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Abstract. Pediatric head and neck cancers account for overall 
12% of all pediatric cancers. Despite recent advances in 
therapeutic modalities, children with tumor metastasis have 
poor prognosis. Therefore, there is an unmet need for new 
and effective treatment modalities for pediatric head and 
neck cancers. The present study describes a simple and effi-
cient method for fabrication of cationic lipid‑polymer hybrid 
nanoparticles (CLPNs) for co‑delivery of cisplatin (CDDP) 
and DNA (CDDP/DNA CLPNs) for the therapy of childhood 
head and neck cancers. CDDP/DNA CLPNs were prepared 
by the modified double emulsion solvent evaporation method 
with self‑assembly. CDDP‑loaded CLPNs (CDDP CLPNs), 
CDDP‑loaded polymeric nanoparticles (PNPs) (CDDP PNPs), 
and DNA‑loaded Lipofectamine® 2000 (DNA LIPO) were 
also prepared for comparison. The results illustrated that 
the concentration of the cationic lipid has influence on the 
characteristics of CLPNs. In vitro anticancer effect, in vitro 
transfection efficiency, in vivo antitumor and gene delivery 
efficacy of CDDP/DNA CLPNs have advantages over other 
formulations tested. In conclusion, outstanding delivery ability 
of CLPNs for both CDDP and DNA could combine the thera-
peutic efficiency of both drug and gene for the treatment of 
pediatric rhabdomyosarcoma (RMS).

Introduction

Pediatric malignancies are the leading cause of disease‑related 
death in children and the second overall cause of death 

after accidents (1). Pediatric head and neck cancers account 
for overall 12% of all pediatric cancers (2). Recently, pedi-
atric head and neck cancers were shown to increase faster 
than pediatric cancers overall. Lymphoma, particularly 
non‑Hodgkin lymphoma, rhabdomyosarcoma  (RMS), and 
nasopharyngeal carcinoma  (NPC) are the most common 
pediatric cancers of the head and neck region (3,4). Among 
them, RMS is the most common soft‑tissue sarcoma found 
in children and adolescents (5). The currently available treat-
ments include surgery, chemotherapy, and radiation. In view 
of their high metastatic potential, chemotherapy has become 
one of the main treatments recently. Despite recent advances 
in therapeutic modalities, children with tumor metastasis 
have poor prognosis. Therefore, there is an unmet need for 
new and effective treatment modalities for pediatric head and 
neck cancers.

Platinum‑based agents form the backbone of the standard 
chemotherapeutic regimens for head and neck cancers of both 
children and adults. Specifically, cisplatin (CDDP) is the most 
commonly used drug in the treatment of RMS and NPC, the 
two most common pediatric cancers of the head and neck 
region (6,7). However, CDDP is nephrotoxic with the toxicity 
profile increasing with increase in dose; development of drug 
resistance and several dose‑limiting toxicities have severely led 
to poor patient compliance and failure of chemotherapy (8,9). 
Therefore, any strategy that would reduce the dose and toxicity 
of CDDP‑based chemotherapy consequently is a welcome 
measure in oncology practice.

The combination of CDDP with other therapeutic methods, 
such as gene therapy, has become an attractive treatment project 
for head and neck cancers (10,11). Nanocarrier‑based chemo-
therapeutic drugs, either alone or in combination with gene 
anticancer therapies, are currently under development with 
the goal of improving survival and clinical outcome (12‑14). 
Among the various non‑viral gene vectors, cationic lipids 
are ideal gene carriers because of their superior transfection 
efficiency, excellent gene‑incorporation ability (15). Cationic 
lipid‑polymer hybrid nanoparticles (CLPNs), which may take 
advantage of the unique strengths of both polymeric nanoparti-
cles (PNPs) and liposomes, are the ideal carriers for co‑delivery 
of chemotherapeutics and genes (16‑19). CLPNs are core‑shell 
nanoparticle structures comprising polymer cores and lipid 
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layers (20). Recently, LPNs of CDDP with high drug‑loading 
capability were investigated and showed excellent safety and 
antitumor efficacy in mice (14,21). Nano‑combination delivery 
systems of CDDP with DNA may reverse drug resistance and 
hence enhance the efficacy of CDDP to eventually improve 
overall treatment outcomes.

The present study describes a simple and efficient method 
for fabrication of CLPNs for co‑delivery of CDDP and 
DNA (CDDP/DNA CLPNs). Plasmid‑enhanced green fluores-
cent protein was selected as the model DNA. CDDP‑loaded 
CLPNs (CDDP CLPNs), CDDP‑loaded PNPs (CDDP PNPs), 
and DNA‑loaded Lipofectamine® 2000 (DNA LIPO) were 
also prepared for comparison. The influence of cationic lipid 
concentration on the characteristics of CLPNs was evaluated. 
In vitro anticancer effect of free drug and CLPNs, and in vitro 
transfection efficiency were investigated on human RMS cell 
line, RD‑4 cells. Finally, in vivo antitumor efficacy study was 
performed in the xenograft tumor model.

