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Background: Efficient target-specific siRNA delivery has always been a primary concern in 

the field of siRNA clinical application.

Purpose: In this study, four different types of anti-epidermal growth factor receptor (EGFR) 

antibody-conjugated immunonanoparticles were prepared and tested for cancer cell-targeted 

therapeutic siRNA delivery.

Materials and methods: The prepared nanoparticles encapsulating siRNAs were character-

ized by gel retardation and particle analysis using a Zetasizer. In vitro transfection and reduction 

of target genes, vimentin and JAK3, were determined using quantitative reverse transcription 

polymerase chain reaction. In vivo tumor targeting and antitumoral efficacies of the nanoparticles 

were evaluated in mice carrying tumors.

Results: Among these immunonanoparticles, anti-EGFR immunolipoplexes and immunoviroplexes 

exhibited remarkable cell binding and siRNA delivery to EGFR-expressing tumor cells compared to 

immunoliposomes and immunovirosomes. Especially, the anti-EGFR immunoviroplexes exhibited 

the most efficient siRNA transfection to target tumor cells. Therefore, antitumoral vimentin and 

Janus kinase-3 siRNAs were loaded in the anti-EGFR immunolipoplexes and immunoviroplexes, 

which were tested in mice carrying SK-OV-3 tumor xenografts. In fact, the therapeutic siRNAs 

were efficiently delivered to the tumor tissues by both delivery vehicles, resulting in significant 

inhibition of tumor growth. Moreover, administration of doxorubicin in combination with anti-

EGFR immunoviroplexes resulted in remarkable and synergistic tumor growth inhibition.

Conclusion: This study provides experimental proof that cancer cell-targeted immunoviroplexes 

are an efficient siRNA delivery system for cancer therapy. Moreover, this study also suggests that a 

combination of conventional chemotherapy and tumor-directed anticancer siRNA therapy would be a 

better modality for cancer treatment.

Keywords: EGFR, siRNA delivery, anti-EGFR immunonanoparticles, anti-EGFR immuno-

viroplexes, combinatorial therapy

Introduction
RNA interference (RNAi) has gained much attention since 1998 because of its pivotal 

role in gene expression and regulation.1 Gene therapy using siRNA represents a potent 

and specific method of targeted gene therapy.2,3 A number of siRNA molecules have been 

suggested as functional mediators of RNAi that can achieve sequence-specific gene knock-

down in cancer cells.4,5 Despite the powerful therapeutic potential of siRNA as an anticancer 

drug, it must be delivered within the target cell to exploit its therapeutic activity.

Therefore, a major challenge in siRNA-based therapy is developing an efficient 

systemic delivery system. Although they require further improvement, liposomal 

delivery systems have been successfully utilized in the systemic delivery of siRNAs.6 

Lipoplexes, complexes of cationic liposomes and nucleic acids, have been widely utilized 
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for transfection in vitro7 but not in vivo. Previously, lipid nano-

particles consisting of cationic lipids and polymers, coupled 

with tumor-targeting ligands, effectively delivered siRNAs into 

target tumor cells.8,9 In addition, the development of virosomes 

containing fusogenic viral envelop proteins has been proven to 

be more effective in gene transfer than conventional lipoplex-

es.10 However, a great deal of effort is still required for efficient 

siRNA delivery to target cells for clinical applications.

Target-specific delivery has always been a primary concern 

in the field of clinical application of therapeutic siRNAs.11,12 

Various monoclonal antibodies (mAbs) or mAb fragments 

against certain tumor antigens have been used as ligands for 

tumor-targeted delivery of siRNA.13 We have also shown that 

coupling of cetuximab, an antibody (Ab) against epidermal 

growth factor receptor (EGFR), to the liposomal surface 

enhances siRNA delivery to target tumor cells in vivo. Over-

expression of EGFR has been linked with tumor malignancy, 

including tumor invasion, angiogenesis, and metastasis.14–16 

Elevated levels of EGFR are found in various types of solid 

tumors, such as breast, ovarian, lung, head and neck, prostate, 

and colorectal cancers. EGFR overexpression has been consid-

ered as a prognostic marker for cancer progression and drug 

resistance in chemotherapy.17–20 Therefore, EGFR has been 

recognized as a therapeutic target for cancer treatment.

As far as anticancer siRNAs are concerned, a number of 

cellular proteins essential in maintaining cell viability have 

been targeted. In this study, we tested a variety of siRNA 

molecules to identify the best candidate for anticancer 

therapy. Among the tested molecules, vimentin (Vim), a 

member of the type III intermediate filaments, is an impor-

tant structural protein in adhesion, migration, survival, and 

various cell signaling processes in activated cells.21 Vim 

deficiency results in delayed wound healing and reduced cell 

viability.22 Therefore, the antitumoral therapeutic efficacy 

of Vim siRNA has been evaluated in several in vitro and 

in vivo systems.23,24 Janus kinases (JAKs) are also known to 

be essential for cell proliferation and survival.25 Among them, 

the activating mutations in JAK3 have been identified as a 

cause of cancer,26 and therefore, JAK3-targeted gene therapy 

has been carefully tested for cancer treatment.27

Based on recent reports, we proposed that a therapeutic 

strategy involving the use of innovative tumor-targeted immu-

nonanoparticles for siRNA transfection of tumor cells could 

be a plausible option for anticancer gene therapy. The present 

study is designed to develop efficient anti-EGFR immunonano-

particles for targeted siRNA delivery to EGFR-expressing 

cancer cells. The antitumoral activities of Vim and JAK3 

siRNAs delivered by anti-EGFR immunonanoparticles were 

also investigated in mice carrying tumor xenografts. This study 

provides useful insights into the alternative delivery systems 

for cancer cell-targeted siRNA delivery.

