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Abstract: Hypoxia-inducible factor-1α (HIF-1α) is a crucial transcription factor that plays 

an important role in the carcinogenesis and development of nasopharyngeal carcinoma. In this 

research, a novel biodegradable D-α-tocopheryl polyethylene glycol 1000 succinate-b-poly(ε-

caprolactone-ran-glycolide) (TPGS-b-(PCL-ran-PGA)) nanoparticle (NP) was prepared as a 

delivery system for small interfering ribonucleic acid (siRNA) molecules targeting HIF-1α 

in nasopharyngeal carcinoma gene therapy. The results showed that the NPs could efficiently 

deliver siRNA into CNE-2 cells. CNE-2 cells treated with the HIF-1α siRNA-loaded TPGS-

b-(PCL-ran-PGA) NPs showed reduction of HIF-1α expression after 48 hours of incubation 

via real-time reverse transcriptase-polymerase chain reaction and Western blot analysis. The 

cytotoxic effect on CNE-2 cells was significantly increased by HIF-1α siRNA-loaded NPs 

when compared with control groups. In a mouse tumor xenograft model, the HIF-1α siRNA-

loaded NPs efficiently suppressed tumor growth, and the levels of HIF-1α mRNA and protein 

were significantly decreased. These results suggest that TPGS-b-(PCL-ran-PGA) NPs could 

function as a promising genetic material carrier in antitumor therapy, including therapy for 

nasopharyngeal carcinoma.

Keywords: TPGS-b-(PCL-ran-PGA), nanoparticles, nasopharyngeal carcinoma, hypoxia-

inducible factor-1α, gene delivery

Introduction
Nasopharyngeal carcinoma (NPC) is one of the most common head and neck cancers 

in the People’s Republic of China and in Southeast Asia.1 The definitive treatment 

for early-stage NPC is radiotherapy, while for the advanced stage, treatment involves 

radiotherapy plus cisplatin-based chemotherapy. Although NPC is sensitive to radio-

therapy, with regard to all stages of NPC, the 5-year overall survival rate ranges 

from 32% to 62% worldwide.2 The poor survival of NPC patients can be ascribed to 

local recurrence and distant metastasis. Thus, there is an urgent need both to better 

understand the mechanism of NPC development and to develop novel therapeutic 

strategies for NPC.

Hypoxia has been viewed as a common biological characteristic of many malignan-

cies. Tumor hypoxia is known to contribute to tumor phenotype by influencing angio-

genesis, invasiveness, and metastasis, in addition to leading to resistance of tumor to 

radiotherapy and chemotherapy.3 Previous studies have shown that a key transcription 

factor termed hypoxia-inducible factor (HIF-1) is involved in regulating the adaptive 

response to hypoxia conditions.4 HIF-1 is a heterodimer consisting of two submits: 
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HIF-1α and HIF-1β. In particular, the HIF-1 pathway is 

mainly mediated through the stability and activity of HIF-1α.5  

HIF-1α induces the expression of several downstream genes, 

influencing many aspects of tumor biology, such as cellular 

energy metabolism, growth rate, angiogenesis, invasiveness, 

metastasis, and apoptosis.6 Several studies have found that 

HIF-1α overexpression is associated with the poor prognosis 

in NPC,7–9 which has generated widespread interest in the use 

of HIF-1α therapeutics as novel treatment candidates.

Through a mechanism known as RNA interference 

(RNAi), small interfering RNA (siRNA) molecules can 

bring together complementary mRNA strands of target 

genes for degradation, thus specifically downregulating 

gene expression.10 Recently, many researchers have paid 

greater attention to the application of nonviral vectors, with 

advantages of easy preparation, good biocompatibility, 

nonpathogenicity, and nonimmunogenicity, in the delivery 

of siRNA into target cells.11–14 Various types of nonviral 

vectors, such as dendrimers,15 liposomes,16 polycationic 

polymers,17,18 and polymeric nanoparticles (NPs),19 have been 

investigated for application in gene delivery. Among these 

carrier systems, NPs could serve as ideal vectors for siRNA 

delivery because of their small diameter, sustained-release 

features, and ability to increase transfection efficiency with 

low cytotoxicity.20–22

In the present research, a novel biodegradable 

copolymer, D-α-tocopheryl polyethylene glycol 1000 

succinate-b-poly(ε-caprolactone-ran-glycolide) (TPGS-b-

[PCL-ran-PGA]), has been successfully synthesized as the 

carrier for delivery of gene-targeting therapy.23 Favorable 

characteristics such as longer half-life, higher encapsulation 

efficiency, increased cellular uptake, and greater therapeutic 

efficiency of the formulated drug have been observed for 

TPGS-emulsified NPs than those emulsified by polyvinyl 

alcohol (PVA).24 As a water-soluble derivative of naturally 

sourced vitamin E, TPGS is capable of improving drug 

permeability by inhibiting the P-glycoprotein (P-gp) pumps 

and thus increasing the absorption of drug and reducing 

the P-gp pump-mediated multidrug resistance of tumor 

cells.25,26 Moreover, TPGS inhibits tumor growth in cell 

lines and animal models by inducing cancer cell apoptosis, 

which has been applied in the exploration of synergistic 

anticancer effects through combinations of TPGS with other 

anticancer agents.27–29 Copolymerization of PCL with PGA 

could improve polymer biocompatibility and biodegrad-

ability, as well as controlling drug release. Our previous 

studies have confirmed that TPGS-b-(PCL-ran-PGA) NPs 

can successfully deliver antitumor drugs and plasmid DNA 

into cancer cells and effectively inhibit tumor growth.23,30,31 

Considering these results, we hypothesized that TPGS-b-

(PCL-ran-PGA) NPs could deliver HIF-1α siRNA into NPC 

cell CNE-2 and thus facilitate exploitation of the antitumor 

effects of siRNA. Thus, we prepared siRNAs targeting 

HIF-1α-loaded TPGS-b-(PCL-ran-PGA) NPs for anti-NPC 

therapy and investigated the antitumor effects of such NPs 

in vitro and in vivo.