Materials and methods

Materials. CDDP, PLGA (50:50) [molecular weight (MW), 
7,000‑17,000], poly(vinyl alcohol) (PVA) (87‑89% hydrolyzed; 
MW, 13,000‑23,000), 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑di-
phenyltetrazolium bromide  (MTT) were purchased from 
Sigma‑Aldrich (Shanghai, China). Plasmid EGFP (pEGFP) 
was obtained from Clontech Laboratories, Inc.  (Palo Alto, 
CA, USA). Cationic lipid 1,2‑di‑(9Z‑octadecenoyl)‑3‑trimeth-
ylammonium‑propane (DOTAP) was purchased from Avanti 
Polar Lipids  (Alabaster, AL, USA). Lipofectamine®  2000 
Transfection Reagent was obtained from Thermo Fisher 
Scientific (Waltham, MA, USA). Quant‑iT™ PicoGreen® dsDNA 
quantitation reagent was obtained from Invitrogen by Life 
Technologies (Carlsbad, CA, USA). Fetal bovine serum (FBS) 
was the product of Thermo Fisher Scientific (Fairlawn, NJ, 
USA). All other chemicals were of analytical grade and used as 
obtained without further purification.

Preparation of CDDP/DNA CLPNs and CDDP CLPNs. 
CDDP/DNA CLPNs were prepared by the modi-
fied double emulsion solvent evaporation method with 
self‑assembly (Fig. 1) (18). Briefly, CDDP (0.1 g), PLGA (0.3 g), 
and DOTAP were dissolved in dichloromethane (10 ml) to 
form the organic phase. pEGFP (0.1 g) was dissolved in an 
aqueous solution (1 ml). The water‑in‑oil emulsion was formed 
by the addition of an aqueous phase into an organic phase with 
sonication. The primary emulsion was transferred to 1% w/v 
PVA aqueous solution and sonicated in an ice bath. The resul-
tant secondary (water‑in‑oil‑in‑water) emulsion was stirred 
overnight at room temperature until the evaporation of dichlo-
romethane was complete. The final formulated CDDP/DNA 
CLPNs were washed three times by a repeating centrifugation 
step and freeze‑dried at ‑20˚C. To investigate the influence 
of cationic lipid concentrations on size, charge, and in vitro 
performance, five formulation groups of CDDP/DNA CLPNs 
were prepared with different concentrations of cationic lipid 
(DOTAP) to polymer (PLGA) ratio (5, 10, 15, 20 and 25%), 
named CDDP/DNA CLPNs 1 (5%), CDDP/DNA CLPNs 2 
(10%), CDDP/DNA CLPNs 3 (15%), CDDP/DNA CLPNs 4 
(20%), CDDP/DNA CLPNs 5 (25%). 

CDDP CLPNs were prepared by the same method without 
the use of pEGFP. 

Blank CLPNs were prepared by the same method without 
the use of pEGFP and CDDP.

Preparation of CDDP PNPs. CDDP PNPs were prepared by 
the emulsion solvent evaporation method (22). Briefly, CDDP 
(0.1  g), PLGA (0.3  g) were dissolved in dichloromethane 
(10 ml) to form the organic phase. The organic phase was 
added drop‑wise into 1% w/v PVA aqueous solution being 
stirred at 400 rpm at room temperature until the evaporation of 
dichloromethane was complete. Then the resulting suspension 
was washed three times by repeating the centrifugation step 
and freeze‑dried at ‑20˚C to get the final formulated CDDP 
PNPs. 

Blank PNPs were prepared by the same method without 
the use of CDDP.

Preparation of DNA LIPO. For the comparison of the gene 
transfection efficacy of CDDP/DNA CLPNs, DNA LIPO 
complexes were prepared by the following method (12): DNA 
and Lipofectamine® 2000 (1:2 w/w) was mixed for 30 sec 
using a vortex mixer. Then, the DNA LIPO was obtained by 
incubating the mixture for 30 min and freeze‑dried at ‑20˚C.

Characterization
Morphology. The morphology of CDDP/DNA CLPNs, 
and CDDP PNPs was examined by transmission electron 
microscopy (TEM) (JEM‑200CX; JEOL Co., Ltd., Tokyo, 
Japan)  (23). Samples were stained at room temperature 
with freshly prepared and sterile‑filtered 1% (w/v) phos-
photungstic acid aqueous solution. The samples were then 
placed in a carbon‑coated copper grid and air‑dried prior to 
imaging (24).

Size and surface charge. The mean particle diameter, 
size distribution (polydispersity index), and surface charge 
(ζ potential) of CDDP/DNA CLPNs and other nanoparticles 
were determined by dynamic light scattering (DLS) using a 
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) (25).

