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Background: The purpose of this study was to demonstrate the effectiveness of an integrin 

peptide ligand-labeled liposomal delivery system loaded with vascular endothelial growth 

factor (VEGF)-siRNA in a model study of gene therapy for retinopathy using human retinal 

pigment epithelial cells.

Methods: Arg(R)-Gly(G)-Asp(D) motif peptide conjugating polyethylene glycol modified 

(RGD-PEGylated) liposomes were prepared using a thin-film hydration method and optimized 

for surface charge, particle size, small interfering RNA (siRNA)  load, and entrapment efficiency. 

Reverse transcriptase-polymerase chain reaction and enzyme-linked immunosorbent assays were 

used to determine VEGF levels in retinal pigment epithelial cells. Cytotoxicity was determined 

using the 3-[4, 5-dimethylthiazol-2-yl]-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) assay and flow cytometry.

Results: Physicochemical properties, including particle size, zeta potential, and siRNA load, 

of the prepared RGD-PEGylated liposomes and their entrapment efficiency were determined to 

be within the following ranges: 123.8–234.1 nm, 17.31–40.09 mV, 5.27%–6.33%, and .97%, 

respectively. RGD-PEGylated liposome-mediated fluorescent-labeled siRNA delivery demon-

strated significantly enhanced cellular uptake, and 3 mol% RGD-PEGylated liposomes (hav-

ing 3β-[N-(N’, N’-dimethylaminoethane) carbamoyl] cholesterol (DC-cholesterol) DSPE and 

DSPE-PEG(2000)-RGD with molar ratio of 50/47/3) were shown to have better efficacy with 

regard to specificity for retinal pigment epithelial cells, reduced cytotoxicity, and knockdown 

of the target molecule.

Conclusion: By integrin receptor-mediated endocytosis, 3 mol% RGD-PEGylated liposomes 

were shown to be a suitable vector when loaded with VEGF-siRNA for efficient downregulation 

of VEGF in retinal pigment epithelial cells at both the protein and gene levels. This integrin 

ligand-modified liposomal delivery system has therapeutic potential for ocular gene therapy.

Keywords: vascular endothelial growth factor, siRNA delivery, liposome, retinal pigment 

epithelial cells

Introduction
Gene therapy provides a potential approach for the treatment of a range of acquired 

and inherited genetic diseases.1 By delivering a nucleotide drug to the nucleus or 

cytoplasm of a dysfunctional cell, an abnormal gene may be targeted, modified, and 

restored to its normal state.2,3 Cationic liposomes are widely used as gene delivery 

vehicles, and have been investigated in many human diseases, including cancer and 

neovascularization, which are closely associated with abnormal expression of specific 

genes.4 Cationic liposomes are composed of positively charged phospholipids and 

cholesterols which are regarded as biocompatible and biodegradable materials and are 

Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
2613

O rigin     a l  R ese   a rch 

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/IJN.S39622

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

mailto:p310849@ms23.hinet.net
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S39622


International Journal of Nanomedicine 2013:8

widely used for the preparation of gene carriers. However, 

these components are associated with significant cytotoxicity. 

For instance, the toxicity of cationic liposomes containing 

3β-[N-(N’, N’-dimethylaminoethane) carbamoyl] cholesterol 

(DC-cholesterol) increases as their dimethylaminoethane 

content increases,5 and the cytotoxicity of nanoparticles 

fabricated using polyethylene glycol modified (PEGylated) 

polymers also increases with increasing molecular weight of 

PEG (550–2000).6 PEGylated liposomes are usually referred 

to as stealth liposomes, which escape elimination by the 

immune system and passively accumulate in tumor tissues 

via the enhanced permeability and retention effect.7 However, 

PEGylated liposomes also include PEG-linked lipids with 

PEG moieties on the liposomal surface to shield the surface 

charge density of cationic liposomes and reduce the extent 

of the interaction between PEGylated liposomes and target 

cells, resulting in inappropriate cellular uptake as well as poor 

endosomal escape of the gene carried on these liposomes. 

Recently, PEGylated liposomes with conjugated ligands have 

been widely investigated for their ability to overcome the 

low interaction between PEGylated liposomes and cells for 

targeting delivery to specific tissues or cells. Thus, a suitable 

ligand could be carefully selected for specific binding onto the 

target cell and used to develop a liposome-mediated delivery 

system for efficient gene delivery.

Aberrant angiogenesis is found not only in malignancy 

and rheumatoid arthritis, but also in ocular neovascularization, 

including choroidal neovascularization and proliferative 

vitreoretinopathy. Retinopathy is the leading cause of visual 

loss, and age-related macular degeneration is the most com-

mon cause of irreversible loss of central vision.8 The wet 

form of age-related macular degeneration accounts for about 

10% of all cases and is characterized by the development of 

angiogenesis beneath the retina. Vascular endothelial growth 

factor (VEGF) is an important stimulatory factor inducing 

ocular angiogenesis, and is upregulated by hypoxia.9 The 

signaling pathway for VEGF-A has been investigated and 

is used in clinical therapy to block the start of the signaling 

cascade. Currently, three anti-VEGF drugs, pegaptanib, 

ranibizumab, and bevacizumab, which can sequester VEGF, 

can be injected intravitreally for the treatment of retinopathies 

associated with angiogenesis. These drugs maintain their 

action for up to 6 weeks and significantly reduce ocular 

angiogenesis, thereby improving visual acuity.10 However, 

endogenous VEGF also acts as a neuroprotectant, maintain-

ing the survival and normal function of neuronal cells in 

the retina.11 Long-term nonspecific neutralization of VEGF 

potentially increases the number of apoptotic cells in the inner 

and outer nuclear layers, including amacrine cells, Müller 

cells, and photoreceptors, leading to vision damage.12,13

Currently, small interfering RNA (siRNA)-based thera-

peutics are being widely investigated in human gene therapy. 

siRNA has the advantages of convenience and specificity in 

gene knockdown, and has gradually replaced conventional 

gene knockdown techniques and is now applied in target-spe-

cific gene silencing. Anti-VEGF siRNA could be delivered to 

retinal pigment epithelial cells to silence VEGF expression 

in the treatment of wet age-related macular degeneration 

and diseases related to ocular angiogenesis. The ability of 

siRNA to silence gene expression is also being explored for 

development of potential pharmacological agents.14 However, 

siRNA is a relatively large molecule with polyanionic fea-

tures, so it cannot penetrate the cell membrane easily or 

achieve gene silencing by passive diffusion.15 Application 

of siRNA as a therapeutic agent still has many hurdles to 

overcome, including poor stability, difficulty penetrating the 

cell membrane and other biological barriers, and low delivery 

efficiency at the target site.

Integrity of retinal pigment epithelial cells is essential for 

neural homeostasis of the retina. The pathological mechanism 

involves malfunctioning retinal pigment epithelial cells 

which release VEGF into the choroid, inducing choroidal 

neovascularization in patients with age-related macular 

degeneration.16,17 The VEGF concentration in retinal pig-

ment epithelial cells/choroid was found to be about four 

times that in the retina in an in vivo rat study.18 In addition 

an in vitro study of primary retinal pigment epithelial cells 

demonstrated that VEGF secretion is predominantly from 

the basolateral side of the retinal pigment epithelial cell, 

and at a level about 2–7 times that secreted from the apical 

side, resulting in new choroidal vessels growing towards 

the retina.19 Therefore, retinal pigment epithelial cells could 

be a promising target site for reducing expression of VEGF 

and preventing choroidal neovascularization in age-related 

macular degeneration. Hence, delivery of anti-VEGF siRNA 

to retinal pigment epithelial cells is essential for the efficacy 

of antiangiogenic agents in choroidal neovascularization. 