Materials and methods
Materials
TPGS-b-(PCL-ran-PGA) copolymer (molecular weight: 

approximately 24,000 Da) was synthesized in our labora-

tory at the School of Life Sciences, Tsinghua University, 

People’s Republic of China.23 TPGS, glycolide (1,4-dioxane-

2,5-dione), PVA (80% hydrolyzed), and 3-(4,5-dimethylth-

iazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 

were purchased from Sigma-Aldrich (St Louis, MO, USA). 

ε-Caprolactone was obtained from Acros Organics (Geel, 

Belgium). 4′,6-Diamidino-2-phenylindole dihydrochloride 

(DAPI) was obtained from Vector Laboratories (Burlingame, 

CA, USA). RPMI medium 1640 (basic), fetal bovine serum, 

penicillin–streptomycin, and phosphate-buffered saline 

(PBS) were acquired from Invitrogen–Gibco (Carlsbad, CA, 

USA). All other chemicals and solvents used were of the 

highest quality commercially available.

SiRNA
HIF-1α-targeting siRNA and fluorescent  Carboxyfluorescein 

(FAM)-labeled siRNA (FAM–siRNA) were purchased from 

GenePharma Co, Ltd (Suzhou, Jiangsu, People’s Republic 

of China). The siRNAs had the following sequences – sense: 

5′–GGAAAUGAGAGAAAUGCUUTT–3′; antisense: 

5′–AAGCAUUUCUCUCAUUUCCTT–3′. The scram-

bled control for HIF-1α siRNA was also purchased from 

GenePharma Co, Ltd (Suzhou). RNase-free diethyl pyrocarbon-

ate (DEPC)-treated Milli-Q water was used for all dilutions.

Preparation of the siRNA-loaded TPGS-
b-(PCL-ran-PGA) NPs
The siRNA-loaded TPGS-b-(PCL-ran-PGA) NPs were pre-

pared using a double-emulsion method. In brief, 50 μL of 

20 μM siRNA solution in DEPC-treated Milli-Q water was 

emulsified with 250 μL of dichloromethane containing 5 mg 

of TPGS-b-(PCL-ran-PGA) by sonication for 60 seconds to 

obtain a water-in-oil (w1/o) emulsion. PVA (1 mL of a 2% 

w/v solution) was added to the emulsion, and the mixture was 

then sonicated 12 times (5-second sonication and 5-second 
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arrest) to form a water-in-oil-in-water (w1/o/w2) double 

emulsion. The resulting emulsion was subsequently diluted 

with 5 mL of 2% (w/v) PVA and stirred for 1.5 hours at room 

temperature for evaporation of dichloromethane. Finally, 

the NPs were centrifuged at 18,000× g for 15 minutes at 

4°C and washed twice with 6 mL of RNase-free water to 

remove the PVA and unentrapped siRNA before further 

characterization.

Characterization of NPs
The mean particle size of the NPs was determined using 

dynamic light scattering (Zetasizer Nano ZS90; Malvern 

Instruments Ltd, Malvern, UK). Briefly, NPs (1 mg) were 

suspended in DEPC-treated Milli-Q water at a concentra-

tion of 0.5  mg/mL. The zeta-potential of the NPs was 

measured by laser Doppler anemometry (Zetasizer Nano 

ZS90). The particles were diluted with deionized water to 

ensure that the zeta-potential of the NPs can be character-

ized accurately under conditions of low ionic strength. 

The final concentration of the polymer was 1  mg/mL. 

The particle morphology was assessed by transmission 

electron microscopy. All measurements were performed 

in triplicate.

Evaluation of encapsulation efficiency  
of siRNA in the NPs
The encapsulation efficiency of siRNA-loaded NPs was the 

percentage of siRNA encapsulated in the NPs to the total 

amount of siRNA initially added. Briefly, 1 mg of NPs in 250 μL  

chloroform was added into 500 μL Tris–ethylenediamine 

tetraacetic acid buffer and then rotated for 30  minutes at 

room temperature to extract siRNA from the organic phase 

into the aqueous phase, followed by centrifugation at 4°C 

and 18,000× g for 20  minutes. The siRNA concentration 

in the supernatant was then assayed using an ultraviolet 

(UV) spectrophotometer (Beckman, Fullerton, CA, USA) 

at 260 nm.