DNA‑binding efficiency  (DE). The DE of CDDP/DNA 
CLPNs was determined by the PicoGreen fluorometry 
method  (26). Briefly, free pEGFP was isolated from the 
CDDP/DNA CLPNs by centrifugation at 15,000  rpm and 
4˚C for 30 min, the supernatants were collected, and the 
concentration of pEGFP was assessed by a fluorescence 
spectrophotometer (Ex/Em = 480/520 nm) (Hitachi F-2500; 

Figure 1. Scheme of the preparation of CDDP/DNA CLPNs. CDDP, cisplatin; 
CLPNs, cationic lipid‑polymer hybrid nanoparticles.
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Hitachi High‑Technologies Corp., Tokyo, Japan). The amount 
of DNA loaded in the CDDP/DNA CLPNs was calculated as:

	 weight of DNA	 weight of free
	‑
	 totally added	 DNA tested
	 DE (%) = ------------------------------------------------------------	 x 100	 (1)
	 weight of DNA totally added

CDDP encapsulation ef f iciency  (CE). The CE in 
the CDDP/DNA CLPNs and CDDP PNPs was deter-
mined by inductively coupled plasma‑optical emission 
spectrometry (ICP‑OES) (27). The detection was carried out 
at λ=265.9 nm. The amount of CDDP was calculated as:

	 weight of CDDP	 weight of non‑
	 -
	 totally added	 encapsulated CDDP
	 CE (%) = ----------------------------------------------------------------------	 x 100	 (2)
	 weight of CDDP totally added

Plasma stability. The plasma stability of the CDDP/DNA 
CLPNs and other nanoparticles was determined in the presence 
of 50% plasma (v/v) (28,29). The formulations were incubated 
in phosphate‑buffered saline (PBS) solution containing 50% 
FBS at 37˚C for 24 h, separately. At scheduled times (0, 2, 4, 8, 
12 and 24 h), 1 ml of each sample was diluted with 2 ml THF 
and the mixture was bath‑sonicated for 5 min, followed by 
centrifugation at 10,000 rpm for 5 min. The variation trends of 
the size, CE, and DE were calculated by the method indicated 
above.

Cells. Human RMS cell line, RD‑4 cells, were obtained from 
the American Type Culture Collection (Manassas, VA, USA) 
and cultured at 37˚C and 5% CO2 in DMEM supplemented 
with 10% FBS and 1% penicillin (5,000 U/ml)‑streptomycin 
(5,000 U/ml).

In  vitro cytotoxicity. The in  vitro cytotoxicity of 
CDDP/DNA CLPNs and other nanoparticles was evaluated on 
RD‑4 cells by MTT assay (30). Cells cultured in the above 
section were seeded in a 96‑well plate at a seeding density 
of 104 cells/well. The culture medium was then replaced with 
various doses of CDDP/DNA CLPNs and other nanoparticles. 
Culture medium was used as a blank control. After 48 h of 
incubation, the media were replaced with 90 µl of free‑serum 
medium and 10 µl of MTT solution (5 mg/ml in sterile PBS). 
After a 4‑h incubation at 37˚C, the MTT solution in the wells 
was replaced with 100 µl dimethylsulfoxide (DMSO). The 
absorption at 570 nm (OD570) was measured on a spectropho-
tometer. The cell viability was converted and expressed as the 
percentage of the control, and the IC50 values were calculated 
accordingly.

In vitro gene transfection. The in vitro transfection effi-
cacy of CDDP/DNA CLPNs and DNA LIPO was evaluated 
on RD‑4 cells, using CDDP CLPNs and blank CLPNs as 
control (24). Cells cultured in the above section were seeded 
in a 96‑well plate at a seeding density of 104 cells/well, 24 h 
prior to transfection. The media were replaced with 200 µl 
serum‑free media containing CDDP/DNA CLPNs and other 
nanoparticles at 37˚C. Naked DNA solution was used as a 
negative control. DNA LIPO was used as a positive control. 
The original incubation medium was replaced with 1 ml of 
complete medium after incubation for 4 h at 37˚C in a 5% CO2 

incubator, and then cells were incubated sequentially until 
48 h post‑transfection.

Flow cytometry was carried out for the quantitation of the 
cells which were successfully transfected. At the end of the 
incubation, cells were washed once with 1 ml of PBS and were 
detached with trypsin/EDTA. Then the cells were centrifuged 
at 1,500 rpm, at 4˚C for 5 min, the supernatant was discarded, 
and the cells were washed once with 1 ml of PBS, centri-
fuged again (1,500 rpm, 4˚C for 5 min), the supernatant was 
discarded, and the cells were re‑suspended in 300 µl of PBS 
and directly introduced to a BD FACSCalibur flow cytom-
eter (Becton, Dickinson and Co., Franklin Lakes, NJ, USA).

Animals. BALB/c nude mice (5‑6 week‑old, 18‑22 g) were 
purchased from the Shanghai Slack Laboratory Animal Co., 
Ltd. (Shanghai, China) and were maintained under specific 
pathogen‑free conditions. Ethics approval was received 
from the Medical Ethics Committee of Kunming Medical 
University (no. KMMU20160316-1).