The approach used to deliver siRNA specifically into retinal 

pigment epithelial cells also limits unwanted damage to reti-

nal neurons. However, the bottleneck is a lack of a suitable 

vector to provide an optimal delivery system and achieve 

efficient knockdown effects at the target site.20 It has been 

reported that several integrin receptors are overexpressed 

on the surface of retinal pigment epithelial cells in ocular 

neovascularization.21–25 Thus, a gene vector with the ligand of 

the integrin receptor, such as an Arg-Gly-Asp (RGD) moiety 
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containing peptide,  could be used for specific delivery of 

anti-VEGF siRNA to retinal pigment epithelial cells and 

prevent choroidal neovascularization. The purpose of this 

study was to optimize a liposomal formulation for carrying 

VEGF-siRNA, to assess its cytotoxicity, and to evaluate the 

knockdown efficiency of the gene vector in downregulation 

of VEGF. In addition, physicochemical characteristics, cell 

damage, and uptake of siRNA-loaded liposomal preparations 

by cells were investigated.

Materials and methods
Chemicals
Predesigned gene-specific siRNAs for VEGF (first target 

sequence GGGCCTCCGAAACCATGAA, second tar-

get sequence GCAGATTATGCGGATCAAA, third tar-

get sequence AAATGTGAATGCAGACCAA) were used. 

Negatively controlled siRNA (NTC-siRNA) with no homol-

ogy to any known mammalian gene and fluorescent-labeled 

negatively controlled siRNA (FAM-siRNA) was used as 

a control (sense: 5′-UUC-UCC-GAA-CGU-GUC-ACG-

UTT-3′ and antisense: 5′-ACG-UGA-CAC-GUU-CGG-

AGA-ATT-3′) and were custom-designed and ordered from 

Dharmacon (Lafayette, CO, USA). All lipid materials used 

were obtained from Avanti Polar Lipids (Alabaster, AL, 

USA). An RGD oligopeptide (sequence H-Gly-Arg-Gly-

Asp-Ser-Pro-Lys-Cys-OH, molecular weight 818.9 Da) was 

custom-designed and ordered from Yao-Hong Biotechnol-

ogy Inc (Taipei, Taiwan). α-cyano-4-hydroxycinnamic acid 

was obtained from Sigma-Aldrich (St Louis, MO, USA). 

The MTS reagent, ie, 3-[4, 5-dimethylthiazol-2-yl]-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

was obtained from Promega Corporation (Madison, WI, 

USA). Anti-integrin antibodies (α
V
β

3
, MAB1976; α

V
β

5
, 

MAB1961; α
5
β

1
, MAB1969) and fluorescein isothiocyanate 

secondary antibody were obtained from Chemicon Interna-

tional (Temecula, CA, USA). Other chemicals were phar-

maceutical or reagent grade. RGD oligopeptide-conjugated 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-

PEG2000-RGD (molecular weight of PEG, 2000 Da) was 

synthesized using our previously reported method.26

Preparation of siRNA-loaded liposomes
PEGylated liposomes containing DC-cholesterol, DSPE, and 

DSPE-PEG2000 carboxylate (or DSPE-PEG2000-RGD) 

with molar ratios of 50/49/1, 50/47/3, and 50/45/5 were pre-

pared using a thin-film hydration method.27 Briefly, the lipids 

were dissolved in chloroform in a rotary bottle (total lipid 

content, 3.6 µmol). After evaporation, a thin lipid film was 

formed and dried further in a vacuum for 8 hours to remove 

the residual solvent. The lipid film was hydrated for 8 hours 

using 2.4 mL sterile phosphate-buffered solution containing 

VEGF-siRNA, NTC-siRNA, or FAM-siRNA. The dispersion 

was sonicated for 10 minutes and then extruded 10 times 

through a polycarbonate membrane (100  nm pore size) 

using a mini-extruder (Avanti Polar Lipids). The total lipid 

concentration of the prepared liposomes was 1.5 mM.

Particle size and zeta potential
The prepared siRNA-loaded liposomes were diluted to 1 mM 

using an appropriate volume of sterile phosphate-buffered 

solution (pH 7.3). The volume-average hydrodynamic diameter 

of the various siRNA-loaded liposomes was determined by 

dynamic light scattering using a particle analyzer (LB-500, 

Horiba, Tokyo, Japan) at room temperature. Four measure-

ments were performed for each sample. The surface charge of 

the liposomes was measured by determining the zeta poten-

tial using a zeta potential analyzer (ZetaPlus, Brookhaven 

Instruments, Holtsville, NY, USA) at room temperature. Four 

measurements were performed for each sample.

Entrapment efficiency
The amount of negatively controlled siRNA was quanti-

fied in the external phase to determine the entrapment 

efficiency in PEGylated liposomes and RGD peptide-

modified PEGylated liposomes. The liposomes were spun 

down at 20,000 × g and 4°C for 30 minutes; the superna-

tants were diluted (if necessary), stained with SYBR gold 

dye (Molecular probes, Eugene, OR, USA) and analyzed 

for oligonucleotide content by measuring the intensity 

of fluorescence using an enzyme-linked immunosorbent 

assay reader (Infinite M200, Tecan Group Ltd, Männedorf, 

Switzerland) at 537 nm against a standard curve. All the 

measurements were done in triplicate.28,29 The entrapment 

efficiency of the siRNA-loaded liposomes was calculated as 

the ratio of siRNA used for the preparation of the original 

mixture as follows:

Entrapment efficiency (%) = �(siRNA
t
 – siRNA

f
)/ 

siRNA
t
 × 100,

where siRNA
t
 is the total amount of siRNA used for prepa-

ration of the initial mixture and siRNA
f
 is the free siRNA 

amount recovered in the supernatant. siRNA loading was 

calculated as follows:

siRNA loading (%) = �(weight of loaded siRNA/ 

weight of liposomes) × 100.
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ARPE-19 cell cultures
ARPE-19 is a spontaneously arising retinal pigment epithelial 

cell line derived in 1986 by Amy Aotaki-Keen from the nor-

mal eyes of a 19-year-old male who died from head trauma 

in a motor vehicle accident. These cells are diploid and can 

be carried for over 30 passages. They were obtained from 

the American Type Culture Collection (Manassas, VA, USA; 

Accession number CRL-2302) and cultured in a 1:1 mixture 

of Dulbecco’s modified Eagle’s medium and Ham’s F12 with 

15 mM HEPES buffer, 2 mM L-glutamine, 56 mM sodium 

bicarbonate, and 10% fetal bovine serum. The cells were 

maintained at 37°C in a humidified atmosphere with 5% 

CO
2
. Cells in passages 25–32 were used in the experiments, 

and seeding cells were counted in a hemocytometer with 

trypan blue staining.

Cell viability
ARPE-19 cells were seeded in 96-well plates at a cell density 

of 1.6 × 104 cells per well and incubated for 18 hours. Before 

MTS assay, the cells were washed with 100 µL of phosphate-

buffered solution. NTC-siRNA-loaded liposomes in 100 µL 

of serum-free culture medium were then added. After 8 hours, 

the cells were washed with 100 µL of phosphate-buffered 

solution, and 100 µL of the cultured medium was added. 

