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Abstract: A polyethylene glycol–poly(ε-benzyloxycarbonyl-l-lysine) (PEG-SS-PLL) block 

copolymer based on a disulfide-linked, novel biodegradable catiomer bearing a PEG-sheddable 

shell was developed to avoid “PEG dilemma” in nanoparticle intracellular tracking of PEG-PLL 

where PEG was nondegradable. However, PEG-SS-PLL catiomers have not been used to deliver 

small interfering VEGF RNA (siVEGF) in antiangiogenesis gene therapy. In this study, we aimed 

to investigate whether this novel biodegradable catiomer can deliver siVEGF into cancer cells and 

at the same time have an antitumor effect in a xenograft mouse model. It was found that PEG-SS-

PLL efficiently delivered siVEGF with negligible cytotoxicity, and significantly decreased the 

expression of VEGF at both the messenger-RNA and protein levels both in vitro and in vivo, and 

thus tumor growth was inhibited. Our findings demonstrated that PEG-SS-PLL/siVEGF could 

potentially be applied to antiangiogenesis gene therapy for hepatocellular carcinoma.

Keywords: polyethylene glycol, poly lysine, disulfide, VEGF, antiangiogenesis, hepatocellular 

carcinoma, siRNA

Introduction
Hepatocellular carcinoma (HCC) is one of the five most common cancers and the 

third leading cause of cancer death worldwide, with approximately 700,000 new 

cases annually.1,2 Despite great advances in HCC diagnosis and therapy, the mortality 

rate remains high, especially for HCC in the advanced stage, when the disease 

is usually diagnosed.3 Curative treatments currently available for HCC include 

surgical approaches, such as resection and transplantation, percutaneous ablation, 

and chemoembolization. However, none of them is effective for all patients, and 

studies have shown that patients with HCC have an average life expectancy of about 

6 months after diagnosis.4 It is well known that HCC is one of the most vascular solid 

tumors and that angiogenesis plays an important role in the development, progression, 

and metastasis of the tumor.5 Accordingly, the inhibition of tumor angiogenesis by 

novel agents has become a very active field in antitumor research. VEGF expression 

is low in normal tissue, but is extremely high in liver cancer tissue with the expan-

sion of tumor tissue.6 VEGF serves as a useful biological marker of liver cancer 

aggression and metastasis, because it is mainly expressed in tumor cells and endothelial 

cells. It plays a key role in the metastasis and prognosis of primary liver cancer.7–10 

Among numerous growth factors involved in angiogenesis, VEGF is thought to be 

the most significant.11
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Small interfering RNA (siRNA), capable of mediating 

transcript degradation for specific gene silencing,12 has 

recently emerged as a promising candidate for the treat-

ment of numerous diseases, including neurodegenerative 

disorders, cancers, and infectious diseases.13–16 Therefore, 

VEGF siRNA (siVEGF) has been applied in antiangiogenic 

therapy in HCC with therapeutic potential.6,17,18 However, 

inefficient siRNA delivery to the cytoplasm of HCC cells 

remains a major obstacle for more widespread adoption of 

siRNA-based gene therapy.19

Surface functionalization with polyethylene glycol 

(PEG) has become a preferred coating strategy to prolong 

the in vivo circulation time of nanoparticle drug-delivery 

systems by reducing siRNA degradation, macrophage 

uptake, and particle aggregation.20,21 However, PEG may 

become a detriment once it reaches target tissue, because 

it hinders the entry of nanoparticles into cells or prevents 

their escape from the endosome after endocytosis.22 To 

solve these issues, PEG shedding in response to intracellular 

environments has been proposed.23–25 More recently, a novel 

biocompatible and biodegradable PEG–polypeptide catiom-

ers bearing a PEG-sheddable shell and a disulfide-linked 

PEG-poly(ε-benzyloxycarbonyl-l-lysine) block copolymer 

(PEG-SS-PLL) was developed in our laboratory. It was found 

that the PEG-SS-PLL catiomer effectively delivered plasmid 

DNA into HeLa cells in vitro with negligible cytotoxicity.26–28 

However, there have been no studies regarding PEG-SS-

PLL-mediated siVEGF delivery into cancer cells and the 

antitumor effect of siVEGF.29 In this study, we aimed to 

investigate whether this novel biodegradable catiomer was 

capable of delivering siVEGF into cancer cells and had an 

antitumor effect in a xenograft mouse model, as in Scheme 1. 