In vivo antitumor efficacy. The in vivo antitumor efficacy of 
CDDP/DNA CLPNs and other nanoparticles was investigated 
in RD‑4 tumor‑bearing BALB/c nude mouse models, which 
were developed by injection of RD‑4 cells in the right armpit 
of BALB/c mice (31). When tumor volume reached ~50 mm3, 
transplanted mice were randomly divided into seven groups 
(8 mice/group) separately. Formulations for the seven groups 
were as follows: group 1, 0.9% saline (control group); group 2, 
CDDP solution (8 mg/kg); group 3, blank PNPs; group 4, 
CDDP PNPs (4 mg/kg); group 5, blank CLPNs; group 6, CDDP 
CLPNs (4 mg/kg); group 7, CDDP/DNA CLPNs (4 mg/kg). 
The mice of each group were given the above formulations 
by tail vein injection once every 3 days. Three weeks later, 
all the mice were sacrificed by cervical dislocation and the 
tumor tissue samples were taken out. Tumor volume of each 
mouse was measured with a digital caliper every 3 days, and 
was calculated according to the equation:

	 (major axis) x (minor axis)2

	 V (mm3) = ---------------------------------------------------	 (3)
	 2

The antitumor efficacy of each formulation was evalu-
ated by tumor inhibition rate  (TIR), which was calculated 
by measuring the tumor weight  (TW) using the following 
formula: 
	 TW of	 TW of
	 -
	 control group	 treated group
	 TIR (%) = -----------------------------------------------------------	 (4)
	 TW of control group

In  vivo gene delivery. The RD‑4 tumor‑bearing BALB/c 
nude mouse model was designed by the method indicated in 
the above section. Then, six groups of tumor‑bearing mice 
received a 300‑µl intravenous injection: group 1, 0.9% saline 
(control group); group 2, naked DNA solution; group 3, DNA 
LIPO; group 4, blank CLPNs; group 5, CDDP CLPNs; group 6, 
CDDP/DNA CLPNs, respectively. After 48  h, mice were 
sacrificed by cervical dislocation, and their tumor tissues were 
taken and washed with cold saline twice. Tissues were homog-
enized in lysis buffer (0.05% Triton X‑100, 2 mM EDTA, 
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0.1 M Tris‑HCl, pH 7.8). After several cycles of freezing and 
thawing, the homogenates were centrifuged at 10,000 rpm for 
5 min to obtain the cells. Cells were cultured by the method of 
I̒n vitro cytotoxicityʼ section.

For qualitative analysis, fluorescent cells were observed 
using an inverted fluorescence microscope (Olympus ZX71; 
Olympus Corp., Tokyo, Japan) and the picture was captured. 
The transfection efficiency of the fluorescent cells was quanti-
fied using the flow cytometry method described in the I̒n vitro 
transfectionʼ section.

Statistical analysis. The data are presented as means ± stan-
dard deviation (SD). Statistical analysis was performed by 
a one‑tailed Student's t‑test in Excel. Statistical significance 
was established at the 5% level (P<0.05) for all statistical 
analyses.

Results

Optimization of CDDP/DNA CLPNs. In order to optimize 
cationic lipid (DOTAP) to polymer (PLGA) ratio, CDDP/DNA 
CLPNs with different concentrations of lipids were prepared 
using different ratios of cationic lipid to polymer: 5, 10, 15, 
20 and 25%. The influence of the lipid to the polymer ratio 
was determined in terms of particle size, polydispersity index, 
surface charge, DE and CE (Table I).

It was observed that the particle diameters of CDDP/DNA 
CLPNs  1, CDDP/DNA CLPNs  2, CDDP/DNA CLPNs  3, 
CDDP/DNA CLPNs 4, and CDDP/DNA CLPNs 5 were 335.2, 
243.1, 137.6, 133.6 and 141.2 nm, respectively. The polydisper-
sity index of CDDP/DNA CLPNs 1 (0.67) and CDDP/DNA 
CLPNs 2 (0.36) were significantly higher than other formula-
tions, suggesting that the ratios of 5 and 10% were not suitable. 
The obviously lower DE and CE of CDDP/DNA CLPNs 1 and 
CDDP/DNA CLPNs 2 also confirmed this conclusion. The CE 
of CDDP/DNA CLPNs 4 (62.5) and CDDP/DNA CLPNs 5 
(51.6) were significantly lower than CDDP/DNA CLPNs 3 
(82.1) (P<0.05). So the optimized lipid (DOTAP) to polymer 
(PLGA) ratio was 15% (CDDP/DNA CLPNs 3).

Characterization
Morphology. The overall morphology of the CDDP/DNA 
CLPNs was a clear core‑shell type spherical nanopar-
ticle (Fig. 2A). The core‑shell structure was clearly visible 
with a white core and the shell is grey. In comparison, the 
morphology of CDDP PNPs was white spherical particle 
without outer layer (Fig. 2B). The size scales in the images 
show that the size of CDDP/DNA CLPNs was slightly larger 
than 100 nm, while the diameter of CDDP PNPs was smaller 
than 100 nm.