Next, the cells were incubated for 2 hours at 37°C with 20 µL 

of MTS. An enzyme-linked immunosorbent assay reader 

(Anthos 2010, Carlton, VIC, Australia) set at 490 nm was 

used for reading the absorbance of formazan in each well to 

determine the quantity of mitochondrial dehydrogenase in 

viable cells. The percentage of cell viability was calculated 

as follows:

Cell viability (%) = �([ABS
sample

 – ABS
blank

]/ 

[ABS
control

 – ABS
blank

]) × 100

where ABS
sample

, ABS
control

, and ABS
blank

 are the absorbance 

of wells exposed to the liposomal dispersions in serum-free 

culture medium, treated with serum-free culture medium, 

and treated with serum-free culture medium but without 

cells, respectively.30

RNA isolation and semiquantitative  
RT-PCR of VEGF
Three VEGF-siRNAs or NTC-siRNA were transfected to 

ARPE-19  cells using Lipofectamine® 2000 (Invitrogen, 

Carlsbad, CA, USA) for screening to identify the optimal 

VEGF-siRNA sequence in knockdown VEGF messenger 

RNA (mRNA). The most effective VEGF-siRNA was 

used in the preparation of siRNA-loaded liposomes for the 

ARPE-19 cell transfection study. Expression of the VEGF 

gene in ARPE-19 was investigated at the mRNA level by 

reverse transcriptase-polymerase chain reaction (RT-PCR). 

Briefly, siRNA-loaded 3  mol% PEGylated liposomes or 

3 mol% RGD-PEGylated liposomes in serum-free culture 

medium were added to the ARPE-19 cells. After 4 hours, 

the medium was refreshed, and cells were collected at 24, 

48, and 72 hours. Total RNA was isolated from ARPE-19 

with TRIzol reagent (Invitrogen) following the manufac-

turer’s protocol. Next, 1 µg of Oligo(dT)
12–18

 was used to 

prime 2  µg of total RNA and reverse-transcribed using 

SuperscriptIII reverse transcriptase (Invitrogen) supplied 

with a first-strand synthesis system for RT-PCR. Following 

the PrimerBank sequence for VEGF and glyceraldehyde 

3-phosphate dehydrogenase (GAPDH), the specific primers 

and thermocycling for the target VEGF gene were as follows: 

5′-CGCAGCTACTGCCATCCAAT-3′ (forward primer) and 

5′-TCGGCTTGTCACATTTTT CTTGT-3′ (reverse primer) 

at 94°C for 40 seconds, at 60°C for 40 seconds (30 cycles), 

and at 72°C for 5 minutes. The amplicon size of the PCR 

yield was 292 bp. Using GAPDH as a control gene, the spe-

cific primers and thermocycling for GAPDH were as follows: 

5′-TGTTGCCATCAATGACCCCTT-3′ (forward primer) and 

5′-CTCCACGACGTACTCAGCG-3′ (reverse primer) at 

94°C for 40 seconds, at 60°C for 40 seconds (30 cycles), and 

at 72°C for 5 minutes. The amplicon size of the RT-PCR yield 

was 202 bp. RT-PCR amplification of GAPDH was routinely 

used as a control to assess the integrity of RNA and cDNA. 

Amplification reaction products (10 µL) were resolved on 

1.2% Tris-borate-ethylenediaminetetraacetic acid (EDTA)-

buffered agarose gels and visualized with ethidium bromide 

staining. The results of RT-PCR were quantified using 

ImageQuant software (Molecular Dynamics, Sunnyvale, CA, 

USA). The expression level was calculated by dividing the 

integrated band intensity of the experimental sample by that of  

the control sample.

Enzyme-linked immunosorbent  
assay of VEGF
For assessing VEGF production in the supernatant fluid of 

ARPE-19 cells after treatment with VEGF-siRNA-loaded 

or NTC-siRNA-loaded liposomes, the cells were incubated 

in serum-free medium at 37°C in a humidified atmosphere 

with 5% CO
2
. During an experimental period of 72 hours, the 

medium was collected at preset time points. After centrifug-

ing, the supernatants were stored at -80°C. The amount of 

VEGF protein secreted by ARPE-19 into the culture medium 

was measured by enzyme-linked immunosorbent assay (R&D 
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systems, Minneapolis, MN, USA) according to the manufac-

turer’s instructions. The supernatants were diluted if necessary 

and analyzed for VEGF content by measuring the intensity of 

fluorescence using an enzyme-linked immunosorbent assay 

reader (Infinite® 200 PRO, Tecan Group Ltd., Männedorf, 

Switzerland) at 450 nm against the standard curve. All mea-

surements were done in triplicate and expressed in pg/mL.

Flow cytometry
ARPE-19 cells were seeded in six-well plates using Dulbecco’s 

modified Eagle’s medium at a density of 3 × 105 cells per well 

and incubated for 24 hours to achieve 75% confluence. The 

culture medium was removed and the cells were washed with 

phosphate-buffered solution before addition of siRNA-loaded 

liposomes in 1  mL of serum-free culture medium. After 

4 hours, the cells were washed three times with phosphate-

buffered solution and then detached using 0.05% trypsin and 

0.02% EDTA, washed with phosphate-buffered solution, and 

resuspended in 0.5 mL of phosphate-buffered solution for flow 

cytometric assay, as described elsewhere.26,31 Cell integrity 

was measured using a flow cytometer (Becton Dickinson, 

Heidelberg, Germany). Forward and side light scatter was 

used to gate the desired scattered events of the normal cells 

and dead cells. Uptake of FAM-siRNA loaded liposomes was 

also measured, using a flow cytometer at 488 nm excitation 

with a 530 nm band-pass filter in the emission path.

Confocal laser scanning microscopy
ARPE-19  cells were seeded in six-well plates using 

Dulbecco’s modified Eagle’s medium at a density of 2 × 105 

cells per well and incubated for 24 hours to achieve 50% 

confluence. Before the uptake study, the culture medium 

was removed and the cells were washed with phosphate-

buffered solution. Following this, the phosphate-buffered 

solution was removed and the prepared FAM-siRNA-loaded 

liposomes in 1  mL of serum-free culture medium were 

added. After 4 hours, the cells were washed three times with 

phosphate-buffered solution. The cells were then fixed with 

3.7% formaldehyde for 10 minutes and washed three times 

in 1 mL of phosphate-buffered solution. Finally, cell perme-

ability was increased by adding 0.1% Triton for 5 minutes 

and washing three times with 1 mL of phosphate-buffered 

solution. For cell staining, the cells were incubated in Hoechst 

33342 (Invitrogen-Molecular Probes Inc., Eugene, OR, USA) 

for 5  minutes, which was then replaced with BODIPY®-

phalloidin (Invitrogen-Molecular Probes Inc., Eugene, OR, 

USA) for 20 minutes. A TCS SP5 confocal laser scanning 

microscopy imaging system (Leica, Wetzlar, Germany) was 

used to obtain optical images of the distribution of FAM-

labeled siRNA in ARPE-19 cells.

Induction of integrin isoforms  
in ARPE-19 cells
Membrane expression of α

V
β

3
, α

V
β

5
, and α

5
β

1
 integrin 

subunits was assessed by flow cytometry and confocal laser 

scanning microscopy. ARPE-19  cells were seeded in six-

well plates at a density of 3 × 105 cells per well using culture 

medium with 0, 2, or 20 ng/mL of epidermal growth factor 

and incubated for 24  hours, then detached from the well 

using 2 mM ethylenediamine tetra-acetic acid. Cells were 

fixed in 2% paraformaldehyde (w/v) in phosphate-buffered 

solution (pH 7.4) for 15  minutes, and washed by three 

10-minute incubations in cold phosphate-buffered solution. 