Our findings demonstrated that PEG-SS-PLL efficiently 

delivered siVEGF into HepG2 cells or HepG2 xenograft, 

decreased the levels of both VEGF messenger RNA (mRNA) 

and protein expression, and thus significantly inhibited tumor 

cells and tissue growth in vitro and in vivo, respectively. This 

indicated that PEG-SS-PLL catiomer could be potentially 

applied to deliver siVEGF in the antiangiogenic treatment 

of HCC.

Materials and methods
Dulbecco’s Modified Eagle’s Medium, penicillin– 

streptomycin, trypsin-like enzyme (TrypLE Express), and  

Scheme 1 Illustration of PEG-SS-PLL catiomer for siVEGF encapsulation and intracellular stimulus-responsive siVEGF release.
Abbreviations: PEG-SS-PLL, polyethylene glycol-poly(ε-benzyloxycarbonyl-l-lysine); siVEGF, small interfering VEGF RNA; GSH, glutathione; RISC, RNA-induced silencing 
complex; mRNA, messenger RNA.
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Dulbecco’s phosphate-buffered saline (PBS) were purchased 

from Thermo Fisher Scientific (Waltham, MA, USA).  

N-Hydroxysuccinimide–vinyl sulfone PEG (molecular 

weight 3,400 Da) was obtained from Nektar (Huntsville, AL, 

USA). RGD peptide was bought from Genemed Synthesis 

(San Antonio, TX, USA). Peptides were purified via reverse-

phase high-performance liquid chromatography and then ana-

lyzed by mass spectrometry performed using matrix-assisted 

laser desorption/ionization time-of-flight mass spectrometry. 

Fetal bovine serum (FBS) was bought from GE Healthcare 

(Little Chalfont, UK). siVEGF was obtained from GeneP-

harma (Shanghai, People’s Republic of China [PRC]). The 

HepG2 cell line was purchased from the American Type 

Culture Collection (Manassas, VA, USA).

Cell culture and transfection
HepG2 cells were cultured in Dulbecco’s Modified Eagle’s 

Medium supplemented with 10% FBS and 100 U/mL 

penicillin–streptomycin at 37°C in a humidified atmosphere 

with 5% CO
2
. The cells (5×104 cells/well) were plated in 

24-well plates and allowed to grow for 24 hours to reach 

70% confluence.

MTT assay for cell viability
HepG2 cells (5×103 cells/well) were seeded in 96-well plates 

and allowed to grow for 24 hours to reach 70% confluence. 

PEG-SS-PLL/siVEGF, PEG-PLL/siVEGF, polyethylenimine 

(PEI)/siVEGF, and Lipofectamine/siVEGF complexes were 

mixed at different ratios of vector to siVEGF (0, 0.1, 0.2, 0.4, 

0.6, 0.8, 1, and 1.2). The HepG2 cells were transfected with 

PEG-SS-PLL/siVEGF, PEG-PLL/siVEGF, PEI/siVEGF, or 

Lipofectamine/siVEGF at different concentrations (50, 100, 

150, or 200 nM) or PBS for 48 hours, followed by a typical 

siRNA-transfection experiment,30 and cell viability was 

evaluated by MTT assay. In brief, 20 μL of MTT solution at 

5 mg/mL (Thermo Fisher Scientific) was added to each well 

and incubated with the cells for 4 hours, then, the medium 

was removed and 150 μL of dimethyl sulfoxide added to 

each well. The absorbance (optical density) was measured at 

570 nm using a plate reader (Thermo Fisher Scientific). Cell 

viability was calculated as percentage of live cell numbers 

to the PBS-transfected cell numbers. Each treatment was 

carried out in triplicate.