Size, surface charge, DE and CE. The size of 
CDDP/DNA CLPNs, CDDP CLPNs, blank CLPNs, CDDP 
PNPs, and blank PNPs was 137.6±3.3, 117.6±4.4, 118.3±3.8, 
82.1±3.2 and 78.3±2.9 nm, respectively. The size of CDDP 

Figure 2. TEM images of (A) CDDP/DNA CLPNs and (B) CDDP PNPs. 
TEM, transmission electron microscopy; CDDP, cisplatin; CLPNs, cationic 
lipid‑polymer hybrid nanoparticles; PNPs, polymeric nanoparticles.

Table I. Optimization and characterization of nanoparticles.

	 Particle	 Polydispersity	 Surface		
Nanoparticles	 diameter (nm)	 index	 charge (mV)	 DE (%)	 CE (%)

DNA LIPO	 139.4±4.8	 0.10±0.015	 +43.1±4.7	 91.5±3.9	 N/A
Blank PNPs	 78.3±2.9	 0.08±0.009	‑ 26.3±2.8	 N/A	 N/A
CDDP PNPs	 82.1±3.2	 0.09±0.010	‑ 28.9±3.2	 N/A	 83.6±2.4
Blank CLPNs	 118.3±3.8	 0.12±0.013	 +41.6±2.5	 N/A	 N/A
CDDP CLPNs	 117.6±4.4	 0.16±0.012	 +39.8±3.3	 N/A	 85.3±2.8
CDDP/DNA CLPNs 1	 335.2±36.8	 0.67±0.094	 +6.6±1.4	 35.7±7.4	 17.5±5.3
CDDP/DNA CLPNs 2	 243.1±21.9	 0.36±0.062	 +12.8±2.7	 53.8±8.9	 63.8±6.5
CDDP/DNA CLPNs 3	 137.6±3.3	 0.10±0.008	 +25.4±3.5	 90.7±3.1	 82.1±2.7
CDDP/DNA CLPNs 4	 133.6±3.7	 0.12±0.010	 +31.1±4.4	 88.6±4.2	 62.5±4.9
CDDP/DNA CLPNs 5	 141.2±4.5	 0.13±0.014	 +36.9±3.8	 89.3±6.1	 51.6±8.3

DE, DNA‑binding efficiency; CE, CDDP encapsulation efficiency; DNA LIPO, DNA‑loaded Lipofectamine® 2000; PNPs, polymeric nanopar-
ticles; CDDP, cisplatin; CLPNs, cationic lipid‑polymer hybrid nanoparticles.
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CLPNs and blank CLPNs, CDDP PNP and blank PNPs had no 
obvious difference (P>0.05). The size of CDDP CLPNs was 
larger than CDDP PNPs (P<0.05). The size of CDDP/DNA 
CLPNs was the largest.

The surface charge of CDDP/DNA CLPNs, CDDP CLPNs, 
and CDDP PNPs was +25.4±3.5, +39.8±3.3 and -28.9±3.2 mV. 
CDDP PNPs have negative ζ potential. In contrast, CLPNs 
have positive charges. The surface charge of CDDP/DNA 
CLPNs was lower than CDDP CLPNs.

The DE of CDDP/DNA CLPNs and DNA LIPO was 
90.7±3.1 and 91.5±3.9%, respectively. The CE of CDDP/DNA 
CLPNs, CDDP CLPNs, and CDDP PNPs was 82.1±2.7, 
85.3±2.8 and 83.6±2.4, respectively. These results illustrated 
that the loading capacity of CDDP and binding ability of DNA 
was outstanding for all the drug‑loaded nanoparticles prepared 
in this study.

Plasma stability. Fig. 3 illustrated the changes in size, 
drug and gene‑loading efficiency of different particles in 
the presence of serum. The particle diameter, CE or DE 
had no significant variation up to 24 h. Due to these results, 
CDDP/DNA CLPNs, and CDDP PNPs were considered very 
stable after intravenous administration.

In vitro cytotoxicity. As shown in Fig. 4, treatment with 
various concentrations of CDDP‑loaded particles for 48 h 
caused various viability reductions in RMS cell lines. IC50 
of CDDP/DNA CLPNs (0.54±0.06 µM) and CDDP CLPNs 
(0.58±0.07 µM) showed no significant difference in RD‑4 
cells (Table Ⅱ). The cytotoxicity of CDDP/DNA CLPNs was 
significantly higher (IC50 was 8 times dose advantage) than 
CDDP PNPs (4.12±0.36 µM). IC50 of CDDP solution was 
20.36±3.85 µM.

In  vitro gene transfection. Fig.  5 exhibits the in  vitro 
transfection efficacy of CDDP/DNA CLPNs and DNA LIPO 

Figure 4. Cell viability of various concentrations of nanoparticles for 48 h in 
RMS cell lines. RMS, rhabdomyosarcoma.

Figure 5. In vitro transfection efficacy of CDDP/DNA CLPNs and DNA LIPO 
evaluated on RD‑4 cells. CDDP, cisplatin; CLPNs, cationic lipid‑polymer 
hybrid nanoparticles; DNA LIPO, DNA‑loaded Lipofectamine® 2000.