Materials and methods
Materials
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (DSPE-mPEG
2000

), 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[maleimide(polyethylene glycol)-2000] (DSPE-PEG
2000

-Mal), 

and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

(lissamine rhodamine B sulfonyl) (Rho-DOPE) were pur-

chased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). 

O,O′-dimyristyl-N-lysyl glutamate (DMKE) cationic lipid 

was provided by KOMA Biotech (Seoul, Korea).

The FITC-labeled control siRNA (SN-1023) was pur-

chased from Bioneer (Daejeon, Korea). Luciferase siRNA 

(GP-RNA1041) and Vim siRNA (GP-RNA1015) were 

purchased from Genolution Pharmaceuticals, Inc. (Seoul, 

Korea). JAK3 siRNA (VHS41248) was purchased from 

Thermo Fisher Scientific (Waltham, MA, USA).

cells and cell culture
The SK-OV-3 human ovarian carcinoma cell line was pur-

chased from the American Type Culture Collection (ATCC; 

Manassas, VA, USA). Cells were maintained in Dulbecco’s 

Modified Eagle’s Medium (DMEM)/F12 medium (Thermo 

Fisher Scientific). B16BL6 (mouse melanoma) cells were 

provided by Korean Cell Line Bank (Seoul, Korea). They 

were maintained in minimum essential medium (MEM; 

Thermo Fisher Scientific). The culture media were supple-

mented with 10% heat-inactivated fetal bovine serum (FBS; 

Thermo Fisher Scientific), 100 units/mL penicillin, and 

100 µg/mL streptomycin (Thermo Fisher Scientific). The 

cells were grown in a humidified atmosphere of 95% air and 

5% CO
2
 at 37°C.

Purification of Sendai virus F/HN protein
As described previously,28 Sendai viral F/HN proteins were 

purified from the cultured Sendai virus (ATCC No 1698936, 

VR 907). Briefly, the Sendai virus was cultured in the 

allantoic fluid of egg embryo and then was centrifuged at 

100,000×g for 1 hour at 4°C. The pellet was resuspended 

in 2 mL of phosphate buffered saline (PBS) containing 1% 

Triton X-100. After incubation for 2 hours at 20°C, the 

suspension was centrifuged at 100,000×g for 1 hour at 4°C 
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and the detergent was then removed from the supernatant 

containing F/HN proteins by stepwise addition of Bio-Beads 

SM-2 (Bio-Rad Laboratories Inc., Hercules, CA, USA) with 

constant rocking.

Preparation of immunonanoparticles
Preparation of liposomes and virosomes 
encapsulating sirNa
DMKE (5 mole%), POPC (91 mole%), DSPE-mPEG

2000
 (3.8 

mole%), and DSPE-PEG
2000

-Mal (0.2 mole%) were dissolved 

in a mixture of chloroform and methanol (2:1, v/v). The 

organic solvent was completely evaporated, and the dried 

lipid films (2 mg lipids) were then hydrated in 1 mL of 0.1 M 

phosphate buffer (pH 5.5) containing siRNA (10:1, a weight 

ratio of lipid and siRNA). After hydration, the liposomes 

were subjected to 10 cycles of freezing and thawing and 

extruded 10 times through a polycarbonate membrane with 

a pore size ranging from 80 to 800 nm using an extruder 

(Avanti Polar Lipids, Inc.). For virosome preparation, the 

F/HN protein solution was added to the liposome solution 

(10:1, a weight ratio of lipid and F/HN protein) and then 

incubated for 15 minutes at room temperature with gentle 

mixing. The preparation buffer was changed to phosphate 

buffer (pH 7.2, 0.1 M).

Preparation of cationic lipoplexes and 
cationic viroplexes
DMKE (48 mole%), cholesterol ([chol] 48 mole%), DSPE-

mPEG
2000

 (3.8 mole%), and DSPE-PEG
2000

-Mal (0.2 mole%) 

were dissolved in the organic solvent. DMKE cationic 

liposomes were prepared as described earlier in phosphate 

buffer (pH 7.2, 0.1 M). For effective siRNA complexation, 

siRNA molecules were precomplexed with protamine 

sulfate (PS; Sigma-Aldrich Co., St Louis, MO, USA; 0.35:1, 

a weight ratio of siRNA and PS) for 30 minutes at room 

temperature. Lipoplexes were prepared by gentle mixing 

of PS-condensed siRNA and cationic liposomes at various 

N/P ratios. For viroplex preparation, as described earlier, the 

F/HN protein solution was added to the lipoplex solution 

(10:1, a weight ratio of lipid and F/HN protein) and then 

additionally incubated for 15 minutes at room temperature 

with gentle mixing.

Conjugation of anti-EGFR Ab to 
nanoparticles
Anti-EGFR Ab (cetuximab; BMS, New York, NY, USA) 

was thiolated for 1 hour at room temperature by Traut’s 

reagent in phosphate buffer (0.1 M, 2 mM EDTA, pH 8.0). 