Integrins were detected with a primary mouse anti-human 

antibody for 30 minutes at 4°C with one of the following 

mouse monoclonal antibodies (Chemicon) at a dilution of 

1:100 (integrin α
V
β

3
, α

V
β

5
, or α

5
β

1
). The cells were washed 

and incubated in fluorescein isothiocyanate-conjugated 

goat anti-mouse antibody (Chemicon) at a dilution of 1:100 

for 30 minutes. All washes and incubations were done in 

Dulbecco’s phosphate-buffered solution (without Ca2+ or 

Mg2+) containing 1% fetal calf serum and 1% pooled human 

serum (blocking solution). For the negative control, cells 

were incubated with blocking solution instead of primary 

antibody. The bound antibody was analyzed using a flow 

cytometer (Becton Dickinson) and BD CellQuest software.

Statistical analysis
The results were expressed as the mean ± standard deviation. 

The Student’s t-test was used to determine the statistical 

significance of differences between means. Results were 

considered to be statistically significant at P , 0.05.

Results
Characterization of siRNA-loaded 
liposomes
The particle sizes and zeta potentials of the investigational 

liposomes associated with the component ratios of PEGy-

lated lipid or RGD-PEGylated lipid are shown in Figure 1. 

Dynamic light scattering showed that the mean particle 

sizes of the non-PEGylated liposomes and the PEGylated 

liposomes with siRNA were small (between 123.8 ± 38.9 

and 147.2 ± 48.2 nm, left panel, Figure 1A). The particle 

size was increased slightly by increasing the molar ratio of 

the PEGylated lipid. The mean particle size of the RGD-

PEGylated liposomes with siRNA was larger (between 
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164.6 ± 57.5 nm and 234.1 ± 78.8 nm, right panel, Figure 1A). 

The particle sizes of the PEGylated liposomes and the RGD-

PEGylated liposomes were stable during 16 days of storage 

at 4°C, but the size of the non-PEGylated liposomes was 

significantly increased (Figure  1B). The zeta potential of 

the non-PEGylated liposomes with siRNA was found to be 

strongly positive (40.09 ± 0.95 mV), but incorporating a high 

molar ratio of DSPE-PEG2000 resulted in a reduction in the 

zeta potential to 32.04 ± 2.33 mV for 1 mol% PEGylated 

liposomes, 28.9 ± 1.8 mV for 3 mol% PEGylated liposomes, 

and 25.25  ±  1.72  mV for 5  mol% PEGylated liposomes 

(left panel, Figure  1A). Incorporating different molar 

ratios of the synthesized lipid (DSPE-PEG(2000)-RGD) 

resulted in a significant reduction in the zeta potential to 

24.92 ± 2.64 mV for 1 mol% RGD-PEGylated liposomes, to 

20.39 ± 2.35 mV for 3 mol% RGD-PEGylated liposomes, and 

to 17.31 ± 1.07 mV for 5 mol% RGD-PEGylated liposomes 

(right panel, Figure  1B). The non-PEGylated liposomes, 

PEGylated liposomes, and RGD-PEGylated liposomes show 

high entrapment efficiencies of more than 97%. The siRNA 

loading content was 5.27% to 6.33% (Table 1).

Cytotoxicity of liposomes
To avoid any potential cytotoxic effects from the various 

liposomal formulations, an MTS assay was performed to 

determine a safe concentration range for the liposomes 

(containing total lipid concentrations of 16.7, 50, or 150 µM) 

in ARPE-19 cells over 8 hours of treatment (Figure 2A). The 

Table 1 Entrapment efficiency and siRNA loading of the various liposomal formulations

Group NPL 1% PL 3% PL 5% PL 1% RPL 3% RPL 5% RPL

Entrapment efficiency (%) 97.2 ± 0.14 97.2 ± 0.04 97.8 ± 0.13 97.8 ± 0.03 98.9 ± 0.04 99.9 ± 0.01 99.9 ± 0.01
siRNA loading (%) 6.33 ± 0.009 6.13 ± 0.002 5.80 ± 0.008 5.47 ± 0.002 6.15 ± 0.003 5.70 ± 0.001 5.27 ± 0.001

Note: Data are shown as the mean ± standard deviation for triplicate measurements. 
Abbreviations: NPL, non-PEGylated liposomes; PL, PEGylated liposomes; RPL, RGD-PEGylated liposomes; siRNA, small interfering RNA.
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Figure 1 Particle sizes and zeta potentials for various siRNA-loaded liposomes. (A) Influence of DSPE-PEG2000 (left panel) and DSPE-PEG(2000)-RGD (right panel) content 
on mean particle size (solid line) and the zeta potential (dotted line) of the liposomes. (B) Mean particle size stability tests for liposome dispersions as a function of time 
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control culture was incubated with serum-free medium alone 

without liposomes, setting cell viability at 100%. Treatment 

with 1%, 3%, or 5  mol% PEGylated liposomes showed 

that cell viability decreased with increasing molar ratios of 

the PEGylated lipid. Cell viability upon treatment with the 

RGD-PEGylated liposomes was significantly higher at a 

total lipid concentration of 50 µM than upon treatment with 

the PEGylated liposomes, but cell viability also decreased 

upon increasing the molar ratio of RGD-PEGylated lipid. 

The cytotoxicity of the liposomal formulations was further 

evaluated in ARPE-19 cells using a lipid concentration of 

50 µM for 4, 8, and 12 hours (Figure 2B). In comparison 

with the control group, the cell viability was not significantly 

different after treatment for 4 hours using 50 µM of 3 mol% 

PEGylated liposomes or 1, 3, 5  mol% RGD-PEGylated 

liposomes, or after treatment for 8 hours with 1 mol% and 

3 mol% RGD-PEGylated liposomes. These results indicate 

that RGD-PEGylated liposomes had less cytotoxicity than 

PEGylated liposomes in retinal pigment epithelial cells. 

However, treatment with 50 µM of 3 mol% PEGylated lipo-

somes or RGD-PEGylated liposomes for 4 hours caused no 

noticeable cytotoxicity.

Cell integrity
The effect of the different liposomal formulations on cell 

integrity was evaluated in ARPE-19 cells after 4 hours of 

treatment (Figure 3). The distribution of normal cells and 

dead cells in the control group was 95.33% and 1.55%, 

respectively (Figure 3A). In cells treated with 1%, 3%, or 

5  mol% PEGylated liposomes, the amount of dead cells 

increased from 3.87% to 7.33% as the molar ratio of the 

PEGylated lipid was increased (Figure 3B–D). The amount 

of dead cells after treatment with RGD-PEGylated liposomes 

was remarkably lower than after treatment with PEGylated 

liposomes for all formulations. However, the amount of 

dead cells again increased, from 2.08% to 4.65%, as the 

molar ratio of the RGD-PEGylated liposomes was increased 

(Figure 3E–G). The ratios of dead cells over normal cells for 

various formulations were listed as follows, control: 0.019; 

1 mol% PL: 0.044; 3 mol% PL: 0.055; 5 mol% PL: 0.076; 1 

mol% RPL: 0.023; 3 mol% RPL: 0.033, and 5 mol% RPL: 

0.038. (Figure 3A–G). Compared with the nontreatment con-

trols, the paired t-test data were 0.001, 0.049, 0.014, 0.170, 

0.007, and 0.094, respectively.