Agarose gel-retardation assay
To assess the siVEGF-condensation ability of the catiomer, 

an agarose gel-retardation assay was performed. PEG-SS-

PLL/siVEGF complexes were mixed with different weight 

ratios of PEG-SS-PLL to siVEGF (0, 0.1, 0.2, 0.4, 0.6, 0.8, 

1, and 1.2). Afterward, the complex (6 μL) containing 0.1 μg 

siVEGF was electrophoresed onto 1% (w:v) agarose gel 

containing ethidium bromide. Electrophoresis was carried out 

at 120 V for 30 minutes in Tris-acetate running buffer. The 

siVEGF bands were visualized under an ultraviolet lamp and 

analyzed using an image-based gel documentation system.

Particle size and ζ-potential 
measurements
Particle size and ζ-potential of PEG-SS-PLL/siVEGF 

complexes were measured using a Nano ZS 90 Zetasizer 

(Malvern Instruments, Malvern, UK). The complex was 

mixed as diluted with 150 mM NaCl solution to 1 mL prior 

to measurement. The morphology of PEG-SS-PLL/siVEGF 

complexes was observed by high-resolution transmission 

electron microscopy (TEM; H-7100; Hitachi, Tokyo, Japan). 

The size distribution, ζ-potential, storage stability, and gluta-

thione (GSH) response of the complex was recorded by the 

Nano ZS 90 Zetasizer.

Effect of GSH on stability of PEG-SS-PLL/ 
siVEGF complex
Stability testing was performed by measuring the size 

changes of the PEG-SS-PLL/siVEGF complex at different 

time intervals. In order to investigate the effect of serum on 

the stability of the complex, we added 10% FBS into the 

complex solution. The protocol used to assess the stability 

of the PEG-SS-PLL/siVEGF complex in response to GSH 

has been described elsewhere.27 GSH was added to a diluted 

solution of PEG-SS-PLL/siVEGF complex containing 10% 

FBS to reach a final concentration of 10 mM GSH. The 

size change of the complex was monitored by dynamic 

light scattering.

Evaluation of transfection efficiency of 
PEG-SS-PLL/siVEGF complex
In order to visualize transfection efficiency, siRNA was 

labeled with FAM at the 5′ end of the siRNA. HepG2 cells 

were trypsinized with 0.25% trypsin and seeded at a density 

of 5×104 cells per well in 24-well culture plates and incu-

bated overnight. The media were removed and 150 μL of 

serum-free Opti-MEM or serum-containing media added. 

Then, siRNA alone, Lipofectamine/siVEGF, PEG-PLL/

siVEGF, or PEG-SS-PLL/siVEGF was added to the cells 

to be continuously incubated for 24 hours. The cultured 

HepG2 cells were examined by fluorescence microscopy 

and flow cytometry.
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Cell apoptosis detection by flow 
cytometry
siRNA transfection was performed according to the afore-

mentioned procedure. At 48 hours posttransfection, trans-

fected cells were trypsinized, collected, and washed twice 

with prechilled PBS. Then, cells were stained with annexin 

V–fluorescein isothiocyanate (FITC) and propidium iodide 

(PI) using an annexin V–FITC apoptosis detection kit (BD 

Biosciences, San Jose, CA, USA). Apoptosis of each trans-

fection was assayed three times. The percentage of apoptotic 

cells was quantified by flow cytometry (BD Biosciences). 

Annexin V–FITC-positive and PI-negative signals indicated 

early apoptosis, while annexin V–FITC-positive and PI-

positive signals indicated late apoptosis.

Tumor model and siVEGF treatment 
in vivo
BALB/c nude mice (5–6 weeks old) were purchased from 

the Shanghai Experimental Animal Centre of the Chinese 

Academy of Sciences (Shanghai, PRC). All methods used 

in this study were approved by the Animal Care and Use 

Committee at Tongji University and were carried out in 

accordance with the guidelines of the Institutional Animal 

Care and Use Committee and National Research Council 

(USA) Committee.31,32 The animals were divided into the 

following five groups, with five mice in each group: model 

group, PBS group, PEG-SS-PLL/siLuc group (siLuc rep-

resented negative control), PEG-PLL/siVEGF group, and 

PEG-SS-PLL/siVEGF group. HepG2 tumors were induced 

in the mice by subcutaneously injecting HepG2 cells (5×106) 

into their flanks. When the tumor volume reached approxi-

mately 200 mm3, the mice were intravenously injected five 

times every other day with PEG-SS-PLL/siLuc, PEG-PLL/

siVEGF, or PEG-SS-PLL/siVEGF containing 20 μg of 

siVEGF per mouse or injected with PBS. Tumor size was 

monitored every 3 days. The tumor volume was measured 

with digital calipers in two dimensions and calculated 

according to the formula (length) × (width)2/2.

