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Abstract: Cationic polymeric liposomes (CPLs) were successfully prepared using a tumor-targeting EGF protein 
modification for the systemic delivery of the p53 gene in ovarian cancer. These functional CPL nanoparticles (NPs) 
can be used as effective gene delivery vectors and are composed of an EGF derivative (EGF-GHDC), cholesterol, 
and DOPE, which have lower gene transfection efficiencies compared with Lipofectamine 2000. The increased 
therapeutic efficiency of p53 gene-loaded EGF-CPL was tested in SKOV3 cells and compared with p53 gene-loaded 
CPL and free p53 gene in solution. In addition, EGF-CPL (effective diameter: 95.01±4.05 nm; polydispersity index: 
0.270) significantly enhanced luciferase gene expression in vivo 3 days post-injection of pGL-3/NPs complexes. In 
conclusion, EGF-targeted CPL has the potential for use as an effective drug delivery system.
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Introduction

Gene therapy involves the therapeutic use of 
genes to fundamentally treat human diseases 
such as cancer and inherited genetic disorders. 
One of the major challenges to the success of 
cancer gene therapy is the formulation of a 
highly efficient method of therapeutic gene 
delivery to a specific target site. Compared with 
viral vectors [1-4], the superiority of nonviral 
vectors is reflected in their safety and pharma-
ceutical features, such as low immunogenicity, 
low toxicity and large-scale construction; how-
ever, they tend to show poor active tumor tar-
geting and lower transfection efficiencies in 
vivo [5, 6]. Cationic polymers and liposomes 
have emerged as important nonviral gene deliv-
ery tools and have been used to transfect vari-
ous cell types and deliver cancer vaccines [7-9]. 
Extensive efforts have been made to modify 
gene carriers using target-specific receptors, 
including epidermal growth factor receptor 
(EGFR) [10, 11], human epidermal growth fac-
tor receptor-2 (HER2) [12], and folate [13], to 

achieve highly tumor-targeted gene delivery 
systems. Epidermal growth factor (EGF) is one 
ligand involved in the ErbB pathway that is 
being investigated for use in ovarian cancer tar-
geted therapy [14].

The present study used the EGF ligand-me- 
diated cationic polymeric liposome (CPL) [15, 
16] gene delivery vectors for the therapeutic 
delivery of the p53 gene to ovarian carcinoma. 
Previous studies have confirmed that functional 
CPLs, formed from octadecyl quaternized car-
boxymethyl chitosan (OQCMC) and cholesterol 
(Chol), have a stable lipid bilayer structure and 
good drug delivery characteristics [17]. In the 
current study, EGF was coupled to CPL vectors 
to form EGF-targeted gene and drug vectors, 
which were used to deliver the p53 gene for the 
treatment of ovarian cancer. The physiochemi-
cal characteristics of the p53 DNA-loaded EGF-
CPL complexes were analyzed by UV and includ-
ed particle size, zeta potential measurements, 
TEM, and AFM. Moreover, we discuss the thera-
peutic effects and gene transfection efficiency 
of p53-loaded EGF-CPLs.
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Materials and methods

Materials

Anti-EGF antibody (ab9695) was purchased 
from Abcam (Cambridge, UK). Glycidyl he- 
xadecyl dimethylammonium chloride (GHDC) 
was a gift from the XF Liang laboratory (State 
Key Laboratory of Oncogenes and Related 
Genes, Shanghai Cancer Institute). Molecular 
biology grade reagents, including L-α-pho- 
sphatidylethanolamine (DOPE), N,N-dimethylte- 
tradecylamine, pancreatic DNase I (specific ac- 
tivity of 2000 Kunitz units/mg) and 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MT), were obtained from Sigma (St. 
Louis, MO, USA). All other chemicals were of 
reagent grade and used without further purifi-
cation. A luciferase activity assay kit was 
obtained from Promega (Madison, USA).