Unreacted Traut’s reagent was removed by passing through 

PD-10 column. The thiolated Ab solution was added to the 

prepared solution of lipid nanoparticles (0.2:1, a molar ratio 

of Ab and maleimide) and incubated for 20 hours at 4°C 

with continuous shaking. Unconjugated Abs were removed 

by passing through a Sepharose CL-4B column in phosphate 

buffer (pH 7.2, 0.1 M).

Gel retardation analysis of anti-EGFR 
immunonanoparticles containing sirNa
To ensure effective siRNA encapsulation (or complexation), 

the immunonanoparticles prepared under varied conditions 

ran on 1% agarose gels. An appropriate N/P ratio of the 

vehicles and the amount of encapsulated siRNA were ana-

lyzed by the Quantity One program of Gel Doc EZ system 

(Bio-Rad Laboratories Inc.).

Analysis of vesicle size and surface charge
To observe the changes in vesicular size and surface charge 

of the anti-EGFR immunonanoparticles during siRNA encap-

sulation (or complexation) and Ab coupling, the particle size 

and ζ-potential were measured using Zetamaster S (Malvern 

instruments, Malvern, UK).

In vitro cell binding and transfection by anti-EGFR 
immunonanoparticles
Specific cellular binding of the vehicles was assayed with 

rhodamine-labeled anti-EGFR immunonanoparticles contain-

ing FITC-labeled siRNA. EGFR-expressing SK-OV-3 cells 

and B16BL6 cells expressing no EGFR (4×105 cells/well) 

were treated with the anti-EGFR immunonanoparticles in 

six-well plates (1 µg of siRNA per well) for 30 minutes at 

room temperature. In order to verify the EGFR-mediated 

siRNA transfection, cells in another set were pretreated 

with free cetuximab (1 µg/mL per well) for 30 minutes 

at room temperature. The cells were then treated with 2% 

paraformaldehyde for 5 minutes at room temperature in the 

dark. The fixed cells were counted using a flow cytometer 

(Becton Dickinson, San Jose, CA, USA).

To verify their transfection capabilities, the same cancer 

cells were pre-transfected with cationic DMKE/Chol 

lipoplexes of luciferase-encoding plasmid pAAVCMV-Luc 

(1 µg of pDNA) 24 hours earlier, and then treated with the 

immunonanoparticles prepared under varied conditions 

(20 nM luciferase siRNA). After transfection in the absence 

of serum for 4 hours at 37°C, the cells were additionally incu-

bated in 10% FBS-containing media for 24 hours at 37°C. 

The transfected cells were lysed with 200 µL of lysis buffer 
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(1% Triton X-100, 1 mM dithiothreitol, and 2 mM EDTA, 

pH 7.8) for 2 hours at room temperature with gentle agitation. 

The culture plates were stored at -20°C for 20 minutes and 

thawed at room temperature. The cell lysates were centri-

fuged at 12,000×g for 20 minutes at 4°C. Luciferase activities 

in the supernatants were measured with a luciferase assay kit 

(Thermo Fisher Scientific) and a luminometer (Minilumat 

LB9506; Berthold Technologies, Bad Wildbad, Germany). 

The data were expressed as relative light unit (RLU) of 

luciferase per milligram of total cellular proteins.

Cell cytotoxicity of anti-EGFR immunonanoparticles 
containing anticancer sirNa
Cell cytotoxicity was measured using Cell Counting Kit-8 

(CCK-8; Dojindo, Kumamoto, Japan). SK-OV-3 cells were 

seeded into 96-well plates (5×103 cells/well) and cultured for 

24 hours. The tumor cells were treated with Vim and/or JAK3 

siRNA (20 nM) encapsulated in anti-EGFR immunonano-

particles and then further cultured for 48 hours. Following 

this, 10 µL of tetrazolium substrate was added to each well 

and further incubated at 37°C for 2 hours. The absorbance 

of each well was measured at 450 nm (n=5).

Quantitative reverse transcription polymerase chain 
reaction (RT-qPCR) analysis
The prepared anti-EGFR immunonanoparticles containing 

Vim or JAK3 siRNA were added to SK-OV-3 and B16BL6 

cells (4×105 cells/well, 20 nM siRNA). After transfection 

(as described earlier), the cells were washed twice with PBS 

(pH 7.4) and treated with TRIzol reagent (Thermo Fisher 

Scientific) to extract total RNA. Complementary DNA 

(cDNA) was synthesized using a Reverse Transcription Master 

Premix (ELPIS, Daejeon, Korea) according to the manufac-

turer’s protocol. The total RNA was added to the master mix, 

incubated at 65°C for 5 minutes and then quickly chilled on 

ice. cDNA synthesis reaction was performed at 25°C for 

10 minutes, 37°C for 50 minutes, and 70°C for 15 minutes.

The relative mRNA expression levels of Vim and JAK3 

were measured by a RT-qPCR employing SYBR Green 

using a CFX-96 real-time polymerase chain reaction (PCR) 

system (Bio-Rad Laboratories Inc.). The RT-qPCR was 

carried out using Thunderbird SYBR qPCR Mix (Toyobo, 

Osaka, Japan) according to the manufacturer’s protocols. 