VEGF mRNA knockdown  
and protein inhibition effect
To assess the knockdown ability of VEGF-siRNA, ARPE-

19  cells were treated for 48  hours with three different 

sequences of VEGF-siRNA combined with Lipofectamine 

2000. The second VEGF-siRNA was the most efficient in 

knocking down VEGF mRNA expression (Figure 4), and 

was used to prepare VEGF-siRNA-loaded liposomes. The 

optimal knockdown concentration was determined using final 

VEGF-siRNA concentrations of 40, 80, and 160 nM (diluted 

in serum-free medium) for 48 hours of treatment. As shown 

in Figure 5A, comparison of the negative controls (3 mol% 

PEGylated liposomes and RGD-PEGylated liposomes car-

rying NTC-siRNA) against the untreated controls did not 

show any significant difference in efficacy with regard to 

silencing VEGF expression after 48  hours. However, the 

3 mol% PEGylated liposomes and 3 mol% RGD-PEGylated 

liposomes with a VEGF-siRNA concentration of 160 nM had 

a significant knockdown effect (P = 0.036 and P = 0.0045, 
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Figure 2 Viability of ARPE-19 cells following treatment with various siRNA-loaded 
liposomes. (A) siRNA-loaded liposome preparations were diluted in serum-free 
medium to obtain final lipid concentrations of 150, 50, and 16.7 µM, which were 
used to treat ARPE-19 cells for 8 hours. (B) siRNA-loaded liposome preparations 
were diluted in serum-free medium to give a final liposome concentration of 50 µM 
after 4, 8, or 12 hours of treatment. 
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small interfering RNA.
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respectively). At a VEGF-siRNA concentration of 160 nM 

(Figure 5B), the knockdown effect was noticeable after 48 and 

72 hours of treatment with RGD-PEGylated liposomes and 

with the siRNA/Lipofectamine complex groups, but the RGD-

PEGylated liposomes had a greater knockdown effect than 

the PEGylated liposomes after 48 and 72 hours (P = 0.0002 

and P = 0.0120, respectively). The protein inhibition effect 

was measured to assess the amount of VEGF released into 

the medium. The inhibition effect of VEGF-siRNA-loaded 

RGD-PEGylated liposomes was observed at 40, 80, and 

160 nM after 48 hours of treatment (P = 0.0319, 0.0005, and 

0.0027, respectively). However, an inhibition effect was only 
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Figure 3 Integrity of ARPE-19 cells after treatment with various siRNA-loaded liposomes for 4 hours. Cell integrity was determined by flow cytometry after 4 hours of 
treatment with siRNA-loaded liposomes. Forward and side light scatter were used to identify the normal cell events (ellipse graph) and dead cell events (square graph). 
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Abbreviations: PL, PEGylated liposomes; RPL, RGD-PEGylated liposome; siRNA, small interfering RNA.
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observed at 160 nM for PEGylated liposomes (P = 0.0051, 

Figure 6A). When the VEGF-siRNA concentration was fixed 

at 160 nM (Figure 6B), VEGF inhibition by RGD-PEGylated 

liposomes was similar to that of the siRNA/Lipofectamine 

complexes at 24, 48, and 72 hours after transfection, but the 

RGD-PEGylated liposomes showed greater inhibition than 

the PEGylated liposomes at each time point (P = 0.0055, 

0.0087, and 0.0079, respectively).

Confocal laser scanning microscopy
Confocal laser scanning microscopy with a three-

dimensional detection method was used to identify FAM-

siRNA-loaded liposomes localized within the cell and their 

distribution (Figure 7). Images obtained from the bottom of 

the coverslip to the top of the cells were recorded. The num-

ber of speckled green fluorescence images of FAM-siRNA 

located within the cytoplasm was counted from the Z-series 

images at every 1 µm of depth (Figure 7A). To determine 

the FAM-siRNA localized within the cell, the number of 

speckled green fluorescence images counted was divided 

by the total number of cells observed in each image. This 

figure was determined by the distance of the Z-axis from 

the bottom of the coverslip versus the number of speckled 

green fluorescence (FAM-siRNA) images counted in the 

cytoplasm of each cell. The number of speckled green 

fluorescence images for the sample containing 3  mol% 

RGD-PEGylated liposomes was greater than in that con-

taining 3 mol% PEGylated liposomes (Figure 7B and C). 

These findings suggest that the RGD-PEGylated liposomes 

provided better transfer of siRNA for delivery into ARPE-

19 cells.
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Figure 4 Knockdown effect of three VEGF-siRNA sequences evaluated in ARPE-19 
cells transfected with three different sequences of VEGF-siRNA (first, second and 
third siVEGF) prepared in Lipofectamine® 2000. 
Notes: Negatively controlled siRNA (siNTC) and untreated group (C) were used 
as controls.
Abbreviations: LF, Lipofectamine® 2000; siVEGF, VEGF-siRNA; siNTC, Negatively 
controlled siRNA; C, untreated group; V, band of VEGF complementary DNA; 
G, band of GAPDH complementary DNA; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase; siRNA, small interfering RNA.
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Induction of integrin isoforms  
in ARPE-19 cells
To determine the potential of the RGD-lipid conjugate 

to bind with the integrin receptor, the expression of mul-

tiple integrin isoforms on the cell surface was upregulated 

in the ARPE-19  cells by epidermal growth factor. Cell 

surface expression of α
v
β

3
, α

v
β

5
, and α

5
β

1
 was evaluated 

by confocal laser scanning microscopy and flow cytometry 

(Figure  8A–C). After treatment with 2 or 20  ng/mL 

of epidermal growth factor, ARPE-19  cells expressed 

varied integrins at various levels, with integrin α
5
β

1
 being 

significantly induced. Following the integrin-induced model, 

the efficiency of intracellular siRNA uptake was evaluated 

using FAM-siRNA-loaded liposomes (Figure 9). The inten-

sity of uptake of PEGylated liposomes and RGD-PEGylated 

liposomes was determined by flow cytometry. The uptake 

intensity of RGD-PEGylated liposomes was significantly 

increased in ARPE-19, but not the uptake of PEGylated 

liposomes, in response to pretreatment with epidermal 

growth factor.

Discussion
siRNA is a relatively large molecule with polyanionic features, 

and cannot penetrate the cell membrane by passive diffu-

sion.15 The development of siRNA as a therapeutic agent for 

systemic administration has faced many challenges, including 

poor formulation stability, difficulty penetrating biological 

barriers, and low delivery efficiency at the target site, result-

ing in poor gene silencing efficacy. Hence, an optimal gene 

carrier for siRNA is necessary for the application of RNA 

interference in the therapeutic setting. Currently, targeted 

liposome design is of great interest for the transport of genes 

into target cells. This approach has the potential to achieve 

greater and more selective therapeutic activity, and involves 

the the specific ligands on liposomal surface capable of rec-

ognizing targeted cells, binding to them, and internalization 

of the liposomes and encapsulated gene. For this process, 

various ligands, such as transferrin, folic acid, peptides, or 

antibodies, are added at the surface of the liposome to pro-

duce active targeting liposomal systems.32,33

In this study, various liposomes were investigated for 

their efficiency in siRNA encapsulation and suitable physi-

cochemical properties when fabricated with siRNA, cationic 

lipid, helper lipid, and PEGylated lipid, or RGD-PEGylated 

lipid. The results show that all the liposomal formulations 

tested had good entrapment efficiency (above 97%), a posi-

tive surface charge of around 18–40 mV, and a mean particle 

size of 120–230  nm (Figure  1 and Table  1). The results 

also demonstrate that siRNA could be immobilized in these 

liposomal formulations with high entrapment efficiency, 

which is dependent on the presence of DC-cholesterol in 

the formulation. The high entrapment efficiency of siRNA 

in the liposomes is significantly enhanced at a +/- charge 

ratio of 4 between the dimethylaminoethane of the DC-

cholesterol and the phosphate groups of siRNA, consistent 

with findings previously reported by Zhang et al.34 When the 

RGD-PEGylated lipid content increased, the initial particle 

size also increased, but PEGylated lipid had no influence on 
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Figure 6 Inhibition of VEGF protein secretion in ARPE-19 cells by VEGF-siRNA-loaded liposomes. ARPE-19 cells were transfected for 4 hours with the second VEGF-siRNA-
loaded liposome preparations. The amount of VEGF secretion was determined at specific time points after transfection. (A) The liposome preparations were investigated 
with siRNA concentrations of 0, 40, 80, and 160 nM, and the levels of VEGF were measured at 48 hours after transfection. (B) Analysis of VEGF protein expression at 24, 
48, and 72 hours after transfection using an siRNA concentration of 160 nM. 
Notes: Data are expressed as the mean ± standard deviation for n = 3. (A) Each individual group versus untreated group (*P , 0.05; **P , 0.005, paired t-test). (B) RPL 
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Abbreviations: PL, PEGylated liposomes; RPL, RGD-PEGylated liposomes; VEGF, vascular endothelial growth factor; LF, Lipofectamine® 2000; siRNA, small interfering RNA.
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particle size. The content of RGD-PEGylated lipid was also 