In vitro release assay
About 1 mg of siRNA-loaded TPGS-b-(PCL-ran-PGA) NPs 

was suspended in 1 mL of PBS buffer at pH 7.4 or 4.0 in 

RNase-free Eppendorf tubes and placed on a rotary shaker 

at 100 rpm at 37°C. At designated time intervals, after the 

tubes were centrifuged at 12,000 rpm/min for 20 minutes 

at 4°C, the supernatants were removed and the NP deposits 

were resuspended with fresh buffer solution. The amount of 

siRNA in the supernatant was measured at 260 nm with a 

UV spectrophotometer.

Cell culture
CNE-2 cells (American Type Culture Collection, Manassas, 

VA, USA) were cultured in RPMI 1640 (pH 7.4) containing 

10 μg/mL streptomycin sulfate, 100 μg/mL penicillin G, and 

10% (v/v) fetal bovine serum. Cells were incubated at 37°C 

in a 5% CO
2
, 95% air incubator.

Confocal laser scanning microscopy 
observation of the siRNA-loaded NPs
The cells were seeded in a six-well (3×105 cells per well) 

plate and cultured for 24 hours at 37°C in 5% CO
2
. In order to 

obtain confocal laser scanning microscopy (CLSM) observa-

tion of the cellular uptake of siRNA, the siRNA was labeled 

with FAM. FAM–siRNA targeting HIF-1α, FAM-scrambled 

siRNA-loaded TPGS-b-(PCL-ran-PGA) NPs, or FAM–

siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) 

NPs were added separately to the plate, and the mixture was 

incubated for 4 hours at 37°C. The cells were rinsed three 

times with PBS and then fixed in 4% paraformaldehyde for 

20 minutes at room temperature. The nuclei were stained with 

DAPI for 5 minutes at room temperature, avoiding light, and 

washed three times with PBS. Finally, the cellular uptake of 

the siRNA-loaded NPs was observed using a confocal laser 

scanning microscope (Fluoview FV-1000, Olympus Optical 

Co, Ltd, Tokyo, Japan).

Effect of siRNA-loaded TPGS-b-(PCL-ran-
PGA) NPs on HIF-1α expression  
in CNE-2 cells
Real-time polymerase chain reaction (PCR) and Western 

blot assay were used to determine the HIF-1α mRNA and 

protein levels, respectively, after RNAi. The CNE-2 cells 

were cultured in a six-well plate overnight to facilitate attach-

ment to the substrate. Before conducting RNA interference, 

the cells were incubated with CoCl
2 
(100 μM), a chemical 

hypoxia-inducible reagent, to simulate the tumor hypoxia 

microenvironment. CNE-2 cells without any treatment served 

as the normal control. The naked siRNA targeting HIF-1α, 

blank TPGS-b-(PCL-ran-PGA) NPs, scrambled siRNA-

loaded TPGS-b-(PCL-ran-PGA) NPs, or siRNA targeting 

HIF-1α-loaded TPGS-b-(PCL-ran-PGA) NPs was added 

separately into each well. The final concentration of siRNA 

in these NPs was 50 nM.

Real-time PCR
Total RNA from the samples was extracted using TRIzol 

reagent (Invitrogen). Reverse transcription was con-

ducted using the Prime Script RT reagent Kit (Takara 

Powered by TCPDF (www.tcpdf.org)

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


International Journal of Nanomedicine 2015:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1378

Chen et al

Bio, Japan). Subsequent PCR amplification was carried 

out with primer sequences to HIF-1α (sense primer: 

5′–CAAAACACACAGCGAAGC–3′; antisense primer: 

5′–TCAACCCAGACATATCCACC–3′) and to glyceralde-

hyde 3-phosphate dehydrogenase (GAPDH) (sense primer: 

5′–ATGGTGGTGAAGACGCCAGTA–3′; antisense primer: 

5′–GGCACAGTCAAGGGCTGAGAATG–3′). Quantitative 

PCR amplification was performed in a real-time fluorescent 

measurement system (ABI7300, USA) using the iTaq™ 

Universal SYBR® Green Supermix (Bio-Rad, USA) accord-

ing to the manufacturer’s instructions. The HIF-1α mRNA 

levels were normalized using GAPDH.

Western blot
After 48 hours of incubation at 37°C, the cells were lysed 

in cell lysis buffer containing phenylmethylsulfonyl 

fluoride for 30 minutes at 4°C. Then the cell lysate was 

centrifuged at 13,000  rpm for 20  minutes at 4°C. The 

proteins were then separated via sodium dodecyl sulfate 

polyacrylamide gel electrophoresis and electrotransferred 

to the polyvinylidene fluoride membrane (Immobion-P 

Transfer Membrane; Millipore Corp, Billerica, MA, 

USA). Tris-buffered saline with 0.1% Tween-20 solu-

tion containing 5% nonfat dry milk was used to block the 

membranes and after that, the membranes were exposed to 

anti-human HIF-1α antibody for further incubation over-

night at 4°C. The immunoreactive signals were detected 

by chemiluminescence using an enhanced chemilumines-

cence detection kit. Anti-GAPDH antibody was used as 

loading control.

Cell viability
The cytotoxicity of the TPGS-b-(PCL-ran-PGA) NPs was 

determined using the MTT assay in CNE-2 cells. Briefly, 

the cells were cultured in 96-well plates at a density of 

10,000 cells per well and incubated for 24  hours. Blank 

TPGS-b-(PCL-ran-PGA), naked siRNA targeting HIF-1α, 

scrambled siRNA-loaded TPGS-b-(PCL-ran-PGA) NPs, or 

siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) 

NPs was added into each well at different concentrations. 