Figure 3. Changes in (A) size, (B) drug‑ and gene‑loading efficiency of different particles in the presence of serum.

Table Ⅱ. IC50 values of samples.

	 CDDP/DNA	 CDDP	 CDDP	 CDDP
Samples	 CLPNs	 CLPNs	 PNPs	 solution

IC50 of	 0.54±0.06	 0.58±0.07	 4.12±0.36	 20.36±3.85
CDDP (µM)				  

CDDP, cisplatin; CLPNs, cationic lipid‑polymer hybrid nanoparticles; 
PNPs, polymeric nanoparticles.
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evaluated on RD‑4 cells. Gene transfection efficiency was 
measured by analyzing the expression of the EGFP by flow 
cytometry. When delivering genes into RD‑4 cells for 24 h, 
CDDP/DNA CLPNs showed the same transfection efficiency 
as DNA LIPO (P>0.05). However, after 48‑h post‑transfection, 
the CDDP/DNA CLPNs was more efficient than the DNA 
LIPO (P<0.05). Naked DNA solution group got no obvious 
gene expression, indicating that DNA cannot successfully 
transfect the cancer cells without carriers. CDDP CLPN and 
blank CLPN groups showed no gene expression in RD‑4 cells, 
ruling out the fluorescent cells caused by the CLPNs and CDDP.

In vivo antitumor. Fig. 6 shows the in vivo antitumor efficacy 
of CDDP/DNA CLPNs and other nanoparticles was investi-
gated in RD‑4 tumor‑bearing BALB/c nude mouse models. 
CDDP/DNA CLPNs, CDDP CLPNs, CDDP PNPs and CDDP 
solutions showed significant tumor regression in tumor‑bearing 
mice, with a reduction in tumor volume. Mice in the other 
three groups shared similar tumor‑growth pattern. At 21 days 
of administration, the TW and TIR of tumor‑bearing mice 
are given in Table Ⅲ. CDDP/DNA CLPN and CDDP CLPN 
groups exhibited the highest TIR (90 and 91%), followed by 
CDDP PNPs (52%) and CDDP solution (25%).

In  vivo gene delivery. Fig.  7 illustrates the images of the 
fluorescent cells after 48 h of administration. The highest 
transfection efficiency appeared in the pictures is CDDP/DNA 
CLPNs group. The image of DNA LIPO group came in the 
second place. The naked DNA solution group has slightly 
weaker fluorescence. Other groups do not have any fluores-
cence according to the images. The transfection efficiency of 
the fluorescent cells was quantified using a flow cytometry 
method (Fig. 8). Substantially higher transfection efficiency 
was observed in CDDP/DNA CLPNs than DNA LIPO group 
at both 24‑  and  48‑h post‑administration (P<0.05). One 
explanation may be that as an in vitro transfection vector, 
Lipofectamine® 2000 transfection reagent was not so stable 
and might have some toxicity in vivo. The highest in vivo gene 
transfection efficiency of CDDP/DNA CLPNs was detected 
after 48 h, showing the stability and controlled release of the 
CLPNs.

Discussion

The aim of the present study was to develop nanoparticles 
for co‑delivery of CDDP and DNA. The influence of cationic 
lipid concentration on the characteristics of CLPNs was 
evaluated. In order to optimize cationic lipid (DOTAP) to 

polymer (PLGA) ratio, CDDP/DNA CLPNs with different 
concentrations of lipids were prepared using different ratios 
of cationic lipid to polymer: 5, 10, 15, 20 and 25%. The influ-
ence of the lipid to polymer ratio was determined in terms 
of particle size, polydispersity index, surface charge, DE and 
CE (Table I). It was observed that the particle diameters of 
CDDP/DNA CLPNs 1, CDDP/DNA CLPNs 2, CDDP/DNA 
CLPNs 3, CDDP/DNA CLPNs 4, and CDDP/DNA CLPNs 5 
were 335.2, 243.1, 137.6, 133.6 and 141.2 nm, respectively. 
It was also found that there was a decrease in particle size 
as the lipid concentrations increased. The concentration of 
cationic lipids could play a significant role in controlling the 
size of CDDP/DNA CLPNs, possibly reducing the coalescence 
of particles  (32). The polydispersity index of CDDP/DNA 
CLPNs 1 (0.67) and CDDP/DNA CLPNs 2 (0.36) was signifi-
cantly higher than other formulations, suggesting that the ratios 
of 5 and 10% were not suitable. The obviously lower DE and 
CE of CDDP/DNA CLPNs 1 and CDDP/DNA CLPNs 2 also 
confirmed this conclusion. The CE of CDDP/DNA CLPNs 4 
(62.5) and CDDP/DNA CLPNs 5 (51.6) were significantly 
lower than CDDP/DNA CLPNs  3 (82.1) (P<0.05). So the 
optimized lipid (DOTAP) to polymer (PLGA) ratio was 15%.

The core‑shell structure of CDDP/DNA CLPNs was 
clearly visible with a white core and the shell is grey (Fig. 2). 