found to be one of the major factors influencing the particle 

size of the liposome (Figure 1A). These results are consistent 

with our previous report.26 The particle size of the liposomes 

was measured at different time intervals, showing that the 

3  mol% PEGylated liposomes and RGD-PEGylated lipo-

somes maintained a stable particle size for 16 days, while 

the size of the non-PEGylated liposomes was significantly 

increased (Figure 1B).

The PEG moiety has been demonstrated to prevent lipo-

some fusion and aggregation, and to stabilize the liposome 

dispersion during storage.35 The steric barrier created by PEG 

conjugation also prevents recognition by the immune system 

and decreases cell uptake. However, a previous study has 
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Figure 7 Three-dimensional confocal images showing the intracellular location of FAM-siRNA-loaded liposomes in ARPE-19 cells after 4 hours of treatment, 100 × magnification. 
(A) Schematic diagram illustrating the methodology used to quantify the subcellular distribution of FAM-siRNA-loaded liposomes and typical images obtained by confocal 
laser scanning microscopy. (B) 3 mol% PEGylated liposomes (top) and 3 mol% RGD-PEGylated liposomes (bottom) were localized as various Z-series images. (C) Number 
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submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2623

Liposomes for efficient downregulation of VEGF in ARPE-19 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2013:8

shown that as the molecular weight of PEG in the PEGylated 

nanoparticles increases, the cytotoxicity also increases.6 In this 

study, the cytotoxicity of the liposomes was investigated fur-

ther by increasing the treatment concentration and duration of 

the experiments. We found that a higher content of PEGylated 

lipid increased the cytotoxicity (Figure 2). On flow cytometry 

assay, we observed an increased amount of dead cells after 

treatment with higher concentrations of PEGylation liposomes 

(Figure 3). This may be due to the PEG moiety disturbing  

the cell membrane and disrupting the integrity of the cell, 

thereby inducing cytotoxicity synergistic with that of cationic 

lipid DC-cholesterol. A cell disconnected from its extracel-
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Figure 8 Induction of integrin expression in ARPE-19 cells. Surface expression of integrin was characterized in ARPE-19 cells after treatment of culture medium with or 
without epidermal growth factor for 24 hours. (A) Cell surface expression measured by confocal laser scanning microscopy using monoclonal antibodies against αvβ3, αvβ5, 
and α5β1 integrins. After treatment of culture medium without epidermal growth factor (left panel) or with 20 ng/mL of epidermal growth factor (right panel). ARPE-19 cells 
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lular matrix can undergo apoptosis via an integrin-mediated 

death signal known as anoikis. Integrins are believed to medi-

ate cell survival by activating a specific signaling pathway. 

Cell attachment mediated by integrins promotes cell survival 

by upregulation of Bcl-2. RGD motif peptide sequences are 

rich in extracellular matrix molecules.36 PEG molecules in 

the PEGylated liposome may disturb cell integrity, but use 

of the RGD peptide modification promotes cell survival. 

The biosafety of this liposome-mediated delivery system in 

ARPE-19 cells could be improved by using 3 mol% PEGy-

lated liposomes and RGD-PEGylated liposomes in culture 

medium containing a total lipid concentration of less than 

50 µM with 4 hours of incubation. Hence, a concentration 

of 50  µM was used in the siRNA delivery assay, gene 

knockdown, and protein inhibition studies.

siRNA delivery is a multistep process involving 

biological barriers to penetration, cellular internalization, 

endosomal escape, and cytoplasm trafficking.34,37 Thus, it 

would be desirable to have a good indication that siRNA-

loaded liposomes taken up by the cell are able to release 

their cargo, so studies of gene knockdown and VEGF 

protein inhibition were conducted. The optimal VEGF-

siRNA (second sequence) was incorporated into the 

PEGylated liposomes and RGD-PEGylated liposomes for 

the knockdown and inhibition study (Figure 4). To evaluate 

the gene silencing function in the siRNA-loaded liposomes, 

we incubated ARPE-19 cells, the major expression of which 

is in the eye, with 3 mol% PEGylated liposomes and RGD-

PEGylated liposomes containing VEGF-siRNA at different 

concentrations, ranging from 40 nM to 160 nM. Inhibition 

of VEGF has been shown to be associated with inhibition of 

retinal angiogenesis. We analyzed the VEGF expression 

knockdown and inhibition efficiency after 24, 48, and 

72  hours by RT-PCR and enzyme-linked immunosorbent 

assay (Figures 5 and 6). By RT-PCR assay, 3 mol% PEGylated 

liposomes and RGD-PEGylated liposomes with 40 or 80 nM 

of VEGF-siRNA did not have a knockdown effect capable of 

significant gene silencing. When we increased the concen-

tration of VEGF-siRNA to 160 nM, there was a significant 

improvement in VEGF mRNA knockdown activity. At the 

same lipid concentration, 3 mol% RGD-PEGylated liposomes 

reached a level of knockdown activity similar to that seen in 

cells treated with Lipofectamine 2000 at 48 and 72 hours post 

treatment. Similar findings were reported by Yang et al, who 

used cationic lipid-assisted polyethyleneglycol–poly-L-lactic 

acid (PEG–PLA) nanoparticles as Plk1-siRNA carriers and 

showed a good knockdown effect in cancer cells when treated 

with an siRNA concentration above 200 nM.38 VEGF secre-

tion from ARPE-19 cells was then evaluated after treatment 

with 3  mol% PEGylated liposomes and RGD-PEGylated 

liposomes containing VEGF-siRNA using a more sensitive 

enzyme-linked immunosorbent assay. A similar trend was 

observed, with 3  mol% RGD-PEGylated liposomes and 

Lipofectamine 2000 achieving good knockdown activity in 

cells at 24, 48 and 72 hours post treatment.

