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Novel polycation liposomes decorated with cyclic(Cys-Arg-Gly-Asp-d-Phe) peptide (cyclicRGD)-polyeth-
ylene glycol (PEG) (RGD-PEG-polycation liposomes (PCL)) were previously developed for cancer therapy 
based on RNA interference. Here, we demonstrate the in vivo delivery of small interfering RNA (siRNA) to 
tumors by use of RGD-PEG-PCL in B16F10 melanoma-bearing mice. Pharmacokinetic data obtained by pos-
itron emission tomography showed that cholesterol-conjugated siRNA formulated in RGD-PEG-PCL mark-
edly accumulated in the tumors. Delivered by RGD-PEG-PCL, a therapeutic cocktail of siRNAs composed of 
cholesterol-conjugated siRNAs for c-myc, MDM2, and vascular endothelial growth factor (VEGF) were able 
to significantly inhibit the growth of B16F10 melanoma both in vitro and in vivo. These data suggest that tar-
geted delivery of siRNAs by use of RGD-PEG-PCL has considerable potential for cancer treatment.
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RNA interference (RNAi), which is sequence-dependent 
post-transcriptional gene silencing, is caused by double-
stranded RNA and plays an important role in the regulation of 
protein expression.1) Synthetic small interfering RNA (siRNA) 
has been widely used for gene silencing in scientific research 
and is expected to become a beneficial drug for various dis-
eases.2–4) Although siRNA shows efficient gene silencing, the 
use of it is quite limited in vivo, especially for systemic usage, 
because of the rapid degradation of RNA in the bloodstream 
by nucleases, difficulty in delivery of it to target tissues, and 
its poor entry into the cytosol of target cells.4) Therefore, es-
tablishment of a systemic siRNA delivery system that enables 
prolonged circulation without degradation by nucleases, active 
targeted delivery to the target tissue, and efficient entry of the 
siRNA into the target cells has been awaited.

Polycation liposomes (PCL) possessing useful properties 
of both cationic liposomes and polycations have been devel-
oped for delivery of nucleic acids such as plasmid DNA and 
siRNA.5–8) Among various PCL composed of different kinds 
of polycations, PCL containing dicetylphosphate-tetraethyl-
enepentamine (DCP-TEPA) as a main component have been 
found to be quite efficient for siRNA delivery and for gene 
silencing.8) DCP-TEPA-based PCL (TEPA-PCL) modified 
with polyethylene glycol (PEG) show the property of long 
circulation in vivo after intravenous (i.v.) injection. Although 
PEGylation of siRNA/TEPA-PCL complexes causes par-
tial dissociation of the siRNA from the complex during the 
PEGylation step, this dissociation was found to be avoidable 
by conjugating cholesterol to the 3′-end of the sense strand 
of the siRNA (siRNA-C).8) For active targeted delivery of 
siRNA to tumor tissues, we earlier investigated the usefulness 
of modification of these PEGylated TEPA-PCL (PEG-PCL) 
with cyclic(Cys-Arg-Gly-Asp-d-Phe) peptide (cyclicRGD) and 
termed them RGD-PEG-PCL.9) The RGD motif is known to 

bind αv integrins expressed on tumor and angiogenic endo-
thelial cells.10,11) By use of mice bearing B16F10-luc2 murine 
melanoma stably expressing the luciferase 2 gene (Luc2), we 
observed the knockdown of luciferase expression in vivo after 
systemic injection of cholesterol-conjugated siRNA for Luc2 
(siLuc2-C) carried by RGD-PEG-PCL.9)

In the present study, we used these RGD-PEG-PCL for de-
livering therapeutic siRNA for cancer treatment. Song et al. 
previously reported that siRNAs for c-myc, MDM2, and vas-
cular endothelial growth factor (VEGF) suppressed B16 tumor 
growth12); and Li et al. also observed inhibition of B16F10 
metastasis with this siRNA cocktail.13) Therefore, we used 
this therapeutic siRNA cocktail for the treatment of tumors to 
evaluate the usefulness of RGD-PEG-PCL as an siRNA car-
rier for systemic and active targeted delivery.