There were three wells for each mixture. Twenty-four hours 

after transfection, 20 μL of MTT solution (5 mg/mL) was 

added to each well. After 4 hours of incubation at 37°C 

under a humidified atmosphere supplemented with 5% CO
2
 

in air, the culture medium was removed and then 100 μL of 

dimethyl sulfoxide was added to each well to dissolve the 

MTT formazan crystals. The cell viability was evaluated by 

measuring the absorbance of formazan products at 490 nm 

using a microplate reader.

In vivo experiment
Female BALB/c-nu/nu mice were obtained from the Medi-

cal Experimental Animal Center of Guangdong Province 

(Guangdong, People’s Republic of China). All the animals 

were kept in filter-topped cages under standard conditions 

with food and water ad libitum. The studies were performed 

in conformity with the recommendations in the Guide for the 

Care and Use of Laboratory Animals of Institutional Animal 

Care and Use Committee of Graduate School at Shenzhen, 

Tsinghua University. The experimental procedures were 

ethically approved by the Animal Welfare and Ethics Com-

mittee of Graduate School at Shenzhen, Tsinghua University, 

People’s Republic of China (number 2011-YZ-BG). First, 

subcutaneous tumors were developed by inoculation of 

2×106 CNE-2 cells in the flank region of 6-week-old female 

nude mice (18±2 g). When the tumor grew to approximately 

5–7 mm in diameter, the mice were randomly divided into 

the following groups (n=5): blank TPGS-b-(PCL-ran-PGA), 

naked siRNA targeting HIF-1α, scrambled siRNA-loaded 

TPGS-b-(PCL-ran-PGA) NPs, and siRNA targeting HIF-

1α-loaded TPGS-b-(PCL-ran-PGA) NPs. The groups were 

treated with a dose of 0.3 mg siRNA/kg body weight by 

intratumoral injections every 3 days for a total of five times. 

The tumor diameters were measured using a electronic cali-

per, and tumor volume was calculated as follows: longest  

diameter × shortest diameter2/2. On the second day after 

the final treatment, mice were sacrificed to measure the 

tumor weight, and tumor tissues were collected to evaluate 

the expression of HIF-1α mRNA and protein by real-time 

PCR and Western blotting, respectively. In addition, tumor 

samples were fixed with 10% neutral formalin to prepare 

paraffin-embedded sections for hematoxylin and eosin 

(H&E) staining.

Statistical analyses
Quantitative data were expressed as the mean ± standard 

deviation. Student’s t-test for two groups and one-way 

analysis of variance for multiple groups were performed 

with SPSS 16.0 software (Chicago, IL, USA). P,0.05 was 

considered to be statistically significant.

Results
Characterization of NPs
Our laboratory has successfully synthesized a novel biode-

gradable copolymer termed TPGS-b-(PCL-ran-PGA), which 

has been well investigated as a carrier system to deliver drugs 

and genes into cells. By dynamic light scattering, blank 

TPGS-b-(PCL-ran-PGA) NPs and siRNA-loaded TPGS-b-

(PCL-ran-PGA) NPs were found to have an average diameter 
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of 246.84±3.25  nm and 275.72±2.94  nm, respectively. 

The zeta-potential of blank TPGS-b-(PCL-ran-PGA) NPs 

and siRNA-loaded TPGS-b-(PCL-ran-PGA) NPs were found 

to be approximately -19.36±2.47 mV and -23.18±1.70 mV,  

respectively. As Figure 1 shows, both blank TPGS-b-(PCL-

ran-PGA) NPs and siRNA-loaded TPGS-b-(PCL-ran-PGA) 

NPs were spherical in shape. The encapsulation efficiency 

of siRNA-loaded TPGS-b-(PCL-ran-PGA) NPs was 

70.20%±1.91%.

In vitro release
The in vitro release profile of siRNA-loaded TPGS-b-(PCL-

ran-PGA) NPs was investigated at pH 4.0 and pH 7.4. siRNA 

release was determined by measuring UV absorption at 

260 nm for each time interval, namely, 1, 2, 4, 6, 12, 24, 

48, 72, and 96 hours. As shown in Figure 2, the cumulative 

release rates of siRNA over a period of 24 hours at pH 4.0 

and pH 7.4 were 56.27%±3.15% and 42.85%±3.63%, respec-

tively. At 96 hours postincubation, the amounts of cumulative 

siRNA released from TPGS-b-(PCL-ran-PGA) NPs at  

pH 4.0 and pH 7.4 were 79.22%±3.86% and 68.61%±3.95%, 

respectively. The release kinetics of siRNA from NPs at  

pH 4.0 was more rapid than that at pH 7.4 (P,0.05).

CLSM observation of the siRNA-loaded 
NPs
CLSM was used to evaluate the TPGS-b-(PCL-ran-PGA) 

NP-mediated delivery of siRNA into the cells. Figure 3 shows 

the results after the CNE-2 cells were incubated with FAM–

siRNA targeting HIF-1α, FAM-scrambled siRNA-loaded 

TPGS-b-(PCL-ran-PGA) NPs, or FAM–siRNA targeting 

HIF-1α-loaded TPGS-b-(PCL-ran-PGA) NPs for 4 hours. No 

obvious fluorescence of FAM–siRNA was observed in cells 

that were transfected with naked FAM–siRNA. However, 

the fluorescence intensity of FAM–siRNA was significantly 

strong in cells treated with FAM-scrambled siRNA or FAM–

siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) 

NPs. As depicted in Figure 3F and I, the fluorescence of 

FAM–siRNA (green) was closely located around the nuclei 

(blue, stained by DAPI).