Quantification of intracellular and 
intratumoral VEGF mRNA
Cells were collected at 48 hours after siRNA complex trans-

fection, as mentioned earlier. Total RNA was isolated by a 

Trizol reagent kit (Thermo Fisher Scientific). Complementary 

DNA (cDNA) was synthesized with a first-strand cDNA-

synthesis kit (RevertAid; Thermo Fisher Scientific). In brief, 

an aliquot of 1 μg of total RNA was reverse transcribed  

by Moloney Murine Leukemia Virus (MMLV) transcriptase 

(Thermo Fisher Scientific) using random hexamer primers 

according to the manufacturer’s instructions. The reaction 

system for real-time quantitative polymerase chain reaction 

(qPCR; TransStart gene qPCR SuperMix; TransGen Biotech, 

Beijing, PRC) with an SYBR Green I probe was 12.5 μL of 

2× TransStar green qPCR SuperMix, 0.5 μL of 10 μM of each 

primer, 0.5 μL of passive reference dye, 2 μL of cDNA, and 

25 μL of nuclease-free water. For siVEGF, the sense primer 

sequence was 5′-CTACGGCGACATGGAGAACAAGC-3′, 
and the anti-sense primer sequence was 5′-CGCAGCCATACT 

CAGGGACAC-3′. For β-actin, the sense primer sequence 

was 5′-CCTGGCACCCAGCACAATGAAG-3′, and the 

anti-sense primer sequence was 5′-GGGGCCGGACTCGT 

CATACTC-3′ (Sangon Biotech, Shanghai, PRC). Reac-

tion parameters were 95°C for 30 seconds, then 72°C for 

60 seconds, for 40 cycles. Relative gene expression of 

siVEGF was calculated based on the 2-ΔΔCT method with a 

reference gene of β-actin.

Quantification of intracellular and 
intratumoral VEGF proteins
To determine the amount of VEGF in each solid-tumor 

region, tumors were harvested from the tumor-bearing mice 

3 days after final treatment of the siRNA complex. The tumors 

were weighed and homogenized in PBS using an electronic 

tissue homogenizer (Kinematica AG, Lucerne, Switzerland). 

The tissue homogenates were centrifuged at 3,000 rpm at 

4°C for 5 minutes, and the supernatant was used for further 

analysis. The amount of VEGF was determined by enzyme-

linked immunosorbent assay (ELISA) according to the manu-

facturer’s instruction using a human VEGF-immunoassay kit 

(Quantikine; R&D Systems, Minneapolis, MN, USA).

Immunohistochemistry analysis
Sections 4 mm thick were stained with the primary anti-

bodies rabbit antimouse VEGFA (diluted 1:10,000), rat 

antimouse CD31 (diluted 1:10,000), or rabbit antimouse 

LYVE1 (diluted 1:10,000; Abcam, Cambridge, UK) and then 

a poly-horseradish peroxidase detection system (Zhongshan 

Biotechnology, Beijing, PRC). The color was developed 

with 3,30-diaminobenzidine according to the manufac-

turer’s instructions.

Tumor specimens were sectioned and stained routinely 

with either hematoxylin and eosin or CD31, a prolifera-

tion marker. Tumor sections were stained for VEGF with 

VectaStain Elite ABC kit (Vector Laboratories, Burlingame, 

CA, USA) and rabbit anti-Ki67 primary antibody, followed 

by counterstaining of nuclei with hematoxylin.
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Paraffin slices were treated with a streptavidin–biotin 

complex immunohistochemical kit, and results were analyzed 

based on a double-blind method. Five high-power fields (400×) 

were randomly selected, and results were evaluated by two 

pathologists independently. PBS instead of the primary anti-

body was used as negative control, and specimens were scored 

according to the intensity of the dye color and the number of 

positive cells. The intensity of the dye color was graded as 0 (no 

color), 1 (light yellow), 2 (light brown), or 3 (brown), and the 

number of positive cells was graded as 0 (,5%), 1 (5%–25%), 

2 (25%–50%), 3 (51%–75%), or 4 (.75%). The two grades 

were combined together and specimens assigned to one of 

4 levels: scores of 0–1 (-), 2 (+), 3–4 (++), and more than 

5 (+++). The positive-expression rate is expressed as the per-

centage of the addition of (++) and (+++) to the total number.