Real-time PCR amplification for Vim and JAK3 mRNA 

was performed under the following conditions: 95°C for 

3 minutes, followed first by 10 cycles of 15 seconds at 95°C 

and 30 seconds at 60°C and then 40 cycles of 15 seconds 

at 95°C and 30 seconds at 55°C. The mRNA expression 

level was quantified by determining the cycle threshold 

(CT), which is the number of PCR cycles required for the 

fluorescence to exceed a value significantly higher than 

the background fluorescence. To avoid false negatives due 

to degradation of mRNA, a GAPDH reference gene was 

used as a control. The forward and reverse PCR primers 

(XenoTech, Daejeon, Korea) used were as follows: Vim, 

forward: 5′-TCACTCCCTCTGGTTGATAC-3′ and reverse: 

5′-GTCATCGTGATGCTGAGAAG-3′; JAK3, forward: 

5′-TGAGAAGGCTCAGAGTAAGG-3′ and reverse: 

5′-CCAGAGAGGGAAAGGAACT-3′; and GAPDH, 

forward: 5′-CCATCTTCCAGGAGCGAGATCC-3′ and 

reverse: 5′-ATGGTGGTGAAGACGCCAGTG-3′.

animal studies
Animal protocols were approved by the Yonsei University 

at Wonju Animal Care and Use Committee in accordance 

with the regulations of the Association for Assessment and 

Accreditation of Laboratory Animal Care International. 

Female BALB/c nude mice (4–5-week old; Orient Bio, 

Seongnam, Korea) were subcutaneously injected with 1×107 

of SK-OV-3 cells in the right abdomen.

To verify tumor-targeted localization, the anti-EGFR immu-

nonanoparticles containing rhodamine-DOPE (0.1 mole%) 

were intravenously injected to BALB/c nude mice carrying 

SK-OV-3 tumors. The tumor tissues were excised 24 hours 

post administration. The excised tumors were immediately 

frozen and transversally sectioned (3 µm). The sections were 

then observed using fluorescence microscopy (×100).

The antitumoral therapeutic efficacy of anti-EGFR immu-

nonanoparticles containing anticancer siRNAs was also tested 

in the same animal tumor model. When SK-OV-3 tumors grew 

to ~50 mm3 in volume (length×width2/2), the mice (n=5) were 

intravenously injected with anti-EGFR immunonanoparticles 

containing Vim and/or JAK3 siRNAs (0.5 mg/kg per mouse). 

The anti-EGFR immunona noparticles were intravenously 

administered four times every 3 days. In another set of animal 

experiment, doxorubicin (6 mg/kg) was intravenously co-

injected with the anti-EGFR immunonanoparticles containing 

Vim and/or JAK3 siRNAs at the same injection days. Tumor 

growth was monitored for 28 days post treatment. Mice were 

sacrificed on day 43, and lung colonization was evaluated.

Statistical analyses
Each value was expressed as the mean±SD of multiple test 

results. The significance of mean value difference was evalu-

ated using Student’s t-test. Differences were considered as 

significant when the P-value was ,0.05.
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Results and discussion
Preparation and characterization of 
anti-egFr immunonanoparticles 
containing sirNa
In this study, four different types of liposomes containing 

siRNA were prepared and their capability to deliver siRNA 

was evaluated. First, neutral POPC-based liposomes were 

prepared (Figure 1A). A virosomal formulation of the POPC 

liposomes was then prepared by reconstitution of Sendai 

F/HN proteins (Figure 1B). Second, cationic DMKE-based 

lipoplexes were prepared (Figure 1C). DMKE viroplexes 

were also prepared by addition of Sendai F/HN proteins to 

the cationic lipoplexes (Figure 1D). Finally, the prepared 

lipid nanoparticles were functionalized by conjugation of 

anti-EGFR Ab molecules to their surface and were referred 

to as immunonanoparticles.

Clinically approved cetuximab can serve as a tumor-

targeting ligand for EGFR-overexpressing cancer cells. The 

Ab molecules were conjugated to the surface of the prepared 

lipid-based siRNA carriers by direct coupling. Thiolated Abs 

were effectively conjugated to reactive maleimide groups at 

the PEG termini exposed on their surface. According to gel 

filtration analysis of the reaction mixtures, the Ab conjuga-

tion reaction was almost completed at a 1:5 molar ratio of 

Ab and DSPE-PEG2000-Mal (Figure S1).

In order to determine an optimal lipid:siRNA ratio for 

efficient siRNA encapsulation in the vehicles, anti-EGFR 

immunonanoparticles were hydrated at 1:1–2:1 N/P ratios of 

cationic lipid and siRNA. The prepared immunonanoparticles 

were then loaded on 1% agarose gels (Figure 2). According 

to gel retardation analysis, encapsulation of siRNA into the 

anti-EGFR immunoliposomes and immunovirosomes was 

completed at 12:1 and 9:1 N/P ratios, respectively (Figure 2A 

and B). Meanwhile, cationic immunolipoplexes and immu-

noviroplexes showed completion of siRNA complexation 

at 6:1 and 3:1 N/P ratios, respectively (Figure 2C and D). 

These results showed that the DMKE cationic formulations, 

including lipoplexes and viroplexes were more efficient in 

terms of siRNA loading into lipid vesicles. Presumably, 

charge interaction between the cationic vesicle surface and 

anionic siRNA molecule resulted in their spontaneous com-

plexation. In addition, F/HN proteins were helpful in siRNA 

complexation with the cationic vesicles.

DMKE-based cationic vesicles exhibited a more compact 

size than POPC-based liposomal vesicles (Table 1). The lipo-

somal formulations with siRNA exhibited a slightly negative 

surface charge, while the lipoplex formulations were posi-

tively charged even after completion of siRNA complexation. 