Materials and Methods

Materials ​ The synthetic polycationic lipid DCP-TEPA 
was synthesized as described previously.8) Briefly, dimer-
ized dicetylphosphate anhydride in anhydrous chloroform 
was added to a solution of tetraethylenepentamine (Sigma-
Aldrich, St. Louis, MO, U.S.A.) in anhydrous pyridine, and 
the reaction mixture was stirred for 4 h. After the removal 
of the solvent by evaporation, the residue was resuspended 
in distilled water and filtered to remove any unreacted tet-
raethylenepentamine. DCP-TEPA was purified by column 
chromatography using aminated silica gel (Chromatorex NH, 
Fuji Silisia Chemical Ltd., Aichi, Japan). Dipalmitoylphospha-
tidylcholine (DPPC) and cholesterol were kindly provided by 
Nippon Fine Chemical Co., Ltd. (Takasago, Hyogo, Japan). 
Dioleoylphosphatidylethanolamine (DOPE), distearoylphos-
phatidylethanolamine-polyethyleneglycol5000 (DSPE-PEG), 
and DSPE-PEG5000-maleimide were obtained from NOF Co., 
Ltd. (Tokyo, Japan). CyclicRGD peptide was purchased from 
Operon Biotechnologies (Tokyo, Japan) and conjugated to 
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DSPE-PEG5000-maleimide (1 : 1 as a molar ratio) by incuba-
tion for 30 min at room temperature.

Cholesterol-conjugated siRNAs (siRNA-C) were purchased 
from Hokkaido System Science Co., Ltd. (Hokkaido, Japan), 
where cholesterol was conjugated to the siRNA at the 3′-
end of its sense strand. The nucleotide sequences of siRNA 
with a 2-nucleotide overhang (underlined) were the follow-
ing: 5′-GCUAUGGGCUGAAUACAAAdTdT-3′ (sense) and 
5′-UUUGUAUUCAGCCCAUAGCdTdT-3′ (antisense) for lu-
ciferase 2 (siLuc2); 5′-GAACAUCAUCAUCCAGGACdTdT-3′ 
(sense) and 5′-GUCCUGGAUGAUGAUGUUCdTdT-3′ (anti-
sense) for c-myc; 5′-CGAUGAAGCCCUGGAGUGCdTdT-3′ 
(sense) and 5′-GCUACUUCGGGACCUCACGdTdT-3′ (anti-
sense) for VEGF; 5′-GCUUCGG ​AAC ​AAG ​AGA ​CUCdTdT-3′ 
(sense) and 5′-UCGAAGUACUCAGCGUAAGdTdT-3′ (anti
sense) for MDM2; and a scrambled sequence (siCont), 5′- 
CGAUUCGCUAGACCGGCUUCAUUGCAG-3′ (sense) and 5′- 
GCAAUGAAGCCGGUCUAGCGAAUCGAU-3′ (antisense), 
for the control. For the pharmacokinetic study using positron 
emission tomography, [18F]-labeled siRNA conjugated with 
cholesterol ([18F]siRNA-C) was prepared as described previ-
ously.14)

Preparation of PEGylated or RGD-PEGylated TEPA-
PCL Bearing siRNAs ​ siRNA-C formulated in PEG-
PCL or RGD-PEG-PCL was prepared as described previ-
ously.9) In brief, DCP-TEPA, DOPE, DPPC, and cholesterol 
(0.25 : 1 : 0.75 : 1) were dissolved in t-butyl alcohol for freeze-
drying, and hydrated in RNase-free water. The prepared 
TEPA-PCL were extruded 10 times through a polycarbonate 
membrane filter with 100-nm pores (Nuclepore, Maidstone, 
U.K.) by using an extruder (Lipex, Vancouver, Canada). The 
TEPA-PCL were then incubated with siRNA-C for 20 min 
to form siRNA-C/TEPA-PCL complexes. The ratio of the 
nitrogen moiety of TEPA-PCL to the phosphorus one of 
siRNA-C (N/P ratio) was fixed at 18 eq. Then, the siRNA-C/
TEPA-PCL complexes were PEGylated (10 mol% of the total 
lipids) by incubation with DSPE-PEG (siRNA-C/PEG-PCL) 
or with cyclicRGD-grafted DSPE-PEG (siRNA-C/RGD-PEG-
PCL) in RNase-free water at 37°C for 20 min. The particle 
size and ζ-potential of siRNA-C/PCL were determined with a 
Zeta Sizer Nano ZS (Malvern, Worcs, U.K.), and found to be 
129 nm and −1.1 mV, respectively, for siRNA-C/PEG-PCL and 
133 nm and −3.1 mV, respectively, for siRNA-C/RGD-PEG-
PCL.