SKOV3 cells were purchased from the American 
Type Culture Collection (Rockville, MD) and cul-
tured in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 10% fetal bovine serum 
(FBS) at 37°C and 5% CO2. The plasmid DNAs 
were propagated in selective Luria-Bertani (LB) 
medium, centrifuged, and extracted from the 
cell pellets using the Qiagen Endofree Mega 

yl quaternized EGF-GHDC. The sample was dia-
lyzed (molecular weight cut-off of 1000 Da) 
against deionized water for 24 h and lyophilized 
to form a white powder. After lyophilization, the 
weights of the conjugates were measured to 
calculate the conjugation ratio. The EGF 
nanovesicles were prepared via the reverse-
phase evaporation (REV) method. EGF-CPLs, 
EGF-GHDC, DOPE and cholesterol were dis-
solved in dichloromethane at room tempera-
ture to obtain the organic phase. Hydrophobic 
cargos may have been added to the organic 
phase, such as anticancer drugs (e.g., paclitax-
el) or lipid-soluble QDs. Following sufficient dis-
solution, the aqueous phase and organic phase 
were mixed and sonicated using an ultrasonic 
probe at 100 W output for 3.0 min. The organic 
solvents were evaporated to form a gel-like, 
highly concentrated EGF liposome suspension 
on a rotary evaporator that could be diluted 
with a suitable aqueous buffer solution.

The average particle size and charge of CPLs 
and EGF-CPLs were determined using quasi-
elastic laser light scattering with a Malvern 
Zetasizer (Nano-ZS 90, Malvern Instruments 
Limited, United Kingdom) and reported as the 
mean ± SE (n=3). The images were captured 
with an atomic force microscope (BioScope 

Figure 1. Schematic of the designed EGF modified CPLs performed by cat-
ionic polymeric lipids and lipid components.

Plasmid Kit (Qiagen, Hilden, 
Germany) according to the 
manufacturer’s instructions. 
Female BALB/C mice (aged 
6-8 weeks; weighing 18-22 g) 
were purchased from National 
Rodent Laboratory Animal Re- 
sources, Shanghai Branch (Sh- 
anghai, China) and maintain- 
ed in a pathogen-free envir- 
onment under controlled tem- 
peratures.

Preparation and characteriza-
tion of CPL and EGF-CPLs

First, 0.1 mg anti-EGF anti-
body was dissolved in a 10 mL 
mixture of deionized water 
saturated with isopropanol; 
1.0 mg GHDC was added 
slowly to the EGF solution, fol-
lowed by maintenance of the 
reaction at 4°C for 24 h with 
stirring to obtain the hexadec-
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Figure 2. (A) Ultraviolet spectra analysis of CPL and EGF-CPL. (B) Transmission electron micrographs of EGF-CPL. (C) 
Zeta potential distribution and (D) Particle size distribution based intensity of EGF-CPL.

SPM, DI, USA) using scan rates between 0.5 
and 1 Hz.

Preparation of gene-loaded EGF-CPLs

The EGFP and p53 plasmids were transformed 
and amplified in E. coli DH5α competent cells 
(TIANGEN, Beijing, China) and purified using the 
EndoFree Plasmid Maxi Kit (Qiagen). The gene-
loaded cationic EGF-CPL NPs were obtained 
utilizing electrostatic attraction between differ-
ent blank EGF-CPLs and the anionic plasmid 
DNA. In brief, the reporter gene pEGFP solution 
was added to the EGF-CPL solution at a fixed 
weight ratio (CPL: DNA, w/w) and then main-
tained at room temperature for 20 min; the 
resultant EGF-CPL/DNA complexes were used 
directly for subsequent studies.

DNA stability study

Different CPL NPs were formed at 40 µg/mL in 
a total volume of 200 µL of final plasmid DNA. 
DNase I was added to the CPLs at 1 unit/µg of 
DNA, incubated at 37°C for 30 min and inacti-
vated by adding ten microliters of an EDTA solu-

tion (0.25 M). CPLs were disassembled by add-
ing 5 IU of heparin and 10% Triton X-100 and 
then analyzed by agarose gel electrophoresis. 
In parallel, the following were also analyzed 
using gel electrophoresis, followed by a com-
parison of plasmid integrity to untreated DNA: 
untreated EGFP plasmid (pEGFP), pEGFP incu-
bated with DNase I, CPLs in the absence of 
DNase I and CPLs incubated with DNase I.