As previously shown, addition of F/HN proteins increases 

the vesicular size of immunonanoparticles. All the prepared 

anti-EGFR immunonanoparticles had appropriate vesicular 

size for in vivo systemic applications. Cell toxicity of all the 

immunonanoparticles was insignificant in the tested concen-

trations (Figure S2). All anti-EGFR immunonanoparticle car-

riers were nearly toxic to EGFR-expressing SK-OV-3 cells or 

control B16BL6 cells at a concentration of 10 µg lipid/mL.

Figure 1 Schematic illustration of anti-EGFR immunonanoparticles with siRNA.
Notes: Immunoliposomes were prepared by coupling of thiolated anti-EGFR Abs to the surface of neutrally charged liposomes encapsulating siRNA (A). Immunovirosomes 
were prepared by insertion of Sendai viral F/HN proteins into the liposomes encapsulating siRNA followed by Ab coupling (B). Immunolipoplexes were prepared by Ab 
coupling to cationic lipoplexes of sirNa (C). Immunoviroplexes were prepared by insertion of Sendai viral F/HN proteins into the lipoplexes of siRNA followed by Ab 
coupling (D).
Abbreviations: EGFR, epidermal growth factor receptor; Ab, antibody.

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


International Journal of Nanomedicine 2018:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4822

Kim et al

Target cell-specific binding of anti-EGFR 
immunonanoparticles containing sirNa
To verify the target cell-specific binding of immunonanopar-

ticles, two different cell types, EGFR-positive SK-OV-3 and 

EGFR-negative B16BL6 cells, were treated with the prepared 

anti-EGFR immunonanoparticles containing FITC-siRNA. 

Their cellular bindings were then analyzed by flow cytometry 

(Figure 3). As expected, regardless of the nanoparticle type, 

all anti-EGFR immunonanoparticles showed high cellular 

binding to EGFR-positive SK-OV-3 cells, comparable to the 

non-specific cell binding of conventional cationic DMKE 

liposomes (EzWay™ transfection; KOMA BIOTECH, 

Seoul, Korea; Figure 3A). However, the same nanoparticles 

showed far less binding to EGFR-negative B16BL6 cells 

(Figure 3B).

In order to verify whether the effective binding of immu-

nonanoparticles was mediated by EGFR, cancer cells were 

pretreated with anti-EGFR Ab and then treated with the 

immunonanoparticles. The cellular binding of conventional 

cationic lipoplexes was not interfered by addition of neutral-

izing Ab, but binding of anti-EGFR immunonanoparticles 

to target cells (SK-OV-3) was significantly inhibited by Ab 

pretreatment. These results clearly imply that the higher 

binding efficiency of immunonanoparticles to the EGFR-

positive cancer cells is due to specific interactions between 

Figure 2 Encapsulation or complexation of siRNA with anti-EGFR immunonanoparticles.
Notes: The anti-EGFR immunoliposomes (A), immunovirosomes (B), immunolipoplexes (C), and immunoviroplexes (D) prepared at various N/P ratios of siRNA and DMKE 
were run on 1% agarose gels and visualized by ultraviolet illumination. Lane M: 100 bp molecular weight markers.
Abbreviations: EGFR, epidermal growth factor receptor; DMKE, O, O′-dimyristyl-N-lysyl glutamate.

A

M 1 2 3 4

N/P ratio
Anti-EGFR immunoliposomes

5 6

B

M 1 2 3 4

N/P ratio
Anti-EGFR immunovirosomes

5 6

D

M 1 2 3 4

N/P ratio
Anti-EGFR immunoviroplexes

5 6

C

M 1 2 3 4

N/P ratio
Anti-EGFR immunolipoplexes

5 6

Table 1 Vesicular size and surface charge of anti-EGFR immu-
nonanoparticles containing sirNa

Lipid nanoparticles Size (nm)a Zeta potential 
(mV)a

liposomes 130.8 (±3.0)b 8.2 (±1.0)b

lipoplexes 98.6 (±3.0) 56.7 (±6.0)
anti-egFr immunoliposomes 173.1 (±7.5) -4.9 (±0.5)
anti-egFr immunolipoplexes 153.1 (±4.2) 25.4 (±1.2)
anti-egFr immunovirosomes 213.5 (±8.1) -2.3 (±0.4)
anti-egFr immunoviroplexes 179.4 (±3.7) 21.6 (±0.7)

Notes: Zeta potential (mV), average zeta potential±sD. aThe particle size and zeta 
potentials were measured four times using a Zetasizer. bThe particles size (nm), 
average particle size(±SD).
Abbreviation: EGFR, epidermal growth factor receptor.

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


International Journal of Nanomedicine 2018:13 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4823

Tumor-specific delivery of therapeutic siRNAs

cetuximab on the nanoparticle surface and EGFRs overex-

pressed on the cancer cell surface.