Cell Culture ​ B16F10 murine melanoma cells were ob-
tained from the American Type Culture Collection; and 
B16F10-luc2 Bioware Ultra Cell Line, a luciferase-expressing 
cell line stably transfected with the firefly luciferase gene 
(Luc2), were purchased from Caliper Life Sciences (Hopkin-
ton, MA, U.S.A.). These cells were cultured in DME/Ham F12 
medium (WAKO, Osaka, Japan) supplemented with 10% fetal 
bovine serum (FBS, Sigma-Aldrich), 100 units/mL penicillin 
(MP Biomedicals, Irvine, CA, U.S.A.), and 100 µg/mL strepto-
mycin (MP Biomedicals) in a CO2 incubator.

Antiproliferation Assay in Vitro ​ B16F10 cells (4×104 
cells/0.5 mL/well) were seeded into a 24-well plate (BD Bio-
science, San Jose, CA, U.S.A.) and precultured overnight. 
After the medium had been changed to fresh medium con-
taining 10% FBS without antibiotics, the cells were incubated 
for 24, 48 or 72 h at 37°C with 25 pmol siCocktail-C (siRNAs 
for c-myc, MDM2, and VEGF were mixed at a 1 : 1 : 1 ratio) 

or with 25 pmol siCont-C formulated in PEG-PCL or RGD-
PEG-PCL at a final siRNA concentration of 50 nm. Cell vi-
ability was measured by performing a modified 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
using Tetracolor ONE™ (Seikagaku Co., Tokyo, Japan) in 
accordance with the manufacturer’s instructions. The amount 
of formazan formed in 30 min was measured with a Tecan 
Infinite M200 micro plate reader (Salzburg, Austria) at a test 
wavelength of 450 nm and a reference wavelength of 630 nm.

Pharmacokinetic Analysis of [18F]siRNA-C Determined 
by Positron Emission Tomography (PET) ​ C57BL/6 male 
mice were obtained from Japan SLC Inc. (Shizuoka, Japan). 
The animals were cared for according to the Animal Facility 
Guidelines of the University of Shizuoka. All animal experi-
ments were approved by the Animal and Ethics Committee of 
the University of Shizuoka. B16F10 cells (1×105 cells/mouse) 
were injected via a tail vein into 6-week-old C57BL/6 male 
mice. At day 21 after the tumor cell inoculation, the mice 
were intravenously injected with free [18F]siCont-C, [18F]
siCont-C/PEG-PCL or [18F]siCont-C/RGD-PEG-PCL (5 MBq/
mouse) under pentobarbital anesthesia. Then, the PET scan 
was started immediately after the injection and continued for 
60 min by using a Clairvivo PET apparatus (Shimadzu, Kyoto, 
Japan).

Therapeutic Experiment ​ Six-week-old C57BL/6 male 
mice were injected with B16F10-luc2 cells (1×105 cells/
mouse) via a tail vein. At day 12, 15, and 18 after the tumor 
cell inoculation, the mice were given an intravenous injec-
tion of phosphate-buffered saline (PBS) (control), siCont-C/
RGD-PEG-PCL, siCocktail-C/PEG-PCL, or siCocktail-C/
RGD-PEG-PCL (2 mg/kg mouse as siRNA-C). For the assess-
ment of tumor growth by the expression of luciferase, 3 mg 
luciferin (Promega KK, Tokyo, Japan) in 0.2 mL PBS was in-
jected intraperitoneally (i.p.) at day 12, 15, 18, and 21 after the 
injection of B16F10-luc2 cells; and the luminescence intensity 
from the mice was measured 15 min post luciferin injection 
with a Xenogen IVIS Lumina System coupled with Living 
Image software for data acquisition (Xenogen, Co., Alameda, 
CA, U.S.A.). At day 21, all animals were sacrificed under deep 
anesthesia; and their lungs were excised and weighed. Lungs 
from normal mice of the same age were also weighed as a 
control.

Statistical Analysis ​ Differences between groups were 
evaluated by analysis of variance (ANOVA) with the Tukey 
post-hoc test.