Effect of siRNA-loaded TPGS-b-(PCL-
ran-PGA) NPs on HIF-1α expression 
in CNE-2 cells
In the in vitro transfection experiments, the levels of HIF-1α 

mRNA and protein were determined by real-time PCR and 

Western blotting, respectively. CNE-2 cells without any 

treatment served as the normal control. Cells treated with 

scrambled siRNA-loaded TPGS-b-(PCL-ran-PGA) NPs 

were used as the negative control. The real-time PCR results 

showed that the HIF-1α mRNA level of CNE-2 exhibited 

an approximately 62% decrease following transfection with 

siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) 

NPs, compared with the normal control (Figure 4A). The 

Western blot results confirmed the real-time PCR results. 

A

200 nm 200 nm

B

Figure 1 TEM images of blank TPGS-b-(PCL-ran-PGA) nanoparticles (A) and siRNA-loaded TPGS-b-(PCL-ran-PGA) nanoparticles (B).
Abbreviations: TEM, transmission electron microscopy; TPGS-b-(PCL-ran-PGA), D-α-tocopheryl polyethylene glycol 1000 succinate-b-poly(ε-caprolactone-ran-glycolide); 
siRNA, small interfering ribonucleic acid.
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Figure 2 In vitro release profile of siRNA from nanoparticles that were diluted in 
PBS at different pHs.
Notes: Data are given as the means ± SD (n=5). *Significant (P,0.05) increase of 
siRNA release at pH =4.0 compared with that at pH =7.4.
Abbreviations: siRNA, small interfering ribonucleic acid; SD, standard deviation.
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FAM MergedDAPI

A B C

D E F

G H I

Figure 3 Confocal laser scanning microscopy images of CNE-2 cells’ uptake of NP-mediated siRNA transfection.
Notes: (A–C) Cells were incubated with FAM–siRNA. (D–F) Cells were incubated with FAM-scrambled siRNA-loaded TPGS-b-(PCL-ran-PGA) NPs. (G–I) Cells were 
incubated with FAM–siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) NPs. Green color: FAM-labeled siRNAs. Blue color: cell nuclei stained by DAPI.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole dihydrochloride; FAM, carboxyfluorescein; HIF-1α, hypoxia-inducible factor-1α; NP, nanoparticle; TPGS-b-(PCL-ran-
PGA), D-α-tocopheryl polyethylene glycol 1000 succinate-b-poly(ε-caprolactone-ran-glycolide); siRNA, small interfering ribonucleic acid.
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Figure 4 The expression level of HIF-1α determined by real-time PCR (A) and Western blotting (B) in the in vitro transfection experiments.
Notes: Lane I: cells without treatment; Lane II: cells treated with siRNA targeting HIF-1α; Lane III: cells treated with blank TPGS-b-(PCL-ran-PGA) NPs; Lane IV: cells treated 
with scrambled siRNA-loaded TPGS-b-(PCL-ran-PGA) NPs; Lane V: cells treated with siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) NPs. The HIF-1α mRNA and 
protein levels were normalized using GAPDH mRNA and protein levels, respectively. *Significant (P,0.05) decrease in expression level of HIF-1α compared with the other 
four groups.
Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HIF-1α, hypoxia-inducible factor-1α; NP, nanoparticle; TPGS-b-(PCL-ran-PGA), D-α-tocopheryl 
polyethylene glycol 1000 succinate-b-poly(ε-caprolactone-ran-glycolide); PCR, polymerase chain reaction; siRNA, small interfering ribonucleic acid.
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Figure 5 In vitro cytotoxicity of different concentrations of nanoparticles after incubation of CNE-2 cells for 48 hours.
Notes: Data are given as the means ± SD (n=3). *Significant (P,0.05) increase of cytotoxicity on CNE-2 cells compared with the control group.
Abbreviations: HIF-1α, hypoxia-inducible factor-1α; NP, blank TPGS-b-(PCL-ran-PGA) nanoparticles; NC, scrambled siRNA-loaded TPGS-b-(PCL-ran-PGA) nanoparticles; 
NP-siRNA, siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) nanoparticles; SD, standard deviation; siRNA, small interfering ribonucleic acid; TPGS-b-(PCL-ran-PGA), 
D-α-tocopheryl polyethylene glycol 1000 succinate-b-poly(ε-caprolactone-ran-glycolide).

In comparison with the normal control, the expression level 

of HIF-1α protein was only 40.4% in the cells treated with 

siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) 

NPs (Figure 4B), whereas the expression levels of HIF-1α 

mRNA and protein were not significantly different among 

the normal control, negative control, naked siRNA, and blank 

TPGS-b-(PCL-ran-PGA) NP treatment groups.

Cell viability
Cytotoxicity of NPs was determined at different concentra-

tions using the MTT assay. Cells treated with NP concentra-

tion of 0 μg/mL were considered to be the control. As shown 

in Figure 5, with increasing dosage of TPGS-b-(PCL-ran-

PGA) NPs, a slight decrease of cell viability was observed; 

similar results were observed in cells treated with scrambled 

siRNA-loaded TPGS-b-(PCL-ran-PGA) NPs. Naked 

siRNA had no significant cytotoxicity at various dosages. 