In vitro gene expression and transfer

SKOV3 cells were seeded at 2.0×104 cells per 
well in a 24-well plate and incubated in DMEM 
supplemented with 10% serum at 37°C. When 
the cells reached 70-80% confluence, wells 
were transfected with different CPL/DNA com-
plexes and naked plasmid with 1 µg DNA per 
well at different molar ratios. After a 48 h-incu-
bation at 37°C, the enhanced green fluores- 
cent protein (EGFP) was qualitatively visualized 
using a fluorescent microscope (Leica) and the 
percentage of transfected cells (transfection 
efficiency) and the total green fluorescence 
intensity were measured using a FACSCalibur 
flow cytometer (EPICS XL-MCL ADC). Trans- 
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fection efficiency was expressed as the mean ± 
SE of four measurements and the total green 
fluorescence intensity as an indicator of overall 
EGFP expression levels. The animal experi-
ments were conducted according to national 
regulations and with the approval of the Animal 
Center of Shanghai Jiaotong University and Use 
Committee and the local animal experiments 
ethical committee. Subcutaneous ovarian can-
cer tumors were induced by inoculation of 
1×107 mouse SKOV3 cells in the flank. Groups 
of female BALB/c nude mice (n=4) were admin-
istered 40 µg of pGL-3 luciferase plasmid DNA 
(controls) when the tumor volume reached 
0.5-1 cm3, or pGL-3 luciferase plasmid formu-
lated with Lipofectamine 2000/DNA, CPLs/
DNA or EGF-CPLs/DNA complexes. The mice 
were euthanized 3 days after injection, and 
luciferase levels in the tumor, heart, spleen, 
liver and lung were measured, as previously 
described [18]. 

In vitro cytotoxicity assays

SKOV3 cells were seeded at 2×104 cells per 
well in 96-well plates and cultured in 1640 

medium plus 10% serum. The cells were treat-
ed with phosphate buffered saline (PBS), 
Lipofectamine 2000 (Lipo 2000), CPL, Lipo 
2000/DNA, CPL/DNA or EGF-CPL complexes, 
which were prepared at a dose of 0.6 µg at an 
NPs:DNA weight ratio of 6:1 DNA per well. After 
48 h, 20 µL of MTT solution (5 mg/mL) was 
added to each well for a final concentration of 
0.5 mg/mL, followed by incubation at 37°C for 
4 h. Media were aspirated from each well, fol-
lowed by the addition of 150 µL of dimethyl 
sulfoxide (DMSO) and pipetting to dissolve the 
crystals. The plate was then replaced and incu-
bated at 37°C for 5 min and measured by 
absorbance at 550 nm. The absorbance for 
experimental groups is expressed as the per-
cent of the control group, where the control is 
defined as 100% viable.

Statistical analysis

Statistical analyses were performed using 
Student’s t-test and all data are expressed as 
the mean ± standard error of the mean (SEM). 
The differences were considered significant for 
p values <0.05.

Figure 3. (A) Agarose gel electrophoresis analysis of CPL and EGF-CPL combined with DNA at various weight ratios. 
Lane 1: DNA control; lanes 2-14: NPs/DNA weight ratios of 1:1 to 13:1. In vitro luciferase expression (B) and EGFP 
expression of fluorescent intensity (C) in SKOV3 cells. Different wells of cells were transfected with naked plasmid, 
lipo 2000/DNA complexes, CPL/DNA complexes and EGF-CPL/DNA complexes at varied weight ratios of total CPLs/
DNA of 3/1, 6/1 and 9/1 at a dose of 1 μg of DNA per well. The EGFP plasmid was used; at 48 h, fluorescent mi-
croscopy was performed.
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Results and discussion

Preparation of CPL nanoparticles and their 
conjugation with EGF

Using an insertion and assembly method of  
the precursor, EGF-GHDC was synthesized first 
and the EGF-CPLs were assembled later from 
TQCMC, DOPE, Chol and EGF-GHDC (Figure 1) 
by liposome preparation methods (REV). The 
prepared oligopeptide surfactant was charac-
terized by H-NMR, and the relative content of 
oligopeptide in EGF-GHDC was calculated from 
the weight ratio of peptide to the total modified 
conjugates. In this study, the content of EGF in 
the conjugates was ~37.88±10.78% wt % and 
the EGF content in the CPL NPs could be con-
trolled by varying the weight ratio of EGF-GHDC 
to CPL in the feed.