Results

Antiproliferative Effect of siRNA-C Formulated in 
RGD-PEG-PCL on B16F10 Cells ​ We previously reported 
that fluorescein isothiocyanate (FITC)-labeled cholesterol-
conjugated siRNA for luciferase (siLuc2-C) was effectively as-
sociated with B16F10 cells by complexing it with RGD-PEG-
PCL and that high efficacy of gene silencing of siLuc2-C was 
observed in B16F10-Luc2 murine melanoma cells by using 
this formulation.9) Here, we investigated the antiproliferative 
effect of the therapeutic siCocktail-C targeting c-myc, MDM2, 
and VEGF carried by this formulation. As shown in Fig. 1, 
siCocktail-C/RGD-PEG-PCL significantly suppressed the 
proliferation of B16F10 cells in comparison with siCont-C/
RGD-PEG-PCL at 48 h after transfection, and in comparison 
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with it and siCocktail-C/PEG-PCL at 72 h. Cell growth was 
quite similar between control and siCont-C/RGD-PEG-PCL-
treated cells, indicating that the antiproliferative activity of 
the siCocktail-C/RGD-PEG-PCL was not due to cytotoxic or 
off-target effects.

PET Study of siRNA-C/RGD-PEG-PCL in B16F10-
Bearing Mice ​ Pharmacokinetics of [18F]siRNA-C formu-

lated in PEG-PCL or RGD-PEG-PCL was determined by use  
of PET. The labeling method was previously developed by  
us, which enables direct labeling of double-stranded RNA.14) 
[18F]siRNA-C formulated in RGD-PEG-PCL highly accumu
lated in the lungs bearing metastatic colonies of B16F10 
melanoma, in comparison to free [18F]siRNA-C and that for-
mulated in PEG-PCL (Fig. 2). Free [18F]siRNA-C was elimi-
nated from the body faster than [18F]siRNA-C/PEG-PCL and 
[18F]siRNA-C/RGD-PEG-PCL and accumulated less in the 
tumors. PEGylation of PCL increased the half-life of com-
plexed [18F]siRNA-C (data not shown), and the accumulation 
of [18F]siRNA-C in the tumors was greater with RGD-PEG-
PCL than with PEG-PCL. The accumulation of [18F]siRNA-C 
in other organs such as heart, liver, spleen, and kidney was 
similar between PEG-PCL and RGD-PEG-PCL groups (data 
not shown). Actual radioactivities of 18F in each organ inva-
sively determined after PET analysis were consistent with the 
corresponding image data.

Therapeutic Effect of siCocktail-C/RGD-PEG-PCL on 
B16F10-luc2-Bearing Mice ​ Along with the growth of the 
metastatic cancer, the luminescence intensity of the control 
mice increased time-dependently under the experimental 
schedule used (Fig. 3A). An increase in luminescence inten-
sity was also observed in mice treated with siCont-C/RGD-
PEG-PCL. In contrast, siCocktail-C/PEG-PCL- and siCock-
tail-C/RGD-PEG-PCL-treated groups showed a suppressed 
increase in luminescence intensity. Corresponding to this, the 
lung colonization of B16F10 cells was suppressed in siCock-
tail-C/PEG-PCL- and siCocktail-C/RGD-PEG-PCL-treated 
groups (Fig. 3B). Quantitative data on weight gain in the 
lungs bearing metastatic colonies showed that siCocktail-C/

Fig.  1.	 Antiproliferative Effect of siCocktail/RGD-PEG-PCL on B16F10 
Cells

TEPA-PCL were complexed with the mixture of cholesterol-conjugated siRNAs 
for c-myc, MDM2, and VEGF (1 : 1 : 1, total 25 pmol) or with siCont-C (25 pmol), 
and then was modified with DSPE-PEG or DSPE-PEG-RGD. B16F10 cells were 
incubated for 24 h with RNase-free water (○), siCont-C/RGD-PEG-PCL (▲), 
siCocktail-C/PEG-PCL (■) or siCocktail-C/RGD-PEG-PCL (●). Viability of the 
cells was estimated at the times indicated in the figure by conducting a modified 
assay using Tetracolor ONE™ (n=4). * Indicates p<0.01 vs. control; # p<0.01 vs. 
siCont-C/RGD-PEG-PCL; and § p<0.01 vs. siCocktail-C/PEG-PCL.

Fig.  2.  PET Imaging of [18F]siRNA Distribution in the Lungs Bearing B16F10 Melanoma
[18F]siRNA-C, [18F]siRNA-C/PEG-PCL, or [18F]siRNA-C/RGD-PEG-PCL (5 MBq in 0.2 mL) were intravenously administered via a tail vein to C57BL/6 male mice bear-

ing B16F10 metastatic tumors. PET images were acquired with cross-section frames for 60 min after the administration of [18F]siRNA samples. The images of the lungs 
bearing metastatic tumors are shown. PET data were obtained from 3 independent animal experiments, all of which showed similar results.
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RGD-PEG-PCL significantly suppressed the growth of the 
metastatic tumors (Fig. 3C). The percent growth inhibition of 
siCocktail-C/PEG-PCL and siCocktail-C/RGD-PEG-PCL was 
35.3% and 62.6%, respectively.