Table Ⅲ. TW and TIR of samples.

Samples	 CDDP/DNA CLPNs	 CDDP CLPNs	 CDDP PNPs	 CDDP solution	 0.9% Saline

TW (g)	 0.12±0.02	 0.11±0.02	 0.61±0.09	 0.95±0.12	 1.26±0.23
TIR (%)	 90	 91	 52	 25	 100

TW, tumor weight; TIR, tumor inhibition rate; CDDP, cisplatin; CLPNs, cationic lipid‑polymer hybrid nanoparticles; PNPs, polymeric 
nanoparticles.

Figure 6. In  vivo antitumor efficacy of CDDP/DNA CLPNs and other 
nanoparticles in RD‑4 tumor‑bearing BALB/c nude mouse models. CDDP, 
cisplatin; CLPNs, cationic lipid‑polymer hybrid nanoparticles.
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In comparison, the morphology of CDDP PNPs was white 
spherical particles without outer layer. The TEM image illus-
trates the self‑assembly process of the lipid‑polymer core‑shell 
structure by forming a lipid layer on the surface of the inner 
polymer core  (33,34). The size scales in the images show 
that the size of CDDP/DNA CLPNs was slightly larger than 
100 nm, while the diameter of CDDP PNPs was smaller than 
100 nm.

The size of CDDP CLPNs and blank CLPNs, CDDP 
PNP and blank PNPs had no obvious difference (P>0.05). 
This means that the loading of CDDP did not change the size 
of the particles. The size of CDDP CLPNs was larger than 
CDDP PNPs (P<0.05). This could be explained by the lipid 
shell on the polymer core enlarged the size of the particles. 
The size of CDDP/DNA CLPNs was the largest; indicating 
that the DNA could attribute to the increase of the particle 
diameter. Surface charge is an important indication of the 

stability of a colloidal system in a particular medium (35). 
The surface charge of CDDP/DNA CLPNs, CDDP CLPNs, 
and CDDP PNPs was +25.4±3.5, +39.8±3.3 and -28.9±3.2 mV. 
For CDDP PNPs, negatively charged PLGA gave the PNPs 
negative ζ potential. In contrast, inclusion of cationic lipids 
changed the surface charges of the particles; CLPNs have posi-
tive charges. The surface charge of CDDP/DNA CLPNs was 
lower than CDDP CLPNs, suggesting that the combination of 
anionic DNA decreased the charge of the CLPNs. The DE of 
CDDP/DNA CLPNs and DNA LIPO was ~90%. The CE of 
CDDP/DNA CLPNs, CDDP CLPNs, and CDDP PNPs was 
>80%. These results illustrated that the loading capacity of 
CDDP and binding ability of DNA was outstanding for all the 
drug‑loaded nanoparticles prepared in this study.

The plasma stability of the CDDP/DNA CLPNs and other 
nanoparticles was determined in the presence of plasma. The 
particle diameter, CE or DE had no significant variation up to 
24 h (Fig. 3). This stability would be advantageous when the 
complexes are administered in vivo. One of the major concerns 
for cationic non‑viral vectors is the disassociation of DNA 
from the vectors due to electrostatic interaction between the 
vectors and the plasma composition such as proteins (29). The 
dissociated DNA would be quickly degraded by enzymolysis. 
Thus, the stability of the cationic non‑viral vectors in human 
plasma is one of the most essential properties. Also the stability 
in the plasma is required for the drug‑loaded nanoparticles. 
These would increase the stability of the loaded drug and 
DNA during the circulation after intravenous administration 
and enhance the targeting proportion of the vector to the target 
organ, and thus would be favorable to improve the therapeutic 
effects.

In vitro cytotoxicity of CDDP/DNA CLPNs was evaluated 
against RD‑4 cells, and was compared with the cytotoxicity 
induced by free‑CDDP solution, blank nanoparticles, and 
0.9% saline solution. As showed in Fig. 4, treatment with 
various concentrations of CDDP‑loaded particles for 48 h 
caused various viability reductions in RMS cell lines. IC50 

Figure 7. Images of the fluorescent cells for (A) 0.9% saline (control group), (B) naked DNA solution, (C) DNA LIPO, (D) blank CLPNs, (E) CDDP CLPNs, 
and (F) CDDP/DNA CLPNs in the evaluation of in vivo gene delivery (48 h after administration). DNA LIPO, DNA‑loaded Lipofectamine® 2000; CLPNs, 
cationic lipid‑polymer hybrid nanoparticles; CDDP, cisplatin.