Statistical analysis
All data were analyzed with SPSS version 19.0 software. 

Results are expressed as mean ± standard deviation. 

Statistical differences between groups were calculated using 

one-way analyses of variance and Dunnett’s test, and P,0.05 

was considered statistically significant.

Results
Cell viability
Cellular toxicity of PEG-SS-PLL was examined by MTT assay, 

and the results were compared to those of the PEG-PLL and 

the blank control (Figure 1). The results showed that HepG2 

cells posttreatment with either PEG-PLL or PEG-SS-PLL at 

various concentrations (0–200 nM) for 48 hours resulted in 

no significant cell death, even at a concentration of 200 nM. 

However, cell viability after treatment with either PEI or 

Lipofectamine significantly decreased at concentrations of 

50–200 nM when cells were treated with PBS.

Agarose gel-retardation assay
To investigate the interaction of PEG-SS-PLL with siVEGF, 

agarose gel electrophoresis was carried out at different 

weight ratios (Figure 2). The results showed that a significant 

interaction with siRNA was achieved from a weight ratio of 

0.4:1 (lane 4), and complete complexation was observed at 

a weight ratio of 0.6:1 (lane 5) or above.

Particle size and ζ-potential 
measurements
Proper size and surface charge are prerequisites for gene 

carriers. Diameters and ζ-potentials of complexes formed 

at various weight ratios were measured by dynamic light 

scattering. As shown in Figure 3A, there was a similar trend in 

particle size tending to decrease with increased weight ratio; 

this suggested that siVEGF was not compactly condensed 

at lower weight ratios. At weight ratios higher than 0.2, the 

particle size was around 220 nm, which met the size require-

ments for efficient cellular endocytosis. From Figure 3B, 

we can see that the ζ-potentials of the complex at various 

weight ratios increased with increased weight ratios. When 

the weight ratio of PEG-SS-PLL/siVEGF was less than 0.4, 

the complex exhibited negative potential, due to incom-

plete condensation of siVEGF. Once an excess of amines 

was available for particle formation, the final ζ-potential 

gradually approached a plateau. These complexes with higher 

ζ-potential were taken up easily by cells, due to electrostatic 

interactions between negatively charged cellular membranes 

and positively charged complexes.

Figure 1 HepG2 cell viability posttreatment with PEI, Lipofectamine, PEG-PLL, or 
PEG-SS-PLL at various concentrations or mock treatment of PBS.
Notes: *P,0.05. Data expressed as mean ± SD of three experiments. Cell viability 
was determined relative to the blank group.
Abbreviations: PEI, polyethylenimine; PEG-SS-PLL, polyethylene glycol–poly(ε-
benzyloxycarbonyl-l-lysine); PBS, phosphate-buffered saline; SD, standard deviation.

Figure 2 Agarose gel electrophoresis-retardation assay of PEG-SS-PLL/siRNA 
complex at different weight ratios.
Abbreviations: PEG-SS-PLL, polyethylene glycol–poly(ε-benzyloxycarbonyl-l-
lysine); siRNA, small interfering RNA.
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The morphology of the PEG-SS-PLL/siVEGF complex 

was observed by TEM. As shown in Figure 3D, typical images 

showed that particles were regularly spherical with a diameter 

around 200 nm. This indicated a shrinkage effect caused by 

the evaporation of water during the TEM experiments.

Effect of GSH on stability of PEG-SS-PLL/ 
siVEGF complex
During the delivery process and controlled dissociation at 

the targeted site, a prerequisite for the efficient release of 

siVEGF and gene transfection is to maintain the structural 

integrity of the catiomer–siVEGF complex. Investigation 

of GSH-induced sensitivity was performed by measuring 

the size change in the PEG-SS-PLL/siVEGF complex in 

response to 10 mM GSH in PBS (10 mM, pH 7.4). As shown 

in Figure 4A, particle size in the PEG-SS-PLL/siVEGF com-

plex was almost unchanged in the presence of 10% serum 

within 8 hours. However, as shown in Figure 4B, 10 mM 

GSH rapidly induced a particle-size increase in the PEG-

SS-PLL/siVEGF complex, and large aggregates with sizes 

of over 600 nm were observed after 1.5 hours.