Characterization of EGF-CPLs

UV-Visible spectral analysis was used to de- 
termine the exact content of EGF on the CPL 
NPs (Figure 2A), and obvious differences were 

observed in the UV absorption patterns of CPLs 
and EGF-CPLs. EGF had an absorption peak at 
275 nm in the UV spectrum. EGF-CPLs exhibit-
ed a similar peak but displayed a bathochromic 
shift at 277 nm, which could be attributed to 
the addition of EGF-GHDC in the CPL NPs. In 
contrast, the CPL NPs did not demonstrate any 
distinct absorption peaks from 200 to 600 nm. 
The above result indicated that the inserted 
EGF-GHDC units caused differences between 
the UV spectra of the CPLs and EGF-CPLs. The 
size and zeta potential values were approxi-
mately 50~200 nm and 10~50 mV, respective-
ly. The EGF-CPLs were spherical in shape with  
a generally narrow particle size distribution. 
However, the spherical shape became increas-
ingly irregular with a slight increase in diame- 
ter (Figure 2B). The hydrodynamic diameter of 
EGF-CPL was 95.01±4.053 nm with a corre-
sponding polydispersity index (PDI) of 0.270, 
which is larger than the TEM diameter for the 
hydration of polymeric liposome bilayers asso-
ciated with the CPLs. 

Characterization of EGF-CPL as gene delivery 
vectors

Agarose gel electrophoresis was performed at 
weight ratios ranging from 0 to 13 to investi-
gate the DNA condensation capacity of EGF-
CPLs. The mobility of the plasmid was com-
pletely retarded at ratios higher than 4 (for 
EGF-CPL) and 9 (CPL), indicating that all the 
CPL NPs could bind DNA strongly, as shown in 
Figure 3A. It was also observed that the capac-
ity of the EGF-CPLs to condense DNA was 
increased upon the addition of EGF-GHDC in 
the NPs compared to the CPLs.

Luciferase expression experiments were car-
ried out to quantitatively test the gene transfec-
tion efficiency of EGF-modified liposomes and 
EGF-free liposomes. As shown in Figure 3B, the 
luciferase expression mediated by EGF-CPLs/
PGL-3 and CPLs/PGL-3 complexes was influ-
enced by SKOV3 cell lines. The expression of 
luciferase-mediated by the EGF-CPLs was 
4-fold higher than the expression mediated by 
CPLs. These results suggested that EGF-CPLs 
can selectively deliver genes to cells overex-
pressing EGF.

SKOV3 cells were also chosen to study the 
gene transfection efficiency of EGF-modified 

Figure 4. A. Flow cytometry analysis of SKOV3 cells 
incubated with the control, free FITC, FITC-CPL and 
FITC-EGF-CPL for 20 min at the same NP concen-
trations (20 μg/mL). B. The cytotoxicity of CPL and 
EGF-CPL were measured using MTT assays after a 
48-h incubation with SKOV3 cells, enhancing the in-
hibition effect on cell growth with CPL/P53 and EGF-
CPL/P53 complexes in the SKOV3 cells. Each point 
represents the mean ± SD of three experiments.
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CPLs and CPLs (at different NPs: DNA weight 
ratios of 4:1 and 9:1, respectively). As shown  
in Figure 3C, in EGF-overexpressing SKOV3 
cells, EGF-CPLs displayed higher GFP fluores-
cence than did the EGF-free CPLs. This implied 
that the enhanced fluorescence expression of 
EGF-CPLs by SKOV3 was due to EGF-mediated 
endocytosis. 

Figure 4A shows the cell uptake efficiency of 
FITC-labeled CPL and EGF-CPL. The EGF-CPL 
showed higher FITC fluorescence intensity in 
the SKOV3 cells. In addition, the average fluo-
rescence intensities (geometric mean) treated 
with EGF-CPL were almost twice that of the 
cells treated without EGF modification, indicat-
ing that EGF modification can enhance the cell 
uptake efficiency of CPL NPs.