Target-specific transfection of siRNA by 
anti-egFr immunonanoparticles
Luciferase-expressing SK-OV-3 and B16BL6 cells were 

treated with anti-EGFR immunonanoparticles containing 

luciferase siRNA. Overall, there was a significant reduction 

of luciferase expression in EGFR-positive SK-OV-3 cells 

by luciferase siRNA transfection (Figure 3C). Most of all, 

the reduction of luciferase expression by transfection with 

immunolipoplexes or immunoviroplexes was higher than 

that by transfection with immunoliposomes or immunoviro-

somes and even higher than that by transfection with DMKE 

cationic lipoplexes. However, as shown earlier, in EGFR-

mediated cell binding, pretreatment of SK-OV-3 cells with 

free cetuximab significantly interfered with the reduction 

of luciferase expression. Meanwhile, B16BL6 cells were 

effectively transfected by DMKE cationic lipoplexes, but not 

by the immunonanoparticles regardless of the Ab treatment 

(Figure 3D). These results suggest that anti-EGFR immuno-

lipoplexes and immunoviroplexes serve as efficient siRNA 

delivery systems for targeting cancer cells overexpressing 

EGFR but result in nonspecific and untargeted transfection 

Figure 3 Tumor-targeted cell binding and siRNA transfection by anti-EGFR immunonanoparticles.
Notes: sK-OV-3 (A) and B16BL6 (B) cells were incubated with anti-EGFR immunonanoparticles containing FITC-siRNA in the presence or absence of free 
cetuximab for 30 minutes at 4°C. Binding of immunonanoparticles to the cells was analyzed by flow cytometry. Each bar represents the mean±SD of three 
independent experiments. In another set of experiment, the same cancer cell lines were pre-transfected with plasmid encoding luciferase (pLuc) in 24-well plates, 
and 24 hours later, they were transfected with luciferase siRNA by anti-EGFR immunonanoparticles in the presence or absence of free cetuximab for 24 hours 
(C and D). Luciferase expression in the transfected cells is expressed as RLU per milligram of proteins. Each bar represents the mean±SD of three independent 
experiments. *P,0.05 and **P,0.01 between test groups.
Abbreviations: EGFR, epidermal growth factor receptor; MFI, mean fluorescence intensity; DMKE, O,O′-dimyristyl-N-lysyl glutamate; Ab, antibody; Chol, cholesterol.

A SK-OV-3

M
FI

Con
tro

l

Free
 si

RNA

DMKE/C
ho

l

Anti
-E

GFR im
mun

oli
po

so
me

Anti
-E

GFR im
mun

ov
iro

so
me

Anti
-E

GFR im
mun

oli
po

ple
x

Anti
-E

GFR im
mun

ov
iro

ple
x

** ** **
**1,000

800

600

400

200

0

B B16BL6
1,200

1,000

800

600

400

M
FI

200

0

Con
tro

l

Free
 si

RNA

DMKE/C
ho

l

Anti
-E

GFR im
mun

oli
po

so
me

Anti
-E

GFR im
mun

ov
iro

so
me

Anti
-E

GFR im
mun

oli
po

ple
x

Anti
-E

GFR im
mun

ov
iro

ple
x

C SK-OV-3

Lu
ci

fe
ra

se
ex

pr
es

si
on

 (%
)

Untr
an

sfe
cte

d

Free
 si

RNA

DMKE/C
ho

l

Anti
-E

GFR im
mun

oli
po

so
me

Anti
-E

GFR im
mun

ov
iro

so
me

Anti
-E

GFR im
mun

oli
po

ple
x

Anti
-E

GFR im
mun

ov
iro

ple
x

*
**

** **

D B16BL6
120.0

100.0

80.0

60.0

40.0

Lu
ci

fe
ra

se
ex

pr
es

si
on

 (%
)

20.0

0.0

Untr
an

sfe
cte

d

Free
 si

RNA

DMKE/C
ho

l

Anti
-E

GFR im
mun

oli
po

so
me

Anti
-E

GFR im
mun

ov
iro

so
me

Anti
-E

GFR im
mun

oli
po

ple
x

Anti
-E

GFR im
mun

ov
iro

ple
x

No Ab treated Anti-EGFR Ab treated

120.0

100.0

80.0

60.0

40.0

20.0

0.0

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


International Journal of Nanomedicine 2018:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4824

Kim et al

in B16BL6 cells. The delivered siRNA molecules were 

readily translocated into the cytosol and interfered with the 

expression of target luciferase gene.

In vitro delivery of anticancer siRNA by 
anti-egFr immunonanoparticles
Based on the results of cell binding and siRNA transfec-

tion, SK-OV-3 cells were selected for subsequent experi-

ments of anticancer siRNA transfection. To verify the 

anticancer efficacy of siRNA, SK-OV-3 cells were treated 

with anti-EGFR immunonanoparticles containing Vim and/

or JAK3 siRNAs, and cell toxicity was then measured by 

the MTT assay. When the cancer cells were transfected with 

either Vim or JAK3 siRNA using anti-EGFR lipoplexes or 

viroplexes, their viability was seriously reduced (Figure 4A). 

Combined treatment with Vim and JAK3 siRNAs showed 

further inhibition of SK-OV-3 cell growth. This suggests 

that two different types of siRNA, which have differ-

ent anticancer mechanisms, may function synergistically 

(or additively).