In comparison with the control, TPGS-b-(PCL-ran-PGA) 

NP-mediated siRNA transfection showed significant effects 

on cell viability at doses .50 μg/mL (P,0.05).

In vivo animal experiment
The antitumor effect of siRNA-loaded NPs on tumor regres-

sion was evaluated on BALB/c-nu/nu mice. CNE-2 cells were 

inoculated into nude mice to establish the subcutaneous tumor 

models, and the tumor volumes were calculated at regular 

intervals during tumor growth. As shown in Figure 6, there 

existed significant increases in tumor volumes in the groups 

treated with naked siRNA, blank TPGS-b-(PCL-ran-PGA) 

NPs, and scrambled siRNA-loaded TPGS-b-(PCL-ran-PGA) 

NPs. However, the group treated with siRNA targeting HIF-

1α-loaded TPGS-b-(PCL-ran-PGA) NPs showed significantly 

slowed-down tumor growth in comparison with the other 

three groups (P,0.05). Compared with the naked siRNA, 

blank TPGS-b-(PCL-ran-PGA) NPs and scrambled siRNA-

loaded TPGS-b-(PCL-ran-PGA) NPs could also have slight 

anticancer efficacy (P,0.05). Tumor weights were measured 

after the mice were sacrificed, and the data showed that the 

tumor weights in the group treated with siRNA targeting HIF-

1α-loaded TPGS-b-(PCL-ran-PGA) NPs were much lower 

than those of the other three groups (P,0.05) (Figure 7). 

The differences in the inhibitory effect on tumor sizes among 

the different treatment groups can be observed in Figure 8. 

The expression levels of HIF-1α mRNA and protein in the 

tumor tissues were significantly decreased after treatment 

with siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-

PGA) NPs (Figure 9). The images of H&E staining also 

indicated that tumor cell necrosis and apoptosis were mark-

edly increased in the group treated with siRNA targeting 

HIF-1α-loaded TPGS-b-(PCL-ran-PGA) NPs, in comparison 

with the same in the other three groups (Figure 10).

Discussion
As a transcription factor, HIF-1α is activated to mediate the 

adaptive response to intratumoral hypoxia in human cancer. 

Under hypoxic conditions, HIF-1α upregulates the expression 

of various genes participating in cell physiological activities, 

including cell glycolysis, proliferation, angiogenesis, and 

apoptosis.6 HIF-1α plays an important role in tumor growth 

and in vivo studies have clearly confirmed that there was a 

significant decrease in the tumor volume through inhibition of 

HIF-1α activity.32–34 HIF-1α thus becomes the target gene and 

several selective therapeutic agents including siRNA have 

been used to suppress cancer growth.35 siRNA can activate 
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the endogenous RNAi pathway to mediate sequence-specific 

gene silencing. However, with respect to the use of siRNA, 

one of the challenges is to develop an ideal carrier for delivery 

of siRNA to overcome its limited features of poor stability 

and insufficient cellular uptake.

In our previous studies, TPGS-b-(PCL-ran-PGA) NPs 

could be effectively used as an optimizing carrier for delivery 

of chemotherapeutic drugs and pDNA.23,30,31 This prompted 

us to explore whether TPGS-b-(PCL-ran-PGA) NPs could be 

applied as a vector for siRNA targeting HIF-1α in NPC gene 

therapy. The present study showed that these NPs could effi-

ciently deliver siRNA into CNE-2 cells and the expression of 

HIF-1α protein decreased significantly, compared with the cells 

without any treatment. The cytotoxicity on CNE-2 cells was 

significantly increased by siRNA targeting HIF-1α-loaded NPs 

when compared with the control groups. The growth of tumor 

in nude mouse models was significantly inhibited by siRNA 

targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) NPs.

In the present work, the encapsulation of siRNA into a 

polymeric matrix was achieved by the double-emulsion solvent 

evaporation method, which has been widely developed for 

the encapsulation of oligonucleotides into a copolymer.36 In 

comparison with the preparation process by complexation of 

siRNA with preformed NPs through electrostatic interaction, 

adding siRNA to the inner water phase of the double emulsion 

would enable the siRNA to be encapsulated inside the NP 

matrix, thus improving the load efficiency. In addition, previ-

ous studies have confirmed that encapsulation of siRNA may 

Figure 7 Comparison of tumor weights of tumor-bearing mice on the second day 
after the final treatment.
Notes: Data are given as the means ± SD (n=5). *Significant (P,0.05) decrease of 
tumor weights in groups treated with blank TPGS-b-(PCL-ran-PGA) nanoparticles 
and scrambled siRNA-loaded TPGS-b-(PCL-ran-PGA) nanoparticles compared 
with the siRNA-treated group. #Significant (P,0.05) decrease of tumor weights 
in the group treated with siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) 
nanoparticles compared with the other three groups.
Abbreviations: HIF-1α, hypoxia-inducible factor-1α; NP, blank TPGS-b-(PCL-
ran-PGA) nanoparticles; NC, scrambled siRNA-loaded TPGS-b-(PCL-ran-PGA) 
nanoparticles; NP-siRNA, siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) 
nanoparticles; SD, standard deviation; siRNA, small interfering ribonucleic acid; 
TPGS-b-(PCL-ran-PGA), D-α-tocopheryl polyethylene glycol 1000 succinate-b-
poly(ε-caprolactone-ran-glycolide).