Transfection efficiency of PEG-SS-PLL/ 
siVEGF complex
Transfection efficiency was compared among siRNA alone 

and Lipofectamine/siVEGF, PEG-PLL/siVEGF, and PEG-

SS-PLL/siVEGF complexes. The results showed that the 

transfection efficiency of PEG-SS-PLL/siVEGF was the 

highest (Figure 5A–E). Quantitative cellular uptake of FAM-

labeled siRNA was estimated using flow cytometry and 

further confirmed by fluorescence microscopy (Figure 5F). 

Maximal siRNA uptake efficiency was found in the PEG-

SS-PLL/siVEGF group (92.17%±2.54%). However, there 

was little uptake detected in HepG2 cells treated with siRNA 

alone. Examination of mean fluorescence intensities of the 

cultured HepG2 cells with flow cytometry showed a similar 

trend in percentage of FAM-labeled siRNA-positive cells in 

the same treatment groups.

Cell apoptosis detection by flow 
cytometry
Cell apoptosis rate in the PEG-SS-PLL/siVEGF, PEG-PLL/

siVEGF, and the blank control groups was 48.21%±4.25%, 

Figure 3 Particle size (A), ζ-potential (B), size distribution (C), and representative TEM image (D) of PEG-PLL/siVEGF and PEG-SS-PLL/siVEGF complexes.
Abbreviations: TEM, transmission electron microscopy; PEG-SS-PLL, polyethylene glycol–poly(ε-benzyloxycarbonyl-l-lysine); siVEGF, small interfering VEGF RNA.

ζ
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Figure 4 Time-dependent size changes in PEG-SS-PLL/siVEGF complex with a diameter determined by dynamic light scattering.
Note: Eight hours storage (A); exposed to 10 mM GSH (B).
Abbreviations: PEG-SS-PLL, polyethylene glycol–poly(ε-benzyloxycarbonyl-l-lysine); siVEGF, small interfering VEGF RNA; GSH, glutathione.

Figure 5 Transfection efficiency of PEG-SS-PLL as an siRNA delivery agent.
Notes: (A–E) Detection of transfection efficiency by fluorescence microscopy. High efficiency of transfection with fluorescent siRNA (green) in HepG2 cells was easily 
identified at 24 hours posttransfection (100×); (F) detection of transfection efficiency by flow cytometry. Transfection efficiency was up to 85% at 24 hours posttransfection. 
The histogram shows the enhanced FAM green fluorescence intensity of PEG-SS-PLL/siVEGF group compared to that of siRNA alone, Lipofectamine, and PEG-PLL/siVEGF. 
Fluorescence-microscopy images show FAM expression in HepG2 cells after silencing by PEG-SS-PLL and PEG-PLL complexes.
Abbreviations: PEG-SS-PLL, polyethylene glycol–poly(ε-benzyloxycarbonyl-l-lysine); siRNA, small interfering RNA; siVEGF, VEGF siRNA.
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Figure 6 (A–D) Effect of PEG-SS-PLL/siVEGF gene knockdown on the apoptosis of HepG2 cells.
Notes: The results of flow cytometry are expressed as a dot plot, where the longitudinal coordinate was PI and the transverse coordinate was annexin V–FITC. Lower-left 
quadrants are the annexin V–FITC- PI- double-negative cell group, representing normal cells, lower-right quadrants are the annexin V–FITC+ PI- single-positive cell group, 
representing early apoptotic cells, and upper right quadrants are the annexin V–FITC+ PI+ double-positive cell group, representing late apoptotic cells or dead cells. The results 
of flow cytometry are expressed as percentages. The degree of cell apoptosis was analyzed by annexin V–FITC/PI double staining. The extent of apoptotic cell death was 
quantified (D). Data are expressed as mean ± SD for three individual experiments.
Abbreviations: PEG-SS-PLL, polyethylene glycol–poly(ε-benzyloxycarbonyl-l-lysine); siVEGF, small interfering VEGF RNA; FITC, fluorescein isothiocyanate; PI, propidium 
iodide; SD, standard deviation.