Cytotoxicity and in vitro growth inhibition of 
SKOV3 cells

Cytotoxicity is a significant parameter of nonvi-
ral vectors. The MTT assay comparing CPLs/
DNA and EGF-CPLs/DNA was performed in 

SKOV3 cells with the Lipo 2000/pDNA complex 
used as a control. As shown in Figure 4B, all 
samples displayed high cell viabilities at NP 
concentrations of 1 and 2 μg/ml after 48 h 
incubation. Compared to Lipo 2000/pEGFP 
complexes, the CPLs/pEGFP and EGF-CPLs/
pEGFP complexes also exhibited lower cytotox-
icities after 48 h incubation at higher NP con-
centrations of 20 and 80 μg/ml. Furthermore, 
the growth inhibition of SKOV3 cells by CPLs/
p53 gene and EGF-CPLs/p53 gene after 48 h 
incubation at different NP concentrations (from 
1 to 80.00 µg/ml) were observed. All NPs dem-
onstrated dose-dependent cell growth inhibi-
tion rates and cytotoxicity in the SKOV3 cells 
after a 48 h incubation. Distinct differences in 
the growth inhibition of the SKOV3 cells could 
not be found at lower NP concentrations of 1.0 
and 2.0 µg/ml. At increased NP concentrations 
of 20.0 and 80.0 µg/ml, CPLs/p53 and EGF-
CPLs/p53 both significantly enhanced the cyto-
toxicity [P<0.05].

In vivo analysis of delivered genes by EGF-CPL

The consequent in vivo luciferase activity and 
Chol biodistribution of the nontargeted CLs and 
EGF-CPL/pGL3 were quantitatively analyzed at 
3 days post injection (Figure 5). The CPLs with 
EGF modification exhibited the strongest tumor-
targeting capacity, based on an analysis of Chol 
biodistribution. The tumor Chol content in the 
EGF-CPL group was consistently higher than 
that of the Lipo 2000 and CPL groups and 
exhibited distinct differences at 3 days post 
injection (EGF-CPL vs CPL and EGF-CPL vs Lipo 
2000, P<0.05).

The Lipo 2000/pGL3, CPL/pGL3 and EGF-CPL/
pGL3 complexes were formulated at an optimal 
weight ratio of 5:1 (material to plasmid), con-
tained 40 μg of plasmid, and were injected into 
tumor-bearing mice via the tail vein. Three days 
after tail vein injection, the tumor luciferase 
expression induced by the EGF-CPL/pGL3  
complexes was approximately three-fold hig- 
her than that of the CPL/pGL3 complexes. The 
observed trend in the cholesterol content was 
consistent with that of luciferase expression. 
These data demonstrated that EGF can be  
specifically targeted to ovarian cancer, reduc-
ing the circulation of the EGF-CPL/pGL3 com-
plexes and subsequently promoting gene ex- 
pression in vivo.

Figure 5. In vivo Chol distribution (A) and luciferase 
expression (B) of Lipo 2000/pGL-3, CPL/pGL-3, and 
EGF-CPL/pGL-3 complexes 3 days after administra-
tion to tumour-bearing nude mice via tail vein injec-
tion.
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Conclusions

By combining the superiority of the EGF protein 
and cationic liposomes, we have developed an 
efficient targeted gene delivery system. Stable 
EGF-CPLs/DNA complexes proved to have a 
high gene transfection efficiency in SKOV3 
cells. The EGF-CPLs offer significant advantag-
es, including small and stable particle sizes to 
improve the reproducibility of transfection effi-
cacy, decreased cytotoxicity, and efficient tr- 
ansfection of SKOV3 cells in vitro and in vivo. 
The results demonstrate that the EGF-CPL vec-
tor can effectively deliver the p53 gene into tar-
get tumors and inhibit tumor growth in vitro. 
Our findings clearly support the potential of 
nonviral gene delivery strategies for the treat-
ment of malignant tumors.
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