Figure 8 Macromorphology images of tumor tissues of tumor-bearing mice.
Notes: Tumor-bearing mice were treated with naked siRNA (A), blank TPGS-b-
(PCL-ran-PGA) NPs (B), scrambled siRNA-loaded TPGS-b-(PCL-ran-PGA) NPs (C),  
and siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) NPs (D).
Abbreviations: HIF-1α, hypoxia-inducible factor-1α; NP, nanoparticles; siRNA, 
small interfering ribonucleic acid; TPGS-b-(PCL-ran-PGA), D-α-tocopheryl 
polyethylene glycol 1000 succinate-b-poly(ε-caprolactone-ran-glycolide).

Figure 6 Antitumor effect of siRNA-loaded TPGS-b-(PCL-ran-PGA) nanoparticles 
on tumor-bearing mice.
Notes: Data are given as the means ± SD. (n=5). *Significant (P,0.05) decrease of 
tumor volume in groups treated with blank TPGS-b-(PCL-ran-PGA) nanoparticles 
and scrambled siRNA-loaded TPGS-b-(PCL-ran-PGA) nanoparticles compared with 
the siRNA-treated group. #Significant (P,0.05) decrease of tumor volume in group 
treated with siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) nanoparticles 
compared with the other three groups.
Abbreviations: HIF-1α, hypoxia-inducible factor-1α; NP, blank TPGS-b-(PCL-
ran-PGA) nanoparticles; NC, scrambled siRNA-loaded TPGS-b-(PCL-ran-PGA) 
nanoparticles; NP-siRNA, siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) 
nanoparticles; SD, standard deviation; siRNA, small interfering ribonucleic acid; 
TPGS-b-(PCL-ran-PGA), D-α-tocopheryl polyethylene glycol 1000 succinate-b-
poly(ε-caprolactone-ran-glycolide).
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Figure 9 The expression level of HIF-1α determined by real-time PCR (A) and Western blotting (B) in tumor tissues.
Notes: Lane I: cells treated with naked siRNA; Lane II: cells treated with blank TPGS-b-(PCL-ran-PGA) NPs; Lane III: cells treated with scrambled siRNA-loaded TPGS-b-
(PCL-ran-PGA) NPs; Lane IV: cells treated with siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) NPs. The HIF-1α mRNA and protein levels were normalized using 
GAPDH mRNA and protein levels, respectively. *Significant (P,0.05) decrease in expression level of HIF-1α compared with the other three groups.
Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HIF-1α, hypoxia-inducible factor-1α; NP, nanoparticle; TPGS-b-(PCL-ran-PGA), D-α-tocopheryl 
polyethylene glycol 1000 succinate-b-poly(ε-caprolactone-ran-glycolide); PCR, polymerase chain reaction; siRNA, small interfering ribonucleic acid.

Figure 10 H&E staining images of tumor tissues of tumor-bearing mice.
Notes: Tumor-bearing mice were treated with naked siRNA (A), blank TPGS-b-(PCL-ran-PGA) nanoparticles (B), scrambled siRNA-loaded TPGS-b-(PCL-ran-PGA) 
nanoparticles (C), and siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) nanoparticles (D). The scale bar for images (A–D) is magnification ×100 by microscopy.
Abbreviations: HIF-1α, hypoxia-inducible factor-1α; H&E, hematoxylin and eosin; NP, nanoparticle; TPGS-b-(PCL-ran-PGA), D-α-tocopheryl polyethylene glycol 1000 
succinate-b-poly(ε-caprolactone-ran-glycolide); siRNA, small interfering ribonucleic acid.
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increase the physical protection of siRNA, achieved by some 

biodegradable NPs, such as poly (lactic-co-glycolic acid), 

allowing enhanced cellular uptake and sustained release of 

siRNA against cancer progression-associated genes.37,38 The 

results of the present study show that siRNA can be success-

fully incorporated into biodegradable TPGS-b-(PCL-ran-PGA) 

NPs with desirable encapsulation efficiency. Particle size and 

shape are strongly associated with efficiency of gene transfec-

tion into the cells and particle distribution within the body. 

The obtained siRNA-loaded NPs had proper size and were 

spherical in shape, which is conductive to cellular uptake.

A desirable carrier for delivery would facilitate drug 

release from treatment formulations at a steady and constant 

rate over a considerable period. The release pattern of the 

present study indicated that approximately 50% siRNA is 

released from TPGS-b-(PCL-ran-PGA) NPs over a period 

of 24 hours, followed by sustained release during the next 

48 hours. The initial burst release phase mainly results from 

the unencapsulated siRNA on or near the surfaces of NPs 

and the partial degradation of NPs. The following sustained 

release phase is primarily due to the slow progressive deg-

radation of NPs, leading to the diffusion of siRNA from the 

NPs. The TPGS molecule containing polyethylene glycol, 

which is a hydrophilic molecule, can increase the hydrophi-

licity of the whole molecule and thus promote the random 

copolymer to infiltrate and degrade. Copolymerization of 

PCL with PGA could improve polymer biocompatibility and 

biodegradability, contributing to control siRNA diffusion 

through the NP matrix. It was reported that at low pH values, 

docetaxel (DTX) was released from D-α-tocopheryl polyeth-

ylene glycol 1000-block-poly(β-amino ester) NPs quickly, 

while at pH 7.4, the DTX-loaded NPs remained stable.39 In 

the present study, the release ratio of siRNA was higher at  

pH 4.0 than that at pH 7.4, which might be due to the acidi-

fication of the microenvironment induced by degradation of 

the core–shell structure of the NPs.