For enhancing the liposomes and uptake of their siRNA 

load by retinal pigment epithelial cells, the ligand of the sur-

face receptors of the cells was used to modify the PEGylated 

liposomes. Several integrin receptors are upregulated in ocu-

lar neovascularization. For example, early studies indicated 

that integrin α
V
β

3
 is present in the ocular tissue of patients 

with age-related macular degeneration, and that integrin 

α
V
β

3
 and α

V
β

5
 are present in the vascular tissue of patients 

with proliferative diabetic retinopathy.21 Other reports also 

confirmed that integrin α
V
β

3
, α

V
β

5
, and α

5
β

1
 are expressed 

on the surface of the retinal pigment epithelial cell.22,23 RGD-

containing peptides have been shown to bind specifically to 

α
V
-associated and α

5
- associated integrins.24,25 The surface 

charge on the liposome is considered to be one of the most 

important parameters governing uptake of nanoparticles by 

cells, and occurs via electrostatic interaction between oppo-

sitely charged cells and the liposomes.39,40 Our PEGylated 

liposomes showed decreased uptake of the liposome and its 
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Figure  9 Cellular uptake of FAM-siRNA-loaded liposomes measured by flow 
cytometry in an integrin-induced model. After treatment with culture medium 
without epidermal growth factor or culture medium with 20 ng/mL of epidermal 
growth factor for 24 hours, the cells were treated with PL or RPL for 4 hours. The 
intensity of FAM-siRNA-loaded liposome uptake was measured by flow cytometer. 
Notes: Data are expressed as the mean ± standard deviation for n = 3. **P , 0.01, 
epidermal growth factor pretreatment group versus without epidermal growth 
factor pretreatment group (paired t-test). 
Abbreviations: FAM-siRNA, fluorescent-labeled negatively controlled siRNA; EGF, 
epidermal growth factor; PL, PEGylated liposomes; RPL, RGD-PEGylated liposomes.
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cargo gene, FAM-siRNA, and this resulted not only from 

the smaller positive charge on the liposome surface, but also 

from the ability of the PEG moiety on the liposome to pre-

vent contact with the cell surface. These properties minimize 

nonspecific binding of liposomes to the cell surface.41,42 The 

active targeted liposome containing the RGD peptide was 

designed to achieve greater and more selective therapeutic 

activity in retinal pigment epithelial cells. This involved 

coupling RGD moieties capable of recognizing and binding 

to the integrin receptor on the retinal pigment epithelial cell, 

and then enhancing the cellular uptake of the liposome and 

its load of siRNA. The α
5
β

1
 integrin on the basolateral side 

of the retinal pigment epithelial cell is an important factor 

in the attachment of cells to Bruch’s membrane, whereas 

the α
V
β

3
 and α

V
β

5
 integrins on the apical side maintain 

diurnal phagocytosis of the outer segment fragment of the 

shed photoreceptor.23 A peptide with an RGD moiety could 

be used as a specific ligand for integrin α
V
β

3
, α

V
β

5
, or α

5
β

1
. 

Therefore, the synthesized DSPE-PEG-RGD was used to 

fabricate targeted liposomes in this study. With an exogenous 

siRNA, an interference mechanism is necessary for suc-

cessful delivery of siRNA into the cytoplasm of the target  

cells. Confocal laser scanning microscopy images were used 

to evaluate the intracellular distribution of FAM-siRNA. 

Comparing the 3 mol% RGD-PEGylated liposomes with 

the 3 mol% PEGylated liposomes, the number of fluorescent 

FAM-siRNA spots localized within the cells was higher than 

that for the PEGylated liposomes (Figure 7).

Epidermal growth factor induces expression of 

α
5
-associated integrin in retinal pigment epithelial cells, and 

plays an important role in pathology related to proliferative 

vitreoretinopathy.43 To determine potential RGD-lipid con-

jugate binding with the integrin receptor, expression of mul-

tiple integrin isoforms on the cell surface was upregulated 

in retinal pigment epithelial cells by epidermal growth 

factor (Figure 8). In the model of integrin induction, the 

efficiency of intracellular FAM-siRNA uptake was evaluated 

by flow cytometry. Comparison of epidermal growth factor-

pretreated group against untreated group, the cellular uptake 

intensity for 3 mol% RGD-PEGylated liposomes (measuring 

FAM-siRNA intensity) was significantly increased, but it was 

not observed for 3 mol% PEGylated liposomes (Figure 9). 

This result confirms that siRNA were internalized by integrin 

ligand-labeled liposome-mediated siRNA delivery.

In conclusion, PEGylated liposomes modified with a 

RGD moiety oligopeptide are efficient carriers of siRNA for 

downregulating VEGF expression at the protein and gene 

level in retinal pigment epithelial cells via integrin receptor-

mediated endocytosis, and represent a potential strategy for 

ocular gene therapy.

Acknowledgments
The research was partly supported by grants from the National 

Science Council (99-2320-B-016–004-MY2), the Ministry of 

National Defense-Medical Affairs Bureau (C04-07, 2011), 

and the Tri-Service General Hospital (TSGH C99-086), 

Taiwan. We are grateful to the staff of TC5 Bio-Image Tools 

(Technology Commons, College of Life Science, National 

Taiwan University) for their assistance with confocal laser 

scanning microscopy.

Disclosure
The authors report no conflicts of interest in this work.

References
	 1.	 Zabner J. Cationic lipids used in gene transfer. Adv Drug Deliv Rev. 

1997;27(1):17–28.
	 2.	 Liu F, Huang L. Development of non-viral vectors for systemic gene 

delivery. J Control Release. 2002;78(1–3):259–266.
	 3.	 Dass CR, Choong PF. Selective gene delivery for cancer therapy using 

cationic liposomes: in vivo proof of applicability. J Control Release. 
2006;113(2):155–163.

	 4.	 Gao Y, XL Liu, Li XR. Research progress on siRNA delivery with 
nonviral carriers. Int J Nanomedicine. 2011;6(1):1017–1025.

	 5.	 Morille M, Passirani C, Vonarbourg A, Clavreul A, Benoit JP. Progress 
in developing cationic vectors for non-viral systemic gene therapy 
against cancer. Biomaterials. 2008;29(24–25):3477–3496.

	 6.	 He L, Yang L, Duan Y, et  al. Cytotoxicity and hemocompatibility 
of a family of novel MeO-PEG-poly (D,L-lactic-co-glycolic acid)-
PEG-OMe triblock copolymer nanoparticles. J Appl Polym Sci. 2009; 
113(5):2933–2944.

	 7.	 Forssen EA, Coulter DM, Proffitt RT. Selective in vivo localization of 
daunorubicin small unilamellar vesicles in solid tumors. Cancer Res. 
1992;52(12):3255–3261.

	 8.	 Erickson KK, Sundstrom JM, Antonetti DA. Vascular permeability in ocular 
disease and the role of tight junctions. Angiogenesis. 2007;10(2): 103–117.

	 9.	 Zhang P, Wang Y, Hui Y, et al. Inhibition of VEGF expression by tar-
geting HIF-1 alpha with small interference RNA in human RPE cells. 
Ophthalmologica. 2007;221(6):411–417.

	10.	 Klettner A, Roider J. Comparison of bevacizumab, ranibizumab, and 
pegaptanib in vitro: efficiency and possible additional pathways. Invest 
Ophthalmol Vis Sci. 2008;49(10):4523–4527.

	11.	 Mackenzie F, Ruhrberg C. Diverse roles for VEGF-A in the nervous 
system. Development. 2012;139(8):1371–1380.

	12.	 Saint-Geniez M, Maharaj AS, Walshe TE, et al. Endogenous VEGF 
is required for visual function: evidence for a survival role on Muller 
cells and photoreceptors. PLoS One. 2008;3(11):e3554.

	13.	 Avci B, Avci R, Inan UU, Kaderli B. Comparative evaluation of 
apoptotic activity in photoreceptor cells after intravitreal injection of 
bevacizumab and pegaptanib sodium in rabbits. Invest Ophthalmol Vis 
Sci. 2009;50(7):3438–3446.

	14.	 Castanotto D, Rossi JJ. The promises and pitfalls of RNA-interference-
based therapeutics. Nature. 2009;457(7228):426–433.