8.67%±0.4%, and 8.64%±0.28%, respectively. This indicated 

that the cell apoptosis rate in the PEG-SS-PLL/siVEGF 

group was significantly higher than in the other two groups 

(P,0.01, Figure 6).

Tumor model and in vivo siVEGF 
treatment
To verify further whether the silencing was also effective 

in vivo, we intratumorally injected the PEG-SS-PLL/

siVEGF complex into HepG2 tumors in BALB/c mice 

to silence VEGF mRNA and observed a significant sup-

pression of tumor growth by the PEG-SS-PLL/siVEGF 

complex compared to all the other groups (P,0.05, Figure 7), 

thus indicating the successful delivery of siVEGF by PEG-

SS-PLL/siVEGF.

Quantification of intracellular and 
intratumoral VEGF mRNA and protein
Relative levels of intracellular and intratumoral VEGF 

mRNA were examined by real-time PCR (Figure 8A–D). 

Relative levels of intracellular and intratumoral proteins were 

observed by enzyme-linked immunosorbent assay (Figure 8E 

and F). Compared to all the other groups, expression levels 

of intracellular and intratumoral VEGF mRNA and pro-

tein decreased significantly in the PEG-SS-PLL/siVEGF 

group (P,0.01). The gray scale in PEG-SS-PLL/siVEGF 
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Figure 7 Effect of PEG-SS-PLL/siVEGF complex on tumor growth in vivo.
Notes: (A) Male BALB/c mice (five per group) with established HepG2 tumors were intravenously injected with the complex every other day five times. Tumor size 
was measured twice a week. Data are shown as mean ± SD, n=5. *P,0.05, **P,0.01 for PEG-SS-PLL/siVEGF versus control group. (B) Representative images show 
that the tumors in the PEG-SS-PLL/siVEGF group were remarkably smaller on the day 28 after tumor cell inoculation than those of the PBS, PEG-SS-PLL/siLuc, and PEG-
PLL/siVEGF groups.
Abbreviations: PEG-SS-PLL, polyethylene glycol–poly(ε-benzyloxycarbonyl-l-lysine); siVEGF, small interfering VEGF RNA; SD, standard deviation; PBS, phosphate-
buffered saline.

decreased significantly when compared with all the other 

groups (P,0.01).

Immunohistochemistry analysis
To observe the therapeutic efficiency of complexes in 

tumors, tumor sections were stained with hematoxylin and 

eosin, VEGF, or CD31 (Figure 9). VEGF or CD31 expres-

sion was not significantly decreased in the PBS group or the 

PEG-SS-PLL/siLuc group. VEGF or CD31 expression was 

moderately decreased in the PEG-PLL/siVEGF group, but 

VEGF or CD31 expression was remarkably decreased in the 

PEG-SS-PLL/siVEGF group.

Discussion
It has been mentioned in recent literature that the stability 

and biocompatibility of nanoparticles in circulation could be 

improved greatly by PEG modification;33 however, PEGyla-

tion can inhibit the intracellular trafficking of nanoparticles, 

especially in cellular uptake and subsequent endosome 

escape. Therefore, it will lead to significant loss of activity, 

and this is referred to as the “PEG dilemma”.34 Researchers 

have designed various types of novel copolymers, such 

as pH-sensitive, temperature-sensitive, light-sensitive, 

magnetic-sensitive, ultrasound-sensitive, redox-sensitive, 

and enzyme-degraded copolymers, in order to solve the 

issue of low transfection efficiency of the PEGylated 

nanoparticles.35–38

In this study, redox-sensitive PEG-SS-PLL was synthe-

sized and used to deliver the novel nanoparticle complex 

PEG-SS-PLL/siVEGF. We investigated the transfection 

efficiency, cytotoxicity in vitro, tumor-inhibitory effect 

in vivo, and the mechanism of antitumor effect of the com-

plex. It was found that PEG-SS-PLL was such a highly effec-

tive vector for siVEGF delivery that it reduced VEGF mRNA 

and protein expression in vitro and in vivo, thus inhibiting 

HCC tumor growth.