It is essential to ensure the efficient intracellular transfec-

tion and delivery of gene material to exert the advantage of 

RNAi and exploit the potency of therapeutic activity. The 

fluorescence of FAM–siRNA-loaded TPGS-b-(PCL-ran-

PGA) NPs could be internalized into the cells in the pres-

ent study. The Figure 3I showed that FAM–siRNA-loaded 

TPGS-b-(PCL-ran-PGA) NPs were closely located around 

the nuclei, which further demonstrated that the NPs could 

efficiently deliver siRNA into CNE-2 cells and this siRNA 

localization would facilitate gene inhibition or knockdown 

activity in antitumor therapy.

Determination of gene-silencing activity was performed in 

CNE-2 cells transfected with naked siRNA targeting HIF-1α, 

blank TPGS-b-(PCL-ran-PGA) NPs, scrambled siRNA-loaded 

TPGS-b-(PCL-ran-PGA) NPs, or siRNA targeting HIF-1α-

loaded TPGS-b-(PCL-ran-PGA) NPs. The expression level 

of HIF-1α protein in cells transfected with siRNA-loaded 

TPGS-b-(PCL-ran-PGA) NPs was decreased significantly 

compared to that in the naked siRNA- and scrambled siRNA-

treated groups, indicating that TPGS-b-(PCL-ran-PGA) NPs 

could efficiently deliver the siRNA into the cells; the expected 

silencing effect was strongly correlated with the specificity of 

the siRNA sequences. Several important molecular regula-

tors involved in cancer progression and apoptosis inhibition, 

including epidermal growth factor receptor, BH3 interacting 

domain death agonist, glucose transporter-1, and DNA double-

strand break repair enzymes, have been found to be associated 

with the expression of HIF-1α,40–43 which might explain the 

relationship between HIF-1α and cancer cell resistance to 

apoptosis. Thus, silencing of HIF-1α may promote tumor 

cell apoptosis. As the cell viability experiment showed, blank 

formulations were found to have a slight cytotoxic effect on 

cell survival with increasing dose, which be might due to the 

anticancer activity of TPGS that induces apoptosis. Naked 

siRNA showed nontoxic effects on cell viability, suggesting 

that siRNA might be degraded before distribution through the 

cytoplasm. However, siRNA-loaded TPGS-b-(PCL-ran-PGA) 

NPs appeared to have significant cytotoxicity than the control 

treatment, the higher cytotoxicity of which may be attributed 

to the synergistic anticancer activity of the TPGS release from 

TPGS-b-(PCL-ran-PGA) copolymer and the silencing effect of 

siRNA targeting HIF-1α to enhance tumor cell apoptosis.

CNE-2 xenograft tumor models also showed that treat-

ment with TPGS-b-(PCL-ran-PGA) NPs containing HIF-1α 

siRNA could effectively inhibit the growth of tumor com-

pared to blank NPs, naked siRNA, and scrambled siRNA-NP-

treated group, demonstrating that TPGS-b-(PCL-ran-PGA) 

NPs can efficiently transfer siRNA targeting HIF-1α into 

cancer cells in vivo. In accordance with the finding of tumor 

regression, the decrease in expression levels of HIF-1α 

mRNA and protein and increase of cell necrosis and apop-

tosis were also found in the HIF-1α siRNA-loaded NP treat-

ment group. Thus, this efficient delivery vector for HIF-1α 

siRNA may be used for NPC therapy. Further studies in our 

laboratory will focus on the cationic surface modification of 

TPGS-b-(PCL-ran-PGA) NPs and deliver siRNA in combi-

nation with anticancer drugs such as cisplatin into different 

NPC cell lines and animal models in order to investigate 
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whether combination of gene therapy and chemotherapy 

mediated by th NP delivery system would have enhanced 

antitumor effect.

Conclusion
In this research, the TPGS-b-(PCL-ran-PGA) diblock copo-

lymer was synthesized successfully to serve as a vector for 

siRNA targeting HIF-1α in NPC therapy. The results revealed 

that the NPs could efficiently deliver siRNA into CNE-2 cells 

and the expression level of HIF-1α was effectively inhib-

ited. The cytotoxicity of the CNE-2 cells was significantly 

enhanced by siRNA targeting HIF-1α-loaded NPs when 

compared with the results in the control groups. The in vivo 

study confirmed that siRNA targeting HIF-1α-loaded NPs 

could effectively inhibit tumor growth in nude mouse models. 

Thus, our study suggested that TPGS-b-(PCL-ran-PGA) NPs 

can function as an efficient candidate for siRNA delivery. 

To our knowledge, this is the first report on the fabrication 

of siRNA targeting HIF-1α-loaded TPGS-b-(PCL-ran-PGA) 

NPs and its application in NPC gene therapy.
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