–dextran accumulation in the CNV). The white 
arrows indicate the NPs labeled with Nile red. (B) Red fluorescence intensity was measured by FV10-ASW 2.1 Viewer software. *Statistical significance (P,0.05). **Statistical 
significance (P,0.01). Values represent the mean ± SD (n=3). mPEG–PLGA-Nile red-NP, mPEG–PLGA NPs labeled with Nile red; iRGD-Nile red-NP, iRGD-modified NPs 
labeled with Nile red; TAT-Nile red-NP, TAT-modified NPs labeled with Nile red; iRGD–TAT-Nile red-NP, iRGD and TAT dual-modified NPs labeled with Nile red.
Abbreviations: CNV, choroidal neovascularization; FITC, fluorescein isothiocyanate; iRGD, internalizing arginine-glycine-aspartic acid; mPEG, methoxy-poly(ethylene 
glycol); NP, nanoparticle; PLGA, poly(lactic-co-glycolic acid); SD, standard deviation; TAT, transactivated transcription.
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patient compliance and cost effectiveness. Productive 

absorption from topical delivery is assumed to occur pri-

marily through two routes, the corneal and noncorneal 

(conjunctival/scleral) pathways.35 Topically dosed drugs can 

transport to the posterior segment and then diffuse through 

the cornea, entering the vitreous layer or penetrating the aque-

ous humor, continuing through the uvea–sclera.36 Noncorneal 

pathways mean that drug delivery mainly infiltrates into the 

eye tissue through the conjunctiva and sclera. This mecha-

nism of absorption was once thought to be nonproductive, 

although a few studies claim significant noncorneal absorp-

tion for compounds with poor corneal permeability, such as 

timolol maleate and gentamicin.37,38 However, Amrite and 

Kompella39 concluded that particulate systems at $200 nm 

are likely to be retained at the periocular site of administration 

for prolonged periods and can be used as sustained retinal 

drug delivery devices, using the transscleral mode of delivery. 

Conjunctival epithelial cells are more prone to leakage than 

the cornea, and the surface area of the conjunctiva is much 

larger than that of the cornea. Therefore, we cannot rule out 

the possibility that the noncorneal pathway for the absorbance 

of iRGD and TAT dual-modified NPs provided the stronger 

permeability and targeting effect. Further investigations are 

planned for future study.

Flat mount images further confirmed that topical ocular 

drug delivery of iRGD and TAT dual-modified NPs offered 

high corneal permeability, targeted to the CNV, showing the 

potential for broad applications in noninvasive CNV treat-

ment. These absorption mechanisms will be investigated 

further in the future.

The hydrophobic fluorescent dyes, such as Nile red and 

coumarin-6, have been investigated for cellular uptake and 

elimination process of different nanocarriers and cellular 

drug delivery mechanism of PLGA NPs.40,41 We used Nile 

red and coumarin-6 to label NPs for better visualization in 

CNV targeting evaluation in vitro and in vivo. PEG–PLGA 

NPs are being extensively studied to load hydrophobic drugs, 

such as sorafenib and curcumin.42,43 The hydrophobic fluores-

cent dyes we selected as model drug were representative for 

topical ocular drug delivery in safe and effective antineovas-

culatural therapy. We will refer to hydrophobic drug loading 

and drug release in the ocular delivery system, which can 

inhibit laser-induced CNV, in the future experiments.

Conclusion
In this study, we synthesized nanocarriers modified with 

iRGD and TAT and developed iRGD and TAT dual-modified 

NPs for topical ocular drug delivery. Cellular interactions 

of dual-modified NPs showed significant affinity toward 

integrin α
v
β

3
, and the dual-modified NPs showed an apparent 

ability to penetrate the corneal barrier. In the laser-induced 

CNV model, choroid flat mounts further illustrated that 

iRGD and TAT confer complementary advantages and 

that the dual-modified ocular drug delivery method offers 

high corneal permeability and targeting toward CNV. In 

conclusion, the topical ocular drug delivery system modi-

fied with iRGD and TAT is a potentially efficient targeted 

drug delivery system that offers a new, safe, and effective 

treatment for CNV.
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