Figure 8. In vitro transfection efficacy of CDDP/DNA CLPNs and DNA 
LIPO evaluated in RD‑4 tumor‑bearing BALB/c nude mouse models. CDDP, 
cisplatin; CLPNs, cationic lipid‑polymer hybrid nanoparticles; DNA LIPO, 
DNA‑loaded Lipofectamine® 2000.
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of CDDP/DNA CLPNs (0.54±0.06 µM) and CDDP CLPNs 
(0.58±0.07 µM) showed no significant difference in RD‑4 
cells, indicating that DNA does not affect the ability of the 
CDDP loaded in the CLPNs (Table I) (P>0.05). The cytotox-
icity of CDDP/DNA CLPNs was significantly higher (IC50 was 
8 times dose advantage) than CDDP PNPs (4.12±0.36 µM). 
This result may suggest that the in vitro tumor cell inhibition of 
drug‑loaded CLPNs was more efficient than drug‑loaded PNPs 
(P<0.05). IC50 of CDDP solution was 20.36±3.85 µM. These 
results indicate that CDDP/DNA CLPNs exhibited superior 
cytotoxicity to RD‑4 cells as evidenced by its significantly 
decreased CDDP IC50 values.

In vitro transfection efficacy of CDDP/DNA CLPNs and 
DNA LIPO was evaluated on RD‑4 cells, using CDDP CLPNs 
and blank CLPNs as control. Gene transfection efficiency was 
measured by analyzing the expression of the EGFP by flow 
cytometry. When delivering genes into RD‑4 cells for 24 h, 
CDDP/DNA CLPNs showed the same transfection efficiency 
as DNA LIPO (P>0.05). However, after 48‑h post‑transfection, 
the CDDP/DNA CLPNs were more efficient than the DNA 
LIPO (P<0.05). This could be explained by the polymer core 
and the lipid shell controlling the release of the DNA thus gaing 
the long‑lasting efficiency (36). Naked DNA solution group 
had no obvious gene expression; indicating that DNA cannot 
successfully transfect the cancer cells without carriers. CDDP 
CLPNs and blank CLPN groups showed no gene expression 
in RD‑4 cells, ruling out the fluorescent cells caused by the 
CLPNs and CDDP. The results illustrated that CLPNs are 
able to condense DNA efficiently, deliver DNA into the cells 
by ionic interactions with the cell membrane and release 
DNA into the cytoplasm from endocytic vesicles (37). Better 
transfection efficiency than commercial Lipofectamine 2000 
and DNA complex indicates that the CLPNs can be a good 
transfection reagent (38).

In  vivo antitumor efficacy of CDDP/DNA CLPNs and 
other nanoparticles was investigated in RD‑4 tumor‑bearing 
BALB/c nude mouse models (Fig. 5). CDDP/DNA CLPNs, 
CDDP CLPNs, CDDP PNPs and CDDP solution showed 
significant tumor regression in tumor‑bearing mice, with a 
reduction of tumor volume. Mice in the other three groups 
shared similar tumor‑growth pattern, suggesting that blank 
carriers were not capable of inhibiting tumor growth (19). At 
21 days of administration, the TW and TIR of tumor‑bearing 
mice are shown in Table Ⅲ. CDDP/DNA CLPN and CDDP 
CLPN groups exhibited the highest TIR (90  and  91%), 
followed by CDDP PNPs (52%) and CDDP solution (25%). 
Fig.  7 illustrates the images of the fluorescent cells. The 
highest transfection efficiency appearing in the images is in 
CDDP/DNA CLPN group. The image of DNA LIPO group 
comes in the second place. The naked DNA solution group 
has slightly weaker fluorescence. Other groups have no fluo-
rescence according to the images. The transfection efficiency 
of the fluorescent cells was quantified using a flow cytometry 
method (Fig. 8). Significantly higher transfection efficiency 
was observed in CDDP/DNA CLPNs than DNA LIPO group 
at both 24‑  and  48‑h post‑administration (P<0.05). One 
explanation may be that as an in vitro transfection vector, 
Lipofectamine® 2000 Transfection Reagent was not so stable 
and might have some toxicity in vivo. The highest in vivo gene 
transfection efficiency of CDDP/DNA CLPNs was detected 

after 48 h, showing the stability and controlled release of the 
CLPNs. These results could be explained as the lipid shell of 
CLPNs has high affinity to the lipid‑structured cell surface, 
the cationic surface charge could absorb onto the negatively 
charged cell surface, promote the fusion of the nanocarriers 
to the cell membrane and deliver more drug and gene into 
the tumor cells (39). The structure of CLPNs may delay the 
drug/gene release more than other vectors, bring about the 
long‑lasting drug/gene delivery effect in tumor tissues (40). 
Outstanding delivery ability of CLPNs for both CDDP and 
DNA could combine the therapeutic efficiency of both drug 
and gene for the treatment of pediatric RMS.

In the present study, we described a simple and efficient 
method for the fabrication of CLPNs for co‑delivery of CDDP 
and DNA for the therapy of childhood head and neck cancers. 
The results illustrated that the concentration of the cationic 
lipid has influence on the characteristics of CLPNs. In vitro 
anticancer effect, in vitro transfection efficiency, in vivo anti-
tumor and gene delivery efficacy of CDDP/DNA CLPNs have 
advantages over other formulations tested. Excellent ability of 
CLPNs for co‑delivery of CDDP and DNA could combine the 
therapeutic efficiency of both drug and gene for the treatment 
of pediatric RMS.
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