Figure 4 In vitro anticancer activity of Vim and JAK3 siRNAs.
Notes: (A) Cell viability was measured by CCK-8 assay 24 hours later. SK-OV-3 cells were treated with anti-EGFR immunonanoparticles containing Vim-1 and/or JAK3 
sirNas. ***P,0.001 between test groups. (B) Relative mRNA expressions of the Vim-1 and JAK3 were analyzed by real-time RT-PCR. The expressions of Vim-1 and JAK3 in 
SK-OV-3 cells treated with various liposomal formulations were examined 16 hours post transfection using RT-qPCR. The ΔΔCT method was used to calculate the RT-qPCR 
fold changes using GAPDH mRNA for normalization, and all the expression changes were relative to the untreated control. Triplicate independent RT-qPCR was performed. 
**P<0.01 and ***P,0.001 vs sirNa-treated.
Abbreviations: Vim, vimentin; CCK-8, Cell Counting Kit-8; RT-PCR, reverse transcription polymerase chain reaction; RT-qPCR, reverse transcription quantitative 
polymerase chain reaction; DMKE, O,O′-dimyristyl-N-lysyl glutamate.
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It has been well established that Vim is the most widely 

expressed intermediate filament protein and is essential in 

maintaining cell adhesion, migration, and survival.29–33 In addi-

tion, degradation of Vim has been related to a proapoptotic 

process that can markedly enhance cell death.34 It is also 

known that JAK-mediated signaling is important for cell dif-

ferentiation, proliferation, and survival in mammalian cells.25 

Dysregulation of JAK3 has been associated with oncogenesis 

in malignancies, such as hematological and breast cancers.26 

Therefore, inhibition of JAK3 is a promising strategy for 

cancer gene therapy.27,35

In order to verify the cell death resulting from interfer-

ence of target genes, the mRNA levels of Vim and JAK3 

were determined 16 hours post transfection by RT-qPCR. 

The mRNA levels of Vim and JAK3 in the transfected 

SK-OV-3 cells were significantly interfered by transfection 

with the corresponding siRNAs loaded in the anti-EGFR 

immunoviroplexes and immunoviroplexes (Figure 4B). The 

reduction in mRNA levels by the immunonanoparticles was 

greater than that by conventional DMKE lipoplexes, a potent 

transfection system. These results imply that anti-EGFR 

immunolipoplexes and immunoviroplexes are efficient 

siRNA delivery systems for targeting EGFR-overexpressing 

tumor cells in vitro.

Intratumoral localization of anti-EGFR 
immunonanoparticles containing sirNa
To verify the tumor targetability of the anti-EGFR immu-

nonanoparticles, rhodamine-labeled anti-EGFR immu-

nolipoplexes and immunoviroplexes were intravenously 

injected to BALB/c nude mice carrying SK-OV-3 tumors. 

Cryosections of SK-OV-3 xenografts were then observed by 

fluorescence microscopy (Figure 5). Both the tumor-targeted 

immunonanoparticles showed more effective localization 

in the tumor tissues compared to conventional DMKE/Chol 

lipoplexes.

The administered immunonanoparticles were cationi-

cally charged on their surface (Table 1). Nevertheless, the 

PEGylated immunonanoparticles were able to efficiently tar-

get the SK-OV-3 tumor tissues. This implies that PEGylation 

of cationic immunolipoplexes and immunoviroplexes with 

4 mole% of DSPE-mPEG
2000

 may provide adequate steric 

hindrance from serum components, resulting in less transgene 

expression in the first capillary bed of pulmonary vasculature 

and the reticuloendothelial system (RES) in the liver and 

spleen (Figure S3). These results indicate that PEGylation 

of lipid nanoparticles presumably provide further stability 

in maintaining nanoparticle membrane integrity, resulting in 

less accumulation in the lungs. The fully PEGylated immuno-

lipoplexes and immunoviroplexes were able to circulate long 

enough to be extravasated and then recognized by EGFRs 

on the tumor cell surface.

In vivo antitumoral activity of anti-EGFR 
immunonanoparticles containing Vim and 
JaK3 sirNas
In order to examine the antitumoral activity of Vim and 

JAK3 siRNAs combined, anti-EGFR immunonanoparticles 

containing Vim and/or JAK3 siRNA were prepared and intra-

venously administered to mice carrying SK-OV-3 tumors four 

Figure 5 In vivo localization of anti-EGFR immunonanoparticles in tumors.
Notes: Rhodamine-labeled anti-EGFR immunonanoparticles were intravenously administered to mice carrying SK-OV-3 tumors. In all, 24 hours post injection, tumor tissues 
were dissected and then examined using a fluorescence microscope (×100).
Abbreviations: EGFR, epidermal growth factor receptor; DMKE, O,O′-dimyristyl-N-lysyl glutamate; Chol, cholesterol.
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Figure 6 Inhibition of tumor progression by intravenous administration of anti-EGFR immunonanoparticles containing Vim-1 and/or JAK3 siRNAs.
Notes: Anti-EGFR immunonanoparticles containing Vim-1 and/or JAK3 siRNAs were intravenously administered to mice carrying SK-OV-3 tumors. The tumor growth was 
measured for 25 days (E) or 28 days (A and C), and the pulmonary tumor colonies (B, D, and F) were counted on the 28th day after the treatment. First, the mice were 
injected with immunonanoparticles containing Vim-1, JAK3, or Vim-1 and JAK3 siRNAs (A and B). Second, EGFR-targeted or -untargeted nanoparticles containing Vim-1 and 
JAK3 siRNAs were injected into the mice (C and D). Lastly, a combinatorial treatment of doxorubicin and immunonanoparticles with Vim-1 and JAK3 was given to the mice 
(E and F). The data represent the mean±sD of n=5. *P,0.05 and **P,0.01 between test groups.
Abbreviation: Vim, vimentin.