Discussion

RNAi has potential for the treatment of various diseases, 
since it can specifically suppress protein expression. How-
ever, systemic injection of siRNA is quite limited; since naked 
siRNA is readily degraded by nucleases in the bloodstream. 
In addition, the entry of siRNA into the cytosol of target cells 
requires an appropriate delivery system. We previously devel-
oped TEPA-PCL, liposomes containing DCP-conjugated syn-
thetic polycation, for the purpose of systemic administration 
of siRNA.8) In the present study, we used siRNA with choles-
terol conjugated to it at the 3′-end of its sense strand, which 
modification is known to have no effect on the knockdown 

of specific protein expression,9) for the stabilization of siRNA 
complexed with carrier PCL in the bloodstream. Thus, 
siRNA-C is considered to be internalized by cells as a com-
plexed form.

For the active targeted delivery of siRNA, 
cyclic(Cys-Arg-Gly-Asp-d-Phe), originally reported by Pfaff 
et al.,15) was used to decorate the surface of PEG-PCL; as 
this RGD motif, as mentioned earlier, is known to interact 
with αv integrins highly expressed on cancer and angiogenic 
endothelial cells. As we previously reported,9) RGD modifica-
tion contributes to the association between our siRNA vector 
and target cancer cells, resulting in enhanced internalization 
of siRNA into these cells. Our present data from the biodis-
tribution study using [18F]siRNA-C showed higher accumula-
tion of [18F]siRNA-C in the tumor with RGD-PEG-PCL than 
with PEG-PCL. In addition, our previous study indicated 
that siLuc2-C formulated in RGD-PEG-PCL effectively si-
lenced luciferase expression in lung-metastasized B16F10-luc2 

Fig.  3.  Therapeutic Effect of siCocktail/RGD-PEG-PCL in the B16F10-luc2 Metastatic Tumor-Bearing Mice
TEPA-PCL was complexed with the mixture of cholesterol-conjugated siRNAs for c-myc, MDM2, and VEGF (1 : 1 : 1), and then was modified with DSPE-PEG or DSPE-

PEG-RGD. These complexes (2 mg/kg as siRNA-C) were administered intravenously to C57BL/6 mice at 12, 15, and 18 d after the inoculation of B16F10-luc2 cells into the 
mice. (A) Luciferase activity in the tumor-metastasized lungs was measured by IVIS on the indicated days. The color bar at the right represents signal intensity code over 
the body surface area. (B) Appearance of lungs excised from the tumor-bearing mice (n=4) on day 21 after tumor injection. Typical photos are shown, and the appearance 
of the lungs from all other mice in the same groups was similar. (C) Lung weight on day 21 post tumor injection. * Indicates p<0.05 vs. control; ## indicates p<0.01 vs. 
siCont-C/RGD-PEG-PCL. Similar results were obtained in a separate experiment.
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melanoma in vivo.9) In the case of [18F]siRNA-C/PEG-PCL, 
the PET images did not clearly overlap lung shape. We do 
not know the reason for this observation at present; however, 
it is possible that the circulating [18F]siRNA-C/PEG-PCL in 
the bloodstream caused unclear images. In contrast, the clear 
images of [18F]siRNA-C/RGD-PEG-PCL distribution were 
obtained possibly due to 18F associated with tumor and angio-
genic endothelial cells.

In the present study, we demonstrated that siCocktail-C/
RGD-PEG-PCL suppressed metastatic tumor growth after i.v. 
injection. Gene-silencing effects of the siCocktail for myc, 
MDM-2, and VEGF have already been demonstrated.12,13) 
Since siCont-C/RGD-PEG-PCL did not show any antitumor 
activity at all, the effect of siCocktail-C/RGD-PEG-PCL on 
the tumor cannot be attributed to toxicity of the complex. 
Thus, we conclude RGD-PEG-PCL to be useful for the treat-
ment of cancer with siRNA that suppresses the expression of 
target protein(s) crucial for tumor growth. Our delivery sys-
tem is applicable to a number of therapeutic siRNA candidates 
that have been studied for cancer treatment.16–18) The next step 
is to select an appropriate siRNA among these candidates and 
use it with the present formulation to test its suitability for use 
as a cancer treatment.
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