	15.	 Oh YK, Park TG. siRNA delivery systems for cancer treatment. 
Adv Drug Deliv Rev. 2009;61(10):850–862.

	16.	 Marneros AG, Fan J, Yokoyama Y, et al. Vascular endothelial growth 
factor expression in the retinal pigment epithelium is essential for 
choriocapillaris development and visual function. Am J Pathol. 2005; 
167(5):1451–1459.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2626

Chen et al

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine

Publish your work in this journal

Submit your manuscript here: http://www.dovepress.com/international-journal-of-nanomedicine-journal

The International Journal of Nanomedicine is an international, peer-
reviewed journal focusing on the application of nanotechnology 
in diagnostics, therapeutics, and drug delivery systems throughout 
the biomedical field. This journal is indexed on PubMed Central, 
MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine, 

Journal Citation Reports/Science Edition, EMBase, Scopus and the 
Elsevier Bibliographic databases. The manuscript management system 
is completely online and includes a very quick and fair peer-review 
system, which is all easy to use. Visit http://www.dovepress.com/ 
testimonials.php to read real quotes from published authors.

International Journal of Nanomedicine 2013:8

	17.	 Penn JS, Madan A, Caldwell RB, Bartoli M, Caldwell RW, Hartnett ME. 
Vascular endothelial growth factor in eye disease. Prog Retin Eye Res. 
2008;27(4):331–371.

	18.	 Singh SR, Grossniklaus HE, Kang SJ, Edelhauser HF, Ambati BK, 
Kompella UB. Intravenous transferrin, RGD peptide and dual-targeted 
nanoparticles enhance anti-VEGF intraceptor gene delivery to laser-
induced CNV. Gene Ther. 2009;16(5):645–659.

	19.	 Blaauwgeers HG, Holtkamp GM, Rutten H, et al. Polarized vascular 
endothelial growth factor secretion by human retinal pigment epithe-
lium and localization of vascular endothelial growth factor receptors 
on the inner choriocapillaris. Evidence for a trophic paracrine relation. 
Am J Pathol. 1999;155(2):421–428.

	20.	 Whitehead KA, Langer R, Anderson DG. Knocking down barriers: 
advances in siRNA delivery. Nat Rev Drug Discov. 2009;8(2):129–138.

	21.	 Friedlander M, Theesfeld CL, Sugita M, et al. Involvement of integrins 
alpha v beta 3 and alpha v beta 5 in ocular neovascular diseases. Proc 
Natl Acad Sci U S A. 1996;93(18):9764–9769.

	22.	 Anderson DH, Johnson LV, Hageman GS. Vitronectin receptor 
expression and distribution at the photoreceptor-retinal pigment 
epithelial interface. J Comp Neurol. 1995;360(1):1–16.

	23.	 Lin H, Clegg DO. Integrin alphavbeta5 participates in the binding of 
photoreceptor rod outer segments during phagocytosis by cultured 
human retinal pigment epithelium. Invest Ophthalmol Vis Sci. 1998; 
39(9):1703–1712.

	24.	 Hynes RO. Integrins: bidirectional, allosteric signaling machines. Cell. 
2002;110(6):673–687.

	25.	 Dunehoo AL, Anderson M, Majumdar S,  Kobayashi  N, 
Berkland C, Siahaan TJ. Cell adhesion molecules for targeted drug 
delivery. J Pharm Sci. 2006;95(9):1856–1872.

	26.	 Chen CW, Lu DW, Yeh MK, Shiau CY, Chiang CH. Novel RGD-lipid 
conjugate-modified liposomes for enhancing siRNA delivery in 
human retinal pigment epithelial cells. Int J Nanomedicine. 2011;6: 
2567–2580.

	27.	 Meure LA, Foster NR, Dehghani F. Conventional and dense 
gas techniques for the production of liposomes: a review. AAPS 
PharmSciTech. 2008;9(3):798–809.

	28.	 Khatri K, Goyal AK, Gupta PN, Mishra N, Mehta A, Vyas SP. Surface 
modified liposomes for nasal delivery of DNA vaccine. Vaccine. 2008; 
26(18):2225–2233.

	29.	 Tiwari S, Goyal AK, Mishra N, et al. Development and characterization 
of novel carrier gel core liposomes based transmission blocking malaria 
vaccine. J Control Release. 2009;140(2):157–165.

	30.	 Ye Y, De Leon J, Yokoyama N, Naidu Y, Camerini D. DBR1 siRNA 
inhibition of HIV-1 replication. Retrovirology. 2005;2:63.

	31.	 Hu CS, Chiang CH, Hong PD, Yeh MK. Influence of charge on FITC-
BSA-loaded chondroitin sulfate-chitosan nanoparticles upon cell 
uptake in human Caco-2 cell monolayers. Int J Nanomedicine. 2012;7: 
4861–4872.

	32.	 Kibria G, Hatakeyama H, Ohga N, Hida K, Harashima H. Dual-ligand 
modification of PEGylated liposomes shows better cell selectivity and 
efficient gene delivery. J Control Release. 2011;153(2):141–148.

	33.	 Chen Y, Wu JJ, Huang L. Nanoparticles targeted with NGR motif 
deliver c-myc siRNA and doxorubicin for anticancer therapy. Mol Ther. 
2010;18(4):828–834.

	34.	 Zhang Y, Li H, Sun J, et  al. DC-Chol/DOPE cationic liposomes:  
a comparative study of the influence factors on plasmid pDNA and 
siRNA gene delivery. Int J Pharm. 2010;390(2):198–207.

	35.	 Sakai H, Tomiyama KI, Sou K, Takeoka S, Tsuchida E. Poly(ethylene 
glycol)-conjugation and deoxygenation enable long-term preservation 
of hemoglobin-vesicles as oxygen carriers in a liquid state. Bioconjug 
Chem. 2000;11(3):425–432.

	36.	 Pinkse GG, Bouwman WP, Jiawan-Lalai R, Terpstra OT, Bruijn JA,  
de Heer E. Integrin signaling via RGD peptides and anti-beta1 antibodies 
confers resistance to apoptosis in islets of Langerhans. Diabetes. 2006; 
55(2):312–317.

	37.	 de Fougerolles A, Vornlocher HP, Maraganore J, Lieberman J. 
Interfering with disease: a progress report on siRNA-based therapeutics. 
Nat Rev Drug Discov. 2007;6(6):443–453.

	38.	 Yang XZ, Dou S, Sun TM, Mao CQ, Wang HX, Wang J. Systemic 
delivery of siRNA with cationic lipid assisted PEG-PLA nanoparticles 
for cancer therapy. J Control Release. 2011;156(2):203–211.

	39.	 Miller CR, Bondurant B, McLean SD, McGovern KA, O’Brien DF. 
Liposome-cell interactions in vitro: effect of liposome surface charge 
on the binding and endocytosis of conventional and sterically stabilized 
liposomes. Biochemistry. 1998;37(37):12875–12883.

	40.	 Simoes S, Filipe A, Faneca H, et al. Cationic liposomes for gene delivery. 
Expert Opin Drug Deliv. 2005;2(2):237–254.

	41.	 Dan N. Effect of liposome charge and PEG polymer layer thickness on 
cell-liposome electrostatic interactions. Biochim Biophys Acta. 2002; 
1564(2):343–348.

	42.	 Jung SH, Seong H, Cho SH, Jeong KS, Shin BC. Polyethylene 
glycol-complexed cationic liposome for enhanced cellular uptake and 
anticancer activity. Int J Pharm. 2009;382(1–2):254–261.

	43.	 Chen Z, Chen CZ, Gong WR, Li JP, Xing YQ. Integrin-alpha5 mediates 
epidermal growth factor-induced retinal pigment epithelial cell 
proliferation and migration. Pathobiology. 2010;77(2):88–95.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

Dovepress

2627

Liposomes for efficient downregulation of VEGF in ARPE-19 

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com/international-journal-of-nanomedicine-journal
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 2: 
	Nimber of times reviewed: 