times at intervals of 3 days. During the 28 days of treatment, 

mice treated with both Vim and JAK3 siRNAs encapsulated 

in immunoliposomes or immunovirosomes exhibited slower 

tumor growth than those treated with either one of the siRNAs 

alone (Figure 6A). Under the same experimental conditions, 

virosomal formulations were generally more effective in 

inhibiting SK-OV-3 cancer progression. As expected, pulmo-

nary metastasis of SK-OV-3 xenografts was proportionally 
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correlated with tumor growth. Mice co-transfected with the 

two different siRNAs had a smaller number of tumor colo-

nies in the lungs compared to those treated with either one 

of the siRNAs alone (Figure 6B). These results highlighted 

two important points in in vivo transfection of anticancer 

therapeutic siRNAs. First, the prepared anti-EGFR immu-

nolipoplexes and immunoviroplexes were able to deliver 

siRNA molecules efficiently to the tumor tissues, result-

ing in significant inhibition of tumor progression. Second, 

in vivo co-transfection of Vim and JAK3 siRNAs was more 

effective in inhibition of tumor progression compared to 

transfection with either one of the siRNAs alone, as shown 

earlier (Figure 4). Recently, there have been a few reports 

regarding enhanced antitumoral effects of combinatorial 

RNAi therapy. For example, intravenous administration of 

immunolipoplexes with EGFR siRNA and telomerase reverse 

transcriptase siRNA showed an additive inhibitory effect on 

tumor progression in mice.36

In another set of mouse experiment, the EGFR-targeted 

and -untargeted nanoparticles were compared in terms of 

tumor growth and pulmonary colonization. The anti-EGFR 

immunoviroplexes and immunolipoplexes containing both 

Vim and JAK3 siRNAs were intravenously administered, 

and their antitumoral effects were then compared with that 

of untargeted nanoparticles (Figure 6C and D). Anti-EGFR 

immunoviroplexes had superior antitumoral effects compared 

to immunolipoplex formulations, as shown earlier. More 

importantly, compared to the untargeted formulation, both 

EGFR-targeted formulations resulted in ~75%–84% reduc-

tion of tumor growth and further decrease in lung coloniza-

tion on day 28 after the first treatment.

Combinatorial treatment with Vim/JAK3 
siRNA and doxorubicin
In the third set of mouse experiment, mice carrying tumors 

were co-treated with immunonanoparticles containing 

Vim and JAK3 siRNA and doxorubicin. Mice treated with 

Vim/JAK3 siRNA in addition to doxorubicin showed least 

growth of tumor xenografts, regardless of the immunoli-

poplexes or immunoviroplexes (Figure 6E and F). In addi-

tion, three out of five mice co-treated with doxorubicin 

and the therapeutic siRNAs showed complete regression 

of implanted tumors and no sign of pulmonary coloniza-

tion. These results suggest that the combinatorial treatment 

synergistically (or additively) drives their inhibitory actions 

put together in tumor progression, presumably resulting in 

effective inhibition of tumor growth and pulmonary metas-

tasis. As mentioned previously, Vim is a critical structural 

component responsible for cell division and survival,21 and 

JAK3 is essential for cell proliferation and survival.26 Doxo-

rubicin is a well-characterized anticancer drug that is known 

to bind to DNA-associated proteins and then intercalate 

into the base pairs of double helical DNA. This process is 

known to interfere with macromolecule synthesis and trigger 

apoptosis. The three different modes of anticancer action may 

be well matched to each other to drive the synergistically 

enhanced anticancer therapeutic efficacy.

Conclusion
This study shows that a rationale of targeted delivery of thera-

peutic siRNAs mediated by specific recognition of EGFRs 

on the tumor cell surface could be realized. It also suggests 

that a combination of RNAi therapy and conventional che-

motherapy can be considered as a plausible modality for 

effective cancer treatment. Among the tested anti-EGFR 

immunonanoparticles, the immunoviroplex formulation was 

the most efficient in delivering siRNA to target cancer cells, 

and therefore, it could be widely utilized for future RNAi-

based clinical applications.
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Supplementary materials

Figure S1 Elution profiles of anti-EGFR immunonanoparticles and unbound Abs.
Notes: The reaction mixtures of nanoparticles (liposomes and virosomes) and cetuximab antibodies (1:5 molar ratio of antibody and DSPE-PEG2000-Mal) were loaded onto 
a Sepharose CL-4B column and then eluted. The antibody concentration in each eluted fraction (1 mL) was quantified by colorimetric protein assay.
Abbreviations: EGFR, epidermal growth factor receptor; Ab, antibody; DSPE-PEG2000-Mal, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene 
glycol)-2000].

Figure S2 Cell toxicity of anti-EGFR immunonanoparticles.
Notes: sK-OV-3 (A) and B16BL6 (B) cells were treated with the various concentrations of anti-EGFR immunonanoparticles (immunoliposomes, immunovirosomes, 
immunolipoplexes, and immunoviroplexes) at 37°C for 24 h. Cell viability was measured by the MTT assay.
Abbreviations: EGFR, epidermal growth factor receptor; DMKE, O,O′-dimyristyl-N-lysyl glutamate.
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Figure S3 In vivo transfection of luciferase gene by anti-EGFR immunonanoparticles.
Notes: The anti-EGFR immunonanoparticles containing pLuc were intravenously administered to SK-OV-3-xenografted nude mice. Mice were sacrificed 24 hours post 
injection, and luciferase expression in the spleen, liver, lungs, kidneys, heart, and tumor tissues was measured and expressed as RLU per milligram of protein.
Abbreviations: EGFR, epidermal growth factor receptor; pLuc, plasmid encoding luciferase; RLU, relative light unit.
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