In this study, we found that HepG2 cell viability 

after transfection with PEG-SS-PLL/siVEGF was sig-

nificantly higher than after transfection with PEI/siVEGF 

or Lipofectamine/siVEGF. Furthermore, both PEG-

SS-PLL/siVEGF and PEG-PLL/siVEGF complexes 

showed extremely low toxicity to HepG2 cells, even at the 

concentration of 200 nM. This is a match with previous 

literature, where it has been reported that siVEGF with non-

PEG-SS-PLL vectors had low toxicity at a concentration  

of 200 nM.27

The novel biodegradable PEG-SS-PLL catiomer signifi-

cantly improved transfection efficiency up to 96%, mark-

edly higher than previous studies (81.3%).2,39 The catiomer 

delivered siVEGF into tumor cells more efficiently, because 

aggregates formed due to reductive cleavage of the inter-

mediate disulfide bonds and resulted in the shedding of the 

PEG layers. These results indicated that the PEG-SS-PLL 

is highly promising for controlled and efficient release of 

siVEGF. This is in accordance with a previous study where 

the catiomer effectively delivered plasmid DNA into tumor 

cells and improved the release efficiency of doxorubicin 

under optimized conditions in vitro.4 The higher transfection 
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Figure 8 Relative levels of VEGF.
Notes: (A, C) VEGF mRNA by real-time PCR in vitro and (B, D) in vivo; (E) VEGF protein by ELISA in vitro and (F) in vivo.
Abbreviations: mRNA, messenger RNA; PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; PEG-SS-PLL, polyethylene glycol–poly(ε-
benzyloxycarbonyl-l-lysine); siVEGF, small interfering VEGF RNA; PBS, phosphate-buffered saline.

efficiency of PEG-SS-PLL could be attributed to the 

water-soluble PEG, which formed a protective layer on the 

nanoparticle-complex surfaces to prevent degradation from 

protease. Later, the PEG dilemma in nanoparticle intracel-

lular trafficking was avoided, since the PEG in PEG-PLL was 

not able to shed. The studies revealed that the concentration 

of GSH was different between the inside and the outside of 

tumor cells, and intracellular concentration of GSH in tumors 

was dramatically higher than normal extracellular fluid and 

cytoplasm.40–42 It has also been reported in the literature 

that the recurrence rate was decreased significantly when 

the VEGF inhibitor was used to treat HCC.43,44 The anti-

tumor efficacy of PEG-SS-PLL/siVEGF was much higher  

in our study.

Conclusion
In summary, our research showed that PEG-SS-PLL deliv-

ered siVEGF efficiently, and the complex significantly 

Powered by TCPDF (www.tcpdf.org)

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


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3601

PEG-SS-PLL for VEGF siRNA delivery in HCC

Figure 9 Tumor growth and expression of VEGF and CD31 by immunohistochemistry.
Notes: Tumor-bearing mice were killed 28 days after initial injection, then tumor tissues were collected and processed for paraffin-embedded sections and immunohistochemical 
staining (n=5). Brown staining in the tissue sections shows positive expression of VEGF or CD31. Images 400×. (A) H&E staining shows inhibition of tumor growth after 
intravenous tail injection of PEG-SS-PLL/siVEGF complex compared to control, PBS, PEG-SS-PLL/siLuc, and PEG-PLL/siVEGF groups; (B) VEGF staining shows levels of different 
types of VEGF-protein expression; (C) CD31 staining shows levels of CD31-protein expression, in contrast to control, PBS, PEG-SS-PLL/siLuc, and PEG-PLL/siVEGF groups.
Abbreviations: H&E, hematoxylin and eosin; PEG-SS-PLL, polyethylene glycol–poly(ε-benzyloxycarbonyl-l-lysine); siVEGF, small interfering VEGF RNA; mRNA, messenger 
RNA; PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; PBS, phosphate-buffered saline.

reduced VEGF mRNA and protein expression in vitro and 

in vivo, thus inhibiting tumor growth in vivo. Therefore, 

PEG-SS-PLL might be an effective nonviral siVEGF vector 

for antiangiogenesis gene therapy.
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